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Summary

Nowadays, the pollution of surface waters with chemical contaminants is one of the
most crucial environmental problems. These chemical contaminants enter rivers and streams
resulting in tremendous amount of destruction, so the detection and monitoring of these
chemical contaminants results in an ever-increasing demand. This thesis describes the search
for a suitable method for the determination of platinum group metals (PGMs) in
environmental samples due to the toxicity of mercury films and the limitations with methods
other than electroanalytical methods. This study focuses on the development of a novel
bismuth-silver bimetallic nanosensor for the determination of PGMs in roadside dust and soil
samples. Firstly, individual silver, bismuth and novel bismuth-silver bimetallic nanoparticles
were chemically synthesised. The synthesised nanoparticles was compared and characterised
by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), ultraviolet-
visible spectroscopy (UV-Vis), Fourier-transformed infrared spectroscopy (FT-IR), Raman
spectroscopy, and transmission electron microscopy (TEM) analysis to interrogate the
electrochemical, optical, structural, and morphological properties of the nanomaterials. The
individual silver, bismuth, and bismuth-silver bimetallic nanoparticles in the high resolution
transmission electron microscopy results exhibited an average particle size of 10-30 nm. The
electrochemical results obtained have shown that the bismuth-silver bimetallic nanoparticles
exhibit good electro-catalytic activity that can be harnessed for sensor construction and
related applications. The ultraviolet-visible spectroscopy, Fourier-transformed infrared
spectroscopy, and Raman spectroscopy results confirmed the structural properties of the
novel bismuth-silver bimetallic nanoparticles. In addition the transmission electron
microscopy and selected area electron diffraction morphological characterisation confirmed
the nanoscale nature of the bismuth-silver bimetallic nanoparticles.

Secondly, a sensitive adsorptive stripping voltammetric procedure for palladium,
platinum and rhodium determination was developed in the presence of dimethylglyoxime
(DMG) as the chelating agent at a glassy carbon electrode coated with a bismuth-silver
bimetallic nanofilm. The nanosensor further allowed the adsorptive stripping voltammetric
detection of PGMs without oxygen removal in solution. In this study the factors that
influence the stripping performance such as composition of supporting electrolyte, DMG
concentration, deposition potential and time studies, and pH have been investigated and

optimised. The bismuth-silver bimetallic nanosensor was used as the working electrode with



0.2 M acetate buffer (pH = 4.7) solution as the supporting electrolyte. The differential pulse
adsorptive stripping peak current signal was linear from 0.2 to 1.0 ng/L range (60 s
deposition), with limit of detections for Pd (0.19 ng/L), Pt (0.20 ng/L), Rh (0.22 ng/L),
respectively. Good precision for the sensor application was also obtained with a
reproducibility of 4.61% for Pd(ll), 5.16% for Pt(ll) and 5.27% for Rh(lll), for three
measurements. Investigations of the possible interferences from co-existing ions with PGMs
were also done in this study. The results obtained for the study of interferences have shown
that Ni(ll) and Co(ll) interfere with Pd(ll), Pt(1l) and Rh(lll) at high concentrations. The
interference studies of Cd(Il), Pb(Il), Cu(ll) and Fe(lll) showed that these metal ions only
interfere with Pd(Il) and Pt(Il) at high concentrations, with no interferences observed for
Rh(111). Phosphate and sulphate only interfere at high concentrations with Pt(ll) and Rh(lll)
in the presence of DMG with 0.2 M acetate buffer (pH = 4.7) solution as the supporting
electrolyte.

Based on the experimental results, this bismuth-silver bimetallic nanosensor can be
considered as an alternative to common mercury electrodes, carbon paste and bismuth film
electrodes for electrochemical detection of PGMs in environmental samples.

Thirdly, this study dealt with the development of a bismuth-silver bimetallic
nanosensor for differential pulse adsorptive stripping voltammetry (DPAdSV) of PGMs in
environmental samples. The nanosensor was fabricated by drop coating a thin bismuth-silver
bimetallic film onto the active area of the SPCEs. Optimisation parameters such as pH, DMG
concentration, deposition potential and deposition time, stability test and interferences were
also studied. In 0.2 M acetate buffer (pH = 4.7) solution and DMG as the chelating agent, the
reduction signal for PGMs ranged from 0.2 to 1.0 ng/L. The detection limit for Pd(l1), Pt(I1)
and Rh(IT) was found to be 0.07 ng/L, 0.06 ng/L and 0.2 ng/L, respectively. Good precision
for the sensor application was also obtained with a reproducibility of 7.58% for Pd(ll), 6.31%
for Pt(ll) and 5.37% for Rh(IIl), for three measurements. In the study of possible
interferences, the results have shown that Ni(I1), Co(ll), Fe(Ill), Na*, SO,* and PO,> does
not interfere with Pd(l1) in the presence of DMG with sodium acetate buffer as the supporting
electrolyte solution. These possible interference ions only interfere with Pt(11) and Rh(lll) in
the presence of DMG with 0.2 M acetate buffer (pH = 4.7) as the supporting electrolyte

solution.
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Chapter 1

Introduction

1.1. Introduction

Heavy and platinum group metal (PGM) contaminations at trace levels in water
resources presents a major current environmental threat, so the detection and monitoring of
these metal contaminants results in an ever-increasing demand. In the simultaneous
determination of heavy metal ions in water, sediment and biota samples, several methods
have been established such as atomic absorption spectroscopy (AAS), inductive coupled
plasma-mass spectroscopy (ICP-MS), and atomic fluorescence spectroscopy (AFS) and X-ray
fluorescence spectroscopy (XRF). These methods are highly sensitive and efficient but
require sophisticated and expensive instruments, highly qualified technicians and tedious
sample pre-treatments. These methods are also not suitable for field analysis of multiple
samples and are very time consuming. The problems with these methods are the demand for
more sensitive methods such as electro-analytical techniques that are inexpensive, rapid,
reproducible and accurate in environmental sample monitoring. A wide range of inorganic
and organic substances can be detected by electro-analytical techniques because it a very
efficient, versatile and highly sensitive (Liu et al., 2008; Hildebrandt et al., 2008; Raman, et
al., 2009; Heitzmann et al., 2005; Wang 1994).

In electro-analytical techniques, the technique of anodic stripping voltammetry (ASV)
is now widely used in heavy and platinum group metal analysis in environmental samples.
The technique offers low limits of detection of sub-ppb-concentrations and is based on the

controlled electrolytical accumulation of metal ions of interest.

In this study a working electrode of bismuth-silver bimetallic was constructed to
determine platinum, palladium and rhodium in environmental samples. The study will start
with the synthesis and characterisation of a novel true metallic film for stripping analysis and
to differentiate between single Ag, Bi, and Bi-Ag bimetallic nanoparticles for electrochemical
sensor application. The novel bismuth-silver bimetallic nanoparticles will be drop-coated
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onto glassy carbon electrodes (GCEs) and screen-printed carbon electrodes (SPCEs) for the
analysis of PGMs in roadside soil and dust samples using acetate buffer (pH = 4.7) solution
as the supporting electrolyte. The novelty of this study lies in the construction of a Bi-Ag
bimetallic nanosensor that can be applied in stripping voltammetric analysis for the

determination of metal ions in environmental samples.

1.2. Electrochemical sensors

The mercury film electrode (MFE) and hanging mercury drop electrode (HMDE) was
known as the traditional working electrode materials for the simultaneous determination of
heavy metals in anodic stripping voltammetry (ASV) measurements. Nowadays, many
researchers request alternative working electrodes because in some countries the use of
mercury for sensor platforms is completely banned due to its considerable toxicity. The
search is therefore ongoing to find new alternative sensing materials with suitable recognition
elements that can be used for the detection of heavy and platinum group metals (PGMs).
Various types of mercury-free working electrodes including silver electrodes, glassy carbon
electrodes (GCEs), bismuth film electrodes (BiFEs), carbon nanotubes (CNTSs), screen-
printed carbon electrodes (SPCES) or carbon paste electrodes (CPES) has been used for heavy
metal determination (Khezri et al., 2008; Senthilkumar and Saraswathi, 2009; Abdollah and
Fatemeh, 2009; Li et al., 2009; Somerset et al., 2010; Maiti et al., 2009).

Figure 1 is a good illustration of a chemical sensor.
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Figure 1. Ilustration of a chemical sensor (Prakash et al., 2012).

The noble nanoparticles (NPs) especially silver and gold NPs have attracted a great
deal of attention as chemical modifiers in the construction of electrochemical or optical
sensors due to their small sizes, unique electronic, catalytic and optical properties. In these
electrochemical sensors the overpotentials of many analytes can be decreased at common
unmodified electrodes (Rena et al., 2005; Zheng et al., 2002; Yantasee et al., 2005; Ordeig et
al., 2006).

1.3. Electrochemical characterisation

Electrochemical characterisation has been proven to determine trace metals, polymers
and nanoparticles (NPs) in various samples of environmental, clinical and industrial origin. In
electrochemical characterisation different techniques are used to determined analytes, e.g.

electrolysis, voltammetry, polarography, amperometry, potentiometry, and coulometry.

Voltammetry is widely used in inorganic, physical and biological chemistry for non-
analytical purposes including fundamental studies of redox processes, effect of solvent on

electrode reaction, adsorption processes on surfaces and electron transfer mechanisms at
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chemically modifies electrode. VVoltammetry and particularly classical polarography was the
main method for determining inorganic and certain organic species in aqueous solutions, in
the 1950s. It is used in determining a variety of analytes, particularly those of pharmaceutical
interest. VVoltammetry can also be coupled with chromatographic techniques for analysis of

complex matrices (Somerset, 2010).

In electrochemical characterisation cyclic voltammetry will be used to characterise the
redox activity of the bismuth, silver and bismuth-silver nanoparticles in different electrolytes.
In the construction of thin-film sensors, adsorptive stripping voltammetry will be used to
determine the analyte of interest.

1.4. Platinum Group Metals

The excellent performance of platinum group metals (PGMs) in many catalytic
processes results in a minimal release of these pollutants into the environment. Platinum
group metals are very difficult to determined at low concentration levels, mainly due to their
tendency to hydrolyse, the formation of poly-nuclear complexes and the ability of these
PGMs to form many species in a given oxidation state. In the determination of PGMs some
of the critical steps are the complete dissolution of the PGMs, quantitative conversion into
stable complexes and their pre-concentration before final detection (Cordonna et al., 1989;
Hartley, 1991; Rao and Reddi, 2000).

The world consumption of platinum is growing steadily and at present time the
application of this precious metal is not only in jewelleries, healthcare and equipment, but
also in the chemical industry. Together with rhodium and platinum, it serves as a compound
for automotive catalyst and is used as a catalyst for organic synthesis (Zolotov et al., 2003;

Buyanov and Pakhomov, 2001; Buslaeva, 1999).

In the field of analytical chemistry the determination of platinum must be accurate,
sensitive and selective in many studies. Various methods have been described for the
determination of platinum in different environmental samples. Adsorptive stripping
voltammetry (AdSV) is a very good sensitive, selective method and is relatively cheap for the

determination of platinum. According to those advantages AdSV is extremely useful for
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platinum determination in the environmental samples (Begerow et al., 1997; Beinrohr et al.,
1993; Elle et al., 1989; Lee et al., 1993).

1.5. Nanomaterials

Nowadays, nanoparticles (NPs) have become the platform for many sensing schemes
in the field of analytical chemistry; especially NPs with different properties have found broad
application in many kinds of analytical methods. The study, manipulation, creation and use of
materials, devices and systems typically with dimensions smaller than 100 nm are known as
nanotechnology or nanoscience. In the development of smarter chemical and biosensors,
nanotechnology plays an increasingly important role. The design of new and improved
sensing devices makes NPs very suitable for electrochemical and biosensors due to their
unique chemical and physical properties. Many types of NPs of different sizes and
compositions are now available, which facilitate their application in electro-analysis (Penn et
al., 2003). According to Luo et al. (2005) the construction of electrochemical and biosensors,
many kind of NPs such as semiconductor, oxide and metal NPs have been used and these
NPs play different roles in different sensing systems and configurations.

Tunable optical properties of metal nanostructures can practically be applied as
materials for optical filters, plasmonic device, surface-enhanced spectroscopy and sensors.
The strong UV-Vis absorption band exhibited by these metal NPs is not present in the
spectrum of the bulk metal and is the so called surface plasmon resonance (SPR) band. This
surface plasmon resonance band arises from the surface plasmon oscillation modes of
conduction band electrons in metal particles and strongly influences the linear and non-linear
optical response of these metal NPs. The excellent conductivity and catalytic properties of
metal NPs makes them suitable for acting as “electronic wires” to enhance the electron
transfer between redox centers in proteins and electrode surfaces and as catalysts to increase

electrochemical reactions (Shipway et al., 2000).

The preparation of metal NPs can be done by two routes, physical approach is the first
one and it utilizes several methods such as laser ablation and condensation or evaporation.

The second one is a chemical approach in which the metal ions in solution is reduced in
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conditions favouring the subsequent formation of small metal clusters or aggregates (Oliveira
et al., 2005; Egorova and Revina, 2000; Khomutov and Gubin, 2002).

1.6. Chelating agents for PGMs

The formation or presence of two or more separate bindings between a polydentate
(multiple bonds) ligand and a single central atom is known as a chelation. Chelants, chelators,
chelating agents or sequestering agents are usually organic compounds. The formation of a
chelating complex results between the ligand and the substrate. Chelate complexes are
contrasted with coordination complexes with monodentate ligands, which form only one
bond with the central atom. Due to their high selectivity and sensitivity towards various metal
ions dioximes such as dimethylglyoxime (DMG), a-furil dioxime, a-bend dioxime,
cyclohexane-1.2-dione dioxime (Nioxime) and cycloheptane- 1.2-dione dioxinie (heptoxime),
have received considerable attention in adsorptive stripping voltammetry. These dioximes
have been used widely as reagents for the determination of transition metals, especially
palladium and nickel. According to many studies, palladium and nickel form stable water-
insoluble complexes with all dioximes (Girolami and Rauchfuss, 1999).

1.7. Research hypothesis

The development of a bismuth-silver nanofilm sensor can be an attractive alternative
to the hanging mercury drop electrode (HDME) and common mercury film electrode (MFE)

for the determination of platinum group metals in environmental samples.
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1.8. Research Design / Methodology

1.8.1. Objectives of the Study

(i)

(i)

(iv)

The following aims and objectives were identified:

The main aim of this investigation was the development and application of an
electrochemical bimetallic nanosensor for the determination of platinum, palladium

and rhodium in environmental samples.

To characterise the synthesised bismuth, silver and bismuth-silver bimetallic
nanoparticles by Raman spectroscopy, UV-Vis, FT-IR, SEM, TEM, EIS and cyclic

voltammetry.

The development and construction of the bimetallic nano electrochemical sensor
involved the investigation, incorporation and optimisation of various nanoparticles
and chelating materials (e.g. bismuth, silver, bismuth-silver bimetallic and
dimethylglyoxime) for low level detection of these metal ions in environmental

samples.

The development, integration, testing and optimisation of screen-printed chemical
sensor formats coated with the bimetallic NPs for sensor evaluation and determination

of PGMs in environmental samples.

1.8.2. Approach

Certain key research questions and approaches for this study were identified, which

included:
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(i)

(i)

(iii)

(iv)
(vi)

The chemical synthesis of individual silver, bismuth and bismuth-silver bimetallic
nanoparticles and compare these silver and bismuth nanoparticles with novel bismuth-

silver bimetallic nanoparticles.

Characterisation of chemically synthesised nanoparticles using various analytical
techniques such as cyclic voltammetry, spectroscopy techniques (e.g. FT-IR, UV-Vis,
EIS, Raman), transmission electron microscopy (TEM) and scanning electron

microscopy (SEM).

The modification of GCE and SPCE surfaces with bismuth-silver bimetallic
nanoparticle films, characterisation of these surfaces with various techniques and
application of the sensor surfaces in stripping voltammetry measurements for PGMs

determination.
The detection of PGMs in appropriate model standard solutions.

Application of the constructed chemical sensors to road-side dust and soil
environmental samples for PGMs determination, including optimisation of pre-

treatment steps of environmental samples to minimise interferences.

1.9. Layout of the Thesis

The thesis is divided into the following chapters:

Chapter 1 An introduction on the study of nanoparticles (NPs) for the construction of

chemical sensors for the determination of platinum group metals (PGMS) in
environmental samples are given with the main objectives, research

hypothesis, research methodology and the layout of the thesis.

Chapter 2 A review of literature on the application of electrochemical sensors for the

determination of platinum group metals in different environmental matrices

are presented.
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Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Appendices

Experimental methods and analytical techniques for characterisation of the
synthesised metal NPs such as cyclic voltammetry, differential pulse
voltammetry (DPV), and electrochemical impedances spectroscopy (EIS) are
discussed. Other spectroscopic microscopic techniques such as scanning
electron, transmission electron, FT-IR, UV-Vis and Raman spectroscopy are

discussed.

Nanoparticles synthesis and characterisation (e.g. bismuth, silver and bismuth-

silver bimetallic) are presented and discussed.

Optimisation and application of Bi-Ag bimetallic nanosensor is discussed,
displaying the results obtained for cyclic voltammetry, the effect of chelating
agent concentration, pH, deposition potential and time upon the peak current
influence. The studies of sensor stability, interferences of different ions and

application of the sensor to environmental samples are presented.

PGMs analysis using screen-printed electrodes in roadside dust and soil

samples is discussed.

Summary, Conclusions, Recommendation and Future work.

References
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Chapter 2

Review of literature on the application of electrochemical
sensors for the determination of platinum group

2.1. Introduction

Water is one of the essentials enablers of life and has been central to the evolution of
human civilisations from the beginning with the origin of the earliest form of life in seawater
(Anshup, 2009). On the other hand noble metals have been similarly associated with the
prosperity of human civilisations due to their prominent applications such as medicine and
jewellery. The minimal reactivity at the bulk scale is the most important reason for the use of
noble metals, which can explained by a number of concepts such as molecular orbital theory,
electrochemical potential, relativisitic contraction, etc. The water quality has been associated
with the development index of society and the quality of drinking water has been endangered

by a number of chemical and biological contaminants (Anshup, 2009).

Platinum Group Metals (PGMs) contamination becomes more serious in the last
decades due to dramatic growth in electronic and chemical industries, healthcare and
equipment, jewelleries and as catalyst in exhaust converters (Ravindra et al., 2004). The
analysis of PGMs is very cumbersome and is widely known that the results obtained often
vary according to the analytical technique chosen. This, the determination of PGMs is of high
interest. In environmental compartments such as sediments, biota and water, the
concentration of these PGMs are relatively low. Bioaccumulation creates harmful levels of
these PGMs towards the top of the food chain. Consumption of species near the top of the
chain can result in high levels of PGMs within important organs in the human body causing
asthma, allergy, rhino-conjunctivitis and other serious health problems (Zereini and Alt,
2000; Merget, 2000; Merget and Rosner, 2001).

Some researchers have conducted research work by using the hanging drop mercury
electrode (HDME) and mercury film electrode (MFE) for the determination of PGMs in
environmental samples (Khezri et al., 2008; Senthilkumar and Saraswathi, 2009). The use of

33



these working electrodes has been considered as undesirable by many researchers due to the
toxicity of mercury. The use various mercury-free electrodes including gold-coated
electrodes, silver electrodes, carbon paste electrodes (CPEs), glassy carbon electrodes
(GCEs) and bismuth film electrodes (BiFEs) for sensitive PGMs determinations have been
developed. The search to find new sensing materials with suitable recognition elements that
can respond selectively and reversibly to specific metal ions is therefore ongoing (Abdollah
and Fatemeh, 2009; Li et al., 2009; Somerset et al., 2010; Maiti et al., 2009).

According to Do Carmo et al. (2003) chemical modification of electrodes is a field of
growing interest in analytical chemistry. The construction and application of chemical
modified electrodes (CMES) have received great attention in recent years due to its ability to
accumulate metal ions on the basis of the interaction of these metal ions with functional
group on the electrode surface. Chemical modified electrodes can be easily prepared,
regenerate and modified with various modifiers and offer renewable and modified surfaces,
including low background current interferences and are very cheap. The most common
modifiers used for the determination of a specific analyte of interest are ligands, organic
polymers, as well as inorganic ion-exchangers such as clays (Svancara et al., 2001; Fanjul-
Bolado et al., 2008; Mojica and Merca, 2005; Raoof et al., 2007; Arrigan, 1994).

In the literature several studies report the determination of Pt, Pd and Rh in
environmental samples (soil, sediments, air particulate matter, superficial water and
vegetables) generally by spectroscopic techniques in the last decade (Barefoot and Van Loon,
1999; Barefoot, 1997; Djingova et al., 2003; Vlasankova et al., 1999; Kanitsar et al., 2003;
Lesniewska et al., 2004). The present review intends to highlight PGMs in environmental
matrices and their different health effects to humans and aquatic life. The different electro-
analytical techniques used for the analysis of PGMs, recent applications of electrochemical
sensors for monitoring PGMs in sediments and surface waters will be discussed. Also to
summarise the importance, construction and application of nanoparticle-based

electrochemical sensors to PGMs determination.
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2.2. Platinum group metals

Platinum group metals (PGMs) consisting of platinum (Pt), palladium (Pd), rhodium
(Rh), ruthenium (Ru), iridium (Ir) and osmium (Os) are the most valuable metals. They have
been described in a wide range of geotectonic setting but they are also associated with
primary magmatic sulphides. These PGMs accumulate in different environmental samples
such as water, sediment and biota, soil, airborne particulate matter and road dust at very low
concentrations. The economic mineralisation of Pt and Pd are hosted in well-defined
stratiform reefs of large layered intrusions such as the Stillwater Complex (USA), the
Bushveld Complex (South Africa) and the Great Dyke (Zimbabwe). The Bushveld Complex
in South Africa is the largest layered igneous complex in the world (Ravindra et al., 2004;
Naldrett, 2010).

Heavy metals such as lead (Pb) or cadmium (Cd) plays a major role among pollutants
of environmental concern and are well studied in respect of their effects on living organisms.
Information on metals such as platinum group metals Pt, Pd, and Rh, which have been
predominantly released in the last few decades as a consequence of anthropogenic activities,
are scarce. These PGMs are release into the environment by mining, industries, hospitals
(especially Pt, because it is used in anticancer drugs and dentistry), and other medical
institutions. Automobile traffic are the greatest contributor of PGMs emissions due to the use
of these metals in catalytic converters for purification of exhaust fumes from hydrocarbons,
carbon monoxide, and nitrogen oxides (Kominkova et al., 2014; Merian et al., 2004; Rauch
and Morrison, 2008; Sures et al., 2005; Ek et al., 2004).

Palladium are extensively used as artificial fibres, a feedstock in the manufacturing of
packaging materials, jewellery, dental appliances and for industrial catalyst in the production
of vinyl acetate monomer, or for production of terephthalic acid (PTA). These PGMs are used
as thick-film resistors or conductors and also needed for passive electronic components such
as very small multilayer ceramic capacitors. Palladium is also used in electrical equipment as
Pd metal or palladium-silver pastes for active components such as transistors, hybrid circuits,

diodes, semiconductor memories and integrated circuits (WHO, 2002).

Platinum has been extensively using as a catalyst in the chemical and petroleum
industries in hydrogenation, cyclisation, dehalogenation, isomerisation, oxidation and
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dehydration. It’s also used in the catalytic upgrading of the octane rating of gasoline, in
ammonia oxidation and in the production of nitric acid. Platinum has many high-temperature
uses in the electrical industry such as platinum resistance thermometers, in electrochemical
platinum electrodes, thermocouples and strain gauges, in printed circuits and in platinum
resistance thermometers. This PGM is used in jewellery industry for rings and settings for
gems and in the glassmaking industry and in the production of fibreglass. In medicine and
dentistry it is also used in neurological and dental prostheses, for pacemaker electrodes and
for recording electrical activity (Mason, 1966; Loebenstein, 1988).

Rhodium is extensively used in automotive catalysts due to its special catalytic
activity to reduce nitrogen oxides (NOy) to nitrogen (N3). This PGM has a high and relatively
uniform reflectivity and it produces hard, bright electrodeposits that easily led to the
widespread use of rhodium in electrical contacts, jewellery, searchlight reflectors (Colombo,
2008; Stwertka, 2002; Raub, 1994).

2.2.1. Platinum group metals in environmental matrices

Anthropogenic activities results in continuous increase in the amount of heavy metals
and accumulation in the environment. Due to the toxicity of platinum group metals (PGMs)
these PGMs can be dangerous to human health as a result of inhalation of fine particulate
matter (aerodynamic diameter <10 um), through food and water and direct contact with the
dust. The concentrations of Pt(Il), Pd(Il) and Rh(lll) has consequently increased in surface
water, in vegetation and soil surfaces at sites next to roadways with high traffic density. In
aqueous matrices (fresh and sea water) the concentrations are generally below 0.1 pg/L and
in solid matrices (soil, plant and particulate matter) the concentrations are below 50 ng/kg
(Pyrzynska, 2000; Sternbeck et al., 2002; Gomez et al., 2002; Hees et al., 1998; Palacios et
al., 2000; Merian, 1991; Moldovan et al., 2002; Ravindra et al., 2004; Wayne, 1997).

It is known that the determination of airborne PGMs is very complicated. The most
reliable, sensitive and accurate method for determination of these airborne PGMs is neutron
activation analysis (NAA). According to the obtained data it is difficult to estimate the
current level of Pt, Pd or Rh concentrations in air or to know the size of the particles that

contain the PGMs. Since the introduction of exhaust gas catalysts, higher concentrations of
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airborne PGMs were obtained and clearly correlated with a higher traffic density. Several
authors (Renner and Schmuckler, 1991; Alt et al., 1993; Mukai et al., 1990) have conducted
measurements of platinum in airborne particulate matter. Platinum concentrations in roadside
dust collected on vegetation were determined in a range of 0.037 to 0.68 mg/kg by Hodge and
Stellard (1986). In Japan the Pt concentrations were ranging from 0.073 to 0.184 mg/kg in
samples of airborne particles. The use of neutron activation analysis for the analysis particles
collected in Belgium and Italy, have shown platinum concentrations to be below the detection
limit of 100 pg/kg (Gémez, 2002; Hodge and Stallard, 1986; Schutyser et al., 1977).

The deposition of platinum along roadways (on adjacent soils) might enter the
vegetation and then the food cycle. Platinum may dispersed in water, silt, and soil, also
accumulate in plants and a rapid accumulation in the environment was observed. This
accumulation was determined between 1999 and 2005, observed along heavy traffic roads
with enrichment factors between 2.1 and 8.9. A factor of 15 was also found and parallel to
these findings elevated concentrations of Pt and Rh were found in airborne dust. In the north
of Graz, near Kapfenberg (Styria, Austria) two studies were carried out on road dust collected
in the ventilation shaft of a highway tunnel. The first study was a feasibility one and the
second was a certification study. The results they obtained with 4 years in time difference
between the studies, showed the average concentration of Pt increased from 55 + 8t0 81 + 6
ng/g (Moore et al., 2008; Zimmermann et al., 2004; Calamari et al., 1991; Whiteley and
Murray, 2003; Schafer and Pulchet, 1998; Gomez et al., 1998; Wichmann et al., 2007; Liu et
al., 2003; Yongming et al., 2006; Pacepac, 1998).

