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ABSTRACT

A simple differential pulse anodic stripping voltammetric sensor based on Polyacrylic
acid/Glassy carbon electrode has been developed for simultaneous analysis of lead(ll),
cadmium(Il) and cobalt(ll) ions. Electrochemical characterization of the Polyacrylic acid/Glassy
carbon electrode (PAA/GCE) using potassium ferricyanide standard revealed that the diffusion
coefficients (Do) for the PAA/GC and GC plain electrodes were 0.0318x10” cm?/s and
0.00122x10°" cm?/s respectively. The apparent electrochemical electron transfer rate constants (k°)
were 9.074x10 cm/s and 0.0883x107 cm/s for PAA/GC and GC plain electrodes respectively.
The D, and k° of the modified and unmodified electrodes indicates that modification of the GC
electrode with PAA led to easier and faster charge transfer at the electrode surface.

With differential pulse anodic stripping voltammetry, the following optimal conditions
were determined: Deposition potential: -0.8 V, Accumulation time: 300 sec, amplitude: 0.06 V,
pulse period: 0.02 sec, pulse width: 0.01 sec and sampling width: 0.0033 sec and pH 6.0.

Accuracy, precision, linearity, range, limits of detection and quantification validation
parameters were determined for this sensor in accordance with the ISO/IEC 17025 guidelines. The
recovery degree for accuracy was in the range of 101 to 110% for Pb(Il), 100 to 105% for Cd(ll)
and 93 to 104% for Co(ll). These lies between the imposed limits of 90 to 110%. The precision
was found to be less than 10% for ten determinations in line with the required 10% at the limit of
quantitation. Linear concentration range was also investigated and found to lie in the range of 125
— 7.8 uM Pb(I1), 16 — 2 pM Cd(Il) and 2 — 0.125 mM Co(ll). Also, limits of detection also found
to be 0.9 nM Pb(Il), 1.9 mM Cd(ll) and 11.0 uM Co(Il) and while limits of quantitation were 3.0
nM Pb(11), 6.3 nM Cd(I1) and 36.7 uM Co(ll). The effects of foreign substances like Cu?*, SO4>,

K*, Na*, CI, NHs" and O2 were found to have no significant effect on the electrochemical

Vi



responses of the three heavy metals. These results confirms that this sensor provides accurate,
reliable and consistent results for the determination of Pb(I1), Cd(Il) and Co(ll) heavy metals in

waters.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Water is a basic necessity of life and plays a crucial role in human’s overall well-being. It
sustains life through meeting human varied and important purposes such as drinking, cooking and
washing among others. For these uses to be successfully met, water must be of the acceptable
quality and enough. But, water on planet Earth is limited and therefore must be protected from any
form of contamination in order to adequately meet human needs. The total amount of water on
earth is as much as it was formed and there has never been any more or less (Gleick, 1998; EPA,
2013). Water supply covers about 70 percent of the physical environment of the planet Earth.
Whereas the larger portion of the planet is covered by water, most of it is salty and unsuitable for
human consumption. Ninety seven percent (97%) of the total water supply is salty water and is not
available for consumption to meet daily human needs. Two percent is frozen and exist as ice caps
and glaciers. That leaves only one percent (1%) of the planet’s entire water supply that is available
in lakes and underground to meet all people needs. Thus, only a small proportion of the world’s
water supply is available for human consumption (EPA, 2013).

Pollutants coming from varied sources have made the available water unsuitable for human
use. The pollutants gets into the water sources; lakes, rivers and ground aquifers thus making them
unsafe. This pollution of water exist in many forms such as plain dirt and toxic chemicals. This
pose a threat to both people health and environment in many ways. Worldwide, there are increased
efforts to curb the water pollution. Despite these efforts, permanent solutions to water pollutions
have not been realized. There are many underlying factors that need to be addressed to get solutions

to water pollution. This has complicated efforts to improving water quality. Some of the factors



that contribute to water pollutions include; poor water management systems, poor water handling
practices and increased presence of various pollutants in the environment.

Besides, many of the ways that water is used are responsible for affecting its quality. Some
of these ways include; careless industrial use of the water that result in the contamination with
toxic chemicals and use of recreational boats that inject gases and oils into the waters. Pollutants
in both underground and surfaces water cause trouble to humans and all other living things that
depends on it. Some of the contaminants can be seen like garbage and are less serious. But, the
pollutants that cause serious challenges are not obvious like sediments, nutrients, pathogens and
toxic chemicals. These substances when present in the water in elevated levels cause negative
effects, impairs the welfare of the water, reduces the quality of life and may eventually cause death
(UN-Water, 2009).

Increasing urban population has further complicated the efforts to control water pollutions.
This increase does not give enough time for a country to plan. Thus, it is important to think of
ways that are useful in protecting human beings from these contaminants. This includes early
detection to verify quality of the water before consumption. This requires powerful and sensitive
tools that have capability to detect presence of pollutants in the environment and in particular in
the water (UN-Water, 2009).

Toxicity of trace and heavy metal increased demand for demand for new tools that are able
to detect them at very low concentrations (Heitzmann et al., 2005). In this work, differential-pulse
anodic stripping voltammetry (DPASV) technique was explored. The differential-pulse anodic
stripping voltammetry (DPASV) technique is widely used for detection of toxic trace heavy metals

because it is affordable to many analysts and exhibits extremely high sensitivity as a result of



the preconcentration process involved (Jia et al., 2008; Achterberg et al., 1999; Li et al., 2013;
Somerset et al., 2010; Florence, 1986; Olsen et al., 1994). The working electrode was modified by
a polymer, polyacrylic acid (PAA). Recently, polymer-film electrodes have attracted research
interest. This is because they have shown potential to replace mercury and mercury-film based
electrodes. Several polymer modified electrodes have shown excellent advantages over mercury
film electrodes when applied to detect trace heavy metals using stripping voltammetry (March et
al., 2015; Pujol et al., 2014). In this work, lead (Pb), cadmium (Cd) and cobalt (Co) were trace
metals of prime environmental concern. This is because they are toxic and readily available in the
environment as a result of their many applications (Ensafi & Zarei, 2000; Zen, et al., 2002;
Estevez-Hernandez et al., 2007; Honeychurch et al., 2002; Li et al., 2013). Worldwide, millions
of people are exposed to elevated levels of these toxic heavy metals through contaminated water

(WHO, 2012; Somerset et al., 2010).

Essentially, analytical methods require to be validated. Validation involves assessment of
their performance indicators and this depends on the type of the method and the inherent
characteristics (ICH, 2005; Riley & Rosanske, 1996). Equally important, all electroanalytical
methods have to undergo same validation studies just like any other analytical method in spite of
their uses (Chan et al., 2004). The aim of the validation studies, is to ensure that the method
suitability is proven for its intended application. The validation studies include limit of detection,
limit of quantification, linearity, linear concentration range, accuracy and precision among others
(ICH, 2005; Riley & Rosanske, 1996; Chan et al., 2004; De Bievre & Gunzler, 2005; Thompson

et al, 2002; Gumustas & Ozkan, 2011).

Consequently, the developed polyacrylic acid/glassy carbon based electrochemical sensor

was optimized using differential-pulse anodic stripping voltammetry. The sensor was then
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successfully used to determine Pb(ll), Cd(1l) and Co(ll) in tap water sample. The purpose of the
validation study was to optimize the sensor in accordance with the guidelines of the International
Organization for Standardization and the International Electrotechnical Commision 17025
(ISO/IEC 17025) (International standard ISO/IEC 17025, 2005; Validation of Analytical Methods,

2010).

Polyacrylic acid (PAA) is a solid (three-dimensional) cross-linked attached polymer
matrix. The polymer has the ability to swell when it absorbs water, up to about hundred times its
own weight (Liu et al., 2009). Hence, the PAA has attracted many applications (Elviraa et al.,
2002; Anamul Haque et al., 2012; Li et al., 2004; Bekiari et al., 2008; Tang et al., 2009; Nursel,

etal., 2002).

The use of a potentiostat has an edge when compared to other methods, in the sense that it
is relatively of low cost and can easily be made portable for field-related activities and the expected
signal is enhanced via a pre-concentration step. The overall achievement is the development of a
highly sensitive probe for heavy metals and related pollutants.

The choice of the electrode environment is based on the well-known results observed, there
earlier, and the ability to pre-concentrate the pollutant “on a reduced volume” (Win et al., 1981;
Kounaves et al., 1987; Stephen et al., 1980; La Pera et al., 2002;2003; Wang et al., 2000;
Carballeira et al., 2000). It is hoped that, not only will the pollutants targeted in this work be
detected but also other pollutants, which are detrimental to human health. This will ensure

improved water quality assessment and management in Kenya and the world in general.



1.2 Problem statement

The amount of heavy metals in the environment and specifically in waters has increased
significantly because of the increase in mining, industrial and urban activities (Onyatta & Huang,
1999). These metals are essential in many of the products we use. However, when they are
incorporated in food and water they have negative effects on people health. they change certain
enzymatic processes in the body and they are incorporated in the bones, in the liver and other
organs, they affect the nervous system. Studies have shown that human health and the environment
are exposed to dangerous levels of these heavy metal pollutants (llaria et al., 2001). Thus, millions
of people are exposed to dangers which come along with the contamination. This should prompt
us to be proactive in the fight against having heavy metals in our food and waters (UNDP, 2006).

Effective tools which can detect and remove these metals have been developed and
implemented in a number of places (llaria et al., 2001). However, there is still need for tools which
can detect low concentrations possibly to pico-molar range, can be minimally affected by
interferants, can do simultaneous analysis of a number of analytes and most importantly are field
deployable. Interest in the low concentration is because heavy metals do not biodegrade and thus
get retained indefinitely in the ecological systems and in food chains. Overtime, they bio

accumulate to levels which are lethal to the human health (Ilaria et al., 2001).

1.3 Objectives

This study had the following major and specific objectives;



1.3.1Major objective
The major objective of this study was to develop an electrochemical sensor for detecting
and quantifying low concentrations of heavy metals in water, employing electrodes containing thin

films of polyacrylic acid (PAA).

1.3.2 Specific objectives

The study had the following specific study objectives

1. To develop polymer-coated working electrode using polyacrylic acid (PAA).

2. To characterize the polymer-coated working electrode using cyclic voltammetry.
3. To optimize film formation protocols for test of the Cd(l1), Pb(Il) and Co(ll) ions.
4. To validate the optimized sensor with respect to ISO/IEC 17025 guidelines

5. To investigate the effects of interferants in the sensor performance.

6. To apply the developed sensor to determine Cd(I1), Pb(11) and Co(ll) ions in tap water.

1.4 Justification and significance of the work

Heavy metals are of health concern. They are present in our waters and thus people are
exposed to these heavy metals every day. Over the years, these heavy metals accumulate in the
tissues slowly poisoning them. The toxic effects of these metals occur gradually. The metals are
posing major negative impacts on human health and the environment (llaria et al., 2001). Disease
burden attributable to contaminated water pollution is significant. Some of these metals are toxic

even when they are present in very low concentrations.



There is therefore a need for a sensor that can detect these metals even at low concentrations
(Flanagan et al., 2012; WHO, 2012; Mihaela et al., 2012).

The developed sensor can be used to detect heavy metals in drinking or domestic waters.
The method that has been developed does not require highly sophisticated or complicated facilities.
The developed sensor has the ability to detect and quantify Cd(I1), Co(ll) and Pb(ll) ions and has
the following capabilities: The sensor can be used as many times as possible without losing its
efficiency; the sensor is minimally affected by the interferrants and this will ultimately reduce the
cost of sample treatments as it is done traditionally; the sensor can do simultaneous analysis of a
Cd(l1), Co(l1) and Pb(I1) ions; the sensor is field deployable, that is, simple, small and portable. It
is fast, more sensitive and independent of solution turbidity and optical length, compatible with
microfabrication, have lower power requirements and low cost detection. Poly (acrylic acid) film
provides cost-effective, environmentally benign processes for the analysis of the heavy metal

pollutants in waters.



