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Summary

There is an increasing demand by citizens and environmental organisations for cleaner
rivers and lakes, ground water and coastal beaches that has been evident for
considerable time. Protection of water sources is now a prioritized area in many
countries due to the European Water policy and the new EU Strategy for marine and
maritime research. An important aspect of the water policies is on site environmental
monitoring to ascertain the status of our water resources.

The interest in environmental surveillance has lead to extensive research on methods
and sensors suitable for automatic analyses of environmental toxicants like heavy
metals. Several analytical methods are available for determination of metals in
environmental and industrial solutions. Most frequently used are atomic absorption
spectrometry (AAS) and inductively coupled plasma mass spectrometry (ICP-MS)
which are laboratory systems reporting the total concentrations of metals. In contrast to
automatic monitoring, frequently manual sampling for laboratory analysis is in many
cases inconvenient, expensive and gives an undesired time lag from the appearance of
an accidental or illegal pollutant to the detection of it. There are only a few methods
available for automatic on site monitoring, and among these are dynamic
electroanalytical techniques. Voltammetry has for instance shown to be suitable for
continuous automatic monitoring, combining speed, sensitivity and low costs as well as
providing the possibility of performing speciation studies. The choice of electrode
material is very important in voltammetry, and several attempts have been made to find
solid electrodes with properties desired for field analyses. The greatest challenge has
been to find nontoxic electrode materials with high overvoltage towards the hydrogen
evolution reaction (HER) and sufficient long-time stability, which has also been the aim
of this thesis.

Nontoxic solid electrodes consisting of silver mixed or alloyed with a metal possessing
high overpotential towards HER were introduced in 2000. In addition to good
sensitivity for several metals, a significant increase in the overpotential towards HER
was obtained for a solid silver amalgam electrode and a mixed silver-bismuth electrode.
These promising results have made the basis for the work done in this thesis, which in
brief outline has been development and investigation of some new electrode materials
in addition to further studies on the use of the solid silver amalgam electrode in various
water solutions.

The electrochemical properties of mixed silver bismuth electrodes have been
investigated with focus on hydrogen overvoltage, sensitivity for selected metals, and
use in automatic monitoring equipment. Increased overpotential towards the hydrogen
evolution reaction was found as a result of increasing amount of bismuth added to the
silver. The increased cathodic potential window was demonstrated in acid solution
where zinc was successfully detected on the mixed electrodes, but failed on pure silver
electrodes. Zinc, cadmium and lead were detected in the low pg/l range, and
measurements in polluted river water showed sufficient long-time stability for use in
automatic field equipment.



Another interesting electrode material for use in the positive and low negative potential
area is mixtures of gold and bismuth. Electrodes based on gold have proved to be
especially useful for the determination of metals in the positive potential area, like
mercury and copper. By adding small amounts of bismuth, an electrode with similar
sensitivities as bare gold, but with higher hydrogen overvoltage and better long-time
stability, was obtained. Increased overpotential towards the hydrogen evolution reaction
(HER) was found as a function of increased bismuth content in the gold-bismuth
mixture. The analytical use and stability over time for these electrodes were
demonstrated by detection of copper and mercury in NH4Cl, purified scrubbing water
and polluted river water.

Microelectrodes are interesting as electrodes in environmental monitoring due to many
advantageous properties. Semi-microelectrodes of silver-copper alloys (silver 830 and
silver 925) were therefore evaluated for use in voltammetric analyses. Increased
overpotential towards the hydrogen evolution reaction (HER) was found as a function
of increased amount of copper in the alloy. Low concentrations of zinc, cadmium and
lead were measured in ultrapure water with good linearity. The alloy electrodes were
also found to be sensitive to nitrate, and nickel was determined by complexation with
dimethylglyoxime. The use of an AgCu electrode was tested in river water by
installation in an automatic voltammetric system for determination of zinc and lead in
the polluted river Deiile in France.

Continuous monitoring of metals in industrial solutions is often performed using
automatic equipment with a dropping liquid mercury electrode. Due to restrictions
regarding the use of mercury, a replacement of mercury with other nontoxic electrode
materials is required. Solid electrode materials were therefore tested for detection of
metals in process water and wastewater from metallurgical nickel industry. A solid
silver amalgam electrode was successfully used for determination of zinc as
intermetallic Ni-Zn compound. A silver-bismuth mixed electrode was used for
simultaneous detection of nickel and cobalt, while analyses of lead in the pg/l range in
nickel-plating solution were performed with a bare silver electrode. These electrodes
were tested in a new commercial automatic on-line system, and the results were found
to be in agreement with an older mercury drop system. The results indicate that
voltammetric detection of heavy metals in process water from metallurgical nickel
industry with use of solid electrodes may successfully replace mercury-based systems.

The use of solid silver amalgam electrodes have been evaluated in connection with an
automatic trace metal monitoring station. The system is fully automated and has been
mounted in four different geological sites for continuous monitoring of electrolabile
concentrations of iron, zinc and copper. The four sites represent different water
solutions like polluted river water, costal seawater, drainage water and waste water.
Manual sampling with determination by ICP-MS was performed frequently for
comparison and quality assurance. The system was maintained twice a month in river
water, and once or twice a week when used in waste water. The presented voltammetric
system fulfils the requirements for automatic and remote monitoring of heavy metals in
waters. The use of solid silver amalgam as electrode material avoids the use of liquid
mercury or mercury salts in voltammetric analyses, and thus offers a nontoxic electrode



system which can be used in field equipment. The difference in the sample matrixes and
locations demonstrates the wide application range for this system. The solid silver
amalgam electrode has shown good sensitivity for several metals and sufficiently long-
time measuring stability without the need for frequent manual maintenance.

An interesting use of the automatic trace metal station was also demonstrated by
determination of metals in ground water on Iceland. In 2002 a theory suggesting metals
as earthquake precursors in basaltic rocks was introduced. When monitoring metals in
ground water, the automatic trace metal station reported significant changes in pH and
electrolabile amounts of zinc, iron and copper 7-8 days before an earthquake. These
changes in concentration lasted until the occurrence of the earthquake. The results
confirm the importance of automatic real time monitoring and show that the automatic
trace metal station in combination with a solid silver amalgam electrode is suitable for
long-time surveillance without the need for frequent manual maintenance.

The use of a solid silver amalgam electrode for determination of manganese in natural
water has also been demonstrated. Manganese is normally present in very low
concentrations in oxygenated freshwater, but the concentrations may increase drastically
when sediment pore waters are mixed with the overlaying water due to high
concentrations in pore water. Detection of manganese by voltammetry has been difficult
due to its very negative redoxpotential on mercury electrodes, but this work shows how
it can be successfully detected with the solid silver amalgam electrode. A well-defined
peak for the oxidation of Mn(0) to Mn(I) was observed around -1.45 V in NH4CI
solution. The method was demonstrated for on-line detection of manganese in a
contaminated river, and increased manganese concentration was found as a function of
boat traffic on the river.

The work presented in this thesis shows that the introduction of solid silver amalgams
and mixed electrodes has created new possibilities for continuous trace metal
monitoring. The combination of nontoxic materials, increased cathodic potential
window, better long-time stability and good sensitivity for several metals makes these
electrodes suitable for use in automatic field equipment.
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1 Introduction

There is an increasing demand by citizens and environmental organisations for cleaner
rivers and lakes, ground water and coastal beaches that has been evident for
considerable time. This fact was confirmed by a representative opinion poll carried out
by the EU where nearly half of the respondents reported to be worried about water
pollution when asked about their main environmental issues. Protection of water
sources like rivers and ground water is now a prioritized area in many countries due to
the European Water policy (European Commission 2007). A new EU Strategy for
marine and maritime research has recently also been adopted supporting the importance
of securing an environmental and sustainable use of seas and oceans (European
Commission 2008). An important aspect of the water policies is on site' environmental
monitoring to ascertain the status of our water resources, and it is necessary to establish
technology for surveillance of marine areas, rivers, ground water and inland surface
waters. To avoid increasing pollution of water resources it is also important to establish
monitoring equipment for real time surveillance of for instance water outlets from
industry and waste water plants, and run-off from old mining areas and dumpsites. In
water quality control, continuous surveillance is necessary to maintain the level of toxic
compounds within legally demanded limits. Automatic monitoring of trace metals is
also preferable for most practical situations, for example in industrial process control
and warning systems where rapid measurements are essential if a corrective action has
to be made quickly (Wang et al. 1999). Companies in the industrial sector may also gain
economically from rapid automatic monitoring of their process solutions. Real time
results make it possible to secure the product quality, and control the amount of
chemicals needed in connection to waste water treatment.

