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Abstract

Water is a precious resource and safeguarding it from pollution is paramount to
ensure the well-being of both the environment and human health. Emerging
contaminants such as pharmaceuticals and heavy metals pose significant threats,
necessitating vigilant monitoring and appropriate action. Traditional laboratory-
based analytical techniques like Gas Chromatography, ICP-OES and HPLC have been
instrumental in quantifying pollutants. However, their high operational costs,
maintenance requirements and the need for specialized personnel limit their
widespread use, especially in resource-constrained countries. Electrochemical sensors
have emerged as a promising solution. They provide real-time, portable and cost-
effective options for on-site detection of pollutants in water. Current advancements in
electrochemical sensors are centred around achieving selective detection using
chemical modifiers, all while maintaining electrocatalytic sensitivity and
reproducibility. These sensors can be tailored to target specific contaminants, making
them highly efficient tools for monitoring water quality and ensuring the

sustainability of this invaluable resource.

In the first experimental chapter, a glassy carbon electrode (GCE) was modified by an
asymmetric metallophthalocyanine (MPc) complex, A3B-CoPc-flav (where A =
flavonyloxy substituent and B = an alkynyloxy substituent/molecular mast). The
modification of an electrode was achieved via electrochemical grafting followed by
clicked chemistry between the diazonium-functionalized GCE and the a-CoPc-flav3
to afford the GCE | clicked-a-CoPc-flav3. The chemically modified electrodes (CME)
were utilized as electrocatalytic detectors for dopamine (DA) under optimized
conditions. The response of the GCE |clicked-a-CoPc-flavd was linear in the
concentration range of 2 pM to 14 pM, attaining limits of detection and quantification
of 0.311 and 0.942 uM, respectively, and high reproducibility (%RSD of 2.25%, N = 3).
Interference studies were conducted, revealing a marginal shift in the DA peak
potential in the presence of interfering substances. Despite this shift, the peak current

intensity of DA remained largely unaffected, affirming the selectivity and accuracy of
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the CME. The analytical capabilities of the CME were further assessed using real water
samples. The obtained percentage recoveries of (97.1%) of DA by the GCE | clicked-a-
CoPc-flav3 and the well-established HPLC-MS method (113%) are both within the
acceptable range of 80-120%.

In the second experimental chapter, a platinum electrode (Pt) was modified via the
electropolymerization of polypyrrole (PPy) after its co-electrodeposition of tetra-[4-
((1H-benzotriazole)methoxy)phthalocyaninato]cobalt(II) (CoPc-Bzt). The
electrodeposition of CoPc-Bzt was performed in 1:1 DMF/acetonitrile containing 1 M
tetrabutylammonium hexafluorophosphate (NBusPFe) electrolyte over 20 cycles using
cyclic voltammetry to afford a Pt|PPy/CoPc-Bzt (Bzt = benzotriazole). The resultant
CME was prone to fouling by the analyte of interest, mercury(Il). Due to fouling the
differential pulse anodic stripping voltammetry (DPASV) was used to detect Hg(II)
using the Pt | PPy/CoPc-Bzt within 10 pM to 100 pM linear range. The LOD and LOQ
were found to be 3.11 and 10.00 pM, respectively. Interference studies illustrated that
the detection capabilities of the CME were not affected by the presence of other heavy
metal cations. The analytical performances of Pt|PPy/CoPc-Bzt (97.4%) and
Inductively coupled plasma - optical emission spectroscopy (ICP-OES) (112.3%) are
both within the acceptable range of 80-120%.

In the third experimental chapter, the Pb electrocatalytic sensing capability of a gold
electrode modified via the adsorption of electrospun nanofibers (ENFs) and Nafion
(Nf) as an annealed conductive top-layer was evaluated. The fabricated ENFs
comprised of a core  polymeric  nanocomposite  of  tetra-4-(3-
oxyflavonephthalocyaninato)cobalt(Il) (CoPc-flav), the carboxylic acid functionalized
multiwalled carbon nanotubes (FMWCNTs) and polyaniline (PANI) encapsulated in
a polyvinyl acetate (PVA) ENFs. The resultant CME, Au | ENFs-1-Nf was not prone to
fouling as was found when using the bare and the other constructed CMEs whose
signal stabilities were compromised by background electrolyte currents. The

Au | ENFs-1-Nf electrode could detect the Pb(Il) cations in a reproducible manner
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(%RSD of 3.92%, N = 3) ranging from 8 to 125 pM, and limits of detection and
quantification of 0.51 and 1.55 uM were obtained, respectively. However, the
interference studies illustrated that the detection capabilities of the CME are severely
compromised by the presence of other heavy metal cations. The analytical

performance of the CME rendered a comparable percentage recovery (103 %) with that

of the ICP-OES (115%).

In the fourth experimental chapter, the nanofabrication and characterization of new
conductive materials, PANI-CoPc-fur (1) (PANI = polyaniline and CoPc-fur = tetra-
4-(2-furanmethylthiophthalocyaninato)Co(Il)) and PANI-CoPc-fur--MWCNTs (2) are
reported. Subsequently, an electrospun nanofiber (ENF) composite was fabricated
where the core comprised of 2 that was encapsulated with a PVA shell. The resultant
nanoconjugate, ENFs-2 was adsorbed on a glassy carbon electrode (GCE) followed by
the immobilization of a permeable adhesion top layer of Nafion (Nf) to render the
chemically modified electrode, GCE | ENFs-2-Nf. The classical physical properties of
the electron-mediating layer for the CME synergistically aided in promoting its
electrocatalytic activities. Consequently, the CME showed greater anodic and cathodic
cyclic voltammetry (CV) peak currents compared to the bare GCE and other modified
electrodes, indicating its higher sensitivity to acetaminophen (APAP), an emerging
water pollutant of concern. Limits of detection and quantification (LOD and LOQ)
values for APAP attained by squarewave voltammetry (SWV) were lower compared
to those acquired using other electrochemical techniques. The detection of APAP at
the GCE | ENFs-2-Nf attained by squarewave voltammetry (SWV) was linear from 10
to 200 pM of APAP and was reproducible (%RSD of 3.2%, N = 3). The respective
calculated LOD and LOQ values of 0.094 and 0.28 pM were lower compared to those
acquired using other electrochemical techniques. Analysis of APAP in the presence of
commonly associated interferences metronidazole (MTZ) and dopamine (DA)
illustrated a significant separation between the SWV peak potentials of APAP and
MTZ, whereas there was some degree of overlap between the SWV current responses

of APAP and DA. The analytical performance of the GCE | ENFs-2-Nf rendered a
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comparable percentage recovery (103.8%) with that of liquid chromatography-mass
spectrometry (LC-MS) (106%).

Keywords: Emerging water pollutants, dopamine, mercury, lead, acetaminophen,
electrocatalysis, chemically modified electrodes, metallophthalocyanines, electrospun
nanofibers, electropolymerization, electrodeposition, selectivity, reproducibility, real

sample analysis.
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Chapter 1

Introduction

1.1. General background

1.1.1. Water pollution

Water is a precious and limited resource that needs to be protected from pollution that
emanates from improper waste disposal practices.! Various complex and
interconnected human activities contribute to the generation of significant amounts of
pollutants such as emerging contaminants (e.g. pharmaceuticals) and heavy metal
pollutants. Key drivers of waste generation include industrial production,
transportation, agriculture, and waste disposal practices, especially for urban

municipalities, refer to Figure 1.1.234

Globally, the reuse or recycling of water, along with the safe discharge of treated water
into downstream water resources, necessitates regular laboratory monitoring of water
quality if such practices are to be sustained.>® This monitoring ensures that the water
intended for reuse meets appropriate standards and does not negatively impact the
bulk water quality in reservoirs. Addressing this challenge requires the development
and implementation of effective strategies and plans to mitigate water pollution, with

a focus on monitoring and maintaining water quality.”

Given the scarcity of water in semi-arid regions, it is imperative to adopt measures
that promote sustainable water management practices, including the prevention and
reduction of pollution. By implementing robust monitoring systems and employing
appropriate technologies, it becomes possible to identify and address potential
sources of contamination, ensuring the safe and responsible use of water resources.
Such actions are vital for safeguarding water quality, protecting ecosystems and

supporting the well-being of communities in water-stressed areas.
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Figure 1.1: Sources of emerging water pollutants.

1.1.2. Pharmaceuticals as water pollutants

Despite the global use of pharmaceuticals for disease treatment and prevention in
humans and animals, they are considered part of the group of so-called ‘emerging
pollutants’ (which are synthetic or naturally occurring compounds or microbes that
are generally not monitored). These pollutants occur as ultra-low concentration
residues in partially-treated effluent water due to their incomplete removal by
conventional chemical-co-biochemical treatment of domestic liquid waste in most
wastewater treatment plants.®? The widespread reliance on pharmaceutical drugs
which are often used for symptom control rather than curing ailments, contributes to
their higher concentrations in water.1011 Disposal of pharmaceutical wastes and

unintended leakages form the salient pollution pathways and this pose a great

2
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ecological risk and threat to the eco-balancing of aquatic ecosystems as well as the

reuse of water for human and animal consumption.”!1

Wastewater is a major source of emerging pollutants and related pollutants in natural
water resources. Despite the integrated (chemical) treatment of waste influents,
effluents from conventional wastewater treatment plants still contain trace levels of
toxic pollutants, including pharmaceutical residues due to the complexity of the
matrices of the water and also the low concentration levels of these contaminants.10.12
Water treatment plants in European countries such as Spain were reported to have
overall removal efficiencies as low as 6% (for carbamazepine) 13 to 12.5%.14
Additionally, the leakage and planned disposal of waste from pharmaceutical
companies and hospitals contribute to the contamination of water resources, although

to a lesser extent.14

The treatment of influent sewer water has not reached a quality level that guarantees
the complete removal of pollutants, thereby posing a risk of carrying contaminants in
wastewater directly to surface water and causing high pollution levels in local rivers.1?
In South Africa there are laws and regulations for the safe disposal and reuse of treated
water, though they are not strictly enforced. This leaves floodgates for rampant
pollution of the national hydrological basins and wetlands.!¢ This requires analytical
monitoring of the pollutants in these aquatic ecosystems as an avenue to enforce good

water quality and compliance with waste disposal standards and guidelines.1®

The presence of pharmaceuticals in water bodies has adverse effects on the biological
functions and ecological roles of aquatic organisms. In mammals and humans, the ill-
health effects include the development of antibacterial resistance, disruption in
physiological processes, increased cancer cases, and reproductive dysfunction.1¢-18 In
South Africa, the pollution of water supplies by emerging pollutants, including

pharmaceuticals, has been on the rise.1?0 Pollution monitoring of over-the-counter
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non-steroidal anti-inflammatory drugs (NSAIDs), commonly used drugs and selected
antibiotic residues in the water and sediments of the Msunduzi, Springfield,
Mbokodweni and Umngeni rivers in the KwaZulu-Natal (KZN) province have been
conducted. Residues of these compounds were detected at trace levels of variable

ranges.?1-26

However, data on the occurrence of the broad spectrum of pharmaceuticals and heavy
metals along the Msunduzi and Umgeni rivers as well as other major rivers in South
Africa are still limited. These findings highlight the urgent need for comprehensive
monitoring and mitigation strategies to identify and quantify the presence of
pharmaceutical residues in water. Such strategies are also useful in assessing the
removal efficiency of the pollutants in water treatment processes to prevent the
discharge of partially treated effluent from recycling processes. Such pollution would
otherwise cause adverse effects on the aquatic ecosystems, with the potential to
disturb biodiversity. These water quality monitoring strategies ensure the provision

of safe water resources for human and animal use.

1.1.3. Toxic heavy metals as water pollutants

Certain metal elements (e.g. Fe, Co, Mn, Zn, Cu, Co, Cr, Se, Ca and Mg) or their
stipulated ions are essential for vital biological processes at lower (microgram range)
concentrations. However, they can be highly toxic at concentrations higher than that
required by the body.?”2 The majority of metal elements (p-block elements e.g. As and
Pb) and lighter d-block elements (e.g. Cd, Hg and Cr) are highly toxic to both animals
and humans, even at low concentrations.?? These metals are naturally occurring
constituents of the earth's crust, cannot be destroyed and are highly soluble in aqueous

medium.3031
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Due to population growth, industrialization, and urbanization, water bodies have
become contaminated with heavy metals at concentrations that are higher than the
geological background.3?33 Furthermore, the heavy metal pollution of soil and water
is contributed mainly by human activities in the agricultural and mining
industries.3435 Some metals are acute toxins and poisonous. In addition, heavy metal
cations in soils can be absorbed by the roots of plants and accumulate in the tissues of
plants thereby contaminating the food products and ultimately animals at the top of
the food chain.?83¢ Higher concentrations of toxic heavy metals, particularly mercury
and lead have been discovered in the river and beach sediments of KZN at low

concentration levels.37-40

Drinking of contaminated water, inhalation of contaminated air particulates and
consumption of contaminated sea foods (fish, lobsters, crabs, shrimps, prawns, and
crayfish clams, mussels and snails) or bottom-sediment feeders (mussels crabs) can
expose animals/birds-of-prey as well as humans to trace levels of Hg. Chronic
exposure leads to the bioaccumulation of the element to levels that can be lethal to the
top-level animal in the pyramidal food chain. Mercury is well known acute toxin in
mammals; in humans it irreversibly binds to thio-amino acids in cells of vital organs
such as kidneys and liver, causing permanent damage. It also impairs the central
nervous and reproduction systems and angiogenesis of cells leading to cancers.

Chronic exposure to this element can lead to mental retardation and cerebral palsy in

children.4

Lead (Pb) is widely used as an anti-knocking additive in the smooth combustion of
petrol in automobile engines, as components of Pb/PbO batteries, metallic coating
and water-soluble paints as well as in smelting and refining processes.*># Human
exposure to lead contamination can occur through drinking water, direct contact,
consumption of food exposed to lead and inhalation of air polluted by car emissions.*?

Lead poisoning affects the normal functions of the liver, lungs, kidneys, bone marrow
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cells and the nervous system. It affects the normal functions of sex hormones and

impairs the reproductive system.4-46

Considering the widespread prevalence of pharmaceutically-derived and metal-based
pollutants in our environment and the detrimental effects these toxins have on health,
there is a need for the development of simple, cost-effective and reproducible

technologies for mobile as well as rapid water quality monitoring of heavy metals.

1.1.4. Conventional analytical methods for quantification of emerging pollutants

Quantification of pharmaceutical residues and heavy metals at ultralow levels in
natural and wastewater samples is commonly achieved using laboratory-based
analytical techniques. Pharmaceutical residues are quantified reliably by high-
performance liquid chromatography-mass spectrometry (HPLC-MS) or HPLC with a
photodiode array/fluorescence detector (HPLC-PDA/FLOUR). Those that are
volatile can analyzed routinely by gas chromatography with mass spectrometry (GC-

MS).

Heavy metal elements are simultaneously quantified by sensitive atomic
spectroscopic techniques such as inductively coupled plasma optical emission
spectroscopy (ICP OES) and ICP coupled to a mass spectrometer (ICP-MS). These
techniques have reliable precision and sensitivity for most of the toxic metal elements
and have limits of detection (LODs) in the parts per billion (ppb) and sub-parts per
billion to femto levels, respectively.4748 Although these techniques provide highly
accurate analytical data, they can only be executed in an analytical laboratory.
Training of scientific staff is mandatory for the meticulous operation of the traditional
instruments the majority of which are expensive. The analytical methods should be
adopted for rigorous development and validation studies. Consequently, these factors
limit the applications of the afore mentioned techniques in the qualitative and

quantitative analysis of polluted water bodies for onsite and real-time analysis.
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To address the need for real-time and portable analyzers for on-site detection of
emerging pollutants in water, the development of electrochemical sensors has gained
attention. Electrochemical sensors offer several advantages, including rapid response
times, high sensitivity, cost-effectiveness, simplicity, and the potential for
miniaturization.#4° Current trends are based on enhancing preferential detection
capabilities by using chemical modifiers that promote selective interaction with the
target analyte as opposed to interferents. The mechanism of selectivity should not
compromise the electrocatalytic sensitivity and reproducibility of chemically

modified electrodes (CMEs).

Fundamentally, CMEs render enhanced electrochemical signals towards a target
analyte if the film can mediate the electron transfer between the analyte and electrode
surface.%0 It implies that the redox reaction of the target analyte should occur within
the same narrow potential window as for the coupled redox reaction of the modifier
(the mediator) and the bare, thereby indirectly enhancing the rate of electron transfer
between the analyte and bare conductive substrates. This rudimentary definition of
electrocatalytic sensors can be expanded to include the design of CMEs containing
components bearing suitable recognition elements with an electrocatalytic effect on
the analyte redox reaction.5152 These elements within the modifier film promote
coupled charge transfer interactions between the latter analyte and the surface of the

bare electrode.

An interesting dimension is to electrospun these electron-mediating nanomaterials
(electrocatalysts) as nanofibers (NFs) when they are embedded together with high-
conductivity nanomaterials. Electrospun nanofiber (ENF)-based electrode films are
chemically more durable and have larger effective surface areas and active catalytic
site loadings.53%* Their filter-fill and capability allow analytes to potentially sorb and
permeate within their films, and thus potentially concentrate them close to the
embedded electrocatalysts and other electron-mediating nanomaterials.

Consequently, enhanced electron-transfer kinetics at the ENFs-modified electrode

7
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surface. Predominately, chemically modified electrodes have been wused as
voltammetric, amperometric and impedimetric sensors of various analytes in
environmental samples including residues of pollutants of concern and priority for
monitoring.5%% They have also been used as sensitive spectroelectrochemical sensors
by monitoring the spectral changes that accompany an electroactive analyte when it
undergoes a redox transformation at a set potential. Such data is useful in the
equivocal assignment of peaks independently observed in the cyclic voltammograms
of the respective analyte as well as the delineation of the possible products of the redox

reaction.57,58

1.2. Rationale and motivation of the research study

In South Africa, water pollution is a scourge of national proportions and thus,
innovative strategies and technologies to prevent and protect water sources have to
be developed. These range from continuously monitoring the quality of water used
for consumption, agricultural and industrial purposes to the deployment of cleaner
treatment technologies that minimize the rampant discharge of residues of
environmental contaminants of concern. From the pollution monitoring front, the use
of environmentally friendly, cheaper and sensitive analytical methods such as
electrochemical sensors can allow real-time detection of all forms of pollutants be it in
a water treatment, industrial waste-discharge canal or in water-source resources
(national water rivers and dams that supply fresh and potable water). The main
objective of this research work was to design and fabricate new cobalt(Il)
phthalocyanine (CoPc)-derived CMEs) and explore their electrocatalytic sensing
capabilities towards pharmaceutical residues (dopamine, acetaminophen) and toxic
metal elements (Hg, Pb) in real samples. For metal pollutants, the performance of the
CME:s was assessed by a comparative analysis with the inductively coupled plasma-

optical emission spectrometric technique.

As bare electrodes are prone to surface passivation and through poor sensitivities,

electron-mediating films comprised of peripherally tetra-substituted cobalt

8
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phthalocyanines (CoPcs) and their composites were used to modify bare electrode
surfaces. The motivation behind the use of the CoPc composite modifiers stems largely
from promoting electrocatalytic sensitivity and selectivity. In this work, electron-
mediating capabilities of CoPcs with different peripheral substituents at the surface of
various bare electrodes were explored. These Ns-metallocyclic complexes have been
reported to display optimal redox properties under applied potential which is
facilitated by the delocalized 18 pi-electrons and the redox active central metal.>°-63
Positioning substituents with varying stereo-electronic properties in the peripheral (p)
or non-peripheral (a) positions on the Pc of the metal complex does not only alter their

redox properties but can mechanistically induce selective detection of target analytes.

64-66

Moreover, the planar surface due to the extended n-surfaces enables their
immobilization to form robust electrode surfaces as well as the compositing with other
complementary conductive materials.®” Fabrication methods range from simple
adsorption “drop-dry”, to electrodeposition and electropolymerization, followed by
self-assembled monolayer formation on specifically Au electrodes and
electrochemical grafting of GCE and then clicking of CoPc monomers on the latter.”-
6 CoPcs have also been incorporated in various bulk composite or nanoarchitecture
thin films which serve as intermediating surfaces that increase electron transfer
kinetics between the analyte solution and the bare electrode surfaces. Thus, the above-
mentioned favorable features of CoPcs make them well-suited for fabricating
selective, sensitive and reproducible electrochemical sensors for pollutant screening

in real water samples.

In this research work, several CoPc substituents were utilized as components that can
induce a specific recognition towards analytes through complementary
intermolecular interactions, see Table 1.1. For example, in one of the studies, a low
symmetry AsB CoPc-flav complex with an asymmetric (A3B) quartet substituents,

(tris-[4(3-oxyflavone)-4(1-phenyprop-2-yn-1-oxy)phthalocyaniato]cobalt(II)) was
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synthesized. The complex has the ‘antenna’ moieties (the three peripheral ‘A’
substituents) on the CoPc, anchored to the electrode surface via a triazolyl-linked
‘ground tackle” (B) formed from the click reaction between the pre-grafted azides
(masts) and the alkynyl linker (B) of the AsB CoPc-flav.”0 Specifically, the A groups
were all hydroxyflavonyl groups while the B anchoring group was an ethynylbenzyl

unit. By combining these components, a novel substituted CoPc structure was formed.

Flavonoids are natural bioactive compounds that serve crucial electrobiochemical
roles in plants.”172 Their incorporation as substituents is thought to improve the
selectivity and sensitivity of biosensors when targeting specific biological analytes.”
To further explore this aspect, a low symmetry A3;B CoPc-flav complex were
synthesized (vide supra) where the sensor containing the clicked A3;B CoPc-flav
complex makes use of its flavonyl antenna groups to enhance the selective detection

of dopamine while assuring CME robustness with the aid of its clicked functionality.

In this research study, benzotriazole-methoxy groups were incorporated into a CoPc
complex as peripheral substituents to impart selectivity on the CME-containing
electron-mediating films incorporating this metal complex. The primary mode of
interaction between the analyte of concern, mercury(Il) and the modifying thin film
occurred through the nitrogen atoms of the benzotriazoles. Moreover, the capability
of the CME to differentiate between the analyte of concern and other heavy metal
interferents is fundamentally based on their strength of interactions with the
benzotriazole active sites.” Another beneficial trait of benzotriazole is its characteristic
passivation of the redox-active metal substrates for corrosion protection and we
foresaw imparting of this trait onto the redox behaviour of the CoPc-Bzt modified

electrodes to render stability and in turn reproducible electrocatalytic performances.”-

77

10
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Indicative of flavone as a plant-based secondary metabolite, the furan is an O-
heterocyclic moiety that is common to various natural products found within the bran
of most small seed grains.”®”® Chohan et al., have already shown that a furan tetra-
substituted CoPc (CoPc-fur) film immobilized on a GCE portrayed electrocatalytic
activities towards bio-analyte, L-cysteine oxidation.”® In this research study, the
hypothesis that the repurposing of CoPc-fur as a component within a polymeric
nanocomposite electrode modifier may facilitate the binding affinity through diverse

non-covalent interactions such as -7 stacking and hydrogen bonding was tested.

11
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Table 1.1: Substituents and phthalocyanine used in this work: tris-[4(3-oxyflavone)-4(1-
phenyprop-2-yn-1-oxy)phthalocyaninato]cobalt(1I) (a-CoPc-flav3), tetra-[4-((1H-
benzotriazole)methoxy)phthalocyaninato]cobalt(Il), (CoPc-Btz), tetra-4-(3-
oxyflavonephthalocyaninato)cobalt (1), (CoPc-flav) and tetra-4-(2-
furanmethylthiophthalocyaninato)cobalt(1), (CoPc-fur).

Substituent CoPc-X (X= substituent)
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Various electron mediators such as polypyrrole (PPy), polyaniline (PANI) and
carboxylic acid functionalized multiwalled carbon nanotubes (F-MWCNTs) as well as
their combinations were assessed to enhance the electrochemical conductivity of their
CMEs. This innovative CME design approach aimed to leverage the conductivity-
enhancing properties of these mediators, while simultaneously harnessing the
selective recognition capability inherent in the CoPc substituents. The resulting
chemically modified electrode (CME) thin films were designed to synergistically
discern the target analyte, capitalizing on the combined attributes of CoPc substituents
and electron mediators. Furthermore, their CoPc conjugates were embedded into
cores of electrospun nanofibers (ENFs) with polyvinyl acetate (PVA) shells and
nanofabrication of these ENFs avoids the leaching of CMEs which is a wide-spread

technical challenge with CMEs prepared via adsorption “drop-dry method”.

14
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1.3. CoPcs as electrocatalysts

As reiterated, the electrocatalytic capabilities of CoPcs are largely attributed to the
metal- and Pc-based redox properties which manifest in the form of the Co(I) | Co(II)
and Co(II) | Co(II) redox couples while the Pc(-2) ligand can sequentially undergo
redox transformations. More specifically, the respective oxidations of the Pc ring occur
through the loss of one or two electrons, resulting in Pc(-1) and Pc(0) while reduction
involves the successive additions of one to four electrons, yielding Pc(-3), Pc(-4), Pc(-
5), and Pc(-6).81-8 In conjunction with their redox properties, the planar structure of
CoPcs allows them to be immobilized flat on bare electrode surfaces rendering stable
mono- or multilayers stabilized by pi-conjugation on the GCEs or by direct covalent
bonding with metallic substrates, see Figure 1.2. High-resolution transmission electron
microscopy has revealed that the positions of sulphur-containing substituents can
render CoPcs with varying orientations ranging from umbrella, octopus, and
vertical 88> Another core benefit to the use of CoPcs as thin conductive films is the
fine-tuning of their redox potentials by varying the steric and electronic factors of
substituents. Ultimately, the latter renders metal and Pc-centred redox properties

within the potential windows of different analyte types.

15
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Figure 1.2: Metallophthalocyanine structure showing non-peripheral (a-position 1-8) and
peripheral (B-positions 9-16) sites of substitution. The purple center represents the metal in

the center of the macrocycle.

These conducive attributes have made monomeric CoPcs good electrocatalysts on
different electrode substrates for the detection of water pollutants. For example,
Moraes et al. developed an electrochemical sensor for the direct determination of
Carbaryl in water.8¢ They utilized a glassy carbon electrode modified with cobalt
phthalocyanines and multi-walled carbon nanotubes where the sensor exhibited an
ultrahigh sensitivity of 5.46 + 0.02 nmol L1 (equivalent to 1.09 + 0.02 pg L) for

carbaryl in water.8¢ These heterogenous catalysts have been also conjugated with

16
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biomass-derived supports as shown in the example of a CME created from the
dropping and drying of a CoPc-chitosan composite which was afterwards applied in
the voltammetric determination of sulphanilamide.8” This CME could even detect the
water pollutants at lower limit of 0.27 pmol dm™ than the former CoPc-MWCNT

modified electrode.

Currents trends entails the employment of low-symmetry cobalt phthalocyanines to
modified GCEs by stepwise electrochemical-grafting of the substrate followed by click
chemistry catalyzed by an appropriate Cu(l) salt.®® Nyokong and co-workers has
showed that an asymmetrical CoPc clicked to a GCE afforded statistically accepted
percentage recovery of mercury(Il) in a laboratory tap water. Interestingly, this CoPc
contains three benzothiazole antenna groups (per CoPc molecule) which are
conveniently exposed to the bulk sample solutions for distinguishing between the
heavy metal cations of Hg(Il), Cu(Il), Pb(Il) and Cd(Il). The basis of selective
electrocatalytic sensing capabilities of this CME were ascribed on the varying
coordination affinities of the respective cations towards the hard nitrogen and soft
sulphur donor atoms. This mechanism of electrocatalytic activity rendered nanomolar
level detection limits of 81.94 nM for Hg(II), 327.71 nM for Pb(II), 55.87 nM for Cu(Il),
and 347.06 nM for Cd(II).88

1.4. Significance of conductive polymers and carbon-based nanomaterials

Combined physical properties of monomers that can be covalently linked in a linear
arrangement resulting in long chain polymers and these effects can be further enhance
through interlocking polymer chains which render advanced three-dimensional bulk
polymeric structures.?? For instance, with respect to electronic effects, these polymers
are conductive where they generally display enhanced monomer-derived electronic
properties as well as polymer-chain length-dependent properties.?® It is well
document that the high tensile strength of conductive polymers can render

mechanical strength to CMEs modified with polymeric composites.

17
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In electrochemical sensor development, working electrodes have been modified either
by in situ electropolymerization of monomers on the latter or via the drop-dry method
of bulk polymers.?%* As expected, in situ electropolymerization is a more
reproducible electrode modification method that renders electrocatalytic signals with
high precision. Apart from the good mechanical strength, conductivity and induced
charge-conduction, these polymers can facilitate selective detection through auxiliary
interactions with the analyte of concern thereby enhancing its selectivity as well as the
electrode current response. For this research study, the following conductive

polymers were considered: polypyrrole (PPY) and polyaniline (PANI).

