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Abstract

This work reports the use of a pencil graphite electrode (PGE) as inexpensive and sensitive
electrochemical sensing platform fabricated by using electrochemically reduced graphene oxide
(ERGO) in conjunction with an in-situ plated thin mercury film. For the first time the ERGO-
HgF-PGE sensor is proposed for simultaneous detection of cadmium (Cd*"), copper (Cu?"), lead
(Pb?*) and zinc (Zn**) using N-Nitroso-N-phenylhydroxylamine (cupferron) as complexing agent
by square-wave adsorptive cathodic stripping voltammetry (SW-AdCSV). The technique is
based on the adsorption of cupferron- metal ion complexes onto the surface of the ERGO-HgF-
PGE at 0.1 V for 60 s carried out in 0.1 M acetate buffer solution (pH 4.6). The synthesized
graphene oxide (GO) and graphene nanosheets (GNSs) were characterized using different
analytical techniques such as FT-IR which confirms the presence of oxygen moieties embedded
in the graphitic structure and further demonstrated by UV-Vis, validating the synthesis of GO.
HR-TEM analysis confirmed the exfoliation of graphite to form single and few-layer graphene
nanosheet (GNs). The structure and morphologies of GO were examined by XRD and HR-SEM,
respectively. Moreover, instrumental parameters such as deposition time, amplitude and
frequency were investigated and optimized for maximum electrode response including the
influence of pH, supporting electrolytes, mercury concentration and cupferron concentration.
Well-defined peaks were observed under optimal experimental conditions with detection limits
of 0.17 pg.L™ for Cd**, 0.02 pg.L™* for Cu®, 0.17 pg.L™ for Pb*" and 0.14 ug.L™ for Zn* at a
deposition time of 60 s. The SW-AdCSV was applied successfully to the determination of trace
heavy metals in tap water with satisfactory results below the United States Environmental
Protection Agency (US-EPA) maximum contaminant level for zinc (5 mg.L™), cadmium (0.003
mg.L™?), lead (0.02 mg.L™) and copper (0.05 mg.L™) in drinking water.
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CHAPTER ONE

1. Introduction

This chapter provides a brief background on heavy metal pollution in the environment, its
exposure to mainstream water samples and therefore its effects on human health. Herein, the use
of various electrochemical techniques and their associated literature, which have commonly been
used in trace metal analysis, are discussed. A brief overview of the problem statement, aim,
objectives, research questions, hypothesis and methodological approach are presented. The
chapter goes further and briefly covers the novelty of the research study and thesis layout.

1.1 Background of the study
1.1.1 Heavy metal pollution and poisoning

Environmental pollution from heavy metals has been one of the most serious issues in the world,
with ever increasing demand for these metals in many areas, such as agriculture, industry, rapid
population growth as a result of urbanization, medical and technological advances over the years,
thus increasing their exposure in the environment [1, 2]. Heavy metals in water can be caused by
either natural processes (weathering and erosion of bed rocks and ore deposits) or anthropogenic
activities (mining, industries, irrigation of wastewater and agriculture activities) [3]. Poor
disposal of industrial effluents, domestic and agricultural waste, into water bodies further
increases heavy metal pollution [4, 5]. Owing to their high toxicity and bio-accumulative nature
in the environment even at trace levels, it’s enough to endanger human health and biotic life [6].
The need for clean drinking water is crucial for human survival [7], and past studies have shown
that drinking water is highly contaminated by heavy metals which are usually linked to human
poisoning. Consequently, organizations such as the World Health Organization (WHO), have set
the maximum permissible limits for heavy metals in drinking water namely, zinc (5 mg.L™?),
cadmium (0.003 mg.L™?), lead (0.01 mg.L™") and copper (2 mg.L™) [8-10] among others.
According to the United States environmental protection agency (US-EPA) permissible levels of
zinc (5 -15 mg.L™), cadmium (0.003 mg.L™), lead (0.02 mg.L™) and copper (0.05 -1.50 mg.L™)
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are used to control water pollution [6, 11]. Human poisoning from water is often caused by an
excess intake of heavy metals such as cadmium, chromium, manganese, arsenic and lead [12,
13]. However, few heavy metals are significant to human body growth namely copper, cobalt
and zinc [12].

Cadmium is a toxic metal classified as a group one carcinogen [14, 15]. It, however has been
desirable in the manufacturing of batteries, as well as in the aerospace, electroplating, automotive
and metallurgy industries and thus the incorrect disposal of cadmium-containing products has
been a major problem resulting in an increase in heavy metal pollution [16]. Cadmium is able to
accumulate, even at lower concentrations within the human body [17, 18] and may cause
illnesses such as Anemia by interacting with iron and decreasing hemoglobin levels, kidney
stones, lung cancer and Itai Itai disease, which was prominent in Japan in 1960s as a result of
Japanese ingestion of cadmium-contaminated rice [14, 19]. For this reason, the permissible level
of cadmium in drinking water is 0.003 mg.L™* as set by the World Health Organization (WHO)
[11]. The total intake of cadmium should not exceed 1 ug.kg™ of body weight per day [20]. Lead
is a carcinogen metal that occurs naturally in the earth's crust. Lead poisoning in human bodies
as well as environmental pollution is the consequence of sources such as mining, smelting,
battery manufacturing, soldering, painting, cable sheathing, ceramics and fertilizers [21]. Almost
every organ in the human body can be affected by lead, including bones, kidneys, reproductive
system, intestines and the nervous system, due to its high bio-accumulative nature [22]. The
maximum permissible level of lead in drinking water is 0.05 mg.L™ according to the WHO [11].
Excessive consumption of lead has been known to result in miscarriage, kidney failure, mental
retardation, stomach cancer, Anemia and infertility [8, 11, 23]. Zinc too is a natural metal present
in water, food and soil [24] and is one of the most vital nutrients found throughout the human
body. Among many advantageous properties, zinc has shown to be essential for growth, a
healthy immune system, good metabolism, poor wound healing, taste and smell [2]. Deficiencies
or low levels of zinc has been commonly associated with anorexia, neurosensory disorder,
dermatitis, growth and mental retardation [14]. While, excessive concentrations of zinc may
cause illnesses such as hypogonadism, prostate cancer, infertility and impotence [25]. Zinc

deficiency was first identified in 1961, when Iranian males were diagnosed with zinc deficiency
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symptoms such as hypogonadism and growth retardation [26]. Copper is an essential nutrient for
many biological processes in the human body as a component of metallo-enzymes has been
associated with hemoglobin formation, carbohydrate metabolism, the cross-linking of collagen,
elastin, and hair keratin, and the antioxidant defense mechanism [27, 28]. Copper poisoning is
mainly due to the consumption of food and drinking water, which may be attributed either to the
leaching of copper from pipes (smelting, mining or copper-producing industries) into drinking
water, or copper cookware as copper leeks from worn-out utensils into cooked food and to
medicines such as birth control pills that increase the copper levels in the body [29-31]. High
amounts of copper may lead to Anemia, Leukemia, kidney failure, and liver damages have been
associated with copper build-up in the liver which may result in a genetic condition known as
Wilson's disease, which was first identified in 1912 [32, 33]. The maximum contaminant level
for copper is 2 mg.L™ according to the WHO [9].

In this study, heavy metals such as zinc, copper, lead and cadmium present in tap water were
investigated by adsorptive cathodic stripping voltammetry using reduced graphene oxide to
electrochemically modify a pencil graphite electrode along with an in-situ plated mercury film
and cupferron chelating agent. Heavy metal pollution has stirred a lot of attention due to the
serious environmental and human health threats. The need to develop highly sensitive, reliable,
fast, simple, reproducible and inexpensive analytical technigues for the detection and monitoring
of trace heavy metals at very low concentrations in water is therefore crucial. Various analytical

techniques have been used previously in literature for the detection of trace heavy metal ions.
1.1.2 Analytical techniques for heavy metal analysis

Commonly used analytical techniques in the detection of trace and ultra-trace levels of heavy
metals includes graphite furnace atomic absorption spectrometry (GFAAS) [34], inductively
coupled plasma optical emission spectrometry (ICP-OES) [35] and x-ray fluorescence (XRF)
[36]. Although these spectroscopic techniques provide high sensitivity and selectivity
unfortunately they are costly, requires highly skilled personnel, time consuming, and unsuitable
for in-situ analysis [35-38]. Electrochemical techniques such as adsorptive stripping

voltammetry (AdSV), anodic stripping voltammetry (ASV) and cathodic stripping voltammetry
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(CSV) are considered promising heavy metal detection techniques due to high sensitivity, low
detection limits, on site analysis, ease of miniaturization, cost effectiveness and the ability to
determine multiple analytes [36, 37, 39, 40]. AdCSV offers lower limit of detection in the ng.L™
to pg.L™? range and standard addition than ASV [43, 44]. In this work, adsorptive cathodic
stripping voltammetry (AdCSV) was developed for simultaneous detection of Cu®**, Cd*,
Zn**and Pb?*-cupferron complexes at the electrochemically reduced pencil graphite electrode
with an in-situ plated mercury thin film electrode (ERGO-HgF-PGE) in tap water samples.
AdCSV is based on the adsorption of Zn?*, Cu®*, Cd** and Pb** after complexation with the
cupferron complexing agent, followed by the reduction of the cupferron complexes by applying a
negative going potential on the surface of ERGO-HgF-PGE. Previously reports showed
successfully determination of Zn?* [45], Cu** [46], Cd*" [47] and Pb** [48] by AdCSV on a
hanging mercury drop electrode (HMDE).

The choice of the working electrode is significant for a successful stripping process. Working
electrodes have been widely used for the detection of heavy metals namely gold electrode (GE)
[49], glassy carbon electrode (GCE) [50, 51], carbon paste [52, 53] and pencil graphite electrode
(PGE) [54]. Among the various carbon-based electrodes, PGEs have been very effective in
numerous investigations due to their remarkable properties such as being environmentally
friendly, inexpensive, offering excellent sensitivity, high selectivity, good electrical conductivity,
lower background current and good reproducibility [55, 56]. A number of studies have recently
been reported on the use of PGEs for the determination of anticancer drugs [57], vitamin Bi
[58] heavy metals [54, 55] and DNA [59]. In addition, mercury-based electrodes have been
extensively used as working electrode material for AdSV such as mercury film electrode (HgFE)
and the hanging mercury drop electrode (HMDE) owing to their exceptional sensitivity,
reproducibility and large negative potential window [2, 39]. There have been a lot of restrictions
on the use of HgFEs because of the high toxicity of mercury. Alternative conductive materials
such as antimony (Sb), bismuth (Bi), lead (Pb), gold, carbon and silver (Ag) have been used as
films while boron-doped diamond has also been used as an alternative to mercury-based
electrodes due to their lower toxicity [1, 39]. The overall performance of these non-mercury

electrodes has not been as effective as HgFEs, due to their low cathodic potential limit, multiple
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peaks or large background.
1.1.3 Graphene

Graphene is a distinctive two-dimensional (2D) carbon allotrope, with a one-atom-thick planar
sheet of carbon atoms densely packed in a honeycomb crystal lattice [60—62]. It can be wrapped
up into 0D fullerene, rolled into 1D nanotube or stacked into 3D graphite [60, 61]. Since its
discovery by K. S. Novoselov and A. K. Geim in 2004 [61], graphene has stirred-up a lot of
research interest due to its exceptional and unique physical, electrical and mechanical properties.
Countless studies have been conducted to explore the prospective applications of this wonder
material. Graphene and reduced graphene oxide have been used as a surface modifier in many
sensor applications, such as the use of graphene-based electrodes in detection of heavy metal in
water. From our research group Pokpas et al first reported the use of nafion graphene
dimethylglyoxime modified glassy carbon electrode (NGr-DMG-GCE) for the detection of
nickel (Ni*"). The use of graphene improved the sensitivity of the sensor due to the enhanced
active surface area associated with its use and therefore showed better detection capabilities to
nickel detection in water samples [51]. Tekenya et al further showed the use of the
electrochemically reduced graphene oxide in-situ plated mercury film on the determination of
nickel (Ni%*) in the presence of dimethylglyoxime on a pencil graphite electrode [54]. The high
surface area to volume ratio of graphene has improved many devices in energy storage and quick
charging capacity [63]. Graphene has also exhibited high electric conductivity, transparency and
has influenced optical electronics applications such as the manufacturing of transparent
conducting electrodes that are crucial for touchscreens, liquid crystal displays (LCDs) and
organic light emitting diodes (OLEDSs) applications since the use of indium tin oxide (ITO) is

costly and limited supply in the world [64].
1.2 Novelty of research study

The ever-increasing demand for heavy metals in various industrial applications and the growth in
urbanization has had a huge impact on the exposure of highly toxic heavy metals into the

environment. For this reason, the detection of trace heavy metals has become a priority
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worldwide. In this paper a highly selective, simple, fast and sensitive square-wave adsorptive
cathodic stripping voltammetric (SW-AdCSV) technique is reported and applied for the
simultaneous determination of Zn®*, Cu®, Cd* and Pb®* in tap water samples at an
electrochemically reduced graphene oxide pencil graphite electrode (ERGO-PGE) in conjunction
with in-situ electroplated thin mercury film in the presence of cupferron complexing agent. To
the best of our knowledge, this is the first report on the simultaneous detection of four metal ions
(zn?*, Cu*, Cd** and Pb*") using cupferron as a complexing agent for complexation and
adsorption of cupferron complexes on the electrochemically reduced graphene oxide pencil
graphite electrodes in conjunction with an in-situ plated mercury film. Nearly all previous reports
in literature performed trace metal detection with cupferron complexing agent on either a
hanging mercury drop electrode (HMDE) or a nafion-coated bismuth film electrode (NCBIFE).
Cd?* [47, 65-67], Cu®* [68], Pb?* [48], Zn** [45, 47] were among the metal ions detected. Herein,
a pencil graphite electrode is used as the working electrode for the adsorption of metal ion-
chelating agent complexes on the electrochemically reduced graphene oxide pencil graphite
electrode (ERGO-PGE) prepared using cyclic voltammetric reduction of graphene oxide in 0.1
M acetate buffer solution (pH 4.6) in combination with an in-situ plated thin mercury film for the
simultaneous determination of Zn**, Cu®**, Cd*" and Pb**. ERGO and mercury films have been
used to greatly improve the selectivity and sensitivity of the electrochemical sensor (ERGO-
HgF-PGE). Further a square-wave adsorptive cathodic stripping voltammetry technique is
developed for simultaneous detection of trace metal ions in tap water to provide a new, fast,
cheap and extremely sensitive electrochemical sensor as an alternative to expensive sensors such

as glassy carbon electrodes and hanging mercury drop electrode.

1.3 Aim

This study seeks to develop an ERGO-HgF-PGE as a fast, cheap and sensitive electrochemical
sensor for the simultaneous detection of Zn?*, Cu?*, Cd** and Pb* in the presence of cupferron
chelating agent in tap water samples using the adsorptive cathodic stripping voltammetry

technique.
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1.4 Objectives

The following objectives are to be achieved in order to carry out the research study:

To study and comprehend the adsorptive stripping voltammetry technique.

To synthesize graphite oxide using a modified Hummers method.

To characterize graphene oxide using Fourier transform infrared spectroscopy, X-ray
diffraction, Ultraviolet-visible spectroscopy, electrochemical impedance spectroscopy,
High resolution transmission electron microscopy, High resolution scanning electron
microscopy.

To modify the surface of a pencil graphite electrode (PGE) through the electrochemical
reduction of graphene oxide followed by the in-situ plating of a mercury film to form the
ERGO-HgF-PGE.

To investigate the electrochemically reduced mercury film pencil electrode (ERGO-HgF-
PGE) responses towards the simultaneous detection of copper (Cu®*), cadmium (Cd*"),
zinc (Zn?*) and lead (Pb?*) using cupferron ligand.

To investigate the ERGO-HgF-PGE responses towards the cupferron complexing agent.
To optimize instrumental parameters and determine the optimal instrumental parameters
of the ERGO-HgF-PGE for copper (Cu®"), cadmium (Cd®"), zinc (Zn**) and lead (Pb%").
To develop an analytical procedure for the determination of heavy metals in water
samples using the ERGO-HgF-PGE.

1.5 Research questions

The aim of the study was to provide answers to the following questions:

Could a pencil graphite electrode be a desirable electrochemical sensing platform for the
detection of metal ions?

Would ERGO, in conjunction with mercury thin films be able to enhance the sensitivity
of the electrode in detection of Cu®*, Cd?*, Zn?*and Pb** by AdCSV?

