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Abstract
Mercury is a heavy metal of great environmental concern. It possesses great en-
vironmental mobility and is highly toxic for both humans and wildlife. An elec-
trochemical mercury decontamination technique that uses Pt-Hg alloy formation to
collect mercury from aqueous sources has been developed and shows great promise
and many advantages over existing techniques. The goal of this thesis is to study the
regenerative capacity of platinum-coated foam electrodes used in this technique over
decontamination cycles. Regeneration in this case refers to the re-release of mer-
cury in the form of Hg-ions via the oxidation of Pt-Hg alloy. Using a three-electrode
set-up in batch experiments, mercury was removed from 0.5 M sulphuric acid with
a mercury concentration of 1000 ppb using a platinum-coated stainless steel foam.
Mercury was also removed from contaminated concentrated sulphuric acid from a
zinc smelter using a platinum-coated RVC foam. Unfortunately, complete regener-
ation was not achieved in any experiment, typically releasing less than half of the
collected mercury. This partial regeneration is likely due to suboptimal experimental
conditions. Despite this, the stability of the foams was demonstrated over multi-
ple formations/regenerations. The problems identified also highlight possible ways
forward for future research on the studied mercury decontamination technique. De-
contamination with the RVC foam in concentrated sulphuric acid managed to reach
mercury levels below the industry standard for high purity, something that has not
been presented in previously published research.

Keywords: mercury, heavy metal, electrochemistry, decontamination, water treat-
ment, regeneration.
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1
Introduction

This master thesis project concerns itself with the highly relevant problem of mer-
cury decontamination. Mercury is a toxic heavy metal with high mobility that
bio-accumulates in the food chain of marine life and is considered one of the top
ten chemicals of major public health concern by the World Health Organisation
[1]. To mediate this problem, new and more effective decontamination methods for
selective and effective removal of mercury from aqueous streams are needed. This
project explores and searches to gain further knowledge about, one such method
developed by Christian Tunsu and Björn Wickman in 2018 [2]. The method utilises
electrochemical alloy formation to bind mercury to a platinum electrode. The bound
mercury can then be released into a small amount, easily manageable, solution while
the regenerated platinum electrode can be reused. Multiple studies have been done
on the alloy formation, and the technique’s decontamination ability in different con-
ditions, but no study has yet focused on the regeneration of the platinum electrode.
This thesis stands to begin to fill that gap in knowledge concerning the regenerative
capabilities of the method.

1.1 Scope and Aim
The aim is to gain a broader understanding of the regeneration process for the Pt-Hg
system. One of the main questions explored is; What happens to the Platinum elec-
trode’s decontamination capacity after multiple regenerations? To do this, multiple
formations and regenerations were carried out on the same electrode, tracking its
performance over multiple cycles.

1.1.1 Limitations
The formation of the alloy was not studied in detail, since much of the prior research
has already focused on this aspect of the process. The main focus is to study the
regeneration process on Pt-coated Reticulated Vitreous Carbon (RVC) foams and
stainless steel foams. While other foams might be of interest it is beyond the scope
of this thesis work.

1.1.2 Outline
This section functions as a road map for the rest of this report. In the next chapter,
Background, the necessary foreknowledge about mercury and the environmental
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1. Introduction

problems it constitutes is provided. Information about mercury and its effect on
the environment and people is also included here. This is followed by an overview
of the main other available techniques for mercury decontamination to be able to
compare and evaluate the presently studied technique. A brief comparison of this
kind concludes the chapter. The theory chapter provides necessary electrochemical
theory. The measurement techniques that have been employed and relevant theo-
ries concerning these are also a major part of this chapter. The theory chapter also
includes a summary of previous research into this electrochemical mercury decon-
tamination technique. The methods chapter then describe how these instruments
and techniques have been employed for the measurements that make out the exper-
imental part of this thesis. Some practical choices are also motivated and explained.
The results and discussion chapter, contain the results of the decontamination and
regeneration experiments together with interpretations of said results. The focus
is on the regeneration part of the process since the study of this step is novel to
this thesis. Finally, the conclusion and outlook chapter summarises the findings and
provides suggestions on further work to be done in an outlook.
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2
Background

This chapter aims to provide a suitable background into the problems connected
to mercury. The chapter is initiated with a short history of mercury and the ele-
ment’s properties. This is followed by information about the environmental cycling
of mercury and an overview of the largest sources of mercury pollution. The prob-
lems mercury pollution cause is highlighted by looking at mercury both from an
environmental and from a human health perspective. A summary of some other
decontamination techniques currently in use is also part of this chapter before the
technique studied is presented. First, the working principle is explained before the
chapter is concluded with a comparison to the other techniques previously men-
tioned.

2.1 Mercury
This section focuses on the element of interest, Mercury. The section begins with
a brief historical background. This is followed by a summary of the chemical and
physical properties of mercury and the compounds it commonly appears in. The
environmental cycling of mercury is described followed by the main sources of mer-
cury pollution. The effect of this pollution on the environment, wildlife and human
health conclude this section to motivate why decontamination techniques are of high
importance.

2.1.1 History of mercury
The name mercury comes from the Roman god of the same name, the messenger of
the gods [3]. A fitting name given that mercury has high mobility and surface tension
causing it to form liquid beads that roll on most surfaces. This also earns mercury
its older and alternative name, quicksilver. The chemical symbol for mercury, Hg,
comes from the Greek hydrargyrum meaning liquid silver. The anthropological his-
tory of mercury is long and the properties of the element have been described by
both Aristoteles and Pliny the Elder [4]. Inorganic mercury, that is mercury com-
pounds not containing carbon, has been extensively used as medicine in ancient
times. For example, different compounds have been used as eye and skin ointment,
disinfectant, antiseptic and anti-fungal agents. During the sixteenth century, the
Swiss physician Paracelsus used pure mercury and other elements in small doses
as a medicine for different ailments. Before that, pure mercury had mainly been
used as a strong poison. Mercury also held an important role in alchemy where it,
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2. Background

together with sulphur and salt, was believed to be one of the Earth’s three principal
substances [3, 5]. Mercury was believed to be the core of all metals and thus able to
be turned into all other metals by mixing it with other substances. One of the main
goals for European alchemists was to transmute materials into gold. Mixtures with
mercury and other substances were one of the methods employed to achieve this
goal. Mercury in the form of the naturally occurring ore cinnabar was long used to
derive the pigment vermilion serving as an important part of the painter’s palette [5]

The use of mercury in industrial times is also varied and has played an important
role historically. Mercury has been used in the production of paints that prevent
fouling on ship hauls [4]. It has also been used as a component in pesticides used in
agriculture. Before the discovery of antibiotics, many sexually transmitted bacterial
diseases were deadly and the search for cures was desperate [3]. Mercury, and com-
pounds containing mercury, were used as a treatment for syphilis as far as the early
20th century. The treatment appeared to help some patients but since some cases of
syphilis are known to resolve spontaneously it remains unclear if mercury worked as
a cure. More recently, mercury has been used in several household items throughout
the 20th century. Alkaline batteries, fluorescent light tubes, and thermometers used
to contain mercury and in some cases still do. Mercury has also historically had an
important role in the production of sodium hydroxide and chlorine by electrolysis
of brine. Today its role in the chemical industry is mainly as a catalyst [3, 5]. Due
to its tendency to form amalgam with most metals, it has been used to extract pre-
cious metals [3]. In some countries mercury is still used in small-scale gold mining
and artisanal mining [6]. Amalgam has also had a large role as a filling material in
dentistry from the 19th century and into modern days [7].

2.1.2 Physical and Chemical properties
Pure elemental mercury takes the form of a dense silvery-white liquid [4]. Mercury
has the atomic number 30 and an atomic mass of 200.59 u. Solid mercury forms a
rhombohedral crystal structure with a lattice parameter of a = 0.29925 nm. The
very low melting point of -38.8 C◦ means that it is liquid at ambient conditions, a
unique property among the elements. This also provides mercury with a number of
interesting physical and chemical properties [8]. Liquid mercury has a high surface
tension resulting in it not wetting glass. It also has high specific gravity and low
electrical resistance. The historic use of mercury in thermometers comes from an-
other property, namely that mercury has a uniform volume of expansion over the
whole temperature range of its liquid state. Mercury can exist in the three oxidation
states Hg0, Hg1+ and Hg2+

, however, Hg1+ is rare and do not contribute to the global mass balance [9]. The
elemental, zero-valent form of mercury (Hg0), can occur in three different forms at
idle conditions as a liquid, (Hg0(l)), gas (Hg0(g)) or dissolved in water (Hg0(aq)).
Since mercury has a relatively high vapour pressure it will readily go from its liquid
face to the gaseous one. The gas concentration in equilibrium with liquid mercury
is six magnitudes over the recorded background. Mercury vapour is relatively inert
and only sparingly soluble in pure water which leads to a long atmospheric residence
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2. Background

time of the order of 1 year. For more information on the environmental cycling of
mercury see section 2.1.3.

Although the way we tend to think about mercury is in its elemental form as a
silver-coloured metallic liquid it is not the form it typically takes in nature [4].
Mercury is normally found in the earth’s crust in the form of 25 differently mercury-
containing minerals of which cinnabar (HgS) is the principal one [8]. Mercury also
has the property of dissolving many other metals forming alloys called amalgams
[4]. It has been recorded that 76 different metals are soluble in mercury to differing
degrees.

2.1.3 Environmental cycling of Mercury
Mercury takes part in a natural bio-geo-chemical cycle where it is released from deep
reservoirs by volcanic and geological activity, transported in the atmosphere and de-
posited to land and ocean [10]. It then cycles through the system until ultimately
being deposited in deep ocean sediments. This process is however a slow one and
estimates of the lifetime of mercury in the system range from about 3000 years to 10
000 years [10]. Human activity has altered the natural cycle on a massive scale since
mercury released into the system through pollution also takes part in the natural
cycle increasing the total amount of mercury in transfer at any given time [10]. For
information on the sources of mercury pollution, see section 2.1.4. Measurements
from remote lake sediment cores show that the current mercury deposition is three
to five times higher than in preindustrial times [10].

The mercury that enters the atmosphere from geological sources, anthropological
sources such as coal-fired power plants, and evaporates from land and ocean sur-
faces are in its elemental form, Hg0 [10]. This is the primary mercury form in the
atmosphere where it has a lifetime of about 0.5–1 years [10]. This long lifetime allows
transfer over long distances and a mostly even spread globally through the atmo-
sphere. Anthropological sources also release divalent mercury (Hg2+) and mercury
bound to particles (Hg(p)) [10]. These species have a much shorter lifetime in the
atmosphere, on the time scale of days to weeks, owing to a higher water solubility
than elemental mercury. This also results in these two forms being the main forms
deposited on land and to sea. The shorter lifetime leads to regional deposition in
the areas where these forms are emitted. Oxidation to divalent mercury is also the
main way the elemental mercury leaves the atmosphere [10].

