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Sammanfattning 
Abstract 

In today’s society large quantities of waste is produced. In Sweden this is reused as fuel for incineration processes where electricity and district 
heating are generated. However, during this process two hazardous by-products are formed, namely slag and fly ash. These contain relatively high 
concentrations of heavy metals, which make them harmful to the environment if not taken care of, but also make them valuable resources if the 
metals could be extracted and reutilized. 
  
One possible way to extract metals from the waste products is to use electrochemical methods. In order to implement these techniques on an 
industrial scale, there are several parameters that have to be considered. One important parameter is the choice of material of the electrode, which 
needs to have a large surface area, a high chemical inertness and electrical conductivity, and preferably also a reasonable price. A material that 
fulfills these qualifications is reticulated vitreous carbon (RVC), and therefore the extraction efficiency of this porous material has been evaluated in 
this thesis. Studies were also performed to evaluate how several other parameters affected the extraction efficiency, since this does not rely on the 
choice of electrode material alone.  

The results showed that RVC is suitable as electrode material for efficient metal extraction from fly ash. The most efficient electrode combination 
was RVC with a pore size of 10 pores per linear inch as working electrode, stainless steel as counter electrode, and Ag/AgCl as reference electrode. 
Both the amperometric and galvanostatic experiments extracted equal amounts of copper within the same time interval, which means that the choice 
of using either controlled potential or controlled current for an efficient extraction of copper was not of significant importance. The mass transfer 
rate for copper was 0.12 mg·h-1·cm-2 in both methods, where an electrolyte of 200 ml was used with an initial copper concentration of 50 mg/l. 
Regarding stirring of the electrolyte, circulation in the solution is an advantage, but not critical for an efficient reduction. The extraction efficiency 
for one particular metal did not seem to be affected by the presence of other metals in the electrolyte. It was also shown that a selective extraction of 
metals was possible by applying different potentials. Lastly, an experiment with fly ash was performed, with the optimal conditions and electrode 
combination based on the previous experiments. This yielded a mass transfer rate of 0.59 mg·h-1·cm-2 for zinc using an electrolyte of 200 ml, which 
initially contained 595 mg/l of zinc. 
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Abstract  
In today’s society large quantities of waste is produced. In Sweden this is reused as 
fuel for incineration processes where electricity and district heating are generated. 
However, during this process two hazardous by-products are formed, namely slag and 
fly ash. These contain relatively high concentrations of heavy metals, which make 
them harmful to the environment if not taken care of, but also make them valuable 
resources if the metals could be extracted and reutilized. 
  
One possible way to extract metals from the waste products is to use electrochemical 
methods. In order to implement these techniques on an industrial scale, there are 
several parameters that have to be considered. One important parameter is the choice 
of material of the electrode, which needs to have a large surface area, a high chemical 
inertness and electrical conductivity, and preferably also a reasonable price. A 
material that fulfills these qualifications is reticulated vitreous carbon (RVC), and 
therefore the extraction efficiency of this porous material has been evaluated in this 
thesis. Studies were also performed to evaluate how several other parameters affected 
the extraction efficiency, since this does not rely on the choice of electrode material 
alone.  

The results showed that RVC is suitable as electrode material for efficient metal 
extraction from fly ash. The most efficient electrode combination was RVC with a 
pore size of 10 pores per linear inch as working electrode, stainless steel as counter 
electrode, and Ag/AgCl as reference electrode. Both the amperometric and 
galvanostatic experiments extracted equal amounts of copper within the same time 
interval, which means that the choice of using either controlled potential or controlled 
current for an efficient extraction of copper was not of significant importance. The 
mass transfer rate for copper was 0.12 mg·h-1·cm-2 in both methods, where an 
electrolyte of 200 ml was used with an initial copper concentration of 50 mg/l. 
Regarding stirring of the electrolyte, circulation in the solution is an advantage, but 
not critical for an efficient reduction. The extraction efficiency for one particular 
metal did not seem to be affected by the presence of other metals in the electrolyte. It 
was also shown that a selective extraction of metals was possible by applying 
different potentials. Lastly, an experiment with fly ash was performed, with the 
optimal conditions and electrode combination based on the previous experiments. 
This yielded a mass transfer rate of 0.59 mg·h-1·cm-2 for zinc using an electrolyte of 
200 ml, which initially contained 595 mg/l of zinc. 

 

 

 

 

 

 

 

 

 
 



 

 
  

 
 



Sammanfattning 
I dagens samhälle produceras stora mängder avfall. I Sverige återanvänds detta som 
bränsle vid förbränningsprocesser där el och fjärrvärme genereras. Under denna 
process bildas två miljöfarliga restprodukter, slagg och flygaska. Dessa innehåller 
relativt höga halter av tungmetaller, vilket gör dem skadliga för miljön om de inte tas 
omhand, men det gör dem även till värdefulla resurser om metallerna kunde utvinnas 
och återanvändas. 

Ett sätt att utvinna metaller ur restprodukterna är att använda elektrokemiska metoder. 
För att implementera denna teknik inom industrin, finns det flera parametrar som 
måste beaktas. En viktig parameter i en elektrokemisk process är valet av 
elektrodmaterial. Materialet bör ha en stor ytarea, en hög ledningsförmåga, vara 
kemiskt inert samt ha ett rimligt pris. Ett material som uppfyller dessa kvalifikationer 
är reticulated vitreous carbon (RVC) och därför har extraktionseffektiviteten för detta 
porösa material utvärderats i denna studie. Studier har också gjorts för att utvärdera 
hur flera andra parametrar påverkar extraktionseffektiviteten eftersom den inte enbart 
beror på valet av elektrodmaterial. 

Resultaten visade att RVC är lämpligt som elektrodmaterial för effektiv 
metallutvinning från flygaska. Den mest effektiva elektrodkombinationen var RVC 
med en porstorlek på 10 pores per linear inch som arbetselektrod, rostfritt stål som 
motelektrod och Ag/AgCl som referenselektrod. Vid både amperometriexperimentet 
och det galvanostatiska experimentet extraherades lika mycket koppar inom samma 
tidsintervall, vilket innebar att valet av metod inte hade någon betydande roll för en 
effektiv utvinning av koppar. Den specifika materieöverförningshastigheten för 
koppar var 0.12 mg·h-1·cm-2 i båda metoderna, då en elektrolyt med volymen 200 ml 
användes med en initial kopparkoncentration på 50 mg/l. Vad gäller omrörning av 
elektrolyten visade sig detta vara en fördel även om det inte är avgörande för en 
effektiv extraktion. Extraktionseffektiviteten för en viss metall verkar inte påverkas av 
närvaron av andra metaller i elektrolyten. En selektiv utvinning av metaller visade sig 
också vara möjlig genom att lägga på olika potentialer. I det avslutande försöket med 
flygaska tillämpades erhållna kunskaper från tidigare experiment vilket gav en 
specifik materieöverföringshastighet på 0.59 mg·h-1·cm-2 för zink. Elektrolyten hade 
vid detta försök en volym på 200 ml och den initiala zinkkoncentrationen var 595 
mg/l. 
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Abbreviations and definitions 
AAS  Atomic Absorption Spectroscopy 

AEM  Anion Exchange Membrane 

Ag/AgCl Silver-silver chloride, a common reference electrode 

CEM  Cation Exchange Membrane 

E0  Standard Reduction Potential 

EDTA  Ethylenediaminetetraacetic Acid 

EIS  Electrochemical Impedance Spectroscopy 

FAAS  Flame Atomic Absorption Spectroscopy 

ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy 

ICP-MS Inductively Coupled Plasma Mass Spectroscopy 

IHP  Inner Helmholtz Plane 

L/S  Liquid-to-Solid  

MSW  Municipal Solid Waste 

MSWI  Municipal Solid Waste Incineration 

OHP  Outer Helmholtz Plane 

PPI  Pores Per Linear Inch 

PTFE  Polytetrafluoroethylene 

RVC  Reticulated Vitreous Carbon 

SHE  Standard Hydrogen Electrode 

SR  Swiss-roll 

SRE  Selective Reactive Extraction 

W/W  Weight-to-Weight 
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1  Introduction 
The quantity of waste produced in today’s society is greater than ever and is projected 
to increase. Municipal solid waste alone is expected to rise from 1.6 billion tonnes per 
year in 2005 to about 3 billion tonnes per year by 2030 (Planet Ark, 2008). In Sweden 
about 124 million tonnes of waste was produced in 2006. About 15% of this amount 
underwent an incineration process (Avfall Sverige, 2010). This requires well-
developed methods to take care of hazardous waste, and to take advantage of 
recoverable materials while also making use of the waste materials’ energy to produce 
electricity and district heating.  

A company using such methods is Tekniska Verken i Linköping AB. The waste is 
used as fuel in the incineration process, where it is burned in a large boiler producing 
electricity and district heating. The fuel, consisting of up to 85% of renewable 
material, is from an environmental aspect advantageous since it reduces the use of 
fossil fuels and thus decreases the contribution to global warming and 
impoverishment of resources. During incineration mainly two by-products are 
formed, slag and fly ash (Tekniska Verken i Linköping AB, 2009). These contain 
relatively high concentrations of heavy metals and are therefore classified as 
hazardous waste.  

It would be beneficial to be able to extract the metals from the remaining incineration 
products, both from environmental and economic aspects. Instead of spending money 
taking care of hazardous waste and mining new metals, focus would be on extracting 
and reusing already existing metals from the slag and fly ash. In addition to this, if the 
slag and fly ash could be classified as non-hazardous, they might be used in other 
applicable areas, for example as a component in road constructions. It is possible to 
extract metals from waste products with relatively basic electrochemical methods. 
This thesis will focus on finding optimal conditions for extracting metals with 
electrochemical methods and thereby evaluating the efficiency of the method. When 
optimal conditions have been found, an evaluation of the appropriateness of the 
method on an industrial scale will be done. 

1.1 Thesis objective and restrictions 
This section presents the purpose and aim of this thesis, as well as the restrictions that 
were applied. The thesis objectives are: 

• To study how the metal extractability efficiency is affected by different porous 
electrode materials.  

• To investigate the importance of different parameters’ influence on the 
efficiency of the electrolysis. 

• To evaluate whether the method is appropriate for piloting on an industrial 
scale.   

In order to perform this study effectively, some restrictions were made. Both slag and 
fly ash contain high concentrations of heavy metals, but this thesis has focused on 
extraction of metals from fly ash since it is more deflocculated and homogeneous and 
thereby easier to work with in the laboratory. Copper and zinc are two metals found in 
high concentrations in fly ash and are also easy to extract with electrochemical 
methods, and therefore focus has been on the extraction of these. The standard 
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reduction potentials of the metals are far apart. For copper it is 0.34 V vs. the 
Standard Hydrogen Electrode (SHE), while zinc has a standard reduction potential of  
-0.76 V vs. SHE. This implies that if an extraction of copper and zinc is possible it is 
also probable that extraction of other metals in fly ash, with potentials between these, 
can occur. Furthermore, if a selective extraction of copper and zinc is successful, it 
may also be possible to extract other metals selectively.  

Although zinc is the most abundant metal in fly ash, most of the experiments were 
focused on extraction of copper. Zinc ions have a standard reduction potential that is 
very close to reduction of water which makes it more difficult to extract. A visual 
copper test was used in all experiments in order to determine the concentration. This 
test is not as precise as for example atomic absorption spectroscopy (AAS), but it is 
faster and more practical to apply with respect to the amount of experiments 
conducted. In order to find optimal conditions for electrolysis, standard solutions of 
copper were used during the experiments. The pH of the solutions was chosen to 3, 
because it provides a high solubility of metals while the generation of hydrogen gas is 
low during electrolysis. Standard solutions are, compared to ash samples, easier to 
prepare and work with in the laboratory. Furthermore, the visual copper test which 
was used to analyze the concentration could be interfered by high concentrations of 
other metals and impurities. Ash samples contain a various amount of different metals 
which could affect the results and thus make them hard to interpret. This could cause 
misinterpretations of how different parameters work and affect the extractability. On 
the other hand, since it is extractability of fly ash samples that is of interest, it is also 
important to perform experiments with these. Consequently, this was carried out when 
optimal conditions for the electrolysis were found. 

1.2 Methods 
A literature study was first performed and divided into three parts. The first two parts 
of the study were made in order to get a comprehension about waste incineration and 
electrochemistry. The third part was done to get good insight and information on past 
studies on leaching of metals from ashes. To increase the possibilities of making this 
extraction method useful in industry and to have an opportunity to discuss and 
exchange information on the subject, collaboration was made with Tekniska Verken 
in Linköping AB.  

