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Electrochemical investigations of Pt—Hg and Cu—Hg alloys for mercury decontamination
purposes

JULIA JARLEBARK

Department of Physics

Chalmers University of Technology

Abstract

Mercury is a heavy metal of large environmental concern due to its potential to spread and
bioaccumulate and to its high toxicity for all living organisms. To date, there is no method
capable of efficient and sustainable removal of mercury from aqueous solutions under a wide
range of conditions. The focus of this thesis is to investigate several aspects of mercury
removal by electrochemical alloy formation between mercury and platinum or copper. Mer-
cury ions in the solution are reduced by the application of an electric potential, and form
an alloy with a solid platinum or copper electrode. Using an electrochemical quartz crys-
tal microbalance, the temperature dependence of the alloy formation between mercury and
platinum is studied in the range 20 — 60 °C, and the apparent activation energy of the reac-
tion is determined to be 0.29 eV. Another purpose of the thesis is to relate the structure of
the electrode at various length-scales to the rate of mercury removal. The electrochemical
surface area is determined by underpotential deposition of hydrogen and by measurements
of the electrical double-layer capacitance, and the electrode structure is studied using a
scanning electron microscope. Mercury removal rates are determined through batch exper-
iments with subsequent inductively coupled plasma mass spectrometry analysis. It can be
concluded that a surface area with feature size of the order of 1 mm, e.g. a metal foam,
generates an enhanced rate of mercury removal. On the other hand, a nanoporous mate-
rial with feature size of the order of 100 nm, such as platinum black, does not contribute
to an increased mercury removal rate. Two case studies investigating the applicability of
the technology are also performed within the thesis; removal of mercury from concentrated
sulphuric acid produced by Boliden in the commercial smelting plant in Kokkola and from
scrubber liquids from a combined heat and power plant. Mercury is successfully removed
from the scrubber liquids using platinum coated titanium fibre electrodes, and from the
sulphuric acid using platinum coated stainless steel electrodes. In the case of the sulphuric
acid, it is also demonstrated that the process can be scaled up 400 times without loss of
efficiency.

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

Introduction

Mercury contamination is one of the major environmental issues of the present and the
future. Estimates show that mercury exposure poses a threat to the health of 8—10 mil-
lion people [1, 2]. Mercury is a highly mobile and toxic heavy metal, which since many
years has been, and still is, emitted to the atmosphere by anthropogenic processes. Once
emitted to the environment, mercury cycles between the atmosphere, land and oceans and
can affect the environment for up to 10 000 years [3]. Therefore, being able to remove
mercury from both natural waters and industrial wastewaters is of great importance. The
mercury decontamination methods available today often have inherent limitations when it
comes to mercury concentration, pH, selectivity, or environmental or economical sustain-
ability. Recently, a new technique for mercury decontamination based on electrochemical
alloy formation between mercury and platinum or mercury and copper was presented [4, 5].
A negative potential is applied to a platinum or copper electrode, which reduces mercury
ions from the solution and allow them to form an alloy with the electrode material. This
method provides several advantages compared to current decontamination techniques and
is the topic for this thesis.

1.1 Aim of the project

The aim of this thesis has been to further investigate the electrochemical alloy formation be-
tween mercury and platinum, and mercury and copper. The purpose of these investigations
has been to develop a better understanding of the fundamental processes of alloy formation,
but also to evaluate the applicability of the alloy formation for practical decontamination in
a few different cases. More specifically, the aim of the thesis can be divided into four main
parts:

o Investigating the temperature dependence and activation energy of the Pt—Hg alloy
formation.

o Relating the electrochemical surface area and structure of the electrode material to
the rate of alloy formation for both the Pt—Hg and Cu—Hg systems.

o Evaluating the technique for mercury removal from scrubber liquids from a combined
heat and power plant.

e Studying mercury removal from concentrated sulphuric acid by electrochemical alloy
formation, and scaling up the process for this specific application.
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1.2 Thesis outline

Chapter 2 of this thesis presents a background to the project. Chemical and biogeochemical
information about mercury is covered, and the chapter also contains a review of current
mercury decontamination techniques as well as the method under investigation in this thesis.
In Chapter 3, the theoretical background is established, including electrochemistry, some
thermodynamics and the theoretical aspect of the experimental techniques used. In Chapter
4, the electrodes and experimental methods used in the project are described. Chapter 5
presents and discusses the results of the first two parts of the thesis, namely the temperature
study and the investigation of surface area in relation to alloy formation rates. Chapter 6 is
divided into two case studies, which addresses the issues of mercury removal from scrubber
liquids and concentrated sulphuric acid, respectively. Chapter 7 is a conclusion and outlook.
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Background

The aim of this chapter is to present a background to the current project. In Section 2.1,
the toxicity and environmental cycling of mercury are described, and some international
guidelines are presented. Section 2.2 consists of a review of current techniques for mercury
removal, and in Section 2.3, the method studied in this thesis is introduced: electrochemical
alloy formation between mercury and platinum or copper.

2.1 Mercury

Mercury is a toxic heavy metal, which occurs naturally in the Earth’s crust, e.g. in the
form of cinnabar ore (HgS) [6]. At room temperature, mercury in its elemental form (Hg")
is a liquid, which can be oxidised to form monovalent inorganic mercury (Hg") and diva-
lent inorganic mercury (Hg*") [7]. Mercury can also be bound to particulate matter in
the form of HgP, or exist as organic mercury, e.g. methylmercury (MeHg) [3, 7]. Natural
processes, such as volcanic activity, releases mercury to the environment, where it cycles
between the atmosphere, terrestrial surfaces and waters [3]. Hg” has a long life-time in the
atmosphere, of the order of 1 year, and hence mercury in this form is mobile and will travel
long distances across the Earth in the atmosphere. A consequence of the high mobility of
mercury in the atmosphere is that mercury emissions will not only have an impact on a
local scale, but also globally. Over time, Hg" will be oxidised primarily to Hg?", which has
a much shorter life-time in the atmosphere, ranging from days to weeks. Hg?* deposits to
terrestrial and aqueous systems, from which it may again be released to the atmosphere by
burning of biomass, or reduction to Hg" and subsequent volatilising. The total life-time of
mercury in the environment is estimated to 3 000 — 10 000 years before it is bound to its
final sink; deep-ocean sediments. The natural biogeochemical cycle of mercury is altered by
anthropogenic emissions [3]. Sources of anthropogenic mercury emissions include fossil fuel
combustion, biomass burning, mining and production of mercury, gold and other metals,
cement production, oil refining, dental amalgams and the chlor-alkali industry [3, 6, §].
Estimates show that anthropogenic emissions amount to 1 010 — 4 070 tonnes mercury per
year and that the mercury concentration in the atmosphere has increased 300 — 500% due
to these emissions [3, 6, 8].

Mercury present in aqueous systems as Hg?t can be converted by methylating microbes
to MeHg, the most toxic form of mercury [3]. MeHg is first efficiently bioconcentrated in
plankton, after which it has the ability to biomagify in food chains, thus increasing its con-
centration in predatory animals. It has been shown that the concentration of MeHg can be
more than 1 000 000 times higher in marine predators, such as fish, seals and whales, than in
the surrounding water [3, 6]. At the current environmental concentrations, MeHg affects the

3



2. Background

behaviour, reproduction, hormones and neurochemistry of animals exposed to it, e.g. fish
and birds [3]. In humans, exposure to MeHg is known to cause neurological damage, as cog-
nitive dysfunction, numbness, memory loss and disturbances of vision, hearing and sensing
[3, 9]. The health effects of mercury exposure also include damage to the brain, heart, lungs,
kidney and immune system [2, 9]. Most vulnerable are young children and fetuses, who may
suffer from neurological and developmental problems following mercury exposure [3, 9]. One
of the main sources for human exposure to mercury is consumption of seafood containing
high levels of MeHg [3, 9, 10]. For this reason, women of fertile age are advised not to eat
certain species of fish that may contain high levels of mercury more than 2—3 times per year.

The high toxicity of mercury to both human health and the environment has drawn the
attention to this issue, and risen concerns amongst organisations and governments globally.
The World Health Organization (WHO) has identified mercury as “one of the top ten
chemicals of major public health concern” and the United Nations (UN) considers mercury
“a chemical of global concern” [9, 11]. Due to the large impacts of mercury on human
health, WHO has set a guideline of 6 ug L™ inorganic mercury for drinking water [12].
The corresponding limit from the European Union (EU) is 1 ug L™ mercury [13]. As large
amounts of mercury have already been released to the environment, and still are emitted
today, it is evident that mercury decontamination of both natural waters and industrial
wastewaters is essential to reduce the impacts of mercury pollution on human health and
the environment.

2.2 Mercury removal technologies

There are several factors of great importance to consider when comparing mercury decon-
tamination methods for different applications. The water streams in need of decontamina-
tion differ substantially in volume, pH, mercury concentration and chemical composition.
A decontamination method should ideally be efficient in a wide variety of conditions and be
able to remove mercury below the WHO and EU limits. It must also be cost efficient and
have as low negative impact on the environment as possible. Several methods are currently
available for mercury decontamination, including precipitation, adsorption, flotation, coag-
ulation and flocculation, membrane filtration, and ion exchange [14-16]. These methods
and their inherent strengths and limitations will be described in this section.

2.2.1 Precipitation

Precipitation is the most common method for industrial wastewater treatment [15, 17]. The
water is treated by addition of a chemical, e.g. a sulphide salt, which reacts with mercury
ions and form insoluble precipitates, e.g. mercury sulphide:

Hg*" (aq) + S* (aq) < HgS(s) (2.1)

Precipitation is often combined with other wastewater treatment methods, such as floccu-
lation and filtration to remove the precipitates. Notable advantages of the precipitation
method are its relative simplicity and low price [15, 18]. The precipitation process is how-
ever greatly dependent on pH and often requires pre-treatment pH adjustment of the water
[17]. In addition, precipitation is not selective for mercury, and will form precipitates with

4
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several other metals in addition to mercury [14]. Selectivity can be an advantage or a
disadvantage depending on application. In some cases, it may be advantageous with a
wastewater treatment technology that takes care of several different pollutants. However,
as other precipitating compounds than mercury are often more abundant, large amounts of
chemicals are needed. The consequence of this is generation of large amounts of hazardous
mercury-containing sludge, which requires complicated and costly waste management and
disposal [14, 15, 17]. Precipitation is effective at high concentrations of mercury, but unable
to remove mercury below 10 — 100 ug L™, which can be compared with the WHO guideline
for safe drinking water at 6 ug L™ [17].

2.2.2 Adsorption

Another effective, relatively simple, and widely used technique for wastewater treatment is
adsorption [14, 15, 17, 19]. The most common adsorbent is activated carbon, having a very
large surface area of 500—1 500 m? g~! originating from its micro- and mesoporous structure
[15, 16, 20]. Aside from its large surface area, the adsorption capacity of activated carbons is
often enhanced by the introduction of various functional groups to the surface [20]. Activated
carbon is considered an effective adsorbent, in particular for vapour streams, but also for
water streams, and can remove mercury at lower concentrations than precipitation [17, 19,
20]. One of the limitations of this technology is the high cost of commercial activated carbon,
which has led to investigations of alternative adsorbents [14-16]. In an attempt to make
the technology more economically viable, researchers have prepared activated carbon from
organic and biological waste, such as eucalyptus bark, peanut hulls and sheep bone [15, 16].
Other low-cost adsorbents that have been suggested are agricultural wastes and biosorbents,
including microbes, algae and non-living biomass. The various types of adsorbents all have
different mercury removal capacities, and the efficiency is dependent on pH, temperature and
saturation of the adsorbent [14, 16]. Typical removal efficiencies reported are in the range
of 56 to 99% for initial mercury concentrations of 0.01 — 20 mg L™, and typical adsorption
capacities are 12 — 227 mg mercury per gram of adsorbent [16, 17, 19]. Adsorption has low
selectivity for mercury, and hence other pollutants will adsorb as well, leading to quicker
saturation of the adsorbent. Once saturated, the adsorbents must either be regenerated or
processed as hazardous waste [14]. Regeneration is not always possible, and when applicable,
is costly and results in loss of adsorbent material [14, 16].

