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Abstract

Abstract

With the rapid development of industry and economies across the world, the problem of
environmental pollution in aquatic environments has become one of the key issues
facing the World. Consequently, the development of efficient and sensitive analytical
techniques to determine the levels of organic pollutants in water environments and
cost-effective strategies to remove these pollutants, are now more important than ever
before.

In this thesis, sensitive and selective electrochemical sensors with very good long-term
stability were developed for the detection of 4-chloro-2-methylphenoxyacetic acid
(MCPA), p-nitrophenol (p-NP), metronidazole (MTZ), and levofloxacin (LEVO). Two
strategies were employed in the development of these sensors. Firstly, glassy carbon
electrode (GCE) was activated to generate active sites to enhance the electron-transfer
process. Secondly, binder-free nanocomposites were employed to facilitate the detection
of MCPA, p-NP, MTZ and LEVO. The nanocomposites included graphene, bismuth
and copper nanostructures. These were all formed using electrodeposition, avoiding the
need to use binders that are typically employed with drop casting. Using these
approaches, impressive limits of detection of 8.0 nM, 0.18 nM, 0.9 nM and 11.86 nM
were achieved in the electrochemical detection of (1) MCPA at activated GCE, (2) p-NP
with bismuth dendrites deposited onto activated GCE, (3) MTZ with the sequential
electrodeposition of graphene nanoplatelets (Gr) and bismuth and (4) LEVO with the
sequential electrodeposition of Gr and copper at GCE, respectively. Further, graphene
supported magnetic nanocomposites (Gr/Fe) were fabricated and used as adsorbents for
the potential removal of MCPA, p-NP, MTZ and LEVO from aquatic environments.
Iron nanostructures were employed as the magnetic component. These nanocomposites
not only prevent the aggregation of the graphene sheets, but also can endow graphene
with magnetic properties. This makes the magnetic graphene adsorbents easy to separate
by external magnetic fields, greatly simplifying the recycling process. The adsorption
kinetics and adsorption isotherms were studied, and the reproducibility, selectivity and

reusability of the magnetic Gr/Fe composites were evaluated.
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1.1 Introduction

The work reported in this thesis has five objectives:

I. To develop a novel electrochemical sensor for the determination of
4-chloro-2-methylphenoxyacetic acid (MCPA) through simple activation of a glassy
carbon electrode (GCE). MCPA is one of the more commonly employed herbicides.
MCPA is harmful to aquatic species, animals and can impact on human health even at
relatively low concentrations. Therefore, its sensitive detection using simple and
cost-effective methods is important.

2. To form a bismuth based electrochemical sensor for the detection of
para-nitrophenol (p-NP) through a simple activated GCE modified with bismuth. p-NP
is an important intermediate of chemical raw materials, thereby easily entering the
environment. p-NP not only can generate carcinogen nitrosamine, increasing the risk of
cancer in humans, but also can cause protein denaturation in the human body, leading
to a series of symptoms including dizziness, anemia, liver, and nervous system damage.
Accordingly, the accurate detection of p-NP in drinking water is of great significance as
it is closely related to human life and health.

3. To fabricate a bismuth-graphene based electrochemical sensor for the determination
of metronidazole (MTZ) via successive electrodeposition of graphene and bismuth.
MTZ has been commonly employed in the treatment of infections caused by bacteria in
both humans and animals. Nevertheless, MTZ has genotoxic and mutagenic side effects.
Its accumulation in the aquatic environment can be hazardous to both humans and
aquatic life. Consequently, it is necessary to establish a simple and fast
high-performance analysis method for MTZ.

4. To develop a copper-graphene based electrochemical sensor for the detection of
levofloxacin (LEVO) via successive electrodeposition of graphene and copper. LEVO
is widely used in the clinical treatment of bacterial infections in humans and other
animals. A large amount of LEVO can enter the environment through metabolites in
human and animal bodies, and the wastewater generated by pharmaceutical factories,
leading to increasing the concentration of LEVO in the environment. High

concentrations of LEVO can cause interference or even interruption in the circle of
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ecosystems. Moreover, the long-term presence of LEVO in the environment can lead to
antibiotic resistance in pathogenic bacteria, which can enter the human and animal food
chain, thereby increasing the threat to their health. Hence, developing a simple and
effective detection method for LEVO is of great significance in relation to human
health.

5. To find a removal method for MCPA, p-NP, MTZ and LEVO, from aqueous
solutions. Nowadays, many removal methods have been utilised in water treatment,
including adsorption, membrane separation, degradation and biological treatment.
Among them, the adsorption method is considered as a superior and widely employed
technique because it is relatively low-cost, easy to operate, and has fewer harmful
secondary products. For this technology, the use of effective adsorbents is crucial for
ensuring water treatment efficiency. Therefore, using adsorbents to remove the four
pollutants from aqueous solution and evaluating the adsorption capacity under the
different experimental conditions can provide a theoretical basis and technical guidance

for the remediation of pollutants from water environments.

In this Introduction chapter, an introduction to the pollutants to be determined,
electrochemical sensors, the modification of working electrodes and the removal of the
pollutants is described. The materials used in the electrode modification processes and
their contribution to electrochemical sensors are also introduced and discussed.

In Chapter 2, the relevant experimental materials, preparation of the solutions,
techniques and apparatus used, along with an overview of the theories and related
equations employed in this thesis are detailed.

In Chapter 3, the experiment results, and main findings for the activated GCE (A-GCE)
used as a sensor are presented and discussed. Within this chapter the preparation and
characterisation of the activated GCE sensor is described. The GCE is simply activated
through an electrochemical technique and the optimum parameters for the sensing
performance are obtained. The activated GCE is then utilised as a sensor for the
detection of MCPA, displaying good detection performance.

In Chapter 4, the research results and findings are presented and discussed for the

bismuth modified A-GCE used as a sensor (A-GCE/Bi). This chapter includes the
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preparation and characterisation of A-GCE/Bi in which the successful electrodeposition
of bismuth onto the surface of the A-GCE is achieved. The developed A-GCE/Bi sensor
was then used for the determination of p-NP. Compared to the A-GCE sensor, the
A-GCE/Bi sensor displayed enhanced sensing performance for the determination of
p-NP under the same experiment conditions.

In Chapter 5, the experimental results and findings are provided and discussed for the
bismuth and graphene (Gr) modified sensor. This chapter presents the preparation and
characterisation of Bi and Gr modified GCE sensor (GCE/Gr/Bi), which was
successfully fabricated by the successive electrodeposition of both the Gr and Bi on the
surface of the GCE. The developed sensor was then employed for the detection of MTZ,
giving an electrochemical sensor with a renewable electrode surface.

In Chapter 6, the research results and findings are shown and discussed for the copper
and graphene (Gr) modified sensor. This chapter includes the fabrication and
characterisation of a Cu and Gr modified GCE sensor (GCE/Gr/Cu), which was
successfully prepared by the successive electrodeposition of both the Gr and Cu on the
surface of the GCE. The prepared sensor was then used for the detection of LEVO,
achieving sensitive detection of LEVO.

In Chapter 7, the experimental results and findings are presented and discussed for the
removal of the four pollutants from aqueous solutions using magnetic graphene as an
adsorbent. The removal efficiency was evaluated, and adsorption models were analysed.
The magnetic adsorbent was successfully synthesised by modifying Gr with Fe (Fe/Gr)
and its recyclability was investigated.

In Chapter 8, the final conclusions for the results and findings in this thesis are
summarised, relating to both the developed sensors and the removal of the four

pollutants from aqueous solutions.

1.2 Research Background of the Thesis

The water environment is one of the basic elements that constitute the human living
environment, and it is an important place for the survival and development of human

society. Due to the rapid development of industry and economy as well as the rapid
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increase in population, a large amount of domestic sewage, industrial and agricultural
wastewater, and waste residues are discharged into the water environment, leading to a
sharp deterioration of the global ecological environment. Serious environment pollution
incidents occur frequently, thus posing a serious threat to human health. Therefore,
providing clean and safe water resources, especially drinking water, is a huge challenge
in modern society. The pollutants in water environments are generally divided into
inorganic pollutants, organic pollutants, and microorganism. Typical organic pollutants
include organic pesticides, nitrophenols, and antibiotics [1]. The enriched organic
pollutants pose a threat to the water environment, seriously affecting human health and
ecological structure. Currently, researchers are attempting to remove organic pollutants
using a series of methods, such as physical degradation, chemical degradation and
biodegradation [2]. However, it is difficult to remove organic pollutants completely.
More seriously, the organic pollutants still have toxicity at low concentrations. In
addition, once accumulated in the human body, the organic pollutants can cause various
acute and chronic diseases, including reproductive, neurological, immune system
disorders, and even cancer [3]. Thus, the long-term accumulation of low concentrations
of organic pollutants in water environments poses a threat to ecological security and
human health.

Therefore, the sensitive detection of low concentrations of organic pollutants in
water environments has become an important aspect in the monitoring and governance
of water environments. The removal of pollutants from water environments is more
challenging, especially the development of reusable adsorbents. Therefore, the
development of accurate, fast, and sensitive electrochemical sensors and efficient and
reusable adsorbents for the removal of organic pollutants from water are the focus in
this thesis. MCPA was selected as a representative of pesticides, p-NP as a
representative of nitrophenols, and MTZ and LEVO serve as representatives of
antibiotics. In total, four electrochemical sensors were developed and used for their
detection and the magnetic adsorbents were utilised to remove them from aqueous

solutions.
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1.3 Roles of the Four Selected Compounds

1.3.1 Role of 4-chloro-2-methylphenoxyacetic acid (MCPA)

Pesticides have increasingly become a fundamental part of modern agriculture, forestry,
and sustainable food supplies throughout the whole world [4]. However, pesticides are
chemical substances, which not only can kill a variety of pests, but also are
contaminating natural ecosystems and threatening biodiversity [5]. The accumulation of
pesticide residues may cause great harm to the environment and human health [6].
Pesticides are broadly divided into fungicides, insecticides, rodenticides, and herbicides
[7]. Among herbicides, 4-Chloro-2-methylphenoxyacetic acid (MCPA, as shown in
Figure 1-1) is one of the more commonly employed herbicides. It is widely utilised in
agriculture in marginal and upland agricultural areas due to its effectiveness in weed
control [8]. Normally, MCPA is used through spraying and thereby it is frequently found
in plants, soil, and water [9], causing serious pollution in the environment. Moreover,
owing to its relatively good solubility in water and rather poor adsorption by the soil
substrate, MCPA can easily enter surface and ground water bodies [10]. Indeed, MCPA
has been observed in several water systems, including rivers and streams, during

various water quality monitoring programmes [11].

CH; 0
OJ&OH

Cl1
Figure 1-1. The molecular structure of MCPA.

MCPA is harmful to aquatic species [12] and animals [13] and can impact on
human health even at relatively low concentrations [14]. The World Health Organisation
(WHO) provides a guideline value of 2 pg/L of MCPA in drinking water (WHO, 2003)

[15]. The European Commission Drinking Water Directive 98/83/EC, which concerns
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the quality of water intended for human consumption, stipulates that the maximum
concentration of any individual pesticides in drinking water is 0.1 pg/L and the

maximum concentration of the total sum of all pesticides present is 0.5 pg/L [16,17].

1.3.2 Role of p-nitrophenol (p-NP)

Phenols involve endogenous and exogenous phenols. The phenols contained in plants
are called endogenous phenols, which are beneficial to human and plant health, whereas
the exogenous phenols not only are harmful to human and plant, but also can cause
serious environmental pollution. The exogenous phenols mainly include phenol and its
derivatives, such as nitrophenol, naphthol, and cresol [18]. Nitrophenols, including
o-nitrophenol, m-nitrophenol and p-nitrophenol, are important intermediates of
chemical raw materials. They are widely employed in manufacturing medications,
insecticides, and dyes [19]. The toxicity and stability of nitrophenol are the reasons for
their adverse effects on plants, animals, and humans. Due to high chemical stability and
resistance to microbial decomposition, nitrophenol pollutants can exist in water for a
long time, and they can be continuously accumulated in the food chain, thereby entering
the human body. The ingestion or inhalation of nitrophenol can lead to drowsiness,
nausea, cyanosis, and headache [20,21]. Nitrophenols have been recognised as a serious
pollutant by the US Environmental Protection Agency. Due to the high solubility in
water, p-NP is widespread in industrial effluents from fine chemical and production
industries, thereby entering the environment. The European Commission has set the
maximum limit for drinking water at 0.1 ppb, and the United States Environmental
Protection Agency has stipulated a maximum concentration of p-NP in daily drinking
water at 60 ppb (0.43 uM) [22]. The chemical structure of p-NP, also called

4-nitrophenol, is shown in Figure 1-2.
NO,

OH
Figure 1-2. The molecular structure of p-NP.
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1.3.3 Role of metronidazole (MTZ)

Antibiotics, as a class of antibacterial drugs used to kill or inhibit bacterial growth, have
been widely employed in the treatment of human diseases, animal husbandry, and
aquaculture because of their ability to prevent bacterial infections and promote growth.
Antibiotics enter the aquatic environment through the discharge of wastewater treatment
plants, industrial wastewater as well as wastewater from livestock and aquaculture, as
shown in Figure 1-3 [23]. With the excessive use of antibiotics, the consumption of
antibiotics is increasing year by year across the world. It is estimated that the global
consumption of antibiotics for edible animals will be increased by 52% from 2013 to
2030 [24], indicating that antibiotic pollution will become increasingly a more serious
problem. Due to the misuse and overuse of antibiotics, multidrug-resistant bacteria have
spread all over the world, giving rise to an increasing number of life-threatening

infections, which are difficult to treat with currently available medicines [25].
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Figure 1-3. Pathways for antibiotics entering the environment [23].

MTZ (see Figure 1-4) belongs to the nitroimidazole family and has been widely
employed as an anti-inflammatory and antimicrobial drug to treat the infections caused
by bacteria such as helicobacter pylori [26], giardia lamblia and trichomonas vaginalis
[27]. In addition, MTZ can also effectively treat oral and dental infections, respiratory

tract infections and Crohn’s disease [28]. Thus, MTZ has been extensively used to treat
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infections in both humans and animals. However, MTZ has genotoxic and mutagenic
side effects and long-term or excessive use of MTZ may cause leucopenia, multiple
neuritis, and even cancer [29]. Due to high solubility and good stability in water, MTZ
can persist for considerable time in water environments. Indeed, MTZ with high
concentration has been found in water supply system in urban areas [30], which can be

hazardous to human, animal, and aquatic life.

OH

Figure 1-4. The molecular structure of MTZ.

1.3.4 Role of levofloxacin (LEVO)

Among various antibiotics, quinolone antibiotics (QNs) have attracted special attention.
Since the first generation of QNs was introduced in 1962, as naphthoic acid, thousands
of QNs have been synthesised, and the fourth generation of QNs are now widely
available [31]. The fluoroquinolone antibiotics (FQs), belonging to the third generation
of artificially synthesised QNs, greatly improved the broad-spectrum antibacterial
activity due to the introduction of fluorine atoms, showing good antibacterial effect on
both gram-positive and gram-negative bacteria and mycoplasma [32]. Levofloxacin
(LEVO, as shown in Figure 1-5) as a typical representative of FQs has been extensively
used to treat respiratory, urinary, chronic bronchitis, sinusitis, and skin infections [33].
Thus, at present, LEVO is widely employed in the clinical treatment of bacterial
infections in humans and animals because of strong tissue penetration, high drug
tolerance, long half-life, and high bioavailability [34]. Nevertheless, it is indicated that
the misuse and overuse of LEVO may give rise to serious adverse reactions, such as

gastrointestinal reactions, toxic side reactions of the central nervous system, and mental
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disorders [35]. With the discharge of metabolites from human and animal bodies and the
wastewater generated by pharmaceutical factories and disinfecting human residential
areas, the concentration of LEVO is increasing in aquatic environments. In addition, the
high solubility of LEVO in the water environment and its tendency to accumulate may

pose a potential risk to the water environment and human health.

v i
poRSE

Figure 1-5. The molecular structure of LEVO.

1.4 The Detection of MCPA, p-NP, MTZ and LEVO

Many analytical methods have been developed for the determination of MCPA,
p-NP, MTZ and LEVO, including gas chromatography (GC) [36-38], capillary liquid
chromatography (CLC) [39], high performance liquid chromatography (HPLC) [40-43],
capillary electrophoresis [44,45], solid phase extraction coupled with ion mobility
spectrometry [46], electrochemiluminescence [47] and chemiluminescence [48,49],
spectrophotometry analysis [50-53], Surface Enhanced Raman Spectroscopy (SERS)
[54-56], fluorescence analysis [57-59], fluorescence polarization immunoassay [60],
and circular dichroism (CD) [61]. However, these methods are restricted by the need for
expensive instrumentation and a high degree of user expertise, cumbersome sample
treatment procedures and time-consuming analysis processes and high detection costs.
These methods are not suitable for the rapid and on-site analysis of water samples.
Therefore, there is a need for the development of an effective, sensitive, and simple
method to detect analytes such as the four compounds, MCPA, p-NP, MTZ and LEVO,
in aquatic environments. Electrochemical sensors have real potential in addressing these

needs.
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1.5 Electrochemical Sensors

The word "sensor” originates from the Latin word sentire, meaning to "sense”. In the
past, people mainly relied on their eyes, ears, nose, skin to sense changes in color, sound,
odor, and temperature from external stimulus to obtain information. Sensors are an
extension of these five sense organs of humans. Sensors mostly rely on imitating human
sensory organs to obtain information, for example, light sensors correspond to the
human body's visual organs, gas sensors correspond to the human body's olfactory
organs, sound sensors correspond to the human body's auditory organs, chemical
sensors correspond to the human body's taste organs, while temperature and pressure
sensors correspond to the human body's tactile organs. Thus, it can be said that different
sensors have different sensory functions.

Electrochemical sensors are a very important branch among the chemical sensors
and are a widely used type of chemical sensors. The electrochemical sensor is based on
electroanalytical techniques to measure the electrochemical charge transfer reaction at
the electrode interface of the sensor. The principle of an electrochemical sensor is to
convert the signals generated by detecting molecules or substances into electrical
signals, thereby analysing the targets qualitatively and quantitatively. Electrochemical
sensors generally consist of three parts: recognition element, signal converter and signal
output device, as shown in Figure 1-6. The output signals have variability, such as the
voltage, current, or electrochemical impedance, thereby the electrochemical sensors can
be classified into several main categories including amperometric sensor, potentiometric

sensor or impedimetric sensor [62].

Target Recognition Response Signal Electrical Signal
analyte element  jnformation converter signal output

Figure 1-6. A schematic diagram illustrating the major components of an
electrochemical sensor.
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Compared with other detection techniques, electrochemical sensors overcome the
disadvantages of high cost and complex operation, and have several advantages,
including low cost, small working space, simple structure, high selectivity, high
sensitivity, fast and accurate detection, easy integration and miniaturisation and good
stability, easily transported to various water bodies to give onsite and real-time
detection. Thus, electrochemical sensors have attracted more and more attention. So far,
the world of electrochemical sensors is diverse and is rapidly developing due to its high
demand and continuous technological improvements. At present, electrochemical
sensors have shown very broad application prospects in fields, such as industry [63],
agriculture [64], biomedicine [65], environmental monitoring [66], food safety [67], in
situ water-based research [68], life science research [69] and other fields [70]. With the
applied range becoming more and more widespread and the emergence of
nanotechnology and nanomaterials, the development of novel electrochemical sensors

has been accelerated.

1.6 Functionalisation of Working Electrodes

Among the components of electrochemical sensors, the sensitive components, namely
the electrode materials, are a key part that affects the performance of the
electrochemical sensors. In terms of electrode materials, such as carbon, platinum, or
gold, the glassy carbon electrode (GCE) is one of the most widely used working
electrodes. Glassy carbon is prepared by direct pyrolysis of a phenolic resin.
Carbonisation studies indicate that the unique structure of the final glassy carbon is a
direct consequence of the production of very stable aromatic ribbon molecules by the
coalescence of phenolic polymer chains at an early stage of pyrolysis [71,72]. For this
reason, the GCE displays a series of advantages including good conductivity, high
chemical stability, small coefficient of thermal expansion, high hardness, high
smoothness, it is easily polishing into a mirror surface and has a wide potential window.
Moreover, the GCE is chemically inert and has a high hydrogen overpotential, so GCE

is widely used in electrochemistry and analytical chemistry.
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The performance of the GCE as a working electrode greatly depends on its surface
property. As the reaction kinetics of untreated GCE surfaces are slow, it does not satisfy
the need of trace level analysis. To improve the performance of GCE and expand its
application scope, all kinds of ways have been attempted to functionalise the surface of
the GCE. Among the functionalisation methods, chemical and electrochemical methods

are the most commonly used strategies.

1.6.1 Activation of GCE

Unmodified or bare GCE, is not effective in the detection of trace substances as it has
very few active sites for electron transfer. Consequently, the activation of the electrode
surface before its use is very important. It has been shown that the activation process
not only cleans the electrode surface but also changes the microstructure and chemical
property of the electrode surface [73]. This can affect the sensitivity of the electrode for
the detection of the target analytes. Several techniques have been utilised to activate the
electrode and highly sensing performance has been obtained after the activation of the
electrode. The activation methods include mechanical polishing [74], solvent cleaning
[75], vacuum heat treatment [76], laser-based thermal treatment [77] , microwave
plasma treatment [78], radio-frequency plasma treatment [79] and electrochemical
polarisation [80].

Among the activation methods listed above, the electrochemical technique has
several advantages: (i) compared to other tedious and complex modification materials,
the electrochemical activation process has simplicity, efficiency and is low cost; (ii) the
electrochemical activation is recognised as environmentally friendly owing to the less
involvement of hazardous chemicals. To date, carbon nanotubes [81], activated carbon
[82] and glassy carbon electrodes [83] have been activated by the electrochemical
oxidation when polarised to high potentials which are typically beyond the oxygen
evolution reaction. At these high potentials, OH" radicals are generated which can attack
the C—C bonds, resulting in the formation of abundant oxygen-containing functional
groups, such as phenol, carbonyl, and carboxylic groups [84]. These oxygenated groups
increase the rate of the electron transfer process and enhance the electrochemical

detection performance. For example, Tenent et al. observed a large increase in the
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electron transfer rate for the Fe"™ jon on the locally oxidised carbon surface in
comparison to the unoxidised region using scanning electrochemical microscopy
(SECM) [85]. Indeed, a series of electrochemical sensors based on activated GCE have
been successfully employed in the electrochemical detection of imidacloprid [86], uric
acid [87], acetaminophen [88] and sunset yellow [89].

The commonly used electrochemical oxidation methods for the activation of GCE
include constant potential anodic oxidation, constant current oxidation and cyclic
voltammetry scanning to high anodic potentials. In addition, to achieve the best
performance and improve reproducibility, after electrochemical oxidation, the activated
GCE are followed by cathodic reduction processes or continuous cycling until the cyclic
voltammograms reach a steady state. For instance, Huang et al. used electrochemical
oxidation at 1.75 V for 300 s firstly, and then electrochemical reduction at —1.75 V for
300 s in 0.1 M PBS to activate GCE. This was followed by scanning between 0 and 0.8
V for 20 cycles in PBS until a stable voltammogram was attained [87]. The activated
GCE was further utilised to detect uric acid, showing the higher anodic peak current
compared to untreated GCE, which was attributed to the formation of rich
oxygen-containing groups during the anodically pretreating process. The pretreated
GCE was successfully applied to measure uric acid in different concentrations from 0.1
— 15 pM, delivering a LOD of 0.02 uM, in which LOD is defined as limit of detection
and calculated based on 3Sy/sensitivity, where Sy is the standared deviation. In addition,
the activated GCE showed good selectivity and was employed to determine uric acid in

human urine and serum samples, providing good recoveries.
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Figure 1-7. Activation steps of GCE and the redox mechanism of the sunset yellow (SY)
at the A-GCE [89].
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Lu et al. used the cyclic voltammetry scanning method to activate GCE in 0.1 M
PBS at the scan rate of 100 mV s™! by cycling in the potential range between —2.0 V and
2.0 V vs. SCE for 10 cycles. The authors employed the activated GCE to determine
sunset yellow in the concentration range of 0.005—1.0 uM, giving the LOD of 0.00167
uM, as shown in Figure 1-7 [89].

Mao et al. used anodic oxidation at a potential of 2.0 V vs. Ag/AgCl for 220 s,
cathodic reduction at —1.0 V for 60 s and CV scanning in the potential range of —0.5 to
0.8 V for 3 cycles to prepare an activated GCE in PBS. The sensor was subsequently
employed for the simultaneous detection of Cd?>" and Pb*" in the concentration ranges of
0.05 to 5 uM with LODs of 17 nM for Cd*" and 0.3 nM for Pb*" [90]. These studies
indicate that the activated electrode can detect not only a single component, but also
multiple components simultaneously and reveals good selectivity.

In another work, GCE was activated by electrochemical anodisation in 0.5 M
H>SO4. The authors utilised the activated GCE to achieve the simultaneous
determination of ranitidine and metronidazole [91], as shown in Figure 1-8. It has also
been shown using Atomic Force Microscope (AFM) images that electrochemical
activation in 0.1 M H2SOq4 gives rise to an increase in the roughness of the GCE and this

also appears to be beneficial in its use as a sensor [92].

AGCE= Activated glassy carbon electrode

Figure 1-8. Simple electrochemical activation of GCE in H2SOj4 for the detection of
ranitidine and metronidazole [91].
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Usually, the electrochemical activation of GCE is carried out in acidic medium or
neutral medium at a wide potential range. The work of Temogin confirmed that alkaline
media can also be employed to activate GCE. The GCE was activated by
electrochemically cycling between 0.0 and 0.9 V vs. Ag/AgCl at 30 mV s ! for 40
cycles in 0.5 M NaOH. Different voltammograms were observed depending on the
number of activation cycles used and this was attributed to the formation of a new
electrode surface with carbonyl, carboxyl, and hydroxyl radical species [93].

Apart from the direct use of electrochemically activated GCE sensors, the
activation of GCE is also attracting attention in the fabrication of GCE with
electrocatalytic materials. For example, Li et al. firstly activated GCE by successive
sweeps in the potential range of 0 to 1.8 V vs. SCE at 50 mV s™! for 25 cycles in 0.1 M
PBS (pH 7.0), and then fabricated NiOOH on the activated GCE surface by physical
adsorption. The prepared electrode displayed a highly sensitive response to the
oxidation of glucose and methanol. It was concluded that the increase in the surface area
of the activated GCE and the generation of C—O functional groups promoted the
adsorption of the NiIOOH component [94].

In summary, these investigations suggest that the electrochemical activation of
GCE can be performed in a wide pH range including strong acids, weak acids, neutral,
and basic media, using constant or scanning potentials. Furthermore, the
electrochemical activation of GCE can be utilised as an initial tool to provide a better
surface for further functionalisation with other components. Therefore, the
electrochemical activation of GCE is receiving increasing attention in the fabrication of

SENSors.

1.6.2 Modification of GCE

In 1975, the introduction of chemically modified electrodes broke through traditional
electrochemistry [95,96]. At that time, most studies were limited to the interfaces
between bare electrodes and electrolytes. By tailoring the molecules on the surface of
the electrodes, the electrodes can be designed with predetermined functions as intended,

so that the desired reactions occur selectively on the surface of the electrodes, achieving
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the design of electrode function at the molecular level. Now, chemically modified
electrodes are a very active research field in electrochemistry and electroanalytical
chemistry. Many functional materials, such as graphene and metal nanoparticles, are
used as the modifiers to prepare chemically modified electrodes, delivering a series of
electrochemical sensors with good detection performance. Some of these modifiers,

which are used in this thesis, are now introduced, and discussed.

1.6.2.1 Graphene modified GCE

Graphene was discovered in 2004 by Novoselov and Geim et al. [97], hereby they won
the Nobel Prize for Physics in 2010. The emergence of graphene has opened an exciting
new field for the scientific and technological advancement of two-dimensional
nanomaterials. Due to the excellent physical and electronic properties, compared to
other carbon-based nanomaterials, graphene has become a fast-growing star in materials

research.
1.6.2.1.1 Structure, property and application of graphene

Graphene possesses a two-dimensional, single layered sp?-hybridised carbon atomic
sheet that is close-packed in a honeycomb lattice structure [98]. Due to its unique
structure, graphene not only has excellent electronic, optical, magnetic, thermal and
mechanical properties, but also possesses superior characteristics including high
chemical stability, high conductivity (mobility of charge carriers reaches 200000 cm?
Vs 1) [99], thermal conductivity (~5000 W m™' K™') [100], impressive mechanical
strength (fracture strength reaching 125 GPa) [101], inherent flexibility (values of its
Young’s modulus reach ~1100 GPa) [101] and a huge specific surface area (2630 m? g™')
[102]. These surprising features have led to the rapid development of graphene in
physics, chemistry, biology, materials, and related interdisciplinary subjects [103]. So
far, graphene has exhibited broad application prospects in functional devices varying
from graphene bulbs, graphene superconductors to graphene chips [104] across
applications in biotechnology [105], biomedicine [106], materials [107], catalysis [108],

electronics and optoelectronics [109], energy conversion and storage devices [110].
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1.6.2.1.2 Source of graphene

Since graphene was isolated in 2004, different preparation methods have been employed
in its synthesis. The preparation methods can be divided into two key categories: the
top-down and bottom-up methods [111]. The top-down approach involves exfoliation
from graphite, using chemical, electrochemical, and mechanical methods to overcome
the van der Waals forces between the layers to form graphene. In the bottom-up
approach, graphene is formed atom by atom, which includes biomass pyrolysis, thermal
annealing, epitaxial growth, and chemical vapor deposition. In this method, high energy
is required to decompose and graphitise the carbon-containing materials to produce

graphene.

Graphene

Figure 1-9. Structure of graphene, graphene oxide (GO), and reduced graphene oxide
(rGO) [111].

It is noteworthy that each of the preparation methods of graphene has its
advantages and drawbacks, and the functional characteristics and surface functional
groups of graphene are different. Figure 1-9 shows the structures of graphene, graphene
oxide (GO) and reduced graphene oxide (rGO), which are synthesised using different
preparation methods [111]. Compared to graphene, the GO surface contains abundant
oxygen-containing functional groups, hydroxyl, carboxyl, and epoxy bonds, which

provides it with good hydrophilicity [112] and biocompatibility [113], and makes it easy
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to be modified through covalent or noncovalent interactions with other molecules [114].
Thus, GO is easier dispersed in water or organic solvents to produce a more stable
suspension than graphene. It is evident that the number of oxygen-containing groups on
rGO is reduced while the conjugated network structure in the rGO is restored, compared
to the GO, thereby the rGO possesses a high specific surface area, good electronic
conductivity, and mechanical strength. Accordingly, rGO has been applied as a

promising material in the fabrication of electrochemical sensors [115].

1.6.2.1.3 Graphene-based electrochemical sensors

Graphene, as a star in materials science in the 21st century, has been widely applied in
the development of electrochemical sensors. Since graphene displays high chemical
stability, high electron transfer mobility, large specific surface area and wide potential
window, it has become an ideal candidate in constructing electrochemical sensors
[116,117]. Moreover, the low cost and non-toxic characteristics of graphene facilitate
the construction of environmentally friendly and cost-effective electrochemical sensors
with high sensing performance [118]. Accordingly, a large variety of electrochemical
sensors based on graphene and its derivatives have been developed and their sensing
performance to various analytes was investigated with satisfactory results. These
include biomolecules [119], additives in food and drink [120], antibiotics [121],
pesticides [122], and pollutants in the environment [123].

GO has been used in the development of several sensors. A GO-modified GCE was
formed by using dispersed GO in dimethylformamide (DMF) to coat the GCE surface
which was used directly for the detection of p-NP, giving the concentration of p-NP
ranging from 0.1 to 120 pM with the LOD of 0.02 pM [124]. Moreover, the GO was
modified by pyridine diketopyrrolopyrrole (PDPP) polymer through strong hydrogen
bonding and n—r interactions to form a PDPP-GO composite material, which was drop
cast on the GCE to obtain the modified electrode, GCE/PDPP-GO [125], shown in
Figure 1-10. It showed a sensitive sensor response to the electrochemical reduction of

p-NP, delivering a LOD of 0.10 uM.
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Figure 1-10. The synthetic processes of PDPP-GO/GCE [125].

Fe;O3 modified GO was obtained by a hydrothermal synthesis strategy. The
obtained Fe>O3@GO nanocomposite was utilised for the modification of GCE, and the
prepared modified electrode (Fe:O3;@GO/GCE) gave rise to the sensitive determination
of MTZ in the linear range of 1 to 1680 uM with the LOD of 55 nM [126].

NiMnO@pr-GO
IGCE

Figure 1-11. Sonochemical synthesis process of NiMnO@pr-GO nanocomposite [127].

Another nanocomposite formed by combining nickel-manganese oxide
nanoparticles with rGO, was prepared by ultrasonication, and then used to decorate the

GCE, NiMnO@pr-GO, as shown in Figure 1-11, which exhibited higher electrocatalytic
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activity for the reduction of MTZ, giving a LOD of 90 nM [127]. The superior sensing
performance of the modified electrode was attributed to the combination of
electrocatalytic activity of the GO and NiMnO nanocrumbs. Recently, flower-like
cobalt modified rGO (f-Co@rGO) was successfully synthesised by a simple one-pot

hydrothermal reduction method using GO and Co'!

acetylacetonate as the starting
materials. This nanocomposite modified GCE realised ultrasensitive electrochemical
detection of MTZ with a LOD of 0.015 nM [128].

In addition, poly(p-aminobenzene sulfonic acid) and rGO (poly(p-ABSA)-rGO)
film modified GCE was fabricated by electrochemically scanning the potential from
—1.5t0 2.5 V for 5 cycles in PBS containing 2.0 mM of p-ABSA and 0.1 mg/mL GO.
The sensor was used in the determination of LEVO in the concentration range of 2.0 to
30.0 uM and gave a LOD of 0.12 uM [129]. The rGO was also decorated with
poly(diallyldimethylammonium chloride) solution (PDDA) and gold nanoparticles
(AuNPs) to form the hybrid composite Au/PDDA/rGO, which was coated on the GCE
to construct an electrochemical sensor for LEVO [130]. These studies indicate that

graphene and its derivatives are interesting in the development of electrochemical

sensors and exhibit enhanced sensing performance for the detection of analytes.

1.6.2.2 Bismuth film modified electrodes

Bismuth is inexpensive and has comparatively little toxicity. It has been employed in
the preparation of different nanomaterials with unique structure, remarkable physical
and chemical properties, which have made it suitable for various applications, including
electronics, storage and conversion energy, photocatalysis and sensors as well as other
biomedical applications [131]. Bismuth modified electrodes are often termed bismuth
film electrodes (BiFEs), which have gained a lot of attention due to their good
environmental qualities, wide negative potential window, partial insensitivity to
dissolved oxygen and high hydrogen overpotential. Since Wang et al. first utilised BiFE
as a sensor for the stripping voltammetric analysis of Pb, Cd, Zn in 2000 [132], BiFEs

have developed rapidly and the application scope of BiFEs is also constantly expanding.
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1.6.2.2.1 Preparation of BiFEs

The substrates that support BiFEs are mainly based on carbon materials, such as glassy
carbon electrodes (GCEs) [133], graphite electrodes [134], carbon fiber microelectrodes
[135], carbon paste electrodes [136], boron doped diamond electrodes [137], screen
printed electrodes [138], and pencil electrodes [139]. Among them, GCE is widely used
due to its low background current and good stability. Moreover, some metal materials,
such as Cu, Pt, Au etc. were also used as the substrates of BiFEs [140]. Regardless of
which electrode is utilised as the substrate, before the deposition of bismuth film, the
substrates need to be pre-treated with mechanical polishing or chemical activation. The
mechanical polishing can provide a fresh and smooth electrode surface, improving the
reproducibility of electrode, while the chemical activation can increase the active sites
on the electrode surface, which is conducive to the deposition of bismuth films.

The methods for preparing BiFEs normally include electroplating and sputtering,
among them the electroplating is mostly used in current research. The electroplating
processes can be carried out in three different ways: (i) ex—situ: the electroplating of Bi
film is completed prior to transferring the BiFE to the solution in which the analytes are
present [141]. The electroplating process is mostly carried out in acidic environments as

I

Bi'! are easily hydrolysed at high pH. Parameters such as the concentration of Bi'! ions,

deposition potential, deposition time, using stirring or static solution, can affect the

thickness and morphology of bismuth films on the electrodes; (ii) in—situ: Bi'

are
added directly into the solution containing analytes and the analytes are incorporated as
the Bi film is formed. For this in situ approach, the selection of deposition potential and
deposition time is closely related to the analytes. This approach is widely used in anodic
stripping voltammetry due to its simplicity and less consumption of time. The in situ
electroplating process can be conducted in acidic and alkaline solutions. Li et al.

I

concluded that in highly alkaline solutions, Bi"" ions form soluble hydroxides, which

can be dissolved in water and electrochemically reduced on the electrode surface,

Equation 1-1 [142].

Bi** + OH = Bi (OH)** (1-1)
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Bismuth oxides, such as Bi,Os3, have also been used by first modifying the surface
with the oxides, followed by electrochemical reduction to generate metallic bismuth on

the electrode at a certain deposition potential through Equation 1-2 [143].

Bi,0s (s) + 3H20 + 6e ~ — 2Bi (s) + 60H" (1-2)

This approach is usually used with carbon paste electrodes (CPE) as the substrate
due to easy mixing of carbon paste with Bi»Os. Although this approach is simple and
low cost, it has its limitations. Therefore, among these three approaches, ex situ and in
situ are the most widely utilized for the construction of BiFEs.

