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The aim of this thesis was to investigate the potential of a process where 

electrocoagulation and filtration are used in mining water treatment. In the literature 

part, mining industry in Finland and the need for sustainable development were 

presented. Next, the electrocoagulation and filtration were viewed based on their 

principles, affecting factors, benefits and limitations.  

In the experimental part, the experiments were conducted batchwise so that the mining 

water was treated with electrocoagulation after which the formed slurry was collected 

and filtered. Electrode material and current density were chosen variables in 

electrocoagulation experiments while operating pressure was the only variable in 

filtration experiments. Anion and metal concentrations were analyzed from the treated 

water and in addition to this, the quality of the water samples during the experiments 

were monitored mainly by pH, reduction-oxidation potential and conductivity. The 

filtered slurry was studied primarily by comparing the filter cake moisture contents, 

average specific cake resistances, porosities and filtration times. 

The results indicated that electrocoagulation removed effectively metals from the 

mining water and removal efficiency of 29.46 % for sulfate and 45.52 % for nitrate 

could be reached in large scale experiments. The increase in treatment time and applied 

current in electrocoagulation led to more efficient anion removal. When the applied 

current is the same, the use of aluminium electrodes resulted in overall better anion 

removal and increased average particle size compared to utilization of iron electrodes. 

In the case of filtration, increase in operating pressure led to increased average specific 

cake resistance for both slurry types. Furthermore, the slurries that were produced by 

using aluminium electrodes formed filter cakes that were more porous, contained more 

moisture and had higher average specific cake resistance. 
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Tämän työn tarkoituksena oli tutkia mahdollisuutta käsitellä kaivosvettä prosessissa, 

jossa käytettiin sähkökoagulaatiota ja suodatusta. Kirjallisuusosassa esiteltiin Suomen 

kaivosteollisuutta ja tarvetta kestävälle kehitykselle. Seuraavaksi tarkasteltiin 

sähkökoagulaatio ja suodatus niiden periaatteiden, vaikuttavien tekijöiden, hyötyjen ja 

rajoitusten näkökulmasta. 

Kokeellisessa osuudessa kokeet suoritettiin panostoimisesti siten, että kaivosvesi 

käsiteltiin sähkökoagulaatiolla, minkä jälkeen muodostunut liete kerättiin ja 

suodatettiin. Elektrodimateriaali ja sähkövirran tiheys valittiin muuttujiksi 

sähkökoagulaatiokokeissa, kun taas käyttöpaine oli ainoa muuttuja suodatuskokeissa. 

Anioni- ja metallipitoisuudet analysoitiin käsitellystä vedestä ja tämän lisäksi 

vesinäytteiden laatua tarkkailtiin pääasiassa pH:n, hapetus-pelkistyspotentiaalin ja 

sähkönjohtavuuden mukaan. Suodatettu liete tutkittiin vertailemalla ensisijaisesti 

suodinkakkujen kosteuspitoisuuksia, keskimääräisiä ominaisvastuksia, huokoisuuksia 

ja suodatusaikoja. 

Tulokset osoittivat, että sähkökoagulaatio poisti tehokkaasti metalleja kaivosvedestä ja 

suuren mittakaavan kokeissa saavutettiin sulfaatille 29,46 % ja nitraatille 45,52 % 

erotustehokkuus. Käsittelyajan ja käytetyn sähkövirran kasvattaminen 

sähkökoagulaatiossa johti tehokkaampaan anionien poistamiseen. Kun käytetty 

sähkövirta oli sama, alumiinielektrodien käyttäminen johti yleisesti ottaen 

tehokkaampaan anionien poistoon ja kasvaneeseen keskimääräiseen partikkelikokoon 

rautaelektrodien käyttämiseen verrattuna. Suodatuksen tapauksessa lisääntynyt 

käyttöpaine johti suurempaan suodinkakun keskimääräiseen ominaisvastukseen 

molemmille lietetyypeille. Lisäksi alumiinielektrodien käytöstä muodostuva liete 

muodosti suodinkakkuja, jotka olivat huokoisempia, sisälsivät enemmän kosteutta ja 

joilla oli korkeampi keskimääräinen ominaisvastus.  
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Nomenclature 

 

A  filtration area       , m2 

a  slope of trendline      , s/m3 

b  intercept of trendline      , m/kg 

C  solid volume fraction in cake     , – 

c  mass of dry solids per unit volume of filtrate   , kg/m3 

cs  anion concentration of sample    , mg/L 

c0  initial anion concentration of sample    , mg/L 

k  permeability of filter cake     , m2 

L  cake thickness       , m 

md   mass of dry solids      , kg 

mf  mass of filtrate      , kg 

mw  mass of wet solids      , kg 

MC  moisture content      , - 

MR  moisture ratio       , - 

n  compressibility coefficient     , - 

ΔP  empirical constant      , Pa 

ΔPc  pressure difference over filter cake    , Pa 

ΔP0  initial pressure difference     , Pa 

q  volumetric filtrate flow rate     , m3/s 

Rm  medium resistance      , 1/m 

RE  removal efficiency      , % 

t  time        , s 

V  volume of filtrate      , m3 

Vc  volume of cake      , m3 

VFL  volume of fluid      , m3 

Vs  volume of solids      , m3 

w  mass of solids deposited per unit area   , kg/m2 



 

α  specific cake resistance     , m/kg 

α0  empirical constant      , m/kg 

ε  porosity of bed      , – 

µ  liquid viscosity      , Pa·s 

ρL  density of liquid      , kg/m3 

ρs  solid density       , kg/m3 

 

AMD  acid mine drainage 

ICP-MS inductively coupled plasma mass spectrometry 

RedOx  reduction-oxidation 
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I Literature part 

1 Introduction 

Mining industry consists of three main operations that are mining, mineral processing 

and metallurgical extraction. Mining is defined as utilization of a mineral resource by 

recovering material from the ground. Mineral processing involves obtaining the 

valuable product from ore using wide variety of technologies. Metallurgical extraction 

is used to recover desired compound by removing bonds in the ore mineral. Mining 

industry processes often involve a great deal of mined material and water, which leads 

to massive amounts of unwanted mine wastes that contain harmful metals and 

metalloids. [Lottermoser, 2010] Therefore, novel and effective treatment methods with 

low costs for water purification are required for sustainable development in mining 

water treatment. 

Electrochemical techniques are often considered to have compact and economically 

feasible equipment that can be used to replace conventional equipment used in 

wastewater treatment plants. Electrochemical techniques are also viewed to be 

versatile, safe, easily automated and environmentally friendly. Electrocoagulation is 

one electrochemical water treatment method that has raised interest during last decades. 

However, literature regarding industrial scale electrocoagulation is rather limited. 

Electrocoagulation is based on coagulation as metal electrodes are dissolved due to 

applied electric current. Benefits of electrocoagulation include high removal efficiency 

of contaminants, simple equipment and compact size [Mollah et al., 2004]. However, 

the solution for electrocoagulation slurry treatment is one of the study areas for 

developing industrial scale electrocoagulation process. 

Filtration is a solid/liquid separation method that removes particulate material from a 

suspension by using permeable filter medium. In other words, filtration processes 

separate solids and liquid from each other. The main purposes of filtration are removal 

of contaminants and recovery of valuable products. Filtration is therefore used to purify 

water, reduce emissions and prevent fouling of equipment [Sparks & Chase, 2016]. 
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Mining industry operations apply conception of filtration to separate materials during 

classification or to recover product from suspension [Sutherland, 2014]. There are 

several reasons why pressure filters are used in mining industry. The use of pressure 

filters often leads to cakes with low moisture content with easy operation and it is more 

beneficial in cake drying than thermal drying. As other filtration equipment, pressure 

filters include the option for cake washing which is used to remove impurities from the 

product or to recover valuable solute. Automated pressure filters are  

suitable to treat large volumes solids at concentrators with few maintenance issues.  

[Townsend, 2003] 

The proper treatment of mining industry wastewaters is important in terms of 

environmental aspects and human health. The aim of the literature part is to present the 

phenomena behind electrocoagulation and filtration. The suitability of using 

electrocoagulation in a large-scale mining water treatment operation and filtration as a 

method to treat the slurry from electrocoagulation are studied in the experimental part. 

The electrocoagulation experiments are conducted using real mining water and the 

filtration experiments are performed with a Nutsche filter. 

2 Finnish mining industry 

Mining operations in Finland have been rather limited before the 1930s when compared 

to other countries. Industrial scale mining with modern equipment started in Finland 

during the 1930s and the number of operated mines increased significantly in the 1970s, 

which increased the status of mining industry as a significant contributor to nation’s 

economy. Figure 2.1 shows the total amount of mined ores from the year 1970 to 

present day. The first heyday of Finnish mining was in the year 1979 when roughly  

10 million tons of metal ores, like for example cobalt, nickel, chromium, zinc and gold, 

were mined. After this peak, the Finnish mining industry ended up in a prolonged 

period of recession until the year 2008 when two large mines were opened for 

production. According to predictions in the year 2012, the amount of total mining 

volume is expected to increase. There is even a speculation that the volume of mining 
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in few following years will be tenfold compared to year 1979.  

[Nurmi & Eilu, 2012]  

In the year 2014, the mining industry was successful to make investments opposite to 

the other sectors in Finland. Most of metal mines are owned by foreign companies 

partly because Finland is lacking capital for mining activities. This leads to a situation 

where most of the recent investments have come from international funders. The 

turnover of Finnish mining industry, industrial minerals and metal ores was roughly 

1.5 billion euros and the relating sectors employed directly 3,000 people in the year 

2013. Since the year 2009, the turnover of mining industry has been increased.  

[Kokko, 2014] 

 

Figure 2.1 Mined ore in Finland from the year 1970 to 2015 [Geological Survey of 

Finland, 2016]. 

 

During last years, metal mining industry in Finland is thriving as the volumes of mined 

materials are peaking. Recent mining activities are focused mainly on base metals, gold 

as well as ferrous and platinum-group metals [Tuusjärvi et al., 2014]. In the year 2015, 

there was 45 mines or quarries in Finland in total, the total ore output was 32.8 million 

tonnes and total waste rock output was 56.3 million tonnes. Metallic ores comprised 
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16.9 million tonnes and other industrial minerals comprise 12.5 million tonnes from 

that total ore output. The major metallic ore mines at the moment by total  

ore output are Kevitsa (6.6 million tonnes), Talvivaara (4.1 million tonnes),  

Kemi (2.0 million tonnes). Kevitsa mine is an open pit and it produces copper, nickel, 

gold and metals from platinum group [Geological Survey of Finland, 2016]. 

Furthermore, Kevitsa mine have had a major input to the total amount of extracted 

metal ores and waste rock since Kevitsa mine accounted for roughly 50 % of total 

amount of Finland in the year 2013 [Kokko, 2014]. Talvivaara mine is an open pit and 

it produces zinc, copper and nickel while Kemi mine produces chromium in both open 

pit and underground. When the total output other industrial minerals are inspected, the 

largest mine is located at Siilinjärvi where 11.3 million tonnes of apatite is mined.  

[Geological Survey of Finland, 2016] 

According to Nurmi and Eilu [2012], current mines have increased their production 

levels and new prominent mines have been opened at the turn of 2010s in Finland. This 

is most likely due to a high demand for high-tech metals that is caused by the progress 

in novel energy technologies and fast expansion of information technology  

[Nurmi & Eilu, 2012]. In addition, increased urbanization, living standards and global 

population have increased the demand for metals and minerals [Kokko, 2014]. There 

are also several mining projects that are in action as of in the year 2012. It was also 

predicted in the year 2012 that the production rate of metal ores in Finnish mines was 

evaluated to reach a production rate of 70 million tons by the year 2020.  

[Nurmi & Eilu, 2012]  

3 Mining waters 

Mineral processing, metallurgical extraction and mining generate solid wastes that are 

formed when rock material is processed and removed. There are also water present that 

is referred as mine water during these operations. More specifically, mine water is 

subsurface ground water or surface water that has been changed by composition at mine 

sites when it is subjected to mineral-water reactions. Water is utilized for mineral 

processing, hydrometallurgical extraction, dust suppression and coal washing at mine 
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sites. Another general term, mining water, is used to describe water that is typically at 

mine sites. Mining water is water that have been in a contact with a mine quarry when 

it has flowed through a mine site portion [Lottermoser, 2010]. The amounts of mining 

waters are usually enormous in large-scale mining activities. For instance, the refinery 

in Kemi mine generates 1–3 million m3 of effluent waters in a year. [Nikula, 2014] 

Process water for mining operations can be recycled when it is collected from tailing 

dams or settling ponds and treated suitably. Water is also collected from large rivers, 

natural lakes and artificial lakes that are nearby mine sites [Lottermoser, 2010]. For 

example, the water usage of Talvivaara mine in the year 2010 was 7.7 million m3 which 

equals to 875 m3 of water per hour for their processes. Approximately 20 % of this 

water amount was rain water and 40 % was raw water that was taken from a nearby 

lake [Hietala et al., 2012]. Kevitsa mine raw water usage in the year 2013 was  

1.76 million m3 in total which is roughly 4,800 m3 per day and it is acquired from a 

nearby water power plant dam. [Kevitsa Mining Oy, 2014]  

3.1 Composition of mining waters 

Sulfide minerals are usual components of the Earth’s crust and they are the main 

component of some geological environments. Sulfidic mine wastes contain mostly 

polymineralic aggregates that include a variety of phosphates, oxides, carbonates, 

silicates and hydroxides besides sulfides. The sulfidic waste mineralogy is very 

heterogeneous since the silicates are the most common undesired materials that are 

surrounding wanted mineral. When sulfide containing materials are mined, they are 

exposed to an oxygenated environment. This initiates spontaneously a series of 

chemical weathering reactions that are complex and can be assisted by 

microorganisms, atmospheric gases and surface water. The reactions eventually lead to 

oxidization of sulfide materials, which results in formation of an acid water that 

contains metals, metalloids and sulfates [Lottermoser, 2010] [Simate & Ndlovu, 2014]. 

Table 3.1 presents an example of mine water composition compared to drinking water 

limits according to United States Environmental Protection Agency. 
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The most common sulfide mineral in these previously mentioned reactions is pyrite 

(FeS2) that is the biggest cause for formation of acid mine drainage (AMD) when it is 

exposed to air. Formation of AMD is also influenced by temperature and geology of 

mining location and it takes place in both operating and abandoned sites where 

polymetallic sulfide is mined. Nowadays AMD is considered to be the biggest 

environmental concern for mining operations especially in countries that have 

difficulties regarding fresh water supplies. AMD water is problematic since it is 

susceptible flow into surrounding areas from a mine site. The levels of metals, 

metalloids and anions in the AMD are often higher than water quality standards, which 

is detrimental to any aquatic life. [Lottermoser, 2010] [Simate & Ndlovu, 2014] 

[Kefeni et al., 2015] 

Table 3.1 An example of a mine water composition. The mine water is collected 

from Pyhäsalmi mine and the pH of the mine water is 2.68 when 

temperature is 16.70 °C [Nariyan et al., 2017]. Maximum contaminant 

levels by drinking water regulations are also presented [United States 

Environmental Protection Agency, 2016]. 

Constituent 
Concentration of 

mine water, [mg/L] 

Maximum contaminant level 

for drinking water, [mg/L] 

Cadmium (Cd) 2.1 0.005 

Uranium (U) 0.62 0.03 

Zinc (Zn) 960 5 

Silicon (Si) 33 – 

Copper (Cu) 88 1 

Manganese (Mn) 49 0.05 

Calcium (Ca) 290 – 

Magnesium (Mg) 1200 – 

Iron (Fe) 770 0.3 

Aluminium (Al) 700 0.2 

Arsenic (As) 0.023 0.01 

Sulfate (SO4
-2) 13000 250 
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Table 3.1 shows that the constituents in mine water can be much higher compared to 

the drinking water regulations. The mine waters are usually not recycled to drinking 

water so the comparison of these values in Table 3.1 is only for demonstrating 

purposes. The recycling of mine waters is often carried out so that the water can be  

re-used in the mining process. According to Lottermoser [2010], the process water 

composition depends on the used mineral processing and hydrometallurgical methods 

since they utilize various chemicals as flotation reagents, flocculants, modifiers, 

coagulants, oxidants and hydrometallurgical reagents. Some examples of chemicals 

include propylene glycol, amine, metal hydroxides, calcite, copper sulfate, ferric 

chloride, hydrogen peroxide and sulfuric acid. 

Sulfate, nitrate, chloride, phosphate and carbonate are some of the most common 

anions that are connected to quality of mine water. Sulfates in mine waters are often 

caused by oxidation of sulphide minerals, nitrates are from explosives and  

rehabilitation fertilizers that have been used at the mining site and chloride is 

originating from salts that are usually present in groundwater in high concentrations. 

[Minerals Council of Australia, 1997] 

High concentrations of sulfate are becoming to be nuisance for mining companies 

[Nariyan et al., 2017]. If the sulfate and calcium concentrations are high in process 

water due to quality of the ore and use of chemicals, then gypsum  

might be formed. Gypsum is considered to be problematic since it clogs equipment  

and pipes [Pyhäsalmi Mine Oy, 2010]. Nitrates give rise to eutrophication when they 

are present in high concentrations in aquatic systems [VTT Technology, 2015]. 

Chloride is reported to induce corrosion in steel and stainless steel structures  

[Institute for Sustainability and Innovation and CSIRO, 2008]. 

3.2 Demands for mining water treatment 

There are several environmental impacts of pollution that concern each mine site. 

Production of AMD from sulfidic mine waste can occur if weathering is not controlled. 

Vegetation and aquatic life can disappear locally because streams and soils can become 

more acidic and have increased concentration of hazardous metals. Additionally, 
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hazardous metals such as mercury and lead can possibly end up in the food chain since 

they can accumulate into terrestrial plants and aquatic algae. Metals from AMD 

precipitate into sediments of a stream as clays, organic matter as well as iron and 

manganese oxides. This can lead to metal concentrations that are exceeding permitted 

limits in large measures near processing sites and mine waste dumps  

[Lottermoser, 2010]. The low pH of uncontrolled AMD streams can influence plant 

growth and the availability of nutrients. Low pH is detrimental for aquatic life since it 

has an impact on breathing, growth rates and mortality. Plenty of pollutants and 

components in AMD are considered to be harmful for humans as well. Metals are 

problematic since they can withstand natural ecosystems for a long period of time. They 

also have tendency to accumulate on ecosystems and cause different diseases by 

disrupting metabolic functions. AMD is also corroding infrastructure and spoiling 

drinking water in regions with shortage of freshwater. [Simate & Ndlovu, 2014] 

Modern mines aim to recycle all the water that is available and the recycling of water 

to some extent is common for major mines [Gunson et al., 2012]. The recycled process 

water can be utilized in crushing, screening and washing processes in mining industry 

[Minerals Council of Australia, 1997]. Valuable minerals are usually separated from 

the non-valuable materials using wet processes that can have high water usage. For 

example, a flotation process uses 1.9–3.0 m3 of water for every processed ore tonne if 

there is no any water recycling involved [Gunson et al., 2012]. Process wastewater 

recycling provides other advantages besides reduced water consumption since the 

consumption of reagents is decreased and the unconsumed reagents can be  

recovered from wastewaters [Shengo et al., 2016]. Furthermore, the costs of water 

treatment can be decreased if the process water is mixed to the mine water in the same 

plant where the process water was used previously. The reason for this is that the pH 

and the reagents of the recycled process water can affect in a positive way to mine 

water contaminants. [De la Vergne, 2008]  
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4 Electrochemical methods 

The earliest applications to utilize electricity in water treatment were developed at the 

turn of the 20th century. High capital investments and need for extensive electricity 

supply were the biggest concerns for the earliest large-scale electrochemical treatment 

processes. Strict environmental regulations and high drinking water standards have led 

to more attention to electrochemical treatment processes such as electrocoagulation, 

electroflotation and electro-oxidation during the last few decades. Electrocoagulation 

is based on the formation of coagulants as the electrode material dissolves electrically 

and it is widely used to remove contaminants from waters [Sahu et al., 2014]. 