2.2.3 Flotation

Flotation is a method for removing pollutants from water by generating air bubbles, to which
the pollutants attach and are brought to the surface [15]. At the water surface, a pollutant-
containing sludge is formed and can be separated from the water. There are several different
variations of this technology, and especially useful for the removal of heavy metal ions, as
mercury, is ion flotation [15, 21]. An amphiphilic surfactant is added to the water, and the
ion and surfactant will together attach to the air bubbles, with the hydrophobic group in the
air and the hydrophilic in the water. Flotation can be efficient and selective, however both
selectivity and efficiency are pH dependent, and both installation and maintenance costs are
high [14, 15]. Efficiencies of mercury removal by ion flotation in the range of 99.6 — 99.9%
for an initial mercury concentration of 5 mg L™ have been reported [21].
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2.2.4 Coagulation and flocculation

Coagulation is a wastewater treatment technique based on the addition of a coagulant to
destabilise colloids! in the water, forcing them to form larger aggregates [15]. This is a
method generally employed to handle hydrophobic colloids and suspended particles, but
can also be useful in reducing the amount of heavy metals in wastewaters. Flocculation is
a similar technology, in which a polymer addition to the water helps to aggregate particles.
Coagulation and flocculation must be combined with other technologies, e.g. precipitation,
flotation and filtration, for efficient removal of heavy metals. Advantages of these methods
for mercury removal are the simplicity and the low cost, and disadvantages are the need for
addition of non-reusable coagulants and flocculants, and the production of large amounts
of toxic sludge [14].

2.2.5 Membrane filtration

Membrane filtration is a collection of technologies using various kinds of membranes for
treatment of wastewater [15, 17]. In ultrafiltration, a relatively low pressure forces water
through the membrane and separates molecules and colloidal particles, larger than the pore
size of the membrane, from the water. To make this technology useful for the removal of
small mercury ions, ligands that form larger chelates with mercury are added to the water.
As these ligands constitute a substantial cost, the recovery and reuse of them is necessary for
ultrafiltration to be economically viable [15]. Recovery efficiencies in the range of 54 — 68%
have been reported.

Another membrane filtration technology, which operates under higher pressure, is reverse
osmosis [15, 17]. The water passes through a semipermeable membrane and is thus sepa-
rated from pollutants. Mercury removal efficiencies reported for reverse osmosis are around
83% [17]. However, the concentrated solution of pollutants that is left constitutes 20 — 30%
of the initial amount of water [22]. This solution is known as reject and further purification
with reverse osmosis is not possible because of the high osmotic pressure.

Electro-dialysis is a membrane filtration technique specifically intended for the removal of
ions [15]. Instead of pressure, the driving force for the separation is an electric field, which
causes ions to move across a membrane. The membranes used in electro-dialysis are often ion
exchange membranes, which will be discussed in the next section. Advantages of membrane
filtration processes are their simplicity, high efficiency, metal selectivity and limited space
requirement [14, 15]. Limitations of the technology are the high operational costs, low rates
of water flow and problems related to clogging of the membranes. The processes are also
affected by pH and the presence of other metal ions.

2.2.6 Ion exchange

Ion exchange treatment is a fast and efficient process in which mercury ions are removed
from the water by exchanging them with other, harmless cations in an ion exchange resin
[15, 17-19]. The ion exchange technology has attracted a lot of attention due to its ability
to treat large volumes of dilute solutions of mercury ions, conditions at which most other

LColloids are insoluble particles smaller than 1 pm suspended in a liquid.
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wastewater treatment technologies are unable to operate. Ion exchange resins are able to
reduce mercury concentrations to below 1 ug L™!, and have a capacity of up to 700 mg
mercury per gram of resin material [19, 23]. However, the efficiency of the ion exchange
process is largely dependent on pH, temperature and contact time, and the applicability
for higher concentrations of mercury is limited, as the resins are quickly saturated [14, 15,
18]. The selectivity of the technique is debated, and while a few resin types may exhibit
some degree of selectivity, most conventional resins are non-selective [14, 18, 23]. The use
of ion exchange resins is also limited by the high installation and maintenance costs [14].
Regeneration and reuse of the resins is often possible, by treatment with hydrochloric acid
[17, 19].

2.3 Removal of mercury by electrochemical alloy for-
mation

All of the mercury removal techniques described in the previous section have different ad-
vantages and limitations. There is currently no commercially available technology that can
remove mercury efficiently in a wide range of concentrations, is unaffected by pH and the
presence of other substances, does not produce large amounts of hazardous secondary waste,
and that is economically and environmentally sustainable. A technique that has the poten-
tial to meet all these criteria is electrochemical alloy formation.

It is well known that liquid mercury in contact with platinum will form a platinum—mercury
compound, predominantly the thermodynamically favoured alloy PtHg, [24, 25]. This alloy
can also be formed by applying an electric potential to a platinum electrode in a mercury ion
solution [26, 27]. Using the alloy formation of PtHg, for mercury decontamination purposes
was however first suggested by Tunsu and Wickman in 2018 [4]. Mercury ions can efficiently
be removed from water, by reduction and subsequent alloy formation on a thin platinum
film. Electrochemical alloy formation is able to remove 99% of mercury in a wide range
of initial concentrations between 0.25 — 20 000 pug L~ [4, 28]. Tt is thus effective at both
high and low concentrations, and is able to remove mercury to well below the WHO and
EU limits for drinking water. Another advantage is that the alloy formation and mercury
removal processes are unaffected by pH in the range 0 — 6.6 and by the presence of other
metal ions in solution [4]. The capacity is very high compared to adsorption materials and
ion exchange resins, being able to store over 4 000 mg mercury per gram platinum. A
platinum electrode of 100 nm can be fully saturated with mercury, forming a PtHg, alloy of
760 nm, which is in good agreement with the theoretical limit. The platinum electrode can
be regenerated, by reversing the potential, and then reused for further mercury removal.
Mercury can be released in a small volume of solution during regeneration, ensuring easy
and efficient waste management. The alloy formation process does however have very slow
kinetics, requiring 130 hours to remove 90% of mercury from a 50 mL solution of 10 mg L~!
mercury, using a 2.25 cm? platinum film. One of the most important challenges to solve
if this technology is to be used in industrial applications is increasing the rate of mercury
removal. It has been shown that an electrode with larger surface area can increase the rate
of mercury removal considerably.
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Another disadvantage of the technology is the use of platinum, which is a rare and expen-
sive metal. The platinum electrodes are reusable, nevertheless they constitute a significant
installation cost, and a cheaper material is desirable for certain applications. Copper also
forms an alloy with mercury, and this alloy has been investigated for mercury decontamina-
tion purposes, by using a copper electrode to remove dissolved mercury ions from solution
[5]. Opposed to the platinum—mercury alloy, copper—mercury compounds form also in the
absence of an applied electric potential. The potential is however necessary to stabilise
the copper electrode and prevent it from dissolving. The alloy formation process between
copper and mercury is significantly faster than that between platinum and mercury. The
rate of mercury removal has been shown to be further enhanced by using a large surface
area copper wool instead of a flat copper film as electrode. Thus, the copper—mercury
system seems to be a promising alternative for mercury decontamination of water. The
disadvantages compared to the platinum—mercury system is the low stability of copper and
the copper—mercury alloy, and that regeneration of the copper electrode is not possible by
simply reversing the potential, as for the platinum electrode. Instead, the copper—mercury
alloy must be thermally decomposed to extract mercury.
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Theory

The mercury removal technique studied in this thesis is based on electrochemistry. There-
fore, Section 3.1 presents the electrochemical concepts and phenomena necessary for this
project. Section 3.2 covers the theoretical background of the experimental techniques used
in the project. Finally, the current knowledge of the electrochemistry and thermodynamics
of the Pt—Hg alloy formation is described in Section 3.3.

3.1 Electrochemistry

Electrochemistry is a branch of physical chemistry, which has many similarities with surface
physics, where the relationship between chemical processes and electricity is studied. An
electrochemical cell consists of an electrolyte, which in this project is an acidic solution, and
two or more electrodes, connected through an external electrical circuit [29]. The chemical
reactions of interest take place at the interface between electrode and electrolyte. These
reactions can either be spontaneous and produce an electrical current, or, as is the case in
this project, require the supply of electrons from an externally applied electrical current.
An electrochemical cell consists of two half-reactions, one at each of the two electrodes.
At one electrode, electrons will flow from the electrode to some chemical species in the
electrolyte, and such a reaction is called a reduction reaction. At the other electrode, an
oxidation reaction will occur, when electrons are removed from some chemical species in the
electrolyte and flow to the electrode. Electrons flow through the external electrical circuit,
and the circuit is closed by ionic transfer in the electrolyte. We will now introduce some
fundamental electrochemical and thermodynamic relations, before returning to practical
electrochemistry.

3.1.1 Thermodynamics and electrochemical relations
An arbitrary electrochemical reaction can be written
VAA+vgB+ ... +ne” SvxX +uwyY + .. (3.1)

where A, B, ... are reactants, X, Y, ... are products and v; are the stoichiometric coefficients.
The Nernst equation relates the activities a?j of reactants and products® to the potential
difference between electrode and electrolyte £ under electrochemical equilibrium?:

RT ataif ...
E=E'+ " In|-2-B 3.2
* nEF (al)’(xa?...) (32)

'For a definition of the activity for various phases, see for example [30].
2Electrochemical equilibrium requires a balance between both chemical and electrical energies.



3. Theory

where E° is the standard potential for the reaction at hand (defined in Section 3.1.3), R the
gas constant, T the temperature, n the number of electrons and F' the Faraday constant
[29, 30]. The electrode potential can also be related to the change in Gibbs free energy per
mole AG of the system through

AG = —nFFE (3.3)

The significance of Gibbs free energy in thermodynamics is that its minimum value deter-
mines the position of chemical equilibrium.

3.1.2 Three electrode systems

E in equation (3.2) is the potential difference between one electrode and the electrolyte in
an electrochemical cell. This quantity can however not be experimentally determined by
any measurements [30]. To measure a potential, at least two electrodes must be present,
and hence we can only measure potential differences between two electrodes, not absolute
potentials. However, many practical electrochemical systems contain three electrodes; the
working electrode (WE), the counter electrode (CE) and the reference electrode (RE). An
electrochemical cell with a three electrode system is shown in Figure 3.1. The reaction of
interest is the one occurring at the WE. In the case of only two electrodes present, the
second electrode serves as both CE and RE. An applied potential £, by the potentiostat
between WE and CE/RE gives the following relation between WE and CE/RE potentials:

E, = Bwe — Ecere + IR (3.4)

potentiostat

Figure 3.1: A three electrode system with a working electrode (WE), a counter electrode (CE)
and a reference electrode (RE), all connected to a potentiostat.

The term [R corresponds to the electrical resistance of the electrolyte between WE and
CE/RE. As a current flows through the CE/RE, chemical changes may occur and thus
Ecr/rp is not a constant, but varies with activity according to the Nernst equation (3.2). It
is often desirable to have a well-defined and controlled potential on the WE, and this is the
reason for the introduction of the third electrode. In a three electrode system, the RE is at
a fixed and well-defined potential, and the purpose of the CE is to pass the same current as
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the WE. No current flows through the RE and equation (3.4) becomes
E, = Ewg — ERg (3.5)

and as Frg is fixed, it is possible to control Eywg simply by changing E,,.

3.1.3 Standard potentials and reference electrodes

We have already noted that measuring absolute potentials is impossible, and that only
potential differences can be measured. Therefore, the standard hydrogen electrode (SHE)
has been chosen as a universal reference, and all potentials in this thesis will be reported
versus the SHE. The SHE consists of a Pt black electrode in a HCI solution, over which H,
gas is bubbled [30]. At the electrode surface, the following reaction occurs:

2H" (aq) + 2e~ = Hy(g) (3.6)

and the electrode potential established from this equilibrium is set as the 0 of the SHE
potential scale. The SHE also requires standard conditions, i.e. a Hy gas pressure of 1 atm,
temperature 25 °C and a H* concentration of 1 M. The standard potential E° of a chemical
reaction is the potential measured at standard conditions and unit activity.

Using the SHE as a reference electrode in experiments is however not always practical and a
wide variety of different reference electrodes are available. In this project, two different ref-
erence electrodes are used; a Ag/AgCl reference and a Hg/HgySO, reference. The Ag/AgCl
reference consists of a Ag wire immersed in a 3.0 M KCl solution [30]. The Ag wire is coated
with a porous AgCl layer, and at the interface, a chemical equilibrium between these phases
is established:

AgCl(s) + e~ = Ag(s) + Cl™ (aq) (3.7)

This reaction establishes an electrode potential of Erg, ag/agc1 = 0.21 V with respect to the
SHE, and therefore potentials measured using this reference electrode can be converted to
the SHE scale by adding 0.21 V [31].

The second reference electrode used in this project is the Hg/HgsSO, electrode, which
consists of metallic Hg with a HgoSO, coating in a 0.6 M K5SO, electrolyte

2Hg(s) + SOF (aq) & Hg,SO4(s) 4 2¢~ (3.8)

This reaction establishes an electrode potential of Erg, ng/mg,s0, = 0.68 V with respect to
the SHE, and potentials measured using the Hg/HgoSO, reference electrode can hence be
converted to the SHE scale by adding 0.68 V to the measured value [32, 33].

The potentials measured during an electrochemical experiment will depend on temperature,
pressure, electrolyte concentration and in some cases the pH of the electrolyte [30]. From the
Nernst equation (3.2), the following relation can be derived for chemical reactions involving
H* ions:

E = E"—-0.059 - pH (3.9)

Since the potential determining equilibrium for the SHE, equation (3.6), involves HY ions,
potentials measured using the SHE potential scale will be pH dependent.