CHAPTER TWO

LITERATURE REVIEW
2.1 Electrochemistry

Electrochemistry or electroanalytical chemistry has played a crucial role towards meeting
fast changing scientific and industrial research demands. Electrochemistry is about relationships
between chemical reactions and electricity. Techniques employing electrochemistry principles
have an edge over other techniques because they offer cheap and efficient ways of dealing with
common pollutants including heavy metals in the environment such water which is the interest of
this study. Electroanalysis forms a major part of electrochemistry and it involves one or a
combination of electrochemical techniques to measure and/or monitor species of specific interest
(Wang et al., 2006; Brennan et al., 1996; D’Orazio , 2003).

During a chemical reaction, electrons move between electrodes immersed in a cell solution
containing an analyte. As a result, information (magnitude of current and potential) is gathered
and then analyzed to determine the identity and composition of the analyte. These chemical
reactions happen through oxidation-reduction reactions (Redox). Here, electrons move between
atoms. The flow of electrons between the two atoms in an oxidation-reduction reaction creates
electricity. On the other hand, electricity may be used to force electrons to move between two
atoms in order to make an oxidation-reduction reaction to happen. Thus the relationships between
chemical reactions and electricity in electrochemistry. As the movement of electrons between two
atoms happens, one atom gains electrons and is it said to have been reduced and the other loses
electrons and is said to have been oxidized. This chemical reactions happens simultaneously and
are thus referred to as oxidation-reduction reactions (Redox). Electrons keep moving into the

electrode on one side and moving out of the electrode on the other side. Electrodes are named



based on whether reduction or oxidations reactions have happened (Wang et al., 2006; Brennan et
al., 1996; D’Orazio, 2003).

Currently, scientists are implementing measurement systems that most analysts can afford
and there is an increased demand for the development of new techniques (tools) that are field
deployable; are portable, simple, easy-to-use, more sensitive, selective and capable of performing

faster analyses among others (Wang et al., 2006; Brennan et al., 1996; D’Orazio, 2003).

2.2 Electrochemical techniques

Electrochemical techniques have found many applications in various areas (Bard and
Faulkner, 1980; Orata et al., 1994). This is because they are cost-effective and are capable of
carrying out in-situ and real-time studies (Somerset et al., 2010). Over the past four decades, there
has been increased demand in the area of electrochemical methods that have capability to detect
low concentrations of the analytes. The analyte recognition is among the major processes involved
in any sensor system (Li et al., 2013; Somerset et al., 2010; Florence, 1986; Olsen et al., 1994).
Additionally, the increased demand is as a result of their speed, portability, specificity and low
cost (Win et al., 1981; Kounaves et al., 1987; Stephen et al., 1980; La Pera et al., 2002; 2003;
Wang et al., 2000; Carballeira et al., 2000).

Interfacial electrochemical techniques or methods are among electrochemical methods of
analysis commonly used. These methods are used to measure chemical reactions involving
movement of electric charges between an electrode and ionic species in a solution (Skoog et al.,
1992). Interfacial electrochemical methods of analysis are broadly sub-divided into two
techniques; static and dynamic as shown in Figure 2.1. Static techniques do not allow current to

pass through the analytes solution. Hence, amount of an analyte in a solution does not change.



Moreover, static techniques are combined with a potentiometric technique to determine an
electrochemical cell potential.

Unlike static technique, a dynamic technique allows current to flow through the analyte’s
solution. This technique uses a potentiostat to determine the potential between two electrodes, that
is, an electrode on which the reaction of interest is occurring (a working electrode) and a reference
electrode. Essentially, the working and reference electrodes are mostly immersed into a solution
in a cell containing the analyte under investigation. The potentiostat injects a current into the
solution through a counter electrode (also called an auxiliary electrode). This allows measurement
of current flow between the working and auxiliary electrodes (Joseph et al., 2003). The dynamic
technique comprises of the largest group of interfacial methods as shown in Figure 2.2. Here, the
analyte undergoes a reduction-oxidation (redox) reaction that results in the change of its
concentration (Willard et al., 1986; Joseph et al., 2003).

A typical experimental set up consists of a read out with a software installed in a computer
where the signals are read and recorded, a potentiostat, electrodes connected to an analyte and an
electrochemical cell (Figure 2.2). In this context, the electrochemical cell contains an ionic solution
with analyte of specific interest. The number of electrodes used depends on the experimental setup.
Most experimental setups uses a three electrode system, that is, the working electrode (WE),
reference electrode (RE) and counter electrode (CE). Usually, the three electrodes are dipped
inside a solution containing the analyte in such a manner that they are not in contact with each

other to achieve best results (Wang et al., 2006; Brennan et al., 1996; D’Orazio, 2003).
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Figure 2.1: A summary of some electrochemical techniques. Retrieved on 20/06/17 from
http://intranet.tdmu.edu.ua/data/kafedra/internal/pharma_2/classes_stud/en/pharm/prov_p
harm/ptn/analytical%20chemistry/2%20course/22%20Electrochemical%20methods%200
f%20analysis.htm.
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Figure 2.2: A schematic representation of a universal electrochemical experimental setup
(Source: Author, 2016).
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The section that follows describes some of the electrochemical methods of analysis as shown in

Figure 2.2.

2.2.1 Voltammetry

Voltammetry is applied in the determination of trace components such toxic heavy metals
in drinking water, effluents and sea waters. VVoltammetric technique analyzes small proportions of
a given solution at a solid working electrode (Lesney, 2002). Under this technique, a potential is
applied between working and reference electrodes and metals in a solution that are being
investigated are either oxidized or reduced. In connection with this, the potential forces an electron
transfer to occur and results in a current flow. The magnitude of the current produced is used to
estimate the amount or concentration of the analyte being studied (Grady et al., 2004). Normally,
the working electrode has a small surface area. This is preferred as it enhances polarization that
results into the current (Eggins, 2002; Katz & Willner, 2003; Pei et al., 2001). Measured current
(y-axis) is plotted against voltage (x-axis) resulting to a plot known as a voltammogram (Gosser,
1994; Pei et al., 2001; Liu et al., 2006; Patolsky et al., 2006; Li et al., 2003). As the reaction
progresses, the electroactive species (the analyte under investigation) move towards the surface of
the electrode where an electron transfer takes place (Bockris and Reddy, 1970).

The chemical nature of the reactants, intermediates, products and the electrode surface
determines the kind of interactions between the parameters mentioned above (Bard & Faulkner,
1980). When the interractions are strong, the species concerned get adsorbed or bonded to the
electrode surface. This kind of behavior leads to quasi-reversible or totally reversible systems.

(Bard & Falkner, 1980). Under certain conditions, peaks of a pair of oxidizing and reducing agents
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(redox couples) may shift with the increasing scan rates. Those couples whose peak shift more are
grouped as quasi-reversible or irreversible (Mabbot, 1983).

The choice of the solvent and Supporting Electrolyte (SE) is determined by factors like
conductance, solubility of the electrolyte and electroactive substance and reactivity with
electrolyte products. The common solvent properties are dielectric constant and acceptor/donor
ability which are the indicators of solvent polarity, solubilizing power and the ability to participate
in electron-pair donor-acceptor interactions respectively. A good solvent is one which allows
satisfactory dissolution and dissociation of the SE with low toxicity (Gosser, 1994). The following
are some of the different ways a solvent/SE system influences an electrochemical activity:

Q) The diffusion of an electroactive species will be affected by viscosity of the medium

and strength of the solute-solvent interractions

(i) The solvent is responsible for proton mobility. Water and other protic solvents display

a high proton mobility because of the fast solvent proton exchange, unlike aprotic
solvents

(ili)  The medium affects structure of the electrical double layer where electron transfer

occurs

The use of inert SE is indispensable in electrochemistry. It regulates the cell resistance and mass
transport by electrical migration. Organic solvents are non-conductors (high resistance) hence the
absence electrolyte requires very impractical high voltages. The primary function of the SE is to
enhance conductivity. The solvent/SE combination chosen should therefore give resistance that is
as small as possible to minimize iR drop which leads to potential control error and ohmic heating

of the solution. Fry and Britton (1984), recommended acetonitrile (ACN), ethanol, methanol, and
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dichloromethane as good oxidative (anodic) electrochemical solvents, while ACN and
dimethylsulphoxide (DMSO) are suggested for reductive (cathodic) electrochemistry. However,
ACN is suggested as the best overall non-aqueous solvent on the basis of its electrochemical
properties and its relative non-toxicity.

An electrical field on an electrolyte solution initiates a migration of the ions. These
migrations constitutes the current flow in an electrochemical cell. Here, each ion involved carries
a proportion of the total current. The current is proportional to mobility and amount of the ions.
Addition of inert electrolyte for a given current therefore reduces solution resistance, thus
decreasing the electric field (E=iR). Mass transport of an ionic electroactive species that is caused
by migration in an electric field can be reduced to a negligible level by ‘swamping” the solution
with inert electrolyte. Most of the current will then be carried by the ions of the SE. The SE in
polarography and voltammetry experiments is made 50-100 times (high ionic strength) the
concentration of electro active species to suppress electrical migration. This will justify the use of
quantitative equations in calculating limiting or peak currents which are based on the assumption
that mass transport is controlled by pure diffusion. Below are a few voltammetric techniques that

are commonly used.

2.2.2 Forms of Voltammetry

By varying potential, voltammetry gives information about an analyte under investigation
by measuring current. There are many ways the potential is varied. The different ways of varying
the potential have resulted in many forms of voltammetry such as potential sweep voltammetry,
pulse voltammetry, stripping voltammetry (Heyrovsky, 1956; Eggins, 2002; Katz & Willner,

2003).
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2.2.2.1 Potential Sweep Voltammetry

Potential sweep voltammetric techniques have been developed to measure and give more
information about an analyte under investigation in a single experiment by sweeping (rather than
steps) the potential with time and recording potential and current. Linear Sweep Voltammetry
(LSV) is the simplest of these techniques; the potential/voltage is varied linearly with time
(Lesney, 2002; Adams, 1969). Similar to the linear sweep technique, Cyclic Voltammetry (another
example of this technique) is swept linearly. However, at the end of the linear sweep, the potential
scan is reversed unlike in the LSV. Cyclic Voltammetry (CV) is always used to investigate the
chemical reactivity of a species of choice for the first time (Lesney, 2002). The potential scan may
be reversed as many times as possible to giving rise to several cycles. Figure 2.3 shows an example

of a cyclic voltammogram for one complete cycle.

A
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Figure 2.3: A typical Cyclic voltammogram of (A) GC/PAA and (B) GC plain for potassium f
errocyanide/0.1 M potassium chloride at 0.005 V/s (Source: Author, 2017).

The CV makes it possible to carry out quantitative experiments with an electrochemical
system. This allows one to predict the composition of the system before proceeding with further

studies. Voltammograms are recorded for a range of scan rates and potential. These leads to many
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peaks of similar shape on either sides of the voltammogram. However, the magnitude of full
reversible reactions can be identified. These peaks indicate either oxidation or reduction taking

place at the forward or reverse scan (Lesney, 2002).

2.2.2.2 Differential-Pulse Voltammetry
Differential-pulse voltammetry (DPV) was developed to lower the detection limits down
to 10® M (Lesney, 2002). The differential pulse voltammetry (DPV) improves the resolution

between the species with similar potential through allowing current to be sampled twice.

2.2.2.3 Stripping Voltammetry

Interest in the development of techniques that are capable of detecting analytes at low
concentrations that could not have been possible with the other electrochemical methods of
analysis has led to the emergence of stripping voltammetric techniques. Stripping voltammetric
technique is among the highly sensitive and selective techniques, hence the technique of choice
for this study. With this technique, it has been possible to detect and analyze trace metals in
solutions (Tercier & Buffle, 1993; Wang, 1985). This technique has attracted a lot of attention
because it requires minimal sample preparation for analysis to be done and thus eliminates possible
contaminations. Forms of stripping voltammetric techniques follow various steps but all the forms
have two common steps. First, the analyte of specific interest in a sample solution is accumulated
(preconcentrated) into (or onto) the surface of the working electrode. This is constitutes a very
important step that leads to an exceptionally high sensitive devices (sensors). Secondly, the analyte
that accumulated into (or onto) the surface of the electrode is measured or stripped off back into

the solution by the application of a potential scan. Importantly, stripping analysis is used with any
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of the potential waveforms such differential-pulse, square-wave, linear-sweep or staircase but the
most common are differential-pulse and square-wave due to their excellent ability to discriminate
against charging current.