Electroflotation involves floating of contaminants to the water surface as water 

electrolysis leads to generation of small hydrogen and oxygen bubbles. According to 

Wang et al. [2007], electroflotation has many applications in mining industries and 

wastewater treatment. Electro-oxidation processes can be divided into indirect 

oxidation and direct anodic oxidation processes. In the case of indirect oxidation, 

contaminants are destroyed by generated chlorine, hypochlorite or hydrogen peroxide. 

Indirect oxidation is capable to treat biorefractory and toxic contaminants but it 

involves safety concerns. Direct anodic oxidation involves formation of adsorbed 

hydroxyl radical or oxygen in the oxide lattice that leads to degradation of 

contaminants. Direct anodic oxidation is a promising wastewater treatment process but 

it requires stability improvements prior to industrial applications. [Wang et al., 2007] 

4.1 Principles of electrocoagulation 

Electrocoagulation is a complex process where ions are released into the treated water 

from consumable electrodes. Usually iron or aluminium electrodes are used and the 

released iron or aluminium ions hydrolyze instantly to iron or aluminium hydroxide 

around the consumable electrodes which can also be referred as sacrificial electrodes 

or simply as anodes. The formed hydroxides have great affinity towards dispersed 

particles and they merge with the negative particles that are transferred by 

electrophoretic motion in the direction of anode. Wastewater pollutants are treated in 

two ways during electrocoagulation. Firstly, pollutants can be subjected to chemical 
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reactions that are followed by precipitation. Secondly, pollutants can merge physically 

or chemically into colloidal materials that are released from sacrificial anodes  

[Liu et al., 2010] [Vasudevan & Oturan, 2014]. Figure 4.1 presents a schematic of an 

electrocoagulation cell with two electrodes.  

 

Figure 4.1 Simplification of an electrocoagulation process when the electrode 

material is metal M [Liu et al., 2010]. 

 

There are several phenomena that are affecting the breaking of emulsion as well as the 

destabilization of particulate suspension and contaminants during electrocoagulation 

process. A diffuse double layer is compressed around the charged species when the 

released ions from consumable electrode are having interactions with each other. The 

electrostatic repulsion between particles is reduced by charge neutralization. This is 

caused by released counter ions from consumable electrode due to dissolution and it 

leads to coagulation when the van der Waals forces are prevalent. Floc formation is 

resulting from coagulation when colloidal particles are attached to a sludge blanket  

[Mollah et al., 2004]. Due to electrolysis of water, flocculation and mixing are 
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enhanced by formation of small hydrogen (cathode) and oxygen (anode) gas bubbles 

since they attach to flocculated particles and make them lighter [Sahu et al., 2014]. 

Electrocoagulation operations are susceptible to many physiochemical reactions such 

as coagulated particle electroflotation, cathodic reduction of impurities and 

electrophoretic migration [Mollah et al., 2004]. 

Electrocoagulation is widely studied in the fields of domestic and industrial wastewater 

treatment for removal of metals, inorganics, pesticides and harmful microorganisms 

[Sahu et al., 2014]. Electrocoagulation is also capable to remove cyanide from the 

treated wastewater. Moussavi et al. [2011] studied the effect of electrode material, 

aeration, current density, reaction time and electrical conductivity on cyanide removal 

in a 0.25 L reactor. The results from their experiments show that cyanide removal 

efficiencies up to 91.8 % are possible to achieve using electrocoagulation without 

aeration in 20 minutes of treatment. Moussavi et al. [2011] concluded that the cyanide 

removal is improved by using aeration as well as increasing current density, reaction 

time and electrical conductivity. The highest cyanide removal was obtained using an 

electrode arrangement that consisted of iron and aluminium electrodes at the same time. 

Many studies indicate that electrocoagulation is a capable technique to remove sulfates 

and nitrates from the treated wastewater. Sharma and Chopra [2015] studied 

electrocoagulation as a method to remove nitrate and sulfate simultaneously from the 

treated wastewater. According to their results, the highest removal efficiency for nitrate 

was 63.21 % and for sulfate was 79.98 %. Murugananthan et al. [2004] examined 

sulfate removal from a tannery wastewater and a synthetic solution by using electro-

flotation that combines electrocoagulation and flotation techniques. They also studied 

the effect of initial concentration, current density and pH of solution on the sulfate 

removal efficiency of synthetic solution. Their results indicated that the highest sulfate 

removal was achieved by using iron-aluminium electrode combination, the lowest 

initial sulfate concentration (100 mg/L), the highest current density (62 mA/cm2) and 

the lowest initial pH of the solution (5.5). In addition, Murugananthan et al. [2004] 

reported that these operating conditions led to the highest removal efficiency for sulfide 

and sulfite. 
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Moneer et al. [2016] studied synthetic wastewater treatment with 

electrocoagulation/flotation process in order to remove copper. Their results indicated 

that the total removal of Cu(II) could be achieved relatively easily with just 

electrocoagulation process. They concluded that the removal of copper is mainly due 

to the stirring speed, number of electrodes and type of electrode material in their 

experiments. For example, Moneer et al. [2016] managed to remove 100 % of initial 

copper solution (3.0 g/L) with stirring speed of 300 rpm and 25 minutes of treatment 

with iron electrodes. Cataldo Hernández et al. [2012] investigated the suitability of 

electrocoagulation to remove very low amounts of chromium and nickel from water 

well samples. According to the results from Cataldo Hernández et al. [2012], 

electrocoagulation was showing good capability to treat waters that contain chromium 

and nickel since chromium concentration was reduced from 20 ppb to 10 ppb and nickel 

concentration was reduced from 41 ppb to 5 ppb. 

4.1.1 Electrode reactions 

Setup of a typical electrocoagulation reactor consists of at least one anode, one cathode 

and an external power source. The anode is subjected to a potential by using the power 

source, which leads to the oxidation of anode and reduction reaction on the cathode. 

The electrochemical reactions can be summarized with the following equations when 

the metal M is the anode. 

Anode reactions: 

𝑀(𝑠) → 𝑀(𝑎𝑞)
𝑛+ + 𝑛𝑒−      (1) 

   2𝐻2𝑂(𝑙) → 4𝐻(𝑎𝑞)
+ + 𝑂2(𝑔) + 4𝑒−    (2) 
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Cathode reactions: 

𝑀(𝑎𝑞)
𝑛+ + 𝑛𝑒− → 𝑀(𝑠)     (3) 

2𝐻2𝑂(𝑙) + 2𝑒− → 2𝐻2(𝑔) + 2𝑂𝐻−   (4) 

 

These reactions lead eventually to the formation of iron or aluminium hydroxides 

and/or polyhydroxides that induce coagulation since they have strong affinity for 

counter ions and dispersed particles. [Liu et al., 2010] 

4.1.2 Electrode configurations 

It is important to change the polarity of the electrodes at certain time intervals to 

enhance the electrocoagulation performance. Electrodes, with preferably large surface 

area, are usually placed in a parallel fashion either with monopolar and bipolar 

connections to enhance the performance as shown in Figure 4.2. Monopolar connection 

means that the anodes are connected to other anodes while cathodes are connected to 

other cathodes. Bipolar connection means that only the outermost electrodes are 

connected to an external power source. The other electrodes in bipolar connection are 

polarized as the electric current passes through them. [Liu et al., 2010]  

[Sahu et al., 2014] [Vasudevan & Oturan, 2014] 

 

Figure 4.2 Diagram of monopolar and bipolar electrode connections  

[Emamjomeh & Sivakumar, 2009]. 
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The decline of electrocoagulation performance can be caused by the passivation of 

electrodes which is described as limited electron transfer and metal dissolution that are 

usually caused by formation of an oxide layer on the surface of the electrode When the 

thickness of the layer is increased, the coagulant addition from the electrodes into the 

solution is decreased Aluminium electrodes are reported to be particularly prone to 

passivation. [Liu et al., 2010] 

Ions have different mobility during electrolysis, which leads to more concentrated 

solution near the cathode. Electrical resistance is increased as the gap between 

electrodes becomes partially filled with gases. Small gap between electrodes in the 

reactor can bring great energy savings during electrolysis and in addition, the distance 

between electrodes is also influencing reactor size and mass transfer rates.  

[Sahu et al., 2014] 

4.2 Variables affecting electrocoagulation 

This thesis focuses on the factors that have the largest impact on electrocoagulation. 

These factors include electrode material, electrode distance, NaCl addition, current 

density, pH and temperature. Sahu et al. [2014] report that electrocoagulation 

operations are also affected to some extent by many factors such as stability of the 

flocs, contaminate type, agglomerate size, contaminate concentration and bubble size. 

4.2.1 Electrode material and distance 

Electrode can be selected from a wide range of anodically soluble materials such as 

aluminium, calcium, chromium, iron, magnesium, silver and zinc. Insoluble materials 

like graphite and lead dioxide are also viable options due to their high  

chemical resistance and efficiency in treatment of cyanide containing wastewaters 

[Sahu et al., 2014]. Mathew et al. [2014] report that graphite electrodes do not produce 

coagulants into treated water unlike aluminium or iron electrodes. The use of graphite 

electrodes leads to releasing of ions that destabilize the dissolved pollutants  

[Mathew et al., 2014]. Usually aluminium electrodes are applied in water treatment 

since aluminium produces aluminium hydroxide that has high coagulation efficiency 
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and iron electrodes are applied in wastewater treatment since iron is cheaper material  

[Liu et al., 2010] [Vasudevan & Oturan, 2014]. Additionally, both of them are 

advantageous for utilizing coagulation properties of multivalent ions. It is possible to 

use electrodes that are made from various iron and aluminium scraps. This, however, 

would require inert support materials. [Sahu et al., 2014] 

4.2.2 NaCl addition and current density 

The electrolytic conductivity is important for electrocoagulation process since the 

released amount of electrode material per applied current decreases when conductivity 

is low. To continue the electrocoagulation process in a sufficient level, the applied 

potential needs to be higher. However, this leads to increased process costs and 

electrode passivation. This problematic situation can be overcome usually by adding 

NaCl to raise the electrolytic conductivity. [Liu et al., 2010]  

Current density is essential for electrocoagulation operation since it can be controlled 

directly unlike the other operational parameters. The dissolved metal amount is 

interrelated to the quantity of electricity that has traveled through the electrolytic 

solution. Dissolution of anodes increases when high current densities are applied. This 

leads to increase in removal of chemical oxygen demand and color as the quantity of 

hydroxo-cationic complexes is increasing as well. Current density has also a significant 

impact on solution mixing that is occurring at the electrodes. In addition, bubble 

generation rates and coagulant dose are directly defined by current density. The 

operational costs, pH of the solution and temperature are defining the optimal current 

density. [Sahu et al., 2014] [Liu et al., 2010] 

4.2.3 pH and temperature 

Electrocoagulation systems are affected by the pH since it is having an impact on the 

solution conductivity, zeta-potential of colloidal particles, hydroxide speciation and 

dissolution of electrodes. When compared to chemical coagulation, electrocoagulation 

is more suitable for acidic solutions if higher pH values are desired  

[Sahu et al., 2014]. The OH– concentration increases while H2 is constantly generated 

at the cathode during the electrochemical coagulation. This leads to increase in pH 
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when original pH is in the range 4–9 in the water. The pH value will decrease to a 

certain degree despite the increase in OH– concentration when the original pH is over 

9 in the water if, for example, OH- reacts with Al(OH)3 producing Al(OH)4
-.  

[Liu et al., 2010] 

The electrocoagulation process is also affected by the temperature of the water.  

Liu et al. [2010] reported that the released amount of electrode material per applied 

current for aluminium electrode is increasing while the temperature of water is 

increased from 2 to 30 °C. On the other hand, they noticed that less electrode material 

is releasing when the temperature of water is over 60 °C. 

4.3 Electrocoagulation applications 

Electrocoagulation has been successfully applied in water and wastewater treatments 

to remove harmful contaminants from for example urban wastewater, textile 

wastewater, potable water and solutions containing metals [Liu et al., 2010]. 

Electrocoagulation processes are applied in treatment of wastewater from pulp and 

paper, metal-processing and mining industries [Sahu et al., 2014]. Also, 

electrocoagulation is a potential technique for arsenic removal from water since it is 

efficient and simple. Arsenic containing drinking water is considered to be a serious 

issue around the world because arsenic is carcinogenic and toxic. [Liu et al., 2010]  

4.4 Advantages and disadvantages of electrocoagulation 

Electrocoagulation is acknowledged to have high removal efficiency of contaminants, 

no requirement for pH adjustment and simple equipment. Additionally, 

electrocoagulation is an easily operated process that can be designed for different sizes 

without moving parts during operation. There is a very small change for formation of 

secondary pollution since basically no chemicals expect the electrode materials are 

added to the process. Besides that there are low start-up, operating and maintenance 

costs, electrocoagulation offers an option that has high efficiency towards 

destabilization of small colloidal particles and there is low sludge formation. Another 

advantage of electrocoagulation is its capability to treat large volumes with relatively  
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low cost. [Sahu et al., 2014] [Cataldo Hernández et al., 2012] [Mollah et al., 2004]  

[Liu et al., 2010] 

One of the obvious downsides of electrocoagulation is that the operating costs are 

depending on the price of electricity. Furthermore, electrocoagulation can not be 

utilized to treat water that has low amount of dissolved solids if the conductivity is not 

high enough. The performance of an electrocoagulation process is decreased when an 

oxide film is formed on the cathode and there is also a constant need to change the 

sacrificial anodes at specific times. Electrocoagulation process can produce certain 

toxic chlorinated organic compounds in the presence of chlorides and in addition, 

trihalomethanes can be formed if there is lots of humic and fluvic acid in the treated 

wastewater. [Mollah et al., 2004] [Liu et al., 2010] 

5 Filtration 

Filtration can be described as a separation process that aims using permeable filter 

medium is used to retain solid particles or other substances from a liquid or a gas. The 

driving force of filtration processes is pressure difference that can be implemented by 

over pressure, vacuum, centrifugal force or the gravity. The fluid phase of the 

suspension is penetrating the filter medium while particles are accumulated within or 

on top of filter medium. Liquid clarification, solids recovery or both of them 

simultaneously are usually the main intentions of filtration [Ripperger et al., 2013]. 

There are several aspects that need to be taken into account when the filtration 

equipment is selected such as concentration of solids in the feed, dryness of the cake, 

properties of slurry and cake, need for cake washing and usability of filter aids. The 

properties of liquid need to be considered in view of corrosiveness, toxicity and 

flammability. [Sorsamäki & Nappa, 2015] 
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5.1 Filtration modes 

Filtration as a physical process can be characterized by using several modes which are 

cake filtration, blocking filtration, deep bed filtration and cross-flow filtration 

[Ripperger et al., 2013]. These modes are presented in Figure 5.1. 

 

Figure 5.1 Principles of filtration modes when arrows indicate the direction of the 

flow [Ripperger et al., 2013]. 

 

In cake filtration, the solids are assumed to accumulate on top of filter medium like a 

homogenous layer that is porous and has a constant permeability. This assumption 

holds true especially for hard solids that are incompressible. When the initial cake layer 

has formed, the top of the cake acts as a medium for following filtration while the actual 

filter medium is providing support for the cake. In the case of particulate and hard 

solids, the pressure drop will increase proportionally and linearly to the amount of 

accumulated solids if the flow rate is kept constant.  

Blocking filtration is suitable for gelatinous and soft particles that are retained by a 

screen and during operation, the pressure drop is induced by the blocked filter medium 

or coarse filter cake pores. The pressure drop is increasing exponentially as there are 

less and less open pores during filtration if the rate of flow is constant.  

Deep bed filtration, also referred as depth filtration, means filtration with a deep filter 

layer that retains the solid and even colloidal particles. The solids adhesion to the filter 

layer grains is the main cause for the effectiveness of deep bed filtration. Small particles 
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are retained inside the filter layer while larger particles are sieved on top of the filter 

layer. Deep bed filters lose separation efficiency progressively as the filter bed becomes 

saturated with solids. The main product of deep bed filtration is an effluent that is very 

clean.  

Cross-flow filtration can be classified as the filtration where high velocity suspension 

is flowing tangentially to the surface of filter medium. This results in significantly 

lower filter cake formation and the filter medium is penetrated by a minor flow of liquid 

which is decreased over time due to the accumulation of solids on the filter medium 

surface. The diffusion and turbulence are causing hydrodynamic forces that are leading 

the removal of solids after the initial point of filtration. Usually the filtrate is collected 

and the remained suspension is re-circulated in the system until the retained component 

concentration is at a desired level. [Ripperger et al., 2013] 

5.2 Pressure filtration 

Pressure filtration is achieved with a pump that can move suspension into a filter with 

high pressure differences if required. Pressure filtration is a good option if remaining 

moisture content has great significance or a closed system is preferred for safety 

reasons. When compared to vacuum filtration, the cake handling is more challenging 

in pressure filtration [Ripperger et al., 2013]. The filtration rate of slurries, that are 

difficult to treat, can be improved by applying filter aids that can be added to the slurry 

and accumulated with the solids or used as a filter medium precoat.  

[Sorsamäki & Nappa, 2015] 

Movements of a solid particle may be limited by other solid particles in a filter cake. 

The cake formation depends on shape of particles and the way how particles are 

oriented and in the case of irregular particles, the formation of gaps in the cake is 

considered to be a random process [Muralidhara, 1986]. Coarse particulate materials 

are usually retained on woven wire mesh on the screen surface depending on the 

diameter of particulates. When the diameter of particulates is decreasing, different 

solids separation techniques with smaller filter medium opening sizes are required 

[Rushton et al., 2000]. The filtration mechanisms are presented in Figure 5.2. 
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Figure 5.2 Filtration mechanisms: (a) standard blocking filtration, (b) complete 

blocking filtration and (c) bridging filtration [Wakeman, 2007].  