Polypyrrole (PPy) stands out as a widely utilized conducting polymer in
commercialized applications due to its superior conductivity, excellent solution
stability and facile fabrication methods.?> In electrode modification, a PPy electrode
film prevents fouling associated with most bare conductive substrates.?®” PPy is
biocompatible with the working environment, thus making it an attractive choice for
various electrochemical applications.” The molecular structure of PPy comprises a
conjugated backbone of anti-configured pyrrole monomers, linked linearly by C-C
bonds. The linear polymer chains of PPy typically adopt a planar conformation within
the film, with a parallel orientation to one another.”® This arrangement facilitates
efficient longitudinal charge transfer and enhances the overall conductivity of the
modified electrode. Figure 1.3 depicts the polymeric structure of PPy, highlighting the
repeating pyrrole units and the extended conjugated system that contributes to its

unique electronic properties.

Figure 1.3: A perspective of the polypyrrole (PPy) chain.
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Furthermore, conductive polymers have been utilized in a complementary manner to
synergistically improve the sensitivity and stability of CMEs. Like the contrasting
effects of a CME with an adsorbed film of phytic acid (PA) functionalized polypyrrole
(PPy)/ graphene oxide (GOx) nanocomposite against a CME containing the latter with
a top permeable polymeric Nafion (Nf) layer where the latter rendered higher
electrocatalytic currents and structural integrity than the former. The aforementioned
favourable features of the CME rendered low limits of detection and selectivity

towards targeted metals.1%0

Recently, polyaniline (PANI) has found diversified applications across various
scientific disciplines as a conducting organo-polymer, owing to its chargeable acidic
form, affordability, ease of synthesis, and remarkable stability.10.102 In the solid state,
PANI exhibits three distinct polyforms, namely, emeraldine (base and salt),
leucoemeraldine, and pernigraniline.1%310%¢ Each form exhibits unique characteristics

in terms of colour, conductivity and stability

Among the different forms of PANI, the emeraldine is the most common and versatile.
It is synthesized mainly via the oxidative polymerization of aniline under acidic
conditions, using persulphate as an oxidant and hydrochloric acid as the acidic
dopant, resulting in the formation of the crystalline salt. The solution of emeraldine
salt is highly conductive and exhibits a vibrant green color.103104 Neutralization of the
emeraldine hydrochloride salt with an alkali converts it into the blue-coloured
emeraldine conjugate base, which is non-conductive. This reversible protonation
(doping) and deprotonation (de-doping) of the N atoms of PANI modulate the

electrical and optical properties of PANI.103105
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Figure 1.4 illustrates the structural representation of the emeraldine form of PANI,
highlighting its repeating unit and the extended conjugated backbone responsible for
its unique conductivity and other properties. The ability to switch between conductive
and non-conductive states makes emeraldine PANI a promising material for various
applications, including sensors, actuators, energy storage devices and electronic

devices.

~ Emaraldine base (blue) 7

Undoping doping
-HX +HX

Emaraldine salt (green)

Figure 1.4: Structures of polyaniline (PANI) in its emeraldine base and salt form.

1.5. Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) are tubular graphene structures composed of concentric
sheets of sp?-hybridized carbon atoms. CNTs can be classified into two types: single-
walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs).1% Fabrication of single-walled (SW) or multi-walled (MW) CNTs and
their boron or nitrogen-doped analogues are dependent on the nanofabrication
methods used.1%6-108 Predominately, arc discharge and laser ablation generally

produced high-purity SWCNTs with either open or close-ended tubes,
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respectively.1%110 By far the most versatile nanofabrication technique is Chemical
Vapour Deposition (CVD) which generates a mixture of SWCNTs and MWCNTs in
higher quantities, see Figure 1.5.110-112 The semi-conducting or metallic electronic

properties of CNTs can closely related with their network structures.113114

The conducive electronic properties coupled with their high mechanical and chemical
stability make them ideal heterogenous supports for MPcs.64115 MPcs with various
substituents have been adsorbed on the surfaces and cavities of these CNTs but due
to the inherent nature of pi-pi stacking interactions, leaching of MPcs is prone to occur.
Chemical modification of CNTs has allowed improved processability due to lower
aggregation and hence better dispersion in solution. Carboxylic acid or
ethylenediamine functionalized CNTs have been covalently linked to CoPcs and the
modification of working electrodes using these CoPc carbon nanotube conjugates has

allowed more swifter electron transfer than using only CoPc-modified electrodes.!1¢-

118

Figure 1.5: The structure of multi-wall carbon nanotubes (MWCNTs).
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1.6. CMEs with ENFs

Electrospun nanofibers can be fundamentally defined as polymers with diameters at
nanoscale and this polymeric nanomaterial is fabricated by electrospinning. The set-
up of the electrospinning process is well-documented as well as the influences of its
solution, instrumental and ambient parameters are widely described.!19-121
Composites of ENFs with inorganic, organic or other nanomaterials have been
achieved through in-situ electrospinning or post-modification by simple adsorption
of the solutes into ENFs pore.12>124 Alternatively, ENFs can be functionalized and can
be covalently bound with molecules containing appropriate functional groups.12>-127
Recent advances in ENFs include the nanofabrication of core-shell ENFs where the
core and shell are different polymers and the loading of molecular solutes occupies
the inner core. In comparison to bulk dispersed polymeric electron mediator films,
ENFs offer a large volume-to-surface area ratio which enables higher loading of
nanomaterials, the latter of which can serve as electrocatalytic sites. Thus, the high
catalytic loading results in enhanced interactions with target analytes. In addition,
ENFs possess adjustable 3D structures that depend on various aspect ratios such as

fibre diameter, thickness, length and pore size.

Among the few examples of an ENFs-based electrochemical biosensor is the ENFs
sensor platform which was a composite nanomaterial comprised of graphene oxide
(GO), gold nanoparticles (AuNPs) and Cu nanoflower-glucose oxidase (Cu NFIG)
embedded in poly(vinyl alcohol) (PVA), see Figure 1.6 These GO NFs composite was
immobilized onto a gold chip. The Cu NFIG @AuNPs-GO modified Au chip detected
glucose down to a limit of 0.018 pM.128
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Figure 1.6: A pictorial representation of the core-shell ENFs.

In a similar approach, a biosensor based on ELP-OPH/BSA /TiO2 nanofibers and f-
MWCNTs (where ELP-OPH = lastin-like polypeptide-organophosphate hydrolase
and BSA = bovine serum albumin) was designed for the sensitive and selective
determination of p-nitrophenyl-substituted organophosphate pesticides in aqueous
systems. The modification of the glassy carbon electrode (GCE) involved the
preparation of a mixture comprising TiO2 nanofibers (TiO2.ENFs) and carboxylated
multi-walled carbon nanotubes (FMWCNTs) with an appropriate volume ratio of
TiO2.ENFs suspension and -MWCNTs suspension. This mixture was then directly
drop-cast onto the surface of the GCE followed by the immobilization of a 0.05 wt%
Nafion (NF) top layer. The porous Nafion membrane acted as a binder of the TiO»-
NFs/c-MWCNTs on the GCE. The biosensor detected methyl parathion and parathion

down to limits of 12 nM and 10 nM, respectively.1?
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In summary, the aims and objectives are as follows: The aim of this research project is
to develop and characterize the redox behaviour of MPc chemically modified gold
(Au), Platinum (Pt) or glass carbon electrodes (GCE) that can be applied for accurate
qualitative and quantitative analysis of selected pharmaceuticals and heavy metals in

natural water resources. This can be achieved through the following objectives:

1. To synthesize and characterise tetra-substituted MPc (M = Co(ll) ) i.e.
asymmetric and symtrical substituted MPcs, substituents =3-Hydroxyflavone,
ethynylbenzyl  alcohol,  1-(methoxymethyl)-benzotriazole, —and  2-
furanmethanethiol). The redox character of these MPc will be investigated
using various voltammetric techniques.

2. To fabricate glassy carbon and Pt modified electrodes utilizing the MPcs listed
in (i) their CNTs composites and compare (against bare electrode) their redox
characters as well as their electrocatalytic detection of selected pharmaceuticals
and heavy metals (Dopamine, mercury, lead and acetaminophen) in water.

3. Embedding of synthesized nanoconjugates (CoPc-flav-PANI-f-MWCNTs) into
PVA nanofibers using electrospinning. Characterisation of electrospun
nanofibers via spectroscopic and microscopic techniques.

4. Toinvestigate the general mechanism of electrocatalytic effect of the MPcs and
nanofibers.

5. Adjust as advised to formation and use of asymmetric,( Click chemistry? ) as
advised To evaluate the performance of the chemically modified electrodes in
the presence of interferences i.e.compounds with similar structures to the
emerging pollutants in water.

6. To investigate the convection- and diffusion-controlled electron transfer
kinetics.

7. To identify the mechanism of electrocatalytic activity of the MPcs and PVA
nanofibers.

8. To conduct analysis on real samples attained from river and local

municipalities in KwaZulu-Natal.
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Chapter 2

Material and Instruments

2.1. Materials:

The inorganic and organic precursors were procured from Sigma-Aldrich and used
without any further purification, see Table 21. A basic catalyst, 1,8-
diazabicyclo[5.4.0]lundec-7-ene (DBU), an acidic catalyst, trifluoroacetic acid (TFA),
chloroform and an electrochemical analysis grade supporting electrolyte were
purchased from the same supplier. Reagent grade organic solvents, phosphorus
pentoxide (POs), molecular sieves (4 A), silicon dioxide (silica) for column

chromatography and silica plates for thin layer chromatography were procured from

Merck SA.

Dimethylformamide (DMF) was freshly distilled and stored over molecular sieves
before use to ensure its purity. Aluminium oxide (alumina) for polishing the working
electrodes was supplied by Metrohm. Carboxylic acid functionalized multi-walled
carbon nanotubes (F-MWCNTs) were acquired from Sigma-Aldrich. The analytical
grade analytes were obtained from Sigma-Aldrich and capital research distributors
(CRD) are also listed in Table 2.1. References to the sources and catalogues of these

chemicals can be found on the websites of Sigma-Aldrich (www.sigmaaldrich.com)

and Merck SA (www.merckmillipore.com).
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Table 2.1: List of commercially used chemicals and their percentage purities.

Chemicals Purity
4-Nitrophthalonitrile 99%
Potassium carbonate 99.5%

3-Hydroxyflavone > 98%
Ethynylbenzyl alcohol 97%
Cobalt(II) chloride 97 %
1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) 98%
Aniline > 99.0%
Ammonium persulfate > 98%
Methyl-2-pyrrolidinone > 99.7%
Polyvinyl alcohol 98-99%
Dimethylformamide (DMF) = 99.9%
Dimethyl sulfoxide (DMSO)-ds 99.9%
1H-benzotriazole-1-methanol (HBzt) 98 %
Pyrrole > 97%
2-Furanmethanethiol 98 %
Tetrabutylammonium tetrafluoroborate (TBABFy) 99%
Mercury(II) sulphate >99%
Dopamine hydrochloride (DA.HCI) 98 %
Paracetamol (Acetaminophen, APAP) >99%
Lead(II) nitrate (PbNO3) >99%
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2.2. Instrumentation:

Various instruments were used for material characterization and the experimental

measurements:

e FTIR spectra of synthesized complexes, polymers and conjugates were recorded
using a Bruker Alpha FTIR spectrometer with an ATR platinum Diamond 1
reflectance accessory.

e NMR experiments were performed on a 400 MHz Bruker NMR spectrometer
using d°-DMSO as the solvent.

e UV-Vis spectroscopy was carried out using an Agilent Cary 60 UV-Vis
spectrophotometer.

e Melting points were determined using a Stuart SMP3 melting point apparatus.

e Mass spectrometry (MS) analysis was conducted using a Waters Micromass LCT
Premier MS instrument with an electrospray ionization (ESI) source and a time-
of-flight (TOF) mass analyzer.

e FElemental analysis was performed using a CHNS-O Flash 2000 organic
Elemental analyzer.

e Raman spectra were recorded using a Renishaw in Via Raman microscope.

e Powder XRD diffractograms were obtained using a Miniflex600-PXRD
instrument.

e Scanning electron microscope (SEM) images were acquired using a Zeiss EVO
LS15 microscope operating under high vacuum conditions.

e The real water samples for dopamine and acetaminophen were analyzed using
a Shimadzu LC-MS-2020 with a Shim-pack GIST-HP 3 pm C18 column (4.6 x 150
mm), equipped with a Shim-pack guard column was used to conduct
comparative real sample studies.

e Analytical Pb(II) and Hg(II) standards and the real water samples were prepared
in 2% nitric acid (Pb) and 2%HCI (Hg) before being analysed using a Shimadzu
ICPE-9800 Inductively coupled plasma optical emission spectroscopy (ICP-OES)
spectrometer set at wavelength of 220.35 nm. The argon gas was set at pressure

of 460.02 kPa, the radiofrequency was 0.50 kW while the auxiliary and plasma
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gas flows were 0.60 and 5.00, respectively. Temperatures of 37.99°C and -14.87°C
were maintained for the spectrometer and the charge coupled device,

respectively.

2.3.  Fabrication of PVA-based ENFs using an Inveso nano spinner 24 multi-nozzle

electrospinning/spraying machine:

The electrospinning technique was used to create spider-web textured nanofibers. The

step-by-step description of the process is as follows:
I. Preparation of the PVA solution:

e 0.10 g of polyvinyl alcohol (PVA) was dissolved in 10 mL of ultrapure water.
The mixture was heated at 80 °C with constant stirring until a viscous emulsion

was formed.
II. Dispersion of PANI-CoPc-flav or -fur--MWCNTSs nanocomposite:

e 0.05 g of PANI-CoPc--MWCNTs nanocomposite was dispersed in 5 mL of 1-
methyl-2-pyrrolidinone (NMP). The NMP solution containing the
nanocomposite was heated and stirred at 50 °C for 1 hour to ensure proper

dispersion.
III. Mixing the solutions:

e« The NMP solution containing the nanocomposite was added to the PVA
emulsion. The resulting mixture was stirred overnight at 40 °C to ensure
thorough dispersion of the nanocomposite within the PVA matrix. This step
allowed for the integration of the PANI-CoPc--MWCNTSs nanocomposite into
the PVA solution.

IV. Electrospinning process:

e The viscous solution obtained from the previous step was transferred to a
syringe. The syringe was connected to the head of an Inveso nanospinner 24
multinozzle electrospinning/spraying machine. The solution was then
extruded from the spinneret at a voltage of 16 kV. The flow rate of the solution
was set to 0.5 mL/hr to control the rate of electrospinning. The distance
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24.

between the capillary tube and the collector (aluminium foil) was maintained
at 80 mm. Under these conditions, the solution was electrospun to form spider-

web textured electrospun nanofibers (ENFs).

Electrochemical studies were conducted using an Autolab Potentiostat

equipped with:

Working
electrode

l " Counter
electrgde

=

Ref‘egncs;,.,f :
electrode

Sample Holder

Figure 2.1: A three-electrode system with a sample holder.

A three-electrode system comprising Pt/Au or glassy carbon working
electrodes. A pseudo Ag|AgCl reference electrode and a Pt wire counter
electrode, see Figure 2.1.

The Autolab Nova 1.7 software was used for instrumentation operation and data
analysis, see the picture of the dual Autolab potentiostat-galvanostat in Figure
2.2.

Spectroelectrochemical experiments were performed in a UV-Vis
spectrophotometer connected to the dual Autolab potentiostat-galvanostat using
a Specac optically transparent thin-layer electrochemical (OTTLE) cell, see Figure
2.3.
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o The Autolab potentiostat-galvanostat is equipped with an FRA32M module for
electrochemical impedance spectroscopy and the experiments were conducted
at1.2'V.

e The Autolab potentiostat-galvanostat could be linked to the Autolab rotating

disk electrode motor for hydrodynamic experiments.

OTTLE cell inside the
sample holder chamber

UV-VIS:spectrophotometer : * Autolab potentiostat

- OTTLE cell connected
to potentiostat -

Figure 2.3: Interfacing of the Lambda 45 Perkin Elmer UV-Vis spectrophotometer with the
Autolab potentiostat — galvanostat via an OTTLE cell for electronic spectroelectrochemical

experiments.
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Chapter 3

Electrocatalytic effects of a clicked film of an asymmetric A3B (A = 3-
oxyflavone, B = a-(ethynyl)benzyl alcohol) CoPc complex on a glassy

carbon electrode for the detection of dopamine

3.1. Introduction

Cobalt phthalocyanines (CoPcs) are dyes with a redox-active metal at the centre of a
two-dimensional tetrapyrrolic macrocyclic structure, forming a delocalized 18 n-
electron system.! This conjugated m-electron system enables CoPcs to undergo metal-
and Pc-based redox processes, facilitating swift electron transfer between the
electrode interface and the CoPc itself.?? By altering the stereo-electronic properties of
CoPc substituents, their redox potentials and electrochemical sensitivities can be
modified. Additionally, CoPcs have been used as electron-mediating films on various
substrates, resulting in chemically modified electrodes (CMEs) that have been applied

in electrocatalytic sensing for water pollutant detection and as biosensors.*

The use of symmetrically substituted CoPcs as electrocatalysts is more commonly
reported due to their higher conversion yields and easier purification compared to
their asymmetrical counterparts.>¢ These CoPcs, along with their nanoconjugates,
have been immobilized on electrode surfaces using the drop-dry method.
Asymmetrical CoPcs of the type, A3B, form more robust chemically modified glassy
carbon electrodes (GCEs) when diazonium groups are electrochemically pre-grafted
for the subsequent reaction with the alkynyloxy functionality of the ‘B” peripheral
substituents of the AsB CoPc complex. Thus, the reaction, also known as the Click
chemistry reaction is catalyzed by a Cu(l)-catalyst.”® In this design strategy, the ‘B’
moiety reacts with the grafted azido moiety to form a triazolyl linker that anchors the

Co(IT)Pc-flav3 containing the coordinated three ‘A’ groups. This indirectly co-join
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their functional groups to the electrode surface, thereby enhancing the electrochemical

sensing and specificity of the CMEs via analyte recognition interactions.

In a previous study, it was demonstrated that GCEs modified with a peripherally
tetra-substituted flavone CoPc (CoPc-flav) and its composite with multiwalled carbon
nanotubes (CoPc-flav-MWCNTs) exhibited higher electrocatalytic activity for
dopamine than bare GCEs.1% Building on this knowledge, an asymmetrical CoPc (A3B)
bearing three 3-hydroxyflavonyloxy (A) and a-(ethynyl)benzyl alcohol (B) groups
have been developed. The B group serves as an anchor of the entire CoPc molecule to
the surface of the GCE to form a modified electrode referred to hereafter as
GCE | clicked-a-CoPc-flav3). The 3‘A’ groups promote the selective sensing of
analytes such as dopamine through direct complementary interactions (e.g. hydrogen
bonding) that constitute the recognition capability of the modifier. We anticipate that
the metal-based oxidation and reduction couple of a-CoPc-flav3 will primarily
catalyze the redox transformation of dopamine, based on the previous work showing
that the Co(II/III) redox couple of the symmetrical ‘A’4-CoPc-flav was within the

potential window of the target analyte.1?

Dopamine (DA) is a neurotransmitter found in the synaptic gaps of the central
nervous system and this has influenced the development of electrochemical
biosensors for its selective detection and quantitative analysis in biological samples.
However, from an environmental point of view, its bioactivity coupled with unsafe
disposal practices qualifies it into the group of classified water pollutants of concern.!!
Dopamine is marketed under the brand name Intropin and is commonly used to treat
symptoms associated with low blood pressure, a sluggish heartbeat, and cardiac arrest
in the absence of epinephrine.'>13 It is prescribed for newborns with very low blood
pressure, while its functional analogues, norepinephrine are preferred for raising low
blood pressure in adults.!* Dopamine can enter wastewater directly through negligent
disposal of Intropin-contaminated waste or as a microbial metabolite of levodopa and

indirectly through the entrainment of contaminated urine and faeces.
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In this study, we will optimize the electrochemical parameters of the fabricated
GCE | Clicked-a-CoPc-flav3 towards DA. Furthermore, the analytical performance
towards DA is compared to the results with liquid chromatography-mass

spectrometry (LC-MS) analysis to validate the performance of the CME.
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3.2.  Experimental
3.2.1. Synthesis of tris-[4(3-oxyflavone)-4(1-phenyprop-2-yn-1-
oxy)phthalocyaniato]cobalt(Il) (a-CoPc-flav3) (1)

tris-[4(3-oxyflavone)-4(1-phenyprop-2-yn-1-oxy)phthalocyaniato]cobalt(Il) (1) was
synthesized from the 3:1 cyclotetramerization reaction between 4-(flavone-3-
oxyl)phthalonitrile (0.6035 g, 1.6530 mmol) and 4-(1-phenylprop-2-yn-1-
oxyl)phthalonitrile (0.1420 g, 0.5502 mmol) with anhydrous cobalt(II) chloride (0.0722
g, 0.5561 mmol) and drops of DBU mixed in n-pentanol (20 cm3). The reaction mixture
was stirred at 140 °C for 6 h under a nitrogen atmosphere. After 6 h, the mixture was
cooled to room temperature, and the crude compound was precipitated out by the
addition of cold methanol. Thereafter, it was washed with cold hexane and dried
under vacuum. Yield: 28%; m.p. > 310 °C; IR (Vmax/cm™): v(C=C-H) 3253, br; v(C=0)
1650, s; v(C-O-C) 1244, 1080, s. UV-Vis [DMF, Amax (¢, M1 cm™)]: 674 nm (34770), 610
nm (12590), 294 nm (56500). Molecular mass (m/z): Calcd: 1409.35. Found: 1410.74
[M+H]*, 1411.30 [M+2H]*, 1413.27 [M+4H]*.

3.3. Results and discussion

3.3.1. Synthesis and characterization of (1)

The derivatized phthalonitriles 4-(flavone-3-oxyl)phthalonitrile L-1 and 4-(1-
phenylprop-2-yn-1-oxyl)phthalonitrile L-2 were synthesized in the same manner as
reported by Chohan et al.1 and Mpeta et al 8, respectively. In particular, the individual
base-catalyzed nucleophilic substitution reactions of 4-nitrophthalonitrile with 3-
hydroxyflavone and a-(ethynyl)benzyl alcohol were conducted in the presence of a
base, potassium carbonate. The formation of the respective free ligands was confirmed
spectroscopically and their purities were confirmed using mass spectrometry and
elemental analysis. The characterization data were aligned with those reported by the
aforementioned previous studies.®10 Subsequently, the statistical cyclotetramerization
reaction was done using cobalt(II) chloride, one-fold of L-2 and three-fold of L-1 with

6 drops of DBU resulting in a crude green product that was rigorously purified via
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preparative column chromatography to afford a-CoPc-flav3 (1) in a moderate yield of

42%, see Scheme 3.1.

NN

CoCl,
DBU
n-Pentanol, 140 °C

Scheme 3.1: Synthesis of the AsB (A = 4-(3-oxyflavone), B = a-(ethynyl)benzyl alcohol)
asymmetric a-CoPc-flav3 (1).
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The solid-state FT-IR spectrum of the asymmetric a-CoPc-flav3 did not feature the
peak associated with nitrile (CN) vibrations of neither of the starting benzonitriles, see
Figure 3.1. This was the first indicator that cyclotetramerization did occur. Moreover,
additional evidence that the asymmetric a-CoPc-flavd had been successfully
separated from the symmetrical CoPc-flav is that the v(C=O)sawone and the v(=C-H)
signals are common features in both the metal complex (at 1650 cm for v(C=0)gawone
and 3253 cm™! for v(=C-H)) and its free-ligands (L1: at 1640 cm™ for v(C=0O)/iavone and
L2: at 3250 cm™ for v(=C-H)). The L2 and the asymmetric a-CoPc-flav3 also shows a
v(C=C) band at 2200 cm-.

100

90 -

80

70

% Transmittance

60

“ ""\m [

C=0

50
—L-1 —L-2 —CoPc-flav3

40

3150 2650 2150 1650 1150 650
Wavenumber (cm™)
Figure 3.1: Overlaid solid-state FTI-IR spectra comparison of the benzodinitriles (L1 and L2)

as well as their corresponding asymmetric a-CoPc-flav3.

UV-Visible absorption spectra of a-CoPc-flav3 were recorded in both coordinative
and non-coordinative solvents, see Figure 3.2. The spectrum collected in deaerated
DMF displayed an intense Q-absorption band at 669 nm, associated with the m-r*
electronic transition originating from the highest occupied frontier orbitals of the Pc

ligand. Additionally, a more intense B band was observed at 320 nm. Typically, this
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band is attributed to the m-m* electronic transition originating from the lower

molecular orbitals of the Pc ligand.1>-17

1,6 - (A)

—a-CoPc-flav3 (DCM)
—a-CoPc-flav3 (DMF)

Absorbance

0 1 I I I I
230 330 430 530 630 730
Wavelength (nm)

14 - (B) —22 uM

Absorbance

0 .

230 330 430 530 630 730
Wavelength (nm)

Figure 3.2: (A) Overlaid UV-Visible absorption spectra of a-CoPc-flav3 in DMF and DCM
(B) Concentration effect on the absorbance of a-CoPc-flav3 in DMF.
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Comparative analyses were conducted between the electronic spectra of a-CoPc-flav3
in DCM and DMF, refer to Figure 3.2A. A change in solvent polarity from DCM (less
polar) to DMF (more polar and aprotic) causes a slightly red shift in the peak
absorption (Amax;) from 660 nm to 674 nm, with no visible colour differences between
the two solutions.!’® The absorbance of a-CoPc-flav3 at different concentrations in
DMF was recorded. As shown in Figure 3.2B, increasing the concentration (in the
range from 1076 to 10-> M) of the a-CoPc-flav3 resulted in a progressing increase in the
intensity of the Q band. Furthermore, there were no notable shifts in the electronic
transitions nor was the formation of new bands associated with aggregation observed.
However, there was a substantial broadening of the Q-band with increasing
concentrations. Indicatively, the vibronic band also exhibits hypochromism while a
shoulder at 610 nm progressively becomes more pronounced and this can be
associated with aggregated CoPc species. These electronic spectral observations are

synonymous with other CoPcs which have shown aggregation in coordinative

solvents such as DMF.19-21

The mass spectrum of the a-CoPc-flav3 (1) was recorded using a Waters Micromass
LCT Premier ESI-(+)-TOF mass spectrometer. As depicted in Figure 3.4A, the mass
spectrum recorded without adding trifluoroacetic acid (TFA) as a protonation agent
shows a base peak at m/z value of 1397.2438 amu and other discernible peaks within
the m/z range of 1410.7472 to 1414.3146 amu. However, the peaks are superimposed
on a high baseline background, suggesting poor ionization of the a-CoPc-flav3 in the
absence of the protonation agent. To improve the ionization efficiency of the a-CoPc-
flav3 (1), TFA was introduced to the solution of a-CoPc-flav3, to improve its ionization
and the mass spectrum was re-recorded, see Figure 3.4B. The characteristic isotopic
peaks (for comparison to the theoretical pattern, see Figure 3.4C). However, several
additional peaks at lower m/z values also appeared in the spectrum. These peaks at

the lower m/z range are tentatively assigned to radical ions of TFA, or due to its
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induced thermal reactions with the solvent and the metal complex. These peaks could

not be readily assigned.

As illustrated in Figure 3.3, the peak observed at 1397.2438 amu can be attributed to
the [M - (CH)]** fragment ion, formed by the thermal ionization of the terminal CH
group of the ethynyl moiety. Other prominent peaks were observed in the
experimental spectrum at m/z values of 1295.11 ([M - (benzyl)ethyne]**) and 1190.81 ([M
- (flavone)]**. Meanwhile, the isotopic peaks which appeared at 1410.7472, 1411.302
and 1413.2773 amu values are all associated with the isotopic distributions of elements
in the molecular ion and match those in the theoretical pattern calculated using the
isotopic mass calculator as shown in Figure 3.4C. The matching of these isotopic
molecular ion peaks (which are all due to ions related to the a-CoPc-flav3) confirms

its successful synthesis.
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Figure 3.3: Chemical structures of the radical fragment ions that are formed randomly due to the thermally-induced dissociations of a-CoPc-

flav3 (1) in the presence of TFA.
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Figure 3.4: (A) TOF-MS spectra of a-CoPc-flav3 without TFA and (B) with TFA added to

promote ionization. (C) Theoretical pattern calculated via the isotopic mass calculator.
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3.4. Electrochemical studies

3.4.1. Cyclic- and square-wave voltammetry

The redox properties of a-CoPc-flav3 were investigated using both cyclic and square-
wave voltammetry in DMF containing 0.1 M TBABF4, as illustrated in Figure 3.5. The
redox couples I to IV are assigned according to literature trends, refer to Table 3.1.102>
24 Both CV and SWV revealed four distinct redox processes (I - IV). Redox processes
IT and III are readily assigned to the metal-based Co(Il)/Co(I) and Co(II)/Co(ILI)
redox couples, respectively while redox process IV corresponds to the Pc-based Pc(-
2)/PctD redox process as detailed in Table 3.1. All these mentioned redox processes
are quasi-reversible. The remaining peaks are Pc ring-based, and peak I corresponds
to the Pc(-2/Pc(3). It is worth noting that Chohan et al., 1% synthesized a tetra-substituted
“A’4-CoPc-flav, as shown in Table 3.1.

