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Abstract 

The separation of fines and the disposal of used bentonite suspensions are important eco-

nomic and ecological factors in hydroshield tunnelling and the construction of diaphragm 

walls. To support the separation process of the slurry and to reduce separation time and 

costs, chemicals like metal salts and polymers are added to the slurry prior to its treatment 

in a chamber filter press or a centrifuge. However, most of those chemicals are classified as 

water hazardous substances. If they are not dosed correctly, they end up not only in the 

dewatered fines but also in the separated water that needs to be disposed. Moreover, addi-

tion of polymer solutions to the suspension increases water consumption on the construction 

site and the total volume of the suspension to be treated. 

The thesis presents an alternative support method for fine separation processes by means 

of electrocoagulation. This electrochemical process causes coagulation and destabilisation 

of the suspension by applying an electrical current. It has a similar effect on the subsequent 

fine separation as the addition of chemicals, but offers the advantage that no water hazard-

ous substances are required and the water consumption on the construction site decreases. 

In order to determine the extent to which electrocoagulation can support the separation of 

used slurries, a standard for a used suspension was defined, which was subjected to para-

metric studies. First studies were performed with laboratory-size electrocoagulation cells 

which had a volume of 2 to 4 l. Based on the results, the technology was scaled up to a mid-

scale cell with a volume of 320 l. This equipment, together with a laboratory chamber filter 

press, enabled a practice-oriented investigation of the influence of the electrocoagulation 

treatment on the separation of fines. The results were validated with a used suspension from 

a tunnelling construction site. 

The studies have shown that electrocoagulation could reduce the required filter press ca-

pacity by up to 20 % and could save at least 0.2 m³ water per 1 m³ of used slurry. 

An ecological comparison between electrocoagulation and conventional conditioning 

showed that the electrocoagulation is ecologically beneficial. An economical comparison 

has shown for electricity prices in Germany that the costs were in the same order of magni-

tude. However, it is important to note that the operational cost of EC depends to a great 

extent on electricity price at the site, which differs significantly between countries. Therefore, 

electrocoagulation could be more economically beneficial in countries with lower electricity 

prices than Germany. 

The thesis includes design recommendations for a real-scale prototype as well as ideas for 

further research. The experimental procedure and analysis developed in this thesis allow 

the investigation of any given used suspension. The next steps should be the investigation 
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of further used suspensions from construction sites and determining the electricity consump-

tion during electrocoagulation depending on the used suspension properties. 

.  
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 Introduction 

1.1 Problem statement and motivation 

Bentonite suspensions are stable mixtures of water and bentonite particles, which are used 

as a supporting, lubricating and conveying medium in civil engineering. In the construction 

of diaphragm walls, bentonite suspensions support the trench. In hydroshield tunnelling, 

they support the tunnel face during excavation and convey the excavated soil material to 

the separation plant. There, soil particles larger than approx. 0.02 mm are removed from the 

suspension, which is afterwards circulated back to the tunnel face. However, fine particles 

such as clay and silt (<0.02 mm) remain in the suspension, which leads to a constant in-

crease in density. As a result, the bentonite suspension loses its properties and must be 

replaced with a fresh suspension. The discarded suspension, so-called “used suspension”, 

needs to be disposed.  

Prior to disposal, the used suspension is dewatered in a fine separation process. The fine 

separation, or dewatering, is a cost-intensive process that takes place in chamber filter 

presses and centrifuges. To accelerate the process and reduce the costs, fine separation is 

supported with the addition of chemicals called conditioning agents (CA). They are mixed 

with water and added to the suspension prior to the fine separation. Therefore, the usage of 

CA increases the water consumption on the construction site and the volume of the suspen-

sion to be dewatered. Moreover, most of those chemicals, such as metal salts and polymers, 

are classified as water hazardous substances. If they are not correctly dosed, they end up 

not only in the dewatered soil material but also in the separated water that needs to be 

disposed. 

This thesis investigates electrocoagulation (EC) as an alternative supporting method for the 

fine separation process. EC has already been used as a wastewater purification method 

and is regarded as eco- friendly and cost-effective. This electrochemical process works by 

applying direct current via electrodes (cathodes and anodes) into the suspension. This 

causes soil particles from the suspension to coagulate on the anode. Furthermore, it desta-

bilises the suspension, causing a similar effect on the filtration as the addition of CA. How-

ever, EC does not require the usage of water hazardous substances and additional amounts 

of water to achieve destabilisation.  

1.2 Goals and methodological approach 

Previous research at the Institute for Tunnelling and Construction Management has estab-

lished that EC can be used as a separation and destabilisation method for fresh bentonite 

suspensions in a laboratory scale (Paya, 2016). This thesis intends to determine the extent 
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to which EC can be used in a larger scale and for used bentonite suspensions. The approach 

was empirical since EC is still not a standardised method with a defined optimal cell design 

and best combination of operational parameters.  

In order to perform parametric studies, a standard used suspension (SUS) was developed 

by loading the bentonite suspensions with fine soil particles. This suspension was put 

through series of tests in laboratory scale. Parameters were developed to evaluate the ex-

perimental results, with a special emphasis on effectiveness of separation and destabilisa-

tion through EC. Based on laboratory results with 2 l-EC cells, a larger 320 l-EC-cell was 

designed. A laboratory chamber filter press was acquired in order to enable a practice-ori-

ented evaluation of the impact of EC on fine separation. The results were validated with one 

used suspension from a construction site. 

Following, a calculation model was developed to analyse the impacts of replacing CA with 

EC on separation and disposal of used suspensions on construction sites. This was per-

formed by evaluating the filtration time and volume, residual moisture of separated material, 

as well as analysing the residuals of CA and electrodes in the separated material. 

An objective of this study was to give recommendations for a real-scale prototype for con-

struction sites. This was done based on the knowledge gained from the laboratory and mid-

scale experiments. 

1.3 Structure of the dissertation 

The overall structure of this dissertation takes the form of eleven chapters, divided into three 

blocks: fundamentals, experiments and relevance of the experimental results for practice.  

Fundamentals 

Chapter two describes the basics of the bentonite, bentonite suspensions and the conven-

tional separation of used bentonite suspensions on construction sites. In the first part, spe-

cial attention is given to the reasons for the stability of bentonite suspensions. Moreover, the 

electrokinetic behaviour of soil particles that can be found in a used bentonite suspension is 

explained. In the second part, applications of bentonite suspensions and their separation at 

tunnelling construction sites is explained, with a special focus on the fine separation of used 

bentonite suspensions.  

The third chapter describes the basics of EC. First, the electrochemical processes behind 

EC are explained. In the second part, the factors affecting the separation and destabilisation 

efficiency of EC are discussed. 

Chapter four gives a summary of previously undertaken research on EC of bentonite sus-

pensions at the Institute for Tunnelling and Construction Management. 
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Experiments 

The fifth chapter presents the laboratory experiments with a standardised used suspension. 

First, the standard used suspension is defined. This suspension was used in a series of EC 

experiments in the laboratory scale. The goal of the experimental series was to investigate 

the operating parameters of the EC process and find the best-fitting combination of param-

eters.. The findings from the laboratory series were used as basis for the scale-up to a larger 

scale EC prototype. 

Chapter six comprises the description of the EC prototype and the analysis of experiments 

performed with it. First, the EC prototype and the laboratory chamber filter press are de-

scribed. Secondly, the evaluation parameters for the experiments with the EC prototype are 

defined. Afterwards, eight experimental series with a total of 50 EC experiments and 109 

filtration experiments were performed. The experiments with standard used suspension 

were validated with a suspension from a tunnelling construction site.  

Relevance of the experimental results for the practice 

The seventh chapter is concerned with the impact of EC on fine separation and disposal. 

Based on the results gained in the experimental phase, the influence of EC on the filtration 

process and on overall fine separation capacity is evaluated. Moreover, the effects that EC 

could have on disposal of soil and water are analysed.  

Chapter eight contains the suggestions for improvement of the current prototype and rec-

ommendations for the real-scale prototype. The improvement ideas arose from the 

knowledge and experience gained in the experimental phase. 

The ninth chapter compares the conventional conditioning and the EC in ecological terms. 

Here, the eco-friendly aspect of EC is discussed. 

Chapter ten evaluates EC from construction management aspects. The analysis includes a 

cost comparison between EC and conventional conditioning.  

In the last chapter, a summary and outlook are given. 
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 Bentonite suspensions  

2.1 Structure of bentonite particle 

The term bentonite was first proposed in 1898 by W. C. Knight for the plastic, clay stone 

found near Rock River in Wyoming. The name originated from Benton Shale, the geological 

formation in which this clay was thought to occur at the time (Hosterman & Patterson, 1992). 

In the majority of cases, bentonites are formed through hydrothermal alternation of volcanic 

ash and rocks (Jasmund & Lagaly, 1993: 200; Imerys, 2018). 

Bentonite is characterised by a high chemical stability, a low permeability, and furthermore 

by high adsorption properties. Therefore, it is often used as an impermeable barrier for land-

fills and even as an isolator for nuclear waste disposal (Leroy et al., 2015). Mixed with water, 

bentonite creates stable colloidal suspensions with high importance in special civil engineer-

ing and tunnelling. In this field of application, it is used to support the trench during the 

diaphragm wall excavation and as a supporting, lubricating and conveying media in tunnel-

ling. Besides civil engineering, bentonite is also applied in the pharmaceutical, cosmetic, 

agriculture, and beverage industry. 

In this thesis, the tendency of bentonite to create stable colloidal suspensions is of high 

interest, and ways of destabilising this suspension are investigated. Therefore, the focus of 

this chapter is the colloidal properties of bentonite. 

Colloidal fractions (< 2 µm) of bentonite clays are dominantly made up of clay minerals. The 

structure of clay minerals is composed of aluminium octahedral sheets and silica tetrahedral 

sheets joined together and stacked on top of each other. The combination of one octahedral 

sheet and one or two tetrahedral sheets is called a unit layer or a platelet. The structure of 

a unit layer repeats itself in a lateral direction. The combination of more layers stacked to-

gether is called a crystal lattice or a particle (Luckham & Rossi, 1999, Leroy et al., 2015). 

The prevailing clay mineral in bentonite (60 – 80 % of the mass) is a platelet-formed mineral 

called montmorillonite (Praetorius & Schößer, 2016), which belongs to the smectite mineral 

group. Smectites consist of swellable three-sheet minerals with electrostatic charged layer 

surfaces. Besides smectite, bentonite also consists of common mica, hydrous mica, cristo-

balite, and zeolite (Jasmund & Lagaly, 1993: 200). 

Montmorillonite is the clay mineral that mainly defines the characteristics of a bentonite clay. 

Figure 1 shows the composition of a montmorillonite platelet and crystal lattice. The structure 

of a montmorillonite platelet consists of one AlO6-octahedral sheet between two SiO4-tetra-

hedral sheets. (Jasmund & Lagaly, 1993: 46; van Olphen, 1963: 64). A unit layer with such 

combination of sheets is referred to as a TOT layer (tetrahedral-octahedral-tetrahedral 

layer).  
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Electrostatic charges on layer surfaces result from isomorphous substitution: tetravalent Si 

in the tetrahedral sheet is partly replaced by trivalent Al or Fe and Al in the octahedral sheet 

may be replaced by divalent Mg or, more rarely, by Fe, Cr, Zn, Li. Since the atoms of lower 

positive valence replace those of higher positive valence, a lack of positive charge and an 

excess of negative charge occurs. Due to this structure, the basal surface of a platelet car-

ries a negative surface charge (van Olphen, 1963: 64). The negative electrostatic surface 

charge is counterbalanced by Ca²+, Mg²+ or Na+ cations in the interlayer space (space 

between the two unit layers), which causes the individual platelets to stack together.  

The electrostatic charge on the edge surface, however, is dependent on the pH value and 

can be negative or positive (Tombacz & Szerekes, 2004; Stein, 2007: 15; Baik & Lee, 2010; 

Leroy et al., 2015). According to Leroy et al. (2015), the specific surface area of a perfectly 

dispersed montmorillonite is around 700-800 m²g-1, wherefrom the edge surface has about 

10-30 m²g-1 and the basal surface has about 750-770 m²g-1. This input and the thickness of 

the platelet and crystal lattice from Figure 1 are to be considered as correct in order of mag-

nitude, since the size of clay minerals may differ by other authors. A sketch of one montmo-

rillonite particle with negative charged basal surface and positive charged edges is shown 

in Figure 2.  

 

 

Figure 1: Montmorillonite: TOT layer (above) and a particle 

(below) (Leroy et al., 2015, modified from Tournassat et 

al., 2011.) 

Figure 2: Sketch of a bentonite particle 

with a negative charged basal surface 

and positive charged edge surface 

(Praetorius & Schößer, 2016: 13) 

 

Fifteen to twenty exchangeable cations interconnect platelets to build one montmorillonite 

particle (Stein 2003: 513). In the presence of water, interlayer cations can be replaced by 
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other cations available in the solution. Therefore, they are called “exchangeable cations”. 

They can also be replaced with water molecules, even if only in contact with water vapour. 

(van Olphen, 1963: 65; Luckham & Rossi, 1999). 

Bentonite products that are available on the market can be divided in four main groups. Two 

of those that can be found in nature are named after the type of exchangeable cations. If 

Na+ cations represent a majority of cations between the platelets, bentonite is referred to as 

sodium bentonite. When Ca2+ or Mg2+ bind the platelets together, the bentonite is referred 

to as calcium bentonite. Calcium bentonite is often used to fabricate sodium bentonite since 

sodium bentonite is less common and more expensive than calcium bentonite. Specifically, 

Ca2+ is replaced with Na+ cations through the activation process. This is done by adding a 

soda to a wet bentonite or through a technical process (Stein, 2007: 14; Praetorius & 

Schößer, 2016: 19). Bentonite produced this way is also known as active bentonite and 

represents the third group. The fourth group is presented by polymer-modified bentonite 

(Praetorius & Schößer, 2016: 20). 

One of the most important properties of bentonite is its ability to swell in contact with water. 

The swelling, or hydration process, is normally induced by the adsorption of water molecules 

between the elementary layers of montmorillonite crystal lattices, which widens the interlayer 

space. Sodium bentonite has a bigger adsorption capacity (600-700%) than calcium ben-

tonite (200-300%), meaning that bentonite can “expand” its dry volume in water several 

times. Ultimately, the width of the interlayer space can become so big that the connection 

between the platelets is lost and the crystal lattices decompose into individual platelets 

(Praetorius & Schößer, 2016: 10). 

2.2 Stability of bentonite suspensions 

 Introduction to stability  

Bentonite correctly dispersed in water creates a colloidal suspension, otherwise known as 

a slurry. The main characteristic of colloidal suspension is its stability, defined as the prop-

erty of either not segregating or segregating as little as possible over a long period of time. 

Colloidal suspension stability is a result of permanent Brownian motion of water molecules 

(Lettermann, 1999) and repulsive forces between the bentonite platelets (van Olphen, 1963: 

63). Brownian motion was discovered by Brown in 19th century but first explained by Einstein 

in 1905. Since the water molecules are in continuous chaotic thermal motion, they collide 

with the colloidal particles. At any point in time, a colloidal particle is struck from various 

directions, giving it a “kick” in one direction. However, the direction can change at the next 

instant. This causes a constant random movement of particles in water. (Gregory, 2006: 22.) 

However, bentonite platelets repel each other upon approach due to the same sign charge 



2  Bentonite suspensions 7 

 

 

 

on their surface, or more precisely, due to the overlapping of their double layers (chapter 

2.2.2 - 2.2.4). The combination of constant random motion and repelling forces is a cause 

for stability and equal distribution of bentonite particles in the water.  

Stability of bentonite suspension is of great significance during tunnel excavation but causes 

difficulties in the process of dewatering used suspensions. Stable suspensions require 

longer handling times and the addition of chemicals which destabilise the suspension to 

improve the dewatering process. Stability and destabilisation emerge from the interaction 

forces between dispersed bentonite particles in a suspension, which are explained in the 

following sections. 

 Electrical double layer 

For a better understanding of interaction forces between bentonite particles, an explanation 

of the electrical double layer developed around colloidal particles in a solution like water is 

needed (Figure 3). The double layer consists of the particle surface charge and an equiva-

lent amount of ionic opposite charge, which are accumulated in the liquid near the particle 

surface (van Olphen, 1963: 29). The first layer is close to the particle surface and consists 

only of ions of opposite sign, known as counter-ions. This layer is called the Stern layer and 

it is considered to be always bounded to the particle surface. 

The second layer in the electrical double layer is referred to as the diffuse or Gouy-Chapman 

layer. There is an excess of counter-ions and a deficit of co-ions in this layer, which com-

pensates the remaining surface charge of the particle (Gregory, 2006: 54). While being elec-

trostatically attracted by opposite charged particle surface, counter-ions also tend to diffuse 

away from the particle surface, where their concentration is highest, to the bulk solution, 

where their concentration is lower. This results in an equilibrium distribution of counter-ions, 

where their concentration gradually decreases with increasing distance from the surface 

(van Olphen, 1963: 30). Similar to counter-ions, co-ions are also under influence of electro-

static forces and diffusion:  the particle surface repels them but they simultaneously tend to 

diffuse to the electrical double layer where their concentration is low (van Olphen, 1963: 30). 

At a certain distance from the particle, the diffuse layer ends and the counter-ions and co-

ions are again in balance (Gregory, 2006: 54).  

Figure 3 shows the diffuse electric double layer model or Stern-Gouy-Chapman model. For 

simplicity, only the excess of counter-ions is shown. The thickness of the Stern layer is usu-

ally in the order of the radius of a hydrated ion. (Gregory, 2006: 53-55).  
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Figure 3: The Stern-Gouy-Chapman model of the electrical double layer adjacent to a negatively 

charged surface (Gregory, 2006: 54) 

 Particle interaction forces  

Prior to dealing with the interaction of colloidal particles in water, two features must be ad-

dressed. First, these interactions occur only at distances smaller than the particles size. 

Secondly, interactions are dependent on particle size. While the strength of interaction be-

tween two particles increases to the first power of the particle size, gravity increases with 

mass and thus increases to the third power of particle size (for constant density of the par-

ticles). In other words, interaction forces between the particles lose their significance with 

increasing particles size because they become weak in comparison to the gravitational 

force. (Gregory, 2006: 63-64). Therefore, only the interaction forces between colloidal or 

smaller particles are able to compete with gravitational forces.  

There are both attractive and repulsive interactions between the colloidal particles in a so-

lution. London-van der Waals forces represent the most important attractive interaction. 

They arise from the attraction between dipoles of two molecules. (Gregory, 2006: 67). Lon-

don-van der Waals forces between two particles of the same material embedded in a fluid 

are always attractive.  

Even though this force is usually weak, it is additive. When analysing the two bentonite 

particles, the total sum of attractive forces between them is the sum of all attractive forces 

between all the atoms in both particles. This theory was developed by Hamaker (1937). 

Moreover, for larger particles, the attractive force decays less rapidly with increasing dis-

tance. According to van Olphen (1963), the van der Waals force between two atoms is in-

versely proportional to the seventh power of distance, but for two particles, it is inversely 
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proportional to the third power of distance between the particle surfaces (van Olphen, 1963: 

36). Hence, van der Waals forces between small particles at shorter distances are consid-

erable and able to compete with the repulsive forces between the particles. 

On the other hand, the repulsive forces are of electrical nature – electrostatic repulsive 

forces between particles with same sign charge. When two same-sign particles approach, 

the diffuse parts of their double layers overlap and cause the increase in counter-ion con-

centration between the particles. This causes a rise in a repulsive force (Fisher et al., 2001, 

van Olphen, 1963: 35; Gregory, 2006: 75). 

The distance at which particles become strongly repulsive depends of the thickness of their 

double layers (Fisher, 2001). This can be influenced by adding electrolytes or manipulating 

the pH-value of the solution, as described in chapter 2.2.5. The term electrolyte represents 

all ions in the dispersion medium (Paya, 2016: 14). 

 Total interaction energy 

By assuming that attractive and repulsive forces between the particles are additive, it is 

possible to quantify their interaction (Gregory, 2006: 78). The interaction between the parti-

cles is determined by a combination of the interparticle double layer repulsion energy (Vr), 

describing the amount of work needed to bring the particles from infinite separation to a 

given distance, and the van der Waals attractive energy (Va), describing the amount of work 

required to bring the particles from given distance to infinite separation. This theory was 

developed by Deryaguin and Landaau (1941) and Verwey and Overbeek (1948) and it is 

referred as DLVO theory. The total interaction energy (Vt) is calculated by simply adding the 

attractive (Va) and repulsive energy (Vr) at each particle distance. In doing so, two additional 

short-range repulsion force repulsions were taken into account. The first one resists the 

interpenetration of the extruding lattice points or regions. The second one is caused by ad-

sorbed water on a particle surface. It represents the amount of energy that would have to 

be invested to desorb the adsorbed water layer on the particle surface in order to bring the 

particles closer together (van Olphen, 1963: 39, Luckham & Rossi 1999). Due to these two 

short-range repulsion forces, the particles can never come in true contact (Gregory, 2006: 

80). Instead, they stay in primary minimum at very small distance The results of these addi-

tions are so called net interaction curves shown in Figure 4. 

Two additional terms are shown in Figure 4: the maximal energy barrier (Vm) that particles 

need to overcome in order to fall into primary minimum and coagulate, and Vb, which repre-

sents the barrier to redispersion. The height of Vm, which depends on temperature and pH 

of the solution and on concentration and valence of the electrolyte, and determines the sta-
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bility of the suspension (Luckham & Rossi, 1999). Because of the depth of the primary min-

imum, the redispersion energy Vb, is often multiple times larger than the energy needed to 

coagulate the particles. 

 

Figure 4: Repulsive, attractive and total interaction energy as a function of particle separation at 

intermediate electrolyte concentrations (after Thomas et al., 1999)  

 Influence of ionic strength of electrolyte and pH value of the solution on 

the total interaction energy 

Influence of the ionic strength (concentration and valence) of electrolyte 

The thickness of the electric double layer is dependent on the ionic strength (concentration 

and valence) of the electrolyte in the solution. The higher the concentration and valence of 

the ions with opposite sign in the solution, the thinner the double layer is (van Olphen, 1963: 

36). This effect, known as double-layer compression, is shown schematically in Figure 5. At 

low ionic strength, the diffuse layer around the particle is large and the repulsive force be-

tween two particles, arising from the overlapping of two diffuse layers, acts on bigger dis-

tances and prevents the particles from coming closer to each other. At increased electrolyte 

concentration, the diffuse layers become thinner and particles can approach each other 

more closely before their diffuse layers overlap. (Gregory, 2006: 80). 
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Figure 5: Effect of the ionic strength on the double layer thickness and the range of double-layer 

repulsion in low (a) and high (b) concentration of electrolytes (Gregory, 2006: 81) 

Double layer compression reduces repulsive energy between the particles, while having no 

effect on attractive London - van der Waals forces (van Olphen, 1963: 36). This phenome-

non has a significant influence on the balance of repulsive and attractive forces, as shown 

in Figure 6 and Figure 7. Figure 6 displays repulsive and attractive forces for three different 

electrolyte concentrations and Figure 7 displays the total interaction energy for these cases, 

starting from low concentration in 7a to high concentration in 7c. As displayed in the Figure 

7, gradual increase of electrolyte concentration decreases the total interaction energy be-

tween the particles. If the particle can approach very close before repulsion is felt, the at-

tractive van der Walls forces may outweigh the repulsion forces. In Figure 7c (high concen-

tration of electrolytes), the total interaction energy is negative all the way up to the very small 

distance between the particles, where short-range repulsion forces become active. In other 

words, the resultant force along the whole approach-way is attractive and the particles co-

agulate upon each collision. The suspension under these conditions is described as unsta-

ble.  
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Figure 6:  (a) Repulsive (Vr) and attractive (Va) energy as a function of particle separation distance at 

three concentrations electrolytes with the same valence (after van Olphen, 1963: 37) 

 

Figure 7: Total interaction energy (Vt) as a function of particle separation distance at three electrolyte 

concentrations: a) low, b) intermediate, c) high (after van Olphen, 1963: 38-40) 

The smallest electrolyte concentration at which the suspension is completely destabilised 

(Vm = 0) is called the critical coagulation concentration (ccc). At this concentration, the co-

agulation becomes very fast and is only controlled only by Brownian motion. (Morbidelli & 

Arosio, 2016: 88). However, not only the electrolyte concentration, but also the valence has 

a major influence on repulsive forces between the particles. In fact, the influence of the 

valence is much stronger than the influence of the concentration. According to Shulze-Hardy 
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rule, the ccc depends on an ion’s valence with a ratio of 1/z6, where z represents the elec-

trolytes’ valence. That means, ccc for a trivalent, divalent, and monovalent ion has a ratio of 

1-6 : 2-6 : 3-6 = 1 : 0.016 : 0.0014. If the valence is the same, the type of electrolytes play a 

minor role (Morbidelli & Arosio, 2016: 90). In other words, an Al3+ ion destabilises a suspen-

sion approximately 11 times stronger than an Fe2+ ion and 730 times stronger than an Na+ 

ion. However, these are only theoretical considerations with some assumptions and simpli-

fications. Experimentally, a dependence nearer to 1/z3 is found in many cases (Gregory, 

2006: 82). 