11
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3.1.4 Chronoamperometry

Chronoamperometry is an experimental electrochemical technique, in which a potential
step is applied to the WE, while the current is recorded over time [29]. In this project,
chronoamperometry will mainly be used to apply a constant potential, to induce alloy
formation at the WE.

3.1.5 Linear sweep voltammetry

Another electrochemical technique used in this project is linear sweep voltammetry (LSV).
The potential is linearly increased or decreased with time from a potential F; to Fs, while the
current is recorded [29]. The purpose of LSV in this project is to scan the potential between
different constant potentials (chronoamperometry), without having to make a potential step.
It is also used to determine the potentials where certain electrochemical reactions occur.

3.1.6 Cyclic voltammetry

Cyclic voltammetry (CV) is a technique which resembles LSV. The potential is linearly
scanned from F; to Es, where the scanning direction is reversed, and the potential is scanned
back to E; again [30]. The current is recorded and often displayed versus the potential in
a voltammogram. A voltammogram contains information about oxidation and reduction
reactions at various potentials, which will be visible as oxidation/reduction current peaks.
In this project, several cycles of CV are performed to stabilise an electrodeposited platinum
film. Another purpose of the CV technique is to determine the electrochemical surface area
(ECSA) of both copper and platinum electrodes.

3.1.7 Electrochemical determination of surface area

The geometric surface area, which can be determined by macroscopic measurements, often
differs from the ECSA. Some of the electrode materials considered in this project are various
metal foams, with a macroscopic porosity. However, also seemingly flat surfaces can have
a considerable micro-porosity, which enhances the ECSA. A useful quantity when working
with surface area determination is the roughness factor of the surface, defined as

RF = ECASA (3.10)

where A is the geometric surface area. Two different methods used in this project to deter-
mine the ECSA are presented below.

3.1.7.1 Hydrogen adsorption

H* ions will adsorb to certain metal surfaces (e.g. Pt) at a higher potential than that
required for Hy evolution [34]. In the cyclic voltammogram for Pt, this is visible as H*
adsorption and desorption current peaks. The total charge corresponding to H™ adsorption
is found by integration of the current with respect to time. Adsorption of a full monolayer
of H' does however overlap with Hy evolution, thus in order to avoid contribution to the
calculated charge from the Hs evolution, only the charge corresponding to a fraction of
a monolayer of HT is usually measured [34, 35]. It has been shown that integration of
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the current to the lower HT adsorption current maximum corresponds to a HT coverage
of approximately 77% [35]. The coverage at a given potential depends on whether the Pt
surface is smooth or platinised, however the isotherms reported for this show relatively small
deviations. Therefore a coverage of 77% will be assumed for both smooth and platinised Pt
surfaces in this thesis. The relation between charge and surface area for a polycrystalline
Pt surface is 210 uC em™2 [34, 35], thus the ECSA can be calculated as

Q@
0.77 - 210 uC cm ™2

ECSA = (3.11)

3.1.7.2 Electrical double-layer capacitance

Another way of determining the ECSA is based on the electrical double-layer capacitance.
When applying a potential to the electrode, charge will accumulate at the interface, in the
form of electrons or holes in the electrode and ions in the electrolyte [29]. This is known as
the electrical double-layer. The interface between electrode and electrolyte demonstrates a
behaviour similar to that of a capacitor, and the electrical double-layer is associated with
a certain capacitance. The formation of an electrical double-layer is an example of a non-
faradaic process, in which no charge transfer between electrode and electrolyte takes place.
In contrast, the oxidation and reduction reactions discussed previously are faradaic pro-
cesses.

The double-layer capacitance can be measured by performing cyclic voltammetry in a po-
tential range with only non-faradaic processes [34, 36]. The capacitance C' is related to the
current I and the scan rate % through

dr
I =C— 3.12

dE
and hence a plot of I versus ¢

turn proportional to the ECSA,

yields a straight line with slope C'. The capacitance is in

C = C,-ECSA (3.13)

where (Y is a reference capacitance value [34]. The value of C is however dependent on
electrode material and experimental conditions, such as pH and electrolyte. Therefore, this
method has limited use for the determination of an absolute surface area; it has however
proven to be useful for comparisons between different electrodes of the same material studied
under identical experimental conditions.

3.1.8 The Arrhenius equation

The rate of an electrochemical reaction can be expressed as
r = kcy (3.14)

where k is the rate constant, ¢y the concentration of the reactant close to the electrode
surface and n the reaction order [30]. The rate constant k is often temperature dependent
and follows an Arrhenius behaviour:

k= Ae T (3.15)
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This is the Arrhenius equation, which relates the rate constant to activation energy FE
and temperature 7. A is a pre-exponential factor and kp the Boltzmann constant. The
activation energy of a reaction can thus be determined by measuring the rate of a reaction
at various temperatures, while keeping the reactant surface concentration constant.

3.2 Experimental methods

In this section, the working principles of the experimental methods used in this project are
presented.

3.2.1 EQCM

The electrochemical quartz crystal microbalance (EQCM) is a method used to study elec-
trochemical processes at a surface or interface, e.g. the formation of thin films [37]. The
EQCM measures the resonance frequency, as well as the energy dissipation, of an AT-cut?
quartz sensor. The physical phenomenon behind EQCM is the converse piezoelectric ef-
fect. Piezoelectricity is a material property, specific to acentric crystalline materials. When
mechanical stress is applied to a piezoelectric material in a non-symmetric direction, a net
dipole moment will be generated due to the displacement of charges in the crystal. This
will produce an electric potential over the crystal. Conversely, when an electric potential
is applied to a piezoelectric material, a mechanical strain is induced in the crystal. This is
known as the converse piezoelectric effect, and is the foundation of the EQCM. An EQCM
uses AT-cut quartz crystals, and due to the crystal symmetry, a shear strain is induced in
the quartz crystal as a result of an applied electric potential. By applying an alternating
electric potential, the quartz sensor will begin to oscillate in a shear motion. A standing
acoustic wave will be established, with the quartz surfaces as antinodes. As a thin film is
added to the quartz crystal, changing its thickness, the wavelength and thus the frequency
is altered. The frequency shift A f is measured and related to the mass change Am through

the Sauerbrey equation
2f2nAm

A\/,quq

where fj is the resonance frequency, n the overtone number, A the active area, p, the shear
modulus and p, the density of the quartz sensor.

Af =— (3.16)

The Sauerbrey equation is an idealised formula, only valid under certain assumptions [37].
The mass of the thin film is assumed to be less than 2% of the mass of the sensor, and
the film thickness must be homogeneous. In the case of microscopic cavities present on
the surface, liquid can be trapped inside the cavities, and be a significant contribution
to the measured mass. From an experimental point of view, it is also interesting to note
that the fundamental frequency often shows an unexpected behaviour and diverges from the
overtones [38]. The reason for this is not fully understood, but likely related to the Gaussian
amplitude distribution of the resonances, which is wider for the fundamental frequency, and
thus may be distorted by the edges of the sensor. Therefore, measurements are often limited
to the overtones.

3An AT-cut quartz sensor is fabricated from a quartz rod, cut at an angle of 35° with respect to the x
axis.
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3.2.2 PVD

Physical vapour deposition (PVD) is a collection of techniques for deposition of material on
a substrate [39]. The processes used in this project are vacuum evaporation and sputter de-
position. In vacuum evaporation, material from a source evaporates due to thermal heating
or high energy electron beam heating and deposits on a substrate. Vacuum is necessary to
prevent collision or interaction between the evaporated material and gas molecules in the
chamber, and the pressure is typically in the range of 1072 to 10~7 Pa. The sputter depo-
sition process is based on the vaporisation of source atoms by bombardment with energetic
particles. The vaporised source atoms then deposit on the substrate. Sputter deposition
does not require as high quality vacuum as vacuum evaporation.

3.2.3 ICP-MS and ICP-OES

Inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma
optical emission spectroscopy (ICP-OES) are very sensitive tools for detection and quantifi-
cation of the elements in a sample [40, 41]. A plasma of Ar ions and electrons is created,
to which the sample is introduced. In the plasma, which has a temperature of 7 000 — 10
000 K, the compounds in the sample split up into individual atoms which are then ionised.
ICP-OES is based on measuring the emission spectrum from the elements in the sample,
while in ICP-MS the ions are transported to a mass spectrometer, where they are separated
based on their mass-to-charge ratio and detected [41]. In this way, the concentration of the
different elements in the sample can be determined. The detection limit for ICP-OES is in
the ug—mg L1 range, and for ICP-MS in the ng—pug L™! range.

3.24 SEM

Scanning electron microscopy (SEM) is an imaging and analysis tool. An electron beam
is scanned over the sample to form an image [42]. The electrons in the beam interact
with the sample and produce various signals, such as backscattered electrons, secondary
electrons, Auger electrons and characteristic x-rays. These signals are generated by different
interaction processes, and hence each signal gives a unique contribution of information about
the structure and composition of the sample. In this project, SEM is used exclusively as an
imaging tool.

3.3 Electrochemistry and thermodynamics of the Pt—Hg
alloy formation

When liquid Hg is in contact with Pt, or when a sufficient negative potential is applied
to a Pt electrode in an electrolyte containing Hg?" ions, a compound is formed [24, 27,
43]. PtHg, is the dominating phase, however PtHg and PtHgy have also been reported [26,
44]. The overall chemical reaction for the electrochemical alloy formation of PtHgy is the
following;:

Pt(s) + 4Hg** (aq) + 8e~ — PtHg,(s) (3.17)

The reaction is however likely divided into several sub-reactions and sub-steps, where PtHg
and PtHg, may form as intermediate compounds [4]. The main sub-steps of the reaction
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are:
1. The reduction of a Hg?* ion.

Hg*" +2¢~ — Hg" (3.18)

2. The diffusion of the Hg? atom through the PtHg, alloy.
3. The insertion of the Hg" atom into the Pt lattice, and formation of the PtHg, alloy
at the Pt-alloy interface.
The kinetics of this reaction has been studied using EQCM, showing that the rate of alloy
formation is constant over time, which indicates that the diffusion of Hg atoms through the
alloy is fast compared to other steps of the reaction [45].

The activation energy of the alloy formation for the Pt—liquid Hg system has been reported
in two different articles, and the values differ quite substantially: 0.35 and 0.52 eV [24, 25].
For the electrochemical alloy formation between Pt and Hg, the activation energy has been
determined to be 0.35 €V by measurements of the temperature dependence of the rate of
alloy formation in the range 20 — 40 °C, using EQCM [45]. One of the aims of this study
is to improve on the certainty of this value, by performing repeated measurements at each
temperature as well as extending the temperature range.
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Methods

In this chapter, the experimental method is described and the details about all materials
and experiments are presented. The focus of Section 4.1 is the electrodes and electrode
fabrication processes. The experimental setup and methodology for EQCM measurements
is the topic of Section 4.2. Measurements of the ECSA are presented in Section 4.3 and
details about the batch experiments performed are given in Section 4.4.

4.1 Electrodes

Several different types of electrodes are used in the experiments in this thesis. While the
active material is either Pt or Cu, a few other materials serve as substrates. All WE used
are listed in this section, and the fabrication and preparation processes are described.

4.1.1 PVD Pt thin-film electrodes

In this section, thin-film electrodes fabricated by either of the PVD processes vacuum evap-
oration and sputter deposition are presented. The electrodes consist of a substrate onto
which a few hundred nm of Pt is deposited.

4.1.1.1 Pt thin-film on glass

The purpose of Pt thin-film electrodes on glass is to serve
as a comparison to larger surface area electrodes, as this
design provides a well defined surface area. The substrate
is a 0.5 mm thick, polished fused silica glass wafer, which
was cut into pieces of 30 mm x 15 mm by the use of a dic-
ing saw (Loadpoint Microace 3+). Prior to the deposition
of material, the glass pieces were cleaned in an ultrasonic
bath: first 10 minutes in acetone, then 10 minutes in pure
water and finally 10 minutes in isopropyl alcohol. A 3 nm
Ti film followed by a 100 nm Pt film was deposited on
the glass pieces by a vacuum evaporation system (Lesker 15 mm

PVD 225). The purpose of the Ti layer is to ensure better Figure 4.1: A Pt thin-film elec-
adhesion of Pt to glass. A deposition mask was used t0 trode, consisting of a 30 mm x 15
create the pattern shown in Figure 4.1, consisting of a 15 mm fused silica glass, onto which
mm x 15 mm Ti + Pt square connected to the top of the 3 nm Ti and 100 nm Pt are de-
electrode by a 1 mm connection strip. The 15 mm x 15 posited.