In the first experimental part different porous materials were examined in order to 
find an electrode configuration suitable for an efficient metal extraction. The selected 
electrode materials were then used in the next experimental part, which was devoted 
to study different parameters’ influence on the extraction. Parameters such as stirring 
and other metals’ influence on the extraction were investigated. The importance of 
controlled potential vs. controlled current, and the possibility to selectively extract 
metals were also considered. In the last part, the efficiency of extracting metals from 
fly ash was studied, using the selected electrode configuration.  
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1.3 Thesis outline 
This thesis investigates the possibility to extract heavy metals from fly ash using 
electrochemical methods. In order to provide a context in which this issue is relevant, 
the first section of the Theory will present a description of a waste incineration 
process, where the generated fly ash is classified as hazardous. To be able to use 
electrochemical methods for metal extraction, a thorough comprehension about 
electrochemistry is of importance. Section two of the Theory has the purpose to 
provide knowledge on electrochemistry and electrochemical methods. In order to find 
an efficient electrochemical extraction method, knowledge of earlier studies 
performed on the subject is needed. The third section of the Theory describes this.  

The Method chapter briefly explains how the laboratory work was performed. 
Experimental details such as used materials and methodology are described. 

The Result and Discussion chapter presents the results from the study, and provide a 
discussion on the obtained results. It also describes the rationale behind the 
methodology used in the different experiments. 

The Conclusions chapter presents the conclusions that could be drawn from the 
results, and the gained knowledge of the study.  

The Recommendations and future work presents ideas for interesting future work, and 
discusses the possibilities for implementation on an industrial scale. 
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2 Theory  
When waste undergoes incineration the total volume is reduced and energy can be 
utilized. During incineration mainly two by-products are formed, slag and fly ash. 
These contain relatively high concentrations of heavy metals and are therefore 
classified as hazardous waste. Examples of metals found in slag and fly ash are 
copper, zinc, lead, and cadmium which mainly originate from electronics and 
industrial waste. Metals can be extracted in many ways, where one fairly basic and 
effective way is to use electrochemical methods. The theory chapter will describe the 
waste process and the waste’s components at the Gärstad plant (the largest and newest 
of the four incineration facilities at Tekniska Verken i Linköping AB), followed by a 
description of electrochemistry. Earlier studies regarding extraction of metals from 
waste products will also be described in this chapter. 

2.1 The waste incineration process 
The incineration process starts when the waste is dumped into a bunker. An overhead 
crane is used to lift the waste from the bunker into the boiler and the actual 
incineration process takes place on a large grate. The incombustible products, 
consisting of materials such as gravel, stones, and scrap-metal (i.e. slag), are collected 
in a slag-output after the incineration. When the waste materials are combusted, hot 
fumes are formed in the boiler, heating water into steam which in turn generates 
electricity and district heating. The fumes then undergo a cleaning step in order to get 
rid of hazardous elements. Furthermore, moisture from the fumes is condensed and by 
doing so even more heat can be recovered. Next, the fumes pass a rotor where 
incoming incineration air passes, thereby warming it up and saving more heat. At the 
Gärstad plant, heat from the fumes is instead recovered by an absorption heat pump. 
(Tekniska Verken i Linköping AB, 2009) 

Both the three old incineration facilities and the new one at Gärstad have the 
flexibility of producing solely heat or simultaneous production of heat and electricity. 
The production of electricity though, is performed differently. In the old facilities 
both a gas turbine and a steam turbine are connected to a mutual generator. The new 
facility at the Gärstad plant on the other hand, produces electricity solely by a steam 
turbine. (Tekniska Verken i Linköping AB, 2009)  

2.1.1 Waste incineration 
The incineration in the boiler is performed on a large grate boiler at a temperature of 
at least 850 °C. The grate boiler is mobile and gradually feeds the waste forward. To 
ensure an environmentally beneficial incineration, supplementary air is added to the 
process. Afterwards, the fumes are cleaned in several steps. Control of the 
incineration and minimization of nitrogen oxides is regulated via a sound-based 
temperature system. A feeder band carries the incombustible products to the slag 
output (see number 1 in Figure 1). To enable reuse of materials, the slag is sorted, e.g. 
scrap iron is separated with a magnet. The incineration also produces a lot of hot 
fumes, which heats the water circulating in the pipes of the walls into steam. The 
steam is then used to power a turbine to produce electricity. The remaining energy in 
the steam is used to produce district heating. (Tekniska Verken i Linköping AB, 
2009) 
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Figure 1. The waste incineration process at the Gärstad plant. Number 1 shows the slag output 
receiving the incombustible products remaining after incineration, whereas number 2 shows a textile 
filter that, among other things, removes dust from the fumes (Tekniska Verken i Linköping AB, 2009). 

2.1.2 Cleaning of fumes 
The first step of the purification process involves dosage of activated carbon and lime 
to capture heavy metals, sulfur, hydrochloric acid, and dioxins. The fumes then pass a 
textile filter that, among other things, removes dust (see number 2 in Figure 1). The 
dust (i.e. fly ash) mainly consists of added substances from the cleaning process, and 
hazardous materials from the waste. After separation of dust and dust bound 
impurities in the dry cleaning step the fumes are led to the wet cleaning step where 
they are washed with water. The first part of the wet cleaning process involves 
passing through a scrubber. The scrubber initially separates ammonia, mercury, heavy 
metals, and chlorides using a low pH, followed by a separation of sulfur using neutral 
pH. The condensate is collected and cleaned in a water facility, which consists of 
neutralization, precipitation, flocculation, sedimentation, ammonia cupellation, sand 
and carbon filtering. The second part of the wet cleaning process consists of a heat 
recovery step where heat from the fumes is utilized in both a gas condenser and an 
absorption heat pump. Lastly, the cleaned fumes, which consist of 72% nitrogen gas, 
11% carbon dioxide, 10% water vapor, and 7% oxygen, are blown out through the 
chimney. (Tekniska Verken i Linköping AB, 2009) 

2.1.3 Slag and fly ash 
As stated earlier, slag remaining from the waste incineration process at Tekniska 
Verken (Tekniska Verken i Linköping AB, 2009) mainly consists of gravel, stones, 
and scrap-metal, i.e. incombustible products. Fly ash includes two groups of 
hazardous compounds, namely persistent organic pollutants (POP) and metals (Ecke, 
2003). POP may be reduced to <1% of its toxic equivalent concentration using proven 
treatment methods. For example, at temperatures <400 °C and under oxygen 
deficiency, the Hagenmaier drum thermocatalytically destroys organic compounds. A 
huge amount of fly ash is generated every year; only in Sweden hundreds of tonnes of 
municipal solid waste (MSW) are produced, generating fly ash during incineration 
(Karlfeldt Fedje, Ekberg, Skarnemark, & Steenari, 2010). Due to high concentrations 
of toxic metals and soluble components, it is classified as hazardous waste and needs 
to be deposited in specialized landfills. These landfills have advanced leachate control 
and are therefore expensive to operate, thus providing incitement to reduce the 
deposits.  
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2.2 Electrochemistry 
Electrochemistry concerns the interchange of chemical and electrical energy (Brett & 
Brett, 1993). It is utilized mainly in two types of situations, either to make use of 
spontaneous chemical reactions to produce electricity, or to use electricity to drive 
non-spontaneous reactions (Atkins & Jones, 2005). Electrochemistry plays an 
important role in many areas of science and technology as well as in our daily life. 
Examples of applications based on electrochemical principles are batteries, fuel cells, 
and pH electrodes (Ulrich, 2008). It is also useful for monitoring the activity of our 
brain and heart, the pH of our blood, and the presence of pollutants in our drinking 
water (Atkins & Jones, 2005).  

2.2.1 Electrochemical cell 
A typical electrochemical cell is a system consisting of two metal plates (i.e. 
electrodes) in contact with a solution, and a potential source (see Figure 2). The 
electrodes are connected to an external potential source via wires, in which an electric 
current is transported (Atkins & Jones, 2005), while the current in the solution is 
carried between the electrodes by charged ions. For this electrochemical system to 
function, it is essential that charge can cross from the metal to the solution and the 
other way around. In most cases, this is enabled by species in the solution that either 
take up or release electrons. Different types of materials commonly used as electrodes 
include solid metals (e.g. platinum and gold), carbon (e.g. graphite), and 
semiconductors (e.g. indium-tin oxide and silicon). Different kinds of electrodes and 
their properties will be further described in section 2.2.4. The solution used in an 
electrochemical cell, called electrolyte, is ionically conducting. Electrolytes often 
contain charged species such as hydrogen ions, sodium ions, and chloride ions in 
order to enhance the conductivity, in either water or organic solvents (Ulrich, 2008).  

Electrochemical cells can either be galvanic, where spontaneous chemical reactions 
are used to generate an electric current, or electrolytic, where electrical current from 
an external voltage source is used to drive chemical reactions (Atkins & Jones, 2005). 
When a voltage is applied between the electrodes, the energy level of the electrons are 
changed, which makes it possible to alternate the direction of the electrode reactions 
(Brett & Brett, 1993). The process when an external voltage converts electrical energy 
into chemical energy is termed electrolysis (Hamann, Hamnett, & Vielstich, 1998). 
Electrolytic cells are useful in many contexts for example industrially in brine 
electrolysis, in electrode reaction studies, in electrosynthesis, and in extraction and 
refining of metals (Brett & Brett, 1993). 
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Figure 2. Schematic figure of an electrochemical cell. This cell represents an electrolytic cell, 
consisting of two electrodes immersed in an electrolyte, and connected via wires to a battery.  

2.2.2 Oxidation and reduction 
Whether it is an electrolytic cell or a galvanic cell, the electrode at which negative 
charge enters the electrolyte solution, or, equivalently, positive charge leaves the 
solution is called cathode. This is defined as reduction and the reactant is said to be 
reduced. The electrode at which negative charge leaves the electrolyte solution, or, 
equivalently, positive charge enters the solution is termed anode. This is called 
oxidation, where the electroactive species is said to be oxidized. In an electrolytic 
cell, the positively charged ions migrate toward the cathode and the negatively 
charged ions migrate towards the anode. The positively charged ions are called 
cations and the part of the solution near the cathode is called catholyte whereas 
negatively charged ions are called anions and the part near the anode is termed 
anolyte. (Hamann, Hamnett, & Vielstich, 1998)  

2.2.3 Half-reactions and electrode potential 
The chemical reactions taking place at the anode and the cathode are called half-
reactions, and together they represent the overall chemical reaction of the cell. These 
half-reactions and their corresponding electrode potentials (reduction potentials) are 
used to calculate the cell potential of the electrochemical cell. This is the difference 
between the potentials of the cathode and anode, and thus follows the equation (Brett 
& Brett, 1993):  

anodecathodecell EEE −=
  

( 2.2.1 ) 

Ecathode and Eanode are consequently the potentials of each half-cell. At standard 
conditions, these values can be obtained from each reaction’s standard reduction 
potential (denoted E0). These standard potential values are valid only under certain 
conditions such as standardized temperature, pressure, and unit activity (Ulrich, 
2008). Under non-standardized conditions, the potentials of each half-reaction can be 
calculated from the Nernst equation. This equation consists of the activities of the 
species involved and the corresponding standard potential. The Nernst equation for a 
half-cell potential, E, is:  
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where E0 = Standard reduction potential, R = molar gas constant (8.31447 JK-1mol-1),                
T = temperature (K), n = number of electrons in the half-reaction, F = Faraday’s 
constant (96485.3 Cmol-1), and ai = activity of species i. The activity is related to the 
concentration, and can therefore often be approximated by it. The activities of solids 
and solvents are normally unity, or close to unity, and are therefore excluded in the 
equation. When all activities are unity, the second term in the equation is zero, 
consequently giving E = E0 (Ulrich, 2008).  

In an electrolytic cell, where a given amount of electricity is applied, the amount of 
product formed is calculated from the stoichiometry of the half-reaction and the time 
during which the current flows (Atkins & Jones, 2005). This was shown by Michael 
Faraday and is known as Faraday’s law of electrolysis. The amount of charge is 
calculated as follows, 

ItznFQ ==    ( 2.2.3 ) 

where Q = the charge through the electrolysis cell (in coulombs, C), n = the number 
of moles of reagent, z = number of electrons per reagent, and F = Faraday’s constant 
(96485.3 Cmol-1). The charge is determined by integrating the current, I (in ampere, 
A), with respect to time t (in seconds, s).   

2.2.4 Electrodes 
Usually, only one of the two electrode processes is of interest, and the electrode 
where this process takes place is called the working electrode. This electrode is 
normally investigated through control of its potential (potentiostatic control) or the 
current passing through (galvanostatic control). To complete the electrical circuit an 
additional electrode is used, termed counter electrode. (Brett & Brett, 1993). In order 
to measure and control the potential of the working electrode, a reference electrode is 
employed to standardize the other half of the cell (Ulrich, 2008). The reason for using 
a separate reference electrode is to avoid the iR-drop between the working and 
counter electrode. Also, if the counter electrode would function as a reference 
electrode, it may cause problems of potential control since the activities of the species 
in the vicinity of the electrode would be slightly altered when passing a current. In 
this three electrode system, current passes between the working and the counter 
electrode, with the latter often having a larger area than the former so as not to be the 
limiting factor. The reference electrode provides a reference potential and only passes 
a negligible current (Brett & Brett, 1993).  