When Hg2+ is deposited to terrestrial areas a portion of the mercury is immedi-
ately re-volatilised to the atmosphere in a process called prompt recycling. The rate
recycled varies between 5–60% depending on the surface deposited, with a higher
percentage recycled in wet or snowy environments. Newly deposited mercury is also
more prone to convert to methylmercury [10]. The remaining deposition is incorpo-
rated into the soil, slowly reentering the atmosphere over a timescale of centuries
to millennia [10]. This mercury is initially preferentially associated with vegetation.
Hg2+ is deposited to and Incorporated in leaves and then enters the soil seasonally
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2. Background

when the leaves are shed. Over 90% of the terrestrial mercury resides in the soil
and is associated with organic matter, where it is bound in reduced sulphur groups
[10]. This mercury can then be released back into the atmosphere by reduction to
elemental mercury and diffusion or mass transport through the soil. Another way
that mercury can reenter the atmosphere is when the organic matter it is bound to
is burned, naturally through forest fires or otherwise.

Aquatic cycling of mercury occurs both in fresh-water systems and in the marine
environment [10]. Neglecting direct contamination, through point sources, the main
pathway for atmospheric mercury to enter freshwater systems are from direct depo-
sition to lake surfaces or through runoff from watersheds [10]. The marine system
uses the same process as the freshwater one but the exchange at the ocean surface
is thought to be rapid [10]. As in the terrestrial counterpart it is mainly divalent
mercury that is deposited. This can then be reduced to elemental mercury and
reenter the atmosphere. A small portion is also converted to the more toxic form
methyl-mercury [10]. This process is facilitated by some strains of sulphate- and
iron-reducing bacteria. Methylation occurs to a higher degree in wetlands, lake sed-
iments, continental shelf regions, estuaries and deep-ocean hydrothermal vents. The
concentration of mercury varies between the world’s oceans with roughly double
the concentration in the Mediterranean and North Atlantic compared to the Pacific
Ocean [10]. However, the concentration in most ocean basins has not reached equi-
librium with atmospheric input and the concentration is believed to rise over the
next several decades.
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2. Background

Figure 2.1: Schematic of the environmental cycling of mercury. The amount of
mercury in reservoirs is given in tones and mercury transfers in tones/year. Black
values denote naturally occurring mercury while red ones denote mercury from an-
thropological sources. The image is based on an image in an article by N. Selin from
which the numerical data is also taken [11].

2.1.4 Sources of mercury pollution
While mercury takes part in a natural cycle of emission into water and atmosphere,
and uptake in biomass and sea sediments this is not what we refer to when we talk
of mercury pollution. Instead, this refers to the anthropological sources of mercury
emission. Since the biogeochemical timescales in the cycling of mercury are on the
order of centuries to millennia the human influence on the cycle will have a major
impact over the foreseeable future [10]. The current annual anthropological emission
of mercury of about 2000 tonnes is more than an order of magnitude above that of
natural emissions [12]. The year 1850, taken to be the start of the industrial era,
is commonly set as a baseline for mercury emissions. Using lake sediments as an
archive of historical mercury deposition we can see that the amount deposited an-
nually has increased by a factor somewhere between 3–5 compared to this baseline
[12]. However, this baseline is itself affected by earlier emissions and the increase
compared to a true natural level is likely even higher. Streets et al. have estimated
the total amount of mercury released to the environment by human activity over all
time to be 1540 thousand tonnes [12]. About 73% of this was released after 1850.
The largest sources by industrial sector have varied over time as has the geograph-
ical distribution. Of the total amount released since 1850 27% come from mercury
production, 24% from silver production and 12% from chemical production [12].
During the 19th century, most air pollution from mercury happened in Europe and
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North America but has gradually shifted to Asia, Africa and South America [12].
Before 1850 it is harder to estimate sources but a vast majority stem from silver
production, mainly in Spanish America [12].

The 2018 Global Mercury Assessment by UN Environment provide an overview
of present-day emissions to air [13]. The by far largest sector, standing for 38%
of emissions, is artisanal and small-scale gold mining (ASGM). This is followed by
stationary combustion of coal, resulting in 22% of total emissions, and non-ferrous
metal production, resulting in 15%. Cement production stands for 11%, disposal of
mercury-added product waste 7% and the remaining portion is mainly made up of
stationary combustion by other fuels and by ferrous-metal production. Looking at
the global distribution of the emissions 39% come from East and Southeast Asia,
18% from South America and 16% from Sub-Saharan Africa [13].

ASGM, being the by far largest source of mercury pollution, warrants a closer look.
Although the individual mining operations are typically small the total sector pro-
duces between 380–870 metric tons gold a year [14]. For some of the world’s largest
gold producers ASGM stand for a large amount of the gold output. For exam-
ple, AGSM make up two-thirds of China’s gold production, one-third of Peru’s and
nearly all of Colombia’s [14]. Mercury is inextricably linked with this type of mining
as it is used to extract gold from ore and alluvial sediments [14]. The mercury is
mixed into milled ore or alluvial sediment to create an amalgam that binds the gold
particles and increases the gold recovery rate. Since most ASGM operate at a low
technical level a large percentage of the mercury used is released to the environ-
ment, either in the form of vapour or as elemental mercury [14]. In addition to
direct losses in the amalgamation process, large amounts of mercury accumulate in
soil and sediments in connection to this kind of mining operations [13]. This mer-
cury can then re-mobilise and enter aquatic streams. ASGM is typically carried out
by single individuals or smaller groups such as families or cooperatives [15]. Many
ASGM actors operate illegally without licences making mining practices, including
surrounding the use and handling of mercury, lacking in transparency [15]. ASGM is
mainly carried out in South America as well as in East and Southeast Asia standing
for 53% and 36% of mercury pollution from these sectors respectively [13].

2.1.5 The effect of mercury pollution on wildlife
When looking at the effect of mercury on wildlife from a toxicological perspective it
is mainly the highly toxic organic form of mercury, methylmercury (MeHg), that is
of interest [16]. The dangers of methylmercury are threefold; it bio-accumulates at
the base of the food chain and can bio-magnify at higher trophic levels, it is readily
absorbed from the diet to be distributed into many of the body’s organs, and it is
highly toxic [16]. Bio-accumulation in low trophic organisms, such as algae and mi-
crobes, is indicated to be the single largest steep in the increase of MeHg levels with
increases 104-fold and even higher [17]. For example typical arctic water levels of
10−7–10−8 ppm MeHg increase to 10−2–10−3 ppm MeHg through bio-accumulation
in algae and seston [18]. These levels are then further increased by bio-magnification
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to 10−2–10−1 ppm MeHg in zooplankton and invertebrates and again to 10−1–100

ppm MeHg in fish. At the top of the food chain apex predators, such as polar
bears and predatory birds, can reach levels above 10 ppm MeHg. Toothed whales
seem to be especially vulnerable and have been found with high mercury concen-
tration in brain tissue and signs of associated neurochemical effects [17]. Generally,
bio-accumulation and bio-magnification of mercury is a larger problem in aquatic en-
vironments compared to terrestrial ones, owning to lower baseline levels and shorter
food chains [17]. However high levels have been measured in terrestrial species that
are indirectly or partly connected to aquatic food chains.

The effects of heightened methyl-mercury in wildlife are many and differ between
species. In mammals the toxic effects of MeHg mainly manifest as central ner-
vous system damage with symptoms such as sensory and motor deficits as well
as behavioural impairment [16, 19]. Initial symptoms include the animal growing
anorexic and lethargic. This is followed by muscle ataxia, motor control deficits,
visual impairment and convulsions before death. MeHg can be transmitted from
mother to fetus since it is transferable across the placenta [16, 19]. Studies show
that MeHg concentrates selectively in the fetal brain and fetal red blood cells con-
tain 30% higher levels MeHg compared to the blood cells of the mother. Twice as
high levels MeHg have also been observed in the fetal brain tissue compared to that
of the maternal brain [19]. Effects of MeHg exposure during the gestation period
range from developmental alterations in the fetus, with resulting deficits after birth,
to death of the fetus. Birds are affected much in the same way as mammals but
seem to be more prone to reproduction disturbances [19]. These include reduced
hatchability, eggshell thinning, reduced clutch size, and an increase in the number
of eggs laid outside of the nest. The overall success in reproduction has been shown
to decrease between 35% and 50% even at MeHg levels insufficient to cause obvious
intoxication in adult individuals [19]. High Hg blood levels in birds have been shown
to have several adverse effects on breeding in general ranging from reduced fledgling
success to skipped breeding and abnormal reproductive hormone responses [16].

2.1.6 Effects of mercury exposure to human health
Mercury poses a real threat to humans and is identified as the second worst toxic
pollution threat to human health by the Blacksmith Institute [20]. Elemental and
inorganic mercury mainly pose occupational hazards for those employed in indus-
tries that handle mercury [13]. For example, people involved in the production
of mercury-containing products, and miners employed in small-scale and artisanal
gold mining are at risk [17, 21]. Other exposure paths include amalgam tooth fillings
and mercury-containing skin-lightening cosmetic products [17]. Elemental mercury
mainly enters the human body through inhalation of mercury vapour [17, 21]. The
inhaled mercury enters the bloodstream from where it can enter most tissues of the
body and has no problem crossing the blood-brain barrier [17, 21]. After entering
the brain it affects the central nervous system with a large number of neurological
effects[17, 21].
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As discussed in section 2.1.5 methylmercury is the mercury form posing the largest
threat to wildlife, and the same is true for human populations [17, 22]. Unlike el-
emental mercury, the main pathway into the human body for MeHg is ingestion,
primarily of contaminated fish and seafood [17, 21, 22]. However, in some regions,
high consumption of contaminated rice is instead the main source of exposure [17].
Approximately 90–95% of ingested MeHg is taken up in the bloodstream and gets
distributed in the body [17]. About 10% of this MeHg then crosses the blood-brain
barrier and gets stored in the brain [17]. MeHg-poisoning in humans causes lysis
of cells in the central nervous system with resulting irreversible damage [11, 21,
22]. Symptoms include difficulty coordinating hand- and foot movements, slurred
speech, tremors as well as visual, auditory, sensory and balance disturbances [11,
21, 22]. In severe cases the poisoning can result in loss of consciousness and death
[22]. Since MeHg can pass through the placenta from mother to child, and the
blood-brain barrier is not yet fully developed until one year of age, fetuses and small
children are especially vulnerable to MeHg-poisoning [17, 22]. Cases where the child
has been poisoned via their mother eating contaminated food during the pregnancy
have resulted, in deafness, blindness, severe developmental problems and conditions
resembling cerebral parsley [11, 22].

Several high-profile incidents of mass methylmercury poisoning have occurred, of
which the one in Minamata Bay in Japan during the 1950 is probably the most
well-known and severe [11, 22]. A chemical factory released approximately 640 kg
MeHg into the bay resulting in the poisoning of over 3000 people through ingestion
of contaminated fish and seafood [22]. The mortality rate is estimated to have been
about 30% and among the victims were about 70 children born with congenital dam-
ages due to their mothers getting poisoned during pregnancy [22]. Another notable
case occurred in Iraq in the 1970s [11, 17]. People were exposed to high MeHg-levels
by eating bread made with grain treated with a fungicide that contained mercury
[11, 17]. In total 6530 cases of poisoning were recorded resulting in 459 deaths [17].

2.2 Mercury decontamination techniques
There are several available techniques to remove mercury. In this section, the most
common are introduced to provide an overview of the available methods. There is
currently no single method capable of fulfilling all possible criteria for every single
decontamination situation since all available techniques come with their respective
advantages and disadvantages [23]. In practice, multiple techniques are often used
in combination to reach the desired water quality in a cost-effective way [23].