Influence of the pH value of the solution 

As already mentioned before, bentonite particles possess negative charges on the surface 

and pH-dependent charges on the edges. Since pH determines the charge on the edges, it 

influences the stability of the suspension in general. Tombacz et al. (1990) researched the 

total interaction energy as a function of pH with a constant concentration of monovalent 

electrolytes (Figure 8). They calculated the total interaction energy after DLVO and experi-

mentally verified the decrease of montmorillonite suspension stability with decreasing pH 

values. Suspensions at pH 2, 4 and 8 coagulated upon addition of 0.1, 0.2 - 0.25 and 0.35 - 

0.4 mmol dm-3 NaCl, respectively. That means, for lower pH values, less electrolytes were 

needed to destabilise the suspension. 

 

Figure 8: Total interaction energy (Vt) as a function of particle separation distance at three pH values 

and constant electrolyte concentration Tombacz et al. (1990) 
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In another major study, Tombacz and Szekeres (2004) researched the mutual interaction of 

pH and electrolyte concentration on a double layer of bentonite particles and consequently 

on the stability of bentonite suspensions. They found that the edges of bentonite particles 

are positively charged for a pH < 6.5 and negatively charged for a pH > 6.5. They also claim 

that, even if the charge on the edges is positive, negatively charged edge double could be 

hidden in a “cloud” of a positively charged basal double layer that spills over it. The edge 

double layer could emerge only by the reduction of double layer thickness of the basal sur-

face caused by a high concentration of electrolytes (cel) in a suspension (Figure 9). 

 

Figure 9: Basal and edge electric double layer at different pH and electrolyte concentrations (after 

Tombacz & Szekeres, 2004)  

Summary 

The pH value and the electrolyte ionic strength have a significant influence on the total in-

teraction energy between the bentonite particles and consequently on the stability of ben-

tonite suspensions. Increased electrolyte concentration reduces the thickness of the double 

layer, allowing the particles to come closer to each other. By adding a certain amount of 

electrolytes, the repulsive energy between the particles can be overcome and the particles 

will coagulate upon collision. 

The influence of the pH value is not as significant as the influence of the electrolyte concen-

tration. When bentonite particles disperse in a solution with acidic pH value, the edges of 

the particles will be positively charged, reducing the overall negative charge of the particle 

and consequently reducing the repulsive energy between the particles and the stability of 

the suspension. However, the repulsive energy between the particles cannot be completely 

overcome just by lowering the pH value of the solution (Figure 9). 
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There is a method in colloidal electrochemistry that can be used to validate this double layer 

theory and indirectly measure the charge of colloidal particles. This method is called zeta 

potential and it is explained in the next subchapter. 

 Zeta potential 

The electrochemical properties and the surface charge of colloidal particles cannot be di-

rectly measured. Therefore, models had to be developed to estimate these properties (Leroy 

et al., 2015). A considerable amount of literature has been published on one of the most 

used models, the zeta potential. The term zeta potential (ζ potential) is defined as the electric 

potential in the double layer on the shear plane between the envelope of water that moves 

with a particle and the rest of the solution (Ghernaouth et al., 2015) This envelope of water 

consists of a Stern layer and a part of a diffuse layer. The zeta potential of any colloid particle 

in a solution is a measurable value and can therefore be used as an indirect measurement 

of the surface charge of a particle. Since the zeta potential is the electric potential a certain 

distance from the surface of the particle, it is not equal to but rather lower than the actual 

surface charge of a particle. The exact position of the shear plane and the distance to this 

plane from the particle surface cannot be determined (Shang, 1997). 

 

Figure 10: Electrical double layer configuration (Marriaga-Cabralesa & Machuca-Martinez, 2014) 

The zeta potential has been often used as an indicator for the stability of colloidal systems 

(ASTM Standard, 1985). According to DLVO theory, the larger the absolute value of zeta 

potential, the stronger the repulsive forces between the particles are and thus the suspen-

sion is more stable (Sincero & Sincero, 2003; Baldo & Junior, 2014) As the zeta potential 

approaches zero, suspensions become unstable (Baik & Lee, 2010). Because the zeta po-

tential indicates the charge of the double layer, it is dependent on the pH value of the solution 

and even more dependent on the electrolyte valence and its concentration in the solution. 
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In terms of this dissertation, the zeta potential is not only important as an approximation of 

a surface charge of the particles but also as an indicator for a suspension stability. Addition-

ally, the zeta potential also explains the electrokinetic behaviour of the particles in used 

bentonite suspension during EC.  

As already mentioned in the introduction, bentonite suspensions can reach a density of up 

to 1,25 t/m3 during excavation, before being replace with newly mixed, fresh bentonite sus-

pension. When considered that the density of fresh bentonite suspensions is around 1.02 – 

1.05 t/m3, it becomes clear that the amount of non-bentonite particles in a used suspension 

exceeds the amount of bentonite particles multiple times. Therefore, it is important to know 

how all of these particles react on the separation treatment presented in this thesis. Their 

behaviour during the electrocoagulation and filtration can be explained by looking at their 

zeta potential. Therefore, the zeta potential of the bentonite particles and of the other parti-

cles from the suspension used in parametric studies (chapter 5.1) need to be overviewed. 

For further discussion about zeta potential, the term point of zero charge (PZC), or isoelectric 

point (IEP), needs to be introduced. It is defined as a pH-value at which a particle shows no 

electrostatic charge, or rather, it is a pH-value at which the total amount of negative and 

positive charges are equal (Tunc & Duman, 2008). 

Zeta potential - bentonite  

The charge on the bentonite particle’s surface is the result of isomorphous substitution that 

causes a negative charge on the basal surface and a pH-dependent charge on the edge 

surface. Even though the edge surface can be positively charged, it does not have significant 

influence on the overall charge of the particle. As already mentioned in chapter 2.1, the edge 

surface has about 10 – 30 m²g-1 and the basal surface has about 750 – 770 m²g-1 (Leroy et 

al., 2015). This view was supported by Duc et al. (2005) who reported that the negative 

charge accounts for 90 – 95 % of the total particle charge. Moreover, as mentioned in chap-

ter 2.2.5, the positively charged edge double layer could be hidden in the negatively charged 

basal double layer (Tombacz & Szekeres, 2004). Therefore, it is no surprise that most re-

searchers, such as Tunc & Duman (2008), Au & Leong (2013) and Huang et al. (2016), 

reported negative zeta potentials of fresh bentonite suspensions on the whole pH-range that 

they tested, in cases of low or medium electrolyte concentration (Table 1). Together, these 

studies indicate that the change of the pH value does not influence the overall particle charge 

in such a magnitude to overcome the negative charge and to change the zeta potential from 

negative to neutral or even positive. 
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Table 1: Zeta potential of bentonite particles in dependence of pH 

 Maximum  Minimum  Reference 

IEP pH 
Zeta potential 

(mV)  
pH 

Zeta potential 
(mV) 

 

- 11.7 -32 1.8 -8 Tunc & Duman, 2008 

- 12 -35 2 -30 Au & Leong, 2013 

- 12.3 -35.0 2.5 -12.8 Huang et al., 2016 

 

Baik & Lee (2010) studied the effects of electrolyte concentration and pH value on the zeta 

potentials of calcium bentonite suspensions. NaClO4 was used as an electrolyte. They have 

reported a negative zeta potential spreading from -20 to -40 mV at the electrolyte concen-

tration of 0.001 M and 0.01 M, for the whole pH range tested (3-11). However, with an elec-

trolyte concentration of 0.1 M, the zeta potential was increased to values between 0 - 10 mV 

for the whole pH range tested (Table 2).  

Similar findings were reported by Zbik et al. (2014). Instead of increasing the concentration 

of electrolytes and measuring the zeta potential like Baik & Lee (2010), they increased the 

electrolytes’ valence while keeping a constant concentration. This resulted in a drop of zeta 

potential from - 61.4 mV in deionized water to – 43.5 mV in 0.1 M of NaCl (M=mol/l) and 

further to – 12.3 mV in CaCl2 (Table 2). Moreover, they measured the repulsive force be-

tween the particles with an atomic force microscope and found that the repulsive force be-

tween the particles on any chosen distance was smaller in a bentonite suspension treated 

with 0,1M CaCl2 in comparison to a bentonite suspension treated with 0,1M NaCl. 

Table 2: Zeta potential of bentonite particles in dependence of electrolyte concentration and valence 

Electrolyte 
Average zeta 
potential (mV)  

Reference 

0.001 M NaClO4 -32 

Baik & Lee (2010) 0.01 M NaClO4 -28 

0.1 M NaClO4- 5 

Deionized water -61.4 

Zbik et al. (2014) 0.1 M NaCl -43.5 

0.1 M CaCl2 -12.3 
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These findings are in agreement with the DLVO theory and thus strongly support the idea 

of using the zeta potential as an indicator for the stability of colloidal suspensions.  

Zeta potential - kaolin 

For the parametric studies presented in this dissertation, a standard suspension was created 

in order to represent a commonly used bentonite suspension from a construction site (chap-

ter 5.1). Since it was created by adding kaolin and silica flour into the bentonite suspension, 

the surface charge of these particles in water is of great significance for understanding of 

the ongoing processes during the electrocoagulation and filtration of such a suspension. 

Kaolin is largely composed of the clay mineral called kaolinite. The kaolinite is a layered clay 

mineral consisting of one AlO6-octahedral sheet and one SiO4-tetrahedral sheet, thus one 

tetrahedral sheet less than montmorillonite. Typical kaolinite particles are disk or plate-like 

in shape, with a diameter of 0.5-1 µm and a thickness of 0.1 µm (Greenwood et al., 2006). 

Similar to montmorillonite, kaolinite also has a negative charged basal surface, arising from 

isomorphic substitution of Al3+ for Si4+ in the tetrahedral sheet of the mineral (Yukselen & 

Kaya, 2003), a pH-dependent edge surface charge and a high ratio of basal surface area to 

edge surface area. The IEP of the edge charge is around a pH 7.  

At the pH< 7, the edge charge is positive and at pH> 7, it is negative (Greenwood et al., 

2006). Due to the relatively small edge surface, some of the researchers found that a kaolin 

particle has a negative zeta potential overall tested pH range (Table 3). Similar to bentonite, 

the zeta potential of kaolin becomes more negative at higher pH values and decreases by 

adding electrolytes (Yukselen & Kaya, 2003), as shown in Table 3 and Table 4. 
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Table 3: Zeta potential of kaolin particles in dependence of pH (after Yukselen & Kaya, 2003) 

 Maximum  Minimum  Reference 

IEP/PZC pH 
Zeta potential 

(mV) 
pH 

Zeta potential 
(mV) 

 

4 11 -40 3.5 7 Lorenz, 1969 

- 11 -30 3.5 5.5 Williams & Willams, 1977 

2.2 10 -40 0 2.2 Smith & Narimatsu, 1993 

6 12 -40 2 10 Dzenitis, 1997 

2 < pH <3 10 -54 2 0.7 Vane & Zang, 1997 

4.5 11 -85 3 8 Hotta et al., 1999 

- 9.5 -65 3 -3 Hotta et al., 1999 

< 3 12 -32 3 Small values West & Stewart, 2000 

- 
7 and 

11 
-25 3 -8 Stephan & Chase, 2001 

- 11 -43 3 -25 Stephane & Chase, 2001 

- 11 -42 3 -25 Yukselen & Kaya ,2003 

- 10 -60 3.25 -5 Greenwwod et al., 2005 

- 12 -35 / -52 2 -13 / -17 Au & Leong, 2013 

2 12 -31 2 0 Ersoy et al., 2014 

 

Table 4: Zeta potential of kaolin particles in dependence of electrolyte concentration and valence 

Electrolyte  
concentration 

Average Zeta 
potential (mV)  

Reference 

0.01 M NaCl -35 

Yukselen & Kaya (2003) 0.01 M CaCl2 -8 

0.0001 M CaCl2 -14 

 

Zeta potential – silica flour 

Besides bentonite particles and kaolin where surface charge arises as a result of isomorphic 

substitution, most of the other particles also acquire a surface electrical charge when sus-

pended in water (Leroy et al., 2015). In other words, all materials either possess surface 

charge or acquire it when suspended in a fluid. The surface charge arises in general from 

the four principal mechanisms: direct dissociation or ionisation of surface groups, lattice im-

perfections on the solid surface, isomorphic replacements within the lattice, and preferential 
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adsorption from ions in the solution (Stumm & Morgan, 1996; Delgado, 2002). The most 

common reason for a particle to acquire charge in water is that the particle’s surface has 

chemical groups that ionize in water, leaving a residual charge on the surface (Gregory, 

2006, p 47). Unless the pH value of the solution is very acidic, the charge that a particle 

acquires is usually negative (Kim & Lawler, 2005).  

Acidic materials, such as silica, lose protons on the surface and acquire a negative surface 

charge charged over most of the pH range. (Gregory, 2006: 50). Kobayashi et al. (2005) 

called this reaction a deprotonation of silanol groups, written as SiOH ←→SiO- + H+. As for 

bentonite and kaolin particles, the negative electric surface charge of silica flour particles 

can be reduced by decreasing pH value or by adding electrolytes (Table 5 & Table 6).  

Table 5: Zeta potential of silica particles in dependence of pH 

 Maximum  Minimum  Reference 

IEP pH 
Zeta potential 

(mV)  
pH 

Zeta potential 
(mV) 

 

2 9 -60 1 10  Fischer et al. (2001) 

- 10 -65 2 -10 Kim & Lawler (2005) 

- ≈ 9 ≈ -40 ≈ 4 ≈ -3 Metin et al. (2011) 

≈ 2 14 -30 / -90 0.5 25 / 80 Junior & Baldo (2014) 

 

Table 6: Zeta potential of silica particles in dependence of electrolyte concentration 

Electrolyte  
concentration 

Zeta potential 
(mV)  

Reference 

0.01 mg/l Al2(SO4)3 -70 

Kim & Lawler (2010) 0.6 mg/l Al2(SO4)3 0 

5 mg/l Al2(SO4)3- 67 

 

 Stability of bentonite suspensions - summary 

The purpose of this section was to provide an explanation for the stability of bentonite sus-

pensions. Understanding the reasons for stability is fundamental to understanding how the 

suspensions can be destabilised.  
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The suspensions are stable because all colloid particles possess the electrical charge of the 

same sign, which causes the particles to repel each other. The DLVO theory and measure-

ments of zeta potential have shown that the repelling forces are dependent on the electrolyte 

ionic strength (concentration and valence) and the pH-value of the solution. Addition of elec-

trolytes reduces the zeta potential and destabilises the suspension. That is exactly what 

happens during EC.  

Moreover, the negative charge that colloid particles either possess or acquire in water ex-

plains their electrokinetic behaviour during EC, more precisely why all particles in the sus-

pension are attracted to the anode (positively charged electrode). 

2.3 Destabilization and coagulation of bentonite suspensions 

Brownian motion causes dispersed particles to collide frequently in the suspension. If the 

collision energy is not great enough to overcome the repulsion energy at close distances, 

the particles will not coagulate and the suspension can be described as stable. The higher 

the electrolyte concentration is, the less energy particles need to overcome. In the case of 

high electrolyte concentration, electrical double layer is so compressed that the energy bar-

rier Vm decreases to zero and the particles coagulate rapidly upon every collision. The sus-

pension can be described as unstable or destabilised. 

These essential steps of coagulation, the destabilisation of particles and the aggregation, 

are schematically shown in Figure 11. 

 

Figure 11: Destabilization and aggregation (coagulation) of particles (Gregory, 2006: 112) 

Those are the basics of the destabilisation and the coagulation of colloidal suspension. The 

specific mechanisms that occur during EC are discussed in chapter 3.2.2. 
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2.4 Slurries in tunnelling and underground engineering 

The unique properties of bentonite suspensions (slurries) like viscosity, stability, and the 

ability to form filter cake favour their application in special civil engineering and tunnel con-

struction practices (Büttner, 1993; Paya, 2016: 18). Bentonite suspensions can serve as 

lubricants in pipe jacking or as a conveying medium for vertical drilling. However, the largest 

application of bentonite suspensions is their use as a supporting and conveying medium in 

special civil engineering and tunnel construction, especially for diaphragm walls and in the 

mechanized tunnelling with hydroshields. (Paya, 2016: 18). In colloid science, the mixture 

of bentonite and water is referred to as bentonite suspension. However, in a civil engineering 

practice it is usually referred to as a slurry. 

The hydroshields are tunnelling machines that use pressurised fluid to support the tunnel 

face during excavation (Maidl et al., 2012). The pressurised fluid is usually a bentonite sus-

pension. It is prepared on the construction site and pumped through the slurry feed pipe in 

the excavation chamber of the shield, shown in Figure 12. There, it is pressurised by an air 

cushion to counteract the earth and water pressure and in doing so to support the tunnel 

face during excavation (Figure 13). Depending on the soil permeability and the bentonite 

content in the suspension, the tunnel face support is realised through a membrane model 

or a penetration model. In a case of low permeability and sufficient bentonite content, an 

impermeable membrane called filter cake will be formed at the tunnel face, through which 

the pressure from the suspension can be transferred onto the soil grains. In more permeable 

soils, even with a higher bentonite content, a filter cake cannot always be formed. In this 

case, the suspension penetrates through the tunnel face into the ground, transferring the 

shear forces onto the grain skeleton and keeping the tunnel face stable (Maidl et al., 2012: 

29). 

 

Figure 12: Excavation chamber of a hydroshild (Zizka, 2019: 9, after Herrenknecht AG) 



2  Bentonite suspensions 23 

 

 

 

 

Figure 13: Principle of slurry support (Maidl et al., 2012: 28) 

At the same time, the suspension with excavated soil is hydraulically conveyed from the 

excavation chamber through the slurry discharge pipes to the separation plant on the con-

struction site. Hydraulic conveying is achieved by counteracting the gravitational forces that 

cause the soil particles to deposit on the bottom of the pipe with high flow velocity and the 

rheological properties of the suspension. (Büttner, 1993; Paya, 2016: 20). In the separation 

plant, suspension is regenerated - most of the excavated soil is separated from the suspen-

sion, which allows the suspension to be reused. The regenerated suspension is pumped 

back into the excavation chamber. This is known as a slurry circuit. The hydroshield tech-

nology can therefore be viewed as a combination of a tunnelling machine in the ground and 

a separation plant on the surface. While the tunnelling machine is responsible for the soil 

excavation, the plant is used to separate the excavated soil from the slurry (Zizka, 2019: 9). 

A layout of a typical separation plant is shown in Figure 14. The suspension loaded with soil 

particles is transported from the excavation chamber of the tunnelling machine to the sepa-

ration plant. There, it is first fed through the coarse screen (1). The purpose of coarse screen 

is to separate coarse material gravel. Afterwards, suspension is fed into hydrocyclones. 

There, the soil particles are separated from suspension with centrifugal energy. Due to grav-

ity, they concentrate in the tailwater (the opening at the bottom of the hydrocyclone), and 

the cleaned suspension comes through the headwater. There are usually two cyclone 

stages: coarse (2) and fine cyclones (3). Fine cyclones have a smaller diameter, which 

makes higher radial acceleration possible. Depending on the type, coarse cyclones separate 

soil particles up to a threshold of 70 to 150 μm, while fine cyclone separate up to 35 μm or 

less. (Maidl et al., 2012: 111-112) The headwater of the fine cyclone is pumped to the trav-

elling basin (4), from where it can be pumped back to the excavation face (5). 
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However, the regenerated suspension still contains fine soil particles like clay and silt parti-

cles, which originate from the dispersion of clay lumps during the transportation of the sus-

pension from the excavation chamber to the separation plant (Paya, 2016). Since these 

particles cannot be separated hydrocyclones, they remain in the regenerated suspension 

and cause a constant increase of suspension’s density by repeated reuse of regenerated 

suspension. This increases clogging potential (Hollmann & Thewes, 2013), as well as wear 

potential, pipe resistance, and pressure loss (Seidenfuß, 2007, Paya, 2016: 22). 

After successive loading of the suspension with fine particles, a critical point occurs at which 

the regenerated suspension no longer meets the requirement to be reused and must be 

replaced with a new, fresh suspension. The regenerated suspension is no longer recircu-

lated into the slurry circuit, but stored in a tank (6). This suspension is labelled as used 

suspension. Prior to deposition, it is dewatered in chamber filter presses or centrifuges in a 

so-called fine separation process. Here, the used suspension is separated into fine particles 

(e.g. clay, silt, bentonite, etc.) and water (Paya, 2016: 22). The bottom right corner of Figure 

14 shows the fine separation area. The volume of discharged suspension is replaced with a 

fresh suspension, mixed in the bentonite mixing plant. 

 

Figure 14: Sketch of a separation plant (after Lipka, 2009)  
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2.5 Fine separation of used suspensions 

In most cases, used suspensions are not directly disposed, but dewatered first. The aim is 

to transform the suspension into a landfillable soil material and water. On construction sites, 

dewatering is performed with chamber filter presses and centrifuges, where the used sus-

pension is conditioned by adding chemicals that support the dewatering process (Paya, 

2016: 30). The products of the dewatering are called filter cakes and filtrate water for cham-

ber filter press or sludge and centrate water for centrifuges. 