During rain events the deposited platinum on the road can be washed out and
transported to urban rivers by means of storm-water outfalls and can be a threat to the
freshwater ecosystem. In Goteborg (Sweden) specimens of Asellus aquaticus were sampled
in urban rivers in order to determine the occurrence of platinum (Moldovani et al., 2001). For
the urban river Mélndalsan water and sediment was also analysed and the experiments was
used to evaluate the bioaccumulation of platinum under defined conditions (Wei and
Morrison, 1994; Lashka et al., 1996; Rauch and Morrison, 1999).
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2.2.2. Health effects

Dental alloys such as palladium and mercury releases cations continuously and they
accumulate in the liver, thyroid, kidneys, central nervous system (CNS) and brain. The
galvanic current densities of mercury and palladium are very high when they are near other
metals, with the current densities of Pd alloys approximately 10 times higher than for high
noble alloys. This galvanic current density causes extensive migration of mercury and
palladium to tooth roots, saliva, gums, jaw and other parts of the body (Schedle et al., 1995;
Bieger et al., 1996; Bonnig et al., 1990).

Many cases of palladium poisoning have result in the banning of palladium in dental
alloys in Switzerland due to its toxicity and high mobility. Dentists in Germany have been
warned by the German Health Ministry since 1993 not to use palladium-copper alloys.
Palladium is cytotoxic and Kkills or damages cells and causes considerable damage and
degradation of DNA and exacerbates hydroxyl radical damage. Palladium inhibits enzyme
activity and function due to the damages of cell mitochondria (Kolesova et al., 1979; Spikes
et al., 1969; Shultz et al., 1995; Kawata et al., 1981; Liu et al., 1997; Pillai et al., 1977).

Many studies on the toxicity of palladium were done in Germany and early symptoms of
palladium toxicity include pain in teeth and jaw, cold feeling in mouth, fungus like coating in
throat and sore throat, migraine headaches, swollen lymph nodes in the neck, extreme
nervousness, extreme tiredness, confusion, memory loss, dizziness, burning of eyes, allergies,
impairment of immune system, and blisters on body (Al-roubaie, 1986; Downey, 1989;
Marcusson, 1996; Vilaplana et al., 1994).

The platinum halide salt complexes and the antitumour agent, cis-platin and its analogues
are toxic to humans. The adverse health effects of the halide salt complexes are characterised
by sensitisation and are known to be the most potent sensitisers. Studies on these sensitizers
were done in occupational environments; the reports described irritation of the nose and
throat with difficulty in breathing in workers in a photographic studio handling paper treated

with complex platinum salts (Hunter et al., 1945).

Many studies on the toxicity of platinum were done in four British refineries and workers
exposed to complex platinum salts exhibited repeated sneezing, rhinorrhoea, chest tightness,

wheezing, shortness of breath and cyanosis, while a proportion of these also developed scaly
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erythematous dermatitis with urticaria (Ravindra et al., 2004; Hunter et al., 1945). In the
environment rhodium compounds are encountered relatively rarely by most people. There are
almost no reported cases of human being affected by this element in any way. All rhodium
compounds should be regarded as highly toxic and as carcinogenic and compounds of
rhodium stain the skin very strongly. For rhodium no health effects of exposure investigations
have been done to date. There are thus insufficient data available on the effect of rhodium on
human health so special care must be taken with this substance
(http://www.lenntech.com/periodic/elements/rh.htm#ixzz1vEI3Zy3P).

2.3. Electrochemical determination of platinum group metals

The most frequently used electroanalytical methods are voltammetry and
amperometry. These electroanalytical methods are especially suitable for large scale of
environmental monitoring of electrochemically active pollutants in various types of matrices
(water, sediment, biota, etc.). They present an independent alternative to so far prevalent
spectrometric and separation techniques, suitable for speciation, extremely sensitive and

inexpensive (Wang, 2006).

Anodic stripping voltammetry (ASV) and adsorptive stripping voltammetry (AdSV)
are the two most important voltammetric techniques used in water analysis. Cathodic
stripping voltammetry (CSV) and potentiometric stripping analysis (PSA) are the other
stripping techniques. Voltammetric techniques also include linear sweep voltammetry (LSV),
differential pulse voltammetry (DPV), and square wave voltammetry (SWV), which are fast
but not very sensitive techniques. Cyclic voltammetry (CV) is not sensitive enough for
determination of trace metals in natural waters but is used to study electrode processes and

finding optimum analytical conditions (Buffle et al., 2000).

According to Locatelli, (2007) voltammetric techniques with its great versatilities
(high sensitivity, multicomponent analysis and low instrument cost) has allowed its
application in a large number of analytical problems relevant to clinical, environmental,
industrial and food matrices. The illustration of a typical electrochemical cell for

voltammetric measurements is shown in Figure 2.
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Figure 2. An electrochemical cell used in different voltammetric techniques consisting of a
working electrode, reference electrode and a counter electrode (Zhang, 2006).

2.3.1. Electroanalytical techniques

During the past two decades the use of stripping voltammetry has grown rapidly due
to its low cost, its remarkable sensitivity with extremely low detection limits, can analyze
non-metals such as anions or organics, suitability to on-line measurements, and its multiple
elements, speciation capabilities and differentiates between free and complexed metal ions.
Stripping voltammetry with its unique features of trace analysis has been reviewed. The
development of multi-purpose instruments, the introduction of reliable working electrodes,
modulated stripping modes (aimed at rejection the charging current) and a wide range of

applications were done during the 1970s (Wang, 1985; Florence, 1984).

Adsorptive stripping voltammetry (AdSV) is the technique which involves the
accumulation of the analyte of interest onto the electrode surface by adsorption, generally
without electrolysis, followed by differential pulse, square wave or direct current
voltammetric determination of the surface adsorbed species. The surface active species is
formed during trace metal analysis by either reaction of the metal ion with a suitable reagent
giving a complex which is then adsorbed on the electrode surface or by reaction of the metal
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ion with the reagent adsorbed on the electrode surface. The reduction of the metal or ligand in
the adsorbed complex or the catalytic evolution of hydrogen produced a current during the
cathodic scan. According to the literature the adsorbed layer can be reduced during the
cathodic scan giving low limits of detection. This AdSV results in procedures for measuring
more than 25 trace metals, coupled with conventional stripping schemes, and about 45
elements are now measurable by stripping analysis. It also allows the simultaneous
determination of 2-3 metals, based on the metal chelates peak potentials separations. In the
presence of dissolved oxygen adsorptive stripping chronopotentiometry metal analysis are
also possible (Maxwell and Smyth, 1996; Wang et al., 1989; Adeloju et al., 1984).

A powerful analytical method such as AdSV is used for the determination of ppb level
of PGMs. This method is based on adsorptive deposition and stripping of PGM ion complex
with a suitable ligand at the electrode surface. The low instrumentation and running costs
with high sensitivity are the advantageous of AdSV and therefore becoming a widely
accepted technique for the determination of trace amount of PGM ions (Cha et al., 2000;
Wang, 1987; Brihaye and Dugckaerts, 1983; Staray and Kopanica, 1984; Hong et al., 1997).

2.3.2. Use of different electrodes

The different approaches and techniques that have been reported in the development
of different environmental sensors are discussed and listed below in Table 1. Platinum group
metal concentration was determined in superficial water, fresh water, vegetables, Waste
water, aqueous, rice, tea and human hair. The hanging mercury drop electrode was the most
popular electrode compares with chemically modified carbon paste electrode, mixed binder
carbon paste electrode, glassy carbon bismuth film electrode and silver amalgam film
electrode. Square wave adsorptive stripping voltammetry is the stripping mode that was used
in the determination of PGMs.
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Table 1. Determination of Platinum Group Metals in different environmental samples using different working electrodes (Locatelli, 2007; Somerset et al.,

2011).
Environmental Analyte of intrest [a] Sample Stripping mode [c] Working References
matrix treatment [b] electrode [d]
Superficial water Pt(I1)—Rh(III) - LSAdSV HMDE Dalvi et al., 2008
Fresh water Pd(I1) - SWAdISV Hg(AgQ)FE Bobrowski et al., 2009
Superficial water Pt(11), Pd(I1), Rh(II) - SWAdSV HMDE Locatelli, 2006
Vegetables Pt(I1), PA(I1), Rh(I1I) DD SWAdSV HMDE Locatelli et al., 2005
Fresh water, Pt(11), Pd(I1), Rh(II) WD DPAdSV GC/BIFE Van der Horst et al., 2012
sediments
Waste water Pt(1V), Ir(111), Os(1V) - DPCSV CMCPE Svancara et al., 2007
Aqueous Pd(11) - AdSV HMDE Ramirez & Gordillo, 2009
Surface water Pt(11), Rh(I11), Pd(II) WD SWASV HMDE Locatelli, 2006
Rice, tea, human hair Pd WD LSV, MBCPE Zhang et al., 1996

[a] Pt — platinum; Pd — palladium; Rh — rhodium; Os — osmium; Ir — iridium.
[b] DD — dry digestion; WD — wet digestion.

[c] SWAdSV - square wave adsorptive stripping voltammetry; DPAdSV — differential pulse adsorptive stripping voltammetry; DPCSV —
differential pulse cathodic stripping voltammetry; AdSV — adsorptive stripping voltammetry; SWASV — square wave anodic stripping
voltammetry; CSV — cathodic stripping voltammetry.

[d] HMDE — hanging mercury drop electrode; GC/BIFE — glassy carbon bismuth film electrode; CMCPE — chemically modified carbon paste
electrode; MBCPE — mixed binder carbon paste electrode; Hg(Ag)FE — silver amalgam film electrode.
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2.3.2.1. Metal film electrodes

The mercury film electrode (MFE) has been develop to replace the mercury drop
electrode and can be formed by in-situ plating of Hg on glassy carbon, silver and gold
electrodes or by preliminary deposition. This electrode is robust and has an excellent
sensitivity due to a high surface area to volume ratio. Mercury film electrodes consist of a
very thin mercury layer or many small mercury droplets on a conducting surface. These
electrodes were traditionally used as working electrodes for the simultaneous voltammetric
determination of heavy metals in different environmental samples due to their, reliability and
reproducibly. Due to the toxicity of mercury alternative working electrodes has been
developed by many researchers since mercury toxicity has been highlighted and the use of it

been considered undesirable (Somerset et al., 2011; Airey, 1947; Florence, 1970).

The bismuth film electrodes (BiFES) was introduced in 2000 as a favourable
replacement for mercury film electrodes (MFESs) and has been widely accepted due to the fact
that bismuth is environmental friendly, since the toxicity of bismuth and its salts is negligible.
Nowadays, BIiFEs is extensively used in numerous electrochemical laboratories worldwide;
the analytical properties of BFESs in voltammetric analysis are comparable to those of MFEs
due to the property of bismuth to form fused alloys with other heavy metals (Wang et al.,
2000; Long et al., 1978; Economou and Fielden, 1998).

Table 2 presents analytical parameters for the determination of PGMs in
environmental samples using different metal film electrodes. The excellent analytical
capabilities of metal film electrodes for different metal ions were demonstrated such as
Pd(Il), Pt(Il), and Rh(IIl). Platinum group analysis was done in different supporting
electrolytes such as ammonia, hydrochloric acid, sulphuric acid and acetate buffer solutions.
Very good limit of detection were obtained, in the micrograms and nanograms per liter range

for deposition times between 30 and 300 s.

Van der Horst et al. (2012) developed an analytical sensor for the detection and
characterisation of PGMs in environmental samples. A bismuth film was coated onto a GCE
and differential pulse adsorptive stripping voltammetric measurements for PGMs were used

in the presence of dimethylglyoxime (DMG) as chelating agent. In this study the parameters
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affecting the peak currents of PGMs were optimised. Well defined peaks were obtained with

the bismuth film with highly linear behaviour between concentrations ranging from 0.5 to 20

Mg/L of Pd, Pt and Rh, respectively. This bismuth film electrode coated on a GCE, exhibited

good reproducibility. In Figure 3 the differential pulse adsorptive stripping voltammogram

for the simultaneous determination of Pd-Rh-(HDMG), and Pt-Rh-(HDMG),, complexes at a

bismuth film electrode is shown.
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Figure 3. Differential pulse adsorptive stripping voltammetry for increasing concentration of

Pd(ID—Rh(II) and Pt(I)-Rh(I) at a Bismuth film electrode. The solutions of 0.01 M
ammonia buffer (pH 9.0) containing 2 to 5 ppb Pd(II)-Rh(II) and Pt(II)—Rh(II) with 5 x
10" M DMG; deposition potential was -0.6 V and deposition time 150 s (Van der Horst et
al., 2012).

The work done by Dalvi et al. (2008) described the characteristics of the

adsorption/electro-reduction of Pt/Rh hexamethylene tetramine (HMTA) complex on static

mercury drop electrode surface. In this study cyclic voltammetry was used to get the insight

about the mechanistic behaviour of the catalytic current of Pt/Rh HMTA complex in acidic

solution. For the determination of Pt/Rh adsorptive stripping voltammetry using HMTA as
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the complexing agent was found to be highly sensitive method. The working electrode was
the hanging mercury drop electrode (HMDE), a glassy carbon rod as the counter and an
AQ/AQCI/KClsaurated @s the reference electrode in the present voltammetric measurements.
The optimisation of various electrochemical parameters such as concentration of the ligand,
deposition potential, supporting electrolyte, deposition time, etc. was done. For a deposition
time of 30 s the limit of detection for Pt and Rh was found to be 4.38 pML* and 2.80 pML™*
respectively and the simultaneous determination of Pt(1l) and Rh(Ill) in water samples was
possible. The linear sweep voltammogram for the simultaneous determination of increasing
concentration of Pt(1l) and Rh(Ill) at a HDME are illustrated in Figure 4.

) ¥ T v T v T
-1.0x10" [ -
-8.0x10° |- o
< -6.0x10° |- J
-
=
@ < o
- 6
= -4.0x10" | 3
o
-2.0x10° |- -
0.0 R ! M 1 i !
-0.6 -0.8 -1.0 -1.2
Potential, V (Ag/AgCl)
Figure 4. Linear sweep voltammetry for increasing concentrations of Pt(ll) and Rh(Ill) at a

HDME. The solution of 2.5 M sulphuric acid containing 8, 16, 24, 32, 40 and 48 pM
Pd(11) and Rh(I1) with 2 mM HMTA,; deposition potential was -0.5 V (vs. Ag/AgCl) and
deposition time 30 s (Dalvi et al., 2008).

Locatelli et al. (2005) constructed a analytical procedure for the voltammetric
sequential determination of Pt(I1), Pd(Il), and Rh(Ill), by squarewave adsorption stripping
voltammetry (SWAdSV), and Pb(ll), by square-wave anodic stripping voltammetry
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(SWASV) in environmental samples. In this study the relative standard deviation and relative
error were always less than 6% respectively and the limits of detection (LOD) for each
element were below 0.096 pg/g. the voltammetric results was compared with the

spectroscopic measurements.

The work done by Kim and Cha (2002) described the determination of palladium(ll)
complexed with a-(2-benzimidazolyl)-a',a"-(N-5-nitro-2-pyridiylhydrazone)-toluene
(BINPHT) was investigated by adsorptive cathodic stripping voltammetry using hanging
mercury drop electrode. In this analytical procedure, the supporting electrolyte was sodium
acetate buffer (0.01 M) at pH 5.0 with a 2 x 10> M concentration of BINPHT. Accumulation
is achieved by adsorption of Pd(I1)-BINPHT complex on a hanging mercury drop electrode
with accumulation potential of =590 mV versus Ag/AgCl, accumulation time of 180 s and
scan rate of 50 mV/s. A detection limit (S/N = 3) of 2 ng/mL was obtained with good relative

standard deviation.
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Table 2. Determination of Platinum Group Metals in different environmental samples using different working electrodes.

Analyte Detection limit Deposition time  Deposition Dynamic range Working Electrolyte [c]  References
determined [a] potential electrode [b]
Pd(11); Pt(1l); 0.12 pg/L —Pd(Il);  90sforPd (II); -0.7V—Pd(ll); 0-3.5pug/L BiFE NH3 Van der Horst et al.,
Rh(1I) 0.04 pg/L — Pt(1I); 150 s for Pt(1); -0.7 V — Pt(l); 2012
0.23 ug/L—Rh(Il)  150sforRh (1) -0.5V — Rh(ll)
Pt(I1); Rh(I1)  4.38 pM/L —Pt(Il); 30s 05V — HMDE H,S0, Dalvi et al., 2008
2.80 pM/L — Rh(llI)
Pt(I1); PA(II); 0.096 ug/g 240 s — Pd(II); -0.05V —Pd(ll); - HMDE HCI Locatelli et al., 2005
Rh(111) 270 s — Pt(1I); -0.7 V = Pt(Il);

270 s — Rh(lI) -0.7 V — Rh(l11)
Pd(I1) 5 ng/mL 180 s -0.59 VvV 20-100 ng/mL HMDE HAc—NaAc Kim and Cha, 2002

[a] Pt — platinum; Pd — palladium; Rh — rhodium.
[b] BIiFE — bismuth film electrode; HMDE — hanging mercury drop electrode.
[c] NH3 — amaonia buffer; HCI — hydrochloric acid; H,SO,4 — sulphuric acid; HAc—NaAc — acetate buffer.
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2.3.2.2. Carbon based electrodes

Due to its toxicity, mercury drop and film electrodes are being progressively replaced
by various forms of carbon electrodes or carbon electrode substrates (carbon paste, glassy
carbon, carbon nanotubes, carbon screen printed electrodes, etc.). In voltammetric analysis
glassy carbon has played an important role due to its good positive potential range, hardness,
low porosity, low permeability to gases and good electrical conductivity. For several years
carbon paste electrodes (CPEs) have received considerable attention under the field of
chemically modified electrodes (CMEs) due to its ability to accumulate metal ions on the
basis of the interaction of these ions with a functional group on the electrode surface. The
preparation, regeneration and modification of CPEs can be easy with the mixing of various
ligands depending on the application. A disadvantage of these carbon or carbon substrate
electrodes are they tend to become blocked over time when employed in voltammetric
analysis in natural media, due to irreversible adsorption of electroactive and other chemical
species, leading to a decrease in response and difficulties in the analysis of untreated samples
(McCreery, 1991; Brett, 1999). An illustration of carbon based electrodes is shown in Figure
5.

Chemical compound

Stripping signal
Tranducer ( GCE, SPCE)
Electrical contact  Electrode material
Sample matrix
' 1
Electrode hody
Figure 5. Illustration of carbon based electrodes (Navratill and Barek, 2009; Stetter et al., 2003).
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The work done by Svancara et al. (2007) described a novel method for the
determination of platinum metals. In this method a carbon paste electrode modified in situ
with cationic surfactants and the pre-concentration step is based on a specific accumulation
mechanism involving ion-pair formation. Cathodic scanning differential pulse voltammetric
mode was applied for the detection of three heavy platinum metals in the form of Pt(IV),
Ir(111) and Os(IV). It was found that this method was almost inapplicable for the detection of
Ru, Rh, and Pd. For both platinum and iridium the stripping signals were proportional to the
concentration in a range of 1-10 x 10°° M Pt(IV) and Ir(111) and for osmium the response
being linear within 0.1 to 6 x 10" M Os(IV) with a detection limit of about 5 x 10~° mol/L.
This developed method showed both in model solutions and real samples of industrial waste
water satisfactory analytical performance. Figure 6 depicted the differential pulse cathodic
stripping voltammogram for the simultaneous determination of Ir(lll), Pt(IV), Os(IV) at a

carbon paste electrode modified with Septonex.

2
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Figure 6. Differential pulse cathodic stripping voltammetry for 5 x 107 M Pt(1V), 3.5 x 10° M

Ir(111) and 5 x 10® Os(IV) with a carbon paste electrode modified with Septonex. The
solution of 0.10 M acetate buffer, 0.15 M KCI, 1 x 10° M Septonex (pH 4.5) deposition
potential was +0.8 V (Svancara et al., 2007).
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Galik et al. (2006) developed a method for the determination of osmium at a carbon
paste electrode (CPE) modified with cationic surfactants such as cetyltrimethylammonium
bromide (CTAB) and 1-(ethoxycarbonyl)-pentadecyltrimethyl-ammonium  bromide
(Septonex). Electrochemical detection of osmium was performed by cathodic scanning in the
differential pulse voltammetric mode with both salts were added in situ and serving for
preconcentration of osmium via its hexachloroosmate(IV) anion. The supporting electrolyte
was chloride/acetate buffer with Septonex as the modifier of choice. The reduction signal for
osmium was found to be proportional to the Os(IV) concentration in a range from 5 x 10 to
5 x 107 mol/L with a limit of detection close to 5 x 10™° mol/L (with preconcentration for 60
s). The analytical procedure was capable to determine Os(IV) in the presence of both Pt(IV)

and Ir(111) was tested on model solutions and real sample of industrial waste water.
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Table 3. Determination of Platinum Group Metals in different environmental samples using carbon based working electrodes.

Analyte Detection limit Deposition Deposition Dynamic range Working Electrolyte [c] References
determined [a] time potential electrode [b]
Pd(11) 10° M 120s—Pd(Il)  -0.7V-—Pd(ll) - MBCPE HAc—NaAc Zhang et al., 1996
Pt(IV); Ir(I1l); 7% 107" M —Pt(IV); 30s — Pt(IV); +0.9V —Pt(IV); 1-10 x 10° M — Pt(1V); CPE HAc—NaAc Svancara et al., 2007
Os(IV) 9x10°M—Ir(lll);  60s—Ir(I1);  +0.8V—Ir(lll); 0.1-6 x 107 M — Os(IV)

5x10°M—0s(IV) 30s-0s(lV)  +0.8V —O0s(IV)
Os(1V) 5 x 10" mol/L 30s +0.7 V 5x10°-5x10"mol/lL  CPE HAc—NaAc Galik et al., 2006

[a] Pt — platinum; Rh — rhodium; Os — osmium; Ir — iridium.

[b] MBCPE — mixed binder carbon paste electrode; CPE — carbon paste electrode.

[c] HAc—NaAc — acetate buffer solution.
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2.3.2.3. Metal based nanosensors (MBNSSs)

Nanoparticles are extremely suitable for designing new and improved sensing
devices, especially electrochemical sensors and biosensors due to its unique chemical
(catalytic) and physical (structural, electronic and optical) properties. The constructing of
these electrochemical sensors and biosensors are done by using many kinds of nanoparticles
such as metal, oxide and semiconductor nanoparticles which plays different roles in different
sensing systems (Luo et al., 2006). According to Hernandez-Santos et al. (2002) there is no
universally agreed upon definition of when a small particle qualifies as a nanoparticle.
Physical and chemical methods are used to prepare metal nanoparticles. The properties of all
nanoparticles depend on their size, shape and stabilising agents which are controlled by the
preparation conditions. The chemical methods which involve reduction of metal ions to metal
atoms followed by controlled aggregation of atoms. Physical methods starts from vapour
deposition consist in principle of subdividing bulk precursors to nanoparticles. The different
metal based nanosensors (MBNSs) that were developed for the determination of heavy metals

and other analytes are discussed and listed below in Table 4.

2.3.2.3.1. Synthesis of bismuth nanoparticles

In recent years bismuth has gained much attention in metallurgical and
pharmaceutical additives and is suggested to replace mercury in environmental sensor
application (Rodilla et al., 1998; Sun et al., 1999; Guo et al., 2005). The ability of bismuth to
form alloy with different metals are one of the advantageous analytical properties and its
alloys are used as high-temperature heat-transfer agents (Wang et al., 2006; Hocevar et al.,
2002; Kefala et al.,, 2006). Bismuth which has semi-metal properties must have
semiconductor properties in response to decreasing crystallite size. The applications of
bismuth are also expanded by the magnetoresistance effect observed in single crystals and
thin films. Due to its high electron mobility, high anisotropic electronic behavior and low
conduction-band effectively mass makes semi-metal bismuth an interesting material for
electronics (Gallo et al., 1963).
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The preparation of bismuth nanoparticles are done by an extremely simple one step
solution dispersion method modification starting from bulk metal described by Zhao et al.
(2004) Solid bismuth granules were added to paraffin oil and the vessel was sealed. The
bismuth mixture was heated and the bismuth has melted under vigorous stirring.
Centrifugation was done to the supernatant after cooling. The bismuth particles residue was
washed several times with chloroform to eliminate any paraffin, and finally dried under N,

stream. A dark grey powder was obtained and stored in a sealed vial at room temperature.

Zhang et al. (2010) synthesised bunch-like bismuth nanostructures for the
development of a chemical sensor via an electrochemical two step deposition. Due to its
unique three-dimensional structures and strong ability of adsorbing the heavy metal ions, this
designed bunch-like Bi electrode has very high sensitivity to detect heavy metal ions in

aqueous solutions.

In the work done by Lee et al. (2010) nano-sized bismuth (Bi) binding technology has
been developed to improve the electrochemical characterisation of Bi(lll) for heavy metals
detection. Gas condensation method was used to synthesise Bi nanopowder and exhibits
nanoparticles with size smaller than 100 nm. Strong chemical bonding by Nafion solution
was used to distribute the Bi nanoparticles uniformly on a carbon surface. The phase stability
and dispersion stability of the Bi nanoparticles is suggested by an optimum additional amount
of Nafion.

The work of Rico et al. (2009) reports a simple procedure for the chemical synthesis
of bismuth nanoparticles and the subsequent adsorption on commercial screen-printed carbon
electrodes for the reliable quantitation of trace zinc, cadmium and lead by anodic stripping
square wave voltammetry (ASSWV) in non deareated water samples. Various experimental
variables and the influence of the two hydrodynamic configurations (convective cell and flow

cell) are explored upon the stripping signals at the bismuth-coated sensor.

Malakhova et al. (2010) developed a procedure for the immobilisation of bismuth
nanoparticles prepared by the method of gas condensation on inert supports manufactured by
screen printing method using carbon containing inks. The conditions of the electrochemical
activation are found by investigate the electrochemical behaviour of the immobilised bismuth
nanoparticles. The optimisation of the composition of the modified suspension “bismuth
nanoparticles-liquid” is done. Similar results are obtained for the analytical parameters of the

elaborated thick film carbon containing electrode modified by bismuth nanoparticles compare
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to the commercially available thick film carbon containing electrode premodified by calomel
and substantially exceeds carbon containing electrodes with electrolytically deposited

bismuth films in its properties.

2.3.2.3.2. Synthesis of silver nanoparticles

In recent years nanosized silver colloids have received a great deal of attention for
various potential applications, such as catalysts, chemical sensors and conductors due to its
excellent thermal, optical, catalytic and electrical properties. These special and unique
properties could be attributed to their small sizes and large specific surface area (Haes and
Van Duyne, 2003; Magdassi et al., 2003; Nie and Emory, 1997; Pradhan et al., 2002; Ye et
al., 1999). According to Sun and Xia, 2002; Cuenya, 2010, the size, shape and surface
morphology play pivotal roles in controlling the electronic, chemical, optical and physical
properties of these nanoscopic materials. Many research works were done on the synthesis
and characterisation of silver nanoparticles with different morphologies. In the synthesis of
these nanoparticles the catalytical activity is also dependent on their size as well as their
shape, structure, size distribution and chemical-physical environment. Thus, control over the
size and size distribution is an important task. According to many publication specific control
of shape, size and size distribution is often achieved by varying the synthesis methods,
reducing agents and stabilizers (Zhang et al., 2004; Zhang et al., 2006; He et al., 2004;
Chimentao et al., 2004; Yeo et al., 2003).