The comparison CV data of the synthesized a-CoPc-flav3, which is an asymmetrically
substituted AsB structure, and that reported for the tetra-substituted CoPc-flav (a
symmetrical A4) reported by Chohan et al.,10 provides valuable insights into the
differences in their redox behaviour. In the case of a-CoPc-flav3, the Pc
(phthalocyanine) reduction and oxidation processes occur at slightly lower potentials
compared to the symmetric CoPc-flav. This suggests that the A3B asymmetric
substituents of a-CoPc-flav3 exert a push (by the 3°A” moieties) and pull (by the alkyne
moiety of B) effect on the Pc pi-ring electron system which modulates and facilitates
the swift electron transfer within the Pc moiety and towards the electrode surface,

making these redox processes more accessible at lower potentials.?

Conversely, the oxidation and reduction peaks of the cobalt(Il) ion in the a-CoPc-flav3
occur at more negative and positive potentials, respectively, compared to the A4 tetra-
substituted CoPc-flav. This could be attributed to the specific electronic effects

induced by the asymmetric substituents of the former. The nature and position of
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substituents can significantly influence the electronic properties and redox behaviour
of the metal centre, leading to shifts in the oxidation and reduction potentials.?¢ The
quasi-reversibility of redox processes III and IV are emphasized by the separation in
their peak potential (AEp) values which are both greater than 58 mV (compared to
ferrocene’s at a bare GCE).2> The AE,, value of redox couple II is equal to 105 mV and

is thus classified as reversible while redox process I is irreversible, see Table 3.2.27
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Figure 3.5: (A) Cyclic and (B) square-wave voltammograms of a-CoPc-flav3 (1) at 100
mV/s.
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Table 3.1: Comparison of the voltammetric data (in V) between the novel a-CoPc-flav3 as

well as other tetra-substituted CoPc-flav and asymmetric CoPcs retrieved from literature.

MIPc? MIUPc2- MIUPc2- MUIPc2- Reference
/MIPc* /MIPc2 /MIUIPc2- /MIIPcl-
(M (1n (1) (V)
a-CoPc-flav3 -0.785 -0.397 0.434 0.842 This work
CoPc-flav -0.845 -0.366 0.405 1.058 10
CoPc-5 (A3B) -0.78 -0.12 0.70 1.13 2
PC1 (A3B) -1.45 -0.38 0.77 1.07 23
CoPc-court -1.24 -0.31 0.35 1.00 24

Abbreviations: Flav: flavone; CoPc-5: [2,9,16-tri-(2,4-di-tert-buthylphenoxy)-23-(4-[6-carboxy-2-
naphtoxy])-phthalocyaninato cobalt(I); PC1: Mono (pyridine-4-oxy)-tris(tert-butyl)phthalocyaninato
Co(1I) (Pc1) CoPc-Cour: 1(4),8(11),15(18),22(25)-tetra[4-(4-methoxyphenyl)-§-
methylcoumarin-7 oxylphthalocyaninatocobalt(II).

and

Table 3.2: Redox potentials of the redox couples of 1 obtained via cyclic voltammetry

Redox couple Epa (V) Epc (V) AEp (V)
I -0.785 - -
II -0.350 -0.455 0.105
II1 0.451 0.381 0.07
v 0.856 0.783 0.073
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3.5. Electrochemical modification and characterization
3.5.1. Electrode modification

The modification of the glassy carbon electrode (GCE) was achieved via
electrochemical grafting of neutral diazonium radicals formed from the reduction of
the azido benzodiazonium ions. The radicals rapidly grafted to form strong C-C bonds
with carbon components of the GCE. Thus, the successful grafting of the radicals is
marked by a reduction in the peak current at -0.6 V for subsequent CVs as reported in
the literature.?831 As per literature trends, a substantial decrease in current was
observed during the second CV cycle which is ascribed to the surface passivation of
the azido benzodiazonium groups that form an electrochemically less conductive
film.293132 Thereafter, the low symmetry a-CoPc-flav3 was covalently clicked via its a-
(ethynyl)benzyl alcohol group and the pre-grafted benzo-azido groups on the
electrode surface in the presence of a Cu(I) catalyst to form a triazolyl linking anchor
which confines the a-CoPc-flav3 on the surface to form the GCE | clicked-a-CoPc-

flav3, see Scheme 3.2.
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Scheme 3.2: Electrochemical grafting of the 4-azido benzodiazonium to the GCE interface and the Cu(l)-catalysed clicking of a-CoPc-flav3 to
the grafted azido groups to produce the GCE | clicked-a-CoPc-flav3.
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3.5.2. Characterization of the GCE | grafted /-clicked-a-CoPc-flav3

The electrochemical behaviours of the GCE|grafted /-clicked-a-CoPc-flav3 were
contrasted relative to the bare GCE in a standard aqueous redox probe, potassium
ferricyanide in KCl as a supporting electrolyte, see Figure 3.6. Lower redox peak
currents were observed for the GCE |-grafted which illustrates the characteristic
blocking effect of the grafted benzo-azido layer which limits the redox interconversion
of the Fe(IIl)/Fe(Il) ion system at the surface of the modified GCE | .3334 In addition,
the wider AE, value for the grafted GCE is typical of the retardation of the redox
processes occurring at the electrode surface.3* Upon further modification by clicking,
no Fe(IlI)/Fe(Il) redox interconversion peaks are observed because the modifier film
of the GCE | clicked-a-CoPc-flav3 is virtually non-ion-permeable. These trends are
similar to what has been reported in other studies for clicked GCEs modified by low-

symmetry MPcs.734

20 uA
/ // //
Bare GCE |
— GCE|-Grafted
—GCE | Clicked-a-CoPc-flav3
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35

Potential (V vs Ag| AgCl)

Figure 3.6: CVs of 1 mM KsFe(CN)s solution containing 0.1 M KCl using the bare, azido-
grafted and the GCE | clicked-a-CoPc-flav3.

57



Siyabonga Shoba Chapter 3

3.5.3. Electrochemical impedance spectroscopy

The study of charge transfer kinetics at the bare or GCE|clicked-a-CoPc-
flav3/electrolyte interface for the [Fe(CN)s]*/[Fe(CN)s]> redox interconversion was
conducted by employing electrochemical impedance spectroscopy (EIS). EIS is an
informative and non-destructive technique for probing the nature of the electron-
mediating film and elucidating its electron transfer rates. Nyquist and Bode plots are
graphical representations that are frequently employed to probe the electrical
impedance behaviours of electrocatalytic films thereby giving valuable insights into

the rate of charge transfer, especially across electrode interfaces.3

Within the low-frequency region, specifically in the diffusion-controlled range of the
Nyquist plots, a semi-circle is observed. This semi-circle's diameter signifies the
resistance to charge transfer within the interfacial film of the GCE | clicked-a-CoPc-
flav3, as illustrated in Figure 3.7. At higher frequencies, the plot assumes a linear
character known as the Warburg line, indicating diffusion-kinetic control. Semi-
circular /arch lines are discernible on the low-frequency regions of the Nyquist plots
for both the unmodified GCE and the CME, representing the diffusion-controlled
charge transfer within the thin clicked-a-CoPc-flav3 film and bare while the linear
correlations in the high-frequency regions represent the respective infinite Warburg

impedance.

By fitting the data to the standard equivalent resistance circuit, several key parameters
are derived: the charge transfer resistance (Rcr), the Warburg impedance (Zw), the
capacitance (Ca), and the electrolyte resistance (Rs), as outlined in Table 3.3. Notably,
the bare GCE exhibits a significantly lower Rcr (1318 Q) in comparison to CME (18600
Q2). A higher Rcr value implies lower ionic conductivity of the electrode surface.
Therefore, it can be asserted that the modified electrodes are less conductive than their
bare counterparts, thereby corroborating the blocking effect of the grafted-modifier

film also observed in the comparative CV voltammograms.
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The Bode graphs show that the phase angle for the bare GCE (~71°) is greater than
that of GCE | clicked-a-CoPc-flav3, which is ~ 61°, see Figure 3.8. It may be concluded
that both electrodes exhibit leaky capacitor behaviour since their phase angles are less
than the desired 90° for a genuine capacitor.3® The frequency shift observed in the
cyclic CME compared to the bare electrode, along with the calculated n value of less
than 1 (n = 0.783), strongly indicates the microstructural differences between the two.
The shift to a more negative frequency is an indication the surface of the GCE | clicked-
a-CoPc-flav3 is less conductive. The value of n = 0.783 is indicative of a more rough
surface. This provides additional evidence supporting the altered microstructure of
GCE | clicked-a-CoPc-flav3.4 The rougher surface can impact various electrochemical
behaviours and can be a crucial factor in enhancing the electrocatalytic activity and

sensitivity of the electrode.?”

Table 3.3: EIS data for a 5 mM [Fe(CN)s]3/* solution, collected using the bare GCE | and

GCE|| clicked-a-CoPc-flav3 electrodes. Error values are shown in brackets.

GCE Rs Rer Zy Ca n
(Q) (Q) (uMho) (uMho)
Bare 100 (1.8) 1318.7 (0.3) 1.6 (5.3) 1.14 (6.4) 0.90
clicked-a- 87.0 (1.2) 18600 (2.3) 69.5 (4.2) 4.08 (7.1) 0.78
CoPc-flav3
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Figure 3.7: Nyquist plots attained in a 5 mM Ks[Fe(CN)s] solution containing 0.1 M KCI
using (A) bare GCE, (B) GCE | clicked-a-CoPc-flav3 while (C) shows the equivalent circuit
used to fit the EIS data.
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Figure 3.8: Bode plots for 5 mM [Fe(CN)s]*/[Fe(CN)¢]* redox interconversion generated
with the bare GCE and GCE | clicked-a-CoPc-flav3.

3.5.4. Surface coverage of the GCE | clicked-a-CoPc-flav3

To further confirm the modification of the glassy carbon electrode, the surface
coverage (I') of the GCE | clicked-a-CoPc-flav3 was investigated by cyclic voltammetry
(CV). The number of moles of the clicked-a-CoPc-flav3 embedded in the modifier film
per unit area was calculated using equation 3.1 to obtain the surface coverage (I'), as
reported by Kantize et al.#

[ = n?F2Ar (v)

pc = ART (3.1)

In Equation 3.1, Ic represents the peak current of the cobalt redox (viz. Co(III) / Co(II))
process, n is the number of transferred electrons, F is the Faraday constant, A is the
surface area (0.071 cm?) of the bare GCE, v is the scan rate, R is the gas constant, and
T is the temperature. The calculated surface coverage value for the GCE | clicked-a-

CoPc-flav3 was determined to be 1.50 x 10-19 mol/cm?2. This value is consistent with
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those previously reported for monolayer electrodeposited films on electrode surfaces,
such as 1 x 1019 mol/cm?.38 The widened redox couples observed in CVs of the
GCE | clicked-a-CoPc-flav3d (Figure 3.9A), especially for redox process II
(Co(I1) / Co(II)), suggest that the bare GCEs had indeed been successfully modified by

a passivating film of molecules of the clicked-a-CoPc-flav3.

IS;:A

(A)

—100 mV/s
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Figure 3.9: (A) CVs of the GCE | clicked-a-CoPc-flav3 in pH 7.4 buffer solution at increasing
scan rates (100 mV/s to 250 mV/s). (B) A plot of Iy vs. scan rate measured at the redox
couple II.
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3.6. Dopamine electrocatalysis

3.6.1. Cyclic voltammetry

Comparing the stacked cyclic voltammograms (CVs) of 1 mM dopamine (DA) in PBS
and the buffer alone using both the bare GCE |and the respective GCE | clicked-a-
CoPc-flav3 reveals distinct electrochemical sensitivities of the electrodes towards the
analyte. For the unmodified GCE, a current response for the oxidation of dopamine
(DA) occurs at 0.21 V and is significantly higher than the background current
exhibited in the buffer solution as depicted in Figure 3.10.

The cathodic return peak appears at 0.044 V. As expected, the current responses of the
GCE | clicked-a-CoPc-flav3 were significantly higher than that of the bare, showing
the enhanced rate of electron transfer facilitated by the monolayer of the clicked film
of 1, evident from the lower AE;, value of 61 mV compared to the bare GCE's 156 mV,
refer to Table 3.4. These observations underscore the electrocatalytic and mediating
roles of the clicked a-CoPc-flav3 film. Notably, DA's redox potentials measured by the
CME fall within the same potential window [0 V to 0.8 V] as the Co(II)/Co(III) redox
process in PBS using the GCE |clicked-a-CoPc-flav3. This proximity in potential
ranges suggests that the metal-based Co(II)/Co(Ill) redox process facilitates the
electrocatalysis of the analyte, as previously described.?” Characteristically, dopamine
in PBS at pH 7.4 is oxidized in a multistep redox pathway at the GCE | clicked-a-CoPc-
flav3 interface, see Scheme A1.3° The two oxidative single-electron transfers are
accompanied with intramolecular proton transfers which can either occur tandemly
or in a stepwise manner after each oxidative electrochemical process.#’ During the
electrocatalysis of DA (A), the semi-quinone (B) intermediate formed after the first

oxidation followed by the oxidative formation of the quinone (C) analog.
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Table 3.4: Redox potential data for dopamine (DA) measured via CV using bare GCE and
GCE|| clicked-a-CoPc-flav3

Epa (V) Epc (V) AEp (V)
Bare GCE| 0.205 0.049 0.156
GCE | clicked-a-CoPc-flav3 0.142 0.081 0.061

10 A

—

—Bare GCE
—GCE-Clicked(1)
—PBS only

-0,2 -0,1 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
Potential (V vs Ag| AgCl)

Figure 3.10: Stacked CV's attained using the bare GCE | and GCE | clicked-a-CoPc-flav3 in
the electrolyte solution and 1.0 mM dopamine in PBS.
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3.7. Optimization of the electrocatalytic parameters of GCE | clicked-a-CoPc-flav3
3.7.1. pH studies, stability and reproducibility

The optimal pH (PBS buffer) for the electrocatalytic detection of dopamine (DA) at the
GCE | clicked-a-CoPc-flav3 was investigated using square-wave voltammetry within
the pH values ranging from 3.0 to 7.3 as shown in Figure 3.11. Gradual shifts towards
higher SWV peak potentials were observed as the pH decreased. Alongside these
shifts, there were gradual decreases in SWV peak currents, except for the SWV data
collected at pH 6. Consequently, a pH of 6.3 provided the optimal electrochemical
activity for the CME in detecting DA. The preference for pH 6.3 over pH 7.3 is

attributed to the former producing a sharper and more sensitive signal.

Similar trends have been reported previously, where a good linear relationship
between pH values and peak potentials was observed.* However, it is noteworthy
that the calculated slope of -99.2 mV /pH is significantly different from the expected
correlation slope for the ion exchange activity for protons, which is -59.2 mV/pH at
25 °C. Thus, the magnitude of the calculated slope suggests a coupled two-electron,
concerted two-proton oxidation process occurring at the GCE | clicked-a-CoPc-flav3

interface.4243

Replicated CVs (N = 8) of 1 mM of DA in a PBS solution (pH 6.20) were recorded at
the GCE | clicked-a-CoPc-flav3 surface to test its stability, see Figure Al. The current
responses decreased for the first two scans (Figure A1B), while the peak potentials
shifted higher and from the 3rd scan, both the peak currents and potentials became
stable.40 The %RSD was found to be 0.295% (N = 8) showing good reproducibility and
stability of the GCE | clicked-a-CoPc-flav3 during the detection of DA. In fact, the
electrocatalytic performances of the GCE |clicked-a-CoPc-flav3 can be correlated
with other reported CMEs displaying good structural integrity of their respective

electron-mediating layers.4044-46
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Figure 3.11: (A) Effect of pH on the SWYV current responses of the GCE | clicked-a-CoPc-
flav3 towards 1 mM DA in PBS; (B) a bar chart of the DA oxidation current responses at
different pHs and (C) the correlation of pH and oxidation peak potential of DA pH.
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3.7.2. Electrochemical kinetics of the GCE | clicked-a-CoPc-flav3

The CVs for DA recorded utilizing the GCE | clicked-a-CoPc-flav3 at various scan
rates are shown in Figure 3.12A. The electrocatalytic responses of the GCE | clicked-a-
CoPc-flav3 towards the oxidation of DA are shown by the correlated rise in currents
with an increase in the scan rate which is also accompanied by gradual shifts in the
oxidation potentials. Figure 3.12B illustrates that the current signal increases linearly
with the square root of the scan rates, implying that the electro-oxidation of DA at the

GCE | clicked-a-CoPc-flav3 is diffusion-controlled.

A plot of E,; against log v was used to calculate the Tafel slope according to equation

3.2,

_ 23RT
pa — 2(1—a)Fny

logv+K (3.2)

where the number of electrons involved in the rate-determining step is n«, the scan
rate is v, and K is the intercept from the linear equation and the transfer coefficient a.
The calculated Tafel slope for the GCE | clicked-a-CoPc-flav3 was found to be 196
mV /decade. The Tafel slope falls outside the range of 30 - 120 mV /decade for typical
reversible redox couples and is associated with quasi-reversible redox couples for
which there is a slower rate of electron transfer at the electrode interface. It may also
be an indication of significant interactions between the substrate and the electron-
mediating thin layer.#” In fact, the latter is supported by progressive shifts in oxidation

redox potentials with increasing scan rates observed as observed in Figure 3.11.48
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Figure 3.12: (A) CVs of DA recorded at increasing scan rates (100 - 250 mV/s) using the
GCE | clicked-a-CoPc-flav3, (B) the plot of peak current against the square root of scan rate
and (C) a plot of potential against the log of scan rate.
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3.7.3. Convection- and diffusion-controlled rate constants

The single-step chronoamperometric data for the oxidation of 0.8 mM DA and species
found in the PBS as a background electrolyte were recorded to obtain the diffusion-
controlled rate constant for the oxidation of the former at the GCE | clicked-a-CoPc-
flav3, see Figure 3.13. To record the chronoamperograms of DA or species in the
background electrolyte, an overpotential of 0.14 V (for the E;; of DA, see the CVs at
the CME in Figure 3.11) was applied to the GCE | clicked-a-CoPc-flav3. The evolution
of the current was monitored within a time interval of 5 - 20 s from the onset. The
electrocatalytic rate constant was calculated from the slope of a plot of the normalized
currents for the oxidations of DA against t!/2, according to the simplified equation

3.3,

L = gl2(kc,t)1/2 (3.3)

Iy

In equation 3.3, Ic and I» are the different catalytic limiting currents obtained using the
GCE | clicked-a-CoPc-flav3 and the bare GCE, Co is the molar concentration of DA (1
mM), k is the electrocatalytic rate constant, and t is the time elapsed in seconds. The
diffusion-controlled rate constant for the GCE | clicked-a-CoPc-flav3 was found to be
8.47 x10* M1 s1. As shown in Table 3.5, the order of magnitude (10* M- s1) is

comparable to the previously reported data.1049-51
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Figure 3.13: (A) Chronoamperograms of 0.8 mM DA in PBS (pH 6.2) at the GCE | clicked-
a-CoPc-flav3 and (B) plot of 1,/Iy against t1/2.
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Table 3.5: Comparison of catalytic rate constants for the detection of dopamine using CME.

Modifying Layer analyte k, M1s1) Reference
GCE| clicked-a-CoPc-flav3 Dopamine 8.47 x 104 This work
CoPc-flav-GCE Dopamine 7.83 x 105 10
BNDCNPE Dopamine 18.22 x 103 49
AC-CPE Dopamine 40.90 x 104 50
GCE/1@NGQDs Dopamine 3.84 x 102 51

Abbreviations: CoPc-flav: tetra-4-(3-oxyflavonephthalocyaninato)Co(1I); BNDCNPE: [1,1'-binaphthalene]-4,4 '-diol-modified carbon nanotube paste
electrode; AC-CPE: Activated carbon - carbon paste electrode and GCE/1@NGQDs: Tetra-4-((-1,3-bis(dimethylamino)propan-2-
yl)oxy)phthalocyaninatocobalt(II)-nitrogen-doped graphene quantum dot conjugate.
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Hydrodynamic convection-dominating kinetics was investigated using a rotating disk
electrode (RDE) at various rotation rates while simultaneously collecting the linear
sweep voltammograms (LSVs) at a low scan rate to minimize the diffusion of the
analyte, see Figure 3.14(A).52%3 At higher rotation rates, the rough surface of the RDE
together with its rotatory motion induces an eddy swirl of the solution, and hence
eddy currents flow through the CME as can be seen by the wavy LSVs recorded at
higher rotation rates. These trends in the eddy currents between the CME and the bare
GCE contrast the lower phase angle and lower n (0.783) values that were observed in
the electrochemical impedance spectroscopy (EIS) data which implied the clicked-a-
CoPc-flav3 modifier film had less charge capacitance. Convection-controlled mass
transport was substantiated by applying the Levich equation (Eq. 3.4) where a linear
relationship was attained between the limiting current (IL) and the square root of the

rotational speeds (w!/2) of the rotating disk electrode (RDE).
I, = 0.62nFAD*/3y=16u1/2C, (3.4)

where D is the substrate’s diffusion coefficient, A is the electrode area, v is the
kinematic viscosity, w is the rotation rate and Co is the bulk concentration of the
analyte. In general, the kinetic and mass transport parameters may be separated using
the Koutecky-Levich equation (Equation 3.5), and the convection-controlled rate

constant was calculated using this equation.>254

1 1 1
- = + 2 1 (35)

I nFCokI' ) crnFAD3v 6Cw

1
2

The Koutecky-Levich plot of 1/I; against 1/ ®!/2 rendered a linear relationship (Figure
3.14(C)) from which a rate constant of 1.38 x 10* M™* s7* for the oxidation of DA at the
surface of the rotating GCE |clicked-a-CoPc-flav3 was calculated using the y-
intercept. This rate constant is comparable to that for the diffusion-controlled process

determined using GCE | clicked-a-CoPc-flav3.
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Figure 3.14: (A) RDE-LSVs of the rotating GCE | clicked-a-CoPc-flav3 in PBS (pH 6.2) in
the presence of 1 mM DA and at a scan rate of 0.015 V/s, (B) the Levich, (C) and the
Koutecky-Levich plots.
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3.7.4. Square wave voltammetry studies

At the GCE | clicked-a-CoPc-flav3 interface, the oxidation currents of DA increased
linearly with incrementing concentrations in the range from 2 uM to 14 uM with a high
correlation coefficient (R2= 0.9956), see Figure 3.15. The calibration equation obtained

from the linear regression was:
I=3.0x107[DA] + 1.0 x 10 (3.6)

To determine the limit of detection (LOD) and limit of quantification (LOQ), the
following equations were used: LOD = (3*stdp/k) and LOQ = (10*stdy/k), where stdp
is the standard deviation of the blank and k is the slope of the linear calibration curve.
As shown in equation 3.6, the GCE | clicked-a-CoPc-flav3d demonstrated a LOD of
0.311 uM and a LOQ of 0.942 pM for the detection of DA with a %RSD range of 0.21
to 5.11% in different concentrations, (N = 3), which is within the acceptable data
confidence interval. These results indicate that the CME is capable of detecting DA at

very low concentrations (sub-micromolar range) with high sensitivity and precision.
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Figure 3.15: (A) SWVs recorded in varying concentrations of DA prepared in PBS (pH
6.30) using the GCE | clicked-a-CoPc-flav3. (B) Calibration curve of the current response of
the GCE | clicked-a-CoPc-flav3 against DA concentration [DA].
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Comparing the calibration parameter values for the detection of DA measured by the
GCE | clicked-a-CoPc-flav3 with other glassy carbon-modified electrodes reported in
the literature, it is observed that the former exhibits a narrower linear range (2 - 14
uM) but has a comparable LOD (0.31 pM) with most of the examples shown in Table
3.6. For instance, Nurzulaikha et al.55 reported a GCE | G-SnO:z for the detection of DA
with a LOD of 1 uM and a linear range of 0-100 pM. While the linear range of the CME
was wider than that of the GCE | clicked-a-CoPc-flav3, its LOD was higher than that
of the latter electrode. The Mn(O)OH (manganese oxide hydroxide) modified
electrode reported by Cao et al.? achieved a LOD of 0.1 uM and a linear range of 1.2-
200 uM for DA detection, making it slightly more sensitive at low concentrations

compared to the GCE | clicked-a-CoPc-flav3.

Table 3.6: Comparison of LOD and LOQ values of the GCE | clicked-a-CoPc-flav3 other

reported values in the literature for dopamine (DA).

Type of electrode/ method | LOQ LOD Linear range | Reference
GCE | clicked-a-CoPc-flav3 | 0.94 uM 031 uM | 2-14 uM This work
GCE/Graphene NR 264 uM | 4-100 uM 57
GCE/G-5n0z NR 1uM 0-100 uM 55
PPyNWs/PtNPs NR 0.6 uM 1-77 uM 58
Nano-MnOOH NR 0.1 uM 1.2-200 uM | 56
Pd/PEDOT/rGO NR 0.14uM | 1-200 pM 59

Abbreviations: G-5n0O; (graphene-tin oxide); PPyNWs/PtNPs (platinum
nanoparticles/polypyrrole nanowire); Mn(O)OH (manganese oxide hydroxide); PdA/PEDOT/rGO
(poly(3,4-ethylenedioxythiophene) functionalized reduced graphene oxide with palladium
nanoparticles); NR (not reported).
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3.7.5. Interference studies

The selectivity assessment of the GCE | clicked-a-CoPc-flav3 towards dopamine (DA)
is a crucial step, especially in complex samples like wastewater where interferences
can be abundant. In this case, two significant interferences were considered: ascorbic
acid (AA) and nevirapine (NVP). AA, a common component in many biological
samples, possesses oxidation potentials similar to DA, making their distinction
challenging.®® On the other hand, NVP, a prevalent ingredient of antiretroviral drugs
is increasingly found in water bodies due to its widespread use. The electrochemical
detection of NVP in water has been recently reported by Kantize et al.61 Thus, the
quantitative analysis of DA residues in surface water using highly specific CMEs is
desired, given the rampant usage of antiretroviral drugs in South Africa, where the

study was conducted.

The SWV responses of 1 mM DA in PBS in the presence and absence of 1 mM AA and
NVP at the GCE | clicked-a-CoPc-flav3, pH = 6.3 are shown in Figure 3.16. The CME
can detect DA in the presence of AA and NVP, with no discernible changes in the
current intensity of DA coupled with distinctive peaks with good baseline resolution.
However, a notable shift in the DA peak position towards higher potentials is
observed (from 0.142 V to 0.375 V). This shift is attributed to the competitive
adsorption of AA and NVP on the electrode surface, modifying the electrochemical

behaviour.

The ability of the GCE | clicked-a-CoPc-flav3 to maintain the DA peak intensity and
still resolve it from potential interferences (AA and NVP) is a positive indicator of its
selectivity even if it were to be used in multifarious water samples. This implies that
the electrode can accurately detect DA even in the presence of substances with similar
oxidation potentials, a critical characteristic for reliable detection in samples with

complex matrices.
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Figure 3.16: SWV responses of 1 mM DA in PBS in the presence and absence of 1 mM AA
and NVP at the GCE | clicked-a-CoPc-flav3 m, pH = 6.3.

3.7.6. DA standard addition analysis in the wastewater sample

The GCE |clicked-a-CoPc-flav3 was employed to measure the concentration of
dopamine (DA) in a wastewater sample collected from the Amanzimtoti wastewater
treatment (WWT) plant. Previous reports have highlighted that this WWT does not
completely remove pharmaceutically-derived water pollutants.6? The SWV current
responses of both the wastewater sample and the added calibration standards are
illustrated in Figure 3.17. There was no discernable signal for the unspiked water
sample, implying that the concentration of DA in the Amanzimtoti wastewater was
lower than the limit of detection (LOD = 0.31 pM wvide supra) of the GCE | clicked-a-
CoPc-flav3.
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Consequently, the sample (20.00 mL) was subsequently spiked with 2.00 mL volumes
of a 1.00 mM DA standard obtaining a linear calibration plot from which a DA
recovery of 97.1% and an %RSD range of 2.1 to 3.5% in different concentrations (N =
3, and is less than < 5%, the acceptable precision limit) were deduced. These results
suggest that the GCE | clicked-a-CoPc-flav3 can accurately detect and quantify DA in
real water samples with good precision. This makes it a dependable sensor for
environmental monitoring applications, as evidenced by the recovery rate which falls
within the acceptable accuracy range of 80-120%, and the unrecovered DA is likely to

be due to electrode fouling by other contaminants present in the water sample.

Furthermore, to gauge the accuracy of the GCE | clicked-a-CoPc-flav3 for detecting
DA in real samples, it was spiked with incremental volumes of 14.0 pM dopamine
(DA) and analyzed by the fabricated GCE | clicked-a-CoPc-flav3 and the results are
presented in Figure 3.17. Using the standard addition data, the DA recovery of the
GCE | clicked-a-CoPc-flav3 was calculated to be 97.1%

The calibration of DA in unspiked and spiked water samples was performed using
the HPLC-MS to validate the performance of the new electrode towards HPLC-MS
and the results are presented in Table 3.7 and Figure 3.18. A 113% recovery of DA
was calculated. The remarkable agreement between the recoveries of DA by the
HPLC-MS reference method and the fabricated GCE | clicked-a-CoPc-flav3 validates
the accuracy and the high accuracy and reliability of the latter towards sensing DA in
real water samples. This reinforces its credibility as a sensor for monitoring DA in the

environment.
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Figure 3.17: (A) SWYV responses at the GCE | clicked-a-CoPc-flav3 electrode after the
standard addition of incremental volumes (2 mL) of 1.0 mM DA to 20 mL of real water

sample. (B) Linear calibration plot.
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Table 3.7: Measured peak area of DA of spiked (incremental addition of 2 mL of 1.0 mM DA
to 20 mL Amanzimtoti water sample) by LC-MS.