The Standard Hydrogen Electrode (SHE) is the most important reference electrode 
because it is the one used to define the standard potential scale. The SHE consists of a 
platinized platinum sheet immersed in an aqueous solution of unit activity of H+ (aq.) 
in contact with hydrogen gas at the pressure of one atmosphere. The potential-
determining reaction for the SHE has the form (Hamann, Hamnett, & Vielstich, 
1998): 

2H + + 2e− → H2  Eo = 0   ( 2.2.4 ) 

The SHE is suitable to use as a comparison for standard potentials since it, compared 
to many other electrode systems, establishes its equilibrium potential quickly and 
reproducibly and maintains its potential well with time. However, it also possesses 
certain disadvantages, particularly from an experimental point of view, since it is 

8 
 



sensitive and hard to handle. Another common reference is the silver-silver chloride 
(Ag/AgCl) electrode, which is easily put together and ready for use immediately after 
assembly, and can be placed directly into the electrochemical cell (Hamann, Hamnett, 
& Vielstich, 1998). It has, for a saturated potassium chloride solution, the potential of 
0.197 vs. SHE (Ulrich, 2008).  

As stated earlier, different kinds of materials can be used as electrodes. The most 
common are solid metals, carbon, and semiconductors. Regarding metals, platinum 
and gold are the most frequent because they are inert and noble. The advantages of 
solid metals are high conductivity, ease of polishing, and ease of construction of the 
electrode assembly. Different types of carbon can be used as electrodes, for example 
glassy carbon, carbon fibers, and various forms of graphite. Of these, the most 
commonly used is glassy carbon. Normally, chemical reactions are slower at carbon 
than metallic electrodes but they have a high surface activity and their electrode 
surface is easy to modify with functional groups (Brett & Brett, 1993). A new type of 
glass-like carbon material is reticulated vitreous carbon (RVC). It is an open pore 
foam material composed solely of vitreous carbon, and combines some of the features 
of glass with some of those of normal industrial carbons. Some of its properties are 
high void volume (97%), high surface area, high electrical conductivity and good 
chemical inertness (ERG Materials and Aerospace Corporation). 

2.2.5 The electric double layer 
The transition region between the electrode and the bulk of the electrolyte contains a 
charge imbalance and is known as the electric double layer (Bard & Faulkner, 1980). 
If a voltage is applied between the two electrodes, they will be negatively or 
positively charged. They will therefore attract ions and dipoles present in the solution 
with the opposite charge. In order to maintain electroneutrality of a half cell, 
whenever the potential is changed, the composition of the solution side will also 
change (Ulrich, 2008). This occurs without any charge transfer between the electrode 
and the solution. The electrode-solution interface thus behaves like a capacitor, which 
is governed by the equation 

C
E
q
=     ( 2.2.5 ) 

where q = the charge on the capacitor (in coulombs, C), E = the voltage across the 
capacitor (in volts, V), and C = the capacitance (in farads, F). When the electrode 
potential is changed, charge will build up on the electrode until q satisfies equation 
(2.2.5). During this process a current, called the charging current, will flow due to 
resulting movement of charged species in the solution. The double layer can be said to 
consist of two parts, the solution side and the solid side. The solution side is itself 
made up of at least two layers (Bard & Faulkner, 1980) where the inner layer, i.e. 
closest to the electrode, contains solvent molecules and sometimes other species (ions 
or molecules) that are said to be specifically adsorbed, and this layer is called 
Helmholtz layer (see Figure 3). The inner Helmholtz plane (IHP) is the locus of the 
electrical centers of the specifically adsorbed ions. The outer layer is represented by 
the locus of the centers of the nearest solvated ions, and is called the outer Helmholtz 
plane (OHP). The IHP is at a distance x1 from the electrode while the OHP is at a 
distance x2.  
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The solvated ions’ interaction with the charged metal is only involving long-range 
electrostatic forces and their interaction is therefore independent of the chemical 
properties of the ions. These ions are said to be nonspecifically adsorbed (Ulrich, 
2008). 

 
Figure 3. Illustration of the double layer, where the electrode is negatively charged, and the IHP is the 
inner Helmholtz plane and OHP is the outer Helmholtz plane (Ulrich, 2008). 

2.2.6 Mass transfer 
One factor that affects the electrode reaction rate and hence the current, is the mass 
transfer. Mass transfer is the movement of species, either between the bulk solution 
and the electrode surface or from one location in the solution to another. It may occur 
due to migration (movement of charged species in an electric field), diffusion 
(movement of species as a result of a concentration gradient), or convection 
(movement of species caused by stirring or by density gradient). It is often desirable 
to keep as many of these contributions constant during electrochemical experiments. 
For example, when adding a supporting electrolyte the migration of redox species can 
be made negligible. However, it is more complicated to control the diffusion, which 
therefore often has a considerable impact on electrochemical experiments. (Ulrich, 
2008) 

2.2.7 Cyclic voltammetry 
Voltammetry is a widely used method in electrochemistry, and it is a process where 
the potential of the working electrode is varied with time, while the current is 
registered. Cyclic voltammetry is often used to study the redox behavior of 
electroactive species. The potential is swept from a certain potential to another, and 
then swept in reverse, hence the word cyclic. The two potentials are chosen to make 
sure that the redox behavior of the analyte is included, and is often centered around its 
E0 value. An important factor is the sweep rate (scan rate), normally ranging from 10 
mV/s to a few V/s. The current-potential curve obtained is termed a cyclic 
voltammogram; Figure 4 illustrates the result of a measurement in a solution 
containing a reversible redox couple. The species are oxidized during the forward 
scan, and the reduction behavior can then be evaluated in the reversed scan. Since the 
current is proportional to the concentration, it is possible to determine the 
concentration of the analyte. The value of E0 can also be evaluated by the position of 
the peaks for the oxidation and reduction. Reaction kinetics, surface adsorption, and 
mass transfer are examples of additional parameters that can be studied with cyclic 
voltammetry. (Ulrich, 2008)  
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Figure 4. A schematic illustration of a cyclic voltammogram where the potential is swept between E1 
and E2. Oxidation occurs in the forward scan, and reduction in the reverse scan. The value of E0 can be 
estimated by the position of the oxidation and reduction peaks. (Ulrich, 2008) 

2.2.8 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a technique which covers many 
applications. Electrode kinetics, adsorption rates, corrosion processes, battery 
properties, and aging of sensors are examples where EIS can be applied. Impedance 
(Z) can be described as the electrical opposition to the flow of an alternating current at 
a given frequency. The impedance function can be defined as 

)(
)()(

ω
ωω

jI
jEjZ =   ( 2.2.6 ) 

and for a resistance it is simply equal to R. The impedance function for a capacitance 
(C) is defined as   

jC
jZ

ω
ω 1)( =    ( 2.2.7 ) 

where C = the capacitance (in farads, F), ω = radial frequency (rad/s), and j = 1− . 
(Ulrich, 2008) 

2.2.9 Amperometric and galvanostatic techniques 
Other measurement techniques commonly used in electrochemistry are controlled 
potential (amperometric) and controlled current (galvanostatic) experiments. 
Amperometry involves measurements of the current passing through the electrode 
circuit, whereas the galvanostatic technique comprises measurement of the potential 
of the working electrode. An instrument known as a potentiostat can be used to 
control the voltage across the working electrode-counter electrode pair, where it 
adjusts the voltage in order to uphold the set potential difference between the working 
and reference electrodes. The potentiostat can be seen as an active element that forces 
through as much current as needed in order to maintain the desired potential, at any 
time. The current is measured as a function of time, and is related to the concentration 
of the analyte. This method is termed amperometry, whereas an inverted methodology 
is applied in the galvanostatic technique. Instead of having constant or zero potential, 
the current is held constant and the potential becomes the dependent variable as a 
function of time. The current is maintained constant between the working electrode 
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and counter electrode using an instrument called a galvanostat, and the potential 
between the working electrode and a reference electrode is registered. (Bard & 
Faulkner, 1980)  

2.3 Earlier studies on extraction of metals from fly ash 
Several studies have been done on extraction of metals from fly ash. The extraction 
may include both physical and chemical processes, such as screening, magnetic 
separation, leaching, ion exchange, crystallization, distillation, and electrochemical 
processes (Ecke, 2003). The following section will present studies on extracting 
metals from fly ash both using electrochemical methods and by some alternative 
extraction methods. It will also present earlier studies where variables and factors also 
useful and interesting for this study are investigated.  

2.3.1 Electrolysis for metal extraction, and subsequent recovery  
Yang and Tsai (Yang & Tsai, 1998) studied the importance of different experimental 
factors for extractability of metals from fly ash, such as efficiency, liquid-to-solid 
(L/S) ratio, concentration, time, and initial pH. Furthermore, experimental factors 
affecting electrolytic recovery were also investigated including current density, initial 
pH, and operating temperature. A number of different acids as extractants were 
studied to find the most suitable leaching agent for extraction of heavy metals. Fly ash 
samples were dissolved in these, and samples from the solutions were obtained after 
different times and analyzed for lead, cadmium, and chromium using flame atomic 
absorption spectroscopy (FAAS). The extraction efficiency for each of the mentioned 
metals was calculated, and sodium acetate with a pH of 3 was found to give the 
highest extraction yield and was therefore chosen for the following experiments.  

Cyclic voltammetry was employed to analyze which metals were feasible to recover 
from the fly ash with electrolysis. Platinum sheets were used as both working- and 
counter electrode, and Ag/AgCl as reference electrode. The experimental arrangement 
consisted of a potentiostat, a micro-cell and the working-, counter-, and reference 
electrodes mentioned above. For the study of their removal efficiencies, a cell of 
fluidized-bed type was constructed, with non-conducting glass beads as bed medium. 
Five sheets of stainless steel and four sheets of the metal of interest were alternately 
placed in the electrolytic cell between the counter electrode and the working 
electrode. To maintain the concentration of metal ions in the electrolyte, these two 
were always made of the same material. Ag/AgCl was also here used as reference 
electrode.  

Yang and Tsai’s study showed that for lead, the most important factors regarding 
extractability were L/S ratio and experimental time, while L/S ratio and extractant 
concentration were of importance for chromium. Using cyclic voltammetry, copper 
and lead were found to be most feasible to recover with electrolysis and were 
therefore the only metals further studied for their removal efficiencies. The 
conclusion from the electrolysis was that current density was important for 
electrolytic recovery, but with an opposite effect, i.e. lower current density resulted in 
increased efficiency, decreased energy consumption, and higher quality on the 
recovered metal. Using the fluidized-bed type electrolytic cell, 96.70% lead and 
93.69% copper was recovered from the leachate of fly ash.  
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2.3.2 Zinc extraction using selective reactive extraction and electrolysis 
Schlumberger et al. (Schlumberger, Schuster, Ringmann, & Koralewska, 2007) 
succeeded in extracting high purity zinc from filter ash with the use of selective 
reactive extraction (SRE) and electrolysis. The extraction process consisted of three 
main process steps: acid extraction, selective zinc reactive extraction and zinc 
electrolysis, followed by recirculation. In the first step, the acid extraction, the filter 
ash from the waste incineration was extracted by adding acid and alkaline fluids from 
the wet flue-gas scrubbing process. The pH value was kept low, in the range 3.8-4.2, 
during extraction. A selective ion exchanger was used to separate mercury prior to ash 
extraction. Air was also added to the ash extract to oxidize dissolved iron (II) into its 
trivalent form. The iron, precipitated as hydroxide, was separated by the means of 
candle filtration.  

When heavy metals had been extracted from the filter ash into the aqueous phase, the 
next step was commenced. In order to obtain high purity zinc salt solution (mono 
metal solution), SRE was used on the ash extract. An organic non-water-soluble 
complexant phase was brought into contact with the aqueous phase in mixer-settler 
units. Depending on pH value, different metals can be extracted. Diluted sulfuric acid 
and a sulfuric zinc concentrate (mono metal solution) were acquired for stripping of 
the loaded organic phase. Zinc was separated from the mono metal solution using 
electrolysis. It was continuously separated and removed in batches as zinc foil on a 
rotating aluminum cathode. As anode material, noble metal-coated titanium was used. 
During electrolysis several gaseous by-products were formed (hydrogen, oxygen and 
small traces of chlorine gas), and these were drawn off and sent to the incinerator 
plant’s extraction system.  

The third step involved destruction of organic substances present in the filter ash by 
returning the extracted filter ash to the incineration process. By using this method, 
zinc metal with purity higher than 99.99% was obtained with the use of electrolysis 
and a total recovery of 80% of the zinc from the filter ash. Step 1 has already been 
implemented on an industrial scale in several thermal waste treatment plants, and 
steps 2 and 3 have been piloted on an industrial scale. The experiments have shown 
that the process is industrially feasible.  