 Conditioning of the used suspension 

Before entering the chamber filter press or centrifuge, the used suspension is conditioned 

by adding inorganic additives, coagulants, and flocculants (Conrad, 1984; Anger, 2004). The 

inorganic additives are used to maintain the pH value of the used suspension on an optimum 

level for further conditioning with coagulants and flocculants. For this purpose, sulphuric acid 

(H2SO4) and alkalis such as soda (Na2CO3) are used. Coagulants and flocculants chemically 

support the dewatering in the chamber filter press or centrifuge. Coagulants are inorganic, 

soluble metal salts such as Al and Fe salts (Schumann, H. & Friedrich, C, 1997). They neu-

tralize the surface charges of the colloid particles and form "primary flakes," according to the 

DLVO theory. Flocculants or polyelectrolytes are organic compounds that differ in charge 

(anionic, cationic or non-ionic) and molecular weight (low or high) (Anger, 2004). The most 

frequently used flocculants are organic anionic high-molecular polymers (Schumann, H. & 

Friedrich, C; 1997). They bridge the primary flakes together, which leads to bridging and 

formation of larger “secondary flakes” (Loll & Melsa, 1992; Anger, 2004). (Paya, 2016: 31) 

Coagulants and flocculants are usually supplied as powders or emulsions. The dosage de-

pends on their properties, the soil properties and the soil amount in the suspension. It is 

measured in tonnes of powder per tonne of dry matter of the suspension or litres of solution 

per m3 of suspension. The higher the dry matter content, the higher the requirement for 

conditioning agents (CA). According to practical experience, the dosage for fresh suspen-

sions can be up to 2 kg flocculant powder/tonne dry matter and for old suspensions between 

0.3 and 1.3 kg flocculant powder/tonne dry matter. The dosage of the coagulants can be 

between 1 and 2 kg/tonne dry matter (Paya, 2016: 32). 

 Separation with filter presses 

Filter presses dewater the flushing from the fine cyclone stage by applying pressure on it. 

Depending on the design of the filter element, a distinction is made between frame, chamber 

and membrane filter presses. Filter presses used on construction sites are almost exclu-

sively chamber filter presses (Maidl et al., 2012: 113). They consist of filter plates, filter cloths 

and inlet/outlet channels . The flushing is fed into the space between filter plates with filter 
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cloths. Upon filling all the chambers, flushing is pressurised and the solid phase is separated 

from the liquid phase over the filter cloth. A filter cake forms on the filter cloth by the accu-

mulation of soil particles (solid phase) on the surface of the filter cloth. Upon forming of the 

first layer of the filter cake, further filtration occurs over the cake, in which even the finest 

particles are retained. The liquid phase flows off as filtrate water. The performance of the 

chamber filter press, e.g. the thickness of the filter cake and its solid content, is determined 

by the filtration pressure and duration, the filter fabric, suspension density and the condition-

ing (Feifel & Oechsle, 2000, Maidl et al., 2012: 114). The inside an the outside view of an 

chamber filter press are shown in Figure 15 and Figure 16. 

 

Figure 15: Chamber filter press: inside view (Gupta & Yan, 2016) 

 

Figure 16: Chamber filter press: outside view (Trevi, 2019) 

Low filtration volumes, which is advantageous for the support function of the suspension, is 

disadvantageous for the filtration performance in the chamber filter press (Maidl et al., 2012: 
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114). Therefore, the old suspension is conditioned with coagulants and flocculants (metal 

salts or polymers) as well as additional substances (e.g. lime, chalk) prior to dewatering in 

chamber filter presses. The aim is to increase the compressibility of the filter cake and re-

duce its residual moisture (Luckert, 2004). However, the dosage of CA s is problematic: both 

too low dosage and overdosage lead to difficulties in the operating procedure. A low dosage 

causes insufficient flocculation formation. The filter cake has a paste-like consistency and 

then adheres firmly to the filter cloth. Overdosing leads to an obstruction of the filtration flow 

due to the deposition of polymers that not bound to the solids on the filter cloth. Therefore, 

the addition of lime is necessary to increase the compressibility of the filter cake and the 

filtration flow through the filter cloth (Paya, 2016: 34). 

The filter cycle ends as soon as the flow rate of the membrane pump drops by approx. 80 %. 

The time required for a filter cycle is approximately one hour. After each filter cycle, the 

plates are pulled apart. For automated operation, it is optimal if the filter cake loosens itself 

and is then disposed of via a container or conveyor belt. According to practical experience, 

however, this is an exception. For this reason, this last step requires monitoring by operating 

personnel. A vibrating or stripping device can be used to automatically empty the plates 

(Feifel & Oechsle, 2000; Paya, 2016: 34). 

In comparison to centrifuges, the performance of chamber filter presses is slightly lower (5 

to 7 t/h), but the residual moisture of the cake is much lower than the moisture of the solid 

phase from centrifuge. (Maidl et al., 2012: 114). Another disadvantage is the discontinuity 

of the filtration process and the necessary degree of supervision by the operating personnel. 

(Paya, 2016: 36). 

 Separation with a centrifuge 

The centrifuges used in tunnel construction are generally horizontally rotors, which continu-

ously separate the solids from the liquid phase. Centrifuges work as an accelerated sedi-

mentation process, in which solid particles do not settle slowly under gravity but are pressed 

into the outside of a drum under centrifugal force of 2,500 g to 4,000 g caused by high rev-

olutions of the drum (in operation: 1,500 min-1 to maximum 2,500 min-1). The solid particles 

are deposited on the outside and the liquid phase, called the centrate, is collected in the 

diameter of the drum. The centrate is discharged over an adjustable overflow weir. The 

addition of CA is unavoidable to achieve the discharge performance required from a centri-

fuge nowadays (11 t/h). (Maidl et al., 2012: 115). It is worth mentioning that the dewatering 

of used suspensions with a centrifuge was not a part of experimental studies in this disser-

tation. 



28 2  Bentonite suspensions 

 

 

 

 

Figure 17: Basic principle of a centrifuge (Maidl et al., 2012: 114) 

 Disposal of products of fine separation process 

Sludge 

The sludge (solid phase) from the fine separation consists of soil particles, bentonite and 

residual water. Bentonite as a natural mineral can be classified as soil (Paya, 2016: 36). 

There are three way to deposit the sludge:  

 on agricultural area, 

  in gravel pit and 

  on landfill (Biermann, 2010).  

The first two options are rarely used nowadays and the deposition on the landfill has become 

the standard procedure for deposing a sludge Thus, there are regulations that have to be 

considered. 

In Germany, these include: 

 Landfill Ordinance (Deponieverordnung - DepV),  

 Waste Disposal Ordinance (Abfallablagerungsverordnung - AbfAblV),  

 and LAGA Guidelines (Bund/Länder-Arbeitsgemeinschaft Abfall (LAGA)-Richtlinien).  

According to DepV and AbfAblV, the sludge has to be tested on pollutants like chromium, 

cooper, zinc, nickel and properties like compression strength, axial deformation but also on 
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pH-value and electrical conductivity of its eluate. Depending on the results, sludge is cate-

gorised in classes O, I II or III, whereby a higher class is equating for more pollution and 

higher deposition costs. LAGA Guidelines prescribe the soil properties and maximal pollu-

tant content required for reuse of sludge, for example as filling material or in roads construc-

tion. 

The disposal costs depend significantly on the position of the construction site, since the 

deposition regulation differs internationally, or even locally from region to region. There has 

been a steady increase in deposition costs since the last years because the ecological re-

strictions are getting harsher and the demand for the new landfills is higher than the supply.  

Water 

Not only sludge, but also filtrate/centrate water need to be deposited. Deposition of filtrate 

or centrate water regulated with Water Resources Act (Wasserhaushaltgesetz - WHG) and 

local wastewater regulations. In principle, there are two ways do dispose filtrate/centrate 

water:  

 convey to waste water system or  

 to inshore waters.  

Depending on the water regulations and properties of filtrate/centrate water, a conditioning 

of the filtrate/centrate water is necessary in order to meet the requirements in regulations, 

such as pH-value, temperature and pollutants content. 

 Issues concerning conventional dewatering technology 

The challenges concerning conventional dewatering technology can be observed from eco-

logical and economical point of view. 

From the ecological point of view, the usage of CA and their ecological impact is disputable. 

Bidder (1997) analysed the wastewater treatment and searched for traces of coagulants 

based on Fe and Al in the wastewater treatment. The results showed that these coagulants 

have "only a minor influence" on the heavy metal concentrations in the centrate or filtrate 

water and in the sewage sludge (Paya, 2016: 37). 

However, the ecological impact of flocculants have not been sufficiently researched. They 

are released into the environment through the sludge and in some cases even through cen-

trate or filtrate water (Stowa, 1995). The dosage of flocculants depends on the density and 

charge of the used suspension. The fact that used suspension varies due to the change of 

subsoil along the tunnel makes the optimal dosing of flocculants difficult. So far, there is no 

evidence of an environmental impact from the disposal of sludge to which organic polymers 
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are attached. Nevertheless, the fact remains that flocculants are generally difficult to biode-

grade (Schumann & Friedrich, 1997; Imerys, 2014; Paya, 2016: 38). 

At an optimum dosage, the entire flocculant is bound to the sludge and disposed with it. 

However, practice and laboratory tests show that traces of flocculants get into the filtrate 

water if the sludge is overdosed or even if it is insufficiently dosed. This can be recognised 

by white colour and viscosity of the filtrate water, caused by polymer residue (Stowa, 1995; 

Paya, 2016: 38).  

To protect water bodies from substances that are hazardous to water it is required that sub-

stances and mixtures released into environment are classified for their water-hazardous 

properties. In Germany, classification is carried out on the basis of the Ordinance on facilities 

for handling substances that are hazardous to water (Verordnung über Anlagen zum Um-

gang mit wassergefährdenden Stoffen - AwSV, 2017): There are three water hazard classes 

(WGK): 

 slightly hazardous to water (WGK 1) 

 obviously hazardous to water (WGK 2) 

 highly hazardous to water (WGK 3) 

Furthermore, substances can be classified as non-hazardous to water or are deemed haz-

ardous to water in general. Substances that are currently not published with a WGK classi-

fication are regarded as not classified and have to be regarded as highly hazardous to water 

(WGK 3) for reasons of precaution. Facility operators are obliged to self-classify these sub-

stances according to Annex 1 of AwSV and to submit the WGK documentation to the Ger-

man Environment Agency (Umweltbundesamt) (Umweltbundesamt, 2018). 

In the Administrative Regulation on Water-Polluting Substances (Verwaltungsvorschrift was-

sergefährdende Stoffe – VwVwS), cationic polyacrylamides are classified in WGK 2 to 3 

depending on their ionic strength. Anionic and non-ionic polyacrylamides are classified in 

WGK 2.  

From an economical point of view, conventional dewatering technology has high investment 

and operational costs. The current price of a new modern centrifuge can amount up to ap-

prox. 600.000 EUR and of one chamber filter press 400.000 EUR (Paya, 2016: 39). The 

need for operating personnel is another critical aspect. The centrifuge can operate with a 

small number of operating personnel - the operating personnel from the separation plant 

also operates the centrifuge. In contrast, a chamber filter press sometimes requires addi-

tional operating personnel for emptying and cleaning the filter cloths. Power consumption, 

for both machines is almost identical (Paya, 2016: 40). 
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The costs of the CA must also be considered. According to construction site data, the prices 

of flocculants can reach up to 6,000 €/t. (Paya, 2016: 39). The conditioning costs are very 

variable as they depend on the varying properties of used suspension. 

An additional challenge with fine separation technology relates to the separation perfor-

mance and the dimensioning of the chamber filter press and centrifuge. While centrifuges 

operate continuously with a higher throughput than chamber filter presses (1.5 chamber filter 

presses can balance the throughput of a centrifuge), chamber filter presses achieve a higher 

separation efficiency than centrifuge. The sludge from the chamber filter press (filter cake) 

has a lower water content than that from the centrifuge. The quality of the filtrate water is 

usually also better than of the centrate water from centrifuge. (Paya, 2016: 39) 

As a conclusion, there is some obvious improvement potential of the current dewatering 

technology. The electrocoagulation as a new dewatering method could improve the current 

dewatering technology.  

  



32 3  Fundamentals of electrocoagulation (EC) 

 

 

 

 Fundamentals of electrocoagulation (EC) 

3.1 Introduction to EC 

Electrocoagulation (EC) is an electrochemical separation method for removing pollutants 

from aqueous solutions by applying electrical current. The simplest EC reactor consists of 

one EC cell with two electrodes and a power source. By connecting the electrodes to the 

power source, one electrode becomes positively charged (anode) and another becomes 

negatively charged (cathode). Anodes, usually made of metal elements or metal alloys, take 

part in the electrochemical reactions by dissolving and thus supplying the solution with metal 

ions. Therefore, they are called sacrificial anodes. The metal ions generated by electrodis-

solution of a sacrificial anode form various coagulant species, which destabilise and coagu-

late the solution.  

First patents describing this method date back to late 19th century. At the end of 19th century 

and the beginning of the 20th century, several plants for purification of waste and canal water 

were built in England and in the USA. By the 1930s they were abandoned due to high oper-

ational costs (Vik et al., 1984). 

This idea has recently been rediscovered. The latest research in wastewater treatment using 

EC has shown that it could be a competitive technology with the conventional coagulation 

process (Canizares et al., 2007, Elnenay et al., 2016). Smaller scale EC processes are con-

sidered as a reliable and effective technology (Holt et al., 2002). Even though the numerous 

advantages have been reported in the literature, industrial application of EC is not yet con-

sidered as an established wastewater technology. This is due to the lack of systematisation, 

standards and literature on several crucial subjects: standardisation of the EC cell design 

(Bharath et al., 2018), systematic models for reactor scale-up (Hakizimana et al., 2017), and 

general detailed technical literature on EC (Holt et al., 2002). Moreover, most of the opera-

tional parameters of EC are empirically optimised. Therefore, there is still a need of a sys-

tematic holistic approach to understand the fundamentals of EC process and its controlling 

parameters. This would enable a priori prediction of the treatment of various pollutant types 

(Holt et al. 2005, Sahu et al., 2014). 

Electrochemical reactions in the field of wastewater treatment can also be used to gain en-

ergy, e.g. in form of microbial fuel cells for sewage treatment plants. They use the chemical 

energy from the metabolism of the waste water constituents to convert it directly into usable 

electrical energy via electrochemical reactions. (Wichern et al., 2012) 
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3.2 Electrochemical processes during EC 

During EC process, there are generally three main processes occurring:  

 electrochemical reactions on electrodes and mass transfer  

 the formation of coagulants and gases 

 the destabilisation and the coagulation of particles 

 Electrochemical reactions on electrodes and mass transfer  

Fundamental electrochemical processes behind the EC are electrochemical reactions at the 

electrodes surface and mass transfer in the solution between the electrodes. Electrochemi-

cal reactions are heterogeneous chemical reactions which occur via a transfer of charge 

across the interface between the electrode and the solution (Walsch, 1993). The minimum 

requirements for those reactions are one cell with an aqueous solution, two electrodes (one 

anode and one cathode) and a power source. (Popovic et al., 2017) 

Upon connecting the electrodes to the power source, the electrodes become electrically 

charged. The negatively charged electrode is called a cathode and it supplies the electrons 

into the solution, causing reduction processes (see Equation 3-1):  

𝐸 + 𝑒− →  𝐸−                          (Eq. 3-1) 

where E represents a species (an atom, ion or a molecule) gaining an electron e-, thus 

reducing its oxidation state. 

The anode is the positively charged electrode. A reverse process to reduction, called oxida-

tion, occurs on its surface. Species E losses an electron e-, thus increasing its oxidation 

state (see Equation 3-2): 

𝐸 → 𝐸+ + 𝑒−                          (Eq. 3-2) 

If the anode is made of metal M, the reaction from Eq. 3-2 describes the electrodissolution 

of the anode, which creates coagulants in the form of metal cations (Eq. 3-3) 

𝑀(𝑠) → 𝑀(𝑎𝑞)
𝑛+ + 𝑛𝑒−                       (Eq. 3-3) 

The mass transfer represents the transfer of reactants and products to and out of the elec-

trode-solution interface. Together with above-mentioned electrochemical reactions, it is re-

sponsible for conduction of electricity through the solution in an EC cell (Hering et al., 2012). 

Mass transfer occurs through three processes: convection, diffusion and migration. While 

the convention is led by velocity and diffusion by a concentration gradient, migration is led 

by a potential gradient and it is thereby responsible for the passage of electrical current 

through the aqueous solution (Walsch, 1993). (Popovic et al., 2017) 
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 Formation of coagulants and gases 

The creation of the coagulant, described in Eq. 3-3, can be controlled by amount of applied 

electrical current. To explain this, the laws of Ohm and Faraday need to be introduced. 

Ohm’s law (Equation 3-3) defines the relationship between the electric current I [A], potential 

difference U [V], and resistance R [Ω]. 

𝐼 =  
𝑈

𝑅
                            (Eq. 3-4) 

Faraday's electrolysis laws quantitatively describe the relationship between charge quantity 

and electrochemical effects. The first law states that the mass of a substance released at 

the electrode is directly proportional to the amount of current passing through the electrolyte. 

The second law states that the masses of various substances released by the same amount 

of electricity are directly proportional to their chemical equivalent masses M/z. (Popovic et 

al., 2017). Both laws are summarized in Equation 3-5. 

𝑚 =  
𝑀∙𝐼∙𝑡

𝑧∙𝐹
                           (Eq. 3-5) 

with: 

𝑚    mass of the substance released at the electrode [g] 

𝑀    molar mass of the substance [g/mol] 

𝐼    electrical current [A] 

𝑡    time [s] 

𝑧    valence number of ions of the substance [-] 

𝐹    Faraday’s constant [96485 As/mol] 

Equation 3-5 can be used to estimate the amount of produced electrolysis gases (oxygen 

and hydrogen) and the mass of dissolved metal ions during the EC process. After inserting 

the molar mass and the valance in Eq. 3-5, the mass of the created substance is dependent 

only on amperage and duration of EC experiment. 

 Coagulation mechanisms during EC 

EC can produce similar effects as chemical coagulation. Electrical current dissolves sacrifi-

cial anodes, which metal ions act as destabilisation and coagulation agents. Depending on 

the pH of the solution, these ions can build complex structures with hydroxide ions (Garcia-

Segura et al., 2017). 
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Electrokinetic behaviour of particles  

When an electric field is applied to a solution containing small particles, ultramicroscopic 

observation shows that the particles move toward one of the electrodes. If the polarity of the 

field is reversed, the particles change direction and move to the other electrode. (van Ol-

phen, 1963). The positive ions get attracted from the cathode while the negative ions move 

to the anode. 

Electrokinetic behaviour of a particle should represent an average of basal surface and edge 

surface properties. (Greenwood et al., 2006). As explained in chapters 2.2.5 and 2.2.6, clay 

particles like kaolin and bentonite possess on overall a negative surface charge, since their 

edge charge does not contribute much to the total charge. The particles that do not possess 

a surface charge acquire it when in water, and this charge is in most of the cases negative. 

Therefore, all particles in an used bentonite suspension move to the anode during EC. 

Destabilisation of particles 

The basics of coagulation of particles in the suspension are explained in chapter 2.3. 

According to the DLVO theory, the addition of electrolytes destabilises the colloidal suspen-

sion by reducing the repulsive forces between the particles, which makes the coagulation of 

particles possible. Destabilisation does not influence collision rate of the particles but it im-

proves collision efficiency (Gregory, 2006: 129). 

Electrolytes are, in the case of EC, the dissolved ions and its compounds created by elec-

trodissolution of the anode. They reduce the repulsive forces between the particles, allowing 

the attractive forces to overcome and result in the coagulation of particles upon collision. 

Coagulation mechanisms 

However, DLVO theory cannot fully explain these complex processes because interactive 

forces other than electrostatic repulsion (e.g.: hydration, hydrophobic interactions…) also 

influence colloids stability (Hubbard, 2002; Santo et al.,2012; Garcia-Segura et al., 2017). 

The exact mechanisms of destabilisation and coagulation during EC are still researched and 

discussed up to date. There is no mutual consent between the researches as to which mech-

anisms occur in which situations. Some of the mechanisms which emerge more often in 

discussions are described in following: 

 The compression of the double layer of a colloidal particle or charge neutralisation 

(DLVO theory): caused by interactions of the particles with the metal cations gener-

ated from electrochemical dissolution of the sacrificial electrodes. This is one of the 

most common mechanisms. The metal cations act as charge shielding and reduce 

the thickness of the double layer (Hakizimana et al., 2017; Garcia-Segura et al., 
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2017). This reduces the repulsive forces between particles, allowing them to come 

closer and eventually coagulate by collision. 

 Adsorption of metal ions onto the surface of charged colloidal particles.  

 Sweep coagulation (enmeshment mechanism or colloids entrapment): hydroxide pre-

cipitates entrap the colloidal particles that are in water/wastewater. This mechanism 

requires a significantly high dosage of coagulant in solution (Garcia-Segura et al., 

2017. 

 In the complexation, pollutant acts as a ligand. It is coordinated to the metallic centre 

and precipitates within the coagulant floc (Garcia-Segura et al., 2017). 

The actual coagulation mechanism depends on the pollutant nature (size, charge, hydro-

phobicity…), the coagulant type and its dosage, the electrode material and the operating 

parameters of EC (especially electrical current). Different mechanisms could coexist simul-

taneously (Hakizimana et al., 2017; Garcia-Segura et al., 2017)  

 

Figure 18: Pollutant removal mechanisms (Garcia-Segura et al., 2017) 

3.3 Factors effecting EC 

EC is a complex process with a variety of mechanisms that act synergistically to remove 

pollutants from water. In the literature, there are many opinions on key mechanisms, control 

parameters and reactor configurations. Typically, empirical studies on EC are conducted to 

define major operating parameters for broad classes of water pollutants (Sahu et al., 2014). 

There is a wide variety of opinions in the literature about the best cell configuration. Mollah 

et al. (2001) and Chen (2004) described six typical configurations for industrial EC-cells and 
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report their respective advantages and disadvantages. However, there is no dominant cell 

design in use (Holt et al., 2002). The optimal cell design is one of many parameters that are 

usually empirically determined in every research, since there is a lack of literature explaining 

the effect of the cell design. 

The electrode surface area to volume ratio (A/V) is considered to be a significant scale-up 

parameter (Sahu et al., 2014). Electrode area influences surface current density and energy 

consumption. According to Mameri et al. (1998), as the A/V ratio increases, optimal current 

density decreases. Moreover, parameters such as EC cell operation type (continuous or 

batch), cell geometry, electrode connection modes and electrode distance have to be opti-

mised to design an efficient EC cell (Sahu et al., 2014). 

The parameters described in sections 3.3.1 - 3.3.11 influence the efficiency of an EC pro-

cess. They can be divided in three groups: design, operational and solution parameters 

(Table 7). Design parameters are fixed upon the construction of an EC cell and cannot be 

changed later. During a research and development phase of a new EC cell, it is better to 

have as few fixed parameters as possible. Operational parameters are those which can vary 

in parametric studies. Many of the parameters cannot be assigned to just one of these of 

those two groups, because in some EC reactors they are fixed by design and is others they 

can be changed between or during the experiments. Solution parameter are specific elec-

trochemical properties of the solution. Many researches adjust some of solution properties, 

like pH value and electrical conductivity of the solution, in order to reach better results. 

Therefore, pH value and electrical conductivity can be assigned to both solution and opera-

tional parameters. The parameters from Table 7 are explained in following subchapters. 

Table 7: Factors effecting EC divided in three groups of parameters 

 
Electrode 
material 

Current 
density 

Electrode 
gap 

Electrode 
connection 

modes 

Electrical 
current 

type 

pH 
value 

Experi-
ment du-

ration 

Design 

parameter 
x  x x x   

Operational 

parameter 
x x x x x x x 

Solution  

parameter 
     x  

 
Tempera-

ture 

Electrical conductivity 
and supporting elec-

trolyte 

Flow state of the  
Solution 

Pollutant  
concentration 

Design 

parameter 
  x  

Operational 

parameter 
 x x  

Solution  

parameter 
x x  x 
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 Electrode material 

The electrodissolution of the anode supplies the suspension with electrolytes. Their type 

and valence has a major role in destabilization and coagulation of the suspension (chapter 

2.2.5). 