2.2.1 Precipitation, coagulation, flocculation and flotation
Precipitation, coagulation, flocculation, and flotation are all techniques that work
by separating the mercury from the solution to make it easier to collect. Chemical
precipitation constitutes the most used method in industry, due to its low cost and
its simple operation [23, 24]. The process consists of adding chemicals that react
with the solved mercury to form insoluble precipitates. These can then be separated
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by sedimentation or filtration [24]. For the treatment of heavy metal ions, such as
Hg2+, sulphide precipitation is a common method [24, 25]. Soluble sulphides are
added to the wastewater, under weak alkaline conditions, resulting in the precipi-
tation of mercury sulphides [25]. In addition to low cost, high efficiency and easy
operation the method can handle high pollutant loads [23, 25]. There are however
some disadvantages. Precipitation has low selectivity, resulting in large amounts
of toxic sludge in applications with multiple pollutants [23, 25]. In some cases, for
example, sulphide precipitation, the added chemical leads to secondary pollution
since a large surplus of it is needed [25]. The method is also highly pH dependent
and ineffective at low metal ion concentration which limits the possible use cases [23].

Coagulation works by adding a coagulant that forces small insoluble particles called
colloids to form larger clusters [24]. The use of coagulants is common in wastewater
treatment, but mainly to remove hydrophobic colloids and suspended particles [24].
However, certain coagulants can handle heavy metals as well [24]. Flocculation is
an adjacent technique that works by adding flocculants, typically polymers, that
cause particles suspended in the wastewater to form larger structures. Since both
coagulation and flocculation merely form larger particles they rely on secondary
decontamination steps, in the form of, for example, participation or filtration, to
remove the pollutants. Both techniques are cost-effective and simple to operate but
also share disadvantages in the form of low selectivity, pH dependence and the need
of non-reusable chemicals [23].

Instead of causing pollutants to clump together flotation works by making parti-
cles attach to gas bubbles that bring them to the surface [24]. This forms a layer
of sludge that can then be separated out [24]. Two variants that have been used to
handle heavy metals are dissolved air flotation (DAF) and ion flotation [24]. DAF
uses microbubbles of air that attach to suspended particles bringing them to the
surface [24]. Ion flotation works by letting heavy metal ions, i.e. Hg2+, form hy-
drophobic species by the use of surfactants [24]. These are then brought to the
surface by attachment to air bubbles. Flotation methods are effective at removing
small particles and are metal selective [23]. However, they come with high initial
capital costs as well as energy costs for operation [23]. The selectivity is also pH
dependent limiting use cases [23].

2.2.2 Adsorption
Adsorption is an effective and simple decontamination process that works by let-
ting pollutants adsorb onto surfaces of solid materials [24–28]. Since surface area
is directly linked to the adsorption ability of the material porous materials with
high surface area are preferred [24–28]. Carbon materials are a common choice,
especially activated carbon due to its high micro- and mesopore volume, resulting
in high surface area [24–28]. Other carbon structures like carbon nanotubes, meso-
porous carbons and graphene have also been used and show great potential [24–
27]. To increase the Hg adsorption capacity of materials functional groups, such
as sulphur may be added [25–27]. Polymers with incorporated sulphur have been
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shown to have a high affinity towards mercury ions [26, 27]. This combined with
high surface area results in high adsorption capacity and fast kinetics [26, 27].

Since commercial coal-based activated carbon has risen in price the search for
cheaper alternatives has picked up steam [24, 28]. A large number of low-cost adsor-
bents have been researched including agricultural waste and industrial byproducts,
such as fly ash [24–27]. Bio-adsorbents are also an inexpensive and highly effective
alternative and come in three categories: non-living biomass, algal biomass and mi-
crobial biomass [24]. Non-living biomass can either be of plant or animal origin and
the long list of possible materials includes potato peels, sawdust, eggshells, coffee
husks, bark, crab shells, animal bones and rice husks [24, 27, 28]. Both algae and
microbial adsorbents have also shown promising results and make up renewable and
easily grown alternatives [24, 27]. The main downside to bio-adsorbents is that they
are hard to regenerate [24].

The advantages and disadvantages of adsorption as a technique for wastewater treat-
ment is highly dependent of the adsorption material chosen [23, 25]. For example,
some materials are mercury selective while others have low selectivity and work as
global eliminators, i.e. activated carbon [23]. In general, adsorption is a simple
and cost-effective process, having a high adsorption rate and low levels of secondary
pollution [23, 25]. On the negative side comes the handling of spent adsorption ma-
terial that may clog or saturate rapidly [23, 25]. Regeneration is possible for some
materials but it is often a costly process that involves loss of material [23].

2.2.3 Membrane filtration
Membrane filtration, as the name suggests, relies on liquids passing different kinds
of membrane filters that capture pollutants [24]. Several studies where different
membrane filters have been used have shown excellent results in removing mercury
ions from solution [24, 25, 28]. Four main types of membrane filtration can be used
for heavy metal decontamination: ultrafiltration, reverse osmosis, nanofiltration and
electrodialysis [24, 25]. Ultrafiltration is a low-pressure filtration technique that is
used to remove dissolved and colloidal pollutants [24]. While the pore size of the
ultrafiltration filters is larger than dissolved metal ions there are variants of the
technique that can handle the smaller pollutant size. Micellar enhanced ultrafiltra-
tion (MEUF) work by adding surfactants to the wastewater [24]. These then form
micelles that can bind metal ions resulting in structures large enough to be caught
by ultrafiltration. Polymer-enhanced ultrafiltration (PEUF) work similarly, but in-
stead of surfactants water-soluble polymers are added to form large complexes with
the metal ions, allowing them to be caught in the ultrafiltration [24, 27].

Reverse osmosis is a membrane filtration technique able to remove a wide range
of dissolved species [24]. The technique utilises a semi-permeable membrane that
lets the purified liquid pass, but not the contaminates [24]. Reverse osmosis has been
studied for the removal of heavy metals and demonstrated high removal efficiency
[24]. The main drawback comes in the form of high energy consumption to produce
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necessary pumping pressure and to regenerate the membrane [24]. Nanofiltration
can be seen as an intermediate process between ultrafiltration and reverse osmo-
sis [24]. The technique can be used for heavy metal decontamination and provides
simple operation, reliability and comparatively low energy consumption [24]. Stud-
ies have indicated that reverse osmosis exhibits slightly better recovery rates while
nanofiltration is more suitable for large-scale applications in industry [24].

The last type of membrane filtration is electrodialysis [24]. This process is used
to separate ions across charged membranes utilising an electric field as a driving
force. The membranes are often ion-exchange membranes, either cation-exchange
or anion-exchange. These are described in more detail in section 2.2.4. While elec-
trodialysis has been widely used for desalination of salt-water, salt production and
treatment of industrial effluents it has also been proven to be a promising technique
for waste-water treatment from heavy metals [24]. Membrane filtration techniques
have a number of advantages. The large number of available membranes coupled
with small space requirements make a versatile range of applications possible [23,
25]. It is simple, rapid and efficient while producing low levels of solid waste. De-
pending on the membrane it can also be made metal selective [23, 25]. Amongst
the disadvantages, the cost is the primary one making it unavailable for small and
medium-sized industries [23, 25]. After high initial investment costs, the process
itself also comes with high energy requirements and high costs for maintenance and
operation [23, 25].

2.2.4 Ion exchange
Ion exchange techniques are based on reversible chemical reactions where ions in
the liquid phase change place with ions in the solid phase in a resin [24, 25]. There
are both cation-exchange or anion-exchange resins suitable to handle positive and
negative liquid ions respectively [25]. Common cation exchangers are strongly acidic
resins with sulfonic acid groups and weakly acidic resins with carboxylic acid groups
[24, 25]. In the case of mercury decontamination, the Hg2+ ions in the liquid change
place with hydrogen ions in the sulfonic or carboxylic groups contained in the ion-
exchange resin [24, 25]. the process is affected by several factors including pH,
temperature, pollutant concentration, contact time and the ionic charge of the pol-
lutant [24]. In addition to synthetic ion exchange resins, there are natural silicate
minerals called natural zeolites capable of good cation-exchange capacity for the
removal of heavy metals [24]. Natural zeolites have the added benefit of high abun-
dance and low cost but, unlike synthetic ion exchange resins, their use is still at the
laboratory experiment scale [24].

Ion exchange methods have high treatment capacity and since they also are highly
efficient for metal removal and exhibit fast kinetics they have become widely used
for heavy metal wastewater treatment [23, 24]. This has also led to the availabil-
ity of a wide array of commercial products, some of which are metal selective [23].
Since the chemical reaction at the heart of ion exchange techniques is reversible,
the resins can be regenerated and reused [23, 25]. There is also no secondary pol-
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lution associated with the mercury removal process [25]. Among the disadvantages,
the aforementioned dependence on pH for optimal performance is worth mentioning
along with the need for large columns to handle large streams [23]. Depending on
the effluent pre-treatment to remove particulates and organic matter may also be
needed [23].

2.2.5 Biological processes
Somewhat adjacent to the biosorbents, biological processes here refer to letting mi-
croorganisms or fungi, transform, degrade or adsorb mercury as part of their natural
life cycle [25]. While this type of biological treatment is mainly used for organic pol-
lutants some studies have focused on the decontamination of mercury using this
type of process [23, 25]. Trials with bacteria, for example, E. coli, in bioreactors
have been able to decontaminate wastewater with low mercury concentrations down
below people’s health requirements [25]. Some seaweeds including brown, green and
red algae have been found to have the ability to remove mercury [25]. While envi-
ronmentally friendly, cheap and highly selective the method is not suitable for higher
concentrations of mercury in industrial settings. The need to create a favourable
environment for the biological process also limits possible applications and often
necessitates significant pre-treatment and continuous monitoring of conditions for
situations where the technique is applicable [23, 25].

2.2.6 Electrochemical treatment
This is the category to which the novel decontamination approach that is the subject
of this thesis belongs. However being central to the whole project it is covered
separately and in more detail in section 2.3 and this section instead focuses on
other electrochemical treatment methods. Electrocoagulation works by generating
coagulates by electrically dissolving aluminium or iron ions from electrodes and has
been studied for mercury ion decontamination [24]. Unlike traditional coagulation
there is no need for pH control [23]. Electroflotation functions by running water
electrolysis resulting in hydrogen and oxygen gas. The small bubbles of gas are
then used for the flotation of pollutants [24]. For more information on coagulation
and flotation as methods for decontamination, see section 2.2.1. Electrodeposition
uses electricity to make metal ions deposit to the electrodes in elemental form [24].
However, this method is mainly used for the recovery of precious metals and not the
decontamination of heavy metals [24].