2.3.3 Extraction of metals with electrolysis using the ‘Swiss-roll’ cell   
The two-dimensional electrode cell, called ‘Swiss-roll’ (SR), has been used in several 
experiments to extract metals from dilute waste waters (Saba, Sherif, & Elsayed, 
2007), (Robertson & Ibl, 1977). Some of the benefits are simple construction, small 
inter-electrode distance, high mass-transfer rates and uniform current-density 
distribution. The SR cell resulted in deposition rates four times higher than those 
obtained with the sheet electrode (Saba, Sherif, & Elsayed, 2007).The SR cell has a 
sandwich construction, consisting of different layers. In Robertson and Ibl’s study, it 
consisted of five different components (see Figure 5) (Robertson & Ibl, 1977).  

 

Figure 5. ‘Swiss-roll’ sandwich construction: Cathode (cloth) separator (1), cathode (2), ion-exchange 
membrane (3), anode (cloth) separator (4), and anode (5) (Robertson & Ibl, 1977). 
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Both the anode and the cathode were made of titanium, but prepared differently. The 
cathode was etched with hydrogen chloride to get a rough surface for the metal to 
adhere well to. The anode was prepared with thermal decomposition of ruthenium 
oxide in air. To prevent growth of metals across the gap between the anode and the 
cathode, an ion-exchange membrane was used. To provide enough volume for the 
electrolyte, cloth separators were employed on both sides of the anode and the 
cathode. An external reference electrode was connected to the SR cell as well (see 
Figure 6). The effective cathode area was in this case 750 cm2. By coiling the 
sandwich construction and placing it in a plastic cylinder a flow cell with a very large 
area volume ratio was obtained.  

 

Figure 6. 'Swiss-roll' cell with equipment (Robertson & Ibl, 1977). 

Robertson and Ibl proved that it was possible to extract 99.9% copper from both 
copper and zinc solutions and copper and nickel solutions with no detectable change 
of the second metal. They also described three different stripping methods: by 
opening the cell and mechanically remove the metal, by chemically dissolving the 
metal with an oxidizing acid, e.g. sulfuric acid, or by electrochemically stripping the 
metal. According to their study the preferred method would probably be chemical 
dissolution since it is fast, convenient, and inexpensive. However, care must be taken 
since the acid may damage the electrodes. 

2.3.4 Removal of heavy metals using electrodialytic remediation  
Pedersen et al. (Pedersen, Ottosen, & Villumsen, 2005) studied removal of heavy 
metals from municipal solid waste incineration (MSWI) fly ash using electrodialytic 
remediation. This is an electrochemically assisted separation method, which 
furthermore uses ammonium citrate solution as an assisting agent. The principle of 
electrolytic remediation is illustrated in Figure 7. Compartment III contains a stirred 
suspension consisting of fly ash and ammonium citrate. Different electrolytes are 
circulated in compartment I, II, IV and V, using magnetic pumps.  
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Compartment I was filled up with 2.5% ammonia, compartment II contained 
ammonium citrate solution and compartments IV and V contained sodium nitrate with 
a pH lower than 2.  

 

Figure 7. Illustration of electrodialytic remediation of fly ash. Each of the compartments (I-V) were 
separated by an ion exchange membrane, either anion exchange membrane (AEM) or cation exchange 
membrane (CEM). Compartment III consisted of fly ash sample diluted with ammonium citrate 
whereas the remaining compartments consisted of different electrolyte solutions. (Pedersen, Ottosen, & 
Villumsen, 2005) 

The ash suspension in compartment III was stirred continuously with a rotating motor. 
The electrodes used in Pedersen et al.’s experiments were made of platinum coated 
titanium wire. Ion exchange membranes were used between each compartment. A low 
voltage dc current was applied, causing free ions in the solution to migrate in the 
electric field towards either the anode (+) in compartment II or towards the cathode   
(-) in compartment IV. The fly ash suspension was separated from the electrolytes by 
the ion exchange membranes. These also ensured current efficiency by prohibition of 
ions from electrolytes in the outer compartments (I and V) to migrate into the ash 
solution, but still allowing ions from compartment III to migrate into the electrolytes. 
The membranes are either cation exchange membranes (CEM) or anion exchange 
membranes (AEM). The CEM consist of sulfonated copolymers while the AEM 
consists of quaternary ammonium groups.  

After completion of the experiments, the ash sample solution was filtered in order to 
analyze water content and pH. Ashes, aqueous phases, electrolytes, membranes and 
electrodes were then analyzed using atomic absorption spectroscopy (AAS) in order 
to investigate the heavy metal content. To be able to evaluate metal content adhered to 
membranes and electrodes, these were soaked in nitric acid prior to AAS analysis. 
The results from Pedersen et al.’s study showed that, after 70 days of the 
electrodialytic remediation, 86% cadmium, 20% lead, 62% zinc, 81% copper and 
44% chromium were successfully removed from the fly ash using an ammonium 
citrate solution as assisting agent.  

2.3.5 Alternative methods for extraction of metals from fly ash 
Using electrochemical methods for extraction of metals is not the only possible 
approach. There have been several other studies concerning the removal of hazardous 
heavy metals from slag, fly ash and other types of wastes. Studies have been made by 
Nugteren et al. (Nugteren, Janssen-Jurkovícová, & Scarlett, 2002) on how different 
kinds of liquids can be used to force leaching of metals from fly ash, thereby 
increasing its environmental quality. Following the forced leaching, the 
environmental quality of the fly ash was assessed using the Dutch standard leaching 
test (NEN7343).  
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Nugteren et al. refer to earlier studies that state that the mobility of heavy metals from 
fly ash depends on their distribution among and within fly ash particles. Variations in 
the constitution of different ashes have been found but a certain distribution between 
metals that have a high mobility (i.e. cadmium, selenium, vanadium) and metals with 
a low mobility (i.e. copper, zinc, lead, nickel) can be made. These two groups of 
metals showed affinity toward different chemical compounds. Metals with high 
mobility showed affinity toward calcium oxides and sulfates whereas metals with low 
mobility showed affinity toward silicates. The aim with their study was to remove the 
majority of leaching elements of the ash particles, without changing the physical 
properties of the ash. 

In their study washing with water and washing with extraction agents were 
performed. To investigate which variables where to be considered important, a small 
scale extraction test was made using a small amount of ash. The samples were added 
to an appropriate amount of solution, first consisting of water in order to remove free 
lime and secondly consisting of extraction agents used separately in different 
experiments. The reason for removal of the free lime was that the extraction agents 
form stable complexes with calcium. The sample solution was continuously stirred to 
keep all the solids in suspension. After a specified time, the suspension was filtered 
through a membrane and analyzed with inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) and AAS. Following the small-scale tests, larger samples of 
fly ash were used. These full-scale tests were performed in a similar manner to the 
small-scale tests. To remove even more of the extraction agents still in the resulting 
moisture after the initial filtration of the extraction agent solution, clean water was 
poured on the filter in portions.  

The results from washing with water showed that only 15% calcium, 40% sulphate, 
30% molybdenum and 20-30% selenium were significantly removed. In order to 
clean the solution, carbon dioxide was bubbled through it which resulted in a forced 
precipitation of calcium carbonate and also a co-precipitation of selenium. 
Molybdenum can be removed using anion exchange resins. After washing with the 
extraction agent, these elements were extracted in higher portions and elements such 
as antimony, chromium, vanadium, and arsenic were also removed in considerable 
amounts. However, elements constituting a high percentage of the fly ash such as 
copper, zinc, barium, nickel, and lead only yielded an extraction percentage of less 
than 10%. Increasing the concentration of the extracting agents generally resulted in a 
higher removal of heavy metals but it also contributed to an increase in the extraction 
of the elements calcium, aluminum, and silicon. The conclusions of the study were 
that it was possible to remove a high percentage of certain trace elements from fly ash 
using water and extraction agents. It did not, however, comply with the Dutch 
leaching requirements. Another conclusion was that the pre-washing with water only 
worsened the leaching properties of the fly ash, probably because it caused the matrix 
of the ash particles to be attacked too severely.  

Karlfeldt Fedje et al. (Karlfeldt Fedje, Ekberg, Skarnemark, & Steenari, 2010) also 
studied the extractability of heavy metals from MSW fly ash using different leaching 
media and a number of organic acids. The leaching media was chosen based on their 
possible ability to form complexes with metal ions. The experimental procedure was 
similar to the procedure used by Nugteren et al. described above, including ash added 
to a specified amount of solution, continuously stirring the sample solution, filtering 
through a membrane and finally analysis. Pre-washing with water was also carried out 
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in some of the experiments. Karlfeldt Fedje et al. did the pre-washing in order to leach 
the elements calcium, potassium and sodium. The results from the pre-washing 
showed equal or lower amounts of both major and minor elements being released. 
The authors also pointed out the risks of separation and dissolution of the ash matrix, 
resulting in possible release of previously encapsulated species. However, it may also 
lead to a larger surface and more sites where metal ions can be adsorbed or co-
precipitate with matrix compounds. Generally, a change in the ash matrix can result in 
an increase in surface area and thereby either increasing or decreasing the release of 
metal ions. Strong mineral acids with low pH contributed to a higher leaching of 
many elements, while organic acids were less effective as leaching agents for metals. 
Different leaching agents showed different affinity to form complexes with metals, 
thus affecting the leaching properties. For example, ethylenediaminetetraacetic acid 
(EDTA) had high affinity to form complexes to both copper and lead while 
ammonium nitrate was especially effective for recovery of copper.  

Xue et al. (Xue, Wang, Wang, Liu, Yang, & Wui, 2010) studied the extractability of 
heavy metals from MSWI fly ash by traditional extraction as compared to microwave 
acid extraction. As the study by Nugteren et al. showed an inefficiency of removing 
metals such as lead, zinc, and copper, Xue et al. aimed at finding a new method that 
would overcome these inefficiencies. The technology of microwave radiation is 
relatively new in the treatment of MSWI fly ash, but has already been used in other 
metal recovery applications such as heating, drying, leaching, roasting/smelting, and 
waste management. The solution used to extract heavy metals from fly ash in their 
experiments was hydrochloric acid. In both the traditional and microwave acid 
extraction, fly ash was added to a hydrochloric acid solution of various 
concentrations. For the microwave acid extraction, the samples were placed in a 
PTFE vessel since it is transparent to microwaves. The solution samples were then 
heated to a designated temperature, by a magnet stirrer for the traditional acid 
extraction and by microwaves for the microwave acid extraction. For both methods, 
the solution was then centrifuged and filtered through a membrane. The concentration 
of each heavy metal was measured using inductively coupled plasma mass 
spectroscopy (ICP-MS).  

The results from the study showed that microwave extraction was superior to 
traditional acid extraction since it contributed to faster dissolution of heavy metals, 
shortened extraction time, and gave rise to increased removal efficiencies of zinc, lead 
and copper. Furthermore, the leaching properties of lead, zinc, and copper were 
decreased.  

Holger Ecke (Ecke, 2003) studied the limitations and possibilities of adding carbon 
dioxide to fly ash as a stabilization method. Carbonation is a method to treat alkaline 
wastes and stabilize metals in (MSWI) fly ash. Carbon dioxide forms carbonic acid in 
water at alkaline conditions, which facilitates carbonate formation and precipitation of 
metals. The aim of the study was to further investigate which critical metals in fly ash 
are in most need of treatment, how they are affected by carbonation, and what 
possibilities and limitation the method has from a technical point of view. Four 
different variables were studied: addition of water, partial pressure of carbon dioxide, 
temperature, and time. The ash was either mixed with 50% (w/w) water or used as 
received and then placed in glass reaction tubes. A peristaltic pump kept the total 
daily flow through the tubes at the constant value of 2.2 l. Before running the 
experiments, the gas was saturated with water.  
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The temperature was kept constant at 20 °C or 60 °C during carbonation. The 
experiments continued for either 4 or 40 days and when finished, the samples were 
crushed and homogenized before leaching and thermal analysis.  

The tests showed that the most significant variable was the partial pressure of carbon 
dioxide, followed by reaction time, temperature, and lastly the addition of water. The 
concentration of carbon dioxide in the reaction gas was the main factor controlling the 
fixation. When the concentration was around 50 volume percent, the demobilization 
was most distinct. The carbonation process was, at that point, able to lower the 
mobility of lead and zinc by about two orders of magnitude. Furthermore, the pH of 
the waste was lowered from 12.6 to a significantly lower alkaline level. When water 
was added to the fly ash sample, demobilization of chromium became initially higher, 
but was remobilized with time. The oxidizing conditions during the treatment 
possibly contributed to the remobilization, causing the formation of mobile and toxic 
hexavalent chromium.  
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3 Methods 
The following chapter describes how the laboratory work was performed. Unless 
otherwise stated, a standard arrangement and methodology were used which is 
described in section 3.1.  