In addition to organic toxicants, heavy metals may cause severe damage to organisms in
the aquatic environment and in the nearby area. Heavy metal determination has
traditionally been carried out in the laboratory, in connection with time-consuming
sampling, transportation, preparation and storage steps. In addition to the time saved, on
site determination also reduce errors due to contamination, losses, and equilibrium
changes associated with the sample collection, and can greatly reduce the cost of metal
analysis (Wang et al. 1999).

When monitoring metals for environmental reasons it is important to take into account
that the toxicity of a specific metal or compound is strongly connected to its binding
conditions, and thus its bioavailability. Measuring the total metal concentration does not
give sufficient information to valuate the consequences for the environment, and it is
therefore necessary to measure the specific species present. Studies on the toxicity of
heavy metals to fish and other aquatic organisms have shown that the toxicity is mainly
related to the activity of the free metal ions and not the total metal concentration (Turner

! Automatic monitoring may be in situ, on-site, on-line or at-line, but what the different terms
imply may differ. In this thesis the terms in situ is used for measurements directly in the test
solution and on-line is used for measurements where a sample is automatically collected and
analysed on the site. On site determination include both in situ and on-line.
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1984). This is of course a general statement which has many exceptions. The kinetic
also plays an essential role determining the toxicity of a specie. Species in the labile
phase undergoing fast reactions is easily take up by organisms and may lead to an
immediate hazardous effect. Other species either difficultly soluble or bound to organic
complexes may not constitute an immediate hazard, but present a potential toxicity that
can be released by changes in the physical or chemical environment. The labile
concentrations are therefore the most important to monitor for environmental reasons,
but the optimal solution would be determination of both the labile and the total
concentration.

The most used techniques for metal determination are spectroscopic techniques like
atomic absorption spectroscopy (AAS) and inductively coupled plasma mass
spectroscopy (ICP-MS) (Douglas et al. 1985; Janusa et al. 2002). These techniques have
the advantage of being very sensitive and can be used to determine a wide variety of
elements. The major drawbacks are however very complicated equipment, high costs
and the fact that they only determine the total concentration. Speciation analysis can be
done by coupling them with extraction and separation procedures, but this complicates
the analysis and increases the risk of contamination, modifications of the sample and the
costs (Buffle et al. 2005). Electrochemical methods are widely used in metal
determination, and are also among the few methods that meet the many criteria
demanded in automatic on site determination. A combination of high sensitivity,
minimum sample manipulation, long-time stability, low maintenance, muliticompound
analysis, low cost, low energy consumption and preferably the possibility of
miniaturization are some of the criteria mentioned (Buffle et al. 2000). Of the
electroanalytical methods, ion-selective electrodes (ISE) would be most convenient for
automatic surveillance as these give a continuous display of the concentrations.
However, ISEs are not sufficiently sensitive, although recent work has succeeded in
lowering the detection limits for several metals (Bakker et al. 2005). It is still likely that
organic complexation of metals will make it difficult to detect trace metal
concentrations in natural waters with ion-selective electrodes. Voltammetry on the other
hand has shown to be suitable for on site metal detection. It is a fast and easy analytical
technique to carry out, the instrument is inexpensive and the operating costs are low.
The portable instrumentation and low power demands of voltammetric analysis satisfy
many of the requirements for on-line and in situ measurements. The voltammetric
method is used to determine a variety of both organic and inorganic species, but this
thesis will focus on the determination of metals.

Voltammetry has the advantage of reporting the electrolabile content, which includes
free aqua ions, inorganic complexes and readily dissociable organic complexes and any
ions released from complexes during analysis. This makes it possible to determine the
chemical speciation of metals directly in the sample. The toxic fraction of a metal and
the electrolabile fraction have often been named equal, but studies comparing these two
have reported various results (Florence et al. 1992; Young et al. 1979). Florence et al.
found that the direct electrolabile species strongly underestimate the toxic fraction, but
by using media exchange the results were similar. By combining voltammetric
determination with other methods like ICP-MS or sampling probes like DGT (diffusion
gradient in thin films) in combination with ICP-MS it is possible to get important
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information about the distribution of a compounds species, and thus both the acute and
potential toxicity. The use of different techniques is also valuable as quality assurance.

1.1 Voltammetry

Voltammetry is an electroanalytical technique where quantitative or qualitative
information of a specie of interest is achieved by measuring current as a function of
potential. There are different modulation techniques used in water analysis but the most
important are anodic stripping voltammetry (ASV) and adsorptive stripping
voltammetry (AdSV). Other stripping techniques are cathodic stripping voltammetry
(CSV) and potentiometric stripping analysis (PSA). 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 used to study electrode processes and finding optimum
analytical conditions since it is not sensitive enough for determination of trace metals in
natural waters (Buffle et al. 2000).

The invention of stripping analysis led voltammetry to be among the most popular
techniques for the determination of trace metals (Florence 1984). The remarkable
sensitivity of the stripping techniques is attributed to a preconcentration step where the
target metals are accumulated on or in the working electrode. The preconsentration can
be done either by adsorption or by reduction and deposition on (or in) the electrode
material (Buffle et al. 2000). The quantification is then done by a stripping step where
the metals accumulated are oxidised and the resulting current is recorded as function of
applied potential.

The properties and concentration of the analyte influences the choice of the
voltammetric method and the electrode material. Anodic stripping voltammetry is the
most common stripping technique used to determine concentrations of trace metals.
Cathodic stripping voltammetry is said to be the mirror image of anodic stripping
voltammetry. The only difference between those is the common use of the methods, as
the properties of the accumulated substance determine the direction of the electrode
polarization. Anodic polarization is applied to amalgams, metal deposits and some
adsorbed organic compounds that are oxidized within the working window of the
electrode. Cathodic polarization is suitable for oxides, mercuric and mercurous salts,
adsorbed metal ion complexes and reducible organic molecules (Scholz 2002).
Adsorptive stripping voltammetry is normally used to determine organic compounds,
but is also used in analyses of inorganic cations by complexation with surface-active
complexing agents (Dewald 1996). The modulation used in the stripping step may also
vary with different analytes, and the most common ones are differential pulse which has
the most rigorously discriminating capacitive current and square wave which is the
fastest stripping technique (Scholz 2002).

Voltammetry analyses determine, as mentioned in the introduction, the electrolabile
concentration, and this part is in many cases similar to the most toxic amount.
Speciation studies have been one of the most important applications of stripping
analysis in water analyses (Florence 1986). Anodic stripping voltammetry may for
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instance be used to detect the toxic species arsenic(IIl) specifically (Salaun et al. 2007)
and pseudopolarography can be used to determine the stability of metal complexes by a
systematic variation of the deposition potential (Croot et al. 1999). Different fractions
including the total metal concentration may also be detected through some simple
pretreatment of the sample.

Although voltammetry already in the seventies was used by Zirino and co-workers in
automated instruments for determination of metals in seawater (Zirino et al. 1978), little
attention has been given to development of in situ monitoring equipment until the last
decade. One of the major drawbacks with in situ voltammetric monitoring has been the
lack of suitable reliable sensors for long-time monitoring (Buffle et al. 2000). A result
of the increasing focus on automatic on site monitoring is the proposals of a variety of
more or less successful equipment and sensors. An overview of both traditional and new
alternative electrode materials will be given in chapter 1.2, and a short introduction to
different proposed on site and on-line equipment will be given in chapter 1.3.

1.2 Electrode materials

The working electrode material is of crucial importance in voltammetric analyses. The
choice of electrode material determines not only which species that may be measured,
but also the degree of interferences, additional chemicals needed and maintenance.
Important working electrode properties include a wide potential window, high signal-to-
noise ratio, high electrical conductivity and surface reproducibility. Furthermore,
electrode materials should be easy to produce, be chemically stable, have a high
sensitivity towards several metals and give a reproducible response (Wang 2006). The
growing demand for continuous on-line monitoring of trace metals has also led to
additional requirements such as uncomplicated scan procedures, long-time stability,
minor maintenance and low toxicity (Skogvold et al. 2006).

1.2.1 The hydrogen evolution reaction

One of the greatest challenges dealing with electrode materials has been the overvoltage
towards the hydrogen evolution reaction (HER). The hydrogen evolution reaction limits
the usable cathodic potential area of an electrode, and limits the range of application.
The complicated process leading to the measurable hydrogen overpotential at metal
electrode surfaces has challenged electrochemists for more than a century, and famous
scientists like Tafel, Heyrovsky and Volmer are inseparably connected with the
important field of electrode kinetic (Bockris et al. 1993).