Ghernaout et al. (2011) summarized the criteria for the selection of the electrode material 

as follows: 

 The material must oxidise electrolytically and dissolve in water. This criterion limits the 

candidate materials to metals. 

 The material should have high utilisation value, which leads to low residual concen-

trations of the coagulants in the treated solution. 

 The material should have high electrical conductivity. 

 The material should be inexpensive and easy to acquire. 

 The material must not be toxic. 

The literature on EC reveals that iron and aluminium are the most used electrode materials. 

They have been widely used in EC cells because of their low price, availability, non-toxicity 

and high valence of their ions. (Hakizimana, 2017). The EC systems with those materials 

have proved to be very effective (Canisarez et al., 2007). Moreover, according to Verma et 

al. (2012), aluminium and iron chloride salts are the most used coagulants in the conven-

tional chemical coagulation treatment of wastewater. Therefore, the use of iron and alumin-

ium ions to destabilise and coagulate pollutants in water is an established practice both in 

chemical coagulation treatment and in EC treatment. 

Iron electrodes  

When iron or steel are used, the anode supplies the suspension with Fe2+ and/or Fe3+ ions, 

as follows: 

𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−                        (Eq. 3-5) 

𝐹𝑒 → 𝐹𝑒3+ + 3𝑒−                        (Eq. 3-6) 

These ions can react with hydroxide ions and create diverse iron species, depending on the 

pH of the solution. Figure 19 presents the predominance-zone diagrams (PZD) of iron and 

its hydro-complexes as a function of the pH value of the solution. PZD show which species 

will be dominant at a certain concentration and pH value. On the ordinate, pFe(x)  stands 

for the negative logarithm of the Fe(x) concentration.  

Not all of the species from Figure 19 are equally good as coagulating agents. Among all 

Fe(II) species, Fe(OH)2 is considered to be the best coagulating agent, and among Fe(III) 
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species, it is Fe(OH)3. As presented in Figure 19b), Fe(OH)3 is the only Fe(III)-species in 

solution when the pH is in the range of 6.2 - 9.6. (Garcia-Segura et al., 2017) 

 

Figure 19: Predominance-zone diagrams for (a) Fe(II) and (b) Fe(III) chemical species in aqueous 

solution. The straight lines represent the solubility equilibrium for insoluble Fe(OH)2 and Fe(OH)3, 

respectively, and the dotted lines represent the predominance limits between soluble chemical species 

(Martinez-Huitle & Brillas, 2009)  

Aluminium electrodes 

In the case of EC with aluminium anodes, the electrodissolution of the anode produces alu-

minium cations, as presented in equation 3-7. These cations can form various species in an 

aqueous medium. Figure 20 presents predominance zones for different aluminium species, 

with the pH value on the abscissa and the logarithm of Al(III) concentration on the ordinate. 

In the usual pH-range of bentonite suspensions (pH 6-10), the possible Al(III) species are 

Al(OH)3(s), Al(OH)4
-and Al(OH)3(aq). According to Garcia-Segura et al. (2017), Al(OH)3 is con-

sidered to be the best coagulation agent among all aluminium species. 

𝐴𝑙 → 𝐴𝑙3+ + 3𝑒−                        (Eq. 3-7) 

For both aluminium and steel (or any other electrode material), water reduction occurs on 

the cathode, as presented in Eq. 3-8:  

3𝐻20 + 3𝑒− →
3

2
𝐻2 + 3𝑂𝐻−                    (Eq. 3-8) 

When electrocoagulation is performed with aluminium electrodes, additional chemical reac-

tions can take place. Several researchers have reported chemical dissolution of aluminium 

cathode during electrocoagulation (Canizares et al., 2007, Mouedhen et al., 2008) or even 

after the electricity is turned off (Picard et al, 2000). This occurs at alkali medium due to the 

chemical reaction of OH- ions produced during reduction of water (Eq 3-8), with the alumin-

ium cathode, as presented in Eq 3-9: This chemical reaction has not been reported for iron 

cathodes. 
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2𝐴𝑙 + 6𝐻2𝑂 + 2𝑂𝐻− → 2𝐴𝑙(𝑂𝐻)4
− + 3𝐻2               (Eq. 3-9) 

Kobya et al. (2006) claimed that similar chemical reaction can also take place at acidic me-

dium (Eq. 3-10): 

2𝐴𝑙 + 6𝐻+ → 2𝐴𝑙3+ + 3𝐻2                     (Eq. 3-10) 

It has to be emphasized that the reactions from Eq 3-9 and 3-10 are chemical reactions of 

aluminium in alkali or acidic medium. They are not directly caused by electricity flow through 

the cell and cannot be calculated with Faraday’s law. 

 

Figure 20: Predominance-zone diagram of Al(III) ion (Brown & Eckberg, 2016)  

Other materials 

Besides iron or aluminium electrodes, electrocoagulation can also be performed with other 

metals. All materials with a specific resistance from 10-6 Wcm to 10-4 Wcm can be used as 

electrodes (Walsch, 1993). Sacrificial anodes made of arsenic (As), barium (Ba), brass 

(CuZn), cadmium (Cd), caesium (Cs), calcium (Ca), chromium (Cr), cooper (Cu), magne-

sium (Mg), platinum (Pt), silicon (Si), silver (Ag), sodium (Na), strontium (Sr), titanium (Ti), 

and zinc (Zn) can be found in the literature (Kirmaier et al., 1984; Patermarakis et al., 1990; 

Mickley, 2009, Verma, 2017). However, disadvantages of other materials (besides Al and 

Fe) are either their high price, low valence or toxicity. As mentioned in chapter 2.2.5, the 

critical coagulation concentrations (ccc) for monovalent, divalent and trivalent electrolytes 

are in the ratio of 1 : 0.016 : 0.0014. Considering this ratio, divalent materials like zinc, mag-

nesium or cooper need to have around 11.5 times higher concentration in a solution to pro-

duce similar effects as aluminium. In order to produce this concentration, more material is 

required and higher amounts of electrical energy need to be consumed. 
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Aluminium or iron? 

A great deal of previous research into EC has focused on the effect of electrode material on 

the EC treatment in terms of pollutant removal efficiency, ecological concerns, and econom-

ical aspects. Aluminium and iron are to date the most tested and discussed materials, and 

a number of authors have compared their advantages and disadvantages. Chen et al. (2000) 

and Canisares et al. (2007) have reported that iron electrodes can be oxidized easily when 

the cell is not in use, which leads to problems with corrosion. They suggest the use of alu-

minium in the processes that are not continuous in time. Moreover, the use of iron as the 

electrode materials brings additional problem because of the colour of Fe(III) salts 

(Canisares et al., 2007). Recently, Nariyan (2017) has reported that aluminium electrodes 

were more efficient than iron electrodes for the removal of metals from mine water.  

A combination of iron and aluminium electrodes in the same cell is also possible and has 

been reported in the literature (Valero et al., 2008; Malakootian & Yousefi, 2009; Nouri et 

al., 2010, Verma, 2017). For example, a combination of iron cathode and aluminium anode 

can be used in order to avoid additional chemical dissolution of aluminium cathode in alkali 

medium and thus to have a better control of the amount of coagulants created. With this 

combination, the anode would provide the solution with aluminium ions through electrodis-

solution and the cathode would not dissolve. However, Canisares et al. (2007) recom-

mended the usage of the same materials for all electrodes, since this allows reversing of the 

polarity in the cell, which helps to reduce the problems arising from a deposition of carbonate 

layers on the surface of the cathodes and passivation of the anodes. 

 Electrical current and current density 

Various cells with electrodes of different shape and size can be found in the EC literature. 

Therefore, there are two standardized terms which enable the comparison between electri-

cal current in different research. The first one is the surface current density [A/m2], defined 

as the ratio of electrical current to electrode surface area. The second one is the volumetric 

current density [A/l] defined as the ratio of electrical current to the volume of the treated 

suspension. In this thesis, the volumetric current density is referred to as current density. 

The electrical current is the key operating parameter of the electrocoagulation process. The 

effect of current is well known – according to Faraday’s law (Eq. 3-5), the more electrical 

current flows through the system, the more metal ions will dissolve from the anode, which 

decreases the suspension stability and improves the coagulation of the particles. Moreover, 

more hydrogen will be produced at the cathode. 

Sahu et al., 2014 recommended a surface current density to be in the range of 20-25 A/m², 

in order for the EC system to operate with minimum maintenance.  
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 Electrode gap 

The distance between the electrodes affects the electrical energy consumption and electro-

chemical reactions during the process. In an electrocoagulation cell, the solution to be 

treated acts as an electricity conductor between the electrodes. The resistance of any elec-

trical conductor is proportional to its length l [m] and inversely proportional to its cross-sec-

tional area A [m2] and K [W-1m-1], the specific electrical conductivity of the material (Eq. 3-

12). 

𝑅 =
𝑙

𝐴∙𝐾
                           (Eq 3-12) 

An increase of the distance between the electrodes increases the length of the conductor, 

while the other two parameters do not change. As a result, the resistance increases and 

higher voltage is required to obtain a certain current density (Ohm’s law Eq. 3-4). This in-

creases power consumption, which can be calculated with the following equation:  

𝑃 = 𝐼 ∙ 𝑈 ∙ 𝑡                          (Eq 3-13) 

with: 

𝑃    power consumption [kWh] 

𝐼    electrical current [A] 

𝑈    voltage [V] 

𝑡    time [h] 

Significate energy savings can be achieved by keeping a small distance between the elec-

trodes. (Sahu et al., 2014). Aswathy et al., 2016 performed a series of test at 1 cm, 3 cm 

and 5 cm electrode gap and observed a current of 0.62 A, 0.35 A and 0.21 A, respectively. 

They concluded that the increased current at lesser electrode gaps increased the EC effi-

ciency. However, short distance between the electrodes can cause lower removal efficiency 

of the pollutants from water (Garcia-Segura et al., 2017), when performing the test with the 

identical amperage. The optimal distance varies for different solutions and it is therefore 

often empirically determined.  

 Electrode connection modes 

In its simplest form, an electrocoagulation cell consists of one anode and one cathode. How-

ever, one electrocoagulation cell can have more than one pair of electrodes. Some research-

ers even recommend more electrode pairs in order to reach higher pollutant removal effi-

ciency (Szynkarcuk et al., 1994; Chen et al., 2000; Holt, 2002, Kobya et al., 2003; Paya, 

2016). When there is more than one electrode pair in the cell, the way the electrodes are 
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connected affects the removal efficiency and energy consumption of the electrocoagulation 

process. The most typical connection modes are monopolar electrodes in series (MP-S) or 

parallel connection (MP-P) and bipolar electrodes (BP) (Kobya et al., 2003, 2007 & 2011; 

Sahu et al., 2014, Garcia-Segura et al., 2017). In monopolar connection mode, each elec-

trode is either completely positive charged (anode) or completely negative charged (cath-

ode). The difference between the parallel and series connection is shown in Figure 21. In 

parallel connection mode, electrodes of the same sign are directly connected to each other 

and to the power source. In series connection mode, the inner electrodes are connected to 

each other in pairs and only the outer electrodes are connected to the power source. In the 

bipolar arrangement, the inner electrodes are neither connected to each other nor to the 

power source. They possess both polarities, one on each side. 

Among all these connection modes, there is no clear preference in the literature. However, 

monopolar electrodes in parallel circuit present generally lower operational costs (Garcia-

Segura et al., 2017). 

 

Figure 21: Three most typical electrode connection modes: a) monopolar electrodes in parallel 

connection (MP-P), b) monopolar electrodes in series connection (MP-S), c) bipolar electrodes (BP-S) 

(Kobya et al., 2007) 

 Electrical current type 

Direct current (DC) is typically used in EC systems. However, there are some reports of 

alternating current (AC) and DC with polarity reversal modes being used. Vasudevan & Lak-

shmi (2011) tested AC and observed a similar pollutant removal efficiency and a slightly 

lower energy consumption in the comparison to DC mode. Some authors like Nikolaev et al. 

(1982), Chen and Hung (2007) and Eyvaz et al. (2009) recommend polarity reversal during 
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the process in order to increase efficiency by reducing the passivation of electrodes (Sahu 

et al., 2014). Passivation of the electrodes is a term used to describe the generation of metal 

oxides, carbonates and hydroxides on the electrodes surface (Nikolaev et al. 1982, Mar-

riaga-Cabralesa & Machuca-Martinez, 2014). This layer requires a higher voltage at the be-

ginning of the experiment in order to be destroyed (Ostermann, 2007). It increases electrode 

resistance, cell voltage and thus the operation costs (Mechelhoff et al., 2013), but also the 

EC efficiency is significantly reduced (Eyvaz et al., 2009).  

Paya (2016) has tested polarity reversal during the electrocoagulation treatment of bentonite 

suspension in order to remove the particles that coagulate on the anode during the process. 

However, the electrical method of cleaning the anode proved to be less efficient than other 

methods tested.  

 pH value 

The pH value of the solution to be treated is one of the key parameters of EC treatment. 

Sahu et al. (2014) have summarized that it affects five following parameters: 

 total interaction energy between the particles (chapter 2.2.5) – decrease of pH 

value decreases the repulsive forces between the particles 

 zeta potential (chapter 2.2.6) - decrease of pH value decreases the zeta potential  

and thus the suspension’s stability 

 Speciation of hydroxides (Figure 19 and Figure 20) - species Al(OH)3(s) for Al(III) 

and Fe(OH)3(s) Fe(III) are preferred coagulant agents. Therefore, neutral and al-

kaline media provide the best conditions for EC 

 Dissolution of electrodes – acidic and alkali pH values cause a chemical dissolu-

tion of aluminium cathode. (Eq. 3-9 & 3-10) 

 conductivity of the solution 

Moreover, the pH value can vary during the EC treatment, making it a constantly changing 

parameter.  

 Experiment duration 

The effect of the experiment duration can be explained with the Faraday’s law (Eq. 3-4). 

Experiment duration together with electrical current defines the ampere-hours (Ah) invested 

in production of a coagulating agent through electrodissolution of the anode. Longer exper-

iment duration leads to more coagulating agent produced and consequently to higher re-

moval efficiency of the pollutant from the solution. However, the removal efficiency does not 

necessarily increase linearly with the experiment duration. Moreover, it is possible to pro-
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duce an above-optimum concentration of metal ions, which could even turn the zeta poten-

tial of particles in the suspension to positive values. This could re-stabilise the suspension, 

since the particles would again have same sign charge (this time positive) and the repulsive 

forces could be dominant again. Holt et al. (2002) reported such a case. They were treating 

a 1 g/l kaolin clay suspension with EC and found that the zeta potential rose from initial value 

of ca. -50 mV to +20 mV after approximately 25 minutes of treatment with a constant current 

of 0.5 A. This can happen also with CA, not only with EC. Kim and Lawler (2005) observed 

that the zeta potential of silica particles continuously increased with an increase in aluminium 

sulphate dosage during conventional conditioning, from an initial value of -70 mV to +67 mV 

at a dose of 5 mg/l. IEP was reported at the aluminium sulphate concentration of approxi-

mately 0.6 mg/l. As expected, the best solids removal efficiency was achieved at zeta po-

tential of the particles close to 0 mV.  

The duration of the electrocoagulation treatment also affects the pH of the solution (Abdel-

Gawad et al., 2012) and can therefore affect the metal species being produced at the anode 

and the chemical dissolution of the cathode. Moreover, the conductivity of the solution and 

the amount of the coagulated particles on the anode change with time.  

For above-mentioned reasons, an optimal electrocoagulation treatment duration is usually 

empirically determined for each solution to be treated. 

 Temperature  

Research has been inconclusive about the effect of solution temperature on the electro-

coagulation process and the removal of the pollutants from the solution. Yilmaz et al. (2008) 

and Vasudevan et al. (2009) found that an increase in temperature improved the removal 

rate of the pollutants. However, Kazal & Pahlavanzadeh (2011) and Chen (2004) reported 

a negative effect of increased temperature on removal efficiency. It is possible that the effect 

of the temperature depends on the pollutant itself. (Sahu et al., 2014) 

By studying the stability of silica suspensions, Metin et al. (2011) reported that increase of 

the suspension’s temperature from 25°C to 70°C decreased ccc. This finding leads to the 

conclusion that the same amount of coagulating agents produced by electrodissolution of 

the anode should be more effective at higher temperatures than at lower temperatures. A 

possible explanation for this discovery is that the increase of kinetic energy of the particles 

increases the particles collision rate, thus making them coagulate faster when the suspen-

sion is destabilised. 



46 3  Fundamentals of electrocoagulation (EC) 

 

 

 

 Electrical conductivity and supporting electrolyte 

Electrical conductivity of the solution to be electrocoagulated is inversely proportional to the 

cell voltage needed to obtain a certain current density. Solutions with higher conductivity 

therefore allow higher maximal currents for the same voltage. In other words, an intended 

current can be reached with lower voltage, and thus with lower energy consumption, if the 

solution has higher electrical conductivity. Therefore, many researchers add NaCl as a sup-

porting electrolyte to the solution to be treated in order to increase the conductivity and lower 

the cost. The addition of NaCl not only improves the conductivity but can also contribute to 

water disinfection (Wong et al., 2002) and decreases the zeta potential of the particles (Zbik 

et al., 2014), thus contributing to the destabilisation of the suspension. Utilising this phenom-

enon, Elnenay et al. (2016) reported an increase of removal efficiency by an addition on 

NaCl in the solution in experiments with the same electrical current. With the addition of 

more NaCl, high removal rates were achieved earlier in the experiment, which means that 

the addition of NaCl can even shorten the experiment duration. Holt et al. (2005) therefore 

recommended addition of at least 200 mg/l of NaCl to improve the efficiency of water treat-

ment with EC (Sahu et al., 2014).  

Besides chlorides, other electrolytes like sulphates and nitrates can also positively influence 

EC processes. However, chlorides are preferred due to their corrosive power, which pro-

motes dissolution of the anode and thus the creation of coagulants. The voltage required for 

the electrodissolution of the anode is lower in the presence of chloride than for sulphate or 

nitrate electrolytes. However, chlorides cause localised corrosion of the anode, meaning 

that some parts of the anode stay smooth while others have holes. Conversely, sulphates 

cause uniform corrosion while nitrates cause crevice corrosion. (Hu et al., 2003, Lin et al., 

2010, Garcia-Segura et al., 2017). Chlorides are also advantageous because they can break 

the passivating layers at the anode through the mechanism of pitting corrosion. (Marriaga-

Cabralesa & Machuca-Martinez, 2014). 

Also in the area of microbial fuel cell was determined that the increased temperature and 

electrical conductivity increase the power density of the process (Hiegemann, Wichern, et 

al., 2016). 

 Flow state of the solution 

A solution in the EC cell can be in an idle state or flow state. Movement of the suspension 

during the EC treatment improves the distribution of the electrolytes in the solution (Walsch, 

1993). The flow can be characterized as continuous or discontinuous as well as turbulent or 

laminar flow. In contrast to laminar flow, turbulent flow can contribute to reducing or avoiding 

the accumulation of particles at the anode (Donini et al., 1994). (Paya, 2016) 
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 Pollutant concentration 

The initial pollutant concentration in the solution is another parameter that affects the effi-

ciency of the EC treatment. When increasing the pollutant concentration but keeping the 

same electrical charge (Ah), the amount of the coagulant generated through electrodissolu-

tion of the anode will not change, but there will be more particles which need to be destabi-

lised in order to coagulate. In that case, an increase in the pollutant concentration decreases 

the pollutant removal efficiency. Therefore, either more electrical current or longer EC dura-

tion are necessary to reach the required pollutant removal efficiency by increased pollutant 

concentrations (Bharath et al., 2018). 

3.4 Comparison between chemical coagulation and electrocoagulation 

EC offers an alternative to usage of chemical coagulants and flocculants like metal salts, 

polymers or polyelectrolytes (Sahu et al., 2014). Many publications about EC include dis-

cussion about the advantages and disadvantages of EC in comparison to chemical coagu-

lation. However, reported pros and cons of EC are often generalized and sometimes even 

contradictory. In this subchapter, only those advantages and disadvantages that could apply 

for EC of bentonite suspensions with aluminium or iron electrodes are discussed. 

From a technical perspective, conventional chemical coagulation consists of direct dosing 

of coagulants into the wastewater, which reduce the electrical repulsion forces that prevent 

the coagulation of particles. Hydrolysing metal salts of Fe3+ or Al3+ like ferric chloride (FeCl3) 

and aluminium sulphate (Al2(SO4)3) are commonly used as coagulant agents. Metal salts 

dissociate in solution and leave salt anions like Cl- as by-products, which acidify the solution. 

Moreover, chemical conditioning requires flocculants. 

By contrast, EC consists of the in situ generation of coagulants by electrodissolution of the 

anode material (Canizares et al., 2007, Marriaga-Cabralesa & Machuca-Martinez, 2014). 

Metal cations produced this way do not bring any salt anions with them and the pH of the 

solution usually stabilises in the alkaline range. (Holt et al. 2002). EC creates oxygen and 

hydrogen gases as by-products of electrolysis (subchapter 3.1). However, these by-prod-

ucts can be considered useful. Hydrogen is a source of clean energy and thus it could be 

reused to create energy, reducing the total energy expenditure of the process.  

From an economics perspective, Kobya et al. (2007) compared chemical coagulation and 

EC in terms of pollutant removal and operating costs for the treatment of textile wastewater. 

Various direct and indirect cost items including electricity, sacrificial electrodes, labour, 

sludge handling, maintenance and depreciation costs have been considered in the calcula-

tion of the total cost. As a result, the EC had lower operational costs than the chemical 
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coagulation with similar removal efficiency. However, the exact equation of cost calculation 

has not being published. 

From an ecological perspective, chemical coagulation has several disadvantages in com-

parison to EC. The conventional dewatering of used bentonite suspensions in chamber filter 

presses and centrifuges requires the use of inorganic additives to regulate the pH value of 

the suspension as well as coagulants and flocculants to support the separation process. 

Some of these chemicals might be harmful to the environment (Luckert, 2004). The risk of 

overdosing is always present, as the dosing of chemicals is difficult to estimate and control. 

A further disadvantage is the quality of the separated water obtained in the process – it 

usually does not fulfil the requirements to be disposed of in the sewage water system without 

further treatment.  

EC, on the other hand, significantly reduces the risk of overdosing. The coagulant is pro-

duced constantly during the process. Its quantity is controlled by the current and treatment 

time and is therefore easily adjustable. In addition, Mollah et al. (2001) reported that the 

sludge produced by EC tends to be easily dewatered.  

Some of other commonly reported advantages are: 

 Aluminium ions created by electrodissolution of the anode are more effective than 

aluminium ions introduced by chemical coagulation in the form of aluminium sulphate 

in the solution. (Ghernaout et al., 2011) Since coagulants are directly electrogener-

ated, competing anions like chloride or sulfate ions are not introduced in the solution. 

This fact allows maximum adsorptive removal and improves the pollutant removal 

(Garcia-Segura et al., 2017). Therefore, a smaller amount of chemicals is required to 

reach a required removal efficiency. (Marriaga-Cabralesa & Machuca-Martinez, 

2014; Garcia-Segura et al., 2017). Moreover, lower metal residuals are obtained 

(Marriaga-Cabralesa & Machuca-Martinez, 2014); 

 EC prevents the formation of chlorides, producing an effluent with a higher quality 

than chemical coagulation (Mamelkina et al., 2017). Moreover, the amount of residual 

total dissolved solids (TDS) is lower as compared with chemical treatments. If this 

water is reused, this contributes to a lower water treatment cost. (Marriaga-Cabralesa 

& Machuca-Martinez, 2014, Bharath et al., 2018).  

 pH control is not necessary, except for extreme values (Marriaga-Cabralesa & Ma-

chuca-Martinez, 2014; Garcia-Segura et al., 2017). 