15 wmwm
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mm square provides an active area of 2.25 cm?,! and the electrolyte level was fixed just

above the square during all experiments. Electrical contact at the top of the electrode was
established by connecting a Cu wire with conductive Cu tape to the Pt contact region. The
connection was sealed with hot glue to prevent leakage of Cu into the electrolyte.

4.1.1.2 Quartz sensors

The WE for EQCM measurements are planar AT-
cut quartz sensors, with thickness 0.3 mm, diameter
14 mm and resonant frequency 4.95 MHz + 50 kHz
(LAB Analytical, Sweden). Prior to the deposition
of Pt, the sensors were cleaned using the same proce-
dure as described for the silica glass pieces in Section
4.1.1.1. Using a deposition mask, a 200 nm Pt layer
on top of a 3 nm Ti layer was evaporated using the
same method as in Section 4.1.1.1. The deposited Figure 4.2: A quartz sensor with a
pattern consists of a circle with diameter 5 mm, con- ° Wm diameter Pt front electrode and
nected to the Au electrode on the other side of the & ! mMm connector strip, deposited by

sensor by a 1 mm strip, see Figure 4.2. evaporation.

4.1.1.3 Electrodes fabricated by Pt sputter
deposition

A PVD sputter system (NORDIKO 2000 sputter) was used to sputter 200 nm Pt onto
two different substrates: a stainless steel (SS316L) sheet and a Ti fibrous substrate. These
electrodes were used in the case studies presented in Section 6.1 and 6.2. A Cu wire was
attached to the top of the SS316L electrode using conductive Cu tape and the connection
was sealed with hot glue. For the Ti fibrous electrode, electrical contact was established by
welding a thin Ti metal strip to the electrode.

4.1.2 Pt black electrodes

To obtain a Pt electrode with a larger ECSA, porous Pt black was electrodeposited on some
SS316L sheets. An electrolyte was prepared by mixing 3 g HoPtClg - 6 HyO with 100 mL
0.5 M HySOy4. The experimental setup for electrodeposition of Pt black on a SS316L sheet is
shown in Figure 4.3. The SS316L sheet has dimensions 10 mm x 40 mm, and the electrolyte
level was fixed 20 mm from the top of the electrode. Thus, the active area is 4.0 cm?, as
both sides of the sheet are active. Electrical contact was established by the attachment of
a Cu wire to the top of the electrode, and the connection was sealed with hot glue. The
SS316L electrode was connected as WE, a Pt wire as CE and a Ag/AgCl electrode was used
as RE. A constant current density of -45 mA c¢cm~2 was applied to the WE for 140 s using
a Gamry Reference 600 potentiostat. During this electrodeposition process, a black coating

appears on the WE, which indicates that the deposition of Pt black has been successful.

The electrodes were stored in Milli-Q over night, after which the Pt black layer was stabilised
by an aging procedure. Aging was performed in 0.5 M HySO,, with a Pt wire as CE and a

! This area may vary due to manual placement of the tape used as deposition mask, and the geometric
surface area of each electrode is therefore measured prior to every experiment.
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Ag/AgCl electrode as RE. Using a Gamry Reference 600 potentiostat, CV was performed
for 500 cycles between 0—1.4 V, at a sweep rate of 100 mV s~!. The electrodes can then be
stored in Milli-Q for several weeks without degradation until being used in experiments.

Gamry Reference (DO
potentiostat

Gamry Referevce ¢DD
potentiostat

Figure 4.3: The experimental setup for electrodeposition of Pt black on a SS316L substrate
from a HoPtClg solution.

4.1.3 Metal sheet and metal foam electrodes

A few different metal sheet and foam electrodes were
also used in the experiments. For the investigations of
the Cu—Hg alloy formation, both Cu sheets and Cu
foams were used. The Cu foams were cut in pieces of
25 mm x 15 mm x 10 mm and had an average pore
size of 0.5£0.2 mm, shown in Figure 4.4. Electrical
contact for the Cu sheets was established in the same
way as for the SS316L sheets, while electrical contact
for Cu foams was established by soldering the Cu wire
to the top of the foam. During experiments, the elec-
trolyte level was fixed 2—3 mm below the soldering Figure 4.4: The Cu foam electrode.
point.

25 mim

15 <10 mm

Another electrode material used is Ti foams with an average pore size of 1.44+0.3 mm and
thickness 15 mm. The Ti foams had been pre-treated to prevent oxidation and then pla-
tinised with 2 pm Pt at Magneto Special Anodes. Three different foams were provided: A)
No etching, B) Etched for 5 minutes, and C) Etched for 10 minutes. Electrical contact was
established by welding a piece of the Ti foam to a thin strip of a Ti sheet.

SS316L foams with a thickness of 3 mm and average pore size of 0.64+0.1 mm, were also
used as electrode material. The foams were platinised with 1—2 pgm Pt by Umicore through
a high temperature electrolysis process in a molten salt solution. Electrical contact was
established by twining a thin SS316L wire with the foam.
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4. Methods

4.2 EQCM

The temperature dependence of the alloy formation between Pt and Hg was studied by
performing EQCM measurements. The experimental setup is shown in Figure 4.5 and
consists of a three electrode system with a Hg/Hg,SO, RE, a Pt wire as the CE and
the Pt film on the quartz sensor as the WE. Before each measurement, the quartz sensor
was cleaned in an ultrasonic bath: first 5 minutes in acetone, then rinsed with Milli-Q,
followed by 5 minutes in isopropyl alcohol. Finally the sensor was again rinsed with Milli-
Q and blown dry with Ny gas. The quartz sensor was mounted in a Microvacuum QSH
dip sensor holder immersed in the electrolyte. The electrolyte was 50 mL 0.5 M HySOy4
with 10 mg L~! Hg?". The concentration of Hg?" was high enough compared to the area
of the WE and the time of the experiments, that it can be assumed constant throughout
each experiment. During an experiment, the solution was stirred using a magnetic stirrer,
as this proved to be important during initial testing. Without stirring, the rate of alloy
formation measured was not constant over time, which is in contrast to earlier studies [45].
This proves that the alloy formation, at least to some extent, is limited by the diffusion
of Hg?* ions in solution. At the start of the experiment, the potential was set to 0.73 V
using a Biologic SP300 potentiostat. This potential was chosen as a stable potential where
no alloy formation should occur. The potential was then scanned to 0.18 V to induce alloy
formation. At the end of the experiment, the potential was scanned back to 0.73 V. During
the experiment, the resonance frequency of the quartz sensor and several overtones were
recorded by a QSense Analyzer. The experiments were performed at different temperatures
between 20 — 60 °C. The temperature was controlled using a water bath (Julabo F12-ED)
connected to a thermostated glass vessel, in which the electrolyte was contained. At 20 °C,
7 experiments were performed, at 60 °C, 4 experiments were performed, at 30 and 50 °C, 3
experiments were performed and at 40 °C, 2 experiments were performed.

t-----szozooooo-o------o Blologic SP300
potentiostat

QSense Analyzer

Julabe FA2-ED
waterbath

Figure 4.5: The experimental setup for the EQCM experiments. The setup consists of a three
electrode system, with a Hg/HgoSO4 RE, a Pt wire as CE and a quartz sensor as the WE.
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4.3 ECSA measurements

Measurements of the ECSA of the electrode materials used in this project were performed
using the two methods presented in Section 3.1.7. For WE coated with Pt, the hydrogen
adsorption method is used, and for WE made of Cu, the electrical double layer capacitance
is measured. All ECSA measurements were performed using a three electrode system, with
a Pt wire as CE. The electrolyte was bubbled with Ar gas for 10 minutes prior to the
measurements.

4.3.1 Hydrogen adsorption on Pt surfaces

The experimental setup for determination of the ECSA of a Pt surface is shown in Figure
4.6. The setup consists of a Pt wire CE, a RE and a WE. This experiment was performed
to determine the ECSA of three different electrodes: the Pt thin-film electrodes (shown
in Figure 4.6), the Pt black electrodes and the Pt coated Ti foam electrodes. The setup
and procedure for the experiments was identical, except that a Ag/AgCl RE was used for
the Pt black and Ti foam electrodes, while a Hg/HgsSO, RE was used for the Pt thin-film
electrodes. The electrolyte was 0.5 M H,SO,4 and a CV was recorded in the potential range
0 — 1.4 V. The scan rate for the Pt thin-film electrodes was 50 mV s~!, for the Pt black
electrodes 100 mV s~! and for the Pt coated Ti foam electrodes 5 mV s 1.

The current was integrated in the potential range corresponding to H* adsorption, as de-
scribed in Section 3.1.7, and divided by the scan rate to obtain the total charge. The ECSA
was then calculated using equation (3.11). Finally, the RF of the electrode could be found
through equation (3.10).

Blologic SP300
potentiostat

Figure 4.6: The experimental setup for measurement of the hydrogen adsorption on a Pt thin-
film electrode. The setup consists of a three electrode system with a Hg/HgoSO4 RE, a Pt wire
as CE and the Pt thin-film electrode connected as WE. Ar gas is bubbled into the 0.5 M HySOy4
electrolyte.
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4.3.2 Capacitance measurements on Cu surfaces

Capacitance measurements on Cu electrodes were performed in 0.1 M KOH electrolyte. The
experimental setup was similar to that in Figure 4.6, with a Hg/HgoSO, RE and a Cu WE.
Capacitance measurements were performed for both the Cu sheet and Cu foam electrodes.
Prior to the measurement, the electrodes were quickly immersed in 0.5 M HySO,4 to remove
any Cu oxide from the surface. At first, a CV was recorded in a wide potential range to
identify a suitable measurement range dominated by non-faradaic processes. The potential
range chosen was -0.4—-0.1 V, and in this range CV:s were recorded at scan rates between
50 and 300 mV s .

The current was plotted versus the scan rate, and the capacitance could thus be determined
using equation (3.12). As the reference capacitance value in equation (3.13) is highly depen-
dent on the experimental conditions, no tabulated value of Cy was used. Instead, equation
(3.13) was used to determine the ratio of ECSA between the Cu foam and Cu sheet.

4.4 Batch experiments

The Hg?* removal efficiency of each electrode material was evaluated by performing batch
experiments. All batch experiments were performed in 50 mL of electrolyte, and using a
three electrode system. Before each experiment, all glassware were cleaned by the following
procedure, to reduce the risk for contamination. The glassware were first soaked in concen-
trated Hy SOy for a few hours, after which they were rinsed with Milli-Q five times and blown
dry with Ny gas. At the start of a batch experiment, the potential was quickly scanned using
LSV, with a scan rate of 100 mV s, to a fixed potential where alloy formation occurs and
kept constant during the rest of the experiment, using chronoamperometry. A magnetic
stirrer was used to stir the electrolyte during all experiments. Before, during and after the
experiments, samples were taken from the electrolyte for ICP-MS and ICP-OES analysis.
The amount of electrolyte in each sample and the time between samples varies between the
different experiments. The samples were diluted to achieve a Hg?" concentration around
10 — 20 pg L1 in the initial sample, so that the concentration of all samples were within
the ideal detection range of the ICP-MS. Initially, the samples were diluted using 0.5 M
HCI with an internal standard of 2 pug L~! In, however halfway through the project it was
decided to switch to 1 M HCI with an internal standard of 2 ug L~! Bi. This was due to the
occurrence of many elements in the samples with an atomic mass number close to that of In,
which caused a disturbance in the ICP-MS analysis. The specifics of each batch experiment
are presented below.

4.4.1 Batch experiments with Cu electrodes

The electrolytes for batch experiments with Cu WE were tap water, with an initial concen-
tration of 100 ug L~! Hg?". Tap water was used as Cu dissolves in acidic electrolytes, and
the intention was also to get as close as possible to the conditions of the intended application
of Cu electrodes, which is the removal of Hg from dental clinics” wastewater. The CE was a
Pt wire, the RE was a Ag/AgCl electrode and the potential was set to -0.19 V. Two different
experiments with Cu electrodes were performed; one using a Cu sheet and one using a Cu
foam as WE. Prior to the experiment, the Cu foam was cleaned in isopropyl alcohol for 5
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minutes in an ultrasonic bath, to remove a layer of antioxidant coating from the supplier.
The Cu foam was then thoroughly rinsed with Milli-Q and blown dry with Ny gas. The Cu
sheet did not have an antioxidant coating. Both electrodes were however quickly cleaned
with 0.5 M HySOy, before immersion into the electrolyte, in order to remove any Cu oxide
on the surface. The first sample of the Cu batch experiments was taken before the Cu elec-
trode was immersed in the solution. The potential was applied immediately after lowering
the electrode into the electrolyte, to avoid any dissolution of the Cu electrode. The Hg?**
concentration in the samples taken from the electrolyte was analysed using ICP-MS. The
concentration of Cu in the Cu foam experiment was also analysed using ICP-MS, while the
Cu concentration in the Cu sheet experiment was analysed using ICP-OES.