Mechanistic studies of the hydrogen evolution reaction have suggested two pathways
for the reaction. The first step, where protons discharge onto the surface sites (Volmer
reaction), is similar for both pathways. In the second step adsorbed H atoms may diffuse
towards each other across the electrode surface and undergo a chemical reaction to form
H; (g) (Tafel reaction), or a second proton may discharge on the top of the adsorbed H
forming H; (g) (Heyrovsky reaction) (Conway 1999).
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The kinetics of the hydrogen evolution reaction have been characterized by widely
differing values of the exchange current density, iy, and by the extent of H coverage at
e.g. Hg, Ni or Pt cathodes (Butler 1936; Conway et al. 1956; Conway et al. 1992).
Empirical relations between metal properties and the exchange current densities have
been investigated by Ruetschi and Delahay (Ruetschi et al. 1955). Major further
advances were made by Parsons (Parsons 1958), Conway and Bockris (Conway et al.
1957) during the fifties and sixties. This work showed that "volcano-type" curves are
formed when log iy values for a series of metals are plotted against the standard Gibbs
energy of chemisorption of H. This relation was a particular important contribution, and
through this work and parallel work by Gerischer (Gerischer 1958), the catalytic activity
of different single metals for the Volmer-Tafel and the Volmer-Heyrovsky mechanisms
were correlated to the strength of chemisorbed hydrogen.

The results obtained in these earlier studies made the foundation for a lot of work done
in the same area later on. Understanding the hydrogen evolution reaction is an important
aspect in understanding the properties of electrode materials, and thus gaining
information on how to develop new electrode materials with higher hydrogen
overvoltage.

In the early days of electrochemistry most work was done on solid electrodes like
platinum and gold, but when polarography was introduced in 1922 by Heyrovsky, the
liquid mercury electrode soon became the dominating electrode material due to its
unique properties (Heyrovsky et al. 1965). Of special importance was its high hydrogen
overvoltage. During the last decade several new solid and film electrodes have been
developed in order to replace liquid mercury. This has provided a wide selection of
electrode materials which will be presented in the next chapter. Some of the different
forms, sizes and geometries used will also be mentioned.

1.2.2  Mercury based electrodes

Liquid mercury has for many decades been the dominating electrode material in
voltammetric analysis. This is mainly due to its high overvoltage towards the hydrogen
evolution reaction that extends the cathodic working window significantly and makes it
possible to measure compounds in the very negative potential area. Liquid mercury also
possesses a smooth surface which is reproducible and can easily be renewed by forming
a new mercury drop (Wang 2006). The formation of liquid metal amalgams during the
reduction process also prevents the formation of intermetallic compounds and
contributes to well defined voltammetric curves. Well known drawbacks with the
mercury drop electrode are the easy oxidation of mercury occurring from about 0 V
which makes it unusable for determination of metals in the anodic potential area,
problems related to use in automatic systems and the toxicity of mercury (Berlin et al.
2007).

Some of the most frequently used mercury electrodes are the dropping mercury
electrode (DME) used in polarography and the hanging mercury drop electrode
(HMDE). Both methods require large amounts of liquid mercury, and due to the toxicity
of mercury, alternative electrodes were developed aimed at reducing the amount of
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mercury used. Some of these are the dilute amalgam electrodes, amalgam film
electrodes and mercury meniscus electrodes. In 1947 Airey mentioned a mercury film
electrode (MFE). He observed that the negative potential range for a platinum electrode
and a silver electrode was extended by plating a mercury film onto the surfaces of the
wires (Airey 1947). Mercury film electrodes, consisting of a very thin mercury layer or
many small mercury droplets on a conducting surface, are now widely used in stripping
analysis. In addition to platinum and silver, also other metals have been used as
substrate for mercury film electrodes, including iridium (Devitre et al. 1991), gold,
nickel (Yoshida 1981) and carbon in different forms (Monterroso et al. 2004; Svancara
et al. 1994). MFE’s are often used in in situ measurements, and extensive research in
this area have been performed by Luther III and co-workers, using solid gold
microelectrodes plated with mercury (Brendel et al. 1995; Luther et al. 1998), and by
Buffle and his group using a micro array system with an iridium matrix plated with
mercury (Tercier et al. 1998; Tercier et al. 1995). There are different ways of making a
mercury film electrode, and one is electroplating of the film from a solution containing
mercury salts. Other methods consist of repeatedly dipping metal electrodes directly in
liquid mercury (Novotny et al. 2000; Yosypchuk et al. 2002a), or mixing mercury salts
with other electrode materials to generate a mercury film (Khoo et al. 2002). A general
problem with deposition of mercury onto metal substrates is the partly formation of
amalgams that decreases the stability over time, and a lot of research has been done to
prevent this problem (Bas et al. 2002). All these electrodes greatly reduce the amount of
mercury used, but the toxicity of the electrodes is not eliminated.

Mikkelsen and Schreder introduced in 2000 a solid silver amalgam electrode based on
dental amalgam (Mikkelsen et al. 2000a; Mikkelsen et al. 2000b) similar to the one used
in dental fillings. In this electrode silver powder and liquid mercury is mixed in a 1:1
ratio, making a homogenous stable alloy, Ag,Hgs, with silver in excess, which is
nontoxic for analytical purposes. The electrode material is made with a well established
technique from dental practice and advanced equipment for preparation of amalgams
which makes the amalgamation between silver and mercury particularly strong and
stable (Mikkelsen et al. 2003a). The solid silver amalgam electrode acts as a silver
electrode, with good sensitivity to several metals, and with increased hydrogen
overvoltage. The idea behind the introduction of the dental amalgam electrode was to
overcome the problem with the stability observed on mercury film electrodes, by
making a real solid alloy of mercury and a second metal. The second metal could be any
metal, however silver is especially favourable since silver it self has a relatively high
overpotential towards HER, and oxidizes close to mercury giving a maximum working
window also in the positive direction. The solid silver amalgam electrode has
successfully been implemented in field apparatus for on-line monitoring of metals in
natural water and waste water (Mikkelsen et al. 2005; Mikkelsen et al. 2003b;
Mikkelsen et al. 2006; Mikkelsen et al. 2007).

The earlier mentioned film electrodes made by amalgamating soft metal powder by
dipping it in liquid mercury, were later proposed as solid metal amalgam electrodes
(MeSAE). Such electrodes have been made with different metal powder (Ag, Cu, Au, Ir)
and are often modified either with mercury to form mercury films or meniscus or with
organic reagents, enzymes, polymers or oxides (Yosypchuk et al. 2002b).
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There are now restrictions regarding disposal of mercury waste and the general handling
of mercury in the laboratory as well as in field equipment. The concerns about mercury
toxicity combined with an increased focus on automatic field monitoring have led to an
extensive search for new mercury free electrode materials suitable for replacing
mercury in voltammetric analysis.

1.2.3  Alternative electrode materials

Several new electrode materials for use in analytical voltammetry have recently been
reported, including alternative liquid metal electrodes like the hanging galinstan drop
electrode, carbon electrodes, bare solid metal electrodes and film electrodes. The
hanging galinstan drop electrode (Surmann et al. 2005) represents an interesting
alternative to the mercury electrode for laboratory use, but the galinstan material
consisting of an eutectic alloy of gallium, indium, and tin, easily clogs, wet and adhere
to glass capillary and other materials, and is therefore very difficult to include in field
apparatus.

Solid electrodes have been used for several decades and serves as interesting
alternatives for liquid mercury, especially for use in automatic field apparatus.
Unfortunately, most solid metallic and carbon-based electrodes have low overvoltage
towards the hydrogen evolution reaction (HER) which significantly limits the cathodic
potential window. However, solid electrodes have successfully been used to determine
metals in the anodic potential area where mercury can not be used since solid electrodes
in general have a wide anodic potential window. A challenge related to use of solid
electrodes is to understand the conditions on the surface and how they affect the
electrode processes. In contrast to the mercury drop electrode it is difficult to produce a
new clean and reproducible surface on solid electrodes (Adams 1969). The solution-
electrode interface is a very important part of the sensing system and long-term stability
of the physical and chemical structure of this interface is important to achieve in routine
environmental monitoring. Electrode surface fouling by adsorption or oxidation are thus
major problems in voltammetric analysis (Buffle et al. 2000). One solution to this
problem is chemical cleaning by applying a large negative potential to the working
electrode.

An important aspect in the search for new environmental electrodes has been to find
ways to extend the potential windows of the already known electrode materials in
addition to proposals of new materials. This chapter will give an overview of different
carbon and metal electrodes that are used in voltammetric analyses with focus on
electrodes suitable for on-line automatic analysis in the field.