The sputtering method has been utilised to grow bismuth films on silicon
substrates [144]. The prepared bismuth film showed a rough structure composed of
many uniformly sized nanoparticles, to give rise to an increase of the active sites,
compared with BiFEs formed by other methods. Moreover, the bismuth films were
combined with other functional composites to form the modified electrodes which have

extended the application field of BiFEs.

1.6.2.2.2 Application of BiFEs

BiFEs have been used as effective sensors not only for the determination of over 20
elements in the periodic table or their compounds [145], but also for the determination
of organic compounds such as pollutants, drugs, insecticides, and some bioactive
substances [146,147]. For example, Muna et al. fabricated a sensor to selectively
determine heavy metals Pb and Cd with bismuth and antimony over a GCE (Sb/Bi-GCE)
[148]. The fabricated nanocomposite exhibited a remarkable performance towards
sensing Pb!! and Cd" and therefore, the current response was enhanced compared to the
bare GCE, Sb/GCE and Bi/GCE. The differential pulse anodic stripping voltammetry
(DPASYV) produced better analytical outcomes, showing that the LOD was 0.01 ppb for
Pb" and 0.5 ppb for Cd" using Sb/Bi-GCE. Another example is that of Al-Harbi who

fabricated a sensitive sensor to detect cetirizine dihydrochloride at pH 8.0 with bismuth
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deposited on the GCE (Bi/GCE), which displayed good sensing performance for the
determination of cetirizine dihydrochloride with a LOD of 1.5 nM and a linear
concentration range of 5 to 1200 nM [149]. Moreover, BiFEs have also been utilised in
the electroanalytical studies of pollutants that enter water environments and
consequently drinking water and the food chain. For example, Gerent et al. used the in
situ approach to deposit a bismuth film on GCE to fabricate a BiFE and detected the

pesticide parathion in skimmed milk, achieving a LOD of 55.7 nM [150].

Food safety issues have always been a focus of attention as the excessive use of
food additives pose a threat to human health. Asadpour-Zeynali et al. fabricated a
nanocomposite on the GCE based on bismuth and chitosan and successfully determined
the food additive tartrazine in chocolates with a bismuth-chitosan nanocomposite
modified GCE [151]. These studies clearly demonstrate the widespread versatility and
scientific importance of bismuth-based electrodes and indicate that the interest in their

research and development is still growing.

1.6.2.3 Copper-based modified electrodes

Copper is an abundant metal on earth with low toxicity. It is inexpensive and has
excellent conductivity, ductility, and stability, hence the copper is widely used in
industries. Compared to the noble metals (e.g., Au and Ag), the conductivity of metallic
Cu is like Au and Ag, and the precursor for the synthesis of the Cu is relatively
abundant, cheaper, and readily available from commercial sources. Furthermore, Cu
nanocomposites retain their original property while endowing them with new physical
and chemical features, such as catalytic, thermal, electrical, optical, and magnetic
properties. Therefore, Cu nanocomposites have been widely investigated and are more

favorable than the noble metals for various applications.

1.6.2.3.1 Preparation of copper-based modified electrodes

Among the various methods for modifying electrodes with Cu nanocomposites,
requiring sometimes a series of complex physical/chemical procedures, the
electrodeposition approach has simplicity, good repeatability, and high stability. Thus, it
has already gathered significant interest [152]. In general, a suitable reductive potential,

which can electrochemically reduce the metal ions in solution to the metal alone, is

24



Chapter 1

applied to the working electrode, giving rise to the deposition of the metals on the
electrode surface. As the electrodeposited metal materials retain good electrical contact
with the electrode, the electrodeposition method makes them easily integrated into
electrical devices. In addition, different electrodeposition parameters, such as copper
precursor type, copper solution concentration, electrolyte, acidity, applied potential,
deposition time, current or integrated charge and temperature can affect the
morphologies of the electrodeposited metals. Accordingly, electrodeposition is an

effective and scalable method to grow desired structures on electrode surfaces [153].

1.6.2.3.2 Application of copper-based modified electrodes

Inspired by the existing and potential applications of Cu nanocomposites, the studies on
Cu nanocomposites are growing rapidly in recent years. The Cu nanocomposites have
exhibited potential applications in physics, chemistry, biology, food, materials, energy,
and the environment. The analytical applications of the Cu nanocomposites used as
sensors have also been explored [154], including fluorescence sensors in the
determination of various analytes, such as metal ions, anions, biomolecules, small
molecules, and biological labeling and bioimaging, chemiluminescence sensors for the
detection of H,0O», and colorimetric sensors to detect H2O», glucose and Fe**. However,
the development of electrochemical sensors based on the Cu nanocomposites is
relatively limited. Most studies fabricate Cu nanocomposites on electrodes to develop
electrochemical sensors for the detection of glucose. Kang et al. used electrodeposited
Cu nanocomposites on multiwall carbon nanotube (MWCNTs)-modified GCE to
fabricate a nonenzymatic glucose biosensor, which showed the synergistic
electrocatalytic activity for the oxidation of glucose in alkaline media and achieved
sensitive detection of glucose in a concentration range from 0.7 to 3500 uM with a LOD
of 0.21 uM [155]. In addition, a novel electrochemical biosensor based on Cu
nanocomposites for the detection of miRNA was developed by Dai et al., who used
DNA-miRNA heteroduplexes as the template to synthesise Cu nanocomposites, which
can electrocatalyse H>O» reduction, producing electrochemical signals proportional to

the concentration of miRNA, thereby realising the determination of miRNA in the linear
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concentration range from 25 to 300 fM with a LOD of 8.2 fM, as shown in Figure 1-12
[156]. Furthermore, Cu nanocomposites were fabricated on single-walled carbon
nanotube (SWCNT) modified screen-printed Ag working electrodes to develop a nitrate
sensor, giving a LOD of 0.281 nM [157].
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Figure 1-12. Principle of a reusable miRNA biosensor based on the electrocatalytic
property of DNA-miRNA heteroduplexes-templated CuNCs. (A) i-t curves for the
range of CmiRNA from 25 to 750 fM; (B) Calibration curve for DI versus CmiRNA.
Inset: a linear range of CmiRNA from 25 to 300 fM [156].

These studies demonstrate that Cu-based nanocomposites are promising sensors to
determine different analytes due to their advantages including non-toxicity, low cost,

and ease of preparation.

1.7 Removal of Pollutants

The continuous discharge of pollutants from different activities, such as industries,
agriculture, mining, aquaculture, and domestic households, to water resources causes

pollution of the water environment and deterioration of water quality [158,159].
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Electrochemical sensors can be employed to quantitatively monitor the concentration of
pollutants in water environments. The next crucial issue is to remove pollutants from
water environments to improve water quality, reducing environmental-related health
consequences, and producing a suitable environment for aquatic organisms.

Various techniques have been utilised to treat these pollutants, such as
sedimentation/flocculation/coagulation [160], chemical precipitation [161], chemical
separation [162], adsorption [163,164], electrocatalytic degradation [165],
photocatalytic degradation [166], and biological treatment [167]. However, many of
these techniques have limitations in industrial applications, owing to time-consuming
processes, high capital and operating costs, large amounts of sludge generated,
subsequent treatment issues, technical requirement for the compounds with different
structural characteristics, and so on.

Among these treatment methods, adsorption is recognised as a preferred
technology because it has a series of advantages, including flexibility, simple operation
procedures, comparatively low operating costs, insensitivity to toxic contaminants, high
removal efficiency and fewer secondary treatments [168]. Different types of materials,
including biological, organic, mineral materials, zeolites, polymer materials, and
carbonaceous materials, have been used as adsorbents for the removal of pollutants
[169]. Among these different adsorbents, the carbon-based materials, such as activated
carbon, fullerenes, carbon nanotubes, graphene, etc., have been extensively investigated
and employed as adsorbents due to their outstanding features, including high chemical
stability, rich pore structures, large specific surface areas, convenience of physical and
chemical modifications, and excellent performance for removing various pollutants
[170]. Especially, graphene and its composite materials, due to their unique features, are
considered as the most advanced and promising adsorbents among all the carbon-based

materials.

1.7.1 Graphene-based composite materials as adsorbents

The structure and property of graphene and its derivatives have been described in
Section 1.6.2.1. Graphene and its derivatives not only possess oxygenated functional

groups on its surface, but also have large delocalised n-electron systems, which increase
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the active sites. Accordingly, graphene and its derivatives can efficiently adsorb
pollutants through cation and anion attraction, hydrogen bonding, n—m interactions,
hydrophobic interaction, and ion exchange to achieve the removal of pollutants, as
shown in Figure 1-13 [171]. These multiple bonding modes between graphene-based
materials and pollutants indicate that they are suitable for adsorption applications and
have been used to remove various pollutants in aqueous solutions. For example,
graphene was used as the adsorbent to remove Bisphenol A [172] and methylene blue
[173] from aqueous solutions through hydrogen bonding and n—n interactions, showing
good removal efficiency. Fan et al. utilised graphene as the adsorbent for the removal of
chlorophenols, such as 2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol and
2,4,6-trichlorophenol [174].
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Figure 1-13. The adsorption process of the pollutants onto the graphene [171].

Besides graphene, GO and rGO, these materials have been further functionalised
using covalent or non-covalent modification to construct hybrid composite materials.
The purpose is to achieve enhanced adsorption capacity by combining the graphene
with the components that also have adsorption properties. On the one hand, the
adsorption property of each component can be fully utilised, on the other hand, the
synergistic effect between the composites could be realised. Using this approach, Wang
et al. synthesised 3D graphene aerogel mesoporous silica composite adsorbents to
remove four phenolic compounds including hydroquinone, resorcinol, catechol, and

phenol [175]. Sun et al. fabricated B-cyclodextrin with rGO to produce 3D composites
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for the efficient removal of Bisphenol A in aqueous solution [176]. Ahsan et al.
assembled metal-organic compounds with GO for the removal of Bisphenol A from
aqueous solution [177]. Moreover, the hybrid microspheres consisting of GO and
crospolyvinylpyrrolidone were also prepared for the removal of 2,4,6-trichlorophenol
[178]. Apart from the above-mentioned phenolic compounds, the graphene-based
composite materials can be employed to adsorb pharmaceuticals, antibiotics, pesticides,
herbicides, dyes, and other aromatic compounds [179]. These findings indicate that
graphene-based composite materials not only achieve better adsorption efficiency than

the single component, but also enlarge the adsorption range for the pollutants.

1.7.2 Graphene-based magnetic adsorbents

Although graphene and its derivatives display good adsorption performance for the
removal of pollutants, they have some shortcomings. For instance, GO has strong
hydrophilicity, leading to difficulties in separation and recycling; on the other hand, the
T - w interaction between graphene layers results in the restacking and agglomeration of
the graphene sheets to give a reduction of adsorption capacity. These issues hinder the
practical application of graphene-based adsorption materials. The addition of magnetic
metal or metal oxide nanoparticles with graphene, GO and rGO is an effective solution
to some of these issues. These nanoparticles not only can be intercalated within the
graphene layers to overcome the aggregation problem of the graphene sheets, but also
can endow graphene with magnetic properties. Magnetic adsorbents are of great interest
as they can be easily collected by external magnetic fields, greatly simplifying the
recycling process.

Magnetic materials mainly involve Fe, Co, Ni and Fe3O4 [180]. Among them, Fe
and Fe3O4 have been widely used owing to their strong magnetism and convenience in
their synthesis. A simple method is to directly utilise the intrinsic magnetic composite
as magnetic adsorbent for the removal of the pollutants [ 181]. Nevertheless, the intrinsic
magnetic materials may not have satisfactory adsorption properties. Accordingly, to
achieve better adsorption performance, it is necessary to combine the intrinsic magnetic
composite with other materials with good adsorption performance, such as graphene

and its derivatives. To date, composite materials containing graphene and Fe or Fe3O4
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have been synthesised and employed as effective adsorbents for the removal of some
pollutants from water environments.

For example, Li et al. employed magnetite/diazonium modified rGO to form
magnetic graphene composite for the adsorption of 4-chlorophenol and
2,4-dichlorophenol and isolated the spent adsorbent from aqueous solution by an
external magnetic field [182]. Deliyanni et al. synthesised a magnetic graphene
composite, GO-PANI/Fe;O4 (PANI: polyaniline), and used it for the removal of
Bisphenol A [183]. Adel et al. modified rGO with MgFe,Os via electrostatic
interactions to prepare a magnetic adsorbent which was applied for the removal of
methylene blue dye from aqueous solutions [184]. Again, the adsorbent was recovered
by using an external magnet. Hota et al. used Fe;O4 nanoparticles to functionalise
GO/g—C3N4 nanosheets to form GO/g—Cs3Ns—Fe304 composites and employed it to
remove tetracycline antibiotic and methylene blue [185]. Clearly, the introduction of
Fe304 nanoparticles onto GO/g—C3N4 nanosheets not only enhances the adsorption
capacity but also make the adsorbent easily separable from aqueous solution.

Furthermore, graphene and its derivatives have been employed to support
nanoscale zero-valent iron (nZVI) and used as efficient adsorbents for the removal of
pollutants. Zhang et al. prepared GO coupled nZVI and used it in removing
oxytetracycline from wastewater [186]. Masud et al. synthesised rGO-nZVI
nanocomposite, which was utilised as the adsorbent, for the removal of a complex
mixture of 12 diverse pharmaceutical and personal care products, including antibiotic,
anti-inflammatory, anti-seizure, and antidepressant pharmaceuticals, in wastewater
[187]. Wang et al. fabricated the GO-load nZVI and applied it in removing
tetrabromobisphenol A [188].

These studies indicated that magnetic graphene decorated with nanocomposites
Fe;O4 and nZVI display a positive effect on the removal of various pollutants. As a
result, magnetic field assisted adsorbents have promising potential for the removal of
various pollutants from the aqueous system.

Based on the discussion above, it is obvious that the application of graphene-based
composite materials as adsorbents for the removal of different pollutants is rapidly

growing year by year as observed from the publication of research and review articles.
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Consequently, to treat water systems or wastewater, graphene-based composite

materials as adsorbents exhibit promising applications.
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2.1 Introduction

The main research in this thesis is focused on the fabrication and characterisation of
functional composite materials on the surface of GCE as well as their applications as
sensors for the detection of pollutants in aquatic environments. The functional
composite materials include graphene and metal nanoparticles (Bi and Cu nanoparticles
or nanostructures). These composite materials were assembled by simple
electrodeposition and the fabricated composite films were characterised by SEM, EDX
and elemental mapping, FTIR and UV-visible spectroscopy, and electrochemical
measurements. These composite materials modified electrodes were used as
electrochemical sensors for the detection of four pollutants in aquatic environments,
namely MCPA, p-NP, MTZ and LEVO. All fabrication processes, characterisation and
application of the composite materials modified electrodes are described in the
following sections. At the same time, the experimental techniques and apparatus used in

this study are described briefly.

2.2 Experimental section

2.2.1 Chemical Reagents
All the chemical reagents used in this thesis were of analytical grade. They were

purchased from Merck/Sigma Aldrich directly and used as received, without any further

purification steps. All the chemical reagents used are listed in Table 2-1.

Table 2-1. Chemical reagents used for experiments in this thesis.

Reagent name Chemical formula
Acetic acid CH3COOH (HAc)
Ammonium chloride NH4Cl
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Ascorbic acid

Bismuth nitrate
4-Chloro-2-methylphenoxyacetic acid
4-Chloro-2-methylphenol

Calcium chloride

Citric acid

Copper acetate

Copper sulphate
4-(2,4-dichlorophenoxy) butyric acid)
Dipotassium hydrogen phosphate
Ethanol

Ferrous sulfate

Glucose

Graphene nanoplatelets
Hydrochloric acid

Hydrocortisone

Levofloxacin

Magnesium chloride

Methanol
2-Methyl-5-nitroimidazole-1-ethanol
p-Nitrophenol

o-nitrophenol

Nitric acid

Phosphoric acid

Potassium chloride

Potassium dihydrogen phosphate
Potassium ferricyanide

Potassium ferrocyanide

Potassium phosphate

Sodium acetate

Sodium carbonate

CsHgOs
Bi(NO3)3
CoHoClO3
C7H,0Cl1
CaCl,
CsHzO
Cu(CHsCOO), (Cu(Ac)2)
CuSOq4
CioH10CL203
K>oHPO4
CH3CH.OH
FeSO4
CsH1206

Gr

HCl
C21H300s
Ci1sH20FN304
MgCl
CH3;0H
CsHoN303
NO2CsHsOH
NO2C¢H4OH
HNO;
H3POq4

KCl1

KH>POq4
Ks[Fe(CN)s]
K4[Fe(CN)s]
K3POq4
CH3COONa (NaAc)
Na,COs
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Sodium borohydride

Sodium chloride

Sodium hydroxide

Sodium nitrate

Sodium nitrite

Sodium sulphate

Sulphuric acid

Tetrabutyl ammonium chloride

Zinc chloride

NaBH4
NaCl
NaOH
NaNOs3
NaNO;
NaxSO4
H>SO4
Ci16H36CIN
ZnCl,

2.2.2 Instruments

All the instruments used in this thesis are listed in Table 2-2.

Table 2-2. Instruments used in completing various experiments

Equipment Name

Model

EDX instrument

Electronic balance
Electrochemical workstation
High speed tabletop centrifuge
Magnetic stirrer apparatus

pH meter

Potentiostat

SEM

Thermo Fisher IR spectrometer
Ultrasonic cleaner

UV-Vis Spectrometer

Oxford Instrument INCAz-act ESX
Sartorius Models TE612 and TE214s
CHI760C

Thermoscientific SORVALL ST 8
Fisherbrand

METTLER TOLEDO

Solartron 1287 coupled with a 1255 FRA
(Solartron)

Hitachi S-3200-N

Nicolet iS50 FT-IR microscope
BRANSON 1510
CARY 50 Conc
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2.2.3 The Preparation of Solutions

2.2.3.1 Buffer PBS

Phosphate solutions (PBS) were prepared at different concentrations of 0.1 M and 0.05
M with different pH values adjusted by diluted H;PO4, HNO3, HCI or NaOH solutions.

2.2.3.2 Buffer acetate solution

Buffer acetate solution was prepared with a concentration of 0.1 M NaAc with pH

values of 4.5 adjusted by diluted CH;COOH (HAc).

2.2.3.3 MCPA solution

A stock solution of MCPA at a concentration of 4.0 mM was prepared in PBS buffer.

More dilute solutions were prepared by serial dilutions of the stock solution.

2.2.3.4 MTZ solution

The MTZ solution was prepared at a concentration of 4.0 mM dissolved in PBS buffer.

Other concentrations of MTZ were prepared through serial dilution.

2.2.3.5 LEVO solution

The stock LEVO solution was prepared at the concentration of 1.0 mM dissolved in

PBS buffer. This stock solution was used to prepare lower concentrations by serial

dilution of the 1.0 mM LEVO.
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2.2.3.6 p-NP solution

A stock solution of 1.0 mM p-NP was prepared in PBS buffer. Other solutions at lower

concentrations were obtained by diluting the 1.0 mM solution of p-NP.

2.2.3.7 Bi(NO3);3 solution

Bi(NO3)3 solutions were prepared in two different manners. Firstly, 10 mM Bi(NOs)3
5H>O solution was prepared in 0.1 M HNOs to give complete dissolution without any
insoluble hydroxides. This solution was then diluted with 0.1 M acetate buffer at a pH
of 4.5 to give the 1.0 mM Bi(NO3);5H20 in 0.01 M HNOs and 0.09 M acetate with a
final pH of 1.2~1.5. Secondly, a 5.0 mM Bi(NO3);5H;0 solution was made in 1.0 M
HNO:s.

2.2.3.8 Potassium ferricyanide and Potassium ferrocyanide solution

The solution (1.0 mM) was prepared using the mixture of K3[Fe(CN)s] and K4[Fe(CN)s]

dissolved in 0.1 M KCI solution. This solution was employed as an electrochemical

probe and used to estimate the electroactive surface area of the sensors.

2.2.3.9 Graphene (Gr) suspension

The suspension of Gr (1.0 mg/mL) was prepared by dispersing Gr nanoplatelets in a 0.1

M phosphate buffer (PBS) solution at a pH of 7.0 using ultrasonication for 30 min.

2.2.3.10 Cu(Ac): solution

10 mM Cu(Ac). was prepared in NaAc + HAc (0.1 M) at pH 4.5.
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2.2.3.11 NaOH solution

0.1 M NaOH was prepared in distilled water.

2.2.4 Fabrication of the modified electrodes

A GCE (3 mm in diameter) was employed throughout this thesis. Before its use, the
GCE was polished on a micro-cloth (Aka-Napel cloth), using progressively smaller
sized diamond suspensions (Akasol) with a final 1 um particle size, until a mirror finish
was obtained. Then, the polished GCE was sonicated for a certain period of 10 min and

rinsed thoroughly with deionised water.

2.2.4.1 The activated GCE (A-GCE)

The GCE was activated in a 0.05 M PBS by cycling the polished and cleaned GCE at
different potential ranges between —2.0 V and 2.5 V vs. SCE at 100 mV s! for the
different cycles to form the activated glassy carbon, A-GCE. The resulting A-GCE was
thoroughly rinsed with deionised water, and then the cleaned A-GCE was utilised in the

electrochemical detection of analytes in 0.1 M PBS at different pH.

2.2.4.2 Bismuth modified GCE (GCE/Bi)

The GCE/Bi was fabricated by immersing the polished and cleaned GCE in a 5.0 mM
or 1.0 mM Bi(NO:s)3 solution and applying different potentials from —0.75 to —1.0 V vs.

SCE for a certain period of time to reduce Bi** to Bi® on the surface of the GCE.

2.2.4.3 Graphene modified GCE (GCE/Gr)

Gr was electrochemically deposited on the surface of GCE to form GCE/Gr by scanning
for 5, 10 and 15 cycles at a scan rate of 50 mV s™! in the potential range from —1.5 V to
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0.8 V vs. SCE with magnetic stirring of the Gr dispersion, to keep it well dispersed in

the solution phase.

2.2.4.4 Copper modified GCE (GCE/Cu)

The GCE/Cu was prepared by immersing the polished and cleaned GCE in 10 mM
Cu(Ac); dissolved in NaAc and HAc with a pH of 4.5. The copper nanostructures were
formed by applying a potential of 0.7 V for 5 s, a potential of —0.45 V for 2.5 s, and
finally, a potential of —0.25 V for 30 s, 50 s, 80 s and 100 s to deposit Cu on the surface
of the GCE.

2.2.4.5 Bismuth modified A-GCE (A-GCE/Bi)

Firstly, the A-GCE was prepared according to the procedure described in Section

2.2.4.1; then the A-GCE/Bi was formed according to the procedure described in Section

224.2.

2.2.4.6 Graphene and bismuth modified GCE (GCE/Gr/Bi)

Firstly, the GCE/Gr was constructed according to the procedure described in Section

2.2.4.3; then the GCE/Gr//Bi was fabricated according to the procedure described in

Section 2.2.4.2.

2.2.4.7 Graphene and copper modified GCE (GCE/Gr/Cu)

Firstly, the GCE/Gr was formed according to the procedure described in Section 2.2.4.3;

then the GCE/Gr/Cu was prepared according to the procedure described in Section
2.2.4.4.
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2.2.5 Preparation of Magnetic Adsorbent and Study on Adsorbability

2.2.5.1 Preparation of graphene nanoplatelets (Gr) modified with zero-valent iron

nanostructures (Fe), Gr/Fe

The Gr/Fe was prepared using the liquid-phase reduction method based on the

following chemical reaction Equation 2—1 [1]:

3Fe?" + BH4 + 3H20 — 3Fe’ + HoBOs + 6H' + Hat -1

Graphene nanoplatelets (1 g) and FeSO47H20 (1 g) were mixed in 100 mL distilled
water with stirring vigorously for 20 min in a nitrogen atmosphere, then NaBH4 solution
(0.22 M, 50 mL) was added into the mixed solution dropwise at the speed of 1-2 drops
per second and vigorously stirred continuously under nitrogen atmosphere.

After all of the NaBH4 solution had been added, the obtained mixed solution was stirred
at room temperature in a sealed 200 mL glass beaker continuously for 10 h to
completely deplete NaBH4 and FeSO47H,0. After that, the vacuum filtration was used
to collect the Gr/Fe composite, which was quickly rinsed by distilled water and absolute
ethanol thoroughly, followed by vacuum drying at room temperature. Finally, the Gr/Fe
composite was kept in a sealed bottle for future use and the amount of zero-valent iron

component on the surface of Gr was estimated to be ca. 170 mg/g.

2.2.5.2 Adsorption experiments

All adsorption experiments were carried out in sealed 200 mL glass beakers that
contained a certain amount of adsorbent and 100 mL of a solution in the appropriate
concentration of adsorbate. The beakers were placed on the magnetic stirrer at a stirring
speed of 200 rpm at room temperature. After a certain period, the adsorbent was

separated from the solution by the magnet and the UV-vis spectra of unadsorbed
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adsorbates were measured and recorded. Their concentrations in the solution were

analysed with the Beer-Lambert law at their maximum absorption wavelengths.

2.2.5.2.1 The preparation of the adsorbate solutions

A certain mass of MCPA, p-NP, MTZ and LEVO were dissolved in distilled water as a
stock solutions (1.0 mM) and was further diluted with a certain amount of distilled

water to the required concentrations before use.

2.2.5.2.2 Adsorbent dosage experiments

The effect of adsorbent dosage on the adsorption of the four compounds was
investigated by adding different dosages of the adsorbent (10 — 80 mg) to 100 mL

solutions of 0.1 mM adsorbate.

2.2.5.2.3 Adsorption kinetics experiments

All adsorption kinetic experiments were performed with an initial solution
concentration of 0.1 mM adsorbate at room temperature to determine the minimum time
required for adsorbent adsorption to reach the equilibrium. The concentration of each

solution was recorded at different time intervals from 20 to 720 min.

2.2.5.2.4 Adsorption experiments at different pH

The effect of the initial solution pH on the adsorption of the adsorbate by the adsorbent

was tested in a pH range of 3.0 to 9.0 with a concentration of 0.1 mM adsorbate at room

temperature. The solution pH was adjusted by adding a solution of 0.05 M HCI or 0.05
M NaOH.
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2.2.5.2.5 Recovery experiments

The adsorbent was separated by the magnet after it adsorbed the adsorbate, then the
separated adsorbent was immersed in 0.1 M NaOH for 10 min and rinsed in sequence
first with distilled water for five times with stirring, followed, with absolute ethanol for
five times to remove the adsorbed adsorbate. Finally, the cleaned adsorbent was dried in

an oven at 60°Covernight.

2.3 Electrochemical experiments

2.3.1 Electrochemistry

In electrochemistry, there are two important physical quantities or fundamental
observables, the current (/) and potential (). The current represents the flow of charge
driven by the force called the potential. In a typical electrochemical experiment, one of
the two observables is normally controlled whilst the evolution of the other one is
recorded. The response of electrochemical systems to external stimuli depends on many

variables, including the property and concentration of analytes.

2.3.2 The Electrochemical cell set-up

In this thesis, most of the developed composite materials were prepared and
characterised by electrochemical methods. All the electrochemical experiments were
conducted at room temperature, using a Solartron 1287 potentiostat or CHI 760C
electrochemical workstation. Each system was controlled by a computer including
various software packages (CorrWare for Windows™, Version 3.0 and CHI 760C
softaware, Version 14.08, respectively). The schematic of the electrochemical system is

represented in Figure 2-1.
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Figure 2-1. Schematic of the electrochemical system used for all electrochemical
measurements [2].

In the electrochemical system, a standard three-electrode cell was used, comprising
a GCE or modified GCE as the working electrode (WE), a high surface area platinum
wire as the counter electrode (CE), and a saturated calomel electrode (SCE) served as
the reference electrode (RE). For clarity, a representative of the electrochemical cell
used is displayed in Figure 2-2(a). The electrochemical cell includes a glass cylinder
covered by a Teflon lid with three holes and three electrodes. Before the use of GCE, it
was polished and cleaned according to the procedure described in the section 2.2.4. For
the SCE reference electrode, it was stored in a saturated KCI solution to protect the
porous frit from drying out when it was not in use. During the electrochemical
measurements, to prevent KCI solution from polluting the supporting electrolyte
solution, the SCE reference electrode was washed using distilled water. When the
electrochemical experiments were carried out, the three electrodes were immersed in the
supporting electrolyte solution, followed by connecting to the potentiostat or
electrochemical workstation. As shown in Figure 2-2(b), current flows between WE and

CE, while potential is measured between the WE and RE.
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Figure 2-2. Schematic of the electrochemical cell used in the electrochemical system.

2.3.3 Electrochemical techniques

In this thesis, different electrochemical techniques were applied. For the preparation of
the modified electrodes, both potentiostatic and cyclic voltammetry were used. For the
characterisation of the modified electrodes and detection of the analytes, cyclic

voltammetry (CV) and differential pulse voltammetry (DPV) were employed. These

techniques are now described.

2.3.3.1 Potentiostatic technique

Constant Potential Amperometry (CPA) means that a constant potential, which is
sufficient to either oxidise or reduce the analyte, is applied to the working electrode,

while the resultant current output (/) with respect to time (t) is monitored and recorded
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as the /-t curve. In this thesis, the potentiostatic technique was used to electrodeposit Bi
and Cu nanoparticles on the surface of the GCE or modified GCE to prepare the
modified electrodes applied in Chapters 4-6. In addition, this technique was applied to
the removal of the Bi film from the modified electrode for obtaining a new clean

electrode surface in Chapters 4-5.

2.3.3.2 Cyclic Voltammetry (CV)

CV is a common electrochemical research method, and it has been recognised as one of
the widely used and most useful electrochemical techniques. During the operation of
CV, the electrode potentials are scanned repeatedly for one or more times at different
scan rates with a triangular waveform, as shown in Figure 2-3, meaning CV is a
dynamic electrochemical technique. In Figure 2-3, the initial applied potential (Ej) is
scanned to a vertex potential (Ev), then scanning is reversed, and the vertex potential is
swept back to the final potential (Ef), generating a triangular waveform over time.
Usually, the final applied potential is equal to the initial applied potential, Er= E;i. The
potential range is chosen according to different reduction and oxidation reactions
occurring alternately on the electrode surface, and then the current-potential curves are
recorded when the applied potentials are varied between two selected potential limits at
the scan rate. The current-potential curves are called Cyclic Voltammograms or Cyclic

Voltammetry curves, as described in Figure 2-4.

Potential

Time —

Figure 2-3. Triangular waveform formed as potential is changed over time.
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Figure 2-4. Cyclic Voltammogram

For clarity, the redox reaction of the species A in the solution is taken as an
example, Equation 2—-2. When the positive potential is applied to the WE and the E;j is
swept to the Ey, the species A in the solution gives one electron to the electrode surface,
thereby generating species A", meaning the evolution of the electrochemical reaction
from the species A to the species A" takes place at the electrode surface, described in
Figure 2-5(a). From Figure 2-4, with increasing the applied potential, a peak current is
reached to give a maximum value and then decreases again. This peak current (Zpa) is
termed the oxidation or anodic peak while the potential corresponding to the maximum
current is called the oxidation or anodic peak potential (Epa). In turn, when the Ey is
swept back to Ep, the species A in the solution obtains one electron from the electrode
surface, to give A, Figure 2-5(b). Again, a peak is observed, Figure 2-4. This peak
containing the maximum current (Ipc) is called the reduction or cathodic peak while the
potential corresponding to the maximum current is called the reduction or cathodic peak

potential (Epc).

A—e 2A* (2-2)
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Figure 2-5. Representation of (a) oxidation and (b) reduction process of a species, A, in
solution. HOMO represents the highest occupied molecular orbitals and LUMO
expresses the lowest unoccupied molecular orbitals [3].

The maximum current, Ipa or Iy, observed in Figure 2-4, is due to diffusion
processes and the formation of a diffusion layer. The position (A) in Figure 2-4
corresponds to the uniform bulk concentration at time, t = 0. As the potential is scanned
in the forward direction (B) the oxidation of A occurs and the rate of oxidation increases
with increasing potential, hence the concentration of species A is depleted at the
electrode surface. This lower concentration at the electrode surface gives a higher
concentration gradient (initially), giving rise to the increasing current. According to
Fick's law of diffusion, more flux to the electrode surface occurs, hence a higher current
is obtained. As the potential is further driven in the anodic direction, the concentration
of the species A at the electrode surface will eventually go to zero (C). Simultaneously,

the volume in the solution that is depleted of species A will increase and the
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concentration gradient will begin to decrease. As the concentration gradient decreases,

less flux to the surface occurs, hence the current will begin to decrease again.

E

per Ipc .

Iocv'?
E, independent of v
|Ep-Ep/2| =59/n mV

(++) Eplv Ipl

E

e

I
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Figure 2-6. Representative cyclic voltammograms of reversible, irreversible,
quasi-reversible or adsorption processes. Ep is the formal potential for a reversible
system, Eo = (Epa + Epc) / 2, n is the number of electrons transferred in the redox process
and o is the electron transfer coefficient. The factor A(A, a) is a function of o and
A=k%(vDF/RT)"2, where D is the diffusion coefficient of the electroactive species and

k? is the standard heterogeneous rate constant [2].
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The four main Cyclic Voltammograms are shown in Figure 2-6, indicating whether
the reaction process of the redox species on the electrode surface is reversible,
irreversible, quasi-reversible or adsorption controlled [4]. Generally, several main
parameters are used to describe the reaction process, such as peak current (1), peak
potential (E}), potential width at half peak |E, — Ep»|, potential scan rate (v) as indicated
in Figure 2-6. For reversible and adsorption systems, the peak potentials (Ep) do not
change with the scan rates (v), whereas the peak potentials (|Ep|) increase with an
increase of the scan rates for irreversible and quasi-reversible systems. In addition, for
reversible and irreversible processes, the peak currents (I,) change linearly with the
square root of scan rates (»'?) indicative of diffusion-controlled processes, whereas the
peak current (Ip) changes linearly with the scan rate (v) for reversible adsorbed species.
The exact diagnostic equations employed to confirm these redox characteristics are

described in detail in various electrochemistry textbooks [3.4].

100mV/s
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Figure 2-7. Representative voltammograms at different scan rates.

Representative voltammograms at different scan rates are shown in Figure 2-7. It is
evident that the peak current increases with an increase of the scan rate. This
observation is ascribed to the fact that at slow scan rates the diffusion layer will grow
much further from the electrode surface and the flux to the electrode surface will be
smaller, giving rise to a smaller concentration gradient, thereby the current will be lower

at slow scan rates and higher at high scan rates.

70



Chapter 2

The cyclic voltammograms at different scan rates can provide kinetic information
concerning the electrochemical process such as diffusion-controlled or
adsorption-controlled process. A linear response of the peak current to the square root of
scan rate indicates a diffusion-controlled reaction, as described by the Randles-Sevcik
equation. The Randles-Sevcik equation for reversible or quasi-reversible systems is

given in Equation 2-3 and for an irreversible system with Equation 2—4 [5].

ip=(2.69 x 10%) n¥2 D' p1”2 4C (2-3)

ip=—(2.99 % 10°) n (an’)"2 DV v\2 AC 2-4)

Here i, is the peak current (A), n is the number of electrons transferred, D is the

diffusion coefficient (cm? s7!), v is the scan rate (V s™!) and C is the concentration

(mol/mL), o is the charge transfer coefficient and n’is the number of electrons

transferred up to and including the rate determining step, A is the area of the electrode
(cm?).

When both the oxidation and reduction species are stable, reversible
electrochemical behaviour can be observed, where the kinetics of the electron transfer
process is fast [6]. In Fe(CN)s* /Fe(CN)s*, quasi-reversible electrochemical behaviour
can be observed due to good stability of Fe(CN)¢* and Fe(CN)s*", hence this mixed
solution is often used as the electrochemical probe to determine the electroactive area of
the electrode. In Chapters 3 and 6, the electroactive area of the activated GCE was

determined in the mixed solution of Fe(CN)s*~ and Fe(CN)e*".

2.3.3.3 Differential Pulse Voltammetry (DPV)

Pulse voltammetry was explored to improve the sensitivity of voltammetric
measurements through significantly increasing the ratio of Faraday current to non-
Faraday current. This is achieved by diminishing the double layer capacitance so that
the current recorded is totally faradaic in nature. There are several types of pulsed

techniques, such as normal pulse voltammetry (NPV), differential pulse voltammetry
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(DPV) and square wave voltammetry (SWV). In this thesis, the DPV technique was
utilised to determine the concentrations of the analytes and to investigate the influence
of the solution pH on the oxidation or reduction potential of the analytes in Chapters

3-4.

(a) Differential Pulse Voltammetry

=
=
= : -
= Quiet Time
S Y
~ 7
Time (s)
(b)
— <— Pulse Width

Potential
Increment 1 <— Sampling Period 2

T <— Sampling Period 1
Pulse Amplitude

—>| [€— Pulse Period

Figure 2-8. Schematic of DPV technique, showing the step method used (a) and the
parameter settings required (b). The red dots represent the points at which the currents
are measured [7].