Gamry Reference ¢DO
potentiostat

Figure 4.7: The experimental setup for removal of Hg?>* from tap water, using a Cu foam WE.
The setup consists of a three electrode system with a Ag/AgCl RE and a Pt wire as CE. A Gamry
Reference 600 potentiostat is used to apply -0.19 V to the WE.

4.4.2 Batch experiments with Pt electrodes

The batch experiments with Pt electrodes were performed in 0.5 M H,SO, with an initial
concentration of 500 ug L' Hg?*. Five different batch experiments with Pt electrodes were
performed: one using a Pt thin-film WE, one using a Pt black WE and three using the
Pt coated Ti foams A, B and C, described in Section 4.1.3. The experimental setup for
the Pt thin-film electrode is shown in Figure 4.8, and consists of a three electrode system
with an Ag/AgCl RE and a Pt wire CE. The potential was set to 0.18 V. The setup for all
five experiments was identical, except that a Hg/HgoSO4 RE was used for Ti foam B. The
concentration of Hg?* in the samples taken before, during and after the experiments was
analysed by ICP-MS.
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Gamry Reference OO
potentiostat

Figure 4.8: The experimental setup for removal of Hg?* from 0.5 M HySOy, using a Pt thin-film
WE. The setup consists of a three electrode system with a Ag/AgCl RE and a Pt wire as CE. A
Gamry Reference 600 potentiostat is used to apply 0.18 V to the WE.
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Results and discussion

In this chapter, the results from all experiments described in Chapter 4 are presented. Sec-
tion 5.1 addresses the temperature dependence of the Pt—Hg alloy formation, studied by
EQCM measurements. The activation energy of the reaction is determined in Section 5.1.1,
and a MATLAB model based on the activation energy is briefly described in Section 5.1.2.
In Section 5.1.3, the activation energy determined in this thesis is compared with previous
studies of the Pt—Hg system. The focus of the thesis is then shifted to investigating the
relation between surface area and structure of the electrode, and the rate of alloy forma-
tion in Section 5.2. This section is divided into two separate parts, Section 5.2.1, where
Cu electrodes are studied and 5.2.2 where Pt electrodes are studied. The ECSA of the Cu
electrodes, measured by the electrical double layer capacitance, is compared to the Hg?" re-
moval rates. Correspondingly for the Pt electrodes, the ECSA, measured by H* adsorption,
is compared to the Hg?* removal rates.

5.1 Temperature dependence of the Pt—Hg alloy for-
mation

The alloy formation between Pt and Hg was studied by performing EQCM measurements
at 20, 30, 40, 50 and 60 °C, as described in Section 4.2. The frequency shift measured by
EQCM could then be related to the increase in mass on the sensor through the Sauerbrey
equation (3.16). Mass shifts versus time of the experiment are visualised in Figure 5.1, with
one representative experiment shown for each temperature. The 3rd, 5th and 7th harmonics
are displayed for each experiment. The mass begins to increase as the potential is set to
0.18 V, and corresponds to the amount of Hg taken up on the WE through alloy formation.
Note that the scale differs between the different experiments in Figure 5.1, and that the
mass increase is faster at higher temperatures. It can also be noted that the harmonics
tend to diverge with time, an effect which is more pronounced at higher temperatures. This
indicates some degree of inhomogeneity of the alloy layer formed, as the harmonics measure
slightly different areas of the sensor. The deviation between the 3rd and 7th harmonics at
the end of the experiment at 60 °C is 16% and at 20 °C only 1%. As the deviation is small,
the alloy layer formed is still largely homogeneous over the Pt coated area of the sensor.
This reasoning applies to a homogeneity over the relatively large scale of the entire sensor,
and these measurements do not give any information about the local structure of the alloy.
However, the larger deviation at higher temperatures might be an indication that the alloy
formed under these conditions is less homogeneous than alloys formed at room temperature.
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Figure 5.1: Mass shifts, Am, calculated using the Sauerbrey equation, from the frequency
shifts, Af, measured with EQCM during alloy formation between Pt and Hg. The mass shifts
corresponding to the 3rd, 5th and 7th harmonics are shown for temperatures 20—60 °C.
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5.1.1 Activation energy of the Pt—Hg alloy formation

To determine the apparent activation energy of the alloy formation between Pt and Hg, we
rewrite the Arrhenius equation (3.15) as
Ey 1

Ink=InA T (5.1)
Thus, a plot of In k versus % would allow determination of the activation energy E4 of the
reaction. The rate constant k£ was not directly measured in this project, however the rate
of alloy formation is given by the slope of each harmonic in Figure 5.1. For an experiment
with constant concentration, which is assumed in this case!, the rate is simply proportional
to the rate constant, and does not change over time, see equation (3.14). The activation
energy can thus instead be determined from a plot of the logarithm of the rate versus the
inverse temperature. Such a plot, an Arrhenius plot, is shown in Figure 5.2, where the
mean and standard deviation of the rate are calculated from harmonics 3, 5 and 7 of all
measurements. The slope of a linear fit to the data is -3 351 K, which corresponds to an
activation energy of 0.29 eV.

:3 T T T T T

60 50 40 30 20

¢ EQCM data

y = -3 351-x + 12.54

2.9 3 3.1 3.2 3.3 3.4 3.5
T—l (K—l) ><10 3

Figure 5.2: Arrhenius plot showing the logarithm of the measured alloy formation rate for
temperatures 20 — 60 °C. A linear fit to the data is also shown.

5.1.2 MATLAB model for Hg?>* removal

The activation energy determined in this work, together with a study of the Hg?* removal
rate as a function of concentration [28], was used to construct a MATLAB model for predic-
tions of the Hg?* removal from solution using Pt electrodes. Input parameters to the model
are the initial Hg?* concentration, electrode surface area and temperature, from which the
model estimates the Hg?™ concentration in solution over time of the experiment. The con-
struction of the MATLAB model was not a part of this thesis; it is however used in the

'Regular ICP-MS analysis of the electrolyte confirmed this assumption as reasonable.
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following sections for comparisons with the Hg?t removal rates in experiments. Specifically,
it has been used to determine the equivalent active surface area from comparisons with
experimental data.

5.1.3 Comparison with previous studies of the Pt—Hg system

Relatively few studies have investigated the kinetics of the Pt—Hg system, and to the best
knowledge of the author of this thesis, only one previous study has attempted to determine
the activation energy of the alloy formation between solid Pt and Hg?* ions in solution.
In this study, the activation energy was determined to 0.35 eV, also using EQCM as the
experimental method [45]. However, the experimental setup of the previous study differs
from that of the current one. The measurements were performed using a QSense Electro-
chemistry module and flowing electrolytes, in contrast to the QSH dip sensor holder used
in the current study. In addition to this, the previous study was based on one experiment
only at each of the temperatures 20, 30 and 40 °C, while the current study extends to 60
°C and is based on 19 experiments in total. The activation energy of 0.29 eV found in this
study agrees rather well with the 0.35 eV of the previous one, and thus, these studies largely
confirm each other. More confidence should however be placed in the value determined in
this thesis, as it is based on repeated measurements and extends to a larger temperature
range.

Another interesting comparison to make is with the activation energy of the Pt—liquid Hg
system. Two studies have attempted to measure the activation energy of this system. Both
studies employ a gravimetric technique and report values of 0.35 and 0.52 eV, respectively,
for the activation energy [24, 25]. Despite studying the same system, the reaction rates
measured differ with a factor of 20. Thus, there is a significant uncertainty in the activation
energy for the Pt—liquid Hg system. However, interestingly, the lower of the reported values
is in rather good agreement with the activation energy for the Pt—Hg?* ion system, which
may indicate a similar reaction mechanism and rate determining step of alloy formation in
the Pt—liquid Hg system and the Pt—Hg?* ion system.

5.2 Relating the electrode surface area and structure
to the rate of alloy formation

In this section, the electrode structure and surface area are compared with the rate of alloy
formation. Understanding how the reaction rate scales with electrode surface area, and
how the structure of the electrode affects the Hg?" removal rate, is of great importance
when designing electrodes for applications of this technology. Section 5.2.1 addresses Cu
electrodes, while Pt electrodes are treated in Section 5.2.2.

5.2.1 Cu electrodes

The low abundance and high cost of Pt makes it impractical for certain applications, where
the price is a limiting factor. A cheaper alternative is Cu, which is also known to form an
alloy with Hg [5]. However, the prospects of using Cu as electrode material for Hg removal
is largely dependent on the pH of the solutions in need of decontamination. Cu dissolves
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in acidic electrolytes, which rules out many industrial wastewaters with low pH. Currently,
the main application envisaged for Cu electrodes is the removal of Hg from dental clinics’
wastewater. Increasing the rate of alloy formation, compared to previous studies [5], is vital
to be able to meet the relatively large water flow rates out from the dental clinics. In this
section, we measure the rate of Hg?* removal for two different Cu electrodes, and investigate
how the reaction rate scales with ECSA.

5.2.1.1 Determination of ECSA of Cu electrodes

We begin this section with determining the ECSA of the Cu sheet and Cu foam electrodes,
through measurements of the electrical double-layer capacitance, as described in Section
4.3.2. Figure 5.3 shows a representative example of one cycle from the CV of the Cu sheet
and the Cu foam. Ideally, a purely capacitive CV should be centred around 0 A. As can
be seen in Figure 5.3, both CV curves are off centre, and slightly tilted, something that
is probably caused by the presence of Hy and O, in the electrolyte. The electrolytes were
bubbled with Ar gas in order to obtain as well centred CV curves as possible, however
this does not appear to have been completely effective. Thus, the current measured is
not exclusively generated by non-faradaic processes. However, as the aim primarily was to
obtain an estimate of the ECSA, these measurements are deemed sufficient.

0
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Figure 5.3: One representative cycle from the CV of the Cu sheet (left) and the Cu foam (right).

The maximum current I, and the minimum current I, at the centre voltage -0.025 V
can be found from the CV curves in Figure 5.3. The current [ in equation (3.12) is thus
given by

I = ]max - [min

2

The current density J is then calculated by normalising I to the geometric surface area of
the electrode. For the Cu sheet, this area is unambiguous, while the choice of a reasonable
geometric surface area for the foam is less obvious. Here, the current has been normalised
to the geometric area of the largest side of the foam, in order to obtain the ECSA per cm?
of the foam (as the foam has a thickness of 1 cm). Repeating this for each scan rate, and
plotting the current density J versus the scan rate %, produces Figure 5.4. Note that only
scan rates up to 125 mV s~! are shown for the Cu foam, as non-ideal effects became signifi-
cant in the CV at larger scan rates. This effect is more pronounced for the foam, due to the

(5.2)
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larger ECSA. A straight line is fitted to each set of data in Figure 5.4, and the capacitance
C' is determined as the slope of the line, according to equation (3.12). Ideally, if only non-
faradaic processes were contributing to the measured current, the current density would be
directly proportional to the scan rate. As can be seen in Figure 5.4, the data for the Cu
sheet closely follows a direct proportionality, and thus, the faradaic contribution is almost
negligible. However, the faradaic contributions are not negligible for the Cu foam, which
can be seen from the relatively large constant in the linear fit. The faradaic contributions
are also dependent on the scan rate, and thus, introduce an error to the determination of
the capacitance from the slope of the line.

The capacitance of the Cu sheet is determined to Cypee; = 6.91-107% F cm ™2 and of the Cu
foam Cioam = 3.38-107* F cm—2. We can now calculate the ratio between the ECSA of the
foam and sheet using equation (3.13):

ECSAfoarn o C’foam

= ~ 49 5.3
ECSAsheet C(sheet ( )

The significance of this number is that the ECSA of 1 cm? (or, equally, 1 cm?®) of the Cu
foam is 49 times larger than the ECSA of 1 cm? of the Cu sheet. If we assume that the
surface of the Cu sheet and Cu foam have similar structures and roughness, the Cu foam
has an equivalent area of 49 cm? cm~3.2 This value can be compared with tabulated values
of the surface area of metal foams, based on the average pore size. The tabulated value of
the surface area of a metal foam with average pore size 0.5 mm is 50 cm? cm ™2, which is in
excellent agreement with the value measured here [46].
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Figure 5.4: Current density J versus scan rate % for the Cu foam and Cu sheet electrodes. A
linear fit to each set of data is also shown.