Stripping analysis is a technique of choice as it provides important information on metal
speciation (Florence & Batley, 1980; Grady et al., 2004). The following sub-section describes the

three forms of stripping voltammetric techniques.

2.2.2.3.1 Anodic-Stripping Analysis

This form of stripping voltammetry analysis is among the more sensitive and reproducible
techniques for metal ion analyses. It has the ability to analyze trace metal ions in aqueous media
with concentration ranging from as low as 10 to 10"*2 M. This compares favorably with atomic
absorption spectrometry (AAS) or inductively coupled plasma (ICP) analysis but has advantage
since it has a simple set-up and can be used onsite with ease. Also, it has the capability for
simultaneous multi-element determination (Tercier & Buffle, 1993; Wang, 1985). The following

steps are involved during anodic stripping analysis.
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Step 1: Electrodeposition

During the first step (the electrodeposition step), metal ions (M"") under investigation are
deposited (pre-concentrated) through electrochemical means into (or onto) the working electrode’s
surface. Initially, mercury working electrode used, also referred to as hanging mercury-drop

electrode in the form of amalgam, M(Hg):

M "™ +ne <> M(Hg) (2.1)

Where M™ is metal ion, n is number of moles, e is electrons, M is metal and Hg mercury.
Electrodeposition requires short-time electrolysis of about 0.5 to 5 minutes. The electrolysis is
done after stirring the solution while maintaining appropriate potential. This process leads to
gaining of electrons (reduction) by the trace metal ions that are under investigation to obtain a
fairly concentrated amalgam.

Step 2: Rest period

Normally, the allowed duration is about 30 seconds. During this period, the applied
potential is not changed. This ensures the amalgam is uniform and re-oxidation of the metal-ions

under investigation does not take place.
Step 3: Stripping

This happens after the pre-concentration process, here the metal (M) that is now deposited
into (or onto) the working electrode’s surface (mercury electrode) is stripped off back into the
solution. This involves an oxidation process since the metal is gives off the electrons and is pushed

back into the solution in an ionic form. This takes place under the conditions of the experiment.
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Normally, this are diffusion controlled conditions and the stripping is done using any of the

voltammetric techniques (or methods).
M(Hg) <> M™ +ne (2.2)

The amount (concentration) of the metal (M) is easily estimated by the anodic diffusion current of
the experiment. This current is directly proportional to time the electrolysis took. Moreover, the
current is directly proportional to the stirring rate and amount of metal ion (M"™) in the aqueous

solution.

2.2.2.3.2 Cathodic-Stripping Analysis
This technique is similar to anodic-stripping analysis, it is among the more sensitive and
reproducible techniques for metal ions and follows similar steps. Cathodic-stripping analysis is

commonly used to analyze ionic species that form insoluble salts.

2.2.2.3.3 Adsorptive-Stripping Voltammetry
Like the anodic stripping voltammetry (ASV), the Adsorptive stripping voltammetry

(AdSV) also consists of two main steps; that is, the deposition and stripping steps.

Step 1: Deposition step
During this process, the metal ion is accumulated and adsorbed as a complex on the
working electrode’s surface. Normally, an active surface-complexing agent (ligand) is added in

the solution. As soon as the ligand is introduced into the solution, it forms an adsorbed layer on
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the working electrode’s surface. The metal ion under investigation quickly reacts with the adsorbed

ligand resulting to the formation of an adsorbed complex.

M™ +nL(ads) - ML’ (ads) (2.3)

Where M™ is metal ion, n is number of moles, L is ligand, M"* is ligand ion and M is metal.

This activity (process) is carried out under the following conditions; that is, in a solution that is
stirred and under a voltage (potential) control. Similar to the pre-concentration process of anodic
stripping voltammetry, the analyte under investigation moves to the working electrode by the same

convection.

Step 2: Stripping step

This process is achieved through the electro-reduction of the complex agent adsorbed on
the surface of the working electrode. The concentration (amount) of adsorbed metal is easily
estimated from the recorded current corresponding to the current peak (Wang, 1985; Heineman,

1984).

2.3 Electrochemical sensors

Electrochemical techniques have led to emergence of different types of sensors that are
commonly referred to as electrochemical sensors. The development of these electrochemical
sensors involved combination collaboration of engineering and electrochemistry concepts to create
modern, top-of-the-line technologies and inventions. As a result, the technology has ensured that

developed devices are easy to use, ease to interpret and most of them are portable and can be used
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even at homes. Basically, the sensor detect, measure and record a physical property or information,
mainly chemical in nature, about the analyte under investigation into a signal that is used to identify
the type of analytes in samples under study and giving information about concentration of the
analyte. Among the chemical sensors, electrochemical sensors forms the oldest and largest group

of sensors (Wang, 1991; Karl —Heinz & Kurt, 2010).

2.3.1 History of electrochemical sensors

Electrochemical sensors have been in existence for over six decades. The technology was
first used in 1950s to monitor oxygen concentration in the environment. Cremer, a famous
researcher and scientist, developed the first group of electrochemical sensors in 1906 using glassy
electrodes. The invention by Cremer has since informed development of electrochemical sensors
for many analytical applications (Karl —Heinz & Kurt, 2010). Since mid-1980s, there has been
improvements to Cremer’s invention aimed at making sensors more sensitive and selective to
address challenges of analytes or environmental pollutants that are still toxic even at very low
concentrations. To date, diversity in the application and stiff market competition have been among

the key drivers of technological advancements in the electrochemical sensors.

2.3.1.1 Technological advancements in electrochemical sensors

These are inventions made to improve electrochemical sensors and are aimed at making
them more effective, cost-effective and easy-to-use among other important parameters. Improving
these technologies have led to increased interest in electrochemical sensors. This has expanded
their potential applications for determination of many analytes since they are now simple, rapid

and economical. Their impact is evident in many current activities where they are widely used
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(Murray et al., 1987; Wang, 1991; Karl —Heinz & Kurt, 2010). Currently, the electrochemical
sensors play a crucial role in the analysis of samples in different fields. Some of the fields include
environment for the applications are used for its conservation and monitoring, health sector for
prevention of disasters and diseases and industrial use for analysis of samples (Murray et al., 1987;
Wang, 1991).

Among the technological advancements in this field is the miniaturization and
microfabrication. As a result, the sensors have eventually found many applications (Grady et al,
2004; Karl —Heinz & Kurt, 2010). The miniaturization of electrochemical devices is highly
important due to convenient handling, portability and reduced sample preparation (Popovtzer and
Neufeld, 2006; Karl —Heinz & Kurt, 2010). The miniaturized electrochemical devices are available
for detection of many different toxic gases and have been reported to be exhibiting high sensitivity
and selectivity. More recently, the interest to have toxic and combustible gases in a confined space
monitored has increased. This requires use of miniaturized electrochemical devices (OSHA, 1992).
It is increasingly clear that the demand for miniaturized electrochemical devices has led to an
emergency of new and better electrochemical sensors which can be employed either as stationary
applications or as portable applications (Wang, 1991; Karl —Heinz & Kurt, 2010). Microfabrication
involves modifications of the working electrode’s active surface. This is aimed at enhancing
sensitivity and selectivity of the electrode surface by lowering its detection limits. Here, the surface
of the working electrode is most cases coated with a metal or complex which has properties sought
to make the surface of the electrode more sensitive and selective. There exists many ways of
depositing the coat on the working electrode’s active surface such as drop coating among others.

The method used to deposit a surface coat ensures the sensitivity and selectivity achieved are
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sustained and that the coat remains on the surface of the electrode for a longer period. Thus,

allowing the electrode to be used many times without losing its effectiveness.

2.3.2 Main types of electrochemical sensors methods

Electrochemical sensors methods are classified according to the nature of a quantity they
measure. Normally, a chemical reaction would lead to generation of current or potential which is
then measured and recorded as the output of the reaction. The main types of electrochemical
sensors methods are amperometric, potentiometric and conductometric. These methods are
distinguished by their mode of measurement. For instance, amperometric sensors generates a
current which is then measured to give an idea of the identity and amount of an analyte under
investigation. On the other hand, potentiometric sensors generates a potential which is then
measured to give identity and concentration of the analyte. Regarding conductometric sensors,
they are used to measure resistance of a medium between electrodes (Chaubey and Malhotra,
2002). Other forms of electrochemical sensors include impedimetric and field-effect based sensors

among others (Mirsky et al., 1997; Guiseppi-Elie & Lingerfelt, 2005; Thevenot et al., 2001).

These reactions are effectively sensed near the surface of the working electrode. Usually,
electrochemical sensors are composed of a three electrode system. Importantly, the both electrodes
are made from materials which are conductive and chemically stable. For this reason, the
commonly used materials include; platinum, gold, carbon and silicon. Use of these compounds

depends on an analyte under study (Chaubey & Malhotra, 2002; Ben et al., 2006).

Nano-objects are known to have higher surface area to volume ratio and therefore higher
sensitivity measures (Patolsky et al., 2006; Nair & Alam, 2007). Therefore nanostructures have

introduced new and crucial components in electrochemical sensors development. Such
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components include use of nanoparticles to enhance sensitivity (Merkoci, 2007; Park et al., 2002).
For instance, nanowires, carbon nanotubes, nanoparticles and nanorods are emerging. They are
poised to be crucial elements of future electrochemical devices (Wanekaya et al., 2006; Stadler et

al., 2007).

The following sub-section broadly describes four types of electrochemical sensors based
on their electrochemical principle and/or the technological advancements involved. The four types
of sensors includes; amperometry-based sensors, potentiometry-based sensors, conductometric

sensors and biosensors.

2.3.2.1 Amperometry-based sensors

These are devices that measure current as a result of an electroactive substance losing
(oxidation) or gaining (reduction) an electron while undergoing an electrochemical reaction
(Thevenot, 2001; Luppa et al., 2005). Clark oxygen electrode is simple form of an amperometric

sensor which is used to measure oxygen concentration (Chaubey & Malhotra, 2002).

The cell potential of the electrochemical sensor is held constant while measuring the
current, and thus referred to as amperometry. There exist different variations on how the current
is produced and this has led to the emergency of different names as used by different scientists.
Use of the correlations of the generated current and concentrations of the analyte to estimate the
amount of an analyte or electroactive species under study is done through current plot. The current
plot is commonly referred to as a voltammogram and its highest peak gives an indication of highest
amount of current generated (Thevenot et al., 2001; Eggins, 2002; Chaubey &Malhotra, 2002;

Luppa et al., 2005; Santandreu, 1999).
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2.3.2.2 Potentiometry-based sensors

These types of electrochemical sensors measures changes in potential/voltage as the
current is kept constant. The potential (charge) is normally accumulated at the working electrode.
Potentiometry-based sensors provide data about activity of an ion in an electrochemical reaction
(Bakker & Pretsch, 2005; Xu, 2005). Here, the relationship between the amount of the analyte and
the cell’s potential is controlled by an equation referred to as a Nernst equation (Eggins, 2002;
D’Orazio, 2003).

lon-selective electrodes (ISE) have led to improved detection limits for the
potentiometry-based sensors. Thus, this has rendered potentiometric devices more suitable for
measuring low concentrations. The devices have capability of performing these measurements
with very small sample volumes. Additionally, potentiometric sensors do not chemically influence
a sample. They can also be used to measure selective ion concentrations. It is also possible to use
them to measure the kinetics of other reactions such as biocatalytic reactions which involve
enzymes among others (Caras and Janata, 1980; Hafeman et al., 1988; Mourzina et al., 2001;

Poghossian et al., 2001; Xu et al., 2008; Kloock et al., 2006; Stein et al., 2004).