In anodic stripping voltammetry (ASV) the application of metallic silver electrodes is
not so common and higher interest was devoted to the cathodic polarization of these
electrodes. Differences between the voltammetric behaviour of metallic and composite silver
electrodes were illustrated in the results obtained by cyclic voltammetry and by anodic
stripping voltammetry (Ishiyama and Tanaka, 1996; Miva et al., 1982; Shain and Perone,
1961).

The formation of silver nanoparticles can be obtained by various techniques but the
wet chemical method is probably the most popular due to the ability to produce large
quantities, its simplicity and low cost. Strong reducing agent such as sodium borohydride

(NaBH,) or hydrazine (N2H,) is added to silver nitrate (AgNO3) in an aqueous reaction
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medium. Sodium chloride (NaCl) is added and the nanoparticles aggregate and the
suspension turns cloudy gray. The addition of a small amount of polyvinyl pyrrolidone will
prevent aggregation. To obtain silverparticles the solution can be left to evaporate or put in a
toaster oven for 30 minutes. When formaldehyde is used which act as a moderate reducing
agent silver particles with a mean size of 27.8 nm and standard deviation of 9.9 nm are
obtained (Chou and Lai, 2004; Chou and Lu, 2005; Nersisyan et al., 2003; Pradhan et al.,
2002).

Li et al. (2005) constructed a novel mercury-doped silver nanoparticle film glassy
carbon (Ag/MFGC) electrode to investigate the electrochemical behaviours of cysteine on the
Ag/MFGC electrode by electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV). Due to strong adsorption of cysteine thin layer of cysteine are formed at
the surface of the Ag/MFGC electrode. In an acetate buffer solution (pH = 5.0) the doped
electrode catalysed the electrode reaction process of cysteine, and the cysteine displayed a

pair of well defined and nearly reversible CV peaks at the electrode.

The work of Sebkova et al. (2003) indicates the examination of new types of silver
composite electron prepared from silver, graphite powder and methacrylyte. The
determination of 2-nitronaphtalene was done by using differential pulse voltammetry (DPV)
and direct current voltammetry (DCV) at electrodes with varied content of silver (10, 15,
20%). The application of this electrode in differential pulse cathodic stripping voltammetry
enables the direct determination of nitrocompounds without elimination of the presence of
dissolved oxygen. The most advantageous electrode for the determination of 2-
nitronaphtalene was the electrode consisting of 15% of silver, 25% of graphite and 60% of

metacrylate resin.

In the work done by Safavi et al. (2009) a two-step potentiostatic method was used to
electrodeposited silver nanoparticles (narrowly dispersed in diameter) on a carbon ionic
liquid electrode (CILE) surface. The size and morphologies controls for electrodeposited
silver nanoparticles on a CILE were done by using a suitable and simple potentiostatic double
pulse technique. The obtained silver nanoparticles deposited on CILE surface showed
excellent electrocatalytic activity (low overpotential of -0.35 V vs. Ag/AgCl) towards

reduction of hydrogen peroxide.

According to Shukla et al. (2012) the “green” synthesis of nanosilver is an efficient,
easy-going, fast, renewable, inexpensive, eco-friendly and non-toxic approach which offers
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numerous benefits over physiochemical approaches. The formation and crystallinity of
nanosilver are proved by the X-ray diffraction (XRD) patterns. Transmission electron
microscopy (TEM) confirmed the average particle size of silver nanoparticles (8.25 = 1.37
nm). The UV-Vis absorption spectrum shows a characteristic absorption peak of silver
nanoparticles at 410 nm. Azadirachtin the reducing and stabilizing agent for nanosilver
formation was confirmed by FTIR. In addition excellent electro-catalytic activity toward the
reduction of hydrogen peroxide (H,O,) was exhibited by the nanosilver modified glassy
carbon electrode (Ag/GC). The produced nanosilver is stable and comparable in size which

shows potential applications in the field of fuel cells, catalysis, nanodevices and sensors.

2.3.2.3.3. Silver bimetallic sensor

New types of electrodes based on amalgamation of soft metal powder (MeSAE-metal
solid amalgam electrodes) were designed by Prague research group several years ago
(Novotny and Yosypchuk, 2000). The Trondheim research group developed a solid dental
amalgam electrode at the same time (Mikkelsen and Schroder, 2000). The construction of
these electrodes was prepared simply by placing the dental amalgam paste in a cavity of the
electrode holder and was used for the analysis of heavy metals. A variety of metals was used
for amalgam electrodes preparation (e.g., silver, copper, gold, and thallium) by the Prague
group. After the modification of their surfaces by mercury film (MF-MeSAE) or after
polishing of solid amalgam disc (p-MeSAE) they can be used as mercury-free electrodes. The
application of these solid amalgam electrodes and the results achieved are fully comparable
with those obtained using hanging mercury drop electrode (HMDE) or dropping mercury
electrode (DME). In many cases the solid amalgam electrodes do not reach the quality of
HMDE but they approach it and it was proved by a variety of analytical applications,
including many inorganic anions as well as organic species and the voltammetric
determination of heavy metal cations. At amalgam electrodes the value of the hydrogen
overvoltage is as high as at liquid mercury. The field of their application is similar to this of
HMDE or DME and easiness, universality of their surface regeneration belong to advantages
of amalgam electrodes (Novotny and Yosypchuk, 2000; Mikkelsen and Schroder, 2000;
Mikkelsen and Schroder, 2002; Yosypchuk and Novotny, 2002; Selesovska-Fadrna et al.,
2007; Fadrna, 2004).
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In electro-analytical research the development of solid electrodes has been one of the
long term trends. The most electrochemical measurements are done by some solid electrodes
such as pure metallic (silver, platinum, gold, etc.) or metallic composite electrodes (carbon
composites, silver composites or gold composites). The greatest advantage of these electrodes
is the high oxygen overvoltage and makes it possible to observe electrode reactions at
positive potentials (Kolb, 1978; Navratil and Kopanica, 2002; Navratil and Kopanica, 2002;
Navratil et al., 2004; Sebkova et al., 2003; Navratil et al., 2003; Sebkova et al., 2005).

Based on amalgamation of soft metal powders the designed and of nontoxic
electrodes of solid amalgams especially the silver solid amalgam electrode AgSAE was
introduced a few years ago. The dental amalgams with the same composition as the polished
AQSAE were suggested at a later stage. However, lower sensitivity and narrower range of
working potentials was achieved by these dental amalgams (Novotny and Yossypchuk, 2000;
Polaro-Sensors, 1997; Yossypchuk and Novotny, 2001; Mikkelsen and Schroder, 2000;

Mikkelsen and Schroder, 2001). The construction of a solid amalgam electrode is illustrated

in Figure 7.
Electrical contact c
Electrode body
Composite material
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|
Figure 7. Illustration of the construction of a solid amalgam electrode (Sebkova et al., 2004).

Due to its low mechanical stability and because of unsubstantiated fears of toxicity
this complicating the used of mercury electrodes and avoid the use of mercury in flowing
systems and in portable devices. The work done by Yosypchuk and Novotay (2002), clearly
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shown that amalgam electrodes (AE) can, in many cases, successfully substitute mercury
electrodes. When compared with the HMDE some of the MeSAEs exhibit narrower range of

working potentials which is the base of similar applicability.

Bobrowski et al. (2009) constructed an amalgam film electrode of mercury and silver
(Hg(AQ)FE) for the determination of palladium(ll) in the presence of dimethylglyoxime
(DMG). This described sensitive method is based on adsorptive stripping voltammetric
protocol and the procedure is based on the adsorptive preconcentration of the Pd(ll)-
dimethylglyoxime complex onto the (Hg(Ag)FE) at -0.45 V followed by a negatively going
square-wave voltammetric scan. The investigation and optimisation of factors affecting the
stripping performance such as deposition potential, deposition time, pH, composition of
DMG concentration, the supporting electrolyte, including different ligands and SW frequency

have been done.

The work done by Fadrna (2005), shown that polished silver solid amalgam electrode
(p-AgSAE) appears to be a good alternative to hanging mercury drop electrode (HMDE).
Analysis was done on the electrode material and of the working electrode surface. In this
study inorganic electrochemical measurement for the determination of metal cations,

thiocyanates and nitrates was successfully demonstrated using this electrode.

A I 5

Figure 8. lllustration of the mechanical refreshing of the mercury film silver based electrode. The
construction shown a Hg(Ag)FE: (A) refreshing configuration, (B) configuration ready
for voltammetric measurement (Piech et al., 2008).
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Table 4. Determination of different analytes in environmental samples using metal based nanosensors (MBNSs).

Analyte Detection limit Deposition Deposition Dynamic range Working Electrolyte References
determined time potential electrode
Pb(11); Cd(11); 2.5-50 pg/L 60 s 11V 2.5-50 pg/L BiFE HAc—NaAc Zhang et al., 2010
Hg(l1); Cu(ll)
Zn, Cd, Pb 0.15 ng/mL for Cd; 0.07 ng/mL 120 s -14V 0.9-4.9 ng/mL Bi-film SPCEs HAc—NaAc Rico et al., 2009
for Pb
As(111) 1.2 ppb 120's 0.6V 10-100 ppb AgNPs/CT/GC HNO; Prakash et al., 2012
Pd(I1) 0.15 mg/L 60 s -0.45V 1.0-50 mg/L Hg(AQ)FE HAc—NaAc Bobrowski et al., 2009
Co; Ni 0.0035 pg/L for Co; 0.013 pg/L 60 s 0.7V 0.01-7 pg/L — Co; Hg(AQ)FE NH3 Kapturski and Bobrowski,
for Ni 0.1-10 pg/L — Ni 2008
Pb; Cd; Zn 0.55 pg/L — Pb; 0.40 pg/L — Cd;  180s -14V 1-8 pg/L TCE/Bigno HAc—NaAc -Cl Malakhova et al. 2010
0.38 ug/L — Zn
H,0, 1M 9s 042V 0.25-1.4 pM Ag/GC HAc—NaAc Shukla et al., 2012

[a] HAc—NaAc — acetate buffer; HAc—NaAc—Cl — acetate chloride; NH3 — ammonia buffer; HNO3 — nitric acid.

[b] Ag/MFGCE — mercury doped silver nanoparticles film glassy carbon electrode; Hg(Ag)FE — silver amalgam film electrode; TCE/Binano —
thick-film carbon-containing electrode bismuth nanoparticles; Bi-film SPCEs—bismuth film screen printed carbon electrodes; BiFE — bismuth
film electrode; AgNPs/CT/GC — silver nanoparticles bult-in chitosan modified glassy carbon electrode; Ag/GC — silver nanoparticles modified

glassy carbon electrode.

[c] Pb —lead; Cd — cadmium; Zn — zinc; Co — cobalt; Pd — palladium; Hg — mercury; Ni — nickel; Cu — copper; As — arsenic; H,O, — hydrogen

peroxide.
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2.3.3. Chelating agents

Chemicals that form soluble, complex molecules with certain metal ions, inactivating
the ions so that they cannot normally react with other elements or ions to produce precipitates
or scale are called chelants. The most common chelates known are dimethylglyoximes
(DMG), Hexamethylene tetramine (HMTA) and ethylenediaminetetraacetic acid (EDTA).
Georgieva (2002) investigated the electrochemical behavior of Pt(1V) ions in the presence of
dimethylglyoxime using adsorptive stripping voltammetric method. The obtained results in
this study indicated that the platinum is reduced from its adsorbed state as bis-
dimethylglyoxi-mate platinum (IVV) complex. This study showed that the reduction process of
platinum dimethylglyoximate complex in acidic media is possible and gave highly linear

response.
The applications of chelators have been proposed and listed below:

used in the production of nutritional supplements,
chemical analysis,

fertilizers,

as water softeners,

industrial applications,

medicine,

food preservatives,

vV V. V V V V V V

heavy metal detox,

» and commercial products such as shampoo.
(Ashmead, et al., 1986; Doja and Roberts, 2006; U.S. Centers for Disease Control, 2006;
Furia, 1964; Lanigan and Yamarik, 2002).

2.3.3.1. Dimethylglyoxime

Dimethylglyoxime is a common laboratory reagent and has been mostly used in the

spectrophotometric analysis. Dimethylglyoxime (DMG), acenaphthenequinone dioxime
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(ANDO) and their mixed ligands (DMG—ANDO) supported on naphthalene are solid
chelating compounds which provide rapid and economical route to the pre-concentration of
nickel in alloys and biological and natural water samples. In the determination of platinum
group metals (PGMs) by ASV a number of ligands such as dimethylglyoxime, the derivatives
of phenolthiozine have been studied. A detection limit of 1 ng/L was obtained for the
dimethylglyoxime-base and phenolthiozine-base methods but those methods have an
interfering ions, such as Ag(Il) and Zn(ll) (Wang and Varughese, 1987; Sanke Gowda et al.,
1975; Sanke Gowda and Thimmaiah, 1976).

For the separation and preconcentration of palladium at trace level (DMG) was
chosen as the complexing agent. Palladium forms a stable complex with DMG having a
stability constant log 2 = 34.3. The application of DMG has been very little for the
separation and preconcentration of palladium by solid phase extraction (Daniel et al., 2003;
Oymak, 2003; Usami et al., 1990). Figure 9 is a good illustration of the general structure for
dimethylglyoxime.

Figure 9. General structure of Dimethylglyoxime (Semon and Damerell, 1943).

2.3.3.2. Hexamethylene tetramine

Hexamethylene tetramine (HMTA) is a heterocyclic organic compound and has got
excellent adsorbing properties at the mercury surface. According to Figure 10 this compound
has a cage-like structure similar to adamantane and contains N’ donor atoms. Hexamethylene
tetramine is a white crystalline compound and is highly soluble in water and polar organic

solvents. Due to its sensitivity and stability HMTA is used as the complexing agent in
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adsorptive stripping voltammetric determination of platinum group metals. Hexamethylene
tetramine is also useful in the synthesis of chemical compounds such as pharmaceuticals,
rubber additives and plastics (Eller et al., 2005; Dalvi et al., 2008). The general structure of

hexamethylene tetramine is shown in Figure 10.

N

Figure 10. General structure of Hexamethylene tetramine (Butlerow, 1859).

The work of Dalvi et al. (2008), illustrates the adsorption or reduction of Pt/Rh
hexamethylene tetramine (HMTA) complexes on a hanging mercury drop electrode (HMDE)
surface. In this study, the mechanistic behaviour of the catalytic current was obtained in the
voltammetric scan of Pt/Rh HMTA complex in acidic solution using cyclic voltammetry.
Various electrochemical parameters like deposition time, deposition potential, supporting
electrolyte and concentration of the ligand were optimized. For a deposition time of 30 s the
detection limit of Pt and Rh was found to be 4.38 pM/L and 2.80 pM/L. tap and sea water

samples were spiked and the determination of Pt and Rh were also carried out.

2.3.3.3. Ethylenediaminetetraacetic acid

The chelating agent ethylenediaminetetraacetic (EDTA) acid is a colourless and water
soluble polyamino carboxylic acid. Ethylenediaminetetraacetate is the conjugate base of
EDTA and is applied to dissolve limescale. It’s a hexadentate (six-toothed) ligand and
chelating agent and its usefulness arises due to its ability to sequester metal ions such as Fe*
and Ca*". The metal ions remain in solution after being bound by EDTA but exhibit
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diminished reactivity. In 1935 Ferdinand Munz described the compound from the reaction
between ethylenediamine and chloroacetic acid. The synthesis of EDTA is from
formaldehyde, ethylenediamine and sodium cyanide. The sodium salt is obtained from this
synthesise method and can be converted in a subsequent step into the acid forms (Harris,
2007; Lanigan and Yamarik, 2002; Hart, 2005). Figure 11 is a good illustration of the general

structure for ethylenediaminetetraacetic acid.
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Figure 11. General structure of Ethylenediaminetetraacetic acid (Hart, 2005).

Ethylenediaminetetraacetic acid is used for the spectrophotometric determination of
palladium and it is found that the EDTA reagent with the palladium cation formed a yellow
complex. Palladium is one of the 32 cations that give no visible reaction with EDTA.
According to Pfibil et al. (1953) the reduction of silver ion by the ferrous complex of EDTA
are disturb by palladium. Palladium forms a stable complex with EDTA which has a

maximum absorbance in the near ultraviolet (Hynes et al., 1950).

In Table 5 the different complexing agents with their limits of detection in the
determination of PGMs are summarised. The work summarised in Table 5 illustrates some
work relavant to the simultaneous determination of PGMs such as Pt(11), Pd(I1), and Rh(llI)
(Van der Horst et al., 2012; Dalvi et al., 2008; Locatelli, 2006; Locatelli, 2006). These
develop electro-analytical procedures show to have very low limits of detection for the

concentration of these PGMs in real samples, like environmental matrices.
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Table 5.

Determination of trace levels of Platinum group metals using different complexing agents (Locatelli, 2007).

Analyte of intrest

Complexing agent

Limit of detection

Reference

Pt(I1), Pd(I), Rh(1),
Pt(I1)-Rh(11), Pd(11)-
Rh(11)

Pt(11), Rh(111)

Pd(11)

Pd(11), Pt(I1), Rh(I11)

Pd(Il

Pd(11)
Pd(11)
Pt(I1), Rh(111)
Pt(11)

Dimethylglyoxime in ammonia buffer (pH = 9.1)

Hexamethylene tetramine + sulphuric acid
Dimethylglyoxime in acetate buffer (pH = 4.4)
Hydroxylamine + formaldehyde + hydrochloric acid

a-(2-benzimidazolyl)-a',a"-(N-5-nitro-2-
pyridiylhydrazone)-toluene

DMG in acetic/acetate buffer (pH = 4.85)
Dimethylglyoxime in hydrochloric acid
Hydroxylamine + formaldehyde + hydrochloric acid
Thiosemicarbazide + formaldehyde + sulfuric acid

0.12 pg/L Pd(l1); 0.04 pg/L Pt(I1); 0.23 pg/L
Rh(IT)

4.38 pMIL Pt(11), 2.80 pM/L for Rh(III)
0.15 pg/L Pd(11)
0.021 pg/L Pd(I1), 0.035 pg/L Pt(11), 0.031

Hg/L Rh(I11)
5 ng/ml
0.019 pg/L Pd(lI)

0.021 pg/L Pt(11), 0.027 ug/L Rh(11)
0.03 ng/L

Van der Horst et al., 2012

Dalvi et al., 2008
Bobrowski et al., 2009
Locatelli, 2006

Kim and Cha, 2002

Ramirez & Gordillo, 2009
Locatelli, 2006

Locatelli, 2006

Huszal, et al., 2005

Pt—platinum; Rh—rhodium; Pd—palladium
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2.4. Non electroanalytical methods

A wide variety of PGMs determination techniques has been developed. The majority
of these techniques are based on analytical instrumentation methods. The most popular
techniques for the determination of PGMs are inductive coupled plasma atomic emission
spectrometry (ICP-AES), inductive coupled plasma mass spectrometry (ICP-MS),
instrumental neutron activation analysis (INAA), graphite furnace atomic absorption
spectrometry (GFAAS), electrothermal atomization-atomic absorption spectrometry (ETA-
AAS), electrothermal atomization laser-excited fluorescence spectrometry (ETA-LEAFS),
high performance liquid chromatography-inductive coupled plasma mass spectrometry
(HPLC-ICP-MS), high resolution inductive coupled plasma mass spectrometry (HR-ICP-MS)
and total reflection X-ray fluorescence spectrometry (TXRF). These methods can determine
PGMs with very high sensitivity, selectivity and has control over the interference effects, but
imply prior pre-concentration or matrix separation steps to assess PGM concentrations at the
required ultra trace levels (Begerow et al., 1997; Heinrich et al., 1996; Lustig et al., 1997;
Aucelio et al., 1998; Kubrakova et al., 1996).

Other techniques used for the determination of PGMs in various types of samples are
particle induced X-ray excitation (PIXE), secondary ion mass spectrometry (SIMS),
accelerator mass spectrometry (AMS) and auger electron spectrometry (Qu, 1996; Barefoot
and Van Loon, 1999). In Table 6 the most important analytical methods with their limits of

detection are summarised.
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Table 6. List of LOD values obtained in various analytical methods for PGMs determination
(Hees et al., 1998).

Method Limit of detection Reference

HR-ICP-MS Pt =0.03 ng/L Krachler et al., 1998
Pd=0.2 ng/L
Rh =0.03 ng/L

ICP-MS Pt=5 ppb Economou-Eliopoulos, 2010
Pd =2 ppb
Rh =1 ppb

INAA Pt=15 ppb Hoffman et al., 1978
Pd =5 ppb
Rh =0.1 ppb

GFAAS Pt = 1.0 pg/kg Zereini, 1997

Pd = 0.5 pg/kg

Rh =0.7 pg/kg
HPLC-ICP-MS Pt=4 pg/L Klippel, 1997
ETA-LEAFS Pt = 50fg Aucelio et al., 1998
TXRF Pt =< 35 pa/g Sures et al., 2002

Pd =< 35 pg/g
Rh =< 35 pg/g

HR-ICP-MS—high resolution inductive coupled plasma mass spectrometry; ICP-
MS—inductive coupled plasma mass spectrometry; INAA—instrumental neutron activation
analysis; GFAAS—graphite furnace atomic absorption spectrometry; HPLC-ICP-MS—high
performance liquid chromatography inductive coupled plasma mass spectrometry; ETA-
LEAFS—electrothermal atomization laser-excited fluorescence spectrometry; TXRF—total
reflection X-ray fluorescence spectrometry.
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2.5. Summary

The determination of ultra-traces of platinum group metals in standards and
environmental samples is a huge challenge for the analyst. During the past 3 decades
electrochemical sensors has satisfy the expanding need for rapid, simple and economic
methods of determination of many analytes and has become an accepted part of analytical
chemistry. This review has summarised the roles that electrochemical sensors play in the
determination of platinum group metals in standards and environmental samples. Most of the
research on PGMs in this review was done by using a hanging mercury drop or mercury
based electrodes. The bismuth film electrode was also used and shown good results but the
major draw-back was the ability to operate only in highly alkaline media. In this study we
observed that the application of metallic silver electrodes is not so common in the
determination of PGMs in environmental samples. Finally the challenge in this study will
focus on the development of an electrochemical sensor which has no practical difficulty of
establishing reproducible and reliable results in the determination of PGMs in environmental

samples.
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Chapter 3

Experimental Methods and Analytical Techniques

3.1. Introduction

In this study the main focus was to understand the different electroanalytical
techniques employed in this study such as differential pulse voltammetry (DPV), cyclic
voltammetry (CV) and adsorptive stripping voltammetry (ASV). It further included different
type of electron microscopic techniques such as transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) and the different types of spectroscopic techniques such
as ultraviolet visible (UV-Vis) and Fourier transform infrared (FT-IR) spectroscopy for the
characterisation of all the nanoparticles (NPs) synthesised. Inductive coupled plasma mass
spectroscopy (ICP-MS) was used for the detection of platinum group metals (PGMs) in

sediment and fresh-water environmental samples in this study.

3.2. Electroanalytical Techniques

The most frequently used electroanalytical methods are voltammetry and
amperometry. These electroanalytical methods are especially suitable for large scale of
environmental monitoring of electrochemically active pollutants in various types of matrices
(water, sediment, biota, etc.). They present an independent alternative to popular
spectrometric and separation techniques, suitable for speciation, extremely sensitive and

inexpensive (Wang, 2006).

Anodic stripping voltammetry (ASV) and adsorptive stripping voltammetry (AdSV)
are the two most important voltammetric techniques used in water analysis. Cathodic
stripping voltammetry (CSV) and potentiometric stripping analysis (PSA) are the other

stripping techniques available. Voltammetric techniques also include linear sweep
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voltammetry (LSV), differential pulse voltammetry (DPV), and square wave voltammetry
(SWV) that are fast but not very sensitive techniques. Cyclic voltammetry (CV) is not
sensitive enough for determination of trace metals in natural waters, but is used to study

electrode processes and finding optimum analytical conditions (Buffle et al., 2000).

According to Locatelli, (2007) voltammetric techniques with its great versatility (e.g.
high sensitivity, multi-component analysis and low instrument cost) has allowed its
application in a large number of analytical problems relevant to clinical, environmental,

industrial and food matrices.

3.2.1. Cyclic Voltammetry

The technique of cyclic voltammetry (CV) belongs to the category of voltammetric
techniques based on linear potential sweep chrono-amperometry. Cyclic voltammetry is a
reversal technique that is extremely powerful, and is the potential-scan equivalent of double
potential step chronoamperometry. During the initial electrochemical studies of new systems
CV has become a very popular electrochemical technique and has proven very useful in
obtaining information about fairly complicated electrode reactions. It offers a rapid location
of redox potentials of the electroactive species. In order to ensure that the mass transport is
purely diffusive the CV experiment is carried out under stationary conditions (the solution is
kept unstirred). A disadvantage is the frequently overestimated power of the technique in that
simple cyclic voltammetric measurement rarely allows one to gain complete electrochemical
information (Skoog et al., 2007; Kissinger and Heineman, 1983). Figure 12 illustrates a

typical cyclic voltammogram for a redox couple.
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Figure 12. Typical cyclic voltammogram for a reversible process. E,, = anodic peak potential, Ey. =

cathodic peak potential, 1, = anodic peak current, I,. = cathodic peak current (Jurgen,
1984; Skoog et al., 2007).

According to Figure 12, the reduction process occurs from the initial potential (a) to
the switching potential (d). To cause a reduction reaction in this region, the potential is
scanned in a negative direction. The resulting current due to reduction is called cathodic
current (I,c) and the corresponding peak potential is called cathodic peak potential (E,c) at (c).
The E is reached when all of the substrate at the surface of the electrode has been reduced.
Before the potential is scan in a positive direction from (d) to (g) the switching potential must
be reached. Oxidation occurs and results and is called the anodic peak current (l,s). To obtain
l,a all the substrate at the surface of the electrode must be oxidized (Skoog et al., 2007;

Kissinger and Heineman, 1983).
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3.2.3. Differential Pulse Voltammetry

The electro-analytical technique such as differential pulse voltammetry (DPV) is often
used to make electrochemical measurements. This method is also known as differential pulse
polarography (DPP) and can be considered as a derivative of staircase voltammetry or linear
sweep voltammetry with a series of regular voltage pulses superimposed on the potential stair
steps or linear sweep. Before each potential change the current is measured and the change in
current is plotted as a function of potential. The effect of the charging current can decreased
by sampling the current just before the potential is changed. The characteristics of differential
pulse voltammetry are the symmetrical peaks obtained by reversible reactions and
asymmetrical peaks by irreversible reactions. The peak potential is equal to Ej;-AE in
reversible reactions, and the peak current is proportional to the concentration with a detection
limit of about 10® M (Bard and Faulkner, 2000; Drake et al., 1978).

According to Sujaritvanichpong et al. (1986), the main disadvantage of the DPV
method is the long measurement time. In this method it takes approximately 20 min to
obtained well defined peaks in the range of 1 V. Time saving analysis is introduced into the
simple method by shorted the pulse interval, which is conventionally as long as a few or
several seconds. In DPV the main problem encountered in shortening interval between pulses
leads to distortion of the peak shape. This phenomenon is because of the influence of the

whole sequence of pulse electrolysis preceding a given pulse.