Carbon based electrode materials

Carbon has been a widely used electrode materials since Michael Faraday used charcoal
electrodes, and has also been extensively studied for use as working electrode both with
and without modification (McCreery 1991). Carbon electrodes in general have a broad
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potential window and low background current. They are chemical inert, have a rich
surface chemistry and are suitable for various sensing and detection applications.
However, electron transfer rates observed at carbon electrodes are often slower than
those found at metal electrodes (Wang 2006). Several pretreatment methods have been
proposed to increase the electron transfer rate at carbon electrodes, and the analytical
performance of the electrode is strongly affected by the chosen pretreatment procedure
as well as the type of carbon used. Carbon based electrodes are in general inexpensive
and are available in a variety of forms. They can be divided in heterogeneous or
homogenous materials, and the most popular forms are glassy carbon, carbon paste,
carbon fibre, graphite, screen-printed carbon strips, carbon films or other composites.
Glassy carbon electrodes (GCE) are the most popular carbon material in metal analysis,
but due to the low sensitivity obtained with unmodified GCE the surface is often
modified with metals, organic substance, polymers or other modifiers (Stozhko et al.
2008a). A review of several different modifiers is given by Stozhko et. al. GC is widely
used as substrate for mercury film electrodes, but also serves as substrate for other
materials like gold (Svancara et al. 1997), platinum (Wang et al. 2006a), antimony
(Hocevar et al. 2007b) and bismuth (Wang et al. 2000). Some of the problems with use
of GCE are degradation of the modified surface, distortion of peak shape and the
emergence of additional peaks, as observed with the mercury film electrode (Petrovic et
al. 1997). A great variety of cleaning and preparation procedures are also used to make
the GCE surface reproducible (Stozhko et al. 2008a). Carbon paste is another carbon
material well used for metal determination. Carbon paste electrodes have a well-
developed surface with a high adsorptivity for various substances, and are therefore
most used as modified electrodes. The modifiers are various organic substances that are
either immobilized on the surface or directly mixed with the paste, or metals and metal
oxides. The high adsorptivity can also be used for adsorptive accumulation of
substances to be measured (Stozhko et al. 2008a).

The progress in modern engineering has led to development of new carbon based
materials with assigned properties including different graphites, nanotubes, carbon fibre
electrodes, microelectrodes and boron doped diamonds. Especially boron doped
diamond (BDD) has many favourable properties, including a very broad potential
window, and has opened up new opportunities for work under extreme conditions
(Compton et al. 2003; Wang 2006). A boron doped diamond electrode has been used for
determination of several metals and compared with a mercury film GCE with good
results, though the sensitivity was a bit lower (McGaw et al. 2006). One problem with
boron doped diamond electrodes is that they are very difficult to make for ordinary
research laboratories.

In laboratory analyses modified carbon based electrodes have shown to be useful for
determination of a variety of different substances, especially in the anodic potential area.
However, in automatic on-site monitoring there are other requirements that need to be
fulfilled. Modifications of carbon surfaces require additional reagents, and complex
scan procedures have to be used in order to get an active and stable surface. Other
challenges related to carbon electrodes are how to make the modified surface of the
electrode reproducible and thus the response stable, how to avoid adsorption of organic
substances and formation of passive films especially in real samples (Stozhko et al.
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2008b). The GC electrode also need mechanical conditioning and regeneration of the
surfaces and CPE’s have a complicated preparation process and a short self-life
(Brainina et al. 2000). Carbon electrodes in general (except for BDD) also have a low
hydrogen overvoltage and are therefore considered an addition to mercury electrodes
rather then a substitute.

Metal based electrode materials

In addition to carbon electrodes, electrodes based on metals have been widely used to
determine metals with redox activity in the anodic potential area. As mentioned earlier,
solid electrodes were already used in the beginning of the 19" century before the
invention of polarography. A lot of research was also done later to increase the
understanding of electrochemical processes on solid surfaces in comparison to reactions
on the liquid mercury surface. Solid electrodes have now experienced a new era with
the restrictions related to use of mercury, and with the need for automatic on site
monitoring.

A wide variety of noble metals have been used as electrode materials, due to their
relatively inert surface and wide anodic potential area. Platinum (Hernandez et al. 1996)
and gold (Bonfil 2000) are most used in voltammetric analysis, but other materials
tested or used are silver (Bonfil 2002b), iridium (Cox et al. 1989), palladium (Wang et
al. 2006b), bismuth (Wang 2005; Wang et al. 2000), copper (Wang et al. 2006b), nickel
(Yuan et al. 2001), lead (Shao et al. 2008), aluminium (Tu et al. 2008) and antimony
(Hocevar et al. 2007b). These metals have either been used as bare metal electrodes,
film electrodes or as substrates for film electrodes. Platinum, gold and silver have been
used as bare electrodes in determination of both organic compounds and metals. Silver
and gold electrodes have shown to be useful for determination of lead and cadmium by
subtractive ASV, and gold electrodes are also very sensitive to copper and mercury
(Bonfil 2000; 2002a; b). An alloy of gold and silver has also been tested, but not many
advantages over the pure metal electrodes were found (Bonfil et al. 2003). Platinum
electrodes are mostly used for determination of organic compounds, and alloys of
platinum and gold have also been investigated (Moller et al. 2004). One drawback with
solid electrodes consisting of bare metal is the long-time stability, which is insufficient
for continuous on-line monitoring due to a relatively fast passivation of the surface
(Grubac et al. 2004; Lee et al. 2001). Passivation may occur by adsorption of hydrogen,
formation of oxide films or by adsorption of surface active compounds. A challenge has
therefore been surface renewal, which for in situ implementation is only possible by
electrochemical or chemical cleaning (Buffle et al. 2000).

Several film electrodes have been suggested as a solution to surface renewal. By
applying a new film before every measurement the passivation problem is partly
overcome, but the reproducibility of the film is insufficient for automatic measurements
in field equipment. Ag, Au and Pt along with iridium have all been used as substrates
for mercury film electrodes. Other film electrodes are bismuth film electrodes (Hutton
et al. 2001; Kefala et al. 2003; Vytras et al. 2002) and gold film electrodes (Svancara et
al. 1997) on different substrates. Film electrodes of antimony have also been suggested
as an alternative to mercury due to its high hydrogen overvoltage (Hocevar et al. 2007b),
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but since antimony itself is toxic it is not really a better alternative. There is also a
widespread use of film electrodes as modified electrodes by application of various
polymers and nafion films, but the implementation of these for in situ determination is
complex, and the reproducibility and long-time stability is not good enough.

Another drawback with most solid electrodes are the before mentioned low overvoltage
towards the hydrogen evolution reaction, that makes them unsuitable for use in the
cathodic potential area. There are solid metals that possess high hydrogen overvoltage,
but unfortunately most of these metals (lead, mercury, thallium, cadmium, antimony
and bismuth) are considered highly toxic. Bismuth is in this relation unique due to its
high overvoltage for HER and its very low toxicity. This combination has made bismuth
very promising as an electrode material in both film and bulk electrodes (Hutton et al.
2001; Hutton et al. 2004; Pauliukaite et al. 2004; Wang 2005; Wang et al. 2000).

Bismuth based electrodes

Considerable attention has been given to bismuth based electrodes since preliminary
studies indicated that they can be favourably compared with mercury in stripping
analysis (Hocevar et al. 2002; Wang et al. 2001b). Electrodes based on bismuth have
been used for determination of several trace metals in anodic stripping voltammetry
(ASV) and adsorptive stripping voltammetry (AdSV) in a variety of environmental
samples, biological samples, food products and industrial samples (Kokkinos et al.
2008). The unique behaviour of bismuth electrodes is related to the formation of low-
temperature alloys. Bismuth forms binary- or muliticomponent alloys with several
heavy metals like cadmium, lead, thallium and antimony that makes the nucleation
process during the deposition easier (Wang 2005).

The bismuth film electrode was introduced in 2000 (Wang et al. 2000), and is still the
most widely used bismuth-based electrode. The bismuth films consist of individual
metal crystallites with surface morphology depending on the plating conditions.
Electroplating of the film on glassy carbon, carbon paste or other carbon substrates is
the most used formation method (Kokkinos et al. 2008). Microelectrodes coated with
bismuth have also been made using carbon fibres/disks or gold and platinum wires/disks
(Baldo et al. 2003; Baldrianova et al. 2006; Hocevar et al. 2002; Wang et al. 2000).
Variable plating conditions have been reported, and the composition of the plating
solution and the pH is important factors that affect the quality of the bismuth film
(Kokkinos et al. 2008). For automatic in situ determination, and thus in situ formation
of the film, it will not be possible to get a reproducible film and it is also necessary to
add several reagents.