3.1 Standard arrangement and methodology 
The experimental set-up consisted of a potentiostat (PGSTAT30, Autolab, the 
Netherlands), electrochemical cell of polyethylene with a volume of 200 ml, magnetic 
stirrer, stir bar, working electrode, counter electrode, and reference electrode. The 
potentiostat is an instrument which was used to implement cyclic voltammetry, 
impedance spectroscopy, and amperometric and galvanostatic methods. In all 
electrolysis experiments, a magnetic stirrer together with a stir bar was used to create 
circulation of the electrolyte. After the amperometric and galvanostatic experiments, 
the metal on the working electrode was oxidized by a stripping technique. In this 
technique the working electrode with the deposited metal was lowered into a 
hydrogen chloride solution with a pH of 1, where a positive potential of 0.5 V was 
applied. 

The methodology to prepare the copper standard solution was initiated by weighing 
an appropriate amount of copper chloride. This was dissolved in milliQ water, 
followed by an addition of an appropriate amount of concentrated hydrogen chloride 
in order to achieve a pH of 3. To be able to analyze the copper concentration in the 
electrolyte, a visual copper test (Aquaquant®) was used. Two test tubes were filled 
with 20 ml samples each. To one of these test tubes, the reagent Cu-1 was added. 
Indicator strips were used to check that the pH was within the range 7.0-9.5 before 
reagent Cu-2 could be added. The other test tube was used as a reference, and nothing 
was therefore added to this. Five minutes later, the two test tubes were put into 
holders in the visual copper test equipment. A color card was slided through until the 
closest possible color match was achieved between the two open test tubes. When this 
was achieved, the concentration of copper could be established by reading the result 
from the color card. This test has a measuring range between 0 to 0.5 mg/l, with an 
accuracy of approximately ± 0.05 mg/l. Due to the measuring range dilution of the 
samples was performed when needed.  

3.2 Evaluation of RVC as electrode material 
Reticulated vitreous carbon (RVC) with three different pore sizes were examined as 
electrode material. RVC with pore sizes 10 and 30 pores per linear inch (ppi) were 
investigated as working electrode, while stainless steel and RVC 45 ppi were the 
materials evaluated as counter electrode. The aim with this evaluation was to find a 
suitable working/counter electrode combination for an efficient metal extraction. The 
impact of using a separate reference electrode was also investigated.  

First, a standard solution of 0.3 mg/l copper was prepared, and added to an 
electrochemical cell. The electrodes were then placed in the cell, and connected to the 
potentiostat via wires. The method used in these experiments was amperometry, with 
a constant potential of -0.7 V. Two experiments were carried out for each electrode 
combination, where one was run for 15 minutes and the other for 30 minutes. The 
visual copper test was used after electrolysis, to evaluate the copper concentration. 
Consequently, the copper concentration could be studied over time.  
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3.3 Electrochemical impedance spectroscopy 
An impedance study was made in order to provide a comprehension of the surface 
area of RVC. RVC with the pore sizes 10 ppi, 20 ppi, and 30 ppi were investigated. 
By analyzing the capacitance of the working electrode, a value of the surface area for 
RVC could be determined. An already known surface area must be used in order to be 
able to mathematically calculate the surface area, and thus glassy carbon was chosen. 
Since both RVC and glassy carbon are electrode materials with similar properties, the 
calculated capacitance per square centimeter for glassy carbon was used. 

The standard solution of 0.3 mg/l copper was used, and the applied potential was  
0.25 V. Four experiments were carried out, where glassy carbon, RVC 10 ppi, RVC 
20 ppi, or RVC 30 ppi was chosen as working electrode. Stainless steel was used as 
counter electrode and Ag/AgCl as reference electrode, in all experiments.  

Initially the capacitance (C) for a glassy carbon electrode was analyzed. By using the 
impedance function for capacitance, 

jC
jZ

ω
ω 1)( =

  
( 3.3.1 )

 

the capacitance for glassy carbon, which was a disk with a diameter of 3 mm, could 
be obtained. Since its surface area (A) was already known, a value of the capacitance 
per square centimeter could be determined using formula (3.3.2). 

204.7 −= Fcm
A
C

carbonglassy

carbonglassy μ    ( 3.3.2 ) 

The capacitance of RVC, with three different pore sizes, was then analyzed. Using 
formula (3.3.1) the capacitance for each RVC could be calculated. The capacitance 
per square centimeter for glassy carbon can be used to establish an approximate value 
of the surface area for each of the RVC electrodes. Hence, using formula (3.3.3), 
these values could be calculated.  

RVC
RVC AC

=
04.7

    ( 3.3.3 ) 

3.4 Amperometric vs. galvanostatic techniques (short electrolysis time) 
These experiments were aimed at evaluating and comparing electrolysis using 
controlled potential (i.e. amperometric) or controlled current (i.e. galvanostatic) for a 
short time. 

This set of experiments was performed using RVC 30 ppi as working electrode, RVC 
45 ppi as counter electrode, and Ag/AgCl as reference electrode. The standard 
solution used had a copper concentration of 0.3 mg/l. First, amperometric studies 
were performed where the constant potential was chosen to -0.7 V. The experiments 
were run for 15 or 30 minutes. Samples used for the copper test were taken after the 
electrolysis. When these experiments were finished, galvanostatic studies were 
commenced. An appropriate constant current of -5 mA was used during the 
experiments.  
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3.5 Cyclic voltammetry 
A comparison between RVC 10 ppi and glassy carbon as working electrodes was 
performed. Stainless steel was used as counter electrode and Ag/AgCl as reference 
electrode. Two experiments were performed on each electrode combination. In the 
first experiment, a standard solution of 50 mg/l copper was used, while a solution of 
only hydrogen chloride and milliQ water was used in the second experiment (pH = 3). 
However, the non-metal solution had an equivalent pH as the standard solution. 
Information such as reduction and oxidation of copper at the working electrode, and 
current level over different potentials could be investigated.  

3.6 Amperometric vs. galvanostatic techniques (long electrolysis time) 
These experiments were aimed at evaluating and comparing electrolysis using 
controlled potential (i.e. amperometric) or controlled current (i.e. galvanostatic) for a 
long electrolysis time. 

In this set of experiments RVC 10 ppi was used as working electrode, stainless steel 
as counter electrode, and Ag/AgCl as reference electrode. The standard solution in 
these experiments had a copper concentration of 50 mg/l. Both the amperometric and 
galvanostatic studies were performed for 17 hours and samples for the copper test 
were taken afterwards. During amperometry a constant potential of –0.7 V was 
applied. By integrating the current from this experiment the total amount of charge 
(Q) that passed through the circuit was obtained. This value was then used in formula 
(3.6.1) to calculate the current which was used in the galvanostatic study.     

t
QI =    ( 3.6.1 ) 

The evaluation of the methods’ efficiency was done by calculating the amount of 
reduced copper at the point where the current and potential curve had leveled out, 
which means that no further copper reactions occur. By using Faraday’s law of 
electrolysis (3.6.2) the number of moles of reagent were obtained.    

 ItznFQ =   ( 3.6.2 ) =

The amount of copper could then be calculated using formula (3.6.3). 

M
mn =

  
( 3.6.3 )

   
 

Hence, the amount of copper extracted in each method could be compared. In order to 
get an additional dimension of the methods’ efficiency, the mass transfer rate per 
square meter was calculated using formula (3.6.4)  

At
mratetransfermass
*

=   ( 3.6.4 ) 

where m = amount of metal (g), t = time (h), and A = area of the electrode (m2).  
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3.7 Importance of stirring 
The importance of circulation in the solution was investigated by comparing an 
experiment where the electrolyte was stirred with an experiment with no circulation. 
RVC 10 ppi was used as working electrode, stainless steel as counter electrode, and 
Ag/AgCl as reference electrode. Amperometry with an applied potential of -0.7 V 
was chosen and a standard solution of 50 mg/l copper was used. Two experiments 
were carried out; one where a magnetic stirrer and a stir bar was used to create 
circulation in the electrolyte, and the other where no stirring was applied. Both trials 
were run for 17 hours and copper tests were taken afterwards.  

3.8 Influence of zinc on extraction of copper 
An experiment evaluating how extraction of copper was affected by the presence of 
zinc was performed. A new standard solution was prepared, in addition to the 
standard solution of 50 mg/l copper. The new standard solution contained 50 mg/l of 
copper and 850 mg/l of zinc. Copper and zinc was dissolved in milliQ water, followed 
by an addition of an appropriate amount of concentrated hydrogen chloride in order to 
achieve a pH of 3. RVC 10 ppi was used as working electrode, stainless steel as 
counter electrode, and Ag/AgCl as reference electrode. Two amperometric 
experiments were carried out applying a potential of -0.7 V, one in each solution. 
Samples for the copper tests were taken and analyzed in intervals of 15 minutes. 
Thus, it was possible to evaluate how the extraction of copper was affected by the 
presence of zinc.  

3.9 Selective extraction using different potentials 
Amperometric experiments with different potentials were performed in order to 
investigate whether it was possible to selectively extract metals. A standard solution 
containing 50 mg/l of copper and 850 mg/l of zinc was used in these experiments. 
RVC 10 ppi was chosen as working electrode, stainless steel as counter electrode, and 
Ag/AgCl as reference electrode. Three experiments with different potentials were 
carried out. In the first trial a potential of -0.7 V was applied, whereas in the second 
and the third trial a potential of -1.1 V and -1.3 V was applied, respectively. The trials 
were run for 1 hour and copper and zinc tests were taken and analyzed afterwards. 
The visual copper test was used to analyze the copper concentration, and a visual zinc 
test (Aquaquant®) was used to analyze the zinc concentration. The principle for the 
visual zinc test was similar to the visual copper test. Two test tubes were filled with 5 
ml samples each. To one of these test tubes, the reagent Zn-1was added, and the pH 
was checked with indicator strips to ensure that it was within the range of 0.9-1.0. 
Following this, an addition of reagent Zn-2 and reagent Zn-3 was done, and the test 
tube was then left to stand for 5 minutes for reactions to take place. After this, reagent 
Zn-4 was added. The other test tube was used as a reference, and nothing was 
therefore added to this. The two test tubes were put into holders in the visual zinc test 
equipment. A color card was slided through until the closest possible color match was 
achieved between the two open test tubes. When the color match was achieved the 
concentration could be determined by reading the result from the color card. This test 
has a measuring range between 0 to 5.0 mg/l, with an accuracy of approximately ± 1.0 
mg/l. Due to the measuring range dilution of the samples was performed when 
needed. 
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3.10 Extraction of copper and zinc from fly ash 
Since fly ash contains many different metals and not just copper and zinc, an 
amperometric experiment with fly ash samples was performed. Optimal materials and 
conditions were used to evaluate the extraction efficiency of copper and zinc. The 
electrolyte was prepared by mixing fly ash with concentrated hydrogen chloride 
(37%) to a weight ratio of 1:6. This was left to stand for 1.5 hour in order for the 
metals to dissolve and sediment, to be able to separate the unsolved fly ash from the 
dissolved metal solution. To obtain a pH of 3, the metal solution was diluted by a 
factor of 6, using 2 M sodium hydroxide. RVC 10 ppi was used as working electrode, 
stainless steel as counter electrode, and Ag/AgCl as reference electrode. Copper and 
zinc tests were performed before electrolysis in order to determine the concentrations. 
The copper concentration was 24 mg/l, whereas the concentration of zinc was 595 
mg/l. The amperometric experiment was run for 9 hours with an applied potential of   
-0.7 V and copper and zinc tests were performed afterwards. By integrating the curve 
of the current a value of the total charge was obtained, and the current through the 
circuit was then established by using formula (3.6.1). Also, the mass transfer rate for 
zinc was calculated using its reduced amount in formula (3.6.4). This amount was 
obtained from the amounts of zinc before and after electrolysis, which in turn was 
established by visual zinc test.  
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4 Results and discussion 
This chapter presents the results from the study, and provides a discussion around the 
achieved results. It also explains the rationale behind the methodology used in the 
different experiments. 

4.1 Evaluation of RVC as electrode material  
The surface area of the electrodes is an important parameter in electrolysis. A larger 
surface area provides more opportunities for reactions to occur and thus a faster 
extraction of metals from the solution. Reticulated vitreous carbon (RVC) is a new 
open pore foam material with high surface area, chemical inertness, and high 
electrical conductivity. It is available in a wide range of pore sizes, and is also cheap 
in comparison with other comparable electrode materials. Therefore, an evaluation 
whether this porous material was suitable for extraction of metal was carried out. 
RVC with pore size 10 ppi, 30 ppi, and 45 ppi were examined as electrode material. A 
higher pore size than 45 ppi was excluded since it may result in a clogged electrode 
due to the metal deposition. 