3.2.4. Adsorptive Stripping Voltammetry

Adsorptive stripping voltammetry (AdSV) is the technique that involves the
accumulation of the analyte of interest onto the electrode surface by adsorption, generally
without electrolysis, followed by differential pulse, square wave or direct current
voltammetric determination of the surface adsorbed species. The surface active species is
formed during trace metal analysis by either reaction of the metal ion with a suitable reagent
giving a complex, which is then adsorbed on the electrode surface or by reaction of the metal

ion with the reagent adsorbed on the electrode surface. The reduction of the metal or ligand in
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the adsorbed complex or the catalytic evolution of hydrogen produced a current during the
cathodic scan. According to the literature the adsorbed layer can be reduced during the

cathodic scan giving low limits of detection (Maxwell and Smyth, 1996).

This AdSV results in procedures for measuring more than 25 trace metals, coupled
with conventional stripping schemes, and about 45 elements are now measurable by stripping
analysis. It also allows the simultaneous determination of 2 or 3 metals, based on the metal
chelates peak potentials separations. In the presence of dissolved oxygen adsorptive stripping
chronopotentiometry metal analysis are also possible (Wang et al., 1989; Adeloju et al.,
1984).

3.3. Microscopy Techniques

Nanoparticles (NPs) characterisation is important to control and understand NPs
synthesis and applications. The characterisation of NPs are performed using different
techniques such as, atomic force microscopy (AFM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), powder X-ray diffractometry (XRD), X-ray
photoelectron spectroscopy (XPS), dynamic light scattering (DLS), ultraviolet-visible
spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FT-IR) and Raman
spectroscopy. The use of these techniques is for the determination of different parameters
such as particle shape, size, pore size and surface area, crystallinity, fractional dimensions
(Abou EI-Nour et al., 2010; Choi et al., 2007; Yoosaf et al., 2007; Hutter and Fendler, 2004;
Sun et al., 2008; Vilchis-Nestor et al., 2008; Yeo et al., 2003; Zhang et al., 2004, 2006;
Chimentao et al., 2004; He et al., 2004; Khomutov and Gubin, 2002).

In the next sections the microscopy techniques used in this study is discussed.
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3.3.1. Atomic Force Microscopy

In a broad spectrum of applications such as biology and biomaterials, materials and
manufacturing, semi-conductors, polymers and electronics, atomic force microscopy (AFM)
analysis has evolved into a useful tool and can be employed for direct measurement of
intermolecular forces with atomic-resolution. Additional capabilities and advantages relative
to scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are
provided by AFM in studies metallic surfaces and micro-structures by providing reliable
measurements at the nanometer scale (Goeken and Kempf, 1999; Kempf et al., 1998;
Nagashima et al., 1996; Westra and Thomson, 1995; Yamamoto et al., 2000).

Atomic force microscopy measures three dimensional images so that particle height
and volume can be calculated and is an advantage over the traditional microscopy techniques
such as SEM and TEM (Abou EI-Nour et al., 2010). Figure 13 illustrates a schematic
diagram of a typical AFM system. The AFM system consists of a micro-machined cantilever
probe mounted with a sharp tip, a Piezoelectric (PZT) scanner and a position sensitive photo
detector. The photo detector receives a laser beam reflected off the end-point of the beam to
provide cantilever deflection feedback. In AFM operation, the principal is to scan the tip over
the sample surface with feedback mechanisms that enable the PZT scanners to maintain the
tip at a constant height above the sample surface. The resulting laser beam deflected from the
cantilever provides measurements of the difference in light intensities between the upper and
lower photo detectors as the tip scans the surface of the sample, by moving up and down with
the contour of the surface. As a result the feedback from the photodiode difference signal,
through software control from the computer enables the tip to maintain either a constant
height above the sample (Jalili and Laxminarayana, 2004).
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Figure 13. Schematic diagram of a typical AFM instrument (Santosa and Castanhob, 2004).

3.3.2. Transmission Electron Microscopy

The electron microscope is a scientific instrument that uses a beam of highly energetic
electrons to examine objects on a very fine scale. From this examination, information about
the morphology (shape and size of the particles making up the object), topography (surface
features of an object), crystallographic (how the atoms are arranged in the abject) and
composition (the elements and compounds that the object is composed of and the relative
amounts of them) information are obtained. In 1931 Max Knoll and Ernst Ruska developed
the first transmission electron microscope (TEM) in Germany. This transmission electron
microscope developed was the first type of electron microscope. The construction of this
TEM was exactly based on the construction of the Light Transmission Microscope, except
that a focused beam of electrons is used instead of light to "see through” the specimen (Ruska
and Knoll, 1931).

The technique of TEM is where an electron beam interacts and passes through a
specimen. The electrons are emitted by a source and are focused and magnified by a system
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of magnetic lenses. Figure 14 illustrates a schematic diagram of a typical TEM system with
all the important components of the instrument highlighted. In the TEM system two
condenser lenses confined and control the brightness of the electron beam that passes through
the condenser aperture and “hits” the sample surface. The transmitted beams consist of
electrons that are elastically scattered which pass through the objective lens. The image
display and the following apertures are formed by the objective lens and the objective and
selected area aperture are used to choose the elastically scattered electrons that will form the
image of the microscope. This transmitted beam goes to the magnifying system that consists
of three lenses, the first and second intermediate lenses that control the magnification of the
image and the projector lens. a fluorescent screen or monitor are used to show the formed

image and is printed on a photographic film (Voutou and Stefanaki, 2008).

The initial designs of TEM were able to magnify specimens up to seventeen times
greater than that of a light microscope. Nowadays, the modern TEM have a resolution at most
of 10 000 times greater. A disadvantage of TEM is that electrons are largely unable to pass
through thick specimens and it was largely impossible to utilize this instrument to full
capacity. In 1951 the design of the diamond knife and ultra-microtome eliminated these
limitations. Many different techniques based on TEM are used in materials science (Voutou
and Stefanaki, 2008).
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Figure 14. Schematic diagram of a typical TEM instrument (www4.nau.edu).

3.3.3. Scanning Electron Microscopy

The introduction of the first scanning electron microscope (SEM) was in 1938 by Von
Ardenne with the first commercial instruments available around 1965. Due to the electronics
involved in "scanning” the beam of electrons across the sample, some difficulty was
experience and this is the reason for the late development. The two main components of the
SEM instrument are the electron column and the electronic console. Control knobs and
switches provided by the electronic console allow for the instrument adjustments such as
accelerating voltage, magnification, filament current, focus, brightness and contrast. A
computer system is used by the FEI Quanta 200 and this is a state of the art electron
microscope. The use of this computer system in conjunction with electronic console

eliminates the bulky console with its control knobs, CRTs and an image capture device. All
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of these primary controls are accessed through the computer system and are operated by the
mouse and keyboard. In the past the SEM image that is produced was usually viewed on
CRTs located on the electronic console. Nowadays with FEI the image can be seen on the
computer monitor and the captured images can be saved in digital format or printed directly

(Postek et al., 1980; Lyman et al., 1990). A good illustration of a SEM instrument is shown

in Figure 15.
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Figure 15. Schematic diagram of a typical SEM instrument (www4.nau.edu.).

The SEM system consists of an electron gun located at the top of the column where free
electrons are generated by thermionic emission from a tungsten filament at ~2700K. In the

electron gun, the Wehnelt consist of a filament that controls the number of electrons leaving the
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gun. The condenser lenses focuses the beam after it passes the anode causes the beam to converge
and pass through a focal point. In this process, the electron beam is essentially focused down to
1000 times its original size. The column consists of one or more apertures depending on the size
of the microscope. The function of these apertures is to reduce and exclude extraneous electrons
in the lenses. Images are formed in the scanning system by closely scanning the electron beam
across the specimen using deflection coils inside the objective lens. The specimen chamber is
located at the lower portion of the column. From the specimen the secondary electrons are
attracted to the detector by a positive charge (Postek et al., 1980; Goldstein et al., 1975; Watt,
1985).

3.4. Spectroscopic Techniques

3.4.1. Inductive Coupled Plasma-Mass Spectroscopy

An analytical technique such as inductively coupled plasma mass spectroscopy (ICP-
MS) was developed in the late 1980's to perform elemental analysis with excellent sensitivity
and high sample throughput. A plasma (ICP) as the ionization source and a mass
spectrometer (MS) analyzer to detect the ions produced are employed by the ICP-MS
instrument. The advantage of ICP-MS is the simultaneous determination of most elements in
the periodic table and determine analyte concentration down to the subnanogram-per-liter or
part-per-trillion (ppt) level. Inductive coupled plasma mass spectrometry can perform semi-
quantitative, quantitative, qualitative analysis and compute isotopic ratios (Gray, 1989; Jarvis
etal., 1992).

Over the years ICP-MS has been widely used in a number of different fields including
food sciences, medicine, drinking water, natural water systems/hydrogeology, wastewater,
mining/metallurgy, soil science and geology. This ICP technology was built upon the same
principles used in inductive coupled plasma atomic emission spectrometry (ICP-AES). These
principles consist of the decomposition of samples to neutral elements in high temperature

argon plasma and analysed based on their mass to charge ratios. Inductive coupled plasma
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mass spectrometry method are divided into four main processes, including sample
introduction and aerosol generation, ionisation by an argon plasma source, mass
discrimination, and the detection system (Kishi, 1997). Figure 16 is a good illustration of the

sequence of processes for ICP-MS analysis.
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Figure 16. Schematic diagram of a typical ICP-MASS spectrophotometer (Jarvis et al., 1992).

3.4.2. Inductive Coupled Plasma-Atomic Emission Spectroscopy

One of the most common analytical techniques for the detection of trace metals is
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES). Inductively coupled
plasma atomic emission spectroscopy is also referred to as inductively coupled plasma optical
emission spectrometry (ICP-OES). The use of this technique in a large variety of applications
is due to its multi-element capability, good detection limits and its high specificity. Analysis
is done on all kinds of dissolved samples, varying from solutions containing high salt
concentrations to diluted acids. The sample is dissociated into its constituent atoms or ions by

a plasma source and exciting them to a higher energy level for detection and analysis.
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Photons of a characteristic wavelength depending on the element present are emitted by the
exited atoms or ions when they returning to their ground state. An optical spectrometer
records this emitting light and when calibrated against standards the technique provides a
quantitative analysis of the original sample. Inductive coupled plasma-optical emission
spectroscopy is used for example in motor oil analysis, the determination of metals in wine,
arsenic in food and trace elements bound to proteins. Inductively coupled plasma atomic
emission spectroscopy is often used for analysis of trace elements in soil, and in forensic
science to ascertain the origin of soil samples found at crime scenes or on victims, etc.
(Stefansson et al., 2007). Figure 17 is a very good illustration of an ICP-AES

spectrophotometer.
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Figure 17. Schematic diagram of a typical ICP-AES spectrophotometer (Aceto et al., 2002).

3.4.3. Electrochemical Impedance Spectroscopy

Information about the chemical and physical processes occurring on electrode
surfaces is provided by electrochemical impedance spectroscopy (EIS). In electrochemical
impedance spectroscopy it is known that real electrodes deviate from purely capacitive
behaviour, as is expected for ideally clean and smooth surfaces. It is known that EIS is a
powerful tool in mechanism characterisation and the determination of reaction parameters
(Scribner and Taylor, 1990; Sluyters-Rehbach and Sluyters, 1984; Sluyters-Rehbach and
Sluyters, 1986; Smith, 1966).
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Figure 18. Schematic diagram of a typical electrochemical impedance spectroscopy instrument
(Ragoisha and Bondarenko, 2003).

The application of EIS has been relatively infrequent but electrochemical sensor
characterisation has increased. In electroanalytical experiments, EIS characterisation was
performed in several electrolytes over a wide range of pH values, studying the influence of
pretreatment of the electrode surface by potential cycling in perchloric acid on the
voltammetric profile. According to Filipe and Brett (2004), the reactivity of the electrode
surface depends on the electrolyte and the pre-treatment, altering the magnitude of the
impedance and the shape of the impedance spectra. For useful electro-analytical applications,
more reactive surfaces are obtained by a pre-treatment in perchloric acids (Hayama et al.,
2002; Cui and Martin, 2003; Katz and Willner, 2003; Brahim et al., 2003; Filipe and Brett,
2004). In Figure 18 a good schematic diagram of EIS is shown.
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3.4.4. Ultraviolet Visible Spectroscopy

Analytical techniques based on the interaction of light and matter is called
spectroscopy. The measurement of the absorption of light by molecules that are in a gas or
vapour state or dissolved molecules/ions is spectrophotometry and forms a branche of
spectroscopy. Spectrophotometry investigates the absorption of the different substances
between the wavelength limits 190 nm and 780 nm. The absorption of the electromagnetic
radiation in this wavelength range is caused by the excitation (i.e. transition to a higher
energy level) of the bonding and non-bonding electrons of the ions or molecules. The
sample’s absorption spectrum iS given by a graph of absorbance against wavelength and is
automatically drawn by modern spectrophotometers. Due to the fact that the different
vibration and rotation states of the molecules make the absorption band wider, a resulting
continuous spectrum is obtained (Skoog et al., 2007). Figure 19 demonstrates the schematic

diagram of a single beam UV-Vis spectrophotometer.
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Figure 19. Schematic diagram of a single-beam UV-Vis spectrophotometer (Skoog et al., 2007).
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3.4.5. Fourier transform infrared Spectroscopy

The technique whereby spectra are collected based on measurements of the coherence
of a radiative source, using time-domain or space-domain measurements of the
electromagnetic radiation or other type of radiation is called Fourier transform spectroscopy.
This technique can be applied to a variety of types of spectroscopy including infrared
spectroscopy (FT-IR), optical spectroscopy, mass spectroscopy (MS), electron spin resonance
(ESRS) spectroscopy, nuclear magnetic resonance (NMR) and magnetic resonance
spectroscopic imaging (MRSI). The temporal coherence of light can be measured by several
methods including the pulsed Fourier transform spectrograph and the continuous wave
Michelson or Fourier transform spectrometer. In the technique of Fourier transform
spectroscopy a Fourier transform is required to turn the raw data into an actual spectrum and
is also based on the Wiener-Khinchin theorem in cases of optics involving interferometers
(Griffiths and de Hasseth, 2007). A schematic diagram of a Michelson interferometer is

shown in Figure 20.
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Figure 20. Schematic diagram of a Michelson interferometer (Griffiths and de Hasseth, 2007).
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3.4.6. Raman Spectroscopy

The study of vibrational, rotational and other low-frequency modes in a system can be
done by a spectroscopic technique such as Raman spectroscopy. Raman spectroscopy relies
on monochromatic light from a laser in the visible, near infrared or near ultraviolet ranges.
This laser light in Raman spectroscopy interacts with photons, molecular vibrations or other
excitations in the system and results in an up and down shift in the energy of the laser
photons. The shift in laser photons energy gives information about the vibrational modes in

the system and similar information are obtained by Infrared spectroscopy (Gardiner, 1989).

In the chemistry field Raman spectroscopy is commonly used, since vibrational
information is specific to the chemical binding and symmetry of molecules. The molecule can
be identified by Raman spectroscopy because it provides a fingerprint for a specific molecule.
Infrared and Raman spectra are used on the basis of normal coordinate analyses to identify
the vibrational frequencies of SiO, Si,O, and Si3O3. For organic molecules the fingerprint
region is in the wavenumber range of 500 — 2000 cm™. The study of changes in chemical
bonding is another way where the technique is used, when a substrate is added to an enzyme
for example (Khanna, 1981). The setup of a Raman experiment is illustrated in Figure 21.
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Figure 21. Schematic illustration of a Raman system setup (Chrimes et al., 2012).

3.5. Voltammetric Characterisation

Cyclic voltammetric (CV) characterisations were done using classical and modified
glassy carbon electrodes (GCEs). For trace metal analysis a glassy carbon bismuth-silver
bimetallic film electrode (GCE/Bi-AgFE) were used as the working electrode, Ag/AgCl as
the reference electrode and a platinum wire for the auxiliary electrode. Different sample
concentrations for the platinum group metals (PGMs) were investigated in various samples.
The voltammetric measurements were performed in weak acidic supporting electrolyte
solution. The potentials were scanned from -1.0 to +0.4 V vs. (Ag/AgCI). For the platinum
group metal analysis a GCE was rinse with deionised water and placed in a sonicator for 8
minutes. The bismuth-silver bimetallic nanoparticles (Bi-Ag NPs) were added by drop wise
coating onto the clean GCE and left at room temperature for air drying. A very good Bi-Ag
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bimetallic film was coated on the clean GCE surface and the electrode was ready for use.
Figure 22 illustrates an Epsilon electrochemical analyser that was used to perform the

electrochemical measurements (Willemse, 2009; Van der Horst, 2011).

I 4

Figure 22. Typical Epsilon electrochemical analyser (Willemse, 2009; Van der Horst, 2011).
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Chapter 4

Nanoparticles synthesis and characterisation

4.1. Introduction

Heavy metal contamination at trace levels in water resources presents a major current
environmental threat, therefore the detection and monitoring of these metal contaminants
results in an ever-increasing demand (Heitzmann et al., 2005). In electrochemical stripping
analysis of heavy metals, and platinum group metals (PGMs), the use of mercury electrodes
has gained wide acceptance. Due to the toxicity of mercury, its difficulties in handling,
storage, and disposal have restricted its use in electro-analytical techniques (Wang 2005;
Economou and Fielden 1998; Wang 1985; Jones and Compton 2008; Daniele et al., 2008).
Nowadays, many researchers request alternative working electrodes for the determination of
heavy metals and PGMs. The search for new electrode materials such as silver (Ag)
electrodes, glassy carbon electrodes (GCEs), bismuth film electrodes (BIiFEs), carbon
nanotubes (CNTSs), screen-printed carbon electrodes (SPCEs) or carbon paste electrodes
(CPEs), and metal nanoparticles (NPs) (Ag, Bi, and Bi/Ag, etc.) in stripping analysis has
increased (Khezri et al., 2008; Senthilkumar and Saraswathi 2009; Abdollah and Fatemeh
2009; Li et al., 2009; Somerset et al., 2010; Maiti et al., 2009). The aforementioned metal
NPs have received much attention due to their potential application in microelectronics,
magnetic devices, electronics, and various sensor applications. For Ag NPs it presents a great
interest due to their unique chemical and physical properties such as high electrical and
thermal conductivity, optical, and catalytic properties that depend on size and shape of the Ag
NPs (Haes and Van Duyne 2003; Magdassi et al., 2003; Nie and Emory 1997; Pradhan et al.,
2002; Ye et al., 1999). Due to the high surface area, very small size (< 20 nm), and high
dispersion, Ag NPs are applied as antimicrobial and antifungal agent (Gaidau et al., 2009).
The work done by Shukla et al. (2012), the “green” synthesis method was used to synthesise
silver NPs. This “green” synthesis is eco-friendly and nontoxic for nanosilver formation,
efficient, easy going, fast, and renewable. The characterisation of these NPs was done by X-

ray diffraction pattern (XRD), transmission electron microscopy (TEM), ultraviolet-visible
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(UV-Vis) spectroscopy and Fourier transformed infrared spectroscopy (FT-IR). In this study,
azadirachtin was used as the reducing and stabilizing agent for nanosilver formation with
particles size of 8.25 = 1.37 nm. These silver NPs show potential applications in the field of
fuel cells, catalysis, nanodevices and sensors.

In recent years bismuth (Bi) has gained much attention in metallurgical and
pharmaceutical additives and has been used to replace mercury in environmental sensor
application (Sun et al., 1999; Guo et al., 2005). The ability of Bi to form alloys with different
metals are one of the advantageous analytical properties and its alloys are used as high-
temperature heat-transfer agents (Wang et al., 2006; Hocevar et al., 2002; Kefala et al.,
2006). Bismuth, which has semi-metal properties, can be converted to a semiconductor by
molecular beam epitaxy in thin Bi layer growth. The applications of Bi are also expanded by
the magnetoresistance effect observed in single crystals and thin films (Kefala et al., 2006;
Wang et al., 2006). The reduction of mixtures of various metal salts is of the same interest as
the manufacturing of metallic Bi for the formation of intermetallic compounds or bismuth-
base alloys. The Ag alloy of Bi prepared by electrochemical deposition from alkaline
solutions is significant for application and the powders of Ag and Bi are widely used in
medicine (Krastev et al., 2004; Briand and Burford 1999). The work done by Rico et al.
(2009), illustrates a simple procedure for the chemical synthesis of bismuth NPs for the
quantification of trace zinc, cadmium and lead in non-dearated water samples using anodic
stripping square wave voltammetry. Bismuth NPs were subsequently adsorbed onto
commercial screen-printed carbon electrodes. In this study the square-wave current signal
was linear over the low ng/mL range and limit of detection ranging from 0.9 to 4.9 ng/mL

with good precision.

Dong et al. (2012), has synthesized bismuth sulfide nanorods by a simple single
source route using bismuth diethyldithiocarbamate as the precursor under hydrothermal
conditions. A glassy carbon electrode was modified with these novel bismuth sulfide
nanorods were modified for the determination of ascorbic acid. The bismuth sulfide nanorods
sensor exhibit good response current with linear relationship for the concentration of ascorbic
acid from 1.0 x 10° to 1.0 x 10 M, correlation coefficient of 0.997 and limit of detection of
8.3 x 10" M on signal-to-noise ratio of 3. Good recoveries were obtained with the application
of this method for the determination of ascorbic acid in tap water and some real samples. In
the case of bismuth-silver (Bi-Ag) NPs it was successfully synthesised according to
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Kaowphong, (2012), in a simple biomolecule-assisted hydrothermal method (using L-
cysteine) for the preparation of silver bismuth sulphide (AgBiS,) NPs. In the aforementioned
study of AgBiS, NPs, it refers to a pseudo-metallic film prepared while only characterisation
of the NPs was done with no electrochemical sensor application.

In this study the focus was on the synthesis and characterisation of a novel true
metallic film for stripping analysis and to differentiate between single Ag, Bi, and Bi-Ag
bimetallic NPs for electrochemical sensor application. The individual Ag, Bi, and Bi-Ag
bimetallic NPs were compared and characterised by cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), UV-VIS spectroscopy, FT-IR spectroscopy,
Raman spectroscopy, and TEM analysis to interrogate the structural and morphological
properties of the synthesized compounds. The results reported in this study demonstrate that
the novel synthesised Bi-Ag bimetallic NPs can be used to construct an electrochemical
sensor for application in stripping voltammetric analysis for the determination of metal ions

in environmental samples.

4.2. Experimental Methods

4.2.1. Materials and reagents

Sodium acetate, nitric acid (55%), sulphuric acid (95%), and ethanol (absolute 99.9%)
were purchased from Merck (South Africa). Silver nitrate (AgNO3) and glacial acetic acid
(95%) was purchased from Kimix. The reagent N,N-dimetylformamide (98%) was also
purchased from Merck (South Africa). Bismuth nitrate pentahydrate (Bi(NO3); 5H,0),
poly(vinyl) alcohol, citric acid and sodium boronhydride (NaBH,4) were also obtained from
Aldrich (Germany). Platinum standards (1000 mg.L™ AAS), dimethylglyoxime were
perchased from Fluka (Germany). A 0.2 M sodium acetate buffer (pH 4.8) was prepared by
mixing sodium acetate with acetic acid and deionised water and served as the supporting
electrolyte. The 0.01 M dimethylglyoxime (DMG) solution was prepared in 95% ethanol and

served as the chelating agent. All solutions were prepared using Milli-Q (Millipore) water.
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4.2.2. Instrumentation

The spectral characteristics of the chemically synthesised nanoparticles (NPs) were
investigated with the help of a Bruker ALPHA-T, FT-IR (Bruker, South Africa) spectrometer
fitted with Bruker Optics aligned Rocksolid™ interferometer over a wavelength interval of
400-4000 cm™ at room temperature. Ultraviolet-visible spectroscopic experiments were
performed using a ThermoFisher SpectronicTM Helios™ range (Thermo, USA), UV-Vis
spectrometer with VISION PC software. Electrochemical measurements were conducted with
an Epsilon electrochemical analyzer (BASi Instruments, 2701 Kent Ave., West Lafayette, IN
47906, USA) using cyclic voltammetry (CV) and differential pulse stripping voltammetry
(DPSV) modes. A conventional three electrode system was employed, consisting of a 1.6 mm
diameter glassy carbon disc working electrode, a 3 M NaCl-type Ag/AgCI reference
electrode, and a platinum wire auxiliary electrode, supplied by BASi. All electrochemical
experiments were carried out in a single compartment electrochemical cell and at room
temperature (21 + 1 °C). Transmission electron microscopy (TEM) morphology studies were
performed by using a Tecnai G2F20 X-Twin Mat 200 kV Field Emission Transmission
Electron Microscope (Operated at 200 kV). All electrochemical impedance spectroscopy
(EIS) experiments were performed on a VoltaLab instrument (Somerset et al., 2010; Silwana
et al., 2013; Kshirsagar et al., 2011; Baleg et al., 2011).

4.2.3. Preparation of nanoparticles

4.2.3.1. Chemical synthesis of silver nanoparticles

In the chemical reduction of silver nitrate (AgNO3), 30 mL of 0.002 M sodium
borohydride (NaBH,) was added to an Erlenmeyer flask. A magnetic stirrer bar was added,
the flask was place in an ice bath on a stirrer plate and stirred, followed by cooling for about

20 minutes. To that solution, 2 mL of AgNO3 (0.001 M) at a rate of approximately 1 drop per
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second was added and stirred. Stirring was stopped as soon as all the AgNO3 was added. The
presence of a colloidal suspension was detected by the reflection of a laser beam from the
particles. Solid polyvinyl alcohol crystals were added to the colloidal suspension to give a 4%
solution. Yellow silver nanoparticles (NPs) was obtained, which was filtered, washed with
acetone and Milli-Q water, and dried in a fume hood overnight at room temperature (Wang et
al., 2005; Guzman et al., 2008; Harmami et al., 2008).

4.2.3.2. Chemical synthesis of bismuth nanoparticles

Bismuth (Bi) nanoparticles (NPs) was prepared by the chemical reduction method
using bismuth nitrate (Bi(NO3)3) and sodium borohydride (NaBH,). This reduction method
was performed in aerobic conditions, ambient pressure and room temperature. Approximately
0.01 M Bi solution (3.956 g) and 0.015 M NaBH, (0.567 g) was prepared separately. The
process was started by the addition of the NaBH, to the Bi solution at once in order to avoid
the nucleation effect and the growth of particles. The solution acquires a dark color due to the
precipitation of Bi NPs and the products of the reaction were filtered several times using a
Buchner funnel and deionized water to remove the undesired ions. It was subsequently
washed with acetone to eliminate water and dried overnight in a fume hood at room
temperature. The dried Bi NPs were transferred to a dry polyethylene container for storage

and further characterisation (Hernandez-Delgadillo et al., 2012).