2.3 Electrochemical alloy formation as a means to
remove mercury

This section is about the mercury decontamination method that has been further
studied in this thesis and is based on electrochemical alloy formation. First, the
basic working principle for the method is presented followed by a section comparing
it to the previously described techniques.
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2.3.1 Working principle and basic operation
The method is based on electrochemical alloy formation between the mercury ions
in solution and a solid platinum electrode [2]. Since amalgamation require interac-
tion between metallic mercury and platinum the ions (Hg2+)need to be reduced to
metallic mercury (Hg0) [2]. This can be achieved electrochemically by applying a
negative potential to the platinum electrode allowing mercury to reduce at its sur-
face [2]. The elemental mercury is then able to form an amalgam with the platinum.
Every platinum atom can bind up to four mercury atoms forming the alloy PtHg4
[2]. The amalgamation process is hindered by low solubility between the two metals
at ambient conditions but this can also be mediated electronically. The negative
potential applied to the platinum electrode increases the saturation solubility effec-
tively driving the alloy formation [2]. For more detailed technical information on the
platinum-mercury system and the alloy formation, see section 3.4. While the formed
alloy is stable on the electrode surface, the platinum electrode can be regenerated
[2]. By applying a positive potential to the electrode the alloy formation is reversed
and the mercury is released to the solution in the form of ions [2]. The ions can
be released to a relatively small volume of solution resulting in a small amount of
waste [2].

2.3.2 Advantages compared to conventional methods
As seen in section 2.2 there are several decontamination techniques on the market.
These however come with their pros and cons that make them hard or prohibitively
expensive to employ for certain applications. Studies of the present alloy formation
method have shown that the technique is effective for a wide range of mercury
ion concentrations [2, 29]. Crucially it can remove mercury down below the safety
limits for drinking water and to, or possibly below, typical levels for natural waters
[2, 29]. The process is pH independent with regard to the treated solution, which is
a notable advantage over many other methods where the monitoring of the pH level
is a major drawback [2]. It has even been shown that the method can be used to
remove mercury from contaminated concentrated sulphuric acid from a zinc smelter
down to levels passing the limits set for high-quality acid [30]. At present there exists
no viable commercial mercury removal technique capable of operating at such highly
acidic conditions [30]. Unlike the majority of the methods previously discussed this
method do not rely on the addition of chemicals or extractants eliminating the need
to separate insoluble compounds [2]. The regeneration of the platinum electrode
is indicated to be effective and does not generate any waste aside from the small
volume of solution into which the mercury is released [2]. The electrochemical
removal technique has been shown to work in the presence of calcium, cadmium,
copper, iron, magnesium, manganese, sodium, nickel, lead, zinc, and chloride ions
allowing for the treatment of chemically complex streams [2]. This capability was
also demonstrated in the aforementioned treatment of real-life industrial waste in
the form of concentrated sulphuric acid from a zinc-smelter [30]. High selectivity
for mercury and low energy requirement further contribute to the potential for this
method to be developed into a versatile and attractive mercury decontamination
alternative [2, 29, 30].
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Theory

This chapter contains the necessary theoretical background needed to understand
the experimental methods employed in this thesis work. The chapter opens with an
introduction to electrochemistry with a closer look at the parts of this field that are
central to the experimental part of the thesis. This is followed by theory surrounding
the measurement techniques and analysis methods used. The chapter then concludes
with previous research and a closer look at the alloy formation process that is at the
heart of the studied decontamination method.

3.1 Electrochemestry
Electrochemistry is that branch in chemical physics that describes the connection
between electricity and chemical processes. More precisely, it is the study of electron
movements in oxidation or reduction at polarised electrode surfaces [31]. In this
section, these redox reactions are described and explained. The three-electrode
system which serves an integral part in the experimental setup is introduced along
with necessary knowledge about potential scales. The section concludes with a look
at the reversibility of electrochemical reactions.

3.1.1 Redox reactions and the electrochemical cell
As already mentioned the transfer of electrons via redox reactions is central to elec-
trochemistry [32]. When studying redox reactions it is often easier to separate the
reaction into an oxidation part and a reduction part [32, 33]. This allows for separate
balancing of the two half-reactions and a better overview of the electron transfer [32,
33]. The two half-reactions are said to form a redox couple [32, 33]. Peter Atkins
and Loretta Jones use the reaction between permanganate ions, MnO4

−, and oxalic
acid, H2C2O4, in an acidic solution to illustrate a balanced redox couple in Chemical
Principles: The Quest for Insight [32]. The balanced pair become

2 MnO4
− + 16 H+ + 10 e− −→ 2 Mn2+ + 8 H2O

5 H2C2O4 −→ 10 CO2 + 10 H+ + 10 e−,

where the first reaction is the reduction and the second the oxidation. As can be
seen, the electrons are balanced between the reactions and match up to the changes
in oxidation number of the oxidised respectively reduced elements. It is here impor-
tant to note that the splitting of the equation is only a conceptual help since the
electrons are never truly free.

17



3. Theory

In a two-electrode setup, the oxidation takes place at the anode and the reduc-
tion at the cathode [32, 33]. The electrodes are connected allowing for a current
to be passed between them. The circuit is then closed by placing the electrodes
in contact with one or more electrolytes, which facilitates the electron transfer. In
other words, the electrodes are placed in ionic contact since ions in the electrolytes
can freely transfer electrons between the cathode and the anode [32, 33]. This closed
circuit is called an electrochemical cell [32, 33]. Some electrochemical reactions are
spontaneous and will produce an electric current simply by closing the circuit, i.e.
lithium-ion cells in batteries. These are called galvanic cells [32, 33]. Other redox
reactions, such as the one in the decontamination method studied in the thesis, need
a supplied current to take place. Electrochemical cells where a non-spontaneous re-
action is made possible, by the supply of electrical energy, are called electrolytic cells
[32, 33]. This can also be viewed as the reverse reaction is spontaneous. The energy
stored in a galvanic cell, or needed to drive an electrolytic cell, is determined by the
cell potential [32, 33]. A galvanic cell has a positive cell potential, an electrolytic
cell negative potential, and a cell at equilibrium 0 potential [32]. The cell potential
can be related to the change in Gibbs free energy between reactants and products
of the redox-reaction [32]. Gibbs free energy is the maximum non-expansive work
a reaction can do at constant temperature and pressure[32]. This can be expressed
as:

∆G = −nFEcell, (3.1)

where ∆G is the change in Gibbs free energy, n the number of transferred electrons,
F the Faraday constant, and Ecell the cell potential [32]. As seen here the cell
potential can be viewed as a criterion of spontaneity. A positive potential relates
to a reaction where the Gibbs free energy is decreased, i.e. a spontaneous reaction,
and vice versa [32]. It should be noted that applying the cell potential is generally
not enough to drive an electrolytic cell and an over-potential that is dependent on
the electrode type is generally needed [32].

3.1.2 Standard potentials and three electrode systems
Since there are thousands of possible combinations of electrodes, resulting in differ-
ent cell potentials, it is convenient to introduce standard potentials for individual
electrodes under the standard conditions where all solutes are at 1 mol · L−1, all
gases at 1 atm, and a temperature of 25 ◦C [32]. The cell potential can thus be
written as:

E0
cell = E0

R − E0
L, (3.2)

where E0
R and E0

L are the standard potentials of the left and right electrode in the cell
diagram respectively, and E0

cell are the cell potential under the same conditions [32].
However, since potentials always describe an energy difference it is impossible to
write down the standard potentials of individual electrodes without relating them
to a baseline. For this reason, the standard hydrogen electrode (SHE) has been
adopted as the universal baseline and arbitrarily set to 0 for all temperatures, i.e.

2 H+(aq) + 2 e− ⇌ H2(g) E0 = 0 V vs. SHE, (3.3)
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when working in the SHE potential scale. It should be noted that when referring
to SHE the sign of the potential no longer relates to the spontaneity of the reaction
under standard conditions, but rather the tendency of the reaction to occur relative
to the reduction of hydrogen ions in an ideal solution [32]. All values of potentials
in this report are given versus SHE unless otherwise stated [32].

The introduction of a potential scale does not facilitate the practical measurements
of potential differences between a single electrode and the electrolyte [34]. To make
this possible a physical reference point to measure against is needed; i.e. a refer-
ence electrode with a known potential. One could use a SHE reference consisting
of a Pt black electrode in 1 M HCl solution over which H2 gas is bubbled but this
is in most cases inconvenient [34]. Several different reference electrodes suitable
for different applications are available. In the experimental part of this thesis a
Ag/AgCl-reference is used. This consists of a Ag wire that is coated in a porous
AgCl-layer and immersed in a 3.0 M KCl solution [33, 34]. The chemical equilibrium
in this reference electrode can be written as:

AgCl(s) + e− ⇌ Ag(s) + Cl−(aq) E = 0.21 V vs. SHE, (3.4)

where we see that we can transfer potentials measured against this reference to the
SHE scale by adding 0.21 V [33–35]. The addition of a reference electrode to the
two electrodes of the electrochemical cell results in a three-electrode system [33]. In
such a system the electrodes are typically labelled working electrode (WE), counter
electrode (CE) and reference electrode (RE) [33]. The working electrode is simply
the electrode where the reaction of interest takes place. The reference electrode
is the point the working electrode potential is measured against while the current
passes between the counter electrode and the working electrode [33, 34]. In a two-
electrode setup, the counter electrode and reference electrode are the same. In this
case the applied potential, Eapp can be written as:

Eapp = EW E − ECE/RE + IR, (3.5)

where EW E is the working electrode potential and ECE/RE is the potential of the
combined counter and reference electrode [33, 34]. The last term, IR, signifies the
electrical resistance in the electrolyte between the two electrodes. Since changes in
Eapp cause unknown changes in IR the ability to control the potential between the
two electrodes is lost [34]. There are cases where the IR term is small, or relatively
constant, where a two-electrode system can suffice but for most electrochemical
experiments a three-electrode system with separate reference and counter electrodes
is needed [33, 34]. No current pass through the reference electrode in this case
and it provides a stable well-defined potential against which the working electrode
potential can be measured and controlled [33, 34]. All current instead flows between
the working electrode and the counter. The applied potential can thus be used to
control the potential over the working electrode. The expression simply becomes:

Eapp = EW E − ERE, (3.6)

where EW E can be controlled since ERE is both fixed and known [33, 34].
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3.1.3 Reversibility of electrochemical reactions and the Nernst
equation

Since this project’s main concern is the regeneration of the used platinum electrodes
it is relevant to say something about the reversibility of electrochemical reactions.
There are a number of different types of reversibility that are relevant for electro-
chemical reactions [33]. The first is chemical reversibility and can be exemplified
with the reaction cell reaction of the Ag/AgCl-reference electrode described in equa-
tion 3.4. The potential difference between the silver wire and platinum electrode in
this cell is 0.21 V vs. SHE and when shorted the right arrow reaction takes place.
However, with a supplied voltage sufficient to overcome the cell voltage the reaction
can be reversed resulting in the left arrow reaction. In other words, reversing the
cell current reverses the cell reaction without any new reactions taking place [33].
This is thus a chemically reversible cell. As a comparison one can look at the system
Zn/H+, SO4

2−/Pt where the spontaneous cell reaction can be written:

Zn + 2 H+ −→ H2 + Zn2+. (3.7)

An attempt to reverse this cell reaction by applying an external potential sufficient
to overcome the cell voltage does reverse the current but results in electrolysis of
water:

2 H2O −→ 2H2 + O2. (3.8)

Since the reverse reaction does not take place this is an example of a chemically
irreversible cell.