Added Volume (mL) Retention time (min) Peak area
2.00 4.010 2103899
4.00 4.010 2259575
6.00 4.012 2481018
8.00 4.015 2600569
10.00 4.015 2805902

4000000 -

3500000 - K

y =176320x + 2E+06 ’
R2=0,9954 .-
e )
< 3000000 - '
s
Y, L )
S
A&~ 2500000 - -
'@
LI
2000000 -
1500000 T T T T T ]
0 2 4 6 8 10 12

Added volumes of 14 pM DA (mL)

Figure 3.18: The real water sample (20.00 mL) spiked with incremental volumes (2.00 mL) of
the 14.0 uM standard of DA detected using LC-MS (collected from the Amanzimtoti

wastewater treatment plant).
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3.8. Conclusions

The metal complex, a-CoPc-flavd was confirmed using various spectroscopic
techniques including FTIR spectroscopy, UV-Visible absorption spectrophotometry
and high-resolution mass spectrometry. The complex was used to modify the GCE
(GCE | clicked-a-CoPc-flav3) and this electrode showed a a higher response current
compared to the bare GCE electrode in the detection of dopamine (DA). Additionally,
the GCE | clicked-a-CoPc-flav3 exhibited excellent reproducibility and precision in
detecting dopamine standards, with calibration RSD values below 5%. It also
demonstrated selectivity for dopamine even in the presence of interfering

pharmaceutical medications such as ascorbic acid (AA) and nevirapine (NVP).

Analysis of spiked real water samples by the GCE |clicked-a-CoPc-flav3 yielded
consistent results, with a recovery of 97% and %RSD values within the acceptable
range of +20%. The accuracy and precision of this electrode in detecting DA in
Amanzimtoti wastewater without the need for prior sample clean-up were further
demonstrated. Moreover, the close agreement between the performance of the
GCE | clicked-a-CoPc-flav3 and the more definitive HPLC-MS (113% percentage
recovery) method underscores its accuracy and reliability in detecting DA in real
water samples. This highlights its potential as a valuable tool for environmental

monitoring applications.
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Chapter 4

Exploring Hg(II) electrocatalytic detection capabilities of a Pt electrode
modified with an electron-mediating composite film of cobalt(II)
phthalocyanine tetra-substituted with 1-(methoxymethyl)-

benzotriazole groups and co-electropolymerized polypyrrole

41. Introduction

Industrial effluents emanating from direct metal production industries such as mining
and metal refining have led to large-scale pollution of governmental reservoirs and
natural water resources.l? Indicatively, downstream metal-based beneficiation
companies such as metal re-recycling industries, battery production plants, thermal
power stations, cement manufacturing and agricultural commodities have also been
culprits of heavy cation pollution.? The presence of these heavy metal cations like
mercury in the aquatic environment does not only harms the bio-aquatic ecosystem

but also the food chain with respect to fish and animal life through to humans.4>

The use of cobalt phthalocyanines (CoPcs) to modify electrodes for the electrochemical
detection of mercury ions in water sources is an imperative as mercury is an
environmental persistent pollutant and annual water quality surveys have recorded
escalating concentrations.®” CoPcs are cyclo-planar metal complexes with a central
cobalt ion surrounded by a planar macrocyclic structure which has delocalized -
electron system. This allows them to undergo metal-based and ligand-based redox
processes, which enables efficient electron transfer between the electrode interface and
the CoPc molecules.3® The current general consensus for CoPc-modified electrodes
that have shown selective and sensitive electrocatalytic sensing is that their

substituents have played a vital role in the mechanism of analyte interaction.1011
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Consequently, a Pt electrode modified with an electron-mediating composite film
comprising of an electrodeposited cobalt(Il) phthalocyanine tetra-substituted with 1-
(methoxymethyl)-benzotriazole groups (CoPc-Bzt) and a conductive polypyrrole
(PPy), was utilized for the electrocatalytic sensing of mercury in stimulated or real
samples. The electron-donating capability of the appended benzotriazole moieties
does not only increase the electron density of the CoPc core but they also act as N-
heterocyclic ligands for elemental mercury that has been adsorbed on the CME
surface. Indicatively, the nitrogen donor atoms of the stabilizing polypyrrole can
coordinate to reduced mercuric ions at the CME interface while its inherent

conductive nature encourages faster electron transfer kinetics.!?

Benzotriazole has been widely used as a corrosion inhibitor due to its ability to form
stable and protective thin films on metal surfaces.1314 Adsorption of benzotriazole
derivatives on metallic surfaces is based on coordination bonding where a protective
layer that inhibits further corrosion reactions.'#15 Hence, it is perceived that the
electrodeposition of CoPc-Bzt on a Pt electrode will lead to physical coordinative
bonding between the nitrogen donor atoms of the substituents and the Pt substrate;
contributing to robustness of our chemically-modified electrode. In fact, the
benzotriazole moiety contains three nitrogen atoms, which provide multiple
coordination sites for metal cations, leading to strong metal-complex interactions but

not all nitrogen donors are accessible to the planar substrate in tandem.1617

Furthermore, the development of this Pt chemically modified electrode (CME) using
a composite coating of tetra-[4-(1-(methoxymethyl)-
benzotriazole)phthalocyaniato]cobalt(Il) (CoPc-Bzt) and co-polymerized polypyrrole
(PPy) offers a promising platform for sensitive and selective detection of trace levels
of metal elements, particularly Hg?* ions in aqueous media. Polypyrrole (PPy) films
are well-known for their high conductivity, chemical stability and mechanical strength
which make them excellent materials for binding and coating electrocatalysts to create
ultrathin films on electrode surfaces.!1® When combined with CoPc-Bzt, which

contains benzotriazole substituents, the composite coating is expected to exhibit
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synergistic effects at the electrode interface, leading to enhanced electrocatalytic

properties and improved sensing performance.

The literature reports on the sensitive and selective detection of Hg(Il) ions using
composites of carbon nanomaterials and PPy provides valuable insights into the
potential mechanisms of the CoPc-Bzt and PPy composite. It has been hypothesized
that Hg(II) ions adsorb electrostatically to the surface groups on carbon nanomaterials
and selectively coordinate to PPy via its nitrogen atoms.?0?! This dual binding
mechanism enables the composite to have a high adsorption capacity for Hg(II) ions
and a strong coordinating affinity, allowing for selective detection of micromolar
levels of Hg(Il) in sample solutions.?02! The incorporation of CoPc-Bzt into the
composite further enhances its electrochemical properties, potentially leading to
improved sensitivity and selectivity for Hg(II) detection. The coordination properties
of the benzotriazole substituents in CoPc-Bzt may facilitate the specific binding and
electrocatalytic behaviour towards Hg(ll) ions, contributing to the overall

performance of the modified electrode.
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4.2. Experimental
4.2.1. Synthesis of 4-((1H-benzotriazole)ymethoxy)phthalonitrile (1)

This ligand presented in Scheme 4.1 was successful synthesized as per the method

reported by Dilber et al.22

I\ ;
O/\ N\N§ N

1-pentanol, DBU
CoCl,, 160 °C, N, (24 h)

Y

| /N———-C’o ————— N\ .
Nel N ™
— N/N
29
N=N
N._O

Scheme 4.1: Synthetic scheme for CoPc-Bzt.
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4.2.2. Synthesis of tetra-[4-((1H-benzo[d][1,2,3]triazol-1-
yl)methoxy)phthalocyaninato]cobalt(Il) (CoPc-Bzt, 2)

A novel metallocyclic complex, CoPc-Bzt was synthesized wvia a 4:1 molar
cyclotetramerization reaction between 4-((1H-benzotriazole)methoxy)phthalonitrile
(1.0004 g, 3.6 mmol) and anhydrous cobalt chloride (0.1169 g, 0.9mmol) with few
drops of catalytic 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) were mixed in 1-pentanol
(30 mL). Subsequently, the reaction mixture was stirred while heating at 160 °C for 24
h under a nitrogen atmosphere. Thereafter, it was cooled down to room temperature,
then precipitated out by the dropwise addition of n-hexane. A dark green precipitate
was filtered, washed with cold hexane, methanol and ethanol and then dried under
vacuum. The crude product was purified by silica gel column chromatography eluting
it with CHCl3: MeOH (9:1) to give the pure dark green CoPc-Bzt, see Scheme 4.1. Yield:
31%. M.P. (°C):>280. FT-IR (Vmax/cm™): v(-C-H) 2908-2836, w; v(C=N) 1615, m; v(C=C,
aromatic) 1595-1601, m; v(C-O-C) 1089, 1168, m. [DMF, Amax (¢, M1 cm1)]: 749 nm
(65800), 640 nm(23700), 329 nm (85300). Molecular mass (m/z): Calcd: 1159.26. Found:
1156.38 [M-3H]*.

4.3. Results and discussion

4.3.1. Spectral characterization of CoPc-Bzt

Firstly, tetra-substituted analogues of CoPc-Bzt where the cavities are occupied by Zn,
Cu or MnCl have been reported.?> The overlay FTIR spectra of the derivatized
phthalonitrile 1 and its CoPc 2 illustrated a sharp nitrile (C=N) vibration at 2200 cm™!
for the former while this analogous IR stretch is absent for 2 indicating the
cyclotetramerization reaction was successful, see Figure 4.1. In addition, the typical
aliphatic and aromatic -C-H vibrational peaks of 2's Bzt groups (appearing in the
range 2908-2836 cm) also appear in the spectrum of CoPc-Bzt complex (between 2956
and 2876 cm) reaffirming the presence of the Bzt moieties within 2. The
aforementioned spectral changes also hint at the fact that the electronic properties of
the Bzt substituents in 2 differ from that of the Bzt group in 1 since those of 2 vibrates

at lower energies. Additionally, characteristic vibrations at 1250-1050 cm-!
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corresponded to ether groups (C-O-C), while the vibration at 1606-1595 cm-!
corresponded to the C=C bond alkene of the aromatic ring within the benzotriazole
ligand (1). Interestingly, this peak appeared sharp in benzotriazole (1) but was
broadened in CoPc (2), indicating variations in the orientation of these benzotriazole

groups about their individual aliphatic linkers.

100

90

80

70 -

60

% Transmittance

—Compound 1

40

—Compound 2

30 T T T T T T 1
4100 3600 3100 2600 2100 1600 1100 600
Wavenumber (cm)

Figure 4.1: Overlay solid-state FT-IR spectra of 4-((1H-benzo[d][1,2,3]triazol-1-
yl)methoxy)phthalonitrile ligand (1) and CoPc-Bzt (2) complex.

The absorption spectrum of compound 2 in deaerated DMF exhibits a pronounced
peak in the visible range, with a maximum absorption wavelength of 749 nm (Q-
band), a higher energy shoulder at 669 nm and B-band at 329 nm, as shown in Figure
4.2. These Q- and B-bands fall well within the typical ranges for CoPcs peripherally
substituted with N-heterocyclic electron-donating groups, specifically 600-750 nm for
the Q-band and 250-300 nm for the B-band.23-2> Both unmetallated and metalated Pcs
produces the Q- and B-bands which arises from 7-7* electronic transitions between the
highest r-molecular orbitals (HOMO) and the lowest energy antibonding s* orbitals
(LUMO:s). However, the position of the Q-bands can be altered by metalation and the

nature of the substituents in the peripheral or non-peripheral positions.2>26
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Figure 4.2: UV-Visible spectrum of CoPc-Bzt (2) complex.

The mass spectrum of CoPc-Bzt reveals a base peak at an m/z value of 1156.38 amu,
corresponding to its deprotonated pseudo-molecular ion, [M-3H]*. The exact nominal
mass of the parent mono-cation of CoPc-Bzt (M) is calculated to be 1159.26 amu using
the isotopic mass calculator available at sisweb.com, as shown in Figures 4.3 and 4.4.
To enhance the ionization of CoPc-Bzt, trifluoroacetic acid (TFA) was introduced to
the CoPc solution, and the mass spectrum was re-recorded. However, in addition to
the characteristic isotopic peaks (as compared to the theoretical pattern in Figure
4.3B), several additional peaks at lower m/z values were observed, tentatively
assigned to either radical ions of TFA or ions resulting from the fragmentation of the

complex and its substituents.?”
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Figure 4.3: TOF-MS spectra of 2 with TFA added to promote ionization. (B) Theoretical

pattern calculated via the isotopic mass calculator.

As depicted in Figure 4.4, the peak observed at 1053.2966 amu can be attributed to the
[M - (phenyldiazene)]* ¢, where 2-phenyldiazene has been lost (i.e. -(phenyldiene)).
Other prominent peaks observed in the experimental spectrum appears at m/z values

of 1039.2649, 1040.2666, and 1041.2926 which are associated with the isotopic
distribution of ([M - 1H-benzotriazole]*) and 1013.8494 amu (M - (1-
(methoxymethyl)-1H-benzotriazole]*).
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Figure 4.4: Chemical structures of the radical fragment ions that are formed randomly due to the thermally-induced dissociations of CoPc-Bzt

(2) in the presence of TFA.
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4.3.2. Investigating the redox properties of 2

The voltammetric analysis of compound 2 revealed the presence of four distinct redox
processes, as shown in Figure 4.5. Redox couples I and II are considered quasi-
reversible because the peak separation potential (AE) is greater than the standard
reference ferrocene (106 mV) obtained using the bare platinum electrode.?® In contrast,
redox processes III and IV are deemed irreversible, as indicated in Table 4.1.
Employing the more sensitive SWV technique, it became apparent that CoPc-Bzt
monomers undergo aggregation during redox processes I and II, resulting in three
additional peaks within its SWV. This aggregation is primarily driven by m-7*

intermolecular interactions, predominantly occurring between the coplanar and -

conjugated Pc macrocyclic faces.?%:30

Assignments of the specific redox processes were initially made by comparing their
corresponding redox potentials with those of structurally-related CoPcs containing
similar N-heterocyclic substituents, as detailed in Table 4.2.31-3 According to this
comparative analysis, redox process III is attributed to the irreversible oxidation of
Co!Pc? to CoPc?, while the quasi-reversible redox couple II is assigned to Co"Pc-
2/CoPc?2. Thus, within the positive potential window, the electron-donating
capability of the 1-(methoxymethyl)-benzotriazole substituents renders the Pc-core
more electron-rich, promoting the oxidation of Co(Il) over the reduction of the
resultant Co(III) species. Conversely, within the negative potential window, both the
reduction and oxidative waves of redox process II are indicative of monomeric CoPcs.
These trends are in line with CoPcs containing similar N-heterocyclic substituents
reported in the literature.31-34 In fact, this trend also extends to the redox properties of
the Pc2-ring, where redox couple I, assigned to Co'Pc2/Co'Pc3, and redox process IV,
which represents the ring oxidation of Co'Pc? to Co'Pcl-, are quasi-reversible and

irreversible, respectively, as indicated in Table 4.1
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Figure 4.5: (A) CV and (B) SWV of CoPc-Bzt at 100 mV/s. The arrows represent peaks

associated with aggregation.
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Table 4.1: Redox potentials of the redox couples attained via CV and SWV.

Redox couple Epa Epc AE
V) V) V)
I -0.8652 -0.9775 0.1123
IT -0.06683 -0.3525 0.2857
III 0.7493 - -
Iv 1.2027 - -

Table 4.2: Comparison of the voltammetric data (in V) between the novel CoPc-Bzt as well

as other tetra-substituted CoPcs containing 1,2,4-triazol and imidazole retrieved from

literature.

M!Pc?- MUPc2- MUPc2- MUpc2- Reference

/MIPc3 /MIPcZ /MIIPc2- /MIIPcl-

) (1) (1) (IV)
CoPc-Bzt -1.248 -0.498 0.408 0.801 This work
CoPc-DIT -1.09 -0.75 0.10 0.51 31
CoPc-MPT -1.40 -0.38 0.40 0.91 32
CoPc-FMTE -1.45 -0.40 NR 0.92 33
CoPc-MET -1.27 -0.44 0.52 0.85 34
Abbreviation: CoPc-DIT: [2,9,16,23-tetraphthalocyaninato-cobalt(ll)], CoPc-MPT: tetra-(4-(2-(4-
methyl-5-phenyl-4H-1,2,4-triazol-3-ylthio)ethoxy)phthalocyaninato)cobalt(Il), NR: Not reported,

CoPc-FMTE:

tetra-(4-(2-ethoxy)phthalocyaninato)cobalt(II),

CoPc-MET:

2(3),9(10),16(17),23(24)-

Tetrakis-4-(3,4-dimethoxyphenethyl)-5-ethyl-2H-1,2,4-triazol-3(4H)-one phthalocyaninato cobalt (II)
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4.3.3. Spectroelectrochemical experiments of CoPc-Bzt (2)

Spectroelectrochemistry was used to study the designated redox pairs in more detail.
In particular, substantial disaggregation was found when the first reduction peak
(redox couple II) was analyzed. This process resulted in the development of a distinct
monomeric state, as shown in Figure 4.6A, accompanied with a red-shifted Q-band
detected at 706 nm. A red-shifted Q-band rand the emergence of a new peak at about
480 nm are distinctive traits linked to Co! specie formation.353¢ Thus, the electronic
spectral alterations of redox couple II confirms its assignment as Co!'Pc2/CoPc2.
Additionally, the presence of diffuse isosbestic points at 397, 563, and 688 nm is a
fingerprint feature of mixed-valence species in solution.3> Furthermore, the Q- and B-
bands both decrease and the charge transfer band shifts to a longer wavelength (at 479
nm) when exposed to negative overpotentials relative to redox pair I, see Figure 4.6B.
These characteristic electronic spectral alterations are associated with the Co'Pc

2/ Co'Pc-3 redox pair.2

The voltammetry data, showed that the redox processes III and IV are essentially
overlapping due to aggregation. Consequently, two subsequent overpotentials of
0.408 and 0.650 V were over applied relative to redox couple III for completion of the
metal-based oxidation. Applying the first overpotential, the UV-Vis spectral changes
associated with redox couple III revealed an increase in the intensity of the Q-band.
After the second overpotential was induced, the formation of a low intensity CT band
in the vicinity of 360 nm appears, indicative of metal oxidation within a Co!'Pc core,
as shown in Figure 4.6C.3>% Therefore, the voltammetric assignment of redox couple
III, attributed to the Co!'Pc-2/ ColllPc2 redox process, is substantiated by the acquired
spectroelectrochemical data. In addition, the characteristic Q-band increase is
accompanied by the disappearance of the electronic transition associated with the
aggregate and a reduction of the B-band.?® When applying positive overpotentials
relative to redox couple IV, both the Q- and B-bands experience a significant decrease,
signalling Pc-2 oxidation and thereby confirming the assignment of redox couple IV

as Coll"Pc2/ CoPc, as illustrated in Figure 4.6D. 37
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Figure 4.6: UV-Vis spectral changes of CoPc-Btz at overpotentials applied at (A) -0.498 V, (B) —=1.248 V, (C) 0.408 V (0.650 V for the dotted
red line) and (D) 0.801 V. The initial spectrum is shown as a dashed line.
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4.3.4. Modification of the bare platinum (Pt) electrode with a composite film of

pyrrole(PPy) and CoPc-Bzt via electropolymerisation and electrodeposition

The electropolymerization of PPy onto the bare Pt electrode was conducted using the
method reported by Zhou and Heinze.3° Electropolymerization of 0.1 M PPy and co-
electrodeposition of CoPc-Bzt (0.1 M) in 1: 1 (v: v, DMF: acetonitrile) containing 1 M
NBusPFs on a Pt electrode were tandemly conducted over 20 cycles via cyclic
voltammetry, see Figure 4.7. As per literature, an increase in the current density for
each subsequent cycle (shown as stacked voltammograms) indicates the co-
electrocoating of the formed PPy/CoPc-Bzt composite films on the Pt electrode
surface, refer to Scheme 4.2. The CV of the chemically modified electrode (CME),
Pt | PPy/ CoPc-Bzt exhibits three discernible peaks. Comparative analysis between the
overlay CV profile generated using the CME and that produced from the
electrodeposition of the CoPc-Bzt reveals significant shifts which can be attributed to

variable sample matrixes being analysed.

The redox properties of pyrrole polymeric films on various substrates are well
documented and hence, as per literature trends, the recorded reduction peak potential
Eycppy), was recorded at 0.1 V shifted to 0.5 V when using the CME while the oxidation
peak potential, Epapry) which was recorded at -0.2 V whereas in Figure 4.7, it appears
at 0.1 V in the CVs of the composite film of PPy/CoPc-Bzt.3? Also, worth noting is that
the irreversible Co(Il) oxidative wave is observed at 1.2 V and the irreversible Pc ring
oxidation peak observed at 1.4 V. Comparing the CV peaks of the CoPc-Bzt, it is
evident that the Co and Pc ring oxidation peaks shifted to higher potentials in the
presence of PPy. The redox peaks shifted to higher potentials in subsequent scan
cycles, in line with the formation and growth of the PPy conducting film, hence the

modification of the Pt surface as depicted in Scheme 4.2.
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Figure 4.7: CVs for the simultaneous electro-polymerization of 0.1 M pyrrole and co-
electrodeposition of CoPc-Bzt on a Pt electrode at a scan rate of 0.1 V/s between the potential
-1.5 to 1.5 V in an acetonitrile: DMF (1:1) blend using a 1 M NBu4PFs as a supporting
electrolyte: (A) 20 cycles and (B) 2 cycles.
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/

Electropolymerisation (pyrrole)
and electrodeposition (CoPc-Btz)
100 mV/s

Scheme 4.2: Schematic representation of the electro-polymerization of 0.1 M pyrrole and co-

deposition of CoPc-Bzt films at the Pt.

4.3.5. Electrochemical impedance spectroscopy (EIS)

Charge transfer characteristics of the PPy /CoPc-Bzt composite film on the Pt substrate
were probed in a 5 mM potassium ferricyanide by EIS, see Figure 4.8. The charge
transfer resistance (Rcr) and hence the conductance of the electrodes were deduced by
titting the EIS data, refer to Table 4.3.40 Nyquist diagrams of the bare Pt and
Pt | PPy /CoPc-Bzt electrodes show that impedance plots are marked by a depressed
semi-circle for the Pt | PPy/CoPc-Bzt (compared to the bare Pt electrode) in the high-
frequency domain, see Figure 4.8. The diameter of the semi-circular part of the plot
represents the relative magnitude of the Rcr values of the interfacial films of the
electrode and the lower this value, the more conductive the film. Since the Nyquist
diameter for the Pt|PPy/CoPc-Bzt electrode is significantly smaller than that of the
bare Pt, it can be concluded that the former electrode surface exhibits better ionic

conductivity and a faster electrode charge transfer interface.4041
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The Bode plot of the Pt |PPy/CoPc-Bzt has a phase angle of ~10°, compared to ~58°
for the bare Pt electrode, see Figure 4.9. The phase angles of the two electrodes were
both less than 90°, (which is the optimal value for a capacitor), further confirmed the
pseudo-capacitance behaviour that the electron-mediating film induces on the CME
within the redox probe. Of particular interest, is that the latter confirms the uneven
surface morphology of the Pt|PPy/CoPc-Bzt, which is the probable reason for the
substantial deviation between the phase angles of the latter and the unmodified Pt
electrode. The immobilized electron-mediating film's non-uniformity is supported by
the fact that its n-value, a depression angle-related constant, is less than 1 (0.527), see

Table 4.3.42

Table 4.3: EIS data collected in a 5 mM [Fe(CN)s]>* using bare Pt and modified
(Pt | PPy/CoPc-Bzt electrodes..

Pt electrode Rs (Q) Rct () | Zw (uMho) CPE n
(uMho)
Bare 213 (1.2) | 3.08 (0.6) 69.6 (1.8) 1.20 (3.3) 0.886

PPy/CoPc-Bzt | 198 (0.8) | 14.2 (6.8) | 177 (5) 86.5 (8.2) 0.527
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Figure 4.8: Nyquist plots of the (A) bare Pt electrode and (B) Pt | PPy/CoPc-Bzt attained in
a solution of 5 mM [Fe(CN)]%* prepared in PBS. (C) The equivalent circuit used to fit the
EIS data.
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Figure 4.9: Bode plots for the bare Pt and Pt | PPy/CoPc-Bzt electrodes.

44. Optimization of the CME

4.4.1. Differential pulse anodic stripping voltammetry (DPASV) of Hg** using the
bare and the chemically modified electrodes (CMEs)

The Hg?* stripping currents at the bare (Pt) and the individual CMEs (viz. the PPy
electropolymerized (Pt|PPy), CoPc-electrodeposited (Pt|CoPc-Bzt) and co-
electropolymerized PPy and CoPc-electrodeposited (Pt|PPy/CoPc-Bzt) were
investigated by differential pulse anodic stripping voltammetry (DPASV) in an
electrolyte comprising 0.1 M HCI and 0.4 M NaCl. The Hg?* ions were reduced to
Hg(0) which accumulated at the electrode surfaces under optimal experimental
conditions at an accumulation potential of -0.6 V. This was followed by the anodic
stripping of the Hg(0) by scanning the potential of the electrodes between -1.0 V and
+1.0 V, see Figure 4.10. Oxidative stripping of Hg(0) at the Pt occurred at a potential
of 0 V but this peak was broad and poorly resolved. Although the bare Pt afforded a
less positive potential than that of the Pt| PPy, Pt|CoPc-Bzt and Pt |PPy/CoPc-Bzt
which generated I, values from 16 mV to 35 mV, respectively. These CMEs afforded
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stripping currents of Hg(0) which were three to eight folds higher than that of the Pt

bare electrode.

Structurally, the coating film of PPy, CoPc-Bzt or their composite (PPy/CoPc-Bzt)
increased the electrode surface areas relative to the bare thereby providing more
binding sites of the nanocomposite for electrochemical deposition of Hg?* on the
different electrode surfaces. Moreover, the higher electrical conductivity of PPy
boosted the rate of charge transfer of the combined films resulting in faster electrode
kinetics.#3 As depicted in Figure 4.10, the composite film for the Pt|PPy/CoPc-Bzt
gave the highest stripping current density than that of other individual electron-
mediating components. This also implied it had the largest effective surface area
compared to the electrodes. The incremental enhancement in the sensitivity of the
modified electrodes towards Hg signifies the individual mediation/catalytic roles as

well as synergism between the components of the modifiers.

Additionally, the surface chemistry of the modifiers contributed synergistically to the
enhanced detection of Hg?* by the modified electrodes. Stripping of Hg(0) was
mediated by favourable interactions between Hg?* and the nitrogen atoms of the
CoPc-Bzt as well as those of the PPy film.1? Resultantly, the Pt | PPy/CoPc-Bzt which
combined the mediating chemistries of the highly conductive PPy and the
electrocatalytic CoPc-Bzt turned out to be the best of the modified electrodes for the

electrochemical detection of Hg?* ions.
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Figure 4.10: DPASYV responses of the bare Pt, Pt | PPy, Pt | CoPc-Bzt and Pt| PPy/CoPc-Bzt
electrodes in 1 mM Hg?>* dissolved in 0.1 M HCI containing 0.4 M NaCl.

4.4.2. Effective surface area and surface coverage

The investigation on the microstructure surfaces of the CMEs were advanced to the
determination of the effective surface area of Pt|PPy/CoPc-Bzt electrode, (the most
sensitive CME) was calculated using its responses towards 5 mM Kj[Fe(CN)s] in 0.1
M KCI at various scan rates, see Figure 4.11A. The Randles-Sevcik equation (Eq. 4.1)

was used to calculate the effective surface area of the modified electrode.44
Iy = 2.69 x105n3/2ACVDv (4.1)

where 1 is the number (n = 1) of electrons transferred, A is the effective surface area,
D is the diffusion coefficient of Ks[Fe(CN)¢], v is the scan rate, C is the bulk molar
concentration of Ks[Fe (CN)¢. The effective surface area was calculated using the slope
of the plot of the oxidation peak currents against the square root of scan rates, as
shown in Figure 4.11B. The CME's relative effective surface area was found to be 0.144

cm?, which is approximately twice higher than the bare Pt electrode's (0.071 cm?). This
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confirmed the successful surface modification of the latter. The increase is due to the
intricate surface crevices of the modifier films onto which the analyte (Hg?*) adsorbed.
This implies the film has more exposed active sites for interacting with Hg?* ions than

the electrode modified with individual conducting films.