 

Standard blocking means filtration of a feed where the pore sizes are larger than 

particles and the concentration of particles is low. In such case, small particles are 

accumulating inside the filter medium structure. Particle retention by filter medium is 

occurring when the filter medium pore sizes are smaller than filtered particles, which 

leads to cake formation. This is also known as complete blocking that is basically a 

sieving process and it is occurring when the feed has low or medium concentration of 

particles. Another way of particle retention, bridging filtration, is possible even though 

the filter medium pore sizes are larger than filtered particles and it takes place when 

the concentration of particles is high. During bridging filtration, particles used for 

filtration can not penetrate the filter medium pores at the same time. This leads 

eventually to formation of particles into a permeable bridge over the filter medium 

pores, which results in a filter cake [Wakeman, 2007]. For conventional cake filtration, 

bridging filtration is the main mechanism [Holdich, 2002]. 

5.3 Filter media 

Filter medium is important for the whole filtration process since filter productivity and 

cake formation can be improved by selecting a proper filter medium with suitable pore 

sizes compared to filtered particles [Wakeman, 2007]. Filter medium can be defined as 

a permeable material that retains the solids but allows the liquid to move through the 
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medium. Filter media can be made from wire cloths, woven textiles and some other 

materials like membranes and felts that have random structure and in addition, they can 

be compared based on permeability, construction material and capability to retain 

particles [Wakeman & Tarleton, 1999]. Woven cloths are the most utilized filter 

medium in filtration operations [Sorsamäki & Nappa, 2015].  

The fibre type of weaved cloth has a significant effect on the cake filtration properties 

since decreased flow resistance and increased cake discharge properties can be reached 

when monofilament fibres are used instead of multifilament fibres. However, 

monofilament fibres can lack some physical strength, have less effective particle 

retention properties and be prone to blockage to some extent. Monofilament fibre can 

be described as a single and continuous filament that is made from synthetic material 

while multifilament fibre is a bunch of identical filaments that are continuous and can 

be twisted around each other. [Holdich, 2002] [Sparks & Chase, 2016] 

Main properties of filter media include capabilities to retain filtered particles, 

mechanical durability, satisfactory lifetime, good cost-efficiency, relatively easy cake 

discharge, resistance to blockage of pores and chemical compatibility with the filtered 

materials [Holdich, 2002]. Another important properties are, for example, rigidity, 

thermal stability, wettability, biological stability, smallest retainable particle size, flow 

resistance and safety aspects [Wakeman & Tarleton, 1999]. Filter medium may be 

subjected to several mechanisms at once in real processes (see Figure 5.3).  

 

Figure 5.3 A filter medium that has encountered particle embedding and cake 

deposition [Holdich, 2002]. 



22 
 

The interactions between filter medium pores and particles colliding with the medium 

rarely behave in an ideal manner since particles often penetrate into filter medium. This 

leads to increase in resistance of the filter medium which can cause failure in filtration 

process if pore blockage of medium occurs continuously. [Rushton et al., 2000] 

5.4 Filtration of different types of slurries 

The slurry types discussed in this thesis are categorized into mineral and bio-based 

slurries.  

5.4.1 Mineral slurries 

Mineral slurries, also referred to as tailings or mineral pulps, are composed of liquid, 

solids and process chemicals [Lottermoser, 2010]. Most of the industrial slurries do not 

have a bed that has a simple structure made from individual rigid particles, but typically 

the slurries consist of flocs or mixture of agglomerates which are formed from very 

small particles [McCabe & Smith, 1976]. When particulate slurries in mineral 

processing operations are concentrated, they are flowing like a non-Newtonian fluid 

since the interparticle forces are influencing the physically and chemically complicated 

slurries. Rheological properties can also be affected by the shape, size, surface 

chemistry and solid content of the particles. [Huynh et al., 2000] 

Mineral processes utilize either fresh, saline or brackish water for processing of ores, 

which leads to different compositions in mineral slurries. The process water 

composition is influenced by the used mineral processing and hydrometallurgical 

techniques. The mineral behavior and ore characteristics are determining the  

used hydrometallurgical process chemicals that include flocculants/coagulants, 

modifiers, oxidants and flotation reagents.  

The origin of solids in the mineral slurry varies depending on the mineral processing 

since mineral slurry solids can consist of primary ore, gangue minerals and secondary 

minerals. Gangue minerals are undesired materials that surround the commercially 

valuable primary ore and secondary minerals are formed when the primary ore and 

gangue minerals are exposed to weathering. Mineral slurry solids can also include 
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chemical precipitates that are formed due to mineral processing and storage. The solids 

in mineral slurry are usually silicates, carbonates, oxides, sulfides and hydroxides that 

are undesired and have typical grain size ranging between 2 µm to 2 mm.  

[Lottermoser, 2010] 

Henrikson [2000] reports that the cake moisture is typically in the range of 5–8 % by 

weight when a coarse material (mill circuit product size of 100–150 µm) is filtered 

using a vacuum filter in mining industry. When the vacuum filtered material is 

considered to have medium or fine particle sizes (mill circuit product size of <74 µm), 

the cake moisture ranges from 8 % to 18 % by weight depending on the properties of 

the solid material. Hu et al. [1995] studied the feasibility of polypropylene fibre needle 

felts in the filtration of iron concentrate slurry using vacuum filtration. When the 

thickness of the filter cake was fixed at 20 mm in their experiments and the operating 

pressure ranged from 0.33 bar to 0.73 bar, the cake moisture content varied in the range 

of 8.90–13.40 %. 

5.4.2 Bio-based slurries 

Biomass is predicted to be a significant raw material for new products in the future, but 

the solid-liquid separation processes regarding the biomass such as microorganisms 

and biopolymers may encounter some challenges since they tend to form filter cakes 

that are compressible and have high filtration resistance [Hofmann et al., 2008] 

[Wetterling et al., 2014]. Typically, the main components of bioproducts can be water, 

proteins, sugars, fibres, lipids and starches while they can also include organic acids 

and vitamins as minor components. Separation of biological material often involves 

some restrictions like color and flavor changes, protein denaturation, microbial growth, 

enzyme inactivation and contamination. [Sorsamäki & Nappa, 2015] 

Unique cell properties of biological materials lead to a wide range of different sizes 

and structures, which are affecting the selection of separation process. In addition, 

biological species often require specific conditions such as low shear forces  

and moderate temperatures for separation and purification processes  

[Sorsamäki & Nappa, 2015]. Filtration processes for biological materials are usually 
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operated in a cross-flow mode to minimize the filter cake formation although cross-

flow filtration has a limited end concentration. This is due to the fact that the viscosity 

of biopolymers tends to increase along with increasing concentration. If the viscosity 

of the treated liquid remains low enough, the shear force is high enough to create a flow 

over filter medium but too high shear forces can be harmful to delicate enzymes. 

[Hofmann et al., 2008] 

Meindersma et al. [1995] investigated enzyme removal from a bioconversion solution 

using filtration and ultrafiltration in original and modified Nutsche filter. The crude 

enzyme paste contained cells that were rod-shaped. The treated slurry had a 

concentration of 4.3 kg/m3, density of 1028 kg/m3 and viscosity of 2.6 mPa·s. The 

filtration experiments were conducted in the pressure range of 1–2.5 bar with a body 

feed concentration of 10 kg/m3. The results showed that the cake specific  

resistance was 10.15–10.40·1010 m/kg within that pressure range. Moisture content of 

an air-dried cake was in the range of 50–60 %. 

5.5 Filtration as a treatment for electrocoagulation slurry 

Typically used electrode materials iron and aluminium release ferric and aluminium 

ions during electrocoagulation. These generated ions can form polymeric hydroxyl 

complexes and monomeric species that initiate coagulation, which eventually leads to 

formation of slurry [Kobya et al., 2011]. The literature about filtration of 

electrocoagulation slurry is rather limited but several studies regarding water 

purification can be found. 

Keerthi et al. [2013] studied a system with separate electrocoagulation and 

microfiltration processes and its feasibility to treat synthetic waste water containing 

metals. After finding the optimal conditions for electrocoagulation process, they 

conducted their dead-end microfiltration experiments using polyvinylidene fluoride 

membranes with a pore size of 0.22 µm under 0.05 bar transmembrane pressure. The 

results showed that the 99 % of initial metal were removed using a combination of 

electrocoagulation that was followed by microfiltration. 
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Aouni et al. [2009] studied a combination of electrocoagulation and nanofiltration 

system for treatment of textile wastewater. They used electrocoagulation to remove 

color and chemical oxygen demand of the wastewater and nanofiltration to remove 

total dissolved solids, alkalinity and conductivity in addition to previously mentioned 

parameters. Aouni et al. [2009] performed their nanofiltration experiments using a flat 

sheet polyamide/polysulfone membrane in the pressure range of 2–12 bar. According 

to their results, removal of more than 92 % of turbidity, chemical oxygen demand, 

sulfate, chloride, potassium, magnesium and sodium was achieved using a hybrid 

process that contains electrocoagulation and nanofiltration. 

6 Cake filtration 

Cake filtration is considered to be a technique for suspension clarification and solids 

recovery depending on the desired product [Mahdi & Holdich, 2013]. During the 

filtration of the slurry, the particles are accumulated on top of the  

cake by forming complex network of channels [McCabe & Smith, 1976]. The selected 

filter medium is having an impact on filter cake structure and properties since it is 

affecting the cake during initial stage of filtration. [Rushton et al., 2000] 

6.1 Basic theory for cake filtration 

Darcy [1856] discussed about the connection between pressure drop and flow rate of  

liquid through packed solids bed [Rushton et al., 2000]. Darcy proposed a law  

that was intended to describe the water flow through a porous media  

[Wakeman & Tarleton, 1999]. Pressure drop is caused by frictional losses that are 

present as liquid flows across the voids and over of the solids of the cake. Increase in 

the solid content of the cake leads to higher pressure drop due to the increased friction 

inside the cake. [Rushton et al., 2000] 

Under low flow conditions, Darcy’s law dictates that the pressure drop is directly 

proportional to the fluids flow rate. This can be described with the following equation. 

 



26 
 

∆𝑃

𝐿
=

𝜇𝑞

𝑘𝐴
      (5) 

where    ΔP  pressure difference 

    L  cake thickness 

    µ  liquid viscosity 

    q  volumetric filtrate flow rate 

    k  permeability of filter cake 

    A  filtration area 

 

A porous medium permeability defines how easily a certain fluid will flow through the 

medium. Porosity is defined as the volume fraction of voids in the total bed volume.  

Equation (6) presents the solid volume fraction of the bed. 

𝐶 = 1 − 𝜀      (6) 

where    C  solid volume fraction in cake 

ε  porosity of bed 

 

Theoretical permeability calculations are recommended to be used only as an 

estimation when there is no experimental data. In practice, filter cake permeability is 

considered to be affected by particle size, particle size distribution, porosity, slurry 

concentration, cake formation rate and particle shape among other factors.  

According to Rushton et al. [2000], when filter medium resistance is not taken into 

account and Darcy’s law is applied, the cake filtration process can be described by the 

following equation. 

 



27 
 

∆𝑃

𝐿
=

𝜇

𝑘𝐴

𝑑𝑉

𝑑𝑡
      (7) 

where    V  volume of filtrate 

    t  time 

 

Equation (7) can also be presented as 

𝑑𝑉

𝑑𝑡
=

𝐴∆𝑃𝑘

𝜇𝐿
      (8) 

 

In the case of filtration of incompressible materials, cake permeability, cake volume 

fraction and solid density are constants. These previously mentioned parameters can be 

combined to describe the specific cake resistance in equation (9). 

𝛼 =
1

𝑘𝐶𝜌𝑠
      (9) 

where    α  specific cake resistance 

    ρs  solid density  

 

The mass of dry solids deposited per unit area w can be written with the equation (10) 

when cake thickness, solid density and cake volume fraction are combined. 

𝑤 = 𝐿𝐶𝜌𝑠       (10) 

where    w  mass of solids deposited per unit area 

 

Alternatively, the mass of dry solids deposited per unit area can be presented as  

equation (11) depending on the data available. 



28 
 

𝑤 = 𝑐
𝑉

𝐴
      (11) 

where    c  mass of dry solids per unit volume of  

filtrate 

 

The connection between permeability and cake thickness can be written 

𝐿

𝑘
= 𝛼𝑤      (12) 

 

When equation (12) is used in equation (8), the resulting equation is  

𝑑𝑉

𝑑𝑡
=

𝐴∆𝑃

𝜇𝑤𝛼
      (13) 

 

Permeability or specific resistance change depending on the position within the cake 

since the solid concentration is affected by pressure or stress of solids in the entire cake. 

Flow rate of the liquid is changing in the entire cake as well so that the flow rate is 

lower at the cake surface than within the rest of the cake. [Rushton et al., 2000] 

[Holdich, 2002] 

6.2 Cake formation 

Height of the filter cake is increasing during filtration because solids are constantly 

accumulating on top of filter cake surface. Meanwhile, height of the filter cake is 

changing during filtration due to changes in pressure difference [Rushton et al., 2000]. 

The formed filter cake acts as a filter medium and the filter cake formation is 

progressing until the level of filtrate flow rate is not sufficient or the pressure drop 

across the filter cake is too high in terms of technical and economic perspectives. 

[Wakeman & Tarleton, 1999] 
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When the pressure losses that are caused by filtrate flow through the filtrate medium 

are not taken into account, equation (14) can be obtained when equation (11) is placed 

into equation (13). 

𝑑𝑉

𝑑𝑡
=

𝐴2∆𝑃

𝜇𝑐𝑉𝛼
     (14) 

 

The total pressure drop is a sum of a pressure drop over filter cake and a pressure drop 

over medium. When this assumption is applied, the total pressure drop can be written 

with the following equation. 

∆𝑃 =
𝜇𝑐𝛼

𝐴2 𝑉
𝑑𝑉

𝑑𝑡
+

𝜇

𝐴
𝑅𝑚

𝑑𝑉

𝑑𝑡
   (15) 

where     Rm  medium resistance 

 

Equation (15) is applicable when permeability and depth of medium are assumed to be 

constant. [Rushton et al., 2000] [Holdich, 2002] 

6.3 Average specific cake resistance and filter medium resistance 

There are three kinds of resistances that the filtrate is confronting during filtration 

operation. Firstly, the resistance of the cake, secondly, the resistance of the filter 

medium and thirdly, the resistance of channels inside the filter cake that are directing 

filtrate away from filter medium and slurry to the top of the filter cake  

[McCabe & Smith, 1976]. Only average specific cake resistance and filter medium 

resistance are discussed in this thesis. 

The specific cake resistance describes the resistance of all solids that are not connected  

with filter medium. At the initial moments of filtration, the specific cake resistance is 

zero [McCabe & Smith, 1976]. There is no cake on top of the filter medium at the 

beginning of filtration, the measured pressure is resulted from medium resistance for a 

given flow rate and eventually, the pressure in the system increases depending on the 
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concentration of slurry and other parameters [Mahdi & Holdich, 2013]. As the solids 

accumulate continuously on the filter medium, the specific cake resistance is steadily 

increasing along with filtration time. The filter medium resistance is a resistance caused 

by the filter medium and the particles that are embedded into the filter medium during 

the initial moments of filtration [McCabe & Smith, 1976]. The measured filter medium 

resistance and specific cake resistance can be influenced by the solids concentration 

since in the case of filtration of slurries with low solids concentrations, the filter 

medium resistance is more prone to increase quickly at the initial stages of filtration 

due to higher possibility of fine particle migration into the filter medium  

[Mahdi & Holdich, 2013]. Furthermore, the specific cake resistance characteristics are 

more determined by the floc properties than the individual particle geometries  

[McCabe & Smith, 1976]. 

The specific cake resistance variation between the cake layers is resulting from 

mechanical effects that take place in the cake. The fluid compressive pressure is the 

highest at the surface of the filter cake while it is the lowest at the filter medium. 

Besides the fluid compressive pressure, the solids in the filter cake are also subjected 

to so called stress pressures that are mainly caused by the drag forces that are affecting 

the particles by moving them towards the filter medium along with stream of filtrate. 

Each particle layer resists the forthcoming drag force and the drag force is transmitted 

to the following particle layers. This leads eventually to a situation where the drag 

forces are cumulated as they are transmitted from layer to layer so that the drag forces 

are the highest near the filter medium. In the case of a compressible cake, the stress 

pressures lead to a filter cake composition where the cake near the filter medium is 

compressed and a top of the cake is rather porous. [McCabe & Smith, 1976]  

[Wakeman & Tarleton, 1999] 

6.4 Cake compressibility 

If a filtered material is indicating an unchangeable cake permeability during filtration, 

that material is considered to be incompressible since permeability equations are 

affected by porosity and size of solids [Rushton et al., 2000]. These kinds of cakes are 

often formed from particles that are over 50 µm in size and do not aggregate in 
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suspension. On the other hand, compressible cakes are filter cakes whose porosity is 

affected by the applied pressure. Finer inorganic, organic or biological  

particles with higher aggregation behaviors tend to form compressible cakes  

[Wakeman & Tarleton, 1999]. The effect of pressure on cake filtration can be presented 

with the equation (16) according to Rushton et al. [2000]. Figure 6.1 shows the 

influence of pressure on average cake porosity. 

𝛼 = 𝛼0 (1 +
∆𝑃𝑐

𝑃𝑜
)

𝑛
    (16)  

where    α0 empirical constant 

    ΔPc pressure difference over filter cake 

    Po empirical constant 

    n compressibility coefficient 
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Figure 6.1 The effect of pressure on average cake porosity of calcium carbonate. 

The results from two calculation methods have been compared to the 

measured porosity values [Fathi-Najafi & Theliander, 1995]. 

 

Figure 6.1 shows that increased pressure leads to decreased porosity for compressible 

filter cakes. Particular system compressibility as well as permeability are used to 

determine rate of separation. When the rate of separation is known, the solid-liquid 

systems dewatering behavior can be defined, which is useful in many filtration, 

centrifugation and thickening processes [Stickland et al., 2005]. 

Compression of particles in low pressure operations is caused by squeezing of particles 

into gaps that then become occupied and in the case of high pressure, particle 

compression can be caused by breakage and deformation of particles. Volume fraction 

of solids describes the compressibility when newly formed particle bed without any 
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stress is compared to a bed that is compacted. Volume fraction of solids depends on 

the shape of particle, degree of flocculation and particle size. Regular particle shapes 

such as spheres form a bed that has smaller fraction of voids compared to a bed with 

irregular particle shapes [Muralidhara, 1986]. 

6.5 Constant pressure and constant rate filtration 

Industrial filters can be operated using pressure or vacuum as the driving force of 

filtration as mentioned in Chapter 5. Filtration processes are often conducted using 

either constant pressure or constant rate during operation depending on the situation. 