A polycrystalline bulk ring-disk bismuth electrode was in 2002 proposed as an
alternative to mercury (Pauliukaite et al. 2004). Due to diffusion of metals in the bulk
wider peaks are produced, but the advantage is a new surface by polishing and that no
electroplating is necessary. Other ways to produce bismuth bulk electrodes is mixing Bi
powder with paste (Buckova et al. 2005; Hocevar et al. 2005). Bismuth electrodes have
also been used modified with polymers to avoid undesired adsorption of, and fouling by,
surface active compounds (Wang et al. 2001a).
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The cathodic limit of bismuth electrodes are similar to the cathodic limit of mercury
electrodes under the same conditions, but the anodic limit is more negative resulting in a
more narrow potential window (Svancara et al. 2003). Bismuth is however not as
suitable as liquid mercury in acidic solutions. Interferences reported for bismuth
electrodes are adsorption of surface active compounds, formation of intermetallic
compounds and mechanical degradation of the bismuth film. Even so, bismuth is still
found to have the potential to replace mercury due to its many attractive properties like
being environmental friendly, being partly insensitive to dissolved oxygen, good
sensitivity for several metals, the high hydrogen overvoltage and the fact that bismuth is
solid at room temperature (Kokkinos et al. 2008). Reviews on bismuth electrodes are
given by Wang (2005) and Kokkinos and Economou (2008).

Mixed metal electrodes

Another very interesting use of bismuth in electrode materials was introduced by
Mikkelsen and Schreder when they demonstrated that the overpotential for HER of
noble metals can be altered significantly by adding a second compound which possesses
high overvoltage for the hydrogen evolution reaction (Mikkelsen et al. 2000b). By
alloying or mixing small amounts of e.g. mercury, bismuth or copper with silver, the
cathodic potential window was significantly extended compared to the bare silver
electrode (Mikkelsen et al. 2000a; Skogvold et al. 2006; Skogvold et al. 2005). The
mixed silver bismuth electrode was introduced as an attempt to increase the long-time
stability as well as the hydrogen overvoltage for solid electrodes. Adding from 0 to 15%
bismuth to the silver, the hydrogen formation reaction was shifted from -0.3 Vto -1.0 V
(Skogvold et al. 2005). As for the solid silver amalgam electrodes described in chapter
1.2.2, the mixed silver bismuth electrodes act as silver electrodes but with higher
hydrogen overvoltage. In addition to the increased overpotential towards HER, the
mixed electrodes are passivated slower than the bare metals, and they have an
acceptable low toxicity to be allowed in field equipment. The solid silver amalgam
electrodes and mixed silver bismuth electrodes can however not be used to determine
metals in the positive potential region due to the oxidation of silver. In 2007 an
electrode based on bismuth and gold was suggested for use in the positive potential area
as well as in the low cathodic potential area (Skogvold et al. 2008). Electrodes based on
gold have proved to be especially useful for the determination of metals in the positive
potential area, like mercury and copper (Bonfil 2000; Bonfil et al. 2000). By adding
small amounts of bismuth an electrode with similar sensitivities as bare gold but with
higher hydrogen overvoltage and better long-time stability was obtained. Bismuth film
and bulk electrodes cannot be used in the anodic area due to oxidation of bismuth. The
small amounts of bismuth added in the mixed electrodes do not limit the anodic
potential area as it gives a bismuth peak that is stable and can easily be removed by
subtractive ASV. Limitations of the electrode properties due to formation of oxides on
bismuth have not been observed either. Even if bismuth present on the surface is
passivated by oxide formation, the total effect on the hydrogen overvoltage is still
present. This may be due to physical effects as described later.
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Alloy electrodes are also suitable as microelectrodes as shown with the silver-copper
alloy electrodes (Skogvold et al. 2006). The advantage of such semi-microelectrodes is
that determination of several metals can be performed without the addition of a
supporting electrolyte. Silver and copper have similar properties concerning the
hydrogen overvoltage (Conway 1999), and it was therefore surprising to find that
adding small amounts of copper to the silver increased the hydrogen overvoltage.

The reasons for the positive effects observed with mixed and alloy electrodes have not
been fully explored yet. Changes in the surface chemistry can be explained from
changes in the electronic structure of the surface, resulting in modifications in the
adsorption energy and thus altering the barrier for reactions. This effect may be local to
an alloying atom, or it may be of longer range. Further, the introduction of different
species into a metal creates chemically different sites on the surface. This provides a
range of different sites for e.g. adsorption, and will also change the distribution of
transition states available for reaction or dissociation. The increasing hydrogen
overvoltage could therefore be explained from a decrease in the total coverage of
adsorbed hydrogen on the electrode surface, or from changes in the activation energies
for the hydrogen evolution reaction. The results obtained with silver-copper alloys
confirm that when an alloy is formed, its physical and chemical properties including the
overvoltage towards hydrogen evolution may be significantly different from the pure
metals, as shown elsewhere (Hayden et al. 1999). In the case of Ag-Bi alloys the
increased hydrogen overvoltage may also be considered as a result of the spontaneous
enrichment of the surface metal layer by the surface active component (Bi) of the alloy
(Eustathopoulos et al. 1999). It is known that the compositions of a metal and an alloy
in the bulk and at the surface substantially differ, as shown for pure gold and an Au-Ag
alloy (Dakkouri et al. 1999; Safonov et al. 2006). In order to completely understand the
electrochemistry of the alloy and mixed electrodes further surface studies have to be
performed.

The combination of improved long-time stability, higher hydrogen overvoltage, good
sensitivity for important trace metals and the need for only minor maintenance achieved
with mixed and alloy electrodes makes them ideal for use in on-line automatic
monitoring equipment.

Within the field of environmental monitoring, unattended in situ measurement in a
significant extent has up till now been limited to a few parameters including pH, some
anions like nitrate and phosphate, conductivity and temperature. Voltammetry combined
with the use of solid alloy electrodes, renders interesting possibilities for continuous
measurements of important inorganic environmental toxicants. The possibility of
measuring organic species has not been explored yet, but it is likely that the alloy and
mixed electrodes would be suitable for this purpose as well.

1.2.4  Other factors influencing the electrode properties

In addition to the composition of the electrode material, size and geometry also affect
the properties of the electrodes including life-time, stability, sensitivity and degree of
maintenance needed. The size of an electrode is normally divided in macro (large) or

22



micro (small). The commonly used geometry for macroelectrodes is the disk electrode,
but other geometries like planar electrodes, tubular electrodes and wall jet electrodes
have also been used (Buffle et al. 2000). The geometry of macroelectrodes does not
affect the current response, but for ultramicroelectrodes the geometry determines the
diffusion and thus the current response. The new technological progresses and the need
for in situ determination have resulted in several microelectrodes including individual
microdisk electrodes (de Vitre et al. 1991), arrays (Belmont et al. 1996), and microwires
(Billon et al. 2004; Salaun et al. 2006). The advantages connected to use of
microelectrodes for in situ determination are measurements without the addition of
supporting electrolyte, high sensitivity and resolution, and the need for controlled
convection of the solution is not critical. The size and geometry may also minimize
power consumption and manufacturing costs, and maximize the life-time of the metal
sensors. Drawbacks with microelectrodes are the tough requirements related to the
equipment used, and fabrication may be a complex process. The same substrates used
for macroelectrodes (Pt, Au, Ag, Ir, C) are used for microelectrodes, but making micro
size electrodes of alloys and mixed metals is very difficult. Adding bismuth to gold for
instance, makes a mixture that is too fragile to produce microelectrodes. Single
microelectrodes and microelectrode arrays are also used coated with mercury, but show
the same limitations as similar macroelectrodes. The exception is mercury-coated Ir
electrodes which have been successfully used for determinations in natural waters
(Tercier et al. 1995). The current in a voltammetric cell system is influenced by the
hydrodynamic conditions which in its turn are affected by the electrode geometry, size
and the type of convection used. The types of electrodes may thus also be divided into
stationary, rotating or vibrating depending on the type of convection used in the
preconcentration step.

1.3 Practical use in environmental and industrial solutions

Working in real samples like seawater, river water and process solutions require more
from the equipment itself then laboratory experiments, but recent technological
advances have successfully overcome many of the previous obstacles for field
operations (Wang et al. 1999). There are many factors to take into account, not only
related to the complex matrixes, but related to the use of automated equipment on site as
well. Natural waters often contain surface active compounds that may hinder the
stripping measurements by inhibiting both the preconcentration and the stripping phases
in ASV and especially in AdSV analysis. Adsorption of surface active compounds may
also interfere in AdSV analysis and this requires drastic clean-up procedures (Buffle et
al. 2000). Adsorption on the electrode surface is mainly a problem in the positive and
low negative potential area, and compounds adsorbed on the surface can be removed by
applying a very negative potential. The matrix may also change in the monitoring
period and the results should therefore be as independent of the matrix as possible. One
particular problem is oxygen in oxic waters and sulphide in anoxic waters that may
cause interferences in the analysis. The concentrations to be measured are often very
low in natural water so sensitive sensors and equipment is necessary. However, in
process solutions the matrix may be a bit more complex with high concentrations of
some compounds and low concentrations of others. This offers great challenges for the
sensors used. In automatic monitoring minimum sample transformation during analysis
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is also required. This will minimize consumption of reagents and thus minimize the
amounts of reagents to be discharged, in addition to lower the energy consumption.
Complex scan procedures and analytical steps should also be avoided to minimize the
time and energy used and to simplify the instrument including needed pumps and valves.
The system should also be flexible and easy to calibrate, and easy to deploy and
maintain in field conditions. There are also tough requirements connected to the sensors
used, not only the working electrode but the reference and counter electrode as well.