In the DPV technique, the potential is incremented and increased at a fixed rate,
and the pulses applied are of the same magnitude each time, as displayed in Figure
2-8(a). Moreover, the current values are measured shortly before the pulse is applied
and at the end of the pulse, as shown in the red dots in Figure 2-8(b), then the difference
between the measured two values is recorded and plotted as a function of the applied

potential. The specific parameters are provided in Chapters 3-4.
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2.3.3.4 Electrochemical impedance spectroscopy (EIS)

EIS was used to examine the properties and stability of the modified electrodes with
different analytes. The EIS measurements were carried out using a Solartron 1287
potentiostat coupled with a 1255 FRA (Solartron). The experimental data were recorded
at the potential at which the analytes were reduced or oxidised based on their CV curves,
with a small sinusoidal excitation voltage of 10 mV. Moreover, the frequency of

the alternating potential was varied enabling the impedance of the electrochemical
system measured to be attained as a function of frequency. The ratio of AC potential to
the AC current signal is called the impedance, while the phase angle of the impedance ¢
is also measured. In this thesis, the frequency range of 10 = to 10° Hz was applied. All
experiments were conducted over extended periods of time, usually over a 24-h period,
to ensure that the system measured was under steady-state conditions. The
electrochemical system is considered as an equivalent circuit composed of elements
mainly including resistance (R), capacitance (C) and diffusional terms, which are
connected in series and parallel. The information on the composition of equivalent
circuit and the size of each element can be obtained from the EIS measurement data.
These circuit elements can be employed to obtain details on the capacitance and charge
transfer resistance of the materials. In addition, as the EIS technique is a frequency
domain measurement method, which can be measured in a wide frequency range, more
kinetics and electrode interface structure information can be attained compared to the

conventional electrochemical methods.

2.4 Surface Analysis

2.4.1 Scanning Electron Microscopy (SEM)

During the SEM measurement, a narrow focused high-energy electron beam is used to
scan the sample. Various physical information from the sample through the interaction

between the high-energy electrons, visible electromagnetic waves and the sample being
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measured, is collected, amplified and re-imaged to characterise the sample. As the
electrons cannot travel freely through air, the electron source, lenses, and sample must
be under vacuum condition. SEM allows the imaging of objects on a micrometre (pum)
to a nanometre (nm) scale.

For the SEM, there are two main components, which are the electron column and
the control console. Among them, the electron column is composed of an electron gun
and a series of lenses that direct the electrons downwards to the sample. Many SEMs
contain a tungsten wire heated by passing a current through it, then this tungsten wire
emits light forming an electron cloud around it. A voltage (kV) in the range from 1 to
30 kV is applied to an electron gun, causing electrons to eject from a tungsten filament
and accelerate down the optic column to form the electron beam in a spray pattern,
which is focused on the sample through the series of electromagnetic lenses. According
to Equation 2-5, a higher applied voltage produces electrons with higher energy and
shorter wavelength. For instance, an electron beam accelerated at 80 kV can give a
wavelength of 0.004 nm. Moreover, the observable resolution got by a microscope, d,
between two small adjacent particles, is proportional to the wavelength of the incident
beam, A. Accordingly, higher resolutions can be obtained using higher accelerating

voltages.

A=) (2-5)

The electron-optical column is mounted on a vacuum chamber [8]. The electron
gun is placed on top of the column. The sample is contained in a specimen chamber. As
shown in Figure 2-9 [9], when the electron beam interacts (elastic interaction) with the
sample to a depth of ca. 1 um, the backscattered electrons originating from the sample

surface are emitted, generating a signal to create an image [10].
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Figure 2-9. Schematic representation of electron-sample interactions in the SEM. The
volume of interaction of the electron beam with the sample surface and corresponding
areas from which different signals originate [9].

In addition, with the interaction of the incident electrons with the nuclei and
electrons of the sample, inelastic scattering occurs, generating other signals, such as
secondary electrons, X-ray emissions and auger electrons. These signals provide
additional information about the sample including texture, chemical composition, and

crystalline structure.

2.5 Spectroscopy

Spectroscopy is an important interdisciplinary subject mainly related to physics and
chemistry. It studies the interaction between electromagnetic radiation and matter
through spectra. Light is electromagnetic radiation formed by the superposition of
electromagnetic waves of various wavelengths (or frequencies), such as X-ray,

Ultraviolet-Visible and Infrared light, etc.

2.5.1 Energy Dispersive X-Ray Spectroscopy (EDX)

In combination with SEM measurement, EDX spectroscopy refers to the method used to
analyse the chemical composition of a sample and the obtained spectrum as X-rays can
be produced when the electron beam is bombarded at the sample.

EDX allows for local trace element analysis of the sample within approximately

0.5-2 um in depth [11]. The incident electron beam interacts with the electrons in the
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inner shell of the sample, resulting in the ejection of an electron in the inner shell to
generate holes, which are filled by the electrons in the outer shell as the electrons in the
outer shell possess higher energy compared with that in the inner shell. This transition
of the electrons from higher to lower energy level emits the energy in the form of
X-rays. Accordingly, each element in the sample gives the characteristic X-ray signal.
According to this information, EDX can be used to identify the elemental composition
of a sample. Apart from the qualitative analysis, EDX can also be employed to conduct
quantitative analysis for the elements in a sample [12]. This can be performed by
calculating the peak area of each identified element in a sample and converting the
calculated peak area into weight or atomic percentage. Nevertheless, the quality of the
quantitative analysis relates to the surface roughness of the sample [13]. Therefore, the

EDX was only used for the qualitative analysis of the modified electrodes.

2.5.2 Ultraviolet-Visible Spectroscopy (UV-Vis spectroscopy)

Ultraviolet-Visible (UV-Vis) spectroscopy is employed extensively for research and
analysis in Chemistry. It is a very useful analytical technique used to determine the
analytes with very low concentrations in the solution. In this method the analytes are
exposed to radiation, and then the amount of radiation absorbed by the analytes are
measured and recorded. The amount and type of radiation absorbed by the analytes
depend on the concentration, atomic or molecular structures of the analytes. Using
ultraviolet-visible spectroscopy, the quantitative analysis is based on the Beer-Lambert
law, as shown in Equation 2—6:

A = ebc (2-6)
where, A is the absorbance, & is the molar extinction coefficient, which is related to the
property of the absorbing species and the wavelength (L) of the incident light, b is the
path length in cm and c is the concentration of the absorbing species in mol/L. Usually,
a Varian Cary series spectrophotometer and a 1 cm wide quartz crystal cuvette were
employed for all the qualitative and quantitative analyses. In this thesis, UV-Vis
spectroscopy was used to investigate the adsorption and removal of four pollutants by

the fabricated adsorbents.
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2.5.3 Infrared Spectroscopy (IR spectroscopy)

Infrared (IR) spectra were measured using a Thermo Fisher IR spectrometer (Nicolet
iS50 FT-IR microscope), as shown in Figure 2-10. The measured samples were finely
ground with a pestle in a mortar or deposited on the surface of flat substrates. When a
beam of infrared light with continuous wavelengths passes through a molecule and the
vibrational or rotational frequency of a certain group in the molecule is the same as the
frequency of infrared light, the infrared light at this wavelength is absorbed by the
molecule. This leads to the transition of the vibrational (rotational) energy level from
the original ground state to the higher energy level, causing changes of vibrational
energy within the molecule in the form of bending and stretching motions. If the
compound has a dipole moment, then it will be IR-active. The absorption of IR energy
leads to the oscillation in the dipole moment which is related to specific vibrational
modes. Therefore, infrared spectroscopy is essentially an analytical method that is
frequently used to help determine the molecular structure of substances. The normal
range of IR frequency used is between 4000 and 400 cm~!. Typically, Infrared spectra
are presented by the wavelength (nm) or wavenumber (reciprocal of the wavelength,
cm ') as the horizontal axis representing the position of the absorption peak, and
transmittance (T%) or absorbance (A) as the vertical axis representing the absorption
intensity. In this thesis, IR spectra were used in the analysis of the bismuth-modified

sensors and in the analysis of the adsorbents.

Figure 2-10. The photograph of IR instrument.
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Chapter 3

Developing a Sensitive Electrochemical
Sensor for the Detection of
4-Chloro-2-methylphenoxyacetic  Acid
(MCPA) through a Simple Activation of
GCE
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3.1 Introduction

It is well known that pesticides and herbicides possess the capacity to kill a wide variety
of pests, so they are widely utilised in modern agriculture and sustainable food supply in
the world [1]. At the same time, due to their overuse, the negative impact of these
pesticides and herbicides, composed of chemical substances, is causing environmental
pollution, and threatening biodiversity [2]. There are currently many types of pesticides
including fungicides, insecticides, rodenticides and herbicides etc [3]. Among them,
MCPA is considered as one of the more commonly used herbicides in agriculture
because of its effectiveness in weed control [4]. Normally, MCPA is employed in
marginal and upland agricultural areas through spraying, thereby it is often detected in
plants, soil and water [5,6], causing serious environmental pollution problems [7]. In
addition, MCPA is soluble in water while poorly adsorbed on the soil substrate, and
therefore it easily gets into the surface and ground water bodies [8]. Indeed, MCPA has
often been detected in water systems, such as rivers and streams [8,9]. However, MCPA
is harmful to aquatic species [10] and animals [11], and even under relatively low
concentrations, it can pose a threat to human health [12]. Therefore, developing fast,
sensitive, and simple detection methods for the analysis of MCPA is important from
both a human health and environmental aspect. Efficient and simple detection methods
are also important in providing useful information about removing MCPA from aquatic
environments.

To date, a series of detection methods of MCPA have been explored, such as high
performance liquid chromatography (HPLC) [13], capillary electrophoresis [14], solid
phase  extraction  coupled with  ion  mobility  spectrometry [15],
electrochemiluminescence [16] and chemiluminescence [17] etc. Nevertheless, most
methods suffer from expensive instruments, the requirement of highly trained
technicians, complicated preparation sample processes and time-consuming analyses.
Electrochemical sensors have gained more attention due to their unique advantages,
which include rapid and reliable detection and they are also cost-effective and easily

transported to various water bodies to provide onsite and real-time detection. However,
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the electrochemical-based sensors for the detection of MCPA are reported rarely. On
searching the literature, it is found that only three papers are reported by Brett and
co-workers [18,19] and Bialek et al. [20]. Brett and co-workers used B-CD,
multi-walled carbon nanotubes (MWCNTSs) and polyaniline modified GCE to detect
MCPA, giving a linear concentration range of 10 to 100 uM and a LOD of 0.99 uM [18].
In the study by Bialek et al., a carbon paste electrode was constructed by the
modification of powdered activated carbon or mesoporous silica, providing a linear
concentration range from 10 to 500 uM [20].

In this work, an activated GCE (A-GCE) was manufactured by simply cycling
GCE in a weak acidic PBS solution. The A-GCE was used for the electrochemical

detection of MCPA.

3.2 Experimental Section

The electrochemical experiments, including CV and DPV, were conducted using a
Solartron 1287 or CHI 760C potentiostat. EIS was measured with a Solartron 1287
potentiostat connected with a 1255 FRA (Solartron). The surface morphology was
characterised by SEM with a Hitachi S-3200-N microscope containing a tungsten
filament electron source.

A standard three-electrode system was used for the electrochemical measurements.
GCE was polished and cleaned according to the procedure described in the Section
2.2.4. The A-GCE was prepared according to the procedure described in Section 2.2.4.1.
In this section, two procedures were applied to the MCPA electrochemical studies: (i)
the measurements were recorded using a freshly prepared A-GCE; (ii) the results were
collected in the steady state of the A-GCE, which was obtained by cycling the freshly
prepared A-GCE for 30 cycles in PBS or MCPA solution until steady state
voltammograms were obtained. For the CV experiments, unless otherwise stated, a scan
rate of 100 mV s™! was used. For the DPV measurements, the parameters were set up as
a pulse amplitude of 50 mV, pulse width of 0.05 s, sampling width of 0.0167 s, a pulse

period of 0.50 s, and an increment of 4 mV. The EIS measurements were performed at a
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fixed potential from 1.1 to 1.5 V vs. SCE in 0.1 M PBS containing MCPA using a
perturbation potential of 10 mV. In order to achieve the steady state conditions, a 3-h
polarisation period was used for all data recorded. Then, the collected data were fitted to
an equivalent circuit. In addition, the study on the long-term stability of the A-GCE was
carried out by initially cycling the A-GCE to achieve the steady-state voltammograms,
then the A-GCE in the steady-state was stored in 0.1 M PBS. After different intervals
this electrode was taken out and the voltammograms were recorded again, subsequently,

the recorded voltammograms were compared with the initial data.

3.3 Results and Discussion

3.3.1 Preparation of A-GCE

The polished GCE was immersed in a weak acidified PBS for its activation by cycling
in the potential range of —2.0 to 2.4 V vs. SCE for 30 cycles. Typical voltammograms

from 1 to 30 cycles in PBS are depicted in Figure 3-1.

56
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Figure 3-1. CV curves recorded in the potential range of —2.0 and 2.4 V vs. SCE at 100
mV s in weak acidified PBS (pH 5.3) during the activation of GCE with 30 cycles.

It can be seen clearly that there are two oxidation waves at about 0.70 V (peak 1)
and 1.5 V vs. SCE (peak 2), while a sharp reduction wave is observed at about —0.60 V

vs. SCE (peak 3) and a smaller less defined reduction wave appears at about —1.9 V vs.
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SCE. For all peaks (peaks 1-3), the peak currents increase with the increase of cycling,
which is related to the oxidation and reduction of the electrode. The peaks 1 and 2
correspond to the formation of oxygen-containing groups at the higher potential while
the sharp peak 3 relates to the reduction of the oxygen-containing groups formed.
Additionally, it is evident that for peak 3, as the number of cycles increases, the peak
potentials remain basically unchanged, however for peak 1, a considerable shift in the
potential is observed, increasing from about 0.45 V for the first cycle to about 0.70 V vs
SCE for 30™ cycle.

3.3.2 Influence of anions on preparation of A-GCE

The influence of the anions in the supporting electrolytes on the activation of GCE was
investigated. The anions involving SO4*, PO4- and CIl- were selected for the study.
Under the same experimental conditions, including the potential range, scan rate,
scanning cycle, solution pH and concentration of anions, the CV curves of the polished
GCE in the supporting electrolytes containing different anions were recorded. For
comparison, CV curves of the 10" cycle for SO42-, PO4* and CI- anions are shown in

Figure 3-2.
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Figure 3-2. CV curves recorded at 100 mV s™! between the potential limits of —2.0 and
2.4V vs. SCE in slightly acidified pH 5.3 solutions during the activation of GCE in 0.05
M phosphate, 0.05 M sulfate and 0.05 M chloride, showing 10" cycle.
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It is obvious that the anions in the supporting electrolytes have a significant
influence on the activation of GCE. The systems containing SO4* and PO4* anions
show similar CV curves, however the CV curve in the presence of the CI anion is
clearly different. The specific difference is that the onset of the oxygen evolution
reaction appears at a much lower overpotential than seen with the SO4? and PO4*
system. In addition, the characteristic oxidation waves observed in the vicinity of 0.7
and 1.5 V vs SCE seen with the SO4* and PO4* systems are no longer evident for the CI-
system. The reason may be due to the combination of the CI~ ions with the OH" species
generated during the evolution reaction of oxygen to produce different reactive chloride
intermediates [21], for example, CIOH™, which have the potential to change the
activation process of GCE.

To determine the efficiency of these activated electrodes as sensors, they were
assessed in the electrochemical oxidation of MCPA. The A-GCEs, activated in the
presence of anions SO4>~, PO+, CI” and CH3COO" (Ac’), were used to detect 4.0 mM
MCPA and these voltammograms are shown in Figure 3-3(a). The recorded CV curve of
GCE in the Ac™ system shows a very low peak current, while much higher peak currents
are evident with the PO4*~ and SO4*". The comparisons of the four anions versus the

oxidation peak currents of MCPA at the activated GCEs are illustrated in Figure 3-3(b).
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Figure 3-3. Voltammograms of 4.0 mM MCPA at the A-GCE activated in different
anion containing electrolytes (a) and peak currents recorded in 4.0 mM MCPA for
activated GCEs formed in different anion containing electrolytes (b).
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It is evident that the type of the anions in the activation solutions exhibits a
considerable influence on the activation of the electrode, on the one hand, the good
detection of MCPA is seen in the presence of SO4*~ and PO4>~ anions, whereas the poor
detection of MCPA is found in the presence of Cl~ and Ac™ anions. The means of their
currents were obtained as 9.22+0.26 for PO4’~, 8.47+0.21 for SO4*", 2.84+0.14 for CI
and 0.36+0.030 for AC™ in the unit of mA cm™ based on the triplicate measuremnets (n
= 3). Such observation suggests that the anions SO4?"and PO4*are beneficial for the

activation of the electrode, thereby promoting the electrochemical oxidation of MCPA.

3.3.3 Morphology characterisation of A-GCE surface

To support the deduction above, the SEM technique was employed to characterise the
morphology of the GCE surface after activation in the anions SO4*~, POs*"and CI .

Their typical SEM micrographs are illustrated in Figure 3-4.

Figure 3-4. SEM micrographs recorded after cycling of the GCE electrode in the
potential range from —2.0 to 2.4 V vs. SCE for 30 cycles at 100 mV s! in (a) PO4~ (b)
PO4*" at a higher magnification (¢) CI” and (d) SO4*" systems.
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It is noticed that an etched-like surface is observed with the PO4*~ system (see
Figure 3-4 (a) and (b)), which is consistent with the observation in the report by Yi et al.
[22]. The authors ascribed the degradation of GCE to opening ring in the graphitic
structure with the formation of oxides. Meanwhile, a similar morphology is observed
with the activated GCE in the SO4>~ system (see Figure 3-4 (d)). Comparatively, the
morphology of the activated GCE in CI” system is very different from the SO4*~ and
PO4* systems, showing the formation of a porous lace-like film. This observation is
consistent with the discussion in Section 3.3.2, where it is purposed that reactive
chloride intermediates are generated on cycling the GCE into the oxygen evolution
reaction region. These reactive species may etch the GCE to give the porous lace-like

films.

3.3.4 Optimisation of experimental parameters for the activated electrode A-GCE

In order to get the best performance of the activated GCE for the electrochemical
detection of MCPA, three experimental parameters, such as activation solution pH, the
applied potential ranges and the number of scanning cycles, were investigated for the
preparation of the activated GCE. First, the study on the pH of the activation solution
indicated that the optimum detection of MCPA was seen when the GCE was activated in
the PO4*"solution adjusted to a pH of 5.3, whereas slightly lower peak currents were
found after the activation of GCE in neutral solutions, and in more acidic solutions.
Second, the effects of the activation potential window from —2.0 to 2.0, 2.1, 2.2, 2.3, 2.4
and 2.5 V vs. SCE were investigated and the oxidation peak currents of MCPA versus
the potential ranges are depicted in Figure 3-5. It is evident that the optimum potential
window for the activation of GCE is from —-2.0 to 2.4 V vs. SCE, whereas after
extending the potential window to 2.5 V, more oxygen was generated and the generated
oxygen would destroyed the electrode surface, resulting in the decrease of the peak
currents. Finally, the influences of the number of scanning cycles on the activation
performance of GCE were examined from 5 to 45 cycle and the oxidation peak currents
of MCPA versus the number of scanning cycles are displayed in Figure 3-6. It can be

noticed that higher peak currents are given with the 30 scanning cycles, thus the 30
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cycles were selected for the activation of GCE. Based on these studies, the optimum
activation conditions of GCE for the electrochemical oxidation of MCPA were
confirmed as cycling from —2.0 to 2.4 V vs SCE, with 30 cycles in a PBS (0.05 M)
adjusted to a pH of 5.3.

Potential range (V)

Figure 3-5. MCPA oxidation peak currents as a function of activation potential window
obtained from CV curves performed in triplicate (n = 3) at 100 mV s7! in 4.0 mM
MCPA in PBS, second cycle data used.
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Figure 3-6. MCPA peak currents as a function of activation cycles obtained from CV

curves performed in triplicate (n = 3) at 100 mV s! in 4.0 mM MCPA in PBS, second
cycle data used.

Under the optimum activation conditions, the freshly prepared A-GCE was initially

utilised to determine MCPA at a relatively high concentration (4.0 mM) using CV. For
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comparison, the CV curves recorded for the activated GCE in PO4*~ system and the
unmodified GCE are represented in Figure 3-7. It is easy to see that the A-GCE
facilitates the electrochemical oxidation of MCPA as the oxidation peak current of
MCPA at the A-GCE is considerably higher at 11.23 mA c¢cm™ compared to the
unmodified GCE with a much lower peak current of 1.32 mA ¢cm™. It is also evident
from these CV curves that the activation of GCE gives rise to a much higher
capacitance current, which is probably connected with the etched surface, as shown in

Figure 3-4 (a) and (b).
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Figure 3-7. CV curves recorded using unmodified GCE (blue) and activated GCE
(black) in 4.0 mM MCPA in PBS performed at 100 mV s, second cycle data used.

3.3.5 EIS characterisation of the A-GCE

The GCE activated under the optimum activation conditions was further investigated by
using electrochemical impedance spectroscopy (EIS). The representative EIS and their
fitted data for unmodified GCE and activated GCE recorded in PBS containing MCPA
at 1.2 V vs. SCE are shown in Figure 3-8(a), and the corresponding equivalent circuit is
given in the inset in Figure 3-8(a), where R1 means the solution resistance, R2
represents the charge transfer resistance, and CPEl is a constant phase element.
Equation 3—1 gives the generalised expression of the complex impedance of the CPE,

which corresponds to an inductor with L = 1/4 for n = —1, to a resistor with R = 1/4 for
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n =0 and to a capacitor with C = 4 for n = 1. In this case it was utilised to represent a

non-ideal capacitor, giving 0.8 <n < 1.

_'?T
Zepg = e 7" (3-1)
o"A
5 11500
@ R (b) —A-GCE
sl s ey 92004 —e—Bare GCE
~ o . _
E 3 .. "= “E 6900+
L) [¥]
C: . (] o]
= 2 .. R1 CPE1 :4500'
3y : — NN —— o
N1 ‘ o | 23004
' LA
0 T T T 0 Y Y T T -
0 3 6 9 12 1.0 11 12 13 14 15 1B

E (V) vs. SCE
zReaI {kn CI'I"Iz)

Figure 3-8. (a) The electrochemical impedance spectra for bare GCE (red) and
activated GCE (black) recorded in PBS at 1.2 V vs. SCE and (b) charge transfer
resistance (R2) plotted as a function of the applied potential for bare (red) and activated
GCE (black).

In order to coincide with the potentials that are required to oxidise MCPA, a 3-h
polarisation period at 1.2 V vs. SCE was carried out, and then the EIS data were
recorded at this potential. The complex plane plots of the unmodified GCE and
activated GCE electrodes are compared, as shown in Figure 3-8(a), which show similar
data for both electrodes. Additionally, semicircles are clearly exhibited and no evidence
of any additional resistance or diffusion paths is observed for the A-GCE. Such
observation points out that the modified and unmodified electrodes are similar, and even
at these relatively high potentials the systems are stable, with the A-GCE showing a
somewhat more conducting surface. Further, at 1.2 V vs. SCE, where oxidation of
MCPA is observed in the CV curve, the charge transfer resistance was estimated at 2.9
kQ cm? for A-GCE and 120.6 kQ c¢m? for the unmodified GCE electrode, clearly
demonstrating the good conducting property of the A-GCE. The constant phase
elements with #n values of 0.83 represent non-ideal capacitances. Interestingly, this value

was somewhat higher for the A-GCE (8.43 x 10* Q! s*® for A-GCE and 3.37 x 10°*
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Q1 %% for unmodified GCE). This higher capacitance is consistent with the etched
surface, Figure 3-4(a) and (b) and the high capacitive currents observed in Figure 3-7.
Moreover, the EIS data were recorded at different applied potentials. Then the
charge-transfer resistance (R2) was computed as a function of the applied potential and
is plotted in Figure 3-8(b), which again indicates that the A-GCE remains conducting at
these high potentials. However, both electrodes give nearly identical values in the
vicinity of 1.3 V to 1.5 V vs. SCE. The lower charge-transfer resistance values observed,
are probably related to the oxygen evolution reaction. Furthermore, the stability of the
A-GCE was monitored by measuring the impedance over a 24-h period. The results
indicated that nearly identical data were obtained from 3-h to 24-h, suggesting very

good stability at these relatively high potentials.

3.3.6 Steady-state and reproducibility of the A-GCE

Under the optimum experimental conditions, the freshly prepared A-GCE was used to
detect MCPA. Although, the freshly prepared A-GCE gives higher peak currents
compared to the unmodified GCE (see Figure 3-7), the currents of the oxidation waves
for MCPA decrease with increasing cycling. Therefore, to establish if freshly activated
GCE or previously cycled A-GCE reaching steady-state could give the best sensor
performance for the detection of MCPA, the reproducibility of both approaches was
investigated. In this case, the freshly prepared A-GCE was firstly cycled between —0.1 V
and 1.5 V vs. SCE in the MCPA or PBS for 30 cycles to achieve steady—state conditions.
For comparison, five A-GCE were freshly prepared and five A-GCE in the steady—
states were also made, and then they were employed to detect MCPA. The recorded data
are illustrated in Table 3-1. It is obvious that lower peak currents are given in the
steady—state condition with average percentage drop of 89.2%, but improved
reproducibility is realised, giving the RSD at 0.19% for steady state conditions
compared with 5.0% for the freshly prepared A-GCE. Therefore, the steady—state

conditions were employed in all following electrochemical studies.
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Table 3-1. Reproducibility of the A-GCE in the detection of 4.0 mM MCPA.

Peak Current (mA cm™) Mean RSD (%)
1 2 3 4 5 (n=>5) (n=>5)
Freshly prepared
11.207 | 11.946 | 11.146 | 10.697 | 12.021 11.40£0.57 5.0
A-GCE
Peak Current (mA c¢cm) Mean RSD (%)
1 2 3 4 5 (n=>5) (n=5)
A-GCE in the
1.219 1.217 1.218 1.220 1.222 1.22+0.0023 0.19
steady-state

3.3.7 Influence of the solution pH

As shown in Scheme 3-1, the electrochemical oxidation reaction of MCPA occurs
irreversibly accompanied by the transfer of one electron and one proton to generate
4-chloro-2-methylphenol. Thus, the solution pH is anticipated to affect the
electrochemical oxidation process of MCPA. For this purpose, the influence of the
solution pH on the oxidation reaction of MCPA was studied from a pH of 2.5 to 8.3
using the DPV technique. Representative DPV curves are displayed in Figure 3-9,
where it is apparent that both the oxidation peak current and oxidation peak potential
depend on the solution pH. It is clear from Figure 3-9(a) that the highest oxidation peak
current is seen in the slightly acidic solution at a pH of 5.3. On the other hand, as the pH
further increases the peak current decreases. This observation is consistent with the
participation of H" ions in the electrochemical oxidation reaction process (see Scheme
3-1). The pKa of MCPA is about 3.07 (it is reported typically between 3.05 and 3.13)
[23], meaning that the MCPA becomes more neutral when the solution becomes more
acidic, with the neutral MCPA existing at a pH of 3.0. In addition, this neutral form is
less soluble in aqueous solution, and this is probably the reason for the particularly low

peak current observed at a pH of 2.5.
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Scheme 3-1. The structure of MCPA and its electrochemical oxidation to
4-chloro-2-methylphenol [18].
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Figure 3-9. (a) DPV curves of the A-GCE in the steady—state recorded in 4.0 mM
MCPA in a PBS at different pH values and (b) peak potential, £, plotted as a function
of pH.

Furthermore, the peak potential as a function of the solution pH is plotted, as
shown in Figure 3-9(b), where a linear trend is seen between a pH of 2.5 and about 5.0,
giving the regression equation: £, = —0.048 pH + 1.37 (R? = 0.987). By comparing this
obtained slope of 0.048 with the theoretical slope of 0.059m/n, in which m corresponds
to the number of protons transferred and n represents the number of electrons
transferred, the m/n value was estimated as 0.82, and this case is consistent with the
transfer of equal numbers of protons and electrons, as revealed in Scheme 3-1. In
addition, for the solution pH changing from 5 to 9, there is no change observed in the

peak potential, which is similar to the case reported by Brett and co-workers [18].

3.3.8 Influence of scan rates

The oxidation reaction process of MCPA at the surface of A-GCE was investigated by

changing the scan rates using CV technique to determine if this process proceeded
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under diffusion or adsorption control. For this purpose, using A-GCE in the steady—state,
the oxidation peak currents of MCPA at different scan rates were recorded, and the
oxidation peak currents as a function of the scan rates were plotted. As illustrated in
Figure 3-10(a), the relationship between the oxidation peak currents and the scan rates
gives a linear plot (R? = 0.998), demonstrating that the oxidation reaction of MCPA at
the A-GCE is an absorption-controlled process. Subsequently, the logarithm of the
current as a function of the logarithm of the scan rate was plotted in Figure 3-10(b),
from which the slope of the plot was obtained as 1.0, confirming an
adsorption-controlled process for the MCPA oxidation.

Furthermore, based on the relationship in Equation 3-2, where E, expresses the
peak potential, Ey» represents the half-wave potential, n is the number of electrons
transferred, and a is the charge-transfer coefficient, then the value of E, — Ep» was
calculated being 98.4 mV for the unmodified GCE and 78 mV for the A-GCE. Taking n
=1, the a value was calculated as 0.6 for the A-GCE. It is noticed that the value of 0.6 is

close to the value of 0.55, which is normally used as a representative o value.

Ep — Epn (mV) = (47.7/an) (3-2)
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Figure 3-10. (a) The oxidation peak currents versus the scan rates and (b) logarithm of
oxidation peak currents versus logarithm of scan rates for A-GCE in the steady—state.

In addition, by comparing Figure 3-11(a) and (b), it is evident that there is a clear
shift in the peak potential (E£p) of about 110 mV, from 1.25 V vs. SCE for unmodified
GCE to 1.14 V vs. SCE for the A-GCE, suggesting a more thermodynamically feasible
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oxidation reaction on the surface of A-GCE. In both cases, the linear relationships of the
peak potentials versus the logarithm of the scan rate were determined. The linear
regression equations were obtained as E, = 0.025 Inv + 1.24 (R? = 0.980) for the A-GCE
in the steady state, £, = 0.046 Inv + 1.40 (R? = 0.969) for the unmodified GCE, and E, =
0.0411 Inv + 1.30 (R? = 0.965) (not shown) for the freshly prepared A-GCE. According
to the Laviron equation [24], the slope of the linear plot could be represented by
Equation 3-3, where R and F are the universal constants, and 7 expresses the
thermodynamic temperature. In accordance with this relationship, the value of an was
calculated as 0.55 for the unmodified GCE, 0.62 for the freshly prepared A-GCE and
1.0 for the A-GCE in the steady—state. For irreversible electrochemical reactions, the a
value of 0.55 was applied, then the number of electrons involved in the electrochemical
oxidation reaction of MCPA was computed as 1.0, 1.1 and 1.8 for the unmodified GCE,
freshly prepared A-GCE and A-GCE in the steady state, respectively. The values
obtained for the unmodified GCE and freshly prepared A-GCE are in very good
agreement with Scheme 3-1, however the slope of 0.025 V deviates considerably from

the ideal value of 0.047 V for the A-GCE in the steady—state.

Epa/logy = 2.3 RTlanF (3-3)
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Figure 3-11. The oxidation peak potentials as a function of the logarithm of scan rate
for (a) unmodified GCE and (b) A-GCE in the steady—state.
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3.3.9 Electrochemical detection of MCPA using the A-GCE

After a series of characteristic experiments for the A-GCE, the performance of the
A-GCE in the electrochemical detection of MCPA was investigated using two
techniques involving CV and DPV. The freshly prepared A-GCE was firstly cycled for
30 cycles in PBS, and then aliquots of the MCPA were added and the corresponding
voltammograms were recorded. The obtained voltammograms are shown in Figure
3-12(a), where the oxidation peak currents increase with an increase of the MCPA
concentration. Subsequently, these peak currents were plotted as a function of the

MCPA concentration, and the obtained plot is presented in Figure 3-12(b).
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Figure 3-12. (a) Steady-state CV curves recorded at 100 mV s!' for MCPA at
concentrations from 1 to 850 uM and (b) peak currents as a function of the MCPA

concentration. All data were recorded with A-GCE in triplicate (n = 3), red curve
recorded in blank PBS.

It can be seen that excellent linearity was achieved with an R? value of 0.998, and
the linear regression equation was given as, i = 0.4322[MCPA] + 0.0427, where the
concentration of MCPA was expressed in mM and i in mA ¢cm2. In addition, very good
reproducibility was observed, as demonstrated by the small error bars (mean of slope is
0.4366 mA cm? mM1£0.0016). Considering Figure 3-12(b), the linear region extends
over a considerable concentration range from 1 to 850 uM. The LOD was computed to
be 0.02 uM (mean of LOD is 0.0198 uM+7.1x10*) based on Equation 3—4, where Sy
represents the standard deviation of the baseline which was recorded in blank PBS for

eleven times, m is the sensitivity, or slope of the linear calibration plot.
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Figure 3-13. (a) steady-state DPV curves of MCPA at concentrations from 2 to 168 uM
and (b) peak currents as a function of MPCA concentration, the inset shows the
concentration range from 2 to 10 pM. All data recorded with activated GCE in triplicate
(n=3), red curve recorded in blank PBS.

Similarly, using the DPV technique, the recorded voltammograms are depicted in
Figure 3-13(a), then the relationship of the peak currents versus the concentration of
MCPA was plotted, as exhibited in Figure 3-13(b), showing two linear regions due to
the DPV technique having higher sensitivity than the CV. Again, excellent linearity was
found at the low concentration range, from 2 to 10 uM, the linear regression equation
was deduced as i = 0.978[MCPA] + 0.064 (R?> = 0.993), where the concentration of
MCPA is given as mM, and i is in units of mA cm2. The LOD was computed as 0.008
uM with the mean 0.0082 uM+ 3.6x1074.

Furthermore, the detecting performance of the A-GCE is compared to the
previously developed sensors for MCPA and 4-(2,4 dichlorophenoxy)butyric acid, as
listed in Table 3-2. From this analysis, it is clearly observed that the simply activated
GCE sensor compares very well with the previous reported studies, providing a wider

linear range and lower LOD values.
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Table 3-2. Performance comparison of MCPA electrochemical sensors.

Electrode materials LOD /uM Linear region /uM  Reference
PANi/CNT/B-CD 0.99 10-100 [18]
PANi/CNT/B-CD 1.1 10-50 [19]

Powdered activated carbon

0.7 10-500 [20]
(Norit SX-2) paste
Mesoporous silica SBA-15
1.3 10 -500 [20]
carbon paste
!Co-porphyrin/molecularly
40 200 — 2000 [25]
imprinted polymer
0.02 (CV) 1 -850
Activated GCE This work
0.008 (DPV) 2-10

"Employed in the detection of 4-(2,4 dichlorophenoxy)butyric acid.

3.3.10 Evaluation of selectivity and stability

For the development of a new sensor, the selectivity is an important and significant
element, thus the selectivity of A-GCE for the detection of MCPA was studied. A
number of water contaminants, involving the Cu(Il) ion, nitrate, nitrite, sulfate and
tetrabutylammonium chloride (TBACI), a widely employed industrial chemical, that has
also been utilised as a low-residue bactericide, were chosen as the interferents for the
selectivity study. These salts were added to the PBS containing MCPA, where the
concentrations of interferents were set at CuSO4 of 5.0 mM, NaNOs of 9.4 mM, NaNO
of 11.6 mM and TBACI of 3.0 mM, giving the equal mass ratio of 1:1 for MCPA and the
interferent. Then the CV curves were recorded in the interferent-containing solutions,
and the obtained data were compared with that obtained in the absence of the interferent.
The data are summarised in Figure 3-14 and Table 3-3, where the level of interference
was marked using the relative current intensity as, //lo, where Ip corresponds to the
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oxidation peak current of MCPA measured in the absence of the interferent, and / refers
to the oxidation peak current of MCPA recorded in the presence of the interferent. From
Figure 3-14 and Table 3-3, it can be found that there is no significant interference
observed for these contaminants, indicating that the developed sensor has good
selectivity. Additionally, the reproducibility is also good, as evidenced from the error
bars, and the difference between the pure MCPA solution and the interferent-containing

MCPA solutions is well below 5%.

1-2MP

\+CuS0y

Mg
MCPA+NaNO,
MCPA+TBACI
MCPA+2,4-DB

MCPA+p-NP

+
o
o

Interference substances

Figure 3-14. Normalised peak currents of MCPA versus the eight interferents with a
mass ratio of 1:1. All data recorded with A-GCE in triplicate (n = 3).

Table 3-3. The effect of the interference on the detection of MCPA.

Sample Mean of I/1y RSD (%) (n=3)
MCPA 1 —

MCPA + CuSOq4 1.012 £0.011 1.09

MCPA + NaNO> 1.009 £ 0.0095 0.95

MCPA + NaNOs3 1.032 £0.012 1.16

MCPA + TBACI 0.985 £ 0.0097 0.97

MCPA + 2,4-DB 1.007 £ 0.0098 0.97

MCPA + p-NP 1.004 £ 0.011 1.10

MCPA + o-NP 1.021 £0.012 1.12

MCPA + 4-C1-2MP 1.018 £0.011 1.08
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Table 3-4. The redox potentials of the interference at A-GCE.

Compounds Oxidation potential (V) vs. SCE | Reduction potetial (V) vs. SCE
MCPA 1.14 —
2,4-DB — -1.4
p-NP 0.18 -0.68, 0.15
o-NP -0.24, 0.26 -0.60, —0.26, 0.23
4-Cl-2MP 0.10, 0.25, 0.40, 0.70 -0.02, 0.20, 0.36
20
1|—mcpPa
1.64|—MCPA + 2,4.DB
~ 1.2
g 4
< 0.8-:
E o4/
0.04
'04 T T T
0.6 0.9 1.2 1.5
E (V) vs. SCE

Figure 3-15. CV curves of MCPA in the absence and presence of 2,4-DB.