The effective surface area of the modified electrodes determined using Eq. (4.1), and
the total charge determined from the area under the peak in Figure 4.11B, were both

used to determine the surface coverage using Eq. (4.2)
r=-% 4.2)

where T is the surface coverage, n is the number of transferred electrons, F is the
Faraday constant, and A is the effective area of the electrode. The calculated surface
coverage value of PPy/CoPc-Bzt nanocomposite was 7.51 x 107% mol cm™2 and it is
higher than 1.0 x 10-19mol cm™ reported for MPcs lying flat on the surface of the

electrode.#4
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Figure 4.11: (A) The CVs responses towards 5.0 mM Ks[Fe(CN)¢] (prepared in 0.1 M
KCl(aq)) using the Pt | PPy/CoPc-Bzt electrode for increasing scan rates. (B) A plot of I, vs

square root of scan rate.
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4.4.3. Stability and reproducibility

The first three current responses (cycles) exhibited a significant decrease, indicating
some instability or adjustment period of the electrode to the experimental conditions,
see Figure A2. This could be attributed to factors such as electrode conditioning or
stabilization of the electrochemical system. From the 4th to 6th cycle, there was a slight
decrease in current response, suggesting some ongoing adjustment or stabilization
process. However, from the 7th scan onwards, the peak currents became stable,
indicating that the electrode had reached a steady-state condition for detecting Hg(II)
ions. The %RSD (relative standard deviation) of 4.42% calculated from the 10
replicated measurements indicates good reproducibility of the Pt | PPy /2 electrode for
detecting Hg(Il). This suggests that the electrode's performance is consistent across

multiple measurements, indicating its reliability for analytical applications.

4.4.4. Accumulation Potential

In 0.1 M HCI and 0.4 M NaCl solution, the effect of accumulation potential on the
stripping current of Hg occurring at Pt|PPy/CoPc-Bzt electrode interface was
investigated, and the results are shown in Figure 4.12. The investigation of
accumulation potential was conducted in the potential range of -1.0 V to +0.2 V. The
stripping current of the CME increased linearly when the accumulation potential was
increased from -1.0 V to -0.6 V (optimal accumulation potential: -0.6 V). Upon
increasing potential beyond -0.6 V, a progressive decrease in the stripping peak

current was observed in a linear manner.
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Figure 4.12: DPASV responses using the Pt | PPy/CoPc-Bzt electrode towards 1 mM Hg(Il)
electrocatalysis in 0.1 M HCl and 0.4 M NaCl at different accumulation potentials.
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4.4.5. Accumulation Time

The effect of accumulation time on the CV response towards 1 mM Hg(II) was studied
in the range of 0-175 s at a fixed potential of -0.6 V at the Pt/PPy/CoPc-Bzt and was
conducted via DPASV, see Figure 4.13. Increasing the deposition time of Hg(0) up to
75 s, resulted in a steady increase of the stripping current. There was a slight decrease
at 100 s while it increased at 125 s, giving a stripping current that is slightly higher to
that obtained at 75 s. However, when the deposition time was set to values greater
than 125 s, the stripping current decreased linearly. This suggests that deposition time
greater than 125 s, saturated the accessible sites at the modified electrode for Hg(0)
adsorption.#> Thus, the deposition time of 125 s was chosen for the experiments that

are presented ahead.
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Figure 4.13: Optimization of experimental parameters at Pt | PPy/CoPc-Bzt on the DPASV
peak currents of 1 mM Hg(II) in 0.1 M HCI and 0.4 M NaCl: Accumulation potential=-0.6
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4.4.6. pH effect

The effect of pH on the stripping currents of Hg(0) was investigated within the pH
range of 1 to 9 with the Pt | PPy/CoPc-Bzt set at optimum accumulation and stripping
conditions. It is commonly known that the pH of the buffer solution has a considerable
impact on the stripping current of the target metal ion.# The anodic stripping signals
of the Hg increased with increasing pH (1 - 8) as shown in Figure 4.14B, and the
highest stripping current was found at pH 8.28. Given that PPy exists in their reduced
state and thus conductive form under basic media, the increase in currents was due to
an increase in the formation of the conducting form as the pH was increased. Mercury
ions are soft Lewis acids and coordinated to PPy more in the unprotonated form stable
complexes in line with the hard-soft acids and bases (HSAB) theory. Beyond pH 8, the
stripping current decreases. This is due to the hydrolysis of Hg?*, precipitating the
ions as Hg(OH)2.1247
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Figure 4.14. DPASV peak currents of 1 mM Hg (1) in 0.1 M HCI and 0.4 M NaCl

(adjusted to target pH (1-9) using 1.M NaOH at Pt | PPy/CoPc-Bzt.
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4.4.7. Determination of Hg?* ions using Pt | PPy/CoPc-Bzt

The DPASV responses of Pt | PPy/CoPc-Bzt towards varying concentrations of Hg?*
are presented in Figure 4.15. The stripping current of Hg?* exhibited a linear increase
with rising concentrations of Hg?* indicating a linear response within the range of 10
uM to 100 pM. To determine the limit of detection (LOD) and limit of quantification
(LOQ), the following equations were employed: LOD = (3*stdp/k) and LOQ =
(10*stdn/ k), where stdp represents the standard deviation of the blank and k is the
slope of the linear calibration curve, as depicted in Figure 4.15B. The obtained

calibration curve is shown in equation 4.3:
I=0.4805 M [Hg] + 6,1661, R? = 0.9921 (4.3)

The calculated limit of detection (LOD) for Hg?* was found to be 1.11 pM, while the
limit of quantitation (LOQ) was determined to be 3.72 pM. A calibration
reproducibility ranging from 1.4 to 5.4% RSD (N = 3) was established at different
concentrations of Hg?*. For comparative purposes, Table 4.4 presents an analysis of
the analytical performance of Pt|PPy/CoPc-Bzt with other Pt electrodes modified
with polypyrrole or metallophthalocyanine. Kantize et al.,* reported a SAMs-CoPc-
Bzm | Poly(3-HT)-AuE electrode for Hg?* detection with an LOD of 40.6 pM whereas
the Pt|PPy/CoPc-Bzt exhibited a lower LOD compared to this electrode.
Mahmoudian et al.#° demonstrated a polypyrrole-coated platinum nanospherical
composite/ glassy carbon electrode with an impressive LOD of 0.277 nM with a wider
linear range for Hg(Il) detection, indicating higher sensitivity at low concentrations

compared to the Pt | PPy/CoPc-Bzt.
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Table 4.4: Comparative analysis of LOD and LOQ values for the Pt | PPy/CoPc-Bzt
electrode for the detection of Hg?* against other CMEs reported in the literature.

Type of electrode LOD LOQ Linear range Reference
Pt | PPy /CoPc-Bzt 1.11 uM 3.72 uM 10 - 100 uM This work
SAMs-CoPc- 40.6 pM NR 337-3370pM | ¥

Bzm | Poly(3-HT)-AuE

GCE/PPy/Pct/GR 4 fM NR 4-20fM 12

Pt/ PPy NSs/GCE 0277nM | 0.924nM | 5-500 nM 50
N,S-carbon/Sep 01lpugL1 | NR 04-85.0pgLT |51
Clicked-CoPc/GCE 81.94nM | NR 0-01mM 52

Abbreviations: NR: Not Reported, SAMs-CoPc-Bzm | Poly(3-HT)-AuE: Self assemble monolayer of
tetra-4-(benzothiazole-2-methoxy)  phthalocyaninato)cobalt|  3-hexylthiophene-gold electrode,
GCE/PPy/Pct/GR: glassy carbon electrode/polypyrrole/pectin/graphene reduced oxidase, Pt/PPy
NSs/GCE: polypyrrole-coated platinum nanospherical composite/glassy carbon electrode, N,S-
carbon/Sep: N,S-dual-doped carbon/sepiolite.
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Figure 4.15: (A) DPASYV responses of increasing concentrations of Hg(1) prepared in 0.1 M
HCl and 0.4 M NaCl (pH = 8.28) using the Pt| PPy/CoPc-Bzt. (B): Calibration curve of the
current response against Hg(Il) concentration. Deposition conditions: accumulation time:

125 s and accumulation potential: -0.6 V.
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4.4.8. Interference studies

The selectivity of the Pt | PPy/CoPc-Bzt towards Hg?* was evaluated in the presence
of Cd?* and Pb?* ions. The DPASV response for 1.0 g L't Hg?* in 0.1 M HCl and 0.4 M
NaCl at the Pt |PPy/CoPc-Bzt in the presence of 1.0 g L1 of Cd?* and Pb?* ions was
recorded and is presented in Figure 4.16. The peaks corresponding to each metal

cation could be readily distinguished.

The presence of Cd?* and Pb?* ions affected the size of the Hg?* peak, causing a
decrease, but the stripping potential position of Hg?* remained unaffected at the
Pt | PPy /CoPc-Bzt. However, the stripping currents for both Cd?* and Pb?* ions were
notably lower and broader compared to Hg?*. This is attributed to formation of strong
bonds between the soft Lewis acid (Hg?*) and the soft bases of the film modifiers (soft
N donor groups on the PPy and CoPc-Bzt) according to Pearson classification of acids
and bases reactions. This resulted in higher stripping currents for Hg?* compared to
other metal ions. It is known that Cd?* coordinates strongly with harder 'O' donors,
which are absent on the modifier film of the electrode. Consequently, its stripping

current is ill-defined, i.e., low and broad.>2
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Figure 4.16. (A) DPASV responses of 1 g L't Hg?* in 0.1 M HCl and 0.4 M NaCl (pH=
8.28) in the presence of 1 g L1 Cd?* and Pb?* ions using Pt | PPy/CoPc-Bzt. (B) DPASV

responses of 1 ¢ L' Hg** only in 0.1 M HCl and 0.4 M NaCl (pH= 8.28). Deposition

conditions: accumulation time 125 s and accumulation potential -0.6 V.
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4.4.9. Real water sample analysis

The concentration of Hg?* ions in a water sample collected from the Umngcwini
stream, which flows into the Umgeni River, was determined using the Pt | PPy/CoPc-
Bzt. The responses of the CME to the Hg?* calibration standards and the real water
sample are depicted in Figures 4.17. Figure 4.17A illustrates that there was no
detectable signal for Hg?* in the real water sample, indicating that the concentration
of Hg?* in the Umngcwini stream water was below the limit of detection (LOD) of the

Pt | PPy/CoPc-Bzt, calculated to be 1.11 pM.

To validate this, the water sample was spiked with incremental volumes (2.00 mL) of
a 20.0 pM Hg?* standard. Analysis of the calibration data yielded a percentage
recovery of Hg?* of 97.4% with a calibration reproducibility ranging from 2.0 to 4.2%
RSD (N = 3) established at different concentrations of Hg?* falling within the
acceptable accuracy range of 80-120%. This confirms the ability of the Pt |PPy/CoPc-
Bzt to accurately detect and quantify Hg?* ions in real water samples, establishing its

reliability for environmental monitoring applications.

Furthermore, the concentration of Hg?* in a real water sample was analyzed using
ICP-OES before and after spiking with 12.0 ppm Hg?*, and the results are presented
in Figure 4.18 and Table 4.5 to determine the %recovery. This comparison was
undertaken to validate the accuracy of the Pt | PPy /CoPc-Bzt for detecting Hg?* in real
samples against the more established ICP-OES method. The concentration of Hg?* in
the water sample before and after spiking was found to be 0.223 and 13.7 ppm,

respectively, resulting in a Hg?* recovery of 112.3%.

This recovery value is consistent with the 97.4% (2.92 ptM) estimated from the standard
method using the Pt|PPy/CoPc-Bzt. The values obtained by the Pt|PPy/CoPc-Bzt
and the ICP-OES are both within the acceptable recovery range of 80-120%.5354

122



Siyabonga Shoba Chapter 4

Thereby validating the accuracy and reliability of the former in detecting Hg?* in real

water samples.
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Figure 4.17: (A) DPASV responses at the Pt | PPy/CoPc-Bzt electrode after the standard
addition of incremental volumes (mL) of 20 uM Hg(Il) to 30 mL of real water sample. (B)

Linear calibration plot.
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Figure 4.18: A plot of emission intensity with increasing concentration of Hg(Il) for the
linear calibration of the ICP-OES.

Table 4.5: Measured concentration of Hg(II) ions for the unspiked and spiked water sample

collected along the Umngcwini stream, which joins the Umgeni river, water samples by ICP-

OES.
Sample name [Hg], ppm
Unspiked Umngcwini stream water (20.00 mL) 0,223
Umngcwini stream water spiked at 12 ppm Hg(Il) | 13.7
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4.5. Conclusions

The morphological features of CoPc-Bzt were confirmed using various
physicochemical techniques, including FTIR, UV-Vis, TOF-MS and elemental
analysis. The successful electro-coating of the bare Pt electrode was confirmed via the
cyclic voltammetry. The performance of the Pt | PPy/CoPc-Bzt was found to surpass
that of the bare Pt electrode. The electrocatalytic activity of the Pt|PPy/CoPc-Bzt
towards Hg?* was significantly superior. Moreover, it demonstrated selectivity for
Hg?* ions in the presence of other interfering heavy metal ions like Pb?* and Cd?*. The
percentage recovery of Hg?* by our fabricated Pt|PPy/CoPc-Bzt and the ICP-OES
were both within the acceptable recovery range of 80-120%. In particular, the
percentage Hg?* recoveries of 97% and 112% were attained when using CME and ICP-
OES, respectively.
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Chapter 5

Synergism in the electrocatalytic properties of electrospun cobalt
phthalocyanine-carbon nanotube-polyaniline nanofibers

immobilized on a gold electrode for the detection of lead(II) ions

5.1. Introduction

Elemental lead (Pb) and its compounds find extensive applications in the automotive
manufacturing, oil refinery, paint and ammunition industries.»2 In all these processes,
regulatory protocols on the use and storage and disposal of Pb-containing products
should be strictly adhered to due to the high toxicity of Pb and its compounds.
However, in developing or third-world economies, these regulatory guidelines are
either lacking or often not enforced, leading to widespread environmental pollution

impacts. 3

Consumption of Pb-contaminated water and food, inhalation of polluted air and
dermal contact with Pb-containing products or wastes are some of the critical
exposure routes through which animals and humans are poisoned by Pb(II) ions.*
Lead poisoning can lead to neurological damage, fetal development inhibition, organ
dysfunction and brain damage in mammals.#®> Therefore, it is crucial to develop
electrochemical sensors for seamless detection of Pb species in real water samples. In
fact, the potential of electrochemical sensors have been illustrated used in the routine
monitoring of trace concentration levels of toxic metal ions such as Pb(Il) in various

environmental samples that includes water for domestic and industrial uses.>®
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Unmetallated phthalocyanines (H2Pcs) and derivatives containing redox-active metal
centres (MPcs) have been widely used as electrocatalysts on various working
electrode substrates.” The planar structure of these macrocyclic compounds facilitates
their adsorption onto bare electrodes, while their 18 n-electron system, coupled with
the electroactive metal centre, provides optimal ligand and metal-based redox
properties, respectively.”® The redox properties of MPcs can be tailored through the
introduction of electron-donating or -withdrawing substituents at their peripheral or
non-peripheral positions. Furthermore, the role of MPc substituents has expanded to
encompass selective analyte recognition, chemical modification of bare electrodes,

and the fabrication of MPc nanocomposites.”-10

In this study, we describe the stepwise construction of a gold (Au) CME (viz.
Au | ENFs-1-Nf) for the sensitive detection of Pb(Il) ions. Firstly, we fabricated a
nanocomposite PANI-CoPc-flav--MWCNTs (1) comprising of polyaniline (PANI), a
p-tetrasubstituted flavone CoPc (CoPc-flav) and carboxylic acid-functionalized
multiwalled carbon nanotubes (-MWCNTs). The nanocomposite was then embedded
into polyvinyl alcohol (PVA) through electrospinning, resulting in electrospun
nanofibers (ENFs) denoted as (PANI-CoPc-flav--MWCNTs)PVA (ENFs-1). A
sonicated suspension of ENFs-1 was drop-casted onto the Au bare electrode and
subsequently annealed by a layer of Nafion (Nf) to prevent the former from leaching.
This formed a polymeric nanohybrid (viz. ENFs-1-Nf) film which was conductive and
permeable to the metal-based pollutant, Pb(Il). Therefore, the Nf component does not
only enhances electron mediation but also acts as a connecting matrix for the chemical

modifiers within the ENFs-1 film.11

The incorporation of PANI and f-MWCNTs into the thin film of Au | ENFs-1-Nf CME
is justified based on their complementary physical properties. In particular, PANI
provides high conductivity, while A-MWCNTs contribute to mechanical stability,
enhancing the inherent electron-mediating capabilities of CoPc-flav and ensuring the

structural integrity of the nanocomposite film.1>15 Similar to CMEs reported in other
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studies, the ternary components of the ENFs-1 nanocomposite increase the effective
electrocatalytic surface areas, resulting in higher current signals.’6-18 Constituents of
the ENFs-1 film are interconnected by the conductive Nafion (Nf) polymeric chains,

forming a nanostructure that exhibits high ion permeability.20

Furthermore, the electrocatalytic selectivity of the Au|ENFs-1-Nf CME primarily
arises from the diverse properties of the hard and soft donor atoms present in the
respective components of the ENFs-1-Nf thin film. These donor atoms enable the
selective detection of Pb(II) in the presence of other heavy and 3d-base metal cations.
Recovery studies and a comparison with ICP-OES studies were conducted to evaluate

the quantitative performance of the developed CME.
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5.2. Experimental

5.2.1. Formation of the PANI-CoPc-flav composite and the PANI-CoPc-flav-f-
MWCNTs (1) nanoconjugate

The formation of PANI was conducted following a previously reported method.”
Subsequently, CoPc-flav (0.1103 g, 0.0728 mmol) was added to a 50 mL aqueous
solution of 1.0 M HCI and PANI, and then the mixture was stirred for 1 h to ensure
uniform dispersion of the CoPc-flav. The resulting solution was left standing
overnight to allow the PANI-CoPc-flav to settle. The PANI-CoPc-flav was collected
by filtration and afterwards dried in a vacuum oven at 80 °C to obtain a dark green

composite.

To further enhance the electrochemical properties of the composite, functionalized
multi-walled carbon nanotubes (-MWCNTSs) were incorporated. More specifically, a
mass of 0.2103 g of FMWCNTs was added to a mixture containing 0.5002 g of PANI-
CoPc-flav in 3 mL of N, N'-dimethylformamide (DMF). The mixture was subjected to
sonication for 3 h to form the PANI-CoPc-flav--MWCNTs composite with uniformly
dispersed -MWCNTs within the PANI-CoPc-flav matrice.

5.2.2. Fabrication of PVA-based ENFs

The fabrication of PVA-based ENFs was done following the method reported in
Chapter 2.

5.2.3. Fabrication of the Au| ENFs-1-Nf CME

The bare gold electrode (Au|, 1.5 mm radial disk) was initially cleaned using a hot
solution of hydrogen peroxide and sulfuric acid (Piranha solution) in a 1:3 volume to
volume ratio at 120 °C to ensure firm adhesion of the modifier film onto the bare Au |
electrode. It was also thoroughly polished with aqueous alumina slurries, followed by

sonication in DMF and ethanol. The electrode was then rinsed with ultra-pure water
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to remove any alumina residue. Next, a 10 mg mass of ENFs-1 was dispersed in 2 mL
of DMF through sonication for 1 h to obtain a well-dispersed suspension. The
suspension was thereafter drop-casted onto the surface of the polished Au | electrode
and dried in the oven (40 °C) for 24 h. A 20 pL solution of 0.05 (w/v)% Nafion (Nf) was
thereafter loaded onto the pre-dried Au|-ENFs-1 CME and dried under a stream of
nitrogen at room temperature, to the fabricated CME (Au | -ENFs-1-Nf).
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Scheme 5.1: Sequential fabrication method of the Au | ENFs-1-Nf CME including the current responses for the differential pulse anodic
stripping voltammetric (DPASV) analysis of a series of dilute Pb(Il) ions standards.
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5.3. Results and discussion
5.3.1. Synthesis, nanofabrication and characterization

As per the experimental procedure reported by Chohan et al. (2015),%2 the
cyclotetramerization of 4-(flavone-3-oxy)phthalonitrile onto the Co(Il) ion was
performed in the presence of a mild base, 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) at
elevated temperature under a nitrogen atmosphere, see Figure 5.1. The structural
elucidation of CoPc-flav was corroborated by mass spectrometry and the data agreed
with that was previously published. To synthesize the emeraldine salt of PANI,
aniline was oxidized using ammonium persulfate, followed by ionization of the
aniline groups with hydrochloric acid (HCI).2> The resulting PANI emeraldine salt

was then combined with the CoPc-flav complex by overnight stirring.

To improve the dispersion and compatibility of the components, the resulting
composite was sonicated in the presence of functionalized multi-walled carbon
nanotubes (FMWCNTs), leading to the formation of PANI-CoPc-flav-~-MWCNTs (1)
nanoconjugate. Furthermore, to facilitate the dissolution and homogeneity of the
molecular components, the nanoconjugate was dispersed in N-methyl-2-pyrrolidone
(NMP). This homogeneous suspension was then added to a polyvinyl alcohol (PVA)
emulsion, resulting in a viscous polymer blend. Afterwards, the bulk polymeric blend
was subjected to electrospinning to render the electrospun nanofibers, ENFs-1 of

variable texture.
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Figure 5.1: The structure of the CoPc-flav.

Overlapping absorbance bands observed in the electronic spectra of CoPc-flav and
PANI observed (see Figure 5.2) within the range of 200-400 nm are associated with n-
r* electronic transitions within the PANI backbone and the Soret (B)-band of the
phthalocyanine (Pc) ring, respectively.?* With respect to the CoPc chemical
component, its electronic transitions are induced from the promotion of electrons from
the highest occupied molecular orbitals (HOMOs) to the lowest unoccupied molecular
orbital (LUMO) of the phthalocyanine chromophore.?4#? For PANI, the absorbance
band at 466 nm is responsible for its characteristic green colour corresponding to
emeraldine base (EB) and this arises from intra-charge transfer between the negative

nitrogen atom sites and the positive (CcHsNH2*),, sites on the polymer.26

For the PANI-CoPc-flav composite, its electronic spectrum shows comparable broad
absorption bands in the 200-500 nm region due to the additive effects of the electronic
transitions of the PANI aromatic chains and the B-bands of the conjugated Pc.
Additionally, the composite exhibits a continuum band above 600 nm, resulting from

the sum of the absorbances of the protonated PANI (viz. a charge transfer band of
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quinoid) and the Q-band of the incorporated CoPc-flav constituent. The presence of
mutual bands due to the individual components confirms the hybrid nature of the

PANI-CoPc-flav composite blend.?7.28

1.0

PANI
= CoPc-flav

0sd — PANI-CoPc-flav
g 0.6
<
e
i
2
2 04 -

0.2 - / /

000 | | | | | | | |

400 600 800 1000
Wavelength (nm)

Figure 5.2: Overlayed UV-Visible absorption spectra of PANI, CoPc-flav and PANI-CoPc-

flav nanocomposite.

The retention of the PANI structure in the PANI-CoPc-flav composite is evident from
the vibrational bands assigned to the functional groups of emeraldine (EM), including
the overlapping v(N-H) stretching vibrations at 3531 cm, the v(N-H) stretching
vibrations of protonated aniline (-NH:*) groups at 2682 and 2343 cm, see Figure
5.3.2931 In addition, the v(C=N) signals of the quinoid (Q) and benzenoid (B) rings
vibrates at 1585 and 1480 cm!, respectively. In the Fourier-transform infrared (FTIR)

spectrum of the PANI-CoPc-flav, the characteristic vibration bands (i.e. fingerprint
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region 1500 to 1600 cm1) of the CoPc are overshadowed by those of PANI due to its

composite nature.

In the FTIR spectra of the PANI-CoPc-flav-~-MWCNTs (1) and 1-ENFs, the vibrational
bands at 1097, 1252, 1410, 1647 and 2912 cm! are attributed to the v(C-O), v(C-H),
v(O-H), v(C=0) and v(C-H) signals while the N-H and O-H bonds vibrates between
3235 and 3402 cm™. In the solid-state infrared spectrum of 1-ENFs, the PANI-related
V(N-H) and the PV A-associated v(O-H) signals vibrate broadly centred at 3235 cm-.
This signal occurs at a lower frequency (3223 cm) than the analogous signal found in
the FTIR spectrum of the PANI-CoPc-flav--MWCNTs (1) (3402 cm!) which could be
ascribed to the encapsulation effect of the PVA shell surrounding the inner core

containing 1.

Other distinctive characteristic infrared stretches include PANI's aromatic and
aliphatic C-H which vibrates in the vicinity of 2910 cm for the carbon nanotube
conjugate 1 and its ENFs derivative, ENFs-1 which in turns provide additional
evidence that 1 were incorporated into nano-scale diameter of ENFs-1. The sharp C=0
vibrational band of the FMWCNTSs’ carboxylic acid groups in the FTIR spectrum of 1
can be accounted to its well-dispersity within this nanocomposite. However, in the
FTIR spectrum of ENFs-1, the v(C=0) signal is broader and weaker due to the
encapsulation of 1 by PVA; leading to the dominance of the v(C=0) signal associated
with PVA acetate groups.3233
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Figure 5.3: Stacked FTIR spectra of CoPc-flav, 4-(flavone-3-oxy)phthalonitrile, PANI,
PANI-CoPc-flav (Q = quinoid, B = benzenoid), PANI-CoPc-flav-f-MWCNTs (1) and ENFs-

1.

140



Siyabonga Shoba Chapter 5

Raman spectral analysis largely concur with the FTIR spectral assignments while
distinctive stretching modes of the -MWCNTSs were present in the nanoconjugate 1.
In the Raman spectrum of CoPc-flav, characteristic absorption peaks of the Pc are
observed, see Figure 5.4. The Big vibration band at 685 cm corresponds to the
asymmetric stretching mode of the pyrrole rings within the Pc macrocyclic, while the
vibrational band (of Big symmetry) at 1545 cm is typical of the in-plane bending and
displacement modes of the nitrogen-carbon (C=N-C) bridging bonds within the Pc
ring.3* Mutually, the respective Raman spectra of PANI and PANI-CoPc-flav exhibit
vibrational peaks related to the backbone stretching modes of PANI only differing in
peak intensities.?43> In particular, the solid-state Raman spectrum of PANI displays a
peak at approximately 1591 cm!, corresponding to the C=C breathing mode of the
phenyl rings and v(C=N) stretching mode of protonated aniline monomers within the

polymer.36

Comparative analysis between the Raman spectra of CoPc-flav and its composite,
PANI-CoPc-flav, shows that the former’s vibrational peak at 1591 are slightly shifted
to 1596 cm?! for the composite, PANI-CoPc-flav. The distinct stretching band
appearing at 1545 cm in the Raman spectrum of CoPc-flav is masked by the intense
PANI-related vibrations occurring in the region between 1500 - 1600 cm within the
Raman spectrum of the PANI-CoPc-flav composite. Additional peaks in the Raman
spectrum of PANI-CoPc-flav include those at 1259 cm! and 1255 cm, corresponding
to the stretching of the C-N bonds in the polymer backbone. The C-H bending mode
is observed around 1168 cm' and 1176 cm?, reflecting the in-plane deformation of the
C-H bonds. Characteristically, the v(C=N) stretching band appears around 1334 cm-,

indicating the presence of the emeraldine base salt of PANI.36,37
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Figure 5.4: Stacked Raman spectra of CoPc-flav, PANI, PANI-CoPc-flav, -MWCNTs and

PANI-CoPc-flav-f-MWCNTs (1) nanocomposite.

The Raman spectra of PANI-CoPc-flav, F-MWCNTs and PANI-CoPc-flav--MWCNTs

(1) provide insights into their structural functional groups of the nanomaterials. The

spectra of both FMWCNTs and PANI-CoPc-flav-F-MWCNTs feature intense peaks

around 1605 cm-! and 2710 cm! (ascribed to the G- and G’-bands, respectively) while

the D-band resonate around 1350 cml. The D-band represents the vibrational mode

associated with defects or disorder in the carbon lattice, while the G- and G’-bands

correspond to the vibrational mode of sp?-bonded carbon atoms within the graphene

plane.38
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The intensity ratio of the D-band to the G-band, (In/Ic), provides information about
the fractional density of graphic lattice and hence defects or disorders in the
nanomaterials. The Ip/Ic ratio for the -MWCNTs was found to be 1.18, indicating a
relatively higher density of defects. However, for the PANI-CoPc-flav--MWCNTs, the
Ip/IG ratio decreases to 0.95.3 The lowering of the Ip/Ic ratio after doping of the f-
MWCNTs with PANI-CoPc-flav; suggest that clear molecular interactions between
the two materials where complementary stabilization interactions occur via
intermolecular pi-stacking and complementary hydrogen-bonding.® It is worth
noting that the peaks associated with PANI-CoPc-flav are not observed in the PANI-
CoPc-flav-FMWCNTs (1) nanocomposite which is tentatively ascribed to the

dominance of the MWCNTSs’ inherent photon-absorption properties.