For in situ measurements irregular flux must be take into account, hence the advantage
with microelectrodes. Microelectrodes are said to be independent of stirring conditions,
but the sensitivity may be increased by convection of the solution. To implement
controlled convection for in situ measurement is complicated, but can be done by a
using a vibrating electrode (Chapman et al. 2007). For on-line determination the sample
is collected and the stirring is controlled either by a rotating electrode or by a magnetic
stirrer. More sources for possible contamination are then introduced with valves and
pumps, and it is important to make sure that these do not affect the sample.

The systems used for on site determination have been classified as field-portable
voltammetric instruments and non-portable on-line analysers for in field continuous
automatic measurements. The portable instruments are in general laboratory equipments
constructed so that they can be transported and are able to work on batteries. In the on-
line analyzers all steps are computer controlled, thus minimizing contamination and
analysis time, and improving the reproducibility (Buffle et al. 2000). Most on-line
systems have been used aboard ships and as long as the samples have not been handled
or exposed to the atmosphere they are considered very close to in situ measurements.

Although liquid mercury is unsuitable for use in in situ measurements, several
automated voltammetric systems using various mercury electrodes have been developed.
Examples are an automated instrument for shipboard determination of metal speciation
in seawater using a HMDE (Achterberg et al. 1994), and a flow cell for on-line
monitoring of metals in natural waters by voltammetry with a mercury drop electrode
(Colombo et al. 1997). Mercury film electrodes have been widely used in on-line
systems, and an interesting approach for in situ studies is worked out by Buffle and his
group, using a micro array system, with an iridium matrix plated with mercury
(Belmont-Hebert et al. 1998; M. Tercier-Waeber 1999; Tercier et al. 1998). Daniele et
al. have presented a remote electrochemical sensor based on a gold fibre microelectrode
for determination of copper and mercury in natural water by PSA (Daniele et al. 2000),
and Luther et al. have used gold microelectrodes plated with mercury for in situ
determinations in sediment pore waters (Luther et al. 1998). Other systems suggested
for decentralized metal testing include remotely deployed submersible stripping probes,
hand-held metal analyzers coupled to micro fabricated strips and miniaturized total
stripping flow systems (Wang et al. 1999). The development of solid alloy and mixed
electrodes has also led to new unique possibilities for constructing on-line apparatus for
monitoring of environmental toxicants in various water solutions (Mikkelsen et al. 2001;
Mikkelsen et al. 2005; Mikkelsen et al. 2003b; Mikkelsen et al. 2007).
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There are many proposals for systems and sensors for on-line and in situ measurements
and not all of them have been mentioned in this thesis. The selection given still shows
the extent of research groups working in this area, thus confirming the demand for such
equipment. Electrochemical sensors are used in numerous research areas and in a
variety of environments leading to expectations of further improvements and new
developments. The new technologies and strategies developed the last decades have
already revolutionized the way of performing on site electrochemical experiments, and
offers great promise for rapid, easy, and inexpensive on site metal determinations in the
future (Taillefert et al. 2000; Wang et al. 1999).

1.4 Surface studies

As mentioned earlier, the interface between the electrode surface and the solution is
very important in voltammetric analysis. An important factor here is the electrode
surface. It is of crucial importance to understand what happens on the surface of the
different electrodes, thus understanding the structure of the surface and how it affects
the electrochemical activity. There are a variety of different techniques for studies of the
electrode surface and this chapter will give an overview of the most common ones.

To study the metal electrode surface is a very complex process. The electrochemical
reactivity of a compound depends on the crystal plane of the electrodes, and for ideal
reliability the electrode surface should be a well-defined crystal plane. Most surface
studies have also been done on single-crystal surfaces (Wieckowski 1999), but
electrodes used in voltammetric analysis are normally polycrystalline. A polycrystalline
surface provides a statistical and more complex signal than single-crystal surfaces. The
signal may also be affected by the electrode preparation (Buffle et al. 2000).
Polycrystalline surfaces are very complicated systems, and for voltammetric analysis
the most important and interesting aspect is the overall effect, not the local properties on
the surfaces. Even so, studies of local effects and properties may give valuable
information on the total surface properties.

One powerful technique for structural characterisation is extended X-ray adsorption fine
structure (EXAFS) and surface EXAFS (SEXAFS) which can be used both in situ and
ex situ (Wang 2006). EXAFS can also be used to study oxide formation (Arikawa et al.
1998) or deposition (Gomez et al. 1995) on electrode surfaces. Another well-known
technique is scanning electron microscopy (SEM) which is used to get ex situ
information on the morphology and chemical composition of a surface. SEM has for
instance been used to study the distribution and composition of mixed silver-bismuth
electrodes (Skogvold et al. 2005). This study revealed the distribution of bismuth in the
mixture, and indicated that the content of silver and bismuth alloy was very low.
Vibrational spectroscopies, like surface-enhanced Raman scattering (SERS) utilize the
high sensitivity of molecular vibrations to monitor the surface composition before,
during and after an electrochemical experiment. This is an in situ method primarily used
for investigation of adsorbed species (Wang 2006).

Scanning probe microscopies (SPMs) are a group of microscopy techniques used to
acquire high-resolution data of surfaces. They have similar subcomponents but differ in
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their sensing probes. A probe tip is scanned over the surface and the interaction between
the tip and the surface is monitored. The signals are displayed as gray scaled images
reflecting the extent of the tip-surface interactions which are available in a short time.
The use of scanning tunnelling microscope (STM), atomic force microscope (AFM) and
scanning electrochemical microscope (SECM) have drastically improved the
understanding of electrode reactions by imaging electrode surfaces directly (Wang
2006). With STM it is possible to get an image of the surface on the atomic scale and
AFM provides a high resolution image of the topography of the surface. It is thus
possible to see nanoscopic features on the surface while the electrode is under potential
control. The most attractive technique for electrochemical studies is the SECM. Here
the faradic currents at an ultramicroelectrode tip are measured while the tip is scanned
over the electrode surface immersed in a solution containing electroactive species. The
tip currents are a function of the distance between the tip and surface, as well as the
conductivity and chemical nature of the surface. The image produced gives insight into
the topography and the distribution of electrochemical and chemical activity (Wang
2006). SECM has for instance been used to examine the conductivity and reactivity of
bismuth films on GCEs (Hocevar et al. 2007a) and for studies of the adsorption and
desorption of hydrogen on platinum electrodes (Yang et al. 1996).

Electrochemical impedance spectroscopy (EIS) is another method for characterization
of the electrical properties of materials and interfaces of conducting electrodes
(Macdonald 1987). EIS has been used to study fundamental processes like adsorption,
film formation, rate of charge transfer, ion exchange and diffusion that occur at the
electrode—electrolyte interface (Pejcic et al. 2006). Impedance is especially suitable for
gaining information about electrode kinetics, corrosion and features of chemically
modified electrodes. The kinetics of the hydrogen evolution reaction have been studied
by impedance on various substrates including rhodium (Wrona et al. 1992) and
platinum (Conway et al. 1998). Impedance measurements on binary alloys are a
complicated process, but EIS have for instance been used to study oxide formation and
hydrogen evolution on Au-Ag alloys (Safonov et al. 2006). Localized electrochemical
impedance spectroscopy (LEIS) is a relatively new method providing the opportunity to
study electrode processes on microscopic level, which would be very useful for studies
of alloys and mixed electrodes.

The use of methods for surface characterization has increased due to the extensive
research on new electrode materials not only in voltammetry but also in other
electrochemical techniques. The fabrication of sensors with unique response
characteristics has created a need to understand the relationship between surface
structure and reactivity. This can only be achieved by information about the electrical
processes that occur at the surface of the sensors, and thus understanding the chemical
and physical properties of the sensor materials.
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2 Summary of the papers included in the thesis

2.1 Paper L, II and IIT

The increased interest for continuous monitoring of heavy metals has lead to extensive
research on methods and sensors suitable for automatic on-line analyses. Voltammetry
has shown to be a suitable method, combining speed, sensitivity and low costs as well
as having the possibility of performing speciation studies. In voltammetry the choice of
electrode material is very important, and several more or less successful attempts have
been made to find solid electrodes with properties desired for field equipment. The
greatest challenge has been to find nontoxic electrode materials with high overvoltage
towards the hydrogen evolution reaction (HER) and sufficient long-time stability. Bare
solid electrodes with two or more components consisting of silver mixed or alloyed
with a metal possessing high overpotential towards HER were introduced in 2000. A
significant increase in the overpotential towards HER was obtained in addition to
increased long-time stability.