4.2.3.3. Chemical synthesis of bismuth-silver bimetallic nanoparticles

The low temperature synthesis of nanosized bismuth-silver bimetallic (Bi-Ag)
particles was done by adding 0.01 M Bi(NOs); (4.85 g) and 0.01 M AgNO3 (1.70g)toa2 M
HNOj solution in an Erlenmeyer flask. Citric acid (3.84 g) was added to the solution and the
solution heated while stirring on a hot plate until all the liquids evaporated from the solution.
The temperature of the hot plate was kept at 160 °C for 1 hour. A fluffy gray powder was

obtained, collected and calcined at 400 °C for 2 hours and the yield was 95%.
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4.2.4. Preparation of bismuth-silver bimetallic modified electrode

The glassy carbon disk electrode (GCE) that was used as working electrode was
thoroughly cleaned and polished on a polish pad with 1.0, 0.3 and 0.05 um alumina (Al,O3)
powders. The well-polished GCE was first rinse with deionised water and then sonicated in
ethanol and doubly distilled H,O in turn. The GCE was transferred to the electrochemical cell
for further cleaning by using cyclic voltammetry between -0.5 and +1.5 V at a scan rate of
100 mVs* in freshly prepared deoxygenated 0.5 M H,SO, until a stable cyclic voltammetric
profile was obtained. The cleaned GCE was gently blown under a nitrogen stream. A 2.5 mg
of Bi-Ag bimetallic nanoparticles (NPs) were dispersed through ultrasonic vibration in 50 mL
solution of deionised water to form a suspension. A defined quantity of the suspension was
applied to a clean surface of glassy carbon (GC) substrate and dried at room temperature to
get a thin film on the clean GCE (Noroozifar et al., 2011; Cui and Zhang, 2012; Prakash et
al., 2012).

4.3. Results and Discussion

4.3.1. Microscopy characterisation

4.3.1.1. Scanning electron microscopy characterisation of nanoparticles

Figure 23 to 25 shows the high resolution scanning electron microscope (SEM)
images of Ag, Bi and the Bi-Ag bimetallic nanoparticles (NPs). The results obtained in
Figure 23 for Ag NPs shown an average particle size of 500 nm. The morphology available
for the chemical reduction of Ag NPs is truncated octahedron with multiple twinned particles
(Corr, 2011). Analysis of the SEM images for the Bi NPs in Figure 24 shows the average
particle size is 0.5 to 1 um. The identification of the morphology of these nanoparticles was
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difficult due to the multiple shapes the Bi NPs exhibited. However, the results showed
evidence of rod-like structures with small spherical particles in between (Carotenuto et al.,
2009).

EHT = 10.00 kV Signal A = SE2 Date :6 Nov 2012
WD =10.7 mm Mag= 50.00 KX Time :10:27:28

Figure 23. Scanning electron microscopic (SEM) photographs of chemical synthesised silver
nanoparticles.
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EHT = 10.00 kV Signal A = SE2 Date :6 Nov 2012
WD =10.8 mm Mag= 25.00KX Time :10:06:11

Figure 24. Scanning electron microscopic (SEM) photographs of chemical synthesised bismuth
nanoparticles.

Figure 25 illustrates the morphology of the Bi-Ag bimetallic NPs. In this SEM image
the NPs have a spherical profile, but with a highly roughened surface. These particles consist
of many irregular and randomly arranged protrusions. The average size observed for these
NPs were 1-2 nm (Noel and Vasu, 1990; Liang et al., 2009).
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EHT = 10.00 kV Signal A = SE2 Date :6 Nov 2012
WD =10.7 mm Mag= 50.00 KX Time :10:13:00

Figure 25. Scanning electron microscopic (SEM) photographs of chemical synthesised bismuth-
silver bimetallic nanoparticles.

4.3.1.2. Transmission electron microscopy characterisation of nanoparticles

Figures 26 to 31 illustrates the high resolution transmission electron microscopy
(HRTEM) images and the electron diffraction x-ray spectra of the chemically synthesised
nanoparticles (NPs). In Figure 26 the average particle sizes of the Ag NPs are between 10-20
nm with spherical shapes and accompanied with some aggregates that are several times larger
than the average particle size. The poly(vinyl) alcohol co-polymer can also be seen in the
background (Shiraishi and Toshima, 1999). According to Meguro et al. (1988) the
preparation of Ag NPs in the presence of co-polymers of vinyl alcohol and N-
vinylpyrrolidone are very important and stable Ag nanoparticle clusters were obtained only in
the presence of these co-polymers. The electron diffraction x-ray spectrum (Figure 27) of the
Ag NPs exhibited the presence of carbon (C), oxygen (O), silicon (Si), silver (Ag) and copper
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(Cu) elements. A very high amount of Cu element is

from the supporting copper grid.

observed in the spectrum and comes

Figure 26. High resolution transmission electron microscopy results of silver nanoparticles.
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Figure 27. Electron diffraction x-ray spectra of silver nanopatrticles.

Figure 28 illustrates the HRTEM image and the electron diffraction x-ray spectrum of
the black Bi NPs. In the HRTEM image it is seen that the Bi NPs are spherical in shape. The
average particle sizes of these NPs are between 10-30 nm. The electron diffraction x-ray
spectrum of the Bi NPs confirmed the presence of C, O, Bi and Cu elements. The electron
diffraction x-ray spectrum (Figure 29) also showed a very high amount of Bi element in the
prepared NPs. It is noted that the Cu element comes from the supporting copper grid (Balan
and Burget, 2006).
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Figure 28. High resolution transmission electron microscopy results of bismuth nanoparticles.
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Figure 29. Electron diffraction x-ray spectra of bismuth nanoparticles.

Figure 30 show the TEM images of the spherical Bi-Ag bimetallic NPs with a
diameter range of between 10-25 nm. The particle size distribution in Figure 32 showed that
the majority of NPs measured 10-15 nm, with small quantity of larger particles in the 20-30
nm range. In the electron diffraction x-ray spectrum of the Bi-Ag bimetallic NPs the presence
of Bi, C, O, Ag and Cu elements were confirmed. The electron diffraction x-ray spectrum in
Figure 31 showed a very high amount of Bi element in the prepared NPs. It is noted that the

Cu element comes from the supporting copper grid.
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Figure 30. High resolution transmission electron microscopy results of bismuth-silver bimetallic
nanoparticles.
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Figure 31. Electron diffraction x-ray spectra of bismuth-silver bimetallic nanoparticles.
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Figure 32. Results for the particle size distribution of the synthesised bismuth-silver bimetallic

nanoparticles.

The selected area diffraction patterns of the Bi-Ag bimetallic NPs were also
investigated (Figure 33). The results obtained for the selected area diffraction of the Bi-Ag
bimetallic NPs showed a pattern that is well defined and intense rings was observed to
indicate poly crystallization of the Bi-Ag bimetallic NPs (Kaowphong, 2012).
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Figure 33. Illustrates the selected area diffraction patterns (SAED) of the Bi-Ag bimetallic
nanoparticles.

4.3.2. Spectroscopy characterisation

4.3.2.1. Ultraviolet-visible spectroscopic characterisation of nanoparticles

In this study ultraviolet-visible (UV-Vis) spectroscopy is used to study the interaction

of light and the synthesised nanoparticles (NPs) such as silver (Ag), bismuth (Bi) and the
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bismuth-silver (Bi-Ag) composite. The investigation of the synthesised nanomaterials is done
between the wavelength limits 190 to 870 nm. UV-Vis absorption results confirmed
formation of Ag NPs prepared by chemical reduction of silver nitrate using sodium

borohydrate as reducing agent.

Figure 34 displays the UV-Vis absorption spectra obtained for the chemically
synthesised Bi-Ag bimetallic NPs. In Figure 34a three characteristic absorption peaks were
observed at 280 nm, 410 nm and a broad peak between 570 and 750 nm. The peak at 280 nm
is assigned to the Bi NPs, the second peak at 410 nm is assigned for Ag nanoparticles and the

broad peak is assigned to the Bi-Ag bimetallic NPs.
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Figure 34. Ultraviolet-visible absorption spectra of chemically synthesised (a) bismuth-silver

bimetallic, (b) silver and (c) bismuth nanoparticles dissolved in N,N-dimetylformamide
solution (Ag—Silver; Bi-Bismuth; Bi-Ag—Bismuth-silver).

The UV-Vis absorption spectra of the chemically synthesised Ag NPs (Figure 34b),

showed an absorption maximum at 400 nm. These UV-Vis absorption spectra have proved to
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be quite sensitive because the Ag NPs exhibit an intense absorption peak due to surface
plasmon excitation. Silver NPs display plasmon adsorption in the visible region and have an
absorption maximum at 404 nm. UV-Vis absorption spectra have proved to be quite sensitive
to the presence of Ag colloids because these NPs exhibit an intense absorption peak due to
the surface plasmon excitation (Wang et al., 2005; Solomon et al., 2007). The UV-Vis results
obtained for the Bi NPs (Figure 34c) showed a characteristic absorption peak of nano-sized

Bi at approximately 280 nm (Gutiérrez and Henglein, 1996; Creighton and Desmond, 1991).

4.3.2.2. Fourier-transformed infrared spectroscopic characterisation of nanoparticles

Fourier-transformed infrared (FT-IR) analysis of the nanoparticles (NPs) was also
employed, since it is the most common vibrational spectroscopic technique for assessing
molecular motion and fingerprinting in synthesized materials. Figure 35 shows the FT-IR
spectra obtained for the chemically synthesised silver (Ag), bismuth (Bi), and bismuth-silver
bimetallic (Bi-Ag) NPs. The FT-IR spectra obtained for the Ag NPs (Figure 35a) showed
stretching frequencies for the carbonyl group C=0 around 1651 cm™ and for the methyl
group CH, bending around 1450 cm™. The characteristic NO3 groups were the peaks
obtained at 1385, 1024, and 731 cm™. Figure 35b shows the FT-IR spectra obtained for the
crystalline Bi-Ag bimetallic NPs derived from the low temperature synthesis described
earlier. The results obtained for the antisymmetric and symmetric stretching of H,O and OH"
bonds were observed by the broad bands between 3000 and 3600 cm™, while the bending
vibrations of H,O was observed at 1719 cm™. The presence of trapped nitrates is confirmed
by the band around 1384 cm™. The FT-IR spectra of the Bi NPs (Figure 35c) showed
stretching frequencies located at 2930 cm™ for the C-H group and the C=0 stretch vibration
was observed around 1750 cm™. The characteristic NO3 groups were the peaks obtained at
1385, 1024, and 731 cm™, while metal-oxygen (M-O) vibrations were observed around 400-
700 cm™ (Simdes et al., 2008; Gabbasova et al., 1991).
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Fourier-transformed infrared absorption spectra of chemically synthesised (a) silver, (b)
bismuth-silver bimetallic and (c) bismuth nanoparticles prepared in N,N-
dimetylformamide (C-H- methyl group; C=0- Carbonyl group; H,O— Water; NO3; —
Nitrate group; OH-hydroxy group).

4.3.2.3. Raman spectroscopic characterisation of nanoparticles

The Raman spectra of the chemically synthesised silver (Ag), bismuth (Bi) and

bismuth-silver bimetallic nanoparticles (Bi-Ag NPs) were also collected for chemical

structure elucidation. Raman scattering has proven to be an important technique to obtain

information about local structures within the different NPs. Due to the high sensitivity of

detection for Raman active species, the detection of impurities cannot be completely ignored,

especially since exhibited features in the CH- stretching region are difficult to interpret.

The results obtained for the Raman spectra of the Ag NPs (Figure 36a), showed a

vibration band at 250 cm™ that can be assigned to an Ag-O mode and a vibration band at
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1050 cm™ for Ag mode (Débarre et al., 2004). The Raman spectra obtained for the Bi NPs in
Figure 36b were collected in the range between 50 to 150 cm™, which is the region where Bi
has Raman activity. The Raman spectra showed 2 peaks at 58 and 90 cm™ that confirmed the
rhombohedral Bi structure for the synthesised NPs (Salazar-Pérez et al., 2005).
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Figure 36. Raman absorption spectra of chemically synthesized (a) silver, (b) bismuth and (c)

bismuth-silver bimetallic nanoparticles dissolved in N,N-dimetylformamide for Raman
analysis (Ag—Silver; Ag-O-Silver oxide; Bi—Bismuth; Bi-Ag— Bismuth-silver; O=C-N—
carboxamide group).

In Figure 36¢ the Raman absorption spectra for the Bi-Ag bimetallic NPs are shown,
which were compared to that of the results for the individual Ag NPs and Bi NPs. The
spectrum in Figure 36c showed sharp peaks around 90 and 490 cm™ that is followed by a
broad peak between 650 to 1000 cm™, followed by minor peaks between 1310 to 1650 cm™.
Although some shifts occurred in the spectrum of the Bi-Ag bimetallic NPs, the peaks
obtained confirmed both the presence of individual Ag and Bi NPs and that of the Bi-Ag
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bimetallic NPs. The broad band at 820 cm™ can be assigned to O=C-N vibrations originating
from N,N-dimetylformamide (Fujii et al., 2006).

4.3.3. Cyclic voltammetric characterisation

Complex chemical systems such as particulate deposits and electrodes modified with
films may be studied quantitatively by cyclic voltammetry (CV) due to the significant
advances in the theoretical understanding of the technique (Oldham and Myland, 1994; Noel
and Vasu, 1990). In the CV characterisation of the synthesised nanoparticles (NPs), the
individual silver (Ag) and bismuth (Bi) NPs were characterised and compared to the results
obtained for the bismuth-silver bimetallic nanoparticles (Bi-Ag NPs). Figures 37-39 show the
typical CVs of the different nanoparticles evaluated in 0.1 M HCI solution, compared to the
CV of the bare GCE also collected in 0.1 M HCI solution. In Figure 37 the CV results show
the well-defined redox couple of A/A” (+0.18, -0.24 V vs. Ag/AgCl) obtained for the Ag
NPs. The CV results show clearly how the Ag NPs show a different redox response,

compared to the bare GCE surface in 0.1 M HCI solution.
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Figure 37. Cyclic voltammetric results of chemically synthesised silver nanoparticles, in 0.1 M HCI

solution at a glassy carbon electrode at 40 mV/s scan rate. The potential window was
between -1.3 V and +0.8 V.

The CV results for the Bi nanoparticles compared to the bare GCE in 0.1 M HCI
solution are shown in Figure 38. The CV results for the Bi NPs have shown two anodic peaks
at +0.19 and +0.25 V (vs. Ag/AgCl), while the cathodic peaks were obtained around -0.7 and
-1.1 V (vs. Ag/AgCl). In Figure 38 the two main redox couples are denoted as (C/C") and
(B/B") for the chemical synthesised Bi nanoparticles, representing the conversion of Bi**/Bi*
and Bi**/Bi*", respectively. These CV peaks for the Bi nanoparticles were just as well defined

as that obtained for the Ag NPs.
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Figure 38. Cyclic voltammetric results of chemically synthesised bismuth nanoparticles, in 0.1 M
HCI solution at a glassy carbon electrode at 40 mV/s scan rate. The potential window
was between -1.3 V and +0.8 V.

Similarly as for the individual Ag and Bi NPs, the CV results for the Bi-Ag bimetallic
NPs were collected and compared to that of the bare GCE surface in 0.1 M HCI solution. In
the case of the Bi-Ag bimetallic NPs, the CV results in Figure 39 showed two redox couples
around anodic peaks at +0.23 and -0.39 V (vs. Ag/AgCl) (redox couple E/E") and
corresponding cathodic peaks at 0.02 and -0.65 V (vs. Ag/AgCl) (redox couple D/D"),
respectively. In the Bi-Ag bimetallic NPs the two redox processes observed represents the
conversion of Bi**/Bi** (D/D’) and Ag/Ag* (E/E’), respectively. The CV results were
informative of the electroactivity of the different nanoparticles synthesised and further

structural elucidation was done using other analytical techniques.
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Figure 39. Cyclic voltammetric results of chemically synthesised bismuth-silver bimetallic

nanoparticles, in 0.1 M HCI solution at a glassy carbon electrode at 40 mV/s scan rate.
The potential window was between -1.3 V and +0.8 V.

According to the Laviron equation (1) the surface concentration of electroactive Bi-

Ag (1) in GCE/Bi-Ag surface can be estimated. Equation 1, Laviron’s equation (Laviron,

1979) and equation 2 were re-expressed to give equation 3.

| = nN’F’vAl
P 4RT
Q=nFAl"

1)

)
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where A was the electrode area (cm?), I"was the surface concentration of the electrode
material (Bi-Ag, mol cm®) and Q was the quantity of charge (C) calculated from the
reduction peak area of the voltammogram, n was the number of electrons, F was the Faraday
constant, 1, was the peak current, R was the gas constant and T was the absolute temperature.
From the slopes of I, versus v plots in Figure 40, n was calculated to be (1.04 and 1.2) for the
cathodic and anodic processes, respectively, showing that Bi-Ag bimetallic NPs undergo a
one electron redox reaction at the GCE in 01 M HCI buffer solution. From equation 2, the
surface concentration of Bi-Ag was calculated to be 1.59 x 10 mol cm™. The AE, values
were found to be linear with I, vs scan rate (R? = 0.971), which is as expected for a reversible
process (Laviron, 1979). The relationships of Ey, and Epc with log v were constructed with the

linear regression equations as:
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Figure 40. Cyclic voltammograms of glassy carbon/bismuth-silver bimetallic electrode in 0.1 M HCI

buffer solution: Inset; anodic and cathodic plots of peak current versus scan rate.
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Epe (V) = 0.0488 log v -1.3941 (n = 8, R? = 0.9716) (4)

Epa (V) =-0.1367 log v -3.6742 (n = 8, R* = 0.9675). (5)

According to the Equations 6-8 (Laviron, 1979): the electron transfer coefficient («)
was calculated as 0.66 and the electron transfer rate constant (ks) was further estimated to be
2525,

E.=E° —Elogv (6)
onk’
.. RT (")

E =E"+_ " Jogv
P Q-a)nF

oanAEp
2.3RT

logk = adog(L — ) + (1 — e)log o — |og(:FTV) _(1-d) ®)

4.3.4. Electrochemical impedance spectroscopy characterisation of nanoparticles

Electrochemical impedance spectroscopy (EIS) was also employed to study the
information of physical and chemical processes occurring at the modified electrode surfaces
containing the nanomaterials synthesised in this study. The semicircle diameter of EIS equals
the electron transfer resistance (Rc), which controls the electron-transfer kinetics through the
electrode interface in EIS. Figure 41 shows the impedance spectra presented as Nyquist plots
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for the bare glassy carbon electrode (GCE), the silver (Ag) nanoparticle film, the bismuth
(Bi) film and the bismuth-silver bimetallic nanoparticle (Bi-Ag) film. A simplified electrical
equivalent circuit (not shown) consisting of a solution resistance (Rs), charge transfer
resistance (R¢) and constant phase element (CPEy). The resistance to the charge transfer
between the electrolyte and the electrode are represented by R.: and contains information on
the electron transfer kinetics of the redox probe at the electrode interface. The R values of
bare GCE and GCE/Bi-Ag electrodes were 4844 and 317.3 QQ, respectively. This represents
sharp decrease in R¢ value when the bare GCE was modified with Bi-Ag NPs. This 93
percent decrease in R value clearly indicates the excellent conductivity and catalytic effect
of the Bi-Ag nanoparticle film on HCI electrochemistry. The decrease in resistance is due to
the electrostatic attraction between Bi-Ag (cationic) and HCI (anionic) of the buffer solution.
A comparative analysis of the interfacial heterogeneous electron transfer rate of the bare GCE
and the GCE/Bi-Ag electrodes was done using equations 9 and 10 (Bard, A. J. and L. R.
Faulkner, 2000):
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Figure 41. Nyquist plots for bare glassy carbon electrode, silver nanoparticles, bismuth

nanoparticles and bismuth-silver bimetallic nanoparticles in 0.1 M HCI solution (Ag—
Silver; Bi-Bismuth; Bi-Ag—Bismuth-silver).
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i, =nFAK°’C* (10)

where n is the number of electrons transferred, F is the Faraday constant (96,584 C
mol™), R is the gas constant (8.314 J mol™ K™), T is the reaction temperature (298 K), i, is the
standard exchange current (A), A is the geometric area of the electrode (0.0707 cm?), K is the

heterogeneous rate transfer constant (cm s™) and C* is the concentration of HCI (0.1 M).

Table 7 illustrates the summary of the results obtained for the chemically synthesized
NPs. The values of iy for the bare GCE and GCE/Bi-Ag electrodes were 5.5 x 10%A and 8.4
x 10 A, respectively and the corresponding k° values were 8.48 x 10° cm st and 1.29 x 10™
cm st The larger value of k° for GCE/Bi-Ag electrode supports the theory that the

conducting Bi-Ag NPs increase the charge transfer of the HCI redox probe.

Table 7. Diagnostics electrochemical parameters of silver, bismuth and bismuth-silver bimetallic
nanoparticle films.
Nanoparicles n Q(A) I (mol cm?) a ks (s
Ag 1.30 1.94 x 10" 2.83x 107 0.21 0.05
Bi 1.12 3.20 x 107 4.69 x 107 0.51 5x 10
Bi-Ag 1.02 1.59 x 1072 2.32x10° 0.66 1.06

Ag — Silver; Bi — Bismuth; Bi-Ag — Bismuth-silver; n — Number of electrons; Q — Quantity of charge; I"—
Surface concentration; a — Electron transfer coefficient; ks — Electron transfer rate constant

In Table 8 it was observed that the Bi-Ag NPs had the lowest R value as compared to
the other two films, while the bare GCE had the highest R¢; value. These values indicate a fast

electron transfer process on the Bi-Ag bimetallic film modified GCE and slow electron
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transfer process at the bare GCE. The results in Table 8 showed that no substantial difference
in Rs for the different films was observed, with all values only differing slightly. These values
obtained for CPEgy were the same order of magnitude for the Ag nanoparticle film, Bi
nanoparticle film and the Bi-Ag nanoparticle film, compared to the bare GCE that was one
order of magnitude lower. Compared to the bare GCE, the above results indicated that the Bi-

Ag nanoparticle film compares favourably as a transducer surface for stripping analysis.

Table 8. Diagnostics impedance parameters of silver, bismuth, and bismuth-silver bimetallic
nanoparticle films.

Element Ag nanoparticles Bi nanoparticles Bi-Ag bimetallic Bare GCE
nanoparticles

Rs (Q) 86.49 168.2 223.3 69.58

CPE (F) 1.129 x 10° 1.629 x 10°® 1.526 x 10°® 2.114 x 107

Ret (Q) 630.7 534.6 317.3 4844

i (A) 4.07 x 10™ 4.8 x 10™ 8.4 x 10 5.5 x 10°

k? (cm.s™) 5.96 x 10 7.04 x 10°° 1.29 x 10 8.48 x 10°®

Ag — silver; Bi — bismuth; Bi-Ag — bismuth-silver; GCE — Glassy carbon electrode; Rs — Solution resistance;
CPE — Constant phase element; R, — Electron transfer resistance; i, — Standard exchange current; Ko —
Heterogeneous rate transfer constant

4.4, Summary

In this study, chemical synthesis of Ag, Bi, and Bi-Ag bimetallic NPs was
successfully performed. The novel Bi-Ag bimetallic NPs was chemically synthesised by
using AgNQO3, Bi(NO3); 5H,0 and the addition citric acid as reducing agent. Electrochemical
characterisation in addition to spectroscopy and microscopy analysis was employed to study
the properties of each of the Ag, Bi, and Bi-Ag bimetallic NPs. The UV-Vis, FT-IR and
Raman spectroscopy results confirmed the structural properties of the Bi-Ag bimetallic NPs.
In addition the TEM and selected area diffraction morphological characterisation confirmed
the nanoscale nature of the Bi-Ag NPs. The electrochemical results obtained have shown that
the Bi-Ag bimetallic NPs exhibit good electro-catalytic activity that can be harnessed for
sensor construction and related applications. The developed procedure presented in this study
includes advantages of simplicity, high sensitivity, high selectivity, speed, and low cost.

Chemically synthesized bismuth-silver bimetallic NPs for sensor development have shown
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better DPAdSV results compare to the individual silver and bismuth NPs and very sensitive
detection towards the determination of Pt(Il) in environmental samples. The novelty of this
sensor lies in the fact that this type of nanofilm sensor has not been applied for the

determination of Pt(I1) in environmental samples before.
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Chapter 5

Optimisation and Application of a Bi-Ag bimetallic nanosensor

5.1. Introduction

In the development of the latest electrochemical sensors, nanotechnology is playing
an increasingly important role. The design of new and improved sensing devices makes
nanoparticles (NPs) very suitable for chemical and biosensors due to their unique chemical
and physical properties. It has been found that NPs are not merely small crystals but an
intermediate state of matter somewhere between bulk and molecular materials. In the study of
NPs several parameters play an important role leading to their enhanced optical, magnetic,
electrical, structural and mechanical properties. One of the main benefits of these microscopic
NPs is their relatively large surface area causing a high reactivity to weight ratio. In the
development of the latest electrochemical sensors, nanotechnology plays an increasingly
important role. This study focuses on investigating new electrode materials, such as metal
NPs (silver, bismuth and bismuth-silver, etc.), for heavy metal analysis (Abdollah and
Fatemeh, 2009; Senthilkumar and Saraswathi, 2009; Penn et al., 2003).

The most important problem for the analytical chemist is the quantification of the
increasing number of substances in the environment. Heavy metals are always a matter of
concern for the analytical chemist as new substances are reported as toxic. In the environment
heavy metals accumulate and are distributed between air, water, soil and the biota. Platinum
group metals (PGMs) form an important group of elements of increasing usage in the
technologically developing world. This group of metals consists of six metals, palladium,
rhodium, platinum, osmium, ruthenium and iridium and can be divided into light triad
(rhodium, ruthenium and palladium) and the heavy triad (platinum, osmium and iridium)
(Zimmermann and Sures, 2004; Rao and Reddi, 2000).

Platinum group metals (PGMs) have a permanent lustre and have aesthetic qualities.
Like gold, PGMs is used in the manufacture of jewellery and has also an investment role. The

applications of PGMs are very important and are used as a catalyst, in the enabling of
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petroleum, other fuels and chemicals from crude oil. It is difficult to substitute PGMs with
other metals in this important application and platinum compounds are also used in cancer
treatment drugs. Adsorptive striping voltammetry (AdSV) is a very sensitive technique for
the analysis of several metals including PGMs. A disadvantage of this method is that it
suffers from surface active organic matrices. In adsorptive stripping analysis its best to
destroy the organic matrix to limit the carbon content of the solutions. To obtain very good
results it’s better to avoid nitric acid in the analysis. This electro-analytical method is used for
the determination of PGMs in airborne particulate matter, road dust, human body fluids,
sediments and surface water (Alvarez et al., 1980; Rao and Reddi, 2000; Ulakhowich et al.,
1992; Barefoot and Van Loon, 1999).

According to the literature palladium, cobalt and nickel react with dimethylglyoxime
(DMG) to form 1:2 complexes, e.g. M(HDMG), and can be adsorb on the hanging mercury
drop electrode (HMDE), mercury film electrode (MFE) and bismuth film electrode (BiFE). In
the work done by Van der Horst et al. (2012) glassy carbon bismuth film electrode
(GC/BIFE) was constructed for the differential pulse adsorptive stripping voltammetric
(DPAdSV) measurements of PGMs in the presence DMG as the complexing agent. It was
found that this GC/BIFE sensor exhibited well-defined peaks and highly linear behaviour for
the stripping analysis of the PGMs in the concentration range between 0 and 3.5 ug/L, which
exhibited good and reproducible sensor characteristics. In the work done by Van der Horst et
al. (2012) we observed only the simultaneous determination of Pd-Rh and Pt-Rh complexes
and the limit of detection of Pt, Pd and Rh was found to be 0.04 xg/L, 0.12 ug/L, and 0.23
1g/L (Ramirez et al., 1996; Cordon et al., 2002; Georgieva and Pihlar, 1996; Abiman et al.,
2008; Wang et al., 2005; Krolicka and Bobrowski, 2004; Hutton et al., 2003).