The next type of reversibility is thermodynamic reversibility [33]. A process is said to
be thermodynamically reversible when an infinitesimal reversal in the driving force
causes the process to reverse direction [33]. Since the infinitesimal driving force
in essence requires the system to be in equilibrium a thermodynamically reversible
process is one where the process path consists of a continuous series of equilibrium
states [33]. A chemically reversible cell may approach thermodynamic reversibility
in its operation [33]. This led to the term practical reversibility. Since actual ther-
modynamic reversibility requires infinite time practical reversibility denotes any real
process that can be operated in such a way that thermodynamic equations apply
under sufficient accuracy [33].

In section 3.1.1 and equation 3.1 the cell potential was related to the change in
Gibbs free energy, but it can also be related to the activity of reactants and prod-
ucts via the Nernst equation [32, 33]. A general electrochemical reaction between
reactants A and B resulting in products C and D can be written:

aA + bB ⇌ cC + dD, (3.9)

where the lowercase letters denote coefficients. For this reaction, the Nernst equation
can be written as:

Ecell = E0
cell + RT

nF
ln αa

Aαb
B

αc
Cαd

D

, (3.10)
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where Ecell is the cell potential, E0
cell the standard potential of the reaction, R

the gas constant, T the temperature, n the number of electrons, F the Faraday
constant, and αA the activity of species A [32, 33]. The activities are in practice often
approximated by the concentrations [33]. If a system adheres to the Nernst equation
it is generally dreamed practically reversible and often just called thermodynamically
reversible [33].

3.2 Experimental techniques and analysis meth-
ods

In this section, the theory and function behind the experimental methods utilised
in the experimental part of the project are given. First electrochemical techniques
are covered. These include chronoamperometry, chronopotentiometry, linear sweep
voltammetry and cyclic voltammetry. This is followed by a section on foam elec-
trodes, electroplating, and then ICP-MS.

3.2.1 Electrochemical measurements

This section explains a number of electrochemical experimental techniques that all
centre around an instrument called a potentiostat. The main function of this instru-
ment is to apply, measure and control potentials across two or more electrodes [33].
Typically it is used in a three-electrode system since the static reference electrode
provides a fixed potential to measure against, see section 3.1.2. A common elec-
trochemical experiment performed with a potentiostat is chronoamperometry [33].
The method consists of applying a potential step to the working electrode or, in
other words, a constant voltage between the working and counter electrode mea-
sured against the reference electrode. Meanwhile, the current necessary to maintain
this potential is recorded over time. This provides information about electrochemi-
cal processes taking place at the working electrode since these will alter this current.
It is also possible to supply a fixed current and record the potential over time. This
is called chronopotentiometry.

Another technique is linear sweep voltammetry (LSV) [33]. Here the potential is not
held constant, but instead altered linearly over time, while the current is recorded.
This can be used for scanning for at which potential certain reactions or phenomena
take place. Similarly, cyclic voltammetry (CV) relies on a linear scan between two
potentials, but when the higher potential is reached the scan direction is reversed
and scanned back to the lower potential [33]. Commonly, multiple cycles are per-
formed sequentially. The recorded current is typically plotted against the potential
in a voltammogram. From this oxidation and reduction peaks can be identified giv-
ing information about redox reactions taking place over the potential interval for
both scan directions.
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3.2.2 Foam electrodes

In this project, the working electrode consists of different foam materials coated
with platinum. In this section some relevant information on foam electrodes in
general and the two materials used in this project in particular. Open-pore foam-
type electrodes are three-dimensional materials that come in a number of different
materials and with a wide range of pore sizes [36]. The porous cellular structure
of the foams gives the material a high specific surface area while allowing fluids
to pass through [36]. This combined with the ability to choose materials with
high conductivity and foams structural rigidity makes them an excellent choice for
support onto which active materials may be coated [36]. A common way to classify
the porosity of foam electrodes is by their mean cell size measured in pores per
inch (ppi) [37]. In this project, a reticulated vitreous carbon (RVC) foam from ERG
Aerospace with a cell size of 60 ppi and a stainless steel foam from Fraunhofer IFAM
with a cell size of 30 ppi were used. The RVC foam is a skeletal material with a rigid
structure that provides both low electrical and fluid flow resistance [38]. RVC foams
are also composed of one of the most chemically inert forms of carbon allowing for
highly reactive acid electrolytes [38]. The Fraunhofer foam that was used consists of
316L stainless steel and is produced through powder metallurgical replication [39].
This gives the material good electrical conductivity and corrosion resistance. Both
materials are reported to have homogeneous cell size across the whole structure [38,
39].

3.2.3 Physical vapour deposition

Physical vapour deposition (VPD) is a coating technique used to deposit a material
on top of another [40]. The material that is to be deposited is first transformed
into a gaseous phase, which is then deposited onto a substrate. The transfer can be
carried out either through thermal evaporation or an impact process [41]. In thermal
evaporation, the temperature of the material is raised to the point of evaporation
through e.g. thermal heating, electron beam heating or ion beam heating. Similar
results can be achieved through an impact process called sputtering. Instead of
relying on evaporation the sputtered material is vaporised by bombardment with
energetic particles [41]. The vaporised particles are thus dislodged from the source
and sputtered onto the substrate, where they forms a film coating.

3.2.4 Electroplating

Electroplating is another coating technique for material deposition onto a substrate
and is one of the most common and simple techniques for applying a metallic coat-
ing onto a conductive substrate [42]. The substrate is set up as a cathode in an
electrochemical cell and plated through the reduction of metal ions. The metal ions
can either be supplied directly from oxidation, by using an anode of the desired
metal, or by adding metal salts to the electrolyte. In the latter case, an inert anode
is used.
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3.2.5 Inductively coupled plasma mass spectrometry
Inductively coupled plasma mass spectrometry (ICP-MS) is an analysis technique
for the detection and quantification of trace levels of elements in liquid samples [43].
The instrument consists of six major components: the sample introduction system,
inductively coupled plasma (ICP), interface, ion optics, mass analyser and detec-
tor [43]. The liquid sample enters the instrument through the introduction system
where a peristaltic pump transports it to a nebuliser. The nebuliser turns the liquid
sample into a fine aerosol. The sample then enters a spray chamber that filters
out larger aerosol droplets, preparing it for the ICP. In the ICP-MS instrument the
plasma consists of ionised argon-gas and electrons at high temperature. When the
aerosol sample reaches the plasma it is atomised and ionised. The resulting ions are
extracted in the interface region and then focused into an ion beam by a set of elec-
trostatic lenses. The ion optics then transfer the sample into the quadrupole mass
analyser which separates out ions of a certain mass-charge ratio. Ions of a certain
element can thus be separated and quantified by the detector. By scanning over
different mass-charge ratios a spectrum containing the amounts of all elements in
the sample is produced. ICP-MS come with a large number of attractive advantages
including its large analytical range and excellent detection limit down to nmol L−1

for most elements [43].

ICP-MS is widely used for the determination of trace levels of metals, including
mercury species [44, 45]. However, measurement of mercury has proven difficult
due to what is called the mercury memory effect [44]. The effect comes from the
tendency of mercury to adhere to the walls of the spray chamber and the tubing in
the sample introduction system. The effect is prevalent even at low mercury concen-
trations and leads to several problems including the persistence of mercury signals
after sample analyses, even after reasonable rinse time [44, 46–48]. A number of
methods to overcome the memory effect have been suggested including the addition
of gold to samples as a stabilisation agent, careful selection of rinsing fluids, and
multiple rinse cycles between measurements [46–48]. Since the memory effect limits
the possibility of returning to baseline after measuring samples containing mercury,
it is common practice to measure series with varying mercury content from lowest
mercury concentration to highest. The memory effect from a higher concentration
sample can otherwise drown out the true mercury signal from a low concentration
sample.

3.3 Previous research
Electrochemical alloy formation on platinum for the purpose of mercury decontam-
ination was first described in an article by Christian Tunsu and Björn Wickman
in 2018 [2]. Since then several thesis projects have been carried out studying the
technique and these have resulted in a couple of articles. The major findings of the
initial and subsequent articles are summarised in this section. The original article
focuses on proof of concept by testing out a number of important properties that
the authors deem necessary for the technique to be a viable alternative to existing
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techniques [2]. Using a flat glass electrode plated with 100 nm platinum attached
with a 3 nm titanium adhesion layer as a working electrode they managed to satu-
rate the film building approximately 750 nm of alloy, by applying a potential of 0.16
V vs. SHE. They also validated that mercury retrieval worked at pH levels of 0–6.6
and in the presence of calcium, cadmium, copper, magnesium, manganese, sodium,
nickel, lead, zinc, and iron without affecting mercury uptake. Using chronoamper-
ometry data from alloy formation they identified the reduction current to be in the
range of 40 µA. Using this as oxidation current an electrode loaded to about 12% of
the alloy saturation limit was regenerated, demonstrating that the release of mer-
cury is possible and significantly faster than uptake. The regenerated electrode was
also successfully reused for another mercury retrieval cycle. Large surface area elec-
trodes were investigated in the form of electrodes onto which ca. 0.02 g of 50%wt.
platinum nanoparticles on carbon black were deposited. This test confirmed that a
larger electrode surface gave faster retrieval times with about 20 times faster uptake
than exhibited on flat electrodes.

In 2023 Emma Feldt et al. published results from investigations of the tempera-
ture and concentration dependence of the alloy formation of PtHg4 [29]. This was
done both in batch experiments and using Electrochemical quartz crystal microbal-
ance (EQCM). Somewhat simplified, this technique can be described as the working
electrode consisting of a very sensitive scale that allows for continuous measurement
of mass. In this case, this allows for real-time monitoring of the mercury uptake.
The batch experiments confirmed that the decontamination technique is effective
for initial mercury concentration in the range 0.25 to 1000 µgL−1 Hg2+. The rate
of mercury concentration decrease was higher for lower initial concentration which
was attributed to the higher Pt:Hg ratio. The investigation also demonstrated that
the lowest starting concentration of 250 µgL−1Hg2+ could be purified down to 6
ng L−1 Hg2+, well below the WHO limit for drinking water. The article uses the
concentration data to draw conclusions about the alloy formation mechanism and
reaction order. For more information on this, see section 3.4. The EQCM measure-
ments at varying temperatures show an anticipated temperature dependence for the
reaction rate that can be described with the Arrhenius equation. This relates the
reaction rate constant to temperature and activation energy. Using this Feldt et al.
estimated the activation energy of alloy formation to 0.29 eV, somewhat lower than
previously reported values. The EQCM data also showed that the formation rate is
almost constant when carried out in a constant mercury concentration.