 The operating costs are much lower than conventional technologies (Marriaga-Ca-

bralesa & Machuca-Martinez, 2014; Garcia-Segura et al., 2017); 

 There are no additional chemicals required in EC process. (Bharath et al., 2018:) 

 More environmentally friendly than other methods (Song et al., 2017) 
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However, there are also several reported disadvantages: 

 The possible anode passivation or/and sludge deposition on the electrodes can in-

hibit the electrolytic process in continuous operation mode (Garcia-Segura et al., 

2017). Those processes together with deposition of hydroxides of calcium, magne-

sium, etc., onto the cathode lead to increased resistance of the electrodes surface 

and thus to overvoltages, which increase power consumption. However, overvoltages 

can be reduced by using alternate current (AC) or alternating pulses of direct current 

(DC), varying the period of polarization (Eyvaz et al., 2009, Garcia-Segura et al., 

2017). 

 High concentrations of iron and aluminium ions can be present in the effluent, which 

prohibit its direct release to the environment. (Marriaga-Cabralesa & Machuca-Mar-

tinez, 2014) Thus, a post-treatment is required to reduce the concentration of ions 

after EC treatment in order to meet the environmental regulations (Garcia-Segura et 

al., 2017)  

 The sacrificial anodes are consumed during the EC process and must be replaced 

periodically. (Garcia-Segura et al., 2017; Bharath et al., 2018) 

 High conductivity of the suspension is required for EC treatment. (Marriaga-Ca-

bralesa & Machuca-Martinez, 2014; Bharath et al., 2018) The voltage drop over a 

suspension caused by its resistance can be minimized if the conductivity of the sus-

pension is increased by using a support electrolyte like NaCl.  

3.5 Safety precautions 

Two aspects define work safety during EC treatment (Paya, 2016: 58): 

 Assessment of the danger from an explosive atmosphere caused by hydrogen  

 Electrical safety measures  

 Hydrogen  

Depending on the amount of hydrogen created by the electrocoagulation treatment and the 

installed ventilation system in the surrounding area, an explosive atmosphere can be gen-

erated. Three basic requirements must be met for an explosion to occur: sufficient explosive 

substance, sufficient oxidizer and ignition source.  

Every explosive gas has a lower and upper explosive limit (LEL and UEL), with an explosive 

range between LEL and UEL. Limits are expressed as volume percentage of gas in air at 

25°C and atmospheric pressure. At a concentration lower than the LEL, there is not sufficient 

explosive substance to cause an explosion. At a concentration higher than the UEL, there 

is not enough oxidizer (oxygen) to support an explosion. At a concentration between the 
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LEL and UEL, the atmosphere is considered explosive and the only remaining requirement 

is an ignition source. Hydrogen has an LEL of 4% and a UEL of 78%. (AGBF, 2008).  

European norms EN 1127-1:2011 and prEN 1127-1:2017 specify methods for the identifi-

cation and assessment of hazardous situations leading to an explosion and general design 

and construction methods to help achieve explosion safety. Required safety is achieved by 

risk assessment and risk reduction methods.  

The risk assessment shall be carried out for each individual situation in accordance with EN 

ISO 12100 and EN 15198, with the following steps (prEN 1127-1:2017): 

a) Identification of explosion hazards and determination of the likelihood of occurrence of a 

hazardous explosive atmosphere; 

b) Identification of ignition hazards and determination of the likelihood of occurrence of po-

tential ignition sources; 

c) Estimation of the possible effects of an explosion in case of ignition; 

d) Evaluation of the risk and whether the intended level of protection has been achieved 

If the intended level of protection is not achieved, risk must be reduced. Two fundamental 

principles of risk reduction are prevention and protection. Prevention can be achieved either 

through avoidance or reduction of explosive atmospheres and/or through avoidance of any 

possible ignition source. Protection, on the other hand, means accepting that explosion will 

occur and limiting the range and damage to a sufficient level by protection methods (prEN 

1127-1:2017).  

One possibility for prevention by avoidance or reduction of explosive atmospheres is adding  

an inert gas such as nitrogen to dilute the atmosphere. The principle is simple: by raising 

the concentration of nitrogen, the concentration of oxygen in the atmosphere will fall under 

the level required to support an explosion. (Figure 22).  
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Figure 22: Explosive range of hydrogen/nitrogen/air mixtures (Schröder, 2002) 

However, this method can be very expensive in larger scale EC cells. Sufficient amounts of 

nitrogen should be always available. Another technical possibility for prevention by avoid-

ance or reduction of explosive atmospheres is installing a sufficient ventilation system, which 

would assure that the amount of hydrogen never reaches the LEL.  

Prevention through avoidance of any possible ignition source could be a complicated task 

for the EC process. Among all possible ignition sources described in prEN 1127-1:2017, the 

ones that are possible / conceivable during EC experiments are:  

 hot surfaces; 

 mechanically generated impact,  

 friction and grinding;  

 stray electric currents and static electricity. 

The norm specifically addresses the use of aluminium as an electrode material: “If parts of 

a system able to carry stray currents are disconnected, connected or bridged - even in the 

case of slight potential differences - an explosive atmosphere can be ignited as a result of 

electric sparks and/or arcs. Moreover, ignition can also occur due to the heating up of these 

current paths. When impressed current cathodic corrosion protection is used, the above-

mentioned ignition risks are also possible. However, if sacrificial anodes are used, ignition 

risks due to electric sparks are unlikely, unless the anodes are aluminium or magnesium.” 

This had s significant influence on the design of the EC prototype (chapter 6). 
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Due to Eq. 3-9 and 3-10, it is essential to consider the quantity of gases not only by means 

of a theoretical calculation using Faraday's law (Eq. 3-4), but also by performing an experi-

mental measurement. 

 Electricity 

The second safety aspect relates to electrical work. Due to the effects of electric current on 

the human nervous and muscle system, all equipment must provide measures to protect 

against direct contact with live parts and also against indirect contact (BGI 519, 2009). Due 

to the fact that EC is usually performed with DC, only safety aspects of working with DC are 

presented here. Figure 23 shows the effects of DC on the human body, which are dependent 

on the flow duration t and the current through the body IB, whereby current path is from the 

left hand to the feet. From DC-2 onwards, slight involuntary muscle contractions can occur, 

but will not cause harmful physiological effects. Strong involuntary muscle contractions can 

occur with increasing current and flow duration (DC-3). In the DC-4 range, the probability of 

pathophysiological effects on the heart increases. DIN VDE 0100-200 also defines low volt-

age as the maximum voltage where protection against electric shock is ensured. This is 

achieved through the use of a permanently permissible contact (Kiefer & Schmolke, 2011). 

For DC, the low voltage is 120 V (Paya, 2016: 59-60). 

Protective measures must be taken during EC. The basic rule of electrical safety is that live 

parts must not be touchable. This means that the cell and especially the electrodes must be 

avoided at all times during EC. In addition, insulating gloves and shoes must always be worn 

as effective protection against dangerous live currents (Paya, 2016: 60). 

 

Figure 23: Effects of direct electrical current on the human body (BGI 519, 2009)  
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 Implementation of electrocoagulation as a separation 

method for bentonite suspensions 

As mentioned previously, EC is not a new idea. The first wastewater treatment plants based 

on EC technology were built more than one hundred years ago, but were shut down due to 

high energy consumption. However, in recent decades, electrocoagulation has been widely 

researched again. Several prototypes and pilot plants have arisen from this new research. 

Bentonite in small concentration is often used in EC research to simulate suspended matter 

in wastewater. Concentrations of up to 0.1% were used in some studies like Donini et al., 

1994; Holt, 2002; Bebeselea et al., 2006 and Ghernaout et al., 2008 (Paya, 2016). However, 

from an engineering point of view, these concentrations do not represent a bentonite sus-

pension.  

Only a few research studies have focused on dewatering of slurries or similar highly loaded 

suspensions. Paya (2016) has performed EC experiments with bentonite suspension with 

2.5% - 4% concentration of bentonite as well as some tests with loaded suspensions. Also, 

a similar dewatering method using electrical fields was tested at RWTH Aachen. These 

studies are discussed in chapters 4.3 and 4.2, respectively. 

4.1 Introduction to EC of bentonite suspensions 

Fundamentals of EC, described in chapter 3, fully apply to the EC of bentonite suspensions. 

In particular, there are two main reactions happening during EC of bentonite suspensions:  

 electrolysis of water  

 electrodissolution of the anode.  

Water molecules undergo reduction on the cathode and oxidation on the anode, resulting in 

a redox reaction. As a result of those reactions, hydrogen is produced at the cathode (Eq. 

4-1) and oxygen at the anode (Eq. 4-2):  

4𝐻20(𝑙)  +  4𝑒− → 2𝐻2(𝑔) + 4𝑂𝐻(𝑎𝑞)
−                   (Eq. 4-1) 

4𝑂𝐻(𝑎𝑞)
− → 2𝐻20(𝑙) + 4𝑒− + 𝑂2                   (Eq. 4-2) 

Electrodissolution of the anode, caused by oxidation of the electrode material, creates co-

agulants in form of metal ions, as already expressed in Eq. 3-3: 

𝑀(𝑠) → 𝑀(𝑎𝑞)
𝑛+ + 𝑛𝑒−                       (Eq. 3-3) 

where n represents valence of a metal M. As already mentioned in chapter 3.3.1, this metal 

is usually aluminium or iron. Al and Fe ions in the solution hydrolyse to iron or aluminium 
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hydroxide, which are excellent coagulants (Mollah et al., 2004). Van Olphen (1963) pro-

posed aluminium ions as coagulants for clay suspensions. He justified this proposal due to 

affinity of aluminium ions to adsorb on the surface of the clay particles and compress their 

double layer.  

The coagulation process by means of EC is outlined in Figure 24. Initially, bentonite and 

other fine soil particles in the suspension repel each other, since all of them are negatively 

charged on the surface. When the current is switched on, these particles are attracted to the 

positively charged electrode (anode). In the immediate vicinity of the anode, the particles 

come into contact with metal cations, which destabilise the suspension and cause coagula-

tion. The rate of metal ion production during EC, and therefore the amount of coagulants in 

the solution, can be controlled according to Faraday’s law (Eq-3-5) by adjusting amperage 

(Popovic et al., 2017). However, chemical dissolution of the aluminium cathode also con-

tributes to the total amount of coagulants in the solution. 

 

Figure 24: EC process (Popovic & Schößer, 2019) 

Build-up of the particles on the anode’s surface leads to an increase of the electrical re-

sistance between the electrodes. This leads to a higher voltage needed to maintain a certain 

current density and thus to higher energy consumption. However, the electrodes’ surfaces 

can be cleaned during the process. There are two cleaning mechanisms presented in the 

literature: mechanical and electrical (Holt, 2002). 

Mechanical cleaning refers to the continuous or discontinuous cleaning of the coagulated 

layer from the anode by means of non-conductive scrapers (Heffernan & Rea, 2013). Elec-

trical cleaning of the anode is realized by a reversal of electrodes’ polarity (Jiang et al., 2002; 

Holt, 2002). The time interval between two mechanical cleaning or polarity reversal actions 

is an additional operating parameter when conduction EC experiments (Paya, 2016). 
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4.2 Research and implementation of EC or similar methods as a separation 

method for bentonite suspensions worldwide 

There are not many reports about the separation of bentonite suspensions using only EC or 

using multiphase processes including EC. Those that are known to the author of this disser-

tation are presented in the following passages.  

The company Halliburton from the USA treats wastewater with their CleanWave® technol-

ogy, which incorporates EC (Halliburton, 2010). They claim that the technology also works 

on drilling muds. Even though not explicitly stated, those fluids could include bentonite-

based slurries. However, no further details or publications were found. Another company, 

Global Advantech from the UK, combines EC with other technologies as a remediation 

method for water-based drilling fluids and cleaning of cuttings (Global Advantech, 2012). 

Similarly, this could include bentonite suspensions, even though they were not specifically 

mentioned in the found sources.  

Research about the dewatering of bentonite suspensions using electrical fields has also 

been conducted in Germany. Dewatering of bentonite using electroosmosis was researched 

at RWTH Aachen (Ulke, n.d. ). In an electrical field, bentonite particles are attracted to the 

anode and water particles to the cathode, and this phenomenon was used to speed up the 

sedimentation process of bentonite suspensions. The vertical and horizontal placement of 

electrodes was tested as well. Horizontally, an anode were placed 2 cm above the bottom 

of the experimental tank and a cathode 30 cm above the anode. The experiment duration 

was usually 24 hours. It was reported sedimentation process was significantly accelerated. 

The water separated using this method was tested and it met the requirements to be dis-

charged into the sewage system without further treatment. However, it was reported that 

this separation process does not bring “big economic advantages” at the current market 

prices for electricity and disposal. Moreover, nothing was mentioned about the residual 

moisture of the separated bentonite, which has a significant influence on the disposal meth-

ods and costs. 

4.3 Electrocoagulation of bentonite suspensions at the Institute for 

Tunnelling and Construction Management - overview of previous research 

The research presented in this dissertation is conducted in the scope of the second phase 

of a research project about electrocoagulation of bentonite suspensions, performed at the 

Institute for Tunnelling and Construction Management at the Ruhr-University Bochum. 

Within the scope of the first phase of this research project, Paya (2016) performed extensive 

laboratory parametric studies. The findings from the first phase were used as a basis for 
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further research in the second phase. For better understanding of the proceedings in the 

second phase, the research of Paya (2016) is briefly described on the following pages. 

 Experimental setup and procedure 

The first step in the experimental process was to design and construct EC cells and elec-

trodes (Figure 25). The cells were made of acrylic glass. Cells A and B have slots to place 

the electrodes parallel to each other at exact distances (Figure 26). When using one pair of 

electrodes, they could be placed between 0.5 and 6.5 cm apart, with available increments 

of 1cm. In the EC cell C, the distance between the electrodes was fixed to 6.5 cm. 

 

Figure 25: EC cells used in the research of Paya (Paya, 2016: 63) 

Aluminium and iron have been chosen as the materials for the electrodes. Electrodes were 

designed flat and rectangle-shaped with a thickness ca. 0.4 mm. A direct current source 

supplied the system with up to 5 A and 65 V. The complete experimental setup with EC cell 

B (Figure 26) is shown in Figure 27. Parts of the experimental setup from the first phase of 

the project were used also for the laboratory experiments in the second phase, which are 

described in chapter 5. 

Experiments were performed with DC. After the experiment, coagulated material was sepa-

rated from the remaining suspension. The term “remaining suspension” defines the suspen-

sion that remains after EC, thus without the particles that coagulated on the anode. The dry 

weight of the coagulated material as well as the density and filtrate water release of the 

remaining suspension were measured and the corresponding effectivity parameters Bkt, ∆ρ 

and ∆FW (chapter 4.3.2) were calculated (Popovic et al., 2017). 
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Figure 26: Electrocoagulation cell B (Popovic et 

al., 2017) 

 

Figure 27:  Experimental setup (Popovic et al., 

2017) 

 Effectivity parameters for the laboratory scale experiments 

EC of bentonite suspensions has three main effects: (Popovic et al., 2017): 

1. Bentonite particles from the suspension coagulate on the anode surface; 

2. The density of remaining suspension is decreased,  

3. Remaining suspension is destabilized  

 

Figure 28: left: coagulated bentonite particles on the anode; right: destabilised remaining suspension 

(Popovic & Schößer, 2019) 

In order to measure those effects and evaluate the performance of each EC experiment, 

three parameters were defined, which reflect the three above mentioned effects. They were 

named “effectivity parameters”, and were defined by Paya (2016) and Popovic et al. (2017) 

as the following: 
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a) Percentage of coagulated soil particles Bkt (Eq 4-4) is defined as the dry weight of 

coagulated soil particles B [g] in relation to the total dry weight of the soil particles in 

suspension B0 [g]: 

Bkt [%] =
B

B0
∙ 100                       (Eq 4-4) 

b) The decrease of the remaining suspension density ∆ρ describes the convergence of 

the remaining suspension density to water density, expressed by the Eq 4-5: 
 

Δρ [%] =
ρr−ρ0

ρw−ρ0
∙ 100                      (Eq 4-5) 

 

where ρr [g/cm3] is the remaining suspension density, ρ0 [g/cm3] is density of the 

suspension before the electrocoagulation treatment and ρw [g/cm3] is the density of 

water (1 g/cm3). 

c) The decrease of the remaining suspension stability is defined through parameter 

∆FW. It is measured as percentage increase of the filtrate water release after EC. 

The filtrate water release was obtained using the API filter press and was measured 

according to DIN 4127:2014-02. The filtration time was 7.5 minutes. This parameter 

is the only effectivity parameter that can reach values of over 100%. It is expressed 

in Eq 4-6: 
 

ΔFW [%] =
FWr−FW0

FW0
∙ 100                    (Eq 4-6) 

 

where FWr [ml] is the filter water release of the remaining suspension and FW0 [ml] 

is the filter water release of the suspension before the EC treatment (without CA). 

 Parametric study and results/conclusions 

Table 8 provides a complete overview on the parametric study performed by Paya (2016). 

Except in the experimental series concerning bentonite suspension properties concentration 

of 2.5% of bentonite type W was used.  

Table 8: Overview of the parametric study by Paya (2016)  

Influence of cell parame-
ters  

Influence of the opera-
tional parameters 

Influence of ben-
tonite suspension 

properties 

Effect of the EC on the 
stability of the bentonite 

suspension 

Cell geometry and elec-
trodes surface 

Flow condition (Idle state, 
turbulent and laminar con-

tinuous flow) 

Concentration of 
bentonite W 

Settling experiments 

Electrode material and gap Dwell time Charge  

Amount of electrodes and 
their connection modes  

Mechanical and electrical 
cleaning of the electrodes 

  

Amperage    
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Selected important findings are summarized in the following passages. 

Cell geometry and electrodes surface: 

Investigations of EC cells A and B (EC cell C was mainly used for flow state experiments) 

with their corresponding electrode surfaces showed no clear tendencies with regard to the 

effectivity parameter. However, cell B had a larger electrode surface and thus required a 

lower voltage than EK cell A to produce the same amperage.  

Electrode material 

The choice of the electrode material did not have any noticeable influence on the parameters 

Bkt and Δρ. However, ΔFW was significantly improved when using aluminium electrodes, 

which means that aluminium ions destabilised the suspension more effectively than iron 

ions. 

Electrode gap 

A larger gap between the electrodes showed in general better results. 

Amount of electrodes and their connection modes 

The use of four monopolar electrodes resulted in an increase of effectivity parameters com-

pared to the use of two standard electrodes. The MP-P connection mode is preferred as it 

generally resulted in a higher effectiveness and consumed less energy than the MP-S con-

nection mode. 

Amperage 

Electrical currents of 1 A and 2 A were tested. Increase of the amperage improved the re-

sults concerning all three effectivity parameters (Bkt, Δρ and ΔFW). 

It is interesting to mention that an increase in amperage improved the results, but the change 

in size of the electrode surface (and thus the change in current density) did not have a 

significant effect of the effectivity parameters.  

Flow state of the solution 

The fluid flow in the EC cell was achieved through the use of stirrers or pumps. The use of 

pumps also enables a closed circuit flow. The researched flow states are presented in Figure 

29. 
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Figure 29: Flow modes of the solution in the EC cell (Paya, 2016: 56) 

One stirrer was placed between the electrodes to mix the suspension during the experiment. 

In comparison to the idle state, agitation of the suspension during the EC has slightly im-

proved the results for one experimental setup: an electrode gap of 1.5 cm. Otherwise, the 

results were similar for the agitated and idle states.  

For the parametric study concerning flow state using pumps, both laminar and turbulent 

flows of the suspension were investigated. The laminar flow state resulted in better EC per-

formance than the turbulent flow. Since this requires the use of a larger volume of suspen-

sion in order to fill both the pump and the pipes, the results cannot be directly compared with 

the rest state, at which only 2 litres of the suspension are treated.  

Electrode cleaning mechanisms 

The integration of mechanical cleaning of the anode during the experiment led to a higher 

performance of electrocoagulation compared to EC treatment without the cleaning. The 

cleaning interval of 5 minutes was more effective than 10 minutes. The electrical cleaning 

method (polarity reversal of the electrodes) was also investigated, but it led to higher energy 

consumption without any improvement of the results. For this reason, electrical cleaning was 

not further researched in the second phase. 

Duration of the experiment 

Experiment durations of 5, 10, 15, 20, 30, 60 and 90 minutes were investigated. It was found 

that the optimal experiment duration was not the same for all three effectivity parameters. 

For the parameters Bkt and Δρ it was 30 minutes, after which they did not further improve. 

Interestingly, ΔFW continued to improve with increasing time, all the way to the longest 

tested duration of 90 minutes. 
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 Best combination of parameters 

The best reached results were: Bkt = 51%; Δρ = 88,6% ΔFW = 188%. Paya (2016) concluded 

that the preferred parameters for EC treatment of bentonite suspensions, which lead to the 

best results in with regard to the three effectivity parameters, are the following: 

 For one electrode pair: Al electrodes, a current strength of 2 A (for 2 litres of suspen-

sion) and an electrode spacing of 6.5 cm, with the electrode cleaning interval of 5 

minutes 

 For two electrode pairs: MP-P connection, Al electrodes, a current strength of 2 A 

and an electrode spacing of 2.5 cm.  

Paya (2016) further assumed, that the combination of both previous point (two pair of mono-

polar electrodes with an electrode spacing of 6.5 cm) could possibly increase the effective-

ness even further. 
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 Laboratory experiments with standard used suspension 

5.1 Defining a standard used suspension 

In the first phase of this research project, parametric studies were mostly performed with a 

“pure” bentonite suspension. This means bentonite was the only particle in the water. This 

suspension had a density of up to 1.02 t/m³, which corresponds well to the density of a fresh 

(newly mixed) suspension on a construction site. However, the suspension that arrives to 

the fine separation devices (chamber filter presses and centrifuges) on construction sites 

usually has a density of >1.20 t/m³. As previously mentioned, this large difference arises 

through the fact that the bentonite suspension gets loaded with soil particles during excava-

tion, some of which cannot be separated in the separation plant. Since the EC would be 

implemented in the fine separation area, it was necessary to investigate EC with a bentonite 

suspension loaded with fine particles. 

In order to perform extensive EC experimental series with loaded used suspensions, a rep-

resentative suspension for used suspensions from construction sites was designed. The 

challenge by this task was that used suspensions from construction sites can have signifi-

cantly different properties. First of all, the composition of used suspension depends on the 

composition of the excavated soil. Hence, it can vary not only from one construction site to 

another, but also within the same tunnel project, if the tunnelling machine is driven through 

different soil layers during an excavation. The only common property of all used suspensions 

is a significantly higher density that those of fresh bentonite suspension. 

Based on expert opinions, it was decided that the suspensions density should be approx. 

1.25 t/m3. The particle size distribution curve was designed to resemble the probe of a used 

suspension from the construction site in town of Karlsruhe, where a metro line was being 

built at the time.  