2.3.2.3 Conductometric sensors

These types of electrochemical sensors measures the current conducted through the two
electrodes. They measure and detects changes in resistance (ability of an analyte to restrict charge
flow through it). There is a clear increased demand for conductometric sensors due to the wide
uses associated with them. Among other uses, they have been used to measure quality of many
analytes such as that of oil. Normally, in an electrochemical set up, an analyte has ability to allow

current to pass between two electrodes. Analytes with high conductance (low resistance) will
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allow more electrical current to pass through and vice versa. So, with this sensors, it is possible to
distinguish two analytes based on their conductance i.e. clean and dirty oil since the two restrict
charge flow differently. This explains why conductometric sensors have found wide applications
today (D’Orazio, 2003; Thevenot et al., 2001). Further improvements on these sensors have been
carried out to improve their sensitivity. As a result, it is possible to directly observe the changes in
conductance that occur on the surface an electrode. Additionally, these sensors have a capability
of measuring conductance of multiple analytes as a result of these advancements in technology
such fabricating the sensitive surface of the electrode with materials which enhances its sensitivity.
Other technologies include use of semiconductors and integrating sensors with microelectronics
devices such as field effect transistors (FET) devices (Cullen et al., 1999; Contractor et al., 1994).
Currently, nano structures have also been used to improve the performance of the sensors and have
made them attract many potential uses (Patolsky et al., 2006; Stadler et al., 2007; Eggins, 2002).
These type of sensors have been successful wherever they have been used. Some of the
applications where these type of sensors are utilized include, detection of drugs in human urine,

detection of pollutants in environments among others (Yagiuda, 1996; Chouteau et al., 2004).

2.3.2.4 Biosensors

Biosensors are type of electrochemical sensors with a biological component incorporated
whose role is to sense the analyte and produce a signal which is converted to a readable format.
What distinguishes this type of sensor from other electrochemical sensors is that it incorporates a
biological material. Such biological materials includes enzymes, cells and whole organisms among
others. The biological material interacts with the analyte and produces a signal that is measured.
The trend in the development of electrochemical sensors during the past two decades is more on

the design of biosensors. These types of sensors are either potentiometric or amperometric but the
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large percentage of them are amperometric. Based on the type of the biological material used, the
more predominant sensors reported in literature are enzyme based. Some of enzyme based sensors
includes immunosensors and deoxyribonucleic acid (DNA) sensors (Lesney, 2002). The first
biosensor was invented by “Clark” (1962). He used his oxygen electrode to determine oxygen
depletion. Oxygen depletion was as a result of an action by an enzyme called glucose oxidase on
glucose (Magdy et al, 2012). Further improvement were carried on the glucose sensor by
MediSense (1987). He launched screen printed electrodes. The screen electrodes were then used
for medical applications. There is exist a synergy between the biosensors and electronics as well.
The screen printed carbon electrodes came from electronics. For electronics, the screen printed
electrodes were already being used for printing electric connections. Additionally, sensors
modified with deoxyribonucleic acid (DNA) have got major applications and continuous to be an

area of a major interest (Gerard et al., 2002; Elamathi et al., 2013; Magdy et al., 2012).

2.3.3 Polymers

Electrodes modified with polymer-films have become a major subject of interest for
electroanalytical investigations. They are viewed as being capable of replacing mercury based
modified electrodes (were electrodes of choice). The polymers have shown many advantages over
mercury film (March et al., 2015; Pujol et al., 2014). They are preferred over mercury because
mercury is a toxic element.

Polymers on the surface of electrodes have been used for improving selectivity of the
electrochemical transducers. Basically, the modification of an electrode surface would involve
immobilizing of reagents onto its surface. The role of the immobilized material is to enhance

electrochemical properties of the bare electrode (Murray et al., 1987; Wang, 1991).

28



Table 2.1: A summary of some electrode modifiers.

No. | Electrode | Modifier LOD LOD Reference
(Cd) (Pb)
(ppb)
(ppD)
1. SPCE Bi film 0.34 0.03 Chenetal., 2013
2. SPCE Bi salts 1.1 0.9 Lezi et al., 2012
3. GCE Nafion/Graphene/Bi film 0.02 0.02 Li etal., 2009
4. Graphite rGO + Bi film 0.09 0.12 Pokpas et al., 2014
5. SPCE Bi2O3NPs 0.2 0.2 Riman et al., 2015
6. SPCE Bi NPs 1.7 1.3 Rico et al.,2009
7. Bi SPE Bi film 0.1 0.16 Sosa et al., 2014
8. SPCE Functional porous SiO> - 0.1 Sanchez et al., 2010
NPs
9. GCE Polymeric Thiadizole film | 0.05 0.3 Zhao et al., 2012
10. | CPE Cd(I1) ion imprinted 0.06 - Alizadeh et al., 2011
polymer
11. | GCE Graphene 1.08 1.82 Liuetal., 2014
12. | CNTs CNTs 2.2 0.6 Bui et al., 2012
film
13. | GCE MgSiOs Nanospheres 0.02 0.05 Xuetal., 2013
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Table 2.1 summarizes common electrode modifiers.

In this work, polyacrylic acid (PAA) was employed as a polymer of choice in the
development of the sensor under the study. Polyacrylic acid (PAA), a polymer, has ability to absorb
water and swells thus retaining the water (Liu et al., 2009; Tang et al., 2009; Nursel, et al., 2002).
As a result, PAA has found applications as a complexing agent for heavy metals and proved
effective. The applications are based on its ability to adsorb and retain water, dissolved substances
and heavy metal ions. The polymer adsorbs metal ions and swells up removing them from the
water or aqueous solutions (Elamathi et al., 2013; Magdy et al., 2012; Gerard et al., 2002; Elviraa

et al., 2002; Anamul Haque et al., 2012; Li et al., 2004; Bekiari et al., 2008).
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2.4 Heavy metal pollutants

Industrial and urban activities have led to increased pollution of the environment with
heavy metals being among the pollutants (Onyatta & Huang, 1999). As a result people are exposed
to elevated levels of the heavy metals (llaria et al., 2001). According to UNDP, 2006, millions of
people worldwide are exposed to dangers which come along with these contamination. Effective
tools which can detect and remove these metals have been implemented (llaria et al., 2001).
However, there is still need for tools which can detect low concentrations possibly to pico-molar
range; can be minimally affected by interferants, can do simultaneous analysis of a number of
analytes and most importantly are field deployable. In this work, our interest in the low
concentration was because heavy metals, overtime, bio accumulate to levels which are lethal to
the human health (llaria et al., 2001).

Heavy metals are metals with elemental densities above four grams per centimeter cubic
(4 g/lcm®). They are not easily broken down by microorganisms and are therefore retained in the
environment for longer time. It is therefore important to have the knowledge of the content of

these metals in various environmental matrices (Wang, 1985).

2.4.1 Sources of heavy metal pollutants

Heavy metal pollutants, also referred to as contaminants, are introduced to the environment
such waters by either anthropogenic (human) or natural activities. Globally, industrial activities
are known to contribute more to contamination of waters by heavy metal (Al-Musharafi et al.,
2014). The common ways in which the heavy metal contaminants get into the environment is
through waste disposal, fumes and exhausts from industries, corrosions, agricultural activities and

mineral exploitation among others. Mineral exploitation on the other hand contributes more to the
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waste disposal challenges. Through mining exploitations, a lot of waste materials and by- products
are produced. Heavy metals at mining sites are produced and carried to other sites through runoffs
and thus contaminating soil, waters and air as they are transported. Small particles are carried by
wind to other sites and where they get their way to water bodies. Fumes and exhausts produced as
a result of fossil combustions also results in small particles of the heavy metals which are carried
and spread to other sites. During rains, run off water washes the heavy metals off the soil and thus
gets their way to the water bodies. While in the water, the heavy metals or particles with adsorbed
heavy metals get to the bed of the water bodies where they settle over time as they get accumulated
as sediments. Some of the agricultural activities are source of the heavy metals includes use of
pesticides and fungicides and burning wood among others (Guha-Sapir et al., 2011).These heavy
metals gets into the food web through microorganisms that consume the sediments and ultimately
to the human beings getting in contact with contaminated water or food endangering their life.

Figure 2.4 summarizes common sources of heavy metal contaminants.
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Figure 2.4: Common sources of heavy metal pollutants (Source; Author, 2016)

2.4.2 Implication of heavy metals pollutants on human health

Heavy metals are responsible for emergence of many health conditions some of which have
no cure. Most of the diseases caused by the heavy metals are not detected in time for prevention.
Instead they manifest at late stages when little can be done to cure or prevent the disease. Some
heavy metals such lead exhibit toxic effects at any concentration (Jain, 1978; Otake, 1984; Pilsner,

2009). But others becomes dangerous to human health when there levels are elevated beyond
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acceptable levels. However, there is no level of exposure to heavy metals that can be considered
safe. This is because, the heavy metals have a tendency to accumulate in the human system over
time and may eventually exceed the acceptable levels. Thus, even those heavy metals that have a
role in human bodies may end up building up to levels that are lethal if they are continually
consumed.

The section below discusses health implications of some of the heavy metals; lead (Pb),
cadmium (Cd) and cobalt (Co). Detection of these three heavy metals in water was chosen for this
study because they are dangerous to human health and are widely used and thus readily available

in the environment.

2.4.2.1 Lead

Lead is the most common poisoning heavy metal available in the environment. It is
available in materials widely available in the environment and gets its way to our waters and thus
increasing human exposure (Shilu et al., 2000). It is considered as one of the most deadly
substances because of its potential to harm our bodies in any exposure to any amount (Landrigan,
1989). Lead is retained for a long time in human body organs especially the teeth and bones and
thus slowly weakening them out (Amitai et al., 1987; UNEP, 2008; Rosner & Markowitz, 1985;
Landrigan, 2002). While in our bodies, lead and calcium compete for the same location, that is
teeth and bones, as a result calcium is eventually replaced. A small portion of lead has ability to
replace a very large portion of calcium. This results in weak bones (osteoporosis) and damaged
teeth. Lead has high affinity over calcium binding sites. Thus calcium is unlikely to replace lead.
Lead poisoning also attacks the brain and the nervous system where it results in many dangerous

effects. Some are adversely affected and are often left with mental retardations and behavioural
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disruptions. Additionally, lead poisoning causes injuries that may lead to shorter attention span,
lack of cognition, hypertension, renal impairment and immunotoxicity among others. These
conditions are in most cases not treatable and may lead to loss of life (WHO, 2009; Gibson, 1904).

The intake of lead through drinking water and food is the most common route of exposure.
Once swallowed, the substance enters our bodies by absorption from the gastrointestinal tract
leading to lead body burden. Effects of lead exposure is more predominant in young children (EPA,
2002: Wu, 2008). This is because, children do not have safe blood lead level (Landrigan et al.,
2007; Basha, 2005).

Removing lead from our environment is the first step in treating these conditions. This is
important because the approach reduces the likelyhood of lead causing problems later.
Additionally, we need tools with excellent sensitivity for detecting the presence of lead in our
environment. Since lead is toxic at any level, there is need to develop tools which have capability
of detecting these metals even at very low concentrations. Currently, there exist several techniques
aimed at detecting and removing lead from aqueous solutions but not at very low concentrations

(WHO, 2010; WHO, 2009; Gibson 1904; Byers, 1943).

2.4.2.2 Cadmium

Cadmium is a natural element that is abundantly available in the environment and because
it does not corrode easily it has found many applications that includes use in the manufacture of
batteries, electroplating, pigment works, textile printing and in chemical industries and therefore
increasing exposure levels. The effects of cadmium are many but it has more effects on the kidneys,
the cardiovascular system and has a potential of causing cancer. Aging of the skin has also been

linked to cadmium poisoning. Cadmium also contributes to mental illness such violence, mental
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disorder and attitude. Cadmium is linked to many diseases such as kidney diseases, heart diseases,
and diabetes among others. Cadmium competes for locations with zinc in human bodies and thus
replacing zinc. Zinc is a major component of some critical enzymes. These includes enzymes that
are involved in activities enhancing food digestion, immune system and heart health (ATSDR,
2008; UNEP, 2008; IARC, 1992 & 1993; CSTEE, 2004; EFSA, 2009). Cadmium is very similar
to magnesium and calcium and thus affects biological activities that require magnesium and

calcium as well.