2Note that this is not the ECSA, but rather a measure of the area of the pores, i.e. not on the atomic
level.
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5.2.1.2 Hg?* removal from tap water using Cu electrodes

We now move on to the Hg*" removal efficiency of the Cu electrodes, determined by the
experiments described in Section 4.4.1. The results from the ICP-MS and ICP-OES analysis
of the electrolyte from the Hg?" removal experiment with a Cu sheet electrode are shown
in Figure 5.5. The concentration of Hg*" decreases over time, while the concentration of
Cu is relatively constant throughout the experiment. In this experiment, a few, possibly
significant, sources of error were present. For a better understanding of these issues and
the cause of them, a short explanation of the ICP-MS analysis procedure will be provided.
Before each measurement, the instrument is calibrated using a series of standard samples,
with known concentration of Hg?". Based on these standard samples, the intensity of Hg
measured by the instrument can be translated to a concentration in pug L~ Hg?". For this
particular analysis, the calibration did not generate reasonable results, e.g. the standard
sample with 50 ug L' Hg?" contained less than 3 times as much Hg as the 10 pug L~ Hg?"
standard sample. The reason for this is unknown, but may be due to inexact pipetting during
the standard sample preparation. The subsequent calculation of the concentration in the
initial sample for the experiment shown in Figure 5.5 generated 41 ug L~! Hg?", while the
expected concentration was 100 ug L~! Hg?*. A lower initial concentration than intended
could of course be caused by inexact pipetting or miscalculation during the preparation of
the experiment, but due to the unreasonable results from the calibration, the latter is more
likely to be the reason. Therefore, the data shown in Figure 5.5 is based on the trend given
by the ICP-MS analysis, but corrected to an initial concentration of 100 pug L~ Hg?T.
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Figure 5.5: Hg?* removal from tap water using a Cu sheet WE. An exponential fit to the data
is also shown, as well as the amount of Cu in the water during the experiment.

Another possibly significant source of error in this experiment was the amount of Hg remain-
ing in the instrument between washes. After running the standard series, the instrument is
washed twice before running the samples from the experiment. However, during the second
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wash for this particular analysis, a considerable amount of Hg was still left in the instru-
ment. In fact, this amount of Hg was larger than the amount of Hg in all samples taken
from 6 hours and forward. This has not been corrected for, due to the difficulties associated
with quantifying the effect that this has had on the measurement. Nonetheless, this is likely
the reason that the final concentration measured is around 9 ug L=! Hg?*. It is reasonable
to believe that significantly less Hg?* was left in the solution at the end of the experiment,
and that the concentration converges towards zero.

The concentrations of Hg and Cu from the ICP-MS analysis of the Hg** removal experi-
ment with the Cu foam electrode are shown in Figure 5.6. We can observe that the amount
of Hg decreases rapidly over time, while the concentration of Cu remains approximately
constant, similar to the Cu sheet experiment. Needless to say, sources of error are always
present when performing experiments, however the specific problems related to the ICP-MS
analysis described for the Cu sheet experiment are expected to be of much less significance
in this experiment. These samples were analysed separately from those in Figure 5.5; the
calibration generated reasonable results and the amount of Hg between washes was negligi-
ble. When comparing the experiments in Figure 5.5 and 5.6, it is important to note that
the time-scales of the experiments are different, and that the Hg?* ions are removed much
faster from solution by the Cu foam WE than the Cu sheet WE.
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Figure 5.6: Hg?* removal from tap water using a Cu foam WE. An exponential fit to the data
is also shown, as well as the amount of Cu in the water during the experiment.

5.2.1.3 Comparison between Hg?" removal rates and ECSA for Cu electrodes

Exponential functions on the form y = Cye ™+ D are fitted to the Hg data in Figure 5.5 and
5.6, for comparison of the removal rate of the two experiments. The coefficients k in these
expressions provide a measure of the rate of Hg?" removal for a certain electrode. However,
to obtain a meaningful value for comparison with the ESCA determined in Section 5.2.1.1,
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we must also normalise with respect to the geometric surface area. The ratio between the
coefficients is
kfoamAsheet - 0.345 min~? - 5.8 cm?
Eeheet Afoam  0.0115 min~! - 3.4 cm?

~ 51 (5.4)

This value agrees remarkably well with the ratio of ECSA of the electrodes, 49. It must
however be noted that the measurement of the ECSA primarily can be considered an order
of magnitude estimate, and that the faradaic contributions to the current are expected to
introduce an error in the area determination. In addition, the rate of Hg?>" removal for the
Cu sheet contains a degree of uncertainty, due to the issues related to the ICP-MS analysis.
The excellent agreement between these experiments is therefore somewhat surprising; it is
however possible that the different sources of error cancel out in this case. Despite the
experimental uncertainties discussed here, we can conclude this section by remarking that
the Hg** removal rate of the Cu electrodes studied in this project seems to scale rather well
with the ECSA.

5.2.2 Pt electrodes

Despite the high cost of Pt, its stability during almost all conceivable conditions, especially
in a wide pH range, makes it the most feasible material for most industrial applications,
some of which are studied in detail in Chapter 6. Designing an efficient reactor for such
applications requires knowledge of how the reaction rate scales with ECSA and how the
surface structure of the electrode affects this. Therefore, we now proceed with a study of
the relation between Hg?t removal rate and ECSA for Pt electrodes.

5.2.2.1 Determination of ECSA of Pt electrodes

The ECSA of Pt electrodes was measured as described in Section 4.3.1. A CV in the range
0—1.4 V at a scan rate of 50 mV s~! is shown in Figure 5.7 for the Pt thin-film electrode. The
main features of a typical Pt CV are indicated in the figure. The method for determination
of the ECSA of a Pt surface presented in Section 3.1.7 is based on measuring the current
corresponding to H™ adsorption. Thus, the current is integrated in the range indicated by
the shaded area in Figure 5.7. The total charge () is then obtained by division with the scan
rate, to translate the integration variable from potential to time, upon which the ECSA can
be calculated using equation (3.11):

695 ;C
0.77 - 210 uC cm ™2

ECSA = = 4.30 cm? (5.5)

As the geometric area A of this specific Pt thin-film electrode was 1.49 cm?, the RF of the
electrode can be determined by equation (3.10):

430 em?

F=—+7-—/—=2 .
R 1.49cm? ! (56)

This is a typical value of the RF for a poly-crystalline Pt surface, and can be assumed to
be the same for all Pt thin-film electrodes, as they are fabricated by an identical process.
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Figure 5.7: CV for a Pt thin-film electrode, from 0 to 1.4 V, with a scan rate of 50 mV s~'. The
main features of the CV are indicated in the figure. The shaded area corresponds to the integrated
current associated with HT adsorption.
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Figure 5.8: CV curves for a Pt black electrode (left) and the Pt coated Ti foam B electrode
(right). The scan rate for the Pt black electrode was 100 mV s~! and for the Ti foam 5 mV s~*.

In Figure 5.8, the CV curves for a Pt black electrode and a Pt coated Ti foam electrode are
shown. The typical features of a Pt CV are visible also in these plots, though, in addition,
the Pt black electrode CV also shows a steel oxidation peak above 1.3 V. Both CV curves in
Figure 5.8 extend to potentials slightly below 0 V, and thus, the Hy evolution peak is much
more pronounced compared to the Pt thin-film electrode CV. It can also be observed that
especially the HT adsorption and desorption current peaks are less noticeable for the CV
curves in Figure 5.8 than for the Pt thin-film electrode. The reason for this is likely that the
Pt surfaces on the Pt black and Ti foam electrodes are not ideal poly-crystalline surfaces, as
the PVD fabricated Pt thin-film electrode is. It might also be related to resistance effects
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due to the large surface area of these electrodes. The CV shown in Figure 5.8 corresponds
to Ti foam B, however the CV curves for Ti foams A and C are practically identical. The
ECSA of the Pt black and the Ti foam electrodes are determined by the same procedure
as for the Pt thin-film electrode, and the results are summarised in Table 5.1. Instead of a
RF for the Pt coated Ti foam electrodes, a normalised foam area in cm? of ECSA per cm?
of foam is given, as this is considered a more relevant quantity for a foam. The tabulated
value of the surface area of a metal foam with average pore size 1.4 mm is approximately
25 cm? cm ™3, i.e. more than one order of magnitude lower than the ECSA measured here.

Table 5.1: Geometric areas, volumes, ECSA, RF and foam areas for the Pt electrodes.

Electrode ‘ Geometric area  Volume  ECSA RF  Normalised foam area
Pt thin-film | 1.49 cm? N/A 4.30 cm®* 29  N/A

Pt black 4.2 cm? N/A 125 cm* 30 N/A

Ti foam A | N/A 8.25 cm® 4 480 cm®* N/A 540 cm? cm ™3

Ti foam B | N/A 8.16 cm® 5680 cm®* N/A 700 cm? ¢cm™3

Ti foam C | N/A 8.64 cm® 8000 cm? N/A 890 cm? cm ™3

5.2.2.2 Hg?' removal from 0.5 M H,SO, using Pt electrodes and comparison
with the ECSA

This section presents the results from Hg?' removal experiments with Pt electrodes, as
described in Section 4.4.2. Figure 5.9 shows the ICP-MS analysis results from the Hg?"
removal experiments with Pt thin-film and Pt black WE. Exponential fits (the solid lines)
to the data are also shown. The dashed and dashed-dotted lines represent theoretical pre-
diction of the experiments, based on the MATLAB model described in Section 5.1.2. Note
that the MATLAB model is by no means a fit to the experimental data, but instead pro-
duces the expected concentration curve given the same input parameters (electrode area,
temperature, initial concentration) as for the experiment. We can begin to note that the
MATLAB model fits very well to the initial data for the Pt thin-film electrode. The pre-
diction always converges towards 0, while in reality usually some amount of Hg remains in
the solution, which is the reason for the deviation between the experimental data and the
prediction during the latter part of the experiment. Another contributing factor may be
insufficient washing during the ICP-MS analysis. However, the MATLAB model is able to
accurately reproduce the initial behaviour of experiments.

Moving on to the results for the Pt black electrode; it has a RF which is 10 times larger than
the RF of a Pt thin-film electrode, and thus an equivalent area of 42 ecm?. The grey dashed-
dotted line in Figure 5.9 shows the results from the MATLAB model with 42 cm? as the
area input parameter. According to this prediction, the Hg?* removal was expected to be
much faster compared to what the experimental data shows. Therefore, another prediction
was made using the MATLAB model, with simply the geometric area of 4.2 cm? as the
input parameter, which is shown by the grey dashed line in Figure 5.9. This appears to
be a better fit to the experimental data, which indicates that the equivalent area useful for
Hg?* removal might be much smaller than the ECSA for the Pt black electrode.
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Figure 5.9: Hg?* removal from 0.5 M HySOy4 using a Pt thin-film WE and a Pt black WE.
Exponential fits to each data set are also shown, as well as theoretical predictions based on a

MATLAB model.
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Figure 5.10: Hg?" removal from 0.5 M H5SOy4 using Pt coated Ti foams. Exponential fits to

each set of data are also shown.

A similar analysis as for the Cu electrodes in Section 5.2.1.3 gives the ratio between Hg?"
removal rates for the two Pt electrodes, normalised to their geometric surface area:

kblackAthin—ﬁlm . 0.297 h_1 -1.99 Cm2

= ~ 1.37 5.7
Ethin-film Ablack 0.103 h~!-4.2 cm? (5.7)
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Thus, even though the Hg?* removal appears to be slightly faster for the Pt black electrode
in Figure 5.9, this is almost entirely explained by the larger geometric surface area of the
Pt black electrode. Evidently, the tenfold increase in RF (and ECSA) can not be translated
into an increased rate of Hg?* removal, as was possible for the Cu sheet and Cu foam elec-
trodes.

We now proceed with the Hg?™ removal experiments using Pt coated Ti foam electrodes.
The ICP-MS analysis results for these experiments are shown in Figure 5.10, together with
exponential fits to the data. One might notice that the data for Ti foams A and C are prac-
tically identical, while the Hg** removal appears to be slower for Ti foam B. The reason is
probably poor electrical contact during experiment B, or some other experimental issues, as
the potentiostat experienced problems with overload during the experiment, and both the
WE and CE had obtained a black surface coating afterwards. Thus, the different etching
times for the three foams do not appear to affect the Hg?* removal properties.

The rate of Hg?t removal can now be compared with the ECSA for the Ti foams. In this
comparison, the Pt thin-film electrodes will serve as a reference. For Ti foam A, normalised
to 1 cm? of the foam, we obtain

kfoam AAthin—ﬁlm . 5.99 h_l -1.99 Cl’IlQ ~ 14
Eenin-fim Afoam 4 0.103 h™1-8.25 cm3

(5.8)

Thus, the Hg?* removal rate for 1 cm? of the Ti foam is 14 times faster than for 1 cm? of
the Pt thin-film electrode. However, the ECSA of Ti foam A is 540 cm? per cm? of the
foam, or 125 times larger than 1 cm? of the Pt thin-film electrode, and hence, it appears
as most of the ECSA of the foam can also not be translated into an increased rate of Hg?"
removal, similarly as for the Pt black electrodes.

5.2.2.3 Pt black characterisation by SEM imaging

In order to understand the large deviation between the ECSA and Hg?t removal rate for
Pt black electrodes, SEM characterisation of these electrodes was performed. SEM images
of a Pt black electrode are shown in Figure 5.11 at magnifications 5, 10, 50 and 100k. We
can begin to note that the Pt black layer does not cover the entire surface, so that there
are regions of steel exposed. At the lower magnifications, a structure which appears to be
made up by 1 pm sized Pt spheres is visible. The spheres themselves are however built up
by flakes with a typical size of 100 nm, which are visible at the higher magnifications. Both
of these structures give rise to the large ECSA measured, as, ideally, each Pt atom exposed
on the surface should adsorb one H*.