6.5.1 Constant pressure filtration 

Constant pressure filtration is a process that is operated under constant pressure 

difference using compressed gas or vacuum. The filtration rate is decreasing during 

constant pressure filtration as the cake thickness and flow resistance are increasing 

[McCabe & Smith, 1976] [Wakeman & Tarleton, 1999]. The whole pressure drop is 

affecting over the filter medium at the beginning of filtration cycle until a substantial 

amount of filter cake is formed, which can induce initial cake layer compression or 

severe filter medium blockage. Constant pressure filtration is commonly used for 

material testing in laboratory conditions. Mahdi and Holdich [2013] listed the main 

benefits for constant pressure filtration such as relatively simple data collecting and 

vast amount of experimental studies. Some of the drawbacks include insufficient time 

to examine the initial filtration period as well as various difficulties regarding 

calculations and conducting the experiments. [Mahdi & Holdich, 2013] 

Constant pressure filtration can be described equation (15) when it is rearranged and 

integrated resulting in equation (17). 

∫ 𝑑𝑡 =
𝜇𝑐𝛼

𝐴2∆𝑃
∫ 𝑉𝑑𝑉 +

𝜇𝑅𝑚

𝐴
∫ 𝑑𝑉

𝑉

0

𝑉

0

𝑡

0
  (17) 

 

The linearized parabolic rate law is obtained from equation (17) after conducting 

integration and rearrangement, which results in equation (18). 
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𝑡

𝑉
=

𝜇𝑐𝛼

2𝐴2∆𝑃
𝑉 +

𝜇𝑅𝑚

𝐴∆𝑃
    (18) 

 

 

Figure 6.2 Filtration of calcium carbonate suspension with constant pressure 

[Concha, 2014]. 

 

Cake and medium properties such as specific resistance and medium resistance are 

possible to determine from a straight line (see Figure 6.2) when filtrate time over 

volume of filtrate is plotted against volume of filtrate. [Wakeman & Tarleton, 1999] 

[Rushton et al., 2000] [Holdich, 2002] 

6.5.2 Constant flow rate operation 

Constant flow rate filtration is usually the most utilized method for industrial filtrations. 

Often the feed is introduced to a pressure filter by a positive displacement pump so that 
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the filtration rate stays constant, which results in increased pressure drop over the filter 

[Mahdi & Holdich, 2013] [Wakeman & Tarleton, 1999]. The pump must increase 

pressure to surpass filtration resistance that is induced by cake accumulation  

[Rushton et al., 2000]. Decreased blockage of filter medium, caused by decreased 

number of fine particles that penetrate into filter medium, is achieved when the start of 

filtration cycle is conducted at low pressures. Constant rate filtration is acknowledged 

to have favorable aspects such as common use in industry, easily obtained limits for 

the solids pressure in the filter cake and cake growth rate is constant due to homogenous 

attachment of particles onto surface of cake. The main downside of constant rate 

filtration is the constantly increased operating pressure as a consequence of increased 

cake thickness. [Mahdi & Holdich, 2013] 

When the flow is assumed to be constant, equation (17) can be arranged into the 

following form. 

∆𝑃 = (
𝜇𝑐𝛼𝑉

𝐴2𝑡
) 𝑉 + (

𝜇𝑅𝑚

𝐴

𝑉

𝑡
)   (19) 

 

Equation (19) provides a graph with a straight line which can be used for specific cake 

resistance and medium resistance determination. [Rushton et al., 2000] [Holdich, 2002] 

7 The variables affecting on filtration 

The filtration of suspensions is mainly influenced by particle surface charge, particle 

size, pH, particle shape and applied pressure [Wakeman & Tarleton, 1999]. The 

affecting factors on filtration are divided into operating conditions and particle 

properties in this thesis. 

7.1 Operating conditions 

Pressure difference is the driving force of filtration processes as mentioned in  

Chapter 5 and therefore, the selected operating pressure of the filtration equipment has 
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an impact on the filtration process. The pH and nature of the fluid are also influencing 

the filtration process but they can not necessarily be modified in every situation. 

7.1.1 Pressure 

Operating pressure has a great impact on a compressibility of filter cakes when the 

cakes are compressible. Especially flocculated and soft particles are more susceptible 

to pressure since increased pressure is reducing the voids between the particles  

[Mahdi & Holdich, 2013]. Liquid removal from an incompressible cake is the most 

cost-effective when the lowest pressure needed is applied to surpass fluid drag inside 

the cake but in such case, drier cake can not be obtained by increasing the pressure. 

When pressure is increased, cake solid concentration is increased since in practice 

every filter cake shows compressibility to some extent. [Rushton et al., 2000] 

7.1.2 pH 

Suspended particles are subjected to attraction and repulsion forces that are between 

every particle. Attraction is caused by van der Waals forces that are depending on the 

distances between particles whereas repulsion forces are caused by electrostatic 

charges that are determined by the pH of the liquid. Also, the reach of the electrostatic 

forces is affected by the ion content of the surrounding liquid. Zeta potential can be 

used to measure these surface charges and it is mostly influenced by the pH of the 

suspension. [Ripperger et al., 2013] Zeta potential and its effects on the filter cake 

properties are further discussed in the Chapter 7.2.4. 

7.1.3 Fluid properties 

Fluid viscosity and density are also important for industrial filtration processes besides 

the fluid components at the fluid/particle interface. Density is mainly important for 

separation methods by thickening and centrifugal sedimentation where the separation 

is based on density difference between the particles and the liquid. If necessary, the 

density can be altered slightly by changing the amount of dissolved solids or the 

temperature. Viscosity has generally more impact on filtration processes than density 

and in addition, viscosity is easier to control since it responds quickly to temperature 
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changes. A minor temperature increase results in a viscosity drop that speeds up the 

filtration rate of liquids. [Wakeman & Tarleton, 1999] 

7.2 Particle properties 

According to Wakeman [2007], a solid/liquid system can be associated with three 

parameter types that are primary properties, state of the system and macroscopic 

properties. The primary properties are the physical properties of solid and liquid, the 

particle surface properties as well as the shape, size and size distribution of particles. 

The primary properties can also be defined as properties that can be determined 

independently from all the components of the system. The interactions between particle 

and its surrounding liquid is more significant for small particles that have a diameter 

below 10 µm. This is due to the fact that hydrodynamically or gravitationally caused 

forces can be as important as the net attractive or repulsive forces between particles, 

which have an impact on cake consistency, settling velocity of particles and cake 

formation. The state of the system means, for example, porosity and homogeneity of 

the system and it is defined by the primary properties. The macroscopic properties 

include, for example, filter cake specific resistance and particle terminal settling 

velocity. The macroscopic properties are used to study the feasibility of a certain 

separation method. [Wakeman, 2007] 

7.2.1 Particle size 

Suspension behavior of solid/liquid separation is greatly influenced by the size of 

particles. Typically, suspension contains lots of variation in particle sizes, which leads 

to diverse compositions [Wakeman, 2007]. The size of particles can range between 

very fine and coarse granular solids and the composition can be homogenous or 

heterogeneous depending on the material. The size of particles is affecting the final 

moisture content of the cake by only a small amount if the interparticle repulsive forces 

are overcome by imposed mechanical forces. [Wakeman & Tarleton, 1999]  

There are several reasons to determine particle sizes in solid/liquid separations. The 

behavior of solids during separation process can be estimated from particle sizes and 
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when the behavior of solids is known, the best option for the initial separation process, 

filter medium or pre-treatment process is easier to select. Knowledge of particle sizes 

is also helpful for cake post-processing when the solids are considered to be the 

product. When the liquid is regarded as a product, the liquid quality and ease of 

filterability are estimated from known particle sizes of remaining solids in the case of 

filtration of hydraulic fluids and parental fluids. Size of particles can be used to assess 

the performance of a filter medium to retain particles [Wakeman, 2007]. Additionally, 

forces between particles increase in proportion to gravitational forces when the size of 

particles is decreasing. Particles form aggregates as the attractive  

London-van der Waals forces overcome the gravitational and electrostatic forces. 

[Muralidhara, 1986] 

7.2.2 Particle size distribution 

The smallest particles are impacting the most to the filtration operations when size 

distribution is inspected. They travel through the filter medium at the beginning of cake 

formation, navigate between the voids of filter cake and tend to deposit more near the 

surface of the filter medium. When the size distribution is wide, the formed cake tends 

to be denser since the smaller particles can move between larger particles. The smallest 

particles also have highest specific surface and therefore they affect filter cake specific 

resistance and filtration rate. Additionally, they are inducing higher moisture content 

since they lead to smaller pore sizes inside the cake. Compressibility of a cake is also 

affected by the smallest particles because they interact more with ions in the 

suspension. Additionally, smaller pore sizes result in higher capillary pressures inside 

the cake, which leads to a need for higher pressures in deliquoring operations. 

[Wakeman, 2007] 

7.2.3 Particle shape 

The surface area and volume of particles are influenced by the shape of the particle. 

Therefore, different particle shapes are having an impact on a flow rate of liquid 

through filter cake and on a specific surface of particles, which leads to different values 

for specific resistance. When, for instance, flaky and spherical particles are inspected 
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without taking cake porosity into account, the flaky particles are resulting to 

approximately 300 times higher specific resistance compared to spherical particles.  

The interactions between particles and filter medium pores are also influenced by a 

particle shape since if the particles are not rigid enough, the particles can change shape 

so that they would penetrate filter medium even though it would be impossible in their 

original form. This has been reported to happen to water soluble polymers that are 

subjected to shear forces at the filter medium pores. [Wakeman, 2007]  

Solid particles have uniform or spherical shapes on rare occasions and it can be 

assumed that the most of particles have irregular shape. Certain material classes can be 

crystalline and have rather uniform particles with a specific shape. However, handling 

of crystalline materials in industrial operations often leads to mixture of shapes due to 

a crystal breakage. In the case of fibrous particles, smooth surfaces and different length 

to diameter ratios are common. [Wakeman & Tarleton, 1999] 

7.2.4 Zeta potential and particle interactions 

Zeta potential is used to describe the net repulsive force magnitude that is between 

particles [Wakeman, 2007]. Particle surface can receive, share or lose electrons when 

the particle is surrounded by a liquid medium. This can occur when formation of strong 

ionic and covalent bonds or weaker dipolar and hydrogen bonds takes place.  

A concentration gradient on the particle surface can increase as the weaker bonds 

attract ions. This leads to an increased electrostatic potential gradient that is around the 

particle. When an electric charge is applied, the particle travels towards a pole that is 

oppositely charged. [Muralidhara, 1986] 

When the particle sizes are very small, particle and liquid interactions have the biggest 

impact. The repulsive forces between particles are depending on the solution ions 

distribution around the particles charged surface and the electrical charge is determined 

by chemical compounds on the surface of the particle. The range of repulsion potential 

energy can be reduced by increasing the solutions electrolyte content. Repulsive forces 

can be decreased by changing the electrical charge of the particle surface or by 

increasing non-absorbing electrolyte into the solution. The net repulsive force between 
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particles is increasing when the solids volume fraction is increasing as well.  

[Wakeman & Tarleton, 1999] [Wakeman, 2007]  

Faster formation of filter cake and to some extent higher moisture content can be 

reached with small repulsion forces between particles when zeta potential is almost  

0 mV or neutral in other words. Lower moisture content in cakes as well as slower cake 

formation and settling rates are resulting from maximum or minimum zeta potential 

available. This is caused by greater repulsive forces that are present in the suspension. 

[Wakeman & Tarleton, 1999] [Wakeman, 2007] 

Nakamura et al. [2012] studied the effect of zeta potential to pore blocking and cake 

formation during dead-end filtration using microfiltration membranes. They used 

polymethyl methacrylate latex particles with different particle sizes. A positive and a 

negative charge was used for one of the particle sizes. The relationship between zeta 

potential and specific cake resistance is presented in Table 7.1. The results from 

Nakamura et al. [2012] showed that the specific cake resistances were mainly 

influenced by particle sizes. However, when the particle size was the same, the increase 

in repulsive force led to a slightly increased specific cake resistance. 

Table 7.1  Specific cake resistances and zeta potentials for latex particles when the 

particle sizes are 15, 40 and 80 µm [Nakamura et al., 2012]. 

Particle type α, [m/kg] zeta potential, [mV] 

NP15 5.9 · 1012 -12 ± 3 

NP40 1.5 · 1012 -15 ± 5 

NP80 8.5 · 1011 -36 ± 2 

PP40 2.8 · 1012 +24 ± 4 

 

8 Filtration equipment 

Solid-liquid filtration equipment can be categorized based on the driving force of the 

filtration and mode of operation. Pressure filters and vacuum filters are the most applied 
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filtration equipment in industrial processes. Mode of operation is either continuous or 

discontinuous. [Sparks & Chase, 2016] [McCabe & Smith, 1976] 

Continuous vacuum filtration processes are usually conducted in large-scale and they 

are capable to process the product in high quantities. Discontinuous vacuum filtration 

operation is conducted so that the slurry is poured evenly on top of filter medium and 

the filter cake is removed after filtration and drying. Discontinuous pressure filters are 

used widely and to some extent they are all suitable for filter cake washing processes. 

They can be utilized with large pressure differentials to provide fast filtration for fine 

solids and viscous liquids. Continuous pressure filters can achieve a continuous 

separation while having an advantageous dewatering capability and additionally, they 

can be used to filtrate slurries that require long filtering times when use of vacuum 

filter is not feasible. [Sparks & Chase, 2016] [McCabe & Smith, 1976] 

Cake filters contain a filter medium that is usually a woven or non-woven cloth and a 

supporting backing that can be for instance a wedge-wire steel screen or a coarser cloth. 

Screens and strainers are typically made from woven wire, wedge-wire bars or 

perforated plates. Strainers are used to prevent the flowing of oversized particles into 

a system while screens can also be used to classify particulate material by size. 

Centrifugal filters contain a permeable basket which is rotated by a drive shaft and the 

separated solids can be either fixed or moving inside the centrifuge.  

Vessel housed filters are pressured vessels that contain one or several filters that can 

be either disposable after single filtration operation or they can be cleaned and used for 

following filtration operations. Magnetic filters utilize magnetic properties of ferrous 

metals, cobalt and nickel to separate them from a treated suspension. Permanent 

magnets are nowadays in common in magnetic filters due to their high efficiency. 

[Sparks & Chase, 2016] 

8.1 Nutsche filter 

Nutsche filters consists of a fully enclosed cylindrical vessel with a single leaf 

[Wakeman & Tarleton, 1999]. This single leaf can be described as a filter floor that is 

basically a strong and perforated plate that can hold the operating pressure and weight 
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of the cake. The filter floor is covered with a filter medium that usually is a synthetic 

fiber cloth, a woven metallic mesh screen or a sintered metallic plate [Halberthal]. 

Nutsche filters are industrialized filters that can be operated in batches using vacuum 

or positive pressure [Wakeman & Tarleton, 1999]. They are considered to be a variant 

of Buchner funnel that are scaled up and are applicable for batch processes that need 

intense washing. Present-day Nutsche filters are designed so that various 

crystallization, precipitation, filtration and drying operations can be carried out in a 

same vessel. Pressure operated Nutsche filters are applied in fine chemical, 

pharmaceutical, pesticide and dye industries. [Rushton et al., 2000] [Halberthal] 

8.2 Typical Nutsche filtration units 

Single leaf Nutsche filters are usually operated with 2–3 bar or higher pressures if that 

is needed [Halberthal]. Wakeman and Tarleton [1999] report that the Nutsche filters 

can withstand internal pressures up to 8 bar during operation. Additionally, Nutsche 

filters are designed so that the entire vessel can be filled with the treated slurry, which 

is beneficial to the minimization of idle time during operation. A common operational 

sequence of Nutsche filters may contain filtration, cake washing, cake repulping, 

pressure drying, vacuum drying and cake discharge. [Halberthal] Principal of a 

pressure operated Nutsche filter is shown in Figure 8.1. 
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Figure 8.1 Diagram of a pressure operated Nutsche filter [Holdich, 2002]. 

 

Larger Nutsche filters contain typically a reslurry phase for cake discharge and fully 

automated mechanical devices such as rakes or ploughs. In the case of smaller Nutsche 

filters, the cake is often removed manually and the cake discharge can be facilitated 

further by tipping the unit manually or hydraulically. The filter medium can be up to 

10 m2 in vacuum operations and around 30 m2 in pressure operations  

[Wakeman & Tarleton, 1999]. Nutsche filters can also include cake detectors that are 

used to get rid of cracks by monitoring wash flow in the process and agitators that ease 

cake removal, slurry agitation and cake smoothing. [Rushton et al., 2000] 

8.3 Advantages and disadvantages of Nutsche filtration 

The advantages of Nutsche filters are simple operation and possibility to filter corrosive 

as well as volatile, flammable or toxic materials [McCabe & Smith, 1976]  

[Wakeman & Tarleton, 1999]. Other advantages include minimum floor space 

requirements, possibility to smooth the surface of the cake before applying spray wash, 
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good separation between wash and mother solution as well as possibility to use high 

temperatures.  

There are several situations where Nutsche filters have disadvantages. For example, 

Nutsche filters are not suitable for processes that are continuous and include slow cake 

formation. Furthermore, Nutsche filters can have some major difficulties if the formed 

cake is sticky or the cake structure is progressively weakening when the filter is out of 

action for a long time. [Halberthal] According to McCabe and Smith [1976], the 

industrial scale operations with Nutsche filters are suffering from high labor costs due 

to the cake discharge. 
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II Experimental part 

9 Aim of the work 

Experimental part focused on studying the use of electrocoagulation and filtration batch 

processes in treatment of mining water. The effect of applied electric current and 

electrode material on anion removal, metal removal and particle size distribution were 

investigated from treated water samples. In addition, the changes in pH, conductivity 

and reduction-oxidation (RedOx) potential were monitored during electrocoagulation. 

The effect of pressure and type of slurry on filtration properties were examined in 

filtration experiments. 

10 Experimental equipment and test procedures 

All the experiments were conducted in Lappeenranta University of Technology in 

laboratory conditions. 

10.1 Materials and methods 

Experiments were performed so that the treated mining water was collected from a 

separate container and then placed inside the electrocoagulation reactor.  

10.1.1 Properties of studied mining water 

The studied mining water, mostly clear with a color nuance of light yellow, was 

acquired from Orivesi mine. The properties of mining water are presented in  

Table 10.1. 
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Table 10.1 Characteristics of used mining water. On average, conductivity was  

5.5 mS and RedOx potential was 110.7 mV during experiments. 

pH, [-] 7.1 

Ag, [mg/L] 0.00001 

Al, [mg/L] 0.468 

As, [mg/L] 0.00138 

B, [mg/L] 0.114 

Ba, [mg/L] 0.0489 

Be, [mg/L] <0.00005 

Bi, [mg/L] <0.001 

Ca, [mg/L] 369 

Cd, [mg/L] 0.00247 

Co, [mg/L] 0.0114 

Cr, [mg/L] 0.00052 

Cu, [mg/L] 0.00999 

Fe, [mg/L] 0.06 

K, [mg/L] 40.9 

Li, [mg/L] 0.0764 

Mg, [mg/L] 88.7 

Mn, [mg/L] 3.48 

Mo, [mg/L] 0.00362 

Na, [mg/L] 503 

Ni, [mg/L] 0.00727 

P, [mg/L] <0.02 

Pb, [mg/L] 0.0002 

Rb, [mg/L] 0.0738 

S, [mg/L] 661 

Sb, [mg/L] <0.002 

Se, [mg/L] 0.026 

Si, [mg/L] 1.42 

Sr, [mg/L] 1.78 

Th, [mg/L] <0.002 

Tl, [mg/L] 0.00016 

U, [mg/L] 0.00583 

V, [mg/L] 0.00013 

Zn, [mg/L] 0.0627 

Sulfate, [mg/L] 2000 

Chloride, [mg/L] 200 

 

Sampling and analyses were carried out for the untreated and treated mining water. The 

slurry after electrocoagulation treatment was obtained from the reactor and filtered.  
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10.1.2 Design of experiments 

Electrocoagulation experiments were conducted so that six small-scale and two  

large-scale tests were performed for unmodified mining water. For both scales, the 

applied current density was the only variable while mixing speed and volume of treated 

water were kept constant. Furthermore, two additional tests were conducted in small 

scale with medium current density for iron and aluminium electrodes to check the 

repeatability of previous tests. 

