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ABSTRACT
Polyaromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants that have
been shown to be teratogenic, mutagenic and carcinogenic and pose serious threats to
the health of aquatic and human life. Several methods have been developed for their
determination such as immunoassay, gas chromatography and high performance
liquid chromatography (HPLC) in combination with fluorescence or absorbance
detection. However, these methods are known to manifest underlying disadvantages
such as complicated pretreatment, high costs and time consuming processes. In this
work, a simple, less time consuming electrochemical method in the form of an
electrochemical sensor has been developed for the detection of PAHs. The sensor was
fabricated by the deposition of silver-gold (1:3) alloy nanoparticles (Ag-AuNPs) on
ultrathin overoxidized polypyrrole (PPyox) film which formed a PPyox/Ag-AuNPs
composite on glassy carbon electrode (PPyox/Ag-AuNPs/GCE). The silver-gold alloy
nanoparticles deposited to form the composite were chemically prepared by

simultaneous reduction of silver nitrate (AgNOs3) and chloroauric acid (HAuCly) using

sodium citrate and characterized by UV-visible spectroscopy technique which
confirmed the homogeneous formation of the alloy nanoparticles. Transmission
electron microscopy showed that the synthesized nanoparticles were in the range of
20-50 nm. The properties of the composite formed upon deposition of the
nanoparticles on the PPyox film were investigated by electrochemical methods. The
PPyox/Ag-AuNPs/GCE sensor showed strong catalytic activity towards the oxidation
of anthracene, phenanthrene and pyrene, and was able to simultaneously detect
anthracene and phenanthrene in a binary mixture of the two. The catalytic peak

currents obtained from square wave voltammetry increased linearly with anthracene,

phenanthrene and pyrene concentrations in the range of 3.0 x 10° to 3.56 x 10™ M,
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33x10°t02.83x 10° M, 3.3 x 107 to 1.66 x 10™* M and with detection limits of

0.169 uM, 1.59 uM and 2.70 uM, respectively. The PPyox/Ag-AuNPs/GCE sensor is
simple, has antifouling properties and is less time consuming with a response time of

4s.
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CHAPTER 1

1.0 INTRODUCTION

1.1 Background.

The quality of the environment is one of the key parameters that determine the life
expectancy of human beings as well as the other living organisms. Interfering with the
environment by means of contaminating it affects in one way or the other the life
expectancy of the living organisms. The environment is contaminated through a
process called pollution which is defined as the introduction of contaminants into the
environment that causes instability, disorder, harm or discomfort to the ecosystem.
This can be through air, water or soil pollution. Air pollution, both indoors and
outdoors, is a significant cause of health problems worldwide. Urban and rural
outdoor environment contains infections, allergens, irritants and chemical toxins that
reduce the quality of life and causes diseases. These pollutants shorten the life span of
people. Consequently, water pollution is a great threat to the life of human beings as
well as other organisms. It has been suggested to be the leading world wide cause of
death and diseases and that it accounts for the death of more than 14,000 people daily
[1]. This pollution occurs through the passage of domestic wastes as well as industrial
wastes such as oil, grease, and volatile organic compounds into the water bodies.
Moreover, soil pollution is caused by the presence of man-made chemicals or other
alteration in the natural soil environment. This contamination typically arises from the
rupture of underground storage tanks, application of pesticides, and percolation of
contaminated surface water to subsurface strata, oil and fuel dumping, leaching of

wastes from landfills or direct discharge of industrial wastes to the soil.



Since the publication of Rachel Carson’s silent spring [2], there has been concern that
chemicals in the environment might exert profound and deleterious effects on wildlife
population, and that the human health is extricably linked to the environment.
However, the most common chemicals that cause great harm to the environment are
petroleum hydrocarbons, solvents and pesticides. Due to the dangers associated with
the pollution of the environment, it is of paramount importance to identify the specific
causes of the pollution, the pollutants, and their specific composition in the
environment. This calls for the development of fast and sensitive methods for
monitoring the type of pollutants and the proportional amount of the pollutants in the
environment. For this reason, the development of procedures for the extraction,
determination and analysis of environmental pollutants has been one of the most
important objectives of global research efforts today [3]. Some of the major
environmental pollutants that require constant monitoring due to their environmental
toxicity are the polyaromatic hydrocarbons (PAHs). They are chemical compounds
that consist of aromatic rings and do not contain heteroatom or carry substituents [4].
They occur in oil, coal, and tar deposits and are produced as by-products of fuel
burning (whether fossil fuel or biomass). As pollutants, they are of great concern
because some of them have been identified to be carcinogenic, mutagenic and
teratogenic. They are released into the air through burning of fuel or carbon
containing compounds such as wood thus acting as air pollutants. Consequently, once
oil and petroleum fuel spill to the water bodies they act as sources of PAHs which

pollute water and soil.

Contamination of the environment is thus a global problem [3], especially the

presence of PAHs in the environment as a result of their high levels of toxicity,



persistency and environmental prevalence [5]. Thorough research has been done on
the causes, methods of determining and the maximum amount of PAHs that is
allowed in the environment. In connection to this, the governments and environmental
scientists around the world have begun screening and controlling them so as to reduce
and restrain their risk to people and the environment. In fact, recent studies have
focused on developing methods for monitoring traces of PAHs [6-9]. However, these
studies have been limited to 16 PAHs, designated as priority pollutants by the United
States Environmental Protection Agency (US EPA) [10]. In view of this, this work
aims at developing a cheap and less time consuming electroanalytical method for the
determination of anthracene, phenanthrene and pyrene which are some of the
carcinogenic PAHs and that have been designated to be among the priority pollutants
by the United States Environmental Protection Agency (US EPA). Since PAHs are
made up of benzene rings and are easily oxidized at high potentials, the method
employed involves the use of an electrochemical method, in form of an
electrochemical sensor based on silver-gold alloy nanoparticles/overoxidized-
polypyrrole composite. The composite is used to modify glassy carbon electrode and
through the application of positive potentials, the specific PAHs are oxidized at
specific potentials hence making them to be identified and determined. The silver-
gold alloy nanoparticles act as electro-catalysts and aid in electron transfer during the
oxidation process while the overoxidized-polypyrrole possess nanopores and create

room for the deposition of the nanoparticles and prevent electrode fouling [11].



1.2 Problem statement.

The public concern about the presence of PAHs in the environment and their possible
toxic effects such as being carcinogenic, mutagenic and teratogenic calls for the
development of precise, accurate, cheap and less time consuming methods for
identifying and quantifying them. Majority of the methods reported for the
determination of PAHs involve the use of immunoassay, gas chromatography and
high performance liquid chromatography (HPLC) with UV-vis absorbance or
fluorescence, and capillary electrophoresis (CE) equipped with laser-induced
fluorescence. These conventional methods allow high accuracy and low detection
limits. However, the drawbacks of these methods although the most accurate, are that
they are expensive, time consuming, require large sample volumes as well as large
amount of organic solvent with separation and extraction procedures, and must be
undertaken by an analytical chemist in a dedicated analytical laboratory. Moreover,
electrode fouling offers a great analytical challenge during the determination of these

PAHs.

In view of these analytical challenges, the silver-gold alloy
nanoparticles/overoxidized-polypyrrole composite based electrochemical sensor
developed in this study provides an easy, cheap, less time consuming and electrode

fouling free method for the determination of PAHs.



1.3 Rationale and Motivation.

As a result of the above mentioned environmental effects caused by the presence of
PAHs in the environment and the regulations attached to the maximum tolerated level
for PAHs in the environment, there is the need to monitor the types of PAHs and their
levels (compositional proportion) in the environment. Certain guidelines have been
set by certain world organizations concerning the pollutants found in water and soil
such as PAHs. In drinking water, the world health organization (WHO) has
recommended concentration of lower than 15 ng/L for each PAH and 700 ng/L for
benzo(a)pyrene (B[a]P) [12]. However, it has been recommended that drinking water
samples containing around 8 PAHs, the concentration level should be less than 200
ng/L [13]. According to Kabzinski et al., [13] the concentration of PAHs in surface
water range from 0.1 — 830 ng/L and should not exceed that limit. In rain and snow,
the concentration of all 16 PAHs has been found to vary between 500 to 20,000 ng/L.
However, the concentration of PAHs in waste water and lakes can increase more than
100 times in comparison to the recommended maximum amount of PAHs in drinking
water [13]. In soils, PAHs concentration should not exceed 1 pg/g [14]. Several
methods for analysis and determination of PAHs have been reported. These methods
include immunoassay [15], gas chromatography [16] and high performance liquid
chromatography (HPLC) wusing UV-vis absorbance [17-18] and capillary
electrophoresis (CE) equipped with laser-induced fluorescence [19]. However, these
methods are known to manifest underlying disadvantages such as complicated
pretreatment, high costs, and time consuming processes. Recent studies have shown
that electrochemical methods are inexpensive, simple, and effective, have a high
electrochemical detection and are less time consuming [20-21]. The ability of PAHs

to be electrochemically oxidized forms the basis of electrochemical detection



methods. On application of potential, the electrocatalytic oxidation of PAHs is usually
accompanied by generation of current. This current is proportional to the amount of
the specified PAH under investigation. Consequently, by monitoring this current, the

amount of the PAH under study can be inferred.

It has been found that bare electrodes such as glassy carbon electrodes, platinum
electrodes and gold electrodes were able to oxidize the monitored PAHs [22]. Roman
et al. [22] showed that naphthalene and acenaphthalene were able to be oxidized by
bare glassy carbon electrodes and platinum electrodes. However, the immobilization
of nanoparticles on the surface of the electrodes has been found to increase the
effective surface area of the electrodes, thus enhancing the peak current leading to an
increase in their sensitivity. Consequently, the use of bimetallic nanoparticles have
been reported to have higher catalytic properties compared to their corresponding
monometallic nanoparticles due to their increased surface area [23]. However, a great
challenge of electrode fouling is observed during the oxidation of PAHs. This calls for
the use of polypyrrole polymer which prevents electrode fouling. It is worth noting
that over oxidizing the polypyrrole creates some nanopores on the surface of the
polymer thus creating room for the deposition of the nanoparticles [11]. Thus, the
fabrication of an electrochemical sensor based on overoxidized-polypyrrole and
silver-gold bimetallic alloy nanoparticles presents a novel, simple, cheap, less time
consuming, electrode fouling free and environmentally friendly method of detecting

the highly carcinogenic PAHs.



1.4 The aims and objectives of the research.

The project will investigate the electrocatalytic behaviour of silver-gold alloy

nanoparticles and the antifouling properties of overoxidized-polypyrrole towards the

oxidation of PAHs.

The objectives of the study are:

)

2)

3)

4)

5)

6)

7)

To chemically synthesize silver-gold alloy nanoparticles.

To characterize the synthesized alloy nanoparticles by UV-Visible
spectroscopy, fluorescence spectroscopy, transmission electron
microscopy (TEM), electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV).

To electrochemically synthesize polypyrrole and investigate its
electrochemical properties.

To electrochemically overoxidize the synthesized polypyrrole.

To develop silver-gold alloy nanoparticles/overoxidized-polypyrrole
composite on glassy carbon electrode (GCE) surface.

To study the electrochemical properties of the composite.

Apply the fabricated electrochemical sensor in the detection of PAHs.

In this study, a simple cheap and less time consuming procedure for preparing silver-

gold alloy nanoparticles/overoxidized-polypyrrole composite based sensor for novel

detection of anthracene, phenanthrene and pyrene is described. Pyrrole monomer

doped with 0.1 M LiClO4 was polymerized on glassy carbon electrode (GCE) to form

polypyrrole modified glassy carbon electrode (PPy/GCE). The polypyrrole was then

overoxidized in 0.1 M NaOH at positive potentials (1.0 V) for 420 s. Overoxidation of



the polymer is accomplished by a loss of conjugation, electronic conductivity and
dedoping with a net electronegative character imparted to the polymer film. Hence,
the small doping anions ejected from the overoxidized film, creates a porous structure
on the electrode. This creates room for the deposition of the nanoparticles. The
immobilization of the silver-gold (1:3) alloy nanoparticles on the overoxidized-
polypyrrole leads to the formation of silver-gold alloy nanoparticles/overoxidized-
polypyrrole composite (PPyox/Ag-AuNPs/GCE) which is thus used as the

electrochemical sensor for the detection of anthracene, phenanthrene and pyrene.



1.5 Research framework.

In line with the study objectives and the experimental procedure, the research

framework is shown on the scheme below.

Characterization.
-CV

-—

Scheme 1. Research framework.



1.6 Outline of the thesis.

The thesis will be presented as outlined briefly below:

An introduction giving various issues especially pollutants that affect human life and
which require continuous monitoring are raised in this chapter. Polyaromatic
hydrocarbons (PAHs) as one of the pollutants, their sources and their side effects are
briefly highlighted in this chapter. Various methods used in the determination of
PAHs are briefly discussed and the need for the use of electrochemical methods for
the determination of PAHs is mentioned in this chapter. The objectives of this study

are also stated in this chapter.

A literature review relating to the definition and sources of PAHs, their formation,
properties, toxicity, how they are exposed to humans and the various methods used in
their detection will be presented in chapter 2. This chapter will also cover a brief
introduction to conducting polymers and polypyrrole as one of the polymers as well
as the use of nanoparticles in the development of sensors. Characterization
techniques, mainly cyclic voltammetry (CV), square wave voltammetry (SWV),
electrochemical impedance spectroscopy (EIS), UV-visible spectroscopy,
fluorescence spectroscopy, and transmission electron microscopy (TEM) will be
discussed in this chapter. In chapter 3, information on the chemicals used,
instrumentation and preparation procedures will be discussed. The chapters 4 and 5
will present results and discussion, chapter 4 will mainly present and discuss the
characterization of the synthesized silver-gold (1:3) alloy nanoparticles, overoxidized-
polypyrrole and silver-gold alloy nanoparticles/overoxidized-polypyrrole composite.

Chapter 5 will present and discuss the electrochemical sensor response to some

10



monitored PAHs. It is also in this chapter that a detailed description of the sensor and
its analytical characteristics such as stability, detection limit, linear range and

reproducibility will be discussed. The final chapter, 6 will present the conclusions.
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CHAPTER 2

2.0 LITERATURE REVIEW.

2.1 Polyaromatic hydrocarbons (PAHs).

2.1.1 Definition and sources of PAHs.

Polycyclic aromatic hydrocarbons (PAHs) also known as polyarenes are a diverse
group of organic compounds composed of hydrogen and carbon atoms arranged in
two or more fused benzene rings. They are widespread ubiquitous environmental
contaminants of anthropogenic or natural origin usually occurring in mixtures. The
natural sources of PAHs include natural fires, volcanic eruptions, thermal geological
reactions etc. [24]. Anthropogenic sources are the major sources of PAHs and this
include fuel oil or gasoline spills, natural seeps as well as the combustion of fossil
fuels such as coal, oil, and natural gas. The main source of PAHs is the incomplete
combustion of coal, oil and petrol as well as in processes involving the petrochemical
industries. They can also be found airborne, in the gas phase or adsorbed to airborne
particles, in aqueous phases, such as groundwater, wastewater or drinking water, and
adsorbed to solids in soil or sediments [25]. Crude oil and coal have also been
identified as sources of PAHs. The adverse effects of PAHs are as a result of their
persistence, hydrophobic character, bioaccumulation and carcinogenic properties.
Hence, due to their ubiquitous distribution, PAHs detection in water and soils has
arose a lot of concern and thus of ongoing interest to analytical chemists. They are
emitted in the atmosphere, adsorbed to particles, and may then be transported over

long distances [25]. According to Voogtp et al., [26] an estimated total input of
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230,000 metric tons of PAHs is released annually to the aquatic environment. This is
mainly from spillage of fuels such as petroleum, oil and coal products causing a threat
to the aquatic life. Djomo et. al. [27] showed that PAHs have adverse toxic effects on

green alga and scenedesmus subspicatus once released into the aquatic environment.

2.1.2 Formation of PAHs.

PAH is a name commonly used to refer to numerous benzene rings connected to one
unit which can either be fused in a linear, angular, or clustered arrangement. The
simplest example is naphthalene having two benzene rings side by side while others
vary from two, three and more fused aromatic rings. The carcinogenic and mutagenic
potential of some of the PAHs and their ubiquity in the environment led to the
inclusion of 16 PAHs compounds in the list of priority pollutants in waste water
published by the United States (US) Environmental Protection Agency (EPA) 1984
[25, 28] and later adopted by the US government in 1988. Some of the 16 US EPA

priority PAHs are shown in Figure 1.

13



Naphthalene Anthracene Phenanthrene Benzo (a) anthracene
sel¥~ sopes
oo O T O
Benzo (a) pyrene Acenaphthylene Chrysene Pyrene
( ®
n aR LD O
Fluorene Fluoranthene Acenaphthene Benzo[k]fluoranthene
(O =
oy
O o U6
Benzo[b]fluoranthene Benzo[g,h,i]perylene Indeno[1,2,3,-cd]pyrene
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Figure 1. The chemical structure of some common 16 US EPA priority PAHs.
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PAHs are formed during organic combustion processes without sufficient amounts of
oxygen present (pyrolysis) and are found as a mixture of individual compounds [29].
The formation of PAHs can occur when parts of the fuel’s polycyclic hydrocarbon
backbone does not completely decompose or through high temperature processes of
smaller alkanes clustering together to form aromatic compound. Due to the toxicity,
persistency and environmental prevalence of PAHs [5], they have been thoroughly
studied. However, these studies have been limited to the above mentioned 16 PAHs,
designated as priority pollutants by the United States Environmental Protection

Agency (US EPA).

2.1.3 Properties of PAHs.

PAHs are grouped into two categories based on their molecular structure. Those with
up to four rings and below, belong to low molecular weight (LMW) while those with
more than four rings are high molecular weight (HMW). PAHs containing three or
less benzene rings (LMW) have a high vapour pressure and can normally be found in
the gas phase [25]. They are semi-volatile and exist in the atmosphere partly as
vapors, which are highly susceptible to atmospheric degradation processes. The semi-
volatile property of PAHs makes them highly mobile through out the environment via
deposition and re-volatilization between air, soil, and water bodies. They are thus
considered a regional pollutant. HMW PAHs are less volatile and condense on soot
particles formed during combustion, are primarily associated with particles in the
atmosphere and water and are less available for degradation [25]. PAHs are less
oxidized in the atmosphere due to their ability to condense on particles and this
enhances their transportation over long distances in the atmosphere and hence causes

them to be ubiquitous in the environment. They accumulate in the environment
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because they are thermodynamically stable compounds as a result of their large
negative resonance energies; have low aqueous solubility, and adsorb to soil particles.
Because of these reasons, PAHs do not readily undergo natural environmental
processes including biodegradation. Therefore, PAHs persist for long periods under
many natural conditions in the contaminated environment [30].They are insoluble in
water but readily solubilize in organic acids and solvents implying that in aqueous
environment, they are found adsorbed on particulates. This is supported by Quantin et
al., [31] who argues that PAHs have high boiling points, are very lipophilic and are
hard to dissolve in water. As a result of their hydrophobicity and recalcitrance, they
accumulate in sediments in high concentrations. The low molecular weight PAHs are
more water soluble and volatile than the higher molecular weight compounds since
solubility of PAHs in water is inversely proportional to the number of rings they
contain. For example, three- ring PAHs tend to be more water soluble than the five-
ring compounds [32]. Due to their high partition coefficients and low water solubility,
these compounds can strongly adsorb on to the surface of porous media, such as
sediments and ground water [33-34]. In addition, the aqueous concentrations of PAHs
in the contaminated environments can accumulate at higher concentrations in the
presence of other organic compounds [35]. Mackay and Gschwend [35] showed that
concentrations of PAHs in groundwater at a coal tar site were elevated by factors of 3-
50 over purely dissolved concentration in water. These elevated concentrations of
PAHs could enter into human body via food webs, and cause hazards to human
health. Therefore, the investigation of concentration and distribution of PAHs in the
environment provides a valuable record for clinical diagnosis, risk assessment, and

the development of pre-warning system.
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2.1.4 Characteristics of some of the monitored PAHs.