Would the formation of cupferron-metal complexes in the presence of cupferron

7

http://etd.uwc.ac.za/



chelating agent offer high selectivity and suitable electrode preconcentration for the trace

metals investigated?
1.6 Hypothesis

Using electrochemically reduced graphene oxide together with an in-situ plated mercury film and
cupferron chelating agent on the surface of the pencil graphite electrode can increase sensitivity

and selectivity to detect trace heavy metals in tap water samples.
1.7 Research approach

In order to realize the aim and objectives of the research, the following experimental protocol

was followed:

e Synthesis of graphite oxide by a modified Hummers method

e Preparation of graphene oxide colloidal solution

e Characterization of graphite, graphite oxide and graphene oxide

e Electrochemical characterization of the ERGO-PGE

e Adsorptive stripping voltammetry analysis

e Optimization of experimental conditions and instrumental parameters
e Analytical performance of the ERGO-HgF-PGE

e Recovery studies of test solutions

e Repeatability, reproducibility and stability

e Interference studies

e Analytical application to real water samples
1.8 Scope and delimitations

Pentel HB pencil lead 0.5 mm in diameter and length 60 mm bought from a local bookstore was
used as a working electrode due to its advantages like inexpensive, eco-friendly, good stability
and reproducibility. Tap water samples were collected from our laboratory for the detection of

trace heavy metals present in tap water at the University of Western Cape in the municipal region
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of Bellville in Cape Town, South Africa.
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Figure 1.1 Location of the study area (water sampling region).

1.9 Thesis layout
The thesis is divided into seven chapters and is structured as follows:
Chapter one: Introduction

Chapter one sets out to provide the overall concept of the research study. A brief introduction to
the pollution of heavy metals and the effect of heavy metal poisoning on human health is
detailed. This section further summarizes various stripping techniques used for the determination
of heavy metals to date as well as outlines the novelty of the research study by providing the aim

and objectives to be achieved, the research approach.
Chapter two: Literature review

This chapter is based on a literature review of the relevant aspects of the research study, which
focuses on the context of graphene, its properties and characterization techniques. It also
provides information on the cupferron complexing agent and other complexing agents previously

used for the formation of metal ion-chelating agent complexes. A detailed review of the mercury
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film, pencil graphite electrode, and other reported electrodes involved in adsorptive stripping
voltammetry are further provided. In addition, various voltammetry stripping techniques and

their operating principles were further clarified.

Chapter three: Material and experimental method

This chapter provides a detailed summary of the instruments used in the research study, the
experimental methods, chemicals and materials used to achieve the objectives presented in
chapter one. The procedures involved in graphite oxide synthesis, characterization techniques,
the electrochemical analysis, preparation of sample and standard solutions are also included in

this chapter.

Chapter four: Morphology and structural characterization of graphite, graphite oxide and
the ERGO-PGE.

The chapter describes the structural and morphological features of graphite, prepared graphite
oxide through modified Hummers method and the electrochemically reduced graphene oxide
pencil graphite electrode (ERGO-PGE) using various spectroscopic and microscopic techniques.
The inclusion of oxygen within the graphitic structure are confirmed by Fourier transform
infrared spectroscopy (FT-IR), electronic transitions of the samples are examined by Ultraviolet
visible spectroscopy (UV-Vis) and the crystalline structure is determined by X-ray diffraction
(XRD) analysis, while microscopic techniques . such as High resolution transmission electron
microscopy (HRTEM) confirms the exfoliation of graphene nanosheets and High resolution
scanning electron microscopy (HRSEM) studies the surface morphologies of the unmodified and

graphene modified PGE.
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Chapter five: Preparation and electrochemical characterization of the ERGO-PGE

In this chapter, 1 mg.mL™ graphene oxide colloidal solution is electrochemically reduced on the
pencil graphite electrode (PGE) surface using cyclic voltammetry. The electrochemical
properties of the fabricated ERGO-PGE are determined in acetate buffer solution, [Fe(CN)e] ¥
as redox probe by using cyclic voltammetry as well as the electrochemical impedance
spectroscopy (EIS). The electrochemical parameters such as the surface coverage (I),
electroactive surface area (A), the diffusion coefficient (D) and charge transfer resistance () are

calculated.

Chapter six: The determination of metal ion- cupferron complexes on the ERGO-HgF-PGE
and bare-PGE

Focusing on the investigation of simultaneous detection of cadmium (Cd?"), copper (Cu®"), zinc
(Zn**) and lead (Pb®"), optimization of instrumental parameters, recovery studies and calibration
curves conducted on test solutions of known concentrations, real water sample analysis

performed at the ERGO-HgF-PGEs as well as the interference study.
Chapter seven: Conclusions and Future work

This chapter summarizes the findings and highlights the novelty of the research study, sets out
recommendations for further investigations and future work. The list of references used

throughout the research study is presented as a separate section at the end of the thesis.
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CHAPTER TWO
LITERATURE REVIEW
2. Introduction

This chapter presents a critical review of stripping voltammetry techniques for trace metal
detection, various working electrodes and complexing agents used previously in literature
relevant to the research study. A detailed background of graphene, its synthetic routes,

microscopic and spectroscopic characterization techniques are also covered.
2.1 Voltammetry

Voltammetry, an electrochemical technique in which the current is measured as a function of the
voltage obtained at the electrode and is widely used for variety of applications such as trace and
ultra-trace metal ions, organic and inorganic materials [70, 71]. The main advantages of
voltammetry are its remarkable sensitivity, selectivity, fast, low-cost instrumentation and
minimal sample preparation [71]. Unlike potentiometric measurements which utilize two
electrode system, voltammetric measurements are usually performed in an electrochemical cell
consisting of three electrode systems, namely a working electrode (WE), a reference electrode
(RE) and an auxiliary electrode (AE) or a counter electrode (CE) as shown in Figure 2.1. In
addition, the nitrogen purge tube is used to remove dissolved oxygen, the stirrer bar is used to

mix the solution and allow the mass transport of the analytes [72].

The working electrode is where the reaction of interest occurs. They are often made of inert
metals classified as solid electrodes (platinum (Pt), gold (Au), silver (Ag)) or carbon materials
(graphite, glassy carbon, carbon-paste electrodes) and liquid electrodes include hanging mercury
drop electrodes [73]. A reference electrode, including saturated calomel electrode (SCE),
silver/silver chloride (Ag/AgCl) electrode and standard hydrogen electrode (SHE) is often
employed. Typically, they have a steady and known electrode potential that is used in the
electrochemical cell as a point of reference for measuring the potential applied to the working

electrode [74, 75]. Platinum electrode is usually preferred as auxiliary electrode due to its
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inertness nature, high conductivity and stability. Counter electrodes control the current circuit in
the cell system, it provides electrical current pathway to flow into an electrochemical cell
without passing sufficient current through the reference electrode [74, 76]. The supporting
electrolyte is an electrolyte solution that usually contains non-electro active ionic salt in a solvent
present in the electrochemical cell. Thus, enabling the ability of electrolyte to carry electrical
current due to high conductivity, usually supporting electrolytes must not get adsorbed on
electrode surface, not form complexes with the analytes species of interest. A schematic
representation of a three-electrode electrochemical cell system is presented as follows:

N, purge tube
-~

Magnetic Stirrer

Figure 2.1 Schematic representation of a voltammetric electrochemical single cell and three

electrodes system.

2.2 Stripping voltammetry

Stripping voltammetry is a very sensitive electroanalytical technique due to the pre-concentration

step in which chemical species are accumulated and deposited on or into the electrode surface at
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a constant potential. At the stripping step, the accumulated chemical species in the amalgam or
film are stripped back into solution [70]. Stripping voltammetry allows analytical determinations
of simultaneous of four to six trace and trace metals at low concentration sub-ppm level [76].
Stripping voltammetry involves three significant steps the pre-concentration step (accumulation
step) which is based on the accumulation of analytes on the electrode surface, which is
performed in a stirred solution under potential control for a certain period. The constant stirring
of the solution enables the analytes to be transported massively to the electrode surface. In
addition, when the analytes are deposited on or into amalgam-forming mercury electrodes, the
stirring speed may not be too fast as the mercury film drops may deform and disrupt the film-
forming process. Alloys are formed when bismuth, tin or antimony electrodes are used to

accumulate alloy-forming metals electrolytically.

The pre-concentration step is responsible for the remarkable sensitivity of the stripping
voltammetry. Rest period (equilibration time), the stirring of the solution is halted, and the
solution can become inactive. The rest period extends to approximately 10 to 30 s so that the
metal concentration in the amalgam ceases and reaches uniformity on the active surface of the
electrode or on metal film where applied potential remains unchanged, ensuring that the metal is
electro-deposited from the electrode surface is diffusion controlled and no convection transport
of ions through the solution precedes the stripping step.. After the pre-concentration step, the

deposited analytes are stripped from the electrode surface back into the solution.
2.3 Stripping voltammetry techniques

Stripping processes for metal analysis typically involve oxidation or reduction of trace metals to
its ionic form under conditions of diffusion control under an applied potential. By either applying
adsorptive, anodic or cathodic potential sweeps, electrons are transferred because of the redox
reactions and a resultant voltammogram is generated where the current is recorded as a function
of the potential applied. Various types of stripping voltammetry such as anodic stripping
voltammetry, cathodic stripping voltammetry and adsorptive stripping voltammetry have been
used for trace metal analysis. In anodic stripping voltammetry (ASV), during deposition step

analyte species are pre-concentrated onto the electrode surface with a constant stirring of the
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solution and then stripped from the electrode surface to the solution by applying oxidizing
potential. Most ASV technique have been successfully reported for the analysis of trace metals in
conjunction with either HMDE or HgFE, which provides a high surface area to volume ratio
resulting in increased sensitivity. While CSV, is based on the electrodeposition of analytes on the
mercury electrode during the pre-concentration step by applying a positive current potential [42].
These techniques are not easily applicable for determination of numerous trace metals that
cannot be deposited electrolytically, because of adsorption of interference of metal ions on the
electrode surface that cause non-reproducible results [77]. However, AdCSV offers highly

sensitive and selectivity owing to adsorption process other than electrolytic accumulation [78].

Therefore, as an alternative stripping approach for trace quantitation of Zn®*, Cu®*, Cd** and Pb**
adsorptive cathodic stripping voltammetry (AdCSV) was used in the present study. Notably,
almost all previous reports procedures for the determination of trace metals with cupferron
complexing agent were conducted using AdCSV, this technique is one of the favorable analytical
technique for individual and simultaneous determination of trace metals owing to its simplicity,
high sensitivity and selectivity, low detection limits and low-cost instrumentation [1, 71, 73]. In
AdCSV, an appropriate ligand is required to form a metal ion complex, which is then adsorbed

and reduced on the electrode surface [42].

Previous reports in literature have successful detect trace metals with cupferron complexing
agent using adsorptive cathodic stripping voltammetry (AdCSV), cupferron complexing agent
used to form stable complexes, enhance sensitivity, good reproducibility and to obtain lower
detection limits. The formation and stability of following cupferron complexes were extremely
dependent upon pH and the nature of the buffer solution. A.A. Ensafi et al [68] reported the
simultaneous determination of Cu** and Mo® in the presence of cupferron on HMDE. They
explored that cupferron complexes were more stable in acidic media (acetate buffer, pH 3) owing
to high AdSV sensitivity and good peak separation. While M. Grabarczyk et al [67] observed
that Cd>*-cupferron complex on HMDE was not able to form in acidic solution (acetate buffer,
pH 4), however when they increased the pH of the buffer to 6.1 cupferron complex peak
appeared. M. Grabarczyk et al [48] found that the formation of Pb®*-cupferron complex on

HMDE was extremely dependent upon pH of the buffer solution. N. Meepun et al [65]
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determined Cd**-cupferron complex on a nafion coated glassy carbon bismuth film electrode
(NC-GC-BIFE) in acetate buffer solution. Stable cupferron complex at pH 4 was formed with
sharp and enhanced peak current of the cupferron complex. A more basic solution (borate buffer,
pH 8.5) was used to form Zn?*-cupferron complex on HMDE as reported by S. Abbasi et al [45].
In addition, the simultaneous detection of U®* and Cd**-cupferron complexes on HMDE [43],
simultaneous detection of Bi** and Pb**-cupferron complexes on a mercury film silver-based
electrode (Hg(Ag)FE) [79] and Ga**-cupferron complex using an in-situ plated lead film
electrode (PbFE) [80] were also pH dependent. In our research group, AdCSV was used to
quantify Ni*on a nafion graphene dimethylglyoxime modified glassy carbon electrode (NGr-
DMG-GCE) [51] and the determination of Ni**with dimethylglyoxime on the electrochemically
reduced graphene oxide in conjunction with an in-situ mercury film electrode (ERGO-HgF-PGE)
[54].

Moreover, the determination of trace metals with various complexing agents using AdCSV has
also been reported in literature. Deswati et al reported the simultaneous determination of trace
Zn?* and Cd*" with 1,2-dihyroxyanthraquinone or alizarin as a complexing agent [44], N. Thanh
et al reported the use of oxine (8-hydroxyquinoline) complexing agent for simultaneous
determination of Zn?*, Cd** and Pb** on glassy carbon bismuth film electrode (GC-BIFE) [81]
and the determination of Zn** and Cd** complexes with xylenol orange (xo0) as complexing agent
on HMDE was reported by A.A. Ensafi et al [78]. All reported complexing agents formed stable
metal ion complexes owing to high complexing ability attributed to their highly conjugated

structures and electron donating oxygen and nitrogen atoms.

Following steps are involved in AJCSV for trace metal analysis, the formation of complex
(M2*L) occurs spontaneously in a solution which involves metal cation (M2*) and ligand (L)

.which is then adsorbed on the electrode surface.

2+ 2+
M +L - M Ladsorption
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The adsorbed metal ion ligand complex is then stripped, and the metal cation is reduced to its
metallic state by applying a negative (cathodic) potential scan from the electrode surface back to

the solution.

2+ 0 -
M Ladsorption - M Lsolution + 2e

2.4 Complexing agent

The sensitivity and selectivity of various analytical techniques such as AdSV tend to rely upon
either the working electrode or the selection of suitable ligands that more often form complexes
with metal ions. These complexes must be able to form quickly in a solution and effortlessly
adsorbed onto the surface of the working electrode, pH and the nature of the electrolyte solution

are highly significant in forming stable complexes.
2.4.1 Cupferron

Cupferron is an organic compound (Ammonium salt of N-nitroso-phenyl-hydroxyl amine) that
may appear to be white or light yellow in color. Cupferron is soluble in water, benzene, alcohol
and ether. For the simultaneous determination of Cd**; Zn*", Cu ** and Pb*, N-nitroso-phenyl-
hydroxyl amine is proposed as a coordinating surface ligand to enhance the electrochemical
responses of these metal ions by forming a complex when anion binds to the metal cations by
means of two oxygen atoms therefore resulting in a five membered ring. In addition, cupferron
has been used as chelating agent and as electrode modifier agent for voltammetric investigations
resulting in well-defined adsorptive stripping peaks [24]. Despite its astounding sensitivity and
selectivity, it has been accounted for electrochemical active stable complexes formation with
different metals by expanding their adsorptivity onto the working electrode [21]. Moreover,
previously reported papers demonstrated the use of cupferron as chelating agent using adsorptive
stripping voltammetry to detect different metal ions such as uranium [78, 83], vanadium [83],
gallium [84], europium [85], chromium [77], copper [46], molybdenum [87, 88], Iron[77],
cadmium [15, 37, 89], lead [21], zinc [24], and aluminium [88].
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N NH,*
N=0

Figure 2.2 Chemical structure of cupferron (C¢HgN3O,) [47].

2.5 Pulse voltammetry

In AACSV measurements of trace metal analysis, stripping voltammograms are usually recorded
using square-wave, differential pulse and cyclic modes. This can be described as follows:

2.5.1 Square-wave voltammetry (SWV)

SWV is a highly sensitive, versatile and rapid electrochemical technique used for quantitative
analysis. It can be utilized for trace analysis and electro kinetic measurements of different
electrode processes [89]. The SWV technique originated from Kalousek commutator and
Barker’s square-wave polarography and was extensively developed by the Osteryoungs [90].
SWYV potential modulation consists of a staircase potential ramp combined with square shaped
potential pulses, a symmetrical square-wave of constant amplitude is superimposed on the
working electrode on a base staircase waveform and the difference between two current
measurements in forward and reverse cycle is plotted versus the base staircase potential [91].
Square-wave pulse voltammetry was selected for further experiment due to high sensitivity and

speed.
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Figure 2.3 Schematic diagram of the possible staircase waveform and its current response [92].