The surface area of the counter electrode can be a limiting factor, since an 
equivalently number of reactions take place on both electrodes. Therefore, it would be 
beneficial to have a counter electrode with equal or larger surface area than the 
working electrode. Consequently, RVC 45 ppi was used as counter electrode while 
RVC 10 ppi and RVC 30 ppi were used as working electrode. However, experiments 
with stainless steel as counter electrode were carried out first. Stainless steel was 
chosen due to its metal characteristics, i.e. high conductivity, ease of polishing and 
construction of electrode assembly. Furthermore, it is a rather common electrode 
material and is more affordable from an economic point of view in comparison to 
platinum and gold. A negative aspect is that it leaks iron and chromium ions when 
oxidized.  

The reason to have a reference electrode is that it provides a controlled potential and 
avoids an iR-drop between the working and counter electrode. However, it might be 
difficult to implement on an industrial scale and therefore an experiment without the 
reference electrode was performed, in order to investigate the importance a reference 
electrode has.  

Since these experiments were aimed at comparing different electrode combinations, 
the copper content in the standard solution was not of importance. Therefore, the 
standard solution in these experiments had a copper concentration of 0.3 mg/l, which 
was in the range of the visual copper test. Amperometry was chosen and in order to 
ensure copper reduction a constant potential of -0.7 V was applied. The electrolysis 
experiments lasted for 15 or 30 minutes, to investigate the extraction process.  
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Figure 8. Results of the amperometric experiments with different electrode materials. RVC 10 ppi and 
RVC 30 ppi was used as working electrode, stainless steel and RVC 45 ppi was used as counter 
electrode while Ag/AgCl was used as reference electrode.   

Due to the fact that the time for the electrolysis was chosen arbitrarily, the amount of 
metal that would be extracted was difficult to predict beforehand. However, as the 
results (see Figure 8) evidently show, a significant decrease in the concentration of 
copper had occurred. Furthermore, the results show that a high extraction of copper 
was feasible for every electrode combination. The most obvious conclusion is that 
RVC 30 ppi as working electrode had significant advantage compared to RVC 10 ppi, 
since the extraction of copper is higher and faster during this specific time period. The 
difference of using stainless steel or RVC 45 ppi as counter electrode is obvious, and 
RVC 45 ppi has a noticeable advantage. Thus, the most efficient electrode 
combination was RVC 30 ppi/RVC 45 ppi which yielded an approximate copper 
extraction of 80-90% after 30 minutes of electrolysis. The experiment where the 
reference electrode was excluded shows the highest extraction after 30 minutes. 
Though, as this is contrary to any logical argument it is assumed to be more of a 
coincidence than a proved fact. In summary, the results indicate that electrodes with a 
small pore size (high ppi value) seem to have the fastest extraction of copper, and that 
the impact of a reference electrode is, under the specific conditions of this experiment, 
somewhat unclear. However, to be able to control different parameters’ influence, it 
was used in the following experiments.  

4.2 Electrochemical impedance spectroscopy 
The surface area of the electrode is of great importance since this contributes to 
opportunities for reduction to take place, hence affecting the metal deposition rate on 
the working electrode. It is therefore of interest to get an approximate comprehension 
of the surface area of RVC with different pore sizes. The standard solution of 0.3 mg/l 
copper was used, and since reduction of copper was not of interest in this particular 
experiment, a potential of 0.25 V was applied (copper has a standard reduction 
potential of 0.14 V vs. Ag/AgCl). The capacitance for both the RVC electrodes and 
glassy carbon were analyzed, using formula (3.3.1). By taking advantage of the 
known diameter of glassy carbon, its surface area was obtained which thereafter was 
used in formula (3.3.2).  
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The obtained value from formula (3.3.2), together with the value of the capacitance 
for each RVC was then used in formula (3.3.3) to estimate their surface areas. As this 
experiment analyzes the capacitance of the working electrode, the choice of counter 
electrode is indifferent in terms of surface area. Stainless steel was therefore chosen 
as counter electrode.  

Table 1. Results of the electrochemical impedance spectroscopy experiment.  

Electrode type Surface area (cm2) 

Glassy Carbon 0.07 

RVC  10 ppi 9.60 

RVC 20 ppi 13.90 

RVC 30 ppi 16.30 

 
Reticulated vitreous carbon (RVC) has a large surface area and a small volume in 
comparison to glassy carbon. Furthermore, the results show that there is a significant 
difference between each of the RVC electrodes, especially between the RVC with the 
largest and smallest pore size (see Table 1). This corresponds well to the results from 
the previous experiment (see Figure 8), which showed a significant difference 
between the use of RVC 10 ppi and RVC 30 ppi as working electrode in terms of 
efficiency. This experiment, as well as the previous, indicates that the surface area has 
an influence on the extraction efficiency. Consequently, RVC 30 ppi was chosen as 
working electrode in the following experiment.  

4.3 Amperometric vs. galvanostatic technique (short electrolysis time) 
Previous experiments provided information of an appropriate electrode combination 
for efficient metal extraction. The results indicated that RVC 30 ppi as working 
electrode and RVC 45 ppi as counter electrode was the most appropriate electrode 
combination for metal extraction, and were therefore used in these experiments. 
Despite the results indicating that it was beneficial to exclude the reference electrode, 
it was used in these experiments. The next step was to evaluate the extraction 
efficiency using controlled potential or controlled current. The copper concentration 
of the standard solution was 0.3 mg/l in these experiments as well.  

Amperometry with a constant potential of -0.7 V was run for a relatively short time, 
namely 15 and 30 minutes. 
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Figure 9. Concentration of copper left in the electrolyte after amperometric experiments where RVC 
30 ppi was used as working electrode, RVC 45 ppi as counter electrode, and Ag/AgCl as reference 
electrode.  
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The results from the first experiment (see Trial 1 in Figure 9) showed a slightly higher 
concentration of copper remaining after the electrolysis, compared to earlier 
experiments with the same electrode combination (see Figure 8). Further experiments 
were therefore performed (see Trial 2, 3, and 4 in Figure 9) to evaluate whether such a 
variation was to expect. Trial 2 showed extraction equal to the earlier experiments 
(see RVC30ppi/RVC45ppi/AgAgCl, at 15 min in Figure 8). However, Trial 3 and 4 
gave significantly higher concentrations after 15 minutes, which was both unexpected 
and different from all earlier experiments. To investigate whether these highly 
varying results also were apparent in experiment runs of 30 minutes, four trials were 
performed. These results showed an even higher variation. Trial 6 was the only one 
having a concentration corresponding to the results obtained in earlier experiments 
(see Figure 8), while Trial 8 had a percental decrease of approximately 17%, which is 
radically lower than expected. The results of Trial 1, 2, 5, and 6 may be considered 
acceptable, but the remaining copper in the four other were significantly higher. The 
high variation between the results in each time interval was even more disturbing.  

Despite the varying values from the amperometric results, experiments were done 
using the galvanostatic technique. The value of the constant current to use in this 
experiment can be calculated from the amperometric experiments. By integrating the 
current from this experiment a value of the total amount of charge (Q) that passed 
though the circuit can be obtained. By using the value of Q in formula (3.6.1), the 
current can be calculated. However, since the amperometric experiments did not 
provide any uniform results, this was not possible, and therefore an arbitrary constant 
current of -5 mA was chosen.  
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Figure 10. Concentration of copper left in the electrolyte after galvanostatic experiments where RVC 
30 ppi was used as working electrode, RVC 45 ppi as counter electrode, and Ag/AgCl as reference 
electrode. 
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The results from the galvanostatic experiments, as can be seen in Figure 10, varied as 
well. Trial 1 and 2 provided very diverse extraction efficiencies, with a difference of 
approximately 0.17 mg/l. The two experiments (see Trial 3 and 4) which were run for 
30 minutes, had a relatively small intermutual difference in reduction of copper but 
the overall extraction efficiency of both trials were low, compared to earlier 
experiments (see Figure 8). The copper concentration remaining after 30 minutes of 
electrolysis was high, on average higher than the copper concentration in the 15 
minutes trials.  

The amperometric and galvanostatic experiments yielded unexpected and varying 
results. This indicated that something might be amiss and therefore a cyclic 
voltammetry experiment was done, to ensure that reduction and oxidation occurred. 
The voltammogram did not show any oxidation or reduction, and therefore an 
extensive investigation of the experimental materials and arrangement were 
performed in order to evaluate if this was affecting the results. The connections 
between the electrodes and the wires were checked, as well as the electrode placement 
in the electrochemical cell. The electrodes used in these experiments were replaced 
with new, unused ones, to establish whether the odd results were due to the specific 
electrodes. Cyclic voltammetry was performed once again with the new electrodes. 
However, the voltammogram shows no reduction or oxidation peaks (see 
RVC30ppi/RVC45ppi/AgAgCl in Figure 11), and thus it was assumed that RVC 30 
and 45 ppi did not work properly. The surfaces of the “old”, as well as the “new”, 
electrodes were studied using a microscope where it was found that the surfaces had 
changed. The surface seemed to have a dark coating, which could be the reason for 
the odd results. To establish whether it indeed was a coating, the electrodes were 
placed in a 1M hydrochloric acid solution during 24 hours. An acid this strong should 
have been able to dissolve the elements of the coating. However, this was not 
achieved, which indicates that the electrodes may instead have been oxidized. Notable 
was that the “new” electrodes, which only had been used once, had the dark coating 
too. The changed surface was considerably more obvious for the counter electrodes, 
which indicates that the changed surface may actually be a result of the oxidation at 
the counter electrode. One possible explanation is that when oxidation occurs, the 
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electrode may be passivated in some way, for example by formation of aldehydes, 
which are difficult to get rid of. However, this does not explain why the surface of the 
working electrode was changed, and therefore further investigations of this should be 
performed. RVC 10 ppi was then analyzed, and since it did not show any change in 
surface it was used in the following experiments. Consequently, it seems that the 
issues of oxidation only occurred for the electrodes with smaller pore sizes, and since 
the earlier experiments (see Figure 8) showed a promising extraction efficiency for 
these electrodes, more investigations as to why the problems arises should be 
undertaken. In order to ensure that the counter electrode continues to work even if 
oxidized, stainless steel was chosen for the remaining experiments.  

Cyclic voltammetry experiments were performed on the electrode combination of 
RVC 10 ppi as working electrode, stainless steel as counter electrode, and Ag/AgCl as 
reference electrode. The voltammogram shows that reduction and oxidation occur 
(see RVC10ppi/StainlessSteel/AgAgCl in Figure 11), and therefore this electrode 
combination was used in the following experiments. 
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Figure 11. Voltammograms of the two different electrode combinations.  

4.4 Cyclic voltammetry 
Cyclic voltammetry was used to compare RVC 10 ppi with glassy carbon, and also to 
compare currents for an electrolyte containing copper to an electrolyte without 
copper. The aim with comparing the two electrolytes was to investigate to which 
extent the current obtained was originated from reduction of copper. It is also of 
interest to compare the current levels as well as the oxidation and reduction behavior 
to another type of electrode material. Therefore, glassy carbon was chosen since it is a 
material commonly used as working electrode. The electrode combination with 
stainless steel as counter electrode and Ag/AgCl as reference electrode was used in all 
trials. The standard solution used in these experiments had a copper concentration of 
50 mg/l. This concentration is similar to its corresponding concentration in fly ash. 
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Figure 12. Voltammograms of the two trials; Both electrolytes consisted of a standard solution, but 
only one contained copper. RVC 10 ppi was used as working electrode in both trials.  

The voltammogram of the trial with the electrolyte containing copper shows a distinct 
reduction (see Figure 12). The oxidation peak can be seen around 0.35 V, where the 
current is approximately 2 mA. It is noticeable, but not as distinct as the reduction 
peak. The voltammogram of the trial where the electrolyte contained no copper have 
no reduction or oxidation peaks. As the solution does not contain any metal ions, it 
can be assumed that the current should be equal to zero throughout the potential 
sweep. However, as the voltammogram shows, a small current arises when a potential 
is swept. When the electrode potential is changed, charge is built up on the electrode, 
and during this process a current called the charging current will flow as a result of 
the movement of charged species in the circuit. Thus, the electrode-solution interface 
behaves like a capacitor. Furthermore, there is always other species in the solution, 
such as oxygen, which can be reduced or oxidized. Also, the electrode itself may be 
oxidized or reduced and thereby contributing to the current. Consequently, the current 
that arises in electrolysis experiments does not only originate from reduction of 
metals.  
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Figure 13. Voltammogram of two trials; one with an electrolyte containing copper and the other with 
an electrolyte without copper. Both having glassy carbon as working electrode. 
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In the trials using glassy carbon as working electrode, both an oxidation and reduction 
peak can be seen for the electrolyte containing copper (see Figure 13). The 
corresponding current at the peaks are approximately 0.04 and -0.03 mA for the 
oxidation and reduction, respectively. There is an obvious difference between the 
solution containing copper and the one without copper. This difference was not as 
obvious in the previous experiment where RVC 10 ppi was used as working electrode 
(see Figure 12). The fact that the shape of the voltammogram in Figure 13 is different 
from the voltammogram in Figure 12 is not surprising. The structure of glassy carbon 
and RVC is very different; the glassy carbon is a disk, while RVC is an open pore 
foam material. In this experiment as well as the previous, there is a small current for 
the trial where copper was excluded. This current, which becomes a background 
current for electrolytes with copper, is smaller in this experiment compared to the 
experiment with RVC. This indicates that an electrode with larger surface area also 
generates higher background currents. However, the advantages of using RVC are 
still outweighing the increase in background currents. One of these advantages is the 
high level of current for RVC compared to glassy carbon. The currents for the trial 
with copper are much lower in this experiment compared to the previous. The 
currents are approximately -0.03 and 0.04 mA at their maximum using glassy carbon 
as working electrode, whereas the previous experiment where RVC was used as 
working electrode yielded currents of -6.0 and 2.0 mA. However, as the surface area 
of RVC 10 ppi is much larger (9.60 cm2) than glassy carbon (0.07 cm2), the difference 
in level of current was expected.  