2.1.4.1 Phenanthrene (PHE).

Phenanthrene is a polycyclic aromatic hydrocarbon (PAH) composed of three fused
benzene rings and with the chemical formula, C4H. It is a colorless, crystal- like
solid but can also look yellow as well as a white powder and has a bluish
fluorescence. It is derived from coal tar, melts at 99 °C, boils at 340 °C and is
insoluble in water but soluble in most organic solvents such as toluene, carbon
tetrachloride, ether, chloroform, acetic acid, acetonitrile and benzene. It is a composite
of phenol and anthracene [36] and its oxidation reactions occur at the 9 and 10
positions to form phenanthrenequinone. The structure of phenanthrene is shown in

Figure 2.

Figure 2. Structure of phenanthrene.

One of the most common ways through which phenanthrene gets into the body of
human beings is through the breathing of contaminated air. This can be either through
breathing it or working in a hazardous waste site where PAHs are disposed. Eating
food or drinking water that is contaminated with PAHs can also lead to the exposure

of the body to phenanthrene. Exposure to phenanthrene can also occur if ones skin
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comes into contact with contaminated soil or products like soils, coal, coal tar, roofing
tar or creosote where PAHs are found [37]. It has also been found that breathing
cigarette and tobacco smoke, eating foods grown in contaminated soils or eating
grilled meat can expose one to phenanthrene [37]. Once it gets into the body, it
spreads and targets the fat tissues. The major target organs in the body include the
kidneys and the liver. However, in a matter of days, it leaves the body through urine
and feaces [37]. It has been identified as one of the priority pollutant by the United

States Environmental Protection Agency (USEPA) [38].

Other sources of PHE include incomplete combustion of fossil fuels, vehicular
emissions, municipal incinerators and coke plants. Oil and petrol spillage into water
bodies also results in the release of PHE to the environment [39-41]. It is widely
distributed throughout the environment and is one of the most frequent and abundant

PAHs found at contaminated sites [42].

2.1.4.2 Anthracene (AN).

It is a colorless solid polycyclic aromatic hydrocarbon consisting of three fused
benzene rings derived from coal-tar or other residues of thermal pyrolysis. It has the
chemical formula Ci4H;o and has been identified in surface and drinking water,
ambient air, smoke of cigarettes and cigars, foods, honey and edible aquatic
organisms. This compound comes originally from both natural and anthropogenic
sources involving incomplete combustion, aluminum smelting or the spillage of fossil
fuel. Most people are exposed to anthracene through some of the foods they eat.
Evidence indicates that anthracene is absorbed following oral and dermal exposure

[43]. Oil and petrol spillage into water bodies also results in the release of anthracene
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in to the environment [43]. Its determination is vital due to its acute toxicity. Its

structure is shown in Figure 3.

Figure 3. Structure of anthracene

2.1.4.3 Pyrene (Py).

Pyrene is a colorless solid and a highly toxic polyaromatic hydrocarbon consisting of
four fused benzene rings, resulting in a flat aromatic system. It has the chemical
formula C,yH;, and is formed during incomplete combustion of organic compounds.
It gets into the bodies of organisms through breathing contaminated air. Eating food
and drinking water that is contaminated with PAHs may also lead to its exposure [43].

Its structure is shown in Figure 4.

Figure 4. Structure of pyrene
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2.1.5 Toxicological effects of PAHs.

2.1.5.1 Toxicity of PAHs.

PAHs have been reported to cause a decrease in body weight, enlarge liver with cell
edema and congestion of the liver parenchyma, reproductive toxicities, and
destruction of oocyte and inflammation of kidney cells. Developmental toxicities such
as embryo lethality, reduced fetal weight and malformations have been reported in
response to benzo(a)anthracene, benzo(a)pyrene, dibenzo(a,h)anthracene and
naphthalene [44]. Death in rodents has been reported to occur after short-time
exposure to high doses of PAHs. It is noteworthy that, no deaths have been reported
from short term occupational exposure in humans [45]. Since the environmental levels
are generally much lower than the occupational exposure, it is unlikely that short-term
exposures to PAHs would lead to death. Eye irritation, photophobia and skin toxicity
such as dermatitis and keratosis have been demonstrated in workers occupationally
exposed to PAHs. Respiratory effects, including acute and subacute inflammation and
fibrosis, have also been demonstrated experimentally. A number of PAHs have been
reported to cause tumors in laboratory animals that were exposed to PAHs through
their food, from breathing contaminated air and when it was applied to their skin. For
example, when pregnant mice ate high doses of benzo(a)pyrene, they experienced
reproductive problems [46]. Other effects include damage to skin, body fluids and the
immune system which help the body fight diseases and affects immunocompetence of
organisms as well as the skin of animals. Moreover, PAHs have been identified to
disrupt the sex hormones and posses developmental toxicity. They have effects on
sperm quality in males while in females they cause reproductive disfuctioning by the

destruction of oocyte. The testis and ovaries contain rapidly proliferating cells hence
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are probably particularly susceptible to damage by PAHs [46]. Benzo(a)pyrene
(B[a]p) affects egg production in fish since they reduce primary oocyte numbers and
plasma testosterone as well as estrogen level. They are also considered to be
developmental toxicants. In animals, they are said to have the potential to induce
adverse developmental effects such as pregnancy terminations, malformations,

sterility in offsrings, testicular changes and immune-suppression and tumours [46].

2.1.5.2 Genotoxicity of PAHs.

Genotoxicity or mutagenicity is the ability of a foreign compound to effect a
structural rearrangement in the molecular structure of a deoxyribonucleic acid (DNA)
with its attendant implications. The primary focus of toxicological research on PAHs
has been on genotoxicity and carcinogenicity. According to Pickering et al., [46]
several PAHs have shown to damage DNA and to cause mutations thus causing
structural changes in the DNA. This occurs as a result of multiple metabolic
transformations that take place in the PAHs. These transformations mostly lead to the
formation of electrophilic derivatives capable of covalent interaction with
nucleophilic centers of macromolecules, which results in mutagenicity. Moreover, a
variety of chromosomal alterations such as frame shift mutations, deletion, s-phase
arrest stand breakage etc may also be induced as a result of bulky adduct of PAHs to
DNA bases [47]. In mammalian system, they are metabolized principally in the liver
to yield both detoxification products which are more polar and excretal, and
bioactivation products, which are more reactive and genotoxic. The original PAH
compound does not react with DNA but they require metabolic activation and
conversion to display their genotoxic properties. PAHs do not accumulate in the body

but are converted to more water-soluble forms, which facilitates their subsequent
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excretion from the organism [46]. However, this may lead to the formation of reactive
intermediates that may react with DNA to form adduct, preventing the gene involved
from functioning normally. The DNA damage may be repaired, but if the repair fails,

i.e. if there is irreparable genetic damage, a mutation occurs.

2.1.5.3 Carcinogenicity of PAHs.

The interest on PAHs has been mainly due to their carcinogenic properties. PAHs
comprises the largest class of chemical compounds known to be cancer- causing
agents and are included in the European Union and United States Environmental
Protection Agency (EAP) Priority pollutant list due to their mutagenic and
carcinogenic properties [48]. Several works have been done on the carcinogenicity of
these compounds [49-50]. Many of these have been found to be positive (cause
cancer); some not cancer causing, may act as synergists [51]. Humans are exposed to
complex mixtures of PAHs which have been implicated in inducing lung, skin,
stomach and breast cancer. The carcinogenesis of PAHs is basically on their ability to
bind the DNA thereby causing a series of disruptive effects that end up in tumor
initiation. The aromatic hydrocarbon receptor plays a very important role in this.
PAHs biological effects are actually attributed to the oxidation process that occurs
during biotransformation of the mother compounds. PAH metabolites, including bay-
region diol epoxides and free radical cation intermediates formed by mono-
oxygenation and one-electron oxidation, respectively, are molecules that may bind to
cellular DNA forming covalent DNA adducts responsible for carcinogenic process.
The PAHs induced carcinogenesis is very complex and varies with individual

compound [49].
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2.1.6 Human exposure to PAHs.

Human exposure to PAHs occurs through the smoking of tobacco, inhalation of
polluted air and ingestion of food and water contaminated by combustion effluents.
Emissions from the combustion of coal, diesel, petrol, kerosene, wood, biomass and
synthetic chemicals such as plastics also contribute to their publicity. The spillage/
leakage of oil, diesel and petrol into the water bodies during the process of
transportation may get their way into water bodies and affect aquatic life which may
consequently affect humans. Most of the PAHs released in the environment end up
being deposited in the oceans and/or subject to long range transport making them a
wide spread environmental problem which affects humans directly or indirectly. The
semi-volatile property of PAHs makes them highly mobile through out the
environment via deposition and re-volatilization between air, soil and water bodies. It
is therefore desirable in order, to put in place adequate clean up programmes for the
prevention and remediation of PAHs pollution in the environment to avoid public
health hazards. There are limits for work place exposure for chemicals that contain
PAHs such as coal tar and mineral oil. The Occupational Safety and Health
Administration (OSHA) has set a limit of 0.2 milligrams of PAHs per cubic meter of
air (0.2 mg m™). The OSHA permissible exposure limit (PEL) for mineral oil mist
that contains PAHs is 5 mg m™ averaged over an 8-hour exposure period. Likewise,
the National Institute for Occupational Safety and Health (NIOSH) recommends that
the average workplace air levels for coal tar products should not exceed 0.1 mg m™
for a 10-hour workday, within a 40-hour workweek. There are other limits for
workplace exposure for compounds that contain PAHs, such as coal, coal tar, and

mineral oil [52].
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2.1.7 Methods used in the detection of PAHs.

Several methods have been applied in the determination of PAHs. Some of the
commonly used methods include immunoassay [15], gas chromatography [16] and
high performance liquid chromatography (HPLC) with UV-vis absorbance or
fluorescence [53-54] and capillary electrophoresis (CE) equipped with laser-induced
fluorescence [19]. The drawback of these methods although the most accurate, are
that they are expensive, time consuming, require large sample volumes as well as
large amount of organic solvent with separation and extraction procedures, and must
be undertaken by an analytical chemist in a dedicated analytical laboratory [55].
Moreover, the low solubility of the highly hydrophobic hydrocarbons in water and
their occurrence in complex mixtures often require complex extraction,
preconcentration and separation procedures for the sensitive detection of PAHs.
Typical extraction methods applied are solid phase extraction (SPE), liquid-liquid
extraction and supercritical fluid extractions. In addition, large amount of organic
solvents used by the above techniques is environmentally unfriendly and raises
concerns regarding health hazards to analysts. Most immunoassays for PAHs
described in literature are enzyme linked immunosorbent assays (ELISA) [56-58],
although other techniques such as radioimmunoassay (RIA) [59-60], piezoelectric
immunosensor [61], capacitive immunosensor [62] and fluorescence based fiber
optical immunosensors [63] have also been investigated. However, the fact that many
PAHs are very similar in molecular structure, electron density and the lack of side
groups makes it impossible to produce antibodies specific for only one compound
[10]. This poses challenge in the application of immunoassays for determination of
PAHs. These limitations can be reduced or avoided by using biosensor systems.

Several biosensors including immunosensors, DNA biosensors and whole-cell
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biosensors have been developed for the determination of PAHs [10, 64-67]. For
example, a disposable amperometric immunosensor using screen-printed electrode
was fabricated to detect low concentration of phenanthrene [10]. A soil biosensor
using a recombinant biolumiscent bacterium, Escherichia coli GC2, and rhamnolipids,
a biosurfactant, to increase the bioavailability of PAHs from the contaminated soil has
been developed [65, 67]. In addition, a flow injection analysis system coupled with an
evanescent wave biosensor for the detection of aromatic compounds that can
intercalate with dsDNA has been reported [66]. However, these biosensors are
designed for the determination of a single analyte in a sample at a time and lack the
opportunity for analysis of multiple samples in the presence of multianalytes [68].
Moreover, enzymes cannot oxidize PAHs with IP values above 8 eV, an indicator that
PAHs like fluorine whose IP value is above 8 eV cannot be determined [69].
Therefore, there is an ever-increasing demand for the determination of trace amounts
of these substances at plant sites, water bodies and air. This calls for the development
of a suitable and cost-effective analytical method that is able to carry out a rapid,
simple and sensitive analysis of PAHs in environmental samples as well as able to
detect more than one PAH in a sample. Electroanalytical methods are considered to be
better methods for the determination of PAHs and an efficient solution to
environmental problems compared to the other methods because a completely clean
reagent, i.e. the electron, is utilized [10, 70-71]. However, during the determination of
the PAHs using the electroanalytical methods, the problem of electrode fouling is

observed which affects the stability of the methods [72].

The use of polymer-nanoparticles composite for detection of PAHs has not been

reported. In this work, an electrochemical method for the determination of PAHs has

25



been developed by the use of overoxidized-polypyrrole and silver-gold alloy
nanoparticles immobilized on the surface of the glassy carbon electrode (indicator
electrode) and the modified electrode used as an electrochemical sensor to detect
some PAHs. This will involve the use of a three electrode cell (glassy carbon
electrode as the indicator electrode, Ag/AgCl as the reference electrode and Pt wire as
the counter electrode) as will be explained in the experimental section. The
polypyrrole is a conducting polymer and prevents electrode fouling thus enhancing
the stability and repeatability of the method while the nanoparticles acts as electro-
catalysts in the oxidation of the PAHs. The developed method is able to detect more
than one PAH in a mixture of PAHs. A brief summary of the use of conducting
polymers specifically polypyrrole and nanoparticles as electrode modifiers will be

outlined below (2.2 and 2.3):
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2.2 Polymers.

Researchers from different fields are in a process of combining expertise to study
organic solids that poses remarkable conducting properties. Organic compounds with
the ability of effectively transferring charge can be divided into three main groups
namely; ion radical salts charge transfer complexes, organic species and conjugated
conducting polymers. In the past two decades, a new class of polymers known as
intrinsically conducting polymers or electro-active conjugated polymers has emerged.
These polymers have gained popularity due to their interesting electrical and optical

properties, which have previously been observed only in inorganic systems.

2.2.1 Conducting polymers (CPs).
The chemical bonding in conducting polymers produces one unpaired electron where
there is a m electron per carbon atom in the backbone of the polymer. The carbon

. 2 . . .
atoms are © bonded in a sp“p, configuration where the orbital of successive carbon

atoms overlap providing delocalization of the electrons along the backbone of the
polymer. Charge mobility is exerted along the backbone of the polymer as a result of
this electron delocalization introducing properties such as electrical conductivity, low
energy optical transitions, low ionization potential and high electron affinity. The ©
bonds in conducting polymers are highly susceptible to chemical or electrochemical
oxidation or reduction processes. The formation of non-linear defects such as solitons,
polarons and bipolarons produced during doping and polymerization of a polymer,
have made a contribution to the electrical conduction in these polymer materials. An
increase in electrode modification as a result of these polymers has provided new and
interesting properties, which have contributed for the wide application of conducting

polymers. They can either be metallic conductors or semiconductors and have been
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applied in charge storage devices (batteries, capacitors), electromagnetic screens,

sensors, membranes and corrosion protective coatings [73-75].

2.2.2 Synthesis of conducting polymers.

There are various available methods for the synthesis of conducting polymers, with
oxidative coupling of the monomer being the most widely used technique. This
technique involves the formation of a cation radical followed by another coupling to
produce a di-cation and the repetition then leads to the polymer [74]. Electro-
polymerization is normally carried out in a single cell compartment where a three-
electrode configuration is employed subjected to an electrochemical solution
consisting of a monomer and a supporting electrolyte (in some cases) all dissolved in
an appropriate solvent which in some cases is acidic. The polymerization can be
carried out either potentiostatically where the potential is kept constant with a
variation of the current with time, or galvanostatically by keeping the current constant
thereby monitoring the electrode potential. A three-electrode system employed during
the polymerization comprises of a working electrode, a counter electrode and a
reference electrode. Materials such as gold, platinum, carbon, nickel, titanium and
palladium are used as working electrodes and function as support systems for the
polymer films. Counter electrodes on the other hand supply the current required by
the working electrode. A few commonly used counter electrodes include metallic foils
of nickel, platinum and gold. Reference electrodes such as saturated calomel electrode
(SCE), silver/silver chloride and mercurous sulfate are used in aqueous media [73].
Conductivity of the polymer is influenced by a number of factors including polaron
length, the conjugation length, and the overall chain length and by the charge transfer

to adjacent molecules. Research has proved that electrochemical synthesis is rapidly
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becoming the preferred method for polymer preparation due to the simplicity and
reproducibility associated with this technique. One advantage associated with the
electrochemical polymerization of conducting polymers is that their reactions can be
carried out at room temperature either by varying the potential or the current and with
time the thickness of the film can be monitored and controlled. Besides copolymers
and graft copolymers, electrochemical synthesis can be used for the generation of free
standing, homogeneous and self doped films. Conducting polymers (CPs) such as
polypyrrole, polythiophene, polycarbazole, polyindole and polyazulene can be
synthesized using this technique [76]. However, in this work, major focus has been

given to polypyrrole.

2.2.2.1 Polypyrrole (PPy).

Of all known CPs over the last 20 years, polypyrrole has appeared as the most
extensively studied conducting polymer and the most frequently used because its
monomer pyrrole is easily oxidized, water soluble, commercially available and the
PPy posses good environmental stability, good redox properties, high electrical
conductivity, simplicity of synthetic procedures and the possibility of forming
homopolymers or composites with optical chemical and physical properties [77].
However, its insolubility in organic solvents hinders its processability. The electrical
conductivity of conducting polymers is achieved in the film of the conducting
polymers by oxidation (p-doping) or reduction (n-doping), followed respectively by

the insertion of anionic or cationic species [78] according to the following procedure:
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Scheme 2. Procedure of ion exchange behavior of conducting polymer

Due to the double bond alternation in the conjugated polymer backbone, the charged
species formed upon doping are able to move along the carbon chain (delocalization)
allowing electron transport and thus giving an electronically conductive material [79].
Thus, the hoping of electrons along and across the polymer chains with conjugating
bonds gives PPy its electrical conductivity [77]. As a result, more positive PPy, more
electron holes available, longer polymer chains and more coplanarity between

interchains, are favoured for a higher conductivity performance [75].