Apart from these contaminants that are not structurally related to MCPA, additional

related contaminants were selected. include 3.2 mM

structurally They
4-(2,4-dichlorophenoxy) butyric acid (2,4-DB), 5.8 mM o-nitrophenol (o-NP), 5.8 mM
p-nitrophenol (p-NP) and 5.6 mM 4-chloro-2-methylphenol (4-C1-2MP). These
compounds all have phenol rings that are similar to MCPA and they are also
electroactive. The oxidation/reduction peaks of these contaminants were indeed found at
the A-GCE, as listed in Table 3-4, however, their redox peaks were observed at very
different applied potentials compared with that of MCPA, thereby giving no significant
interference with the detection of MCPA using the A-GCE. Taking the 2,4-DB as an
example, the CV curves of MCPA and the mixture of MCPA and 2,4-DB are shown in

Figure 3-15. It is clearly seen that the presence of 2,4-DB does not affect the
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determination of MCPA. This good selectivity observed may be due to the hydrogen
bonding interaction between the carboxylic group in the MCPA molecule and the
oxygenated groups (such as OH), which are generated during the activation process of
the GCE.

Furthermore, the stability is an equally important factor for the performance of a
developed sensor. The freshly prepared A-GCE was cycled in the MCPA solution for 30
cycles to achieve the steady-state, and then the A-GCE in the steady—state was
employed to determine MCPA. The stability of the A-GCE was monitored in the PBS
over 30 days. At different time intervals, the A-GCE was removed from the PBS and
transferred to the freshly prepared MCPA solution, and the CV curves were measured.
Then the A-GCE was rinsed with distilled water thoroughly and immersed in the storage
solution. This operation was repeated several times, the obtained data are illustrated in
Figure 3-16. Although there is some variation over the 30-day period, there is no
evidence of any significant loss in the sensing ability of the A-GCE, with the standard
deviations in the peak currents < 5%. Such observation demonstrates obviously that the

simply activated GCE has very good stability under steady-state conditions.

0 5 10 15 20 25 30
Days

Figure 3-16. The stability study of the A-GCE in the steady state over 30 days in 4.0
mM MCPA solution. All data recorded with A-GCE in triplicate (n = 3).
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3.3.11 Electrochemical detection of MCPA metabolite

Considering the CV curves shown in Figure 3-7, it can be seen that the oxidation of
MCPA in the potential range between 0.7 and 1.5 V vs. SCE gives an irreversible
electrochemical reaction process with a broad oxidation peak. This irreversible
oxidation reaction process leads to the production of 4-chloro-2-methylphenol
(4-Cl-2-MP) called the MCPA metabolite, as illustrated in Scheme 3-1. After extending
the electrochemical window (between 0.7 and 1.5 V vs. SCE) to lower applied
potentials (between —0.1 and 1.5 V vs. SCE) the electrochemical behaviour of the
MCPA metabolite was observed, and this is evident in Figure 3-17(a), where in the
vicinity of —0.10 V to 0.15 V vs. SCE, the emergence of redox waves becomes evident.
In addition, in Figure 3-17(a), the broad reduction wave, which is labeled as peak 1,
depends on the concentration of MCPA. It is clear that the currents of peak 1 increase
with the increase of the MCPA concentration (see Figure 3-17(b)). The reduction of
4-Cl-2-MP has previously been described in Scheme 3-2 [19]. Interestingly, this
reduction peak cannot be observed at the unmodified GCE, whereas it is clearly evident
at the A-GCE at relatively low concentrations of 0.14 mM for MCPA. Comparatively,
Biatek et al. [20] used a modified carbon paste electrode to measure the CV curve of
MCPA and found only a single irreversible oxidation peak, which corresponds to the
oxidation of MCPA, during cycling in the potential range from 0.0 to 1.5 V vs. SCE,
suggesting that the emergence of this reduction wave is connected with the oxygenated

species formed during the activation of the GCE.

cH CHj

3 (j H 3
e, -H"
Mt
Ct
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Cl

Scheme 3-2. Reduction of 4-chloro-2-methylphenol as proposed by Rahemi et al.
[19].
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Figure 3-17. (a) CV curves recorded for the A-GCE at 100 mV s in MCPA at
concentrations from 0.14 to 0.57 mM and (b) peak currents plotted as a function of
MCPA concentration.

To confirm this assignment for the MCPA metabolite, 4-C1-2-MP was used as the
analyte. First, the freshly prepared A-GCE was cycled in the 4-Cl-2MP-containing
solution for 30 cycles to achieve the steady state, and then the A-GCE in the steady state
was employed to detect 4-Cl-2MP at different concentrations, the corresponding
voltammograms were recorded, as illustrated in Figure 3-18(a). Obviously, peak 1 in
Figure 3-17(a) corresponds to the broad reduction wave between 0.0 and —0.1 V vs.
SCE, shown in Figure 3-18(a), and this peak is consistent with the reduction reaction

outlined in Scheme 3-2.
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Figure 3-18. (a) CV curves recorded for the freshly prepared A-GCE at 100 mV s! in
4-C1-2-MP at 0.12, 0.16, 0.20, 0.24, 0.32, 0.36 and 0.40 mM, where the red trace was
recorded in PBS (blank) and (b) calibration curve recorded with activated GCE at
steady state condition in the detection of 4-CI-2-MP.
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Further, using steady-state condition, the linear calibration curve was obtained in
the 4-C1-2MP solution, as described in Figure 3-18(b), where the peak current of the
reduction wave centred between 0.0 and —0.1 V vs. SCE was taken. From Figure 3.18(b),
it can be seen that a good linearity is achieved, demonstrating that the A-GCE is an
effective sensor for the detection of the MCPA metabolite.

In addition, on further inspecting the CV curves in Figure 3-18(a), it is apparent
that these curves resemble the electrochemistry of phenols [26]. In Figure 3-18(a), a
clear oxidation wave is observed at about 0.10 V vs. SCE followed by a quasi-reversible
couple in the vicinity of 0.20 V to 0.40 V vs. SCE, while an additional oxidation wave is
clear at about 0.70 V vs. SCE. The quasi-reversible two electron, two proton transfer
reaction, associated with the conversion between the quinone and the hydroquinone
compounds, Scheme 3-3, can be assigned to the redox couple at about 0.39 V vs. SCE,
with a peak separation of 26 mV. The oxidation wave seen at about 0.10 V vs. SCE is
more difficult to explain, but it appears to be connected with the initial reduction of the
MCPA metabolite, Scheme 3-2. Based on the discussion, it is concluded that the A-GCE

can also be used in the electrochemical detection of the MCPA metabolite.

R
e -H HY +H,0 -2, 20T H*
+2e s e, 120"
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Scheme 3-3. Electrochemistry of p-phenol compounds.

OH

3.4 Conclusion

In this work, a novel and simple electrochemical sensor for the detection of MCPA
was developed through the simple activation of GCE. Impressive electrochemical
detection was obtained, which showed a wide dynamic linear region, from 1 to 850
uM, and a low LOD of 0.02 uM obtained using the CV technique, while the LOD
value was further reduced to 0.008 uM using DPV technique. Moreover, the
developed sensor exhibited good reproducibility and stability. Further, it was found
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that 4-chloro-2-methylphenol produced from the electrochemical oxidation of MCPA
can be reduced at the A-GCE. This observation demonstrates that the A-GCE can not
only be used in the electrochemical detection of MCPA, but may also be employed to
follow the degradation efficiency of MCPA by monitoring the

4-chloro-2-methylphenol concentration.
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Developing a Sensitive Electrochemical
Sensor for the Detection of p-Nitrophenol
(p-NP) through a Simple Activated GCE
Modified with Electrodeposited Bismuth
Dendrites
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4.1 Introduction

Water is the source of human life and the foundation of the growth of all things.
However, with the development of economy, a large number of pollutants are
discharged into water, resulting in water pollution, which not only destroys the natural
environment, but also endangers human health. Nitrophenols have long been recognised
as a priority pollutant in aquatic environments [1]. They are utilised as precursors in the
manufacture of dyes and indicators, pesticides, pharmaceuticals, and explosives and
have the potential to enter the environment through the discharge of industrial
wastewater [2]. Indeed, concentrations in the vicinity of 0.43 pg/L have been reported in
rivers in Europe [3]. Para-nitrophenol (p-NP) or 4-nitrophenol is one isomer of
nitrophenols and it has a high solubility in water and it is severely toxic, thus p-NP is a
threat to all aquatic life and ecological environments. In particular, the nitro group is
easily reduced by enzymes to a nitro radical anion, which in turn can generate a
hydroxyl-amine derivative, which exerts mutagenic and carcinogenic effects [4,5].
Accordingly, the concentration levels of p-NP in aquatic environments are especially
important. For example, the lethal (LC50) concentration, which is a good indicator of
the acute toxicity of a pollutant, reflecting the concentration that kills 50% of species,
has been reported for a number of aquatic species exposed to p-NP. The LC50 value has
been reported as 540 pg/L for D. carinata (equivalent to 3.88 uM) over a 24 h exposure
period to p-NP [6], while the LC50 values are 56 pg/L (0.40 uM) for Daphnia and 92
pg/L (0.66 uM) for Carp [7]. Likewise, Yan et al. [8] determined the acute and chronic
concentrations of algae exposed to p-NP as 2180 and 218.0 pg/L, respectively.
Therefore, the detection of p-NP at concentrations in the vicinity of low uM to nM is
particularly relevant in monitoring the quality of aquatic systems.

Various analytical techniques, such as high-performance liquid chromatography
(HPLC) [9.10], gas chromatography [11] and spectrophotometry [12] can be employed
in the detection of p-NP. Nevertheless, they are not suitable for the rapid and on-site
analysis of water samples. On the other hand, sensors and especially electrochemical

sensors are attractive as they are simple to operate and are ideal for on-site analytical
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measurements. So far, a series of electrochemical sensors based on various functional
components for the detection of p-NP were reported [13—16]. These sensors are
typically produced using MXenes [13], two dimensional layered materials [14] or metal
oxide nanostructures [15] that can be time-consuming to fabricate. Moreover, they do
not always provide a sufficiently low detection in the nM region for p-NP. For example,
a CeFeP modified GCE showed a linear range to 0.1 uM [16], while detection limits of
0.61 and 2.88 uM were observed with CuBi2O4 [15] and reduced graphene oxide
coupled with tungsten oxide [14], respectively.

Recently, it has been shown that when GCE electrodes are activated/oxidised by
cycling to potentials beyond the oxygen evolution reaction they become very effective
in facilitating electron transfer, making them attractive in the design of
electrochemical-based sensors [17-20]. This has been attributed to the generation of
oxygen-containing functional groups, which are formed as the C—C bonds are attacked
by *OH radicals, which are generated at the high potentials [21]. Another interesting
approach is the utilisation of bismuth, which is a non-toxic element. Indeed,
electrodeposited bismuth films and nanostructures have been wused in the
electrochemical detection of metronidazole [22] and various heavy metal ions [23-25].
It has been shown that bismuth modified electrodes exhibit high overpotentials for the
hydrogen evolution reaction and have low background currents. This makes bismuth
interesting in the electrochemical reduction of analytes, where the adsorption and
reduction of hydrogen may be a competing reaction.

In this chapter we show that a simple activated GCE modified with bismuth
dendrites can be prepared within a few minutes, through the electrochemical activation
of the GCE followed by the electrodeposition of bismuth. Moreover, the sensor can be
easily regenerated by oxidising and removing the bismuth dendrites followed by their
subsequent electrodeposition. Finally, this sensor is very well suited to monitoring p-NP

in water and in different aquatic environments at low uM and nM concentrations.
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4.2 Experimental section

The electrochemical experiments were performed using a Solartron 1287 potentiostat
coupled with a 1255 FRA and a CHI 660C workstation for the preparation of the
modified electrodes and CV, EIS and DPV measurements, respectively. SEM with a
Hitachi S-3200-N microscope was employed for the surface morphology
characterisation and an Oxford Instrument INCAz-act ESX was used for EDX studies to
analyse the chemical composition of the modified electrodes. A standard three-electrode
system was used for the electrochemical measurements. Four electrodes were employed.
The unmodified GCE was polished and cleaned according to the procedure described in
the Section 2.2.4. The GCE was then activated by cycling in a phosphate solution,
Section 2.2.4.1, to give A-GCE. Bismuth was electrodeposited at the GCE to provide
the GCE/BI, as described in Section 2.2.4.2, and at the A-GCE to produce A-GCE/Bi,
Section 2.2.4.5.

Unless otherwise stated, the CV experiments were recorded at 50 mV s™!, and the
DPV data were recorded with a pulse amplitude of 50 mV, a pulse width of 0.05 s,
sampling width of 0.0167 s, a pulse period of 0.50 s, and an increment of 4 mV. The
impedance data were collected at —0.8 V vs. SCE for bare GCE, —-0.5 V vs. SCE for
GCE/Bi1, —0.7 V vs. SCE for A-GCE and -0.68 V vs. SCE for A-GCE/Bi in the
buffered 100 uM p-NP solution, using a perturbation potential of 10 mV. The data were
recorded after a 30 min polarisation period to ensure steady-state conditions. All
solutions were deoxygenated with high purity nitrogen gas for a 30 min period prior to
the electrochemical measurements. All experiments were performed in triplicate or
quintuplicate and using the standard deviation (o) and number of experiments

performed (n) the standard error was computed as c/n"2.

4.3 Results and Discussion

It is generally accepted that p-NP is reduced to p-hydroxylaminophenol through a

4e /4H" transfer process, as illustrated in Scheme 4-1. This process typically occurs at
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—0.79 V vs. Ag/AgCl, making this an ideal analyte for the electrodeposited bismuth
dendrites. The electrochemically generated p-hydroxylaminophenol can be oxidised to
nitrosophenol with the transfer of two electrons and two protons at about 0.15 V vs.
Ag/AgCl and this redox process can often give rise to high peak currents [26]. However,
the bismuth dendrites are oxidised at these potentials, and accordingly the conversion
from p-nitrophenol to p-hydroxylaminophenol was the only electrochemical process

followed in this work.

NO, NHOH
+4e +4H"
_
H,0
OH oH

Scheme 4-1. Conversion of p-NP to p-hydroxylaminophenol.

4.3.1 Selection of modified electrodes

In order to improve the detection and sensitivity of p-NP, three modified electrodes
were prepared as A-GCE, GCE/Bi and A-GCE/Bi and used to determine p-NP. A
comparison of the four electrodes including bare GCE, A-GCE, GCE/Bi and A-GCE/Bi
in the electrochemical reduction of p-NP to p-hydroxylaminophenol is illustrated in
Figure 4-1. It is clearly evident in the voltammograms depicted in Figure 4-1(a) that the
A-GCE/Bi gives the highest peak current and performs best in the detection of p-NP.
The bare GCE exhibits a broad reduction wave centred at about —0.80 V vs. SCE, with a
very low peak current of 7.82 pA. On activating the GCE (A-GCE), a sharper peak
becomes evident, a much higher peak current (36.82 pA) is achieved, and the peak
potential is shifted to a more thermodynamically favourable value of ca. —0.70 V vs.
SCE. An even greater shift in the peak potential is seen when bismuth is
electrodeposited onto the surface to form GCE/Bi, with a peak potential of ca. -0.50 V
vs. SCE, but with a somewhat low peak current. However, when bismuth is

electrodeposited onto the A-GCE to give A-GCE/Bi, a much higher peak current of
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55.62 pA is obtained. Although the peak potential is considerably lower than the
GCE/Bi, the reduction peak potential of —0.68 V vs. SCE compares very well to some
recently reported materials that have been employed to detect p-NP with peak potentials
varying from —0.73 V vs. Ag/AgClI [27] to —0.77 V vs. Ag/AgCl [28]. In addition, the
ability of these four electrodes to detect p-NP is more clearly evident in Figure 4-1(b)
where the peak current is shown at lower p-NP concentrations from 1.5 to 6.5 uM. Here,
the A-GCE/Bi provides the highest gradient of 0.48 pA uM™!, while lower values of
0.32 pA pM! for A-GCE and 0.12 pA pM™! for GCE/Bi were seen, highlighting the

advantage of combining the electrodeposition of bismuth with the activation of the

GCE.
40 14
(3)  ~.- bare GCE ()
- =A-GCE 124 m bare GCE
20+ . . .GCE/BI ® GCE/BI
—— A-GCE/BI 10+ A A-GCE
0- ; v A-GCE/Bi
—_— — 8'
é 0 §. 6 //
[—— - — N -y
- s o A
44 & —
-40-
24 e___._,____!——-g——s
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Figure 4-1. (a) CVs recorded for bare GCE, A-GCE, GCE/Bi and A-GCE/Bi in 100
uM p-NP and (b) peak currents plotted as a function of p-NP concentration.

4.3.2 Choice of optimum experimental conditions

In order to obtain the best detection performance for p-NP, the influence of the
activation process of GCE on the determination of p-NP was investigated and the results
are summarised in Figure 4-2 and the data are listed in Table 4-1 where it is evident that
optimum activation occurs by cycling the GCE between the potentials of —2.0 V and 2.0
V vs. SCE at 100 mV s™! for 30 cycles. With higher upper potentials of 2.2 and 2.4 V,
somewhat lower peak currents were seen, and this was coupled with more capacitive

background currents, suggesting an increase in the surface area of the A-GCE.
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Potential rar;ge (V)

Figure 4-2. Peak current recorded in 100 uM p-NP as a function of the activation
potential ranges used to form A-GCE. All data recorded in triplicate (n = 3).

Table 4-1. The activation potential range of A-GCE and the reduction peak currents for
the determination of p-NP.

Potential range (V) Mean of p-NP reduction RSD (%)
current (LA) n=3
-1.5~15V 24.65 £0.62 2.51
-1.8~18V 32.71+£0.49 1.50
20~2.0V 37.16 £ 0.68 1.83
20~22V 35.98 £0.51 1.42
-20~24V 34.58 £0.47 1.36

For the electrodeposition of bismuth, the current-time transients recorded during
the electrodeposition of bismuth are shown in Figure 4-3(a) for a range of deposition
potentials. It is clear from this plot that the rate of electrodeposition increases on
applying more negative potentials. On application of the potential there is a sharp

increase in the current, which then decays due to the charging of the double layer. This
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is then followed by nucleation and growth of the bismuth deposits. Interestingly, there is
no evidence for the overlapping of nuclei, as the nucleation current continues to increase
with increasing deposition periods. At the higher overpotentials there is evidence of the

competing hydrogen ion reduction reaction, and this is clearly seen at —1.10 V vs. SCE.

0.6
(a)
0.4 T
= — 1.05V
1.0V
£ 095V
- ~0.90V
. — 085V
_0.80V
— 075V
120 150
t(s)
56 56
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Figure 4-3. (a) Current-time transients recorded at —0.75 V, —0.80 V, —0.85 V, -0.90 V,
—0.95V,-1.0V,-1.05V and —1.10 V recorded in 1.0 mM Bi(NO3)3, (b) peak current
recorded in 100 uM p-NP as a function of the electrodeposition time and (c)
electrodeposition potential. All data recorded in triplicate (n = 3).

After the electrodeposition of bismuth, the formed electrodes were employed to
determine p-NP. This is illustrated in Figure 4-3(b), where the highest peak current can
be obtained with a 400 s electrodeposition period. This optimum deposition time is
relatively long, but this gives rise to a 51% % 1.35 increase in the peak current for
A-GCE/Bi compared to A-GCE. In addition, the influence of the electrodeposition
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potential is summarised in Figure 4-3(c), where electrodeposition at —1.0 V vs. SCE
gives the highest peak current (54.86 pA + 1.08) for the reduction of p-NP. The sharp
decrease in the p-NP reduction peak current which is evident at —1.2 V vs. SCE is
probably related to the competing hydrogen ion reduction reaction and evolution of
Hz(g) during the electrodeposition of the bismuth dendrites in the acidic Bi(III) solution.
This competing reaction will lead to lower amounts of electrodeposited bismuth and
may also alter the nature of the bismuth deposits. Therefore, based on the observation
above, it was found that the optimum bismuth electrodeposition parameter at the

A-GCE was 400 s at —1.0 V vs. SCE.

4.3.3 Characterisation of the surface morphology

The surface morphology of the bare GCE, A-GCE and A-GCE/Bi is shown in Figure
4-4. The images in Figure 4-4(a) and (b), which represent the A-GCE/Bi electrode,
indicate the formation of bismuth dendrites that are dispersed across the electrode
surface. These images are very different to the A-GCE, as shown in Figure 4-4(c). The
A-GCE shows evidence of surface dissolution, resembling pitting attack and these pits
are uniformly dispersed across the surface. This is consistent with previous studies
where it has been reported that carbon-based substrates can be oxidised when polarised

at high potentials beyond the oxygen evolution reaction [17-20]. At these high
potentials, OH- radicals are formed, and these can attack the C—C bonds to give

oxygen-containing groups [21]. Indeed, it has been suggested that these oxygenated
species facilitate and increase the rate of electron transfer, and this is consistent with the
data presented in Figure 4-1(a). In Figure 4.4(d), the bare GCE is evident and is free
from any surface attack. The EDX spectrum presented in the inset in Figure 4-4(d)
shows the spectrum of the A-GCE/Bi, with clear indications for the presence of Bi. The
oxygen occurs mainly from the oxygenated species that are present on the A-GCE.
Mapping experiments are shown in Figure 4-4 for carbon (C), bismuth (Bi) and oxygen
(O) and it is clear that the bismuth and oxygen are reasonably well distributed over the

surface.
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Figure 4-4. SEM micrographs recorded for A-GCE/Bi at (a) low and (b) higher
magnification, (¢) micrographs recorded for A-GCE, (d) micrographs for unmodified
GCE with EDX spectrum recorded for A-GCE/Bi in the inset, and mapping data for C,
O and Bi.

4.3.4 EIS Characterisation of the electrodes

Further, the impedance spectra of the different electrodes recorded in the presence of
100 uM p-NP were measured and are shown in Figure 4-5. These data were recorded at

a fixed potential that coincides with the peak potentials observed in the voltammograms
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for the reduction of p-NP. In this analysis, the experimental data are depicted as

symbols, while the fitted data are shown as continuous traces.

50
—i—bare GGE
—s=— A-GCE
40- —s— GCE/Bi
—a=A-GCE/Bi

Figure 4-5. Equivalent circuit and EIS spectra recorded for bare GCE at -0.80 V,

A-GCE at -0.70 V, GCE/Bi at -0.50 V and A-GCE/Bi at -0.68 V vs. SCE in 100 uM
p-NP.

All data were fitted using the equivalent circuit provided in Figure 4-5. Here, the
solution resistance is represented as R1, the charge-transfer resistance is denoted as R2,
while the CPE elements represent constant phase elements, with CPE1 corresponding to
the double layer capacitance and CPE2 indicating diffusional processes. As seen in
Figure 4-5, the impedance profiles are similar showing a semicircle at higher
frequencies and a diffusion tail at lower frequencies, with little indications that the
activation of the GCE or the electrodeposition of the bismuth dendrites give rise to any

reduction in the charge transfer resistance. Indeed, the lowest charge-transfer resistance

of 6073 £ 342 Q (n = 3) was obtained for the A-GCE. On the electrodeposition of the

bismuth dendrites an increase in the charge transfer resistance was observed, with a
12% increase seen on the electrodeposition of bismuth at the A-GCE and a 10%
increase evident on modifying the bare GCE with the bismuth dendrites. The highest

capacitance (CPE1 with n > 0.86) was observed with the activated electrodes, with a
value of 23.11 £ 0.45 mF (n = 3) for the A-GCE/Bi and 26.58 = 0.72 mF (n = 3) for the
A-GCE and this is consistent with the generation of oxygenated groups during the
activation process.

118



Chapter 4

4.3.5 Study on reaction kinetics

In order to determine if the electrochemical reduction of p-NP was under diffusion or

adsorption control, the scan rate was varied between 20 and 200 mV s™!. The resulting

data were analysed using the Randles-Sevick equation, where the peak current was
plotted as a function of the square root of the scan rate. In addition, the peak current was
plotted as a function of scan rate and the logarithm of the peak current was plotted as a
function of the logarithm of the scan rate. It was found that the reduction of p-NP was
under typical diffusion control for the bare GCE and GCE/Bi, but on the A-GCE the
rate determining-step became a mixed adsorption and diffusion process. Representative
data are presented in Figure 4-6(a), (b) and (c) for the A-GCE, with the CVs shown as a
function of scan rate (Figure 4-6(a)). The peak current plotted as a function of scan rate

and the corresponding logarithmic plot is depicted in Figure 4-6(b) and (c), respectively.
A linear relationship, with the regression equation, 7, (mA) = 0.67v (mV s~ ") + 9.35 and
R? 0f 0.999 was obtained. Furthermore, the slope of the logarithmic plot was computed
as 0.81, indicating the emergence of a mixed diffusition-adsorption process that can be
attributed to the generation of defects and oxygenated sites during the activation process
that facilitate adsorption.

Interestingly, on electrodeposition of the bismuth dendrites, the mixed

diffusion-adsorption process was maintained, as illustrated in Figure 4-7(a), (b) and (c).

The linear regression equations were determined as, /, (mA) =0.99 v (mV s~ ') + 11.31

with R? at 0.998 and log I = 0.82 log v + 0.43, R? of 0.991, with I expressed as mA and

vas mV s !. Here, the slopes at 0.81+ 0.025 for A-GCE and 0.82 +0.032 for A-GCE/Bi

are nearly identical, indicating a similar mixed diffusion adsorption process at the two

modified electrodes.
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Figure 4-6. Typical CVs recorded in 100 uM p-NP at scan rates from 20 to 200 mV
s~! for the A-GCE (a), peak current plotted as function of scan rate (b) and logarithm of
peak current as a function of logarithm of scan rate (c), n = 3.
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Figure 4-7. Typical CVs recorded in 100 uM p-NP at scan rates from 20 to 200 mV s™!

for the A-GCE/Bi (a), peak current plotted as function of scan rate (b) and logarithm of
peak current as a function of logarithm of scan rate (¢), n = 3.
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On comparing the CVs shown for the A-GCE and A-GCE-Bi, Figure 4-6 (a) and
4-7 (a), it is evident that the peak potential increases at a slightly greater rate with
increasing scan rate for the A-GCE/Bi. This indicates that the electron-transfer becomes
somewhat slower on decorating the A-GCE with the bismuth dendrites. Accordingly,
the rates of the electron transfer step were estimated using the Laviron method, which is
described in Equation 4—1 and represents an irreversible redox reaction. Here, R, T and
F represent the gas constant, thermodynamic temperature, and Faraday constant,
respectively, while E° represents the standard reduction potential. The E° values were
estimated as —596 mV vs. SCE for A-GCE and —554 mV vs. SCE for A-GCE/Bi by

extrapolating the scan rate to 0 mV s™!.

-
E,=E° +

() () + ™
(4-1)

On plotting the peak potential (Ep) as a function of the natural logarithm of the
scan rate (v), linear plots were obtained for both the A-GCE and A-GCE/Bi, as
illustrated in Figure 4-8. The linear regression equations were obtained as, E, (V) =
—0.029 Inv (mV s7') — 0.596 (R? = 0.995) and E,, (V) = —0.035 Inv (mV s7!) — 0.554 (R?
=0.998) for the A-GCE and A-GCE/Bi, respectively.
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Figure 4-8. Peak potential plotted as a function of logarithm of scan rate in 100 uM
p-NP for A-GCE and A-GCE/Bi (n = 3).
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Further, on fitting these relationships to Equation 4-1, the Ks was estimated as
55.0 s! £ 1.15 for the A-GCE/Bi, but slightly higher at 62.1 s™! + 1.47 for the A-GCE,
to give an approximate 1.12-fold decrease in the rate of the electron transfer step on
decorating the activated GCE with the bismuth dendrites. This is in good agreement
with the electrochemical impedance studies which show an increase in the charge
transfer resistance on modifying the electrode with the bismuth dendrites.

Interestingly, the an values were estimated as 1.05 for the A-GCE and 0.77 for the
A-GCE-Bi, indicating a significant deviation from the theoretical value of 2.0 arising
from a value of 0.5 for a when n is set at 4. However, this may be related to the nature
of the p-NP reduction reaction, with an initial slow one-electron transfer step, Equation

4-2, followed by the transfer of three electrons, Equation 4-3 [29].

R-NO;+e —R-NOy;  (slow) (4-2)

R-NO; + 3¢+ 4H" — R-NHOH + H2O (fast) (4-3)

It is clear from this analysis that the improved performance of the A-GCE/Bi,
Figure 4-1, is not related to an increase in the rate of electron transfer. It appears to be
more connected with an increase in the surface area of the A-GCE/Bi and the transition
to a mixed diffusion-adsorption process, with the bismuth dendrites providing more
adsorption sites. This observation is consistent with the memory effects of the two
electrodes in p-NP, as shown in Figure 4-9(b) for the A-GCE and Figure 4-10(b) for the
A-GCE/Bi, where there is evidence of more adsorbed p-NP with the A-GCE/Bi based

on comparing their memory effects.

4.3.6 Study on adsorption-like behaviour

The emergence of an adsorption process was further probed by determining the
optimum immersion period and any related memory effects associated with the

adsorption of p-NP. These experiments were conducted with different immersion
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periods and the results are summarised in Figure 4-9 for the A-GCE and Figure 4-10 for
the A-GCE/Bi.
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Figure 4-9. Peak currents recorded following various immersion periods in 100 uM
p-NP for (a) A-GCE and memory effects recorded in PBS in the absence of p-NP
following cycling in the presence of 100 uM p-NP (b).

It is evident in both cases that the current becomes higher on increasing the
immersion period before the voltammograms are recorded. As depicted in Figure 4-9(a),
the optimum immersion period is approximately 7 min for the A-GCE, and the memory
effect can be seen in Figure 4.9(b). In this case, the A-GCE was immersed in 100 uM
p-NP for a period of time, then rinsed in deionised water and the subsequent CV curves
were recorded in the absence of p-NP, with a fresh buffer solution being used for each
CV experiment. Clear evidence for the accumulation of p-NP can be seen in Figure
4-9(b) with a significant reduction wave indicating the presence of p-NP for the first
cycle, and a somewhat lower peak current for the second cycle. The corresponding
experiments for the A-GCE/Bi are presented in Figure 4-10(a) and (b) and again
adsorption is evident. However, the optimum accumulation time is slightly longer at 8
min, which may indicate a somewhat slower accumulation process at the bismuth
dendrite modified surface. Nevertheless, there is clear evidence in Figure 4-10(b) that
p-NP is accumulated at the surface, with a prominent peak in the phosphate solution for

the first cycle and smaller peaks following the second, third and fourth cycles.
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Figure 4-10. Peak currents recorded following various immersion periods in 100 uM
p-NP for A-GCE/Bi (a) and memory effects recorded in PBS in the absence of p-NP
following cycling in the presence of 100 uM p-NP (b).

4.3.7 Influence of solution pH

As shown in Scheme 4-1, the electrochemical reduction of p-NP is accompanied by the

transfer of protons. Therefore, the influence of the pH of the electrolyte on the reduction

of p-NP was studied at both the A-GCE and A-GCE/Bi, Figure 4-11 and Figure 4-12.
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Figure 4.11. DPV recorded as a function of pH in 100 uM p-NP for A-GCE (a) and
peak potential plotted as a function of pH (b) and peak current plotted as a function of

pH (¢).
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Figure 4.12. DPV recorded as a function of pH in 100 uM p-NP for A-GCE/Bi (a) and
peak potential plotted as a function of pH (b) and peak current plotted as a function of

pH (¢).

It was found that the pH had a significant influence on the reduction peak potential
as shown in Figure 4-11 (a) for A-GCE and in Figure 4-12 (a) for A-GCE/Bi, with the
peak potential shifting to lower potentials on increasing the pH of the solution. The
optimum pH for both electrodes was about a pH of 7.0, Figure 4-11 (c) and 4-12 (c¢),
while lower peak currents were evident at more acidic and alkaline pH values. On
plotting the peak potential as a function of the pH (Figure 4-11 (b) and 4-12 (b)) linear
plots were obtained, and the linear regression equations were deduced as E, = —0.047
pH — 0.39 (R? = 0.98) for the A-GCE and E, = —0.049 pH — 0.35 (R? = 0.99) for the
A-GCE-Bi. These slopes are in reasonable agreement with the Nernst equation, where at
298 K, the theoretical slope is predicted as —0.0591 V/pH for the transfer of equal

numbers of protons and electrons, Scheme 4-1.
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4.3.8 Study on performance of sensor

The performance of A-GCE and A-GCE/Bi in the electrochemical detection of p-NP
from 0.005 to 170 uM is illustrated in Figure 4-13 and Figure 4-14. Here, the data were
recorded using DPV. The voltammograms are depicted in Figure 4-13(a,c) and 4-14(a,c)
for the A-GCE and A-GCE/Bi, respectively. In both cases, the peak potentials remain
essentially constant and independent of the concentration, while the peak current

increases with increasing concentrations of p-NP.
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Figure 4-13. DPVs recorded as a function of concentration from 0.005 to 170 uM p-NP
for (a) A-GCE, peak current plotted as a function of concentration for (b) A-GCE, from
0.005 to 1.6 uM p-NP for (¢) A-GCE and peak current plotted as a function of lower
concentrations for (d) A-GCE.

On plotting the peak current as a function of the concentration, linear calibration
curves were obtained. The linear regression equation for the A-GCE/Bi was deduced as,
I(pA) = 0.47 c(uM) + 5.75 (R? = 0.996) from 1.6 to 170 uM (Figure 4-14(b)), while

with lower concentrations from 0.005 to 1.6 uM, the linear regression equation became,
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I(pA) = 2.06 c(uM) + 1.81 (R? = 0.994), Figure 4-14(d) indicating a much higher
gradient (2.06 pA pM'or 29.4 pA pM~! cm2). Using the well-known expression where
LOD = 3Sy/sensitivity (Sp represents the standard deviation of the baseline), the LOD
was computed as 0.18 nM. Similar results were obtained for the A-GCE, with the LOD
estimated as 0.32 nM. The linear regression at higher concentrations, from 1.6 to 170
uM, was deduced as I,(uA) = 0.323 c¢(uM) + 4.856, (R? = 0.999), Figure 4-13(b), while
at lower concentrations, from 0.005 to 1.6 uM, the linear regression was obtained as, I,

(LA) = 1.4527 c(uM) + 2.68 (R? = 0.9976), Figure 4-13(d).
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Figure 4-14. DPVs recorded as a function of concentration from 0.005 to 170 uM p-NP
for A-GCE/Bi (a), peak current plotted as a function of concentration (b), from 0.005 to
1.6 uM p-NP for (¢) A-GCE/Bi and peak current plotted as a function of lower
concentrations (c).

As illustrated in Table 4-2, where the linear regions and LOD values are presented
for a variety of recently reported sensors for the detection of p-NP, this simple activated
GCE and the activated GCE with bismuth dendrites compare very well. The typical

concentrations of p-NP in aquatic environments can vary from 0.43 ug/L in rivers [3] to
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concentrations ranging from 0.22 —1.65 pg/L in snow covered regions [30]. Therefore,
the LOD of 0.18 nM obtained for the A-GCE/Bi, coupled with its good sensitivity of
2.06 pA puM ! makes it a suitable sensor for these environments and the detection of

p-NP in the nM concentration range.

Table 4-2. Comparison with recently reported sensors for the detection of p-NP

Electrode materials Technique LOD  Linear Range Reference
(nM) (M)

L-Cys/Nd203/rGO/GCE SwWv 20 0.05-8 [31]
10-50

Carboxymethylcellulose/ DPV 53 0.05-100 [32]

sulfated polyaniline/GCE

polyspirofluorene film/GCE =~ DPV 10 0.1-120 [33]

rGO-NiCo,04/aminopropyl DPV 5 0.005-5 [34]

-triethoxysilane/GCE

AgNPs/GCE DPV 15 0.1-350 [35]

CeMoSe,/GCE LSV 3.5 0.04-280 [27]
300-1980

Nanoparticle GC film (O\Y 230 0.5-3.0 [36]
3-3000

Ni3Ses/rGO/ITO DPV 17.1 0.05-5 [37]
5-200

Pyridine DPV 100 0.5-50 [38]

diketopyrrolopyrrole/ 50-163

GO/GCE

CeFeP/GCE DPV 10 0.1-50 [16]

A-GCE DPV 0.32 0.005-1.6
1.6-170 This

A-GCE/Bi DPV 0.18 0.005-1.6 Work
1.6-170

4.3.9 Evaluation of reproducibility, selectivity and stability

The reproducibility of the A-GCE, GCE/Bi and A-GCE/Bi as sensors is summarised in
Table 4-3. These data were recorded in a neutral and buffered 100 uM p-NP solution.
Very good reproducibility is evident with all three sensors, with RSD values varying
between 1.53 and 3.33%. It is also evident from this table that the A-GCE/Bi has the
lowest error, with the RSD at the relatively low value of 1.53%.
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Table 4-3. Reproducibility of GCE/Bi, A-GCE and A-GCE/Bi in the detection of

p-NP (n=5).
100 pM Peak Current (LA) Mean RSD (%)
p-NP 1 2 3 4 5 (n=5) (n=>5)
. 15.22
GCE/Bi | 159 | 149 15.5 14.6 15.2 3.33
+0.51
36.74
A-GCE | 378 | 359 | 367 37.5 36.8 1.98
+0.73
. 55.32
A-GCE/Bi | 563 | 55.8 54.9 54.1 55.5 1.53
+0.85

The selectivity of the A-GCE/Bi sensor is represented in Figure 4-15(a) and the
data are listed in Table 4-4, where the peak current recorded for 100 uM p-NP is
designated as Io and the current recorded in the presence of the interferent is I with a
value of unity indicating no interference. In these experiments, a 100 uM solution of
p-NP in the presence of a 10-fold excess of the interferents was employed, except for
ortho-nitrophenol (o-NP) and the nitro-based drug metronidazole (MTZ), where a 1:1
ratio was maintained. These two compounds were maintained at 100 uM. Very good
selectivity can be seen in the presence of acetates, sulfates, nitrates, and carbonates.
Likewise good selectivity is seen on the addition of hydrocortisone (HC), ascorbic acid
(AA) and glucose (Glu). Nevertheless, some interference is evident with o-NP and MTZ,
as shown in Figure 4-15 (b) and (c), respectively. This is not surprising as these two
nitro-based compounds can be electrochemically reduced, and the reduction process
involves the conversion of the nitro group to a hydroxylamine group.