2.5.2 Differential pulse voltammetry (DPV)

Barker and Gardner proposed the DPV technique which-is a linear sweep voltammetry derivative
in which a series of pulses scans the potential. However, each potential pulse in DPV is fixed
with small amplitude ranging from 0.01 to 0.1 mV which is superimposed on either linear sweep
or stair-steps based potential, the current difference obtained from each pulse between the two
points is plotted against the applied potential [93]. DPV produces symmetric peaks for faradaic
currents rather than sigmoidal waveform obtained by other techniques such as normal pulse

voltammetry. DPV offers high sensitivity and more efficient resolution [72].
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Figure 2.4 Schematic diagram of the potential waveform and its current response [93].
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2.5.3 Cyclic voltammetry (CV)

Cyclic voltammetry is a powerful electro-analytical technique commonly used for qualitative
determination of electrochemical behavior of various reactions such as the reduction and
oxidation processes of various molecular species, to investigate chemical reactions initiated by
electron transfer and redox coupled reactions. This technique is mostly based on measuring the
potential applied between the working electrode and the reference electrode, while measuring the
current between the working electrode and the auxiliary electrode [94]. The oxidation or
reduction peak can be observed on a cyclic voltammogram depending on the nature of the
electro-active species. Figure 2.5, shows the resulting scan of potential against time, using a
triangular potential waveform and the corresponding voltammogram, the working electrode
potential is ramped linearly versus time in an unstirred solution. Where the anodic peak current =
Iap, anodic peak potential = Exp and during the reverse scan a cathodic peak current = Icp and
cathodic peak potential = Ecp are measured.
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Figure 2.5 Schematic diagram of the triangular potential-time waveform and its current response
[93].

2.6 Electrode materials for stripping voltammetry

Working electrodes (WE) are exceptionally critical and several factors are considered for
choosing the right WE. The substrate should be fast, cheap, reproducible, wide potential window,

favorable redox behavior with the analytes and good signal to noise ratio for fruitful and better
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experimental results [73]. In this study pencil graphite electrode (PGE) was used as the working
electrode in conjunction with in-situ thin mercury film in the determination of trace metals with
cupferron in tap water. Almost all previously studies for the determination of trace Zn®*, Cu*,
Cd*" and Pb?* using cupferron ligand have been conducted on either the hanging mercury drop
electrode (HMDEs) or glassy carbon electrode in conjunction with bismuth film electrodes
(BIFES).

2.6.1 The hanging mercury drop and bismuth film electrodes

The hanging mercury drop electrode (HMDESs) has received enormous attention in electro-
analytical determination of trace Zn®*, Cu®*, Cd** and Pb*" using cupferron ligand due to its
elevated sensitivity, reproducibility, reliability and renewability [6, 97-102]. HMDEs involve the
formation of a new electrode surface after the previous drop has fallen off which is then
substituted by creation of a fresh new drop for the next experiment, resulting in a significant
cleaning method that reduces interferences and less time consumption [97, 100, 103]. Previous
reports have shown the use of HMDE in combination with adsorptive cathodic stripping
voltammetry (AdCSV) in determining various trace metals such as Cd** [16, 37, 104], Zn?* [104,
105] and Pb** [21] using cupferron as a complexing agent. However, HVMIDE has many setbacks
such as its extremely costly to buy, high mercury toxicity, less reproducible drop size and
premature drop during or between analysis [103, 106]. Bismuth film electrodes (BiFES) has been
used as an alternative substitute for mercury-based electrodes for the determination of various
trace metals and organic compounds due to their negligible toxicity, ease preparation and partial
insensitivity to dissolved oxygen [88, 99, 107-109]. The BiFEs behave correspondingly to
TMFEs due to comparable electroanalytical performance as a broad potential window, formation
of alloys with various trace metals and the ability to operate in highly alkaline media [99, 110-
112]. The use of BiFEs has been reported in literature for various substrates such as pencil
graphite electrodes, gold, carbon paste, glassy carbon, carbon fiber, noble metals, screen printed
inks and platinum [51, 90, 111, 113, 114]. Furthermore, only negative potentials can be applied
for BiFEs because positive potentials can completely oxidize and remove the bismuth film from
the substrate surface. From literature, N. Meepun et al reported the use of nafion-coated bismuth

film electrode on the determination of Cd®* using cupferron complexing agent by AdCSV in
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marine algae [65] which only negative potentials were implemented in stripping voltammetry. In
addition, BiFEs can result to the narrowing of the cathodic potential range and air instability due
to its natural oxidation. For these reasons, in the present study a thin mercury film electrode was
used as an alternative electrode due to lower mercury consumption, improved sensitivity and

selectivity.
2.6.2 Thin mercury film electrodes (TMFES)

In this study for the determination of Zn®*, Cu?*, Cd** and Pb** with cupferron in tap water, an
in-situ plated thin mercury film was used in combination with electrochemically reduced
graphene oxide pencil graphite electrode (ERGO-PGE). A thin mercury film was used to
improve the sensitivity and selectivity of the electrode due to large surface area to volume ratio,
lower detection limit by reducing ionic metallic analytes that are readily dissolved in mercury to
form amalgam, shorter diffusion distances for deposited metal, broad potential window, excellent
mechanical stability and easy preparation [6, 97, 99, 100, 102, 115-117]. Thin mercury film
electrodes (TMFEs) were plated using an in-situ process, where mercury is added directly into
0.1 M acetate buffer solution (pH 4.6) and coated on the surface of the ERGO-PGE. Mercury
films are deposited on the ERGO-PGE surface in the form of small droplets rather than uniform
films that led to a lower hydrogen overvoltage [114]. However, mercury toxicity has resulted to
restricted use, significant attempts have been made to investigate alternative electrode materials
[97]. Nonetheless, general performance of non-mercury electrodes including antimony, bismuth,
gold were examined but not close to that of mercury owing to a low cathodic potential limit,
short linear dynamic range, multiple peaks, low hydrogen evolution, small background
contributions, poor precision and resolution [99]. Regardless of how toxic mercury is regarded,
in this research only a negligible amount of mercury is used to modify the ERGO-PGE because
only a small concentration of mercury is required to form a thin film layer, thereby minimizing
its danger and disposal [99]. Mercury film was used for the simultaneous detection of Zn?*, Cu?*,
Cd?* and Pb?* using cupferron ligand to enhance the sensitivity of the ERGO-PGE . In this study,
the pencil graphite electrode (PGES) is proposed as cheap and disposable substrate material for

the simultaneous detection of trace metals in tap water samples.
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2.7 The pencil graphite electrode (PGEs)

The need for highly sensitive, disposable, low cost and commercially accessible electrochemical
sensor has been a concern. The electrochemical sensors like PGEs have been highly significant,
effectively utilized in various applications such as cathodic and anodic stripping voltammetry for
trace metal detection [88], vitamin B, [58], anticancer drugs [57], DNA and RNA [59]. PGEs
possesses many significance high electrochemical reactivity, low background current, high
sensitivity, good reproducibility and inexpensive [118, 119]. In addition, pencil electrodes are
sp? hybridized enabling high conductivity, good adsorption and surface modification. Moreover,
the PGEs provides a readily renewable electrode surface that requires less electrode surface
cleaning therefore lessen time consumption on electrode surface cleaning compare to other

carbon-based electrodes such as glassy carbon electrodes (GCEs).
2.8 Carbon allotropes

Carbon is one of abundant chemical element [118], which occur either in an amorphous form
(coke, carbon and coal) or in a natural allotropic crystalline form (diamond and graphite) [119].
Allotropes are different forms of one element with different chemical and physical properties.
Diamond is a hardest and transparent three-dimensional (3D) mineral, while graphite is a multi-
layered three-dimensional (3D) material weakly held together by van der Waal’s forces. Weak
interaction between graphite layers affects the sliding of graphite sheets over each other, thus
allowing pencils to write on paper. Over the past years fascinating discoveries of other forms of
carbon were uncovered, graphene (two dimensional 2D) [122, 123], carbon nanotubes (one
dimensional 1D) [122] and fullerene (zero dimensional 0D) [123].

2.8.1 Graphene

Graphene is the thinnest, strongest and 2D crystal with single layer of one thick carbon atom

densely packed and held together in a hexagonal honeycomb frame [124]. Graphene can be

wrapped up to form a 0D fullerene, rolled up to 1D carbon nanotubes and stacked up on each

other to form a 3D graphite [125]. The unique structure and exceptional properties of graphene

have spurred curiosity to many scientists and researchers over the years, and responsible for
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growing success on sensors, electronics, battery applications, solar cells, water purification and
desalination [128, 129].

2D

Figure 2.6 Carbon allotropes [124].

2.9 Graphene origin

Graphene was firstly reported by Schafhaeutl in 1840 [128] and Brodie in 1859 [129] but the
isolation of this material was never archived until in 2004. In an attempt to explore the electrical
properties of graphite two passionate physicists at Manchester University in England, Professor
Andre Geim and Professor Konstantin Novoselov discovered graphene. A single layer of
graphene was extracted from graphite flakes using the scotch tape (micro-mechanical) method.
Adhesive tape was pressed to the silicon wafer oxide-coated layer. Repeated tape peeling
resulted in tape isolating a thick carbon atom sheet of graphene, under an optical microscope the
wafer was examined and a single layer of graphene was viewed [121]. For the first time in 2010,
Andrei and Kostya won the noble prize in Physics for their outstanding work on graphene
isolation [61]. The main advantage of this method is, its simplicity however only a small surface

area of the single layer graphene film could be extracted.
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Graphite flakes

Figure 2.7 The scotch tape method for single layer graphene isolation [130].
2.10 Honeycomb graphene structure

Graphene is a flat 2D nanomaterial rather than cylindrical. Graphene sheets consists of carbon
atoms tightly held together in a hexagonal honeycomb lattice. Each carbon atom is sp?
hybridized and covalently bonded to three other carbon atoms. The distance between graphene
carbon atoms is 0.142 nm (1.42 A) and 0.335 nm (3.35 A) accounts for the inter-planar spacing.
These unique properties enable graphene to possess excellent electrical conductivity, large

surface area, thermal and mechanical properties [131].

Figure 2.8 Single layer of graphene in a honeycomb lattice [132].
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2.11. Graphene properties
2.11.1 Electrical conductivity

Graphene is a semimetal having holes and electrons as a carrier of charge, thereby improving its
electrical conductivity. Each atom in graphene structure is bonded to three other carbon atoms
leaving one electron known as pi (m) electrons available for electronic conduction. The 2D
structure of graphene offers little resistance to the movements of pi electrons, thus improving
electron delocalization when compared to graphite. The movement of electrons in graphene is
much quicker than any other material at ambient temperature, its electron mobility is 15000
cm®vts?. Zero band gap (Dirac point) is a point where valence band and conductive band
joined and are situated at six corners of the Brillouin zone [131]. As stated above, these are

factors that make graphene electron mobility easier and faster.

"Dirac "Cones"
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Conduction Band

Dirac Point
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Figure 2.9 Three-dimensional electronic band structure of graphene with six corners of the
Brillouin zone [133].

2.11.2 Mechanical property

Graphene is stronger than diamond and 200 times stronger than steel, this unrivaled strength is
due to strong covalent bonds (42 N.m™ in length) between carbon atoms with a tensile strength

of 130,000,000,000 giga-pascal. Unlike other strong materials, graphene is also elastic due to
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each carbon atom is sp® hybridized throughout the crystal lattice thus enhancing its flexibility.
Graphene can stretch to about 20 to 25 times its original length without carbon atoms breaking
apart. Moreover, graphene is not only strong and elastic but is light and weigh less than a gram
(0.77 mg.m™).

2.11.3 Optical property

Light absorption is another unique property of graphene since the discovery of a single layer of
graphene as thinnest material being only one atom thick. Surprisingly graphene is transparent
[134] thus enable inter-band transitions of electrons. Previous experiments verified graphene’s
ability to absorb some percent of white light (2.3%) [135]. Optical properties of graphene had
tremendous success in electronic applications such as LCDs (liquid crystal displays) [135],

touchscreens and solar panels. The following equation provides optical graphene absorption:

1
Where: o« = —
137

A = optical absorption (2.3%)
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Figure 2.10 The intensity of white light transmitted from the exfoliated monolayer and bilayer of
graphene [117].

2.11.4 Thermal property

Graphene has high thermal conductivity relative to other carbon allotropes such as carbon-
nanotubes, graphite and diamond due to its two-dimensional structure that possess stable
covalent bonding between carbon atoms as well as strong anisotropic bonding and low carbon
atom mass. Thermal conductivity of graphene is estimated at 5 x 10° W.m™.K™ which results
from the presence of an elastic wave propagating through graphene lattice vibrational modes

called phonons [61].
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Table 1. Summary of graphene properties [136]

Graphene properties values

Electron mobility 15000 cm®.V 1t
Thermal conductivity 5x10° W.m*K?
Tensile strength 130 GPa

Thickness 0.34 nm

Specific Surface area 2630 m%.g "
Transmittance >95% for 2nm thick film

>70% for 10nm thick film

Coefficient of thermal expansion -6 x 10K
Breaking through strength 42 Nm™
Elastic modulus 0.5-1Tpa
Resistivity 10 Q-cm

2.12 Synthetic routes of graphene

Graphene can be synthesized either by physical or chemical method depending on the exfoliation
of pristine graphite into single layers of graphene sheets. Physical methods involve mechanical
cleavage of graphite through the scotch tape method in which a single layer of graphene sheets
were exfoliated for the first time. The main setback of this method is the high process
temperature and inability to transfer single layer of graphene sheet on any other substrate [137].
Chemical vapor deposition (CVD) of graphene on metal substrate synthesis has been used as
scalable and reliable production method of high-quality graphene. The method is based on the

growth of graphene from metal-carbon melts followed by exfoliation of graphite using ultra
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sonication. Although physical methods produce high quality graphene, it’s not ideal for large-

scale graphene synthesis [129, 140].

Chemical method is an alternative approach to the physical method, involving techniques such as
Brodie, Staudenmaier, Hummers and Offeman used to synthesize graphite oxide (GO) in the
presence of strong oxidants. The GO synthesis was first illustrated by Brodie in 1859, by mixing
potassium chlorate (KCIO;) to graphite in the presence of fuming nitric acid (HNO3) [129]. In
1898, Staudenmaier improved the Brodie’s method by using sulfuric acid (H,SO,), HNO3 and
addition of different aliquots of KCIO; throughout the reaction. The use of KCIO; triggered
explosions due to production of toxic gas (ClO,), despite all this Staudenmaier created a more
simplified technique for GO oxidation [139]. The Hummers method is one of the oldest
techniques used to synthesize bulk graphene due to high efficiency and reaction safety. In 1958,
Hummer and Offeman suggested an alternative method for GO synthesis, based on graphite
oxidation using potassium permanganate (KMnO,) or sodium nitrate (NaNO;) in a concentrated
sulfuric acid (H,SO,) [140]. The disadvantage of this method was the production of toxic gasses
such as NO,, N,O, or CIO, and NaNO; which resulted in explosions. Many researchers have
developed, new GO synthetic route by using modified Hummers method [141]. The tour Method
is an improved Hummers method suggested by Tour’s group at Rice University in 2010. The
figure below shows the schematic chemical methods for the synthesis of GO from three different

methods.
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Figure 2.11 Illustration of Brodie, Staudenmaier and Hummers methods for GO synthesis [142].