In paper I the electrochemical properties of silver electrodes with 2, 4, 6, 10 and 15%
bismuth added were investigated. Increased overpotential towards the hydrogen
evolution reaction was found as a result of increasing amount of bismuth added. This
was also demonstrated in acid solution where zinc was successfully detected on mixed
electrodes, but failed on pure silver electrodes. Formation and decomposition of oxide
products formed on the different electrode surfaces were studied by cyclic voltammetry,
and in addition to known species found on silver, also peaks attributed to bismuth were
achieved and examined. Zinc, cadmium, and lead were measured in the low pg/l range
on the mixed electrodes, and good linearity was found for 2 to 10 pg/l. Lead was
measured down to 0.1 pg/l. Better long-time stability was also found for the mixed
electrodes compared to bare silver electrodes in polluted river water.

In paper II the electrochemical properties of mixed gold-bismuth electrodes were
evaluated. Increased overpotential towards the hydrogen evolution reaction (HER) was
also here found as a function of increased bismuth content in the gold-bismuth mixture.
Compared to a bare gold electrode, the overvoltage was increased by 80 mV for gold
with 2% bismuth added (AuBi2), 170 mV for 6% bismuth added (AuBi6), and 580 mV
for 25% bismuth added (AuBi25). Cyclic voltammetry in a NaOH solution was also
carried out to study the formation of different oxide products on the surface. The
practical use of such electrodes was demonstrated by differential pulse anodic stripping
voltammetry (DPASV) for the detection of copper and mercury, and good linearity was
found even for concentrations down to 0.25 pg/l. In addition to stability tests in NH,4Cl,
the analytical use and stability over time were evaluated in purified scrubbing water and
polluted river water. The AuBi electrodes had a considerable increase in the long-time
stability compared with a pure gold electrode.

In paper III microelectrodes of silver-copper alloys (silver 830 and silver 925) were

evaluated for use in voltammetric analyses. Increased overpotential towards the
hydrogen evolution reaction (HER) was found as a function of increased copper amount
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in the alloy. It was found that these alloy electrodes behave somewhat between pure
silver and pure copper electrodes. Differential pulse anodic stripping voltammetry
(DPASV) was used to measure zinc, cadmium and lead in ultrapure water (18 M cm™),
and good linearity was found for all metals in the range of 0.5 to 5 pg/l with 600 to
1200 s plating time. It was also found that cadmium and lead peaks were better
separated on the alloy electrodes compared to on pure silver electrodes. Measurements
of nickel were carried out on alloy electrodes by use of adsorptive differential pulse
cathodic stripping voltammetry (Ad-DPCSV), and good linearity (r*=1.000) was found
in the range of 0.5 to 5 pg/l with an adsorption time of 30 s. The alloy electrodes were
also found to be sensitive to nitrate, and a good linearity (1>=0.997) was found in the
range of 1 - 100 mg/l using differential pulse voltammetry (DPV) scanning from -450
mV to -1500 mV. Further, the use of an alloy electrode containing 17% Cu was tested
in real samples, by installing it in a voltammetric system for monitoring of zinc and lead
in a polluted river, Deiile, near the town of Douai in northern France. Results were
found to be in agreement with parallel measurements carried out by ICP-MS.

Papers 1, II and III all show that mixed and alloy electrodes are suitable for use in
automatic field equipment due to the combination of nontoxic materials, increased
cathodic potential window, better long-time stability and good sensitivity for several
metals.

2.2 PaperlV

A voltammetric system using a dropping mercury electrode is often used for continuous
monitoring of metals in process water or waste water in industry. Such systems use
significant amounts of mercury in only a few weeks, and then the large amounts of
mercury waste have to be taken care of. This is normally done either by destruction or
distillation for re-use. Destruction is very expensive and distillation is a very noxious
process requiring strict safety procedures. The use of solid electrodes will effectively
eliminate this problem along with other problems like clogging of the mercury capillary,
concern about impurities in the mercury, and adsorptions effects specific for mercury.
There are now strict regulations for use of mercury, leading to an out phasing of
mercury as electrode material.

Paper IV evaluates alternative solid electrode materials for detection of metals in
process water and wastewater from metallurgical nickel industry. A solid silver
amalgam electrode, a silver electrode and silver-bismuth mixed electrodes were tested
for determination of zinc, lead, cobalt and nickel. Zinc was detected by differential
pulse anodic stripping voltammetry (DPASV) on a solid silver amalgam electrode as
intermetallic Ni-Zn compound, and a linear response was found in the range 0.2-1.2
mg/l. Simultaneous detection of nickel and cobalt in the low upg/L range was
successfully performed by use of adsorptive cathodic stripping voltammetry (AdCSV)
of dimethylglyoxime complexes on a silver—bismuth mixed electrode, and good
correlation was found with corresponding AAS results. Analyses of lead in the pg/L
range in nickel-plating solution were performed with good sensitivity and stability by
DPASYV, using a working electrode of silver. A new commercial automatic at-line
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system was tested, and the results were found to be in agreement with an older mercury
drop system. These results indicate that voltammetric detection of heavy metals in
process water from metallurgical nickel industry with use of solid electrodes may
successfully replace mercury-based systems. Lead, zinc, cobalt, and nickel may be
detected directly in the solutions with only minor sample pretreatment or dilutions. The
solid electrodes showed stability over a period of one to several days without any
maintenance needed, making them feasible for automatic on-line systems.

2.3 Paper Vand VI

Several analytical methods are available for determination of metals in the environment
and industrial solutions. In contrast to automatic monitoring, frequent manual sampling
for laboratory analysis is in many cases inconvenient, expensive and gives an undesired
time lag from the appearance of an accidental or illegal pollutant to the detection of it.
Voltammetry is one of the few methods available for automatic on-line monitoring, but
the limitation has so far been the lack of suitable electrode materials. The introduction
of solid silver amalgams and mixed electrodes have created new possibilities for
continuous trace metal monitoring in the field using voltammetric equipment.

Paper V and VI both present an automatic voltammetric system for continuous
monitoring of trace metals with a solid silver amalgam working electrode. The system is
fully automated and has been mounted in four different geological sites for continuous
monitoring of electrolabile concentrations of metals. Concentrations of zinc, copper and
iron were monitored automatically every 30 minutes for six months in a polluted river
impacted by a copper mine and in costal seawater. The concentrations varied from 0.2
mg/l in seawater to 3 mg/l in polluted river water. Zinc and iron concentrations have
also been monitored in drainage water and waste water every 30 or 60 minutes for
periods up to 4 months. The observed concentrations varied from sub-mg/l to
approximately 30 mg/1 for zinc, and from approximately 1 mg/l to 150 mg/1 for iron.

Manual sampling with determination by ICP-MS was performed frequently for
comparison and quality assurance, and the results show good agreement. The system
was maintained twice a month for river water, and once or twice a week when used in
waste water. Both papers show that the presented voltammetric system fulfils the
requirements for use in continuous remote monitoring of heavy metals in water
solutions. The use of solid silver amalgam as electrode material avoids the use of liquid
mercury or mercury salts in voltammetric analyses, and thus offers a nontoxic electrode
system which can be used in field equipment. The huge difference in the sample
matrixes and locations demonstrates the wide application range for this system. The
solid silver amalgam electrode has shown good sensitivity for several metals and
sufficiently long-time measuring stability without the need for frequent manual
maintenance.
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2.4 Paper VII

In aquatic systems, dissolved metals, even present at trace levels are generally
accumulated all along the tropical chain and may result in global contamination of the
biota. For instance, manganese, an essential micronutrient for all organisms, can be very
toxic at high concentrations and contribute for example to the development of
Parkinson’s symptoms. Generally detected at very low concentration levels in the
oxygenated freshwater, manganese concentrations can increase temporarily but
drastically when sediment pore waters are mixed with the overlaying water during
intensive fluvial traffic. Various techniques, including the most used atomic emission
and absorption spectrometry, are used for determination of manganese. However, these
techniques necessitate sampling, pre-treatment (including filtration and acidification)
and analyses in the laboratory.

Paper VII introduces on-line detection of Mn(Il) using differential pulse anodic
stripping voltammetry (DPASV) on a solid silver amalgam electrode. A well-defined
peak for the oxidation of Mn(0) to Mn(Il) was observed around -1.45 V in NH4Cl
solution. Concentrations down to 1 pg/l were measured in NH4Cl with a 900 s
deposition time at -1.70 V, and good linearity was observed for standard additions in
different concentration ranges (1 — 3 pg/l, 10 - 60 pg/l, and 50 - 250 pg/l). Significant
interferences were found when lead and nickel were present in the solutions, while zinc,
cadmium, copper and mercury not interfered within reasonable concentration ranges.
The method was demonstrated for on-line detection of manganese in a contaminated
river where the Mn(II) concentration varied between 3 pg/l and 15 pg/l. The relation
between the Mn(II) concentration in the river water and the vessel traffic was observed
to examine the correlation. Increased manganese concentration was found as a function
of traffic on the river, mainly due to the high concentrations in the anoxic pore waters in
the sediments. These results also show that the solid silver amalgam is suitable for
determination of manganese in natural waters.