The XRD pattern of CoPc-flav shown in Figure 5.5 reveals broad peaks at 20 angles of
7.29° and 19.71°, corresponding to the (100) and (104) planes of CoPc, respectively.4041
PANI exhibits a sharp peak centred at 20 angle of 25.5°, along with two low-intensity
broad peaks at approximately 20.9° and 14.8°, corresponding to the (200), (020) and
(011) semi-crystalline planes of the emeraldine salt (ES) form of PANI.4243 The XRD of
the PANI-CoPc-flav nanocomposite illustrate common peaks to those observed in the
XRDs of pure PANI and CoPc-flav. In particular, the PANI-derived intense peak at 20
angle of 7.29° in the XRD of the composite, indicates the successful integration of PANI
and CoPc-flav in the nanoconjugate.# The XRD pattern of -MWCNTs shows
characteristic peaks at 20 angles of 25.65°, 43.44°, and 53.25°, corresponding to the
(002), (100), and (004) planes of graphite, respectively.

These peaks are consistent with the crystalline structure of ~-MWCNTs reported in
previous studies.*#4> The XRD pattern of the PANI-CoPc-flav--MWCNTS (1)
nanoconjugate exhibits similar peaks to A-MWCNTs, but with reduced intensities,
thereby conversely confirming the presence of PANI and CoPc-flav in the composite.
In the diffractogram of ENFs-1, a broad peak is observed at a 20 angle of
approximately 19.53°, corresponding to the (011) plane. The broadness of this peak

indicates the amorphous nature of ENFs-1 which is implies that the nanohybrids of 1
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has irregular orientations in the nanofibers, ENFs-1.4¢ In addition, the absence of peaks

related to the PANI-CoPc-flav--MWCNTs nanocomposite suggest that the latter has

been predominately concealed by a PVA outer layer in 1.
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Figure 5.5: Stacked X-ray diffractograms of CoPc-flav, PANI, PANI-CoPc-flav, f-
MWCNTs, PANI-CoPc-flav-f-MWCNTs nanocomposite and ENFs-1.
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Scanning electron microscopy (SEM) in conjunction with energy dispersive X-ray
(EDX) analysis were performed to probe morphological features and elemental
composition of the Ns-metallocyclic complex, CoPc-flav and its composite material.
The micrograph of CoPc-flav shows homogeneously dispersed and spherically-
shaped particles which are clumped to producing non-uniform and larger aggregates,
see Figure 5.6A.#’ Since both the micrographs of CoPc-flav and PANI-CoPc-flav
illustrate large aggregates with relatively rough surface areas, the non-
distinguishment between these micrographs suggest that the majority of the CoPc-
flav aggregates have been imbedded within the bulk PANI polymer matrix, see
Figures 5.6B and C. The interlinked networks of PANI and CoPc clusters promote
particle aggregation, facilitating swift charge hopping and enhanced electrical

conduction within the rough crystallites.484

The incorporation of f~MWCNTs in the PANI-CoPc-flav composite alters its
microstructure, as observed in the SEM micrographs of the PANI-CoPc-flav-f-
MWCNTs nanoconjugate presented in Figure 5.6D. More specifically, the micrograph
displays uniform woven fibre-mats wherein the PANI-CoPc-flav is dispersed over the
surface of the -MWCNTs surface, creating a three-dimensional microstructure with a
higher surface area. This increases the number of accessible active sites and thus
enhances the electrochemical interactions when the material is used as an electron-

mediating film.50

The ENFs produced in the absence of FMWCNTs had smooth and uniform surface
morphology, as shown in Figure 5.6E. However, those ENFs (viz. ENFs-1) containing
fFMWCNTs were extruded as uniform woven mats wherein the PANI-CoPc-flav
nanoconjugates are beaded on the surface of the fMWCNTs due to the bigger
projection diameter of the latter. Additionally, the fibres exhibited non-uniform

diameters and different surface roughness, as visualized in Figure 5.6F.
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Figure 5.6: SEM micrographs of (A) CoPc-flav, (B) PANI, (C) PANI-CoPc-flav, (D) PANI-CoPc-flav--MWCNTs (1), (E) ENFs-CoPc-PANI
excluding f-MWCNTs and (F) ENFs-1 (i.e. ENFs with embedded f~-MWCNTs showing beaded woven-mats ENFs-1).
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Figure 5.7 presents the EDX spectra of synthesized ENFs and ENFs-1. In Figure 5.7A,
the EDX analysis of ENFs confirmed the presence of carbon, chlorine, nitrogen, and
oxygen atoms, characteristic of PANI, PVA, and HCI (employed as an acidic medium
for PANI synthesis). In Figure 5.7B, EDX analysis of ENFs-1 also confirmed the
presence of carbon, chlorine, nitrogen, cobalt, and oxygen atoms, characteristic of
PVA, PANI, HCl, and CoPc-flav embedded within the ENFs. This substantiates the
formation of ENFs-1 and the acid doping of PANI.

B sample 3.1

B sample 2.2

Figure 5.7: EDX micrographs of (A) ENFs and (B) ENFs-1.
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5.3.2. Comparative electron-transfer rates between the bare and respective CMEs

Cyclic voltammetry (CV) responses of 5 mM [Fe(CN)s]3~/4- in 0.1 M KCl at various
modified and bare electrode interfaces were recorded. All electrodes, but the Nafion-
modified (Au|Nf) gave discernible current responses due to the FeZ*/Fe3* redox
interconversion, see Figure 5.8. The bare gold (bare Au |) electrode recorded the least
of the current signals when compared to the other investigated electrodes. Its response
counter-intuitively contrasted the response of the Nafion gold-modified electrode
(Au|-Nf) whose signal was undiscernible, indicating that the Nafion film hinders
charge transfer at the electrode interface. This suggests that Nafion served mainly as
a polymeric binder for improving the stability of the modified electrode but does not

play a catalytic role in the electron transfer process.

On the other hand, the | Au-PANI electrode exhibited low current waves, showing
sluggish electron transfer kinetics characterized by high background currents. Given
that PANI is a strong electro-conductive polymer, the observed low waves and high
background currents of its electrode film are more likely due to the low affinity of the
nitrogen atoms of the polymer towards the analyte, which results in poor adhesion.
Additionally, this is attributed to the thick PANI film on the electrode surface, which
resulted from drop-drying PANI onto the GCE surface rather than
electropolymerization. The increased PANI film thickness likely blocked electron
transfer between the solution and the electrode, leading to a lack of clear peaks in the
cyclic voltammogram. Furthermore, the current responses at the Au | -~-MWCNTs, or
Au | ENFs-1-Nf electrodes were higher than that of the bare Au |, however, to different

extents, see the zoomed inset in Figure 5.8B.

The response of the Au | CoPc-flav electrode was the least while Au | --MWCNTs had
the highest electrocatalytic activity. This can be rationalized by the oxygen atoms of
the CoPc-flav bridging ethers form strong Au-O bonds, and this coupled with the
electrocatalytic nature of the CoPc-flav resulted in a slight increase in the current
response. The superior conductivity of the FMWCNTs accounts for the observed
higher redox currents occurring at the interface the Au | --MWCNTs electrode.

148



Siyabonga Shoba Chapter 5

The response currents of the Au | ENFs-1-Nf were intermediate which demonstrates
the electrocatalytic and mediating roles of ternary nanoconjugate (ENFs-1-Nf) where
the Nafion-film causes the depression on the current signal. Noteworthy is that the
coating of Nf onto the ENFs-1 CME created a stable top layer for the underneath
PANI-CoPc-flav--MWCNTs nanoconjugate film. Thus, coating Nf onto the ENFs-1-
film improved the film stability and adherence of the Au|ENFs-1-Nf electrode by
forming a layer-by-layer nanoconjugate film with enhanced electrochemical charge
transfer rate. The aforementioned resulted in superior electrochemical responses
towards the Fe3* | Fe?* redox couple compared to the electrodes modified with a single

component of the nanoconjugates.

These observations led to the hypothesis that the Au | ENFs-1-Nf electrode may have
similar electrocatalytic detection capabilities towards some heavy metal ions. Overall,
the Au | ENFs-1-Nf electrode was the most effective and stable electrochemical sensor
for Fe3* /Fe?* standard redox probe. It exhibited good film stability, enhanced electron
transfer rates and high sensitivity compared to other modified gold electrodes. Studies
to validate the potential of the electrode for the detection and quantitative analysis of

Pb(Il) ions in real and spiked water samples were conducted as shall be discussed

ahead.
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Figure 5.8: (A)Cyclic voltammograms of 5 mM Ks[Fe(CN)s] in 0.1 M KCI. (B) Zoomed-in
plot of all electrodes except Au | -PANI.
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5.4. Electrocatalytic detection of Pb(II) ions by the Au | ENFs-1-Nf
5.4.1. Differential pulse anodic stripping voltammetry (DPV)

The capabilities of the bare electrode and the various CMEs were explored to detect
Pb(II) ions using a 3.0 mM Pb(II) standard solution buffered at pH 5 (acetic/sodium
acetate) using differential pulse anodic stripping voltammetry (DPASV),. The DPASV
response of the Au | electrode exhibited the weakest signal for Pb(Il) at -0.557 V, with
additional neighbouring peaks within the -0.1 to -0.55 V range, see Figure 5.9. These
peaks are due to the reduction of electrolyte species. This indicates that the
Au | electrode lacks selectivity for Pb(II) since it detected other analytes which have

similar redox potentials as that of Pb(II) ions

The presence of the Nafion (an ion-exchanger) polymeric film improved the current
response slightly as well as shifted the potential to -0.532 V compared to the peak
potential attained using the bare Au electrode. However, the oxidation of matrix
species is still evident and the interfering peak intensities are reduced. Both the Au | -
CoPc-flav and Au |--MWCNTs electrodes exhibited the highest current signals for
Pb(II), but they were accompanied by two other peaks in the range -0.1 to -0.55 V,

indicating poor selectivity towards Pb(II) ions.

These additional peaks are also observed for the Au |-PANI electrode in addition to a
broad intense peak spanning the range, -0.1 V to 0.8 V and are attributed to redox
reactions of the electrolyte species, refer to Figure 5.9B. This high background current
peak is also observed in the DPASV response of the Au | ENFs-1-Nf electrode, where
PANI is a component of the composite film though to a lesser extent. In contrast, the
Au | ENFs-1-Nf electrode gave a well-defined peak for Pb(II) ions at -0.506 V with no
additional peaks at higher oxidation potentials, as observed for the other five CMEs.
This suggests that the ENFs-1-Nf film not only electrocatalyzes the detection of Pb(II)
but also exhibits high specificity, experiencing minimal analyte solution matrix effects

within the narrow potential window of -0.55 V to -0.1 V. The low background current
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is accounted for by the high stability of the ENFs-1-Nf film in which the active
electrocatalysts are embedded. This demonstrates the advantage of electrode
modification using ENFs where electrocatalysts of varying physical properties are
agglomerated into one nanocomposite since the Au|ENFs-1-Nf electrode showed
superior performance and selectivity for the detection of Pb(II) ions. In addition, these
ENFs have intrinsically higher electrocatalytic surface areas than the individual
materials as well as the composite, PANI-CoPc-flav and the nanocomposite, PANI-

CoPc-flav--MWCNTs.
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Figure 5.9: (A)DPASVs responses of 3 mM Pb(Il) in 0.1 M sodium-acetate buffer (pH 5.0)
obtained using the | Au, | Au-Nf, | Au-CoPc-flav, | Au-PANI, | Au-f-MWCNTs) and | Au-
ENFs-1-Nf electrodes. (B) responses of each electrode in the electrolyte/buffer solution (no
analyte).
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5.4.2.  Signal stability of the modified electrodes

Signal stabilities of the CMEs were assessed in the analyte solution over consecutive
DPV scans, see Figure 5.10. The Au|-CoPc-flav and Au|--MWCNTs electrodes
showed current responses towards Pb(Il) in the respective first scans, which
disappeared in subsequent scans. This indicated that the modifying layers of CoPc-
flav and -MWCNTs were susceptible to fouling by adsorbed Pb, which leads to
saturation of electrocatalytic sites that causes loss of sensitivity for Pb(II) detection.
Therefore, these CMEs were not suitable for stable and reliable Pb(II) sensing due to
surface fouling of the CME interface; leading to deactivation of the respective thin

films.

The Au|-PANI electrode recorded a stable and background free current response
around the vicinity of the redox peak for Pb(Il) . However, there was an intense broad,
low background peak within the higher potential range, making it less reliable for
accurate sensing and quantitative analysis of Pb(Il) ions. The presence of interferences
might hinder the clear and specific detection of Pb(Il) at this electrode, reducing its

selectivity and sensitivity.

In contrast, Au|ENFs-1-Nf electrode render a well-defined and stable response for
Pb(II) ions with no significant background interferences in the vicinity of the analyte
peak or at a higher potential range. The experimental results demonstrated that the
adsorbed ENFs for this electrode interlinked to and intertwined with the permeable
Nf polymeric film thereby providing a hybrid nanoconjugate with Dbetter
electrochemical sensing abilities. The absence of significant background interferences
and the more stable response towards Pb(II) ions confirmed the superior performance
and reliability of this CME. The functionalities of the fabricated ENFs-1-Nf film are
analogous to that of metal organic frameworks (MOFs) in that it forms intricate
channels similar to that of the latter. Therefore, it be deduced that the amorphous
ENFs-1-Nf nanohybrid film can selectively trap analytes of appropriate size similar to

the primary mechanism of electrocatalytic activity for MOF-modified electrodes
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containing crystalline cavities.>® Furthermore, the exposing functional groups within
their channels plays an integral role in promoting the selective uptake of a specific

analyte.

The Au | ENFs-1-Nf electrode is resistance to poisoning and maintain a stable as well
as specific response towards Pb(Il) ions and this sets it apart from the other unitary
modifying nanomaterials such as CoPc-flav, FMWCNTs, and PANI which
experienced limited film stability and sensitivity. As shown in Figure 5.10C, the
electrode exhibited good precision (%RSD =1.71%, N = 5) towards sensing Pb(II) ions.
These attributes made the Au|ENFs-1-Nf electrode the most suitable candidate
electrode for accurate and reliable electrochemical sensing of Pb(Il) ions in complex
sample matrices. Thus, its applicability for environmental monitoring and trace

analysis of heavy metal pollutants is foreseen as feasible.
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Figure 5.10: Triplicated DPV scans of modified gold electrodes: (A) Au |-CoPc-flav, (B) Au |--MWCNTs, (C) Au |-PANI and Replicated

DPASVs of (D) Au | ENFs-1-Nf in 1 mM Pb(I1) ions dissolved in 0.1 M acetate buffer at pH 5.0.
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5.4.3. Effective surface area and surface coverage

The superior electrochemical performances of the Au|ENFs-1-Nf CME in the
Ks[Fe(CN)¢] redox probe were rationalized by estimating its effective surface area
from its responses to 5 mM Ks[Fe(CN)¢] in 0.1 M KCl at increasing scan rates (Figure.
5.11). The effective surface area was calculated using the Randles-Sevcik equation (Eg.

5.1):
Ly, = 2.69 x10°n*2ACVDv (5.1)

In the equation, A represents the effective surface area, D is the diffusion coefficient
(6.67 x 10¢ cm?/s at 298 K) of KsFe(CN)s, v is the scan rate, C is the substance

concentration of KsFe(CN)g, and 7 is the number of electrons transferred (n = 1).

Using the slope obtained from the I, vs. v1/2 plots as presented in Figure 5.11B, the
effective surface area was calculated and found to be 0.807 cm?2. This value is

approximately eleven times higher than the area (0.071 cm?) of the bare Au electrode.

To further characterize the Au | ENFs-1-Nf electrode, the surface coverage (I', mol/cm-
2) of the electrode was calculated. The integrated peak current area under the
oxidation peak at a scan rate of 50 mV /s (Q/v), and the effective surface area (0.807

cm?) were applied in Eg. 5.2:
r=— (5.2)

Here, I represents the surface coverage, n is the number of transferred electrons, F is
the Faraday constant, and A is the effective surface area. The calculated surface
coverage for ENFs-1-Nf on the electrode was found to be 2.413 x 10 mol cm, which
is significantly larger than the value of 1 x 101 mol cm?, corresponding to a Pc
molecule lying flat on the substrate's surface *2. The higher surface coverage of the
CME substantiates its improved electrochemical parameters compared to the bare Au
electrode. The larger surface coverage contributes to the enhanced electrochemical
sensitivity of the Au|ENFs-1-Nf electrode, making it a highly efficient and reliable

sensor for the detection of Pb(II) ions.
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Figure 5.11: (A) CVs of 5 mM KsFe(CNs) containing 0.1 M KCI (aq) at increasing scan
rates as measured using the Au | ENFs-1-Nf electrode. (B) Plot of Iy, vs square root of scan

rate.
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5.4.4. Electrochemical impedance spectroscopy studies

To gain a better understanding of the electron transport characteristics for the
Au | ENFs-1-Nf film, its charge transfer resistance together with that of the bare (Au|)
were probed in a 5 mM KsFe(CN)s solution within the frequency range of 0.1 Hz to
100 kHz. At higher frequencies, where charge transfer is diffusion-controlled, the plots
exhibit semi-circular correlations whose diameters are inversely related to the intrinsic
resistance (represented by Rcr in the Randles’ equivalent circuit) of the cell
components. The results show that the bare Au substrate induces greater charge
transfer resistance than the interface of the Au | ENFs-1-Nf electrode for the Fe3*/Fe2*

interconversion (Figure 5.12).

Moreover, the Nyquist plots display a linear plot whose slope is a measure of the
Warburg impedance (Zw) of the cell components at lower frequencies. The data was
titted to the Randles equivalent circuit which includes the following circuit elements:
electrolyte resistance (Rs), charge transfer resistance (Rcr), constant phase element
(CPE), and the Warburg impedance (Zw). The inclusion of the non-ideal capacitor, the
constant phase element (CPE) is motivated by the surface roughness of the Au | ENFs-
1-Nf electrode. The low errors obtained between the experimental and fitted data
validate the accuracy and reliability of the simulated Randles equivalent circuit, as

shown in Table 5.1.

Comparing the Rcr values of the bare and the modified electrode reveals that the latter
value is significantly smaller, implying that the electrocatalyst in the CME is more
amenable to charge transfer. Additionally, the CME’s electrocatalyst components are
permeable to Fe2*/3+ cations, considering that the main analyte of concern, Pb(II) must
be exposed to its N, O, S-donor atoms. These results demonstrate that the Au | ENFs-
1-Nf electrode possesses improved electron transport characteristics and enhanced
conductivity compared to the bare Au electrode. As the electrocatalyst in the CME
allows for efficient penetration of Fe2*/3* cations, it was foreseen that it will effectively

facilitate the detection of Pb(II) ions.
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Table 5.1: EIS data collected in a 5 mM KsFe(CN)s using bare | Au and Au | ENFs-1-Nf

electrodes.

Electrode

Rs(@) |Rer(@Q) |Zw (uMho) | Ca(uMho) | =

bare | Au

101.0 (0.7) | 1.96 (1.0) | 236 (34) | 33.8(5.2) 0.715

Au | ENFs-1-Nf

941 (14) | 1.10(3.6) | 900 (63) | 650 (7.8) 0.646
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Figure 5.12: Nyquist plots of 5 mM KsFe3(CN)s dissolved in 0.1 M KCl at (A) | Au and
electrode and (B) Au | ENFs-1-Nf electrodes. (C) The equivalent circuit is used to fit the EIS
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Figure 5.13: Bode plots generated at 5 mM KsFe(CN)s dissolved in 0.1 M KCI with bare

| Au and Au | ENFs-1-Nf electrodes.
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The phase angle of 2.9° exhibited by the Au | ENFs-1-Nf electrode and the phase angle
of 44.7° observed in the bare gold electrode, as shown in Figure 5.13, are both
significantly lower than 90°, which is the optimal phase angle value for a capacitor.
This deviation is greater for Au|ENFs-1-Nf electrode indicating that the electrode
behaves almost like a non-ideal capacitor due to the uneven surface morphology of its
surface confirmed in the calculated surface roughness factor, I'.** The non-uniformity
of the immobilized electron-mediating film is substantiated by the n-value (a constant
associated with the depression angle) which is less than 1.** The deviation of the bare
Au electrode’s n-exponent could be related to chemical edging when the electrode was
cleaned with the piranha solution. The electrocatalytic properties of the ENfs-1-Nf thin

film can involve redox reactions with the analytes, causing semi-capacitive behaviour.

5.5. Optimization of parameters for DPASV analysis of Pb(II) using the
Au | ENFs-1-Nf
5.5.1. The effect of accumulation potential

The effect of accumulation potential on the stripping current of 1 mM Pb(Il) at the
Au | ENFs-1-Nf electrode interface was studied in a 0.1 M sodium acetate buffer
solution within the potential range of +4.0 V to -1.0 V while keeping other variables
constant. Choosing the right accumulation potential is crucial in electrochemical
sensing to achieve the highest sensitivity and accuracy for target analytes. The
stripping current due to pre-accumulated Pb atoms at the Au|ENFs-1-Nf electrode
varied as shown in Figure 5.14 when the accumulation potential was changed from
positive to negative values. The peak stripping current for Pb(Il) was observed at -0.8
V and any deviation from this potential led to lower peak currents. This indicates that
-0.8 V is the optimum potential at which the Pb(II) ion can be accumulated for the
subsequent detection using DPASV. At this accumulation potential, the maximum
number of Pb(Il) ions can be effectively preconcentrated on the electrode surface,
leading to the highest sensitivity and signal-to-noise ratio during the stripping
analysis. Thus, the accumulation potential of -0.8 V was chosen for the reliable and

efficient detection of Pb(II) in this study.
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Figure 5.14: DPASYV responses of 1 mM Pb(Il) at different accumulation potentials at
theAu | ENFs-1-Nf electrode (at a deposition pH 1.15 and deposition time of 250 s).
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5.5.2. Accumulation time

Figure 5.15 displays the differential pulse anodic stripping voltammograms (DPASVs)
obtained for 1 mM Pb(Il) in acetate buffer while varying the accumulation time of Pb
on the Au | ENFs-1-Nf electrode from 25 to 300 s. The current responses corresponding
to Pb(II) accumulation at different times showed a general increase, reaching a steady
plateau after 250 s. For initial accumulation times with 25 to 150 s, the peak current
exhibited some gradual increase which were punctuated by some slight fluctuations.
However, accumulation times greater than 250 s, recorded peak currents that were
non-increasing, indicating that the analyte Pb(Il) had reached its steady-state

concentration of adsorption onto the active sites of the Au | ENFs-1-Nf film.

For these accumulation times, the maximum number of Pb(II) ions had accumulated
on the electrode surface, leading to higher but non-increasing signal responses. Based
on these observations, an accumulation time of 250 s was considered the best for
further studies. At this optimized accumulation time, the Au|ENFs-1-Nf electrode
had its best sensitivity for the detection of Pb(Il) ions. The steady-state accumulation
equilibrium achieved at 250 s ensures that the electrode has fully captured the target

analyte, providing a reliable and reproducible detection platform.
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Figure 5.15: DPASV responses of 1 mM Pb(Il) at different accumulation time measured
using theAu | ENFs-1-Nf electrode (at a deposition pH 1.15 and deposition of -0.8 V).
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5.5.3. The effect of pH

The effect of pH on the stripping currents of 1 mM Pb(II) was investigated in the pH
range of 1 - 6 using the Au | ENFs-1-Nf electrode. The deposition potential was set to
-0.8 V and the deposition time was 250 s. Figure 5.16 shows that as the pH increases,
the response in the stripping current of Pb(Il) gradually decreases. This behaviour is
expected since the pH of the solution affects the speciation of metal ions and their

interactions with the electrode surface.

At pH values higher than 6, a white precipitate of Pb(OH)2 was formed. It reduced the
availability of free Pb(II) ions for electrochemical detection and led to a decrease in the
stripping current.* Hence, the pH range above 6 is not suitable for accurate and
reliable detection of Pb(Il) ions using the Au|ENFs-1-Nf electrode. The stripping
current responses of the electrode towards Pb(II) were highest at pH 1.15, indicating
that high acidity ensures efficient interactions between the components of the ENF
nanoconjugates and Pb(II) ions which results in the sensitive detection of the latter at

the Au | ENFs-1-Nf electrode surface.
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Figure 5.16: DPASYV responses of 3 mM Pb(Il) at different pHs in acetate buffer at the
Au | ENFs-1-Nf (at a deposition potential -0.8 V and deposition time of 250 s).
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5.5.4. Detection of Pb(II) ions using the Au| ENFs-1-Nf electrode

The Au | ENFs-1-Nf electrode demonstrated excellent electrochemical performance for
the detection of Pb(II) in the concentration range of 1.55 pM to 125 uM. The anodic
stripping current exhibited a linear relationship with increasing concentration of
Pb(Il), as depicted in Figures 5.17A and B, with a high correlation coefficient (R? =
0.9982). The calibration equation obtained from the linear regression analysis is given

as follows:
[=2.0x10¢[Pb(II)] + 1.0 x 10 (5.3)

Using this calibration equation, the LOD and LOQ values for the Au|ENFs-1-Nf
electrode towards the detection of Pb(Il) ions were found to be 0.51 uM and 1.55 uM,
respectively. With a calculated %RSD of 3.92% (N = 3), this indicates that the electrode
is reproducible and capable of accurately detecting Pb(II) ions at very low

concentrations with high sensitivity.

Comparing the calibration parameter values for the detection of Pb(Il) measured by
the Au|ENFs-1-Nf electrode and other gold-modified electrodes encompassing
similar modifiers as reported in the literature, the former exhibits a wider linear range
(8 - 125 pM) and slightly higher LOD (0.51 pM) than most of the examples shown in
Table 5.2. Wu et al. (2008) ** reported a DMTD/ Au electrode for Pb(Il) detection with
a LOD of 0.1 uM and a linear range of 1 - 45 pM. The Au | ENFs-1-Nf electrode showed
comparable LOD and linear range compared to this electrode. The gold
nanoparticle/polyaniline/ graphene/ glassy carbon electrode
(GNP/PANI/GR/GCE): reported by Dong et al. (2014)*¢ achieved an impressive LOD
of 0.1 nM and a linear range of 0.5 - 10 nM for Pb(II) detection, making it more sensitive
at low concentrations compared to the Au | ENFs-1-Nf electrode. Despite the inferior
electrocatalytic ~ performance of Au|ENFs-1-Nf electrode compared to
GNP/PANI/GR/GCE, the former has a broader linear range. More specifically, based
on our knowledge, no data for lead electrochemical sensing at surfaces of electrodes

modified with PANI/PVA ENFs have been reported yet.
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Table 5.2: Comparison of LOD and LOQ values of the CMEs reported Pb(Il) values in

literature.
Type of electrode LOD Linear range Reference
Au | ENFs-1-Nf electrode 0.51 uM 8-125 uM This work
DMTD/ Au electrode 0.1 uM 1-45 uM 55
GNP/PANI/GR/GCE 0.1 nM 0.5-10 nM 56
Bi-Poly1,8-DAN/CPE 03 pg L1 0.5-50 pg L1 57
GNPs/SPGE 2.2 ppb 20 -200 ppb 58
GNPs/PPy/SPCE 0.36 nM 0.5-10 nM 59

Abbreviations: DMTD/AuE: 2,5-Dimercapto-1,3,4-thiadiazole/gold electrode, GNP/PANI/GR/GCE:
gold nanoparticle/polyaniline/graphene/glassy carbon electrode, Bi-Poly1,8-DAN/CPE: Poly(1,8-
diaminonaphthalene)  and bismuth film/Carbon  paste  electrode, =~ GNPs/SPGE:  gold
nanoparticles/Screen printed gold electrode. GNPs/PPy/SPCE: gold

nanoparticles/Polypyrrole/Screen printed carbon electrode
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Figure 5.17: (A) DPASV responses to different concentrations of Pb(Il) at the Au | ENFs-1-
Nf electrode. (B) Linear calibration plot. With a % RSD <5%, N = 3.

170



Siyabonga Shoba Chapter 5

5.5.5. Interference/Selectivity studies

Figure 5.18 presents the DPASV analysis of 1.0 g L-! solution mixture of Pb(II), Hg(II)
and Cd(II) at the Au | ENFs-1-Nf electrode. These concentrations translate to 4.98 mM
Hg(1I), 4.83 mM Pb(Il) and 8.89 mM Cd(II) in 0.1 M sodium acetate buffer. The DPASV
showed stripping current peaks that are well-separated although the peak for Pb(II)
is suppressed. This indicates that the modified electrode was able to distinguish and
detect each metal ion individually. However, the presence of Cd(Il) and Hg(Il) ions
suppressed the current signal of Pb(II) and also caused a shift in the stripping potential
of Pb(Il) from its original value of -0.557 V to about -0.7 V, see Figure 5.18B. This
potential shift can be attributed to the competitive adsorption of Cd(Il) and Hg(II) on

the electrode surface, leading to changes in the electrochemical behaviour of Pb(II).*°

Despite the potential shift, the modified electrode still demonstrated acceptable peak
separation for all the chosen metal ions. This suggests that the Au|ENFs-1-Nf
electrode has good selectivity towards the detection of Pb(Il) even in the presence of
interfering cations like Cd(II) and Hg(II). However, it's important to note the potential
current suppression and the shifts which was caused by the presence of interfering
cations prior to separation of the interference may be required to ensure accurate

quantification of Pb(Il) in complex sample matrices.
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Figure 5.18: (A)DPASV analysis of a mixture of 1.0 ¢ L1 of Hg(1I), Cd(11) and Pb(Il)
prepared in 0.1 M sodium acetate buffer solution using Au | ENFs-1-Nf, deposition
conditions: pH = 1,15, accumulation time 250 s and accumulation potential -0.8 V. (B)

Overlayed vollammograms of Pb(Il) alone and Pb(Il) in the presence of Cd(Il) and Hg(II).
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5.5.6. Standard addition of Pb(II) to the real water sample

The concentration of Pb(Il) ions in a water sample taken from the Amanzimtoti
wastewater treatment plant was determined using the Au | ENFs-1-Nf electrode. The
responses of the electrode to the Pb(Il) calibration standards and the real water are
depicted in Figures 5.19A and B. As shown for the real water sample in the Figure
5.19A, no discernible signal for the real water was observed, implying that the
concentration of Pb(Il) in the Amanzimtoti water sample was below the LOD (0.51

mM) of the Au | ENFs-1-Nf electrode.