Also in 2023, Vera Roth et al. looked into the mercury removal from concentrated
sulphuric acid using the alloy formation technique [30]. The goal was to show that
the technique could be used to purify sulphuric acid waste from the mining industry
down below certain commercial thresholds. Sulphuric acid is considered technical
quality if the mercury content is below 0.30 mg/kg and of high purity grade if the
mercury content is below 0.08 mg/kg. Unlike the other experiments, these tests
were done with foam electrodes in addition to flat electrodes. Both a stainless steel
foam (SS316L) with a mean pore size of 45 ppi from Alantum, Fraunhofer IFAM,
and a Duocel reticulated vitreous carbon (RVC) with pore size of 60 ppi from ERG
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Aerospace were tested. First flat electrodes of platinum coated on glass were used
to validate that the technique can be used in the harsh environment of concentrated
sulphuric acid. The test confirmed that decontamination is possible in the concen-
trated acid and that mercury could be removed below the limits for high-purity
grade acid. X-ray diffraction (XRD) was then used to confirm that the alloy PtHg4
had been formed. Tests with SS316L plates as substrate were also done, to test the
stability in the acid. This test did not reach the same low levels of mercury in the
allocated run time of 120 h but was stable. Tests with the SS316L foam coated
with 1–2 µm platinum showed an increase in formation rate with a factor of 10,
compared to the flat SS316L plate due to the higher surface area and reached below
the high-purity threshold. However, the foam proved to suffer from stability issues
in the concentrated acid and leaked a considerable amount of iron during the whole
experiment and some platinum right at the start. The RVC foam was also tested as
a substrate and coated on one side with 200 nm of platinum. This electrode proved
to be stable in the acid but the mercury level in acid levelled out after ca 20 h to
a concentration of 0.10 mg/kg, just above the high-purity grade. Experiments with
an uncoated RVC electrode show that this will attract mercury while the poten-
tial is applied but that almost all this mercury is released when the potentiostat is
turned off. The article also contains tests with concentrated sulphuric acid in a 20 L
reactor with a platinum-coated SS316L working electrode. This larger-scale reactor
performed similarly to the lab-scale setup confirming the scalability of the technique
for the first time.

3.4 Electrochemical alloy formation in the Platinum-
mercury system

Already in the initial article by Björn Wickman and Christian Tunsu alternatives for
the reaction path and potential steps for the alloy formation may take place were
presented [2]. PtHg4 is assumed to be the dominant phase and the formation of
PtHg4 using the decontamination technique has been confirmed by XRD-analyses
[2, 30]. However, in the literature references to the formation of both PtHg and
PtHg2 are made and they may occur as intermediate compounds in sub-steps of the
overall alloy formation [2]. The overall reaction can be written:

Pt(s) + 4Hg2+(aq) + 8e− ⇌ PtHg4(s), (3.11)

where the right arrow direction is the formation and the left regeneration [2, 29, 30].
Emma Feldt et al. tried to identify the rate-limiting step of the alloy formation and
for this reason, divided the formation into three major processes:

1. The adsorption and electrochemical reduction of mercury ions on the platinum
surface followed by insertion into the alloy.

2. The diffusion of mercury atoms through the already formed PtHg4-alloy layer.
3. The reaction between mercury and platinum at the alloy-platinum interface.

EQCM measurements showed that the rate of formation is constant over time while
the potential is applied. From this information, the authors conclude that step 3
is most likely rate-determining. This also implies that the electrochemical PtHg4
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formation from mercury ions in solution shares a very similar reaction mechanism
to the solid-state reaction between liquid mercury and platinum.
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Methods

In this section, the methods making up the experimental part of this thesis are
described. The two main experiment types in this are formation experiments and
regeneration experiments. The formation here refers to the reduction of Hg-ions and
formation of Pt-Hg alloy while regeneration refers to the oxidation of Pt-Hg alloy
and release of Hg-ions. First, the different working electrodes and their prepara-
tion are described. This is followed by a section on the preparation and mixing of
electrolytes and liquid samples. The three-electrode setups used for both types of
experiments are then presented. This is followed by the various potentiostat set-
tings and sampling procedures for both formation and regeneration and the chapter
is then concluded with a summary of the data analysis.

4.1 Working electrodes

Two different types of electrodes were tested as a part of this thesis. The first is a 5
mm thick foam made of SS316L stainless steel and a cell size of 30 ppi manufactured
by Fraunhofer IFAM. This foam was coated by SURPRO GmbH. with a few nm gold
as an adhesion layer followed by 1–2 µm platinum. The coated foam was cut into
four 40 × 15 mm strips constituting the four samples used and henceforth denoted
SS1–SS4. To provide an electrical contact, as well as a mounting point, SS316L
steel rods were driven through the top of the foams and twined with pliers to form
a secure connection. These functioned both as wires for connecting the foams as
working electrodes and as a mounting aid to suspending the foam at an appropriate
level in the electrolyte.

The second foam was a 5 mm thick foam made of reticulated vitreous carbon (RVC)
with a cell size of 60 ppi manufactured by ERG Aerospace. This foam was sputter
coated on one side with 200 nm platinum, and a few nm gold as an adhesion layer,
by physical vapour deposition. Just as with the stainless steel foams, the coated
RVC foam was cut into four 40 × 15 mm strips resulting in four samples henceforth
denoted RVC1–RVC4. Since the RVC material is very fragile and tends to crumble
under stress another method had to be used to provide the electrical contact. A
very thin steel wire was instead carefully threaded through the material at the top
of the foam and twined into a loop from which the foam was suspended.
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4.2 Electrolyte and acid mixing
Several acids are prepared for use as electrolytes and dilution liquid for samples
to be analysed in the ICPMS. Sulphuric acid with added mercury for use as an
electrolyte in Pt-Hg alloy formation is prepared by mixing 25 ml 95–97% stock
concentrated sulphuric acid, 0.9 mL 1000 ppm mercury stock and diluting to 900
mL with Milli-Q ultra pure water. This results in 900 mL 0.5 M H2SO4 with a
mercury concentration of 1000 ppb. The electrolyte for regeneration was prepared
in a similar way but with a higher-grade sulphuric acid stock. Here 24.48 mL 98%
concentrated suprapure H2SO4 was diluted to 900 ml with Milli-Q ultra-pure water
resulting in 0.5 M sulphuric acid. When preparing samples for the ICPMS these
had to be diluted in hydrochloric acid. This dilution liquid was prepared by mixing
75.96 mL 37% HCl stock and diluting to 900 mL. To this 0.18 mL 10 ppm bismuth
stock was added resulting in 900 mL 1 M HCl acid with a bismuth concentration of
2 ppb. The bismuth was added as a stable and known constant control sample used
to normalise the ICPMS data.

4.3 Three electrode set up
The basic experimental setup consisted of a three-electrode system and was mostly
the same for both alloy formation and regeneration, changing out only the elec-
trolyte, working electrode and counter electrode. The whole system was built inside
of a fume hood. A three-electrode cell beaker was placed on top of a magnetic
stirrer with accompanying magnet placed inside the beaker. Inside the beaker, a
three-electrode set-up was built consisting of either a platinum-coated RVC foam
or a platinum-coated stainless steel foam as a working electrode (see section 4.1),
and an Ag/AgCl (SI Analytics, B3610+) as a reference electrode. A platinum wire
was used as CE for all formation experiments while different CE were evaluated for
regeneration. These were: a platinum wire, a 40 × 40 mm diamond electrode (DI-
ACHEM, Condias), a titanium wire, and a graphite rod. The beaker was filled with
75 ml electrolyte. For formations on RVC foams, the electrolyte was contaminated
with concentrated sulfuric acid from a zinc smelting plant in Kokkola, Finland pro-
vided by Boliden. The 75 mL of this acid was for most of the tests spiked with 37
µL 1000 ppm Hg stock. Formation on the stainless steel foams was done with 0.5
M sulphuric acid with 1000 ppb Hg. All regeneration was done in 0.5 M sulphuric
acid. The three electrodes were connected to a Gamry Reference 600 potentiostat by
the use of alligator clips. Initially, the diamond counter electrode was connected by
fastening a small wire to its surface with carbon tape and sealed with hot glue but
the alligator clip was found to be more secure since the first method was prone to
degrade from contact with the vapours from the acid. All equipment in contact with
the electrolyte was cleaned with Millie-Q water multiple times both before and after
experiments. The electrochemical cell beaker was also cleaned with 1 M sulphuric
acid and rinsed five times with Millie-Q before experiments to ensure no contamina-
tion. The working electrodes were rinsed with Mille-Q water multiple times before
being stored in test tubes with fresh Millie-Q water between experiments.
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Figure 4.1: A schematic of the three-electrode setup used for both formation and
regeneration experiments.

4.4 Potentiostat settings and sampling procedure
The formation was started by applying a potential via linear sweep voltammetry.
The sweep is configured from the initial open potential to -0.03 V vs. reference i.e.
0.18 V vs. SHE with a scan rate of 100 mV/s and a step size of 2 mV. This was
followed by a chronoamperometry experiment applying the same potential for the
remainder of the experiment while recording the applied current. For regeneration,
a chronopotentiometry experiment was run by applying a constant current while
monitoring the potential instead of controlling it. Two different currents were tested,
20 µA and 40 µA. The duration of experiments varied but in general, the formation
experiments were longer and in most cases longer than 24 hours often running over
several days. Regeneration was generally carried out over the duration of a working
day but in some cases left overnight. The procedure for collecting electrolyte samples
for ICPMS analysis was the same for both experiment types. A pipette was used to
collect 100 µL electrolyte from the running experiment. This was then diluted by a
factor of 50 to 5 ml with 1 M hydrochloric acid containing an internal standard of
2 ppb Bi. When a new experiment was started a initial control sample was taken
before any electrodes were introduced and again after introducing the electrode but
before any potential or current was applied. In the cases where the electrolyte
was spiked an additional control sample was taken after this had been done. The
first sample was then taken 10 minutes after the potential or current was applied.
The subsequent rate at which samples were collected varied between experiment
types. For formation experiments, the electrolyte was sampled about 3 times a day,
typically at 10 am, 2 pm and 5 pm. Regeneration was sampled much more frequently
with samples taken every 15 minutes, except in those cases when the experiment
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was extended to run overnight. At the point of termination, the same procedure
was followed for all experiments. The second to last sample was collected before the
potentiostat was turned off. The set-up was then left undisturbed with no applied
potential or current for 15 minutes before the very last sample was collected.

4.5 Data analysis
The only major data analysis concerns the raw data from the ICPMS analysis. In
this section, a brief overview of how this data was processed is provided. The raw
data consists of detected counts per second (cps) for all measured elements. By
measuring mercury standards with known concentrations of 0, 1, 5, 10 and 50 ppb
Hg and Pt a linear regression can be performed for each element to get a formula
for converting cps to the desired unit ppb for the respective element. All samples
also contain a known internal standard of 2 ppb Bi. Using this the measured data is
verified and if needed normalised to eliminate significant errors from sample taking
and dilution. The converted concentration is then multiplied by 50 to compensate for
the dilution of the samples before analysis. The resulting data is then the measured
concentration of Hg and Pt in ppb.
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The results with associated interpretation and discussion are presented in this sec-
tion. First, the evaluation of the counter electrode for regeneration is presented. This
is followed by formation and regeneration results from tests with stainless steel foam
substrates. An evaluation of two different regeneration currents is also presented and
the chapter is closed with results from tests with RVC-foams in concentrated acid
from a zink-smelter.