Cadmium is one of the heavy metals that has caused major health concerns. It has no role
in human bodies and is very toxic at low concentrations. While in the environment, it does not
break down and overtime it bio accumulate in organisms and ecosystems. Complex interaction of
the metal with biological systems is responsible for its carcinogenic effects. Cadmium follows
metabolic path ways of similar essential metals. Exposure to any amount of cadmium is toxic.

The main route of exposure for Cadmium is through ingestion of water and food (Friedberg
etal., 1971). While in the body, some of it is accumulated in the kidneys where it bio accumulates
over time giving rise to kidney damage (Tsuchiya et al, 1972). It destroys proximal tubules,
glomeruli, Henle’s loop and distal tubules in the kidney (Nandini et al., 2007; Friedberg et al,
1971). Most the metal remains in the plasma where it stays for few hours after administration
(Guha-Sapir et al., 2011; Kabata-Pendias et al., 2011; Environment Agency, 2009; Friberg et al.,
1986).

The concerns related to the toxicity of cadmium have led to a need for tools that have a
capability of detecting the presence of the metal in waters and other environmental samples at low

concentrations. Since the cadmium is toxic even at low concentrations, the tools should be able to
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detect it at trace levels. This will prevent consumption of much of the metals into our body systems

that poses health risks.

2.4.2.3 Cobalt

Studies have linked cobalt exposure to many health effects. The main route of exposure is
through water and food. Cobalt when leaked from industrial plants is settled on soils and
transported by water. While in the environment, cobalt is retained for longer periods of time just
like other heavy metals. And thus, cobalt cannot be destroyed in the environment. It is fairly
widespread in the environment and is almost contained in all land based deposits where it is
available in combination with other in elements such as nickel and copper. Major cobalt poisoning
occur when toxic levels of the metal build up in the body when exposed to higher concentrations.
However, there are reported cases of cobalt poisoning even at low concentrations due to nano
particles. Cobalt poisoning affects human beings, terrestrial and aquatic animals and plants (Holm-
Hansen et al., 1954; Hamilton, 1994; Bruland et al., 1991).

Cobalt is common in dust as it is readily available in the environment. It is possible to
inhale the dust laden cobalt. Once inhaled, it is effects are quickly felt. Mostly affected organs are
the respiratory tract system and the kidney. The cobalt poisoning is linked to fatal kidney problems
which are often from renal failure. Additionally, ingesting high amount of cobalt causes immediate

poisoning and damage to the liver and the kidneys.

The most common way human beings are exposed to excess cobalt is through drinking of
water which has been cobalt contaminated. A mount of cobalt absorbed into the blood system
depends on solubility of the particles. The cobalt will pass into the pass stream much faster if the

particles are dissolving faster and do not stay longer in the lungs. But if the particles are dissolving
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slowly, the cobalt will remain in the lungs for a longer duration and thus causing complications.
The cleansing of the particles from the body system will involve some of the particles leaving the
lungs. Not all the cobalt particles are may get out of the lungs, some may get their way into the

stomach.

Similarly, the major concern of cobalt is that it does not break down and will therefore
accumulates over time to levels that are toxic in the environment and thus potential exposure to
levels which are toxic. This therefore means there is need to keep monitoring levels of cobalt so
that it do not get to levels which are toxic. This calls for analytical methods for detection of this

metal so that human beings are not exposed to levels that have exceeded acceptable levels.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Chemicals and solutions

All the chemicals and acid used were of analytical grade quality and were used without
further purification. The chemicals used include; Poly(acrylic acid), 25 wt% solution in water,
Cobalt(1l) chloride (AR), cadmium nitrate (AR), lead nitrate (AR), acetic acid glacial (AR) and
sodium acetate anhydrous (AR) were from fisher scientific and were used as received. For
voltammetry, the electrolyte used was acetate buffer. Water was purified to specific resistivity >15

MQ cm. All other chemicals were reagent grade.

3.2 Apparatus

All the electrochemical experiments were performed with a CHI 1232B Electrochemical
Station (CH Instruments, Inc., USA). A three-electrode system (CH Instrument In., USA)
consisted of a modified glassy carbon working electrode with diameter of 3 mm, a platinum wire
auxiliary electrode and a Ag/AgCl reference electrode. A pH meter Bench — Model CyberScan pH
Tutor (Eutech Instruments) was used for all pH measurement. All experiments were carried out in
a 10.0 mL electrochemical cell at room temperature. All data were analyzed using Kaleidagraph

software, version 4.1.1.

3.3 Cleaning of the glassware
All the glassware used in this work were thoroughly cleaned by soaking them in nitric acid
and sulphuric acid mixtures for 48 h, followed by cleaning with detergent, ordinary water and

finally rinsing them with de-ionized water.
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3.4 PAA film preparation and optimization

Glassy carbon disk electrodes (3 mm diameter) were abraded on wet silicon carbide paper
(400 grit, Buehler) followed by (600 grit, Buehler) (Guto & Rusling, 2005). Rinsed in water, then
polished thoroughly with 0.05 micron micropolish (CH Instruments) slurry on a soft cloth before
sonicated in ethanol and distilled water for 3 min each to remove particles and other possible
contaminants (Guto & Kamau, 2010). The actual surface area was 0.071 cm?. Varying amounts of
freshly prepared 4 mM polyacrylic acid were deposited on the polished electrode and allowed to
react at room temperature for varying times. Then the electrodes were rinsed with de-ionized water

before use.

3.4.1 Procedure

All measurements were carried out in the differential pulse anodic stripping voltammetric
(DPASV) mode. The differential pulse stripping voltammograms were recorded from 0V to -1.45
V followed by a 10 sec rest period. Prior to the next determination, the modified electrode was

activated for 60 sec in a pH 6.0 acetate buffer to remove the previous deposits completely.

3.4.2 Electrochemical characterization of the PAA/GCE

Standard potassium ferricyanide solution was used to characterize the plain GC, Pt and Au
and PAA/GC, PAA/Pt and PAA/Au electrodes. Diffusion coefficients for the standard ferricyanide
redox couples were determined by cyclic voltammetry at the electrodes using Randles-Sevcik
equation. Then Nicholson method was used to calculate the rate constant (k). Anodic and cathodic
peak separations from a background subtracted voltammogram were used to evaluate y from

which k was obtained using the expression:
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Where Dy is the diffusion coefficient and a = nFv/RT (v being the scan rate).

3.5 Optimization of the sensor
The following conditions were optimized for the DPV-SV studies. Optimal conditions
were used for subsequent studies. 2 mM of Cd(ll), Pb(Il) and Cdll) ions were used for this

experiments.

3.5.1 Buffer pHs (acetate buffer)

A series of buffer pHs (2-12) were prepared by mixing appropriate ratios of 0.2 M Acetic
acid and 0.2 M Sodium acetate. Effects of pH on the peak currents of 2 mM Pb(I1), 2 mM Cd(ll)
and 2 mM Co(Il) at the PAA/GCE in acetate buffer of pH 2, 3,4, 5, 6, 7, 8, 9, 10, 11 and 12 values
were determined. The electrochemical responses of 2 mM Pb(ll), Cd(ll) and Co(ll) in acetate
buffer with different pH values at the PAA/GCE were studied by DPASV. To determine the

optimal buffer pH, a graph of Current against pH, was plotted.

3.5.2 Pulse amplitude
The effect of pulse height on the sensitivity of the stripping peak currents of Pb, Cd and
Co in acetate buffer, pH 6.0 containing 2 mM of Pb(Il), Cd(ll) and Co(ll) at the PAA/GCE, was

also checked using different pulse amplitude in the range of 10 to 100.0 mV.
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3.5.3 Deposition time

The Effect of the deposition time on the stripping peak currents of Pb(I1), Cd(1l) and Co(Il)
in acetate buffer, pH 6.0 containing 2 mM of Pb(ll), Cd(Il) and Co(ll) at the PAA/GCE, were
studied from O minutes to 12 min. To determine the best accumulation time, a graph of current

against time was plotted. The values were obtained from the voltammograms.

3.5.4 Pulse width

The influence of potential scan rate or (pulse width) on the peak current of Pb(Il), Cd(II)
and Co(ll) was also investigated in the range of 1 to 25 mV/s with optimum conditions. The pulse
width were gradually varied as follows; 0, 0.02, 0.04, 0.06, 0.08, 0.1 and 0.12. To determine the

optimal pulse width of the system, a plot of pulse width verse time was made.

3.5.5 Sampling widths
Differential pulse stripping voltammetric responses at the PAA/GCE in buffer pH 6.0
containing 2 mM Pb(Il), Cd(11) and Co(ll) were done by varying sampling widths: 0.005, 0.0067,

0.009, 0.02 and 0.03 sec were used for the study.

3.5.6 Pulse period

The influence of pulse period on the peak current of Pb(ll), Cd(Il) and Co(ll) was also

investigated in the range of 0, 0.2, 0.4, 0.6, 0.8, 1 and 1.2 sec.
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3.6 Sensor validation
3.6.1 Accuracy

The accuracy of an electrochemical sensor/method expresses the nearness between the
expected value and the value found. It is expressed by calculating the percent recovery (%R) of
the analyte recovered. In this case, to evaluate the accuracy of the developed electrochemical
sensor, successive analysis of three different standard concentrations of the analyte (Pb(l1), Cd(1l)
and Co(I1)) solutions were added to the samples in different experiments. The standard solutions
added were 50, 100 and 150% of the expected working sample concentraion. The data of the
experiment were statistically analyzed using equation 3.2 (Gumustas & Ozkan, 2011) to study the

recovery and validity of the sensor.

Recovered
Added

x100% 2

3.6.2 Precision

Precision of an analytical method is showing the closeness, matching or concordance
degree of a measurement series obtained from several samples derived from the same
homogeneous sample under specific conditions. Precision of the current method was considered
at repeatability level only. Analysis was done on ten identical samples (reference material of Pb,
Cd and Co standard solutions) and expressed as RSD% amongst responses using equation 3.3

(Gumustas & Ozkan, 2011).
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SD
Mean

RSD% = x100% 33)
3.6.3 Linearity, linear concentration range, limit of detection and limit of quantitation
Measurements of six replicates were made for the detection of Pb(ll), Cd(Il) and Co(ll)
with the concentrations varying from 2 mM to 0.1 nM each in the acetate buffer, pH 6.0 for 300
sec deposition time on PAA/GC electrode. The linearity of the sensor was evaluated by using
calibration curve to calculate coefficient of correlation, slope and intercept values. Based on three
times the standard deviation of the baseline (equation 3.4) (Gumustas & Ozkan, 2011; Analytical
Method Committee, 1988), the limits of detection (LOD) were estimated for Pb(Il), Cd(ll) and

Co(l).

3.8

CLOD -
(3.4)

While limit of quantitation (LOQ) being the lowest concentration of analyte that can be
measured in the sample at an acceptable level of accuracy and precision was calculated using the
standard deviation of the response and the slope method expressed as shown in equation 3.5

(Gumustas & Ozkan, 2011):

CLOQ = F (3.5)
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3.6.4 Effect of impurities

The effect of interference on the performance of the electrochemical sensor was evaluated
to ensure that there was no interference from other components present in the samples. This was
studied by adding the expected possible interferants like Cu?*, SOs%, K*, Na*, CI, NHs* and O,.
These interferants were added first independently, then in combinations and their effect on the

stripping currents of the analyte was monitored.