PPy is a black powder and can be prepared by chemical or electrochemical
polymerization. In the chemical polymerization process, monomers are oxidized by
oxidizing agents or catalysts to produce conducting polymers while under
electrochemical  polymerization, PPy films are prepared by anodic
electropolymerization of pyrrole in either non-aqueous or aqueous media on
substrates such as glassy carbon or indium tin oxide (ITO). This can be done either
through potentiostatic (constant potential), cyclovoltammetric and galvanostatic
(constant current) methods. However, the principal advantage of the electrochemical
method is related to the better conducting properties and long-term stability of

conductivities [75]. Moreover, electrochemical polymerization provides a better
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control of film thickness and morphology and cleaner polymers compared to chemical

oxidation [77].

The number of electrons involved in the polypyrrole polymerization process for each
monomer is approximately 2.25, one for each of the two a positions to form the
polymer and another one for every four monomer units to form the doped polymer.
Similarly; one anion per four monomer units is incorporated during doping to
maintain charge neutrality [80]. In the undoped state (pristine), neutral PPy is
generally non-conducting having the aromatic and quinoid structures of which the
latter posses a higher energy configuration. Generally, the redox mechanism of

polypyrrole is described by one-electron transfer step; [81].
PPy = PPy +¢ €))

where PPy is the neutral species and PPy is the radical cationic species or polaron
(one positive charge localized over three to four monomer units). The polaron can

further be oxidized;
PPy = PPy +¢ ()

PPy is the dicationic species or bipolaron (two positive charges localized over three
to four monomer units). In the presence of dopant, where the dopant maintains
electrical neutrality of the polymer during polymerization, the doped form (oxidized)
is formed which manifest as either a polaron and/or bipolaron depending on the
doping level as follows:

PPy + X" () — PPy X +¢ polaron 3)

PPy "+ 2X(5) — PPy* " (X ), + ¢ bipolaron 4)
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where X are anions, (the subscript (5) indicates that they are in solution phase) and
PPy represents a segment of the polypyrrole chain. The synthesis of polypyrrole from
solutions containing its monomer, pyrrole, may be represented by the simplified

process [77]:

Monomer polymer

Scheme 3. Synthesis of polypyrrole from pyrrole monomer.

During electrochemical synthesis of PPy, the properties of the deposited film on the
electrodes depend on the polymerization conditions. The solvent and the supporting
electrolyte affect the film morphology, conductivity and mechanical behaviour.
According to Said et al., [77] the electropolymerization potential also affects the
formation and the properties of polypyrrole films. At high positive potentials, the PPy
can be overoxidized expelling the doping ions from the backbone of the polymer and
thus loosing its electrochemical conductivity. However, overoxidized-polypyrrole
(PPyox) is an excellent material used as a matrix for deposition of metal

nanoparticles, as it consists of nano-pores within the polymer film [11].
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2.2.2.2 Overoxidation of polypyrrole.

Polypyrrole undergoes overoxidation at positive potentials, and/or at more alkaline
media, and has been regarded as an undesirable degradation process, since it leads to
the loss of conductivity and dedoping [11]. This means that dopant anions are
expelled into the solution phase, leaving the polymer in its neutral, non-conductive
state being susceptible to nucleophilic attack. Furthermore, some literature reviews
have pointed out that, in aqueous solution, the PPy overoxidation potential depends on
the solution pH whereby the higher the pH, the lower the overoxidation potential is.
Indeed, PPy overoxidation process is more effective in basic solution (NaOH) than in
NaCl solution [82]. In sodium hydroxide solution, the overoxidation of polypyrrole
film proceeds faster than in pH buffer solutions because hydroxide ions in sodium
hydroxide solution act as nucleophilic reactants which are stronger than anionic
species present in buffer solutions [83]. During the overoxidation of pyrrole, higher
density carbonyl groups such as >C=0 and —COO" are generated on the backbone of
the overoxidized-polypyrrole film (PPyox-film). This is favorable for cation species
(+) to be accumulated onto the film and then catalytically oxidized at the electrode.
This allows favorable conditions for chemical interactions between the PPyox surface

and the approaching species. The overoxidation of polypyrrole from basic solutions

where the dopant (A_) is ClO; may be represented by the simplified process:

PPy PPyox
A A
N
/ / \ %\ n H A
/0

Scheme 4. Overoxidation of polypyrrole.
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It is noteworthy that this transformation of PPy as a result of overoxidation is
accomplished by a loss of conjugation, electronic conductivity and dedoping with a
net electronegative character imparted to the polymer film. Hence, the small doping
anions ejected from the PPyox film, creates a porous structure on the electrode [11].
The PPy film improves selectivity, cation permselective behavior and the efficiency
of PPyox in suppressing interfering electroactive species and avoiding electrode
fouling [11]. The high permselectivity of overoxidized polypyrrole films allows

analytes to reach the surface of electrodes easily.

For conducting polymers, the thickness of the film determines the conductivity and
the permeability of the polymer film. The thinner the thickness of the overoxidized
PPy film, the shorter the response time and a higher sensitivity can be achieved. This
can be achieved by controlling the electropolymerization parameters such as the
number of cycles used during polymerization. Thus, the thickness of the PPyox
polymer can be controlled. The formation of the porous structure on the working
electrode surface by the overoxidized-polypyrrole enables easy deposition of
nanoparticles leading to the formation of a polymer-nanoparticles composite with
antifouling properties. The deposited nanoparticles increase the rate of electron
transfer and acts as electro-catalysts. Nanoparticles have found great application in the

fabrication of electrodes as outlined in 2.3 below.
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2.3 Monometallic and bimetallic nanoparticles.
Noble metallic nanomaterials are of particular interest today because of their
application in many areas. They are widely used in the development of

electrochemical sensors and biosensors as described below:

2.3.1 Application of nanoparticles in electrochemical sensors and biosensors.

The unique chemical and physical properties of nanoparticles make them extremely
suitable for designing new and improved sensing devices, especially electrochemical
sensors and biosensors. Many kinds of nanoparticles, such as metal, bimetallic, oxide
and semi-conductor nanoparticles have been used for constructing electrochemical
sensors, for example, an electrochemical sensor for the determination of trace Cr(VI)
was developed by the use of gold nanoparticles modified on glassy carbon electrode
[84]. It has been shown that metal nanoparticles provide three important functions for
electroanalysis; improved mass transport, high effective surface area and catalytic
properties [85]. Due to their unique catalytic properties, they have been used as
catalysts and electrocatalyst. For example, an electrochemical nitrate sensor was
developed by the modification of glassy carbon electrode with Au-Fe(III)
nanoparticles [86]. Silver-gold bimetallic nanoparticles immobilized on the surface of
glassy carbon electrode have been used in the electrocatalytic oxidation of glucose
(electrochemical glucose sensor) [87]. Biosensors have also been fabricated based on
nanoparticles whereby certain enzymes have been attached on nanoparticles-modified
electrodes. For example, an electrochemical biosensor has been developed by the
immobilization of superoxide dismutase (SOD) on gold nanoparticles modified
indium /tin oxide film coated glass [88]. Moreover, Xinhuang kang developed a novel

glucose biosensor based on immobilization of glucose oxidase in chitosan on GCE
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modified with gold-platinum alloy nanoparticles [89]. Hence, these nanoparticles
which can either be monometallic or bimetallic play different roles in different
sensing systems. They have excellent conductivity and catalytic properties which
make them act as “electronic wires” to enhance the electron transfer between redox
centers in proteins and electrode surfaces, and as catalysts to increase electrochemical
reactions. Oxide nanoparticles are often used as labels or tracers for electrochemical
analysis. According to Xiliang Luo et al., [85] monometallic and bimetallic
nanoparticles have several functions in electrochemical sensors and biosensors as

outlined below:

2.3.1.1 Immobilization of biomolecules.

Nanoparticles have large specific surface area and high surface free energy. This
enables them to adsorb biomolecules strongly and play an important role in the
immobilization of bimolecules in biosensor construction. The nanoparticles enable the
biomolecules which are adsorbed on the surface of the electrodes to retain their
biocompatibility. This is because they are highly compatible with the biomolecules
since most of them carry charges and can electrostatically adsorb biomolecules with
different charges. Besides their common electrostatic aspects, some nanoparticles can
also immobilize biomolecules by other interactions. For example, gold nanoparticles
have been reported to immobilize proteins through the covalent bonds formed
between the gold atoms and amide groups and cysteine residues of proteins [90-91].
Other nanoparticles such as Pt, Ag, TiO,, ZrO, and bimetallic nanoparticles such as
Ag-Au and Au-Pt alloy nanoparticles have also been applied in the immobilization of
enzymes. Electrochemical immunosensors based on the immobilization of antigen or

antibody with nanoparticles has also been extensively applied. For example, Zhuo et
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al. [92] developed a reagentless amperometric immunosensor based on the
immobilization of d-1-fetoprotein antibody onto gold nanoparticles and the
immunosensor exhibited good long-term stability. Generally, immobilization of
biomolecules with certain nanoparticles can effectively increase the stability and
maintain the activity of biomolecules and can be a good option for bimolecular

immobilization [85].

2.3.1.2 Catalysis of electrochemical reactions.

Many nanoparticles, especially metal nanoparticles have excellent catalytic properties.
The introduction of nanoparticles with catalytic effects into electrochemical sensors
and biosensors can decrease overpotentials of many analytically important
electrochemical reactions and even realize the reversibility of some redox reactions,
which are irreversible at common unmodified electrode. For example, Ohsaka and
Coworkers [93] developed an electrochemical sensor for selective detection of
dopamine in the presence of ascorbic acid which was based on the catalytic effect of
gold nanoparticles on the ascorbic acid oxidation. This resulted in the decrease of the
oxidation overpotential of ascorbic acid and the effective separation of the oxidation
potentials of ascorbic and dopamine, thus allowing the selective electrochemical
detection. Several nanoparticles and bimetallic nanoparticles have been used as
catalysts and electrocatalysts. For example, Tianyan et al. [94] prepared a highly
sensitive H,O, sensor based on the modification of carbon film electrode with Pt
nanoparticles. Bimetallic Ag-Au alloy nanoparticles have also been used as

electrocatalyst in the electrocatalytic oxidation of glucose [87].
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2.3.1.3 Enhancement of electron transfer.

Enzymes usually lack direct electrochemical communication with electrodes since the
active centers are surrounded by considerably thick insulating protein shells, hence
blocking the electron transfer between electrodes and the active centers. Conductivity
properties of nanoparticles, mostly metal nanoparticles at nanoscale dimensions
makes them suitable for enhancing the electron transfer between the active centers of
enzymes and the electrodes. They act as electron transfer “mediators” or “electrical
wires” e.g. Ag and Au nanoparticles have good conductivity and have been used to

enhance electron transfer between proteins and electrodes [95].

2.3.1.4 Labeling biomolecules.

The labeling of biomolecules, such as antigen, antibody and DNA with nanoparticles
plays an increasingly important role in developing sensitive electrochemical
biosensors. Biomolecules labeled with nanoparticles can retain their bioactivity and
interact with their counterparts and based on the electrochemical detection of those
nanoparticles, the amount or concentration of analytes can be determined. Metal
nanoparticles labels can be used in both immunosensors and DNA sensors. Gold
nanoparticles are the most frequently used among all the metal nanoparticles labels
available. For example Limoges’s group [96] has reported a sensitive electrochemical

immunosensor for goat immunoglobulin G (igG) based on a gold nanoparticles label.

2.3.1.5 Nanoparticles acting as reactant
Nanoparticles are chemically more active than the related bulk materials due to their
high surface energy. For example, MnO, is known to catalyze the decomposition of

H,0,, while MnO, nanoparticles can react with H,O, directly [97]. However, the
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application of the special reactivity of electrochemical sensors and biosensors has not

been extensively studied.

2.3.2  Bimetallic nanoparticles.

Metal nanoparticles can either be monometallic or bimetallic. Bimetallic nanoparticles
are nanoparticles made up of two metal nanoparticles and have been reported to have
higher catalytic properties compared to their corresponding monometallic
nanoparticles due to their increased surface area [98]. There are two types of
bimetallic nanoparticles namely; alloy nanoparticles and core-shell nanoparticles. The
difference between the two arises from their method of preparation where bimetallic
alloy nanoparticles are as a result of simultaneous reduction of the metal salts to
nanoparticles while core-shell nanoparticles result from successive reduction of the
more noble metal salt followed by the reduction of the less noble metal salt. The alloy
nanoparticles are homogeneously distributed over the whole volume on an atomic
scale; however, the core-shell metal nanoparticles constitute the core of the structure

and the other one the external shell.

Bimetallic nanoparticles are of considerable interest since they posses interesting size-
depended electrical, chemical and optical properties [99]. They are of special
importance in the field of catalyst, since they often exhibit better catalytic properties

than their monometallic counterparts [23].
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2.3.3 Silver-gold bimetallic alloy nanoparticles (Ag-AuNPs).

2.3.3.1 Preparation methods for Ag-AuNPs.

Many methods have been reported for the synthesis of Ag-Au alloy nanoparticles.
This is because Ag and Au have very similar lattice constants and are completely
miscible over the entire composition [100] hence are able to form alloy nanoparticles
upon reduction of their metal salts. They have been synthesized by the use of
chemical and electrochemical methods. Electrochemical methods involve the
reduction of their metal salts by the application of electric potential while in chemical
synthesis, reducing agents are used. The use of strong reducing agents such as sodium
borohydride (NaBH4) has been reported to yield smaller particles compared to the use
of weak reducing agents such as sodium citrate which results in the production of
larger particles [101]. For example, a simple co-reduction of HAuCly and AgNO; with
sodium citrate in aqueous solution has been reported to yield 17 to 22 nm sized alloy
nanoparticles [102] while using NaBH, as the reducing agent yielded stable Ag-Au
alloy nanoparticles of 2-3 nm which were stabilized using optically transparent
inorganic imogolite fibers [103]. However, the use of sodium citrate is preferred since
the reductant can easily be decomposed to carbon dioxide and it is not as toxic as
NaBH4 Moreover, the sodium citrate acts as a reducing agent as well as a stabilizing
agent compared to the use of NaBH4 which requires a stabilizing agent. A stabilizing
agent is of great importance in the synthesis of nanoparticles to prevent agglomeration
of the nanoparticles, which lowers their catalytic properties. According to Masato et
al., [87] electrochemical properties and the electrocatalytic property of Ag-Au alloy
nanoparticles with different Ag and Au composition depends on the composition of

Ag in the bimetallic alloy nanoparticles. Increasing the amount of Ag content in the
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bimetallic alloy nanoparticles, would show no improved electrocatalytic reactions.
Thus, a high Ag content above 70% in the bimetallic alloy nanoparticles showed low
electrocatalytic properties [87]. However, Ag-Au bimetallic alloy nanoparticles with
low Ag content have been observed to show improved electrocatalytic properties.
Masato et al. showed that Ag-Au bimetallic alloy with Ag:Au atomic ratio 27:73 had
higher electrocatalytic properties compared to the other Ag:Au alloy nanoparticles
[87]. Aigin Wang et al. [104] and Xhiang et al. [105] showed that Ag-Au bimetallic
alloy nanoparticles portrayed better electrocatalytic properties when Ag:Au was in the
ratio of 1:3 (25:75). On this basis, more focus has been on the synthesis,

characterization and the application of Ag-Au with an Ag: Au atomic ratio of 25:75

(1:3).

24 Chemical sensors.

A chemical sensor can be defined as *“ a small device that as a result of a chemical
interaction or process between the analyte and the sensor device transforms chemical
or biochemical information of a quantitative type into an analytically useful signal ”
[106]. Chemical sensors consist of a transducer, which transforms the response into a
detectable signal on modern instrumentation, and a chemically selective layer, which
isolates the response of the analyte from its immediate environment. They are
classified according to the property that is being determined such as; electrical,
optical, mass or thermal properties and are designed to detect and respond to an
analyte in the gaseous, liquid or solid state. Compared to optical, mass and thermal
sensors, electrochemical sensors are highly attractive because of their remarkable
detection capability, experimental simplicity and low cost. They have a leading

position among the presently available sensors that have reached the commercial
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stage and which have found a vast range of importance in the fields of clinical,

industrial, environmental and agricultural analyses [107].

2.4.1 Electrochemical sensors

Electrochemical sensors operate by reacting with the analyte of interest and producing
an electrical signal proportional to the analyte concentration. There are three types of
electrochemical sensors: namely; potentiometric, conductometric and amperometric

SE€Nsors.

2.4.1.1 Potentiometric sensors.

Potentiometric sensors have found the most widespread practical applicability since
early 1930’s due to their simplicity, familiarity and cost. They involve the
establishment of a local equilibrium at the sensor surface, where either of the
electrode or membrane potential is measured, and information about the composition
of the sample is obtained from the potential difference between reference electrode
and the indicator electrodes [107]. Basically, in potentiometric sensors, the potential
difference between the reference electrode and the indicator electrode is measured
without polarizing the electrochemical cell, that is, very small current is allowed. The
reference electrode is required to provide a constant half-cell potential. The indicator
electrode develops a variable potential depending on the activity or concentration of a
specific analyte in solution. The change in potential is related to the concentration of
the analyte in a logarithmic manner [108]. Potentiometric devices can be categorized
into three basic types:

1) Ton-selective electrodes (ISE)

i1) Coated wire electrodes (CWE)
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iii) Field effect transistors (FET).

The ion-selective electrode is an indicator electrode capable of selectively measuring
the activity of a particular ionic species. In classic configuration, ISE are mainly
membrane-based devices, consisting of permselective ion-conducting materials,
which separate the sample from the inside of the electrode. One of the electrodes is
the working electrode whose potential is determined by its environment while the
second electrode is a reference electrode whose potential is fixed by a solution
containing the ion of interest at a constant activity. Since the potential of the reference
electrode is constant, the value of the potential difference (cell potential) can be

related to the concentration of the dissolved ions.

Under classical CWE design, a conductor is directly coated with an appropriate ion-
selective polymer (usually poly(vinyl chloride), poly (vinylbenzyl chloride) or
poly(acrylic acid)) to form an electrode system that is sensitive to electrolyte

concentration. The design eliminates the need for a reference electrode.

The field effect transistor (FET) is a solid-state device that exhibits high input
impedance and low- output impedance hence capable of monitoring charge build up
on the ion sensing membrane. Polymer matrix (electrode modifiers) of the
potentiometric sensors can be altered by the immobilization of biological/biomedical

materials leading to the development of potentiometric biosensors [107].
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2.4.1.2 Conductometric sensors.

These are sensors that depend on changes of electric conductivity of a film or a bulk
material whose conductivity is affected by the analyte present. Conductometric
sensors are cheap, simple and no reference electrodes are needed. Analytes are

determined based on the measurement of conductivity.