In this chapter the focus was to construct a bismuth-silver bimetallic nanosensor for
PGMs determination in standards and environmental samples using DPAdSV as technique.
Furher, to optimise the chelating agent concentration, ionic strength of supporting
electrolytes, accumulation potential, accumulation time, transport rate to the electrode surface

and stability of the sensor because this parameters are very important in DPAdSV analysis.
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5.2. Materials and methods

5.2.1. Reagents

Sodium acetate (NaOAc), ammonia (NHs) (25%), ammonium chloride (NH4CI),
hydrochloric acid and nitric acid were supplied by Merck (South Africa). All precious and
heavy metal standards (1000 mg/L AAS), dimethylglyoxime (DMG) were purchased from
Sigma-Aldrich (South Africa). Glacial acetic acid (95%), ethanol (95%) were supplied by
Kimix (South Africa).

A 0.2 M sodium acetate buffer (pH = 4.7) was prepared by mixing sodium acetate
with acetic acid and deionised water and served as the supporting electrolyte. The 0.01 M
DMG solution was prepared in 95% ethanol and served as the chelating agent. All solutions

were prepared by Milli-Q (Millipore 18 M Ohm cm) water.

5.2.2. Instrumentation

In this chapter electrochemical measurements were conducted with an Epsilon
electrochemical analyzer (BASI Instruments, 2701 Kent Ave., Westr Lafayette, IN 47906,
USA) using cyclic voltammetry (CV), or differential pulse adsorptive stripping voltammetry
amperometric (DPAdSV) modes. A conventional three electrode system was employed,
consisting of bismuth-silver nano film prepared by drop coating the nanoparticles on a BASI
1.6 mm diameter glassy carbon disc working electrode. A BASi 3 M NaCl-type Ag/AgCI
reference electrode was used, and a platinum wire as auxiliary electrode. An Agilent 7500
series inductive coupled plasma mass spectroscopy (ICP-MS) was used for the trace PGMs
determination in roadside dust and soil samples. All experiments were performed in a 20 mL
electrochemical cell at conditioned room temperature (VVan der Horst et al., 2012; Somerset et
al., 2015; Somerset et al., 2011; Somerset et al., 2012).
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5.2.3. Preparation of the bismuth-silver nano-film electrode (Ag/BIiFE)

A disk glassy carbon electrode (GCE) was used as the working electrode and was
thoroughly cleaned and polished on a polish pad with 1.0, 0.3 and 0.05 pm alumina (Al,O3)
powders. The clean GCE was first rinse with deionised water and then sonicated in ethanol
and doubly distilled H,O in turn. The GCE was transferred to the electrochemical cell for
further cleaning by using cyclic voltammetry (CV) between -1.0 and +1.0V at a scan rate of
50 mV/s in freshly prepared deoxygenated 0.5 M aqueous H,SO, until a stable CV profile
was obtained. A 2.5 mg of bismuth-silver (Bi-Ag) bimetallic nanoparticles were dispersed
through ultrasonic vibration in 50 mL solution of deionised water to form a suspension. A
defined quantity of the suspension was applied to a clean surface of GCE and dried at room
temperature to get a thin film on GCE surface (Noroozifar et al., 2011; Cui and Zhang, 2012;
Prakash et al., 2012). After each voltammetric cycle the cleaning of the Bi-Ag bimetallic
nanofilm was carried out by holding the potential of the electrode at +1.0 V. Traces of the
remaining DMG complexes on the electrode surface were reduced and quickly desorbed at
this potential. A short cleaning period of 30 s was required to refresh the electrode surface
completely (Morfobos et al., 2004).

5.2.4. Procedure for the determination of PGMs

A 10 mL 0.2 M acetate buffer solution (pH = 4.7) containing 1 x 10°> M DMG was
used as electrolyte in the cyclic and stripping voltammetric procedures. The nanofilm
electrode was immersed into the solution and an accumulation potential of -0.7 V (vs.
Ag/AgCl) for Pd(Il) and -0.6 V for Pt(ll), and -0.7 V (vs. Ag/AgCl) for Rh(l1l) were applied
while the solution was stirred. A 30 s quiet time was used and the voltammogram was
scanned from +0.8 to -1.4 V (vs. Ag/AgCl) at a scan rate of 60 mV/s for cyclic voltammetry
measurements, while scanning was performed from -0.8 to -0.1 V (vs. Ag/AgCl) for
adsorptive differential pulse stripping voltammetry (AdSV) measurements. The PGMs were
introduced into the solution after the background voltammogram was recorded. All the
experiments were performed in the presence of oxygen and at room temperature (Van der
Horst et al., 2015; Van der Horst et al., 2012). According to Zhang et al. (2010) the analysis
of heavy metal ions using AdSV method consists of three steps such as accumulation,
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electrochemical reduction and stripping out. In this method both the sensitivity and the
selectivity of the analysis can be enhance by the combination of accumulation and reduction
prior to the stripping detection process. The efficiency of accumulation and electrochemical
reduction steps plays a great role in the entire analysis. Figure 42 is a schematic illustration of
the AdSV method consists of the three steps mentioned previously.

Bi-Ag bimetallic film

Pd(ll)

Accumulation

Pt(ll)

GCE

Pd
U /

Stripping Out Electrochemical reduction

|

Pt

 AGAED

Figure 42. Schematic diagram for differential pulse adsorptive stripping analysis of PGMs and

including accumulation, electrochemical reduction and stripping out steps (Zhang et al.,
2010).
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5.3. Results and discussion

5.3.1. Modified sensor electrode surfaces

In voltammetric measurements platinum group metals (PGMs) have different
electrochemical behaviours in different electrolytes with different pH ranges. Supporting
electrolytes such as 0.1 M phosphate buffer (pH = 9.0), 0.2 M acetate buffer (pH = 4.7), and
0.1 M phosphate buffer solutions (pH = 7.1) were investigate. The purpose of this
investigation is to determine which of these electrolytes will give the largest peak current, the
best shape of peak and the lowest background current (Hu et al., 2003). In the work done by
Georgieva and Pihlar (1996) the effect of pH and deposition potential on the stripping
response of a PA(HDMG), complex were studied. In weak acidic medium like sodium acetate

buffer the following equalibria exist:

Pd(H,0)* <> Pd(OH)* <> Pd(OH), (aq) <> Pd(OH),(s)

They developed a global equation for the accumulation of Pd(ll) in the presence of
DMG complexes on a HMDE (Ramirez and Gordillo, 2009). In that equation they consider
the protolytic reactions of DMG and the equilibrium concentration of complex forming ions
of HDMG' is dependent on the pH. The possible bismuth-silver bimetallic electrode process

for Pd(I1) and Pt(I1) can be viewed as follows:

Accumulation: M(HDMG) , (ads) + 2H" + 2e” <> M + 2H,DMG(aq)
Reduction: M(HDMG) , (ads) + (Bi - Ag) + 2H* + 2e” <> M(Bi - Ag) + 2H,DMG(des)

Stripping: M(Bi - Ag) (surf) <> (Bi - Ag) + M* (aq) + 2e~

The electrode process for Rh(l11) can be observed by the following equations:

123



Accumulation: Rh(HDMG) , (ads) + 3H* + 3e~ <> Rh* + 3H,DMG(aq)
Reduction: Rn(HDMG) , (ads) + (Bi - Ag) + 3H* + 3e” <> Rn(Bi - Ag) + 3H,DMG(des)

Stripping: Rh(Bi - Ag) (surf) <> (Bi - Ag) + Rh* (aq) + 3e"

The present study illustrates the characterisation of a bare and modified glassy carbon
electrode in different supporting electrolytes. In this work a bismuth-silver bimetallic
nanofilm electrode (Bi-AgFE) was used and the redox activity of the Bi-AgFE was studied in
different supporting electrolytes with different pH values. The results obtained are shown in
Figure 43 with cyclic voltammetry (CV) results that illustrate the combined evaluation of the
bare glassy carbon electrode versus the GC/Bi-AgFE sensor in various buffer solutions of (a)
0.2 M NaOAc (pH = 4.7), (b) 0.1 M phosphate buffer solution (pH = 9), (c) 0.1 M phosphate
buffer solution (pH = 7.1) and (d) bare GCE in 0.2 M NaOAc (pH = 4.7) with potential
window of -1.4 V to +0.8 V (vs. Ag/AgCI) at a scan rate of 60 mV/s (Van der Horst et al.,
2012; Silwana et al., 2014).

The results obtained in Figure 43 have shown that weak redox activity is observed at
the bare glassy carbon electrode. In the forward anodic scan sharp peaks for the oxidation of
Bi and Ag was observed and on the reverse cathodic scan smaller peaks for the reduction of

Bi and Ag were obtained.
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Figure 43. Cyclic voltammetry (CV) results for the combined evaluation of the clean GCE versus

the GCE/Bi-AgF sensor electrode in various buffer solutions of (a) 0.2 M NaOAc (pH =
4.7), (b) 0.1 M PBS (pH =9), (c) 0.1 M PBS (pH = 7.1) and (d) GCE in 0.2 M NaOAc (pH
= 4.7). The potential was scan between -1.0 and +0.8 V (vs. Ag/AgCl) at a scan rate of 60
mV/s.

It was observed that in 0.2 M NaOAc (pH = 4.7) solution, the best peak current
response was obtained and this buffer solution was used for further analysis in this

investigation.

5.3.2. Effect of reagent concentration

The use of a complexing agent with a GC/Bi-AgFE sensor can greatly increase the
sensitivity of determination, which is due to complexation of the platinum group metals
(PGMs) with dimethylglyoxime (DMG). Dimethylglyoxime forms stable complexes with
Pd(I1), Pt(1l) and Rh(III) ions in acidic and alkaline buffer solutions. In the determination of

these PGMs the amount of DMG can affect the electrochemical behaviours of PGM ions at
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the bismuth-silver bimetallic sensor. The following set of results revealed the optimisation
studies of DMG concentrations using 1 ppt of these PGMs in 0.2 M acetate buffer (pH = 4.7).

In this study three different concentrations of DMG was used to determined the effect
of complexing agent on the peak current of these PGMs. Differential pulse adsorptive
stripping voltammetry (DPAdV) mode were used with different deposition times and a
deposition potential of -0.7 V (vs. Ag/AgCl). In Figure 44 a plot of peak current as a function
of time is illustrated. The results obtained in Figure 44 reveals the concentration of

dimethylglyoxime was optimised at 1 x 10° M for Pd(l1) in further analytical measurements.

8
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Figure 44. Effect of varying dimethylglyoxime (DMG) concentrations on the peak current for 1 ppt

Pd(Il) in the presence of 0.2 M acetate buffer, (pH = 4.7) solution.

The plot for peak current as a function of time for Pt(ll) using DMG as the
complexing agent in 0.2 M acetate buffer (pH = 4.7) solution is illustrated in Figure 45. Only
two concentrations of DMG were close to each other at 120 and 180 s with the highest peak

current obtained for 1 x 10° M DMG. The results obtained in Figure 45 reveals the
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concentration of dimethylglyoxime was optimised at 1 x 10° M for Pt(ll) analytical

measurements.
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Figure 45. Effect of varying dimethylglyoxime (DMG) concentrations on the peak current for 1 ppt

Pt(Il) in the presence of 0.2 M acetate buffer, (pH = 4.7) solution.

The effect of varying DMG concentration on peak height for Rh(Il1) in 0.2 M acetate
buffer (pH = 4.7) solution was also studied. Figure 46 illustrates a plot of peak current as a
function of time for the Rh(l1l) complex. The effect of DMG concentration upon reduction
peak current shown for 5 x 10° M DMG a sharp decrease in peak height between 30 s and 60
s, and the peak current increase linearly between 60 s and180s. For DMG concentration 1 x
10™* M, the reduction peak current increased from 30 till 90 s linearly, decreased from 90 till
120 s and increased again linearly till 180 s. The 1 x 10° M DMG increased linearly from 30
till 180 s and at 120 s it reached 1 x 10 M DMG. The results showed that 1 x 10° M DMG
was used as the optimum concentration due to increasing of peak current with an increase in

deposition time.
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Figure 46. Effect of varying dimethylglyoxime (DMG) concentrations on the peak current for 1 ppt

Rh(I11) in the presence of 0.2 M acetate buffer, (pH = 4.7) solution.

5.3.3. Cyclic voltammetric studies of PGMs

Cyclic voltammetry was used for the preliminary investigation of the electro-activity
of the PGMs with DMG on the GC/Bi-AgFE sensor. In Figure 47 three cyclic
voltammograms (in the range of +0.8 to +1.0 V) of 0.2 M acetate buffer solutions (pH = 4.7)
containing 0.2 to 1.0 ppt Pd(ll) in the presence of 1 x 10° M DMG after deposition are
shown. The three CVs revealed two cathodic peaks at -0.1 and -0.3 V (vs. Ag/AgCl) with two
anodic peaks at 0.0 V and +1.5 V (vs. Ag/AgCl) arising from the reduction of Pd(Il) in
complex with DMG, which was adsorbed on the bismuth-silver bimetallic sensor. This
phenomenon suggesting that the reduction of the Pd(ll) complex was an reversible process.
The decrease in peak current in the cathodic peak at -0.1 V (vs. Ag/AgCl) is due to fast
desorption of the complex at the electrode surface. The bimuth-silver bimallic nanosensor
shown a big peak observed at +0.55 V (vs. Ag/AgCI) in 0.2 M acetate buffer (pH = 4.7)

solution and can be assigned to the stripping of bismuth.
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Figure 47. Cyclic voltammograms for Pd(l1) in 0.2 M acetate buffer (pH = 4.7) solution containing 1
x 10° M DMG solution. The scan rate is 50 mV/s and the potential was scanned from
+0.8 to -1.0 V (vs. Ag/AgCl).

Figure 48 shows the CVs obtained for the GC/Bi-AgFE sensor in 0.2 M acetate buffer
solution (pH = 4.7) containing 1 x 10> M DMG in the present of 0.2 to 1.0 ppt Pt(l1) ions. As
shown in Figure 48 we observed two cathodic peaks (-0.1 and -0.4 V vs. Ag/AgCl) with two
anodic peaks (+0.1 and -0.1 V vs. Ag/AgCl) arising from the reduction of Pt(ll) in complex
with DMG, which was adsorbed on the bismuth-silver bimetallic sensor. This phenomenon
suggesting that the reduction of the Pt(ll) complex was a reversible process. The decrease in
peak current in the cathodic peak at -0.1 V (vs. Ag/AgCI) is also due to fast desorption of the
complex at the electrode surface. The bimuth-silver bimallic nanosensor shown a big peak
observed at +0.55 V (vs. Ag/AgCI) in 0.2 M acetate buffer (pH = 4.7) solution and can be
assigned to the stripping of bismuth.
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Figure 48. Cyclic voltammograms for Pt(I1) in 0.2 M acetate buffer (pH = 4.7) solution containing 1
x 10° M DMG solution. The scan rate is 50 mV/s and the potential was scanned from
+0.8 to -1.0 V (vs. Ag/AgCl).

In Figure 49 a cyclic voltammogram for a solution of acetate buffer containing 1 x 10°
> M DMG with increasing concentration of Rh(111) (0.2 to 1.0 ppt) was presented. The three
CVs revealed no cathodic peaks with two anodic peaks at +0.1 and -0.1 V (vs. Ag/AgCl)
arising from the reduction of Rh(IIl) in complex with DMG which was adsorbed on the
GC/Bi-AgFE sensor. This phenomenon suggesting that the reduction of the Pd(1l) complex
was an irreversible process. The bimuth-silver bimallic nanosensor shown a big peak
observed at +0.55 V (vs. Ag/AgCl) in 0.2 M acetate buffer (pH = 4.7) solution and can be
assigned to the stripping of bismuth.
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Figure 49. Cyclic voltammograms for Rh(l1l) in 0.2 M acetate buffer (pH = 4.7) solution containing

1 x 10° M DMG solution. The scan rate is 50 mV/s and the potential was scanned from
+0.8 to -1.0 V (vs. Ag/AgCl).

5.3.4. Stability test of the bismuth-silver bimetallic sensor

Figure 50 illustrates the stability test results obtained for bismuth-silver bimetallic
nanoparticles drop-coated in the construction of a GC/Bi-AgFE sensor. This GC/Bi-AgFE
sensor was tested in model solutions of 0.2 M acetate buffer (pH = 4.7) solution containing 5
x 10° M DMG and 1.0 ppt Pd(11), Pt(I1) and Rh(lIl) ions, respectively. A sharp decrease in
reduction peak current for Pd(HDMG), was observed from 0 to 7 hours, but after 7 hours it
slightly increase till 28 hours. For Pt(HDMG); a sharp decrease in peak current was observed
from 7 to 14 hours and the reduction peak current reached a plateau from 14 hours onwards.
In the case of Rh(HDMG)3, a samll decrease in peak current from 7 to 14 hours was observed
with a slightly linear increase in reduction peak current until 28 hours. The results obtained in
Figure 50 for the stability testing have shown that the GCE/Bi-AgF sensor are stable for 14

hours and should be used within 24 h after construction.
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Figure 50. The stability test results obtained for the GC/Bi-AgFE. A 0.2 M acetate buffer (pH = 4.7)

solution containing 1 ppt Pd(I1), Pt(11), Rh(I11) with 1 x 10° M of DMG; deposition
potential was -0.7 V (vs. Ag/AgCl) and deposition time 30 s.

5.3.5. Deposition potential studies

The analytical performance of the bismuth-silver bimetallic sensor was improved by
the optimisation of some operational parameters. Deposition potential is a very important
parameter for adsorptive stripping voltammetry and has no negative influence on the
sensitivity of determination. In Figure 51 the effect of deposition potential on the stripping
peak current for 1.0 ppt Pd(I1) ions in 0.2 M acetate buffer solution with pH = 4.7, containing
1 x 10° M DMG is illustrated. The deposition potential study was done by varying the
potential from -1.0 to -0.1 V (vs. Ag/AgCl). Initially, the peak current increased and flattens
at -0.2 V (vs. Ag/AgCl), decline at -0.4 V (vs. Ag/AgCl). After -0.6 V (vs. Ag/AgCl) the
peak current sharply increased to the potential of -0.9 V (vs. Ag/AgCl) evaluated.
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Figure 51. Effect of deposition potential upon adsorptive stripping response at a GC/Bi-AgFE. The
solution consisted of 0.2 M acetate buffer, (pH = 4.7) containing 1.0 ppt Pd(Il) with 1 x
10 M DMG, deposition time was 30 s.

Figure 52 illustrates the effect of deposition potential on the stripping peak current for
1.0 ppt Pt(11) ions in 0.2 M acetate buffer solution with pH = 4.7, containing 1 x 10° M
DMG. The deposition potentials increased steadily till -0.6 V (vs. Ag/AgCl), decreased at -
0.7 V (vs. Ag/AgCl) and increased linearly to 1.0 V (vs. Ag/AgCl). Well-defined stripping
peak result was obtained at -0.9 V (vs. Ag/AgCl) and was used as the optimum potenti al for
Pt(Il) studies.
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Figure 52. Effect of deposition potential upon adsorptive stripping response for at a GC/Bi-AgFE.
The solution consisted of 0.2 M acetate buffer, (pH = 4.7) containing 1.0 ppt Pt(Il) with 1
x 10° M DMG, deposition time was 30 s.

We also studied the effect of deposition potential on the stripping peak current for 1.0
ppt Rh(I11) ions in 0.2 M acetate buffer (pH = 4.7) solution , containing 1 x 10° M DMG.
This deposition potential study was done by varying the potential from -1.0 to -0.1 V (vs.
Ag/AgCI) as illustrated in Figure 53. The peak current decreased from -0.1 to -0.2 V (vs.
Ag/AgCl) and then increased linearly till -0.7 V (vs. Ag/AgCI). At a deposition potential of -
0.7 V (vs. Ag/AgCI) the peak current decreased to -0.8 V (vs. Ag/AgCl) and increased again
until -0.9 V (vs. Ag/AgCl). A well-defined stripping peak result was obtained at -0.9 V (vs.
Ag/AgCl) and was used as the optimum potential for Rh(Il1) studies.
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Figure 53. Effect of deposition potential upon adsorptive stripping response at a GC/Bi-AgFE. The
solution consisted of 0.2 M acetate buffer, (pH = 4.7) containing 1.0 ppt Rh(I11) with 1 x
10 M DMG, deposition time was 30 s.

5.3.6. Deposition time studies

In differential pulse adsorptive stripping voltammetry deposition time can apparently
influence the determination of PGMs. Figure 54 illustrate the results obtained for
optimisation of deposition time for Pd(Il) ions with a concentration of 1.0 ppt in a model
solution containing 1 x 10° M DMG and 0.2 M acetate buffer (pH = 4.7). In the present
study the deposition time used range from 30 to 180 s with a deposition potential of -0.9 V
(vs. Ag/AgCI) for Pd(II). Initially, the peak currents increase linearly and at a deposition time
90 s it started to decline at a deposition time of 150 s and increased again at 180 s. This

observation are due to the saturation of electrode surface with the Pd-(HDMG), chelate.
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Figure 54. Effect of deposition time upon adsorptive stripping response at a GC/Bi-AgFE. The
solution consisted of 0.2 M acetate buffer, (pH = 4.7) containing 1.0 ppt Pd(I1) with 1 x
10"° M DMG, deposition potential was -0.9 V (vs. Ag/AgCI).

The effect of deposition time upon reduction peak current for 1.0 ppt Pt(ll) ions was
investigated in a model solution containing 1 x 10° M DMG and 0.2 M acetate buffer (pH =
4.7). Figure 55 illustrate the results obtained for deposition time upon the reduction peak
current. The reduction peak current increased with increasing deposition time between 30 s
and 90 s. The deposition time results flattened above 90 s to 180 s due to surface saturation of

the bismuth-silver bimetallic nanosensor.
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Figure 55. Effect of deposition time upon adsorptive stripping response at a GC/Bi-AgFE. The
solution consisted of 0.2 M acetate buffer, (pH = 4.7) containing 1.0 ppt Pt(Il) with 1 x
10"° M DMG, deposition potential was -0.9 V (vs. Ag/AgCI).

In Figure 56 the effect of deposition time on the reduction peak current for Rh(Ill) in
the solution containing 1.0 ppt Rh(111) ions, 1 x 10° M DMG and 0.2 M acetate buffer (pH =
4.2) is illustrated. Initially the reduction peak current increased till 60 s, decreased till 90 s
and linearly increases till 180 s. In further experiments, 60 s was used as the deposition time
and ensures high sensitivity of Rh(Ill) ions and short time of analysis due to over saturation

of the bismuth-silver bimetallic sensor.
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Figure 56. Effect of deposition time upon adsorptive stripping response at a GC/Bi-AgFE. The

solution consisted of 0.2 M acetate buffer, (pH = 4.7) containing 1.0 ppt Rh(Il1) with 1 x
10"° M DMG, deposition potential was -0.7 V (vs. Ag/AgCI).

In Table 9, only similarities in the optimum working conditions for the voltammetric
determination of PGMs in model standard solutions were tabulated. It was found that Pd(II)
Pt(11) and Rh(I1l) have the same deposition potential with the same deposition times. Other
working conditions such as DMG concentration, pH and potential window obtained was
similar for Pd(I1), Pt(11) and Rh(l1I) throughout the investigation.
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Table 9. Summary of optimum stripping voltammetry conditions for the determination of Pd(Il),
Pt(11) and Rh(Il1) with the constructed GC/Bi-AgFE bimetallic nanosensor (Somerset et
al., 2011; Van der Horst et al., 2012).

Step Condition
Pd(11) Pt(I1) Rh(111)
Reduction step
pH 4.7
Reduction potential -09V -09V -09V
Reduction time 90s 90s 90s
Supporting electrolyte 0.2 M NaOAc
Measurement step
Supporting electrolyte 0.2 M NaOAc
Measurement technique differential pulse voltammetry
Potential window Stripping from +300 to -100 mV
DMG concentration 5x10° M

5.3.7. Stripping voltammetric analysis of PGMs

The prime objective of the present study is the determination of PGMs using the
bismuth-silver bimetallic modified electrode. The adsorptive stripping analysis of PGMs with
DMG resulted in well-shaped stripping peaks at specific and defined potentials. Acetate
buffer (pH = 4.7) solution was used as the supporting electrolyte. Figure 57 (a) shows the set
of adsorptive stripping voltammograms obtained upon increasing the Pd(Il) concentration
from 0.2 to 1.0 ppt. The electrochemical scan in the cathodic direction shown reduction peaks
at approximately +0.05 V (vs. Ag/AgCl) for Pd(Il). The potential was scanned between 0.4 V
and -0.1 V (vs. Ag/AgCl) with accumulation time of 90 s and accumulation potential of -0.9
V (vs. Ag/AgCI) with a quiet time of 30 s respectively. In this study deposition of PGMs was
usually performed for 90 s, longer periods has not been used due to possible problems with
surface saturation effects of the GC/Bi-AgFE sensor. Well defined peaks were observed with
a flat baseline for the blank solution. The calibration plot peak current upon increasing
concentration for Pd(I1) are illustrated in Figure 57 (b). The six concentrations used yielded a
linear response and the equation of the linear calibration curve is y = 5.236x + 1.876 (R* =
0.984).

Figure 58 (a) reveals the differential pulse adsorptive stripping voltammograms
obtained for Pt(Il) ions with a GC/Bi-AgFE sensor in 0.2 M acetate buffer solution (pH =
4.7). The model solution for the investigation contains 0.2 to 1.0 ppt Pd(I1) ions with 1 x 10
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M DMG. Figure 58 (a) exhibited well-defined reduction peaks with a flat baseline for the
blank solution at ~ +0.025 V (vs. Ag/AgCl). These voltammograms were obtained by
keeping the sensor in contact with a stirred model solution for 90 s at -0.9 V (vs. Ag/AgCl).
The calibration plot peak current upon increasing concentration for Pd(ll) is illustrated in
Figure 58 (b). The six concentrations used yielded a linear response and the equation of the
linear calibration curve is y = 5.907x + 1.048 (R* = 0.970).