Filtration experiments were performed for two slurry types which were determined by 

the electrode material that was used in the electrocoagulation experiments. Each slurry 

type was investigated six times with three different operating pressures so that every 

operating pressure was tested twice. 

10.2 Electrocoagulation 

Electrocoagulation equipment consisted of a reactor, power supply, assembly of 

electrodes, mixing unit and cooling system. The jacketed reactors were cylindrical and 

they were operated so that a new batch of mining water was poured in the reactor before 

every electrocoagulation test. Power supply was used to apply constant current into 

electrodes which resulted in formation of solids. Cables were used to direct current 

from power supply into electrode configuration which consisted of either iron or 

aluminium plates. During electrocoagulation treatment, there were two anodes and two 

cathodes for every moment of time in monopolar configuration. The polarity of 

electrodes was changed every hour to reduce formation of oxide layer on electrode 

surface. The electrodes were assembled vertically so that they were in parallel and the 

distance between electrodes was fixed. The mixing unit was used to maintain a uniform 

composition of the treated water during electrocoagulation. A cooling system was used 

to control the temperature inside the reactor by recycling water in reactor jacket. 

10.2.1 Small-scale electrocoagulation equipment 

The setup for small-scale experiments is presented in Figure 10.1. The volume of 

mining water was 1.0 L, the reactor height was 18.0 cm and the diameter from the 
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inside was 10.0 cm. A radial impeller with diameter of 8.0 cm and three blades was 

used to conduct small-scale experiments. The effective dimensions for electrodes were 

7.5 cm x 6.0 cm and the gap between electrodes was 9.5 mm. 

 

Figure 10.1 Used small-scale electrocoagulation equipment where inlet and outlet 

tubes of water cooler system (A), reactor (B), mixing unit (C), power 

supply (D), cables (E) and electrode configuration within the reactor (F) 

are shown. Iron electrodes were used and the treatment time was 10 

minutes at the time when the picture was taken.  

 

Small-scale experiments were performed using a Finn Metric Regulated Power Supply 

LAB 5200 to provide 1, 2 and 3 A current. That corresponded to current densities of 

55, 111 and 166 A/m2. Heldolph Instruments RZR 2041 was used to provide mixing 
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speed of 145 rpm while the initial cooling water temperature of 20 °C was maintained 

by using Lauda Proline RP 855. 

 

10.2.2 Large-scale electrocoagulation equipment 

Figure 10.2 presents large-scale electrocoagulation equipment. Large-scale electrode 

dimensions were 29 cm x 30 cm and the gap between electrodes was 22.0 mm. The 

volume of treated mining water was 70.0 L. This amount of water was treated in a 

reactor with a 71.0 cm height and a 39.0 cm diameter of reactor from the inside. An 

axial impeller with diameter of 20.0 cm and four pitched blades was used. 

 

Figure 10.2 Large-scale electrocoagulation equipment that included water cooler 

system (A), reactor (B), mixing unit with frequency converter (C), 

power supply (D), cables (E) and electrode configuration inside the 

reactor (F). Iron electrodes were used and the treatment time was one 

minute at the time when the picture was taken. 
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In this study, current density was suggested as a scale up parameter. The current density 

of 111 A/m2 was selected to be scaled up for representing the average current density 

in small scale experiments. For the large-scale experiments, the selection of 111 A/m2 

resulted in a current of 39 A that was provided by Amrel SPS60X333 power supply. 

An ABB ACS150 inverter drive connected to mixing motor was used as the mixing 

unit with a mixing speed of 155 rpm and Lauda T4600 was used as the water cooling 

system. The initial temperature of cooling water was 10 °C in so that the temperatures 

of taken samples are around 25 °C. 

10.2.3 Electrocoagulation procedure 

Initial sample of the mining water was taken before start of each electrocoagulation 

experiment. During sampling, the voltage of electrocoagulation system was monitored 

and 20 mL of sample was taken from the reactor by using syringe. The duration of each 

experiment was 5 hours. Sample was taken once every hour during small-scale 

experiments but in the case of large-scale experiments, sampling was conducted at 15, 

30, 45, 60, 120, 180, 240 and 300 minutes of treatment. Timing was started when 

electric current was applied to the system for the first time and it was discontinued 

every hour along with applying of current for polarity change of electrodes. Then, the 

timing and applying of current were continued after the polarity has been changed. 

10.2.4 Analysis 

All the analyses were conducted in laboratory room temperature which was around  

22 °C. The conductivity, pH, temperature and RedOx potential were measured from 

the sample. The conductivity was measured by a Knick Konduktometer 702, the pH 

was measured by a WTW pH 340i meter and the RedOx potential was measured by a 

Mettler Toledo FG2 with an Ag/AgCl electrode. The conductivity was measured when 

the sample temperature was at 25.0 °C by heating or cooling accordingly. 

Approximately 10 mL of sample was filtered for further ion chromatography and 

inductively coupled plasma mass spectrometry (ICP-MS) analysis.  

The ion chromatography analysis was conducted using Thermo Scientific Dionex  

ICS-1100 with Dionex AS-DV autosampler for analyzing sulfate, nitrate and chloride 
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concentrations. The calibration solutions were prepared from stock solutions of sulfate, 

nitrate and chloride so that a calibration range from 0.2 ppm to 20 ppm were used. 

Samples were diluted with purified water by 150-fold to reach the before mentioned 

calibration range. The ICP-MS analysis was performed using an Agilent Technologies 

system to analyze metal concentrations. ICP-MS analysis was conducted with a 

calibration range of 1–100 ppb and a multi-element standard solution that contained  

15 elements. The samples were diluted with acid matrix (1 % HNO3 and 0.5 % HCl) 

only by 1.015-fold since the preliminary information of mining water indicated very 

low metal concentrations. The particle size analysis was determined by using Malvern 

Mastersizer 3000 so that the unfiltered sample was poured into a beaker filled with 

purified water as dispersant. This mixture of dispersant and sample was then analyzed 

when proper obscuration value has been reached. The stirrer speed of 3000 rpm and 

laser obscuration values between 4–15 % were used without ultrasound. The system 

was cleaned several times with purified water between every sample measurement. 

10.3 Filtration 

Formed slurries during large scale electrocoagulation experiments were filtered and 

they were collected after 24 hours of sedimentation was implemented to separate 

formed solids from the liquid. Longer sedimentation times could had led to easier 

separation of water and solids and in addition, possibly more compact bed of solids. 

The slurry was obtained after clear water was removed manually on top of the solids at 

the bottom of the reactor by using a measuring jug. However, when iron electrodes 

were used, a thin layer of floating solids needed to be removed first before removing 

any water. The remaining slurry was collected by utilizing bottom valve of the reactor. 

After collecting the slurry from electrocoagulation reactor, the slurry was mixed 

manually with a ladle for several minutes. These kinds of procedures showed 

repeatability for filtration tests since the solid content of slurry was almost the same for 

every test for both slurry types. 
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10.3.1 Filtration equipment 

Filtration experiments were conducted using a Nutsche filter that was connected to a 

data recording software. The filtration equipment is presented in Figure 10.3. The 

Nutsche filter was a metal vessel that contained a perforated plate at the bottom. The 

filter medium was placed on top of the perforated plate. In this thesis, Pall Corporation 

T120 filters were used as a filter medium. They had advertised water permeability of 

213 L/(m2/min) at 1 bar and 20 °C, were designed to filtrate rennet and were made of 

cellulose as well as perite.  

 

 

Figure 10.3 Nutsche filter equipment that included filter chamber (A), operating 

valves (B), beaker to collect filtrate (C) and scale (D). Both pressure and 

mass of filtrate were monitored with computer during filtration. 
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The pressure difference in the chamber was produced by nitrogen gas that was directed 

into the chamber by using valves. Before the test, a new filter was submerged in pure 

water over 60 minutes before filtration to remove any air bubbles from the filter 

medium. Filtrate was collected into a beaker and the mass of filtrate was measured as 

a function of time with a LabVIEW data recording software. 

10.3.2 Filtration procedure 

Separate tests at 2, 4 and 6 bar were performed in random order at a time to avoid any 

time-dependent trends in results. For repeatability purposes, each operating pressure 

was tested twice. The pressure was kept constant and both temperature and pH of the 

slurry were measured before sampling for every filtration test. The slurry was mixed 

manually so that it would be uniform before taking a test sample of 200 mL that was 

weighted every time. The mixed sample was poured into the filter chamber by using a 

funnel and the filtration began as the slurry was in the chamber and the chamber was 

pressurized, which took approximately 10 seconds in total when pouring was started. 

Filtrate was penetrating filter medium and perforated plate while solids were forming 

a cake on top of the filter medium.  

Filtration was stopped when there was no filterable slurry left in the chamber which 

was noticed during operation when a bubble was formed at the filtrate outlet. The 

thickness of the formed filter cake was determined by using a stick and a caliper. Next, 

filtration system was disassembled and formed wet cake was removed manually. The 

wet cake was weighed and placed inside an oven with temperature of 105 °C.  

Figure 10.4 depicts examples of wet filter cakes that have been collected from the 

filtration system. 
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Figure 10.4 Formed filter cakes on top of filter medium after cake discharge when 

aluminium (A) and iron (B) electrodes were used in electrocoagulation 

and 2 bar operating pressure was used for the filtration. 

 

After over 24 hours, the mass of dry cake was measured. Moisture content of solids 

was measured with Radwag MAC 50/NH moisture analyzer. Next, the density of solids 

was determined from dried solids by using a pycnometer. Data obtained from the data 

recording software was processed and utilized in further calculations. 

11 Results and discussion 

The results for electrocoagulation experiments were based on ion chromatography 

(anion concentration), ICP-MS (metal concentration), laser diffraction  

(particle size distribution) as well as various in-situ analyses. The filtration results were 

based filtrate mass vs. time data, different in-situ measurements and equations that are 

presented in Chapters 11.2.2, 11.2.3 and 11.2.4. 

11.1 Electrocoagulation 

Six small-scale electrocoagulation experiments were conducted with varying current 

densities and electrode materials for each batch. The used current densities are referred 

as low (55 A/m2), medium (111 A/m2) and high (166 A/m2) in the text. Large-scale 
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experiments were carried out using medium current density with both electrode 

materials. The electrocoagulation results are categorized into anion removal, average 

particle size, pH and RedOx potential, conductivity and metal removal. Repeatability 

tests were conducted in small-scale with both electrode materials when medium current 

density was used. 

11.1.1 Anion removal 

Anion removal efficiency of the electrocoagulation system was calculated using values 

measured by ion chromatography. The removal efficiency was calculated based on the 

difference between concentration of sample and concentration of initial sample as it is 

presented in equation (20). 

𝑅𝐸 =
𝑐0−𝑐𝑠

𝑐0
∙ 100 %     (20) 

where    RE  removal efficiency of anions 

    c0  initial anion concentration of sample 

    cs  anion concentration of sample 

 

Table 11.1 summarizes the anion removal efficiencies for different current densities 

and treatment times when iron electrodes are utilized in small-scale experiments. It was 

shown that the increase in current density and treatment time led to increased sulfate 

and nitrate removal efficiencies. The highest sulfate removal efficiency of 30.92 % and 

nitrate removal efficiency of 98.58 % were achieved using the highest current density 

and the longest treatment time. It is worth noting that the almost half of the nitrate 

concentration was removed after one hour of treatment with every current density but 

the removal efficiency was further enhanced by increasing the current density. For 

example, after three hours of treatment, the low current density resulted in 71.45 %, 

the medium current density resulted in 82.85 % and the high current density resulted 

in 90.90 % of nitrate removal with iron electrodes. As for chloride removal, the results 

in Table 11.1 show that the effect of electrocoagulation treatment is unclear since the 
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amount of removed chloride is minimal and, at times, some inconsistency is shown 

compared to sulfate and nitrate removal. 

Table 11.1 The effect of current density and operating time to the removal 

efficiency of anions when iron electrodes were used and volume of 

treated mining water was 1.0 L.  

Fe electrode 55 A/m2 

Sample, [h] 

Sulfate 

removal 

efficiency 

Nitrate 

removal 

efficiency 

Chloride 

removal 

efficiency 

0    

1 5.23 % 47.67 % 2.04 % 

2 8.09 % 51.35 % -7.54 % 

3 8.78 % 71.45 % 2.40 % 

4 12.98 % 88.46 % 1.71 % 

5 18.90 % 90.71 % 0.89 % 

Fe electrode 111 A/m2 

Sample, [h] 

Sulfate 

removal 

efficiency 

Nitrate 

removal 

efficiency 

Chloride 

removal 

efficiency 

0    

1 8.01 % 47.52 % -0.96 % 

2 10.50 % 68.72 % 10.09 % 

3 18.01 % 82.85 % 5.27 % 

4 21.74 % 90.95 % 9.66 % 

5 27.61 % 96.72 % 14.10 % 

Fe electrode 166 A/m2 

Sample, [h] 

Sulfate 

removal 

efficiency 

Nitrate 

removal 

efficiency 

Chloride 

removal 

efficiency 

0    

1 11.89 % 53.38 % 4.61 % 

2 14.52 % 69.60 % 5.38 % 

3 23.63 % 90.90 % 18.16 % 

4 23.09 % 93.60 % 9.60 % 

5 30.92 % 98.58 % 13.09 % 
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As Table 11.2 suggests, the usage of aluminium electrodes resulted in similar behavior 

as with iron electrodes in terms of current density and treatment time during 

electrocoagulation when anion removal was considered. However, nitrate removal was 

less efficient for the first samples with aluminium electrodes compared to iron 

electrodes. When the highest current density was used, the sulfate removal was slightly 

better with aluminium electrodes than with iron electrodes. This is further 

demonstrated in Figure 11.1. The reason for better anion removal efficiency could be 

explained by the high coagulation efficiency of aluminium hydroxides as discussed in 

Chapter 4.2.1. The highest nitrate removal of 99.69 % was obtained with the highest 

current density and the longest treatment time. Surprisingly, the best sulfate removal 

of 47.92 % was reached with medium current density and three hours of treatment. 

However, the maximum level of sulfate removal seemed to be 45–48 % throughout the 

small-scale experiments. The influence of time was becoming more negligible for 

sulfate removal as the current density was increased. For medium and high current 

density, the highest removal level was reached roughly after two hours of treatment. In 

the case of chloride removal, the results with aluminium electrodes were similar than 

with iron electrodes as Table 11.2 suggests. This could indicate that current density and 

treatment time had no distinct effect on chloride removal at all.  
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Table 11.2  The effect of current density and operating time to the removal 

efficiency of anions when aluminium electrodes were used and volume 

of treated mining water was 1.0 L. 

Al electrode 55 A/m2 

Sample, [h] 

Sulfate 

removal 

efficiency 

Nitrate 

removal 

efficiency 

Chloride 

removal 

efficiency 

0    

1 14.97 % 19.20 % -15.79 % 

2 30.34 % 44.01 % -7.74 % 

3 36.83 % 56.56 % -11.19 % 

4 44.81 % 79.63 % -8.13 % 

5 47.18 % 87.69 % -6.68 % 

Al electrode 111 A/m2 

Sample, [h] 

Sulfate 

removal 

efficiency 

Nitrate 

removal 

efficiency 

Chloride 

removal 

efficiency 

0    

1 23.45 % 39.05 % 0.57 % 

2 45.51 % 60.28 % -3.48 % 

3 47.92 % 88.14 % 4.16 % 

4 47.79 % 94.61 % -3.84 % 

5 44.91 % 97.61 % 4.91 % 

Al electrode 166 A/m2 

Sample, [h] 

Sulfate 

removal 

efficiency 

Nitrate 

removal 

efficiency 

Chloride 

removal 

efficiency 

0    

1 34.64 % 52.98 % 15.33 % 

2 44.39 % 82.05 % 27.73 % 

3 37.37 % 94.24 % 11.49 % 

4 41.96 % 98.91 % 20.78 % 

5 45.08 % 99.69 % 6.18 % 
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Figure 11.1 Effect of electrode material and treatment time on sulfate and nitrate 

removal when current density was 166 A/m2 and volume of treated 

water was 1.0 L. 

 

The difference between iron and aluminium electrode in sulfate and nitrate removal is 

further demonstrated in Figure 11.2 and Figure 11.3 where the medium current density 

was scaled up for a significantly larger volume of treated mining water. Figure 11.2 

depicts that the sulfate removal efficiency rate was to some extent the same for the first 

hour of treatment for both electrode materials. After the first hour, it could be seen that 

the use of aluminium as electrode material offered much better sulfate removal. The 

highest sulfate removal efficiency was 29.46 % with aluminium electrodes and 9.80 % 

with iron electrodes when the treatment time was five hours.  
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Figure 11.2 Effect of electrode material on sulfate removal when current density 

was 111 A/m2 and volume of treated water was 70.0 L. 

 

It is shown in Figure 11.3 that there was no clear difference in nitrate removal between 

the electrode materials during the first two hours of treatment. However, better nitrate 

removal was achieved using aluminium electrodes after three hours of treatment. When 

the treatment time was five hours, the use of aluminium electrodes reached nitrate 

removal efficiency of 45.52 % while the use of iron reached nitrate removal efficiency 

of 37.52 %. 
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Figure 11.3 Effect of electrode material on nitrate removal when current density was 

111 A/m2 and volume of treated water was 70.0 L. 

 

In conclusion, increased current density and treatment time resulted in higher sulfate 

and nitrate removal. The results indicated that aluminium electrodes offered better 

sulfate removal in small-scale operation. As for the nitrate, the highest removal 

efficiencies were yielded with aluminium electrodes when the highest current density 

and longest treatment time were used. However, the use of iron electrodes proved to 

offer slightly better nitrate removal when lowest and medium current densities were 

utilized. When large-scale results were investigated, both electrode materials had quite 

similar removal efficiencies of sulfate and nitrate. The results after one hour of 

treatment in large-scale showed that use of aluminium electrode led to, for the most 

part, better anion removal. It was worth noting that the increase in sulfate removal was 

minimal after one hour of treatment. According to the drinking water standards, sulfate 

limit is 250 mg/L and nitrate limit is 10 mg/L [United States Environmental Protection 
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Agency, 2016]. The results in Appendix I showed that nitrate limit was reached only 

in small-scale experiments with medium and high current density after five hours of 

treatment. The mine site water effluent permissions or intended limits for sulfate had 

been 1000–2000 mg/L in recent years in Finland [Talvivaara Sotkamo Oy, 2013] 

[Agnico Eagle Finland Oy, 2013]. The sulfate limit will probably be closer to  

1000 mg/L in the future. This limit would be challenging to reach in large scale 

operation if similar mine water is treated than is this thesis. To reach this kind of limit, 

a significantly higher current density would be required. Even though aluminium 

electrodes offered better removal efficiency with higher treatment time, iron electrodes 

could be a better solution for industrial applications. This is because iron is much 

cheaper as an electrode material and relatively noticeable removal efficiency was 

obtained even after 45 minutes of operation with iron electrodes in this thesis. The 

results for chloride removal were unclear and possible reasons for this were unknown. 