5.2.2.4 Relation between ECSA and Hg?' removal rates

To summarise the findings of this section, we can note that the Hg?* removal rates measured
for both the Pt black and the Ti foam electrodes are much lower than expected, considering
their large ECSA. For the Pt black electrodes, there are two possible explanations for the
relatively low Hg?t removal rates observed, based on the SEM images of the electrode surface
structure. Either the size difference between HT and Hg?* comes into play, in that the Hg?*
ions can not reach into many of the smallest voids accessible to H ions, or, perhaps more

37



5. Results and discussion

likely, as soon as the Pt—Hg alloy formation starts, the surface structure of the Pt black
layer changes so that the smallest voids are filled and the ECSA decreases rapidly.
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Figure 5.11: SEM images of Pt black on a SS316L substrate, at magnifications 5, 10, 50 and
100k.

As the Ti foam electrodes were not characterised using SEM, their surface structure is
unknown. A reasonable guess is however that the structure resembles the Pt black structure,
in that the ratio of ECSA is 10—20 times larger than the ratio of Hg?t removal rates,
compared to a Pt thin-film electrode. However, the Hg?t removal rate, which is 14 times
faster than on a Pt thin-film electrode, is in better agreement with the tabulated foam surface
area of 25 cm? em™ [46] than with the ECSA. These values do however not correspond
perfectly to each other, and there are a few possible explanations for the deviation. First,
the tabulated value is based only on the average pore size of an arbitrary metal foam, and
the exact relation between pore size and surface area may differ between different foams. In
addition, as the Ti foams have not been studied using SEM, there is no certainty that the
Pt coating covers the entire foam surface. There may be substantial amounts of Ti exposed,
and those areas will not contribute to Hg?* removal.
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Case studies

In this chapter, two different case studies are presented, where the prospects of applying
electrochemical alloy formation for Hg decontamination in industrial settings are evaluated.
In Section 6.1, Hg removal from scrubber liquids from a combined heat and power plant
is investigated. Section 6.2 addresses the issue with Hg contamination of concentrated
H5SO,4 produced by Boliden. In this study, electrode materials and suitable potentials are
evaluated, followed by a pilot test where the Hg removal process is up-scaled 400 times.

6.1 Case study: Hg removal from scrubber liquids

Heat and electricity can be produced by incineration of waste in a combined heat and power
plant. However, in this process, several different waste products are produced, e.g. Hg
containing acidic scrubber liquids. The pH of the scrubber liquids typically lies in the range
-1—0, and the flow rate is 2—4 m?® h™!, 24 hours a day, all year round. The amount of Hg in
the scrubber liquids can vary, and the temperature of the liquids in the process is typically
around 50 °C. In this section, we will investigate the possibility of using electrochemical
alloy formation to treat the scrubber liquids. Two different samples of scrubber liquids were
provided from a combined heat and power plant in Denmark.

6.1.1 Hg removal from scrubber liquids using Ti fibre electrodes

The experimental details will first be described briefly in this section, before moving on to
the results. The two scrubber liquids provided will from now on be denoted A and B. A
thermostated glass vessel, connected to a water bath (Julabo F12-ED), was used to set the
temperature to 50 °C, in order to get as close as possible to the conditions in the industrial
process. Each experiment was performed using 50 mL of the scrubber liquid. A three elec-
trode system was used, with a Ag/AgCl RE, a Pt wire as CE and a Ti fibre WE (described
in Section 4.1.1.3), and the potential was set to 0.18 V.

The results from the ICP-MS analysis of the samples taken during the experiments are
shown in Figure 6.2. The initial concentration of Hg in scrubber liquid A was 3 800 ug L1,
and in scrubber liquid B 400 pug L™!. As the initial concentrations differ with one order of
magnitude, the Hg concentrations are shown in % of the initial amount in Figure 6.2. The
trend of Hg removal is similar in both scrubber liquids, however the Hg concentration in
scrubber liquid B seemingly saturates around 20%. Most likely, this does not reflect the
actual Hg removal during the experiment, but is rather an effect of poor washing during the
ICP-MS analysis (see Section 5.2.1.2 for more details). As much as 75% of the measured
Hg content in the last samples from scrubber liquid B might originate from Hg remaining
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in the ICP-MS system after washing.
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Figure 6.1: The experimental setup for removal of Hg from 50 mL scrubber liquid. The setup
consists of a three electrode system with a Ti fibre electrode as the WE, a Ag/AgCl RE and a
Pt wire as CE. A Gamry Reference 600 potentiostat was used to apply 0.18 V to the WE, and a
Julabo F12-ED water bath to set the temperature to 50 °C.
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Figure 6.2: ICP-MS analysis results of the scrubber liquids from the Hg removal experiments.
Exponential fits to each set of data points are also shown, as well as theoretical predictions based
on a MATLAB model.
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6.1.2 MATLAB model comparisons

Theoretical predictions, using the MATLAB model described in Section 5.1.2, of the Hg
removal from the scrubber liquids are also shown in Figure 6.2. Input parameters given to
the model were the geometric surface area of the Ti fibre electrodes, the temperature 50 °C,
and the initial concentrations measured by the ICP-MS. We can observe that the trends of
the theoretical predictions agree very well with the experimental data, which is somewhat
surprising as the Ti fibre electrodes are expected to provide an increased surface area and,
thus, and increased rate of Hg removal, compared to Pt thin-film electrodes which are the
basis for the MATLAB model. The implication from this is that either the Ti fibre substrate
does not provide an increased surface area accessible for Hg removal, or the Hg removal rate
is affected by the fact that the composition of the scrubber liquids differ from the standard
lab electrolyte of 0.5 M HySOy.

6.2 Case study: Hg removal from concentrated H,SO,

Every year, 1.7 million tonnes of HySO, is produced by Boliden. In 2020, the Kokkola smelt-
ing plant in Finland alone had a production of over 300 kilotonnes. The HySO,4 contains
various amounts of Hg, and is classified according to the Hg concentration. The acid can be
classified as technical quality if it contains less than 300 pg kg=! Hg, and as bleaching quality
if it contains less than 80 ug kg=! Hg.! Depending on the quality of the acid, it can be used
in different industries and applications. However, the Hg content in the H,SO, produced
might occasionally exceed the acceptable amount for technical quality, which can limit the
usefulness of the acid. Therefore, it would be desirable to have a method for removal of Hg
from the HySO,, to improve its quality.

In this project, which is a collaboration between Chalmers, Boliden and the start up com-
pany Atium, Hg removal from H,SO, from the Kokkola plant is investigated. One of the
challenges with concentrated HySOy is finding an electrode material that has a high stability
and is compatible with the acid. Initially, different electrode materials were evaluated in
the usual batch size of 50 mL. Considering the large annual production of HySO,4 at the
Kokkola plant, the Hg removal process must however be up-scaled to treat much larger
volumes. Therefore, this project also includes the up-scaling of the process to a 20 L pilot
reactor. The goal was to reach below the 300 ug kg™! required for the acid to be classified
as technical quality in less than one week of electrochemical treatment.

6.2.1 Initial material evaluations for WE and CE for removal of
Hg from concentrated H,SO,

The main challenge for removal of Hg from concentrated HySOy, is finding suitable electrode
materials for both WE and CE, which remain stable in the acid and, in the case of a WE,
is able to successfully remove Hg by electrochemical alloy formation. Cu is not stable in
concentrated HySO,4, and hence the choice of active material for the WE was Pt. For the
removal to be as efficient as possible, a large surface area electrode, e.g. a foam or fibrous

Note that Boliden measures all concentrations in ug kg !, and therefore, the concentrations in this
section will also be given in pg kg~!, as opposed to the rest of this thesis, where concentrations are given
: -1
in pg L™,
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material is desirable. However, due to the fact that Pt is a scarce resource that comes at
a very high cost, a substrate material is needed to provide the large surface area. After
examining materials such as Ti, and various kinds of steels, the stainless steel 316L was
chosen as the substrate for this project. SS316L is an alloy consisting of Fe, Cr, Ni, Mo, C,
Mn, P, S, Si and N [47]. Both 316 and 316L are austenitic steels, known for their corrosion
resistance, where the 316L has a lower C content than 316.

Two initial tests were performed to evaluate the stability and performance of the materials,
using SS316L sheets sputtered with Pt (described in Section 4.1.1.3). In both experiments,
a three electrode system was used, the batch size was 50 mL, and the potential was set
to 0.18 V. The RE was a Ag/AgCl electrode. In Exp. 1, the CE was a Pt wire, however
in Exp. 2, a 40 mm x 40 mm diamond electrode (DIACHEM, Condias) was used as CE.
The diamond electrode provides a larger surface area, which is expected to be important
when moving towards larger surface area WE, and is known to be corrosion resistant. The

experimental details of these, and the following experiments of this section, are summarised
in Table 6.1.

Table 6.1: Experimental details of all Hg removal experiments performed using the concentrated
H>SO,4 from the Kokkola plant.

Experiment | Batch size WE CE Potential /current

Exp. 1 50 mL SS316L sheet with Pt Pt wire  0.18 V

Exp. 2 50 mL SS316L sheet with Pt Diamond 0.18 V

Exp. 3 50 mL SS316L foam with Pt Diamond 0.08 V

Exp. 4 20 L SS316L foam with Pt Diamond -2.98 V between WE and CE
Exp. 5 20 L SS316L foam with Pt Diamond -0.7 A

The ICP-MS analysis results from Exp. 1 and 2 are shown in Figure 6.3. We can observe
that Hg is removed from the acid in both experiments, however the removal is rather slow.
Technical quality is reached for Exp. 1 after around 50 hours. The difference in initial
concentration of the two experiments is unexpected, given that both were performed using
acid from the same bottle, provided from the Kokkola plant. The reason for this difference
is still unknown, but might be caused by a deviation in the standard solutions prepared for
the ICP-MS analysis. Regardless of the difference in absolute values, we can conclude that
the Hg concentration follows the same trend in both experiments. The concentration of Pt
increases rapidly in the beginning of the experiments, which indicates that the Pt film on
the WE is not completely stable in the concentrated HySO,4. Following the initial increase
in concentration, the Pt content of the acid decreased slowly over time in Exp. 2, while the
Pt content in Exp. 1 showed large variations, with a slightly increasing trend.? Regardless
of this increase of Pt in the acid, the WE were deemed stable, as no visible degradation
was observed, and the acid remained clear throughout the experiment. The difference in Pt
content in the two experiments might be related to the stability of the Pt wire used as CE
in Exp. 1. As the choice of CE did not affect the Hg removal efficiency, the diamond CE
was chosen for the following experiments in this project, given its larger surface area and
possibly better stability. Increasing the rate of Hg removal from the acid was the second

2Quantification of the amount of Pt in the acid was not possible for these experiments, as no Pt standards
were prepared for the ICP-MS analysis.
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issue to be addressed, and this is treated in the following sections.
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Figure 6.3: Hg removal from concentrated HoSO4 using a SS316L. WE with 200 nm Pt. Two
different experiments are shown; in Exp. 1 a Pt wire was used as CE, and in Exp. 2 a 40 mm x
40 mm diamond electrode was used as CE. An exponential fit to each data set is also shown, as
well as the Pt concentration during the experiment.

6.2.2 Investigation of electrochemical reactions present in
concentrated H,SO,

The potential in Exp. 1 and 2 was chosen to be 0.18 V, as the Pt—Hg alloy was known to
form at that potential in 0.5 M H,SO,. Applying an even lower potential might increase
the driving force for the alloy formation reaction, however it is also desirable to stay at
a potential well above Hy evolution. As H, evolution includes Ht ions, the potential of
this reaction, and the SHE potential scale, is pH dependent, as discussed in Section 3.1.3.
Therefore, it might be possible to apply a lower potential to the WE in the concentrated
HySO4. A LSV experiment was performed in order to investigate which reactions take place
in concentrated HySO4 at the relevant potentials, and to determine the potential of Hy evo-
lution. A three electrode system was used, with a Ag/AgCl RE, a diamond CE and a Pt
thin-film WE. The linear sweep began at 1.01 V (open circuit potential) and the potential
was then decreased with a scan rate of 1 mV s~!. Two potential sweeps were performed,
one where the electrolyte was bubbled with Ar gas, and one without bubbling, in order to
get information about the reactions in the presence and absence of Oy. The potential sweep
was ended when Hs evolution was clearly visible, around -0.3 V.