To simulate the particle size distribution curve from the Karlsruhe suspension and the cho-

sen density of 1.25 t/m3, a suspension with B1 bentonite loaded with fine particles was cre-

ated. Fine particles are represented with a type of kaolin clay called kaolin W and silica flour 

types M500 and M300 (Figure 30). Datasheets of aforementioned products can be found in 

Appendix A. This “laboratory” created used suspension was named the standard used sus-

pension (SUS). Its composition is shown in Table 9. The particle size distribution curve of 

the suspension from Karlsruhe as well as SUS and its components are shown in Figure 31. 
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Figure 30: a) Bentonite B1, b) Kaolin W, c) Silica flour M 300, d) Silica flour M 500 

Table 9: Composition of 1 l of the standard used suspension (SUS) 

Material 
Bentonite 

B1 
Kaolin W 

Silica flour     
M 500 

Silica flour     
M 300 

Water ∑ (SUS) 

Weight (g/l) 40.0 60.0 200.0 120.0 838.7 1258.7 

Volume 
(cm³/l) 

17.4 23.1 75.5 45.3 838.7 1000.0 

 

 

Figure 31: Particle-size distribution curve of the standard used suspension, its components and the 

used suspension form a construction site in Karlsruhe (Popovic, 2019) 
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The way suspension is mixed can also influence its parameters. Therefore, it was always 

mixed the same way. First, bentonite was mixed with water after DIN 4127 (2014) and it was 

left to swell for at least 16 hours. Afterwards, the suspension was gradually loaded with 

kaolin and silica flour, while simultaneously mixing the suspension. This resulted in a well-

swelled loaded bentonite suspension with properties as listed in Table 10. 

Table 10: Properties of the SUS 

Marsh time 
(s) 

Filtrate water 
release (mg) 

Filter cake 
thickness (mm) 

Density 
(g/cm³) 

Conductivity 
(µS/cm) 

pH-value 

tm1000 = 35 
tm1500 = 63 

18.4 2.2 1.255 1270 9 

 

5.2 Experimental setup and procedure 

The experimental setup and procedure for the laboratory experiments were largely inherited 

from the previous project phase. One addition to the existing equipment were the new elec-

trodes made of copper, stainless steel, and brass, that were employed in experiments be-

sides already existing aluminium and steel electrodes. 

 Experimental setup 

Experimental setup included EC cells A and B together with corresponding measuring and 

data logging devices. 

EC cell A (Figure 32) 

The internal dimensions of cell A are 18 x 13 x 25 cm³ with a volume of 4.6 l. Electrodes’ 

dimensions are 16 cm x 25.2 cm, which makes a surface of 408 cm². Here, the term active 

electrode surface needs to be introduced. It is the electrode area that is involved in the EC 

reactions, i.e.  the surface of the electrode that is immersed in the suspension. When cell A 

is filled with 2 litres of suspension, the active electrode surface is 124 cm² (Figure 32) 
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Figure 32: Active electrode surface of the cell A, with 2 l of water 

EC cell B (Figure 26) 

Cell B was the most used cell in parametric studies. Internal dimensions of cell B are 23.5 x 

8.5 x 15 cm³ with a total internal volume of 2.8 litres. Electrodes had dimensions of 21 x 

15.5 cm, resulting in a total surface of 325.5 cm2 (Popovic et al., 2017). The active electrode 

surface of cell B is 212 cm² by the experiments with 2 litres of suspension. 

Both cells were designed with slots to place electrodes on distances from 0.5 - 6.5 cm, with 

a step of 1 cm.  

Measuring devices 

The DC source and the measuring devices for the pH, electrical conductivity and suspen-

sions temperature were connected to one data logger and computer, on which LabView 

software was programmed to show and store the measured data. 

 Experimental procedure 

Preparation 

Upon mixing of SUS and shortly before the experiment, several SUS properties were meas-

ured, including density, temperature, pH, electrical conductivity, filter water release, filter 

case thickness, and residual moisture. Moreover, the electrodes were weighted prior to ex-

periments, in order to determine their loss of weight during EC. 
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Experiments execution 

Electrodes were placed in the cell and the SUS was slowly poured in afterwards. Upon filling 

the SUS in the cell, electrodes were connected to the DC source and the intended electrical 

current was selected. Next, the LabView and DC source were turned on.  

During EC experiments, only observation and documentation of the process was necessary. 

An exception was the mechanical cleaning experiments (chapter 5.3.4), in which the anode 

was being cleaned in certain intervals during the experiment. It was done with following 

steps: 

i. Electricity was turned off 

ii. The coagulated material was scratched away from anodes surface. Three variations 

of mechanical cleaning were tested 

Variation 1: The anode was removed from the cell and the coagulated material 

was scratched away from its surface and removed from the cell. The anode 

was then placed back in the cell and the electricity was turned back on. The 

total break required to perform one cleaning in this variation was ca. 10 sec-

onds. These experiments were marked as XX_A, whereby XX represents the 

cleaning interval in minutes 

Variation 2: The process from variation 1 was repeated, but the suspension in 

the cell was additionally screened to remove small flocs from the suspension. 

The total break was ca. 20 seconds per cleaning. These experiments were 

marked as XX_B, whereby XX represents the cleaning interval in minutes 

Variation 3: In this process, the anode was not removed from the cell but rather 

lifted up just enough to allow cleaning of its surface when the electricity was 

turned off. The coagulated material was left in the cell and the suspension was 

not screened. The reason for this variation was to perform experiments with 

constant volume in the cell. The total break required for this cleaning variation 

was approx. 5 seconds. These experiments were marked as XX_C, whereby 

XX represents the cleaning interval in minutes 

iii. Electricity was turned back on and the experiment continued  

Post-experiment procedure and measurements 

When the experiment finished, the electricity was turned off. The coagulated material was 

scratched off the anode and the suspension was screened to remove small flocs. The co-

agulated material was accumulated in one or more bowls and weighted. Afterwards, it was 

dried in an oven and weighted again in order to calculate the effectivity parameter Bkt (Eq 4-
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4) and to calculate the residual moisture of coagulated material. Residual moisture is im-

portant for industrial use of EC because it is one of the parameters determining if the coag-

ulated material can be directly disposed of or if the moisture must first be decreased.  

Remaining suspension was tested on the same parameters as before the experiment (den-

sity, temperature, pH, electrical conductivity, filter water release, filter case thickness, and 

residual moisture). These measurements were used to calculate effectivity parameters Δρ 

(Eq 4-5) and ΔFW (Eq 4-6) as well as to determine the influence of EC on temperature, pH 

and electrical conductivity of the suspension.  

5.3 Laboratory experimental series (LES) 

Extensive experimental series were designed and performed. The aim of those series was 

to determine a response of SUS to EC treatment in general and to test several cell and 

operational parameters of EC. 

The following presentation of results is structured in four parts for every experimental series:  

 Introduction: The purpose of the particulate set of experiments and EC operational 

and cell parameters are noted 

 Results: The results are presented without further discussion 

 Discussion: The results are explained, further analysed, and concluded 

 Scale-up recommendation: The findings that are relevant for the design of a bigger 

scale prototype are summarised. Here, the first ideas about scale-up parameters 

emerged from the best combination of parameters by Paya (2016) (chapter 4). How-

ever, these ideas were reviewed and adjusted based on the results of EC experi-

ments with SUS. Moreover, some challenges like safety issues concerning hydrogen 

arose during the design of the prototype. Those challenges were solved with the help 

of laboratory experiments. 

Due to different range of results for laboratory experimental series, abscissas in following 

diagrams do not have identical values. Three different values appear 30, 70 and 160 %. 

 LES1: Influence of the electrode material and gaps: aluminium and steel 

electrodes, all gaps 

The first experimental series included the investigation of the two most commonly used elec-

trode materials for EC (Al und Fe) and all the possible electrode gaps in the cell B (0.5 – 

6.5 cm). The experiment duration was 30 minutes and had a 2 A electrical current. Figure 

33 presents the results obtained from this set of experiments. Experiments with electrode 

gaps of 3.5 – 6.5 cm were performed two times because these gaps were relevant for the 
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mid-scale prototype (chapter 6). Average values of the effectivity parameters from these 

experiments are presented. 

Results - effect of electrodes gap 

Figure 33 shows that the electrode gap of 0.5 cm provided the worst results in regards to all 

three effectivity parameters. Interestingly, from the gap of 1.5 cm to 6.5 cm, there was no 

improvement effect of the increasing gap on the results. Actually, ΔFW by aluminium elec-

trodes decreased as the distance increased from 2.5 cm to 6.5 cm. Parameters Bkt and ∆ρ 

were almost constant from gaps 1.5 cm to 6.5 cm. 

Results - effect of electrodes material (aluminium and steel) 

Concerning the effectivity parameters Bkt, a slight effect of electrode material on the param-

eter was observed. The experiments with aluminium electrodes showed a better perfor-

mance than those with steel electrodes at all gaps and resulted in 1 – 5 % higher Bkt, in 

absolute values. Interestingly, no effect of electrode material on the parameter ∆ρ was ob-

served.  

What stands out in Figure 33 is the effect of the electrode material on the parameter ΔFW. 

To compare, the ΔFW of the steel electrodes (Fe) at gaps of 1.5 cm to 6.5 cm vary from 9 % 

to 13 % while the ΔFW of the aluminium electrodes (Al) vary from 44 % to 61 %. 

 

Figure 33: Comparison of effectivity parameters for aluminium and steel electrodes 

Discussion 

The first important finding of this set of experiments was that the SUS can be successfully 

electro-coagulated.  
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Regarding the electrode gaps, 0.5 cm is not recommended for further experiments (Figure 

34). Wider gaps (1.5 cm – 6.5 cm) showed better results regarding all three effectivity pa-

rameters. The destabilisation of suspension with aluminium electrodes decreased as the 

gap increased from 2.5 cm to 6.5 cm. This finding was unexpected, since it contradicts the 

findings of Paya (2016), who found that a wider electrode gap in general improves the re-

sults. However, those results were acquired with a pure bentonite suspension, where SUS 

has different properties. As mentioned in the literature review, every solution can react dif-

ferently to an EC treatment, which is why optimal cell and operating parameters are usually 

empirically determined before building an industrial scale prototype. SUS has much higher 

density than pure bentonite suspension (1.25 t/m in comparison to 1.02 t/m³) which obvi-

ously has significant influence on the EC performance and operational parameters. 

The results of this experimental series indicate that the electrode gap for EC of SUS should 

not be smaller than 1.5 cm but also not increased beyond 6.5 cm. Since a thick layer of the 

coagulated material on the anode was formed during the experiment, the gaps of 1.5 – 2.5 

cm should also be avoided. Otherwise, after a certain EC duration, there could be only co-

agulated material and no suspension between electrodes. 

 

Figure 34: Experiment with an electrode gap of 0.5 cm. 

Concerning the electrode material, aluminium performed much better in terms of destabili-

sation of the SUS. This could be based on the following two reasons. First, Fe ions can be 

divalent and trivalent, while Al ions are always trivalent. As mentioned in chapter 2.2.5, ions 

with higher valence destabilise the suspension much stronger than the lower valence ions. 

Secondly, aluminium cathodes lost weight (chemical dissolving – Eq 3-9) during EC exper-

iments. This did not occur by experiments with steel cathodes. Therefore, for the same elec-

trical current, the concentration of Al ions in the solution was higher than the concentration 
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of Fe ions. Higher concentration of metal ions improves the destabilisation of the suspension 

(chapter 2.2.5). 

Scale-up recommendations 

The results of this experimental series indicate that aluminium should be used as an elec-

trode material for the mid-scale prototype. Concerning the gap, it should not be smaller than 

2.5 cm or larger than 6.5 cm. 

 LES2: Influence of the cell design and electrical current: cells A and B, 

1 A and 2 A 

The next set of experiments examined the cell parameters and electrical current as an op-

erational parameter. Experiments were performed in cells A and B with aluminium elec-

trodes, at the currents of 1 A and 2 A. For the current of 2 A and the cell B, the results from 

the previous experimental series were used. The experiments were performed at electrode 

gaps of 2.5 – 6.5 cm. 

Results 

The results are presented in Figure 35. 

 

Figure 35: Comparison of effectivity parameter for the EC cells A and B at 1 A (left) and 2 A (right) 

Figure 35 left presents the results of experiments performed at 1 A. On average, in all the 

tested electrode gaps, all three effectivity parameters reached higher values in cell B than 
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in cell A. Parameter Bkt was 3 % higher than in cell A, parameter ∆ρ was 1 % higher, and 

ΔFW 2 % higher, in absolute values. 

At an intended current of 2 A (Figure 35 right), the difference in the results from cell A and 

B was even higher. On average, over all the tested gaps, parameter Bkt was 5 % higher in 

cell B than in cell A, parameter ∆ρ was also 5 % higher, and ΔFW 20 %, in absolute values. 

The results were not only better on average, but also at every single gap, for every effectivity 

parameter. The advantage of the cell B design was clearly visible here. However, such a 

difference in results between those two cells at the intended electrical current of 2 A could 

arise from one somewhat unanticipated finding: the experiments in cell A with intended elec-

trical current of 2 A did not obtain this current, because the maximal available voltage of 

65 V was reached during the experiments. Therefore, the term “intended” electrical current 

is used, while the “actual” electrical current is shown in Table 11 and Table 12, along with 

other electrical parameters. 

Table 11: Electrical parameters at different gaps, cell A 

Electrode gap 
(cm) 

Average voltage 
(V) 

Average 
current (A) 

Average surface 
current density 

(mA/cm²)  

Average volu-
metric current 
density (A/l) 

3.5 63.44 1.83 14.72 0:91 

4.5 64.80 1.71 13.82 0.86 

5.5 64.95 1.55 12.46 0.77 

6.5 64.94 1.37 11.09 0.69 

 

Table 12: Electrical parameters at different gaps, cell B 

Electrode gap 
(cm) 

Average voltage 
(V) 

Average 
current (A) 

Average surface 
current density 

(mA/cm²)  

Average volu-
metric current 
density (A/l) 

3.5 47.29 1.99 9.40 1.00 

4.5 50.95 1.99 9.38 1.00 

5.5 50.35 1.98 9.34 0.99 

6.5 50.28 1.96 9.25 0.98 

 

Concerning the comparison of the results at electrical currents of 1 A and 2 A in the same 

cell, it is clear that the more electrical current results in the better EC performance regarding 

all effectivity parameters. The smaller difference between the parameters in cell A is again 

caused by the fact that the intended electrical current of 2 A was not obtained. 
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Discussion 

The results show a preference for cell B. At the electrical current of 1 A, the results with cell 

B were slightly better than those with cell A. This difference grows at a higher intended 

electrical current, but the largest share of this growth most probably arose due to the fact 

that the indented current of 2 A does not match the actual current obtained in cell A. How-

ever, this finding is also an important result in the search for optimal cell parameters. Since 

cell A has a smaller active electrode surface than the cell B (124 in comparison to 212 for 

2 l of suspension), it needs to obtain higher surface current densities (A/cm²) to reach the 

intended electrical current. This results in the higher voltage (Eq 3-12: smaller conductor 

surface leads to higher resistance). However, the voltage in the experimental setup was 

limited to 65 V due to safety reasons. Whenever maximum voltage was reached, the elec-

trical current automatically dropped. In cell A, a surface current density of 16,1 mA/cm² is 

required to reach 2 A, in comparison to 9,4 mA/cm² required in cell B. As presented in Table 

11, the average surface current densities in cell A were 14.7, 13.8, 12.5, and 11.1 mA/cm² 

at the gaps of 3.5, 4.5, 5.5, and 6.5 cm, respectively. The greater the gap between the elec-

trodes, the smaller the current densities obtained. This is due to an increase of the conductor 

resistance through increase of length (Eq 3-12).  

Meanwhile, in cell B, the densities of 9.4 mA / cm² required to reach the intended electrical 

current of 2 A were obtained (Table 12). However, even here, the influence of the gap on 

the current densities is visible. This occurred due to the fact that a resistance peak arose on 

the beginning of every experiment. The larger the gap was, the longer was the electrical 

current under the intended current of 2 A. The same pattern was observable not only by all 

laboratory experiments, but also by all experiments with the mid-scale prototype (chapter 

6). Paya (2016) observed the same in her experiments and explained the resistance peak 

with a layer of aluminium oxide on the surface of the electrode that needs to be destroyed 

with overvoltage at the beginning of every experiment.  

Scale-up recommendations 

Even though the results at the current of 2 A for cells A and B cannot be directly compared, 

the fact that cell A needs higher voltages to acquire the same amperage means that it re-

quires a higher energy consumption (Eq. 3-13) to reach a similar effectiveness as cell B.  

Additionally, even at the same current (1 A), cell A performed worse than cell B. Therefore, 

the findings of this set of experiments suggest that cell B should be used as scale-up basis 

for a mid-scale prototype. The electrodes surface at the prototype should be designed in a 

way that the surface current density stays under 10 A/cm² by a volumetric current density of 

1 A/l.  
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 LES3: Influence of the monopolar electrodes connection mode: serial 

(MP-S) and parallel (MP-P) connection 

The next set of experiments was aimed to determine the influence of monopolar electrode 

connection mode on the EC treatment of SUS. The importance of this experimental series 

lays in the assumption that a bigger cell needs more electrode pairs. The experiments in 

this series were conducted with a goal to find the optimal connection mode for the elec-

trodes, when there are more than 2 electrodes in a cell. This is the only laboratory experi-

mental series in which two pairs of electrodes (2 anodes and 2 cathodes) were used. 

Moreover, at MP-P mode, the electrical current and electrode gap were varied. Experiments 

were performed in cell B for a duration of 30 minutes. Since the dimensions of the cell are 

fixed, placing two electrode pairs in the cell shrank the possible electrode gaps to 1.5 and 

2.5 cm.  

Results 

The results are presented in Figure 36. The results of the “standard” setup with one elec-

trode pair (1P in Figure 36) are compared with the results of the monopolar electrodes. 

 

Figure 36: Influence of the monopolar electrode connection mode on the effectivity of the EC 

experiments 

Concerning the serial and parallel connection, Figure 36 shows that the MP-P mode resulted 

in a higher effectivity of the EC process in all three effectivity parameters, compared with 

the MP-S mode with the same electrical current. When comparing the results for electrode 
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gap of 1,5 cm, Bkt was 10 % higher (50 % MP-S, 60 % MP-P), ∆ρ was around 8 % (22 % 

MP-S, 30 % MP-P), and the ΔFW was 26 % (88 % MP-S, 114 % MP-P). 

Regarding the gap between the electrodes in a pair for MP-P mode, the change of the gap 

did not show any clear influence on the results. Some differences where measured, how-

ever, while looking at the results for all three effectivity parameters from all four experiments, 

no clear trend or preference can be observed. 

The experiments with 1 A produced worse results than the experiments with 2 A, as ex-

pected. Bkt was 20 % lower (40 % at 1 A, 60 % at 2 A), ∆ρ was 18 % (12 % at 1 A, 30 % at 

2 A), and ΔFW was 60 % (60 % at 1 A, 120 % at 2 A), when the results from both gaps were 

averaged. 

Discussion 

The connection mode MP-P provided better results than MP-S. These results are in agree-

ment with findings of Paya (2016) on electrode connection modes.  

The gap between the electrodes in a pair did not shown any significant influence. This is 

probably due to the fact that only two gaps (1.5 and 2.5 cm) could be tested. ΔFW is a little 

higher for the gap of 2.5 cm, similar to experiments with one electrode pair. 

Influence of electrical current was as expected – doubled electrical current improved all three 

effectivity parameters, especially the destabilisation of the suspension. This agrees with the 

literature and all other performed experiments. 

Scale-up recommendations 

These findings suggest that the MP-P connection mode should be installed in a mid-scale 

prototype.  

 LES4: Influence of the mechanical cleaning and experiment duration  

The next experimental series had two objectives. The first one was to determine the influ-

ence of the mechanical cleaning to EC of SUS. The second objective was to investigate if 

the mechanical cleaning could prolong the optimal EC duration time of 30 minutes, deter-

mined in the first research phase. 

All experiments were performed with aluminium electrodes at the electrode gap of 6.5 cm. 

The experiments time durations were 30 and 60 minutes. Three variations of the mechanical 

cleaning were tested, as described in chapter 5.2.2. 

Results 

The results are presented in Figure 37 and Figure 38.  
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Figure 37: Influence of the mechanical cleaning on the effectivity of the EC experiments 

 

Figure 38: Influence of the mechanical cleaning and experiment duration on the effectivity of the EC 

experiments 

Figure 37 shows the results of the mechanical cleaning experiments compared with the re-

sults of the “standard”, or rather, reference experiments without cleaning (presented with 

lines and marked with Ref). What stands out in this figure is that there was no improvement 

of the effectivity parameters Bkt and ΔFW, in the experiments, at which coagulated material 

from the anode was removed from the cell (cleaning type A and B). Bkt was on average 

35,1%, ∆ρ was 17.1%, and ΔFW was 46.0%, which is respectively 6.0 % lower, 2.0 % 
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higher, and 3.5 % lower than the experiment without cleaning, in absolute values. In con-

trast, in the experiments in which the anodes were cleaned but the coagulated material was 

left in the cell (it sank to the bottom of the cell), Bkt was on average only 1 % lower and ΔFW 

was 10.3 % higher than in the experiments without cleaning. ∆ρ was improved for 2.5 %. 

The experiments at which the coagulated material was left in the cell also showed an in-

crease of ΔFW by shorter cleaning intervals. 

Since the experiments at which the coagulated material was left in the cell showed better 

performance than other mechanical cleaning combinations, the experiments presented in 

Figure 38 with the duration of 60 minutes were performed in this way. These experiments 

had a rather interesting outcome. The effect of mechanical cleaning on EC performance by 

experiments with 60 minutes duration are the opposite of those with 30 minutes duration. 

Periodical mechanical cleaning did not improve the results with the 60 minutes experiment 

duration time. On the contrary, the shorter the cleaning intervals were, the larger the nega-

tive effect on the results was. Only the cleaning interval of 15 minutes did not result in a 

negative influence on the effectivity parameters.  

The most striking result to emerge from the experiments is that the standard experiment 

(without cleaning) with duration of 60 minutes delivered much better results than the stand-

ard experiment with the duration of 30 minutes, regarding all three effectivity parameters. 

Bkt rose from 38 to 64 %, ∆ρ rose from 16 to 36 % and ΔFW rose from 49 to 104 %. 

Discussion  

Experimental series with mechanical cleaning showed quite interesting results. The cleaning 

variations 1 and 2 (with removal of coagulated material from the cell) showed no improve-

ment in comparison to the standard experiment. This can be traced back to the electricity 

data. The removal of the coagulated material decreased the suspension level in the cell, 

causing a decrease in the active electrode surface and an increase in the surface current 

density over starting 9.4 mA/cm². The experiments in cell A (chapter 5.3.2) showed that the 

surface current densities higher than approx. 11.1 mA/cm² at the electrode gap of 6.5 cm 

was not obtainable. Upon reaching the maximal voltage of 65 V, the electrical current de-

creased from the intended current of 2 A , which negatively influenced the effectivity param-

eters. The third variation of mechanical cleaning (without removal of coagulated material 

from the cell) had a positive influence on the results by the experiments with EC duration of 

30 minutes. 

However, the third variation of mechanical cleaning had an opposite effect on the experi-

ments with the duration of 60 minutes. The best results were achieved when the anodes 

were not cleaned at all. Moreover, a shorter cleaning interval has positive influence in ex-

periments with 30 minute, but a negative influence in the experiment with 60 minute. There 
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is no comprehensible/plausible explanation for these rather contradictory results. It would 

appear that cleaning has positive effect on shorter experiments but a negative effect on 

longer experiments. The theoretical implications of these findings are unclear. 