2.4.1.3 Amperometric sensors.

Amperometry is a method of electrochemical analysis in which the signal of interest
is a current that is linearly dependent upon the concentration of the analyte. As certain
chemical species are oxidized or reduced (redox reactions) at inert metal electrodes,
electrons are transferred from the analyte to the working electrodes or to the analyte
from the electrode. The direction of electron flow of electrons depends upon the
properties of the analyte and can be controlled by the electric potential applied to the
working electrode [108]. The basic instrumentation of these sensors requires
controlled-potential equipment and the electrochemical cell consists of three —
electrode cell; namely, working electrode, reference electrode and counter electrode.
The working electrode is the electrode at which the reaction of interest occurs, the
reference electrode provides a stable potential compared to the working electrode
while an inert conducting material (e.g. platinum, graphite) is used as the counter
electrode (auxiliary electrode). A supporting electrolyte is required in controlled-
potential experiments to eliminate electro migration effects, decrease the resistance of
the solution and maintain the ionic strength constant. The working principle of an

electrochemical sensor is described below (scheme 5):
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Scheme 5: A schematic picture of an electrochemical sensor.

The analyte molecules interact with the immobilized layer interface (e.g polymers,
nanoparticles, enzymes etc) in a lock and key mechanism to generate an electrical
signal through the chosen transducer. The generated signal is amplified and monitored
with an artificial intelligence such as computer hardware/software to produce
measurable analytical signal. The signal can be in the form of current, potential or
impedance. Furthermore, it is possible to change the properties of the sensor by
changing parameters (e.g. sensing material or temperature) during manufacturing or
operation of the sensor in order to improve selectivity and sensitivity. If the signal is
in the form of current, the current can be measured at a fixed potential or potential
difference across an electrochemical cell is scanned from one preset value to another
and the cell current is recorded as a function of the applied potential. The rate of flow
of electrons is proportional to the analyte concentration. The working electrode can be

modified with different materials such as polymers, nanoparticles or composites of
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polymers and nanoparticles etc to increase its sensitivity and reduce electrode fouling

of reduced or oxidized species.

2.5 Characterization techniques.

2.5.1 Electroanalytical techniques.

Electrochemistry affords some of the most sensitive and informative analytical
techniques in the chemists arsenal. Electroanalytical methods such as cyclic
voltammetry, stripping voltammetry, differential pulse polarography, square wave and
chronoamperometry  complements other analytical techniques such as
chromatography and spectroscopy and are not only capable of assaying trace
concentrations of an electroactive analyte, but also supply useful information
concerning its physical and chemical properties. Electrochemical methods of analysis
include all methods of analysis that measure current, potential and resistance and
relate them to analyte concentration. Quantities such as oxidation potentials, diffusion
coefficients, electron transfer rates, and electron transfer numbers are readily obtained
using electroanalytical methods, and are difficult to obtain using other techniques.
Arguably, the most popular electroanalytical techniques are cyclic voltammetry and
square wave. This section describes the basic components of the modern
electroanalytical system, the principles of cyclic voltammetry and square wave

voltammetry.

2.5.1.1 Basic components of an electroanalytical system.

The basic components of a modern electroanalytical system for voltammetric

measurements are a potentiostat, a computer, and the electrochemical cell. The role of
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the potentiostat is to apply accurate and controlled potential and monitor the current
produced. The electrochemical cell, where the electrochemical measurements are
carried out, consists of a working (indicator) electrode, reference electrode, and
counter (auxiliary) electrode. The working electrode is where the reaction or transfers
of interest take place hence usually referred to as the indicator electrode. In this three-
electrode system, voltage is carefully regulated between the working and reference
electrodes, while the current passes between the working and the counter electrode. It
is noteworthy that at no time does current pass through the reference electrode; this is
ensured by the use of a potentiostat. The arrangement of the three electrodes in an

electrochemical cell is presented in Figure 5 and described below:

Elecirodes
Refieremnos
. Worlking
;}:.ud.ll.lry AgfAgCl

Argon

Gnw

Inlet
Gilass Cell

Porous Frit

Figure 5. Schematic representation of an electrochemical cell consisting of three

electrodes.

Electrochemical cell and Reagents- The arrangement of the electrodes within the
cell is important. The reference electrode is placed close to the working electrode and
located between the working and the auxiliary electrode. The cell material depends on

the application, usually a glass beaker or a glass cell is used which has a close fitting
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lid containing ports for electrodes and a purging line. If the reaction being
investigated involves a potential sweep in the negative direction then the reduction of
oxygen may interfere. To avoid this, the solution is deoxygenated, usually achieved
by purging the solution with an inert gas such as nitrogen, argon or helium prior to
analysis, and blanketing the solution with the gas during analysis. Electrolyte
solutions are combinations of solvent and supporting electrolyte. The choice of the
electrolyte solution depends on the application. In general, the solution must be
conducting, chemically and electrochemically inert. It should not contribute to any
chemical reactions and must not undergo any electrochemical reaction. The most
common electrolyte solution is water with an added salt or buffer. In some studies
usually organic electrode processes, the system may be non-aqueous. Acetonitrile or
dimethyl sulphoxide (DMSQO) are common organic solvents. Supporting electrolytes
added to aid in conductivity include tetrabutylammonium hexafluorophosphate,
tetrabutylammonium tetrafluorophosphate (TBAPF,), lithium perchlorate etc.
Electrodes- As with electrolyte solution, the cell geometry, and potential waveform
applied and the choice of electrode depends on the application. The choice of the
working or indicator electrode is of great importance. The shape of the electrode is
important, in terms of its size or any modification to the surface. The common
electrodes used are:

i) Working electrode (indicator electrode) - this is the electrode at which the redox
of the analyte or the electrochemical phenomena investigated takes place. The
commonly used materials for working electrodes include platinum, gold and glassy
carbon. The ideal characteristics of an indicator electrode are a wide potential range,

low resistance and a reproducible surface.
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ii) Reference electrode- this is the electrode with a constant and a known potential.
Its potential is taken as the reference, against which the potentials of the other
electrodes are measured. The commonly used reference electrodes for aqueous
solutions are the saturated calomel electrode (SCE) and silver/silver chloride
(Ag/AgCl).

iii) Counter electrode (auxiliary electrode) - It acts as a sink for electrons so that
current can be passed from the external circuit through the cell. Reactions occurring at
the counter electrode surface are unimportant as long as it conducts current well. In
most cases the counter electrode consists of a metallic foil or thin platinum wire,

although gold and sometimes graphite may be used.

2.5.1.2 Cyclic voltammetry (CV).

Cyclic voltammetry is a widely used electroanalytical technique that uses
microelectrodes and unstirred solution so that measured current is limited by the
analyte diffusion at the electrode surface. It has wide applications in the study of
redox processes, electrochemical properties of analytes in solution and for
understanding reaction intermediates as well as for obtaining the stability of reaction
products [109]. The technique works by varying some applied potential at a working
electrode at some scan rate (v) in both forward and reverse direction while monitoring
the current. The resultant trace of current against potential is termed as a
voltammogram. During cyclic voltammetry measurement, the potential is ramped
from an initial potential, Fjto a more negative or positive potential but, at the end of
the linear sweep, the direction of the potential scan is reversed, usually stopping at the
initial potential , E; (or it may commence an additional cycle) [110]. The potential is

usually measured between the reference electrode and the working electrode and the
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current is measured between the working electrode and the counter electrode
(auxiliary electrode). This data is then plotted as current versus potential as shown in
Figure 6. The forward scan produces a current peak for any analyte that can be
reduced or oxidized depending on the initial scan direction over the range of potential
scanned. The current increases as the current reaches the reduction potential of the
analyte, but then decreases as the concentration of the analyte is depleted close to the
electrode surface. If the redox couple is reversible, then reversing the applied potential
makes it reach a potential that re-oxidizes the product formed in the first reduction
reaction, thus producing a current of reverse polarity from the forward scan. The
oxidation peak usually has the same shape as that of the reduction peak. As a result,
the information about the redox potential and the electrochemical reaction rates of
compounds can be obtained. For instance, if the electron transfer is fast at the
electrode surface and the current is limited by the diffusion of species to the electrode

surface, then the peak current is proportional to the square root of the scan rate (v"*).
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Figure 6. A typical cyclic voltammogram

Important parameters are usually obtained from cyclic voltammograms for analysis of

redox properties of an electroactive sample. These parameters include peak potentials
(Epes Epa) and peak currents (I, Ipa) of the cathodic and anodic peaks, respectively.

Consequently, important information about the sample under investigation can be
obtained from the above peak parameters. This includes whether the electrochemical
process displayed by the sample is reversible, irreversible or quasi —reversible. It also
gives an insight into how fast the electron process is, relative to other processes such
as diffusion. For instance, if the electron transfer is fast relative to the diffusion of
electroactive species from the bulk solution at the surface of the electrode, the
reaction is said to be electrochemically reversible and the peak separation (AE}) is

given by equation 5 below;
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AEy=| Epq - Epc| = 2.303 RT/ nF (5)

Where AE, is the peak separation (V), E, is the anodic peak potential (V), Ep is the

cathodic peak potential (V), n is the number of electrons, F' is the Faraday constant
(96 486 C mol™), R is the gas constant (8.314 J mol K™') and 7 is the absolute
temperature of the system (298 K). The number of electrons (n) involved in the

electrochemical process can be estimated from the above equation. Thus, for a
reversible redox reaction at 25 °C (298 K) with n electrons, AE,, should be 0.0592/n V

or about 60 mV for one electron. In practice, this value is difficult to attain because of
cell resistance. Irreversibility due to a slow electron transfer rate results in AE, >
0.0592/n V, possibly, greater than 70 mV for a one-electron reaction [111]. The

diagnostic tests for electro-reversibility are listed in Table 1.

Table 1: Diagnostic tests for the electrochemical reversibility of a redox couple,

carried out by cyclic voltammetry.

1. Ipe =1Ipa
2. The peak potentials , Ep. and Ep, , are independent of the scan rate (v)
3. The formal potential (E°') is positioned mid-way between E,c and Ep;,, SO
E* = (Epat Epc) / 2.
. . %
4. I, is proportional to v
5. The separation between E},c and Ep, is 59 mV/n for an n-electron

couple (i.e. AE, = | Epy - Epc | = 0.0592/n V).

52



For reversible reaction, the concentration is related to peak current by the Randles-

Sev¢ik equation (at 25 °C) [109-110].

1,=2.69x10°n"2 AD"v/2C, (6)
Where 1, is the peak current in amperes, v is the rate at which the potential is swept in

V s\, 4 is the electrode area (cmz), n is the number of electrons transferred, D is the

diffusion coefficient (cm2 s), pa is peak anodic, pc is the peak cathodic and C, is the

concentration in mol cm™. Several voltammograms performed at different scan rates
can lead to preparation of several linear plots whose slopes could give further
information about the redox properties of the sample in question. For, instance, when
the peak current is plotted against the square root of the scan rate, the slope of the
linear plot can be used to estimate the diffusion coefficient according to the Randles-
Sevcik, equation (6) shown above. When plotted, the log of peak current versus the
log of scan rate gives a linear plot whose slope distinguishes between diffusion

controlled peaks, adsorption peaks or even a mixture of the two. A plot of the Log I,

versus log v is linear, with a slope of 0.5 for diffusion peak and a slope of 1 for an
adsorption peak. Intermediate values of the slope are sometimes observed, suggesting

a “mixed” diffusion-adsorption peak [111].

In some cases, the sample to be characterized may be deposited on the surface of the
electrode (chemically modified electrodes). In such cases, one can estimate the
surface concentration of the adsorbed material by the use of the Brown-Anson
equation model;

/ n*F2I" Ay ™
P 4RT
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Where I, n, F, A, R, v and T are explained in equations 5 and 6 and [ is the surface

concentration of the adsorbed species of the electrode modifier.

Although cyclic voltammetry is very widely used for the initial redox characterization
of a molecule (i.e., the redox potentials, and the stability of the different oxidations
state) and for qualitative investigation of chemical reactions that accompany electron
transfer, there are a number of disadvantages inherent in this technique which
includes:

i) The effects of slow heterogeneous electron transfer and chemical reactions
cannot be separated if both of these effects are present, then the rate constants
for these processes can only be calculated using simulations methods.

ii) There is a background charging current throughout the experiment of
magnitude vCy (Where Cgy is the capacitance of the interface at the working
electrode). This restricts the detection limit to about 10° M. In addition, the
ratio of the peak faradaic current to the charging current decreases with
increasing v (I, is proportional to V) [112].

In spite of these limitations, cyclic voltammetry is very suited for a wide range of

applications and is one of the standard techniques used in characterization.

2.5.1.3 Square wave voltammetry (SWV).
This technique involves the application of square wave modulation to a constant or
nearly constant dc potential, and the current generated is sampled at the end of

successive half cycles of the square wave. Three currents are generated i.e. forward

current from the forward pulse (), the reverse current from the reverse pulse (/;) and

that for the net current (/g) which are then plotted against the potential on the
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corresponding staircase tread. The net current (/4) is obtained by the difference

between the forward and the reverse current (/f - ;) and is centered on the redox

potential. The net current serves better analytical usage than the forward and reverse
currents because it increases the discrimination against the charging current, since any
residual charging current is subtracted out. Figure 7 shows the SWV containing the
forward, reverse and net currents. The net current is larger than that of the forward
and reverse current since it is the difference between them [113]. The peak height is

directly proportional to the concentration of the electroactive species and detection

limit as low as 10™ is possible.

SWV has many advantages over cyclic voltammetry such as much faster scan times
(high scanning speed), excellent sensitivity, the rejection of background current, high
signal to noise ratio and applicability to a wider range of electrode materials and
systems [114-115]. Square wave voltammetry can play very important role in the
characterization of electroactive species with poor, overlapping or ill-formed redox
signals in cyclic voltammetry by producing individual sharp peaks [113]. It can also
be applied in study of the electrode kinetics with regard to preceding, following or
catalytic homogeneous chemical reactions and determination of some species at trace

levels.
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Figure 7: A typical SWYV containing the forward, reverse and difference

currents.

Consequently, the difference (/4) is larger than each individual component in the
region of the peak that is centered on the half-wave potential because /Iy, and /; have

opposite signs. This difference effectively cancels the capacitive currents and thus
higher scan rates are possible without background current interferences. This makes

SWYV a useful tool in kinetic study.
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2.5.2 Spectroscopic techniques

2.5.2.1 Electrochemical impedance spectroscopy (EIS).

In cyclic voltammetry and other dynamic electroanalysis, an applied potential is either
constant (potentiostatic) or changing (potentiodynamic) when ramped at a constant
rate of v =dE/dt [110]. However, in impedance, a small perturbing potential is applied
across a cell or sample and changes in a cyclic sinusoidal manner and generates a
current resulting from the overpotential (1) caused by the small displacement of the
potential from the equilibrium value. Over a time scale, the averaged over potential is
zero. Because the potential is only perturbing, it has the advantage of minimizing the
concentration change after the experiment. The induced current alternates because the
voltage changes in a cyclic manner, and hence the term alternating current (AC). The
term impedance is therefore a measure of the ability of a circuit to resist the flow of
an alternating current (AC) [115]. It is synonymous to resistance (R) used in direct
current (DC), which is defined by Ohm’s law (equation 8) as the ratio between

voltage (F) and current (/) [109-110].

®)

~ |

EIS is an excellent, non-destructive, accurate and rapid insitu technique for examining
processes occurring at the electrode surface. During a controlled-potential EIS
experiment, the electrochemical cell is held at equilibrium at a fixed DC potential, and
a small amplitude (5—-10 mV) AC wave form is superimposed on the DC potential to
generate a response from the equilibrium position. The response to the applied

perturbation, which is generally sinusoidal, can differ in phase and amplitude from the
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applied signal. This response is measured in terms of the AC impedance or the
complex impedance, Z* (overall or complete impedance), of the system, which
permits analysis of electrode process in relation to diffusion, kinetics, double layer,
coupled homogenecous reactions, etc [116]. The complex impedance (Z*) is made up
of a resistive or real part Z', attributable to resistors (in phase with the applied
voltage), and a reactive or imaginary part Z", attributable to the contributions of
capacitors. This is related to the resistance (R), reactance (X) and capacitance (C) by

the equation:

Z"=R-jX (9)

where X = 1/wC and w = 2 n f. R is the resistance measured in Ohms (), X is the
reactance, C the capacitance measured in Farads (£), @ the applied angular frequency
measured in rad s™' and f'is the frequency measured in Hertz (Hz) [109]. Notational

representation of this in terms of Z' and Z" is given by:

7% =7 -jZ" where j = -1 (10)

Because Z* is defined by the complex term, j, which determines the contribution of Z"
to Z*, the term complex impedance is often used. For a pure resistor that is not having
any capacitance, its resistance when determined with a continuous current (DC) is R

because its impedance is frequency independent, Z* = Z' = R.

The experimental data collected from an impedance experiment is often presented as

Nyquist plot of Z' (usually positive x-axis corresponds to the real impedance), versus
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Z" (usually, the positive y-axis correspond to -Z"), over a wide frequency range
(normally 100 kHz to 0.1 Hz). The Nyquist plot of impedance spectra includes a
semicircle portion and a linear portion, with the former at higher frequencies
corresponding to the electron transfer process and the latter at lower frequencies

corresponding to the diffusion process. The electron transfer resistance (R) at the

electrode surface is equal to the semicircle diameter, which can be used to describe

the interface properties of the electrode [117].

Another way of presenting impedance data is a bode plot in which the logarithm of
the absolute value of Z' and the phase (¢) are plotted against the logarithm of the
frequency (f) [118]. This can be plotted together or separately. Nyquist plots are more
commonly displayed for historical reasons, the data is however often poorly resolved
(particularly at high frequencies), and the explicit frequency dependence is not
displayed in the plot. In contrast, the bode plot directly displays the frequency
dependence; in addition, the data is well resolved at all frequencies, since a
logarithmic frequency scale is used. When the frequency of the AC waveform is
varied over a wide range of frequency (ca about 10 and > 10° Hz), the impedance
obtained for the system is a function of the operating frequency. Spectra of the
resulting impedance at different frequencies do reveal the different electrochemical
kinetics involved in the system. While dipolar properties are manifest at the high
frequency regions, bulk and surface properties will be evident at intermediate and low
frequencies respectively [118]. The total impedance of a system is determined by the
impedances of the various components of the electrochemical cell; for example,
electron transfer kinetics, diffusion and passivating layers. The relative contribution of

the various components typically varies with frequency; for example, electron transfer
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kinetics may dominate at high frequencies, whereas diffusion may dominate at lower

frequencies [118] .

Measuring impedance over a wide frequency range allows processes with different
time scales such as electron transfer, mass transport and chemical reaction to be
detected within the same experiment. Impedance data is commonly analyzed by
fitting it to an equivalent circuit model. The frequently used circuit, called the Randles
equivalent circuit is composed of different elements such as resistors, capacitors, and
inductors joined in series or in parallel. Figure 8 shows the impedance diagram for the
real impedance (x-axis) and imaginary impedance (y-axis) with low frequency data

being on the right side of the plot and higher frequencies are on the left [118].