The selectivity was further explored using a spiking and recovery approach, where
a known amount of p-NP was added and then the sensors were employed to determine
the concentration of p-NP in the sample. Both deionised water and tap water were
employed and the results are summarised in Table 4-5. Good recovery, varying from
96.5 to 106.7%, was achieved with the A-GCE/Bi with added concentrations of 3, 6 and
10 uM p-NP.
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Figure 4-15. (a) Selectivity, I/Io, for A-GCE/Bi in the presence of different interference
substances, (b) CV recorded for A-GCE/Bi in 100 uM p-NP and 100 uM MTZ and (c)
CV recorded for A-GCE/Bi in 100 uM p-NP and 100 pM o-NP.

Table 4-4. The effect of the interference on the detection of p-NP (n = 3).

Samples Mean of I/Io RSD (%)
p-NP 1 —
p-NP + NaAc 0.9841 £ 0.0091 0.91
p-NP + NaxSO4 0.9904 £ 0.0092 0.93
p-NP + NaxCOs 0.9933 £ 0.0088 0.89
p-NP + NaNO3 0.9976 £ 0.0085 0.85
p-NP + HC 0.9988 £ 0.0093 0.93
p-NP + o-NP 1.0323 £0.013 1.26
p-NP + MTZ 1.0237 £0.012 1.17
p-NP + AA 1.0112 £0.0092 0.91
p-NP + Glu 0.9977 £ 0.0095 0.96
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Table 4-5. Determination of p-NP in deionised and tap water using A-GCE and
A-GCE/Bi (n=3).

Sensor Sample Added/ uM Found/ uM Recovery
3.0 3.18 (£0.11) 106.0%
A-GCE Deionised water 6.0 6.22 (+£0.23) 103.7%
_______________________________________________________ 100 975(0.18)  975%
3.0 2.89 (£0.087) 96.3%
A-GCE Tap water 6.0 6.55 (£0.18) 105.3%
_______________________________________________________ 100 995(023)  9.5%
3.0 3.14 (£0.082) 104.7%
A-GCE-Bi Deionised water 6.0 5.87 (£0.15) 97.8%
_______________________________________________________ 100 1033(031)  1033%
3.0 3.20 (£0.093) 106.7%
A-GCE-Bi Tap water 6.0 5.79 (£0.19) 96.5%
10.0 9.86 (£0.22) 98.6%

The stability of the A-GCE/Bi is illustrated in Figure 4-16, where the peak current
is shown as a function of the cycle number for both a stagnant solution and an agitated
solution. For comparative purposes, data for the A-GCE are also shown. In both cases

very good stability is observed with little change in the peak current over 50 cycles.
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Figure 4-16. Peak current plotted as a function of cycle number for A-GCE and
A-GCE/Bi with and without stirring in 100 pM p-NP.
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4.3.10 Evaluation of regeneration

One of the advantages of decorating the A-GCE with bismuth dendrites is that the
bismuth can be easily oxidised and removed from the sensor, and this can be later
followed by the deposition of new and fresh dendrites of bismuth at the A-GCE. In
order to explore the potential of this regeneration step, the bismuth was oxidised at a
potential of 0.60 V for 10 min and then a fresh layer of bismuth was electrodeposited
from the acidified 1.0 mM Bi(NOs3); solution. The newly regenerated A-GCE/Bi was
then used in the detection of 100 uM p-NP. These steps were repeated a total of five
times and the corresponding data are shown in Figure 4-17 and Table 4-6. Here it is
evident that the five voltammograms are very similar, giving nearly identical peak
potentials followed by the peak currents with RSD of 3.36% lower than 5%. This
clearly shows that the A-GCE/Bi sensor can be easily and readily regenerated, and this

may be very relevant in complex environments where the sensor may be poisoned.
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Figure 4-17. CVs recorded for A-GCE/Bi in 100 uM p-NP following removal and
deposition of Bi dendrites.
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Table 4-6. The peak currents following removal and deposition of Bi dendrites (n = 5).

Peak currents (pA)

Electrode
1 2 3 4 5 Mean RSD (%)

A-GCE/Bi | 4031 | 4394 | 4327 | 41.97 | 41.65 | 4223 +1.42 3.36

4.4 Conclusions

In this chapter, we show that a simple activated glassy carbon electrode combined with
a 400 s period for the electrodeposition of bismuth can be used to give the effective
detection of p-NP in aqueous systems. An impressive limit of detection of 0.18 nM and
sensitivity of 29.4 uA uM ~! cm™2 coupled with very good reproducibility, repeatability,
recovery in water and acceptable selectivity was achieved with this simple approach.
The good detection in the presence of the bismuth dendrites was attributed to enhanced
adsorption of the p-NP. While various electrocatalytic materials have been synthesised
and then drop-cast onto GCE to form a myriad of electrochemical sensors, this simple
approach avoids the need for drop-casting. Moreover, the bismuth dendrites can be
easily regenerated making this combination suitable for those complex media that may

otherwise contaminate or poison the electrode surface.
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5.1 Introduction

Metronidazole (2-methyl-5-nitroimidazole-1-ethanol) (MTZ) is an antibiotic. As a class
of antibacterial drugs used to kill or inhibit bacterial growth, antibiotics have been
widely employed for decades. Metronidazole belongs to the nitroimidazole family of
antibiotics. It has been commonly employed to treat the infections caused by bacteria
including helicobacter pylori [1], giardia lamblia and trichomonas vaginalis [2]. In
addition, metronidazole has been utilised in the treatment of oral and dental infections,
respiratory tract infections and Crohn’s disease in recent years [3]. Moreover, it is
confirmed that metronidazole is considered an effective antimicrobial agent against
anaerobic bacteria, with added antiparasitic activities, thereby it is applied popularly in
the treatment of infections for both humans [3] and animals [2]. However,
metronidazole displays genotoxic and mutagenic side effects [3], thus its accumulation
in the aquatic environment is particularly worrying as it may be harmful to both humans
and aquatic life. Besides that, metronidazole is very soluble in water and shows very
good stability, while its biodegradability, photodegradation, and hydrolytic
decomposition ability are very poor, indicating that it can last for a long time in the
aquatic environment. In fact, high levels of drugs, including MTZ, have been
determined in water supply systems in urban areas [4] and these MTZ-contaminated
sites face the risk of a surge in antimicrobial resistance. This issue has a direct impact on
the Sustainable Development Goals of the United Nations on clean water and sanitation.
Therefore, researchers are very interested in developing methods that can be used not
only for the detection of metronidazole in biological media, but also for the
determination of metronidazole in aquatic environment systems.

Compared with some standard analytical techniques for the determination of
metronidazole, such as HPLC [5] and GC [6], the electrochemical sensors used to detect
metronidazole exhibit some advantages, including simple operation and easy portability
as well as little sample preparation, etc. Besides that, the electrochemical sensors are
required to possess high sensitivity, selectivity, and good stability. Accordingly, the

electrode surfaces are often modified by some functional composite to improve their
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sensitivity, selectivity, and stability. So far, several electrode modification strategies
have been employed to construct metronidazole sensors. Some carbon-based materials
including carbon nanotubes [7], carbon fibres [8], diamond [9], and graphene [10],
nanoparticles (NPs) including copper oxide NPs [11], silver NPs [12] and nickel
manganous oxide NPs [13], etc. have been used as functional composites to modify the
electrode surfaces to fabricate metronidazole sensors, which have delivered the
impressive detection performance for metronidazole. Nevertheless, many of the
modifiers need time-consuming synthetic procedures and the modified electrodes are
prepared by drop cast methods raising stability concerns. Especially, there is little
evidence to suggest that the surfaces can be easily regenerated or renewed.

According to the reports in the literature or the measurements in this work,
metronidazole can be electrochemically reduced at the applied potential range of —-0.4 V
to —1.0 V vs. SCE. Thus, it was anticipated that the electrodeposition or electroplating
of bismuth films may be suitable for the detection of metronidazole. Bismuth is a
non-toxic element. The bismuth modified electrodes have been developed and suggest
that metal bismuth is a good substitute for the well-known mercury electrodes,
especially the dropping mercury electrode (DME) with a wide electrochemical window
[14,15]. Recently, bismuth films have been applied successfully to the detection of
heavy metal ions, using stripping voltammetry [16-18]. Moreover, bismuth films
modified electrodes not only have achieved simultaneous determination of Cd(Il) and
Pb(Il) ions [19,20], Cd(II), Zn(II) and Pb(II) ions [21], but also have been used in the
electrochemical determination of nitrophenols [22,23]. However, bismuth film modified

electrodes are rarely employed in the detection of pollutants in the environment.

In this chapter, a bismuth film was electrodeposited onto a graphene modified GCE
to form a modified electrode, delivering a simple and effective electrochemical sensor
for the determination of metronidazole. Furthermore, the developed sensor surface can
be easily renewed by the simple oxidation and removal of the bismuth film, followed by

its subsequent regeneration through electrochemical deposition.
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5.2 Experimental section

The electrochemical experiments were conducted on a Solartron 1287 potentiostat
coupled with a 1255 FRA and a CHI 760C electrochemical workstation for the
preparation of the modified electrodes and CV, EIS and DPV measurements,
respectively. SEM with a Hitachi S—-3200—N microscope was employed for the surface
morphology characterisation and an Oxford Instrument INCAz-act ESX was used for
EDX studies to analyse the chemical composition of the modified electrodes.

A standard three-electrode system was used for the electrochemical measurements.
In this experiment, four electrodes were utilized as working electrodes. First, bare GCE
was polished and cleaned using the procedure described in Section 2.2.4; second, the
electrode GCE/Bi was fabricated by the electrodeposition of bismuth film, Section
2.2.4.2; third, the electrode GCE/Gr was prepared by the electrodeposition of Gr, as
described in Section 2.2.4.3; fourth, the combination of the electrodeposition of bismuth
and Gr on GCE gives the electrode GCE/Gr1/Bi, as represented in Section 2.2.4.6.

A stock solution of 4.0 mM MTZ was prepared in 0.1 M PBS at a pH of 7.0. The
pH was varied between 3.0 and 13.0 by adding HNO3 or NaOH to the 0.1 M PBS
solution. Unless otherwise stated, the CV experiments were performed at a scan rate of

50 mV s

5.3 Results and Discussion

In this section, the formation, characterisation of the GCE/Gr, GCE/Bi and GCE/Gr/Bi
electrodes, and their application in the electrochemical detection of MTZ are described

and discussed.

5.3.1 Preparation of the bismuth film modified electrode

In order to prevent the formation of insoluble bismuth oxides/hydroxides, the Bi(III)
solution was prepared in a pH solution of 1.5, thereby the reduction of Bi(IIl) at the

GCE surface was carried out in acidified solution. The reduction process of Bi(Ill) can
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be presented in Equation 5—1, where the reduction potential of Bi(IIl) is estimated to
occur at 0.17 V vs. SCE for the concentration of 5.0 mM. Indeed, in the experiment, as
displayed in Figure 5-1, it is seen that the reduction of Bi(Ill) begins at ca. —0.08 V vs.
SCE to give rise to a unsymmetrical reduction wave corresponding to a peak potential
centred at approximately —0.17 V vs. SCE. This peak potential gives an overpotential of
approximately 0.34 V vs. SCE. The corresponding oxidation wave is evident with a
peak potential at about —0.013 V vs. SCE, and this peak is more symmetrical as the

deposited bismuth is oxidised.

Bi(IIl) + 3¢ > Bi E=0.215+0.0197 log[Bi(IIT)] (5-1)
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Figure 5-1. CV curve of bare GCE recorded in 5.0 mM Bi(NO3)s.

In addition, from Figure 5-1, it is also apparent that the upper potential is limited
by the oxidation of the deposited bismuth which begins at a potential in the vicinity of
—0.10 V vs. SCE. Accordingly, the CV curves of MTZ in PBS were recorded by cycling
to an upper potential of —0.30 V vs. SCE to avoid the oxidation of bismuth film formed
on the electrode surface (as the oxidation of the deposited bismuth begins at potential of

—0.30 V vs. SCE when the electrode GCE/Bi is placed in MTZ at a pH 7.0).

5.3.2 Optimisation of experimental parameters for the modified electrode GCE/Bi

In order to obtain an electrode with the best performance, the influence of the deposition
potential and time on the performance of the GCE/Bi electrode in the electrochemical

detection of MTZ was investigated. As presented in Figure 5-2 (a), when the deposition
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potential is varied from —0.8 to —1.0 V vs. SCE, the peak current of GCE/Bi for the
detection of MTZ is increased, whereas at potentials lower than —1.0 V vs. SCE, the
deposition of bismuth is less effective. This case is probably related to the competing
hydrogen evolution reaction. Therefore, the optimum electrodeposition potential of Bi

on the GCE surface is at —1.0 V vs. SCE with the short deposition time.
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Figure 5-2. (a) Peak currents of the GCE/Bi electrode in 2.0 mM MTZ plotted as a
function of the Bi deposition potentials (1.0 mM Bi(III) solution and deposition period
of 100 s) and (b) peak currents of the GCE/BIi electrode in 2.0 mM MTZ plotted as a
function of Bi deposition period at — 1.0 V vs. SCE in 1.0 mM Bi(III) solution.

The influence of the deposition time on the performance of the GCE/Bi electrode is
illustrated in Figure 5-2(b). It is seen that in terms of both the detecting performance
and fabrication time of the GCE/Bi electrode, the deposition time in the vicinity of 100
s gives rise to the optimum deposition period, while no further increase in the reduction
current of MTZ 1is observed for higher deposition times. Furthermore, the
electrochemical deposition of Bi at —1.0 V vs. SCE for 100 s results in a charge of
(2.670 £ 0.003) x 1072 C. It is assumed that the charge is due to the reduction of Bi(III),
and the competing reduction reactions are negligible, hereby approximately 1.93 pg of

Bi is formed at the GCE surface based on the equation 5-2.

Q=nZF (5-2)

Where Q is the electricity quantity (C), n is the electron transfer number, Z is the
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number of moles (mol) and F is the Faraday constant (96485 C mol™).

5.3.3 Influence of dissolved oxygen on the electrochemical detection of MTZ

It has been suggested that when the bismuth film modified electrodes are employed in
the analysis of analytes, the removal of dissolved oxygen is not required [24]. Therefore,
the influence of dissolved oxygen on the electrochemical detection of MTZ was studied
by comparing deoxygenated solutions (deoxygenation for 20 min using high purity
nitrogen gas), with non-deoxygenated solutions. For comparison, the unmodified GCE
was also employed and representative voltammograms are presented for the two

electrodes in Figure 5-3(a) and Figure 5-3(b), respectively.

0.06 0.08
@ ——nbare GCE in MTZ with O (b) ——GCE/Bi in MTZ with O,
0.031 —— bare GCE in MTZ without O 0.044 —— GCE/Bi in MTZ without O,
0.00+ 0.00+
T 0.03 T -0.04;
- -0.06- ~ -0.08-
-0.09- -0.124
T T T T -0.16 T v T T
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Figure 5-3. CV curves recorded at 50 mV s~! of (a) unmodified GCE and (b) GCE/Bi in
2.0 mM MTZ (pH 7.0 PBS) with O; (non-deoxygenated) and without O (deoxygenated)
solutions.

The influence of the dissolved oxygen can be clearly seen with the unmodified
GCE in Figure 5-3(a) with the clear onset of the reduction of oxygen at about —0.30 V
vs. SCE. Furthermore, the peak current associated with the reduction of MTZ in oxygen
containing solution is lower than that observed in the solution without oxygen, clearly
highlighting the effect of the dissolved oxygen with the unmodifued GCE. On the other
hand, the dissolved oxygen has less influence on the reduction of MTZ at the Bi
modified electrode, as exhibited in Figure 5-3(b). The peak current is almost identical in
the presence and absence of dissolved oxygen. However, there is some evidence that
oxygen is reduced at the GCE/Bi electrode, and this appears as a pre-peak centred at
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about —0.35 V vs. SCE before the onset of the MTZ reduction. This observation
demonstrates that dissolved oxygen has little influence on the reduction peak current of
the MTZ, hence all subsequent experiments were carried out in non-deoxygenated

solutions, making them more suitable for real sample analysis at different aquatic sites.

5.3.4 Comparison of four electrodes for the electrochemical detection of MTZ

Under the optimal experimental conditions, three modified electrodes were prepared,
they are GCE/Bi, GCE/Gr and GCE/Gr/Bi. Subsequently, their detection performance
for MTZ were assessed and compared with that of unmodified GCE. The
voltammograms of four electrodes in 0.1 mM MTZ were recorded and compared, as
described in Figure 5-4, showing that the reduction of MTZ undergoes an irreversible

reaction process, which is illustrated in Scheme 5.1.

AL
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Scheme 5-1. Schematic illustrating the electrochemical reduction of MTZ, with the
conversion of the -NO> to the -NHOH group.
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Figure 5-4. (a) CV curve of bare GCE and CV curves of bare GCE, GCE/Bi, GCE/Gr
and GCE/Gr/Bi recorded in 0.1 mM MTZ in PBS (pH 7.0) at 60 mV s
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By comparing the four electrodes in Figure 5-4, it is observed that for the
unmodified GCE, the MTZ is reduced at an applied potential of —0.74 V vs. SCE
accompanied by a very low peak current of 0.007 mA. After the GCE/Bi electrode was
used, a considerable reduction in the overpotential is seen with a potential of —0.52 V vs.
SCE while a clear increase in the peak current (0.02 mA) is observed. When the
GCE/Gr electrode was employed, a further increase in the peak current of 0.037 mA at
-0.61 V vs. SCE is seen. Impressively, the highest peak current is found with the
GCE/Gr/Bi electrode, giving the peak potential at — 0.64 V vs. SCE and a peak current
of 0.07 mA. Based on the comparison above, the highest peak current is achieved when
the GCE is modified by the combination of Bi and the deposited Gr to form the
GCE/Gr/Bi electrode. In addition, on comparing the GCE electrode with the GCE/Gr/Bi
electrode, a 10-fold increase in the peak current is seen, clearly indicating that the

GCE/Gr/Bi electrode has potential application in the electrochemical detection of MTZ.

5.3.5 Morphology characterisation of the modified electrodes

SEM, EDX and Mapping techniques were used to characterise the morphologies and
composition of the GCE/Gr and GCE/Gt/Bi electrodes, as shown in Figure 5-5.

Figure 5-5(a) and (b) show SEM micrographs of the GCE/Gr electrode. The Gr
sheets are clearly evident in the low magnification SEM micrograph, and the Gr sheets
are well dispersed over the entire surface of the electrode, but with some evidence of
aggregation at some sites. Such an observation is also evident in Figure 5-5(b) with
some Gr sheets stacked. After the deposition of Bi for 100 s, as described in Figure
5-5(c) and (d) for the GCE/Gr/Bi electrode, the SEM micrographs exhibit the Bi
deposited onto the Gr sheets, but also on the free GCE surface, with the Bi deposition
adopting wire like deposits and also some larger nanoparticles.

Further, the EDX spectrum of the GCE/Gr/Bi electrode indicates the presence of Bi,
C and O, clearly demonstrating that the Bi has been deposited at the surface of GCE,
meanwhile, the presence of the oxygen is consistent with the oxygenated groups on the
Gr, and possibly on the GCE. In addition, as show in Figure 5-5(f), the mapping data for

Bi and C reveal that both the Bi and C are approximately evenly dispersed across the
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surface of GCE.
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Figure 5-5. SEM micrographs of (a) and (b) GCE modified with electrodeposited Gr, (c)
and (d) GCE modified with electrodeposited Gr and Bi, (¢) EDX spectrum recorded at
GCE/Gr/Bi and (f) mapping of Bi and C at the GCE/Gr/Bi.

5.3.6 Influence of pH and the nature of the deposited Bi

As expressed in, Scheme 5-1 the reduction of MTZ shows that the -NO> group is
reduced to —NHOH, through a four-electron transfer reaction accompanied by the
participation of four protons. Hence, changing the pH of the solution will cause the shift
in the position of the reduction peak of MTZ. In this experiment, two electrodes,

involving the bare GCE and the GCE/Bi electrode, were employed to investigate the
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influence of the solution pH on the reduction peak potentials of MTZ. The obtained
results are shown in Figures 5-6, where Figure 5-6(a) represents the CV curves of bare
GCE in 4.0 mM MTZ with the solution pH of 3.5 to 11 and Figure 5-6(b) gives the CV
curves of the GCE/Bi electrode in 4.0 mM MTZ with the solution pH of 4 to 12. It is
apparent that the same variation trend in the reduction peak potentials of MTZ is
observed for the two electrodes, namely, as the pH is increased, the reduction peak
potentials shift to lower values, and this observation is consistent with the participation
of H* ions in the reduction process of MTZ, as described in Scheme 5-1.

Moreover, the influence of the solution pH on the reduction peak current is
summarised in Figure 5-6(c) for the bare GCE and GCE/Bi electrodes, the relationship
between the pH and the current is very different with the two electrodes. Apparently, for
the bare GCE electrode, the highest reduction peak current is found at a pH of 6.0, and
this observation is in very good agreement with several studies [11]. However, for the
GCE/Bi electrode, the highest reduction peak current is observed at a pH of 12.0,
indicating a higher rate of electron transfer in the alkaline solution. Perhaps, this is
related to the in-situ formation of bismuth oxide (Bi2O3) which becomes the
thermodynamically stable phase at pH values higher than 9.0.

In Figure 5-6(b), it is clearly seen that an oxidation wave also appears with the
increase of the solution pH, and this oxidation wave becomes evident as the solution pH
is increased beyond a pH of 9.0. This case can be explained in terms of the formation of
Bi20s. According to the Pourbaix diagram of Bi, the Bi2Os; phase becomes
thermodynamically stable at potentials in the vicinity of 0.0 to 0.8 V vs. SHE and at pH
values higher than about 9.0. The conversion of Bi to BixO; can be described by
Equation 5-2, while the corresponding relationship between the electrode potential and
pH is given in Equation 5-3. Using Equation 5-3, it is seen that £ will become lower as
the pH is increased. At a pH of 9.0, £ = —0.161 V vs. SHE, which is equivalent to
—0.401 V vs. SCE and this is in very good agreement with the oxidation waves observed
in Figure 5-6(b). Furthermore, the peak potential shifts to lower potentials with
increasing pH and this agrees well with Equation 5-3. The oxidation peak at a pH of 12
is somewhat lower and this is probably related to the solubilisation of Bi>Os in this

highly alkaline solution.
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2Bi +3H,O - BixO3; + 6H + 6¢e~ (5-2)
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Figure 5-6. (a) CV curves of bare GCE in 4.0 mM MTZ in PBS with different pH
values, (b) CV curves of GCE/Bi in 4.0 mM MTZ in PBS with different pH values, (¢)
reduction peak currents versus pH values for bare GCE and GCE/Bi electrodes (n = 1),
(d) FT-IR spectra of GCE/BIi (curve a) freshly deposited and (curve b) cycled in a pH 10
PBS and (e) the relationship of reduction peak potentials versus pH for the GCE/Bi (n =

).
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Further, the evidence for the formation of Bi,O3 at pH values higher than 9.0 was
obtained using FT-IR. Typical spectra are shown in Figure 5-6(d), where the spectrum
recorded for the freshly prepared GCE/Bi electrode is compared with the GCE/Bi
electrode cycled in a pH 10.0 PBS solution. The electrodeposited Bi has a weak peak at
1382 ¢cm™! which may be related to adsorbed nitrates, or Bi~OH, but there is no
evidence of any oxide phases. However, when the electrodeposited Bi is cycled in a
PBS at a pH of 10.0, additional peaks emerge, and these can be explained in terms of
the formation of Bi,Os3 and are in good agreement with data previously recorded for
Bi,03[25]. In particular, the peaks observed at 813, 833 and 1043 cm™! can be attributed
to the stretching of BiOs [25], while the peak at 565 cm™ can be assigned to the
Bi—O-Bi stretching vibration. The stronger bands at 1312 and 1382 cm™! are consistent
with the presence of Bi—~OH [26], while the weak band at 1621 cm™" is probably due to
the bending vibration of adsorbed water molecules.

Finally, the relationship between the solution pH and the reduction peak potential
of MTZ is exhibited in Figure 5-6 (e), where two linear regions are observed. The
regression equation of the linear region between a pH of 4.0 and 9.0 was obtained as E
= — 0.0487 pH — 0.2340 (R? = 0.993), showing good linearity. The given slope of
0.0487 V/pH is reasonably close to the theoretical value of 0.0591(m/n) V/pH obtained
from the Nernst equation at 298 K, where m expresses the number of protons
transferred and n represents the number of electrons involved in the electron-transfer
step. There is some deviation from the theoretical slope, hereby the m/n value was
computed as 0.83, which is consistent with the participation of equal numbers of
protons and electrons during the electron transfer process. Nevertheless, as the pH is
further increased from 9.0 to 12.0, the relationship between the solution pH and the
peak potential becomes as £ = — 0.0240 pH — 0.4561, where a lower slope is observed
as the H" concentration is diminished. Again, this observation may be related to the
formation of Bi,O3, which become the thermodynamically favoured phase at pH values

01 9.0 and higher.
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5.3.7 Influence of scan rate

In order to understand the dynamic process of the modified electrodes in the reduction
reaction of MTZ, the influence of the scan rates on the electrochemical behaviours of
MTZ was investigated at different electrodes including bare GCE, GCE/Bi, GCE/Gr
and GCE/Gr/Bi. The influence of scan rates on the peak currents and peak potentials is
shown in Figure 5-7 (a), (b) and (c) for bare GCE, Figure 5-8(a), (b) and (c) for the
GCE/Bi, Figure 5-9 (a), (b) and (c) for GCE/Gr and Figure 5-10 (a), (b) and (c) for
GCE/Gr/Bi at a fixed concentration of 0.1 mM MTZ.
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Figure 5-7. (a) CV curves of bare GCE in 0.1 mM MTZ in PBS cycled at different scan
rates between 20 and 200 mV s™!, (b) peak current plotted as a function of the square
root of scan rate and (c) logarithm of peak current plotted as a function of the logarithm
of scan rate.
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Figure 5-8. (a) CV curves of GCE/Bi in 0.1 mM MTZ in PBS at different scan rates
between 20 and 200 mV s7!, (b) MTZ peak current plotted as a function of the square
root of scan rate and (c) logarithm of peak current plotted as a function of the logarithm

of scan rate.
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Figure 5-9. (a) CV curves of GCE/Gr in 0.1 mM MTZ in PBS at different scan rates
between 20 and 200 mV s~!, (b) MTZ peak current plotted as a function of the scan rate
for GCE/Gr and (c) logarithm of peak current plotted as a function of the logarithm of

scan rate.
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Figure 5-10. (a) CV curves of GCE/Gr/Bi in 0.1 mM MTZ in PBS at scan rates
between 20 and 200 mV s™!, (b) peak currents plotted as a function of the scan rates and

(¢) logarithm of peak currents plotted as a function of the logarithm of scan rates (n =
3).

On the bare GCE, the reduction peak current of MTZ increases with the increase of
the scan rates, as shown in Figure 5-7(a). In Figure 5-7(b), on plotting the peak current
as a function of the square root of the scan rate, a linear plot was obtained for the bare
GCE, giving the linear regression equation as 7 = 1.00 x 107 v'2-0.40 x 1073 (R* =
0.999), where [ is expressed as mA and v in mV s7!, indicating that the reduction of
MTZ is under diffusion control at the bare GCE. Further, the logarithm of the peak
current as a function of the logarithm of the scan rate was plotted in Figure 5-7(c),
showing a linear relationship with a slope value of 0.5, which supports the diffusion
control process of MTZ reduction at the bare GCE.

Similarly, as illustrated in Figure 5-8(a), for the GCE/Bi electrode, the reduction
peak current of MTZ increases with the increase of the scan rates. Figure 5-8(b)

displays the plot of the reduction peak current versus the square root of the scan rate,
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delivering the linear regression equation as 7 = 0.0206 v'2 + 0.0169 (R? = 0.997),
suggesting that the reduction of MTZ is also under diffusion control at the GCE/Bi
electrode. In the same way, in Figure 5-8(c), the plot of the logarithm of the peak
current as a function of the logarithm of the scan rate displays a linear relationship with
a slope value of 0.55, which is consistent with the diffusion control process of MTZ
reduction at the GCE/Bi electrode.

Further, the relationship between the reduction peak current and the scan rate was
studied at the GCE/Gr and GCE/Gr/Bi electrodes. Both the CV curves of MTZ at the
GCE/Gr and GCE/Gr/Bi electrodes reveal that the reduction peak current of MTZ
increases with the increase of the scan rates in Figure 5-9 (a) for the GCE/Gr electrode
and Figure 5-10 (a) for the GCE/Gr/Bi electrode. However, compared with the bare
GCE and GCE/B4, it is observed that the reduction peak current of MTZ at the GCE/Gr
and GCE/Gt/Bi electrodes is related to the scan rate, as shown in Figure 5-9 (b) for the
GCE/Gr electrode and Figure 5-10 (b) for the GCE/Gr/Bi electrode, this implies that the
reduction of MTZ becomes an adsorption controlled process after the Gr nanoplatelets
were deposited on the surface of the electrodes. Meanwhile, the linear regression
equations were given as I = 5.80 x 10 v + 1.90 x 1073 (R? = 0.999) for the GCE/Gr
electrode and 7 = 1.24 x 1073 v + 4.0 x107 (R? = 0.999) for the GCE/Gr/Bi electrode,
respectively. Subsequently, the corresponding analysis on the relationship between the
logarithm of the peak current and the logarithm of the scan rate was carried out, in
Figure 5-9(c) for the GCE/Gr electrode and Figure 5-10 (c) for the GCE/Gr/Bi electrode,
two linear plots were found with slope values in the vicinity of 1.0 for the GCE/Gr (0.92)
and GCE/Gr/Bi (0.99) electrodes, clearly demonstrating that the reduction of MTZ
alters from a diffusion-controlled process at the bare GCE and GCE/Bi electrodes to an
adsorption controlled reaction when the Gr nanoplatelets are deposited on the electrode
surfaces. This means that the presence of graphene facilitates the adsorption of the MTZ
on the electrodes.

For an irreversible system, the diffusion controlled reactions are governed by the
Randles-Sevick equation, as expressed in Equation 54, where n, expresses the total
number of electrons transferred, n corresponds to the number of electrons transferred in
the rate-determining step, « is the charge transfer coefficient, D is the diffusion
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coefficient of MTZ, ¢ represents the concentration of MTZ and A is the electrode
surface area. In this system, the charge transfer coefficient, a, is taken to be 0.55, and n,
which corresponds to the total number of electrons transferred during the reduction step,
is 4.0, as displayed in Scheme 5-1. Generally, a single electron transfer step becomes the
rate-determining step, as it is highly improbable for the simultaneous transfer of

multiple electrons, thus n is set to unity.

I1=2.99 x 10° n, (na)'2A ¢ D2y (5-4)

Using Equation 54, the diffusion coefficient (D) of MTZ is computed as 4.2 x
1076 cm? s7! for the bare GCE. This computed D value is in reasonably good agreement
with the value of 7.96 x 10 ¢cm? s7! reported by Ammar et al. [7]. According to this
computed D value and comparison of two linear regression equations for the bare GCE
and GCE/Bi electrodes, the surface area of the GCE/Bi electrode is estimated to be
0.180 cm?, which shows an approximate 1.7-fold increase in the electroactive surface
area after the electrodeposition of the Bi.

Further, the Equation 5-5, in which E, and E,» are the peak and half-wave
potentials, is used to estimate the n'a value being 0.55 for the GCE/Grt/Bi electrode.
This value is consistent with a one-electron transfer rate-determining step during the
reduction of MTZ at the GCE/Gr/Bi electrode, as four electrons could not be transferred

simultaneously.

n'o (5-5)

Actually, a single electron transfer slow step for the reduction of MTZ at boron
doped diamond has been proposed by Ammar et al. [7], as expressed in Equation 5-6.
In addition, the heterogenous reaction rate constant (k°) can be calculated according to
the Equation 5-7, where F, A, C, R and T have their usual meanings [27], while the E°
value is estimated by extrapolating v to 0 using a plot of E, as a function of the

logarithm of v. Then, considering a one-electron transfer rate determining step, the &°
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value was calculated to be 2.5 x 102 em s' £ 6.3 x 107 for the GCE/Gr/Bi electrode.
This value suggests an efficient reduction of MTZ at the GCE/Gr/Bi electrode. The

corresponding linear plot is depicted in Figure 5-11, giving a linear regression equation

as In I, = — 34.25 (E, — E°) — 14.97 (R? = 0.986).

R—NO;+e — R—NO; (slow step) (5-6)

I, = 0.277TnFACK' o~ (anF(E ,—E?)/ RT (5-7)
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Figure 5-11. Logarithm of peak current plotted as a function of the peak potential
difference, Ep-E° for the GCE/Gr1/Bi electrode in 2.0 mM MTZ in PBS (n = 3).

5.3.8 Adsorption of MTZ at the GCE/Gr/Bi electrode

As discussed above, the reduction of MTZ at the GCE/Gr/Bi electrode becomes an
adsorption-controlled reaction. Further, this observation was verified by designing a
series of experiments, where the memory effect of GCE/Gr/Bi was studied together with
its ability to adsorb MTZ. The experimental results obtained are summarised in Figure
5-12(a), (b) and (c). The GCE/Gr/Bi electrode was firstly immersed in 0.1 mM MTZ for
a certain period of time, then this electrode was gently washed using deionised water
and cycled in the blank PBS without MTZ, the measured CV curves were recorded, as
displayed in Figure 5-12(a). From curves 1-4 in Figure 5-12(a), there is a clear
reduction wave of MTZ, suggesting a memory effect with the electrochemical reduction

of the adsorbed MTZ on the GCE/Gr/Bi electrode. Morcover, the influence of
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accumulation time was investigated and the results are described in Figure 5-12(b),
which indicates that the optimum accumulation period is about 300 s. This observation
is consistent with adsorption of MTZ at the Gr. Further, the adsorption was explored by
the UV-visible measurements. As presented in Figure 5-12(c), UV - vis spectra show
the data recorded for 0.01 mM MTZ in the presence and absence of 10 mg Gr. A
decrease in the absorbance is evident when Gr is added to the MTZ solution,
demonstrating that the MTZ is removed from the solution phase due to adsorbing onto
the Gr. Therefore, these data clearly show that the incorporated Gr within the

GCE/Gr/Bi electrode facilitates the adsorption of MTZ.
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Figure 5-12. (a) Memory effects showing voltammograms 1, 2, 3, 4 and 5 recorded in
PBS in the absence of MTZ for GCE/Gt/Bi, (b) peak current as a function of immersion
period for GCE/Gr/Bi and (¢) UV—vis spectrum of MTZ (0.01 mM) in the absence (a)
and presence (b) of Gr (10 mg).

5.3.9 Sensor performance of the fabricated GCE/Gr/Bi electrode

The sensing performance of the fabricated GCE/Gr/Bi electrode in the detection of

MTZ was studied by varying the concentration of MTZ and the corresponding CV
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curves for a series of MTZ concentrations between 0.005 and 260 uM were recorded.
The representative data are illustrated in Figure 5-13(a), while the inset shows the data
recorded for concentrations from 5 to 120 nM. In Figure 5-13(a) the small reversible
redox waves evident at about —0.45 V vs. SCE can be attributed to oxygenated species
at the Gr nanoplatelets. From Figure 5-13(a), the reduction peak currents increase with
the increase of the concentration of MTZ. When the peak current was plotted as a
function of the concentration of MTZ, as represented in Figure 5-13(b), a linear plot
with a regression equation as / (mA) = 0.6487¢ (mM) + 0.0047 (R? = 0.995) was
obtained. This shows excellent linearity over a wide concentration region. Meanwhile,
the calibration curve obtained with nM concentrations is revealed in the inset in Figure
5-13(b), again showing very good linearity. Moreover, according to the well-known
equation for the limit of detection (LOD = 3Sy/sensitivity), where Sy corresponds to the
standard deviation of the baseline in the absence of the MTZ, the LOD was computed as
0.90 nM, which gives an impressive low LOD value combined with a sensitivity of 0.65

UA uM 1+ 0.018.
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Figure 5-13. (a) CV curves of the GCE/Gr/Bi electrode recorded at 50 mV s! in MTZ
at concentrations from 0.005 to 260 uM; the inset shows the CV curves of the
GCE/Gr/Bi electrode in MTZ at concentrations from 5 to 120 nM; the red curve shows
the CV curve of the GCE/Gr/Bi electrode recorded at 50 mV s™! in blank PBS and (b)
peak current plotted as a function of the MTZ concentration from 0.005 to 260 uM; the
inset shows peak current plotted as a function of the MTZ concentration from 5 to 120
nM (n = 3).
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In addition, a similar approach was employed to obtain the linear regression
equation as 7 (mA) = 0.1780c¢ (mM) + 0.02674 (R? = 0.9953) for the GCE/Bi electrode.
Again, excellent linearity was found, but the calculated LOD was higher at 3.3 nM in
this case, and the sensitivity was lower adopting a value of 0.18 uA uM™'. Such
comparison clearly illustrates that enhanced detection may be due to the use of both Gr
and Bi. Again, this case may be connected to the adsorption of MTZ at the Gr
nanoplatelets and the higher electroactive surface area of the GCE/Gt/Bi electrode.