To author’s knowledge, chloride is added to solutions to enhance the performance of 

electrocoagulation treatment by improving conductivity and reducing passivation of 

electrodes. 

11.1.2 Average particle size 

Average particle size results were reviewed as median diameter of particles in this 

thesis. The median diameter determines the cumulative point where half of the particles 

are smaller and half of the particles are larger than that point. The average particle sizes 

for small-scale experiments are presented in Table 11.3. It was shown that smaller 

particles were formed with iron electrode assembly compared to aluminium electrode 

assembly. The highest average particle size was 7.60 µm using iron electrodes and 

17.82 µm using aluminium electrodes. It should also be noted that the effect of current 

density was different for the electrode materials. Generally, when iron electrodes were 

used, increased current density led to decrease in average particle size for the one and 

two hour samples while 3–5 hour samples were indecisive. On the other hand, increase 

in current density resulted in increased average particle size when aluminium 

electrodes were used with the same treatment time. There was also a noticeable 

influence of treatment time to average particle size. Table 11.3 shows that the use of 
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iron electrodes, for the most part, tended to decrease average particle size as the 

treatment progressed for every current density. This is further demonstrated in  

Figure 11.4 where average particle size was decreased significantly after three hours 

of treatment in large-scale operation. As opposed to iron electrodes for every current 

density, the use aluminium electrodes led to increase in average particle size as the 

treatment progressed. In addition, if there was agglomeration of particles present during 

treatment, prolonged or too vigorous mixing could have broken possible agglomerates. 

Table 11.3 The effect of current density and operating time to average particle size 

when iron electrodes were used and volume of treated mining water was  

1.0 L. 

Fe electrode 55 A/m2 111 A/m2 166 A/m2 

Sample, [h] Dx(50), [µm] Dx(50), [µm] Dx(50), [µm] 

1 7.60 4.33 3.12 

2 4.31 4.19 3.82 

3 3.74 4.17 3.95 

4 3.33 3.84 3.62 

5 3.22 3.57 3.37 

Al electrode 55 A/m2 111 A/m2 166 A/m2 

Sample, [h] Dx(50), [µm] Dx(50), [µm] Dx(50), [µm] 

1 not available not available 13.42 

2 not available 12.82 15.40 

3 12.80 13.76 17.82 

4 13.34 14.58 17.20 

5 13.62 14.82 16.30 
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Figure 11.4 The effect operating time to average particle size when iron electrodes 

were used, current density was 111 A/m2 and volume of treated mining 

water was 70.0 L. The average particle size at five hours was 15.02 µm 

when aluminium electrodes were used. 

 

Based on data shown in Figure 11.5 the particle size distribution was rather uniform 

after 15 minutes and one hour when iron electrodes were utilized. However, there was 

a sudden decrease in particle sizes when three hours of treatment had passed. This could 

indicate breakage of possibly formed agglomerates under turbulence or pH conditions. 

Nonetheless, particles size distribution at five hours showed rather wide range of 

particles and most of those particles were small. Figure 11.6 depicts the particle size 

distribution at five hours when aluminium electrodes were used. It can be seen that the 

particle size distribution seemed to be narrower for the most part compared to 

previously discussed particles. 
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Figure 11.5 The particle distribution curve when iron electrodes were used in large-

scale operation. Appendix II shows the particle distribution curves for 

all the measured samples. 
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Figure 11.6 The particle distribution curve when aluminium electrodes were used 

and the treatment time was five hours in large-scale operation. 

 

To sum up the median particle size results, larger particles were formed when 

aluminium electrodes were used. The effect of current density and treatment time 

provided quite different results on both electrode materials. The largest particles were 

mostly formed with aluminium electrodes when high current density and long 

treatment times were used. In the case of iron electrode utilization this was rather 

contrary since the largest particles were generated for the most part when the current 

density was low and treatment time was short. In addition, particle size distribution of 

large-scale operation with iron electrodes suggested that the distribution curves were 

becoming less symmetrical and slightly wider as the treatment progressed. This could 

indicate agglomeration of particles. 
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11.1.3 pH and reduction-oxidation potential 

The change in pH during electrocoagulation treatments has been presented in  

Table 11.4 and Figure 11.7. It is shown that the pH of the mining water was increasing 

rather rapidly when the treatment was initiated and the increase in pH was slowed down 

at end of treatment and possibly reaching a point of equilibrium. The increase in current 

density led to slightly faster pH increase at the beginning of the experiments with both 

electrode materials but the final pH was for the most part the same. This could be 

explained with more effective OH- and H2 generation at the cathodes when the current 

density was increased. The difference between electrode materials was that the use of 

iron electrodes resulted in greater pH increase for the first samples. Furthermore, the 

final pH of samples was greater with iron electrodes compared to aluminium 

electrodes. It is also noticeable from Table 11.4 and Figure 11.7 that the final pH of 

treated water was greater small-scale operation compared large-scale operation when 

the same current density was used. 

Table 11.4 The effect operating time and current density to pH when volume of 

treated mining water was 1.0 L. 

Fe electrode 55 A/m2 111 A/m2 166 A/m2 

Sample, [h] pH, [-] pH, [-] pH, [-] 

0 6.21 6.25 6.13 

1 9.86 9.91 10.23 

2 10.08 11.14 11.48 

3 10.87 11.78 11.88 

4 11.57 11.92 11.76 

5 11.91 11.85 11.60 

Al electrode 55 A/m2 111 A/m2 166 A/m2 

Sample, [h] pH, [-] pH, [-] pH, [-] 

0 6.15 6.70 6.62 

1 7.88 8.62 9.13 

2 9.67 10.05 10.19 

3 9.77 10.10 9.73 

4 10.02 10.23 10.13 

5 10.12 9.97 9.81 
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Figure 11.7 The pH development of treated water when the volume of treated water 

was 70.0 L and current density was 111 A/m2. 

 

The most abundant species of electrode materials in the aqueous system could be 

studied theoretically by using Pourbaix diagrams when pH and RedOx potential of the 

system was known. Figure 11.8 presents Pourbaix diagram for iron and Figure 11.9 

presents Pourbaix diagram for aluminium. Both of depicted diagrams are modified to 

show both small and large-scale electrocoagulation results for each electrode material. 

The results are further presented in Table 11.5, Table 11.6 and Table 11.7 as well as in 

Appendix III. Theoretically, the most abundant iron species was Fe2O3 in the system 

in all the experiments with iron electrodes. In the case of aluminium electrodes, the 

increase in current density resulted in faster formation of AlO2
- in small-scale 

experiments. Higher current density also promoted faster occurrence of corrosion for 
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aluminium electrodes. In large-scale experiments, corrosion of aluminium electrodes 

was reached at the latest after three hours of treatment. 

 

Figure 11.8 Simplified Pourbaix diagram for iron in aqueous system. The rectangle 

describes the approximate results from small and large-scale 

experiments. The arrow depicts the progress of the electrocoagulation 

treatment. The diagram is modified after Tekerlekopoulou et al. [2013] 

and Hinds.  
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Figure 11.9 Simplified Pourbaix diagram for aluminium in aqueous system. The 

rectangle describes the approximate results from small and large-scale 

experiments. The arrow depicts the progress of the electrocoagulation 

treatment. The diagram is modified after Terryn [1994] and George 

Mason University. 

 

Table 11.5 and Table 11.6 show the data used in the Pourbaix diagram in small-scale 

experiments. The measured RedOx potential values had been made referenceable by 

adding 225.09 mV which was the determined potential of calibration solution in 

laboratory room temperature (22 °C). Both tables depict that the change in measured 
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RedOx potential had been quite abrupt towards negative values after one hour of 

treatment and then the change was slower or similar level was maintained. It can be 

seen in Table 11.5 that the most negative measured RedOx potential value of -404 mV 

was obtained when current density is 111 A/m2 and treatment time was five hours. At 

this point, the iron electrode was the most likely to lose electrons due to oxidation and 

thereby form ions. In the case of aluminium electrodes in small-scale operation, Table 

11.6 suggests that current density of 111 A/m2 led to the most negative measured 

RedOx potential value of -143 mV. 

Table 11.5 Measured RedOx potential values, referenceable RedOx potential 

values and pH values for Pourbaix diagrams when iron electrodes were 

used in small-scale experiments.  

Fe 

electrode 
 55 A/m2  111 A/m2 166 A/m2 

Sample, 

[h] 

RedOx, 

[mV] 

Ref. 

RedOx, 

[V] 

pH, [-] 
RedOx, 

[mV] 

Ref. 

RedOx, 

[V] 

pH, [-] 
RedOx, 

[mV] 

Ref. 

RedOx, 

[V] 

pH, [-] 

0 -12 0.213 6.21 -22 0.203 6.25 -13 0.212 6.13 

1 -282 -0.057 9.86 -302 -0.077 9.91 -224 0.001 10.23 

2 -272 -0.047 10.08 -308 -0.083 11.14 -227 -0.002 11.48 

3 -191 0.034 10.87 -356 -0.131 11.78 -186 0.039 11.88 

4 -184 0.041 11.57 -380 -0.155 11.92 -209 0.016 11.76 

5 -209 0.016 11.91 -404 -0.179 11.85 -214 0.011 11.60 
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Table 11.6 Measured RedOx potential values, referenceable RedOx potential 

values and pH values for Pourbaix diagrams when aluminium electrodes 

were used in small-scale experiments.  

Al 

electrode 
 55 A/m2   111 A/m2   166 A/m2  

Sample, 

[h] 

RedOx, 

[mV] 

Ref. 

RedOx, 

[V] 

pH, [-] 
RedOx, 

[mV] 

Ref. 

RedOx, 

[V] 

pH, [-] 
RedOx, 

[mV] 

Ref. 

RedOx, 

[V] 

pH, [-] 

0 61 0.286 6.15 264 0.489 6.7 225 0.450 6.62 

1 -34 0.191 7.88 -86 0.139 8.62 -70 0.155 9.13 

2 -95 0.130 9.67 -137 0.088 10.05 -121 0.104 10.19 

3 -82 0.143 9.77 -123 0.102 10.1 -94 0.131 9.73 

4 -107 0.118 10.02 -117 0.108 10.23 -98 0.127 10.13 

5 -97 0.128 10.12 -143 0.082 9.97 -66 0.159 9.81 

 

Table 11.7 shows that the behavior of measured RedOx potential values in large-scale 

operation differed from the small-scale results. It could be also seen that the measured 

values were changing towards negative values abruptly even after 15 minutes of 

treatment. For aluminium electrode, the most negative value, -43 mV, was reached at 

four hours of treatment. The change in RedOx potential value was different for iron 

electrode since the most negative value of -118 mV was obtained after 15 minutes and 

following measurements showed less negative values. 
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Table 11.7 Measured RedOx potential values, referenceable RedOx potential 

values and pH values in large-scale experiments for Pourbaix diagrams.  

111 A/m2  Al 

electrode 
  Fe 

electrode 
 

Sample, [h] 
RedOx, 

[mV] 

Ref. 

RedOx, 

[V] 

pH, [-] 
RedOx, 

[mV] 

Ref. 

RedOx, 

[V] 

pH, [-] 

0 236 0.461 6.35 153 0.378 6.55 

0.25 80 0.305 7.35 -118 0.107 8.95 

0.5 53 0.278 7.65 -109 0.116 9.31 

0.75 46 0.271 7.71 -105 0.120 9.71 

1 37 0.262 7.81 -97 0.128 9.77 

2 12 0.237 8.17 -57 0.168 9.83 

3 -27 0.198 9.11 -57 0.168 9.99 

4 -43 0.182 9.39 -103 0.122 10.09 

5 -30 0.195 9.09 -64 0.161 10.31 

 

In summary, increased current density resulted in faster change in pH. This was more 

noticeable when aluminium electrodes were utilized. The final pH of treated water was 

higher when iron electrodes were used. Based on the Pourbaix diagrams, the iron 

electrodes were not experiencing any dissolution. However, dissolution of aluminium 

electrodes was present at pH of 8.5 which was reached roughly after one hour of 

treatment in small-scale and 2.5 hours of treatment in large-scale. 

11.1.4 Conductivity 

Table 11.8 shows the development of conductivity during small-scale experiments. The 

results indicated that the increase in treatment time and current density mostly led to 

decreased conductivity. According to Cataldo Hernández et al. [2012], this is due to 

the increased current density which induces generation of hydroxide precipitates and 

reduces the ion concentration of solution. The results also showed that the use of 
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aluminium electrodes resulted in lower conductivity compared to iron electrodes when 

the highest current density was applied. The lowest conductivity was 4.74 mS when 

iron electrodes were used and 3.87 mS when aluminium electrodes were used. These 

conductivity results could be connected to total concentration of anions in the treated 

water since higher anion concentration would improve conduction of electricity. The 

decline of conductivity in large-scale experiments is presented in Figure 11.10 where 

lower conductivity was achieved with aluminium electrodes.  

Table 11.8 The effect of operating time and current density to conductivity of 

treated mining water when volume water was 1.0 L. 

Fe electrode 55 A/m2 111 A/m2 166 A/m2 

Sample, [h] Conductivity, [mS] Conductivity, [mS] Conductivity, [mS] 

0 5.60 5.48 5.33 

1 5.32 5.22 4.96 

2 5.24 5.19 5.12 

3 5.18 5.38 5.06 

4 5.23 5.35 5.02 

5 5.41 5.32 4.74 

Al electrode 55 A/m2 111 A/m2 166 A/m2 

Sample, [h] Conductivity, [mS] Conductivity, [mS] Conductivity, [mS] 

0 5.57 5.64 5.62 

1 5.05 4.76 4.41 

2 4.60 4.03 4.08 

3 4.40 4.01 4.11 

4 4.19 3.92 4.05 

5 4.14 4.05 3.87 
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Figure 11.10 Conductivity development when the volume of treated water was  

70.0 L and current density was 111 A/m2. 

 

In conclusion, increased treatment time and current density reduced conductivity of 

treated water in both small and large-scale experiments. Furthermore, the use of 

aluminium electrodes led to higher conductivity compared to the use of iron electrodes. 

This could indicate higher generation of hydroxide precipitates when aluminium 

electrodes were utilized 

11.1.5 Metal removal 

The metal removal efficiency by electrocoagulation was determined by ICP-MS 

analysis and the results for small-scale experiments are presented Table 11.8 and  

Table 11.9. These results indicated that, for the most part, electrocoagulation removed 

metals from the mining water with significant efficiency after one hour of treatment. 

However, any clear conclusions on the effect of current density were difficult to make 
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due to variation in the results. Furthermore, Table 11.9 shows that the concentration of 

aluminium was increased substantially after two hours of treatment compared to initial 

state when the aluminum electrodes were used. This could indicate the dissolution of 

aluminium electrodes when the pH of the treated water was increasing as proposed by 

Cataldo Hernández et al. [2012]. The theoretical dissolution of aluminium electrodes 

had been observed in Figure 11.11. 

Table 11.8 The effect of current density on metal removal on selected metal species 

when iron electrodes were used. 

Fe 

electrode 
Co concentration., [ppb] Ni concentration., [ppb] 

Sample, [h] 55 A/m2 111 A/m2 166 A/m2 55 A/m2 111 A/m2 166 A/m2 

0 15.359 15.529 14.990 10.123 8.925 8.792 

1 0.084 0.084 0.119 0.361 0.327 0.286 

2 0.106 0.102 0.161 0.367 0.240 <0.2 

3 0.089 0.173 0.156 0.208 0.255 <0.2 

4 0.100 0.146 0.120 0.216 0.230 <0.2 

5 0.342 0.175 0.161 0.205 0.290 <0.2 

Fe 

electrode 
Al concentration., [ppb] Fe concentration., [ppb] 

Sample, [h] 55 A/m2 111 A/m2 166 A/m2 55 A/m2 111 A/m2 166 A/m2 

0 1464.130 1641.600 1576.479 545.003 21.169 43.359 

1 4.040 3.629 8.656 5.308 7.886 15.730 

2 9.375 7.401 10.349 5.048 5.004 3.505 

3 6.296 8.081 909.120 3.024 3.050 4.292 

4 7.477 7.588 5.312 3.339 2.813 2.760 

5 11.955 7.652 5.365 3.031 2.702 2.470 

Fe 

electrode 
Zn concentration., [ppb] Cu concentration., [ppb] 

Sample, [h] 55 A/m2 111 A/m2 166 A/m2 55 A/m2 111 A/m2 166 A/m2 

0 393.471 406.768 392.375 16.187 9.674 9.312 

1 <0.8 <0.8 <0.8 1.583 0.411 0.374 

2 0.816 <0.8 <0.8 5.484 0.422 0.330 

3 <0.8 0.904 1.369 0.875 0.612 0.867 

4 <0.8 1.160 <0.8 0.704 0.507 0.283 

5 <0.8 1.268 1.243 1.072 0.717 0.577 
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Table 11.9 The effect of current density on metal removal on selected metal species 

when aluminium electrodes were used. 