Figure 8. A typical impedance diagram

A typical Nyquist plot for the impedance data is shown in Figure 9. The semicircular

shape is characteristic of a single "time constant".
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Figure 9. A typical Nyquist plot.

EIS is a useful tool in studying the kinetics of electrochemical reactions. Redox
reactions usually involve charge transfer kinetics and mass transfer. The slower of this
two determines the rate of the reaction. The mass transfer in EIS is limited to
diffusion (concentration gradient) by the steady state condition. Figure 10 shows the
Nyquist plot indicating the kinetically controlled (higher frequency) and the mass

controlled (low frequency) parts of the plot.
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Figure 10. A typical Nyquist plot showing some Kinetic parameters.

From wpmax (frequency at maximum imaginary impedance of the semicircle) useful
kinetic parameters such as double layer capacitance (Cqj), (obtained using equation
11), time constant (cycle life) 7, (calculated using equation 12), exchange current / , ,

(Calculated using equation 13) and heterogeneous rate constant K. (calculated using

equation 14) can be evaluated:

1
[ (1m)
Rcthl
T=R,Cy (12)
RT
I =
o TR i (13)
1
K,=—" (14)
nFAC,
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where Wmax =2 1 f, Ry is the solution resistance, R is the charge transfer resistance,
Cq is the double layer capacitance, R is the gas constant (8.314 J K™ mol™), F is the

Faradays constant (96 486 C mol™), n is the number of electrons, 7 is the time

constant or cycle life (relates to the time required for the proton to completely move

across the electrolyte layer from one side to the other), /, is the exchange current
(relates to rate constant to electron transfer at zero overpotential), C, is the

concentration (mol cm™) and &, is the heterogeneous rate constant.

A representative plot of frequency as x-axis versus logarithm of real impedance as y;-

axis, and phase angle as y;-axis called bode plot is presented in Figure 11 and 12.

Bode plot is a plot of log magnitude of impedance and phase angle versus log of

frequency [115].
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Figure 11. A typical bode plot showing variation of impedance and phase angle

with changes in frequency.
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The bode plot gives direct information on the frequency and phase angle. The
frequency at maximum phase is a useful parameter in determining the double layer

capacitance using equation 15:

_(1+R,/R,)
Rcthl

@ ymax (15)

The commonly used Randles equivalent circuit for fitting of the impedance data is

shown in Figure 13.

Rs

— A

Figure 13. Randles equivalent circuit for a simple electrochemical cell.
C is capacitance which is the ability of an electrochemical system to store or retain
charge and Z,, is the Warburg impedance associated with the resistance as a result of

the diffusion of ions across the electrode/electrolyte interface. Thus, EIS can give
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useful information of the impedance changes on the electrode surface before and after

modification.

2.5.2.2 UV-visible spectroscopy

It is a spectroscopic technique that involves the spectroscopy of photons in the UV-
visible region. It uses light in the visible and adjacent (ultraviolet (UV) and near
infrared (NIR) ranges). In UV-visible spectroscopy, one can monitor the colour of a
material and current at the same time. The colour monitored is the wavelength at

which the maximum of the absorption band (s) occurs, Anax, together with the

absorbance at each of these wavelengths. The optical absorbance, Abs, is defined

according to the equation:

T with no sample

AbS = log 10 ( (16)

T with sample

where T is the transmittance of light following its passage through the cell. Any
changes in the absorbance relates to the amount of electroactive material as converted
by the flow of current. The absorption spectrum tells us the nature of the material
generated. It is a major technique that is used in the quantitative determination of
solutions of transition metal ions and highly conjugated compounds. For example, if a
material absorbs UV-visible light, then we can monitor its concentration using Beer-

Lambert relationship;

Abs=¢C,l (17)
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where the absorbance is determined at fixed wavelength A, € is the extinction

coefficient (cited at the same value of A), and / is the optical pathlength. If the

magnitude of the extinction coefficient at A is known, then the amount of analyte (C,)

can be quantified simply by determining the optical absorbance and inserting the

values into equation (17).

Most of the analytical techniques are not particularly useful for telling us what
‘something’ is, but are excellent at telling us how much of that ‘something’ is present,
or has been formed or has been changed. However, UV-visible spectroscopy is one of
the best ways of identifying an analyte. This is because each specific analyte absorbs
energy in the form of photons at different wavelengths [110]. Hence, one is able to
identify a certain analyte by the application of UV-vis spectroscopy. It is a
complementary technique to fluorescence spectroscopy in that it deals with transitions
from the ground state to the excited state while fluorescence spectroscopy measures

transitions from excited state to the ground state [119].

2.5.2.3 Fluorescence spectroscopy.

Fluorescence is the emission of visible light by a substance that has absorbed light of
a different wavelength while spectroscopy is the study of the any measurement of a
quantity as function of either wavelength or frequency. Thus, fluorescence
spectroscopy can be defined as a type of electromagnetic spectroscopy which
analyzes fluorescence from a sample. It involves using a beam of light, usually
ultraviolet light that excites the electrons in molecules of certain compounds and
causes them to emit light of a lower energy, typically, but not necessarily, visible

light. Since molecules have various states called energy levels, fluorescence
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spectroscopy is primarily concerned with electronic and vibrational states. The
species being examined are first excited, by absorbing a photon, from its ground
electronic state to one of the various vibrational states in the excited electronic state.
Collisions with other molecules cause the excited molecule to lose vibrational energy
until it reaches the lowest vibrational state of the excited electronic state. The
molecules then drops down to one of the various vibrational levels of the ground
electronic state again, emitting a photon in the process. As molecules drop down into
any of the several vibrational levels in the ground state, the emitted photons will have
different energies, and thus frequencies. Therefore, by analyzing the different
frequencies of light emitted in fluorescence spectroscopy, along with their relative
intensities, the structure of the different vibrational levels can be determined. It can be
noted that, in a typical experiment, the different frequencies of fluorescent light
emitted by a sample are measured, holding the excitation light at a constant
wavelength. This is called an emission spectrum. The emission spectrum provides
information for both qualitative and quantitative analysis. Fluorescence spectroscopy
is an important investigational tool in many areas of analytical science, due to its

extremely high sensitivity and selectivity [120].

2.5.3 Other techniques

2.5 3.1 Transmission electron microscopy (TEM).

Transmission electron microscopy (TEM) is a microscopic technique whereby a beam
of electrons is transmitted through an ultra thin specimen, interacting with the
specimen as it passes through. An image is formed from the interaction of the

electrons transmitted through the specimen; the image is magnified and focused onto
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an imaging device, such as a fluorescent screen on a layer of photographic film, or to
be detected by a sensor such as a CCD camera. Transmission electron microscopes
are capable of imaging at a significantly higher resolution than light microscopes,
owing to the small de Broglie wavelength of electrons. This enables the instrument's
user to examine fine detail-even as small as a single column of atoms, which is tens of
thousands times smaller than the smallest resolvable object in a light microscope.
TEM forms a major analysis method in a range of scientific fields, in both physical
and biological sciences. TEMs find application in cancer research, virology, materials
science as well as pollution and semiconductor research. Through the use of TEM,

one can view the finest structures.
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CHAPTER 3

3.0 EXPERIMENTAL SECTION

3.1 Introduction

This chapter describes the general experimental procedures for the chemical synthesis
of Ag-Au alloy nanoparticles, characterization of the synthesized alloy nanoparticles;
electrochemical synthesis and overoxidation of nanostructured polypyrrole. The
fabrication of an electrochemical sensor based on Ag-Au alloy
nanoparticles/overoxidized—polypyrrole composite and its application in the

determination of selected polyaromatic hydrocarbons (PAHs) will also be discussed.

3.2 Reagents and materials

The reagents and materials used in this study included: Pyrrole (Py) (99%), Hydrogen

tetrachloroaurate(Ill) trihydrate (HAuCly.3H,0), trisodium citrate (NazCgHs07)
(99%), silver nitrate (AgNO3) (99%), anthracene (99%), phenanthrene (99%), pyrene

(99%), Lithium perchlorate (LiCIO4) (99.99%) and acetonitrile (HPLC grade). They
were obtained from Sigma-Aldrich and were of analytical grade. Phosphate buffer
solution (PBS), 0.1 M, pH 7.0 was prepared from anhydrous disodium hydrogen
phosphate (Na;HPO4) and sodium dihydrogen phosphate (NaH;PO,). Deionized
water (18.2 MQ) purified by a milli-Q™ system (Millipore) was used for aqueous
solution preparations. Analytical grade argon (Afrox, South Africa) was used to degas
the system. Pyrrole was purified twice by distillation under the protection of high

purity nitrogen and then kept in a refrigerator when not in use.
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3.3 Instrumentation.

All electrochemical experiments were carried out using a BAS 50B electrochemical
analyzer from Bioanalytical systems inc. (West Lafayette, IN) with conventional
three- electrode system consisting of glassy carbon electrode (GCE) as the working
electrode (A = 0.071 cm?), platinum wire as the auxiliary electrode and Ag/AgCl (3 M
NaCl) as the reference electrode. All experimental solutions were purged with high
purity argon gas and blanketed with argon atmosphere during measurements. The
experiments were carried out at controlled room temperature (25 °C). UV-Vis spectra
measurements were recorded over a range of 350-700 nm using 3 cm’ quartz cuvettes
with Nicolette Evolution 100 Spectrometer (Thermo Electron Corporation, UK).
Transmission electron microscopy (TEM) images were acquired using a Tecnai G’
F,0 X-Twin MAT. TEM characterizations were performed by placing a drop of the
solution on a carbon coated copper grid and dried under electric bulb for 30 min.
Fluorescence spectra measurements were obtained by the use of the NanoLog™
HORIBA JOBINYVON machine. Electrochemical impedance spectra (EIS)
measurements were performed using VoltaLab PGL 402 from Radiometer Analytical

(Lyon , France) in a solution containing 0.1 M KCl and Fe(CN)63'/4'

and plotted in the
form of complex plane diagrams (Nyquist plots) with a frequency range of 100 KHz
to 0.1 Hz. The amplitude of the applied sine wave potential was 10 mV, whereas the
ambient applied dc potential was set at the formal potential (184 mV) which was

obtained from the CV experiment of the [Fe(CN)6]3'/4'

redox probe. Alumina micro
powder and polishing pads were obtained from Buehler, IL, USA and were used for

polishing the GCE.
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3.4 Preparation of silver, gold and silver-gold alloy nanoparticles.

Silver nanoparticles (AgNPs) were synthesized by the reduction of AgNO;3; with
trisodium citrate according to procedures described by Fang ef al. [121] and Asta et
al. [122]. Briefly, 50 mL of 1.0 mM AgNOj solution was heated to boiling in an
Erlenmeyer flask. To this solution, 5 mL of 1% CgHsO7Naj was added dropwise (0.5
g of C¢Hs07Na3 was dissolved in 50 mL of distilled water in order to prepare 1%

CgH507Najz solution). During the process, the solution was mixed vigorously by the

use of a magnetic stirrer. The solution was heated until a pale yellow colour was
observed. It was then removed from the heating surface and stirred until it cooled to

room temperature. The mechanism of the reaction can be expressed as follows; [122].

4Ag" + C¢Hs07Na;z + 2H,0 — 4Ag° + CHsO7H; + 3Na' + H' + O, (13)

Gold nanoparticles (AuNPs) were prepared through the reduction of 1.0 mM HAuCly

using sodium citrate as the reducing agent. 20 mL of 1.0 mM HAuCly solution was

added to a 50 mL Erlenmeyer flask on a stirring hot plate. A magnetic stirrer was
added into the solution and the solution heated to boil. To the boiling solution, 2 mL

of 1% solution of sodium citrate, (C¢HsO7Na3) was added. Gold sol gradually formed

as the citrate reduced Au’" to Au’. The solution was heated until a deep red colour

was observed [123].

Silver-gold alloy nanoparticles (Ag-AuNPs) were synthesized via a previously

reported procedure [102]. 49 mL of water was added into a 100 mL round bottomed

flask. 0.5 mL 2% (w/v) sodium citrate was added into the flask of water and the
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reaction mixture heated to 92 °C. 0.5 mL of a mixture of 10 mM HAuCly and 10 mM

AgNO; solution was added into the reaction mixture and the temperature regulated

between 90 °C and 92 °C and refluxed for 1 hour. The volume of the mixture was

adjusted so as to prepare Ag-Au nanoparticles with Ag/Au ratio of 1:3 by mixing
0.125 mL of 10 mM AgNOj3 and 0.375 mL of 10 mM HAuCly . After refluxing the

mixture at temperature between 90 °C and 92 °C for 1 hour, a colour change was
observed in the solution (dark red) indicating the formation of nanoparticles according

to the hallmarks reported in the literature [124].

3.5 Preparation of glassy carbon electrode (GCE) with nanoparticles.

For the preparation of electrodes for electrochemical measurements, GCE was
polished repeatedly with 1.0, 0.3, and 0.05 um alumina slurries respectively and then
rinsed thoroughly with distilled water followed by sonication in ethanol and water
respectively. 4 pL solutions of already synthesized Ag-Au (1:3) alloy nanoparticles
were drop-coated onto the surface of a thoroughly polished GCE and left to dry at
room temperature and it is henceforth denoted as Ag-AuNPs/GCE. Ag-modified and
Au-modified electrodes were as well prepared by drop-evaporation over the bare

GCE, and each henceforth denoted as AgNPs/GCE and AuNPs/GCE, respectively.

3.6 Preparation of overoxidized-polypyrrole polymer on GCE (PPyox/GCE).

Prior to modification, the bare GCE was polished to a mirror finish as described in
3.5. Electrochemical polymerization of pyrrole was carried out in 0.1 M LiClO4

solution containing 0.1 M pyrrole by cycling the potential from -400 to 700 mV at a

1

scan rate of 50 mV s~ for 10 cycles. Before applying potential to the above

polymerization solution, the solution was degassed by bubbling argon gas through for
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15 min and then maintained oxygen free by keeping a blanket of argon above the
solution. It is during this electropolymerization process that polypyrrole polymer was
electrodeposited on the surface of the electrode. The electrode was then removed from
the solution and rinsed with water to remove any traces of monomers. This modified
electrode was denoted as PPy/GCE. The polypyrrole modified electrode (PPy/GCE)
was then transferred into 0.1 M NaOH solution for potentiometric electrochemical
overoxidation of the conductive polypyrrole film at +1.0 V for 420 s. The obtained
modified electrode was thoroughly rinsed with de-ionized water and was denoted as
PPyox/GCE which was kept in readiness for either characterization or immobilization

of the nanoparticles.

3.7. Fabrication of overoxidized-polypyrrole/Ag-AuNPs composite (PPyox/Ag-
AuNPs).

In order to incorporate the intermetallic nanoparticles, 4 puL solution of already
synthesized Ag-Au alloy nanoparticles were drop-coated on the PPyox/GCE and
allowed to dry at room temperature. The modified electrode was taken out and rinsed
with water, and henceforth denoted as PPyox/Ag-AuNPs/GCE. The PPyox/Ag-
AuNPs/GCE was ready for use as an electrochemical sensor for the detection of
anthracene, phenanthrene and pyrene. In this work, the PPyox/Ag-AuNPs/GCE will
thus be referred to as an electrochemical sensor. A schematic illustration of the

stepwise electrochemical sensor fabrication process is shown below in scheme 6.
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(a) Electropolymerization of pyrrole
(b) Overoxidation of polypyrrole

(c) Immobilization of the Ag-Au alloy nanoparticles

Scheme 6. Schematic illustration of the stepwise sensor fabrication process.

3.8 Electrochemical characterization.

3.8.1 Characterization of the nanoparticles.

A three electrode system was used for electrochemical characterization of the
synthesized nanoparticles. GCE modified with nanoparticles was used as the working
electrode, platinum wire as the auxiliary electrode and Ag/AgCl (3 M NaCl) as the
reference electrode. The characterization solutions used contained 3 mL of 0.1 M

LiClO4 and 3 mL of 0.1 M phosphate buffer pH 7 which were added into an

electrochemical cell and degassed for about 5 min using argon gas. Cyclic
voltammogram (CV) of Ag-AuNPs/GCE in the above solutions was achieved by

scanning between -0.6 V and +1.0 V at a scan rate of 50 mV s™' as well as at different
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scan rates: 20, 40, 60, 80 and 100 mV s™'. For control experiments, AgNPs/GCE and

AuNPs/GCE were also characterized using the same procedure.

3.8.2 Characterization of polypyrrole (PPy).

Inoder to investigate the electrochemistry of the prepared polypyrrole, a three
electrode system was used for electrochemical characterization as described in 3.8.1
with PPy/GCE as the working electrode. The characterization of the polypyrrole was

done in 0.1 M LiClO4 by cathodic scanning from 500 mV to -1000 mV at different

scan rates. Consequently, it was also necessary to confirm whether the synthesized
polypyrrole was overoxidized before overoxidizing it in 0.1 M NaOH. This was done
by testing the electrical conductivity of the polypyrrole. This was investigated by
characterizing the polymer in 5 mM K3Fe(CN)s redox probe by potential scanning

from +600 mV to -200 mV at a scan rate of 50 mV s’

3.8.3 Characterization of PPyox/GCE and PPyox/Ag-AuNPs/GCE.

The catalytic properties of the Ag-Au alloy nanoparticles deposited on the
PPyox/GCE were studied by performing an electrochemical characterization using
cyclic voltammetry. A three electrode system was used for the electrochemical
characterization of PPyox/GCE and PPyox/Ag-AuNPs/GCE as described in 3.8.1
using PPyox/GCE and PPyox/Ag-AuNPs/GCE as the working electrodes,
respectively. This was investigated in 5 mM K;Fe(CN)g redox probe as described in

3.8.2.
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3.9 Electrochemical sensor measurements.