4.5 Amperometric vs. galvanostatic technique (long electrolysis time) 
New amperometric and galvanostatic experiments were carried out with stainless steel 
as counter electrode, RVC 10 ppi as working electrode, and Ag/AgCl as reference 
electrode. Both the galvanostatic and amperometric experiments were performed 
during 17 hours, to establish how much time and current were needed to extract all 
copper from the standard solution. During amperometry a constant potential of –0.7 V 
was applied. The value of the constant current used in the galvanostatic experiment 
was calculated by integrating the current from the amperometric experiment, and then 
using formula (3.6.1).  
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Figure 14. Results of amperometric and galvanostatic experiments, with RVC 10 ppi as working 
electrode, stainless steel as counter electrode, and Ag/AgCl as reference electrode. 
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After 17 hours of electrolysis, copper tests were performed. These showed that all 
copper had been extracted from the solution both in the amperometric and in the 
galvanostatic experiment. As can be seen in Figure 14, both the current and potential 
curve leveled out after 9 hours meaning that no further copper reduction can be 
observed. Furthermore, the amount of reduced copper after 9 hours was calculated for 
both methods by applying Faraday’s law of electrolysis (3.6.2), using the total amount 
of charge that has passed through the circuit. The calculated values (see Table 2) for 
both methods are overall similar, which was expected since the current used in the 
galvanostatic experiment was based on the amperometric experiment. The amount of 
reduced copper was approximately 25 mg. Though, since the volume of the 
electrolyte was 200 ml, and the concentration was 50 mg/l, the amount of copper was 
10 mg before electrolysis. Consequently, all copper have most likely been extracted, 
which also was proven by the visual copper test. The remaining 15 mg is due to other 
reduced species in the electrolyte (i.e. other reductions which cause a background 
current as illustrated in the cyclic voltammogram in Figure 12).  

In order to obtain a comprehension about the methods’ efficiency, the mass transfer 
rate was calculated. Since RVC 10 ppi was used in these experiments, the surface area 
of 9.60 cm2 was used in formula (3.6.4), together with the amount of copper reduced 
after 9 hours. The obtained results showed a mass transfer rate of 0.12 mg·h-1·cm-2 
(see Table 2). In order to provide a comprehension of the efficiency this mass transfer 
rate would have on an industrial scale, a surface area of 10 m2, which is a reasonable 
size, would yield an extraction of 12 g/h.  

Table 2. Obtained data and calculated values from amperometric and galvanostatic experiments. The 
value of the mass was based on the fact that all copper had been extracted from the electrolyte.   

 Amperometric Galvanostatic 

Charge, Q [C] -76.55 -74.52 

Current, I [mA] -2.36 -2.30 

Mass, m [mg] 10.00 10.00 

Mass transfer rate [mg/h/cm2] 0.12 0.12 

 

Both the amperometric and galvanostatic experiments extracted equal amounts of 
copper (see Table 2) within the same time interval, which means that the choice of 
using either controlled potential or controlled current for an efficient extraction of 
copper is not of significant importance. 

4.6 Importance of stirring 
This experiment investigated the importance and influence of circulation in the 
electrolyte during electrolysis. To implement circulation in the solution, a magnetic 
stirrer together with a stir bar was used (which also have been used in all previous 
experiments). Stirring provides more metal ions per unit time to get in contact with 
the electrode surface, thereby ensuring the possibility of a higher current. Mass 
transfer may occur through migration, diffusion, or convection. Stirring contributes to 
a thinner diffusion layer, i.e. the depletion zone between the electrode surface and the 
bulk of the solution becomes thinner.  
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If no stirring is applied, ions must diffuse (or migrate) a longer distance which takes 
time, hence generating lower current. As current is affected by stirring, it is of interest 
to study its impact.  
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Figure 15. Results from two amperometric experiments, where the impact of stirring was studied.  

The results show that an exclusion of stirring gives a lower current (see Figure 15). 
The visual copper tests showed that all copper had been extracted after 17 hours, for 
both trials. This corresponds well with the result in the previous experiment (see 
section 4.5). The advantage of having circulation in the electrolyte is not critical for 
extraction, but there is a distinct difference. The stirring contributes to a higher 
current (more negative), which in turn indicates a higher reduction rate. This means 
that the total extraction of copper would be performed in less time, making it slightly 
more efficient. Since the difference is relatively small, exclusion of stirring should not 
have an essential impact, which is positive considering that stirring could be difficult 
in an industrial implementation. 

4.7 Influence of zinc on extraction of copper 
Fly ash contains a lot of different metals, especially high concentrations of zinc. 
Therefore, the impact of having more than one metal in an electrolyte was studied. An 
amperometric experiment was performed on two different electrolytes where one 
contained only copper and the other both copper and zinc. Both standard solutions 
contained 50 mg/l copper, and one also a zinc concentration of 850 mg/l. These 
concentrations are similar to their corresponding concentrations in fly ash. The 
experiment was run until the current leveled out, i.e. when the rate of reactions was 
considered low, which occurred after approximately 3 hours.  

33 
 



 

‐20,0
‐17,5
‐15,0
‐12,5
‐10,0
‐7,5
‐5,0
‐2,5
0,0

0 1 2 3

Cu
rr
en
t [
m
A
]

Time [h]

Copper and zinc Copper

Figure 16. Amperometric experiment where one of the electrolytes contained copper and zinc while 
the other contained only copper.   

The result from the amperometric experiment shows a higher current for the 
electrolyte containing both copper and zinc, during the first hour (see Figure 16). 
Since the current is considerably higher at first, and then decreases to a lower value 
than the electrolyte with copper only, it seems that the reduction is more intense in the 
trial with the electrolyte containing both copper and zinc. The increased current in the 
first hour may depend on a more efficient extraction of copper, a parallel extraction of 
zinc, or a combination of these.  
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Figure 17. Results of how the concentration of copper varies with time. One of the trials had an 
electrolyte containing copper and zinc whereas the other had an electrolyte containing only copper.  

The concentration of copper is decreasing at a higher rate in the trial when both 
copper and zinc was present compared to the trial where only copper was present (see 
Figure 17). After 1 hour, all copper is extracted from the solution. Consequently, the 
high rate of copper reduction generates a high current, which explains the high level 
of current during the first hour (see Figure 16). However, since the current continues 
to be higher for the following half hour, a small reduction of zinc may also take place 
despite the fact that the reduction potential of zinc is -0.9 V vs. Ag/AgCl. After the 
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first 1.5 hours, the current obtained in the trial where the electrolyte contained both 
copper and zinc decreases to a lower value than the trial where the electrolyte 
contained only copper. The current still passing may be due to some small zinc 
reductions, or other species in the solution, such as oxygen, which can be reduced or 
oxidized. Furthermore, the electrode itself may be oxidized or reduced and thereby 
contributing to the current.  
 
In summary, the extraction of copper is positively affected by the presence of zinc. 
The extraction time is decreased by at least a factor of 3 compared to the extraction 
time using an electrolyte containing copper only. This result is rather unexpected and 
difficult to explain. However, as the presence of zinc did not affect the extraction of 
copper negatively, it can be presumed that the presence of additional metals in the fly 
ash will not affect the efficiency of copper extraction negatively either. 

4.8 Selective extraction using different potentials 
Extraction of metals from fly ash does not only generate a non-hazardous fly ash, but 
also presents an opportunity to reuse the extracted metals. In order to efficiently take 
care of each metal, it would be beneficial to selectively extract metals from the fly 
ash. Since each metal has a specific reduction potential, there is a possibility to 
selectively extract metals by applying specific potentials. Therefore, an amperometric 
experiment was carried out where different potentials were applied. The different 
potentials applied were -0.7 V, -1.1 V, and -1.3 V. Copper is reduced below 0.14 V 
vs. Ag/AgCl while zinc is reduced below -0.9 V vs. Ag/AgCl. Consequently, when a 
potential of -0.7 V is applied only copper should be reduced while both copper and 
zinc should be reduced at -1.3 V. However, when a potential of -1.3 V is applied it is 
probable that water is reduced as well and therefore a potential near the reduction 
potential of zinc was also chosen, namely -1.1 V.  
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Figure 18. Obtained currents from the selective extraction experiment, where three different potentials 
were applied.  

As the results of the experiments show, a lower potential (more negative) result in a 
higher current (see Figure 18). When the two lowest potentials are applied, both 
copper and zinc are reduced. The resulting currents obtained when applying the two 
lowest potentials are very similar, but the current is slightly higher using -1.3 V.  
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Since the reduction of zinc should not increase when a lower potential than -1.1 V is 
applied, the difference in current level is probably due to reduction of water. 

 
Figure 19. Pictures of RVC 10 ppi before electrolysis (a), and after electrolysis where the applied 
potential was -0.7 V (b), -1.1 V (c), and -1.3 V (d). 

a) b) 

c) d) 

Figure 19 shows that the selective extraction of a copper can be observed. When the 
potential of -0.7 V was applied, there is an obvious copper coating on the surface of 
the working electrode, while the coating is a combination of both copper and zinc 
when the two lower potentials were applied.  

Table 3. Numeric results of the selective extraction experiment, where three different potentials were 
applied during reduction. 

Potential       
[V] 

Copper 
concentration 

[mg/l] 

Percentage 
reduction      

[%] 

Zinc 
concentration 

[mg/l] 

Percentage 
reduction      

[%] 

-0.7 10 80 765 10 

-1.1 10 80 340 60 

-1.3 10 80 340 60 

A copper extraction of 80% is achieved regardless of chosen potential (see Table 3). 
That an extraction of 100 % is not achieved, as in earlier experiments, is due to the 
short electrolysis time. The amount of reduced zinc on the other hand is only 10% 
when a potential of -0.7 V is applied, whereas the reduction is 60% for the two lowest 
potentials. The reduction of zinc is lower than the reduction of copper after 1 hour, 
but since the zinc concentration is almost 20 times higher at the start of the 
electrolysis it is reasonable that it would take more time to extract all zinc from the 
solution. It should be noted though, that the visual zinc test was a bit difficult to 
interpret in some cases, and the values that were obtained may therefore include a 
margin of error. The results show that it is possible to selectively extract copper from 
a solution containing both copper and zinc.  
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This indicates that it should be possible to selectively extract different metals from fly 
ash. However, fly ash contains several different metals with standard potentials 
relatively near each other, and to successfully extract every single metal would 
therefore be difficult. Still, the results show that it is possible to extract metals in a 
more selective way, which may be useful in an industrial implementation.  

4.9 Extraction of copper and zinc from fly ash 
The previous experiments have been done to evaluate the metal extractability 
efficiency of different porous electrode materials and investigate the influence of 
different parameters. In those experiments standard solutions have been used, which 
is different from fly ash. Consequently, to investigate the extraction efficiency of the 
selected electrode combination under optimal conditions, an amperometric 
experiment with electrolyte containing fly ash was performed. After the electrolyte 
was prepared, the copper and zinc concentration were 24 mg/l and 595 mg/l 
respectively. These are values well representing their corresponding values in fly ash. 
The experiment was run for 9 hours to get a thorough comprehension on the 
extractability efficiency of the chosen electrodes. In this experiment both copper and 
zinc was targeted for extraction and therefore a potential of -1.1 V was chosen.  
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Figure 20. Results from the amperometric experiments with fly ash. 

The result shows that there are significantly higher current levels throughout this 
amperometric experiment compared to previous experiments (see Figure 20). Since 
the potential was chosen to -1.1 V, several metal ions in the solution are reduced, 
which explains the high current. At first, just when the potential has been applied, the 
current is approximately -180 mA, but quickly decreases down to -60 mA. This 
behavior probably depends on a high number of reductions of ions which are present 
near the working electrode. The current then increases to -80 mA followed by a 
decrease to -50 mA in the first hour (see Figure 20). The increase may be due to the 
high surface area uncoated with metal, which makes it easy for the ions to reach the 
RVC electrode material. However, when ions reach the electrode and are reduced, the 
part of the surface area still uncoated decreases. The explanation for the fast decrease 
between 30-60 minutes may be that the working electrode has obtained a thin layer of 
reduced non-metals and metals from the solution. Hence, it gets harder for other metal 
ions to be reduced.  
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After the first hour, the reduction rate stabilizes and a steady decrease from -50 mA to 
-20 mA takes place during 8 hours. As there is a considerable current still after 9 
hours, it is obvious that there are metal ions left in the solution when the experiment 
was finished.  

b) a)  
Figure 21. Pictures of a RVC electrode before (a) and after (b) electrolysis, using amperometry and an 
electrolyte containing fly ash. 