Al electrode Co concentration., [ppb] Ni concentration., [ppb] 

Sample, [h] 55 A/m2 111 A/m2 166 A/m2 55 A/m2 111 A/m2 166 A/m2 

0 16.286 15.955 15.593 8.481 8.191 8.016 

1 0.481 0.249 0.120 0.240 <0.2 <0.2 

2 0.171 0.167 0.088 <0.2 <0.2 <0.2 

3 0.105 0.141 0.248 <0.2 0.301 <0.2 

4 0.096 0.068 0.196 <0.2 <0.2 <0.2 

5 0.108 0.266 0.247 <0.2 <0.2 <0.2 

Al electrode Al concentration., [ppb] Fe concentration., [ppb] 

Sample, [h] 55 A/m2 111 A/m2 166 A/m2 55 A/m2 111 A/m2 166 A/m2 

0 2373.432 2081.398 2007.400 2.812 <1.0 <1.0 

1 155.599 943.880 3595.576 <1.0 <1.0 <1.0 

2 10141.677 42442.021 55265.059 <1.0 <1.0 <1.0 

3 14738.657 52550.522 20030.393 <1.0 <1.0 1.038 

4 24671.981 51396.429 31742.103 1.451 <1.0 <1.0 

5 42255.040 41150.153 13000.039 <1.0 <1.0 <1.0 

Al electrode Zn concentration., [ppb] Cu concentration., [ppb] 

Sample, [h] 55 A/m2 111 A/m2 166 A/m2 55 A/m2 111 A/m2 166 A/m2 

0 461.897 440.306 439.052 24.013 20.797 46.430 

1 1.384 <0.8 <0.8 1.591 0.460 0.343 

2 <0.8 1.064 <0.8 1.341 0.275 1.030 

3 <0.8 <0.8 <0.8 0.355 1.892 1.612 

4 <0.8 <0.8 <0.8 0.298 0.512 1.366 

5 <0.8 <0.8 <0.8 0.285 1.299 1.694 

 

Table 11.10 presents ICP-MS results for large-scale experiments. The results showed 

that the removal of metals was effective even after 15 minutes of treatment since, for 

example, the amount of copper was reduced from 33.7 ppb to 3.6 ppb with iron 

electrodes and from 43.6 ppb to 1.8 ppb with aluminium electrodes during that time 
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period. Also, cobalt concentration was reduced from 22.7 ppb to 0.37 ppb with iron 

electrodes and from 23.7 ppb to 1.6 ppb with aluminium electrodes during 15 minutes 

of treatment. The formation of arsenic was also present during large-scale treatment 

but the formation of excess aluminium was less significant in terms of concentration. 

This could be explained with lower formation of solids compared to the volume of 

treated water in the case of large-scale experiments. In addition, the effect of 

electrocoagulation treatment and similarity between small and large-scale result are 

further demonstrated in Figure 11.11. 

Table 11.10 The effect of electrode material when the current density was 111 A/m2. 

 
Co concentration, [ppb] Ni concentration, [ppb] 

Sample, [h] Fe electrode Al electrode Fe electrode Al electrode 

0 22.767 23.692 12.854 13.064 

0.25 0.374 1.620 0.311 1.348 

1 <0.08 0.568 0.230 0.422 

3 <0.08 <0.08 0.362 <0.2 

5 <0.08 <0.08 0.347 <0.2 

 
Al concentration, [ppb] Fe concentration, [ppb] 

Sample, [h] Fe electrode Al electrode Fe electrode Al electrode 

0 4040.336 4653.282 119.123 5.670 

0.25 37.106 248.895 15.469 5.256 

1 10.472 198.720 13.279 6.150 

3 4.681 2719.624 15.021 41.283 

5 43.317 1571.223 16.300 2.564 

 
Zn concentration, [ppb] Cu concentration, [ppb] 

Sample, [h] Fe electrode Al electrode Fe electrode Al electrode 

0 685.732 742.405 33.742 43.559 

0.25 2.124 4.955 3.611 1.771 

1 0.972 2.260 2.203 1.626 

3 0.646 0.889 <0.6 <0.6 

5 0.792 0.399 <0.6 <0.6 
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Figure 11.11 Removal of nickel when current density was 111 A/m2 and iron 

electrodes were used. 

 

All the ICP-MS results are presented in Appendix IV. It could be seen from small-scale 

and large-scale results that the untreated mining waters had different metal 

concentrations. After large-scale electrocoagulation ICP-MS analysis, it was noticed 

that the results are less unstable compared to small-scale samples. This instability of 

results could be explained by the relatively high sulfur presence in the samples as, for 

example, Table 1 in Appendix IV suggested. Moreover, some of the studied elements 

had concentrations that were well outside the calibration range, which brought 

additional inaccuracy to the results. However, the author thinks that to some extent 

reasonable conclusions could be made based on the magnitude of metal concentrations 

and the development of metal removal during electrocoagulation treatment. 

To sum up, small-scale electrocoagulation results indicated that plenty of initial metal 

concentrations were removed after one hour of treatment. It could be also seen that 

increase in treatment time mostly did not provide any further metal removal. In 
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addition, the effect of current density remained uncertain in small-scale experiment 

results. For the most part, the metal removal in large-scale electrocoagulation treatment 

was effective and fast for the first fifteen minutes. From metal removal point of view, 

electrocoagulation experiments longer than 15 minutes are less efficient in terms of 

used energy and time compared to removed metal. The removal efficiency was less 

significant between fifteen minutes and one hour of treatment. These observations were 

further depicted in Figure 11.11 where nickel removal was shown for small and large-

scale operations. 

11.2 Filtration 

The slurry for filtration experiments was obtained from large-scale electrocoagulation 

experiments after suitable sedimentation time as discussed earlier. The filtration results 

were investigated by slurry properties, cake moisture, average specific cake resistance 

and medium resistance as well as cake porosity. 

11.2.1 Slurry properties 

When iron electrodes were used in the electrocoagulation treatment, the formed slurry 

contained solids on average 4.01 % by weight, had density of 1011.10 kg/m3 while the 

density of solids was 4779.36 kg/m3. Furthermore, there was 2.84 grams of released 

iron per liter of treated water. According to the results, the use of aluminium electrodes 

resulted in slurry with some unexpected characteristics since the solid content of slurry 

was 1.23 % by weight, slurry density was 987.65 kg/m3, density of solids was  

3149.79 kg/m3 and the released amount of aluminium was 1.75 grams per liter. The 

progression of filtrate mass as a function of time can be seen Appendix V. It had been 

noticed during the filtration experiments that increased pressure led to shorter filtration 

times. 
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11.2.2 Cake moisture 

Moisture ratio was determined from filtration results with the following equation 

𝑀𝑅 =
𝑚𝑤

𝑚𝑑
      (21) 

where    MR  moisture ratio 

mw  mass of wet solids 

    md  mass of dry solids 

 

Equation (22) was used to determine moisture content of the filter cake 

𝑀𝐶 =
(𝑚𝑤−𝑚𝑑)

𝑚𝑤
     (22) 

where    MC  moisture content 

 

Table 11.6 presents the loss of cake moisture when operating pressure is increased. It 

could be seen that the formed filter cakes contained a lot of liquid after filtration. 

Typically, the cake moisture content of filtered mineral slurries is below 20 % as it has 

been discussed in Chapter 5.4.1. Table 11.6 shows that the moisture content of filter 

cakes were up to 94.7 % when aluminium electrodes were used while the use of iron 

electrode resulted in filter cakes with moisture up to 76.2 % by weight. Kuh and  

Kim [2007] brought up that fine particles increase moisture content during filtration 

operations. The reason for this is the high surface area of fine particles which leads to 

high water retention capacity and filter medium clogging. However, the results in  

Table 11.3 indicated that the use of iron electrodes caused formation of smaller 

particles than the use of aluminium electrodes. This could suggest that average particle 

sizes were not the most significant factor in moisture content. Other possible 

explanations for high moisture content could be found on shape of the particles and 

zeta potential between particles. 
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Table 11.11 The effect of operating pressure on moisture ratio and moisture content. 

The presented values are average values. 

Slurry when Fe electrodes were used 

Pressure difference, [bar] Moisture ratio, [-] Moisture content, [-] 

2 4.221 0.762 

4 4.244 0.764 

6 3.512 0.712 

Slurry when Al electrodes were used 

Pressure difference, [bar] Moisture ratio, [-] Moisture content, [-] 

2 19.038 0.947 

4 17.307 0.942 

6 15.891 0.937 

 

To sum up, the moisture content of the formed filter cakes was very high. This was the 

case especially for the filter cakes when aluminium electrodes were used. The possible 

reason for high cake moisture could be linked to particle size distribution, shape of 

particles and zeta potential. 

11.2.3 Average specific cake resistance and medium resistance 

Processed filtration data was used to determine parameters a and b so that average 

specific cake resistance and filter medium resistance could be solved by using  

equation (18). Data was plotted t/V versus V and linear part of each filtration curve was 

selected for determination of trendline. This is depicted in Figure 11.12 and  

Figure 11.13 from where parameters a and b were solved based on the actual filtration 

data of the experiments of this thesis. Only the linear part of the curve was selected for 

parameter determination and unstable beginning and ending parts of the filtration were 

excluded. Parameter a represented the slope of the trendline while parameter b 

represented intercept of the trendline. When parameter a was known, the specific cake 

resistance could be solved from equation (23). 
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𝛼 =
𝑎 ∙ 2 ∙ 𝐴2 ∙ ∆𝑃

𝜇 ∙ 𝑐
     (23) 

where    a   slope of the trendline 

 

Simultaneously, equation (24) could be used to calculate filter medium resistance when 

parameter b was known.  

𝑅𝑚 =
𝑏 ∙ 𝐴 ∙ ∆𝑝

𝜇
     (24) 

where    b   intercept of the trendline 

 

 

Figure 11.12 Determination of parameters a and b for slurry when iron electrodes 

were used in electrocoagulation. 
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Figure 11.13 Determination of parameters a and b for slurry when aluminium 

electrodes were used in electrocoagulation.  

 

It could be seen from Figure 11.12 and Figure 11.13 that each test resulted in for the 

most part linear curves. Table 11.7 shows the influence of operating pressure on 

average specific cake resistance and medium resistance on both slurry types. It was 

shown that increasing operating pressure resulted in increased average specific cake 

resistance. Table 11.7 also point out that the use of aluminium electrodes led to greater 

average specific cake resistance. When the operating pressure was 6 bar, average of  

1.17·1013 m/kg was achieved using slurry when aluminium electrodes were used while 

the same value is 5.00·1012 m/kg for slurry that was obtained after using iron electrodes. 

This was rather unexpected since the use of aluminium electrodes led to greater average 

particle sizes than use of iron electrodes, which could be seen in Table 11.3. In the case 
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size was 15.02 µm using aluminium electrodes and 4.77 µm using iron electrodes. 

According to Wakeman [2007], decrease in particle size leads to increase in specific 

surface of particles and increase in specific resistance of filter cakes. The results 

showed that the medium resistance was somewhat increasing along with operating 

pressure even though the results for slurry, when iron electrodes were applied, were 

not completely consistent. The increase in medium resistance could indicate the 

embedding of particles into the medium when the pressure was increased. 

It can also be seen from Table 11.12 that the filtration times were connected to 

operating pressure since higher pressure resulted in shorter filtration times. This was 

more noticeable when slurry that was produced by iron utilization was filtrated since 

on average 2 bar operating pressure led to 30.23-minute and 6 bar operating pressure 

resulted in 21.12-minute filtration time. Then, filtration times for slurry generated by 

aluminium electrodes were showing barely any connection with operating pressure. On 

average, 15.56-minute filtration time was reached with 2 bar pressure while 6 bar 

pressure resulted in 15.21-minute filtration time. 

Table 11.12 The effect of operating pressure on average specific cake resistance, 

medium resistance and filtration time. The presented values are average 

values. 

Slurry when Fe electrodes were used 

Pressure 

difference, [bar] 

Average specific cake 

resistance, [m/kg] 

Medium resistance, 

[1/m] 

Filtration time, 

[min] 

2 2.506E+12 1.704E+11 30.24 

4 3.696E+12 1.580E+11 22.65 

6 4.999E+12 2.616E+11 21.12 

Slurry when Al electrodes were used 

Pressure 

difference, [bar] 

Average specific cake 

resistance, [m/kg] 

Medium resistance, 

[1/m] 

Filtration time, 

[min] 

2 4.308E+12 1.574E+11 15.56 

4 8.070E+12 1.807E+11 15.45 

6 1.171E+13 2.721E+11 15.21 
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In conclusion, increased operating pressure was influencing the studied slurries by 

increasing average specific cake resistance as well. The slurry generated from 

aluminium electrodes was more prone to the effect of pressure compared to the 

corresponding iron slurry. When filtration times were inspected, the slurry produced 

by iron electrodes took significantly more time to filtrate. In addition, the filtration 

times for the slurry produced by aluminium electrodes were barely affected by 

operating pressure. 

11.2.4 Cake thickness and porosity 

Dry mass of solids per unit of filtrate volume was solved from equation (25) based on 

filtration results. 

𝑐 =
𝑚𝑑

𝑉
      (25) 

 

Cake porosity was determined using two methods in this thesis. It is worth mentioning 

that the following equations give only estimations of the cake porosities. The first 

method was based on dimensions of the cake since porosity describes volume of fluid 

within a wet cake. Volume of the cake was described with equation (26).  

𝑉𝑐 = 𝐴 ∙ 𝐿      (26) 

where    Vc  volume of cake 

 

Volume of solids within the cake could be solved from the following equation. 

𝑉𝑠 =
𝑚𝑑

𝜌𝑠
      (27) 

 

When both equation (26) and equation (27) were utilized, volume of the fluid within 

wet cake could be calculated using equation (28). 
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𝑉𝐹𝐿 = 𝑉𝑐 − 𝑉𝑠      (28) 

where    VFL  volume of fluid 

 

Equation (29) was used in determination of cake porosity. 

𝜀 =
𝑉𝐹𝐿

𝑉𝑐
      (29) 

 

The second method for cake porosity determination utilized densities of solids and 

liquid as well as moisture ratio of the cake. The cake porosity was solved using  

equation (30). 

𝜀 =
𝜌𝑠 ∙ (𝑀𝑅−1)

𝜌𝐿+𝜌𝑠(𝑀𝑅−1)
    (30) 

 

Cake thickness and cake porosity results are presented in Table 11.8 to determine the 

contribution of operating pressure. It can be seen that the cake moisture results from 

Table 11.6 were to some extent linked to cake thickness and cake porosity results. High 

moisture content filter cakes tended to have greater thickness and porosity as in the 

case for slurry when aluminium electrodes were used. This was rather reasonable since 

porosity describes void volume fraction and the voids were filled with fluid during 

filtration operation. The highest cake thickness and porosity were reached with the 

lowest operating pressure, which was characteristic for compressible filter cakes.  

Table 11.8 shows that the use of aluminium electrodes led to a 2.1 cm thick filter cake 

with 0.98 porosity when operating pressure of 2 bar was used. In the case of slurry 

produced by iron electrodes at 2 bar, the cake thickness was 0.8 cm and porosity was 

0.93. For both slurry types, the effect of pressure barely was noticeable on porosity. 

However, cake thickness was a little bit more susceptible to the effect of pressure 

according to Table 11.13. 
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Table 11.13 The effect of operating pressure on cake thickness and porosity. The 

presented values are average values. 

Slurry when Fe electrodes were used  

Pressure 

difference, [bar] 

Cake thickness, 

[m] 

Porosity  

(equation (29)), [-] 

Porosity 

 (equation (30)), [-] 

2 0.00839 0.903 0.938 

4 0.00738 0.890 0.939 

6 0.00710 0.885 0.922 

Slurry when Al electrodes were used  

Pressure 

difference, [bar] 

Cake thickness, 

[m] 

Porosity  

(equation (29)), [-] 

Porosity 

 (equation (30)), [-] 

2 0.02143 0.982 0.983 

4 0.01831 0.980 0.981 

6 0.01644 0.977 0.979 

 

 

To sum up, the effect of pressure was noticeable on both studied slurries since higher 

operating pressure resulted in thinner cakes and lower porosities. The filtration of slurry 

generated by aluminium electrodes yielded thicker cakes with higher porosity when 

compared to slurry produced by iron electrodes at the same operating pressure. 

Furthermore, the porosities of both type of filter cakes were mostly much higher 

compared to values presented in literature. 
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12 Conclusions 

Electrocoagulation was found to be successful treatment method for mining water since 

significant metal and anion removal efficiencies was achieved. Better removal 

efficiencies were gained in small-scale compared to large-scale experiments. There 

could be several reasons for this such as different turbulence conditions, different 

amount of released electrode material, some imperfection in scale up of reactor and 

electrode configuration dimensions as well as the sheer amount of mining water 

contaminants in large-scale experiments. The use of aluminium electrodes was in 

general more efficient in terms of anion removal compared to the use of iron electrodes. 

When both electrode materials were investigated in small-scale experiments, the 

increase in applied current density led to the increased amount of released electrode 

material inside the reactor, enhanced anion removal efficiency, faster rise in pH and 

mostly more efficient metal removal. In addition, prolonged treatment time enhanced 

removal of anions, increased pH until final value was reached and, for the most part, 

increased average particle size and improved removal of metals. One of the biggest 

differences between electrode materials was seen in average particle sizes. The increase 

in applied current density and treatment time used to generate smaller particles when 

iron electrodes are utilized. On the other hand, increased applied current density and 

treatment time led to larger particles in the case of aluminium electrodes. 

Similar conclusions could be drawn from the large-scale electrocoagulation results 

when the effect of applied current density and treatment time were inspected. The 

occurrence of particle sizes with different electrode materials followed similar pattern 

as in the case of small-scale experiments even though only results from the use iron 

electrodes could be obtained. The average particle size was decreased clearly from the 

first samples to the last samples as treatment time was progressing when iron electrodes 

were used.  

Based on the results from ICP-MS analysis, electrocoagulation was an effective 

technique to remove metals from treated solution. The results for small-scale 

experiments showed that most of the metals like nickel, copper, zinc was removed after 



90 
 

one hour of treatment. This same phenomenon was noticeable also in the large-scale 

experiment results. The rate of metal removal was estimated to be slightly faster in 

large-scale than in small-scale experiments. Interestingly, most of metals were 

removed even after 15 minutes of treatment in large-scale experiments. However, the 

amount aluminium, that was not forming solids, was increasing after initial decrease as 

the treatment progressed when aluminium electrodes were used. This was probably 

caused by the dissolution of aluminium electrodes. In the case of small-scale 

experiments, the concentration of this kind of aluminium could be approximately up to 

25 times higher compared to untreated mining water. The situation was not that severe 

in large-scale experiments since the aluminium concentration was not exceeding the 

concentration that was present in the untreated mining water. This could be explained 

by the pH differences between small and large-scale operations. With the same current 

density, small-scale operation reaches pH of 9.0 faster compared to large-scale 

operation. In addition, the final pH of treated water was higher in small-scale operation, 

which is further increasing the dissolution of aluminium electrodes. 

Filtration had noticed to be to some extent an applicable method to further treat the 

formed slurry from electrocoagulation since both slurry types formed filter cakes 

during filtration. The characteristics of the studied slurries were quite different. The 

slurry generated by iron electrodes contained more solids by weight as well as had 

greater density and density of solids. One reason for different slurry characteristics 

could be that the amount of released electrode material in the treated water was higher 

when iron electrodes were used. 