5.1 Evaluation of counter electrode

For mercury decontamination via formation of PtHg4 a platinum wire can be used as
a counter electrode. This has been standard in different experiments and proven to
provide stable electrical contact. However, it was noticed that platinum was a poor
choice of CE for regeneration of the working electrode since the reversed current used
to break down the alloy at the WE also drives the formation of Pt-Hg alloy at the CE.
This uptake naturally interferes with concentration measurements in the solution
since some of the released mercury is taken up by the CE. Similarly subsequent use
of the same CE in later WE formation will result in mercury being released from
regeneration of the CE. During the experiments, several different CE alternatives
have been tested including diamond/carbon plates, titanium wire and graphite rods.
The results are somewhat anecdotal stemming from the frequency of connection
problems, such as loss of contact during measurements and potential overload. It
seems that both the graphite rod CE and titanium wire CE provide good electrical
stability comparable to the platinum wire used for formation. Both materials are
corrosion-resistant and hold up well in acidic conditions. Neither were tested in the
concentrated sulphuric acid but should have worked there too. The diamond/carbon
plate that was used for the regeneration in concentrated sulphuric acid had the
most frequent connection problems but it is possible that these steamed mainly
from problems with connecting the electrode to the potentiostat. First connections
were made by using carbon tape to adhere a wire to the plate and then sealing the
connection with hot glue. Even though the connection was never in direct contact
with the acid capillary action and vapour still resulted in frequent corrosion of the
connection. For this reason, this connection method was replaced by connecting the
electrode with an alligator clip but the frequent connection problems remained.
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5.2 Stainless steel foam substrate
The best results from multiple formation and regeneration cycles stem from tests
with 40 × 15 × 5 mm stainless-steel foams (SS316L 30 ppi, Fraunhofer IFAM) elec-
troplated with thin platinum coatings (< 1 µm) by SURPRO GmbH. Formation
and regeneration experiments are presented in this section.

5.2.1 First cycle
The first cycle refers to the first mercury decontamination, i.e. alloy formation,
on a newly coated stainless steel foam followed by subsequent regeneration of the
same foam. Here two experiments were running in parallel meaning two foams were
going through identical experiments conducted at the same time at two separate
but identical experimental setups. Since the results are almost identical, only the
results from one of these experiments are presented (SS4) while the results for the
other (SS3) are presented in the appendix A.

Figure 5.1: ICP-MS data from first alloy formation on foam SS4. Measurements of
mercury and platinum concentrations in ppb are shown over a 21:30 hour formation
experiment. Note that the formation potential is turned on right after the first
measurement and turned off directly after the second to last measurement.

As can be seen in figure 5.1 the first mercury measurement is slightly lower than the
expected 1000 ppb at 870 ppb. This first measurement is taken before the poten-
tiostat is turned on but after the foam is introduced. A prior measurement taken of
the electrolyte before the foam is introduced has been omitted from the graph for
clarity but measured 1059 ppb Hg concentration. This indicates that the foam binds
some mercury even before the potential is applied. Since the foam is highly porous
giving it a large surface area it is likely that this initial concentration decrease stems
from mercury binding to the surface of the material. When the potential is applied
the mercury content in the electrolyte is seen to rapidly decrease, lowering to 325
ppb after 15 minutes and have levelled out to 17 ppb at the next measurement
taken after 3:35 h. This level is then retained at the next measurement at 5:45 h.
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A small, but noteworthy, increase to 49 ppb Hg take place at 21:15 h right before
the potential is turned off. This is likely a clear indication of the ICP-MS mercury
memory effect since the samples were analysed in reverse order and the last sample
had a significantly larger mercury concentration. The memory effect can be seen in
most of the experimental data and more information about this effect can be found
in section 3.2.5. The true concentration at this point is therefore likely closer to 17
ppb or even lower. Right after this measurement the potential was removed and the
foam was left to rest in the electrolyte for 15 minutes before the last sample was
taken. This last sample shows a steep increase in the mercury concentration to 503
ppb. About half of the collected mercury is re-released to the electrolyte at this
point. It is unlikely that this mercury stems from the decomposition of PtHg4 alloy
but rather is metallic mercury collected on the surface of the porous electrode and
held in place by the electric potential. When the potential is removed this mercury
is almost instantly released back to the electrolyte. It may be hypothesised that this
surface mercury will be converted to alloy if the potential is applied over a longer
time but longer experiments run over three days show the same behaviour, realising
approximately the same amount of mercury when the potential is removed. This
indicates that this surface mercury is not available for further alloy formation. No
mention of such problems is mentioned by Roth et al. when conducting similar ex-
periments on platinum electroplated stainless steel foams [30]. This might be due to
better plating coverage making a larger portion of surface mercury available for alloy
formation. It is also conceivable that samples were only taken with applied potential,
in which case this issue might be present but undetected. It should be noted that
the platinum content in the electrolyte is almost constant over the full experiment
and it is unlikely that the foam leaks platinum during alloy formation. The stainless
steel foams were stored in Milli-Q water between experiments. Samples were taken
of this water after multiple days of storage and showed no significant amounts of
either mercury or platinum. It has therefore been assumed that the formed alloy is
stable during storage and that all unbounded surface mercury is expelled when the
potential is removed.

Following formation, both foams were regenerated by applying a constant current
of 20 µA. Foam SS3 used a glassy graphene rod as a counter electrode while SS4
used a titanium wire, otherwise, the setups were once again identical. Since both
CE provided stable electrical contacts, and the ICPMS concentration results were
very similar only foam SS4 is presented, while the regeneration of SS3 can be seen
in Appendix A
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Figure 5.2: ICP-MS data from first regeneration of foam SS4. Note that the
regeneration current is turned on right after the first measurement and turned off
directly after the second to last measurement.

Just as for the formation a sample of the electrolyte before the foam is introduced
has been omitted for clarity. This measured a Hg concentration of 16 ppb and a Pt
concentration of 29 ppb. The mercury signal may stem from the mercury memory
effect while the Pt signal has an unclear origin. Since the Pt concentration can be
observed to be constant over the experiment it can be treated as an offset and it
is deemed likely that the platinum on the electrode is stable during the breakdown
of PtHg4 for this first cycle. Looking instead at the mercury concentration it is
clear that some mercury is released when the foam is introduced to the electrolyte
since the mercury concentration increases from 16 ppb to 51 ppb. This is likely
mercury trapped in pores and surfaces of the foam made mobile in contact with the
electrolyte. It is unlikely that the mercury release taking place before the current is
applied is a result of PtHg4 alloy decomposition since earlier tests have shown that
the alloy is very stable [2]. From the data can be seen that mercury is rapidly released
but at a diminishing rate with a mercury concentration of 87 ppb after 10 minutes
and 106 ppb after 25 minutes. After 1:20 h the increase has stooped and the mercury
concentration fluctuates around 122 ppb for the remainder of the experiment. The
last notable change occurs when the current is turned off after 2:40 h. The sample
taken 5 minutes later shows a re-uptake of some mercury with the concentration
in the electrolyte going from 123 to 103 ppb. This is likely mercury reattaching
itself to the surface of the foam in the absence of the applied current. It is clear
from comparing the data from the first alloy formation and subsequent regeneration
that not all mercury was released. An amount of mercury corresponding to 502 ppb
concentration in the electrolyte was taken up, while only an amount corresponding
to 103 ppb was released to the same volume of electrolyte. A possible explanation
for the slowing down and eventual halting of mercury release during regeneration
can be drawn from the potential data collected during the experiment.
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Figure 5.3: Potential data over time for the first regeneration of foam SS4. Cor-
responding ICP-MS data can be found in figure 5.2.

The potential data reveals a steep increase in the potential during the first minutes
of the regeneration, followed by a more linear rise throughout the rest of the ex-
periment. By relating this to the ICP-MS datat it can be observed that when the
potential is increased beyond a certain point, the rate of mercury release appears
to decrease significantly and eventually level out. Unfortunately, practical circum-
stances meant that ICP-MS analysis took place a while after the electrochemical
measurements, to the effect that this insight could not be used to guide further
testing in the scope of this thesis.

5.2.2 Subsequent cycles
Knowing now that the first regeneration was only partially successful subsequent
cycles are of less interest than otherwise. It is however still of interest to study
the stability and effectiveness. The second formation of foam SS3 and SS4 are
once again very similar. The sample taken before the introduction of the foam
shows impossibly high values of 1290 ppb for SS3 and 1385 ppb for SS4. Since the
electrolyte was mixed with a mercury concentration of 1000 ppb this is odd but
has been observed in multiple ICP-MS data sets. While it could be a mixing or
sampling error the prevalence of this kind of obvious sampling error across data
from multiple experiments with separated setups rather introduce doubt to the
accuracy of the ICP-MS analysis. The problem often shows up in experiments
carried out on different days but analysed in the ICP-MS at the same time. This
in combination with the clear observations of the memory effect puts into question
the appropriateness of this analysis method for the mercury samples. Since the
ICP-MS analyses were not handled by the author of this thesis the experimentation
and resampling needed to find a more accurate procedure were rendered impossible.
Ignoring the starting mercury concentration the second formation behaves much like
the first. The lowest concentration reached is higher then from the first formation
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but it is hard to say if this is accurate since all data from this run may be affected
by an offset. Once again the memory effect can be observed on the second to
last sample. The most significant information to be collected is that the formation
process shows no indication of having been altered when observed on a reused foam.

Figure 5.4: ICP-MS data from the second formation of foam SS4. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.

The second regeneration of foam ss4 looks very much like the first. An anomaly
can be seen at about 2 hours where a sample seems to show a re-uptake of mercury.
Since this does not follow the trend and does not show up in the parallel second
regeneration of foam SS3 it is deemed an outlier of no importance.

Figure 5.5: ICP-MS data from the second regeneration of foam SS4. Note that
the regeneration current is turned on right after the first measurement and turned
off directly after the second to last measurement.

The third formation once again show impossibly high mercury concentration for the
first samples with the control sample taken before foam introduction measuring 1648
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ppb. However, for this formation, very low mercury levels of 17 ppb are reached.
Comparing the data of the second and third formation of foam SS4 reveals that the
lack of data points unaffected by the memory effect may be the reason why mercury
levels in the low tens are not seen. The last sample taken after the potentiostat is
turned off also depicts a larger mercury release of 989 ppb. The elevated start levels
however make it hard to judge if this constitutes a significant change from previous
tests.

Figure 5.6: ICP-MS data from the third formation on foam SS4. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.

The third and last regeneration on foam SS4 does initially look like the rest with a
mercury release of about 150 ppb the first hour followed by a leveling out. However,
for this regeneration, a slow uptake of mercury takes place from about the 1:30
h mark. This can be seen in the third regeneration of both foam SS3 and SS4.
SS3 release a higher amount of mercury levelling out at a concentration of around
250 ppb but the rate of uptake is also slightly higher resulting in both experiments
measuring about the same mercury concentration at the point of termination. It
is hard to draw any conclusions from this given the small sample size but it is
not unreasonable to assume that multiple formation/regeneration cycles may alter
the behaviour of the electrode due to the drastic restructuring of the platinum
layer that the alloy formation constitutes. More research, ideally achieving a more
complete regeneration and more cycles would probably showcase if any significant
material properties are altered. It is important to note that almost no change
in the platinum levels in the electrolyte is observed in any of these formation or
regeneration experiments indicating a stable adhesion to the foam and stability over
the alloy formation and decomposition process.
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Figure 5.7: ICP-MS data from the third regeneration of foam SS4. Note that the
regeneration current is turned on right after the first measurement and turned off
directly after the second to last measurement.