Furthermore, the practicality of the developed sensor was analysed. In terms of the
typical concentration of MTZ found in the environment, it has been reported that the
levels of MTZ can range from 0.5 to 21.4 ng/L in drinking water, but are higher in river
sediments, reaching levels of 1.21 pg/kg and ranging from 6.3 to 27.2 pg/kg in
vegetables [28]. While the LOD of 0.90 nM may not be suitable for direct analysis of

drinking water, the linear range is suitable for levels found in vegetables and sediments.

Table 5-1. Comparison of sensors in the electrochemical detection of MTZ.

Linear range LOD

Sensor materials Technique Reference
@M) (M)

CNF@AuNPs DPV 0.1-100 24 [29]
C60-rGO-NF/SPE SWV 0.25-34 210 [10]

CdS QDs DPV 0.1-203 53 [30]
Ni/Fe-LDH Amperometry 5—161 58 [31]
Dy(VO,4)/f-CNF/SPCE LSV 1.5-1036 6 (8]

ZnV MS DPV 0.05-59 9 [32]
ZnCo-based MOF LSV 0.05-100 17 [33]

N, S, P-doped porous carbon LSV 0.1-45 13 [34]
DyM/GCE DPV 0.01 — 2363 3 [35]
aFe>O3/CPE CvV 0.8-100 285 [36]
0-gCN/GCE DPV 0.01 —2060 5 [37]
MWNT-CS-Ni/GCE DPV 0.1 -150 25 [38]
NiO/Ni DPV 0.01 - 1.63 6 [39]
AgNP/CuMOF/PPy—GO SWV 0.08-160 24 [40]
HALOs/CPE DPV 0.5-1000 253 [41]
GCE/Bi CvV 0.02 — 240 3 This work
GCE/Gr/Bi CvV 0.005 — 260 0.9 This work
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Further, a comparison of the GCE/Gr/Bi and GCE/Bi electrodes with some
previously reported sensors for the detection of MTZ is listed in Table 5-1, focusing on
the more recent reports. From Table 5-1, it is clear that in many of these studies, two
linear concentration ranges are evident and for this comparison the lower concentration
ranges, which have been employed by the authors to estimate the LOD values, are only
provided. In this study, it is evident that the GCE/Gr/Bi electrode compares well with
them in terms of the LOD values and linear concentration ranges. On the other hand, it
is the simplicity of the GCE/Gt/Bi sensor that makes it suitable for the electrochemical

detection of MTZ, especially in terms of water analysis.

5.3.10 Evaluation of reproducibility, selectivity and stability

The reproducibility and selectivity are very important factors for the developed sensors.
First, the reproducibility of the GCE/Bi and GCE/Gr/Bi electrodes for the detection of
MTZ was evaluated using five different electrodes prepared on different days, and the
obtained results are described in Table 5-2, where five separate experiments were done
at a relatively high concentration of 2.0 mM for both the GCE/Bi and GCE/Gr/Bi
electrodes and a lower concentration of 0.1 mM for the GCE/Gr/Bi electrode. It is
obvious in Table 5-2 that the % RSD values are low and well below 5%, demonstrating

that two modified electrodes display good reproducibility for the detection of MTZ.

Table 5-2. Reproducibility of GCE/Bi and GCE/Gr/Bi in the detection of MTZ (n = 5).

Reduction Peak Current (nA) Mean RSD (%)
1 2 3 4 5 (n=15) (n=5)

GCE/Bi 145.26

147.3 | 1439 | 143.5 | 144.6 | 147.0 1.22
(2.0 mM MTZ) +1.77
GCE/Gr/Bi 276.14

278.3 | 2745 |273.6 |277.5 |276.8 0.73
(2.0 mM MTZ +2.01
GCE/Gr/Bi 67.57

69.53 [ 69.75 |69.93 | 69.14 | 69.48 0.43
(0.1 mM MTZ +0.31
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Furthermore, the selectivity was inspected using a variety of interfering
compounds, such as inorganic salts, which are present in aquatic environments, and
some organic compounds (e.g. glucose). The interferents included additional phosphates
(KH2POs), cations including Mg?* (MgCly), Zn*" (ZnCl,), Ca** (CaCl,), NH4Cl1 (AC) to
give NHy4" cations, sulfates (Na>SOs), nitrates (NaNOs3), carbonates (Na2CO3), chlorides
(CaCly), and citric acid (CA). For organic compounds, apart from glucose, nitrophenols,
(ortho- and para-nitrophenol, o-NP and p-NP) and hydrocortisone (HC) were also
chosen as interferents as these can be electrochemically reduced at a similar potential as
MTZ. For clarity, the CV technique was employed to record the interference study in a
0.1 mM MTZ solution in a neutral PBS. The interferents of the inorganic ions and
glucose were added at a concentration of 1.0 mM, to give a 10-fold excess over the
concentration of MTZ, while the concentrations of 0o-NP, p-NP and HC were used at 0.1
mM. When the CV curves of the mixed systems containing MTZ and interferents were
obtained, the reduction peak currents of MTZ were taken. The normalised reduction
peak currents (//lo, where I represents the peak current in the presence of the interferent
and /o expresses the peak current in the absence of the interferent) are shown in Figure
5-14(a). The reduction peak currents of MTZ are nearly identical, except for the
addition of nitrates and o-NP, where an increase in the current is observed. This is
consistent with the reduction of nitrates and o-NP at the modified electrode, but the
interference is low giving a 1.3% increase in the reduction peak current. Besides, adding
salts including sulfate, chloride, carbonate, and phosphate that are frequently observed
in aquatic environments have little influence on the reduction peak current due to that
these salts are not electroactive, but they may be adsorbed on the electrode surface in
competition with the adsorption of MTZ at the GCE/Gr/Bi electrode. Fortunately, the
adsorption of MTZ at the GCE/Gt/Bi electrode is not affected by these interferents. In
addition, for the nitrophenols, it is evident that the reduction of o-NP occurs at a
potential similar to that of MTZ, causing an increase in the reduction peak current of
MTZ (see Figure 5-14(b)), whereas the reduction of p-NP occurs at a lower potential
than MTZ, as shown in the Figure 514(c). It can be observed that the reduction of p-NP

occurs with a significant peak current at the GCE/Gr/Bi electrode, but the reduction
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peaks associated with MTZ and p-NP are well separated, thus p-NP is not an interferent

for the electrochemical detection of MTZ.
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Figure 5-14. (a) Normalised peak currents, (//ly), of 0.1 mM MTZ at GCE/Gr/Bi in a
PBS containing 10-fold concentrations of various inorganic ions and glucose, and with
equimolar concentrations of organic compounds (phenols and HC), (b) 0.1 mM MTZ in
the presence and absence of 0.1 mM o-NP at GCE/Gt/Bi and (c) shows CVs recorded in
0.05 mM MTZ and also in 0.05 mM p-NP.

Again, the stability is an important indicator for evaluating sensors. For this
purpose, using CV technique, the stability of the modified electrodes was explored by
cycling the modified electrodes continuously, then the reduction peak current of MTZ
was recorded following repeated cycling. Figure 5-15 shows the peak currents as a
function of the cycle number under stationary and mild stirring conditions for the
GCE/Bi and GCE/G1/Bi electrodes. It is worth noting that the peak currents remain
essentially constant over the 40 cycles, suggesting there is no electrode fouling.
However, for the unmodified GCE, the data are listed in Table 5-3, significant fouling
was observed. The currents are higher with mild stirring. This may be due to that the

mild stirring (at 100 rpm) enhances the diffusion of MTZ, and this is reflected in higher
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peak currents that also remain constant over the cycling period. Based on the

observation above, the prepared electrodes exhibit good stability.
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Figure 5-15. Peak currents of MTZ plotted as a function of CV cycle number with and

without stirring.

Table 5-3. The peak currents of MTZ (2 mM) at bare GCE during scanning 10 cycles.

Istcycle 2 cycle 31 cycle 4t cycle 5heycle
93 nA 54 uA 46 LA 43 A 41 uA
6Mcycle 7h cycle 8hcycle 9t cycle 10% cycle
40 LA 39 uA 38 LA 36 LA 34 A

5.3.11 Evaluation of regeneration of the modified electrode

Additionally, one significant advantage of using the electrodeposited bismuth film

modified electrode is the possibility of easy regeneration of the bismuth layer to obtain

a new electrode surface. Two approaches were used to explore this possibility. Firstly,

the electrodeposited bismuth film at the GCE/Gr/Bi electrode was oxidised and

removed from the electrode surface by applying a potential of 0.60 V vs. SCE for 400 s,

then a freshly electrodeposited bismuth film was generated by applying a potential of
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—1.0 V vs. SCE for 100 s. This removal and regeneration step was repeated five times,
and the resulting voltammograms are described in Figure 5-16. Good repeatability is

achieved with a 0.5% error in the peak currents.

0.02

10 -08 -06 -04 -02
E (V) vs. SCE

Figure 5-16. CV curves of MTZ using the regenerated Bi film at the GCE/Gr/Bi
electrode.

Secondly, an in-situ method was attempted to regenerate the bismuth film, that is,
the Bi(IIl) solution was mixed with the MTZ solution, then the electrode was cycled in
the mixed solution to 0.0 V vs. SCE to remove the previously electrodeposited Bi film.
For this experiment, the pH of the MTZ solution was adjusted to 1.23 to prevent the
precipitation of insoluble bismuth hydroxides. As a result, the reduction peak of MTZ
was moved to more positive potentials to coincide with the peak associated with the
Bi(IIl) reduction. As shown in Figure 5-17(a) and 5-17(b), it is found that the peak,
arising from the reduction of Bi(Ill) and MTZ, is sensitive to the MTZ concentration
and an approximate linear relationship is obtained with the linear regression equation as
I (mA)=-0.1023¢ (mM) -1.1321 (R? = 0.96).

Consequently, this study clearly demonstrates that the bismuth film on the
electrode surface can be regenerated either through an ex-situ or in-situ strategy, with
the ex-situ method providing very good reproducibility and is the more promising

strategy for the application of the developed sensor.
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Figure 5-17. (a) CV curves recorded for GCE in a mixture of MTZ (1 to 7 mM) and
Bi(NO3)3 (5 mM) and (b) peak current as a function of the MTZ concentration (n = 1).

5.3.12 Water analysis

Finally, the performance of the developed sensor in the analysis of MTZ in tap water
was examined employing a typical spiking and recovery experiment. Firstly, the tap
water was spiked with different concentrations of MTZ, and then the recovery was
analysed using the GCE/Gr/Bi electrode. Meantime, the deionized water was also
employed for comparison purpose. The data recorded are summarised in Table 5-3,
where it is evident that good recovery is achieved in the tap water, with the recovery
varying between 101.36 to 97.95%. Moreover, these recovery values are compared with
that obtained when using deionized water. It can be seen from Table 5-3 that they are
similar to each other. This analysis indicates good performance of the GCE/Gr/Bi sensor

for the detection of MTZ.

Table 5-3. Determination of MTZ in deionised water and tap water using GCE/Gr/Bi.
Sufficient phosphate was added to the deionised and tap water samples to give a 0.1 M
phosphate solution (n = 3).

Sample Added/ uM Found/ uM Recovery
10.0 10.17 (£ 0.29) 101.7%
Deionised water 50.0 49.22 (£ 1.57) 98.44%
100.0 102.15 (£ 1.94) 102.15%
10.0 9.86 (£ 0.16) 98.6%
Tap water 50.0 50.68 (£ 1.06) 101.36%
100.0 97.95 (£ 2.75) 97.95%
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5.4 Conclusion

In this chapter, a facile and effective electrochemical sensor for the detection of MTZ
was developed using a simple electrodeposition procedure. The Gr nanoplatelets were
initially electrochemically deposited on the surface of GCE to form the GCE/Gr
electrode, followed by the electrodeposition of Bi from an acidified Bi(IIl) solution for
100 s to form the GCE/Gr/Bi electrode. The SEM photographs indicated that the Bi
species was well dispersed across the surface of the GCE/Gr electrode, making the
GCE/Gr/Bi electrode perform well for the detection of MTZ, delivering an impressive
linear concentration range, good selectivity, good recovery and a low LOD value.
Especially, the simplicity of the sensor fabrication process combined with the ability to
readily regenerate the Bi layer on the electrode surface makes this an interesting sensor.
Moreover, this simple preparation approach could be applied in the analysis of other

analytes, where the regeneration of a new clean sensor surface is very important.
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6.1 Introduction

Even in today’s technically developed society, human beings are still affected by life
threatening infections caused by microbes including, respiratory tract infections,
cellulitis, urinary tract infections, prostatitis, anthrax, endocarditis, meningitis, pelvic
inflammatory disease, diarrhea, and tuberculosis. In order to treat these infections,
various pharmaceutical antibiotics are extensively employed worldwide. Among the
most important classes of synthetic antibacterial agents, fluoroquinolones are widely
utilised in human therapy, veterinary medicine and breeding industries due to their
effectiveness since 1980 [1]. Levofloxacin (LEVO) is one of the third-generation
fluoroquinolone antibiotics [2]. As a specific type of fluoroquinolone antibacterial agent,
LEVO is active against most gram-negative, some gram-positive and anaerobic bacteria
[3] as well as mycobacteria and rickettsias [4]. Nowadays, LEVO is commonly applied
to the clinical treatment of the genitourinary, respiratory and gastrointestinal tracts as
well as skin and soft-tissue infections [5]. Although LEVO can be used to treat these
severe infections, the excessive intake of LEVO can lead to infection resistance and
serious side effects including liver problems, abdominal discomfort, angioneurotic
edema and immunity disfunction and so on [6,7]. Moreover, the concentration of LEVO
in water environments is increasing owing to the release of the metabolites from human
and animal bodies and the wastewater generated by pharmaceutical factories and human
residential areas [8], leading to the LEVO accumulation, which may pose a major risk to
the ecological environment and human health, due to the emergence of potential
drug-resistant bacteria. Therefore, it is essential to implement highly sensitive and stable
techniques to analyse LEVO in versatile applications, such as environmental,
pharmaceutical, and dietary sectors.

Up to now, numerous analytical techniques have been applied to determine the
levels of LEVO, including liquid chromatography [9], surface-enhanced Raman
scattering [10], chemiluminescence [11], spectrophotometry [12], nuclear magnetic
resonance spectroscopy [13] and capillary electrophoresis [14]. However, most of these

methods are deficient in simplicity and cost-effectiveness, such as complex
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pre-treatment steps, time-consuming, complicated and expensive instrument. Compared
to the above traditional analytical technologies, the electrochemical method has gained
wide attention due to non-expensive instrumentation, easy operation, short analysis time,
high sensitivity and selectivity, long-term stability and outstanding repeatability.
However, the untreated or unmodified electrodes employed for the electrochemical
analysis normally exhibit poor performance because of their surface being easily
contaminated by analytes and intermediate products generated by the electrochemical
reactions on the electrode. To solve these problems, the surfaces of glassy carbon
electrodes have been decorated by using various modifiers including noble metals
nanoparticles [15] and metal oxides [16], carbon-based nanomaterials such as carbon
nanotubes (CNT) [17], reduced graphene oxide (rGO) [18] and conductive polymers
[19], to give improved performance in the detection of LEVO.

Copper is an abundant metal on the earth's crust with little toxicity. It is
inexpensive and has excellent conductivity, ductility and stability. The Cu nanoparticles
(CuNPs) retain their original property while endowing it with new physical and
chemical features. The CuNPs-based modified electrodes have been extensively studied
as sensors [20]. Da Silva et al. synthesised rGO supported CuNPs (rGO/CuNPs) by the
reduction of sodium borohydride, then the suspension containing CuNPs/rGO was
dropped onto the GCE surface to construct the GCE/rGO/CuNPs electrode, which was
used for the electrochemical detection of LEVO, achieving a LOD of 17 nM using DPV
[21]. While this study indicated that the CuNPs can be used as a sensor to detect LEVO,
some improvements can be made: (i) the CuNPs/rGO nanocomposite needed to be
pre-prepared, resulting in the time-consuming and complex steps, (ii) the SEM image of
the CuNPs/rGO did not show the uniform distribution of CuNPs on the rGO, (iii) the
GCE was modified by dropping the CuNPs/rGO nanocomposite on the surface and
drying, which may lead to instability of the modified electrode during the
electrochemical measurements in the solution. To improve on this study, in this chapter,
the electrodeposition of Gr and Cu was performed on the GCE to construct the
GCE/Gr/Cu electrode, which was employed for the electrochemical detection of LEVO.
No drop casting was necessary, the CuNPs were electrodeposited uniformly on the Gr

using a pulsed deposition method to give very good reproducibility. Furthermore, the
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results indicate that the preparation process of the sensor is time-saving with simple
steps to give good stability of the prepared GCE/Gr/Cu in the electrochemical detection
of LEVO.

6.2 Experimental Section

The phosphate buffer solutions (PBS, 0.1 M) at pH 4.0 to pH 10.0 were prepared with
the combination of Ko;HPO4 and H3PO4. LEVO solution (0.1 mM) was prepared
according to the procedure in Section 2.2.3.5. The mixed solution of K4Fe(CN)s +
K3Fe(CN); (1.0 mM) was prepared according to the procedure in Section 2.2.3.8. Gr
dispersion was prepared according to the details in Section 2.2.3.9, respectively. The
Cu(Ac); solution (10 mM, pH 4.5) and NaOH solution (0.1 M) were prepared using the
procedures in Sections 2.2.3.10 and 2.2.3.11, respectively. All the aqueous solution was
prepared in double-distilled water at room temperature.

The modified electrodes, GCE/Gr, GCE/Cu and GCE/Gr/Cu, were fabricated
according to the procedures in Sections 2.2.4.3, 2.2.4.4 and 2.2.4.7, respectively. The
electroactive surface areas of bare GCE, GCE/Cu, GCE/Gr and GCE/Gr/Cu were
measured in 1.0 mM [Fe(CN)¢]** containing 0.1 M KCI. The morphology and
composition of the modified electrodes were characterised using SEM, EDX and
elemental mapping. SEM with a Hitachi S—3200-N microscope was employed for the
surface morphology characterisation and an Oxford Instrument INCAz-act ESX was
used for EDX studies to analyse the chemical composition of the modified electrodes.
Electrochemical studies were performed via electrochemical workstation (CHI700C,
CHI760C) and Potentiostat (Solartron 1287 coupled with a 1255 FRA). The bare GCE
and the modified GCE were employed as working electrodes, Ultra-pure Pt wire and
saturated calomel electrode (SCE) were used as counter and reference electrodes in a
three-electrode electrochemical system. Unless otherwise stated, the CV experiments
were performed at a scan rate of 50 mV s~!. The DPV data were recorded with a pulse
amplitude of 50 mV, a pulse width of 0.05 s, sampling width of 0.0167 s, a pulse period

of 0.50 s, and an increment of 4 mV.
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6.3 Results and Discussions

6.3.1 Electrochemical behaviour of LEVO

The electrochemical behaviour of LEVO was studied in 0.1 mM LEVO at bare GCE.
The CV curve of LEVO at bare GCE is shown in Figure 6-1, it can be seen that there is
an oxidation peak at 0.95 V vs. SCE, with no corresponding reduction wave, suggesting
that the oxidation of LEVO undergoes an irreversible electrochemical reaction process,
which can be described in Scheme 6-1. This mechanism, which involves the transfer of
two electrons and two protons, is based on the proposed oxidation mechanism reported

in the literature [22].
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Figure 6-1. CV curve of bare GCE recorded in 0.1 mM LEVO in PBS at pH 7.
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Scheme 6-1. Schematic illustrating the electrochemical oxidation of LEVO [22].
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Figure 6-1 clearly illustrates the electrochemical activity of LEVO. Unfortunately,
the oxidation current value of LEVO at the unmodified GCE is low, thereby the GCE
needs to be modified or functionalised to improve its sensitivity for the determination of

LEVO. Both Gr and Cu were chosen as the modifiers for the functionalisation of GCE.

6.3.2 Preparation of the Gr film modified electrode

The Gr film was fabricated on the GCE by cycling within potential range from 0.8 V to
—1.5 V vs. SCE at 50 mV s! for 10 cycles to form the GCE/Gr electrode. Typical

voltammograms from 1 to 10 cycles in PBS are illustrated in Figure 6-2.

{ ——Gr deposition
304 ' Peak 1

Peak 2 g

—

-901  Vpeaks

15 -10 -05 00 05 1.0
E (V) vs. SCE

Figure 6-2. CV curves recorded in the potential range of —1.5 and 0.8 V vs. SCE at 50
mV s in PBS (pH 7) during the deposition of Gr on GCE with 10 cycles.

It is evident that there are two oxidation waves at about 0 V (peak 1) and 0.48 V
(peak 2) vs. SCE, while two reduction waves are observed at about —0.27 V (peak 3)
and —1.5 V (peak 5) vs. SCE. Moreover, a smaller less defined reduction wave appears
at about —0.87 V vs. SCE (peak 4). For all peaks (peaks 1-5), the peak currents increase
with the increase of cycling, this is related to the oxidation and reduction of the Gr. The
peaks 1 and 2 can be considered as the formation of oxygen-containing groups on the
Gr while the peaks 3-5 correspond to the reduction of the oxygen-containing groups

formed on the Gr. Furthermore, it can be seen that for peak 2, as the number of cycles
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increases, the oxidation peak potentials remain basically unchanged, however for peaks
1 and 3, the considerable shifts in the potentials are observed, for peak 1, increasing
from about —0.065 V for the first cycle to about —0.018 V vs SCE for 10™ cycle, while
for peak 3, increasing from about —0.45 V for the first cycle to about —0.26 V vs SCE

for 10% cycle.

0.12 0.05
(a) -5 cycles
=10 cycles
0.084 — 15 cycles
E 0.044 <
b E
0.00- -
-0.04 1
04 00 04 08 12 16 5 10 15
E (V) vs. SCE Deposition cycles

Figure 6-3. (a) CV curves of GCE/Gr recorded in 0.1 mM LEVO with the different
scanning cycles of 5, 10, 15 for the deposition of Gr and (b) the oxidation peak current
recorded in 0.1 mM LEVO as a function of the scanning cycles (n = 3).

In order to obtain the best performance for the detection of LEVO, different
scanning cycles, including 5, 10, and 15 cycles, were designed to electrochemically
deposit Gr on the GCE. After different scanning cycles, the prepared GCE/Gr was used
for the detection of LEVO and the corresponding CV curves were recorded and shown
in Figure 6-3 (a), whilst the oxidation peak currents were computed and plotted as a
function of scanning cycles, as shown in Figure 6-3 (b). It is evident that 10 cycles give
the highest peak current for the oxidation of LEVO. This may be the reason that the Gr
film generated during 5 scanning cycles is thinner, while the Gr film generated during
15 scanning cycles is thicker, resulting in a decrease in conductivity. Accordingly, 10
cycles were considered as the optimal scanning cycles for the deposition of Gr onto the

GCE.
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6.3.3 Preparation of the Cu film modified electrode

The copper film modified electrode was prepared by the electrochemical reduction of
Cu(Il) to metallic Cu followed by the deposition of Cu on the surface of GCE. The
copper complex, Cu(Ac), solution, was employed. As shown in Figure 6-4, the CV
curve of Cu(Ac); at bare GCE gives a reduction peak at —0.17 V vs. SCE corresponding
to the reduction of Cu(Il) to Cu(0) and a oxidation peak at 0.14 V vs. SCE
corresponding to the oxidation of Cu(0) to Cu(Il). Based on this CV curve and
according to the procedure described in the literature [23], a potentiostatic triple-pulse
procedure was employed for the electrodeposition of Cu at the GCE or the GCE/Gr

electrode.

—Cu(Ac)5 solution

04 -02 00 02 04 06
E (V) vs. SCE

Figure 6-4. CV curve of bare GCE recorded in 10 mM Cu(Ac); at a pH of 4.5.

First, a potential of 0.7 V vs. SCE was applied to the GCE or GCE/Gr for 5 s to
remove any pre-adsorbed Cu?* ions from the surface of the electrode, then the potential
of —0.45 V was applied to the GCE or GCE/Gr for 2.5 s to seed sufficient copper nuclei
at the surface of the GCE or GCE/Gr and finally, the potential of —0.25 V was applied to
the GCE or GCE/Gr for 50 s to allow the growth of the copper nuclei to form CuNPs

with certain size and shape. Further, the influence of the deposition time for the
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electrodeposition of Cu on the performance of the GCE/Cu electrode for the detection

of LEVO was investigated, Figure 6-5.

0.16 S— 0.04
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Figure 6-5. (a) CV curves of GCE/Cu recorded in 0.1 mM LEVO with the different
deposition periods of 30 s, 50 s, 80 s and 100 s for the GCE/Cu electrode and (b) the
oxidation peak current recorded in 0.1 mM LEVO as a function of the deposition period
of Cu on the GCE, n = 3.

As revealed in Figure 6-5, when the deposition time of Cu increases from 30 s to
100 s, the oxidation peak current of GCE/Cu in 0.1 mM LEVO is increased from 30 s to
50 s, whereas when the deposition time of Cu is more than 50 s, the deposition of Cu is
less effective. This may be the reason that a short deposition time (30 s) generates
CuNPs with small size, while a long deposition time (more than 50 s) generates CuNPs
with too large size. These CuNPs are not conducive to the oxidation of LEVO. A
deposition time of 50 s produces CuNPs with a suitable size. These CuNPs are
conducive to the oxidation of LEVO, thereby, the time of 50 s was selected as the best
deposition period to decorate the CuNPs onto GCE and GCE/Gr. Interestingly, on
comparing Figure 6-5 and Figure 6-3, it is evident that a new oxidation wave emerges in
the vicinity of 0.0 V for the GCE/Cu, which is clearly connected with the deposited
CuNPs. This seems to be related to the oxidation of the CuNPs, with the conversion of
Cu to Cu0. A corresponding reduction wave is evident at about —0.2 V and this

indicates the conversion of Cu,0O back to Cu.
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6.3.4 Comparison of four electrodes for the electrochemical detection of LEVO

Based on the investigation above, the optimal experimental conditions, scanning cycles
of 10 for the deposition of Gr and deposition time of 50 s for the fabrication of CuNPs,
were utilised to construct three modified electrodes, GCE/Gr, GCE/Cu and GCE/Gr/Cu.
Subsequently, the performance of the three modified electrodes for the oxidation of
LEVO were compared with the unmodified GCE. Figure 6-6 illustrates the CV curves
of the four electrodes recorded in 0.1 mM LEVO. By comparing the oxidation peak
currents for each electrode, it is noticed that the unmodified GCE gives a low oxidation
current of 0.02 mA, after the modification of Gr, the GCE/Gr electrode gives an
oxidation current of 0.046 mA, whilst the GCE/Cu electrode gives an oxidation current
of 0.034 mA. However an impressive peak current of 0.082 mA was found when the
GCE/Gr/Cu electrode was used. Therefore, the highest peak current is achieved with the
modification of GCE with the combination of CuNPs and the deposited Gr. The peak
current value of the GCE/Gr/Cu was 4.1 times higher than that of the unmodified GCE.
In addition, good reproducibility was achieved as illustrated in Table 6-1, where the data
from four independent experiments are summarised together with the RSD %. Indeed,

the greatest reproducibility is achieved with the GCE/Gr/Cu.

0.16
— - bare GCE
0.124 - - -GCE/Cu
— -GCE/Gr /,
= GCE/Gr/Cu | o
g 0.084
= 0.04-
0.004
-0.041

04 00 04 08 12 16
E (V) vs. SCE

Figure 6-6. CV curves of bare GCE, GCE/Cu, GCE/Gr and GCE/Gr/Cu recorded in 0.1
mM LEVO in PBS (pH 7.0) at 50 mV s
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Table 6-1. Reproducibility of GCE/Cu, GCE/Gr and GCE/Gr/Cu in the detection of
LEVO.

Oxidation Peak Current (LA) Mean RSD (%)
0.1 mM LEVO
1 2 3 4 5 (n=15) (n=73)
GCE/Cu 31.65 31.37 31.89 | 32.18 3147 | 31.71£0.35 1.08
GCE/Gr 46.20 45.55 4425 | 45.20 45.85 | 4541+0.75 1.65
GCE/Gr/Cu 81.44 79.81 80.27 | 80.97 80.52 | 80.60 % 0.63 0.78

6.3.5 Effective surface areas

The effective surface areas of the four electrodes including bare GCE, GCE/Cu,
GCE/Gr and GCE/Gr/Cu were measured. The mixed solution containing 1.0 mM
[Fe(CN)6]*/[Fe(CN)s]* and 0.1 M KCI was employed as a probe, and then the CV
curves of these four electrodes in this solution were recorded at different scan rates,
Figure 6-7. The quasi-reversible behaviour of the probe is clearly evident in Figure 6-7,
with the peak currents increasing with an increase in the scan rate. Using the oxidation
peak current corresponding to the conversion of Fe (II) to Fe (III), the peak current was
recorded as a function of the square root of the scan rate and is plotted in Figure 6-7. It
can be seen that linear plots were obtained with the four electrodes, giving the linear
regression equations as I = 5.05 x 107 v2—9.70 x 1077 (R? = 0.999) for the bare GCE,
I1=5.65x103v'2-6.68 x 1077 (R? = 0.998) for the GCE/Cu, = 8.19 x 107> v!2—4.22
x 107 (R? = 0.999) for the GCE/Gr and 7 = 1.03 x 107* v"2—1.05 x 107 (R? = 0.994)
for the GCE/Gr/Cu. The Randles-Sevcik equation described in Equation 6-1 was

applied to compute the effective surface area of the electrodes.

ip=(2.69 % 10%) n¥2 D2 p12 4C (6-1)

Here i, is the peak current (A), n is the number of electrons, D is the diffusion
coefficient (cm? s71), v is the scan rate (V s7!) and C is the concentration (mol/mL), and

A is the effective surface area of the electrode (cm?).
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Figure 6-7. CV curves of bare GCE (a), GCE/Cu (¢), GCE/Gr (e) and GCE/Gr/Cu (g)
in 1.0 mM [Fe(CN)s]*/[Fe(CN)s]* solution containing 0.1 M KCI at scan rates, 20, 40,
60, 80 100, 120, 140, 160, 180 and 200 mV s7'; the oxidation peak current as a function
of the square root of the scan rate for bare GCE (b), GCE/Cu (d), GCE/Gr (f) and

GCE/Gr/Cu (h), n= 3.
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Using Equation 6-1, the surface areas were calculated as, 0.068 cm? £ 0.0015 for
bare GCE, 0.076 cm? = 0.0023 for the GCE/Cu, 0.11 cm? + 0.0019 for the GCE/Gr and
0.14 cm? + 0.0035 for the GCE/Gr/Cu. It is obvious that the effective surface area of the
electrodes increases with the modifications, and this increasing surface area is consistent
with the enhanced electrochemical oxidation of LEVO with the GC/Gr/Cu seen in
Figure 6-6.

It is also evident from a comparison of the CVs in Figure 6-7 that the GCE/Gr and
GCE/Gr/Cu exhibit more facile electron transfer. This is evident from the peak to peak
separations, which were computed as 0.14 V + 0.0035, 0.12 V £ 0.0025, 0.079 V *
0.0019 and 0.075 V % 0.0028 for the GCE, GCE/Cu, GCE/Gr and GCE/Gr/Cu at a scan
rate of 60 mV s!. Therefore, it appears that the enhanced detection of LEVO at the
GCE/Gr/Cu is connected to both an increase in the electroactive surface area and to a

more conducting interface that facilitates the electron transfer step.

6.3.6 Morphology characterisation of GCE/Gr and GCE/Gr/Cu surface

: 10-am i et

Figure 6-8. SEM micrographs of (a) GCE modified with electrodeposited Gr, (b) GCE
modified with electrodeposited Gr and Cu, (¢) EDX spectrum recorded at GCE/Gr/Cu
and (d,e) mapping of C and Cu at the GCE/Gr/Cu.
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SEM, EDX and elemental mapping techniques have been widely used to characterise
the morphology and composition of the species on the solid surface. Here, the
morphologies and composition of the prepared GCE/Gr and GCE/Gr/Cu electrodes
were characterised by SEM, EDX and elemental mapping, as shown in Figure 6-8.

The SEM micrographs of the GCE/Gr and GCE/Gr/Cu electrodes are revealed in
Figure 6-8 (a-b). It can be seen in Figure 6-8 (a) that the Gr sheets are well dispersed
over the entire surface of the electrode, but with some aggregation observed at some
sites. After the deposition of Cu for 50 s, as shown in Figure 6-8 (b) for the GCE/Gr/Cu
electrode, it is evident that the CuNPs have been mostly deposited onto the Gr sheets,
with the Cu deposition adopting ball like deposits and some larger nanoparticles. The
typical size of the CuNPs were approximately 150 nm. Moreover, the EDX spectrum of
the GCE/Gr/Cu electrode shows the presence of C and Cu, Figure 6-8 (c), clearly
indicating that the Cu has been deposited on the electrode. Also, the mapping data for C
and Cu, illustrated in Figure 6-8 (d, e), suggest that both the C and Cu are
approximately evenly dispersed across the electrode surface. The EDX shows only a
low signal for O, which suggests that the copper deposits are largely metallic

nanoparticles, CuNPs.

6.3.7 Electrochemical characterisation of GCE/Cu, GCE/Gr and GCE/Gr/Cu in
NaOH

To further confirm the deposition of Cu and Gr on the GCE, the voltammograms of the
three modified electrodes were recorded in 0.1 M NaOH, Figure 6-9.

The following information can be obtained: (i) the CV curve of GCE/Cu in 0.1 M
NaOH is similar to that reported in the literature [24], suggesting the CuNPs are
crystalline, (ii) both the redox peaks of Cu in Figure 6-9 (a) and Gr in Figure 6-9 (b) are
observed in Figure 6-9 (c), demonstrating the deposition of Cu and Gr on the GCE, (iii)
the redox peak current values of Cu for the GCE/Gr/Cu electrode are lower than that for
the GCE/Cu electrode, meaning that the nucleation process on the Gr is more controlled

compared to that on the GCE, owing to limited availability of active sites.
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Figure 6-9. Voltammograms of the GCE/Cu (a), GCE/Gr (b) and GCE/Gr/Cu (¢) in 0.1
M NaOH with the scan rate of 20 mV s™'.

6.3.8 Influence of scan rates

To understand the dynamic process of the developed electrochemical sensors in the
oxidation reaction of LEVO, the effect of the scan rate on the electrochemical oxidation
of LEVO was studied at different electrodes including the bare GCE, GCE/Cu, GCE/Gr,
and GCE/Gr/Cu. The voltammograms of these electrodes recorded in 0.1 mM LEVO
with different scan rates from 20 to 200 mV s™! are displayed in Figure 6-10 (a), (b) and
(c) for the bare GCE, Figure 6-11 (a), (b) and (c) for the GCE/Cu, Figure 6-12 (a), (b)
and (c) for GCE/Gr and Figure 6-13 (a), (b) and (c¢) for GCE/Gr/Cu. The oxidation peak
currents increase with respect to the increase in the scan rates for all the electrodes,
Figure 6-10 (a) — Figure 6-13 (a). These observations were further analysed by plotting
the oxidation peak current as a function of the square root of scan rates. As shown in

Figure 6-10 (b) — Figure 6-13 (b), good linear relationships were obtained, giving
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R? values and the linear regression equations as follows: R? = 0.997, I = 0.0022 v!2 +
0.0013 for the bare GCE, R? = 0.999, 7 = 0.0039 v''>+ 0.00083 for the GCE/Cu, R? =
0.997, I =0.0077 v’> — 0.0046 for the GCE/Gr and R? = 0.997, I = 0.012 v!"> — 0.0051
for the GCE/Gr/Cu, respectively. Furthermore, the logarithm of the oxidation peak
current as a function of the logarithm of the scan rate was also plotted in Figure 6-10 (c)
— Figure 6-13 (c), showing good linear relationships, providing the slopes of the
logarithmic plots as 0.46 £ 0.012 for the bare GCE, 0.49 + 0.011 for the GCE/Cu, 0.52 £
0.015 for the GCE/Gr and 0.51 £ 0.017 for the GCE/Gr/Cu, respectively. These values
are close to 0.5, further supporting a diffusion-controlled reaction process of LEVO on

the surface of the four electrodes.
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Figure 6-10. (a) CV curves of the bare GCE in 0.1 mM LEVO in PBS at scan rates
between 20 and 200 mV s, (b) peak currents plotted as a function of the square root of
the scan rates and (¢) logarithm of peak currents plotted as a function of the logarithm of
scan rates, n = 3.
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Figure 6-11. (a) CV curves of GCE/Cu in 0.1 mM LEVO in PBS at scan rates between
20 and 200 mV s!, (b) peak currents plotted as a function of the square root of the scan
rates and (c) logarithm of peak currents plotted as a function of the logarithm of scan

rates, n = 3.
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Figure 6-12. (a) CV curves of GCE/Gr in 0.1 mM LEVO in PBS at scan rates between
20 and 200 mV s’!, (b) peak currents plotted as a function of the square root of the scan
rates and (c) logarithm of peak currents plotted as a function of the logarithm of scan

rates, n =3.
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Figure 6-13. (a) CV curves of GCE/Gr/Cu in 0.1 mM LEVO in PBS at scan rates
between 20 and 200 mV s’!, (b) peak currents plotted as a function of the square root of
the scan rates and (c¢) logarithm of peak currents plotted as a function of the logarithm of
scan rates, n = 3.

Further, the rates of the electron transfer on four electrodes, bare GCE, GCE/Cu,
GCE/Gr and GCE/Gr/Cu, were estimated using the Laviron method, which is expressed

in Equation 6-2 and represents an irreversible redox reaction.