The results indicate moisture content of cakes were surprisingly high compared to 

typical filtration of mineral slurries. The moisture contents of filter cakes, such as 

presented in this thesis, could probably be to somewhat problematic in industrial 

applications. When cake moisture contents were inspected, the results would indicate 

that the filtered slurries in this thesis were closer to bio-based than mineral slurries. The 

use of aluminium electrodes led to clearly higher moisture content of filter cakes while 

the increased operating pressure reduced the moisture content to some extent. The 

effect of pressure was more apparent when average specific cake resistance and 
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medium resistance were inspected. The increase in operating pressure could be 

attributed to the increased average specific cake resistance. This kind of behavior was 

more prominent for slurry generated by aluminium electrodes. Unexpectedly, the 

filtration times were greatly higher for slurry produced by iron electrodes even though 

the average specific cake resistance values were in general lower in comparison. Higher 

filtration times for slurry generated by iron electrodes could be connected to smaller 

particles that formed more dense part of cake on top of a filter medium. Also, the 

porosities of filter cakes were much higher than expected since the results suggest that 

structure of the filter cakes were mainly consisting of fluid. The influence of operating 

pressure on cake porosity was minimal but it could be seen that increased operating 

pressure decreased porosity of cake. However, the cake thickness was more susceptible 

to the effect of operating pressure especially in the case of slurry produced by 

aluminium electrodes. Lorenzen et al. [2017] conclude that the increase in particle 

charge resulted in higher filter cake porosities and specific cake resistances in their 

dead-end filtration experiments. Similar results were obtained in this thesis since 

filtration of slurry generated by aluminium electrodes resulted in higher cake porosities 

and average specific cake resistances when the studied slurries were compared. This 

could indicate that the use of aluminium electrodes led to more charged particles. 

For further electrocoagulation studies, the author would suggest investigating the effect 

of turbulence conditions to anion removal, particle size distribution, charge of particles 

or shape of particles. This could be done by variating the stirring speed of the impeller 

or by changing the type of impeller. Moreover, the effect of added NaCl in the mining 

water to the removal efficiency of anions could be another study area. This could be 

implemented by increasing the dosage of NaCl per each test in small-scale experiments 

until desirable anion removal is achieved. Also, sampling before 15 minutes could be 

beneficial so that better understanding of removal efficiencies would be gained. And if 

possible, the electrode configuration could be lowered more in large-scale operation so 

that the electrodes could be more center of the treated water. 

As suggested by Wakeman [2007], the relatively high moisture content of filter cakes 

could be connected to particle accumulation in suspension which is resulting from 
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small interparticle repulsion forces. In addition, low cake porosity is related to large 

repulsion forces between particles in suspension. Therefore, it could be beneficial to 

determine the zeta potential of particles in the filtered slurry for further filtration studies 

if possible. The shape of particles could be another area of study for further filtration 

experiments since the specific surface area has great influence on specific cake 

resistance according to Wakeman [2007]. For example, if the particles in slurry 

produced by aluminium electrodes are flaky, the higher average specific cake 

resistance and compressibility could be at least partly explained by the shape of 

particles. 
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Appendix I, 1  Measured anion concentrations for small-scale electrocoagulation experiments. 

 

Table 1  Measured anion concentration when iron electrodes were used. The samples were filtered before analysis. 

Fe 

electrode  
 55 A/m2 

 

 111 A/m2   166 A/m2  

Sample, 

[h] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

0 2452.980 254.325 152.505 2439.645 275.175 159.360 2348.700 253.395 157.545 

1 2324.580 133.095 149.400 2244.150 144.420 160.890 2069.445 118.140 150.285 

2 2254.530 123.735 164.010 2183.385 86.085 143.280 2007.675 77.025 149.070 

3 2237.610 72.615 148.845 2000.205 47.190 150.960 1793.655 23.070 128.940 

4 2134.545 29.340 149.895 1909.260 24.895 143.970 1806.390 16.210 142.425 

5 1989.390 23.615 151.155 1766.145 9.018 136.890 1622.550 3.594 136.920 

 

 

Table 2  Measured anion concentration when aluminium electrodes were used. The samples were filtered before analysis. 

Al 

electrode  
 55 A/m2 

 

 111 A/m2   166 A/m2  

Sample, 

[h] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

0 2481.855 272.010 132.765 2472.630 278.355 149.250 2423.235 259.530 161.085 

1 2110.215 219.795 153.735 1892.715 169.665 148.395 1583.760 122.025 136.395 

2 1728.855 152.310 143.040 1347.270 110.550 154.440 1347.630 46.590 116.415 

3 1567.710 118.155 147.615 1287.675 33.020 143.040 1517.595 14.945 142.575 

4 1369.650 55.410 143.565 1290.960 15.014 154.980 1406.400 2.824 127.605 

5 1310.940 33.495 141.630 1362.180 6.655 141.915 1330.755 0.795 151.125 

 



 

Appendix I, 2  Measured anion concentrations for large-scale electrocoagulation experiments when current density was 111 A/m2. 

 

Table 3  Measured anion concentration for both electrode materials. The samples were filtered before analysis. 

111 A/m2 

 

Al electrode  

  

Fe electrode   

Sample, 

[h] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

0 2449.240 278.545 159.100 2446.630 270.175 153.710 

0.25 2329.640 255.785 147.095 2317.815 249.285 161.945 

0.5 2312.195 258.960 147.595 2323.095 237.395 157.790 

0.75 2270.430 251.860 154.900 2262.015 251.745 153.940 

1 2240.355 244.445 154.730 2261.185 252.510 153.955 

2 2015.855 249.895 149.615 2251.565 228.485 155.110 

3 1853.070 173.980 144.255 2243.530 207.000 152.985 

4 1735.425 171.465 143.075 2234.685 201.235 147.070 

5 1727.705 151.740 159.410 2206.780 168.815 157.465 

 

 

 

 

 

 

 



 

Appendix I, 3  Measured anion concentrations for repeatability tests in small-scale experiments when current density was 111 A/m2. 

 

Table 4  Measured anion concentration for both electrode materials. The samples were filtered before analysis. 

111 A/m2 Fe electrode Al electrode 

Sample, [h] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

Sulfate 

concentration, 

[mg/L] 

Nitrate 

concentration, 

[mg/L] 

Chloride 

concentration, 

[mg/L] 

0 2392.90 231.12 145.06 2326.97 249.23 151.27 

1 2101.23 155.39 138.33 1691.94 173.35 139.98 

3 2005.26 70.56 150.87 1220.70 56.24 139.24 

5 1923.26 18.92 140.13 1383.87 8.80 146.46 

 

 

 

 

 

 

 

 



 

Appendix II, 1 Particle size distribution of unfiltered electrocoagulation samples when current density was 111 A/m2, volume of treated water 

was 70.0 L and iron electrodes were used. 

 

Figure 1  The effect of treatment time on size of particles. 
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Appendix II, 2 Particle size distribution of an unfiltered electrocoagulation sample when current density was 111 A/m2, volume of treated water 

was 70.0 L and aluminium electrodes were used. 

 

 

Figure 2  The size of particles when the treatment time was five hours. 
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Appendix III, 1 Data for previously presented Pourbaix diagrams regarding small-scale electrocoagulation 

experiments when referenceable RedOx potential values were used. 

 

 

Figure 3 Effect of current density on RedOx potential and pH when iron electrodes were used in small-

scale experiments. 

 

 

Figure 4 Effect of current density on RedOx potential and pH when aluminium electrodes were used in 

small-scale experiments. 
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Appendix III, 2 Data for previously presented Pourbaix diagrams regarding large-scale electrocoagulation 

experiments when referenceable RedOx potential values were used. 

 

 

Figure 5 Effect of current density on RedOx potential and pH when aluminium electrodes were used in 

large-scale experiments. 

 

 

Figure 6 Effect of current density on RedOx potential and pH when iron electrodes were used in large-

scale experiments. 
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Appendix IV, 1 ICP-MS results when treated mining water volume was 1.0 L and iron electrodes were used during electrocoagulation. 

 

Table 5  The effect of current density and treatment time on metal removal. 

Fe electrode 
23  Na  
[ He ] 

24  Mg  
[ He ] 

27  Al  
[ He ] 

39  K  
[ He ] 

52  Cr  
[ He ] 

55  Mn  
[ He ] 

56  Fe  
[ He ] 

59  Co  
[ He ] 

60  Ni  
[ He ] 

63  Cu  
[ He ] 

66  Zn  
[ He ] 

75  As  
[ HEHe ] 

89  Y  
[ He ] 

111  Cd  
[ He ] 

208  Pb  
[ He ] 

Sample 
Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

55 A/m2 0 h 494188.944 49364.073 1464.130 35224.598 <0.2 1651.709 545.003 15.359 10.123 16.187 393.471 15.437 0.117 2.251 <0.08 

55 A/m2 1 h 505563.320 15547.852 4.040 36908.581 0.778 1.385 5.308 0.084 0.361 1.583 <0.8 34.413 <0.007 <0.08 <0.08 

55 A/m2 2 h 501285.826 6827.017 9.375 36828.917 <0.2 0.569 5.048 0.106 0.367 5.484 0.816 45.726 <0.007 <0.08 <0.08 

55 A/m2 3 h 493753.050 153.088 6.296 37077.100 <0.2 0.240 3.024 0.089 0.208 0.875 <0.8 53.696 <0.007 <0.08 <0.08 

55 A/m2 4 h 498393.706 31.245 7.477 36717.857 <0.2 <0.2 3.339 0.100 0.216 0.704 <0.8 50.457 <0.007 <0.08 <0.08 

55 A/m2 5 h 507630.693 26.084 11.955 38783.344 <0.2 <0.2 3.031 0.342 0.205 1.072 <0.8 57.120 <0.007 <0.08 <0.08 

                

111 A/m2 0 h 500976.099 49336.062 1641.600 35121.144 <0.2 1596.815 21.169 15.529 8.925 9.674 406.768 9.265 0.118 2.070 <0.08 

111 A/m2 1 h 506192.861 10942.255 3.629 36687.802 <0.2 0.909 7.886 0.084 0.327 0.411 <0.8 22.704 <0.007 <0.08 <0.08 

111 A/m2 2 h 508698.916 65.483 7.401 36427.164 <0.2 <0.2 5.004 0.102 0.240 0.422 <0.8 24.932 <0.007 <0.08 <0.08 

111 A/m2 3 h 514379.156 25.322 8.081 37764.745 <0.2 <0.2 3.050 0.173 0.255 0.612 0.904 34.379 <0.007 <0.08 <0.08 

111 A/m2 4 h 504222.463 22.385 7.588 36739.906 <0.2 <0.2 2.813 0.146 0.230 0.507 1.160 25.161 <0.007 <0.08 <0.08 

111 A/m2 5 h 516647.446 20.973 7.652 37671.921 <0.2 <0.2 2.702 0.175 0.290 0.717 1.268 23.864 <0.007 <0.08 <0.08 

                

166 A/m2 0 h 477172.009 47471.107 1576.479 34798.761 <0.2 1542.808 43.359 14.990 8.792 9.312 392.375 7.024 0.117 1.949 <0.08 

166 A/m2 1 h 483081.439 1897.033 8.656 37698.840 <0.2 2.039 15.730 0.119 0.286 0.374 <0.8 13.049 <0.007 <0.08 <0.08 

166 A/m2 2 h 489290.395 30.363 10.349 35507.766 <0.2 <0.2 3.505 0.161 <0.2 0.330 <0.8 21.328 <0.007 <0.08 <0.08 

166 A/m2 3 h 486548.493 70.528 909.120 35576.994 0.305 2.230 4.292 0.156 <0.2 0.867 1.369 18.138 <0.007 <0.08 <0.08 

166 A/m2 4 h 493348.086 18.255 5.312 36140.661 <0.2 <0.2 2.760 0.120 <0.2 0.283 <0.8 15.723 <0.007 <0.08 <0.08 

166 A/m2 5 h 494877.972 21.793 5.365 36736.503 <0.2 <0.2 2.470 0.161 <0.2 0.577 1.243 16.844 <0.007 <0.08 <0.08 



 

Appendix IV, 2 ICP-MS results when treated mining water volume was 1.0 L and aluminium electrodes were used during electrocoagulation. 

 

Table 6  The effect of current density and treatment time on metal removal. 

Al electrode 
23  Na  

[ He ] 

24  Mg  

[ He ] 

27  Al  

[ He ] 

39  K  

[ He ] 

52  Cr  

[ He ] 

55  Mn  

[ He ] 

56  Fe  

[ He ] 

59  Co  

[ He ] 

60  Ni  

[ He ] 

63  Cu  

[ He ] 

66  Zn  

[ He ] 

75  As  

[ HEHe ] 

89  Y  

[ He ] 

111  Cd  

[ He ] 

208  Pb  

[ He ] 

Sample 
Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

Conc.,  

[ ppb ] 

55 A/m2 0 h 495952.226 49256.139 2373.432 38016.939 1.186 1609.845 2.812 16.286 8.481 24.013 461.897 5.080 0.430 2.331 <0.08 

55 A/m2 1 h 516006.600 17850.661 155.599 38502.128 <0.2 47.892 <1.0 0.481 0.240 1.591 1.384 15.057 <0.007 <0.08 <0.08 

55 A/m2 2 h 505971.839 1465.294 10141.677 36763.843 <0.2 <0.2 <1.0 0.171 <0.2 1.341 <0.8 12.434 <0.007 <0.08 <0.08 

55 A/m2 3 h 508993.155 398.942 14738.657 36803.226 <0.2 <0.2 <1.0 0.105 <0.2 0.355 <0.8 12.103 <0.007 <0.08 <0.08 

55 A/m2 4 h 508462.261 7.611 24671.981 37008.747 0.261 <0.2 1.451 0.096 <0.2 0.298 <0.8 11.268 <0.007 <0.08 <0.08 

55 A/m2 5 h 508562.672 6.108 42255.040 35856.154 0.364 <0.2 <1.0 0.108 <0.2 0.285 <0.8 9.987 <0.007 <0.08 <0.08 

                

111 A/m2 0 h 498809.034 50243.920 2081.398 36160.263 1.249 1611.551 <1.0 15.955 8.191 20.797 440.306 4.132 0.356 2.139 <0.08 

111 A/m2 1 h 504647.295 11528.031 943.880 36132.696 <0.2 12.032 <1.0 0.249 <0.2 0.460 <0.8 10.940 <0.007 <0.08 <0.08 

111 A/m2 2 h 513086.858 5.793 42442.021 36825.464 0.325 <0.2 <1.0 0.167 <0.2 0.275 1.064 8.537 <0.007 <0.08 <0.08 

111 A/m2 3 h 514406.844 5.830 52550.522 36556.507 0.513 <0.2 <1.0 0.141 0.301 1.892 <0.8 9.226 <0.007 <0.08 <0.08 

111 A/m2 4 h 523823.278 5.526 51396.429 37336.140 1.103 <0.2 <1.0 0.068 <0.2 0.512 <0.8 8.267 <0.007 <0.08 <0.08 

111 A/m2 5 h 526022.962 557.828 41150.153 36996.706 1.147 0.809 <1.0 0.266 <0.2 1.299 <0.8 8.372 <0.007 <0.08 <0.08 

                

166 A/m2 0 h 504866.127 49776.640 2007.400 36124.811 1.271 1604.775 <1.0 15.593 8.016 46.430 439.052 3.593 0.355 2.085 0.084 

166 A/m2 1 h 522687.443 7500.794 3595.576 36315.219 <0.2 1.041 <1.0 0.120 <0.2 0.343 <0.8 8.615 <0.007 <0.08 <0.08 

166 A/m2 2 h 527871.029 7.024 55265.059 37752.819 1.505 <0.2 <1.0 0.088 <0.2 1.030 <0.8 7.013 <0.007 <0.08 <0.08 

166 A/m2 3 h 522890.382 1015.553 20030.393 36227.570 0.589 2.100 1.038 0.248 <0.2 1.612 <0.8 6.682 <0.007 <0.08 <0.08 

166 A/m2 4 h 536789.304 660.114 31742.103 37632.654 0.628 0.652 <1.0 0.196 <0.2 1.366 <0.8 6.124 <0.007 <0.08 <0.08 

166 A/m2 5 h 507033.792 784.904 13000.039 34874.374 0.520 2.159 <1.0 0.247 <0.2 1.694 <0.8 5.590 <0.007 <0.08 <0.08 

 



 

Appendix IV, 3 ICP-MS results when treated mining water volume was 70.0 L and current density was 111 A/m2 during electrocoagulation. 

 

Table 7  The effect of electrode material and treatment time on metal removal. 

 23  Na  
[ He ] 

24  Mg  
[ He ] 

27  Al  
[ He ] 

39  K  
[ He ] 

52  Cr  
[ He ] 

55  Mn  
[ He ] 

56  Fe  
[ He ] 

59  Co  
[ He ] 

60  Ni  
[ He ] 

63  Cu  
[ He ] 

66  Zn  
[ He ] 

75  As  
[ HEHe ] 

89  Y  
[ He ] 

111  Cd  
[ He ] 

208  Pb  
[ He ] 

Sample 
Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Conc.,  
[ ppb ] 

Fe 111 A/m2  

0 h 
1045217.326 95839.970 4040.336 47960.556 1.458 1954.295 119.123 22.767 12.854 33.742 685.732 7.443 0.946 2.963 <0.06 

Fe 111 A/m2 
0.25 h 

1092899.958 78464.297 37.106 49823.175 1.823 178.036 15.469 0.374 0.311 3.611 2.124 12.875 <0.02 <0.1 <0.06 

Fe 111 A/m2  
1 h 

1116948.104 49681.563 10.472 48298.982 1.578 16.117 13.279 <0.08 0.230 2.203 0.972 13.037 <0.02 <0.1 <0.06 

Fe 111 A/m2  

3 h 
1127381.646 31073.436 4.681 47749.048 1.863 0.934 15.021 <0.08 0.362 <0.6 0.646 11.884 <0.02 <0.1 <0.06 

Fe 111 A/m2  

5 h 
1157708.660 10821.332 43.317 49601.823 1.947 <0.4 16.300 <0.08 0.347 <0.6 0.792 11.634 <0.02 <0.1 <0.06 

                

Al 111 A/m2  
0 h 

1105591.431 100783.547 4653.282 51549.595 2.267 2077.167 5.670 23.692 13.064 43.559 742.405 9.135 1.289 3.098 0.105 

Al 111 A/m2 
0.25 h 

1101676.953 91291.742 248.895 49412.667 1.759 776.439 5.256 1.620 1.348 1.771 4.955 9.068 <0.02 0.333 <0.06 

Al 111 A/m2  

1 h 
1065064.415 56817.335 198.720 46604.585 1.669 118.102 6.150 0.568 0.422 1.626 2.260 18.176 <0.02 <0.1 <0.06 

Al 111 A/m2  

3 h 
1138040.571 13168.406 2719.624 50001.515 1.943 3.495 41.283 <0.08 <0.2 <0.6 0.889 14.846 <0.02 <0.1 <0.06 

Al 111 A/m2  
5 h 

879912.673 5318.201 1571.223 42084.292 0.793 1.641 2.564 <0.08 <0.2 <0.6 0.399 15.502 <0.02 <0.1 <0.06 

 

 

 

 



 

Appendix V, 1  Data obtained from LabVIEW in filtration experiments for slurry when aluminium electrodes were used in electrocoagulation. 

 

Figure 7  Mass of filtrate plotted against filtration time for reviewing the repeatability of tests. 
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Appendix V, 2  Data obtained from LabVIEW in filtration experiments for slurry when iron electrodes were used in electrocoagulation. 

 

Figure 8  Mass of filtrate plotted against filtration time for reviewing the repeatability of tests. 
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