2.5 Paper VIII

Development of an automatic trace metal system using voltammetry with a solid silver
amalgam electrode has provided an opportunity to monitor earthquake precursor in
basaltic rocks. Earthquake is a phenomenon which affects people all over the world. In
areas with high earthquake activity new earthquakes can occur at any time - often with
severe material damage and even loss of human lives. In 2002 increased concentrations
of some heavy metals was detected in ground water before the occurrence of an
earthquake. These anomalies were not detected until after the earthquake had occurred,
because of manual sampling and determinations in the laboratory using ICP-AES. Use
of anomalies like this in for instance warning systems would be very interesting, but an
essential and crucial factor is then rapid and automatic real time determination. Paper
VII shows how this can be achieved using an automatic monitoring station based on
voltammetry with a solid silver amalgam electrode.

In November 2006, an earthquake of My 4.5 on Richters scale occurred in Husavik
(Iceland). Analysis of ground water showed no electrolabile metals 30 days before the
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earthquake, but changes in the measured voltammogram was observed a few days
before the earthquake. Significant changes in pH and electrolabile amounts of zinc, iron
and copper were first detected 7-8 days before the earthquake, and measurable amounts
were present until the occurrence of the earthquake. The results presented in paper VIII
clearly show changes in the ground water prior to an earthquake, which is possible to
monitor with the solid silver amalgam electrode.
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3 Conclusion

The aim of this thesis has been to investigate properties of new electrode materials
suitable for automatic on site determination. The papers constituting this thesis present
applications of several mixed and alloy electrodes in different environmental and
industrial solutions.

Mixed silver-bismuth and gold-bismuth electrodes were investigated with focus on
hydrogen overvoltage, determination of metals and stability over time. Compared to the
pure silver and gold electrodes, increased hydrogen overvoltage was found as a result
of increasing amount of bismuth added. The mixed AgBi electrodes were used for
determination of low concentrations of zinc, cadmium and lead, and the AuBi
electrodes were used for determination of mercury and copper. The mixed electrodes
were tested by application in an automatic trace metal station for on-line determination
of metals in polluted river water and purified scrubbing water. Better long-time stability
was found for the mixed electrodes compared to bare silver and gold electrodes in
polluted river water. An AgBi electrode was also used for simultaneous detection of
nickel and cobalt in process water from metallurgical nickel industry.

Microelectrodes of silver-copper alloys (silver 830 and silver 925) were also evaluated
for use in voltammetric analyses. Increased overpotential towards the hydrogen
overvoltage reaction (HER) was found as a function of increased copper amount in the
alloy. The alloys were found to be suitable for determinations of zinc, cadmium, lead,
nickel and nitrate. The use of an alloy electrode containing 17% Cu was also tested in
real samples, by installing it in a voltammetric system for determination of zinc and lead
in a polluted river in France.

Solid silver amalgam electrodes have been validated for use in automatic online
equipment in various solutions. Zinc was detected as intermetallic Ni-Zi compound in
process water from metallurgical nickel industry. Zinc has also, along with copper and
iron, been monitored in periods up till six months in polluted river water, coastal sea
water, drainage water and waste water. The solid amalgam electrode has also been used
to monitor changes in electrolabile concentrations of metals in ground water in
connection to earthquake activity, and determination of manganese concentrations in
correlation with traffic on a polluted river in France.

The results presented in this thesis show that mixed and alloy electrodes are suitable for
use in automatic field equipment due to the combination of nontoxic materials,
increased cathodic potential window, better long-time stability and good sensitivity for
several metals. The solid alloy and mixed metal electrodes are also easy and cheap to
construct, and the difference in the sample matrixes and locations presented
demonstrates the wide application range for these electrodes.
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4 Future aspects

There is still a long way to go before an optimal on-line and in situ system is obtained,
but many of the recently suggested systems offers great promise for rapid, easy, and
inexpensive on site metal determinations. The first objective in optimization would be
improvement of the already available systems and sensors. One important factor is the
long-time stability of the working electrodes. There are different ways to prolong the
long-time stability. One method is development of suitable cleaning procedures for
instance by combining chemical cleaning with electrochemical cleaning. Many films
and membranes have also been used to protect the electrode surface, and development
of new, more stable films that can be used for a long time without degradation would be
very convenient.

Microelectrodes, and especially ultramicroelectrodes, are very interesting for field
applications. Alloys and mixed metals can be difficult to use as microelectrodes due to
the porosity of the materials, and finding such materials suitable as microelctrodes
would be very useful.

More extensive surface studies are also important to increase the knowledge of the alloy
and mixed electrodes. The methods mentioned in chapter 1.4 would all provide valuable
information on the electrode surfaces, from structure characteristics to information
about local properties. There are several interesting aspects related to the mixed
electrodes; what are the surface structures and are they very different from bulk
structures? How is the kinetic for the adsorption of hydrogen, and thus the hydrogen
evolution on such electrodes? How does the addition of a second metal affect the
oxidation and thus the passivation of the electrodes? These are just some of the many
interesting challenges that would provide important information for further development
of electrode materials.

Preliminary Surface X-ray Absorption Fine Structure (SEXAFS) studies have already
been carried out on different mixtures of AgBi, AuBi and AgCu. The ionic structures
were analysed with focus on oxidation of the surfaces, and data were recorded for all
metals in the samples. To get information on the rate of oxidation all samples were
analysed both polished and oxidised. For the AgBi mixture, samples containing 0.8, 6
and 20% bismuth were analysed. The first preliminary results confirmed that more Bi-
Bi (3.2 A) distances are introduced with increased amount of bismuth in the mixture.
The Bi-Bi distances related to the formation of Bi,O5 are not present in the polished

samples. In the oxidised samples, no distances related to Bi,O; were present for the

AgBi mixture with 0.8% Bi, but Bi-Bi at 3.9 A was observed which may indicate
formation of BiO on the surface. In the other mixtures the Bi-Bi distance related to
Bi,05 was present indicating formation of Bi,O5 on the surfaces. More information will

be obtained when the full structural study is completed. This project will be continued
with EXAFS studies of the ionic structure of the bulk mixture on some of the same
samples. It is also possible to perform in situ SEXAFS studies, where the electrodes
may be under potential control and the analyses are performed in an electrochemical
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cell. This would give unique possibilities for studying reactions on the surface, like
oxidation, hydrogen evolution and deposition of metals.

Another interesting approach for understanding the hydrogen evolution on such mixed
electrodes is the possibilities of studying local properties with a scanning
electrochemical microscope (SECM). By applying a potential, where the hydrogen
evolution reaction is just starting, to the mixed metal substrate, it might be possible to
measure local pH changes with the probe. This may indicate on which sites the
evolution of hydrogen starts, and if it is suppressed on for instance areas with high
bismuth content. Some preliminary studies have been carried out on the gold-bismuth
electrodes, but further studies need to be performed because of the many factors
influencing the analyses.

In addition to cyclic voltammetry, electrochemical impedance spectroscopy (EIS) is a
suitable method for studies of electrode properties and reaction kinetics. EIS is an easy
method to carry out, but fitting the data might be a complex process, especially for
complex systems like polycrystalline mixed and alloy electrodes. Preliminary studies
have however been performed on the hydrogen evolution reaction and also on the
passivation of the electrode surfaces.

There are many challenges related to the equipment used in on site determination, and it
is important to bear in mind the counter electrode and the reference electrode as well. A
known problem with the Ag/AgCl/KCI reference electrode is the leaching of chloride,
especially in waters with low conductivity. This may influence the measurements and
also implies that the reference needs some manual maintenance. There are normally a
lot of organic compounds in natural waters, and an optimization of an automatic system
would imply that the materials used in e.g. the cell, the valves and also the electrodes
should resist adsorption of organic material. Many of the systems used in automatic
monitoring are based on laboratory equipment, adjusted for use in the field. It is
therefore important to develop equipment made solely for on site determination, and
thus focusing on the important aspects like low power demands, simple scan procedures,
environmental friendliness and long-time stability without manual maintenance. It is of
course also important to have systems for rapid evaluation and transfer of the results so
that they can be benefited from in short time.

Last but not least, the focus on speciation of metals should not be forgotten. More
information is achieved by determining certain species of metals, and especially by
combining voltammetric analyses with other techniques like ICP-MS or sampling
techniques like DGT, a more complete picture of the water quality is obtained.
Development of procedures for automatic determination of different species in a
voltammetric cell suitable for on site analyses would also be very interesting.
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