2.13 Microscopic and spectroscopic techniques

A brief description of various spectroscopic and microscopic techniques used to characterize
graphene oxide, graphite and graphite oxide is presented in this section. Spectroscopic technique
used in this study include, Fourier transformed infrared spectroscopy (FT-IR), X-ray diffraction
(XRD) and ultraviolet-visible spectroscopy (UV-Vis). While microscopic techniques include
high resolution transmission electron microscopy (HRTEM) and high-resolution scanning
electron microscopy (HRSEM) and information like structural configuration, morphology and

formation of good quality single layers of graphene oxide were discussed.
2.13.1 Fourier transformed infrared spectroscopy (FT-IR)

Fourier transformed infrared spectroscopy (FT-IR) technique measures infrared radiation
absorbed by graphite and synthesized graphite oxide at particular wavelengths from 4000 cm™ to
400 cm™ in the infrared region of the electromagnetic spectrum [143]. The obtained infrared
spectrum confirmed the presence of oxygen functional groups such as hydroxyl, carboxyl, and
epoxy groups present in the graphite oxide plane during the oxidation process. Previous reports
in literature have proved successful conversion of pristine graphite to graphite oxide [144-146].
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2.13.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) was used to determine the crystallographic structure of graphite and
graphene oxide. In XRD, a cathode ray tube produces X-rays by heating a filament to generate
electrons and a high potential is used to accelerate electrons. The accelerated electrons bombard
the samples by passing through them and their crystalline atoms, this phenomenon is referred to
X-ray diffraction as the beam of incident X-rays diffracts in distinct directions [147]. Bragg’s
Law (nA = 2dsin0) explains the interference patterns of X-ray scattered by the crystal and used to
measure the angle of diffraction [148]. Where A = wavelength of x-ray, n = number of layers, d =

interlayer spacing or d-spacing, 6 = diffraction angle.
2.13.3 Ultraviolet visible spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy was used to characterize the spectroscopic absorption of light by
graphite and graphene oxide due to the electronic transitions. UV-Vis spectrophotometer consists
of a monochromator, a light source that can be either deuterium or tungsten lamp, a detector,
reference and sample beams. A chopper splits the light from the source and forms two beams, the
reference beam in the spectrophotometer travels from the light source to the detector without
interacting with the sample. While the sample beam passing through the sample exposing it to
ultraviolet light with a range of 190 to 350 nm and visible light of 350 nm to 800 nm
wavelengths and the absorption spectrum is then obtained. The schematic of UV-Vis
spectrophotometer is shown in Figure 2.12, this technigue was used to confirm successful

synthesis of graphene oxide.
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Figure 2.12 Schematic of UV-Vis spectrophotometer components [149].
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2.13.4 High resolution transmission electron microscopy (HRTEM)

High resolution transmission electron microscopy (HRTEM) is one of powerful microscope
which produces high resolution and two dimensional black and white images of various
materials. HRTEM is used to characterize graphite and graphene oxide in order to determine
morphology (size and shape), topography (texture and surface features) and crystal structure
[150]. This technique works under the same fundamental principles as the light microscope but
utilize electrons instead of visible light, glass lens is substituted with electromagnetic lens and
image is viewed on fluorescent screen and not through an eyepiece. The first electron
microscope was developed by Ernst Ruska with the assistance of Max Knolls in 1931, a high
energy beam of electrons passes through and interacts with atoms of the samples to obtain
properties of the sample such as crystallographic structure and morphology [153, 154]. At the tip
of heated filament, the electron gun generates a monochromatic electron beam and the electrons
are driven with high capacity of 40 to 100 kV. Electromagnetic lens with strong magnetic field
guided through the column of the electron microscope, the sample is illuminated with the beam
and image of the sample is created and monitored on a phosphorescent screen [153]. HRTEM is

used to confirm the synthesis of graphene oxide.

Figure 2.13 The first electron microscope prototype by E. Ruska and M. Knoll [151].
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2.13.5 High resolution scanning electron microscopy (HRSEM)

High resolution scanning electron microscopy (HRSEM) is used to study the surface morphology
and structure of the ERGO-PGE and bare-PGE. In HRSEM, when electron beam is generated by
the tip of heated filament between 0.2 and 30 kV, electrons are accelerated by electromagnetic
lenses through the HRSEM column and irradiate the surface of the samples under vacuum. The
sample image is formed by detected secondary electrons emitted from the surface of the sample
and the output signal is amplified by means of photomultiplier tubes [154]. In this study,
HRSEM is used to confirm successful modification of pencil graphite electrode with

electrochemically reduced graphene oxide.
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Figure 2.14 Schematic diagram of HRSEM [155].
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CHAPTER THREE

Materials and experimental methods

3. Introduction

This chapter outlines detailed information of chemicals and materials used throughout the study.
It also provides a detailed methodology on the development of the ERGO-HgF-PGE sensor, the
synthesis of graphite oxide, preparation of graphene oxide colloidal solution (GO) and
preparation of pencil graphite electrode. The electrode modification with electrochemically
reduced graphene oxide (ERGO) and analytical procedure used to detect heavy metals in tap

water samples is also outlined.
3.1. Chemicals and reagents

All chemicals were of analytical reagent grade and used without further purification. The atomic
absorption standard solutions (AAS) of zinc (Zn**), copper (Cu®*), cadmium (Cd?*), lead (Pb*"),
nickel (Ni**), cobalt (Co?"), gallium (Ga**) and arsenic (As>") were prepared from stock solution
of 1000 mg.L™ obtained from Fluka. Mercury (Hg) was purchased from Sigma-Aldrich and
cupferron powder (nitrogen flushed, very hygroscopic, 25GR) was purchased from Acros-
Organics these stock solutions were diluted as required. Graphite powder (<150um, 99.99%
trace metals basis), sodium acetate (C,H3;NaO,), sodium hydroxide (NaOH), acetic acid
(CH3COOH), potassium permanganate (KMnQy), hydrochloric acid (HCI), sulfuric acid
(H2S0,), hydrogen peroxide (H,O,) solution (contains inhibitor, 30 wt.% in H,O, ACS reagent)

and 99.99% ethanol were purchased from Sigma-Aldrich.

Acetate buffer solution (pH 4.6) was used as supporting electrolyte and prepared by mixing
appropriate amounts of acetic acid (CH3COOH) and sodium acetate (C,H3NaO,) then further
diluted with ultrapure distilled water (Millipore, Billerica, MA, USA) to give final concentration
of 0.1 M acetate buffer. A Metrohm pH meter model, 827 was used to measure pH value of the

prepared buffer solution. Ferricyanide solution was prepared by dissolving appropriate amount of
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potassium ferricyanide (Kz[Fe(CN)e]) in 0.1 M KCI used as redox probe for electrochemical
measurements. Graphene oxide colloidal solution was ultrasonicated for an hour using a

Misonix- S-4000, ultrasonic liquid processors (equipped with sonicator-horn).
3.2 Instrumentation

Cyclic voltammetry and square-wave cathodic stripping voltammetric measurements were
carried out using a Metrohm Autolab PGSTAT 101 instrument in combination with Nova 1.11
software interfaced to a personal computer. A three-electrode system consisted of
electrochemically reduced graphene oxide mercury film pencil graphite electrode (ERGO-MF-
PGE) as the working electrode, an Ag/AgCI (saturated 3 M KCI) as the reference electrode and a
platinum wire as an auxiliary or counter electrode. An electrochemical voltammetric cell was a
standard 20 mL glass vial (Metrohm, Switzerland) and magnetic stirrer (801 Metrohm,
Switzerland) was used during pre-concentration and cleaning steps. All electrochemical

measurements were carried out at a room temperature.

= || | | I

Figure 3.1 Metrohm Auto lab PGSTAT 101 and Magnetic stirrer 801.
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3.3 Methods
3.3.1 Preparation of the standard solutions

The standard stock solution of acetate buffer was prepared by dissolving an accurate amount of
sodium acetate (4.102 g) in ultrapure water and 2.9 mL acetic acid to make concentration of 0.1
M acetate buffer solution (pH 4.6) which was used in the preparation of graphene oxide colloidal
solution. The stock solution was stable when stored in a refrigerator at 2 °C for about 2 weeks.
Metal standard solutions were prepared from stock solution of 1000 mg.L™ by dilution with 0.1
M hydrochloric acid (HCI) and then stored in a polyethylene vial. A 0.1 M solution of cupferron
complexing agent was prepared by dissolving appropriate amount of cupferron (0.15515 g) in 10
mL of ultrapure water and stored in a refrigerator. Hydrochloric acid (HCI) was used for cleaning
as well as removing metal ions from the electrodes and the electrochemical cell, 6 M HCI was

prepared by diluting hydrochloric acid (99.7%) with ultrapure water.
3.4 Synthesis of graphite oxide

Graphite oxide was readily prepared by using a modified Hummers method [156], which
involves the oxidation of graphite with strong oxidizing agents being potassium permanganate
(KMnOy) and sulfuric acid (H,SO,4). 50 mL of concentrated H,SO4 was added into a clean dry
conical flask (250 ml) and placed in an ice bath, the H,SO, solution was stirred for few minutes
and allowed to cool to 0 °C. Followed by addition of 2 g graphite powder with constant magnetic
stirring for 20 minutes, after the reaction mixture cooled to 0 °C. Thereafter, 7 g of potassium
permanganate was slowly added into the mixture to prevent formation of peroxides that might
result in explosion, the flask was left to warm at room temperature. The reaction mixture was
placed in a 35°C water bath and stirred for 2 hours until the mixture turned dark green,
indicating oxidation of graphite. The mixture was returned to an ice bath under constant stirring,
100 mL of ultrapure water was added and excess KMnO, was removed by adding approximately
5 ml of hydrogen peroxide (H,O) gradually until effervescence ceases. Exothermic reaction
occurred and the reaction mixture was removed from the ice bath and allowed to attain the room

temperature. A yellow precipitated reaction mixture formed and filtered using the Buchner
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funnel then washed three times with 10% hydrochloric acid (HCI) and ultrapure water. The
resulting graphite oxide was collected in a beaker and thoroughly covered with a paper towel

then dried for 48 hours in a desiccator.
3.5 Preparation of graphene oxide colloidal solution

The synthesized graphite oxide was used to prepare a graphene oxide (GO) colloidal solution.
500 mg of graphite oxide was placed in a beaker and 500 ml of 0.1 M acetate buffer solution (pH
4.6) added to make up 1 mg.mL™ of GO colloidal solution. Followed by ultrasonication of GO
colloidal solution for 1 hour, a clear brown colored solution was obtained. In conclusion, not all
the oxygen functional groups are completely removed from the prepared graphene oxide and
therefore, the more eminent term used instead of graphene oxide is the electrochemical reduction
of graphene oxide (ERGO).

3.6 Preparation of the pencil graphite electrode (PGE)

The Pentel HB pencil lead with 0.5 mm diameter and 60 mm in length, purchased from the local
bookstore was used as a working electrode for the investigation of Zn®*, Cu?*, Cd** and Pb*" in
tap water samples. The pencil rod was cut in half and inserted into a plastic syringe which was
used as a holder and fixed vertically such that 1 cm of the pencil rod was exposed from the
holder. The electrical connection on the pencil lead was achieved by soldering a copper wire on

the reversed side of the pencil rod passing through the syringe.
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Figure 3.2 Pencil graphite electrode (PGE) and the holder.
3.6.1 Electrode cleaning and preparation of the ERGO-PGE

A clean electrode surface is crucial for good reproducibility and accuracy of the results. Thus,
before analysis the pencil graphite electrodes were cut in half and thoroughly cleaned. A small
amount of ethanol was placed onto a clean soft tissue paper and the electrode surface was gently
wiped and then rinsed with ultrapure water. The PGE was electrochemically treated by
immersing 1 cm of the electrode in 0.1 M acetate buffer solution (pH 4.6) in 20 mL
electrochemical cell and then conditioned by using cyclic voltammetry. Conditioned electrodes
were allowed to dry at room temperature for at least five minutes before use, thereafter 1 cm of
conditioned pencil rod was immersed in an electrochemical cell containing 20 mL of 1 mg.mL™
GO colloidal solution. Cyclic voltammetric reduction of GO onto the PGE surface was carried
out in potential range between -1.5 and +0.3 V for 5 consecutive cycles. The instrumental
parameters used were deposition time (120 s), scan rate (0.1 V), deposition potential (-0.7 V),

and step potential (0.005 V). The electrochemically reduced graphene oxide pencil graphite
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electrodes were allowed to dry in a refrigerator (—4 °C) for 30 minutes before SW-AdCSV

analysis.
3.6.2 Preparation of the ERGO-PGEs in multi-electrochemical cell

A multi-electrochemical cell was used to prepare eight pencil graphite electrodes, which were
placed in eight holed cap connected with a copper wire throughout. Platinum wire was used as an
auxiliary electrode and Ag/AgCl (3 mol.L™ KCI) as a reference electrode placed on two holes
made on the cap as seen in Figure 3.3. The multi-electrochemical system consisted of a stirrer
bar and magnetic stirrer, which enable the pre-concentration step during the electrochemical
reduction of GO on the PGEs surface. The eight electrodes were cleaned, conditioned and coated
using the same procedure as previously explained on the preparation of the ERGO-PGE using a
single cell (3.6.1). A multi-electrochemical cell helped to lessen time-consumption of coating

electrodes using a single cell as well as to obtain reproducible results.

(a) (b)

PGE

CE hole RE hole

Stirrer bar

Magnetic Stirrer

.........

Figure 3.3 Schematic representation (a) multi-electrode cap, (b) multi-cell with three electrode

systems.
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3.7 Square-wave adsorptive cathodic stripping voltammetry analysis at the ERGO-HgF-
PGE

Firstly, 6 M hydrochloric acid was used to clean the electrochemical system and washed
thoroughly with ultrapure water in order to ensure complete removal of contaminants. 20 mL of
0.1 M acetate buffer (pH 4.6) solution is pipetted into an electrochemical cell and purged using a
nitrogen gas for three minutes to remove dissolved oxygen, a nitrogen atmosphere is maintained
over the solution throughout the analysis. Subsequently, 8 uL of cupferron (0.1 M in ultrapure
water), aliquots of Zn?*, Cu®*, Cd®* and Pb** standard solutions of 10 mg.L™ stock solution, and
50 pL Hg (1000 ppm) are introduced into the cell. The stirrer was switched on and the mixture
was stirred for 30 s to allow metal-cupferron complexes to form. The adsorption of cupferron
complexes onto the ERGO-HgF-PGE was carried out at deposition potential of 0.1 V for 60 s
from the stirred solution. At the end of the deposition time, the stirrer is switched off and the
solution is allowed to quiescent for 10 s. The adsorptive cathodic stripping voltammogram is
recorded from 0 V to -1.2 V in square-wave mode, with a 25 mV.s™ scan rate, pulse amplitude
(30 mV) and a frequency (35 Hz) for simultaneous analysis. All measurements were carried out

at room temperature.
3.8 Quantitation

The method of standard addition was used to determine concentration of the analytes. For
reproducibility purposes, each analysis was repeated for a minimum of three times. The

concentrations of the analytes were calculated using the standard addition formula.
3.9 Sample preparation

Tap water was collected in our laboratory at the University of Western Cape in the municipal
region of Bellville in Cape Town, South Africa after allowing water to run for 1 minute. 19 ml of
tap water sample was added to 1 ml of 2 M acetate buffer solution (pH 4.6) pipetted into the

electrochemical cell for the simultaneous analysis of Zn?*, Cu?**, Cd** and Pb**.
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3.10 Voltammogram

All the voltammograms obtained in this study were baseline corrected and polynomial fixed

order was used.
3.11 Spectroscopic techniques

3.11.1 Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared (FT-IR) spectroscopy was used to confirm the presence of oxygen
moieties present in the graphitic structure. FT-IR spectra of graphite and graphite oxide were
obtained using a Perkin Elmer Spectrum, model spectrum Two LiTa (Liantrisant, UK) acquired
in range 400 to 4000 cm™ at room temperature. Sample preparation for the FT-IR analysis was
done by mixing powder samples and potassium bromide (KBr) in a mortar, while grinding with a
pestle. The mixture was placed in a pellet then pressed using a quick hand press (Sigma-Aldrich)
into a round transparent KBr pellet. Potassium bromide was used as mulling agent, to remove
moisture present in powdered samples and due to its large transmission window (transmittance is
100%).

3.11.2 Ultraviolet visible spectroscopy (UV-Vis)

The UV-Vis spectroscopic studies were carried out using Thermo-Fischer Scientific, model
Genesys 10s UV-Vis spectrophotometer (Madison, USA) at wavelength of 200 to 600 nm range
at room temperature. The ultrasonicated 1 mg.mI™ GO colloidal solution and graphite dispersed
in distilled water were placed in a 1 cm quartz cuvette, a clean soft tissue paper was used to wipe
the cuvettes to remove fingerprint. Quartz cuvettes were used for UV-Vis measurements,
because their transparent to the wavelengths higher than 180 nm, distilled water was used as a
reference to give the baseline spectrum. The obtained absorption spectra of graphite and
graphene oxide (GO) were used to study the electronic transitions in the samples.