RT RTH RT
Ep=E°+( )1n( )+ Inv
anF, anF anF (6-2)

In which, R, T and F stand for the gas constant, thermodynamic temperature, and
Faraday constant, respectively, while E° represents the standard oxidation potential. The
E° values were assessed as 806 mV vs. SCE for bare GCE, 820 mV vs. SCE for
GCE/Cu, 813 mV vs. SCE for GCE/Gr and 864 mV vs. SCE for GCE/Gr/Cu by

extrapolating the scan rate to 0 mV s™!.

On plotting the peak potential (E£p) as a function of the natural logarithm of the

scan rate (v), linear plots were given for four electrodes, bare GCE, GCE/Cu, GCE/Gr
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and GCE/Gr/Cu, as displayed in Figure 6-14, providing the linear regression equations

as follows, Ep, (V) = 0.034 Inv (mV s™!) + 0.806 (R? = 0.997) for the bare GCE, E, (V) =
0.030 Inv (mV s™') + 0.820 (R? = 0.997) for the GCE/Cu, E, (V) = 0.026 Inv (mV s™') +

0.813 (R? = 0.998) for the GCE/Gr and E, (V) = 0.022 Inv (mV s 1) + 0.864 (R? = 0.998)
for the GCE/Gr/Cu, respectively. On fitting these relationships to Equation 6-2, the K

was computed as 26.31 s™! £+ 0.83 for the bare GCE, 33.33 s™!' + 0.91 for the GCE/Cu,

38.46 s7! + 1.06 for the GCE/Gr and 46.17 s™! £+ 1.15 for the GCE/Gr/Cu, respectively.

It is evident that the rate of the electron transfer on four electrodes increases with

decorating with the Cu and Gr.
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Figure 6-14. Peak potential plotted as a function of logarithm of scan rate in 0.1 mM
LEVO for bare GCE (a), GCE/Cu (b), GCE/Gr (¢) and GCE/Gr/Cu (d), n = 3.
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6.3.9 Influence of pH

As illustrated in Scheme 6.1, the oxidation of LEVO shows that the nitrogen moiety
(-N-CH3) in LEVO is oxidised to the -NO-CHj3 group, through a two-electron transfer
reaction accompanied by the participation of two protons. Thus, the effect of the pH of
the solution on the shift in the position of the oxidation peak of LEVO was investigated
with the GCE/Gr/Cu electrode. The obtained results are exhibited in Figures 6-15,
where Figure 6-15(a) represents the voltammograms of the GCE/Gr/Cu in 0.1 mM
LEVO at different solution pH values of 4.0 to 11.
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Figure 6-15. (a) CV curves of the GCE/Gr/Cu electrode in 0.1 mM LEVO in PBS with
different pH values from 4 to 10, (b) oxidation peak currents versus pH values and (¢)
the relationship of oxidation peak potentials versus pH, n = 3.
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It can be seen that the oxidation peak potential of LEVO shifts to lower values with
an increase in the solution pH. This situation is related to the participation of the protons
in the oxidation reaction process of LEVO, as illustrated in Scheme 6.1. Moreover, the
effect of the solution pH on the oxidation peak current is displayed in Figure 6-15(b)
with the GCE/Gr/Cu electrode. It is evident that the highest oxidation peak current
appears at a pH of 7.0, thus the PBS with pH 7.0 was chosen to carry out the
electrochemical detection of LEVO. Furthermore, the relationship between the solution
pH and the oxidation peak potential of LEVO is summarised in Figure 6-15(c), where a
linear region is obtained, providing the regression equation as £ = — 0.046 pH + 1.24
(R%? = 0.996). The obtained slope of 0.046 V/pH +0.0013 displays some deviation from
the theoretical slope of 0.0591(m/n) V/pH obtained from the Nernst equation at 298 K,
where m expresses the number of protons transferred and n represents the number of

electrons involved in the electron-transfer step.

6.3.10 Detection performance of the electrochemical sensor GCE/Gr/Cu

The sensing performance of the prepared GCE/Gr/Cu electrode in detecting LEVO
was evaluated by varying the concentration of LEVO and the corresponding CV curves
for a series of LEVO concentrations between 0.1 and 300 uM were recorded, Figure
6-16. The representative data are illustrated in Figure 6-16 (a). As can be seen clearly,
the oxidation peak currents increase with an increase of the concentration of LEVO.
When the oxidation peak current was plotted as a function of the concentration of
LEVO from 0.1 and 300 pM, two linear regions were observed with different
sensitivities, as represented in Figure 6-16 (b, c). As the concentration of the pollutants
in the water environment is at lower levels, the low concentration range of 0.1 to 40 uM
was taken as an example for the further study, giving a linear plot with a regression
equation as 7 (pA) = 1.39 ¢ (uM) + 15.27 (R? = 0.997). According to the obtained
sensitivity of 1.39 pA/uM £ 0.031 and the well-known equation for the LOD =
3Sv/sensitivity, the LOD was computed as 11.86 nM + 0.26.
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Figure 6-16. (a) Voltammograms of the GCE/Gr/Cu electrode recorded at 50 mV s7! in
LEVO at different concentrations from 0.1 to 300 uM in PBS (pH 7), the red curve is
the GCE/Gr/Cu electrode in blank PBS, (b) the oxidation peak current plotted as a
function of the LEVO concentration from 0.1 to 300 uM and (¢) the oxidation peak
current plotted as a function of the LEVO concentration from 0.1 to 40 uM, n = 3.

Similarly, the DPV technique was used to record the voltammograms, as depicted

in Figure 6-17 (a), then the relationship of the peak currents versus the concentration of

LEVO was plotted in Figure 6-17 (b), and again two linear regions are seen. The

excellent linearity was obtained at the low concentration range between 0.2 to 22 uM,

the linear regression equation was deduced as 7 (uA) = 0.93 ¢ (uM) + 2.01 (R? = 0.998)

with the LOD of 18.56 nM + 0.35.
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Figure 6-17. (a) DPV curves of the GCE/Gr/Cu electrode recorded in LEVO at
different concentrations from 0.2 to 63 uM in PBS (pH 7), the red curve is the
GCE/Gr/Cu electrode in blank PBS, green, pink and blue curves are the GCE/Gr/Cu
electrode in different concentration of LEVO (1.9, 3.1 and 62.6 uM), (b) the oxidation
peak current plotted as a function of the LEVO concentration from 0.2 to 63 uM and (c¢)
the oxidation peak current plotted as a function of the LEVO concentration from 0.2 to
22 uM.

Comparing the voltammograms using CV and DPV techniques, it is seen that the
redox peaks of Cu are maintained during the sensing performance test with the CV
technique whereas the oxidation peak currents of Cu decay with the repeated DPV
experiments. This may be connected to the manner in which the experiments were
recorded. In the CV experiment, the potential was cycled in the forward and reverse
direction and as a result the copper was converted from Cu to Cu;O during the forward
cycle and from CuO to Cu during the reverse cycle. However, during the DPV

experiment, there is little conversion of Cu2O back to Cu and after the repeated DPV
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traces which are only cycled in the forward direction, most of the copper resides as
Cu,0. This is consistent with the Pourbaix diagram shown in Figure 6-18. The Cu/Cu,O
transition occurs at approximately 60 mV vs. SHE, at a pH of 7, which corresponds to
—180 mV vs. SCE. This is in good agreement with the copper related peaks in Figure
6-17(a), which occur at approximately -190 mV vs. SCE. As CwO is the
semiconductor, so its conductivity is worse than that of Cu, resulting in the lower LOD

with DPV than CV.
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Figure 6-18. Pourbaix diagram of Cu.

The LODs for the two techniques were further compared with some recently
reported sensors for the detection of LEVO. As listed in Table 6-2, the LOD is
comparable to others and considerably lower than some of the quoted values, such as
LOD values of 530 nM [25], 2880 nM [1], and 3900 nM [15]. In addition, the
developed sensor shows simple fabrication and cost-effectiveness. Accordingly, the
developed GCE/Gr/Cu sensor is suitable for the electrochemical detection of LEVO in

terms of water analysis.
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Table 6-2. Comparison of sensors in the electrochemical detection of LEVO.

Linear range LOD

Sensor materials Technique Reference
(HM) (nM)
BDD electrode Cv 48 — 100 10100 [1]
BDD electrode SWV 10-80.9 2880 [1]
g-C3N4@GO/GCE DPV 0.5-15 79 (2]
Au/PDDA/rGO/GCE LSV 10 —-200 3900 [15]
Poly(PGR)/GCE LSV 02-15 97 [22]
G-AuNPs/MIP DPV 1.0 - 100 530 [25]
Cu-MOF/SPE Cv 0.1-100 16 [26]
Cu-MOF/SPE DPV 0.1 -100 170 [26]
rGO/3D-CB/PLA DPV 10-50 2170 [27]
poly(p-ABSA)-rGO/GCE LSV 2-30 120 (28]
Co/Ni-MOF/GCE LSV 0.1 -500 22 [29]
MWCNTs/SnO» DPV 1.0-9.9 200 [30]
NFS/CPE DpPV 2.0-1000 90 [31]
AgNPs-CB-PEDOT:PSS/GC ~ SWV 0.67—-12 14 [32]
E
GCE/Gr/Cu Ccv 0.1 -40 11.86 This work
GCE/Gr/Cu DPV 02-22 18.56 This work

For clarity, the CV curves of the GCE/Gr/Cu in 0.1 mM LEVO before and after the
sensing performance tests were recorded and are compared in Figure 6-19. The CV
curve of the GCE/Gr/Cu before the sensing performance test clearly shows the redox
peak between 0.0 and —0.4 V vs. SCE, Figure 6-19 (curve 1), after the sensing
performance test with CV technique, the GCE/Gr/Cu electrode was immersed in 0.1
mM LEVO and its CV curve was measured again, Figure 6-19 (curve 2), the same
redox peak associated with the CuNPs is seen, whereas after the DPV measurement,
Figure 6-19 (curve 3), the redox peaks are absent. Moreover, it is observed from Figure
6-19 (curves 2 and 3) that the peak current of the GCE/Gr/Cu electrode in 0.1 mM

LEVO is somewhat higher after the CV experiment compared with that after the DPV
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experiment. These finding are consistent with the LODs for the CV and DPV
experiments, namely the LOD of 11.86 nM for CV experiment is somewhat lower than
the LOD of 18.56 nM for the DPV experiment, indicating that most of the CuNPs were
converted to Cu,O NPs following the DPV experiment, further demonstrating that the
CuNPs play a more significant role in the detection of LEVO compared to the Cu.O
NPs. In addition, this observation also suggests the stability of the GCE/Gr/Cu electrode
during the CV experiment. On comparing the currents for the sensor after the CV and
DPV experiments and the freshly prepared sensor, the peak current of the GCE/Gr/Cu
electrode in 0.1 mM LEVO is somewhat higher, which may be related to the
hydrophobic nature of graphene. After the CV and DPV experiments, the sensor surface
is adequately wetted with the aqueous solution, enabling more efficient oxidation of the

LEVO.
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Figure 6-19. Voltammograms of the GCE/Gr/Cu electrode recorded at 50 mV s! in 0.1
mM LEVO in PBS (pH 7), the curve 1 is the CV curve of the freshly prepared
GCE/Gr/Cu electrode, curve 2 is the CV curve of the GCE/Gr/Cu electrode after adding
different concentration of LEVO with CV technique and curve 3 is the CV curve of the
GCE/Gr/Cu electrode after adding different concentration of LEVO with DPV
technique.

6.3.11 Evaluation of reproducibility, selectivity, and stability

The reproducibility, selectivity and stability are very important considerations for the
performance of an electrochemical sensor. The reproducibility of the GCE/Cu, GCE/Gr,
and GCE/Gr/Cu electrodes for the detection of LEVO was inspected by independently
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preparing three corresponding electrodes through the same procedure on different days.
Further these electrodes were studied in 0.1 mM LEVO. Figure 6-20 shows the
voltammograms of the GCE/Cu electrodes at the Cu deposition times of 50 and 100 s in
0.1 mM LEVO and the histogram of the oxidation peak currents as a function of the
deposition frequency of 5 times (mean: 0.032 mA % 0.0035 for 50 s and 0.023 £ 0.0073
for 100 s). It is apparent that the GCE/Cu electrodes possess good reproducibility with

the relative standard deviation (RSD) of 1.08% with 50 s deposition for the detection of

LEVO.
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Figure 6-20. (a) Voltammograms of the GCE/Cu with Cu deposition of 50 s recorded in
0.1 mM LEVO at 50 mV s! for five times, (b) Voltammograms of the GCE/Cu with Cu
deposition of 100 s recorded in 0.1 mM LEVO at 50 mV s™! for five times and (c) the
oxidation peak current versus the deposition frequency for different deposition time of
50 and 100 s (n=15).

Figure 6-21 displays the voltammograms of the GCE/Gr electrode at the Gr

deposition of 10 cycles in 0.1 mM LEVO and the histogram of the oxidation peak
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currents as a function of the deposition frequency of 5 times (mean: 0.045 mA + 0.0075).

The same good reproducibility with the RSD of 1.65% is observed for the detection of

LEVO.
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Figure 6-21. (a) Voltammograms of the GCE/Gr with Gr deposition of 10 cycles
recorded in 0.1 mM LEVO at 50 mV s! for five times and (b) the oxidation peak
current versus the deposition frequency (n = 5).
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Figure 6-22. (a) Voltammograms of the GCE/Gr/Cu with Cu deposition of 50 s and Gr
deposition of 10 cycles recorded in 0.1 mM LEVO at 50 mV s! for five times and (b)
the oxidation peak current versus the deposition frequency (n = 5).

Further, the voltammograms of the GCE/Gr/Cu electrodes at the Cu deposition
time of 50 s and Gr deposition of 10 cycles in 0.1 mM LEVO and the histogram of the
oxidation peak currents as a function of the deposition frequency of 5 times are
exhibited in Figure 6-22, giving the mean of 0.081 mA + 0.0063 with the RSD of 0.78%
for the detection of LEVO. Compared to the GCE/Gr, after the deposition of CuNPs, the
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GCE/Gr/Cu electrode not only increases the sensitivity for the detection of LEVO, but
also improves the reproducibility of the electrode.

The selectivity of the GCE/Gr/Cu electrode for the detection of LEVO was
investigated through using a variety of interfering compounds, such as inorganic salts,
which are present in aquatic environments, and some organic compounds, which have
similar structures with LEVO. The CV technique was utilised to record the interference
study in 0.1 mM LEVO. When the CV curves of the mixed solutions containing LEVO
and interferents were obtained, the oxidation peak currents of LEVO were taken. The
normalised oxidation peak currents (//lo, where I represents the peak current in the
presence of the interferent and /o expresses the peak current in the absence of the
interferent) are displayed in Figure 6-23. It is evident that the oxidation peak currents of
LEVO are nearly identical, in the presence of a 10-fold concentration of common
inorganic salts like CH3COONa (NaAc), NaxSO4, NaCOs;, NaNO;, NaNO;s; and
equimolar concentrations of glucose (Glu), ascorbic acid (AA), 4-(2,4-dichlorophenoxy)
butyric acid (2,4-DB), Hydrocortisone (HC), p-Nitrophenol (p-NP), o-Nitrophenol
(0-NP), 4-Chloro-2-methylphenoxyacetic acid (MCPA) and Metronidazole (MTZ) had
no obvious influence in the analysis of LEVO. Therefore, the GCE/Gr/Cu electrode

exhibited a good selectivity for the electrochemical detection of LEVO.
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Figure 6-23. Normalised oxidation peak currents, (//lp), of 0.1 mM LEVO at the
GCE/Gr/Cu in a PBS containing 10-fold concentrations of various inorganic ions and
equimolar concentrations of organic compounds, n = 3.
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The long-term stability is one of the most important properties of sensors. The
long-term stability of the GCE/Gr/Cu was monitored in the PBS over 21 days. The
GCE/Gr/Cu was stored in the PBS at room temperature and measured in 0.1 mM LEVO
at intervals of two days. The GCE/Gr/Cu preserved 96.82% of its primary amperometric
response after 21 days, Figure 6-24, which indicated that the GCE/Gr/Cu has relatively

high long-term storage stability for the electrochemical determination of LEVO.

90

75-
60-
< 45.

304

154

0-

1367 89 M113151719 21

Days

Figure 6-24. The amperometric responses of the GCE/Gr/Cu to 0.1 mM LEVO in 21
days in 0.1 M PBS (pH =7) (n = 3).

6.3.12 Water analysis

The LEVO analysis in tap water was accomplished to study the analytical practicability
of the developed GCE/Gr/Cu sensor using a typical spiking and recovery experiment.
Firstly, the tap water was used to prepare 0.1 M PBS at pH 7.0, then the stock solution
of 0.1 mM LEVO was added with different volumes to make the LEVO solution at
different concentrations, 5.0 uM, 10.0 uM and 20.0 uM, finally, the recovery was
analysed with the GCE/Gr/Cu sensor. For comparison purposes, the deionised water
was also utilised with the same procedure. The results obtained are revealed in Table 6-3,
where it is obvious that good recovery is achieved in the tap water, with the recovery
varying between 105.6 to 96.6%. Furthermore, these recovery values are compared with

that recorded when deionised water was used. It is clear in Table 6-3 that they are
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similar to each other. This observation demonstrates good performance of the

GCE/Gr/Cu sensor in the analysis of LEVO.

Table 6-3. Determination of LEVO in deionized water and tap water using GCE/Gr/Cu.
Sufficient phosphate was added to the deionised and tap water samples to give a 0.1 M
phosphate solution (n = 3).

Sample Added/ pM Found/ uM Recovery
5.0 5.27 (£ 0.09) 105.6%
Deionized water 10.0 9.88 (£ 0.15) 98.8%
20.0 19.32 (£ 0.29) 96.6%
5.0 5.19 (£ 0.11) 103.8%
Tap water 10.0 10.35 (£ 0.19) 103.5%
20.0 19.54 (£ 0.32) 97.7%

6.4 Conclusion

In this chapter, a facile and cost-effective electrochemical sensor for the detection of
LEVO was developed using the simple electrodeposition procedure with one of the
most abundant metals in the earth’s crust. The optimal experimental conditions for the
electrodeposition were investigated and obtained as scanning cycles of 10 for Gr
deposition and the deposition period of 50 s for the Cu deposition. Under the optimal
experiment conditions, the Gr nanoplatelets were initially electrochemically deposited
on the surface of GCE to generate the GCE/Gr electrode, subsequently, the Cu
nanoparticles were electrochemically deposited on the surface of GCE/Gr to form the
GCE/Gr/Cu. The SEM photographs indicated that the Gr and Cu have been successfully
deposited on the GCE and the CuNPs were well dispersed across the surface of the
GCE/Gr electrode. Further, EDX and mapping measurements confirmed the deposition
of Gr and Cu. The prepared GCE/Gr/Cu electrode was utilised to determine LEVO,
showing good sensing performance with low electron transfer resistance, providing a
promising platform in the detection of antibiotics. Moreover, the low LOD of 11.86 nM
in the concentration range from 0.1 to 40 uM using CV technique and 18.56 nM in the

concentration range from 0.2 to 22 uM using DPV technique were attained for the
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detection of LEVO with the GCE/Gr/Cu electrode. Besides, the GCE/Gr/Cu exhibited
excellent reproducibility, stability, and selectivity. Therefore, the GCE/Gr/Cu has the
potential to serve as a cost-effective, highly sensitive and stable sensor for the

electrochemical detection of LEVO and possibly other antibiotics.

6.5 References

[1] Rkik, M.; Ben Brahirn, M.; Samet,Y. Electrochemical determination
of levofloxacin antibiotic in biological samples using boron doped diamond electrode, J.
Electroanal. Chem. 2017, 794, 175-181, doi: 10.1016/j.jelechem.2017.04.015.

[2] Yi, W. W,; Han, C. X.; Li, Z. P; Guo, Y. J.; Liu, M. Dong, C. A strategy of
electrochemical simultaneous detection of acetaminophen and levofloxacin in water
based on g-C3N4 nanosheet-doped graphene oxide, Environmental Science-Nano, 2021,
8, 258-268, doi: 10.1039/d0en00858c.

[3] Tunitskaya, V. L.; Khomutov, A. R.; Kochetkov, S. N.; Kotovskaya, S. K;
Charushin, V. N. Inhibition of DNA gyrase by levofloxacin and related
fluorine-containing heterocyclic compounds, Acta Nat. 2011, 3, 94-99, doi:
10.32607/20758251-2011-3-4-94-99.

[4] Angulo, F. J.; Johnson, K. R.; Tauxe, R. V.; Cohen, M. L. Origins and consequences
of antimicrobial-resistant nontyphoidal Salmonella: Implications for the use of
fluoroquinolones in food animals, Microb. Drug Resist. 2000, 6, 77-83, doi:
10.1089/mdr.2000.6.77.

[5] Mohammed, I.; Al-Ogaili, N.; Jasem, A. Y. Application of levofloxacin and
doxycycline in treatment of vaginal chlamydial infection, Mater. Today-Proceedings,
2021, 57, 488-491, doi: 10.1016/j.matpr.2022.01.386.

[6] Petitjeans, F.; Nadaud, J.; Perez, J. P.; Debien, B.; Olive, F.; Villevieille, T.; Pats, B.
A case of thabdomyolysis with fatal outcome after a treatment with levofloxacin, Eur. J.
Clin. Pharmacol. 2003, 10, 779-780, doi: 10.1007/s00228-003-0688-x.

[7] Panahi, L.; Surani, S. S.; Udeani, G.; Patel, N. P.; Sellers, J. Hepatotoxicity
Secondary to Levofloxacin Use, Cur J. Med. Sci. 2021, 13, el15973, doi:

204


https://www.webofscience.com/wos/author/record/28184166
https://www.webofscience.com/wos/author/record/19171903
https://www.webofscience.com/wos/author/record/13529916
javascript:void(0)
javascript:void(0)
https://pubs.rsc.org/en/results?searchtext=Author:Chunxiao%20Han
https://webofscience.clarivate.cn/wos/author/record/31945899
https://webofscience.clarivate.cn/wos/author/record/31910168
https://webofscience.clarivate.cn/wos/author/record/31923251

Chapter 6

10.7759/cureus.15973.

[8] Lin, Y. C.; Yu, T. H.; Lin, C. F. Pharmaceutical contamination in residential,
industrial, and agricultural waste streams: risk to aqueous environments in Taiwan,
Chemosphere, 2008, 74, 131-141, doi: 10.1016/j.chemosphere.2008.08.027.

[9] Santoro, M. I. R. M.; Kassab, N. M.; Singh, A. K.; Kedor-Hackmam, E. R. M.
Quantitative determination of gatifloxacin, levofloxacin, lomefloxacin and pefloxacin
fluoroquinolonic antibiotics in pharmaceutical preparations by high-performance liquid
chromatography, J. Pharmaceut. Biomed. Anal. 2006, 40, 179-184, doi:
10.1016/j.jpba.2005.06.018.

[10] Yang, Z. C.; Chen, G. Q.; Ma, C. Q.; Gu, J.; Zhu, C.; Li, L.; Gao, H. Magnetic
Fe;04@COF@Ag SERS substrate combined with machine learning algorithms
for detection of three quinolone antibiotics: ciprofloxacin, norfloxacin and levofloxacin.
Talanta, 2023, 263, 124725, doi: 10.1016/j.talanta.2023.124725.

[11] Shao, X. D.; Li, Y.; Liu, Y. Q.; Song, Z. H. Flow injection chemiluminescence
determination of levofloxacin in medicine and biological fluids based on its enhancing
effect on luminol-H>O, reaction, Spectroscopy 2009, 23, 209-216, doi:
10.1155/2009/816252.

[12] Maleque, M.; Hasan, M. R.; Hossen, F.; Safifi, S. Development and validation of a
simple UV spectrophotometric method for the determination of levofloxacin both in
bulk and marketed dosage formulations. J. Pharm. Anal. 2012, 2, 454-457, doi:
10.1016/j.jpha.2012.06.004.

[13] Salem, A.; Mossa, H. A. Method validation and determinations of levofloxacin,
metronidazole and sulfamethoxazole in an aqueous pharmaceutical, urine and blood
plasma samples using quantitative nuclear magnetic resonance spectrometry, Talanta
2012, 88, 104-114, doi: 10.1016/j.talanta.2011.10.016.

[14] Sun, H. W.; Zuo, Y. L. Effective separation and simultaneous detection of
ceftriaxone sodium and levofloxacin in human urine by capillary zone electrophoresis,
Curr. Anal. Chem. 2013, 9, 157-162, doi: 10.2174/157341113804486482.

[15] Borowiec, J.; Yan, K.; Tin, C. C.; Zhang, J. D. Synthesis of PDDA functionalized

reduced graphene oxide decorated with gold nanoparticles and its electrochemical

205


https://www.webofscience.com/wos/alldb/general-summary?queryJson=%5b%7b
https://www.webofscience.com/wos/alldb/general-summary?queryJson=%5b%7b
https://www.webofscience.com/wos/alldb/general-summary?queryJson=%5b%7b
https://www.webofscience.com/wos/alldb/general-summary?queryJson=%5b%7b
https://www.webofscience.com/wos/alldb/general-summary?queryJson=%5b%7b
https://www.webofscience.com/wos/alldb/general-summary?queryJson=%5b%7b
javascript:void(0)

Chapter 6

response toward levofloxacin. J. Electrochem. Soc. 2015, 162, H164-H169, doi:
10.1149/2.0811503jes.

[16] Sharma,T. S. K.; Hwa, K. Y. Facile synthesis of Ag/AgVOs3/N-rGO hybrid
nanocomposites for electrochemical detection of levofloxacin for complex biological
samples using screen-printed carbon paste electrodes, Inorg. Chem. 2021, 60,
65856599, doi: 10.1021/acs.inorgchem.1c00389.

[17] Kogak, C. C. Poly(taurine-glutathione)/carbon nanotube modified glassy carbon
electrode as a new levofloxacin sensor, Electroanalysis, 2019, 31, 1552-1561, doi:
10.1002/elan.201900096.

[18] de Farias, D. M.; de Faria, L. V.; Lisboa, T. P.; Matos, M. A. C.; Muiioz, R. A. A.;
Matos, R. C. Determination of levofloxacin in pharmaceutical formulations and urine at
reduced graphene oxide and carbon nanotube-modified electrodes, J. Solid State
Electrochem. 2020, 24, 1165—-1173, doi: 10.1007/s10008-020-04589-z.

[19] Huang, J. Y.; Bao, T.; Hu, T. X.; Wen, W.; Zhang, X. H.; Wang, S. F.
Voltammetric determination of levofloxacin using a glassy carbon electrode modified
with poly(o-aminophenol) and graphene quantum dots, Microchim. Acta 2017, 184,
127-135, doi: 10.1007/s00604-016-1982-5.

[20] Hu, X.; Liu,T. T.; Zhuang, Y. X.; Wang, W.; Li,Y.Y.; Fan,W. H.; Huang,Y. M.
Recent advances in the analytical applications of copper nanoclusters, Trends Anal.
Chem. 2016, 77, 6675, doi: 10.1016/j.trac.2015.12.013.

[21] da Silva, M. K. L.; Simdes, R. P.; Cesarino, I. Evaluation of reduced graphene
oxide modified with antimony and copper nanoparticles for levofloxacin oxidation,
Electroanalysis 2018, 30, 2066 — 2076, doi: 10.1002/elan.201800265.

[22] Kogak, C. C.; Aslisen, B.; Karabiberoglu, S.; Ozdokur, K. V.; Aslan, A.; Kogak, S.
Electrochemical determination of levofloxacin using poly(pyrogallol red) modified
glassy carbon electrode, ChemistrySelect, 2022, 7, 202201864, doi:
10.1002/s1ct.202201864.

[23] Mokwebo, K.V.; Murphy, E.; Guin, S. K.; Camisasca, A.; Giordani, S.; Breslin, C.;
Iwuoha, E. I.; Dempsey, E. Copper-modified carbon nano-onions as electrode modifiers
for the electroanalysis of the antiretroviral drug Efavirenz, Electrochim. Acta, 2023, 461,

142639, doi: 10.1016/j.electacta.2023.142639.

206



Chapter 6

[24] Kunze, J.; Maurice,V.; Klein, L. H.; Strehblow, H. H.; Marcus, P. In situ scanning
tunneling microscopy study of the anodic oxidation of Cu(111) in 0.1 M NaOH, J. Phys.
Chem. B 2001, 105, 4263-4269, doi: 10.1021/jp004012i.

[25] Wang, F.; Zhu, L. H.; Zhang, J. D. Electrochemical sensor for levofloxacin based
on molecularly imprinted polypyrrole graphene-gold nanoparticles modifified electrode.
Sens. Actuator B-Chem. 2014, 192, 642647, doi:10.1016/j.snb.2013.11.037

[26] Zhou, J.; Liu, J.; Pan, P.; Li,T.; Yang, Z. C.; Wei, J.; Li, P.; Liu, G. Y.; Shen, H. D.;
Zhang, X. D. Electrochemical determination of levofloxacin with a Cu—metal-organic
framework derivative electrode, J. Mater. Sci: Mater Electron 2022, 33, 9941-9950, doi:
10.1007/s10854-022-07985-5.

[27] Lisboa, T. P.; Oliveira, R. S.; de Oliveira, W. B. V.; de Souza, C. C.; Alves, G. F.;
Matos, M. A. C.; Matos, R. C. A 3D carbon black disposable electrochemical sensor
modified with reduced graphene oxide used for the sensitive determination of
levofloxacin. New J. Chem. 2023, 47, 2240-2247, doi: 10.1039/d2nj05338a.

[28] Han, L.; Zhao, Y. F.; Chang, C.; Li, F. A novel electrochemical sensor based on
poly(p-aminobenzene sulfonic acid)-reduced graphene oxide composite film for the
sensitive and selective detection of levofloxacin in human urine. J. Electroanal. Chem.
2018, 817, 141-148, doi: 10.1016/j.jelechem.2018.04.008.

[29] Jin, Y. F.; Xu, G. R.; Li, X. B.; Ma, J. J.; Yang, L.; Li, Y. C.; Zhang, H.; Zhang, Z.;
Yao, D. H.; Li, D. H. Fast cathodic reduction electrodeposition of a binder-free cobalt-
doped Ni-MOF film for directly sensing of levofloxacin. J. Alloy. Compd. 2021, 851, 8,
doi: 10.1016/j.jallcom.2020.156823.

[30] Cesarino, V.; Cesarino, I.; Moraes, F. C.; Machado, S. A. S.; Mascaro, L. H.
Carbon nanotubes modified with SnO; rods for levofloxacin detection. J. Braz. Chem.
Soc. 2014, 25, 502-508, doi: 10.5935/0103-5053.20140017.

[31] Fekry, A. M. An innovative simple electrochemical levofloxacin sensor assembled
from carbon paste enhanced with nano-sized fumed silica, Biosensors-Basel, 2022, 12,
906, doi: 10.3390/bios12100906.

[32] Wong, A. Santos, A. M.; Fatibello-Filho, O. Simultaneous determination of

paracetamol and levofloxacin using a glassy carbon electrode modified with carbon

207


https://www.webofscience.com/wos/author/record/2336196
https://www.webofscience.com/wos/author/record/36602328
https://www.webofscience.com/wos/author/record/34308403
https://www.webofscience.com/wos/author/record/31931838
https://www.webofscience.com/wos/author/record/29035458
https://www.webofscience.com/wos/author/record/33304600
https://www.webofscience.com/wos/author/record/1569831
javascript:void(0)

Chapter 6

black, silver nanoparticles and PEDOT: PSS film, Sens. Actuators B 2018, 255,
2264-2273, doi: 10.1016/j.snb.2017.09.020.

208



Chapter 7

Chapter 7

Study On the Removal of
4-Chloro-2-methylphenoxyacetic  Acid
(MCPA), p-Nitrophenol (p-NP),
Metronidazole (MTZ) and Levofloxacin
(LEVO) from Aquatic Environments by
Magnetic Graphene Adsorbent

209



Chapter 7

7.1 Introduction

With the rapid development of modern industry and social economy and the continuous
improvement of human living standards, more and more organic pollutants, mainly
coming from the chemical industry, petroleum industry, agriculture, animal husbandry
and daily life, are discharged into water. These include pesticides/herbicides and
pharmaceutical drugs such as 4-chloro-2-methylphenoxyacetic acid (MCPA),
para-nitrophenol (p-NP), metronidazole (MTZ) and Levofloxacin (LEVO). MCPA is
one of the more commonly employed herbicides, which is harmful to aquatic species,
animals and can impact on human health even at relatively low concentrations [1]; p-NP
is an important intermediate of chemical raw materials, which not only can generate
carcinogen nitrosamine, increasing the risk of cancer in humans, but also can cause
protein denaturation in the human body, leading to a series of symptoms including
dizziness, anemia, liver, and nervous system damage [2]; MTZ and LEVO are
commonly employed in the treatment of infections caused by bacteria in both humans
and animals, which have genotoxic and mutagenic side effects and their accumulation in
aquatic environment can lead to antibiotic resistance, causing interference or even
interruption in the circle of ecosystems [3,4]. Moreover, because of good solubility,
chemical stability and nondegradable, these pollutants can persist in aquatic
environments for long times, leading to bioaccumulation in plants, animals, and aquatic
life, further entering the human body through the food chain. This is a serious threat to
ecosystems and human health. Therefore, concerns in removing organic pollutants from
water environment are growing greatly [5,6].

To ensure the safe use of water resources, various strategies have been utilised to
clean up organic pollutants from wastewater, including biological treatments [7],
catalytic degradation [8], membrane separation [9], and adsorption [10]. However, due
to pollutants with different characteristics, some technologies cannot meet the practical
requirements for the treatment of pollutants, which limits their application in the field of

water treatment. Among these techniques, adsorption has the best potential, and it is a
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preferred method for advanced wastewater treatment because of its comparatively low
cost, easy operation, high removal efficiency with less secondary pollution. [11].
Nowadays, adsorption is widely investigated and employed for the removal of
pollutants [12]. Effective adsorbents are needed and are critical in efficiently removing
pollutants from water environments [13]. Materials with good chemical stability, large
specific surface area and feasibility of manufacturing in large quantities are essential in
formulating adsorbents [14]. According to these features, a series of carbon-based
materials, such as graphite powder [15], activated carbon [16], carbon fiber [17], porous
carbon [18], and carbon nanotubes [19], have been used as the adsorbents to remove
pollutants from aqueous solutions. Compared to these carbon materials, graphene with
honeycomb and one-atom-thick structure exhibits large specific surface area, good
electronic characteristics, and mechanical strength, which have resulted in its study and
applications in different fields [20]. In recent years, graphene has been identified as a
promising adsorbent, which can remove not only heavy metals [21], but also organic
pollutants from aqueous solutions [22]. Especially, compared to other adsorbents, the
superiority of graphene is to selectively adsorb those compounds containing benzene
rings or similar structure (e.g., imidazole ring) via strong m—m interactions [23].
Consequently, graphene is anticipated to become a promising adsorbent in the removal
of compounds containing benzene or imidazole rings from aqueous solutions.

Magnetic adsorbents have exhibited important roles in treating environmental
pollution, attributed to the good combination of outstanding adsorption performance and
strong magnetism [24]. In this Chapter, four pollutants, MCPA, p-NP, MTZ and LEVO
were chosen as adsorbates. Their structures are illustrated in Figure 7-1. It can be seen
that there are a benzene ring in the molecular structures of MCPA, p-NP and LEVO,
and an imidazole ring in the molecular structure of MTZ. The magnetic graphene
nanoplatelets supporting nano zero-valent iron (Gr/Fe) were prepared and used as
adsorbents to remove four pollutants from aqueous solutions. The effects of adsorbent
dosage, initial concentration of adsorbate, solution pH, contact time of adsorbate and

adsorbent on the adsorption capacity have been investigated in detail.
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Figure 7-1. The molecular structures of MCPA, p-NP, MTZ and LEVO drawn by

ChemDraw.

7.2 Experimental Section

7.2.1 Preparation of magnetic graphene Gr/Fe

The Gr/Fe was prepared according to the procedure described in Section 2.2.5.1 in

Chapter 2.

7.2.2 Characterisation of the adsorbent and adsorbate

The magnetic graphene, Gr/Fe, was characterised by SEM, EDX and elemental
mapping (Hitachi S-3200-N). The UV-vis spectra of MCPA, p-NP, MTZ and LEVO
were measured, and all the adsorption experiments were monitored using a UV-vis
Spectrometer (CARY 50 Conc) with quartz cells of 1 cm. The IR characterisation of the
adsorbent and adsorbate was conducted with a Thermo Fisher IR spectrometer (Nicolet

iS50 FT-IR microscope) between 4000 and 500 cm™.
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7.2.3 Adsorption experiments

All adsorption experiments were carried out according to the description in Section

2.2.5.2 in Chapter 2.

7.2.4 The preparation of four solutions

1.0 mM adsorbate solutions were prepared according to the procedure shown in Section

2.2.5.2.1 in Chapter 2.

7.2.5 Adsorbent dosage experiments

The effect of adsorbent dosage on the adsorption of the four compounds was conducted

according to the procedure presented in Section 2.2.5.2.2 in Chapter 2.

7.2.6 Adsorption Kinetics experiments

All adsorption kinetic experiments were completed according to the procedure revealed

in Section 2.2.5.2.3 in Chapter 2.

7.2.7 Adsorption experiments at different pH

The effect of the initial solution pH on the adsorption of the adsorbate by the adsorbent

was evaluated according to the method described in Section 2.2.5.2.4 in Chapter 2.