There was another important finding in this experimental series: in contrast to earlier findings 

from Paya (2016), the EC duration time of 30 minutes does not seem to be the optimal 

duration time for EC of SUS. All three effectivity parameters continued rising after 30 

minutes. Moreover, it can be roughly stated that doubling the EC duration doubled the value 

of the effectivity parameters (Bkt: 38 %  64 %, ∆ρ: 16 %  36 %, ΔFW: 49 %  104 %), 

meaning that there was not even a noticeable slow-down of the process after the 30th mi-

nute. These results are likely to be related to the amount of soil particles in suspension. The 

pure bentonite W 2.5% suspension tested by Paya (2016) had 25 g of bentonite particles in 

1 l suspension. The SUS on the other hand has 420 g of soil particles in 1 l of suspension, 

which is 17 times more. Since bentonite and kaolin particles possess a negative surface 

electric charge and silica flour particles acquire a negative surface charge when in water 

(chapter 2.2.6), all particle in SUS need to be destabilised in order to coagulate. Therefore, 

the finding that SUS needs more electrical charge (Ah), or rather, more coagulants, to reach 

similar EC effects as with pure bentonite suspension seems very plausible. 

Scale-up recommendations 

It is recommended to build a cleaning system in the mid-scale prototype in order to further 

test on a larger scale. Regarding the EC duration time, the prototype should be able to 

perform open-end experiments so that this operational parameter can be optimised. 

 LES5: Further electrode materials: cooper, brass, stainless steel 

Since a security issue with hydrogen and aluminium electrodes occurred during the design 

of the mid-scale prototype (chapter 3.5.1 - in explosive atmosphere, sacrificial anodes of 

aluminium present an ignition risks due to electric sparks), other materials have been tested 

to replace aluminium as an electrode material. Electrodes made of stainless steel (EN 

1.4301), brass (CuZn37), and copper have been designed with the same dimensions as 

aluminium and steel electrodes.  

The experiments were performed in cell B for 30 minutes. Since the prototype was already 

in the design phase and the electrode gaps were already set to 4.5, 5.5, and 6.5 cm, exper-

iments in this series were only performed at these gaps. 

Results 

The new electrode materials results were compared with the results obtained using alumin-

ium and steel electrodes (LES1, chapter 5.3.1). These results are presented in Figure 39. 
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Figure 39: Influence of various electrode materials on the effectivity of the EC with experiments 

(Popovic, 2019) 

Results 

The investigated materials showed only a small influence on the parameter Bkt. The tests 

with aluminium electrodes showed on average the best results - average Bkt over all three 

gaps was 34.0%. Brass electrodes followed with an effectiveness of 33.4%. 

The influence of the electrode material on the parameter ∆ρ was also minor. The tests with 

brass electrodes showed slightly better average results than other materials - the average 

∆ρ over all the gaps was 20.3 %. Steel electrodes followed this with an effectiveness of 19.2 

%. Aluminium electrodes performed only at 17.2 %. 

The parameter ΔFW is significantly higher in the tests with the aluminium electrodes - the 

average ΔFW over all three gaps is 48.7 %. The second highest material is brass with an 

effectiveness of 17.6%. 

Overall, the best results were obtained with aluminium electrodes, followed by brass elec-

trodes. 

Discussion 

The performed experiments provided only a small difference in the amount of the coagulated 

material and the reduction of density. It seems that the type of metal ion does not play a role 
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in the electro-osmotic attraction of soil particles to the anode and their coagulation on the 

anode.  

However, the difference in the destabilisation effect was significant. None of the tested ma-

terials came close to the destabilisation effect of aluminium. This can be explained through 

the influence of ions valence and amount on the destabilisation (chapter 2.2.5). Since Cu 

and Zn ions are divalent, they do not destabilise the suspension in the same magnitude as 

aluminium ions. The stainless steel used in these experiments consisted of 8 – 10 % of 

nickel (Ni), 18 - 20 % chromium (Cr), 2 % mangan (Mn) and up to 70 % of iron (Fe). Most 

often valences of those materials are 2 for Ni; 2, 3, and 6 for Cr; 2, 3, 4, 6, and 7 for Mn and 

2 and 3 for Fe. Stainless steel and steel had similar results. A possible explanation for this 

could be that since stainless steel is still mostly consists of Fe, and the other materials are 

divalent or can be divalent.  

Furthermore, since aluminium cathodes dissolve during EC (Eq. 3-9) and other tested ma-

terials it did not dissolve, the concentration of ions in the remaining suspension in the exper-

iments with aluminium electrodes was probably higher than with other materials. 

Scale-up recommendations 

Since none of the tested materials came close to the performance of aluminium in the de-

stabilisation of the suspension, aluminium remained the choice for the electrode material in 

the prototype. Potential ignition of the explosive atmosphere trough electrical sparks was 

solved by installing a sufficient ventilation of the EC mid-scale prototype and by completely 

covering the electrodes with the suspension during an experiment. In order to calculate the 

minimum requirement for the ventilation, the gas measurement experiments were per-

formed. They are discussed in the following chapter. 

 LES6: Gas measurements 

Gas evolution and metal dissolution during EC should theoretically follow Faraday’s law (Eq 

3-5). However, several reports in the literature presented different results. Picard et al. 

(2000) measured an additional amount of hydrogen and mass loss of the cathode which 

should not be happening according to the Faraday’s theory. He assumed that both encoun-

tered reactions come from one chemical process involving the dissolution of the cathode 

and creation of hydrogen as product, according to Eq. 3-9. These findings are supported by 

Mouedhen et al. (2008) who performed experiments with titanium and aluminium electrodes. 

They tested three cathode-anode combination: 

 both electrodes of aluminium  

 aluminium anode – titanium cathode 
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 titanium anode – aluminium cathode 

In a case of two aluminium electrodes, the measured amount of aluminium ions in a solution 

was higher than the theoretical amount developed through electrodissolution of the anode 

after Faraday’s law. This, however, did not occur as the cathode was made of titanium – the 

amount of aluminium ions in the solution matched the theoretical values. As the cathode 

was made of aluminium and the anode was made of titanium, there should have been no 

increase of aluminium ion concentration in the solution after the EC. However, there was an 

increase of aluminium concentrate where the measured amount was similar to the additional 

amount measured in first combination. This lead to the conclusion that the aluminium cath-

ode dissolves during the EC. This dissolution can however not be calculated with Faraday’s 

law. Also, Canisares et al. (2005) supported the chemical dissolution of the cathode and 

found that it is strongly influenced by the pH value. They stated that this dissolution could 

be increased by order of magnitude in alkaline media.  

Experimental setup and procedure 

In order to investigate these findings and measure the amount of hydrogen produced during 

EC, gas measurement experiments were performed. The electrode gap was 6.5 cm and 

experiment duration was 15 minutes. However, the measurements continued for the follow-

ing 5 Minutes after turning the DC source off. Experimental setup is shown in Figure 40. 

 

Figure 40: Experimental setup for gas measurement experiments 
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The cell can be sealed airtight with a cover specially made for the EC cell B. A measuring 

cylinder is immersed in a second tank filled with water. A hose is connected to a small open-

ing in the cover of the TLB test cell B, the other end of which ends in the measuring cylinder 

of the second container. The gases produced during the test can thus pass through the tube 

into the measuring cylinder. The gases displace the water in the cylinder. In this way, the 

volume of the resulting gases can be determined. Water pressure was continuously bal-

anced by stepwise removal of water from the cell surrounding the cylinder, in order not to 

compress the produced gas (Figure 41).  

 

Figure 41: a) Start of the experiment, b) Gas produced in the cell displaces water in the cylinder, c) 

Pressure balance, d) Status after 11 minutes, e) Status at 15th minute, at this point the electricity is 

turned off, e) Status at 18th minute, no additional gas was measured after the electricity was turned off 
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In order to rule out any leakage of the system, a negative pressure was created in the tank 

by draining the water before each test. The fact that the water levels remain is an indication 

that the system is completely leak-proof. 

After checking the tightness, the test begins by switching on the current. Every minute the 

level of the displaced water is recorded in the measuring cylinder. After 15 minutes, the 

current was switched off and the measurements runs for a further 10 minutes to ensure that 

no further gases are produced after the current is switched off. 

Five gas measurement experiments were performed. Theoretical values for produced hy-

drogen were calculated by including the measured electrical current values into the combi-

nation of Faraday’s law (Eq 3-4) and the ideal gas law (Eq 5-1), as shown in the Eq 5-2. 

Experimental values were documented during the experiment by reading the height of the 

air column in the measuring cylinder.  

𝑚 =  
𝑀∙𝐼∙𝑡

𝑧∙𝐹
  →   

𝑚

𝑀
=  

𝐼∙𝑡

𝑧∙𝐹
                     (Eq. 3-4) 

𝑝𝑉 =  
𝑚

𝑀
∙ 𝑅 ∙ 𝑇  →  𝑝𝑉 =

𝐼∙𝑡

𝑧∙𝐹
∙ 𝑅 ∙ 𝑇                 (Eq. 5-1) 

𝑉 =  
𝐼∙𝑡∙𝑅∙𝑇

𝑧∙𝐹∙𝑝
                          (Eq. 5-2) 

with : 

𝑉    Volume of the produced gas [l] 

𝑅    Ideal gas constant = 8.314 [Jmol-1K-1] 

𝑇    Absolute temperature of the produced gas [K] 

𝑧    Valence of the produced gas [-] 

𝐹    Faraday’s constant = 96487 [Cmol-1] 

𝑝    Pressure of the produced gas [Pa] 

Results 

Full lines in Figure 42 represent the theoretical and the dotted lines experimentally measured 

values of gas during the EC experiment. As shown in Figure 42, every experiment resulted 

in a higher amount of produced gas than anticipated in Faraday’s law and the ideal gas law. 

As soon as the electricity was turned off, measurements showed no further gas production. 

When calculating the theoretical values, the atmospheric pressure of 1.013 x 105 Pa was 

taken as the pressure of the produced gas, since the water level in the measuring cylinder 

was constantly balanced. Since the system was completely airtight, it was not possible to 

measure the temperature of the produced gas during EC. It was measured only after the 
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experiment. However, no shrinkage of the gas volume in the measuring cylinder was ob-

served after the electricity was turned off (the measurements were running for an additional 

5 minutes after turning EC off). Therefore, an assumption that the temperature during the 

experiment is the same as temperature after the experiment was taken and the measured 

temperature of 297.15 K (24 C) flowed into Eq 5-2.  

 

Figure 42: Gas measurement experiments  

Measured values and theoretical values of the produced gas for each experiment are listed 

in Table 13. It is apparent from Figure 42 and Table 13 that the experimentally measured 
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amounts of produced gas exceeded the theoretical amounts in all experiments. The addi-

tional amount of gas was in a range of 26 % – 37 % with an average of 34 %. Moreover, the 

cathodes lost on average 0.07 g per experiment.  

Table 13: Theoretical (theo) and experimental (exp) amount of produced gas 

Experiment 
Nr. 

H2 theo (ml) O2 theo (ml) Gas theo (ml) Gas exp (ml) 
Gas exp - gas 

theo (ml) 

Gas exp – 
gas theo 

(%) 

1 215.6 107.7 323.3 406.9 83.6 25.9 

2 211.7 105.8 317.5 419.2 101.7 32.0 

3 210.5 105.2 315.7 439.5 123.8 39.2 

4 220.5 110.2 330.7 447.6 116.9 35.4 

5 216.0 108.0 324.0 443.6 119.6 36.9 

Average Ø 214.8 197.4 322.2 431.4 109.1 33.9 

 

Discussion 

This experimental series demonstrate that the amount of gas produced during EC was 

higher than the amount anticipated in Faraday’s law and the ideal gas law. Moreover, the 

aluminium cathode was dissolving at every experiment. These results are consistent with 

the literature. However, no production of gas after the experiment was observed in this set 

of experiments. 

Under the assumption that Eq 3-9 is correct and that there are no other unreported gas 

producing reactions during EC with aluminium electrodes, the complete measured additional 

amount of gas is only hydrogen. That means, for every 214.8 ml of hydrogen produced by 

electricity produces another 109.1 ml from the chemical dissolution of the aluminium cath-

ode followed. This presents an increase of 51 % to the theoretical amount of hydrogen. 

Moreover, the column O2 theo was calculated under the assumption that all electrons com-

ing to the anode are being “invested” in production of oxygen. This is correct for the elec-

trolysis of water, in which the complete electrical current is being spent on reactions de-

scribed in Eq 4-1 and 4-2, resulting in the evolution of hydrogen and oxygen at a ratio of 2:1. 

However, it is not correct for EC since the two reactions occur on anodes surface during EC: 

evolution of oxygen (Eq 4-2) and electrodissolution of the anode (Eq 3-3). An electron com-

ing to the anode can react either to produce oxygen or to produce metal ions, but not both.  

Electrodissolution is the basic concept behind EC and there is no doubt about this reaction 

occurring. However, gas bubbles were developing on the anode during the experiments, 
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which suggests that the evolution of oxygen on the anode also took place. That further sug-

gests that a part of the electrons was involved in a reaction 4-2 and other part was in reaction 

3-3. This means that the actual amount of produced oxygen was smaller than the amount 

written in Table 13 under O2 theo, which further suggests that the additional amount of hy-

drogen could have been even higher than 51 %. 

To stay on the safe side, the extreme case is taken into consideration, in which the whole 

amount of measured gas was only hydrogen. In this case, the complete difference between 

the experimentally measured amount of gas (Gas exp) and the theoretical amount of hydro-

gen (H2 theo) would have been hydrogen that arose through chemical dissolution of the 

cathode (Eq 3-9). That means, every 214.8 ml of hydrogen produced by electricity would 

produce another 216.6 ml from chemical dissolution of the aluminium cathode. This shows 

an increase of 101 % 

Scale-up recommendations  

The ventilation system in the mid-scale prototype should be designed in a way that it can 

cope with the amount of hydrogen 51 % - 101 % higher than anticipated in Faraday’s law. 

 LES7: Experiment retention time and mini scale up tests 

The following experimental studies researched two aspects of EC treatment: retention time 

and scale up parameters. The retention time is the time after EC experiment, in which the 

suspension is still in the cell. The idea behind the retention time is to give metal ions more 

time to destabilise the suspension. According to some researchers, electrochemical reac-

tions could continue for some time after turning off the electricity. This means that the results 

could be improved without investing further energy, only time. In order to test this idea, ex-

periments with 15 minute EC duration and 15 minute retention time were performed. Reten-

tion time was implemented by not moving any part of the cell or the suspension for 15 

minutes after the electricity was turned off. These experiments were compared with the ex-

periments with an EC time duration of 15 and 30 minutes.  

The goal of the mini scale-up experiments was to test if the increase of suspensions volume 

with proportional increase of electrode surface and electrical current results in a similar EC 

performance. Those experiments were performed in cell A. Due to its size, this cell makes 

the experiments with 4 l of suspension possible. Therefore, the experiments with 1 A and 2 l 

of suspension were compared with experiments with 2 A and 4 l of suspension. Due to the 

fact that the form of the electrodes follows the form of the cell, doubling the suspension 

volume also doubled the electrodes surface. 

Results 

The results of this set of experiments are shown in Figure 43. 
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Figure 43: Retention time and mini scale-up experiments 

Retention time 

The retention time was tested on experiments with 1 A - 2 l and 2 A - 4 l. The results with 

1 A - 2 l did show a small improvement concerning all three effectivity parameters, but only 

1 % in absolute values. In a case of 2 A - 4 l, there was no overall improvements. Bkt and 

∆ρ changed less than 1 % and ΔFW sank from 12 to 8 %. When compared with the experi-

ments with an EC time duration of 30 minutes, it is clear that the retention time brings no or 

small improvements.  

Mini scale-up 

What stands out in Figure 43 is the good correlation between the results of the 1 A - 2 l and 

2 A - 4 l experiments. This is especially noticeable for the experiment time duration of 30 

minutes. No difference greater than 1 % was observed. For 15 minutes and 15 + 15 minutes, 

Bkt and ∆ρ differed up to 2 % and ΔFW up to 4 %. 

Discussion 

Retention time does not bring any measurable improvements to the experiments. The re-

ports from the literature could not be confirmed. This could be caused by the fact, that only 

the coagulated material from the anode and the material that stays on the sieve is consid-

ered as the coagulated material. If there is a residual collision of particles, the flocs produced 

on such a way are maybe not big enough to be filtered with the sieve. However, parameters 

Bk, ∆ρ, and ΔFW did not show a clear improvement, which means that the suspension was 

not further destabilised after the electricity was turned off. 
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Mini scale-up experiments showed a good correlation. The results confirm the idea that the 

proportional increase of the increase of suspension volume while keeping the parameters 

electrode surface to suspension volume [cm²/m³], the surface current density [A/m²] and the 

volumetric current density [A/l] constant results in an identical EC performance. 

Scale up recommendations 

Retention time does not need to be planned in the new experimental series with the mid-

scale prototype.  

Current density (both surface as well as volumetric) and the ratio of electrode surface to 

suspension volume seem to be the right scale up parameters. 

 LES8: Electrodes passivation 

Electrode passivation was described in chapter 3.3.5. It causes overvoltage and therefore 

higher energy consumption over time. The purpose of the following experimental series was 

to investigate in what extent this applies to EC of SUS and to test if the performance of the 

electrode concerning effectivity parameters decreases over time 

In order to investigate the passivation, the coagulated material was completely removed 

from the anode’s surface after every experiment and the electrodes were cleaned. However 

in contrast to all the other series, the electrodes were not polished between the experiments. 

Instead, the same surface layer was used for the complete set of experiments. 

The experiments were performed in cell A, at 1 A, with a gap of 6.5 cm and an experiment 

time duration of 30 minutes.  

Results 

Electricity values of this experimental series are listed in Table 14 and effectivity parameters 

are presented in Figure 44. 

Table 14: Electrodes passivation experimental series – electricity and effectivity parameters 

Experiment Nr. 1 2 3 4 5 6 7 8 

Voltage (V) 47.16 44.22 40.83 42.95 43.28 43.75 44.55 44.61 

Δ Voltage (V) - -2.94 -3.39 2.12 0.33 0.47 0.80 0.05 

Current (A) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
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Figure 44: Electrodes passivation experimental series – effectivity parameters 

Regarding increase of voltage over time, the highest measured voltage was in the first ex-

periment, as the electrode was still freshly polished. In the following two experiments, volt-

age was dropping. However, voltage reached a minimum at the third experiment and then 

rose each time in the following five experiments.  

Regarding effectivity parameters, no decrease of Bk and ∆ρ over time was detected. Con-

trarily, these two parameters rose slightly. In the first experiment, Bk was 19 % and ∆ρ was 

7 %. In the last experiment Bk was 23 % and ∆ρ was 10 %, which represents an increase of 

4 % and 5 %, respectively. With the parameter ∆FW, it is hard to see any clear tendency. It 

was 16 % in the first experiment and 18 % in the last experiment. However, in the meantime 

it fluctuated from a maximum value of 28 % to minimum value of 14 %. 

Discussion 

Regarding overvoltage, no clear tendency to passivation was measured in this experimental 

series.  

On average, over the last four experiments, voltage rose 0.4 V per experiment. With this 

tendency, the voltage of the first experiment with a clean polished electrode would be 

reached after 7 more experiments or rather after 3.5 more hours in discontinuous operation. 

After that, every next experiment would exhibit overvoltage. However, such assumption 

based only on last four experiments cannot be considered as a precise assumption.  

Moreover, there was no sign that the multiple usage of electrodes without polishing their 

surface between the experiments negatively influence EC performance regarding effectivity 

parameters.  
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No in-depth analysis of this subject was found in the literature review. The data about the 

expected change of the voltage course over many experiments was missing. The infor-

mation about the cell operation time after which the overvoltage problem in expected to 

occur was also not found. 

Overall, the re-use of non-polished electrodes in experiments did not show any clear nega-

tive effects regarding energy consumption or effectivity parameters. However, only 9 exper-

iments with 4.5 hours of EC operational time were performed. 

Scale up recommendations 

This experimental series did not explicitly confirm electrodes passivation effect. If it occurs 

by EC with the standard used suspensions, it does not occur that fast to be measured after 

4.5 hours in operation. Therefore, there is no critical need to employ some kind of electrodes-

polishing method by the bigger scale prototype. Nevertheless, it is generally a good idea to 

construct the mid-scale prototype in a way that the electrodes can be changed. After a suf-

ficient amount of working hours, they will dissolute and start losing their form. 

 Further tests and calculations 

Sedimentation tests 

Sedimentation tests served as an additional evidence of the destabilising effect of EC on 

charged bentonite suspensions. However, sedimentation is not a convenient separation 

method in the praxis since it would require a lot of time and space. Therefore, the influence 

of EC on some aspects of sedimentation like sedimentation speed as well as the amount 

and quality of separated water at the surface was not further investigated in this dissertation. 

The experiments were performed with the remaining suspension from the mechanical clean-

ing experimental series (chapter 5.3.4). After EC, the suspension was poured in the cylin-

ders and left over the weekend. One cylinder was filled with reference suspension (non-

electrocoagulated SUS). The photos from were taken 4 days later. The destabilisation effect 

of EC was clear. 
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Figure 45: Sedimentation tests: a) no EC, b). R05, c) R10, d) R15, e) standard experiment 

  

Methylene blue tests 

Methylene blue tests are often performed as quality tests for bentonite. Methylene blue is a 

liquid colorant. It possesses cations that adhere very well to the negatively charged surface 

of montmorillonite. The more montmorillonite there is in bentonite powder, the more meth-

ylene blue will be adsorbed. Since the amount of montmorillonite in bentonite significantly 

influences its properties and basically differentiates bentonite from other clays, these test 

can be used to determine the quality of bentonite.  

In this case, methylene blue tests were performed to compare the ratio of bentonite in the 

suspension before and after EC. First, a dried sample of the suspension was tested prior to 

the EC. Afterwards, coagulated material from the anode was dried and tested. The same 

was done with a sample of an used bentonite suspension from a construction site in Berlin. 

Methylene blue tests were performed as normed in DIN EN 933-9:2013-7. The results are 

presented in the Table 15. 

Table 15: The ratio of montmorillonite in a suspension and in a coagulated material 

Experiment 
Nr. 

Before EC 
(%) 

After EC       
(%) 

Density 
(g/cm³) 

1 14  14  1.19 

2 8  8  1.26 

 

As seen from the table above, the results show that the montmorillonite amount in the co-

agulated material is the same as the amount in the suspension. This suggests that soil par-

ticles in the suspension originating from excavated material coagulate at the same rate as 

the bentonite particles. The difference between the montmorillonite amount in the used sus-

pension from Berlin and SUS can be traced back to the difference in the density of those 
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suspensions. Due to a lower density of the suspension from Berlin, the ratio of bentonite 

particles to other soil particles in this suspension was higher than in SUS. 

These findings are in good agreement with the zeta potential theory (chapter 2.2.6). Since 

all particles that do not possess electrical surface charge acquire it when in water, they are 

all attracted from electrodes. The particles from all tested suspensions in this dissertation 

coagulated on the anode, which means that all soil particles acquired negative zeta potential 

in water, as it was anticipated in theory. Methylene blue testes showed that non-bentonite 

soil particles coagulate at the same rate as bentonite particles.  

5.4 Summary of the laboratory results 

The purpose of the presented experimental study was to define a standard-used suspension 

and determine the best cell and operational parameters for EC of SUS. The results showed 

some similarities but also some significant differences to the experiments on pure bentonite 

suspension performed by Paya (2016). 