5.3 Evaluation of regeneration current

Foams SS1 and SS2 behave much like SS3 and SS4 but with a higher fail rate due
to problems with the electrical contact and potentiostat overloads likely owned to
the diamond counter electrode being used for most of the regeneration experiments
in these cycles. However, SS1 and SS2 were regenerated at different currents, 20
µA and 40 µA respectively, providing some valuable information. Here the third
regeneration of both these foams is presented since they both use titanium wire as
CE providing stable electrical contact and isolating the current as the only difference
between the two experiments.
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Figure 5.8: ICP-MS data from the third regeneration of foam SS1. Note that
this regeneration was carried out with a 20 µA applied current. The regeneration
current is turned on right after the first measurement and turned off directly after
the second to last measurement.

Figure 5.9: ICP-MS data from the third regeneration of foam SS2. Note that
this regeneration was carried out with a 40 µA applied current. The regeneration
current is turned on right after the first measurement and turned off directly after
the second to last measurement.

Comparing figure 5.8 and 5.9 one see that the higher regeneration current results
in a larger amount of mercury being released but also a faster and more sudden
levelling out of the release. The reuptake of mercury is also more pronounced and
starts earlier in the regeneration. The larger amount of mercury being released
is expected since the dubbled current result in a more violent and fast oxidation
process. The more sudden leveling-off of mercury release is consistent with the earlier
observations that the regeneration process becomes less efficient over time. While
mercury is released in the initial stages of the process, the rate of release diminishes
as the experiment progresses, with a notable slowdown before the reaction appears
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to halt. Further investigations would be required to fully understand the factors
affecting the regeneration process. Test of this kind is in the author’s mind the next
logical step for further research on the decontamination technique

5.4 RVC-foam substrate
The tests with Pt-coated RVC foams were plagued by problems with the electrical
contact. Given the stability problems it is deemed unreliable to study these foams
as consistent over multiple cycles. For example, there are examples where the data
seem to indicate that more mercury is released than was taken up. Some individual
formations and regeneration however carry interesting results when studied on their
own. The very first formation on RVC1 is interesting since it manage to reach very
low mercury concentrations in the contaminated concentrated sulphuric acid. Roth
et. al. present results from decontamination with platinum sputtered RVC foam and
present results where technical quality (0.30 mg/kg) is reached but not high purity
(0.08 mg/kg) [30]. Since 1 ppb = 0.001 mg/kg the level reached in figure 5.10 of 76
ppb = 0.076 mg/kg is just below the high purity level and a slight improvement over
previously published results. After this formation a decision was made to spike the
electrolyte with additional mercury for subsequent formations and owning to this
these low levels were not replicated in later formation experiments. It can also be
noted that the high level of mercury release observed when the potential is turned
off in the formation experiments with the stainless steel foams is not present in
observed here.

Figure 5.10: ICP-MS data from the first formation of foam RVC1. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.

Most regenerations on the RVC foams look like the results presented for the stainless
steel with mercury levels corresponding to a few hundred ppb being released before
levelling out followed by a re-uptake of mercury. The first formation (figure 5.11)
and regeneration (figure 5.12) on the foam RVC2 will serve as a typical cycle without
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any obvious anomalies from connection issues. As can be seen the higher mercury
content in the spiked concentrated acid leads to levelling out on a higher mercury
level of about 210 ppb. Here the lack of any mercury release at the point of turn-off
can be seen. This could either be due to that the RVC material does not take up
mercury to the same extent as the stainless steel or, more likely, take up mercury
but bind it more securely than the stainless steel. Since carbon materials are often
used in mercury absorption this seems likely.

Figure 5.11: ICP-MS data from the first formation of foam RVC2. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.

The regeneration of RVC foams exhibits the same behaviour as the stainless steel
but instead of levelling out after an initial mercury release the mercury is taken
up again at a rate comparable to the initial release rate. Even if the behaviour is
somewhat different the same leveling out of the mercury release can be seen in this
case also. Interestingly some platinum can be seen to be released during the release
and uptake of mercury. While this may indicate some stability problems with the
RVC substrate a slower regeneration with a lover regeneration current will probably
solve these problems.
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Figure 5.12: ICP-MS data from the first regeneration of foam RVC2. Note that
the regeneration current is turned on right after the first measurement and turned
off directly after the second to last measurement.
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6
Conclusions and Outlook

In this concluding part of the thesis, the major findings and insights from this project
are summarised in a conclusion section. Finally an outlook is provided to look ahead
at possible next steps in the development of the mercury decontamination technique.

6.1 Conclusions
While the main aim of this thesis was not fully achieved several advances and new
realisations have been made. Further regeneration studies should focus on refining
the operational parameters to improve mercury release efficiency during the regener-
ation process. While the incomplete regenerations have hindered a reliable study of
the behaviour of the foam electrodes over several complete formation/regeneration
cycles it is clear that the foams withstand and retain their decontamination ability
after going through several violent, if incomplete regenerations. Since a gentler and
slower regeneration process is likely the way forward, these more extreme tests serve
as a good test of stability. That no significant loss of platinum is observed for the
regeneration tests with stainless steel substrates is a good sign for the future of the
project.

The tests with RVC-foams in concentrated sulphuric acid have also improved on
previous results demonstrating that the technique can be used to decontaminate
concentrated sulphuric down below the commercial threshold for high purity. An
important result for future commercial applications of the technique. The slight re-
lease of platinum is not seen as a major obstacle since a gentler regeneration method
is likely to lead to higher platinum stability. RVC-substrates are in addition to the
stainless steel therefore seen as a viable way forward for commercial application
where the stainless steel can not be used. For example concentrated sulphuric acid.

6.2 Outlook
In this final section, an outlook is provided with suggestions for further research and
possible next steps for the development of the mercury decontamination technique.
Given the problems outlined in the result section the obvious next step would be
to implement the insights gained that were outside the scope of this thesis. While
the same methodology used in this thesis could be used armed with the insight that
an optimal regeneration current is yet to be discovered it is probably wise to take a
step back. The move from flat working electrodes to foams for the alloy formation
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part of the process was preceded by extensive research with EQCM measurements
to gain an understanding of the alloy formation process. The same is not true for
regeneration where the published research consists of preliminary tests providing
proof of concept rather than a detailed understanding. EQCM measurements pro-
vide continuous monitoring of the bounded mass on flat electrodes in real-time. This
instant feedback provides a much greater opportunity to quickly test and compare
different regeneration procedures. When a reliable regeneration method has been
found, and ideally some insight into the regeneration mechanism gained, further
tests on foams can be done with greater confidence. At that point, research into the
stability and behaviour of foam electrodes over multiple cycles will be a key part of
the further development of the technique for commercial use. Since EQCM can not
be used for foam materials the methodology used in this thesis with ICPMS analysis
of batch samples just as in this project. As has been seen this method comes with
several problems and uncertainties. While a deeper understanding of regeneration
eliminates some of these, experimenting with more ways to stabilise the mercury
during ICP-MS analysis and thus minimising the memory effect would result in
more reliable data. It has also been seen that the electrical contact to the foam
has been a concern. The development of a holder with secure electrical contact to
the foam would likely eliminate these problems giving a much higher rate of success
in experiments and enabling longer cycles of formation/regeneration. A holder was
designed as part of this thesis but was never produced or used. The schematics of
this is presented in Appendix B

Further tests of RVC-foams in concentrated acid open up many more possible appli-
cations for the decontamination technique in industry. While more problems were
seen in these tests during this thesis the large possible gain, if this application can
be made to work reliably, makes further research into this area very interesting.
Having identified multiple sources of problems with possible solutions there remain
many things to try that may be the key to making decontamination of concentrated
acid a possibility.

While the results from this thesis have highlighted a number of problems it has
also illuminated multiple possible ways forward and it is the author’s firm belief
that they will be overcome with further research.
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A
Additional ICP-MS data

In this appendix, additional ICP-MS data from experiments not presented in the
main part of the thesis are included in the interest of completion.

A.1 Additional tests on foam SS1

Note that the second regeneration and third formation of this foam are missing due
to the experiments failing.

Figure A.1: ICP-MS data from the first formation of foam SS1. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.
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A. Additional ICP-MS data

Figure A.2: ICP-MS data from the first regeneration of foam SS1. Note that the
regeneration current is turned on right after the first measurement and turned off
directly after the second to last measurement.

Figure A.3: ICP-MS data from the second formation of foam SS1. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.

A.2 Additional tests on foam SS2

Note that the second regeneration and third formation of this foam are missing due
to the experiments failing.
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A. Additional ICP-MS data

Figure A.4: ICP-MS data from the first formation of foam SS2. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.

Figure A.5: ICP-MS data from the first regeneration of foam SS2. Note that the
regeneration current is turned on right after the first measurement and turned off
directly after the second to last measurement.
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A. Additional ICP-MS data

Figure A.6: ICP-MS data from the second formation of foam SS2. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.

A.3 Tests on foam SS3

Figure A.7: ICP-MS data from the first formation of foam SS3. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.
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A. Additional ICP-MS data

Figure A.8: ICP-MS data from the first regeneration of foam SS3. Note that the
regeneration current is turned on right after the first measurement and turned off
directly after the second to last measurement.

Figure A.9: ICP-MS data from the second formation of foam SS3. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.
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A. Additional ICP-MS data

Figure A.10: ICP-MS data from the second regeneration of foam SS3. Note that
the regeneration current is turned on right after the first measurement and turned
off directly after the second to last measurement.

Figure A.11: ICP-MS data from the third formation of foam SS3. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.

VI



A. Additional ICP-MS data

Figure A.12: ICP-MS data from the third regeneration of foam SS3. Note that
the regeneration current is turned on right after the first measurement and turned
off directly after the second to last measurement.

A.4 Additional RVC foam tests

Figure A.13: ICP-MS data from the first regeneration of foam RVC1. Note that
the regeneration current is turned on right after the first measurement and turned
off directly after the second to last measurement.
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A. Additional ICP-MS data

Figure A.14: ICP-MS data from the second formation of foam RVC1. Note that
the formation potential is turned on right after the first measurement and turned
off directly after the second to last measurement.

Figure A.15: ICP-MS data from the second regeneration of foam RVC1. Note that
the regeneration current is turned on right after the first measurement and turned
off directly after the second to last measurement.
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A. Additional ICP-MS data

Figure A.16: ICP-MS data from the third formation of foam RVC1. Note that
the formation potential is turned on right after the first measurement and turned
off directly after the second to last measurement.

Figure A.17: ICP-MS data from the third regeneration of foam RVC1. Note that
the regeneration current is turned on right after the first measurement and turned
off directly after the second to last measurement.
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A. Additional ICP-MS data

Figure A.18: ICP-MS data from the second formation of foam RVC2. Note that
the formation potential is turned on right after the first measurement and turned
off directly after the second to last measurement.

Figure A.19: ICP-MS data from the second regeneration of foam RVC2. Note that
the regeneration current is turned on right after the first measurement and turned
off directly after the second to last measurement.
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A. Additional ICP-MS data

Figure A.20: ICP-MS data from the first formation of foam RVC3. Note that the
formation potential is turned on right after the first measurement and turned off
directly after the second to last measurement.

XI



A. Additional ICP-MS data
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B
Schematics of a foam holder

Figure B.1: Schematic of a holder designed to give better electrical contact to
foam electrodes. Note that the design was never produced during the thesis work.
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