Hence the sample was spiked with incremental volumes (20 pL) of 1000 ppm Pb(II)
standard, and a calculation from the calibration data gave a percentage recovery of
Pb(II) of 103% with a %RSD = 6.07% ( N=3). The value is within the acceptable
accuracy range of 95-105%. This demonstrates that the Au|ENFs-1-Nf electrode is
capable of accurately detecting and quantifying Pb(II) ions in real samples, making it

a reliable sensor for environmental monitoring applications.

Additionally, a real water sample was analysed by ICP-OES before and after spiking
with 3.0 ppm Pb(II) giving results shown in the Table 5.3 to get the recovery of Pb(II).
This was also undertaken to validate the accuracy of Au|ENFs-1-Nf towards the
detection of Pb(Il) in real samples by comparing it with ICP-OES. The concentration
of Pb(Il) in the water sample before and after was found to be 0.77 and 3.47 ppm,
respectively, leading to a Pb(II) recovery of 115%.

This value is close to 3.11 ppm (103%) estimated from the standard method using the
Au | ENFs-1-Nf electrode. The close agreement between the value of the Au | ENFs-1-
Nf electrode and the more sensitive ICP-OES validates the high accuracy and
reliability of the Au|ENFs-1-Nf sensor towards the detection of Pb(Il) in real water
samples. These findings demonstrate that the Au | ENFs-1-Nf electrode is an effective

and practical tool for detecting Pb(II) in water samples. Its high percentage recovery
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and close agreement with the ICP-OES results affirm its potential for the quantitative
monitoring of Pb(Il) ions in environmental water samples. The use of this CME as a
Pb(II) ion sensor could reduce the cost of monitoring contamination of water by Pb(II)

and thus help ensure the safety of water sources and environmental health.
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Figure 5.19: (A) DPASYV responses at the Au | ENFs-1-Nf electrode after the standard

addition of incremental volumes (uL) of 3.0 mM Pb(II) to 20 mL of real water sample. (B)

Linear calibration plot.
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Figure 5.20. A plot of emission intensity with increasing concentration of Pb(II) for the
linear calibration of the ICP-OES.

Table 5.3: Measured concentration of Pb(ll) ions for the unspiked and spiked Amanzimtoti
water samples by ICP-OES.

Sample name [Hg], ppm
Unspiked Amanzimtoti water (20.00 mL) 0,77
Amanzimtoti water spiked at 12 ppm Pb(II) 424
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5.6. Conclusions

The morphological features of CoPc-flav, A-MWCNTs, PANI, PANI-CoPc-flav-f-
MWCNTs composite and their network-shaped ENFs-1 were extensively analysed
and confirmed using various spectroscopic and microscopic techniques, including
FTIR, Raman spectroscopy, powder X-ray diffraction and SEM-EDX. The performance
of the Au | ENFs-1-Nf electrode was found to surpass that of the bare Au electrode. In
addition, the Au | ENFs-1-Nf electrode exhibited excellent stability in Pb(II) detection,
outperforming the Au | PANI, Au |~FMWCNTs, and Au | CoPc-flav electrodes.

The electrocatalytic activity of the Au|ENFs-1-Nf electrode towards Pb(II) was
significantly superior. Moreover, it demonstrated selectivity for Pb(Il) ions in the
presence of other interfering heavy metal ions like Hg(II) and Cd(II). The performance
of the CME in sensing the Pb(II) cations in a real water sample was comparable to that
of ICP-OES. In particular, the percentage Pb(II) recoveries of 115% and 103% were
attained when using ICP-OES and the CME, respectively.
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Chapter 6

An electrospun nanofiber composite utilized as
an electrocata-lyst for the detection of
acetaminophen in multifarious water samples

6.1. Introduction

Phthalocyanines (Pcs) and their derivatives have emerged as versatile compounds
with diverse applications in science, engineering and technology.!? In the realm of
electrochemical sensors, metallophthalocyanines (MPcs) can serve as appropriate
synthons to fabricate thin films which act as electrocatalysts on working electrodes for
the detection of water pollutants.34 In particular, chemically modified electrodes
(CMEs) with electron-mediating thin films comprising of MPc carbon nanotube (CNT)
conjugates have rendered more sensitive electrocatalysis than bare or those modified
with the individual components of the conjugate, MPcs or CNTs.>¢ Moreover, stable
CMEs have been fabricated by the covalent linking of MPcs to functionalized (f)-
CNTs. However, CMEs fabricated from amorphously mixed MPc-CNT conjugates
exhibit many challenges due to the gradual loss of the adsorbed components as a

result of molecular leaching of constituents making up the CME interface.”

The inherent challenges associated with metal phthalocyanine-multiwalled carbon
nanotube (MPc-MWCNT) composite-modified electrodes can be effectively
addressed by electropolymerizing conductive polymers onto the CME surface. This
approach leads to the formation of a more robust CME with improved electron
transfer kinetics. A recent study by Kantize et al. (2022) demonstrated this strategy by
modifying a platinum electrode using a CoPc tetra-substituted with coumarin
moieties, carboxylic-acid-functionalized multiwalled carbon nanotubes (-MWCNTs),

and Nafion (Nf).2 In the aforementioned study, Nafion was preferred for its high
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permeability to cations and optimal chemical robustness.® A conductive polymer
chosen for the same purpose for this study is polyaniline (PANI) which possesses
unique stereo-electronic properties that facilitate electron delocalization capabilities
within its polymer chains and between them. These properties of PANI manifest in
the form of the distinctive redox transformation and high capacitance.? Thus, the
PANI-modified electrodes have been shown to offer enhanced sensitivity and
selectivity towards analytes of interest, making it a highly promising electrochemical
mediating polymeric component of CMEs for various electrochemical sensing

applications.1011

Furthermore, augmenting the electrocatalytic performances of PANI-modified
electrodes can be achieved by the inclusion of carbon-based materials such as carbon
nanotubes into PANI composites which can increase the mechanical strength and
minimize leaching of CME components from the thin electrocatalytic film.12 In
addition, these polymeric PANI-carbon nanotube conjugates exhibit enhanced
electrical conductivity than the nanomaterial or polymer, individually.!314 Fabrication
of these carbon-nanoconjugates is also more financially feasible than PANI conjugated
with precious metals such as platinum.!> Herein, carboxylic acid functionalized multi-
walled carbon nanotubes (FMWCNTSs) were conjugated to CoPc-fur and the resultant

nanoconjugate, CoPc-fur--MWCNTSs was used as a reinforcing matrix for PANI.

The incorporation of electron mediators into electrospun nanofibers (ENFs) has led to
nanohybrids with network structures where the individual ENFs are interlinked.1®
The nano-structural architecture of ENF composite-modified electrodes allows an
even electron distribution within their electrocatalysts and their 3D-dimensionality
increases the effective electrocatalytic surface areas when compared to electrodes
modified with ENFs or the individual electron-mediators, respectively.l”.18
Morphological features such as ENF pore sizes and network cavities can be
conveniently altered using electrospinning instrumental and solution parameters to

manipulate their selective uptake of analytes on CME interfaces.!®?0 The PANI-CoPc-
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fur--MWCNTs conjugate was embedded into a polyvinyl acetate (PVA) shell and the
ENFs were subsequently immobilized on a GCE. To mechanically reinforce the ENF
film, Nafion (Nf), an ion-exchange polymer, was used as an electrochemical mordant
through thermally annealing the former to the GCE surface. The complementarity of
their activity is justified by the use of PVA ENFs as effective electrocatalysts for

electrode reactions of fuel cells while Nf has been used in battery storage devices.?!-23

The constructed CME, GCE|ENFs-2-Nf was evaluated for the electrocatalytic
detection of the common mild painkiller, acetaminophen (APAP). There is a growing
concern about increasing concentrations of pharmaceutically derived pollutants in
natural water bodies.?#25 The coexistence of various pharmaceuticals in water systems
presents a significant concern, potentially leading to ineffective therapy for
individuals reliant on chronic medication. Prolonged stays in hospitals and increased
healthcare costs can be expected as a result. Additionally, the presence of antibiotic-
resistant bacterial strains in untreated sewage and treated waters is a growing issue.?¢-
28 These challenges are further amplified by wastewater treatment plants (WWTPs)
that may lack the necessary capabilities to effectively eliminate emerging water
pollutants from water bodies.?¢?° The detection of APAP in real water samples using
a CME is a significant aspect of this study. Acetaminophen, a commonly used
painkiller worldwide, can have notable effects on aquatic environments once it enters
them. Its presence in aquatic systems can impact various organisms, including fish
and invertebrates, by interfering with their physiological processes and potentially

disrupting ecosystem balances.3031
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6.2. Experimental

6.2.1. Synthesis of the PANI-CoPc-fur (1) composite and the PANI-CoPc-fur-f-
MWCNTs (2) nanoconjugate

PANI was synthesized by following a previously reported method by Kondawar et al
2014.32 Afterwards, the CoPc-fur (0.1193 g, 0.116 mmol) was added to a 50 mL aqueous
solution of 1.0 M HCI and PANI, and the mixture was stirred for an hour to ensure
even dispersion of CoPc-fur throughout the solution. The resulting solution was then
allowed to stand overnight, allowing the PANI-CoPc-fur to precipitate out. The
precipitate was collected through filtration and dried in a vacuum oven at 80 °C. This

result in a dark green precipitate representing the PANI-CoPc-fur (1) composite.

The electrochemical properties of 1 were enhanced by the incorporation of
functionalized multi-walled carbon nanotubes (FMWCNTs). More specifically, a mass
of 0.2100 g of FMWCNTs was added to a mixture containing 0.5006 g of PANI-CoPc-
fur in 3 mL of N, N’-dimethylformamide (DMF). The mixture was subjected to
sonication for 3 h to form the PANI-CoPc-fur--MWCNTs (2) composite with
uniformly dispersed f-MWCNTs within the (1) matrice.

6.2.2. Fabrication of PVA-based ENFs

The fabrication of PVA-based ENFs was done following the method reported in
Chapter 2.
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6.2.3. Fabrication of the GCE | ENFs-2-Nf CME

The bare glassy carbon electrode (GCE|) was thoroughly polished with aqueous
alumina slurries, followed by sonication in DMF and ethanol. The electrode was then
rinsed with ultra-pure water to remove any alumina residue. Next, a 10 mg mass of
ENFs-2 was dispersed in 2 mL of DMF and sonicated for 1 h to obtain a well-dispersed
suspension. The suspension was thereafter drop-casted onto the surface of the GCE |
electrode and dried in the oven (40 °C) for 24 h. After 24 h, a 20 pL solution of 0.05
(w/v)% Nafion (Nf) was loaded onto the pre-dried GCE | ENFs-2 CME. Upon drying
under a stream of nitrogen at room temperature, the targeted CME (GCE | ENFs-2-Nf)

was fabricated.
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Scheme 6.1: The sequential nanofabrication methods of the ENFs and electrode modification techniques employed to afford the CME.
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6.3. Results and discussion

6.3.1. Synthesis, nanofabrication and characterization

As per a previously reported method in our research group by Chohan et al.33 the
synthesis of CoPc-fur (Figure 6.1) involved the cyclotetramerization of 4-(furan-2-
methylthio)phthalonitrile onto the Co(Il) ion in the presence of a mild base, 1,8-
diazabicyclo[5.4.0]lundec-7-ene (DBU), at an elevated temperature of 210°C under an
inert atmosphere.3® The structural elucidation of CoPc-fur was confirmed through
mass spectrometry, and the obtained data were consistent with previously published

results.

S
/0 N/N/
= S l\
=
N--Co-N |
=
e
N\N\ 0/

Figure 6.1: The structure of CoPc-fur.

A stepwise nanofabrication route towards the ENFs-2 is depicted in Scheme 6.1.
Firstly, a bulk polymeric solution of PANI was sequentially mixed with CoPc-fur and
f-MWCNTs. This polymeric composite, PANI-CoPc-fur--MWCNTSs were confined to

the nanoscale size via electrospinning where this material was imbedded in PVA
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ENFs. Even though PVA is an insulator under standard temperature and pressure
conditions, literature illustrates that the doping of PVA with nanomaterials alters their
electronic properties.3*% Successful characterization of the ENFs-2 nanocomposite

was microscopically and spectroscopically confirmed.

UV-Vis spectrophotometry was employed to confirm the inclusion of the metal
complex, CoPc-fur, and the bulk polymer, PANI, into the hybrid polymeric material,
PANI-CoPc-fur, see Figure 6.2. Specifically, the electronic spectrum of 1 revealed the
characteristic Pc-based Q- (at 670 nm) and B-bands (at 359 nm), arising from s-r*
electronic transitions of the CoPc-fur component.3¢ In the UV-Vis spectrum of the
metal complex (CoPc-fur), analogous electronic transitions were observed at 685 nm
and 335 nm. The combination of PANI and CoPc-fur resulted in a blue shift in the
CoPc Q-band and a red shift in its Soret band. The blue shift in the Q-band is associated
with the decreasing electron density of the cobalt center, due to the donation from the
d-orbitals of Co to a r* orbital of PANL37 Additionally, common broad charge transfer
(CT) bands at 619 nm in the electronic spectra of free PANI and its conjugate were
found close to the CT-band at 610 nm of the CoPc-fur. The PANI bands between 320
and 390 nm are due to s-7* electron transitions (benzenoid segments) associated with

the structural units of PANI chains.
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Figure 6.2: Overlay UV-Vis spectra of PANI, CoPc-fur and the PANI-CoPc-fur

nanocomposite.

Composition analysis of the composite and its nanoconjugate was confirmed using
solid-state infrared spectroscopy. More specifically, several commonalities were
found when comparing the FTIR spectrum of the nanocomposite 2 with those of the
doped PANI polymer and the PANI-CoPc-fur composite, see Figure 6.3. The v(C=C)
signals of the respective FTIR spectra of PANI and PANI-CoPc-fur appear at the same
stretching frequency at 1642 cm!, while the infrared stretches at 1310 and 1164 cm-!

are associated with the secondary aromatic amine v(C-N) signal.38

In addition, the fingerprint N-H signals associated with doping of PANI with HCI are
common to both infrared spectra of unmodified PANI and its conjugate. More
specifically, the broad and weak vibrational bands in the vicinity of 3530 cm are
assigned to the aliphatic amine bonds while the dominating signals between 2680 and

2350 cm ! are indicative of NH>* vibrations caused by the protonation of NH groups
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during the synthesis of PANI’s emeraldine salt form.? The peaks at 1586 and 1480 are
due to the vibrations N=Q=N (quinoid (Q)) and N=B=B (benzenoid (B)) rings.4® On
the other hand, the v(C=N) and v(C-H)ran signals observed in the IR spectrum of the
CoPc-fur, are absent in the IR spectrum of the PANI-CoPc-fur and this phenomenon
could be reminiscent of metal complexes that have been overshadowed by PANI
particles. The presence of these characteristic bands in the PANI-CoPc-fur composite

indicated that the PANI structure was retained even after incorporating CoPc-fur.

The nanoconjugation of PANI-CoPc-fur with ~FMWCNTs leads to the suppression of
the weakening N-H and NH* vibrations within the IR spectrum of PANI-CoPc-fur-f-
MWCNTs suggests that the electronic properties of this PANI constituent differs from
that in the PANI-CoPc-fur polymeric composite. The v(C-N)pans signal vibrates of the
nanoconjugate (1178 cm for PANI-CoPc-fur and 1252 cm™ for PANI-CoPc-fur-f-
MWCNTs) at higher energies while a new C-H stretch is observed at 2950 cm.
Analysis of the IR spectrum of the nanoconjugate also illustrates intense vibrations
corresponding to the carboxylic acid groups v(O-H) at 3441 cm! and v(C=0) 1639 cm-
1 of the -MWCNTs constituents.4!

The embedding of the PANI-CoPc-fur--MWCNTs nanoconjugate into the PVA
matrix leads to a decrease in the FMWCNTs-related stretches while the broad
vibration experiences blue-shifting from 3441 cm™ to 3254 cm™ and this signal can
now be attributed to the OH groups of PVA and -MWCNTs as well as the N-H bonds
of PANI The distinctive peak at 2912 cm™ indicated the stretching vibration of the
aromatic C-H groups of PANI and the aliphatic C-H groups of PVA 4243
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Figure 6.3: Stacked FI-IR spectra of PANI, CoPc-fur, PANI-CoPc-fur, PANI-CoPc-fur-f-

MWCNTs and ENfs-2.
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The Raman spectrum of CoPc-fur in Figure 6.4 showed B1g bands characteristic at 689
cm! and 1548 cm!, corresponding to the asymmetric stretching of the v(N-C) bonds
and the in-plane bending and displacements of the nitrogen-carbon (C-N-C bridge)
bonds in the phthalocyanine ring, respectively. These bands are consistent with the
presence of CoPc-fur and provide valuable structural information about the

phthalocyanine ring.#

Comparative analysis of the Raman spectra of PANI and PANI-CoPc-fur, showed that
the backbone stretching mode at 1596 cm! was observed, and this is attributed to the
C=C stretching of the phenyl rings in the conductive phase for the emeraldine salt
form of polyaniline. Other characteristic bands included the C-N stretching mode at
1243 cm, the C-H bending modes at 1168 and 1172 cm-!, and the C=N stretching
modes at 1327 and 1335 cm1. These bands confirmed the presence of PANI and the

successful incorporation of CoPc-fur in the PANI-CoPc-fur composite.#>

In the Raman spectra of -MWCNTs and PANI-CoPc-fur--MWCNTs, the D-band at
1353 cm! was observed, corresponding to the defects of the graphitic structure in the

nanotubes. The G-band peaks at 1604 and G’-band 2710 cm! represents the crystalline
graphitic planes of -MWCNTs and PANI-CoPc-fur--MWCNTs.46

The intensity ratio of the D-band to the G-band peak (Ip/Ic ratio) in Raman
spectroscopy is indicative of the extent of formation and defects in carbon-based
materials like AMWCNTs. In this study, the Ip/Ic ratio for FMWCNTs was found to
be 1.15, while for PANI-CoPc-fur--MWCNTs, it reduced to 0.97. This reduction in the
Ip/IG ratio suggests molecular interactions between PANI-CoPc-fur and FMWCNTs.46
The intense bands of the carbonaceous nanomaterial in the Raman spectrum of the
nanoconjugate dwarf the vibrations of the other constituents, PANI and CoPc-fur.
This suggests that the FMWCNTs were well-dispersed into the nanocomposite, hence

affecting the Raman signals of the PANI-CoPc-fur component.
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Figure 6.4: Stacked Raman spectra of CoPc-fur, PANI, PANI-CoPc-fur, -MWCNTs and
PANI-CoPc-fur-f~-MWCNTs.

X-ray diffraction patterns of CoPc-fur, PANI, PANI-CoPc-fur, PANI-CoPc-fur-f-
MWCNTs and ENFs-2 were analyzed to support the fabrication of the various
composite materials, see Figure 6.5. The XRD pattern of CoPc-fur displayed peaks at
7.29° and 19.71°, which can be attributed to the (100) and (104) planes of the metallic
Co in the phthalocyanine ring; providing concrete evidence that confirms the
formation of CoPc-fur and its crystalline nature.#” The broadness of the XRD peak at

19.71° is typical of the amorphous nature of MPcs.
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X-ray analysis of PANI illustrated a relatively sharper peak at 25.5°, along with two
low-intensity broad peaks around 20.9° and 14.8°. These respective peaks correspond
to the (200), (020), and (011) planes which are characteristic of the semi-crystalline
structure of PANI in its emeraldine salt (ES) form.1048 In the XRD pattern of the PANI-
CoPc-fur polymeric composite, similar peak angles were observed as in pure PANI
and a peak at 7.29° can be directly correlated with CoPc-fur. The aforementioned

spectral trends substantiate the successful incorporation into the PANI matrix.1047

The XRD of -MWCNTs showed characteristic peaks at 20 = 25.63° (002), 43.44° (100),
and 53.26° (004), consistent with the crystalline structure of multi-walled carbon
nanotubes.# In the XRD spectrum of PANI-CoPc-fur--MWCNTs nanoconjugate,
analogous peaks to those of -MWCNTs were found, but with reduced intensities
which support the nanoconjugation of PANI-CoPc.5! In the XRD spectrum of ENFs-2,
a single peak at 19.53° (011) was observed which is attributed to the semi-crystalline
PVA.52
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Figure 6.5: Stacked X-ray diffractograms (XRDs) of CoPc-fur, PANI, PANI-CoPc-fur, f-
MWCNTs, PANI-CoPc-fur-f~-MWCNTs and ENFs-2 composites.

The SEM micrographs of CoPc-fur, PANI, PANI-CoPc-fur, PANI-CoPc-fur--MWCNTs,
and ENFs-2 were captured to investigate the morphological changes that occur during
the stepwise fabrication process depicted in Scheme 6.1. Indicative of literature trends,
the SEM micrograph of the CoPc-fur shows smooth clumped particles that emphasize the
aggregation occurring between the planar pi-conjugated molecules, see Figure 6.6.5354
Both the SEM micrographs of PANI and PANI-CoPc-fur displayed nanofibrous
morphologies. The enhanced nanofibrous aggregation seen in the SEM micrograph of the
PANI-CoPc-fur showed the interconnection between PANI network fibers, which could
promote charge hopping and thereby improve the electrochemical properties of PANI

composite fibres.»
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An agglomeration of the morphological features of the FMWCNTs and PANI-CoPc-fur
was observed in the SEM micrograph of the PANI-CoPc-fur--MWCNTs nanocomposite.
The coarseness of the nanofibrous particles is due to the presence of tubular-shaped f-
MWCNTs. As expected in the case of ENFs containing no ~-MWCNTs smooth, uniform
nanofibers were produced. However, upon the incorporation of the FMWCNTs in the
ENFs-2, beaded nanofibers were formed. Therefore, the agglomeration effects observed
in the SEM micrograph of the PANI-CoPc-fur-FMWCNTs nanoconjugate are
concentrated in the beads along the ENFs-2 strands, which resulted in non-uniform and

rough surfaces of the nanofibers.

The EDX spectra of ENFs-2 and ENFs (which only include PVA and PANI) are shown in
Figure 6.7. Carbon, chlorine, nitrogen and oxygen atoms from PANI, PVA and HCI (used
as an acidic medium for PANI doping) were detected in ENFs by EDX analysis. The
presence of carbon, chlorine, nitrogen, cobalt, sulphur and oxygen atoms characteristic
of PVA, PANI, HCl and CoPc-fur embedded inside the ENFs was further confirmed by
EDX analysis of ENFs-2 in Figure 6.7B.
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Figure 6.7: EDX spectra of (A) ENFs and (B) ENFs-2.
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6.3.2. Electrocatalytic responses of the CMEs

Cyclic voltammetry was used to investigate the electrocatalytic activities of the
various CMEs relative to that of the bare electrode. Acetaminophen (APAP) generally
undergoes a two-electron quasi-reversible redox process on CME interfaces but the
redox process can be significantly retarded on bare substrates culminating in
irreversibility accompanied by low sensitivity, see Figure 6.8.5¢ Literature trends
illustrate that APAP oxidation at the CME surfaces occurs by multistep redox
transformations, see Scheme A2. At the bare glassy carbon electrode (GCE |) surface,
APAP showed respective anodic and cathodic peak currents at peak potentials of
0.376 V and 0.110 V, see Figure 6.9. After modifying the bare GCE with Nafion (NF),
the anodic peak current at GCE | Nf was reduced compared to the bare | GCE, and the
oxidative peak potential shifted favourably from 0.376 to 0.620 V.

On the GCE | ENFs-2-Nf, two distinct redox waves for the anodic and cathodic processes
of APAP were observed at 0.508 V and 0.366 V, respectively. Additionally, greater anodic
and cathodic peak currents were observed compared to the other modified electrodes,
indicating a higher sensitivity and responsiveness to APAP. The higher electroactive
surface area of the modified GCE | ENFs-2-Nf is accounted for by the larger peak currents,
as it provides more active sites to induce electrocatalysis of the redox processes of APAP.
Another favourable attribute of the CME is its faster electron-transfer kinetics based on
the lower AE value (142 mV) as opposed to those of the bare GCE (266 mV) and GCE | Nf
(244 mV).

The responsive intensity of APAP was high for GCE | PANI. however, the peak of APAP
was not observed. This is attributed to the thick PANI film on the electrode surface, which
resulted from drop-drying PANI onto the GCE surface rather than electropolymerization.
The increased PANI film thickness likely blocked electron transfer between the solution
and the electrode, leading to a lack of clear APAP peaks in the cyclic voltammogram.5”

Based on the observed results, the order of current response sensitivity for APAP is as

follows: GCE | PANI > GCE | ENFs-2-Nf > Bare GCE| > GCE | CoPc-fur and GCE | Nf.
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Considering the optimal electrocatalytic activity of the GCE | ENFs-2-Nf, it was used to

conduct the optimization, kinetics, interference and real sample studies.
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Figure 6.8: APAPs two electron quasi-reversible redox process on CME.
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Figure 6.9: CVs of 0.2 mM acetaminophen (APAP) in PBS using the bare GCE, GCE | Nf,
GCE | CoPc-fur, GCE | PANI, GCE | -MWCNTs and GCE | ENFs-2-Nf.

6.3.3. Stability and reproducibility

The stability of the current response for the GCE | ENFs-2-NF toward APAP was
investigated by performing 5 successive scans of 1.00 mM APAP in a pH 3.1 PBS
solution (see Figure A3). During the first scan, the peak current slightly decreased,
and the peak potential shifted toward a lower value. This initial behavior is attributed
to redox active impurities accrued onto the surface GCE |ENFs-2-NF during its
conditioning which affected the electrochemical response of the electrode toward the
analyte. However, after the second scan, both the peak current and the peak potential
stabilized, indicating that the modified electrode had reached a consistent state.

The stabilization of the peak current and potential after the second scan suggests that
the initial surface effects or conditioning effects have been minimized, and thus, the
electrode interface was pristine for the accurate electrochemical sensing of APAP. The
average relative standard deviation (%RSD) calculated from the five successive
measurements of the peak current was found to be 0.77% which is an indication of
good reproducibility. The optimal stability of the | GCE-ENFs-2-NF makes it a highly
reliable and robust nanocomposite material for the electrochemical sensing of APAP
with good signal fidelity.

6.3.4. The effect of pH

The investigation of the pH effect on the current responses of a 1 mM APAP in
phosphate-buffered saline (PBS) using square-wave voltammetry at GCE | ENFs-2-Nf
revealed interesting pH-dependent behaviour, as shown in Figure 6.10. As the pH
increased from 2 to 7, the peak potential for APAP shifted towards more negative
values. This suggests that the oxidation of APAP is influenced by the pH of the
solution. At lower pH levels, the peak potential was more positive, indicating a faster
oxidation process, whereas at higher pH levels, the peak potential shifted towards

more negative values, suggesting a slower oxidation process.

At pH 3.09, the maximum peak current was reached, indicating that the oxidation of

APAP is most favourable at this pH value. Hence, pH 3.09 was chosen for further studies
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as it provided the best electrode activity for detecting APAP using the GCE | ENFs-2-Nf
modified electrode. Similar pH-dependent behaviour for the oxidation of APAP has been
reported in previous studies.>® The pH-dependent behaviour can be attributed to changes
in the protonation state of APAP and the electroactive species involved in the oxidation
process. The protonation of functional groups in APAP can influence its redox behaviour,

leading to shifts in peak potentials.>®
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Figure 6.10: DPV responses of APAP for the optimization of pH effects in PBS using the
GCE | ENFs-2-NF.
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6.3.5. Effective surface area and surface coverage

The effective surface area of the chemically modified electrode (CME), GCE | ENFs-2-
Nf, was determined using cyclic voltammetry measurements of Ks[Fe(CNg)] at
increasing scan rates, as shown in Figure 6.11. The Randles-Sevcik equation (Eq. 6.1)

was used to calculate the effective surface area:
I,q = 2.69 x105n3/2ACVDv (6.1)

where A is the effective surface area, D is the diffusion coefficient of Ks[Fe(CNg)], v is
the scan rate, (" is the substance concentration of Ks[Fe(CN)s], n is the number of
electrons transferred (n = 1). By plotting Ipa vs v1/2 plots, the slope of the resulting
linear plot is used to calculate the effective surface area of the modified electrode. The
calculated effective surface area for GCE | ENFs-2-Nf was found to be 1.58 cm?2, which
is significantly higher than the area of the bare electrode (0.071 cm?). This substantial
increase in surface area can be attributed to the presence of PANI and -MWCNTs in

the nanofibers, which provide additional electrocatalytic sites.