The I — V' curves for the LSV experiments are shown in Figure 6.4. For the sweep without
Ar gas, the current first begins to drop around 0.3 V, before flattening out on a plateau
at -2.7 mA, between 0.12 and 0.03 V. After 0.03 V, the current again begins to drop, and
gas evolution at the WE becomes visible. Thus, it could be concluded that the current
drop beginning at 0.03 V corresponds to Hy evolution. If we now turn our attention to the
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LSV with Ar bubbling of the electrolyte, only one current drop is visible, and the plateau
has disappeared. Thus, we can conclude that the first current drop of the linear sweep
without Ar corresponds to Os reduction. The amount of O, in the electrolyte decreases
when bubbling with Ar, which moves the Oy reduction towards lower potentials. The total
current of the Oy reduction current peak is also expected to decrease, moving the plateau
towards higher currents, however the two current peaks merge together in the Ar bubbling
case, so that the plateau disappears. Nonetheless, the conclusion could be drawn that 0.18
V provides a larger than necessary safety margin to Hy evolution, and, thus, the following
experiment was decided to run at 0.08 V.

—— LSV, without Ar
—— LSV, Ar bubbling

Current (mA)

-0.2 0 0.2 0.4 0.6 0.8 1
Voltage (V)

Figure 6.4: -V plot for the LSV experiments, with and without Ar bubbling of the electrolyte.

6.2.3 Increasing the Hg removal rate from concentrated H,SO,

To increase the rate of Hg removal compared to the experiments shown in Figure 6.3, a
larger surface area WE was necessary. The SS316L foam described in Section 4.1.3 was
therefore chosen as the WE for the following experiments. The stability of the SS316L foam
was verified by immersing it in concentrated HoSOy4 for 7 days. No visible degradation of
the foam or colour change of the acid occurred during these 7 days. The same test was
performed after the foam had been platinised, in which case a slight colour change of the
acid in the vicinity of the foam could be observed after 4 days. Thus, it was evident that the
foam was less stable after the platinisation procedure, which was not entirely unexpected
as the Pt plating was performed in a high temperature molten salt solution. One possible
explanation for the decreased stability of the foam might be a change in surface composition
of the stainless steel alloy, caused by the high temperature plating process.

One experiment, Exp. 3, was performed using the SS316L foam as a WE. The setup was
otherwise identical to that of Exp. 2 and is shown in Figure 6.5. The potential was set
to 0.08 V, as decided based on the LSV experiment. However, as indicated by the WE
degradation test, the stability of the foam had decreased after the platinisation process, and
about 5 hours into the experiment, the electrolyte was visibly discoloured and cloudy. After
48 hours, the acid began to clear up, and the magnetic stirrer had received a grey coating,
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indicating that at least some part of the discolouring might originate from Fe, which then
attached to the magnet. Another conclusion is that the stability of the WE is potential
dependent, as the discolouring of the acid appeared much faster with 0.08 V applied than
without any potential.

Gamry Referevce 60D
potentiostat

Figure 6.5: The experimental setup for removal of Hg from 50 mL concentrated HoSO,4 from
the Kokkola plant. The setup consists of a three electrode system with a Pt coated SS316L foam
as the WE, a Ag/AgCl RE and a diamond electrode as CE. A Gamry Reference 600 potentiostat
was used to apply 0.08 V to the WE.
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Figure 6.6: Hg removal from concentrated HoSO,4 using SS316L foam coated with Pt. An
exponential fit to the data is also shown. The amounts of Fe and Pt in solution during the
experiments are also shown.
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The ICP-MS analysis results of Exp. 3 are shown in Figure 6.6. The decrease in Hg
concentration was fast compared to Exp. 1 and 2, and technical quality was reached after
about 12 hours according to the exponential fit. It is however notable that the exponential
function does not fit very well to the experimental data. As expected, we can also note that
the concentration of Fe increased to about 4 times the initial concentration throughout the
experiment. The Pt content of the acid increased rapidly in the beginning of the experiment,
similar to Exp. 1 and 2, however after the initial increase, the amount of Pt again began to
decrease. This resembles the behaviour of Cu in a weakly acidic environment, where Cu is
initially released to the electrolyte, and then re-adsorbs during the experiment [5].

6.2.4 Pilot test — Hg removal from 20 L concentrated H,SO,

This section presents the pilot study attempting to scale up the Hg removal process in the
case of concentrated HySO,4. The aim was to treat 20 L of H,SO4 in one week and reach
technical quality.

------------------------------ Power supply

Diamond counter
electrodes

SS36L Forin <
with P+ coating ol
N~

Figure 6.7: The experimental setup used in Exp. 4 and 5 for removal of Hg from 20 L con-
centrated HoSO4 from the Kokkola plant. The setup consists of a two electrode system with a Pt
coated SS316L foam as the WE, two diamond electrodes as CE. A power supply is used to apply
a constant potential or current between the WE and CE.

The up-scaled experiments were performed in a setup built by Atium. The setup is shown
in Figure 6.7 and consisted of a 30 L SS316L reactor, two 200 mm x 20 mm x 6 mm di-
amond coated Si CE (DIACHEM, Condias), two 210 mm x 270 mm x 3 mm Pt coated
SS316L foams, of the same type as in Exp. 3, as WE and a stirrer. The electrolyte was 20
L of concentrated HySO, from the Kokkola smelting plant. Two different experiments were
performed using this setup. As the use of a RE is unfeasible at this scale, the experiments
were conducted in a two electrode setup. A Ag/AgCl RE was used during the setup of
Exp. 4 in order to obtain the same potential between WE and CE as in Exp. 3. However,
the uncertainty in the determination of this potential in the two electrode setup was rather
large, as the measured potential between WE and RE was dependent on the placement of
the RE in the reactor. Therefore, the potential was adjusted during the initial part of the
experiment, so that -2.78 V was applied between WE and CE between 0 — 1 hour, -3.18 V
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between 1 — 2.5 hours and -2.98 V from 2.5 hours forward. Due to the uncertainty in the
determination of a suitable potential, during Exp. 5 the power supply was instead used to
apply a constant current to the WE. The current was determined by scaling up the current
measured after 20 hours in Exp. 3 to obtain the same current density. A current of -0.7 A
was therefore applied during Exp. 5.

The results from the ICP-MS analysis of Exp. 4 are shown in Figure 6.8. In general, all
features of Exp. 3 in the 50 mL batch are repeated in the 20 L batch. The electrolyte was
discoloured and cloudy during both experiments, similar to the 50 mL batch experiment.
Technical quality is reached after less than 20 hours, and the concentration of Hg is very close
to the bleaching quality limit at the end of the experiment, after 75 hours. To investigate
whether bleaching quality would have been reached, had the experiment just been given
more time, Exp. 5 was run for 165 hours. The results from Exp. 5 are shown in Figure 6.9,
and we can observe that bleaching quality is indeed reached around 70 hours. As both Exp.
4 and 5 were performed in a lab without heating, the temperature during the experiments
was also monitored, and the temperature fluctuations during the experiments are presented
in Figures 6.8 and 6.9.
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Figure 6.8: Hg removal from 20 L concentrated HoSOy4 from the Kokkola plant. An exponential
function is fitted to the data, and the concentration limits for technical and bleaching quality are
indicated in the figure. The concentrations of Fe and Pt in the acid during the experiments are
also shown, as well as the temperature during the experiment.
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Figure 6.9: Hg removal from 20 L concentrated HoSOy4 from the Kokkola plant. An exponential
function is fitted to the data, and the concentration limits for technical and bleaching quality are
indicated in the figure. The concentrations of Fe and Pt in the acid during the experiments are
also shown, as well as the temperature during the experiment.

A comparison between Exp. 3, 4 and 5 is shown in Figure 6.10. The initial decrease in Hg
concentration is very similar for all three experiments, however the 50 mL batch experiment
(Exp. 3) does not reach as low final concentrations as the 20 L batch experiments. A
summary of all experiments with the concentrated H,SO, from the Kokkola plant is given
in Table 6.2, where the times for 20, 50 and 80% Hg removal are calculated based on the
fitted exponential functions. When comparing these values, it is important to be aware of
the poor fit of the exponential function to the data from Exp. 3, which seemingly result
in the calculated times in Table 6.2 underestimating the actual times for Hg removal. In
addition to this, the 20 L batch experiments were performed at lower temperature than the
50 mL batch experiments, which according to the activation energy measured in this thesis,
corresponds to a reaction rate that is 20—30% lower. Further, the ratio between electrode
surface area and electrolyte volume was approximately 40% higher in the 20 L. experiments
than in Exp. 3. Hence, these effects will virtually cancel each other out. The conclusion
that can be drawn from these experiments is that up-scaling of the Hg removal process is
possible, without any significant loss of efficiency.
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Table 6.2: Times of 20, 50 and 80% Hg removal, for all experiments with the concentrated
H,SOy4 from the Kokkola plant, according to the exponential fits.

Hg removal ‘ Exp. 1 Exp. 2 Exp.3 Exp. 4 Exp.5
20% 17h 25 h 1.8 h 3.7h 49h
50% 62 h 100h  6.7h 12 h 16 h
80% N/A N/A N/A 38 h 39 h

y = 576e 0176 | 292
y = 590e 00T 4 98 5
y = 58Ge MU 1381
— — — — technical quality
———e bleaching quality

O Hg, Exp. 3 (50 mL batch)
0 Hg, Exp. 4 (20 L batch)
Hg, Exp. 5 (20 L batch)

Time (h)

40 60 80 100

Figure 6.10: Hg removal from concentrated HySO4 using SS316L foam coated with Pt. Three
different experiments are shown; Exp. 3 (50 mL) and Exp. 4 and 5 (20 L). Exponential fits to
each set of data are also shown, as well as the technical and bleaching quality limits.
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Conclusion and outlook

This chapter will summarise the main results and conclusions from each part of the project,
as well as present suggestions for future studies on electrochemical alloy formation.

7.1 Temperature dependence and activation energy of
the Pt—Hg alloy formation

The activation energy of the Pt—Hg alloy formation was determined to 0.29 ¢V, and this re-
sult was incorporated in a MATLAB model which has proved to give accurate predictions of
mercury removal under various conditions. This model will be of great value in the continued
research, however, additional research into the reaction mechanism of the alloy formation
could further improve and refine the model. There are still many unanswered questions
about the Pt—Hg alloy formation reaction mechanism, and more detailed and sophisticated
studies, for example studying the energy dissipation signal from the electrochemical quartz
crystal microbalance could lead to new insights.

7.2 Relation between electrode surface area, surface
structure and mercury removal efficiency

We have shown that for both the Pt—Hg and the Cu—Hg systems, the rate of alloy formation
can be enhanced by increasing the surface area of the electrode. However, the alloy formation
rate only increases with surface area for large structures, such as a metal foam, with typical
pore sizes around 0.5—1.5 mm. A large surface area originating from a porosity on the
nanometer length-scale, as for a platinum black layer, does not contribute to an increased
rate of mercury removal. This thesis does however not answer the question about the
optimal feature size (e.g. optimal foam pore size) for maximum mercury removal efficiency
per unit volume, so that would be an interesting area for the continued research. As the
surface structure has proved to be of importance, combining mercury removal experiments
with more scanning electron microscopy characterisation, also for the metal foam surfaces
will be vital in the continued research.

7.3 Mercury removal from industrial wastewaters
The technology has proved to efficiently remove mercury from acidic scrubber liquids from

a combined heat and power plant. The next step for this specific application would be to
further increase the reaction rate, perhaps by using a titanium foam electrode rather than

o1



7. Conclusion and outlook

the fibrous titanium substrate used in this thesis. Scrubber liquids is however only one
example of industrial waste products in need of mercury decontamination, and common
for practically all of the potential applications is the need of decontamination of flowing
water. Thus, the most important next step towards real applications of this technology is
undoubtedly to build an understanding of how the alloy formation works in flowing water.
Here, both experiments and a theoretical model could be of value, to understand how the
mercury removal efficiency depends on the flow rate, in order to be able to optimise the
design of the reactor and corresponding electrode materials.

7.4 Mercury removal from concentrated sulphuric acid

We have also shown that mercury can efficiently be removed from concentrated sulphuric
acid by electrochemical alloy formation. Thus, the most important focus of further research
in this area is to improve the stability of the electrode materials. Finally, the up-scaling of
the process in the specific case of concentrated sulphuric acid without any loss of efficiency
is a very important result. The implication from this is that experiments can be performed
at lab scale, e.g. to evaluate materials and mercury removal efficiencies, and that the results
will be valid also at an industrial scale.

7.5 General suggestions for future research

The potential dependence of the alloy formation has been briefly discussed in this thesis,
however not thoroughly investigated. A more detailed study of the potential dependence is
of interest both in order to improve on the understanding of the alloy formation reaction,
but also to optimise the potential for applications. Regeneration of platinum electrodes
is another important area for continued studies of the Pt—Hg system, which has not been
addressed in this thesis. Studying the mechanisms of the regeneration process, and especially
how the electrode structure is affected by regeneration will be of importance here.
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