3.11.3 X-ray diffraction (XRD)

XRD measurements of powdered graphite and graphene oxide were performed by using a Bruker

AXS (Germany) D8-Advance diffractometer. The samples were placed onto a glass slide and
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analyzed by using Cu-Ka radiation (A Kay = 1.54060 A) as a radiation source with 40 kV in a 20
range from 0.5° to 130°. A Lyn-Eye was used to record the diffraction data, the XRD patterns of

graphite and graphene oxide were used to study interlayer distances and the graphitic structure.
3.11.4 Electrochemical impedance spectroscopy (EIS)

EIS measurements were carried out using a Zahner-Elektrik Electrochemical Workstation IM6e
from Zahner- Elektrik GmbH & CoKG (Kronach, Germany) to characterize the bare-PGE and
ERGO-PGE using 2.5 mM [Fe(CN)s]®*in a 0.1 M KCI as redox probe. Z-view software was
used to obtain Randles equivalent circuit and information such as charge transfer resistance and

electrical conductivity of the electrode.
3.12 Microscopic techniques

3.12.1 High resolution transmission electron microscopy (HRTEM)

High resolution transmission electron microscopy (HRTEM) measurements were carried out
using a Tecnai G2 F20X-Twin MAT field emission transmission electron microscope from FEI
(Eindhoven, Netherlands) under an acceleration voltage of 200 kV. The samples were prepared
by grinding and dispersing little amount of graphite or graphite oxide powder in ethanol by
ultrasonication, the suspensions were drop casted on standard copper grids. The grid was allowed

to dry at room temperature before HRTEM analysis.

3.12.2 High resolution scanning electron microscopy (HRSEM)

The surface morphology of the bare-PGE and ERGO-PGE were investigated using an Auriga
high resolution scanning electron microscopy (Auriga HRSEM) instrument equipped with
electronic data system (EDS) (Woburn, USA). The ERGO-PGEs were prepared by
electroreduction of graphene oxide (GO) on the surface of the PGE using cyclic voltammetry

(CV), while the bare-PGEs were conditioned using CV before HRSEM measurements.
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CHAPTER FOUR
4. Morphology and structural characterization of graphite, graphite oxide and ERGO

This chapter presents a detailed analysis of various microscopic and spectroscopic techniques
used to characterize graphite, graphite oxide and the electrochemically reduced graphene oxide
(ERGO) and their representative interpretation of attained results such as surface morphology
and structural properties. Furthermore, electrochemical characteristics of the electrode surface

are determined.
4.1 Fourier transformed infrared spectroscopy (FT-IR)

The FT-IR spectroscopic technique was used to determine various oxygen containing functional
groups present in the graphite oxide sample. The FT-IR spectrum of pristine graphite shown in
Figure 4.1(a) exhibited no significant oxygen-related peaks owing to their chemical inertness as
reported by Bera et al [157], although weak stretches and bending bands were attributed to
adsorbed water molecules [158]. The FT-IR spectrum of graphite oxide on the other hand
showed clearly visible peaks between 400 and 4000 cm™ wavelength. A broad and intense peak
at 3328 cm™ is ascribed to O-H stretching vibrations of adsorbed water molecules from
potassium bromide (KBr) used during the sample preparations and alcohol (C—OH) groups
[159]. The band at 2321 cm™ was due to weak sp? and sp* of C-H stretching vibrations from the
defects sites of the graphitic structure [160]. The carbonyl group, C=0 (1738 cm™) and aromatic,
C=C (1634 cm™) stretching vibrations were present due to the oxidation of the graphitic
structure. The peak at 1401 cm™ corresponds to C-OH stretching of alcohol group (deformation
vibration), absorption peak at 1232 cm™ and 869 cm™ is characteristic to C-O-C stretching
vibration of epoxy group and the band at 1054 cm™ is assigned to C-O stretching of alkoxy
group. Similar results were reported by N. Pan et al [161]. The peaks observed in graphite oxide
spectrum confirms the inclusion of oxygen functional moieties such as epoxy, hydroxyl groups
located on the basal plane of the graphite oxide [162, 164]. While carbonyl and carboxyl groups
are presumably situated at the edges of graphite oxide as per Lerf Klinowski’s model [163]. In

conclusion, FT-IR spectrum of graphite oxide showed successful oxidation of pristine graphite
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by potassium per manganate (KMnQ,) and sulphuric acid (H,SO,4) through modified Hummers.
Table 2 summarizes functional moieties present in graphite oxide. FT-IR was carried to confirm
the synthesis of GO by confirming the presence of oxygen containing functionalities thus the FT-
IR of PGE and ERGO was not carried out.

120 -
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Transmittance (%)

80 -

— GO c=C ¢
—— GRAPHITE

L] L Ll
4000 3000 2000

60

Wavenumber (cm'l)

Figure 4.1 FT-IR spectra of (a) Graphite, (b) Graphite oxide (GO).

Table 2 Characteristics FT-IR absorption frequency of functional groups present in graphite

oxide.
Absorption Frequency (cm™) Functional groups Type of Vibration
3328 cm™ O-H stretching
2321 cm™ C-H stretching
1738 cm™ C=0 stretching
1634 cm™ c=C stretching
1401 cm™ C-OH stretching of alcohol group
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1232 cm™ and 869 cm™ C-0-C stretching of epoxy group

1054 cm™ C-O stretching of alkoxy group

4.2 Ultraviolet visible spectroscopy (UV-Vis)

The UV-Vis absorption spectroscopy was used to study the electronic transitions in graphite and
graphene oxide after ultrasonication of 1 mg.mL™ GO colloidal solution and ultrasonication of
graphite dispersed in distilled water, as shown in Figure 4.2. The UV-Vis spectrum of pristine
graphite, shows a strong and sharp absorption peak at 271 nm due to = — = transitions, owing
to the excitation of m electrons of the graphitic structure [164]. On the other hand the UV-Vis
spectrum for graphene oxide (GO) showed two significant absorption peaks, the maximum
absorption peak at 230 nm was due to the = — = electronic transition of aromatic C=C bonds
and the shoulder peak at 300 nm was assigned to the n — = transition of C=0 in sp° regions of
GO, indicating the presence of carbonyl groups on the edges of GO. The obtained results
confirm the oxidation of graphite to GO during the electrochemical exfoliation. The absorption
spectra obtained are coherent with previous reports in literature [163, 167-169]. The UV-Vis of
PGE was not carried out as its difficult to work with solid samples, the UV-Vis of ERGO was

not done because it was electrochemically reduced on to the surface of the PGE.
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Figure 4.2 UV-Vis absorption spectra of (a) Graphite, (b) Graphene oxide.
4.3 X-ray diffraction spectroscopy (XRD)

The structural properties of powdered graphite and graphene oxide were characterized using
XRD measurements [170, 171]. The XRD pattern of pristine graphite, shown in Figure 4.3(a)
indicates that, graphite has a highly ordered carbon structure due to the presence of the strong
peak at 20 = 26.5° which corresponds to (002) planes with d-spacing of 3.4 A. In addition, the
indexed peak (101) at 44.4° and (004) at 54.6° with d-spacing of 2.0 A and 1.7 A, respectively
further confirming the crystalline nature of pristine graphite. Bragg’s law equation (1) was used

to calculate interlayer d spacing.

nA=2 xd xsin@ (1)

Where A = wavelength of x-ray, n = number of layers, d = interlayer spacing or d-spacing, 6 =

diffraction angle.
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The XRD pattern for graphene oxide in Figure 4.3(b) shows a sharp and intense diffraction peak
at 20 = 8.3° and weak shoulder peak at 20 = 42.2° with d-spacing of 10.6 A and 2.1 A
respectively. These peaks correspond to (001) and (100) diffraction planes. The disappearance of
the graphite peak at 20 = 26.5° and the appearance of GO peak at 20 = 8.3° shows that, graphite
was strongly oxidized by a modified Hummers method. The increase of the d-spacing from 3.4 A
to 10.6 A was due to the presence of oxygen functional groups such as hydroxyl, carboxyl and
epoxy as well as water molecules inserted in the carbon layer structure [146]. Moisture present in
graphene oxide could have resulted to a broad peak centered at 26 = 30° [172, 173]. The XRD
patterns confirm the oxidation of pristine graphite to graphene oxide obtained results are

consistent with previous reports in literature [148, 173-175].
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Figure 4.3 XRD patterns for (a) Graphite, (b) Graphene oxide.
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Table 3 The peak position (26) and interlayer spacing (d) from the XRD results.

Sample 20 d spacing (A)
Graphite 26.5° 3.4

44 .4° 2.0

54.6° 1.7
Graphene oxide 8.3° 10.6

42.2° 2.1

4.4 High resolution transmission electron microscopy (HRTEM)

The surface morphology of graphite and GO were studied using HRTEM analysis as shown in
Figure 4.4 with their corresponding selected area electron diffraction (SAED). Samples
(prepared in ethanol) were mounted on the standard holey-mesh copper grids and loaded into the
microscope for measurements. Figure 4.4(a) showed that, the above sheet of graphite flake
appears darker due to several layers of stacked graphite while lighter clear area suggested less
stacked sheets of graphite. As clearly illustrated in Figure 4.4(b), sharp and straight edges
indicated by the arrows resembling the fore edges of a closed book suggested that graphite has a
highly ordered carbon structure. Moreover, Figure 4.4(c) illustrates the selected area electron
diffraction pattern of graphite. It shows that the diffraction spots are arranged in a clearly visible
hexagon symmetry which is characteristic to hexagonal lattice structure of graphite, obtained

results are in agreement with reports from literature [176, 177].

In Figure 4.4(d) GO sheet appears large with smooth folded edges, which are characteristic
features of single sheets of GO [176-179]. The dark area implies that several sheets of GO are
stacked together, while the transparent area suggests a single or less stacked GO sheets and
similar results have been reported in previous studies [9-13]. The morphology of GO sheet was

associated with the presence of oxygen moieties such as carboxyl, hydroxyl and epoxy on the
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GO sheets that changed the sp? hybridized carbon atoms (planar structure) to sp* (tetrahedral
structure) [185, 186]. Few GO layers as indicated by the arrows shows the amorphous nature of
GO as seen in Figure 4.4(e). The GO selected area electron diffraction (SAED) pattern shown in
Figure 4.4(f) clearly differs from that of graphite. The diffraction patterns obtained from SAED
measurements illustrate the polycrystalline structure of GO, the diffraction ring further confirm
the amorphous nature of GO layers as previously reported by S. N. Alam et al [185]. Thus, the
HRTEM analysis confirm the oxidation and exfoliation of GO as a single or few layers of
graphene oxide.

Figure 4.4 HRTEM images (a and b) of graphite and (c) corresponding SAED, HRTEM images
(d and e) of GO and (f) corresponding SAED.
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4.5 High resolution scanning electron microscopy (HRSEM)

Microscopic characterization of the pencil graphite electrode (PGE) and electrochemically
reduced graphene oxide pencil graphite electrode (ERGO-PGE) were investigated using HRSEM
analysis to study the surface morphology. At lower magnification (500 times) HRSEM images of
the bare-PGE and ERGO-PGE in Figure (4.5a and 4.5b) respectively, shows changes in their
electrode surfaces. The lateral surface roughness of the bare-PGE might have resulted from the
extrusion method, during the manufacturing process of the pencil lead rods as illustrated in
Figure 4.5(a) similar results have been reported by R. Navratil et al [186]. After the modification
of the bare-PGE with ERGO, the electrode surface appeared coated with cauliflower shaped
particles across the electrode surface presumably that the particles are ERGO. In addition, there
are several stretches between the ERGO-PGE grooves indicating ERGO which can contribute to
the conductivity of the electrode [187]. The HRSEM image of the bare-PGE (Figure 4.5c) at
higher magnification (2000 times), shows. the presence of impurities on the PGE surface that
could be either clay or binder materials used to make the substrate. According to Esmaeel et al,
almost all pencil graphite leads consist of (65%) graphite, (30%) clay and (5%) a binder (wax,
resins, or high polymer) [188]. HRSEM image of the ERGO-PGE (Figure 4.5d) shows a
multilayer ERGO sheets which appear tightly packed one to the other with a corrugated surface
forming large, smooth, transparent and folded conductive films. Thus, HRSEM images confirm

the electrochemically reduction of graphene oxide on the PGE surface.
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Figure 4.5 HRSEM images of the bare-PGE (a and c) and ERGO-PGE (b and d) shown at lower
magnification 500 times (top) and higher magnification at 2000 times (bottom).
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CHAPTER FIVE
5. Preparation and electrochemical characterizations of the ERGO-PGE

This chapter present detailed information on cyclic voltammetric responses of the ERGO-PGE
and bare-PGE carried out in a ferro/ferricyanide [Fe (CN) ] redox probe and acetate buffer
solution. The chapter further details the electron transfer properties of the ERGO-PGE and bare-

PGE using the electrochemical impedance spectroscopy (EIS).
5.1 Electrochemical reduction of graphene oxide on the PGE surface

The electrochemical reduction of 1 mg.mL™* graphene oxide (GO) colloidal solution on the
pencil graphite electrode (PGE) surface was carried out by cyclic voltammetry in 0.1 M acetate
buffer solution (pH 4.6) using 5 coating cycles range from —1.5V to + 0.3 V at a scan rate of
100 mV.s *. Two major peaks are observed in Figure 5.1, one anodic peak (i) and one cathodic
peak (ii). The first anodic scan potential shows a large anodic peak current (i) around
+0.2 V. The peak occurs as a result of oxidation of the PGE surface. The large anodic peak
observed during the first cycle is gradually decreased with increasing number of coating cycles
until it stabilizes. The reduction in anodic peak current may be attributed to blocking of the PGE
surface with ERGO sheets [187]. The cathodic peak current (ii) at —1.2 V increases with the
increasing number of coating cycles due to the electrochemical reduction of oxygen moieties
(epoxide, carboxyl and hydroxide) on the surface of GO [189]. High resolution scanning electron
microscopy (HRSEM) confirms the formation of GO film on the surface of the PGE shown in
Figure 4.5(b).
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Figure 5.1 Repetitive cyclic voltammaogram depicting the electrochemical reduction of 1 mg mL"
1 GO (5 cycles) in 0.1 M acetate buffer solution (pH 4.6) on the PGE surface using the following
instrumental parameters: scan rate 100 mV.s ', deposition time 120 s, frequency 50 Hz,

amplitude 0.05 V and voltage step 0.005 V.

5.2 Electrochemical characterization of the ERGO-PGE and bare-PGE

The electrochemical response of the bare-PGE and ERGO-PGE were investigated by cyclic
voltammetry at a scan rate of 100 mV.s™ in 0.1 M acetate buffer solution (pH 4.6) over potential
range of -0.3 V.5 to 0.8 V.s™. No measurable peaks were observed for either electrode over the
observed potential range as shown in Figure 5.2. A higher current response was observed at the
ERGO-PGE voltammogram (Figure 5.2, red-line) over the unmodified PGE, indicating large
double layer capacitance compare to the bare-PGE (Figure 5.2, black-line) owing to high
electron transfer rate and electrical conductivity of ERGO immobilized on the surface of the
ERGO-PGE.
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Figure 5.2 Cyclic voltammogram responses of the bare-PGE and ERGO-PGE in acetate buffer
solution (0.1 M, pH 4.6) at the following instrumental parameters: scan rate 100 mV.s
deposition time 120 s, frequency 50 Hz, amplitude 0.05 V and voltage step 0.005 V.

5.3 Electrochemical characteristic of the bare-PGE and ERGO-PGE using [Fe(CN)e] ¥
probe

Figure 5.3 compares cyclic voltammetric responses of the bare-PGE and ERGO-PGEs studied
using [Fe(CN)s]™>* as redox probe in a 0.1M KCI solution. The bare-PGE yielded peak currents
of Ip, = 5.01x107% A and Ip, = 3.99 x 107¢ A which exhibited a pair of poor redox peaks for
the [Fe(CN)s]™> redox couple, indicating a sluggish electron transfer at the electrode interface.
While, ERGO-PGE vyielded peak currents of Ip, = 4.82x107° A and Ip, = 4.67 x 107> A that
showed a couple of well-defined, sharp and enhanced redox peaks. The ERGO-PGE peak
currents were 10 times and 12 times bigger than the bare-PGE for anodic and cathodic peaks

respectively, owing to improved electron transfer kinetics and electrical conductivity of ERGO
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present on the electrode surface.

The anodic and cathodic peak potential of the ERGO-PGE were found to be Ep, = 0.258 Vand
Ep. = 0.158V, while on the bare-PGE the anodic and cathodic peak potential were found to be
Ep, = 0.409 Vand Ep, = 0.175 V.