7.2.8 Recovery experiments

The recovery experiments were performed according to the process displayed in Section

2.2.5.2.5 in Chapter 2.
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7.3 Results and discussion

7.3.1 UV-vis spectra characterisation of the adsorbates

The UV-vis spectra of the four compounds are revealed in Figure 7-2, which give the
characteristic absorption wavelengths at 229 nm for MCPA, 319 nm for p-NP, 320 nm
for MTZ and 288 nm for LEVO. These wavelengths were employed to monitor the

changes in absorbance before and after adding the adsorbent.
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Figure 7-2. UV-vis spectra of MCPA (a), p-NP (b), MTZ (¢) and LEVO (d) in 0.1 mM
in aqueous solution.

The concentrations of the four compounds in solution were computed according to the

Beer-Lambert law described in Equation 7-1:
A=¢bc (7-1)
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Where, A is the absorbance of the sample at a fixed wavelength, ¢ is the concentration
of the solution (mol/L), b is the path length (depends on the dimensions of the glass
cuvette and is 1 cm in this experiment) and ¢ is the molar extinction coefficient, which
is related to the properties of the absorbing substances and the wavelength of the
incident light, and ¢ indicates the extent to which the molecules absorb radiation at that

wavelength.

7.3.2 Morphology characterisation of the magnetic graphene Gr/Fe

Counts / A. U.

Energy / keV

Figure 7-3. (a, b) SEM micrographs of Gr modified with deposited Fe, (¢) EDX
spectrum recorded at Gr/Fe and (d, e, f) mapping of C, O and Fe at Gr/Fe.
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In order to prepare the easily separated adsorbent, Fe nanoparticles were deposited on
the Gr surface to form magnetic graphene, Gr/Fe, which was characterised by SEM,
EDX and element mapping. The SEM micrographs in Figure 7-3 (a,b) show that the Gr
nanoplatelets are clearly evident in the SEM images. Some Gr nanoplatelets are stacked,
and the Fe nanoparticles are distributed homogeneously over the graphene nanoplatelets,
also with some evidence of aggregation at some sites. Moreover, the EDX spectrum
displays the presence of C, O and Fe, clearly indicating that the Fe has been deposited
onto the Gr nanoplatelets, Figure 7-3 (c). The presence of oxygen is consistent with the
presence of oxygen-containing functional groups on the Gr, adsorbed H>O molecules,
and possibly some Fe3;Os4 nanoparticles. The mapping data for C, O and Fe are
illustrated in Figure 7-3 (d, e, f), further demonstrating that the three components of C,

O and Fe are nearly evenly distributed.

7.3.3 Comparison of the adsorbents Gr and Gr/Fe

Under the same experimental conditions, Gr and Gr/Fe were employed as the
adsorbents for the comparison of their adsorption capacities. The results are shown in
Figure 7-4, it can be seen that the adsorption capacity of the Gr/Fe for the four
compounds is slightly higher than that of the Gr (for MCPA: Removal% is 30.85 = 0.46
with Gr adsorbent and 33.63 £ 0.96 with Gr/Fe adsorbent; for p-NP: Removal% is 50.28
+ 0.90 with Gr adsorbent and 52.88 + 1.6 with Gr/Fe adsorbent; for MTZ: Removal% is
36.98 + 0.62 with Gr adsorbent and 38.33 +1.22 with Gr/Fe adsorbent; for LEVO:
Removal% is 40.75 + 0.58 with Gr adsorbent and 42.89 + 1.58 with Gr/Fe adsorbent).
This may be due to the reason that the deposition of Fe nanoparticles on the Gr surface
prevents the aggregation of graphene nanoplatelets, thus increasing the number of active
adsorption sites to enhance the removal percentage of the four pollutants. Moreover, the
deposition of Fe nanoparticles endows the Gr with magnetism, which facilitates the
removal of the magnetic graphene adsorbent through an external magnetic field.
Therefore, the Gr/Fe adsorbent was used to remove the four pollutants. To our

knowledge, a graphene magnetic nanocomposite comprising, rGO/Fe3O4, has been
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utilised to adsorb p-NP [25] and LEVO [26]. However, a detailed study on the

application of the Gr/Fe on the removal of these four pollutants has not been reported.
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Figure 7-4. Effect of the adsorbents Gr and Gr/Fe on the removal percentage of MCPA,
p-NP, MTZ and LEVO, n = 3.

7.3.4 Effect of adsorbent dosage

The effect of different dosages of adsorbent on the removal of the four pollutants was
investigated using UV-vis spectroscopy, as shown in Figure 7-5. It can be seen that the
absorbance of adsorbates decreases as the adsorbent dose increases (Figures 7-5a,c,e
and g). The removal percentages (%) of the pollutants were calculated according to the
Equation 7-2, and the relationship between the removal percentages and adsorbent
dosages are plotted, Figures 7-5b,d,f and h, indicating that the removal percentages of
the four pollutants increase with increasing adsorbent dose. This observation is
consistent with the higher adsorbent doses leading to an increase in the specific surface
area of the adsorbent and the number of active sites for adsorption of the adsorbate.
Moreover, according to the fitting curve equations, Removal% = 79.04 (Gr/Fe dosage)
+26.14 (R?=0.998) for MCPA, Removal% = 53.46 (Gr/Fe dosage) + 49.38 (R?= 0.998)
for p-NP, Removal% = 28.92 (Gr/Fe dosage) + 35.81 (R?= 0.978) for MTZ, Removal%
= 38.82 (Gr/Fe dosage) + 44.94 (R? = 0.989) for LEVO. Using these equations, the
optimal dosages for a removal rate of 100% were calculated to be 0.93 g/L + 0.032 for
MCPA, 0.95 g/L + 0.039 for p-NP, 2.22 g/L. + 0.078 for MTZ and 1.42 g/L £ 0.041 for
LEVO, respectively.
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Figure 7-5. UV-vis spectra of MCPA (a, 0.1 mM), p-NP (c, 0.1 mM), MTZ (e, 0.1 mM)
and LEVO (g, 0.1 mM) after adding different adsorbent dosage, 0.1, 0.3, 0.5 and 0.8
g/L; the removal percentage of pollutants versus the Gr/Fe dosage for MCPA (b), p-NP
(d), MTZ (f) and LEVO (h), n=3.
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The optimal dosages are consistent with the structures of the four pollutants,
namely, there are benzene rings in three pollutants, MCPA, p-NP and LEVO, whereas
there is an imidazole ring in MTZ, thus the removal of MCPA, p-NP and LEVO needs a
lower dose of Gr/Fe due to the strong n—= interaction between the three pollutants and
graphene while the removal of MTZ needs a higher dose of Gr/Fe due to the

comparatively weak n—m interaction between MTZ and graphene.

Removal% = (Co-Ce)/Co X 100% (7-2)

Where, Co and C. are the initial and equilibrium concentrations of the four compounds

in solution (mg/L).

7.3.5 Study on the adsorption kinetics

In order to better understand the mechanism of the adsorption process, the adsorption
kinetics was studied by recording the adsorption capacity change of the adsorbent with
the contact time of the adsorbent and the adsorbate. For this purpose, the concentration
of the four compounds and adsorbent were fixed, and the effect of contact time on
adsorption was monitored from 20 min to 720 min. The adsorption capacity (g:) was
computed based on Equation 7-3, and plotted at different periods of time (¢). As
described in Figure 7-6, Figures 7-6a, c, e and g reveal the absorbance variation of the
four compounds with the increase of the contact time and Figures 7-6b, d, f and h
describe the adsorption kinetic curves. It is evident that the absorbance initially
decreases on increasing the contact time over a period of 210 min for MCPA, 270 min
for p-NP and MTZ, and 390 min for LEVO. Then, it maintains almost unchanged,
Figures 7-6a, c, e and g. A similar trend is observed in the plots of the adsorption
capacity (q) versus the contact time (¢), Figures 7-6b, d, f and h. This indicates that the
contact time requiring to reach equilibrium is 210 min for MCPA, 270 min for p-NP
and MTZ, and 390 min for LEVO, respectively.
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Figure 7-6. UV-vis spectra of MCPA (a, 0.1 mM), p-NP (¢, 0.1 mM), MTZ (e, 0.1 mM)
and LEVO (g, 0.1 mM) after adding the Gr/Fe (0.1 g/L) at different contact time; the

adsorption capacity (g:) of the adsorbent versus the contact time (¢) for MCPA (b), p-NP
(d), MTZ (f) and LEVO (h),n=1.
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Moreover, it can be found from Figure 7-6 that in the first 20 min, the adsorption
capacity of the adsorbent for the four compounds rapidly increased and then rose slowly
until reaching the adsorption equilibrium within 210 min for MCPA, 270 min for p-NP
and MTZ, 390 min for LEVO. The equilibrium adsorption capacities were estimated at
about 75.53 mg/g for MCPA, 78.68 mg/g for p-NP, 73.11 mg/g for MTZ, 183.39 mg/g
for LEVO, respectively.

Further, two conventional kinetic models based on pseudo-first order (see Equation
7-4) [27] and pseudo-second order equations (see Equation 7-5) [28] were employed to
analyse the experimental data. The corresponding fitting curves are shown in Figure 7-7

and the values of the kinetic parameters are given in Table 7-1.

ge = (Co-Ce) X V'/m (7-3)

Where, Cy and C; are the initial and equilibrium concentrations, respectively, of the four
compounds in solution (mg/L), V represents the volume of the solution (L), m expresses

the mass of the adsorbent (g), g. (mg/g) is the equilibrium adsorption capacity of the

adsorbent.
Pseudo-first-order model: In (ge-q1) = In g.— kit (7-4)
Pseudo-second-order model:  t/g: = 1/(k2ge?) + t/gqe (7-5)

Where, ¢. is the adsorption capacity of the adsorbent at equilibrium (mg/g), g: is the
adsorption capacity of the adsorbent at various times t (mg/g), k1 is the rate constant of
the pseudo-first order adsorption (1/min), k> is the rate constant of the pseudo-second
order adsorption (g/(mg min)). The values of g., k1 and k> can be obtained from the
corresponding slope and intercept of the linear plots of In (ge-gi) versus t for the
pseudo-first order model and t/g: versus t for the pseudo-second order model,

respectively.
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Figure 7-7. Adsorption kinetics of four compounds

adsorbed by the Gr/Fe:

pseudo-first-order model for MCPA (a), p-NP (¢), MTZ (e) and LEVO (g) and
pseudo-second-order model for MCPA (b), p-NP (d), MTZ (f) and LEVO (h).
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Comparing the correlation coefficient R? values indicates that the R? values for the
pseudo-second order model are much higher than that for the pseudo-first order model,
suggesting that the adsorption of the four compounds onto Gr/Fe follows the
pseudo-second order kinetic model. Furthermore, the adsorption capacities obtained
from fitting the results are 77.52 mg/g for MCPA, 81.90 mg/g for p-NP, 75.13 mg/g for
MTZ, and 186.56 mg/g for LEVO, which are close to the experimental adsorption
capacities. This observation further supports the above deduction, namely, the
adsorption of the four compounds by the Gr/Fe does follow the pseudo-second order
kinetic model, indicating that external film diffusion, adsorption, and internal particle

diffusion are important in the adsorption event [29].

Table 7-1. Parameters of pseudo-first order and pseudo-second order kinetic models for
the adsorption of the four compounds by the Gr/Fe (n=1).

Pseudo-first-order Pseudo-second-order Geexp
Compounds
ki (1/min) | gecal (mg/g) | R k> (1/min) | Gecal (mglg) | R? (mg/g)
MCPA 0.0112 48.47 0.97 | 0.00060 | 77.52 0.99 | 75.53
p-NP 0.00949 | 36.78 0.89 | 0.00051 | 81.90 0.99 | 78.68
MTZ 0.01157 | 31.65 0.93 |1 0.00075 | 75.13 0.99 | 73.11
LEVO 0.00857 | 74.74 0.94 | 0.00032 | 186.56 0.99 | 183.39

7.3.6 Study on the adsorption isotherms

When the amount of the Gr/Fe adsorbent was fixed and the concentrations of the
adsorbates, including MCPA, p-NP, MTZ and LEVO, were changed, the adsorption
capacities of the Gr/Fe adsorbent were assessed. The results indicated that the
adsorption capacities of the Gr/Fe adsorbent increased with increasing the initial
concentrations of the adsorbates, Figure 7-8. This may be due to the increase in the
driving force of the concentration gradient, as increasing the concentrations of the

adsorbates can accelerate the diffusion of adsorbates to the solid surfaces. However, no
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linear relationship between the adsorption capacities of adsorbent and concentrations of
the adsorbate was observed. For the four compounds, the same changes in the trend
were seen, that is, after increasing the concentration of the four compounds from 4.0 to
20.0 mg/L for MCPA, from 2.8 to 13.9 mg/L for p-NP, from 3.4 to 17.1 mg/L for MTZ
and from 7.2 to 36.1 mg/L for LEVO, there is only a little increase on the adsorption
capacities. It is expected that a saturated adsorption capacity will be reached at high
concentration of the four compounds. It is evident that the adsorption capacities of the
Gr/Fe adsorbent depend on the concentration of the four compounds. Similar findings

have been reported in the removal of other pollutants using graphene-based materials as

adsorbents [13].
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Figure 7-8. The effect of the initial concentrations of MCPA (a: 4.0, 8.0, 12.0, 16.0 and
20.0 mg/L), p-NP (b: 2.8, 5.6, 8.4, 11.1 and 13.9 mg/L), MTZ (c: 3.4, 6.8, 10.3, 13.7
and 17.1 mg/L) and LEVO (d: 7.2, 14.5, 21.7, 28.9 and 36.1 mg/L) on the adsorption
capacity of the Gr/Fe adsorbent (0.1 g/L),n=1.
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Further, the adsorption isotherm models were employed to describe the equilibrium
of the adsorption process between the absorbent and the adsorbate. The commonly used
adsorption isotherm models are the Langmuir and Freundlich models, where the
Langmuir isotherm model assumes that the adsorption of the adsorbate takes place on a
uniform solid surface with a monolayer coverage and there is no subsequent interaction
between the adsorbed components [30]. In contrast, the Freundlich isotherm model is
considered as an empirical model related to multilayer adsorption on the heterogeneous
solid surface [31]. The equations corresponding to the two isotherm models are given in
the Equations 7-6 and 7-7, respectively. The plots based on fitting the experimental
data are revealed in Figure 7-9 and the relative parameters computed from the data
fitting are described in Table 7-2. Comparing the correlation coefficient R? values for
the two models, it is obvious that the Langmuir model gives better fitting of the
adsorption data than the Freundlich model, demonstrating that the adsorption of MCPA,
p-NP, MTZ and LEVO onto the Gr/Fe was carried out in a monolayer adsorption
manner. Moreover, it can be seen that according to the Langmuir model for the
adsorption of the four compounds by the Gr/Fe adsorbent, that good linear relationships
were gained when Ce/g. was plotted against Ce, and then the values of gmax and k1 were
obtained based on the slope and intercept. The maximum adsorption capacities of Gr/Fe
in 0.1 mM adsorbate are 78.62 mg/g for MCPA, 80.51 mg/g for p-NP, 76.51 mg/g for
MTZ and 177.94 mg/g for LEVO.

Langmuir model: Ce/gqe =1/(qum'Kr) + Ce/gm (7-6)
Freundlich model: logge = 1/nlogCe + logKr (7-7)

Where, ¢. is the adsorption capacity of the adsorbent at equilibrium (mg/g), gm is the
maximum adsorption capacity of the adsorbent (mg/g), C. expresses the equilibrium
concentration of the adsorbate in solution (mg/L), n is the Freundlich constant that
represents the adsorption strength, K1 is the Langmuir constant (L/mg), related to the
affinity of the binding sites, and Kr is the Freundlich constant representing the

adsorption capacity. The values of gm and Ki can be obtained from the slope and
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intercept of the linear plots of Ce/g. versus Ce for the Langmuir model. The parameters,

n and Kr can be determined from the slope and intercept of the linear plot of log g

against log Ce.

Table 7-2. Isotherm parameters for the adsorption of four compounds onto the Gr/Fe
based on the Langmuir and Freundlich models (n = 1).

Langmuir model

Freundlich model

Compounds | @ (mgle) | k (Lig) | R? R ke (Ug) | 1h | R

MCPA | 78.62 0.96 0.99 0.050 |3871 |028 |0.81
NP 80.52 2.77 0.99 0.025 |51.07 |027 |093
MTZ 76.51 1.15 0.99 0.048 |39.02 |029 081
LEVO 177.94 1.45 0.99 0.019 | 103.99 |0.19 |0.73

In addition, a dimensionless equilibrium parameter, Ri, was used to further

describe the adsorption process related to the Langmuir model. Ry is defined as follows

in Equation 7-8 [14]:

T 14Kk Co

(7-8)

where ki expresses the Langmuir constant (L/g) and Co represents the highest initial

concentration of the adsorbate (mg/L). According to Equation 7-8, Ry can be calculated.

The value of Ry indicates whether the isotherm is unfavorable (RL > 1), favorable (R <

1), linear (RL = 1), or irreversible (RL = 0). It is clear that in Table 7-2, Ry values are

between 0 and 1, suggesting the adsorption of the four compounds by the Gr/Fe is

favorable.
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7.3.7 Effect of the solution pH on the adsorption

The solution pH is one of the most important factors to determine the adsorption
behavior of the adsorbent as the net charge of the adsorbent and adsorbate could be
changed with the variation of the solution pH. Figure 7-10 exhibits the effect of the
solution pH on the adsorption of the four compounds onto Gr/Fe with the initial solution
pH ranging from 3.0 to 9.0. From Figure 7-10, it can be observed that the change of the
solution pH displays different effects on the removal percentage of the four compounds.
This was attributed to the fact that the four pollutants have different molecular
structures and functional groups (see Figure 7-1) as well as pK, values (see Table 7-3)
[15,26,32,33].

Both MCPA and p-NP have pK. values. When the solution pH is lower than the
pKa, the molecules are present in the neutral form, whereas when the solution pH is
higher than the pK,, the molecules exist in both the neutral and negative ion forms and
exhibit the anionic forms at higher pH. For MTZ and LEVO, there are two pK, values.
When the solution pH is lower than the pKai, the molecules exist in the neutral form,
when the solution pH is between the pK.i and pKa. values, the molecules exist as
zwitterion forms. When the solution pH is higher than the pKa, the molecules are
converted to the anionic forms.

The surface charge of Gr/Fe is negative from pH 3 to pH 9 originating from the
surface nature of graphene nanoplatelets [34]. Therefore, at lower pH, the four
pollutants are adsorbed on the Gr/Fe via m—m interaction, exhibiting high removal
percentage of the four pollutants. In contrast, at higher pH, the four pollutants gave low
removal percentage by the Gr/Fe adsorbent, attributed to repulsion between the
pollutants and Gr/Fe, resulting in retarded adsorption efficiency. Meanwhile, the
negative charge on the Gr/Fe surface is enhanced on increasing the solution pH,
enhancing the electrostatic repulsion between the pollutants and Gr/Fe. These findings
indicate that the electrostatic interaction impacts the final removal efficiency for the
pollutants. The obtained results are in good agreement with other adsorption results

[15,33,35,36].
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Table 7-3. The pK. of four compounds.

Compounds pKa References
MCPA pKa=3.07 [32]
p-NP pKa=7.15 [25]
MTZ pKai=2.58, pKax = 14.44 [15]
LEVO pKa1 = 5.8, pKa2 = 8.0 [33]
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Figure 7-10. Effect of the solution pH on the adsorption of MCPA (a, 0.1 mM), p-NP
(b, 0.1 mM), MTZ (¢, 0.1 mM) and LEVO (d, 0.1 mM) onto Gr/Fe (0.1 g/L).

7.3.8 Study on the effect of the interference

It is well known that industrial wastewater involves not only pollutants but also high

concentrations of various salts, which are often determined in industrial sewage, thus

these salts might affect the removal of pollutants. In this work, the salts, such as CaCl,,
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KH>POs4, NaxSO4, NaNOs, were selected for studying their effect on the removal of the
four compounds when they coexist with the interferents. For this purpose, the
experiments were conducted in the mixed solutions containing the salts and the four
compounds at concentration ratios of 100:1 corresponding to a 100-fold excess of the
CaCly, KH2PO4 and Na>SOy interferents. However, as NaNOs itself exhibits a strong
absorption in the UV region and its absorption band overlaps partially with that of the
four compounds, the concentration ratio was set up as 1:1 for MCPA and 10:1 for the
other three compounds, to decrease the interference caused by UV absorption of NaNOs.
As shown in Figure 7-11 and Table 7-4, it can be seen that the changes for the effect of
interference on the removal of the four compounds are from 95.6 to 101.1% for CaCly,
from 96.5 to 104.8% for KH,POs, from 95.1 to 100.9% for NaxSO4 and from 89.1 to
100.5% for NaNOs, indicating that the coexistence of CaCl,, KH,POs, Na;SO4 and

NaNOs does not show significant effect on the removal of the four compounds.
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Figure 7-11. Effect of the interferences on the removal of MCPA (a, 0.1 mM), p-NP (b,
0.1 mM), MTZ (¢, 0.1 mM) and LEMO (d, 0.1 mM) with the Gr/Fe adsorbent (0.1 g/L),
n=3.
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Table 7-4. The effect of interference on the removal of four compounds (n = 3).

Removal% with inteference : Removal% without interference (%)

CaCl, KH2PO4 NaxSO4 NaNOs
MCPA 95.8 £3.48 96.7 +2.87 95.1+£2.36 89.1 £3.72
p-NP 101.1 £2.82 104.8 £3.33 98.8+2.43 97.4+£1.85
MTZ 97.7 £ 1.66 96.6 £ 2.70 98.1 +3.35 94.8 +3.79
LEVO 95.6 £1.92 96.5+2.33 100.9 £2.55 100.5 £ 1.81

7.3.9 IR characterisation after adsorption of four compounds onto Gr/Fe
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Figure 7-12. IR spectra of Gr/Fe (black curves), MCPA (a, blue curve), p-NP (b, blue
curve), MTZ (e, blue curve), LEVO (d, blue curve), Gr/Fe adsorbing four compounds

(red curves).
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Infrared (IR) spectroscopy is a useful technique for identifying the presence of
characteristic functional groups on solid surfaces. In order to confirm the adsorption of
the four compounds onto the Gr/Fe, the FTIR spectra of the four compounds, Gr/Fe and
Gr/Fe following adsorption of the four compounds were recorded and compared. As
illustrated in Figure 7-12, it can be seen that the Gr/Fe doesn’t show any strong bands
(black curves), however, after the adsorption of the four compounds onto the Gr/Fe,
some new vibration peaks appear in red curves, and these new peaks are in accordance
with that from the IR spectra of the four compounds. This observation demonstrates that

the four compounds have indeed been adsorbed on the surface of the Gr/Fe.

7.3.10 Reproducibility of the Gr/Fe adsorbent

The reproducibility of the adsorption process is one of the most important factors for its
practical application in removing pollutants. For this purpose, the Gr/Fe adsorbent was
synthesised five times by using the same preparation procedure on different days and
employed to remove the four pollutants. After each adsorption experiment, the removal
percentages (%) of each pollutant was calculated and the obtained results are listed in
Table 7-4, where five separate experiments were done at a concentration of 0.1 mM for
each pollutant using the Gr/Fe of 0.1 g/L. It is evident that the % RSD values are lower
than 5%, demonstrating that the Gr/Fe adsorbent displays good reproducibility for the

removal of the four pollutants.

Table 7-4. Reproducibility of the Gr/Fe adsorbent in the removal of four pollutants.

Removal percentages (%) Mean RSD (%)
Pollutants
1 2 3 4 5 (n=5) (n=5)
MCPA | 34.79 | 33.72 | 3198 | 35.23 | 32.45 | 33.63+1.41 4.21
p-NP 54.52 | 51.76 | 55.32 | 52.56 | 50.98 | 53.03 +1.83 3.46
MTZ 39.09 | 37.45 | 36.92 | 40.73 | 37.48 | 38.33+1.56 4.08
LEVO | 44.78 | 41.61 | 4395 | 4538 | 42.37 | 43.62+1.59 3.65
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7.3.11 Regeneration of the Gr/Fe adsorbent
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Figure 7-13. The regeneration experiments on the removal of MCPA (a, 0.1 mM),

p-NP (b, 0.1 mM), MTZ (¢, 0.1 mM) and LEVO (d, 0.1 mM) with the Gr/Fe adsorbent
(0.05 g/L) for 5 times, n = 3.

In order to evaluate the cost-effectiveness and applicability of the Gr/Fe adsorbent, the
investigation was conducted on its regeneration by immersing the recovered Gr/Fe in
0.1 M NaOH for 10 min and washing in sequence first with distilled water for five times
while stirring, followed, with absolute ethanol for five times, then drying in a vacuum
oven over night. After the treatment, the regenerated adsorbent Gr/Fe was used to
remove the four pollutants again. The adsorption capacities of the regenerated adsorbent
Gr/Fe are shown in Figure 7-13, it is noticed that after five regeneration cycles,
compared to the adsorption capacities of the freshly prepared adsorbent Gr/Fe, the

adsorption capacities of the adsorbent Gr/Fe decrease by 16.98% £0.71 for MCPA,
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13.63% + 0.52 for p-NP, 11.68% =+ 0.38 for MTZ and 18.63% £ 0.67 for LEVO,
respectively. This observation may be due to the following reasons: (i) for the adsorbent
Gr/Fe, the component Gr plays a major role in adsorbing pollutants; (ii) the adsorbent
Gr/Fe was separated by a magnet, resulting in the loss of the Gr component.
Nevertheless, the results demonstrated that the Gr/Fe adsorbent can be efficiently
regenerated by an appropriate treatment procedure, hereby providing beneficial

cost-savings.

7.4 Conclusions

In this chapter, the magnetic adsorbent based on Gr and Fe was synthesised as Gr/Fe,
which was characterised by SEM, EDX and element mapping, displaying the Fe
nanoparticles were uniformly dispersed on the Gr nanoplatelets. The magnetic Gr/Fe
adsorbent was utilised for the removal of MCPA, p-NP, MTZ and LEVO from aqueous
solutions. The kinetic studies indicated that the experiment data fitted best to the kinetic
model of pseudo-second order. The adsorption data followed the Langmuir isotherm
model, which revealed that monolayer adsorption of the four compounds occurred on
the Gr/Fe. The study on the effect of the solution pH on the adsorption capacity of the
Gr/Fe adsorbent demonstrated that the low solution pH is favorable for the removal of
the four pollutants as compared to higher solution pH. The study on the regeneration of
the Gr/Fe adsorbent suggested that the use of magnetic adsorbent Gr/Fe could be
recycled for the removal of the pollutants from aqueous solutions. Therefore, the
magnetic adsorbent exhibits the advantages of simple preparation, easy separation, and

reuse.
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8.1 General Conclusions

In Chapter 3 a new and simple electrochemical sensor for the electrochemical detection
of MCPA was developed through activating a glassy carbon electrode (A-GCE). The
activated electrode A-GCE was characterised by cyclic voltammetry, electrochemical
impedance spectroscopy and scanning electron microscopy (SEM). Optimum conditions
for the preparation of the sensor were obtained and a highly efficient sensor for the
detection of MCPA was constructed by selecting phosphate anions as the supporting
electrolyte, an ideal potential window from —2.0 to 2.4 V vs. SCE and the suitable
number of 30 cycles in PBS (0.05 M) adjusted to a pH of 5.3. The constructed sensor
achieved good sensitivity towards MCPA with a peak current density of 11.23 mA cm™.
The influence of the solution pH on the oxidation of MCPA was studied, revealing that
the oxidation peak current became lower in more alkaline solutions. The influence of
the scan rates on the oxidation reaction of MCPA at the sensor A-GCE was examined,
confirming that the oxidation reaction of MCPA at A-GCE was an absorption-controlled
process. The sensing performance of the A-GCE sensor was evaluated with the
detection of MCPA at different concentrations and impressive electrochemical detection
achieved, with a wide dynamic linear region, extending from 1 to 850 uM and a LOD
value of 0.02 uM obtained using cyclic voltammetry, while the LOD was further
reduced to 0.008 uM with DPV. This was accompanied by good reproducibility and
stability. It was further observed that 4-chloro-2-methylphenol produced from the
oxidation of MCPA was reduced at the activated GCE. This shows that the A-GCE can
not only be employed in the electrochemical detection of MCPA but may also be used
to follow the degradation efficiency of MCPA by monitoring the

4-chloro-2-methylphenol concentration.

Chapter 4 fabricated a novel electrochemical sensor for the electrochemical detection
of para-nitrophenol (p-NP), an aromatic aquatic pollutant, through the modification of a
simple activated GCE with bismuth dendrites (A-GCE/Bi). The results showed that a
simple A-GCE combined with a 400 s period for the electrodeposition of bismuth can

be used to give the effective detection of p-NP in aqueous systems. The prepared sensor
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A-GCE/Bi was characterised by cyclic voltammetry, electrochemical impedance
spectroscopy and scanning electron microscopy (SEM) coupled with electron dispersive
X-Ray analysis (EDX) and elemental mapping. To achieve the best sensing
performance, the deposition potentials and time used to deposit the Bi dendrites on the
GCE were investigated and the optimum conditions for the deposition of Bi on GCE
were found. Subsequently, a highly efficient sensor, A-GCE/Bi, for the detection of
p-NP was fabricated by the modification of A-GCE with the Bi film at the deposition
potential of —1.0 V and the time of 400 s in 1.0 mM Bi(NOs); at a pH of 1.2~1.5. The
fabricated sensor displayed good detection of p-NP with a peak current of 55.62 pA
compared with bare GCE, A-GCE and GCE/Bi, at the same concentration of p-NP. The
influence of the solution pH on the reduction of p-NP was examined, showing that the
reduction peak current gave a highest value at pH 7.0. The influence of the scan rates on
the reduction of p-NP at the A-GCE/Bi sensor was studied, demonstrating that the
reduction reaction of p-NP at A-GCE/Bi was a mixed diffusion adsorption process. The
sensing performance of the A-GCE/Bi was evaluated using DPV technique. An
impressive limit of detection of 0.18 nM coupled with very good reproducibility,
repeatability, recovery in water and acceptable selectivity were achieved. The good
detection in the presence of the bismuth dendrites was attributed to enhanced adsorption
of the p-NP. While various electrocatalytic materials have been synthesised and then
drop-cast onto GCE to form a myriad of electrochemical sensors, this simple
electrodeposition approach avoids the need for drop-casting. Moreover, the bismuth
dendrites can be easily regenerated making this combination suitable in complex media

that may otherwise contaminate or poison the electrode surface.

Chapter 5 constructed a simple and effective sensor for the electrochemical detection
of metronidazole (MTZ). This sensor was fabricated through a facile electrodeposition
process, where Gr nanoplatelets were initially deposited onto the glassy carbon
electrode followed by an electrodeposition of Bi from an acidified Bi(IIl) solution. The
prepared sensor GCE/G1/Bi was characterised by cyclic voltammetry and scanning
electron microscopy (SEM) coupled with electron dispersive X-Ray analysis (EDX) and

elemental mapping. The SEM image showed the Bi was well dispersed across the

241



Chapter 8

surface of the GCE/Gr. To attain the best sensing performance, the deposition potentials
and time employed in the deposition of Bi on the GCE were tested and the optimum
conditions for the deposition of Bi film on GCE were found. Further, a highly efficient
sensor for the detection of MTZ was prepared by the modification of GCE/Gr with Bi
nanostructures at the deposition potential of —1.0 V for 100 s in 1.0 mM Bi(NO3)3 at a
pH of 1.2~1.5. The influence of the scan rates on the reduction of MTZ at the
GCE/Gr/Bi was surveyed. The results indicated that the reduction reaction of MTZ at
the GCE/Gr/Bi was an adsorption-controlled process. The developed sensor performed
well to give a linear concentration range, good selectivity, good recovery and a low
LOD value of 0.9 nM. Nevertheless, it is the simplicity of the sensor fabrication process
coupled with the ability to readily regenerate the Bi deposits that makes this an
interesting sensor. Indeed, this simple approach could be employed in the analysis of

other analytes, where the generation of a new clean surface is important.

Chapter 6 manufactured a simple, easily prepared, and cost-effective GCE/Gr/Cu
sensor, which was successfully employed in the electrochemical detection of the
antibiotic levofloxacin (LEVO). The sensor was fabricated using a binder-free
sequential electrodeposition approach of Gr and Cu, providing a promising platform in
the electrochemical detection of antibiotics. The developed sensor GCE/Gr/Cu was
characterised by cyclic voltammetry and scanning electron microscopy (SEM) coupled
with electron dispersive X-Ray analysis (EDX) and elemental mapping. The CuNPs
were mostly deposited onto the Gr sheets, with the Cu deposition adopting ball like
deposits and some larger nanoparticles. To perform the best sensing property for the
detection of LEVO, the deposition conditions of Gr and CuNPs on the GCE were
investigated, including scanning cycles for Gr deposition and deposition time for
CuNPs formation, and the best conditions in detecting LEVO were found. The Gr was
assembled on the GCE, GCE/Gr, by electrodeposition from a suspension of Gr
dispersed in PBS in the potential range from —1.5 to 0.8 V vs. SCE with 10 cycles. The
CuNPs was formed on the GCE/Gr, GCE/Gr/Cu, by electrodeposition from an aqueous
solution of Cu(Ac): in NaAc and HAc at a pH of 4.5 at the potential of —0.25 V vs. SCE
for 50 s. The prepared GCE/Gr/Cu revealed better detection of LEVO than bare GCE,
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GCE/Gr and GCE/Cu, at the same concentration of LEVO. Further, the investigation of
the influence of the scan rates on the oxidation of LEVO indicated that the oxidation
reaction of LEVO at the GCE/Gr/Cu was a diffusion-controlled process. The sensing
performance of the GCE/Gr/Cu was evaluated with the detection of LEVO in different
concentrations by using CV and DPV techniques, delivering a limit of detection of
11.86 nM for CV and 18.56 nM for DPV. Moreover, very good reproducibility,
selectivity, and stability over an extended period of 21 days were seen. Therefore, the
simply prepared GCE/Gr/Cu has the potential to serve as an efficient, sensitive, and
stable sensor for the effective electrochemical detection of LEVO and indeed other

antibiotics.

Chapter 7 used magnetic graphene nanoplatelets as the adsorbent to adsorb and remove
the four pollutants, MCPA, p-NP, MTZ and LEVO. The magnetic graphene
nanoplatelets, Gr/Fe, were synthesised by the deposition of zero-valent iron (Fe) onto
graphene nanoplatelets (Gr) and characterised for surface morphology and composition
by scanning electron microscopy (SEM) coupled with electron dispersive X-Ray
analysis (EDX) and elemental mapping. Using the liquid-phase reduction method, the
zero-valent iron (Fe) was formed by the chemical reduction of Fe!' in the presence of
NaBHj4. The UV-vis spectra of MCPA, p-NP, MTZ and LEVO were measured, and their
characteristic absorption wavelengths were found. The adsorption performance of the
Gr/Fe as the adsorbent for MCPA, p-NP, MTZ and LEVO from aqueous samples, was
investigated using UV-vis spectroscopy and the characteristic absorption wavelengths
were used to monitor the changes in the absorbance before and after adding the
adsorbent. Accordingly, the decreases in the concentrations of the four compounds were
computed based on the Beer-Lambert law. Different experimental factors, such as
adsorbent dose, contact time between adsorbent and adsorbate, initial pH, and
concentration of the adsorbate solution, were studied. The study on the influence of the
solution pH on the adsorption capacity of the adsorbent indicated at low pH the removal
percentages of the four compounds were high and then decreased with an increase of the
solution pH. Further, experimental data indicated that the kinetic models were explained

best by the pseudo-second-order kinetic model and the isotherm data followed the
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Langmuir isotherm. The reproducibility, selectivity, and reusability of the Gr/Fe as the
adsorbent were evaluated. The findings implied that the Gr/Fe adsorbent displayed good
reproducibility, acceptable selectivity, and reusability. The =n-m interaction was

considered as the main mechanism involved in the adsorption process.

8.2 Future Work

As detailed above in Section 8.1, electrochemical sensors were developed for four water
contaminants and these sensors exhibited impressive stability, selectivity, and sensitivity.
It would be interesting to use these sensors with other analytes/contaminants and in
more complex environments (such as wastewater, sea water) to establish the true
potential of the bismuth nanostructures, copper nanoparticles and graphene nanosheets.
In addition, the morphologies of the electrodeposited Bi and Cu nanostructures could be
altered to determine if the morphology has any influence on the performance of the
sensors. The nature of graphene (graphene sheets, graphene oxide, reduced graphene
oxide, graphene quantum dots) appears to be important and a thorough study on the
influence of the nature of graphene would be interesting. In terms of real time
monitoring of the pollutants, screen printed electrodes are useful. Carbon-based
screen-printed electrodes could be employed with the developed bismuth, graphene, and
copper electrocatalysts for the real time analysis of water samples. Since glassy carbon
can be easily activated and appears to facilitate the electron transfer reaction, it would
be important to establish if screen printed carbon could be activated using a similar
approach. While electrodeposition approaches avoid the need to use binders, such as
Nafion, it would be interesting to design a study to compare both approaches, (1)
electrodeposition of the electrocatalysts and (2) drop casting of the electrocatalysts

using binders.

The magnetic graphene adsorbents have exhibited the ability to remove four structurally
different pollutants from aquatic environments. To improve its adsorption capacity, the

magnetic graphene could be further modified with metal-organic frameworks and/or
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cyclodextrins or calixarenes to provide the adsorbents with molecular recognition
characteristics for specific pollutants. Furthermore, the magnetic graphene could be
synthesised by the fabrication of graphene and Fe;O4 composites to compare the
effectiveness of Fe and Fe3O4 as the magnetic component. Finally, real water systems
are complex and contain different inorganic and organic pollutants. Consequently, it is
necessary to investigate the competition and synergetic mechanisms between
graphene-based composites and inorganic and/or organic pollutants in real water

environment systems.
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