3.7 Determination of trace Lead (11), Cadmium (I1) and Cobalt (I1) in tap water using the
developed sensor

Tap water sample was collected from our research laboratory (Nairobi city, Kenya) for the
determination of Pb(I1), Cd(Il) and Co(ll). 3 mL of this water sample and 3mL of acetate buffer
(pH 6) were put into voltammetric cell. After the solution was de-aerated by purging with nitrogen,
Pb, Cd and Co heavy metals were analyzed at the following condition: Deposition potential: -0.8
V, Accumulation time: 300 sec, amplitude: 0.06 V, pulse period: 0.02 sec, pulse width: 0.01 sec
and sampling width: 0.0033 sec. After a rest period of 10 sec, the potential scan was started in the
anodic direction using the differential pulse mode. After the addition of 100 ul of the mixture
standard solution, the procedure was repeated three times. Voltammetric current readings were

taken and used for quantitative analysis.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Characterization of the working electrode

The typical electrodes and relevant electrochemical cell used in this research work were
standardized using potassium ferricyanide that gave well defined voltammograms as shown in
Figures 4.1 and 4.3. Cyclic voltammetry of potassium ferricyanide on all the electrodes used in
this work gave one reduction peak and one oxidation peak as it is evident in the Figures 4.1 and
4.3. It is interesting to note that the reduction and oxidation potentials for the plain electrodes
compares relatively well with those of polyacrylic acid modified electrodes. The slight difference,
particularly with respect to the shape of the voltammogram, can be attributed to the slight change
in the surface chemistry of the modified electrodes. The shape of the voltammograms, can be
attributed to many experimental factors. That is, it depends on how current is measured. Figure
4.1 shows a cyclic voltammetry of 1.0 mM potassium ferricyanide on plain glassy carbon electrode
at scan rate of 0.005 to 0.02 V/s and using an electrolyte of 0.1 M potassium chloride. Looking at
the three voltammograms, they appear to differ slightly. The oxidative and reductive potentials
have shifted to the positive values as the scan rate increased. Under similar conditions as it is
evident in Figure 4.3, similar observations were made with the glassy electrodes modified with the
polyacrylic acid.

This experiments for the characterization of the working electrode were important in that,
they led to the selection of an appropriate electrode for the construction of a sensitive sensor in
this work. It helped establish an electrode that gave optimal sensor sensitivity. In addition, they
ensured that the selected electrode for the sensor are stable and can be used to determine presence

of heavy metals in different matrices without losing its sensitivity. The characterization of the
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electrode gave information related to the selected electrode such as area and activity of the active

surface.
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Figure 4.1: Cyclic voltammetry of 1.0 mM potassium ferricyanide on plain glassy carbon
electrode at scan rate of 0.005 to 0.02 V/s.
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Current readings from the voltammograms in Figure 4.1 were taken and then plotted
against the square root of the scan rate. The purpose of the plot was to find out whether the system
is diffusion or adsopsoption controlled or both. As shown in Figure 4.2, the linearity indicates that

the electrochemical reaction is diffusion controlled.
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Figure 4.2: Plot of Current versus square root of scan rates on plain glassy carbon electrodes.
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Figure 4.3 shows a cyclic voltammogram of a similar experiment conducted using the

glassy carbon electrode with polyacrylic acid (PAA/GCE).
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Figure 4.3: Cyclic voltammetry of 1.0 mM potassium ferricyanide on polyacrylic acid/glassy
carbon electrode (PAA/GCE) at scan rate of 0.005 to 0.02 V/s.
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Now using the glassy carbon electrode modified at their surfaces with polyacrylic acid,
current readings were taken from the voltammograms in Figure 4.3 and then plotted against the
square root of the scan rate. Similarly, the purpose of the plot was to find out whether the
electrochemical reaction is diffusion or adsopsoption controled or both. As shown in Figure 4.4,
the linearity indicates that the electrochemical reaction for the modified electrode is diffusion

controlled as well.
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Figure 4.4: Plot of current (A) versus square root of scan rates on polyacrylic acid/glassy carbon
electrode (PAA/GCE).
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Following Randles-Sevcik equation 4.1 (Bard & Faulkner, 2004), plots of reduction
currents (ipc) versus the square root of scan rates (v*2) between 0.005 V/s and 0.1 V/s were made
as shown in Figures 4.2 and 4.4. Linear plots were obtained whose slopes were used to obtain the

diffusion coefficients on all the electrodes.

e = (2.69x10°)N*2CTAD A e, (4.1)

Where ip is the diffusion peak current, n is the number of electrons exchanged in the redox process,
C” is the concentration of potassium ferricyanide, A is the area of the electrode, D is the diffusion
coefficient and v is the scan rate. The linear plots obtained in Figures 4.2 and 4.4 indicates that the
electrode processes are all diffusion controlled. From Table 4.1, the diffusion coefficient (Do) for
Au was 0.000275x10'cm?/s while Au/PAA was 1.7910cm?/s. For Pt gave 0.0036810'cm?/s
while Pt/PAA afforded 0.01610"cm?/s. On the other hand, GC gave 0.00122107cm?/s while that
of GC/PAA was 0.0318107cm?/s. Overly, oxidation currents had higher Do values compared to

reduction currents.

Formal redox potential (E°) for a reversible system is taken to be the mid-point between
the reduction (Ec) and oxidation (Ez) potentials. As shown from Table 4.1, the E° obtained were
0.142 V for Au, 0.058 V for Au/PAA, 0.0567 V for Pt, 0.0168 V for Pt/PAA, 0.222 V for GC and
0.063V for GC/PAA versus Ag/AgCI. This data shows that the mid-point potential for the PAA

modified electrodes are more negative while those of plain electrodes were more positive.
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Table 4.1: Electrochemical parameters for the selected electrodes.

No. ELECTRODE E® (V) D¢, x1077 Da, x107 kO, x10°2 k%%, x1073
(cm?/s) (cm?/s) (cm/s) (cm/s)

1 Au 0.142 0.000275 0.0122 0.028 0.186

2 AU/PAA 0.233 1.79 6.57 3.87 2.02

3 Pt 0.0567 0.00368 - 2.35 -

4 Pt /PAA 0.0168 0.016 3.57 1.64 24.511

5 GC 0.222 0.00122 0.000781 0.0883 0.0705

6 GC/PAA 0.063 0.0318 7.07 9.074 135.38

D. = diffusion coefficient (cathodic); E® = formal redox potential and k°c = heterogeneous rate
constant (cathodic).
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Methods developed by Laviron (1979) and Hirst and Armstrong (1998) were applied to
compute the rate of electron transfer between the electrode and the analyte. By compensating for
the constant peak separations (AEp) at low scan rates, the resulting data for the electron transfer
between electrode and the diffusing analyte species were plotted. Assuming the electron transfer
coefficient to be o = 0.5, the apparent electrochemical electron transfer rate constants was
estimated (Feeney & Kounaves, 1998). The results obtained in Table 4.1 show that the cathodic
current ks value for the Au/PAA and GC/PAA modified electrodes were much higher by almost
100 times compared to plain Au and GC electrodes. The trend for Pt and Pt/PAA electrodes was

not clear. Overly, for anodic currents, the ks are highest in GC/PAA electrodes.

4.2 Optimization of the sensor

Sensor optimization is a process of maximizing or minimizing some functions of the sensor
or its components. This allows comparison of different choices for determing which might give
the best performance. Optimization of electrochemical sensor depends on the electrode material,
electrode surface modification, geometry of the electrodes and other conditions essential for
designing integrated system. In order to further improve sensitivity of the developed sensor, effect
of the a mount of polyacrylic acid, drying period of the polyacrylic acid film, stability of the
polyacrylic acid film on glassy carbon, pH buffer, deposition time, pulse amplitudes, sampling

width, pulse period and pulse width were systematically studied.

4.2.1 Effect of the amount of polyacrylic acid (PAA)
To investigate the effect of the amount of PAA on the stripping responses, different

amounts of the 4 mM PAA were deposited on the glassy carbon (GC) electrode. Voltammograms
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in Figure 4.5 shows the effects of varying PAA concentrations on peak currents of 0.5mM Pb(ll),
Cd(Il) and Co(ll) at the PAA/GC electrode. Increasing the amount of PAA on the GC electrode
caused the sensitivity to increase linearly up to 10 pL, whereas beyond 10 pL caused the sensitivity
of the electrode to decline due to the over-thick of the film, which hampered the electron transfer
between metal ions and base electrode and also increased the background current. Similar
observation was made by Tian et al., (2009) on MWCNTs-NADBS modified stannum film
electrodes. Therefore, 10 pL of the 4 mM PAA was used on the GC electrode surface in all

subsequent work.
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Figure 4.5: Effects of the PAA concentration on the peak currents of 0.5 mM Pb(ll), Cd(l1) and
Co(ll) at the PAA/GC electrode. Deposition potential: -0.8 V, Accumulation time:300
sec, amplitude: 0.06 V, pulse period: 0.02 sec, pulse width: 0.01 secand sampling
width: 0.0033 sec. The PAA amounts added were: B=2 pL,C=4uL,D = 7uL, E
=10 pL, F =13 pL of 4 mM PAA on GC electrode.
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To determine amount of polyacrylic acid on the surface of glassy carbon electrode that
enables the electrode to give maximum peak current, current readings were taken from the
voltammograms in Figure 4.5 and plotted against the amount (volume) of PAA as shown in

Figure.4.6.
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Figure 4.6: Plots of currents (uA) versus volumes (uL) of 4 mM PAA.
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4.2.2 Effect of the drying period of the polyacrylic acid film

The electrochemical responses of 0.5 mM Pb(Il), Cd(ll) and Co(ll) at the PAA/GC
electrode containing 10 pL of 4 mM PAA film drying times were studied by differential pulse
anodic stripping voltammetry (DPASV). The results are shown in Figure 4.7. It can be seen from
Figure 4.7 that the maximum peak currents for Pb(11), Cd(l1) and Co(ll) were obtained when the
films were dried for 20 min. There was no observable change in the current responses when the
PAA films were dried beyond 20 minutes. Consequently, a 20 min drying period was selected for

this work.
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Figure 4.7: Effects of drying time of 10 uL of 4 mM PAA on the peak currents of 0.5 mM Pb(ll),
Cd(1l) and Co(ll) at the PAA/GC electrode. Deposition potential: -0.8V, Accumulation
time: 300 sec, amplitude: 0.06 V, pulse period: 0.02 sec, pulse width: 0.01sec and sampling
width: 0.0033 sec. Drying time were: B=1min, C=5min, D =10 min, E =15 min, F
=20 min, G = 25 min of drying the PAA film on GC electrode.
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To determine the optimal drying period, current readings for Co(ll), Pb(11) and Cd(II) were
taken from the voltammograms shown in Figure 4.7 and plotted against drying period (mins) of
poly acrylic acid (PAA) on the surface of glassy carbon electrode. As indicated in Figure 4.8, the
developed sensor gave a high response (current ) and thus more sensitive at a 20 minute drying

period.
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Figure 4.8: Plots of currents (LA) versus drying time (min) of the PAA films.
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4.2.3 Stability of the polyacrylic acid film on glassy carbon

Stability of the polyacrylic acid film on glassy carbon electrode refers to the number of
times the sensor can be used while giving consistent results or performance within the universally
acceptable range. It also ensures that the sensor will remain unaffected by the surrounding
environment and assures that the results obtained by the sensor are true. The method to attach the
polymer film to be selected will depend on the type of film and thus determines the stability of the
film on the surface of the electrode. This ensures that the film remains on the surface of the

electrode for a longer period of time to giving the sensor the desired performance.

Under this study, the stability of the PAA/GCEs were tested for six weeks in a solution
containing 1.0 mM Pb(l1), Cd(I1) and Co(Il) dissolved in acetate buffer, pH 6. After six weeks, the
percentage decrease in the PAA film activity were 6.3% for Pb(ll), 4.8% for Cd(Il) and 17% for
Co(Il) as shown in Figure 4.9. Thus, the stability of the PAA/GCE is satisfactory. The small
decrease can be attributed to the fouling of the electrode surfaces. The mechanical robustness of
the PAA/GCEs is excellent compared to many of the reported polymer films in literature (Pujol et

al., 2014; Ali et al., 2014; Nourifard et al., 2015; Wang et al., 2001).
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Figure 4.9: PAA/GC electrode stability in 2 mL of 1mM Pb(ll), Cd(ll) and Co(ll) in acetate
buffer, pH 6. Deposition potential: -0.8 V, Accumulation time: 300seconds, amplitude:
0.06 V, pulse period: 0.02 sec, pulse width: 0.01 sec and sampling width: 0.0033 sec. The
films were dried for 20 min before investigating their stability.
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As per above results for the reduction of metal ions (Pb(I1), Cd(11) and Co(ll)) at modified

electrodes, the following scheme highlight the expected mechanism:

(MPso1. + (PAA)surt. —  (M?*-PAA)adsorh,  -==-=====mmm=mmmm- Pre-concentration step
(M?*-PAA)adsors. + 28 — (M°®, PAA)adsorb, -====-===========-~ Pre-concentration step
(M, PAA)agsorb. - 260 —  (PAA)suf. + (M?*)solssurf, =========-- Stripping step

Scheme 4.1: Mechanism on the electrochemical behavior of metals at the surface of PAA modified

electrode.