The electrochemical characteristics of Rh(Ill) ions was investigated on the bismuth-
silver bimetallic film electrode (Bi-AgFE). Differential pulse adsorptive striping voltammetry
was used to demonstrate the adsorption of Rh(Ill) onto the surface of the GC/Bi-AgFE
sensor. The GC/Bi-AgFE was used as a working electrode and kept in contact with a stirred
model solution for 60 s at -0.7 V (vs. Ag/AgClI). This model solution contains Rh(lll) ions
with 1 x 10° M DMG in 0.2 M acetate buffer (pH = 4.7) solution. Subsequently recorded
voltammograms exhibited well-defined reduction peaks at ~ +0.025 V (vs. Ag/AgCl),
including that of a sample blank and is illustrated in Figure 59 (a). The calibration plot peak
current upon increasing concentration for Rh(Ill) are illustrated in Figure 59 (b). The six
concentrations used yielded a linear response and the equation of the linear calibration curve
isy = 2.0731x + 1.3835 (R? = 0.9933).
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Figure 57. Differential pulse adsorptive stripping voltammetry for increasing concentrations of

Pd(Il) at a GC/Bi-AgFE in (a). Corresponding calibration curve obtained for the Pd(I1)
in (b). The solution consisted of 0.2 M acetate buffer (pH = 4.7) containing 0.2 to 1.0 ppt
Pd(11) with 1 x 10° M DMG:; deposition potential was -0.7 V (vs. Ag/AgCl) and
deposition time 90 s.
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Figure 58. Differential pulse adsorptive stripping voltammetry for increasing concentrations of

Pt(11) at a GC/Bi-AgFE in (a). Corresponding calibration curve obtained for the Pt(Il) in
(b). The solution consisted of 0.2 M acetate buffer (pH = 4.7) containing 0.2 to 1 ppt
Pt(I) with 1 x 10° M DMG; deposition potential was -0.9 V (vs. Ag/AgCl) and
deposition time 90 s.
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Figure 59. Differential pulse adsorptive stripping voltammetry for increasing concentrations of

Rh(Ill) at a GC/Bi-AgFE in (a). Corresponding calibration curve obtained for the
Rh(I1) in (b). The solution consisted of 0.2 M acetate buffer (pH = 4.7) containing 0.4 to
1.0 ppt Rh(I11) with 1 x 10° M DMG; deposition potential was -0.7 V (vs. Ag/AgCl) and
deposition time 60 s.
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Simultaneous determination of palladium, platinum and rhodium in slightly acidic
acetate buffer solution (pH = 4.7) was not possible due to interference of the platinum
complex with the palladium complex using DPAdSV mode. According to the literature,
simultaneous determination of Pd and Rh or Pt and Rh were done at HMDE and BIiFEs
surfaces and was also possible in this study (Dalvi et al., 2008; Locatelli, 2006; Van der
Horst et al., 2012; Silwana et al., 2014).

Figure 60 illustrates the simultaneous determination of Pd and Rh with the GC/Bi-
AQFE sensor in a 0.2 M acetate buffer (pH = 4.7) solution. In this study the DPAdSV peak
potentials were obtained at approximately -0.06 V (vs. Ag/AgCl) for Pd(ll) and at -0.1 V (vs.
Ag/AgCI) for Rh(lll). The obtained results in Figure 60 at the GC/Bi-AgFE sensor shown
linear response with linear calibration equation y = 0.708x — 0.0434and y = 0.222x + 0.0282
for PA(HDMG),; and Rh(HDMG)3, respectively. These results obtained for the simultaneous
determination of Pd and Rh complexes were compared with results obtained by other
researchers (Van der Horst et al., 2012; Silwana et al., 2014; Locatelli, 2006). In comparison
with the work done by Van der Horst et al. (2012) and Silwana et al. (2014), better defined
peaks were observed for Pd-Rh complexes in this presented study with lower detection limits.

Figure 61 indicate the stripping voltammograms for Pt(HDMG), and Rh(HDMG); at
the GC/Bi-AgFE sensor in a 0.2 M acetate buffer (pH = 4.7) solution. The results shown that
the stripping peak potentials were obtained at approximately -0.04 V (vs. Ag/AgCl) for Pt(I1)
and at -0.14 V (vs. Ag/AgCl) for Rh(lll), respectively. The GC/Bi-AgFE sensor showed
linear response with linear calibration equation y = 0.708x — 0.0434and y = 0.222x + 0.0282
for Pt(HDMG), and Rh(HDMG)3, respectively. The results in both analysis have shown that
well defined stripping peaks were obtained for both Pd(I1) and Pt(Il) results, while that of the
Rh(11) stripping peaks were less defined and not always consecutive. This observation is an
indication that the sensor is more favorable for Pd(l1) and Pt(Il) studies. The results obtained
for the simultaneous determination of Pt(ll) and Rh(lll) complexes were compared with
results obtained by Dalvi et al. (2008). The work done by Dalvi et al. (2008) showed better
defined peaks and with better detection limits for the Pt-Rh complexes as in the present study.
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Figure 60. Differential pulse adsorptive stripping voltammetry for increasing concentrations of

Pd(I1) and Rh(Ill) at a GC/Bi-AgFE in (a). Corresponding calibration curve obtained
for Pd(I1) and Rh(II1) in (b). The solution consisted of 0.2 M acetate buffer (pH = 4.7)
containing 0.4 to 1.4 ppt Pd(11) and Rh(Ill) with 1 x 10° M DMG; deposition potential
was -0.7 V (vs. Ag/AgCl) and deposition time 30 s.
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Figure 61. Differential pulse adsorptive stripping voltammetry for increasing concentrations of

Pt(11) and Rh(I11) at a GC/Bi-AgFE in (a). Corresponding calibration curve obtained for
Pt(11) and Rh(lIl) in (b). The solution consisted of 0.2 M acetate buffer (pH = 4.7)
containing 0.8 to 1.2 ppt Pd(11) and Rh(Ill) with 1 x 10° M DMG; deposition potential
was -0.8 V (vs. Ag/AgCl) and deposition time 60 s.
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5.3.8. Interference studies

In the determination of PGMs in environmental samples metal ions can also interfere
with the measurement of these metal ions by complexing competitively with DMG or by
producing reduction peaks that also overlap with, or even completely suppress the Pd(Il),
Pt(1l) and Rh(Ill) peaks, respectively. Metal ions that could potentially interfere were
examined at concentrations of 0.5 to 1.5 ppt for Pd(Il), Pt(I1) and Rh(lll) in the presence of
Co(Il), Cd(11), Ni(11), Ph(11), Fe(l11), Na* and Cu(ll).

In this study Figure 62 (A) reveals the effect of Ni(ll) and Co(ll) interfering with
Pd(ll) ions in a solution containing Ni(ll) (1.0 ppt), Co(ll) (1.0 ppt) and it seems like Ni(ll)
and Co(ll) only interfere with Pd(ll) at the two higher concentrations due to the decrease of

peak current at these concentrations.

Figure 62 (B) illustrates the interfering effect of Ni(Il) and Co(ll) with Pt(1l) in model
solutions. For the results obtained it was observed that Co(ll) and Ni(ll) does not interfere
with Pt(Il) at low concentrations. Nickel(ll) and Cobalt(ll) does interfere with Pt(ll) at the
two higher concentrations investigated. It was also observed that at high concentrations of
Pt(ll), weak reduction peak currents were obtained. In the work done by Melucci and
Locatelli, (2007) it was indicated that cobalt and nickel are present at very low concentrations

in environmental matrices of PGMs and should be considered as potential interferents.

The interfering effect of Ni(Il) and Co(ll) upon Rh(lll) are presented in Figure 62 (C).
In the obtained results in Figure 19 (C) only two peaks were observed for the three metal ions
respectively. At a Rh(Ill) concentration of 0.5 ppt, it was observed that no interferences takes
place with a well-defined peak. Nickel(ll) and cobalt does interfere with Rh(lll) at the two

higher concentrations investigated, with a shift in peak potential at the 1.0 ppt concentration
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Figure 62. Effect of interfering ions on the peak current responses for Pd(l1) in (A), Pt(l1) in (B),

and Rh(l11) in (C) using the GC/Bi-AgFE sensor. The concentrations of Pd(II), Pt(l1),

and Rh(I11) used

were (0.5 ppt) in (a), 1 ppt in (b), and 1.5 ppt in (c), respectively. For Ni

and Co the concentrations used were 1.0 ppt, with 0.2 M acetate buffer (pH = 4.7)
solution containing 1 x 10° M DMG solution
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In the following investigation the main attention was paid to those metal ions species
that could also affect the reduction peak current of Pd(I1), Pt(I1) and Rh(IlI).

It has been observed in Figures 63 (A) and 63 (B) that Cd(ll), Pb(ll), Cu(ll) and
Fe(ll1) interfere with Pd(I1) and Pt(ll) in the acidic acetate buffer solution. It seems that the
DMG complexing agent could not be use in the presence of these four metal ions. From
Figure 63 (C) good peaks are observed for Rh(Ill) with Cd(l1), Pb(11), Cu(ll) and Fe(lll) and
indicates that DMG can be used as a complexing agent in the present of these metal ions in

acidic buffer solutions.

The effect of sulphate (SO,%) and phosphates (PO,*) present upon Pd(1l), Pt(11) and
Rh(I1) were also studied as shown in Figure 64 by using the salt of sodium sulphate (Na,SO,)
and sodium phosphate (H,NaPO,). Figure 64 (A) illustrates that SO,* and PO,* does not
interfere with Pd(I1) ions. From the observed results DMG could be used in the presence of
these two ions and with acetate buffer solution as the supporting electrolyte for the
determination of Pd(l1). In Figures 64 (B) and 64 (C) it was observed that SO4* and PO,*
interferes with Pt(11) and Rh(lIll) in the presence of DMG. The observed results show that
DMG cannot be used as a complexing agent in the presence of these two ions with acetate

buffer as the supporting electrolyte.
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Figure 63. Effect of interfering ions on the peak current responses for Pd(11) in (A), Pt(ll) in (B),

and Rh(l11) in (C) using the GC/Bi-AgFE sensor. The concentrations of Pd(l1), Pt(ll),
and Rh(I11) used were (0.5 ppt) in (a), 1 ppt in (b), and 1.5 ppt in (c), respectively. For
Fe, Pb, and Cd the concentrations used were 1.0 ppt, with 0.2 M acetate buffer (pH =
4.7) solution containing 1 x 10° M DMG solution.
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Figure 64. Effect of interfering ions on the peak current responses for Pd(l1) in (A), Pt(l1) in (B),

and Rh(l11) in (C) using the GC/Bi-AgFE sensor. The concentrations of Pd(Il), Pt(ll),
and Rh(IIl) used were (0.5 ppt) in (a), 1 ppt in (b), and 1.5 ppt in (c), respectively. For
S0,%, and PO,> the concentrations used were 1.0 ppt, with 0.2 M acetate buffer (pH =
4.7) solution containing 1 x 10° M DMG solution.
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5.3.9. Stripping voltammetric analysis of PGMs

The limit of detection and sensitivity are important considerations when the analytical
application of any process is assessed (Welch et al., 2005). The results obtained in this study
were also compared to the work done by other investigations. These comparisons of the
analytical features with limits of detection (LODs) of various techniques used are listed in
Table 10. The LOD values in Table 10 confirmed good sensitivity of the constructed GC/Bi-
AgFE nanosensor for the determination of PGMs in environmental samples. The very low
LOD values in this study compared with other studies indicate that the proposed method for
the construction of a chemical nanosensor for PGMs determination in environmental samples

are very sensitive and can be used as a alternative for the HMDE and other platforms.

Table 10. Comparison of results obtained in present work with other modified stripping
voltammetric procedures for the determination of PGMs in model standard solutions
and environmental samples are listed.

Electrode Modifier Method Linear range Limit of detection (LOD) Ref.
GCE Bi-Ag AdDPSV Pd(11): 0.2 — 1.0 ng/L Pd(11) — 0.19 ng/L This work
Pt(l): 0.2—-1.0 ng/L Pt(I1) — 0.2 ng/L
Rh(I11): 0.4 - 1.0 ng/L Rh(I11) — 0.22 ng/L
GCE Bismuth AdDPSV Pd(l1): 0 — 2.5 pg/L Pd(ll) —0.12 pg/L Van der Horst et al.,
Pt(I1): 0 — 3.5 pg/L Pt(11) — 0.04 pg/L 212
Rh(I11): 0 — 3.0 pg/L Rh(I11) — 0.23 pg/L
SPCE Bismuth AdDPSV Pd(I1): 0—0.1 pg/L Pd(Il) —0.008 pg/L Silwana et al., 2014
Pt(11): 0.2 — 0.1 pg/L Pt(11) — 0.006 pg/L
Rh(I11): 0 — 0.08 pg/L Rh(I11) — 0.005 pg/L
HMDE ND AdCSV Pd(I1): 20 — 100 ng/mL Pd(Il) — 2 ng/mL Kim and Cha, 2002
Ag-based Hg amalgam Csv Pd(11): 1 — 50 pg/L Pd(Il) - 0.15 pg/L Bobrowski et al., 2009
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5.3.10. Analysis of environmental samples

The developed voltammetric method was further applied to the determination of
PGMs in roadside dust and roadside soil samples collected in the Western Cape Province at
Bottelary Road close to Stellenbosch and Old Paarl Road close to Klapmuts, outside
Stellenbosch. Four sampling points were identified and at each section of the road leading to
a busy traffic light and intersection, where roadside dust and soil samples were collected. In
both dust and soil samples PGMs bioavailability was determined by subjecting the samples to
a chemical extraction procedure. The extraction of the metals from the roadside dust and soil
samples was done by a three-step sequential extraction procedure (Li et al., 2010; Morera et

al., 2001).

5.3.10.1. Dust samples

The preparation of the dust samples was done by pipetting 9 mL of 0.2 M acetate
buffer (pH = 4.7) solution, containing 1 x 10° M DMG and 0.5 ng/L PGMs. A 1 mL of
roadside dust sample was added to the solution and the determination of PGMs was
performed by DPAdSV procedure (Locatelli, 2006). The results obtained are shown in Table
11 for the detection of PGMs in dust samples using a GC/Bi-AgFE sensor and ICP-MS,
respectively. The accuracy and sensitivity of the constructed electrochemical sensor were
determined by single PGM analysis in all experiments and no simultaneous determination of
PGMs was investigated. From the results in Table 11 it was observed that the DPAdSV
results are lower than the ICP-MS results. These results indicate that the constructed bimuth-
silver bimetallic sensor is more sensitive towards the determination of Pd(Il), Pt(ll) and

Rh(I1) in environmental samples.
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Table 11. Results obtained for the determination of PGMs concentrations using a GC/Bi-AgFE
nanosensor and ICP-MS analysis in dust samples collected from roads near
Stellenbosch, Western Cape Province.

DPAdSV ICP-MS

Carbona Organic- Fe-Mn bound Carbonate- Organic- Fe-Mn

te-bound bound bound bound bound
Sample Pd(11) Rh(111) Pt(In) Pd (ug/L) Rh (ug/L) Pt (png/L)

(ng/L) (ng/L) (ng/L)

BOT1 1.18 +0.06 444 +0.14 3.58£0.09 0.06 0.01 0.01
BOT2 1.13+0.08 3.32+0.20 3.69+0.37 0.08 0.03 0.03
BOT3 0.94+0.16 3.38+0.15 3.17+£0.12 0.09 0.04 0.06
BOT4 1.37+0.16 5.63+£0.81 3.35+£0.57 0.10 0.05 0.08
OP1 362+0.88  852+0.57 5.46 £ 0.14 0.04 0.004 0.02
OP2 1.28 +0.19 6.07 £ 0.68 3.67+£0.44 0.07 0.01 0.04
OP3 1.27 +0.20 8.70 £ 0.52 1.41+0.22 0.09 0.03 0.06
OP4 1.30 +0.09 8.24 £ 0.32 3.94+£0.44 0.11 0.03 0.08

5.3.10.2. Soil samples

The described voltammetric procedure was further applied for PGMs determination in
roadside soil samples to evaluate its effectiveness using the GC/Bi-AgFE sensor. A 1 mL of
extracted soil sample solution was added to 9 mL of 0.01 M acetate buffer (pH = 4.7)
solution, containing 1 x 10° M DMG and 0.5 ng/L PGMs and the determination was done by
DPAdSV analysis. Table 12 shows the results for the comparison between DPAdSV and ICP-
MS analysis, and according to the results in Table 12, good recoveries were obtained for all
three fractions of the soil samples analysed. In the analysis of Rh(lll) in the organic-bound
fraction, good results were obtained while weak results were obtained for Pd(Il) in the
carbonate-bound fraction. The obtained results in this study indicate that the adsorptive
differential pulse stripping voltammetric method showed good recovery and accuracy, using

the developed GC/Bi-AgFE nanosensor.
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Table 12. Results obtained for the determination of PGMs concentrations using a GC/Bi-AgFE
nanosensor and ICP-MS analysis on digested and extracted soil samples collected from
roads near Stellenbosch, Western Cape Province.

DPAdSV ICP-MS

Carbona Organic- Fe-Mn bound Carbonate- Organic- Fe-Mn

te-bound bound bound bound bound
Sample Pd(1l) Rh(I1I) Pt(11) Pd (ug/L) Rh (ug/L) Pt (ug/L)

(ng/L) (ng/L) (ng/L)

BOT1 0.94 £ 0.02 3.89+0.22 3.96 £0.29 0.03 0.005 0.004
BOT2 124+0.10 3.65+0.48 3.93+0.36 0.06 0.01 0.02
BOT3 1.17+0.42 3.78+0.16 3.57+0.04 0.34 0.02 0.05
BOT4 25+0.25 4.31+£0.22 3.06£0.72 0.08 0.04 0.07
OP1 1.75+0.55 7.10+£0.99 2.80+0.61 0.02 0.002 0.01
OP2 135+0.22 5.88+051 4.09 + 0.30 0.03 0.01 0.03
OP3 1.61+0.66 7.02+£0.63 4.15+0.19 0.04 0.02 0.04
OP4 1.48 +0.19 7.04+0.18 3.56 £0.42 0.06 0.02 0.06

5.4. Summary

The present study demonstrated that DPAdSV analysis is an excellent method for the
determination of PGMs in environmental samples. In conclusion, the above method
combined with a bismuth-silver bimetallic nanofilm electrode offers a more sensitive and
practical approach for the determination of trace amounts of Pt(Il), Pd(Il) and Rh(lIl) in
environmental samples. The developed procedure presented in this study includes advantages
of simplicity, high sensitivity, high selectivity, speed and low cost. The novelty of this
method lies in the fact that this type of nanosensor has not been applied for the determination
of PGMs in environmental samples before. Furthermore, the LODs obtained in this study are
in the ng/L concentration range, making this method a more sensitive and attractive analytical
approach. The demonstrated capability of the GC/Bi-AgFE nanosensor to determine all three
PGM-dimethylglyoxime complexes in both fresh water and sediment samples, further
demonstrates the advantages of the approach developed in this study. The ability to detect

PGMs in environmental samples makes this bismuth-silver bimetallic nanosensor an
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alternative replacement for bismuth films, toxic hanging mercury electrode and carbon paste

electrodes.
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Chapter 6

PGMs analysis using screen-printed carbon electrodes

6.1. Introduction

Nowadays, the pollution of surface waters with chemical contaminants is one of the
most crucial environmental problems. These chemical contaminants enter rivers and streams
resulting in tremendous amount of destruction to the aquatic ecosystem (Sonune and Ghate,
2004). Heavy and platinum group metal (PGM) contaminations at trace levels in water
resources presents a major current environmental threat, so the detection and monitoring of
these metal contaminants results in an ever-increasing demand (Liu et al., 2008; Hildebrandt
et al., 2008). Spectroscopy techniques were used for the simultaneous analysis of metal ions
in water and, sediment biota samples. In electroanalysis much attention has been dedicated to
the development of mercury-free sensors the last decade (Hwang et al., 2008; Sonthalia et al.,
2004).

The work done by Silwana et al. (2014) describes the development of a differential
pulse adsorptive stripping voltammetric (DPAdSV) procedure for the determination of
palladium, platinum and rhodium in environmental samples. In this procedure a screen-
printed carbon electrode modified with a bismuth film, SPCE/BiF was constructed. The
optimisation of several stripping voltammetric parameters such as DMG concentration,
composition of supporting electrolyte, pH, deposition potential and deposition time were
perform. In this study, the results obtained for investigation shown low detection limits of
0.008 ug/L, 0.006 ug/L and 0.005 ug/L for Pd(l1), Pt(1) and Rh(Ill), respectively.

The main aim of this chapter was to investigate the construction and application of
chemical sensors that utilise nanomaterials (e.g. silver, bismuth, etc.) for platinum group
metals (PGMs) determination. The possibility of developing a stripping voltammetric
procedure for PGMs in agueous solutions using a disposable screen-printed carbon electrode

(SPCE) was explored. The electrochemical behaviour of PGMs in solution was investigated
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by voltammetry and the optimum instrumental conditions were defined by DPAdSV

measurements.

6.2. Experimental

6.2.1. Reagents

Sodium acetate (NaOAc), ammonia (NHs) (25%), ammonium chloride (NH4CI),
hydrochloric acid and nitric acid were supplied by Merck (South Africa). All precious and
heavy metal standards (1000 mg/L AAS), dimethylglyoxime (DMG) were perchased from
Sigma-Aldrich (South Africa). Glacial acetic acid (95%), ethanol (95%), hexamethylene
tetramine (HMTA), dichloromethane, hydrazine sulphate, formaldehyde solution were
supplied by Kimix (South Africa). Poly(vinyl) alcohol (PVVA) was also obtained from Sigma-
Aldrich (South Africa). Next, 0.5 to 20 pg/L solutions of platinum group elements were
prepared by diluting the corresponding standard stock solutions. A 0.01 M ammonia buffer
solution (pH = 9.0) was prepared by mixing ammonium chloride with concentration ammonia
and served as the supporting electrolyte. A 0.2 M sodium acetate buffer (pH = 4.7) was
prepared by mixing sodium acetate with acetic acid and deionised water. The 0.01 M DMG
solution was prepared in 95% ethanol and served as the chelating agent. All solutions were
prepared by Milli-Q (Millipore 18 M Ohm cm) water.

6.2.2. Instrumentation

Differential pulse adsorptive stripping voltammetric (DPAdSV) measurements were
performed using PalmSens® portable potentiostat/galvanostat, with the PS Trace program
and accessories (PalmSens® Instruments BV, 3992 BZ Houten, The Netherlands). The
portable potentiostat was connected to a microcomputer controlled by PS 2.1 software for
data acquisition and experimental control. All the DPAdSV measurements were performed in
a conventional electrochemical cell of 20.0 mL, employing the screen-printed carbon

electrode modified with bimuth-silver nanoparticles (SCPE/Bi-Ag) with 4 mm diameter
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provided by Dropsens (Oviedo, Spain) as working electrodes. An Agilent 7500 series
inductive coupled plasma mass spectroscopy (ICP-MS) was used for the trace PGMs
determination roadside dust and soil samples. All experiments were performed at ambient
temperatures (Somerset et al., 2011; Silwana et al., 2013; Silwana et al., 2014a, Silwana et
al., 2014b).

6.2.3. Preparation of the bismuth-silver bimetallic film

A 2.5 mg of Bi-Ag bimetallic NPs were dispersed through ultrasonic vibration in 50
mL solution of deionised water to form a suspension. A defined quantity of the suspension
was applied to a clean surface of screen-printed carbon electrode (SPCE) and dried at room
temperature to get a thin film on the SPCE surface (Noroozifar et al., 2011; Cui and Zhang,
2012; Prakash et al., 2012). After each voltammetric cycle the cleaning of the Bi-Ag
bimetallic nanofilm was performed by holding the potential of the electrode at 1.0 V. Traces
of the remaining DMG complexes on the electrode surface were reduced and quickly
desorbed at this potential. A short cleaning period of 10 s was required to refresh the

electrode surface completely (Morfobos et al., 2004).

6.2.4. Procedure for the determination of PGMs

A 10 mL of 0.2 M acetate buffer (pH = 4.7) solution containing 1 x 10° M DMG was
used as electrolyte in the cyclic and stripping voltammetric procedures. The SPCE/Bi-Ag
nanosensor was immersed into the solution and an accumulation potential of -0.7 V (vs.
Ag/AgCl) for Pd(Il) and -0.6 V (vs. Ag/AgCI) for Pt(ll), and -0.7 V (vs. Ag/AgCl) for Rh(ll)
were applied while the solution was stirred. A 30 s quiet time was used and the
voltammogram was scanned from +0.8 to -1.4 V (vs. Ag/AgClI) at a scan rate of 60 mV/s for
cyclic voltammetry measurements, while scanning was performed from -0.8 to -0.1 V (vs.
Ag/AgCI) for adsorptive differential pulse stripping voltammetry measurements.

The PGMs were introduced into the solution after the background voltammogram was
recorded. All the experiments were performed in the presence of oxygen and at room
temperature (Silwana et al., 2014; Van der Horst et al., 2012). According to Zhang et al.
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(2010) the analysis of heavy metal ions using ASV method consist of three steps such as
accumulation, electrochemical reduction and stripping out. In this method both the sensitivity
and the selectivity of the analysis can be enhance by the combination of accumulation and
reduction prior to the stripping detection process. The efficiency of accumulation and

electrochemical reduction steps plays a great role in the entire analysis.

6.3. Results and discussion

6.3.1. Electrochemical behaviours of Bi-Ag bimetallic modified electrode

The preliminary investigation of the electroactivity of the bismuth-silver bimetallic
nanofilm electrode (Bi-AgFE) were done by using cyclic voltammetry (CV) and differential
pulse adsorptive stripping voltammetry (DPAdSV) measurements. To obtain optimal
conditions it’s very important to study the influence of supporting electrolyte,
dimethylglyoxime concentration, deposition potential, deposition time and stability test in
DPAdSV mode. In this study different electrolytes such as 0.1 M hydrochloric acid, 0.2 M
sodium acetate (pH = 4.7), 0.1 M phosphate (pH = 7.0) and 0.1 M phosphate (pH = 9.0)
buffers were tested as supporting electrolytes using the bismuth-silver bimetallic nanofilm
electrode (Bi-AgFE). Figure 65 (A) illustrates the cyclic voltammograms (CVs) of the
resulting electrode obtained in the four different buffer solutions. The results in Figure 65 (A)
showed that the redox response peak height was improved in the presence of 0.2 M sodium
acetate buffer solution. Thus, for voltammetric measurements a solution of acetic acid and
sodium acetate was used as the optimal buffer solutions. Figure 65 (B) showed anodic peaks
at -0.2 V and -0.6 V (vs. Ag/AgCl) and cathodic peaks at +0.1 V and +0.4 V (vs. Ag/AgCl).
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— (a) SPCE/Bi-AgF in 0.2 M NaOAc (pH = 4.7)
— (b) SPCE/Bi-AgF in 0.1 M PBS (pH = 9)

— (c) SPCE/Bi-AgF in 0.1 M PBS (pH =7)
(d) SPCE/Bi-AgF in 0.1 M HCI

-12
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Figure 65.
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Cyclic voltammetry (CV) results for the combined evaluation of the SPCE/Bi-AgF sensor
in various buffer solutions of (a) 0.01 M phosphate (pH = 7), (b) 0.01 M phosphate (pH =
9), (c) 0.2 M NaOAc (pH =4.7), (d) 0.1 M HCI solution. The potential was scan between -
0.9 and +0.9 V (vs. Ag/AgCl) at a scan rate of 50 mV/s.
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6.3.2. Effect of reagent concentration

In differential pulse adsorptive stripping voltammetric (DPAdSV) analysis the ligand
concentration in solution has a profound effect on the voltammetric peak height. Palladium
has a definite adsorption voltammetric peak in acidic medium if dimethylglyoxime (DMG) is
used as complexing agent. Dimethylglyoxime is suggested by Georgieva and Pihlar (1997) as
the complexing agent if sodium acetate is used as supporting electrolyte. In this investigation
the effect of DMG concentrations on the PGMs (Pd, Pt, Rh) peak currents was examined in
the range from 5 x 10° to 5 x 10° M. Figure 66 illustrates the effect of DMG concentration
on Pd(I1) peak currents in 0.2 M sodium acetate buffer (pH = 4.7) solution. By decreasing the
DMG concentration from 5 x 10° M to 1 x 10 M the voltammetric peak height of Pd(11)
increases and shows that the height is strongly dependent upon DMG concentration. For
concentrations lower than of 1 x 10° M a significant decrease in peak current was observed.
From the results observed in Figure 66 the concentration of 1 x 10° M DMG were used as
the optimum concentration for the determination of Pd(Il) in model solutions (Locatelli et al.,
2005).
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Figure 66. Effect of varying dimethylglyoxime (DMG) concentrations on the peak current results

for 1 ppt Pd(Il), in the presence of 0.2 M acetate buffer, (pH = 4.7) solution.