The calculated effective surface areas determined in equation 6.1, and the total charge
under the oxidation peak currents were both used to calculate the surface coverage (I')

of GCE | ENFs-2-Nf using equation 6.2:
[=— (6.2)

I' is the surface coverage, n is the number of transferred electrons, F is the Faraday
constant and A is the effective surface. The calculated surface coverage for
GCE | ENFs-2-Nf was found to be 4.497 x 10 mol cm2. This value is higher than the
value of 1 x 10-1 mol cm? that corresponds to a MPc molecules lying flat on the
electrode surfaces.®® The higher surface coverage of the CME directly translates to the
accessibility of electrocatalytic sites, which in turn render increased electrical

conductivity.
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Figure 6.11: (A) CVs at increasing scan rates of 5 mM Ks[Fe(CNg)] prepared in an aqueous
solution containing 0.1 M KCI at GCE | ENFs-2-Nf. (B) Plot of I, vs square root of scan

rate.
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6.3.6. Electrochemical impedance spectroscopy studies

EIS was employed to study the electrochemical impedance and electron transfer

capacity differences across the bare electrode and GCE|ENFs-2-Nf. The
measurements were conducted in a solution containing potassium ferricyanide and
0.1 M KCl as the supporting electrolyte. The Nyquist plots obtained for both the bare

GCE | and GCE | ENFs-2-Nf are presented in Figure 6.12.

Using the equivalent circuit shown in Figure 6.12(c), good correlations are found
between the experimental and simulated data. The circuit is made up of Rs, Ret, Car
and Z, which are the solution-electrolyte resistance, charge-transfer resistance,
constant phase element and Warburg impedance, respectively. The EIS plots are
composed of a semicircle arc in the high-frequency range and a straight line in the
low-frequency range. The arc corresponds to the charge transfer limiting process due
to the CPE being in parallel to Rc, while the straight line is related to the diffusion-
controlled mass transport of ferric ions to the electrode interface.t! The tabulated EIS
parameters indicate that the GCE | ENFs-2-Nf has a lower Rt (1.10 Q) value compared
to the bare GCE (6.87 ), which emphasizes the influence of the electron-mediating

thin film improving the charge transfer performance of the CME, refer to Table 6.1.

Table 6.1: EIS data collected in a 5 mM [K3Fe(CN)e] using bare and modified (| GCE-
ENFs-2-Nf) electrodes.

GC electrode Rs (Q) Rct (Q) w Car n
(uMho)

Bare 39.1(04) | 6.87(3.3) | 152 (3.6) uMho | 14.5 (4.6) | 0.938

Modified 71.7 (0.9) | 1.10 (2.8) | 1.10(5.8) TMho |7.45(6.2)) | 0.672
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Figure 6.12: Nyquist plots of 5 mM [Fe(CN)s] prepared in 0.1 M KClI using the (A) bare
GCE and (B) GCE | ENFs-2-NF. (C) The equivalent circuit is used to fit the EIS data.
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The phase angle for the bare GCE ~ 53.4° was higher than that obtained for
GCE | ENFs-2-Nf ~ 0.93°, see Figure 6.13. This implies that both phase angle values for
the studied electrode surfaces in this work are less than the ideal 90° for a true
capacitor. The superior electrocatalytic activity of GCE|ENFs-2-Nf towards the
oxidation of APAP is further confirmed by its Bode plot when compared to that of the
bare GCE. In particular, the non-uniformity of the constituent components of the CME
thin film culminates in higher surface roughness (n < 1) leading to the phase angle

shifting towards lower frequency.6?

59

—o-Bare GCE|
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GCE | ENFs-2-Nf
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O o
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O
[
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Figure 6. 13: Bode plots generated at 5 mM [Fe(CN)¢] prepared in 0.1 M KCI with bare
GCE and GCE | ENFs-2-Nf.

209



Siyabonga Shoba Chapter 6

6.3.7. Mechanism of electrocatalysis

Cyclic voltammetric responses of increasing scan rates for acetaminophen (APAP)
using the GCE | ENFs-2-Nf are presented in Figure 6.14. A plot of oxidation peak
currents versus the square root of scan rates displays high linearity based on the
correlation coefficient (R?) of 0.9971, see Figure 6.14B. In addition, the progressive of
oxidation peak currents affirms that mass transport of APAP towards the CME surface
is diffusion controlled. Figure 6.14C shows the linear relationship between the
oxidation peak potential (E;;) and the logarithm of the scan rates (Log v) and this Tafel

plot was used to calculate the Tafel slope (Eq. 3):

2.3RT

Epa = mlogv + K, (6.3)

where the number of electrons involved in the rate-determining step is n«, the scan
rate is v, K is the intercept from the linear equation and the transfer coefficient is
defined as a. The calculated Tafel slope is 205.4 mV/decade and it is higher than the
30-120 mV/decade range, where electrocatalysis is determined by electron-transfer
kinetics. Higher Tafel slopes are due to substrate-catalyst interactions, where the

substrate binds tightly to the catalyst as the reaction intermediate.

In fact, the drifting of the APAP oxidation peak potentials with incrementing scan
rates within Figure 6.14A is a typical feature of analytes being adsorbed on CME
surfaces. Indicatively, shifts in the reduction potentials of the adsorbed oxidized DA
can be readily assigned to the stripping of the DA from the CME surface. Of particular
importance is that when using the same GCE | ENFs-2-Nf CME in triplicate, no surface
fouling is observed given the high reproducibility between consecutive cyclic
voltammetry runs at the same scan rates, see Figure 6.14C. The reproducibility in the
electrocatalytic sensitivities of the CME is testimony to the stability and efficacy of the
CME.
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Figure 6.14: (A) Electrocatalytic CV's of APAP recorded at increasing scan rates (50-200
mV/s) using the GCE | ENFs-2-Nf. (B) The plot of peak current against the square root of

scan rate and (C) plot of oxidation peak potential (Epa) against the Log of scan rate.
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6.3.8. Hydrodynamic kinetic studies

The convection-controlled kinetics of GCE|ENFs-2-Nf were investigated using a
rotating disk electrode (RDE) at various rotation rates while collecting linear sweep
voltammograms at a low scan rate to minimize diffusion, Figure 6.15A. The
convection-controlled mass transport was substantiated by applying the Levich
equation (Eq. 6.4) where a linear relationship was attained between the limiting
current (I) and the square root of the rotational speeds (w'/?) of the rotating disk

electrode (RDE).
I, = 0.62nFAD?/3v=1/6y1/2(, (6.4)

D is the diffusion coefficient, A is the CME surface area, v is the kinematic viscosity,

is the rotation rate and Cy is the bulk concentration of APAP.

In general, the kinetic and mass transport parameters may be separated using the
Koutecky-Levich equation (Eq. 6.5), and the convection-controlled rate constant can

be calculated using this equation.®*

1 1 1
_— +
I, nFCykI'

T 11 (6.5)
0,62nFAD3v 6Cow?Z

The Koutecky-Levich plot of 1/1; against 1/®!/2 gave a linear relationship and the y-
intercept of this plot was used to calculate a rate constant which was found to be 1.64
x 102 M™1s7! for the oxidative reaction of APAP occurring at the GCE | ENFs-2-Nf
surface, Figure 6.15C. The magnitude of GCE | ENFs-2-Nf is approximately half that
of GCE | CoPc-bo--MWCNTs (6.9 x 104 M™1s™!) and GCE | CoPc-flav--MWCNTs (3.48
x 104 M™s™1) electrodes prepared kantize et al., (2019) suggesting a slower convection

mass transport rate.®®
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Figure 6.15: (A) RDE-LSVs of GCE | ENFs-2-Nf (1) in PBS (pH 3.09) in the presence of
1mM APAP and a scan rate of 0.010 V/s, (B) the Levich, (C) and the Koutecky-Levich plots.
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6.3.9. Diffusion-controlled kinetics

The single-step chronoamperometry (CA) experiment using the GCE | ENFs-2-Nf
allowed for the calculation of the diffusion-controlled electro-oxidation rate constant
for acetaminophen (APAP), see Figure 6.16. An overpotential of 0.508 V was applied
with respect to the oxidation peak potential (E,;) obtained from the cyclic
voltammograms of APAP. The data were collected at intervals of 5 to 20 seconds,
enabling the calculation of the kinetic rate constants. The simplified equation (Eq. 6.6)
was used to calculate the electrocatalytic rate constant:

< = w2 (kC,t)1/? (6.6)

b

where Ic and Iy are the catalytic currents attained at GCE | ENFs-2-Nf in the presence
and absence of APAP, respectively. In addition, the catalytic rate constant (k) is
expressed in M1 s71 for APAP oxidation and t = time elapsed (s). The linear plots for
the Icat/ Iouf vs t1/2at different concentrations are presented in Figure 6.16B. The slopes
of these plots were expressed against the concentrations of APAP to obtain another

linear relationship shown in Figure 6.16C which is represented by Eq. (6.7)

y=1.1748 x 10° [APAP] + 51.114, R? = 0.9621 (6.7)

As the slope of Eq. (6.7) is equal to sk, the calculated rate constant is 3.73 x 105 M1 s1.
This rate constant is in the order of 105 M1 sl and is larger than the values reported in
previously reported studies for modified GCEs used in the detection of APAP, refer
to Table 6.2. The faster APAP diffusion-controlled kinetics of the ENFs-2-Nf
conductive film on a GCE re-emphasizes the synergistic effects of its elementary

constituents.66
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Table 6.2: Comparison of catalytic rate constants for the detection of APAP using CME

Modifying Layer Analyte K (M1s1) Reference
ENFs-2-Nf APAP 1.07 x 102 This work
CoPc-fur--MWCNTs APAP 1.67 x 102 05
NGQDs APAP 3.26 x 102 67
N,N,N-CoPc@NGQDs | APAP 3.08 x 104 67
AuNPs/poly(trisamine) | APAP 2.28 x 103 68
CHM APAP 1.12 x102 69

Abbreviation: CoPc-fur-MWCNTs: Cobalt phthalocyanine-furone-MWCNTs, N,N,N-
CoPc@NGQDs:N,N',N"-(((23-(4-aminophenoxy)phthalocyanine-2,9,16-triyl)tris(oxy))tris(benzene-4,1-
diyl))triacetamidocobalt(ll) covalently bonded to NGQDs, AuNPs: gold nanoparticles, CHM: cobalt

hydroxide nanoparticles

6.3.10. Determination of analytical parameters

Linear ranges of APAP detection were readily determined from calibration graphs
generated using CA, RDE-LSV and SWV, respectively. Also, the limits of detection
and quantification (LOD and LOQ) values were calculated using the different
calibration plots from the following equations: LOD = (3*stdb/k) and LOQ =
(10*stdb/k), where stdb is the standard deviation of the blank and k is the slope of the
linear calibration curve, see Figure 6.16(A). A linear range of 2-100 uM using the CA
technique was attained.The calibration equation obtained from the linear regression

analysis is given as follows:

1=0.0094 [APAP] + 0.5964, R2 = 0.993 (6.8)
The LOD and LOQ were found to be 2.99 yM and 9.97 uM, respectively. A calibration
reproducibility ranging from 0.31 to 2.7% RSD (N=3) was established at different

concentrations of APAP.
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Figure 6.16: (A) Chronoamperograms for GCE | ENFs-2-Nf in varying concentrations of mM APAP in pH 3.09 PBS buffer. Potential of
0.508 V was applied (insert calibration graph at t =5 s), (B) plot of t2 Vs (Lcay/Ipuf) and (C) plot of concentration vs slope.
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Furthermore, using the GCE |ENFs-2-Nf, a direct proportional relationship was
attained between the APAP oxidation LSV currents and increasing APAP
concentrations in a range of 10-100 #M. The RDE-LSV data were obtained at a fixed
rotation speed of 100 rpm and a scan rate of 10 mV/s, see Figure 6.17. The calibration

equation obtained from the linear regression analysis is given as follows:
I=0.0251[APAP] + 1.2864, R? = 0.9869 (6.9)

The calculated LOD and LOQ for GCE |ENFs-2-Nf are 1.72 uM and 5.23 uM,
respectively. A calibration reproducibility ranging from 1.9 to 6.9% RSD (N=3) was
established at different concentrations of APAP and the values are within the

acceptable range at the 95% confidence level.

The SWV responses of GCE | ENFs-2-Nf towards increasing concentrations of APAP
are shown in Figure 6.18. The oxidation currents of APAP at the GCE | ENFs-2-Nf

interface increased linearly as its concentration increased from 10 pM to 200 pM.
I = 0.0224 [uM][APAP] + 0.5889 , (R2) = 0.9981 (6.10)

The limit of detection for acetaminophen was determined to be 0.094 uM, while the
limit of quantitation was found to be 0.28 pM using the square wave voltammetry
technique. A calibration reproducibility ranging from 1.3 to 4.2% RSD (N=3) was
established at different concentrations of APAP.
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Figure 6.17: (A) Linear sweep voltammograms at GCE | ENFs-2-Nf in different
concentrations of APAP, PBS buffer (pH = 3.09). (B) Calibration curve of current response

vs concentration.
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Figure 6. 18: (A) SWVs were recorded at different concentrations of APAP prepared in 0.1
M PBS (pH 3.11) using the | GCE-ENF-2-NF. (B) Calibration curve of the current response
against APAP concentration (10 to 200 uM).
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Remarkably, SWV exhibited superior LOD and LOQ compared to other
electrochemical techniques such as linear sweep voltammetry with a rotating disk
electrode (LSV-RDE) and chronoamperometry (CA), refer to Table 6.3. Moreover,
SWYV produces a higher linear correlation coefficient of 0.998 compared to those
attained using RDE-LSV (0.987) and CA (0.9621). The aforementioned trend could be
rationalized from the SWV technique simultaneously adsorbing APAP on the CME
interface via oxidation followed by seamless removal of the oxidized APAP species
during the reverse potential cycle. In the process, the electrocatalytic sites of the CME
are replenished as opposed to RDE-LSV and CA where only the DA oxidation process
is investigated. In light of the better analytical parameters attained using SWV, the

study was further advanced using this technique

In comparison to other chemically modified GCEs reported in the literature, the GCE
modified with ENFs-2-Nf demonstrated comparable LOD values for APAP
electrochemical sensing, see Table 6.3. For instance, the fMWCNT-
CoPc/ AuNPs/GCE produced a LOD value of 0.135 pM and a linear range of 1.49 -
47.6 uM.70 The GCE | ENFs-2-Nf has a lower LOD than the aforementioned CME,
highlighting its competitive analytical sensitivity. However, the PANI/ZnO/GCE
achieved a lower LOD value of 0.01 pM and a linear range of 0.01 - 0.07 uM for APAP
detection, making it more sensitive at lower concentrations compared to the
GCE | ENFs-2-Nf.”! Noteworthy, the GCE | ENFs-2-Nf has a linear range of detection
which expands over a wider potential window than PANI/ZnO/GCE.
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Table 6.3: Comparison of LOD values for GCE | ENFs-2-Nf towards the detection of APAP

values reported in the literature.

Type of electrode Technique | LOD Linear Reference
RANGE
GCE | ENFs-2-Nf SWV 0.094 uM 10 - 200 uM This work
GCE | ENFs-2-Nf LSV 1.72 uM 10 - 100 uM This work
GCE | ENFs-2-Nf CA 2.99 uM 10 - 100 uM This work
FMWCNT- SWV 0.135 uM 1.49-47.6 uM 70
CoPc/ AuNPs/GCE
PANI/ZnO/GCE DPV 0.01 uM 0.01 -0.07 uM 7
film-1/1TO DPV 1.3 uM 1-100 uM 72
PANI-MWCNTs-GCE SWV 0.25 uM 1-100 uM 57
PNR/MWCNT/GCE DPV 0.015 uM 2.0-70 uM 7

Abbreviations: Film-1/ITO: dimeric bis(phthalocyaninato) europium complex/Indium Tin Oxide
electrode, PANI: Polyanilline, MWCNTSs: Multi wall carbon nanotubes, GCE: Glassy carbon electrode,
ZnO: Zinc Oxide, CoPc: Cobalt Phthalocynine, AuNPs: Gold nanoparticles, PNR: poly(neutral red)

6.3.11. Interference/Selectivity studies

The selectivity of the GCE | ENFs-2-Nf electrode towards APAP was assessed in the
presence of metronidazole (MTZ) and dopamine (DA). The SWV responses for 1 mM
APAP in PBS at the GCE | ENFs-2-Nf electrode in the presence of 1 mM of MTZ and DA
are presented in Figure 6.19. The SWV response at GCE | ENFs-2-Nf exhibited a notable
peak separation between APAP and MTZ, indicating that the electrode can selectively
detect APAP even in the presence of MTZ. However, the peaks corresponding to DA and
APAP were not well resolved, suggesting competitive binding to the electrocatalytic sites
of the CME. The comparable redox potentials of DA and APAP can be justified by their
close structural similarities. In fact, this trend is common in electrochemical sensing of
APAP in biological fluids, where its co-existence of APAP with ascorbic acid (AA) and
dopamine (DA) poses a peak overlap difficulty due to their similar redox potentials.®> In

this case, the presence of DA affects the peak current of APAP by causing an increase in
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the APAP current peak due to overlapping signals. Figure 6.19(B) demonstrates this

effect, showing the impact on APAP's peak current when DA is present.

(A)
10 A
APAP
DA
MTZ
-1 -0,5 0 0,5 1
Potential (V vs Ag| AgCl)
(B)
10 uA
APAP
—APAP + DA + MTZ
—APAP (only)
DA
MTZ
—
-1 -0,5 0 0,5 1

Potential (V vs Ag| AgCl)

Figure 6.19: SWV responses of (A) 1 mM APAP in 0.1 M PBS in the presence of 1 mM of
MTZ and DA, using the GCE | ENFs-2-Nf and (B) a comparison of the current responses of
1 mM APAP alone and in the presence of potential interferences (1 mM each of MTZ and
DA).
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6.3.12. Real water sample analysis

The detection of APAP in an actual sample taken from the Umsunduzi River was
performed using the GCE | ENFs-2-Nf electrode. To assess the sensor's performance,
a recovery study was conducted to verify its accuracy and reliability, see Figure 6.20.
The sample from the river had an APAP content below the limit of detection (LOD) of
the electrode. Therefore, the standard addition method was used to calculate the
percentage recovery, which allowed the evaluation of the sensor's applicability. In the
recovery study, a 3 mM standard solution of APAP was added to the genuine river
samples in 0.5 mL increments. The calculated percentage recovery was determined to
be 103.8% (%RSD = 3.60, N = 3), falling within the acceptable range of 95-105%. This
result indicates that the GCE |ENFs-2-Nf is capable of accurately detecting and
quantifying APAP in actual environmental samples, establishing it as a reliable sensor

for environmental monitoring applications.

Moreover, to assess the accuracy of the GCE|ENFs-2-Nf in detecting APAP in real

samples, incremental volumes of 10 uM APAP were spiked into the electrode and

analyzed using HPLC-MS. The results are presented in Table 6.4 and Figure 6.21. A 106%

recovery of APAP was calculated from the calibration curve. This reference data validates

the accuracy of the fabricated GCE | ENFs-2-Nf in detecting trace amounts of APAP.

Notably, this recovery value closely aligns with the 103.8% estimated from the standard

method using the GCE | ENFs-2-Nf. The close agreement between the values obtained
from the GCE | ENFs-2-Nf and the HPLC-MS reference method underscores the high

accuracy and reliability of the GCE | ENFs-2-Nf sensor for detecting APAP in real water

samples.
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Figure 6.20: (A) Overlay DPV:s of the real water sample spiked with incremental volumes
(0.5 mL) of the 3mM standard of APAP at the GCE | ENFs-2-Nf collected from the
UMsunduzi river, (B) The standard addition calibration plot.
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Table 6.4: The measured LC-MS peak areas of APAP spiked in 20 mL of the Umsunduzi
River water sample after the incremental addition of 2 mL of 10 uM APAP.

Volume (mL) Retention Time (minutes) | Peak Area
2 6.162 2921200
4 6.200 3857781
6 6.161 4766368
8 6.120 5565205
10 6.166 6798326
12 6.134 7600492
8000000 -
@
7000000 - .
6000000 - .
-0
§ 5000000 - .
% 4000000 - o
£ 3000000 - o Reeoeor
2000000 -
1000000 -
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Figure 6.21: The real water sample spiked with incremental volumes (2 mL) of the 10 yM
standard of APAP detected using LC-MS (collected from the UMsunduzi River).

225



Siyabonga Shoba Chapter 6

6.4. Conclusions

Morphological probing and elemental compositional analysis of the core-shell
polymeric nanoconjugate, ENFs-2 were performed wusing SEM-EDX.  The
encapsulation of the PANI-CoPc-fur--MWCNTs inner core by the PVA outer shell
was confirmed by solid-state FTIR and Raman spectroscopy as well as powder X-ray
diffraction. The performance of the GCE | ENFs-2-Nf electrode surpasses that of the
bare GCE electrode or other prepared CMEs. Under the optimized electrocatalytic
conditions, SWV exhibited superior LOD and LOQ of 0.094 and 0.28 uM respectively,
compared to other electrochemical techniques such as linear sweep voltammetry with
a rotating disk electrode (LSV-RDE) and chronoamperometry (CA). Additionally, it
demonstrated selectivity for APAP in the presence of other interfering
pharmaceuticals such as MTZ and DA. Furthermore, the performance of the CME in
sensing APAP in a real water sample was comparable to that of HPLC-MS.
Specifically, APAP percentage recoveries of 106% and 104% were achieved when
using HPLC-MS and the CME, respectively.
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Chapter 7

Conclusions and future work

7.1. Conclusions

A growing concern revolves around the prevalence of emerging water pollutants and
those resistant to environmental degradation in our water bodies. These substances
include pharmaceuticals and heavy metals which are typically qualitatively and
quantitively analysed by traditional analytical techniques such as GC, HPLC, AAS or
ICP which are time-consuming, costly, and require highly skilled experts.
Consequently, there has been upsurge in research based on electrochemical sensors
development. Electroanalytical techniques are gaining traction in routine water
quality control due to their rapid detection capabilities, portability, minimal sample
extraction requirements and cost-effectiveness. CMEs, tailored with conductive
polymers, carbon nanotubes and Ns-metallocyclic complexes are being developed to
facilitate affordable analytical methods designed to tackle the challenges posed by
water pollutants. During this research project, CMEs encompassing CoPc composite
films were constructed their electrocatalytic activities were explored towards various

water pollutants.

The first experimental chapter demonstrates the fabrication of a click-modified glassy
carbon electrode (GCE |clicked-a-CoPc-flav3) which exhibited superior response
currents and reproducibility in the detection of dopamine standards, even in the
presence of interfering pharmaceutical substances like AA and NVP. This CME
consistently delivered accurate results when analyzing spiked real water samples,
achieving an average recovery rate of 103%. The diffusion-controlled rate constant for
the GCE | clicked-a-CoPc-flav3 was found to be in the order of magnitude (10 M-1s1)
and it is comparable to the previously reported data and the rate constant calculated

for the oxidation of DA at the surface of the rotating GCE | clicked-a-CoPc-flav3. To
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further affirm its accuracy and reliability in real water samples, it was compared with
HPLC-MS recovery which was close to that of GCE|clicked-a-CoPc-flav3,

highlighting its potential for environmental water quality monitoring applications.

Subsequently, a novel peripherally benzotriazole (Bzt) cobalt phthalocyanine (CoPc-
Bzt) was electrodeposited onto a platinum electrode surface in tandem with the
pyrrole electropolymerization. Surface modification of the noble metal surface was
confirmed by the ferricyanide redox probe where the higher effective surface area for
the CME was attained than the bare Pt electrode. The Pt|PPy/CoPc-Bzt electrode
exhibited remarkable electrocatalytic activity for Hg?* and demonstrated selectivity
for Hg?* ions, even in the presence of other heavy metal ions like Cd?* and Pb?*. The
electrode's performance in detecting Hg?* cations in real water samples proved to be
comparable to that of ICP-OES. Notably, it achieved 97% and 112% Hg?* recoveries
using CME and ICP-OES, respectively.

Then the morphological features of CoPc-flav, FMWCNTs, PANI, PANI-CoPc-flav-f-
MWCNTs composite and their network-shaped ENFs-1 were extensively analysed
and confirmed using various spectroscopic and microscopic techniques, including
FTIR, Raman spectroscopy, powder X-ray diffraction and SEM-EDX. The performance
of the Au | ENFs-1-Nf electrode was found to surpass that of the bare Au electrode. In
addition, the Au | ENFs-1-Nf electrode exhibited excellent stability in Pb(II) detection,
outperforming the Au|PANI, Au|f~MWCNTs, and Au|CoPc-flav electrodes. The
electrocatalytic activity of the Au|ENFs-1-Nf electrode towards Pb(Ill) was
significantly superior. Moreover, it demonstrated selectivity for Pb(Il) ions in the
presence of other interfering heavy metal ions like Hg(II) and Cd(II). The performance
of the CME in sensing the Pb(II) cations in a real water sample was comparable to that
of ICP-OES. In particular, the percentage Pb(II) recoveries of 115% and 103% were
attained when using ICP-OES and the CME, respectively.
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Thereafter, morphological probing and elemental compositional analysis of the core-
shell polymeric nanoconjugate, ENFs-2 were performed using SEM-EDX. The
encapsulation of the PANI-CoPc-fur--MWCNTs inner core by the PVA outer shell
was confirmed by solid-state FTIR and Raman spectroscopy as well as powder X-ray
diffraction. The performance of the GCE | ENFs-2-Nf electrode surpasses that of the
bare GCE electrode or other prepared CMEs. Under the optimized electrocatalytic
conditions, SWV exhibited superior LOD and LOQ of 0.094 and 0.28 pM respectively,
compared to other electrochemical techniques such as linear sweep voltammetry with
a rotating disk electrode (LSV-RDE) and chronoamperometry (CA). Additionally, it
demonstrated selectivity for APAP in the presence of other interfering
pharmaceuticals such as MTZ and DA. Furthermore, the performance of the CME in
sensing APAP in a real water sample was comparable to that of HPLC-MS.
Specifically, APAP percentage recoveries of 106% and 104% were achieved when
using HPLC-MS and the CME, respectively.

7.2. Future work

Throughout this PhD thesis, the importance of the CoPc substituents are clearly
emphasizes with respect to selectivity, sensitivity and stability of the CMEs. The use
of crown ethers (cr) as substituents in symmetrical and asymmetrical CoPcs can tailor
their redox properties within the accumulation potentials of heavy metal cations. In
addition, the presence of the lone pairs within these organocyclic moieties on the CoPc
moiety allow them to serve as host-guest complex. The chemo-sensing capabilities of
heavy metal cations using electrodes modified with crown ethers have been
demonstrated. Variability in the intracyclic properties between crown ether and
crown thioethers leads Crown thia-ethers share similar properties with crown ethers,
but the polarizability of the lone pairs where the larger sulphur atoms enhances phase
transfer and the extraction of softer Lewis acids, such as late transition metal ions.
Heteronuclear crown ethers where sulphur atoms are introduced into the crown ether
framework, complexation with soft transition metal ions (e.g. Hg?*and Pb?*) are

generally enhanced.
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Another core prospective objective is to fabricate CoPc nanoconjugates with semi-
conducting nanoparticles for IR and UV-Vis spectro-electrochemical experiments.”8
This vision will be realized by using modifiable screen-printed electrodes and further
advanced by using portable hand-held electrochemical instrumentation.® Finally, the
MPc-based electrochemical sensor development is grateful to the support of the
National Research Foundation and the University of KwaZulu-Natal but for the
aspirations of fabricating spectroelectrochemical sensors to be realized, the
aforementioned national funding agency and institution will need to make
investments in sophisticated Autolab spectroelectrochemical instrumentation which
can be interfaced with our current Autolab potentiostat-galvanostat equipped with an

Electrochemical Impedance module.
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Scheme A1: The characteristic reversible electrochemical transformations of dopamine using the

GCE | clicked-a-CoPc-flav3.
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Figure A1: Repetitive square-wave voltammogram scans (8) and the current responses of 1.00 mM DA

at the GCE | clicked-a-CoPc-flav3 prepared in pH 6.20 PBS.
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Figure A2: Repetitive DPASV scans (10) at Pt | PPy/2 electrodes in 1 mM Hg(II) dissolved

in 0.1 M HCI containing 0.4 M NaCl.

239



Siyabonga Shoba Appendix

©)

N

O
N)J\
-2H. -2e- +H*
—> =y 1= S
H (1) (2)

HO

-CH
,CONH,

@)

Scheme A2: The electrooxidation mechanism by which the bare and modified glassy
carbon electrode detects acetaminophen(APAP).
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Figure A3: Repetitive Cyclic voltammogram scans (6) and the current responses of 1 mM

APAP at the | GCE-ENFs-2-NF prepared in pH 3.10 PBS.
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