3.9.1 Choice of suitable solvent and supporting electrolyte.

Most PAHs are insoluble in water hence a suitable organic solvent is necessary to
completely dissolve them. The choice of solvents is determined by several factors,
including conductance, solubility of electrolyte and electroactive substance and the
reactivity with electrolytic products. In Fry and Britton’s handy review of solvents
and electrolytes [125], acetonitrile, ethanol, methanol, and methylene chloride are
recommended as good oxidative (anodic) electrochemical solvents, while
dimethylformamide (DMF) and dimethyl sulfoxide (DMSQO) are suggested for
reductive (cathodic) electrochemistry. Acetonitrile (CH3CN) was chosen as a suitable
solvent since it was found to dissolve most of the PAHs and has been reported to have
a relatively high dielectric constant, has the ability to dissolve electrolytes, its
relatively non-toxic and portrays good electrochemical properties. Since, acetonitrile
is a non-aqueous electrolyte, a suitable supporting clectrolyte was necessary to
enhance conductivity, minimize double-layer and migration currents. Lithium

perchlorate (LiClO4) was chosen as the supporting electrolyte based on its solubility

in acetonitrile and its inertness towards the electroactive species (PAHs). However,
most PAHs are found in waste water hence the need to introduce water in the
acetonitrile. In this work, water was introduced in to the acetonitrile by preparing a
solution of acetonitrile and water in the ratio 80:20 (acetonitrile: water). This mixture
of acetonitrile and water was used as the solvent in all sensor applications and will

thus be referred to as acetonitrile.
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3.9.2 Preparation and analysis of the PAHs.
5 mM of standard solutions of anthracene, phenanthrene and pyrene were prepared as

follows: 0.022 g, 0.022 g and 0.025 g of anthracene, phenanthrene and pyrene were

dissolved each in about 15 cm® of acetonitrile (to achieve solubility), respectively, and

later made up to 25cm’ solutions in distilled water with continuous stirring for about

30 min. The solutions were kept in brown bottles. From these stock solutions, aliquots
(in uL) were drawn and added to the cell and used for sensor development. The cell
for electrocatalytic oxidation of the PAHs consisted of the PPyox/Ag-Au
nanoparticles modified glassy carbon electrode (working electrode), platinum counter

electrode and Ag/AgCl (3 M NaCl) reference electrode. A 3 mL test solution
consisting of acetonitrile (acetonitrile: water = 80:20) and 0.1 M LiClO4 was degassed

with argon for about 10 min before the experiment. A blanket of argon was kept
during the experiment to maintain an oxygen free solution. Both cyclic voltammetry
and square wave voltammetry were used for the characterization of the modified
electrode and the determination of the electrode response to the monitored PAHs. The
potential at which anthracene was oxidized was also determined for further steady
state amperometric measurements. For the steady state measurements of anthracene, a
constant potential of +1181 mV was used which was obtained from CV
measurements. The amperometric measurements were achieved as follows: The
degassed acetonitrile and 0.1 M LiClO4 solution was excited at a constant potential of
+1181 mV and the current was initially allowed to attain a steady state. The first 3.0
UM of anthracene was then injected into the cell. The increase in the catalytic current
was then monitored and allowed to attain steady state, then followed by another
addition of 3.0 uM anthracene. This was repeated until no further increase in catalytic

current was observed after addition of anthracene. The solution was kept oxygen free
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by use of argon gas and was constantly stirred at 300 rotations per min (300 rpm)

using a magnetic stirrer. After each sensor experiment, the electrode was washed in
de-ionized water and kept in 0.1 M LiClO4 for successive measurements in order to

establish the lifetime of the sensor.

3.9.3 Interferences studies.

Several substances suspected to interfere with the detection of PAHs were
investigated by the developed electrochemical sensor. These substances include
inorganic substances such as Na’, Cu2+, Fez+, Mn2+, Crl, SO42', NO; and NO;, [126].
Solutions containing 0.1 M of each of these substances were prepared. A mixture of
these solutions was prepared and mixed with a similar concentration of the PAH at a
ratio of 1:1. SWV measurements were carried out on the resulting mixtures. The
catalytic current emanating from the mixture solution of interferences and the PAHs
was compared to that of a similar concentration of standard PAHs alone. Expressed as
a ratio of / (PAH +suspected interference)/ / (PAH) and converted into percentage, the
value obtained was used to assess the level of possible interference by the investigated

substances.
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CHAPTER 4

4.0 RESULTS AND DISCUSSION 1

4.1 Characterization of Ag-AuNPs.

4.1.1 UV-visible spectroscopy.

The formation of silver-gold alloy nanoparticles (Ag:Au = 1:3) by simultaneous
reduction of gold and silver ions was confirmed by the use of UV-visible
spectroscopy. Figure 14 shows the visible absorption spectra of silver, gold, silver-
gold bimetallic alloy nanoparticles and a mixture of silver and gold nanoparticles.
Absorption maximum for silver nanoparticles (curve a) and gold nanoparticles (curve
¢) were observed at 415 nm and 525 nm, respectively. The Ag-Au bimetallic alloy
nanoparticles showed an absorption peak at 504 nm (curve b). The appearance of
single absorption peaks at 504 nm which was between 525 nm and 400 nm shows that

Ag-Au alloy nanoparticles were formed [102, 127].
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Figure 14. UV-visible absorption spectra of Ag (curve a), Au (curve c), Ag-Au
(1:3) alloy nanoparticles (curve b) and a mixture of pure Ag and Au

nanoparticles (curve d).

When pure gold and silver nanoparticles were mixed physically, two absorption peaks
were observed (curve d) corresponding to the individual metal nanoparticles.
However, only one absorption peak was observed (curve b) for the solution of the
bimetallic alloy nanoparticles. This is a confirmation that the synthesized
nanoparticles were alloys and not mixture of elemental nano-particles as described by
Pal et al. [128]. The formation of core-shell bimetallic nanoparticles was ruled out
since core-shell nanoparticles exhibit two absorption peaks whose relative intensities
depend on the thickness of the shell [124]. The alloy formation can be attributed to
similar lattice constants of 0.408 and 0.409 nm, respectively, for gold and silver. This
small difference in lattice constants being smaller than the amplitude of thermal
vibrations of atoms has already been hypothesized to favor alloy formation even at the

nanometer scale [129].
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A second set of spectroscopic experiment was carried out to establish that the
nanoparticles were well stable on storing at room temperature for a long time. Figure
15 shows the visible spectra of solution containing Ag (curve a), Au (curve c¢) and
Ag-Au (1:3) alloy nanoparticles (curve b) after storage for 4 months at 25 °C. The
above nanoparticles stored in an air —sealed bottle at a temperature of 25 °C were
found to be very stable, since no apparent change was observed by UV-visible

absorption spectra even after about 4 months.
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Figure 15. UV-visible absorption spectra of Ag (curve a), Au (curve c) and Ag-

Au (1:3) alloy nanoparticles (curve b) after 4 months storage at 25 °C.

A plot of wavelength against mole fraction of one of the monometallic nanoparticles
in the alloy at increasing concentration is ideally known to obey a linear fashion.
However, core-shell nanoparticles do not show such a relationship [127]. To confirm
this, Ag-Au alloy nanoparticles with different molar ratios were thus synthesized.

Figure 16 shows UV-visible spectra of the Ag-Au alloy nanoparticles with different
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molar ratio of Ag and Au (Ag/Au ratio, 1:0, 3:1, 1:1, 1:3, 1:9, 0:1). The monometallic
Ag and Au nanoparticles showed one characteristic peak at 415 nm (Figure 16 curve
a) and 525 (Figure 16 curve f), respectively, both consistent with previous results
[102]. A change in wavelength was observed with increasing amount of gold content
in the alloy. All the single absorption peaks for the alloy nanoparticles were located at
intermediate wavelengths between the absorption peaks of Ag nanoparticles and Au

nanoparticles showing that Ag-Au alloy nanoparticles were formed.
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Figure 16. UV-visible absorption spectra of Ag-Au alloy nanoparticles with

various molar ratios of Ag and Au.
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Figure 17. A plot of the wavelength corresponding to the maximum absorbance

for varying mole fractions of Ag-Au alloy nanoparticles.

In Figure 17, it is observed that there is a linear relationship between the absorption
peak position (A max) values and the Au-mole ratio. According to Raveendran et al.,
and the Murray’s report [130], this linear relationship is attributed to the formation of
homogeneous alloy nanoparticles rather than core-shell. It has also been supported by

Jian Zhu using the Drude model and quasi-static theory [127].

The optical properties of these alloy nanoparticles vary with their composition, which
is seen from the digital photographs in Figure 18. The colour of the colloidal solution
changes from yellow to deep red with increasing gold content which could be visually

detected as a progressive change in the colour.
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Figure 18. Digital photographs of Au, Ag and Ag-Au alloy (Au mole fraction: (a)

0, (b) 0.1, (c) 0.5, (d) 0.75, (e) 0.9 and (f) 1) nanoparticles.

4.1.2 Fluorescence properties of Ag-AulNPs.

The characteristic fluorescence property of silver-gold bimetallic alloy nanoparticles
was observed by measuring fluorescence emission spectra as shown in Figure 19. The
emission spectrum (fluorescence band) for pure Au nanoparticles was observed at 606
nm when excitation was carried out at 525 nm (curve d) while Ag-Au (1:3) bimetallic
alloy nanoparticles showed a fluorescence band at 562 nm when excitation was
carried out at 504 nm (curve b). The concentration of the gold content and silver
content in the alloy composition was varied and the spectra were recorded for each
case (see Figure 19) which correlates well with previous reports [102]. It is worth
noting that with silver content above 50% in the alloy, we were not able to observe

any emission spectra even after exciting the alloy at their respective Amax values.

The fluorescence properties of silver and gold nanoparticles have been attributed to
electronic transitions between the highest valence d-band and conductance sp-band.

[131]. The d-band electrons of the noble metal nanoparticles absorb the incident
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photon energy and promote to higher electronic states in the sp-band. The electron-
hole pair recombines non-radioactively through electron-photon scattering process but
then may combine radioactively giving rise to the observed fluorescence [128]. So, as
the Au content in the alloy increases, the energy gap between valence and conduction
band decreases and as a result, the emission peaks of the alloy nanoparticles showed
an increase in wavelength [102]. Thus, the Ag-Au bimetallic alloys were confirmed to

have been formed.
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Figure 19. Emission spectra of Au and Ag-Au alloy (Au mole fraction: (a) 0.5, (b)

0.75, (¢) 0.9 and (d) 1) nanoparticles with varying Au mole fraction.

4.1.3 Transmission electron microscopy (TEM).

In the present work, spherical Ag-Au alloy nanoparticles were synthesized by
reduction of HAuCly and AgNOs by the use of sodium citrate as the reducing agent as
well as the capping agent. Sodium citrate molecules which are negatively charged
were adsorbed on the surface of the nanoparticles causing repulsion of the

nanoparticles against each and hence stabilizing the alloy nanoparticles by preventing
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them from aggregating. Samples of the prepared alloy nanoparticles (molar ratio Ag:
Au =1:3) were characterized by TEM. Figure 20 shows the TEM images of Ag-Au
bimetallic alloy nanoparticles, Ag nanoparticles and Au nanoparticles. From the
particle size distribution it is observed that, particle sizes in the range of ca 20-30 nm,
30-40 nm and 20-30 nm were observed for Ag-Au alloy, Ag and Au nanoparticles,

respectively.

Figure 20. TEM images of (a) Ag-Au (1:3) bimetallic alloy nanoparticles, (b)

pure Ag nanoparticles and (c) pure Au nanoparticles.

4.1.4 Electrochemical characterization of Ag-AuNPs.

4.1.4.1 Characterization in neutral medium.

The synthesized Ag-Au (1:3) bimetallic alloy nanoparticles were also characterized
by the use of cyclic voltammetric technique. Cyclic voltammetry (CV) of Ag-
AuNPs/GCE was carried out in degassed phosphate buffer solution (0.1 M PBS, pH

7) solution at a scan rate of 50 mV s™'. Similarly, AgNPs/GCE and AuNPs/GCE were
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characterized respectively, using the same procedure as shown in Figure 21 a, b and

C.
de-5
a Bare GCE
b—— AgNPs/GCE
2e-5 1
0 —
<[
'-_--. -Ze-5 a
-4e-5 b
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1000 800 600 400 200 0 -200 -400 -600
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Figure 21a. Cyclic voltammogram of bare GCE (curve a) and AgNPs/GCE

(curve b) in 0.1 M PBS pH 7: Scan rate 50 mV s,
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Figure 21b. Cyclic voltammogram of bare GCE (curve a) and AuNPs/GCE

(curve b) in 0.1 M PBS pH 7: Scan rate 50 mV s,
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Figure 21c. Cyclic voltammogram of bare GCE (curve a) and Ag-AuNPs/GCE

(curve b) in 0.1 M PBS pH 7: Scan rate 50 mV s,

88



1.2e-5

— 10mvV s’
- =]
1 0e-5 - b 20mv 5_1
50mV s
70mv s’
5 0c.g | g 100mV s’ .
< 00
-5.0e-6 1
-1.0e-5 1
-1.5e-5 T T T T T T T
1000 800 600 400 200 0 -200 -400 -600
E/mV

Figure 22. Cyclic voltammograms of Ag-AuNPs/GCE in 0.1M PBS pH 7 at

different scan rates.

Large oxidation and reduction peaks of Ag nanoparticles were observed at -414 mV
and 209 mV (corresponding to the Ag/Ag+ redox couple), respectively (see Figure 21
a). The Au nanoparticles-modified electrodes also showed a broad anodic peak and
reduction peak corresponding to the oxidation and reduction of Au at a potential range
of 0 to 700 mV (Figure 21 b). For the Ag-AuNPs/GCE, a reduction peak was
observed around 86 mV while an anodic peak was observed at 245 mV (Figure 21 c).
It is interesting to note that, for the Ag-Au alloy nanoparticles, only one reduction and
one oxidation peak was observed. This showed that the Ag-Au alloy nanoparticles
were composed of atomically mixed Ag and Au atoms and not composed of Ag and

Au metal domains. Increasing the scan rate showed an increase in the peak current as
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shown in Figure 22. Further characterizations of the modified AgNPs/GCE,

AuNPs/GCE and Ag-AuNPs/GCE electrodes were done using 0.1 M LiClO4 as

shown in Figure 23 a, b and ¢. Similar results were obtained even when 0.1 M LiClOy4

was used instead of 0.1 M PBS pH 7. This strongly supports that the synthesized Ag-

Au nanoparticles were relatively homogeneous forming alloy nanoparticles.

a Bare GCE
4e-6 {|b— AgNPs/GCE

-le-5 T T T T T T T
1000 800 600 400 200 0 -200 -400  -600
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Figure 23a. Cyclic voltammogram of bare GCE (curve a) and AgNPs/GCE

(curve b) in 0.1M LiClO,: Scan rate 50 mV s™.

90



6.0e-6

a Bare GCE
4.0e-6 1|, AUNPSIGCE

2.0e-6 4

0.0 ==

< -2.0e-6 A
-4.0e-6 A
-6.0e-6 -
-8.0e-6 A

-1.0e-5 ~

-1.2e-5 T T T T T T T
1000 800 600 400 200 0] -200 -400 -600

E/fmv

Figure 23b. Cyclic voltammogram of bare GCE (curve a) and AuNPs/GCE

(curve b) in 0.1M LiClO,: Scan rate 50 mV s
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Figure 23c. Cyclic voltammogram of bare GCE (curve a) Ag-AuNPs/GCE (curve

b) in 0.1M LiClOy; Scan rate 50 mV s™.
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Figure 24. Cyclic voltammograms of Ag-AuNPs/GCE in 0.1M LiClO,4 at

different scan rates.

The effect of potential scan rate was investigated as shown in Figure 24. The
oxidation peak current (/p,) against the scan rate (v) was linear over the range of 10-80

mV s as shown in Figure 25. The linear regression equation was obtained as Ino/A = -
3.2695 x 107 - 8.45488 x 10 v/ (mV s™') with a correlation coefficient (r*) of 0.9980.
This indicated that the electrode process was redox reaction of surface adsorbed

species.
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Figure 25. A plot of scan rate versus anodic peak current.

4.1.4.2. Characterization in the presence of K;Fe(CN)¢ redox probe.
Cyclic voltammetry of the ferricyanide system is a convenient and valuable tool to

monitor the electrochemical characteristics of the surface of modified electrodes. CV
of the modified electrode was recorded (Figure 26) in the presence of K3Fe(CN)g (5

mM) in aq. KCI (0.1 M) at a scan rate of 50 mV s™ .
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Figure 26. CVs of bare GCE (curve a) and Ag-AuNPs/GCE (curve b) in 5§ mM

K3Fe(CN)g solution containing 0.1 M KClL. Scan rate : 50 mV s,

The CVs of K3Fe(CN)g as an electrochemical probe at the bare GCE and the modified

electrode are shown in Figure 26. At the bare GCE, the cathodic peak and anodic
peaks of this redox probe were observed at 196 mV and 307 mV, respectively (see
Curve a). However at the Ag-AuNPs/GCE these peaks occurred at 210 mV and 292
mV, respectively (see Curve b). The respective formal potentials were therefore
251.5 mV and 251.0 mV. Hence, in comparison with the CV at bare GCE, a moderate
enhancement of about 12% of the redox peak current was observed at the Ag-Au
bimetallic alloy nanoparticles modified electrode. The reason was that Ag-Au alloy
nanoparticles with large surface area and good conductivity could act as tiny
conduction centers which facilitate the transfer of electrons. Consequently, the

modified electrode showed a marked decrease in peak-to-peak separation (i.e., AE, =
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82 mV), compared to that measured in case of the bare GCE (AE, = 111 mV). This
can be attributed to the presence of the nanoparticles which enhanced faster electron

transfer.

4.1.4.3. Impedimetric characterization of Ag-AuNPs/GCE.

The preparation process of electrodes was also monitored by electrochemical
impedance spectroscopy (EIS), which is an effective method for probing the features
of the surface of modified electrodes. The Nyquist plot of impedance spectra includes
a semicircle portion and a linear portion, with the former at higher frequencies
corresponding to the electron transfer process and the latter at lower frequencies

corresponding to the diffusion process. The charge transfer resistance (R ) at the

electrode surface is equal to the semicircle diameter, which can be used to describe

the interface properties of the electrode [132-133].
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Figure 27. Nyquist plots of the EIS recorded in the presence of
K4[Fe(CN)gl/K3[Fe(CN)g] (1:1) containing aq. KCI1 (0.1 M) for the bare GCE

(curve a) and Ag-AuNPs/GCE (curve b).

From Figure 27, the charge transfer resistance (R) of Ag-AuNPs/GCE was lower
( Ret = 4674 Q) with a decrease of 49% (curve b) compared to the bare GCE (curve

a) which had an R of 9125 Q indicating that the Ag-Au alloy nanoparticles have

good conductivity and played an important role in accelerating the transfer of

electrons. This agrees well with the results presented in Figure 26.

The impedance parameters (table 2) were obtained by fitting using the inset

equivalent circuit and the fitting errors were less than 2%. Ry is the solution

resistance, R is the charge transfer resistance, and CPE (constant phase element) is a

distributive element that models the double layer capacitance owing to surface
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inhomogeneity and Z,, (W) measures mass transport. The Fe(CN)s""" redox probe

exhibited kinetic control and diffusion controlled electrochemistry at high and low

frequency respectively at the Ag-AuNPs and GCE interface.

Table 2. The EIS parameters obtained from the circuit fitting of Figure 27 data.

Circuit element R (Q) Rt () CPE (nF) Zy (k Qs
Bare GCE 146.5 9125 932.23 377.35
Ag-AuNPs/GCE 127.2 4674 911.44 355.69

From wp,x (frequency at maximum imaginary impedance of the semicircle), useful

kinetic parameters of Fe’" <> Fe'" + ¢ electron transfer such as time constant (cycle
life) 7, exchange current /, and heterogeneous rate constant ke [134-135] were

calculated from equations (11,12,13, and 14) and shown in table 3.