The extracted metals can be seen by comparing the surface of the working electrode 
before and after electrolysis, as Figure 21 illustrates. That reduction of several metals 
has occurred can be seen by comparing the appearance of the electrode after 
electrolysis in Figure 21 with the electrode after electrolysis in Figure 19.  

Table 4. Results after amperometry for 9 hours. 

 Copper concentration [mg/l] Zinc concentration [mg/l] 

Before electrolysis 24 595 

After electrolysis 0 340 

Percentage reduction [%] 100 43 

 
As can be seen in Table 4 all of the copper is extracted after 9 hours, while the zinc 
concentration is reduced by 43%. A copper extraction of 100% is reasonable if 
considering the earlier experiments (see Table 3), where an extraction of 80% was 
obtained after 1 hour electrolysis. Furthermore, it coincides quite well with the 
amperometric and galvanostatic experiments that were made with this electrode 
combination earlier. In those experiments, the visual copper test indicated that all of 
the copper had been extracted after 17 hours, and since the current was very low after 
9 hours, most of the copper was probably reduced by that time. The total reduction of 
zinc is lower compared to the previous experiment (see Table 3), despite that the 
electrolysis was performed during 9 hours in this experiment compared to 1 hour in 
the previous experiment. However, the electrolyte contained only copper and zinc in 
the earlier experiment while it contained fly ash in this experiment. The fly ash that 
was used contains more than 15 different metals, which makes the experimental 
conditions somewhat more complex compared to the previous, where only two metals 
were present in the standard solution. Zinc is the most abundant metal in fly ash, and 
a reduction of 43% is therefore considered to be a positive result. Since the current is 
relatively high, compared to earlier experiments, when the experiment was ended 
there are still some metal ions remaining in the solution.  
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Furthermore, the zinc concentration was analyzed using a visual zinc test, which was 
a bit difficult to interpret, and the value that was obtained may therefore include a 
margin of error. To obtain a more precise value of the concentration, methods such as 
atomic absorption spectroscopy (AAS) should be used. 
 
The high current throughout the experiment indicates that a lot of metals have been 
extracted from the fly ash. The current that passed through the circuit is on average     
-36.4 mA, which is approximately 16 times higher than the experiment where only 
copper was used in the electrolyte (see Table 2). The mass transfer rate was calculated 
in order to provide an additional value of the efficiency. Since all copper had been 
reduced after 9 hours, a precise value of the time when all copper had been extracted 
could not be established. Therefore a mass transfer rate calculation for this metal was 
not performed, since it would provide a misleading value. However, after 9 hours, the 
amount of zinc remaining in the solution was 340 mg/l, and thus a mass transfer rate 
for this metal could be established. The total amount of zinc that had been extracted 
after 9 hours was 51 mg. By using formula (3.6.4), a mass transfer rate per square 
centimeter of 0.59 mg·h-1·cm-2 was obtained. This would yield an extraction of 59 g/h 
on an industrial scale where an electrode area of 10 m2 is used. In summary, a high 
extraction of metals from fly ash is possible using the porous material RVC as 
working electrode.  
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5 Conclusions 
From the Results and Discussion chapter, the following conclusions could be drawn 
regarding RVC as electrode material, and different parameters’ influence on 
extraction. How these factors affect the prospect to implement the method on an 
industrial scale is also commented.  

Reticulated Vitreous Carbon was shown to be a suitable electrode material for 
extraction of metals. The most efficient electrode combination was proven to be RVC 
10 ppi as working electrode, stainless steel as counter electrode, and Ag/AgCl as 
reference electrode. Both amperometric and galvanostatic experiments yielded 
efficient extraction rates when this electrode combination was used. The mass transfer 
rate for copper was 0.12 mg·h-1 ·cm-2, which would yield an extraction of 12 g per 
hour if the size of the electrode would be 10 m2.  

By using impedance spectroscopy, it was established that RVC had a large surface to 
volume ratio. RVC 10 ppi, which was most frequently used, had a surface area of 9.6 
cm2. Cyclic voltammetry showed that RVC 10 ppi as working electrode yielded high 
currents when an electrolyte containing 50 mg/l copper was used.  

The effect of using a separate reference electrode, regarding extraction efficiency, was 
shown to be negligible. However, since that result was based on one experiment only, 
it is assumed that it was due more to coincidence than proved fact. Anyhow, it 
indicates that the usage of a reference electrode may be irrelevant for efficient 
extraction of metals. This is positive considering that it can be difficult to implement a 
reference electrode on an industrial scale.  

Different parameters were studied regarding their effect on extraction efficiency. The 
choice of using an amperometric or galvanostatic technique was shown to be 
negligible, since they yielded equal results. Stirring had a positive impact on the 
extraction efficiency, but the advantage is not considered crucial. A high extraction 
can still be achieved without stirring, which is positive since it might be difficult to 
implement in an industrial scale. The extraction efficiency of copper was positively 
affected by the presence of zinc. This indicates that an efficient extraction of copper 
from fly ash is possible, despite the presence of other metals. By applying different 
potentials, it was shown that metals could be selectively extracted. This could be very 
beneficial for reusing specific metals from the fly ash.  

By using the optimal electrode combination and conditions, it was shown that an 
efficient extraction of metals from fly ash could be obtained. After 9 hours of 
electrolysis, all copper and 43% of zinc had been extracted. The mass transfer rate for 
zinc was 0.59 mg·h-1·cm-2, which would yield an extraction of 59 g/h on an industrial 
scale where an electrode area of 10 m2 is used. With regards to the advantages RVC 
electrodes have compared to other electrode materials, an industrial implementation 
seems very promising.  
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6 Recommendations and future work 
The use of RVC as electrode material has a promising future for efficient extraction 
of metals. However, RVC 30 ppi and RVC 45 ppi became oxidized in the early 
experiments, especially RVC 45 ppi when it was used as a counter electrode. The 
reason for this was not fully established, but since they generated promising results in 
the initial experiments and have the qualifications to be even more efficient than RVC 
10 ppi, this should be studied further.  

Interesting future areas to study could be how heating affects the extraction 
efficiency, and the impact of the area-volume ratio. As earlier studies (see section 
2.3.5) showed an increase in extraction efficiencies for zinc and copper using 
microwave heating, it would be interesting to study the effects heating has when RVC 
is used as working electrode. Since it was shown that the surface area of the 
electrodes had an impact on the obtained currents, it would be interesting to further 
analyze the importance of the area-volume ratio.  

By considering the high metal extraction that was obtained using RVC as electrode 
material, it seems very promising to implement this in a pilot scale. Further 
experiments on a pilot scale should be performed before taking it to an industrial 
implementation.  

The main concerns that would need some consideration, if taken to an industrial scale, 
is the large amount of acid needed for dissolution of the metals in the fly ash and how 
the deposited metals on the electrodes should be taken care of. It would be needed a 
significant amount of acid with regards to the large amounts of fly ash being 
generated. The acid causes some practical issues regarding how it should be handled. 
To reduce the large amount of acid needed, alternative ways of dissolving the metals, 
and helping methods to ease the dissolution process (such as pre-washing with water), 
could be further investigated.  

 

  

41 
 



References 
Atkins, P., & Jones, L. (2005). Chemical Principles: The Quest For Insight. New 
York: W.H. Freeman & Company. 

Avfall Sverige. (2010). Avfall Sverige: Svensk Avfallshantering . Retrieved nov 13, 
2010, from Avfall Sverige: 
http://www.avfallsverige.se/fileadmin/uploads/Rapporter/SAH2010_WEB.pdf 

Bard, A. J., & Faulkner, L. R. (1980). Electrochemical methods. Texas: John Wiley & 
Sons. 

Brett, C. M., & Brett, A. M. (1993). Electrochemistry: Principles, Methods, and 
Applications. Coimbra: Oxford University Press. 

Ecke, H. (2003). Sequestration of metals in carbonated municipal solid waste 
incineration (MSWI) fly ash. Waste Management, 23, 631-640. 

ERG Materials and Aerospace Corporation. (n.d.). ERG Materials and Aerospace 
Corporation. Retrieved nov 19, 2010, from ERG Materials and Aerospace 
Corporation: http://www.ergaerospace.com/foamproperties/literature/erg_rvc.pdf 

Hamann, C. H., Hamnett, A., & Vielstich, W. (1998). Electrochemistry. Weinheim: 
WILEY-VCH. 

Karlfeldt Fedje, K., Ekberg, C., Skarnemark, G., & Steenari, B.-M. (2010). Removal 
of hazardous metals from MSW fly ash-An evaluation of ash leaching methods. 
Journal of Hazardous Materials, 173, 310-317. 

Nugteren, H., Janssen-Jurkovícová, M., & Scarlett, B. (2002). Removal of heavy 
metals from fly ash and the impact on its quality. Journal of Chemical Technology 
and Biotechnology, 77, 389-395. 

Pedersen, A. J., Ottosen, L. M., & Villumsen, A. (2005). Electrodialytic removal of 
heavy metals from municipal solid waste incineration fly ash using ammonium citrate 
as assisting agent. Journal of Hazardous Materials, B122, 103-109. 

Planet Ark. (2008, aug 27). Planet Ark: World Environment News. Retrieved nov 13, 
2010, from Planet Ark: 
http://www.planetark.com/dailynewsstory.cfm/newsid/49967/story.htm 

Robertson, P., & Ibl, N. (1977). Electrolytic recovery of metals from waste waters 
with the ’Swiss-roll’ cell. Journal of Applied Electrochemistry, 7, 323-330. 

Saba, A., Sherif, A. E., & Elsayed, E. (2007). The electroremoval of copper from 
dilute waste solutions using swiss-roll electrode cell. Journal of the Minerals, Metals 
and Materials Society, 59, 53-57. 

Schlumberger, S., Schuster, M., Ringmann, S., & Koralewska, R. (2007). Recovery of 
high purity zinc from filter ash produced during the thermal treatment of waste and 
inerting of residual materials. Waste Management & Research, 25, 547-555. 

Tekniska Verken i Linköping AB. (2009, aug 05). Om oss: Gärstadanläggningen. 
Retrieved aug 20, 2010, from Tekniska Verken: 
http://www.tekniskaverken.se/kundservice/broschyrer/anlaggningar/Garstadverket.pdf 

42 
 



Tekniska Verken i Linköping AB. (2009, dec 17). The technology and how it works. 
Retrieved oct 12, 2010, from Tekniska Verken: 
http://www.tekniskaverken.se/usitall/about-waste-to-energy/the-technology/ 

Ulrich, C. (2008). Electric Field for Surface Design and Chemical Analysis. Institute 
of Technology, Department of Physics, Chemistry and Biology. Linköping: 
Linköping University Electronic Press. 

Xue, J., Wang, W., Wang, Q., Liu, S., Yang, J., & Wui, T. (2010). Removal of heavy 
metals from municipal solid waste incineration (MSWI) fly ash by traditional and 
microwave acid extraction. Journal of Chemical Technology and Biotechnology, 85, 
1268-1277. 

Yang, G. C., & Tsai, C.-M. (1998). A study on heavy metal extractability and 
subsequent recovery by electrolysis for a municipal incinerator fly ash. Journal of 
Hazardous Materials, 58, 103-120. 

  

43 
 



44 
 

Appendix: Analysis of slag and fly ash autumn 2006 
The table below shows the result from an analysis of slag and fly ash performed by 
ALS Analytica AB, on behalf of Tekniska Verken AB. 

Table A. Amounts of metals from slag and fly ash. 

ELEMENT SAMPLE 
3085:14 (slagg)

Samlingsprov Hösten 2006
3136:48 (aska) 

Samlingsprov Hösten 2006 

TS % 88.5 98.5 
Ag mg/kg TS <0.5 2.06 
As mg/kg TS 14.5 83.1 
Ba mg/kg TS 4010 637 
Cd mg/kg TS 1.82 105 
Co mg/kg TS 29.7 11.8 
Cr mg/kg TS 620 164 
Cu mg/kg TS 6840 846 
Hg mg/kg TS 0.0165 6.72 
La mg/kg TS 9.73 <6 
Mo mg/kg TS 17.8 14.7 
Ni mg/kg TS 381 35.8 
Pb mg/kg TS 1650 2640 
Sb mg/kg TS 100 569 
V mg/kg TS 53.1 13.5 
W mg/kg TS <60 60 
Zn mg/kg TS 5130 14400 
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