The anodic to cathodic peak potential separation (AEp) was calculated using this formula:
AEp = Epq — Ep¢ (1)

The calculated peak potential separation for the ERGO-PGE and bare-PGE were AE, = 100 mV
and AEp, = 234 mV respectively. The peak potential separation (AEp) for the ERGO-PGE was
smaller than the bare-PGE suggesting that ERGO improved the electron transfer kinetics,
conductivity and high surface area to volume ratio of the ERGO-PGE. Above results confirm
that ERGO as a modifier is a promising candidate for the electro-analysis and sensor

applications.
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Figure 5.3 Cyclic voltammogram responses of the bare-PGE and ERGO-PGE in 2.5 mM

[Fe(CN)e]¥*in a 0.1 M KClI solution at a scan rate 100 mV.s .
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5.4 Electrochemical behavior of the bare-PGE and ERGO-PGE

The use of the ERGO to modify the surface of the pencil graphite electrode play a significant
role on the electrode sensitivity thus the number of reduction cycles of GO on the electrode
surface is crucial to achieve optimum electrochemical reduction cycles suitable for immobilizing
ERGO on the PGE surface. Figure 5.4 shows the influence of various coating cycles (3, 5 and 10
cycles) on cyclic voltammetric responses of the ERGO-PGE and bare-PGE in 2.5 mM
[Fe(CN)G]"’"‘4 in a 0.1 M KCI solution. The redox peak currents varied with different number of
coating cycles as shown in Figure 5.4. All three modified electrodes demonstrated improved
current responses over the unmodified electrode. When 3 coating cycles was used, suppression
of the ferri/ferro redox peak currents was observed due to insufficient amount of the reduced
graphene oxide on the electrode surface. When increasing the number of coating cycles to 5
cycles, the redox peak currents of the ERGO-PGE increased owing to high electrochemical
active-sites, conductivity and large surface area of ERGO. Upon increasing number of coating
cycles to 10 cycles, a decrease in redox peak currents was observed, owing to high amount of
ERGO on the electrode surface that formed thick ERGO film and hinders the current signals.
Five electrochemical reduction cycles were chosen as optimum coating cycles for further

experiments due to improved electrochemical response on the ERGO-PGE.
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Figure 5.4 Cyclic voltammogram of (a) bare-PGE and ERGO-PGE prepared under different
coating cycles (b) 5 cycles, (c) 3 cycles and (d) 10 cycles in 2.5 mM [Fe(CN)e] ¥*in a 0.1 M
KCI solution.

5.5 Effect of scan rate on the bare-PGE and ERGO-PGE

Cyclic voltammograms of the ERGO-PGE and bare-PGE with their corresponding linear plots
carried out in 2.5 mM [Fe(CN)g]**in a 0.1 M KCl as the redox probe over potential range of
—0.2 to +0.6 V is shown in Figure 5.5(a-d). From the voltammogram of the ERGO-PGE shown
in Figure 5.5(c) a steady increase in anodic and cathodic peak currents was observed when the
scan rate varies from 10 mV.s * t0100 mV.s *, indicating an increase in electro-catalytic activity
and surface area to volume ratio of the electrode. In addition, the shape of the voltammogram is
dependent on the scan rate used. The relationship between anodic and cathodic peak currents
versus the square roots of the scan rate is linear indicating a diffusion controlled process, owing
to the ERGO-PGE reversible reaction where [Fe(CN)s]™>™ ions move from electrolyte to the
electrode surface through diffusion process [190]. In anodic scan, [Fe(CN)g]* is oxidized to
[Fe(CN)g]® losing one electron and in cathodic scan [Fe(CN)g]* is reduced to [Fe(CN)g]*.

58

http://etd.uwc.ac.za/



[Fe(CN)g] * = [Fe(CN)g] >+ e~ (2)

40 4 404 M Oxidation
@ Reduction
— 204
ii 20 4
=
<
g 0 2
5 € 0
3 :
-20 3
20 4
40 4
-40 ®)
-eo T T T T T T T T T T
0.2 0.0 02 04 0.6 0.10 015 0.20 025 0.30 0.35
Potential (V) vs Ag/AgCI Scan rate (V1/251/2)
60 60
[FeCN)g] = & + [ Fe(cngl™ @ Oxidation
T 401 40 ® Reduction
el
€
§ 204 -
20 4
= %
(@] 0 §
SRR 1
"-—-—// =1
-20 — o
N -20 4
N
o] \
\/ 41
€04 (C) [Fe(CN)g 2+ & __[Fe(CN)gl™ B
T T T T T -60 T T T Ll T
0.2 0.0 0.2 0.4 0.6 0.10 0.15 0.20 0.25 0.30 0.35
Potential (V) vs Ag/AgCI 1/2 112

Scan rate (V7757 7)

Figure 5.5 Cyclic voltammogram of 2.5 mM [Fe(CN)s] ** in'a 0.1 M KCI solution at the (A-B)
bare-PGE and (C-D) ERGO-PGE from 10 mV.s *to 100 mV.s ' with their corresponding linear

relation between anodic and cathodic peak currents versus the square root of scan rates.
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Table 4. Linear equation and corresponding regression from the plot of current (I,) versus square

root of scan rate (V¥2.s'2).

Linear equation Correlation coefficient (R?)
ERGO-PGE
Ipa 1.73 x 10" x + 4.40 x 107 0.999
lpe -1.70 x 10* x +1.75 x 10°® 0.999
Bare-PGE
lpa 1.30 x 10" x +3.19 x 10°® 0.999
lpc -1.30 x 10 x = 7.01 x 107 0.993

5.5.1. Diffusion coefficient of the bare-PGE and ERGO-PGE

The Randles-Sevcik linear equation was used to determine diffusion coefficient of 2.5 mM
[Fe(CN)e]¥* in a 0.1 M KCI solution at the ERGO-PGE and bare-PGE. The Randles-Sevcik
linear equation is expressed as follows:

IP=2.69X105Xn%XAXD%XCXU% (3)

Where, 1, is the peak current (Ampere), n is the number of electron transferred in the half-
reaction for the redox couple (n =1), A is the electrode surface area (cm?), D is the diffusion
coefficient of [Fe(CN)s]®™ in solution (cm®s™), C is the concentration of the [Fe(CN)e]™™*

molecules (mol.cm™) and v is the scan rate (V.s™).
The electrode surface area of the pencil graphite electrode was calculated using the equation (4)
A=mnr?+2nrh (4)

Where, A is the electrode surface area (cm?), 7 is the constant, r is the radius of the circle and h
is the height of the electrode. The electrode surface area of the pencil graphite electrode was
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http://etd.uwc.ac.za/



calculated as 0.159 cm?. The slope of the linear plot of peak current (1p) versus square root of

scan rate (vé) was used to calculate the diffusion coefficient shown in Figure 5.5 (b) and 5.5 (d).
The diffusion coefficients of the ERGO-PGE were calculated as 2.59 x 10°° cm?s ! and 2.53 x
10°® cm?s* for anodic and cathodic. While, the diffusion coefficient of the bare-PGE was the
same 1.46 x 10°® cm?s* for anodic and cathodic peak currents. The diffusion coefficients
obtained at the ERGO-PGE was 1.77 greater than the bare-PGE which indicated that, the use of

-3/-4

the ERGO accelerates the charge transfer process between the [Fe(CN)¢]™ ™ probe and the

-3/-4

electrode surface. Thereby improving the mass transfer of the [Fe(CN)g] ions from the

solution to the ERGO-PGE surface suggesting the reaction is diffusion-controlled [54].

5.5.2. Electroactive surface area of the bare-PGE and ERGO-PGE
The electroactive surface area of the electrodes were calculated using the ideal value of the
ferro/ferricyanide [Fe(CN)s]™* diffusion coefficient, 6.2 x 10° cm?s™ [184]. Randles-Sevcik

equation (3) can be rearranged to yield equation (5):

Slope (&)

2
A= i (5)
2.69 %X 105 x nz2 x D2 X C

The electroactive surface area of the ERGO-PGE was calculated as 0.103 cm? and 0.102 cm? for
anodic and cathodic peak current. While, the electroactive surface area of the bare-PGE was
calculated as 0.078 cm? for anodic and cathodic peak currents. Thus, the electroactive surface
area of the ERGO-PGE was 1.3 times bigger than the electroactive surface area of the bare-PGE

due to high surface area to the volume ratio of ERGO.
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5.5.3. Surface coverage of the bare-PGE and ERGO-PGE

The surface coverage of the electrochemically reduced graphene oxide on the PGE was
calculated using the slope value from the plot of peak current (l,) vs scan rate (v) as shown in

Figure 5.5.3, in accordance with the Brown-Anson model using the following equation [192].

3 n?F2r*Av

P="IRT (6)

Where Ip, A and v are the same as in equation (3), 7 is the surface concentration (mol.cm‘z), F

is the Faraday constant (96 485 C.mol™), R is the molar gas constant (8.314 J.K™*.mol™) and T is
the temperature (298 K).
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Figure 5.5.3 Plot of anodic and cathodic peak current (nA) versus scan rate (V.s™) for (a) bare-

PGE and (b) ERGO-PGE.
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Table 5. Linear equation and corresponding regression values from the plot of current (l,) versus

scan rate (V.s™).

Linear equation Correlation coefficient (R?)
ERGO-PGE
lpa 3.99 x 10 x + 1.64 x 10” 0.98
lpe -3.93x 10%x —1.49 x 10 0.97
Bare-PGE
lpa 3.01x 10" x +1.59 x 10” 0.97
lpc -3.01 x 10 x = 1.34.x.10° 0.97

The surface coverage of the ERGO-PGE was calculated to be 2.673 x 10° mol.cm™ and 2.633 x
10° mol.cm™ for anodic and cathodic while the surface coverage of the bare-PGE was found to
be the same for anodic and cathodic and was calculated to be 2.02 x 10 mol.cm™. The higher
values obtained at the ERGO-PGE confirm the use of the ERGO to modify the pencil graphite

-3/-4

electrode surface has increased the electroactive species concentration of [Fe(CN)g] ™ ions due

to high sensitivity and specific surface area of ERGO.
5.6. Electrochemical impedance spectra (EIS)

Electrochemical impedance spectroscopy (EIS) is an efficient electrochemical tool used to gain
insight into the electrochemical behaviour of the electrode interface such as charge transfer
properties, electrical conductivity, capacitance of the bare-PGE and ERGO-PGE and further
developing a circuit of the interface [195, 196]. The Nyquist plot of the bare-PGE and ERGO-
PGE (Figure 5.6) was performed in 2.5 mM [Fe (CN)s]** in a 0.1 M KCI solution over a
frequency range of 0.1 Hz to 10% Hz when the electrodes were relatively steady. Moreover, the

Nyquist plot usually contains a semicircular section at higher frequencies that quantifies the
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charge transfer kinetics of the redox probe at the electrode-electrolyte interface and a linear
portion at lower frequencies relates to diffusion control process of the reactive species and
electrode conductivity [195]. Z-view software was used to evaluate EIS experimental results by
fitting the Nyquist spectra of the bare-PGE and ERGO-PGE using the Randles equivalent circuit
(inset, figure 5.6).

The equivalent circuit consisted of solution resistance (Rs), charge transfer resistance (R),
double layer capacitance (Cgq) and Warburg impedance (Z,) [196]. From the Nyquist plot, the R
of the bare-PGE was found to be 686.6 Q2 owing to a large depressed semicircle domain present

at higher frequencies, indicating a limited charge transfer process at [Fe(CN)g]

probe and the
electrode interface due to poor electrical conductivity of the bare-PGE. On the other hand, the R
of the ERGO-PGE decreased dramatically to 319.8 Q defined by small semicircle domain at
higher frequencies, suggesting that ERGO improved the electrical conductivity and increased the
reactive sites of the electrode. Thereby, reducing the interface resistance and increasing the

-3/-4

charge transfer rate between the [Fe(CN)s] ™" probe and the electrode interface [54, 199].

The slope of a linear portion of the electrodes were associated with Warburg impedance which
corresponds to the diffusion of tons from the electrolyte to the electrode surface and conductivity
of the electrode [197, 200]. The Warburg line of the ERGO-PGE at lower frequencies was
almost straight line compare to the bare-PGE as shown in Figure 5.6, indicating high diffusion of
[Fe(CN)e] ' ions towards the ERGO-PGE surface [172, 201]. In conclusion, the decrease in
charge transfer resistance with an increase on the slope of the ERGO-PGE suggests that the
presence of ERGO enhanced the electrical conductivity and transfer rate of the electron. This

confirms that the ERGO-PGE is a promising candidate for sensor applications.
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Figure 5.6 Nyquist plot of (a) bare-PGE, (b) ERGO-PGE in 2.5 mM [Fe(CN)s]¥* ina 0.1 M
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CHAPTER SIX

6. The determination of metal ion- cupferron complexes on the ERGO-HgF-PGE and bare-
PGE

In order to establish the most suitable experimental conditions for SW-AdCSV measurements,
characteristic stripping responses of Cd**, Pb?*, Cu®** and Zn?*-cupferron complexes at the
ERGO-HgF-PGE were studied and various instrumental parameters were optimized . Cupferron
was used as a selective complexing agent during the electrode pre-concentration for
simultaneous detection of Cd**, Pb**, Cu?* and Zn*". Proper attention was given to competition

between the trace-metals and cupferron as well as competitive adsorption of the complexes.

6.1. Proposed mechanism for the formation of metal ion - cupferron complexes and
electrochemical detection of Cd®*, Pb*", Cu’* and Zn?*

The proposed mechanism for the formation of Cd*, Pb*, Cu®*" and Zn**complexes with
cupferron is shown in schematic 6.1. Deprotonation of the N-nitroso-phenyl-hydroxyl amine
achieved in a solution of suitable pH facilitates the reaction. The central metal ion is bonded to
only two sites of the cupferron ligand which are two oxygen atoms forming a five membered
ring. A 1:1 stoichiometric complex is achieved. For detection, an in-situ detection approach was
employed. To the electrochemical cell, 8 uL of cupferron (0.1 M in ultrapure water), aliquots of
Cd?*, Pb?*, Cu**and Zn?* standard solutions of 10 mg.L™ stock solution, and 50 pL of Hg (1000
ppm) are introduced into the cell. The stirrer was switched on and the mixture was stirred for 30
s to allow the metal ion-cupferron complexes to form. An oxidation potential of 0.1 V for 60 s
was then applied while stirring the solution, this allowed for the formation of the mercury film
onto the pencil graphite electrode with concomitant adsorption of the formed metal ion-cupferron
complexes. The solution was allowed to become quiescent for 10 s followed by a recorded
cathodic voltammetric scan from 0 V to -1.2 V in square-wave mode resulting in the reduction of
the metal cations to the metal zero oxidation state and its subsequent stripping. Figure 6.2 shows

well-defined stripping peaks for the reduction of Cd**, Pb**, Cu?*and Zn**-cupferron complexes.
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H. Cui et al proposed similar mechanism for the formation of Ti**-cupferron system on a

bismuth-coated glassy carbon electrode [200].
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Schematic 6.1 Proposed mechanism for metal ion-cupferron complex formation and detection.