Where M is the metal and PAA is the polyacrylic acid. Subscripts “sol” is solution, “surf”
is surface, “adsorb.” is adsorbed and “sol/surf” is solution/surface. Comparing the differential
pulse anodic stripping voltammetric currents of the modified and unmodified electrodes observed
in both this work indicates that modification of the GC electrode with PAA caused easier and faster

charge transfer at the electrode surface.

4.2.4 Buffer pHs (acetate buffer)

The electrochemical responses of 2 mM Pb(ll), Cd(Il) and Co(ll) in acetate buffer with
different pH values at the PAA/GCE were studied by differential pulse anodic stripping
voltammetry (DPASV), and the results are shown in Figure 4.10. It can be seen from Figure 4.10
that the maximum peak current responses for both Pb(I1), Cd(1l) and Co(ll) were obtained when
pH was 6.0. When the pH value increased to 7.0 and above the peak current began to gradually

decrease. Consequently, a pH 6.0 acetate buffer was selected for this work. Note that the maximum
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peak current corresponds to high sensitivity. This therefore means that the sensor is more sensitive
at the selected pH value. This is evident in all the three heavy metals that were used to test

sensitivity of the developed sensor.
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Figure 4.10: Effects of pH on the peak currents of 2 mM Pb(ll), 2 mM Cd(Il) and 2 mM Co(ll) at
the PAA/GCE in acetate buffer of pH 2, 3, 4,5, 6, 7, 8,9, 10, 11 and 12 values.
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In Figure 4.10, we plotted a graph of current against buffer pH and the graph was used to determine

the optimal buffer pH for the developed sensor.

Figure 4.11 shows the differential pulse anodic stripping voltammetric responses of Pb(ll),
Cd(11) and Co(ll) at the GCE plain and PAA/GCE at pH 6.0. The optimal buffer pH value at 6.0
was used in all the subsequent studies. The response signals on the bare GCE were at potentials -
0.495 V for Pb(ll), -0.720 V for Cd(ll) and -1.215 V for Co(ll) while for PAA/GCE were at -0.480
V for Pb(ll), -0.745 V for Cd(Il) and -1.190 V for Co(ll). The peak potential maxima results
obtained have shown that the peaks for the different metal ions can be identified as Pb(Il), Cd(Il)
and Co(ll). With PAA/GCE, the stripping current peaks for Pb(Il), Cd(ll) and Co(ll) are
remarkably higher compared to plain GCE under similar conditions. This further indicate that the
PAA/GCE sensor can greatly promote the pre-concentration of Pb(Il), Cd(ll) and Co(ll) ions at
the electrode and significantly increase the sensitivity for the determination of Pb(Il), Cd(Il) and
Co(Il) ions. This indicates that PAA possibly increases the adsorption of metal ions onto the
electrode surface. Similar behavior was observed previously by Elamathi et al., (2013) and Magdy

etal., (2012).

Performance of the plain electrode with glassy carbon electrode with a film of polyacrylic

acid on its surface were compared. According to Figure 4.11 using differential Pulse Anodic

Stripping Voltammograms of 2 mM Pb(11), Cd(I1) and Co(ll) at pH 6 on Plain GCE and PAA/GCE
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there was a tremendous improvement for the sensor that had a film on it is surface.
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Figure 4.11: Differential Pulse Anodic Stripping Voltammograms of 2 mM Pb(ll), Cd(Il) and
Co(ll) at pH 6 on Plain GCE (Blue) and PAA/GCE (Red).
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4.2.5 Deposition time

Deposition time is the time the sensor is allowed to preconcentrate metal ions from the
solution and have them deposited on the surface of the electrode. Here, the metal ions extracted
from the solution are allowed to accumulate on the surface of the electrode where they form a layer
on top of each other. The deposition time of the metal ions allows the metal ions which exist in the
solution in small concentrations to build up to levels which are capable to be detected and give a
signal.

The effects of the deposition time on the stripping peak currents of Pb(1l), Cd(l11) and Co(ll)
were studied from 0 to 10 min and the results are shown in Figure 4.12. It can be seen from Figure
4.12 that the peak currents increased linearly from 0 to 5 min. As deposition time increased, more
and more metals accumulated at the surface of modified electrode, so the peak currents greatly
increased. However, when the deposition time was beyond 5 minutes, the peak currents started to
level off, indicating that the amount of metals at the electrode surface tends to saturation. In view
of both sensitivity and deposition time in this work, 5 min was selected as the optimal deposition

time.
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Figure 4.12: DPASVs - Effect of the deposition time on the peak currents of Pb(ll), Cd(ll) and
Co(ll) in acetate buffer, pH 6.0 containing 2 mM of Pb, Cd and Co at the PAA/GCE.
Deposition time: 0, 1, 2, 3,4,5,6,7,8,9, 10, 11 and 12 min.
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To determine the optimal depositional time that will give maximum current shown in
Figure 4.13, current readings were taken from the voltammograms in Figure 4.12 then plotted

against deposition time.
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Figure 4.13: Current versus Time: Effect of the deposition time on the peak currents of Pb(Il),
Cd(11) and Co(ll) in acetate buffer, pH 6.0 containing 2 mM of Pb(I1), Cd(Il) and Co(ll) at
the PAA/GCE. Deposition time: 0, 1, 2, 3,4, 5,6, 7, 8,9, 10, 11 and 12 min.
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4.2.6 Pulse amplitudes

Pulse amplitude refers to the height of a potential pulse. It determines the height of a current
peak. Larger pulse amplitude results in larger and broader peaks. This may be or may not be
constant depending upon the technique.

The basis of pulse techniques is the difference in the rate of the charging and the faradaic
currents following a potential step (pulse) and current is measured at the end of the potential pulse
allowing discrimination between faradaic and charging currents. The rate of decay of charging
current is considered to be faster compared to that of the faradaic current. It means the current
measured at the end of the potential pulse is that of the faradaic current.

The influence of pulse amplitudes on the peak current of Pb(ll), Cd(Il) and Co(ll) were
investigated by varying pulse widths in a range between 0.01 and 0.06 V with optimum conditions.
According to Figure 4.14 the optimal pulse width at 0.06 V gave maximum current and were

selected for subsequent work.
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Figure 4.14: Differential pulse stripping voltammetric responses at the PAA/GCE in buffer pH
6.0 containing 2 mM Pb(I1), Cd(I1) and Co(ll). Amplitudes: 0.01, 0.02, 0.03, 0.04, 0.05
and 0.06 V.
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4.2.7 Sampling widths

Sampling width is the time at which the current is measured after each application of the
potential pulse. This parameter defines the time required to have a potential cycle and it is therefore
important that this parameter is determined and specified.

Differential pulse stripping voltammetric responses at the PAA/GCE in buffer pH 6.0
containing 2 mM Pb(lIl), Cd(l1) and Co(ll) were studied by varying sampling widths from 0.005
to 0.03 sec. A sampling width at 0.0033 sec resulted in a highest response and was selected for

future work as it evident in Figure 4.15.
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Figure 4.15: Differential pulse stripping voltammetric responses at the PAA/GCE in buffer pH
6.0 containing 2mM Pb(I1), Cd(11) and Co(Il). Sampling widths: 0.005, 0.0067, 0.009, 0.02
and 0.03 sec.
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4.2.8 Pulse period

Pulse period is the time at the end of the pulse during which the current is measured. This
parameter is fixed prior to running the experiment.

The influence of pulse period on the peak current of Pb(ll), Cd(Il) and Co(ll) was also
investigated in the range of 0 to 1.2 sec. A pulse period of 0.02 sec gave maximum current and

was selected for subsequent work.
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Figure 4.16: Differential pulse stripping voltammetric responses at the PAA/GCE in buffer pH
6.0 containing 2 mM Pb(l1l), Cd(I1) and Co(ll). Pulse periods: 0.05, 0.06, 0.1 and 0.8 sec.
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4.2.9 Pulse width

Pulse width is the duration of the potential pulse. This parameter defines the time required
to have a potential cycle and it is therefore important that this parameter is determined and
specified.

The influence of potential scan rate or (pulse width) on the peak current of Pb(ll), Cd(ll)
and Co(ll) was also investigated in the range of 1 to 25 mV/s with optimum conditions. The pulse
width were gradually varied in the range of 0 to 0.12 sec. A pulse width at 0.01 sec gave the

maximum current and was selected for subsequent work.
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Figure 4.17: Differential pulse stripping voltammetric responses at the PAA/GCE in buffer pH
6.0 containing 2 mM Pb(Il), Cd(I1) and Co(ll). Pulse widths: 0.02, 0.03, 0.04, 0.05 and
0.06 sec.
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Table 4.2 shows optimal conditions obtained from the differential pulse anodic stripping
voltammograms obtained when the amplitude, sampling width, pulse period and pulse width were
varied. The best optimal conditions which provide the highest response currents and well defined

peaks are summarized in the table below.

Table 4.2: Optimal parameters for the simultaneous determination of Pb, Cd and Co on PAA/GCE
electrode.

PAA/GCE Electrode Optimal Parameter Determined
1. Deposition potential -0.8V

2. Accumulation time 300seconds

3. Amplitude 0.06V

4. Pulse period 0.02seconds

5. Pulse width 0.01seconds

6. Sampling width 0.0033seconds

7. pH 6.0

4.3 Results of sensor validation

Sensor validation involves assessment of the performance indicators which depend on the
type of the method used and the characteristic of the sensor. They require same validation studies
regardless of their application. The goal is to ensure they are suitable for their intended use. Some
of the sensor performance indicators include accuracy, precision, effects of impurities among

others.
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4.3.1 Accuracy

Accuracy of an analytical method is showing the closeness of the value accepted as
conventional true value or as reference value and the measured value (Thompson et al., 2002; De
Bievre et al., 2005; Chan et al., 2004; Riley & Rosanske, 1996; ICH, 2005). The accuracy was
evaluated by adding a known amount of pure active constituent to the known sample concentration,
then analysing the mixture and comparision of the obtained and the expected results. The

experimental results obtained and the calculated values are presented in Table 4.3.
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Table 4.3: The recovery values of the added analyte from spiked standard solutions of Pb(Il),

Cd(I1) and Co(ll) on PAA/GC electrode.

Sample Original Current Added Current  Found (mM) Recovery, %
(mM) (A) (mM) (A)
1.  Sample 3.0 2.16x10™ 2.5 1.82x10* 2.53 101%
(Pb)
3.0 2.16x10* 3.0 2.38x10™ 3.30 110%
3.0 2.16x10™ 3.5 2.70x10™ 3.75 107%
2. Sample 3.0 2.05x10™ 2.5 1.76x10* 2.57 103%
(Cd)
3.0 2.05x10* 3.0 2.15x10* 3.15 105%
3.0 2.05x10™ 35 2.38x10* 3.48 100%
3. Sample 3.0 2.79x10° 2.5 2.60x10° 2.79 93%
(Co)
3.0 2.79x10° 3.0 2.81x10° 3.02 101%
3.0 2.79x10° 3.5 3.40x10° 3.66 104%

Overly, the recovery degree obtained in this study were in the range of 101 to 110% for

Pb(I1), 100 to 105% for Cd(l1) and 93 to 104% for Co(ll). These lies between the imposed limits
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0f 90 t0 110% (Thompson et al., 2002; De Bievre et al., 2005; Chan et al., 2004; Riley & Rosanske,
1996; ICH, 2005). This indicates that the developed sensor is sensitive enough and accurate for

the determination of Pb(ll), Cd(Il) and Co(ll) ions in real samples.
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4.3.2 Precision

Precision of an analytical method is showing the closeness, matching or concordance
degree of a measurement series obtained from several samples derived from the same
homogeneous sample under specific conditions. Precision of the current method was considered
at repeatability level only. Repeatability is obtained when test/measurement is realized in one
laboratory, by one operator, using only one type of measuring equipment and only one method in
a short time period. Analysis was done on 10 identical reference material of Pb(Il), Cd(ll) and
Co(Il) standard solutions. Experimental and calculated results are shown in table 4.4. The precision
was found to be less than 10%. These were within the acceptable range (Thompson et al., 2002;
De Bievre et al., 2005; Chan et al., 2004; Riley &Rosanske, 1996; ICH, 2005).