1
a)maX: (11)
Rcthl
7=R,Cy (12)
RT
I. =
"~ WFR, 13)
I
K,=—2 14
® nFAC, (14

Where Wmax =2 7 f, Cq; is the double layer capacitance, R = 8.314J K ' mol”, F=96
486 C mol”, n =1, C, is the concentration of [Fe(CN)6]3'/4' — 5% 10° mol cm™. The

maximum frequency values (f) where taken from Figure 27 (15.82 Hz and 8.85 Hz for

Ag-AuNPs/GCE and bare GCE, respectively).
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Table 3. Effect of Ag-AuNPs electrode on the kinetics of [Fe(CN)q]*"™*

Kinetic parameters Bare GCE Ag-AuNPs/GCE
Omax (rad ™) 55.61 99.43

-1 -2 -2
T(srad ) 1.798 x 10 1.005x 10

-6 -6

1, (A) 2.814x 10 5.493x 10

-1 -5 -4
ket (cm s ) 8.215x 10 1.604x10

From table 3, /, values for the electron transfer reaction of Fe (CN) ¢’ on bare GCE

and Ag-AuNPs/GCE are 2.814 x 10° A and 5.4938 x 10 A, respectively. A higher
exchange current, which means increase in the rate of electron transfer, was observed
at the modified GCE. This increase in electron transfer (increase in reaction rate) can

be attributed to the catalytic effect of the nanoparticles. The kinetics of [F e(CN)6]3'/4'

increased by an order of magnitude at the Ag-AuNPs/GCE//[Fe(CN)]*"* interface. It
can thus be inferred that the Ag-AuNPs/GCE catalyzed the redox reaction of

[Fe(CN)e]> ™.

The surface coverage () of the nanoparticles on the GCE surface was calculated from
equation (18) [136].
R Ag—AuNPs/ GCE

0 = 1 - CtR bare GCE (18)

ct
Based on the above equation and the R values in table 2, Ag-Au alloy nanoparticles

had a surface coverage of 0.4877 (48.77%) on the GCE. This may be improved if the

amount of nanoparticles drop-coated is optimized.
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4.2 Synthesis and Characterization of PPy/GCE
Figure 28 shows the cyclic voltammogram of 0.1M pyrrole in 0.1 M LiClO4 on GCE

at a scan rate of 50 mV s for 10 cycles. The deposition of a polymer was observed to

occur at the GCE due to the increase in current with each successive sweep.
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Figure 28. Polymerization of pyrrole in 0.1 M LiClO4 at a scan rate of 50 mV s,

4.2.1 Characterization of PPy/GCE in 0.1 M LiClOy4,

CV is very often used to characterize conducting polymer films. This is the method of
choice for studying the reversibility of electron transfer because the oxidation and

reduction can be monitored in the form of a current —potential diagram. Cyclic

voltammetry results of PPy indicated the existence of two redox couples aj/a; and
b1/b;. The multiscan voltammogram of the PPy-modified GC electrode in 0.1 M

LiClOy4 is shown in Figure 29. Both peak potentials and corresponding peak currents

varied, which showed that the polymer was electroactive and diffusion of electrons

was taking place along the polymer chain [137]
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Figure 29 Multiscan voltammograms of PPy characterization in 0.1 M LiClO4 at
different scan rates: (a) 10 mV s™; (b) 50 mV s (¢) 75 mV s (d) 100 mV s (e)
150 mV s™'; (f) 200 mV s™; (g) 250 mV s; (h) 300 mV s'; (i) 350 mV s.(initial

potential: 500 mV).

The linear dependence of peak currents of cathodic peak / (Figure 29 peak a;) on the
scan rate (Figure 30) indicated that we have a thin film of surface-bound conducting

electroactive polymer, undergoing rapid reversible electron transfer reaction [137].
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Figure 30. A plot of current versus scan rate.

The oxidation or reduction of polypyrrole requires two simultaneous processes: (i) the
transfer of electrons either from or to polypyrrole and (ii) the diffusion of the
counterion, or in some cases the diffusion of the cation into or out of the polypyrrole
film to maintain charge neutrality. The redox mechanism of polypyrrole is described
by one-electron transfer step;

PPy = PPy +¢ (1)

where PPy is the neutral species and PPy" is the radical cationic species or polaron
(one positive charge localized over three to four monomer units). The polaron can

further be oxidized;
PPy = PPy " +¢ (2)

where PPy is the dicationic species or bipolaron (two positive charges localized over

three to four monomer units). This explains the existence of two reduction peaks in

the PPy; one strong (Figure 29 curve a;) and the other weak (Figure 29 curve by)

when characterized in 0.1 M LiClO4. On the cathodic scan, the dicationic species

101



(PPy"™) was reduced to the radical cationic species (PPy') which is responsible for
peak a; (Figure 29 a;) while the radical cationic species was further reduced to the

neutral PPy species (Figure 29 peak b;). During reverse scanning (anodic scan), the

neutral species PPy was oxidized to the dicationic species or bipolaron (PPy"™)
denoted by peak a, (Figure 29 peak a;). This is in line with previously reported works

[81]. However, at high scan rates a second oxidation peak occurred (Figure 29 peak
b,) as a result of the oxidation of the polaron (cationic species, PPy") to bipolaron
(dicationic species, PPy ). It is worth noting that, both cationic species (polaron) and
dicationic species (bipolarons) were present in the film containing lithium perchlorate.
Lithium perchlorate was used as a dopant to enhance electrical neutrality during

polymerization. The surface concentration of the PPy film on the surface of the GC

electrode, I

oy Was estimated from a plot of 7, against v in accordance with the

Brown —Anson model [109] using the equation:

2 2 *
:nFFppyAv

19
P 4RT (19)

where n represents the number of electrons transferred (2), F is the faraday constant

(96,584 C mol™), I :p is the surface concentration of the PPy film (mol cm™), 4 is

Yy
the surface area of the electrode (0.071 cm?), v is the scan rate (V s™), R is the gas

constant (8.314 J (mol K)' and 7 is the absolute temperature of the system (298 K).

The surface concentration of PPy film, I :py was estimated to be 2.166 x 10” mol cm™

2. This was in agreement with the values found in literature [115]. On increasing the

scan rate, the magnitude of the peak current increased. However, the peak potentials
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shifted to more positive potentials and became broad. This shows that the peak

currents are diffusion-controlled [137].

To test for the electrical conductivity of the conducting polymer and to confirm
whether the polymer was overoxidized during polymerization, PPy-modified
electrode was characterized in 5 mM K3Fe(CN)g redox probe. The PPy/GCE showed
a higher peak current enhancement compared to the bare GCE. This is because PPy is
a good conducting polymer and hence allowed electrons to flow faster from the
solution to the electrode resulting to a high peak height (Figure 31). The data obtained

from Figure 31 was recorded in table 4.
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Figure 31. Cyclic Voltammograms of bare GCE and PPy/GCE in 5 mM

K3Fe(CN)g at a scan rate of 50 mV s,
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Table 4. CV data for bare GCE and PPy/GCE in 5 mM Kj3Fe(CN)g

Electrode Epa (mV)  Epc(mV) Lpa (A) e (A) E” (mV) AE,(mV)

Bare GCE 317 170 5.53x10°  5.70x10°  243.5 147

PPy/GCE 282 218 723x10°  6.99x10° 2500 64

The peak to peak separations (AE},) were 147 mV and 64 mV at the bare GCE and
PPy/GCE respectively as shown in table 4. The results indicate that the presence of
the conducting PPy polymer increased the electroactive surface area of the electrodes
and enhanced faster electron transfer between the solution and the electrode compared
to the bare GCE as depicted by the increase in current and the decrease in peak
separation. Thus PPy has been shown to be a good conducting polymer. Based on the
conductivity of the electrodeposited PPy polymer, the possibility of the polymer being
over-oxidized was ruled out since overoxidized PPy is a non-conducting polymer

[11]. Tt was therefore of great importance to overoxidize the PPy.

4.3 Overoxidation of polypyrrole.
PPy was overoxidized in 0.1 M NaOH at a potential of 1.0 V for 420 s as shown in
Figure 32. The overoxidation is indicated by the slow decay of the current after

reaching a maximum as reported by Kaplin et al. [81].
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Figure 32. Overoxidation of PPy in 0.1 M NaOH for 420 s.

The overoxidized polypyrrole has porous structures thus allows the accumulation of
nanoparticles. Ag-Au alloy nanoparticles were immobilized on the overoxidized PPy
modified electrode and denoted as PPyox/Ag-AuNPs/GCE and was characterized in

KsFe (CN)g as a probe to test its electrical conductivity and to confirm whether the

PPy polymer was overoxidized and investigate the catalytic effect of the deposited

nanoparticles as shown in section 4.4.

4.4 Electrochemical characterization of PPyox/Ag-AuNPs/GCE.

PPyox is prepared by oxidizing PPy to a higher oxidation state after which it becomes
susceptible to nucleophilic attack [83]. This process usually results in the addition of
carbonyl functionality to the pyrrolic rings with a consequent loss of conjugation and
hence the loss inherent electronic conductivity [83, 138]. A PPyox film behaves like a

non-conducting polymer on an electrode (GCE in this case) and blocks electron
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transfer. Hence, our observation (Figure 33, curve a) of lower peak currents and a
larger peak to peak separation (AE, = 173 mV) indicated that there was slower
electron transfer compared to that recorded with the bare GCE (Figure 33 curve b,
AE, = 111 mV). Moreover, the film is negatively charged with a large loss of
electroactivity [139-140]. The negative charge of the layer should be unfavorable for
the approaching of ferricyanide anions. However, the purpose of the overoxidizing the
PPy was to exploit the fact that this process results in a polymer with pores on its

surface, which creates a better condition for the attachment of nanoparticles [11].
According to the cyclic voltammograms of the K3Fe(CN)63_/4_ redox probe shown in

Figure 33, after deposition of the Ag-Au alloy nanoparticles in the presence of
electrodeposited PPyox-film on the GCE’s surface (curve c¢), the peak current was
enhanced by 25% and the peak-to-peak separation (AE, = 82 mV) was reduced by 91
mV when compared to the CV recorded with PPyox film-modified electrode without
the Ag-Au NPs. Relative to the bare GCE, the increased surface roughness and the
newly induced surface functional groups and micro/nano catchment sites of the
PPyox/GCE might have enhanced the loading of the nanoparticles and, thus, created
significant change in the surface area and the kinetics involved. The data obtained

from Figure 33 were recorded in table S.
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Figure 33. CVs recorded with PPyox/GCE (curve a), bare GCE (curve b) and
PPyox/Ag-AulNPs/GCE (curve c) in the presence of K3;Fe(CN)g (5 mM) in aq.

KCI (0.1 M): Scan rate 50 mV s

Table 5. CV data obtained from Figure 33.

Electrode Epa Epc Ipa Ipc AE E™

|y
(mV) (mV) (A) (A) (mV) (mV)
Bare GCE 307 196  -6.230x 10 6.440x10° 111  251.5
PPyox/GCE 331 158 -5.403x10° 5901x10° 173 2445

PPyox/Ag-AuNPs/GCE 293 211  -7.372x10° 7.360x10° 82 252.0
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CHAPTER 5

5.0 RESULTS AND DISCUSSION 2

5.1 Response of the electrochemical sensor on some monitored PAHs.

5.1.1 Electrocatalytic oxidation of anthracene (AN).

Experiments on the electrocatalytic oxidation of anthracene were investigated using
different modified electrodes in acetonitrile with LiClO4 as the supporting electrolyte.

The electrochemical processes observed at all electrodes were only for the oxidation
of anthracene. The following discussion is based on their cyclic voltammetric
responses (see Figure 34) to anthracene (3.56 x10™ M) dissolved in the above
solution. The anodic peak around 1200 mV for anthracene was not associated with the
cathodic peak. This irreversible behaviour suggested that anthracene was oxidized and
then reacted to form a new product (anthraquinone) [72]. Scheme 7 shows some of
the expected products from oxidation of anthracene. Hydrolysis of the radical even in
the most anhydrous solutions is likely. If hydrolysis occurs before dimerisation and is
followed by further oxidation and loss of protons, 9-anthranol (A) would be produced.
Rapid keto-enol equilibrium is established and greatly favours the keto isomer, 9-
anthrone (D), which is easily oxidized thus forming bianthrone (E). If a second
hydrolysis occurs before keto-enol tautomerisation, then the product, 9,10-
dihydroxyanthracene (B) would be produced, which can be readily oxidized to
anthraquinone (C) [141]. According to Christopher et al., [141] anthraquinone is the

most likely product formed when little addition of water is added to acetonitrile.
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Scheme 7. Outline of various products expected from the oxidation of

anthracene.

From Figure 34, PPyox/Ag-Au alloy nanoparticles modified electrode showed an
anodic peak current which was observed to be 84% higher than that for the bare
electrode (Figure 34, curve f). However, the AgNps/GCE, AuNPs/GCE, Ag-
AuNPs/GCE and PPyox/GCE exhibited peak enhancement of 4.69%, 15.27%,

28.88% and 70% respectively compared to the bare GCE (Figure 34).
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Figure 34. CV of 3.56 x 10 M anthracene at bare GCE (curve a), AgNPs/GCE

(curve b), AuNPs/GCE (curve c¢), Ag-AuNPs/GCE (curve d), PPyox/GCE (curve
e) and PPyox/Ag-AulNPs/GCE (curve f) in acetonitrile and 0.1 M LiClO4; Scan

rate 100 mV s’

The better electrocatalytic performance of the AgNPs/GCE, AuNPs/GCE and Ag-
AuNPs/GCE to the oxidation of anthracene as shown by their higher amperometric
responses compared to the bare GCE might be attributed to the presence of
nanoparticles on GCE. According to Figure 34, the electrode which was modified
with the bimetallic alloy nanoparticles (curve d) exhibited higher catalytic properties
compared to the monometallic nanoparticles modified electrodes (curve b and ¢). A
similar observation was reported in the literature [142]. However, the contribution of

modifying the GCE with PPyox (curve e) was most dominant as the PPyox/GCE
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alone exhibited about 70% increase in the anodic peak compared to the bare electrode.
On deposition of the bimetallic Ag-Au nanoparticles over the PPyox/GCE, the anodic
peak was observed to slightly increase to about 84% as shown by the response of the
PPyox/Ag-AuNPs/GCE (curve f). The catalytic effect of combining PPyox with Ag-
Au NPs as evidenced by the remarkable enhancement in the peak height for
anthracene oxidation might be attributed to the adsorptive ability of PPyox film and
its high nanoparticle-loading nano-porous structure allowing the deposition of the Ag-
Au NPs which have high catalytic properties. A summary of the thermodynamic data

obtained from Figure 34 is shown in table 6.

Table 6. Anodic current response data for the development of the sensor

(see Figure 34).

Electrode Epa (mV) Lpa (A)

Bare GCE 1148 2778 x 107
AgNps/GCE 1150 2.900x 107
AuNPs/GCE 1160 3.193x 107
Ag-AuNPs/GCE 1162 3.537x 107
PPyox/GCE 1162 4.657x 107
PPyox/ Ag-AuNPs/GCE 1181 5225x 107

The effect of potential scan rate was investigated. Increasing the scan rates caused an

increase in the peak current. Figure 35 shows the CV of PPyox/Ag-AuNPs/GCE upon
addition of 3.56 x 10 M anthracene at different scan rates. The peak current for

anthracene increased linearly with the square root of the sweep rate (v**) over the
range 20-250 mV s™ with a linear regression of Ina(A) = -4.911 x 10°-3.993 x 10°°

vAmV s1)” (*= 0.999) (Figure.36) denoting that the electrochemical process was
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limited by the rate of diffusion of anthracene from the solution to the electrode
surface. Moreover, on increasing the scan rate, the magnitude of the peak current
increased. However, the peak potentials shifted to more positive potentials. This also

confirmed that the peak currents were diffusion-controlled [137]
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Figure 35. CVs of PPyox/Ag-AuNPs/GCE upon addition of 3.56 x 10°* M

anthracene at different scan rates.
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Figure 36. A plot of root scan rate versus peak current.

5.1.1.1 Analytical application for anthracene detection.

The cyclic voltammogram of PPyox/Ag-Au-modified electrode in acetonitrile and
LiClO4 (0.1 M) containing different concentrations of anthracene are shown in Figure

37. A calibration curve (Figure 38) based on the anodic peak heights from Figure 37,
plotted against concentration, was found to be satisfactorily linear (r* = 0.995) for
analytical application of this sensor. The anodic peak potential of anthracene at the
PPyox/Ag-Au film modified electrode was at about 1181 mV [72]. This was
confirmed by the use of SWV in Figure 39 which showed similar results. Lower
concentrations of anthracene were also determined using SWV (Figure 39 inset) and a

calibration plot drawn as shown in Figure 40.
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Figure 37. CV of PPyox/Ag-AulNPs/GCE in acetonitrile + 0.1 M LiClO4 with
different anthracene concentration: (a) 0, (b) 33, (¢) 66 (d) 100 (e) 133 (f) 166 (g)

200 (h) 233 (i) 250 (j) 283 (k) 312 (1) 340 (m) 356 uM) at a scan rate of 100 mV s
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Figure 38. A calibration plot showing the relationship between oxidation current

and concentration of anthracene.
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Figure 39. Anodic difference SWV of PPyox/Ag-AuNPs/GCE in acetonitrile + 0.1
M LiClO4 with different anthracene concentration: (a) 0, (b) 3, (¢) 6, (d) 10, (e)
13, (f) 16, (g) 20, (h) 23, (i) 26, (j) 28, (k) 33, (I) 66, (m) 100, (n) 133, (o) 166, (p)
200, (q) 233, (r) 250, (s) 283, (t) 312, (u) 340, (v) 356 nM. Inset shows the curves

at low concentrations.
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Based on the SWV measurements, a linear relationship between the anodic current
and anthracene concentration was attained over the range of 3.0 x 10° t0 3.56 x 107
with a correlation coefficient of 0.991. The limit of detection for anthracene from
standard solutions, calculated as the concentration corresponding to the signal three

times the standard deviation of blank measurements was 1.69 x 10'7 M.

While the above calibration was based on kinetic principle, it was also interesting to
see how the electrode would perform under steady state condition. Figure 41 shows
the steady state amperometry response of the sensor for successive additions of

anthracene (3.0 pM each time) into the acetonitrile and 0.1 M LiClO4 solution

sequentially. From the steadystate amperogram (Figure 41), successive additions of
AN resulted in favorable responses on the PPyox/Ag-AuNPs/GCE achieving
steadystate within 4 s. The linear dependence of current response on the AN

concentration as shown in the calibration curve (Figure 41 inset) was linear in the

range 3.0x 10°t0 5.9 x 10™ M (r* = 0.992).
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Figure 41. Current-time plot for the electrochemical sensor response to
successive addition of 3.0 pM anthracene at a constant potential of 1181 mV. The

measurements were carried out in a continuously stirred acetonitrile solution of

LiClOg4 (0.1 M). The inset shows a calibration plot of current against concentration.