Figure 67 illustrates the effect of dimethylglyoxime (DMG) concentration on peak
currents for Pt(1l) in 0.2 M sodium acetate buffer (pH = 4.7) solution. By decreasing the
DMG concentration from 5 x 10° M to 1 x 10®° M the voltammetric peak height of Pt(Il)
increases and shows that the height is strongly dependent upon DMG concentration. At DMG
concentration of 1 x 10° M, a significant increase in peak current was observed for more
negative potentials. The results obtained in Figure 67 revealed that the DMG concentration

was optimised at 1 x 10™ M for Pt(l1) analytical measurements.
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Figure 67. Effect of varying dimethylglyoxime (DMG) concentrations on the peak current results

for 1 ppt Pt(11) in the presence of 0.2 M acetate buffer, (pH = 4.7) solution.

In Figure 68 the effect of dimethylglyoxime (DMG) concentration on peak current for
Rh(I11) in 0.2 M sodium acetate buffer (pH = 4.7) solution are also illustrated by plotting the
peak current vs. peak potentials. The peak current of 1 x 10° M DMG increases at more
negative potentials for Rh(Ill). The same phenomena happened when decreasing the DMG
concentration from 5 x 10° M to 1 x 10° M, the voltammetric peak current of Rh(lll)
increases and shows that the height is strongly dependent upon DMG concentration and peak
potential. At a DMG concentration 1 x 10° M a significant increase in peak current was
observed for more negative potentials. The results obtained in Figure 68 revealed that the

DMG concentration was optimised at 1 x 10 M for Rh(l11) analytical measurements.
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Figure 68. Effect of varying dimethylglyoxime (DMG) concentrations on the peak current results

for 1 ppt Rh(I11) in the presence of 0.2 M acetate buffer, (pH = 4.7) solution.

6.3.3. Stability test of the bismuth-silver bimetallic nanosensor

The reproducibility of the fabricated bismuth-silver bimetallic nanosensor was
investigated for the peak current over a defined period of time. Using the optimised
conditions for the bimetallic sensor the sensor was utilised for the determination of 1 ppt
concentration of the PGMs evaluated. Figure 69 illustrates the results for the stability test of 1
ppt Pd(11), Pt(11) and Rh(Ill) with 1 x 10° M DMG in 0.2 M acetate buffer solutions. The
reduction peak current results were plotted versus time and the results obtained showed that
the bimetallic sensor is stable for 14 hours and should be used within the 7 to 24 h after

construction.
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Figure 69. The stability test results for the bismuth-silver bimetallic nanosensor. A 0.2 M acetate

buffer (pH = 4.7) solution containing 1 ppt PGMs with 1 x 10° M DMG, were employed
in the stability optimisation studies.

6.3.6. Deposition potential studies

In electroanalytical chemistry differential pulse voltammetry (DPV) is used as an
effective and common technique when the content of analyte is very low due to its sensitivity
(Ntsendwana et al., 2012). The influence of deposition potential and time are always
important factors on the sensitivity and detection limit in DPV methods. To enhance the
electroanalytical performance of the Bi-Ag bimetallic sensor, the deposition potential was
optimized. Figure 70 illustrates the dependence of deposition potential on the stripping peak
current for 1 ppt Pd(ll) at the bismuth-silver nanosensor. Optimum deposition potential for
Pd(I1) determination in 0.2 M acetate buffer (pH = 4.7) solution is in the range from -0.7 to -
0.8 V (vs. Ag/AgCl). For deposition potentials more negative than -0.8 V and more positive
than -0.7 V (vs. Ag/AgCl), the Pd(ll) stripping peak current decreased significantly. The
deposition potential for Pd(I1) in this investigation was optimised at -0.7 V (vs. Ag/AgCl) and
applied throughout the study.
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Figure 70. Effect of deposition potential upon adsorptive stripping redox responses at a bismuth-
silver bimetallic nanosensor. The electrolyte consisted of 0.2 M acetate buffer (pH = 4.7)
solution containing 1 ppt Pd(I1) with 1 x 10° M DMG; deposition time was 30 s.

The dependence of deposition potential on the stripping peak current for 1 ppt Pt(1l) at
the bismuth-silver nanosensor are illustrated in Figure 71. In this investigation the optimum
deposition potential for Pt(Il) was at -0.9 V (vs. Ag/AgCl) in 0.2 M acetate buffer (pH = 4.7)
solution. At deposition potentials more positive than -0.9 V (vs. Ag/AgCl) the stripping peak
current decreased significantly. The deposition potential for Pt(ll) in this investigation was

optimised at -0.9 V (vs. Ag/AgCl) and applied throughout the study.
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Figure 71. Effect of deposition potential upon adsorptive stripping redox responses at a bismuth-
silver bimetallic nanosensor. The electrolyte consisted of 0.2 M acetate buffer (pH = 4.7)
solution containing 1 ppt Pt(11) with 1 x 10° M DMG; deposition time was 30 s.

The effect of deposition potential on the stripping peaks current of 1 ppt Rh(lll)
complexes with 1 x 10°> M DMG was investigated over a potential range of -0.4 to -0.9 V
(vs. Ag/AgCI). Figure 72 illustrates the plot of stripping peaks current of Rh(l1l) as a function
of deposition potential. In the results obtained the stripping peak currents were independent
of deposition potential at potentials more positive than-0.8 and at -0.9 V (vs. Ag/AgCl). The
deposition potential for Pt(I1) in this investigation was optimised at -0.8 V (vs. Ag/AgCl) and
applied throughout the study.
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Figure 72. Effect of deposition potential upon adsorptive stripping redox responses at a bismuth-
silver bimetallic nanosensor. The electrolyte consisted of 0.2 M acetate buffer (pH = 4.7)
solution containing 1 ppt Rh(111) with 1 x 10° M DMG; deposition time was 30 s.

6.3.7. Deposition time studies

The dependence of deposition time on the stripping peak current of Pd(Il), Pt(Il) and
Rh(1I1) was investigated using the bismuth-silver bimetallic nanosensor. In Adsorptive
stripping voltammetry (ASV) complexing agent in the electrolyte solution, after reaction,
form complex ions in the solution and the complex is accumulated onto the sensor surface in
the amount proportional to the deposition time (Huszal et al., 2005). The dependence of
deposition time on the stripping peak current of Pd(ll) are shown in Figure 73 and the peak
current decrease almost linearly with longer deposition times. A deposition time at 30 s was

chosen as the optimum deposition time in this investigation.
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Figure 73. Effect of deposition time upon adsorptive stripping redox responses at a bismuth-silver
bimetallic nanosensor. The electrolyte consisted of 0.2 M acetate buffer (pH = 4.7)
solution containing 1 ppt Pd(I1) with 1 x 10° M DMG; deposition potential was -0.7 V.

Figure 74 illustrates the dependence of stripping peak current with the deposition time
for 1 ppt Pt(11) in 0.2 M sodium acetate buffer (pH = 4.7) solution. The stripping peak current
increases with the increasing in the deposition time between 30 and 120 s above which it
became nearly constant due to the surface saturation of the bismuth-silver bimetallic
nanosensor. In this study for all subsequent Pt(11) measurements deposition time of 90 s was

employed due to surface saturation of the bimetallic sensor.
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Figure 74. Effect of deposition time upon adsorptive stripping redox responses at a bismuth-silver
bimetallic nanosensor. The electrolyte consisted of 0.2 M acetate buffer (pH = 4.7)
solution containing 1 ppt Pt(11) with 1 x 10° M DMG; deposition potential was -0.9 V.

The dependence of deposition time on the stripping peak current for 1 ppt Rh(IlI) (in
Figure 75) was also investigated. The peak current decreases with the increase in deposition
time between 30 and 60 s. From 60 to 120 s there is a sharp increase in stripping peak current
but decreasing again at 150 s. As expected for adsorption processes the dependence of the
peak current on the deposition time is limited by saturation of the electrode. In the deposition
times studied for Rh(Ill) 30 s, seemed the optimum time and was used throughout the

investigation as it combines with good sensitivity and very short analysis time.
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Figure 75. Effect of deposition time upon adsorptive stripping redox responses at a bismuth-silver

bimetallic nanosensor. The electrolyte consisted of 0.2 M acetate buffer (pH = 4.7)
solution containing 1 ppt Rh(I11) with 1 x 10° M DMG; deposition potential was -0.8 V.

6.3.8. Analytical features of the adsorptive stripping procedure

In differential pulse adsorptive stripping voltammetry (DPAdSV) nanoparticles play
an important role for the determination of heavy metals at trace levels. According to the
literature the determination of palladium by DPAdSV at the surface of the hanging mercury
drop electrode (HMDE) was first described by Wang and Varughese (1987).
Dimethylglyoxime was used as the complexing ligand in slightly acidic media (pH = 5.15)
for the deposition of palladium-dimethylglyoxime complex (Pd-(HDMG),). In the present
study the determination of Pd-(HDMG), was done in 0.2 M acetate buffer (pH = 4.7) solution
at the surface of a bismuth-silver bimetallic nanosensor. The DPAdSV current of the Pd-
(HDMG), complex at optimal conditions yielded well defined peaks, in the concentration
range 0.4 to 1.0 ppt shown in Figure 76(a). The five concentrations used yielded a linear
response and the equation of the linear calibration curve is y = 0.773x + 0.6151 with a

correlation coefficient of 0.991, illustrated in Figure 76(b).
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Differential pulse adsorptive stripping voltammetry results for increasing concentrations
of Pd(Il) at a bismuth-silver bimetallic nanosensor in (a). Corresponding calibration
curve obtained for the Pd(l1) analysis in (b). The electrolyte consisted of 0.2 M acetate
buffer (pH = 4.7) solution containing 0.2 to 1.0 ppt Pd(ll) with 1 x 10° M DMG;
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deposition potential was -0.7 V (vs. Ag/AgCl) and deposition time 30 s.



The differential pulse adsorptive stripping voltammetric (DPAdSV) current for the Pt-
(HDMG), complex were measured at optimal conditions using a bismuth-silver bimetallic
nanosensor in Figure 77(a). In these measurements a series of Pt-(HDMG), complex
concentrations ranging from 0.2 to 0.8 ppt in 0.2 M acetate buffer (pH = 4.7) solution with 30
s deposition time were used. The peaks observed in the differential pulse voltammograms are
well-defined and the five concentrations used yielded a linear response and the equation of
the linear calibration curve is y = 0.690x + 0.718 with a correlation coefficient of 0.988,
illustrated in Figure 77(b).
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Differential pulse adsorptive stripping voltammetry results for increasing concentrations
of Pt(ll) at a bismuth-silver bimetallic nanosensor in (a). Corresponding calibration
curve obtained for the Pt(ll) analysis in (b). The electrolyte consisted of 0.2 M acetate
buffer (pH = 4.7) solution containing 0.2 to 1 ppt Pt(11) with 1 x 10° M DMG; deposition
potential was -0.9 V (vs. Ag/AgCl) and deposition time 120 s.
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The determination of the Rh-(HDMG); complex in 0.2 M acetate buffer (pH = 4.7)
solution was performed by DPAdSV analysis under optimised working conditions and the
voltammograms are shown in Figure 78(a). Well-defined stripping peaks were observed at
the bismuth-silver bimetallic nanosensor in the concentration ranging from 0.2 to 0.8 ppt. The
results indicated that dimethyglyoxime (DMG) can greatly promote the deposition of the Rh-
(HDMG)3 complex at the bismuth-silver bimetallic nanosensor and significantly increase the
sensitivity of the determination of the Rh-(HDMG)s; complex. In Figure 78(b) the results
showed that the DPAdSV peak currents have a linear response for the five concentrations
evaluated and the equation of the linear calibration curve is y = 3.9527x + 0.5798, with a

correlation coefficient of 0.9703.
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Figure 78. Differential pulse adsorptive stripping voltammetry results for increasing concentrations

of Rh(I11) at a bismuth-silver bimetallic nanosensor in (a). Corresponding calibration
curve obtained for the Rh(l11) analysis in (b). The electrolyte consisted of 0.2 M acetate
buffer (pH = 4.7) solution containing 0.2 to 0.8 ppt Rh(lIl) with 1 x 10° M DMG;
deposition potential was -0.7 V (vs. Ag/AgCl) and deposition time 30 s.
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6.3.9. Interference studies

In differential pulse adsorptive stripping voltammetry (DPAdSV) several trace metals
can interfere with the determination of platinum group metals (PGMs) absorbing
competitively onto the bismuth-silver bimetallic film electrode (Bi-AgFE) surface or
complexing competitively with DMG producing signals close to that of the different PGMs
or completely suppress the peaks. In this study a number of metal ions that could potentially
interfere with these PGMs were investigated such as Ni(ll), Co(Il), Fe(lll), Na(l). The
sulphates and phosphates were also investigated and 1 ppt of these interfering ions was added
to the model solutions.

Figure 79 illustrates the behaviour of Pd(II), Pt(1l) and Rh(lll) at concentrations of 0.5
to 1.5 ppt in the presence of Ni(ll) and Co(ll) ions using the SPCE/Bi-AgF sensor. In Figure
79 (A) the ions of Ni(ll) and Co(ll) interferes minimally with Pd(Il), but shows more
interferences with Pt(Il) and Rh(l11) in Figure 79 (B) and (C) at the two higher concentrations
investigated. It is observed in this investigation that DMG cannot be used as complexing

agent in the presence of Ni(ll) and Co(ll) interfering ions.
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Figure 79. Effect of interfering ions on the peak current responses for Pd(ll) in (A), Pt(ll) in (B),

and Rh(I1l) in

(C) using the GCE/Bi-AgF sensor. The concentrations of Pd(ll), Pt(Il),

and Rh(I11) used were (0.5 ppt) in (a), 1 ppt in (b), and 1.5 ppt in (c), respectively. For
Ni(Il) and Co(ll) the concentrations used were 1.0 ppt, with 0.2 M acetate buffer (pH =
4.7) solution containing 1 x 10° M DMG solution.
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From the observed results illustrated in Figure 80 (A) it seems like Fe(lll) and Na*
interferes minimally with Pd(I1) in all three solutions. Interferences of Pt(Il) with the ions of
Fe(111) and Na* were observed in Figure 80 (B) with minimum interferences of Rh(lll) with

the two interfering ions observed in Figure 80 (C).

The effect of SO, and PO,> on the peak current of Pd(Il), Pt(11) and Rh(l11) were
also studied and illustrated in Figure 81. From these observed results, the SO4* and PO,*
ions interfered extensively with Pt(Il) and Rh(lll) but interfered minimally with Pd(Il). This
phenomenon shows that DMG cannot be used in the presence of these ions for the
determination of Pt(11) and Rh(llI).

This SPCE/Bi-AgF sensor shows favourable results for Pd(Il) determination and it

can be determined in the presence of these interfering ions with DMG as the chelating agent.
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Effect of interfering ions on the peak current responses for Pd(11) in (A), Pt(ll) in (B),
and Rh(l11) in (C) using the GCE/Bi-AgF sensor. The concentrations of Pd(ll), Pt(ll),
and Rh(I11) used were (0.5 ppt) in (a), 1 ppt in (b), and 1.5 ppt in (c), respectively. For
Na(l) and Fe(l1l) the concentrations used were 1.0 ppt, with 0.2 M acetate buffer (pH =
4.7) solution containing 1 x 10° M DMG solution.
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Effect of interfering ions on the peak current responses for Pd(ll) in (A), Pt(ll) in (B),
and Rh(I1l) in (C) using the SPCE/Bi-AgF sensor. The concentrations of Pd(l1), Pt(ll),
and Rh(I11) used were (0.5 ppt) in (a), 1 ppt in (b), and 1.5 ppt in (c), respectively. For
S0,* and PO,> the concentrations used were 1.0 ppt, with 0.2 M acetate buffer (pH =
4.7) solution containing 1 x 10° M DMG solution
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6.3.10. Analysis of environmental samples

6.3.10.1. PGMs analysis in dust samples

In this study, different sensor platforms were used with the same analytical procedure

and environmental samples as decribed in the above chapter. The determination of PGMs in

dust samples using the SPC/Bi-AgFE sensor and ICP-MS analysis was performed and the

two sets of results are shown in Table 13. The results for the dust samples have shown that

the method was successfully applied using the SPC/Bi-AgFE sensor. Good recoveries were
obtained for both DPAdSV and ICP-MS methods, respectively. These results indicate that the
constructed SPC/Bi-AgFE sensor is more sensitive towards the determination of Pd(ll), Pt(Il)

and Rh(I11) in dust samples.

Table 13. Results obtained for the determination of PGMs concentrations using a SPC/Bi-AgFE
nanosensor and ICP-MS analysis in dust samples collected from roads near
Stellenbosch, Western Cape Province.

DPAdSV ICP-MS

Carbona Organic- Fe-Mn bound Carbonate- Organic- Fe-Mn

te-bound bound bound bound bound
Sample Pd(1l) Rh(I11) Pt(11) Pd (ug/L) Rh (ug/L) Pt (ug/L)

(ng/L) (ng/L) (ng/L)

BOT1 433+0.21 4.39+0.28 1.68 £ 0.07 0.06 0.01 0.01
BOT2 3.68+0.15 2.16 £0.27 0.90 £ 0.01 0.08 0.03 0.03
BOT3 3.85+0.20 1268+0.31 1.28+0.01 0.09 0.04 0.06
BOT4 4.25+0.38 1.87+0.38 0.56 £ 0.53 0.10 0.05 0.08
OP1 2.56 £ 0.04 0.71+£0.10 1.54+0.14 0.04 0.004 0.02
OP2 3.05+0.31 1.58 £ 0.08 2.39+0.05 0.07 0.01 0.04
OP3 2.74 £ 0.06 0.78 £0.10 8.78 £ 0.61 0.09 0.03 0.06
OP4 4.29+0.07 1.82+0.32 2.96 £ 0.97 0.11 0.03 0.08
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6.3.10.2. PGMs analysis in soil samples

The determination of PGMs in soil samples were performed by both DPAdSV and
ICP-MS methods and the results are shown in Table 14. The DPAdSV results obtained for
the soil samples have showed good recoveries for the SPC/Bi-AgFE sensor. The difference

between the two sets of data is the sensor might be more sensitive than the ICP

spectrophotometer.

Table 14.

Results obtained for the determination of PGMs concentrations using a SPC/Bi-AgFE
nanosensor and ICP-MS analysis in roadside soil samples collected from roads near
Stellenbosch, Western Cape Province.

DPAdSV ICP-MS
Carbonate Organic- Fe-Mn bound Carbonate- Organic- Fe-Mn
-bound bound bound bound bound
Sample Pd(I1) (ng/L) Rh(I1T) Pt(11) Pd (ug/L) Rh (ug/L) Pt (ug/L)
(ng/L) (ng/L)
BOT1 4.87+0.22 5.98 £ 0.26 1.84+0.12 0.03 0.005 0.004
BOT2 3.68+0.23 3.02+0.29 1.18+0.28 0.06 0.01 0.02
BOT3 3.55+0.42 15.93+£0.76 2.35+0.26 0.34 0.02 0.05
BOT4 455+0.24 7.10+£0.45 1.23+0.04 0.08 0.04 0.07
OP1 2.82+0.08 1.12+0.07 2.17£0.03 0.02 0.002 0.01
OP2 3.87+0.20 1.49+0.15 257+0.13 0.03 0.01 0.03
OP3 3.22+0.37 1.40+0.14 5.09 £ 0.55 0.04 0.02 0.04
OP4 453+0.14 4.09 £0.54 1.08 +0.44 0.06 0.02 0.06

6.3.11. Comparison of calculated results for different sensor platforms

To calculate the limit of detection the formula 3o/slope was employed, where o is the
standard deviation of the blank. The LODs of Pd(ll), Pt(Il) and Rh(Ill) obtained under the
optimised conditions of these methods was 0.7 ng/L for Pd(Il), 0.06 ng/L for Pt(ll) and 0.2
ng/L for Rh(lll) for the SPC/Bi-AgFE nanosensor. In this study the developed SPCE/Bi-AgF
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nanosensor showed lower limit of detection than previously reported sensors based on the

detection of PGMs in environmental samples. Table 15 is the comparison of obtained results

in present work with other modified stripping procedures (Silwana et al., 2014; Van der Horst
et al., 2012; Bobrowski et al., 2009). From the studies of modified electrodes this SPC/Bi-

AgFE nanosensor revealed low limits of detection, high sensitivity and faster response time

for PGMs analysis in the presence of DMG, using acetate buffer (pH = 4.7) solution as the

supporting electrolyte.

Table 15. Comparison of results obtained in present work with other modified stripping
voltammetric procedures for the determination of PGMs in model standard solutions
and environmental samples are listed

Electrode Method Linear range LOD References

SPC/Bi-AgFE AdDPSV Pd(11): 0.4 — 1.0 ng/L Pd(11) — 0.07 ng/L This work
Pt(11): 0.2 — 0.8 ng/L Pt(11) — 0.06 ng/L
Rh(111): 0.2 -0.8 ng/L Rh(111) — 0.2 ng/L

GC/Bi-AgFE AdDPSV Pd(11): 0.2 — 1.0 ng/L Pd(11) — 0.19 ng/L This work
Pt(11): 0.2 — 1.0 ng/L Pt(11) — 0.20 ng/L
Rh(111): 0.4 - 1.0ng/L  Rh(Ill) — 0.22 ng/L

SPC/BIFE AdDPSV Pd(11): 0— 0.1 pg/L Pd(I1) - 0.008 pg/L  Silwana et al.,
Pt(11): 0.2 - 0.1 pg/L Pt(11) — 0.006 pg/L 2014
Rh(I11): 0 —0.08 pg/L Rh(l11) — 0.005 pg/L

GC/BIFE AdDPSV Pd(11): 0 — 2. pg/L Pd(11) — 0.19 pg/L Van der Horst
Pt(I1): 0 — 3.5 pg/L Pt(I1) — 0.20 pg/L etal. 2012
Rh(111): 0 — 3.0 pg/L Rh(111) — 0.22 pg/L

Hg(AQ)FE Csv Pd(I1): 1 —50 pg/L Pd(Il) - 0.15 pg/L Bobrowski et

al., 2009
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6.4. Summary

In conclusion, the construction, optimisation and practical application of the SPC/Bi-
AgFE nanosensor, which was prepared by drop-coating onto an screen-printed carbon
electrode have been presented. The important DPAdSV parameters were optimised and well-
defined peaks were obtained for Pd(Il), Pt(Il) and Rh(lll) in model standard solutions. To
illustrate the practical application of the developed SPC/Bi-AgFE nanosensor, the sensor was
tested for the detection of PGMs in roadside dust and soil samples, collected from the
Bottelary and Old Paarl Roads near Stellenbosch in the Western Cape Province. The results
obtained from DPAdSV and ICP-MS analysis were compared and it was found that the
results obtained by DPAdSYV analysis are lower than those obtained by ICP-MS analysis. The
difference between the two sets of data have illustrated that the SPC/Bi-AgFE nanosensor is
more sensitive than the ICP-MS spectrophotometer.
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Chapter 7

Conclusion and Recommendations

7.1. Conclusions

The determination of ultra-traces of platinum group metals in standards and
environmental samples was a huge challenge in this study. Chapter 1 presented the theme of
the study, which included an introduction on electrochemical sensors, electrochemical
characterisation of PGMs, a small introduction on nanoparticles, the research hypothesis,

research design and the layout of the thesis.

In chapter 2, a review of the literature has summarised the roles that electrochemical
sensors play in the determination of platinum group metals in standards and environmental
samples. Most of the research on PGMs listed in this review was done by using a hanging
mercury drop or mercury based electrodes. The bismuth film electrode was also used and
shown good results but the major draw-back was the ability to operate only in highly alkaline
media. In this study we observed that the application of metallic silver electrodes is not so

common in the determination of PGMs in environmental samples.

In chapter 3, the experimental methods and analytical techniques were illustrated. In
this chapter the important electroanalytical techniques such as cyclic voltammetry,
differential pulse voltammetry and adsorptive stripping voltammetry were discussed. The
microscopy techniques used for morphology studies such as scanning electron microscopy
and transmission electron microscopy were also discussed. Finally, the spectroscopic
techniques used for the characterisation of the chemically synthesised nanoparticles were also

discussed.

In chapter 4 chemical syntheses of Ag, Bi, and Bi-Ag bimetallic NPs were
successfully performed. The novel Bi-Ag bimetallic NPs was chemically synthesised by
using AgNO3, Bi(NO3); 5H,0 and the addition citric acid as reducing agent. Electrochemical
characterisation in addition to spectroscopy and microscopy analysis was employed to study
the properties of each of the Ag, Bi, and Bi-Ag bimetallic NPs. The UV-Vis, FT-IR and
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Raman spectroscopy results confirmed the structural properties of the Bi-Ag bimetallic NPs.
In addition the TEM and SAED morphological characterisation confirmed the nanoscale
nature of the Bi-Ag NPs. The electrochemical results obtained have shown that the Bi-Ag
bimetallic NPs exhibit good electro-catalytic activity that can be harnessed for sensor
construction and related applications. The developed procedure presented in this study
includes advantages of simplicity, high sensitivity, high selectivity, speed, and low cost. The
novelty of this sensor lies in the fact that this type of nanosensor has not been applied for the
determination of Pd(I1), Pt(1l) and Rh(l1l) in environmental samples before.

Chapters 5 and 6 demonstrated that DPAdSV analysis is an excellent method for the
determination of PGMs in environmental samples. In conclusion, the above methods
combined with bismuth-silver bimetallic nanosensors offered practical potential for the
determination of trace amounts of platinum, palladium and rhodium. The developed
procedures presented in these studies include the advantages of simplicity, high sensitivity,
high selectivity, speed and low cost. The novelty of these methods lies in the fact that these
types of nanosensors have not been applied for the determination of PGMs in environmental
samples before. Besides obtaining sensitive LODs in the ng/L concentration range, these
methods offers attractive analytical performance due to the capability to determine all three
PGM-dimethylglyoxime complexes in both roadside dust and soil samples. The ability to
detect PGMs in environmental samples makes this bismuth-silver bimetallic nanosensor an
alternative replacement for bismuth films, toxic hanging mercury electrode and carbon paste

electrodes.

7.2. Recommendation and Future work

The construction of bismuth-silver bimetallic sensors on glassy carbon and screen-
printed electrodes has shown very good results. Only the simultaneous determination of Pd-
Rh complex and Pt-Rh complex were possible. For future study the focus must be on the
simultaneous determination of all three PGMs in one solution. The possible solution may be
attainable by doing more optimisation of the parameters for adsorptive stripping
voltammetric determination of PGMs. Future studies on the work presented in this thesis
should also involve further optimisation of the detection limits obtained for the single and
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simultaneous determination of Pt(I1), Pd(Il) and Rh(lll). Studies should also include further

optimisation of the interfering ions investigated in this work.
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