6.2. Effects of the electrochemically reduced graphene oxide on the voltammetric peak

currents

Preliminary experiments were done to distinguish the particular features that characterize the
behavior of metal ion -cupferron systems at the ERGO-HgF-PGE and bare-HgF-PGE in 0.1 M
acetate buffer solution (pH 4.6) containing 50 pg.L™* of Cd®*, Pb**, Cu®* and 20 pg.L™ of Zn**
as illustrated in Figure 6.2. Small peaks with low current responses are seen for the bare-HgF-
PGE at 0.1 V after accumulation for 60 s. The ERGO-HgF-PGE exhibited well-resolved peaks
and distinct reduction stripping peak currents of the adsorbed cupferron-complexes positioned at
Cd?* (- 0.649 V), Pb** (- 0.509 V), Cu®* (- 0.140 V) and Zn** (-1.056 V). Two peaks were found
for the possible reduction of active sites at the cupferron ligand, located at - 0.975 V and - 0.350

V, respectively. In literature only one cupferron reduction peak at - 0.350 V reported by A.
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Koper et al and at - 0.975 V reported by S. Abbasi et al [16, 24] respectively. A signal increase
of approximately 2, 5, 23 and 17 times at the ERGO-HgF-PGE was observed compare to the
bare-HgF-PGE for stripping responses of Cd**, Pb®*, Cu?*, and Zn®" respectively thus signaling
exceptional electrocatalytic activity, good electron transfer promotion, high surface area to
volume ratio owing to ERGO. The obtained results showed the use of the ERGO in conjunction
with thin mercury film enhanced the selectivity and sensitivity of SW-AdCSV method [90, 203].
Further, indicating strong adsorptive capability and good conductivity of the ERGO-HgF-PGE

towards the metal ion- cupferron complex reduction.
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Figure 6.2 SW-AdCSV for simultaneous determination of 50 ug.L™* Cd**, Pb**, Cu** and 20
ng.L™* Zn* in 0.1 M acetate buffer solution (pH 4.6), 0.04 mM cupferron obtained at (a) ERGO-
HgF-PGE, (b) bare-HgF-PGE.
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6.3. Influence of cupferron complexing agent

Cupferron has been reported in literature to form stable complexes with various metal ions at
different electrode substrates [20, 37, 78, 87, 204]. Figure 6.3, illustrates the influence of
cupferron on SW-AdCSV of the adsorbed Cd**, Pb*, Cu** and Zn*complexes at the ERGO-
HgF-PGE after accumulation of 60 s. In the absence of metal ions at the ERGO-HgF-PGE, only
two peaks for cupferron reduction were observed at - 0.975 V and - 0.350 V as shown in Figure
6.3(a). This confirms that the two peaks shown are due solely to reduction of cupferron ligand.
Four distinct cathodic peaks of Cd?*, Pb?*, Cu?*and Zn”** were observed at the ERGO-HgF-PGE
upon the introduction of the trace metal ions as clearly illustrated in Figure 6.3(b). This was a
promising result as it indicates the ability for adsorption of metals at the graphene mercury-film
electrode. The inclusion of thin mercury film enhanced the electrode sensitivity as well as the
presence of ERGO increased the electrode binding-sites that improved the electron transfer [203,
205]. In the absence of cupferron ligand we observe the removal of the cupferron reduction
peaks, as expected. The addition of cupferron resulted in four well-resolved cathodic peaks of
Cd*, Pb*, Cu**and Zn** in a solution containing trace metals and mercury film owing to strong
adsorptive properties of cupferron ligand. An increase in stripping peak current for each metal
stripping peak reduction was noted due to improved adsorption of metal ions at the electrode
surface in the complexed form. Pb*" demonstrated lowest affinity for the cupferron complex. The
obtained results showed that cupferron is a suitable complexing agent with excellent peak

separation for simultaneous determination of Cd**, Ph**, Cu**and Zn?".
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Figure 6.3 SW-AdCSV for (a) 0.04 mM cupferron, (b) 50 pg.L™ Cd**, Pb**, Cu®* and 20 pg.L™
Zn** at the ERGO-HgF-PGE, () 0.04 mM cupferron and trace metals at the ERGO-HgF-PGE.

6.4. Influence of mercury film

The influence of the mercury film on the stripping peak currents of Cd**, Pb**, Cu®*and zZn*-
cupferron complexes was studied in 0.1 M acetate buffer solution (pH 4.6) at the ERGO-HgF-
PGE for 60 s accumulation time. Figure 6.4(a) shows that in the absence of mercury film and
metal ions, only the characteristic two distinct cupferron reduction peaks are observed. Upon
addition of 50 ug.L™ Cd*, Pb*, Cu**and Zn?*, no peaks attributed to the reduction of each metal
cation can be observed. This phenomenon indicates the lack of adsorption of suitable
concentrations of metal-cupferron complexes at the bare-PGE surface in the absence of metal
film. However, an increase in the two cupferron reduction peak currents is observed, as seen in
Figure 6.4(b). In the presence of an electroplated mercury film as shown in Figure 6.4(c), four
sharp and well-resolved peaks due to the reduction of the target metal ions from the formed
metal-cupferron complexes were observed. This thereby proves the preferential accumulation of
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the metal-chelate complexes at the metal film. The use of in-situ plated mercury film and
cupferron complexing agents are therefore both needed to improve electrode sensitivity by

increasing the solubility of the metal ions at the electrode surface.

5 ERGO-PGE with cupferron
7 = ERGO-PGE with cupferron + metals
= ERGO-PGE + cupferron + metals + mercury
4
<
3 34
<
E cupferron
e
= 2 -
=
o
1
0 -
L i L] b L] 1 L] L] ]
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

Potential (V) vs Ag/AgClI

Figure 6.4 SW-AdCSV for (a) 0.04 mM cupferron at the ERGO-PGE; (b) 50 pg.L™ Cd*, Pb**,
Cu?* and 20 pg.L™* Zn?* + (@), (c) 0.04 mM cupferron and Cd**, Pb®*, Cu** and Zn* at the
ERGO-HgF-PGE.

6.5. Optimization of various experimental conditions

Optimization of experimental conditions is crucial for better sensitivity of the simultaneous
determination of Cd**, Pb?*, Cu?* and Zn** in the presence of cupferron ligand at the ERGO-
HgF-PGE in 0.1 M acetate buffer solution (pH 4.6). Various experimental conditions for SW-
AdCSV were optimized such as the effect of cupferron concentration, supporting electrolyte, pH
of the buffer solution and instrumental parameters such as deposition time, amplitude, frequency

and voltage step.
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6.5.1 Effect of cupferron concentration

Ligand concentration plays an important role on adsorptive stripping peak current, cupferron is
essential for the formation of adsorptive complex. The effect of cupferron concentration on the
sensitivity of the simultaneous determination of Cd?*, Pb?*, Cu?* and Zn?** at the ERGO-HgF-
PGE was studied from 0.04 to 4 mM. The cathodic peak currents of Cd**, Pb®*, Cu** and Zn*'-
cupferron complexes increased with an increase in cupferron concentration up to 4 mM as shown
in Figure 6.5.1. It was found that the peak currents decreased at higher cupferron concentrations
from 0.2 to 4 mM due to competition between free cupferron ligand and trace metal- cupferron
complexes for active-sites on the electrode surface. In addition, higher cupferron concentrations
might have cause difficulties in reducing metal ion-cupferron complexes. For this reason,
cupferron concentration of 0.04 mM was found to be ideal for further experiments to ensure

maximum stripping peak response for the simultaneous determination of all four metals.
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Figure 6.5.1 SW-AdCSV for the effect of various cupferron concentration on the peak current of
50 pg.L™* C€d*, Pb*, Cu®* and 20 pg.L™ Zn** in 0.1 M acetate buffer solution (pH 4.6) at the
ERGO-HgF-PGE.
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6.5.2 Effect of supporting electrolyte

SW-AdCSV voltammograms of Cd®*, Pb**, Cu** and Zn** in the presence of 0.04 mM cupferron
were recorded in various supporting electrolytes such as 0.1 M of ammonia-ammonium chloride
buffer solution (pH 9.6), 0.1 M acetate buffer solution (pH 4.6) and 0.1 M phosphate buffer
solution (pH 7.0) following the pre-concentration of cupferron complexes onto the ERGO-HgF-
PGE by adsorptive accumulation at 0.1 V for 60 s. Figure 6.5.2. Illustrates the influence of three
different supporting electrolytes on the cupferron complexes at the ERGO-HgF-PGE, well-
resolved and sharp reduction peak currents of metal ion-cupferron complexes with highly
enhanced sensitivity were observed in 0.1 M acetate buffer solution (pH 4.6) compare to other
electrolytes. In ammonia-ammonium chloride buffer solution (pH 9.6) and 0.1 M phosphate
buffer solution (pH 7.0) no stripping peak of Zn** was observed, only weak reduction peak
currents of Cd®*, Pb?*and Cu*" with a negative shift in the peak potential were observed. Thus,
0.1 M acetate buffer solution (pH 4.6) was used for further experiments as it gave sharper and

enhanced peak current response.
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Figure 6.5.2 SW-AJCSV for simultaneous determination of 50 pg.L™ Cd?*, Pb**, Cu®*" and 20

ng.L™* Zn?* at the ERGO-HgF-PGE with supporting electrolyte: (red line) 0.1 M acetate buffer
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solution (pH 4.6), (green line) 0.1 M ammonia-ammonium chloride buffer solution (pH 9.6) and

(blue line) phosphate buffer solution (pH 7.0).

6.5.3. Influence of pH value

pH is very crucial for the formation of stable cupferron complexes, the potential of reduction and
adsorption properties of the ERGO-HgF-PGE [21, 88]. The influence of pH on the cathodic peak
currents of Cd?*, Pb?*, Cu?* and Zn?* at the ERGO-HgF-PGE was studied in the range of pH 3 to
6 in 0.1 M acetate buffer solution. As shown in Figure 6.5.3 it was found that at lower pH values
the reduction peak currents decreased due to protonation of cupferron binding-sites, thereby
reducing the adsorption of cupferron complexes on the electrode surface and excess protons
resulted in competition of each metal-ions in forming a bond with ligand. Whereas, at high pH
values from 5.0 to 6.0 the stripping peak currents decreased owing to hydrolysis of cupferron
complexes as they are not adequately protonated to form cations, due to more hydroxide (OH")
ions formation therefore hindering the adsorption process on the electrode surface [37, 206, 207].
Hence, pH 4.6 was chosen for all subsequent experiments in order to achieve maximum

sensitivity.
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Figure 6.5.3 The effect of pH on adsorptive peak currents of 50 pug.L™ Cd®*, Pb*, Cu®* and 20

ug.L™* Zn®*-cupferron complexes in 0.1 M acetate buffer solution at the ERGO-HgF-PGE.
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6.5.4. Effect of deposition time

Pre-concentration time plays an important role in stripping voltammetry, as it can affect the
sensitivity of SW-AdCSV, detection limit and analysis time of the measurements. The deposition
time for Cd®*, Pb?*, Cu** and Zn*" at the ERGO-HgF-PGE was studied in 0.1 M acetate buffer
solution (pH 4.6) between 10 and 90 s. Figure 6.5.4 shows cathodic peak currents of trace-metals
which increased with an increase in deposition time up to 60 s for all metal ions due to increased
adsorption of metal-cupferron complexes and a larger concentration of analytes at the electrode
surface. However, a plateau appears at a deposition times between 60 and 90 s suggesting that
the electrode surface might be saturated by metal ions. Thus, a shorter deposition time of 60 s
was chosen and used throughout as it enhanced the sensitivity and relatively shorten the analysis

time.
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Figure 6.5.4 The effect of deposition time on the peak current of 50 pug.L™* Cd**, Pb**, Cu®** and
20 pg.L™* Zn?*in 0.1 M acetate buffer solution (pH 4.6) at the ERGO-HgF-PGE.
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6.5.5. Effect of amplitude

Figure 6.5.5, shows the effect of amplitude on the cathodic peak currents of Cd®*, Pb®*, Cu®** and
Zn** at the ERGO-HgF-PGE varied from 10 to 50 mV in 0.1 M acetate buffer solution, a
significant increase in cathodic stripping peak currents was observed and 30 mV amplitude was

selected for subsequent experiments.
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Figure 6.5.5 The effect of deposition time on the peak currents of 50 pg.L™* Cd**, Pb**, Cu®** and
20 pg.L™ Zn**in 0.1 M acetate buffer solution (pH 4.6) at the ERGO-HgF-PGE.

6.5.6. Effect of frequency (Hz)

The influence of frequency on the cathodic peak currents of Cd®*, Pb%**, Cu** and Zn** at the
ERGO-HgF-PGE was studied in the range of 15 to 85 Hz in 0.1 M acetate buffer solution. As
shown in Figure 6.5.6 it was found that the cathodic peak currents increased with an increase in
frequency from 15 to 65 Hz for Cd®* and Cu?*, at high frequency above 45 a drastic decreased in
the peak currents of Pb**and Zn®* was observed. A 35 Hz was selected for subsequent

experiment.
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Figure 6.5.6 The effect of frequency on adsorptive peak currents of 50 pg.L™ Cd?*, Pb*, Cu®*
and 20 pg.L™! Zn?*-cupferron complexes in 0.1 M acetate buffer solution at the ERGO-HgF-
PGE.

6.6. Analytical performance of the ERGO-HgF-PGE

Under optimum conditions, the individual and simultaneous determination of Cd**, Pb**, Cu®*
and Zn** were performed at the ERGO-HgF-PGE using SW-AdCSV and four calibration curves
were constructed using standard addition method of successive metal ion aliquots to the
electrochemical cell. Figure 6.6(a) displays SW-AdCSV peak current responses for simultaneous
detection of Cd**, Pb**, Cu®** and Zn?*-cupferron and their corresponding calibration curves. The
calibration curves are linear over the range of 20 to 200 pg.L™ for simultaneous detection of
Cd?*, Pb?* and Cu?*. The sensitivity of the ERGO-HgF-PGE differed for all metal ions of interest
with Cu?* showing the best detection sensitivity. It can be clearly seen that Zn?*-cupferron
complex behaved differently compared to other metal ions with a distinct decrease in linearity.
At higher concentrations a decrease in peak currents were observed due to competition of ligand
and saturation of the ERGO-HgF-PGE. Individual detection of Cd**, Pb?*, Cu?* and Zn** was
performed at the ERGO-HgF-PGE in the presence of cupferron over the same linear range of 20

to 200 pg.L™. Square-wave cathodic stripping voltammograms and corresponding calibration
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curves for individual detection of Cd**, Pb?*, Cu®* and Zn*-cupferron complexes at the ERGO-
HgF-PGE in 0.1 M acetate buffer solution (pH 4.6) using SW-AdCSV is shown in Figure 6.6b.
For SW-AdCSV measurements, three replicates of each calibration curves for both individual
and simultaneous analysis were tested. For both individual and simultaneous detection, good
sensitivity is found at the ERGO-HgF-PGE validating the method used.

-
o
[3,]

Current (nA)
3.}

Current (pA)

-1 T T T T T T T -1 T T T

T T T T T T T
-1.4 -1.2 -1.0 -0.8 0.6 -0.4 -0.2 0.0 0 20 40 60 80 100 120 140 160 180 200 220

Potential (V) / Ag/AgCI Concentration (ugL-l)
Figure 6.6a SW-AdCSV and corresponding calibration curve for simultaneous analysis of Cd?*,
Pb**, Cu®* and Zn** obtained at the ERGO-HgF-PGE in concentration range 20 to 200 pg.L™ in
0.1 M acetate buffer solution (pH 4.6) in the presence of cupferron (0.04 mM).

Table 6. Linear equations for the simultaneous determination of Pb%, Cd?*, zn* and Cu?* from

calibration plot.

Metal ions  Linear equations R?

cu® 2.43E-8x — 2.78E-7  0.997

cd** 4.92E-9x —6.27E-9  0.999

Pb** 3.97E-9x — 8.37E-8  0.997

Zn** 5.21E-9x + 7.42E-8 0.915
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Figure 6.6b SW-AJCSVs and corresponding calibration curves for individual analysis of Cu?*,
Cd?*, Pb**and Zn** ( A-D) obtained at the ERGO-HgF-PGE in concentration range 20 to 200
ng.L™ in 0.1 M acetate buffer solution (pH 4.6) in the presence of cupferron (0.04 mM).

Table 7 summarizes the values for correlation coefficient (r), intercepts, standard deviation,
sensitivity and limits of detection and quantitation for both simultaneous and individual analysis
of all four metal ions at the ERGO-HgF-PGE in the presence of cupferron at 60 s deposition

time. The limits of detection (LOD) and quantitation (LOQ) were calculated using the following

3oblanks
Slope(Sensitivity)

equations: LOD = described as three times (o) the standard deviation of the

blanks divides by the slope of calibration curve. LOQ described as the lowest concentration that
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can be measured, calculated by 10 times LOD. From the table it can be seen that simultaneous
analysis of Zn®" in the presence of other target metal ions was not possible due to low linearity of
its current response. It may also be observed that for all metal ions, LODs well below the WHO
maximum contamination levels were possible. Individual analysis further demonstrated
improved LODs for each of the metal ions of interest over simultaneous analysis due to lack of

competition for active sites at the electrode surface thereby improving sensitivity.

Table 7. Comparison of simultaneous and individual analysis at the ERGO-HgF-PGE in 0.1 M
acetate buffer solution (pH 4.6) at deposition time 60 s.