Table 4.4: Experimental results and statistical calculated results obtained when for repeatability
on standard samples for Pb(I1), Cd(1l) and Co(Il) on PAA/GC electrode.

Calculated Statistical Pb Standard Cd Standard Co Standard
Parameter Sample Sample Sample
1. Number of replicate Sample 10 10 10
2. Average Value 4.18x10° 8.12x10° 2.24x10®
3. Standard Deviation (SD) 3.967x10° 5.802x10° 1.946x1077
4. RSD% 9.0% 7.0% 8.7%
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4.4 Calibration

Calibration are a set of operations that are aimed at providing corrections required to make
the sensor accurate at a time of their use to ensure that the sensor is giving accurate measurements.
It is a comparison with a known value resulting in determining corrections and the results of the
calibration may be used to adjust the sensor. Calibration of the sensor results in the determination

of range of values which will be used for the comparison to correct the sensor.

Calibration curves (plot of current against analyte concentrations) were plotted to
determine sensitivity (obtained from the slope of the graph) and detection limits of the sensor.
Figure 4.18 shows the DPASVs measured from the PAA/GCEs for the detection of Pb(Il), Cd(ll)
and Co(Il) with the concentrations varying from 2 mM to 0.9 nM each in the acetate buffer, pH
6.0 for 300 seconds deposition time. The calibration curves for the Pb(I1), Cd(Il) and Co(ll) are
linear in the range of 125 — 7.8 uM for Pb(I1), 16 — 2 uM for Cd(ll), and 2 — 0.125 mM for Co(ll)
as shown in Figures 4.19, 4.20 and 4.21. The detection limits of Pb(ll), Cd(Il) and Co(ll) were
found to be about 0.9 nM, 1.9 nM and 11.0 uM, respectively. Detection limits depends on the
background current exhibited by polyacrylic acid and importance of their estimation is to know
the least amount the sensor can detect (Grennan et al., 2006). The sensor showed increased

sensitivity resulting from the presence of polyacrylic acid on the surface of glassy carbon electrode.
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Figure 4.18: DPASVs of Cd(11), Co(Il) and Pb(I1) having concentrations of 2.0, 1.0, 0.5 and 0.125
mM from bottom to top, respectively, which were measured using PAA/GCE. Also
respective calibration curves for the determination of Cd(11), Co(ll) and Pb(l1) of different
concentrations are shown.
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Now using the modified electrode, we took current readings from the first voltammograms
in Figure 4.18 then plotted the current versus concentration. The purpose of the plot was to
determine the linear range for each of the heavy metals that were detected by the developed sensor.

Figure 419, shows the linear range for determination of Cd(ll) ions
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Figure 4.19: Calibration curve for the determination of Cd(Il) of different concentrations.
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Similarly, Figure 4.20 shows the linear range for determination of Co(ll) ions.
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Figure 4.20: Calibration curve for the determination of Co(ll) of different concentrations.
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Finally, Figure 4.21 shows the linear range for determination of Pb(ll) ions.
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Figure 4.21: Calibration curves for the determination of Pb(ll) of different concentrations.
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4.4.1 Linearity

Linearity of an electroanalytical method is a measure of how well calibration plot of
response versus concentration approximates a straight line. Linearity was checked by plotting a
response factor (RF) versus concentration. The RF is obtained as shown in equation 4.2 (Gumustas

& Ozkan, 2011).

intercept

_ Signal-y
Concentration (4.2)

RF

The changes in the RF factor for Pb(1l), Cd(Il) and Co(ll) were found to range from 1.5 to
2.5%. This was considered acceptable linearity (Thompson et al., 2002; De Bievre et al., 2005;
Chan et al., 2004; Riley & Rosanske, 1996; ICH, 2005). The linear range was observed to vary

from one metal to another.

4.4.2 Limit of detection
Limit of detection (LOD) is the lowest concentration level that can be determined to be
statistically different from a blank and with 99% confidence level. The LOD of the sensor is

typically determined to be in the region where the signal to noise ratio is greater than three.

Measurements were made for the detection of Pb(ll), Cd(Il) and Co(ll) with the
concentrations varying from 2 mM to 0.1nM each in the acetate buffer, pH 6.0 for 300 sec
deposition time on PAA/GC electrode. Based on three times the standard deviation of the baseline,
the limits of detection were estimated for Pb(ll), Cd(1l) and Co(ll). The limits of detection were

recorded in Table 4.5. They were found to vary from one metal to another.
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Table 4.5: The values of the LCR, LOD, LOQ, R? and regression equation of Pb(lII), Cd(ll) and
Co(Il) on PAA/GC electrode.

Analyte LCR LOD LOQ RE RZ(N = 6)

1. Pb 125 - 7.8uM 0.9nM 3.0nM  y=7.2625+421.32X 0.99964

2. Cd 16 — 2uM 1.9nM 6.3nM  y=2.4243+121.95x 0.99903

3. Co 2-0.125mM 11.0pM  36.7pM  y=28.346+75.089x 0.99794

LCR = Linear concentration range, LOD = Limit of detection, LOQ = Limit of quantitation, RE
= Regression equation. NOTE: Regression equation y = ba + a, y = i(4A), x = Conc, b =
Calibration curve slope, a = y-intercept.

Limit of quantitation (LOQ) being the lowest concentration of analyte that can be measured
in the sample at an acceptable level of accuracy and precision was calculated using the standard
deviation of the response and the slope method expressed as shown in equation 3.5 where the
voltammetric current “S” was estimated from six replicate determinations of the blank signals. The

linear calibration, concentration range, linear correlation coefficient, regression equation and

detection limits were investigated and summarized in Table 4.5.

4.5 Effect of impurities

Large numbers of easily oxidizable/reducible substances are normally present in most
natural samples. Serious interference in metal ion determination occurs when there is competitive
adsorption of the interferants into the polymer film(s) at uncontrolled concentrations. Possible
interferences arise when the foreign substances reduce/oxidize at potentials close to the target ions
and/or due to poor specificity of the adsorbing polymer film(s) on the electrode surface. The effects

of Cu?*, SO4%, K*, Na*, CI', NH4" and O foreign substances were tested in the determination of
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Pb(I1), Cd(Il) and Co(ll) heavy metals at concentrations exceeding 50 fold. These foreign
substances were found to have insignificant effect on the stripping current responses of the target
heavy metals. However, in case of trace levels of these heavy metal ions in less polluted natural

samples, their interference(s) will not be of paramount consequence (Wang et al., 2001).

4.6 Determination of Pb(11), Cd(l1) and Co(ll) in tap water sample

Tap water sample collected from our research laboratory (Nairobi city, Kenya) were used
for the determination of Pb(I1), Cd(I1) and Co(ll). The heavy metals were analyzed at the following
condition: Deposition potential: -0.8 V, Accumulation time: 300 sec, amplitude: 0.06 V, pulse

period: 0.02 sec, pulse width: 0.01 sec and sampling width: 0.0033 sec as shown in Figure 4.22.
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Figure 4.22: DPAS voltamograms of the Pb(Il), Cd(11) and Co(ll) obtained from standard addition
technique (A) 3 mL acetate buffer (pH = 6.0) + 3 mL tap water (B) A + 100 puL of 2 mM
standard solution of Pb(l1), Cd(Il) and Co(Il) (C) A + 200 pL of 2 mM standard solution
of Pb(II), Cd(I1) and Co(ll).

Current readings were taken from the voltammograms in Figure 4.22 and plotted against

the amount (volume) of added standard solutions as shown in Figure 4.23.
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Figure 4.23: The calibration plots of Pb(I1), Cdll) and Co(ll) were obtained from standard addition
by DPASV technique.

As can be seen from the Figure 4.23, the current peaks of Lead and Cadmium increased by
the addition of the standard solution. Under the optimal conditions established above, the
concentration of Pb(11), Cd(I1) and Co(ll) in tap water was found to be 0.008 mg L for Lead(ll)
and 0.001 mgL* for Cadmium(11). Cobalt(I1) was not detected in the tap water. These values are
within the limit values stipulated by WHO, EU and EPA (Table 4.6). In addition, the
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concentrations of Pb(Il) and Cd(ll) found indicates to “the first quality water” of the tap water
according to the inland water quality classification (WHO, 2003; Magdy et al., 2012; Bekiari et

al., 2008; Li et al., 2004).

Table 4.6: Pb, Cd and Co allowed limit values according to EU, WHO and EPA: (Nursel et al.,
2013; Yayintas et al., 2007; Tang et al, 2009) and the found value of Lead, Cadmium and Cobalt
heavy metals in tap water of Nairobi City (Kenya)

Heavy Metal WHO EPA EU Values obtained
(mg/L) (mg/L) (mg/L) (mg/L)

Pb 0.01 0.015 0.01 0.008+0.001

Cd 0.003 0.005 0.005 0.001+0.0002

Co 0.05 - - Not found

*WHO: World Health Organization, EPA: Environmental Protection Agency, and EU: European
Union.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

A simple differential pulse anodic stripping (DPAS) voltammetric sensor based on
polyacrylic acid/glassy carbon electrode (PAA/GCE) has been developed for the simultaneous
determination of Pb(I1), Cd(Il) and Co(ll) ions. Electrochemical characterization of the Polyacrylic
acid/Glassy carbon electrode (PAA/GCE) using potassium ferricyanide standard revealed that the
diffusion coefficients (Do) for the PAA/GC electrode was 0.0318x10°" cm?/s and for GC plain
electrode was 0.00122x10" cm?/s. The apparent electrochemical electron transfer rate constants
(k%) were 9.074x107 cm/s and 0.0883x10- cm/s for PAA/GC and GC plain electrodes respectively.
Comparison of the Do and k° for the modified and unmodified electrodes indicates that
modification of GC electrode with PAA led to easier and faster charge transfer at the electrode
surface.

The optimal conditions for the DPAS voltammetry found were: Deposition potential: -0.8
V, Accumulation time: 300 sec, amplitude: 0.06 V, pulse period: 0.02 sec, pulse width: 0.01 sec,

sampling width: 0.0033 sec and pH: 6.0.

This DPASV sensor has been validated according to ISO/IEC 17025 with respect to
accuracy, precision, linearity, range and limits of detection and quantification. The detection limits
of Pb(I1), Cd(Il) and Co(ll) were found to be about 0.9 nM, 1.9 nM and 11.0 uM while limits of

quantification were 3 nM, 6.3 nM and 36.7 UM respectively.

This electrochemical sensor successfully determined Pb(ll), Cd(ll) and Co(ll) ions

simultaneously in tap water. In summary, this sensor provides accurate, reliable and consistent
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results for the simultaneously determination of Pb(ll), Cd(Il) and Co(ll) heavy metals in waters

and possibly other environmental and clinical samples.

5.2 Recommendations

It is recommended that further studies on the application of the sensor be expanded to heavy
metals in other samples for instance wastewater, geological samples, soil samples, air samples,
clinical samples and related environmental samples. Further studies are also recommended on the
characterization of the Polyacrylic acid/Glassy carbon (PAA/GC) electrode with atomic force
microscopy (AFM), scanning electron microscopy (SEM), tunneling electron microscopy (TEM)
and Raman resonance spectroscopy (RRS). This information will be helpful in elucidating the
actual mechanism by which the current film enhances the rate of electron transfer at the electrode
interface. Finally, it is recommended that further studies on other types of polymers that can be
employed either singly or in combinations aimed at developing a more sensitive sensor capable of

detecting wide variety of pollutants.
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