5.1.1.2. Interferences to AN detection.

During the over oxidation of pyrrole, higher density carbonyl groups such as >C=0
and —COO" can be generated on the backbone of the PPyox-film [11]. This is
favorable for cation species (+) to be accumulated onto the film and then be
catalytically oxidized at the electrode. Several metal cations are found in waste water
thus the need to investigate how they affect the detection of the PAHs using the
developed sensor. In the catalytic oxidation of anthracene, several interference
substances have been reported. These substances include inorganic species such as
Na', Cu*", Fe*', Mn*', CI', SO,*, and NOy’ [126]. Interference studies were therefore
carried out with the above inorganic species. Figure 42 shows the SWV of the sensor

in presence of anthracene and the interferences. The sensor in anthracene alone
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generated a current of -2.706 x 10 A while a mixture of anthracene and interferences
showed a current of -2.627 x 10°A upon addition of 1:1 quantity of the interferences
and anthracene, with the anthracene concentration being 3.12 x 10 M. 1t was found

that the addition of the interferences caused little decrease of the peak current and
hence a negligible interference of 3.0% was observed. The inorganic species therefore

were expected to cause no meaningful interference in the detection of anthracene.

-3e-5 A

AN + interferences

-4e-5 A AN alone

-4e-5 T T
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Figure 42. SWV of PPyox/Ag-AuNPs/GCE in acetonitrile and 0.1 M LiClOj4 in

presence of anthracene alone and a mixture of anthracene and interferences.

5.1.1.3 Stability studies.

The stability of PPyox/Ag-AuNPs/GCE sensor was investigated by measuring the
electrode response with 3.56 x 10™* M anthracene every 4 days by SWV (Figure 43).

It was found that there was almost 19.26% decrease of the peak current response on
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the modified electrode for 3.56 x 10'4 M after 2 weeks thus the modified electrode

retained 80.74% of its initial response after it was kept in refrigerator at 4 °C for 12

days. This can be attributed to the excellent stability of the film.

0
-2e-5 - a— day 1
b—— day 4
f c day 8
— d dayi12
-3e-5 4
-4e-5 A
-5e-5 T T T T
1600 1400 1200 1000 800 600

E/mV
Figure 43. SWV of PPyox/Ag-AuNPs/GCE in acetonitrile and 0.1 M LiClQy4 in

presence of anthracene (3.56 x 10 M) at the 1% day, 4" day, 8™ and 12" day.

5.1.1.4. Reproducibility studies.
The stability and reproducibility are key elements of electrode performance. The

reproducibility of the PPyox/Ag-Au nanoparticles modified electrode was
investigated in the presence of 3.56 x 10 M anthracene in acetonitrile and 0.1 M

LiClO4. Square wave voltammetric experiments were repeatedly performed 6 times

with the same PPyox/Ag-Au nanoparticles modified electrode in the solution of 3.56
x 10™ M anthracene. The relative standard deviation was 1.2% (n = 6) confirming that

the results were reproducible.
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5.1.2  Electrocatalytic oxidation of phenanthrene (PHE).
Comparative experiments on electrocatalytic oxidation of PHE were investigated

using different electrodes. Compared with the response of PHE at bare GCE in
acetonitrile containing 2.5 x 10* M PHE, PPyox/Ag-AuNPs/GCE exhibited much

higher current response sensitivity towards the oxidation of phenanthrene. For control
experiments, Ag-AuNPs/GCE and PPyox/GCE were used as working electrodes. The
results indicated that the response sensitivity of PPyox/Ag-AuNPs/GCE towards
phenanthrene electro oxidation was higher than those of bare GCE (Figure 44 curve
a), Ag-AuNPs/GCE (Figure 44 curve b) and PPyox/GCE (Figure 44 curve c). It can
be explained by the synergetic effect of Ag-Au alloy nanoparticles which were
incorporated in the PPyox film and thus acted as nanoreactors facilitating electron
transfer while the PPyox behaved like nanopores which enhanced adsorption of

phenanthrene. Similar results were observed using SWV as shown in Figure 45.
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Figure 44. CV of 2.5 x 10* M PHE at bare GCE (curve a), Ag-AuNPs/GCE
(curve b), PPyox/GCE (curve c¢) and PPyox/Ag-AulNPs/GCE (curve d) in

acetonitrile and 0.1 M LiClOy4.
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Figure 45. SWYV of 2.5 x 10” M PHE at bare GCE (curve a), Ag-AuNPs/GCE
(curve b), PPyox/GCE (curve c¢) and PPyox/Ag-AuNPs/GCE (curve d) in

acetonitrile and 0.1 M LiClOy.
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The SWV of the sensor at different concentrations of PHE is shown in Figures 46.
The oxidation current displays a good linear response to the concentration of PHE (1*

= 0.9994) (Figure 47). A linear relationship between anodic current and PHE
concentration was attained over the range of 3.3 x 10° t0 2.83 x 10 * M with

detection limit of 1.5983 uM).
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Figure 46. Anodic difference SWV of PPyox/Ag-Au NPs/GCE in acetonitrile +
0.1 M LiClO4 with different PHE concentrations: 0, 33, 66, 100, 133, 166, 200,

233, 250, 283 nM).
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Figure 47. A calibration plot showing the relationship between oxidation current

and concentration of PHE.

The effect of potential scan rate was investigated as shown in Figure 48. The
oxidation peak current increased with the increase in scan rate and exhibited a linear
relation to the square root of the scan rate, v*, (Figure 49) in the range from 20-80 mV
s, with linear regression equation Io/A =-1.5735x 107 -4.675 x 10°v*/(mV s (
correlation coefficient, r* = 0.996), suggesting that the oxidation of PHE at the

PPyox/Ag-AuNPs modified electrode was a diffusion controlled process.
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Figure 48. CV of PPyox/Ag-AuNPs/GCE in acetonitrile and 0.1 M LiClO4 at

different scan rates upon addition of 2.33 x 10* M PHE.
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Figure 49. A plot of root scan rate versus peak current of PHE.
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5.1.2.1 Reproducibility studies.

The reproducibility of the PPyox/Ag-Au nanoparticles modified electrode was
investigated in the presence of 2.5 x 10* M PHE in acetonitrile and 0.1 M LiCIOa.
SWYV experiments were performed 6 times with the same PPyox/Ag-Au nanoparticles
modified electrode in a solution of 2.5 x 10™* M PHE. The sensitivity remained almost

the same with a relative standard deviation of 5.06% at all the six times confirming

that the results were reproducible.

5.1.2.2 Interference studies.

In the catalytic oxidation of phenanthrene, several interference substances have been
. g 7 g + 2+ 3+ 2+

reported. These substances include inorganic species such as Na', Cu™', Fe’, Mn™",

Cl, SO4*, and NOj [126]. Interference studies were carried out with the above

inorganic species. Using SWV measurements, PHE alone generated a current of -

4.824 x 10°A while a mixture of PHE and interferences generated -4.723 x 10° A

upon addition of 1:1 of the interferences when the PHE concentration was 2.5 x 10

M. It was found that the addition of the interferences caused little decrease of the
anodic peak current and hence a negligible interference of 2.1% was observed as

shown in Figure 50.
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Figure 50. SWV of PPyox/Ag-AuNPs/GCE in acetonitrile and 0.1 M LiClOy4 in

presence of PHE alone and a mixture of PHE and interferences.

5.1.3. Electrocatalytic oxidation of AN and PHE.

PHE and AN have similar structures and properties. Their simultaneous determination
was done using the developed sensor (PPyox/Ag-AuNPs/GCE). Figure 51 shows
cyclic voltammograms of AN (curve a), PHE (curve b) and blank (acetonitrile and

0.1M LiClOy) (curve c¢) at a scan rate of 50 mV s in acetonitrile and 0.1 M LiClO,.

From Figure 51, one oxidation peak was observed for AN (curve a) and PHE (curve
b), respectively. The modified electrode showed no response when no addition of AN
and PHE was done (curve c). It is noteworthy that the oxidation peaks for the PHE

and AN were at distinct potentials.
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Figure 51. Voltammetric curves of 3.56 x 10™ M solution of AN (curve a), 2.30 x

10™ M solution of PHE (curve b) and 0.1 M LiClO4in acetonitrile (curve c) using

PPyox/Ag-AuNPs/GCE.

For simultaneous oxidation of AN and PHE, a mixture of PHE and AN (2.30 x 10* M

each) were spiked into the electrolyte and acetonitrile and mixed thoroughly by the
use of a magnetic stirrer. Two peaks were obtained corresponding to the oxidation of
AN and PHE respectively as shown in Figure 52 (peaks a and b). Similar results were
obtained using SWV as shown in Figure 53. It was evident that the voltammogram
peaks i.e. both CV and SWV of the mixture solution of AN and PHE correlated well
with that of their individual solutions (Figure 51). It is noteworthy that, elimination of
the fouling of the electrode surface by the oxidation products could be achieved and
the precise oxidation of AN in the presence of PHE is possible at the PPyox/Ag-
AuNPs/GCE. The voltammetric signals of AN and PHE remained unchanged in the
subsequent sweeps, indicating that the PPyox/Ag-AuNPs modified electrode does not

undergo surface fouling.
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Figure 52. CVs of PPyox/Ag-AuNPs/GCE in acetonitrile and 0.1 M LiClO4

(blank) (1) and a mixture of AN and PHE (2) at a scan rate of 50 mV s
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Figure 53. SWVs of PPyox/Ag-AuNPs/GCE in acetonitrile and 0.1 M LiClO4

(blank) (1) and a mixture of AN and PHE (2).
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5.1.3.1 Effect of scan rate on the peak current in the binary mixture of AN and
PHE.

Figure 54 shows the cyclic voltammograms for the binary mixtures of 2.30 x 10* M
AN and 2.30 x 10 M PHE in 0.1 M LiClO, and acetonitrile at the PPyox/Ag-AuNPs
modified electrode at different scan rates. The oxidation peak potentials of the two
compounds were observed to shift positively with the increase in scan rate. In
addition, the oxidation peak current for the oxidation of AN exhibited a linear relation
to the square root of the scan rate, vl/z, in the range from 20 to 450 mV s, with the
linear regression equation I /A = -1.446 x 10° - 8.604 x 107 v* (mV s'l)l/z
(correlation coefficient, r* = 0.9981), suggesting that the oxidation of AN at the
modified electrode was diffusion-controlled process (Figure 55). Simultaneously, the
oxidation peak current for the oxidation of PHE also exhibited a linear relation to the
square root of the scan rate, vl/z, in the range from 20 to 450 mV s™', with the linear
regression equation Ip/A = -4.115 x 10° - 2:826 x 10° v* (mV s™) ”* (correlation

2

coefficient, r~ = 0.9995), suggesting that the oxidation of PHE at the modified

electrode was also a diffusion-controlled process (Figure 56).
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Figure 54. CVs for the binary mixtures of 2.30 x 10 M AN and 230 x 107 M

PHE in 0.1 M 0.1 M LiClO4 and acetonitrile at the PPyox/Ag-AuNPs/GCE at
different scan rates: (a) 20 mV 5! (b) 40 mV s (c) 80 mV s (d) 100 mV s (e)
150 mV s™ (f) 200 mV s (g) 250 mV s™ (h) 300 mV s™ (i) 350 mV s (j) 400 mV s~

'(k) 450 mV s™.
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Figure 55. A plot of root scan rate versus peak current of AN.
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Figure 56. A plot of root scan rate versus peak current of PHE.

5.1.3.2. Simultaneous determination of AN and PHE.

A series of mixture standard solutions of PHE and AN, in which the concentration of
one component was varied and the other was fixed were prepared and determined.
Figure 57 shows the SWV obtained when the concentration of PHE was kept constant
and the concentration of AN was increased successively. The oxidative peak current
for AN increased linearly with the increase in AN concentration in the range of 3.0 x
10° M to 3.12 x 10™* M.The linear regression equation was I,/A = -9.268 x 107 +
2.736 x 10® C / uM (correlation coefficient, r* = 0.9987) (see Figure 58) and the
detection limit was 23.0 uM in the presence of 2.30 x 10 M PHE. It can be observed
that, with increasing concentration of AN, the amperometric current increased (Figure
57, peak 1) while that of PHE (peak 2) kept almost constant. Thus it can be confirmed

that the responses of AN and PHE at the modified electrode are independent.
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Figure 57. SWV for the binary mixtures of AN and PHE at PPyox/Ag-Au
NPs/GCE in 0.1 M LiClO4 and acetonitrile, [PHE] was kept constant and [AN]
was changed (i.e. [AN]: (a) 0 (b) 30 (¢) 60 (d) 100 (e) 130 (f) 166 (g) 200 (h) 230 (i)

250 (j) 280 (k) 312 pM).
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Figure 58. A calibration plot of concentration versus peak current of AN.
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When the concentration of AN was kept constant and PHE concentration increased,
there was a peak current increase with increase in concentration of PHE (Figure 59
peak 2) while that of AN kept almost constant (Figure 59 peak 1). The oxidative peak
current increased linearly in the range of 3.0 x 10° M to 2.80 x 10* M. The linear
regression equation was /A = -2.383 x 10° + 3.195 x 10® C / uM (correlation
coefficient, r* = 0.9989) (Figure 60) and the detection limit was 24.0 pM in the

presence of 2.30 x 10* M AN.
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1800 1600 1400 1200 1000 800 600
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Figure 59. SWYV for the binary mixtures of AN and PHE at PPyox/Ag-Au
NPs/GCE in 0.1 M LiClO4 and acetonitrile, [AN] was kept constant and [PHE]
was changed (i.e. [PHE]: (a) 0 (b) 30 (c) 60 (d) 100 (e) 130 (f) 166 (g) 200 (h) 230

(i) 250 (j) 280 pM).
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Figure 60. A calibration plot of concentration versus peak current of PHE.

Figure 61 represents the SWV measurements at increasing concentrations of AN and
PHE. As can be seen, there was peak enhancement upon addition of both AN (Figure

61 peak 1) and PHE solutions (Figure 61 peak 2).
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Figure 61. SWV for the binary mixtures of AN and PHE at PPyox/Ag-Au
NPs/GCE in 0.1 M LiClO4 and acetonitrile, at increasing [AN] and [PHE] (i.e. (a)

250 (b) 280 (c) 312 (d) 340 (e) 356 (f) 380 pM).

It can be observed that the sensor was able to simultaneously detect AN and PHE in a
mixture and that increasing the concentration of one does not affect the detection of
the other. Thus, the responses of AN and PHE at the developed sensor are
independent and that it showed excellent sensitivity, selectivity and antifouling

properties.

5.1.4  Determination of pyrene (Py).
The PPyox/Ag-AuNPs/GCE sensor was used to detect pyrene which is one of the
known teratogenic, carcinogenic and mutagenic polyaromatic hydrocarbons. Figure

62 shows the bare and the modified electrodes in the presence of 2.80 x 10* M

pyrene. A remarkable increase in oxidation current can be seen at the PPyox/Ag-
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AuNPs/GCE (curve d) compared to the other modified electrodes. This demonstrated
the cooperative effect of PPyox and Ag-Au nanoparticles in the electrocatalytic

oxidation of pyrene.
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Figure 62. SWV of 2.80 x 10 M pyrene at bare/GCE (curve a), Ag-AuNPs/GCE

(curve b), PPyox/GCE (curve c¢) and PPyox/Ag-AuNPs/GCE (curve d) in

acetonitrile and 0.1 M LiClOy.

SWV measurements at increasing concentration of pyrene are shown in Figure 63.
After pyrene was added in the acetonitrile and 0.1 M LiCIOy4, the peak current
increased obviously. A calibration curve of oxidation peak current and concentration
of pyrene was plotted (Figure 64) with a linear regression equation of /,,/A = 9.8834 x
10° 4+ 5.302 x 10® C / uM (correlation coefficient, r* = 0.997). A linear relationship
between anodic current and pyrene concentration was attained over the range of 3.3 x

10 to 1.66 x 10 M with a detection limit of 2.7 uM.
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Figure 63. SWYV of PPyox/Ag-AuNPs/GCE at increasing concentration of pyrene

(2) 0 (b) 10 (c) 33 (d) 66 (e) 100 () 130 (g) 166 pM).

137



2e-5

y=5302x10°X +9.834 x 1078 .
o5 | 2=0997
2e-5 -
<L
1e-5 A
1e-5 1
1e_5 1 1 1 1
0 50 100 150 200
[(Pyl/ uM

Figure 64. A calibration plot of current verses concentration of pyrene

5.1.4.1 Reproducibility.

250

The reproducibility of the PPyox/Ag-Au nanoparticles modified electrode was

investigated in the presence of 2.80 x 10 M pyrene in acetonitrile and 0.1 M LiClOs.

SWV experiments were performed for 6 times with the same PPyox/Ag-Au

nanoparticles modified electrode. The sensitivity remained almost the same with a

relative standard deviation (R.S.D) of 8.16% at all the six times confirming that the

results were reproducible. The results demonstrated that the PPyox/Ag-AuNPs/GCE

would improve both the sensitivity and reproducibility for the determination of pyrene

using SWV.,
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CHAPTER 6.

6.0 CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

Highly catalytic, stable and well dispersed Ag-Au alloy nanoparticles were
successfully prepared by the reduction of HAuCly and AgNOs with sodium citrate.
The alloy formation was confirmed by optical absorption spectroscopy and TEM.
Consequently, overoxidized-polypyrrole was electrochemically synthesized and
characterized by electrochemical methods. A novel electrochemical sensor was
successfully fabricated based on the construction of nano-porous overoxidized-
polypyrrole (PPyox) template- deposited Ag-Au alloy nanoparticles which formed a
composite nano-electrode sensor, PPyox/Ag-AuNPs/GCE. The sensor exhibited a
strong electrocatalytic activity towards the oxidation of anthracene, phenanthrene and
pyrene. Moreover, the modified electrode with antifouling properties was able to
simultaneously detect anthracene and phenanthrene. This makes the method better

compared to the immunoassay techniques reported in literature.

In SWV determination, lower detection limits of anthracene, phenanthrene and pyrene
were estimated to be about 1.69 x 107 M, 1.59 x 10° M and 2.70 x 10° M,
respectively. Although these detection limits are slightly higher than those obtained
using High performance Liquid Chromatography (HPLC) and Gas Chromatography
(GC) techniques, they are within the concentration range of polyaromatic
hydrocarbons (PAHs) in contaminated waste water [13]. The work presented opens an

entirely new approach in the detection of PAHs by the use of polymers coupled with
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alloy nanoparticles leading to the development of a simple, cheap, less time
consuming and environmentally friendly electrochemical method with antifouling

properties and lower detection limits.

6.2 Future work and Recommendation:

» My thesis opens up an entirely new approach in the application of
electroanalytical techniques for the detection of PAHs by the use of
polymers coupled with alloy nanoparticles. Though, I used Ag-Au alloy
nanoparticles for my work, future work to further establish how other alloy
nanoparticles would behave is worthwhile.

» Further optimization of this method and its application in the detection of
anthracene, phenanthrene and pyrene in waste water.

» Chemical methods were used in the synthesis of the alloy nanoparticles.
Further investigation of the use of electrochemical method of synthesis is
worthwhile.

» Further investigation on the use of the developed sensor in the detection of

more than two PAHs in waste water.
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