Metal LOD LOQ Correlation Sensitivity
ions B . coefficient (MAL.ug™)
(hg.L7) (hg.L™) (RY)
Simultaneous S — A ) 7 3.97x 107
analysis
cd* 0.17 . 0.999 4.92x 107
20 — 200 pg.L™?
cu? 0.02 0.2 0.997 2.43x 108
Individual pb AEL__dhb UM 113 3 Q4N 11 904 4.99x 10°
analysis
cd* 0.20 2 0.991 4.24% 107
20— 200 pg.L*
cu? 0.01 0.1 0.998 3.99x 108
Zn?* 0.14 1.4 0.996 1.04x 10°®

n = 3, Where: n = number of replications
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Table 8 summarizes the recent work done for the determination of metal ions at various electrode
substrates in the presence of cupferron ligand. The bulk of work done in this field to date has
been performed at hanging mercury disk electrodes (HMDE). Cd?* has presented the focus of
recent studies with no work done to date for Cu®* detection. Furthermore, this work presented the
first study done for the simultaneous detection of more than two metal ions using cupferron
complexes. HMDEs exhibited the lowest detection limits as a result of the high solubility of
metal-cupferron complexes within the mercury drop forming an amalgam. A study was
performed for the use of a bismuth film as alternative to the HMDE, however, a lower LOD was
found due to the alloy formation. This work presented the first approach using a lower volume of
mercury as a greener approach in conjunction with graphene at a disposable PGE. The study
showed comparable results and even improved LODs when compared to the other studies
conducted.
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Table 8. Comparison between proposed method and previously reported detection limits for

Cd?*, Pb?*, Cu®* and Zn?* at various electrode substrates.

Electrode substrate Method Deposition  Analytes Linear range Detection Reference
time (s) pg.L* limits pg.L™
HMDE AdCSV 60 s Zn** 0.15 - 250 0.058 [47]
simultaneous Cd** 0.4-175 0.092
Bi/poly(p-ABSA)  DPASV 100's Zn** 1-110 0.62 [206]
film cd* 1-110 0.63
simultaneous Pb?* 1-130 0.80
HMDE AdSV 30s Cd* 0.11 - 22 0.033 [15]
SnFEs SWASV 120's Zn** 10 — 200 0.9 [207]
simultaneous eqis 10 - 200 0.7
HMDE AdCSV G Zgps——— G ———0 0= 0.2 [46]
simultaneous Mo®* 0.1-20 0.06
UPEDs/SPCE SWASV 120s Pb* = 2 [208]
cd* 0-100 2.3
HMDE AdsvV I 30HT TI€ZTIl obH- 27 kB 0.096 [43]
simultaneous LC 2.38-119 0.833
HMDE AdSV 30s Cd®  0.28-2248 0.11 [16]
simultaneous codnaini dhe BiSfat0:49 44 80 0.2
HMDE AdSV 30s T 0.21-31.93 0.05 [21]
BI/MWNT- SWASV 21 1- 60 0.12 [209]
IL/SPCE (%l 1- 60 0.5
HMDE AdSV 60 s Zn** 0.85 - 320 - [24]
Nafion-BiFE AdSV 60 s cd* 3-40 0.38 [37]
ERGO-PG-MFE SW- 60s Pb** 0.17 This work
Simultaneous AdCSV Cd** 20 - 200 0.17
cu®* 0.02
ERGO-PG-MFE SW- 60 s Pb** 20 — 200 0.13 This work
Individual analysis ~ AdCSV cd** 0.20
cu®* 0.01
Zn** 0.14
83

http://etd.uwc.ac.za/



As observed in the table above, the working concentration range for the developed sensor was
performed between 20 and 200 pg.L™ in order to keep the concentration range for all four metal
ions consistent. It is clear that by improving the analysis time, more analytes are able to
accumulate at the electrode surface, as discussed in section 6.5.4. The individual analysis of
Cd?*, Pb?*, Cu®* and Zn?**-cupferron complexes were therefore performed in 0.1 M acetate buffer
solutions (pH 4.6) in the presence of cupferron ligand (0.04 mM) using a 360 s deposition time at
the ERGO-HgF-PGE under optimized conditions as seen in Figure 6.6¢. It was found that a
longer deposition time of 360 s enabled the detection of metal ion-cupferron complexes at lower
concentration of 3 pug.L™ due to increasing adsorption of metal ion-complexes on the surface of
the ERGO-HgF-PGE thus improving the selectivity and sensitivity of the electrode. This
significant decrease in concentration demonstrates the feasibility of the sensor to operate at
concentrations well below the WHO standards. For future work, we aim to repeat the calibration

and standard addition method studies in this lower concentration range for comparative purposes.

—— ERGO-Hg-PGE with Zn’'+ cupferron ERGO-Hg-PGE with Pb®'+ cupferron

1.4 4 Zn2+

2+

0.154 Pb’ cupferron

Current (-pA)
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0.2 T T T T T T T T
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T T T T T T
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Figure 6.6c SW-AdCSVs for individual analysis of 3 pg.L™ Cu?*, Cd?*, Pb**and Zn** (A-D)
obtained at the ERGO-HgF-PGE in 0.1 M acetate buffer solution (pH 4.6) in the presence of

cupferron (0.04 mM) for 360 s.
84

http://etd.uwc.ac.za/



6.6.1. Recovery studies of the ERGO-HgF-PGE in test solutions

A standard addition method was used to determine the accuracy and precision of the SW-AdCSV
method for the simultaneous determination of Cd®*, Pb®*, Cu** and Zn?*-cupferron complexes at
the ERGO-HgF-PGE by calculating recovery percentages for three replicates (n= 3). Recovery
studies of the proposed method were performed in spiked solutions of known concentrations of
20 pg.L™* Cd?*, Pb?*, Cu®* and Zn?*, prepared in 20 ml of 0.1 M acetate buffer solutions (pH 4.6)
in the presence of cupferron (0.04 mM) and recovery percentages calculated based on the peak
current responses. Figure 6.6.1 (a-d) shows the standard addition curves obtained for Zn?*, Cu?*,
Cd?* and Pb®* respectively at the ERGO-HgF-PGE. The results for the performed recovery
studies are displayed in Table 9, below. As can be observed, recovery percentages between 95
and 100 % were found (< 5 % error) for all metal ions of interest. These results show that
accurate detection of each metal was possible using the proposed sensor and method of

detection.
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Figure 6.6.1 Standard addition calibration curves for simultaneous analysis spiked with 20 pg.L
L of Zn** (a), Cu*(b), Cd**(c) , and Pb*" (d) at 60 s.

Table 9. Recovery studies for the simultaneous determination of Pb*", Cd**, Zn** and Cu®* in test
solutions on the ERGO-HgF-PGE at 60 s.

Metal ions  Original (ug.L™")  Spiked (ug.L.™*) ~ Found (ug.L™") RSD (%) Recovery (%)

Zn** ND 20 19.55 0.44 97.75

cu®* ND 20 19.93 0.18 99.63

Pb* ND 20 19.52 0.22 97.61

cd? ND 20 19.32 0.13 96.58
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6.6.2. Interference studies

In order to study the selectivity of SW-AdCSV method, the effect of the intermetallic
interferences on the simultaneous determination of Cd?*, Pb*, Cu?* and Zn?* in 0.1 M acetate
buffer solution (pH 4.6) were investigated under optimum experimental conditions. The inter-
metallic interference study was performed by addition of possible interferent ions such as Ni*,
Co?*, Ga**, and As®*" at 100 pg.L™" to a solution containing 50 pg.L™ of Cd*, Pb*, Cu*" and
Zn?*. The addition of these species may result in competition between interferent ions and trace-
metals for either ligand complexation, complex adsorption or by producing reducible potential
that can result in direct or partial overlap with trace-metal peaks on the ERGO-HgF-PGE thereby
increasing or decreasing the peak currents of trace metals. Figure 6.6.2 shows the results
obtained from the interference studies. The tolerance limit was defined as the highest
concentration of the interfering ions that caused relative error above + 5 %. The experimental
results indicated that the interferent metal ions influenced the stripping peak currents of trace
metals as seen in Figure 6.6.2, a significant increase of Zn®" peak was observed in the presence
of Ga*', due to the formation of zinc-gallium complexes, but only a slight change in the peak
currents of Cu**, Cd?* and Pb”*occurred. Furthermore, decrease in the peak height of Zn** was
observed for all other metal ions of interest. The decrease in peak current occurs due to the
similar reduction potentials of Co*", Ni*" and As>*, respectively resulting in an overlap of
stripping peaks and competitive interaction for the electrode surface. It can also be seen that
detection of Cu?" is significantly influence by As®*. Whereas Cd** and Pb?* signals were slight
affected by the presence of the interferent ions, such interferences can be suppressed by the

addition of excess amounts of the complexing agent in the solution.
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Figure 6.6.2 Interference studies for the simultaneous determination of Pb**, Cd**, Zn** and
Cu® in on the ERGO-HgF-PGE sensor.

6.6.3. Sensor stability, repeatability and reproducibility

The stability and reproducibility of the developed ERGO-HgF-PGE sensor was investigated over
a period of seven days. The reproducibility and repeatability of three individual ERGO-HgF-
PGE sensors (n=3) were studied on different days with five repetitive measurements of 50 pg.L™
Cd?*, Pb**, Cu** and Zn*" in 0.1 M acetate buffer solution (pH 4.6) was evaluated. The average
current signals are shown. Moreover, results obtained were reported in Table 10 the relative
standard deviation (RSD) < 5 % values were observed for the five measurements taken on the
fresh (dayl) and four-day old electrodes for each metal ion. A large RSD, > 5 % was observed
on day 7. The RSD values on day 1 showed more reproducible results of the ERGO-HgF-PGE
sensor towards Cd®*, Pb?*, Cu®* and Zn®* than day 4 and day 7, therefore it is best to use
electrodes prepared on day 1. In addition, the stability of the ERGO-PGE was carried out by
measuring stripping peak currents of trace-metals when the ERGO-PGEs were stored in a
refrigerator for 7 days, then tested in 0.1 M acetate buffer solution (pH 4.6) containing 50 pg.L™
of trace metals for two-day interval under same optimal conditions. It was observed that peak

currents were higher on day 1 to 4 indicating longer stability of the developed sensor and on day
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7 a significant decreased in current response was observed as seen in Figure 6.6.3. The findings
confirm that the electrodes have a lifetime of 1week before deterioration takes place. Future

work may involve investigating methods of electrode activation after this time.

Table 10. Reproducibility and repeatability of the ERGO-HgF-PGE sensor during seven days

RSD (%)
Metal cations Day 1 Day 4 Day 7
cu? 0.77 4.79 7.75
zn* 0.83 3.79 6.99
Pb* 0.93 1.59 8.12
cd* 1.29 3.07 9.04
6.00E-06
5.00E-06 i
<
2 4.00E-06
g 3.00E-06 'r.. = Copper
E ' E Cadmium
X
§ 2.00E-06 I " Lead
Zinc
1.00E-06
0.00E+00 - - - - - .
day 1 day 4 day 7

Days

Figure 6.6.3 Stability of the ERGO-HgF-PGE sensor response during seven days.
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6.6.4. Application of the ERGO-HgF-PGE in tap water samples

ERGO-HgF-PGE was applied to the simultaneous determination of Cd**, Pb**, Cu®* and Zn** in
tap water samples collected in our laboratory. 19 ml of tap water was added to 1 ml of 2 M
acetate buffer solution (pH 4.6) followed by in-situ deposition of thin mercury film and metal
ions performed at 60 s. The standard addition method was used to quantify metal ions present in
tap water for three replicate measurements using SW-AdCSV. In order to evaluate the accuracy
of the proposed method, tap water samples were spiked with known concentrations of 20 pg.L™
for each metal ions. No Cd**, Pb?*, Cu?* and Zn*" were detected in the real tap water samples
suggesting that concentrations of metal ions were below the detection limit of proposed
procedure or not present in the water sample. The obtained percentage recovery with their

relative standard deviations in tap water samples are shown in Table 11,

Table 11. Simultaneous determination of metal ions in tap water samples using the ERGO-HgF-
PGE at 60 s.

Metal ions  Original Spiked = Found RSD(%) Recovery(%)
(ug.L™) (MgL™)  (ngL™)
Zn** ND 20 19.77 0.20 98.86
Cu®* N 1% 1 Vol I .3 Indolf ff Up2 99.56
Pb** NBV S Eolk K N9, A Poks 97.76
Cd** ND 20 20.23 1.72 101.19

n=3
where: n = three replicates of each experiment

ND = not detected
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Figure 6.6.4 Square-wave voltammogram for simultaneous analysis of tap water (pH 4.6) spiked

with 20 pg.L™* of Cd**, Pb**, Cu*" and Zn*" at 60 s.
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Figure 6.6.5 Standard addition calibration curves for simultaneous analysis of tap water (pH 4.6)
spiked with 20 pg.L™ of Cu?* (a), Pb*(b), Cd**(c) , and Zn** (d) at 60 s.
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CHAPTER SEVEN
Conclusions and Future work
7. Introduction

This chapter concludes key findings and achievements of the research study and presents

suggestions for further investigations and future work related to this study.
7.1. Conclusions

An electrochemically reduced graphene oxide in-situ plated mercury film pencil graphite
electrode (ERGO-HgF-PGE) as fast, sensitive and inexpensive sensing platform was
successfully developed for simultaneous detection of Cd**, Pb**, Cu** and Zn?* with cupferron
chelating agent in tap water by square-wave adsorptive cathodic stripping voltammetry. The
graphene nanosheets were successfully prepared by oxidizing graphite to graphene oxide using
potassium permanganate (KMnO,) and sulfuric acid (H,SO,4) and successfully characterized by
using Fourier transform infrared spectroscopy, X-ray diffraction, Ultraviolet-visible
spectroscopy, electrochemical impedance spectroscopy, High resolution transmission electron
microscopy and High-resolution scanning electron microscopy. The study outcomes have shown
that the surface of the pencil graphite electrode (PGEs) can be modified through
electrochemically reduction of graphene oxide (GO) colloidal solution at the PGEs. The ERGO-
HgF-PGE showed enhanced sensitivity and selectivity compare to mercury film electrode, this
was highly influenced using ERGO in conjunction with thin mercury film due to improved
electron transfer rate and surface to volume ratio of the sensor. The simultaneous detection of
Cd?*, Pb*, Cu®* and Zn?* was successfully entailed by using cupferron chelating agent to form
complexes, interestingly it was found that the formation of stable metal ion-cupferron complexes
were highly dependent upon the pH and nature of the buffer solution. The ERGO-HgF-PGE
showed improved and comparable detection limits with other reported studies in literature, the
detection limits (LOD) were calculated below the US-EPA maximum contaminant level for zinc
(5 mg.L™"), cadmium (0.003 mg.L™), lead (0.02 mg.L™) and copper (0.05 mg.L™) in drinking
water. The recovery percentages for the ERGO-HgF-PGE were between 95 and 100 % were
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found (< 5 % error) for all metal ions of interest. The obtained results showed that the ERGO-
HgF-PGE can serve as enhanced electrochemical sensor with improved detection limits for
determination of Cd**, Pb**, Cu** and Zn* in tap water by SW-AdCSV.

7.2. Future work

This study gave insight into the use of other metal films previously studied in literature on other
substrates for the simultaneous detection of metal ion-cupferron complexes, by implementing the
same principles used in this study to observe if there could be an improved selectivity and
sensitivity of the electrode. Similarly, a more detailed evaluation of different metal ions other
than Cd**, Pb**, Cu*" and Zn®" at the ERGO-HgF-PGE in the presence of cupferron chelating
agent is another field of interest. The use of in-situ method for simultaneous detection of metal
ion-cupferron chelating agent complexes was successfully demonstrated in this study, therefore
further research could be explored by using ex-situ method to provide other possible way to
detect heavy metal ions. Future work may also involve the reinvestigation of intermetallic
interferences on the simultaneous determination of Cd®*, Pb**, Cu?* and Zn** to ensure that
similar interfering effect caused by the interferent ions can be obtained. It is also intended to
further investigate organic interferences previously reported in literature, including humic acid
and fluvic acid as they were found in literature to interfere with the selected metal ions used in
this study. The results obtained in this study inspire other area of interest like the use of other
electrodes such as glassy carbon, screen-printed or-microfluidics to detect Cd**, Pb**, Cu?* and
Zn?*. Lastly, it is envisaged that the analytical performance of the sensor maybe significantly
improved and operated in a lower concentration range of 3 to 30 pg.L™ using an accumulation

time of 360 s. These calibration studies will be conducted to compare to the existing sensor.
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