The results of the experimental series indicate as following: 

 aluminium should be used as electrode material for the mid-scale prototype.  

 electrode gap should not be excessively large.  

 Cell B should be used as a scale-up basis for a mid-scale prototype. 

 MP-P electrode connection mode should be used in mid-scale prototype. 

 Mechanical cleaning did not show clear positive influence by performed experiments. 

However, it is recommended to build some kid of cleaning system in the mid-scale 

prototype, in order to test it further in bigger scale. 

 Optimal experiment duration is to be kept open to further research. No automatical 

safety shut-down system after 30 minutes of EC is to integrate in the prototype.  

 Cleaning system should be built in the mid-scale prototype, in order to test it further 

in a bigger scale.  

 Ventilation should be designed in a way to expect 51 % - 101 % more hydrogen that 

according to the Faraday’s law. 

Chronologically, the laboratory experiments were performed simultaneously to design of the 

mid-scale EC prototype. Some decisions have already been made based on the results of 

the first phase of the research. Therefore, not all of these findings were considered for the 

end design. 
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 Experiments with mid-scale prototype 

Upon investigating the optimal parameters for the EC of SUS, a larger EC cell was con-

structed. The cell with its complete equipment is called the mid-scale prototype. This proto-

type is planned as a transition step between laboratory cells and real-scale cells for con-

struction sites. The design of the prototype as well as all experiments that were performed 

using it are described in this chapter.  

Prior to constructing the mid-scale prototype, the scale-up parameters had to be determined. 

This was based on the parameters of the EC laboratory cell B. 

6.1 Scale-up from laboratory cell to prototype cell  

The EC prototype cell was constructed based on the cell and operational parameters of the 

EC laboratory cell B, listed in Table 16. The electrodes are connected in parallel circuit, as 

shown in Figure 46. 

Table 16: Scale-up parameters for the EC prototype cell (Popovic & Schößer, 2019) 

Parameter EC laboratory cell B EC prototype cell  

Active electrode surface (cm²)  212 18600 

Cell volume (cm³) 2000 (2 l)  300 000 (300 l) 

Ratio of active electrode surface to cell volume  
(cm² /cm³)  

0.106 0.106 

Electrical current (A) 1 2 150 300 

Surface current density (mA/cm²)  4.7 9.4 4.7 9.4 

Volumetric current density (mA/cm³) (A/l)  0.5 1.0 0.5 1.0 

 

 

Figure 46: Simplified electrical circuit schema of the EC mid-scale cell (Glück, 2015) 
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In addition to size, there are other differences between the laboratory and the mid-scale cell. 

Those differences arose as solutions to construction and safety challenges that emerged 

during the design phase. The biggest design differences are: 

 Electrodes are completely submerged in suspension during EC 

 Electrodes are round-shaped and anodes can rotate. 

 On each side of an anode, there is one cathode (Figure 46). The polarisation of elec-

trodes cannot be changed. 

 The cell is equipped with an automatic anode cleaning system. These scrapers 

scratch the coagulated material from the anodes while they rotate. EC does not have 

to be turned off during rotation and cleaning. 

The first difference resulted from required safety measures, since the production of hydro-

gen was sufficient to create an explosive atmosphere in the cell (chapter 3.5.1). Rather than 

altering the atmosphere to reduce explosive hazards, the system was designed to avoid all 

possible ignition sources. Among other measures, this was achieved through avoiding the 

contact of electrodes or any other live parts with potentially explosive atmosphere in the cell 

by “covering” the electrodes with suspension during the experiment. 

The other differences resulted from the need to scratch the coagulated material from the 

electrodes’ surface during or after the experiments. Anodes were designed round shaped 

with a well that can be rotated from outside the cell. Scrapers were placed on both sides of 

each anode. During rotation, they automatically scratch the coagulated material from the 

anodes’ surface. Further design details are described in the following chapters. 

6.2 Experimental setup 

Experimental setup consists of one EC Container and laboratory chamber filter press 

(LCFP). The equipment was designed and built in cooperation with partners of this research 

project. The companies Herrenknecht AG from Schwanau and GeneSys Elektronik GmbH 

from Offenburg undertook the construction of EC Container and the company MSE-Filter-

pressen from Remchingen delivered the LCFP.  

 EC Container 

The complete equipment needed for secure and functional EC process was integrated into 

one standard 20’ container. It was placed at the laboratory at the Institute for Tunnelling and 

Construction Management at the Ruhr University Bochum, where all experiments presented 

in this thesis were performed. 

Containers dimensions are 6.06 m length x 2.44 m width x 2.59 m height without the chim-

ney or 4.30 m height including the chimney. The container is divided into two rooms by a 
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welded steel wall. The first room is a mixing and control room; here, the suspension is pre-

pared and the complete process is controlled. The EC prototype cell with a total volume of 

320 litres is placed in the second room, called the EC room. The construction drawing of the 

container is shown in the Figure 47. The ECC weighs around 5 t, from which 2 t are self-

weight of the container and the rest are built-in devices required for the EC process. 

 

Figure 47: Drawing of the EC Container: left: inside; right: outside (Meyer/Herrenknecht AG, 2017)  

Control and mixing room 

The control and mixing room (Figure 48 and Figure 49) consists of a stirrer with a volume of 

800 l, a pump, a DC power source (300 A/55 V) with control screen for EC processes, and 

a cabinet with a control panel for general ECC functions. Besides this main equipment, there 

is also a control box for hydrogen sensors, air conditioning device for the cabinet, illumina-

tion and pipes connecting the stirrer to the pump and EC cell in the EC room. 
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Figure 48: Control and mixing room: (1) stirrer, (5) control box for hydrogen sensors (6) air-

conditioning device for cabinet, (7) illumination, (after Popovic et al., 2018) 

 

Figure 49: Content of the control and mixing room: (1) stirrer, (2) pump (3), DC source with control 

screen, (4) control panel, (8) pipes (after Popovic & Schößer, 2019) 
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EC room 

Figure 50 shows the EC room. The main device in this room is the EC prototype cell. Besides 

the cell, the room is equipped with two ventilation systems (one for the cell and one for the 

room), hydrogen sensors, door sensors, a control panel for the pump, one small gas cylin-

der, and regular and emergency lighting.  

 

Figure 50: EC room: (1) EC prototype cell, (2) cell ventilation system, (3) room ventilation system, (4) 

hydrogen sensors, door sensors, (5) control pad for the pump, (6) one small gas canister, (7), 

extraction points on the cell, (8) regular and (9) emergency illumination (after Popovic et al., 2018) 

EC prototype cell 

The components of the EC prototype cell are shown in Figure 51. 
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Figure 51: Components of the EC mid-scale cell (Meyer/Herrenknecht AG, 2017)  

The cell consists of two identically constructed chambers, each with a volume of 160 l. In 

each chamber there are 2 anodes and 4 cathodes, with the anodes arranged between two 

cathodes (Figure 50). The electrodes are circular with a diameter of 70 cm. Anodes have an 

area of 0.38 m² and cathodes slightly less, 0.35 m². This difference in area arose from the 

need to allow the variation of operational parameters during optimisation. Each chamber 

has five extraction points in form of ball valves (Figure 50). These extraction points allow the 

suspension to be analysed at different heights in the cell. The components of the EC mid-

scale cell are shown in Figure 51. 

A hollow shaft passes through the centre of the electrodes (Figure 52). It provides an at-

tachment point for the anodes and also supplies them with electricity. The shaft is attached 

to a geared motor on the outside, which rotates the shaft and anodes. Scrapers installed in 

the lower part of the cell (Figure 53) clean the anodes by sweeping the coagulated material 

from the surface as anodes rotate. 

Cathodes, on the other hand, are not attached to the shaft and cannot rotate. Instead, they 

are placed in the slots of the cell, which are built at distances of 4.5, 5.5 and 6.5 cm from 

the sides of each anode. The electrode gap is changed  simply by lifting the cathode and 

placing it in another slot. In order to make this possible, cathodes have a recess in the part 
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directly under the shaft (Figure 54). Therefore, cathodes have a slightly smaller area than 

anodes. 

 

Figure 52: Cross section through the EC mid-scale cell (Meyer/Herrenknecht AG, 2017) 

 

Figure 53: Scrapers system (Meyer/Herrenknecht AG, 2017) 



6  Experiments with mid-scale prototype 99 

 

 

 

 

Figure 54: Cathodes placing (Meyer/Herrenknecht AG, 2017) 

Operational parameters 

The design of the cell allows a comprehensive parametric study with following operation 

parameters: 

 the amperage can be varied between 1 and 300 A 

 the rotation speed, which dictates  the cleaning period of the anodes, is between 0 

and 0.45 min-1 

 the electrode gap can be set at 4.5, 5.5 or 6.5 cm 

 there is no technical limit for the duration of the test. 

Safety measures 

By implementing the electrical current of 300 A in Eq 5-2 and considering the experimentally 

obtained additional amount of hydrogen (chapter 5.3.6), the hydrogen production of 210 -

280 l/h was calculated. In order to prevent hydrogen from creating an explosive atmosphere 

(> 4% H2 concentration in the atmosphere, chapter 3.5.1), a strong ventilation system was 

integrated in the prototype. The system consists of two ventilators with a nominal volume of 

310 m³/h each, which maintains an average hydrogen concentration in the cell of 1 to 2 % 

of the LEL, meaning 0.04 – 0.08% H2 concentration in the atmosphere (Dekra, 2016). 

Twenty six safety measures were put in place to ensure safe operation of the prototype, 

some of which are: 

 The DC source cannot be turned on if the both cell chambers are not completely filled 

with fluid. This makes the contact of electrodes with potentially explosive atmosphere 

impossible. For this reason, fluid level sensors were integrated in the cell, placed just 

above the anodes. 
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 The DC source cannot be turned on if the ventilation is not running. This prevents 

development of an explosive atmosphere. The ventilation system is equipped with 

sensors that measure the air current in the chimney. 

 The DC source cannot be turned on if the EC cell cover is not mechanically and 

magnetically sealed. This measure keeps hydrogen in the closed ventilation system 

of the cell and does not allow it to collect in the EC room of the container. 

 The DC source cannot be turned on if the doors of the EC room are not completely 

opened. This prevents building up of an explosive atmosphere in the EC room if the 

cell leaks. For this reason, door sensors and an additional ventilation system were 

integrated into the EC room.  

 If any of the above-mentioned requirements is no longer met during the experiment 

(fluid level in the cell drops, ventilation turns off, doors of the EC room close) the DC 

source is automatically turned off. 

 The amount of hydrogen in the EC cell and in the EC room is constantly measured 

with hydrogen sensors. If the measured values are above allowed values, the sound 

alarm is activated and the DC source is automatically turned off. 

 The ECC is equipped with a battery that keeps the vital security systems in operation 

in case of a power outage. 

 If both the battery and electrical power supply simultaneously cease to function during 

an experiment, residual amounts of hydrogen can be ventilated manually using the 

gas cylinder placed in the EC room. 

 Laboratory chamber filter press (LCFP) 

LCFP is basically a small scale chamber filter press, with official product designation LFP 

250 Mobil. Its sketch is shown in Figure 55. The LCFP weights 80 kg with total dimensions 

of 0.8 x 0.6 x 0.45 m. It consists of ten chambers with a total volume of 8 litres and a filter 

surface of 0.92 m². Filter plates are square, with dimensions 0.25 m x 0.25 m. The LCFP is 

equipped with a pump which can double the incoming pressure.  

The suspension is supplied to the chambers though an opening in the centre of each cham-

ber, shown in the Figure 56. During filtration, the chambers are held together by means of a 

hydraulic system (up to 500 bar) such that the filtration pressure (up to 15 bar) cannot drive 

the chambers away from each other and the press remains sealed (Popovic et al., 2018). 
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Figure 55: Sketch of LCFP (MSE, 2016) 

 

Figure 56: Openings in the centre of the chambers (Popovic & Schößer, 2019) 

LCFP allows the investigation of the influence of the EC treatment on the filtration of the 

suspension. A short pipe on the filtrate outlet drains the filtrate water to a bucket on a scale. 

The scale is connected to a laptop on which the values from the scale are recorded and 

stored (Figure 57). 
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Figure 57: Laboratory chamber filter press (LCFP) with automatic filter water release measuring 

system (Popovic, 2019) 

Since the reason for including the chamber filter press in experimental setup was to investi-

gate the influence of EC on the following filtration, the operating parameters of LCFP were 

kept constant across experiments.  

6.3 Experimental procedure 

 Mixing of the suspension 

SUS was prepared at least one day before the EC experiment. First, the necessary amount 

of water, bentonite, kaolin, and silica flour was calculated depending on the number of ex-

periments to be performed. Usually, 550 l of suspension were prepared – 3x160 l for three 

EC experiments and the rest as a backup or for a reference filtration experiment. Even 

though the stirrer in the ECC had a total volume of 800 l, mixing of the amounts bigger than 

600 l had a negative influence on the suspension’s quality.  

The required amount of water was poured into the stirrer, followed by the step-wise addition 

of bentonite particles while simultaneously mixing. After mixing, the suspension was left to 

swell for at least four hours before the addition of kaolin and silica flour particles. These 

particles were added to the suspension in the same way that the bentonite was previously 

added to the water. Afterwards, the suspension was left to swell at least for one day before 

being employed in an EC experiment. 

The mixing step does not apply to the experiments in chapter 6.6, since those experiments 

were performed with a used suspension from a tunnelling construction site. 
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 Preparation and execution of EC experiment 

Since both chambers in the EC mid-scale cell are identical in construction, the experiments 

were usually performed in one chamber at a time. The other chamber was filled with water 

prior to the experiment, because even the electrodes in the non-active chamber had to be 

covered with fluid during EC. Once the non-active chamber was filled with water or, the 

cover of the cell was sealed. This allowed activation of the pump. 

To homogenize the SUS prior to pumping it into the chamber, it was mixed again for 10 

minutes, in case partial sedimentation had occurred.  

The EC experiment is operated from the control and mixing room of ECC, with the following 

main steps:  

 The suspension was pumped into the EC cell. 

 After clearance of all safety functions, the direct current source was switched on, the 

intended electrical current was set, and the test was started.  

 During the experiment, electrical data was gathered. When necessary, electrical cur-

rent was manually adjusted on control display of the DC source.  

 After conclusion of the planned experiment time, the DC source was turned off. The 

suspension was left in the cell for about 15 minutes, to ensure complete venting of 

the residual hydrogen bubbles. In the meantime, samples of the remaining suspen-

sion were taken from five extraction points and were analysed for pH value, electrical 

conductivity, temperature and density. 

 The remaining suspension was then pumped out of the cell and gathered in three 50 l 

buckets. Coagulated material remained on the anodes even after the suspension was 

completely removed from the cell. 

 Samples of the coagulated material were taken from each anode to determine the 

residual moisture of the coagulated material. 

 The complete coagulated material was scratched of the anode, accumulated, dried 

in the oven and weighed, to determine the total amount of coagulated material 

 The EC cell was thoroughly cleaned. 

Detailed descriptions of the procedure can be found in appendix B. Figure 58 shows the 

course of an EC experiment. 
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Figure 58: a) Before the experiment: water in the left chamber, SUS in the right chamber, b) Gas 

developing during the experiment c) After the experiment: the remaining suspension is pumped out of 

the cell, coagulated material remains on the anodes, d) Thickness of the coagulated material e) 

Coagulated material with small holes originating from oxygen development on the anodes 

 Preparation and execution of filtration experiment 

The LCFP was usually prepared during the EC experiment. Filter cloth on the filter plates 

was adjusted and the plates were pressed together. A short pipe was attached to the filtrate 

water outlet, conveying the filtrate water to a bucket placed on a scale. The scale was con-

nected to a laptop, on which the measured data were stored. The LCFP was connected to 

the pressure source using pipes.  
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Detailed execution procedure of filtration experiments can be found in Appendix B. Here, 

only the main steps are described: 

 One 50 l bucket with electrocoagulated suspension was connected to the LCFP using 

pipes. 

 The experiment was started: the pressure supply was turned on and began pumping 

the suspension from the bucket into the chambers of the press.  

 Starting filtration pressure was 7 bar. 3 minutes after the start, the pressure was dou-

bled to 14 bar. The filtration pressure does not however immediately increases to 14 

bar; instead, the LCFP regulates it automatically. 

 The filtrate water was collected in the buckets on the scale. When the bucket was full 

during the experiment, it was replaced with a new one. 

 After the designated filtration time was reached, the pressure was turned off. This 

represents the end of the filtration experiment. 

 After the pressure inside the chambers had dropped, the hydraulic press holding the 

plates together was released. From that moment on, the filter plates could again be 

separated from each other. 

 Two filter cakes were collected to measure their residual thickness 

 Collected filtrate water was analysed. 

 The LCFP was thoroughly cleaned. 

Followings figures show the execution and the products of a filtration experiment. 

 

Figure 59: Execution of a filtration experiment 
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Figure 60: Filtrate water (Bezhenov, 2019) 

 

Figure 61: Filter cakes in the LCFP (links), released from the chambers (right)  

 Variations of LCFP experiments execution 

The most common procedure was to filter the remaining suspension directly after EC without 

further adjustment of the suspension parameters. By using a standardised suspension, a 

direct connection/correlation between the EC operational parameters and filtration perfor-

mance could be drawn. This variation of LCFP experiments execution was labelled as “fil-

tration variation 1” (FV1). It is sketched in Figure 62. 

 

Figure 62: Suspension flow chart – standard execution of the filtration experiment (filtration 

variation 1- FV1) (Popovic & Schößer, 2019) 
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However, in some LCFP experiments, the parameters of the remaining suspension were 

changed prior to filtration. For example, at one set of experiments, the coagulated material 

from the anodes was "returned" to the remaining suspension in order to filter all material in 

the LCFP. At other sets of experiments, conditioning agents (CA) in the form of coagulants 

and flocculants were added to the suspension and prior to filtration. Those variations of 

LCFP experiments execution were labelled as FV2a and FV2b, respectively (Figure 63).  

 

Figure 63: Suspension flow chart – filtration variation 2a and 2b (Popovic & Schößer, 2019) 

Besides two cases of direct (material-specific) influences, the suspension parameters were 

also indirectly influenced in certain sets of experiments. This was done with adjustments of 

the suspension’s temperature or by ageing of the suspension (not filtering directly after EC 

but one or more days later). Those variations of LCFP experiments execution were labelled 

as FV3a and FV3b, respectively (Figure 63). 

 

Figure 64: Suspension flow chart – filtration variation (FV) 3a and 3b (Popovic & Schößer, 2019) 

6.4 Evaluation and overview of the mid-scale experimental series 

 Evaluation parameters 

The EC experiments with the mid-scale prototype were evaluated using the same parame-

ters as the laboratory experiments, and in addition, selected new parameters.  

The effectivity parameters from the laboratory scale allow a comparison between laboratory 

and mid-scale experiments. No adaptation of those parameters (percentage of coagulated 
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soil Bkt, the decrease of the remaining suspension density ∆ρ and the decrease of the re-

maining suspension stability ∆FW) for the larger scale was necessary.  

However, some of those parameters were less well suited to larger scale experiments. The 

parameter ∆FW was used to evaluate the destabilization effect of EC treatment on the sus-

pension through increase of the filter water release in the API-filter press. As the results from 

chapter 6.5 show, this parameter cannot accurately predict the effect of EC on the filtration. 

Therefore, the actual filtration performance in LCFP was much more significant when than 

the parameter ∆FW evaluating the experiments. 

Besides three evaluation parameters from the previous research phase, several new pa-

rameters were defined. The first parameter is the residual moisture of the coagulated mate-

rial on the anode, RMCM. It is calculated as the difference of the wet and dry sample weight 

divided by the wet weight (Eq. 6-1). This parameter complements the parameter Bkt. By 

taking both paramters into consideration, not only the total amount but also the residual 

moisture of the coagulated material on the anodes is described.  

𝑅𝑀𝐶𝑀 =  
𝑚𝑤,𝐶𝑀−𝑚𝑑,𝐶𝑀

𝑚𝑤,𝐶𝑀
                      (Eq. 6-1) 

with: 

𝑅𝑀𝐶𝑀    residual moisture of coagulated material [-] 

𝑚𝑤,𝐶𝑀    wet weight of coagulated material [kg] 

𝑚𝑑,𝐶𝑀    dry weight of coagulated material [kg] 

Further parameters describe the filtration process in the LCFP. The first parameter is the 

residual moisture of the filter cakes, RMFC. It is defined similar to the previous parameter. 

𝑅𝑀𝐹𝐶 =  
𝑚𝑤,𝐹𝐶−𝑚𝑑,𝐹𝐶

𝑚𝑤,𝐹𝐶
                      (Eq. 6-2) 

with: 

𝑅𝑀𝐹𝐶    residual moisture of filter cakes [-] 

𝑚𝑤,𝐹𝐶    wet weight of filter cakes [kg] 

𝑚𝑑,𝐹𝐶    dry weight of filter cakes [kg] 

The following two parameters evaluate the filtration performance of the suspension after EC 

in comparison to filtration performance of the same suspension conditioned with CA. The 

parameter ∆𝐹𝑉𝐸𝐶 (Eq. 6-3) describes the change of filtration volume with EC. It is defined as 

the increase of the volume of the dewatered suspension after EC compared to the volume 

of the dewatered suspension by the filtration with CA. 
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∆𝐹𝑉𝐸𝐶 =
𝑉𝐹𝑊,𝐸𝐶+𝑉𝑐𝑓𝑝

𝑉𝐹𝑊,𝐶𝐴+𝑉𝑐𝑓𝑝
− 1                     (Eq. 6-3) 

with: 

∆𝐹𝑉𝐸𝐶  change of the volume of the filtrated suspension after EC [-] 

𝑉𝐹𝑊,𝐸𝐶  filtrate water discharge after EC [m³] 

𝑉𝐹𝑊,𝐶𝐴  filtrate water discharge with CA [m³] 

𝑉𝑐𝑓𝑝   volume of the chamber filter press [m³] 

The parameter ∆𝐹𝑡𝐸𝐶 (Eq. 6-4) describes the change of filtration time with EC. Similar to the 

previous parameter, it is defined as the increase of the filtration time after EC compared with 

the filtration time with CA. 

∆𝐹𝑡𝐸𝐶 =
𝑡𝐹𝑊,𝐸𝐶

𝑡𝐹𝑊,𝐶𝐴
− 1                        (Eq. 6-4) 

∆𝐹𝑡𝐸𝐶  change of the filtration time after EC [-] 

𝑡𝐹𝑊,𝐸𝐶  filtration time after EC [h] 

𝑡𝐹𝑊,𝐶𝐴  filtration time with CA [h] 

The last parameter that describes filtration performance is the FWrel (l), stating the filter water 

release at the end of the filtration experiment.  

It should be noted that an increase in filtrate water release does not necessarily indicate that 

a filtration process is improved, i.e. that it will be completed more quickly. If two suspensions 

with different densities have the same filtrate water release after a certain filtration time, the 

filter cake from the suspension with a lower density will have a higher residual moisture. 

Since EC reduces the density of the used suspension, a higher filtrate water release is re-

quired to complete the filtration process and achieve acceptable residual moisture of filter 

cakes. 

In practice, two criteria determine when the filtration process is considered complete: 

 when approximately 80 % of the total amount of filtrate water is released 

 when the maximum filtration pressure is reached. 

The second criteria cannot be used for filtration with the LCFP because the maximum filtra-

tion pressure is reached very early (after approx. 5 minutes). Therefore, the first criteria is 

used in further analysis. 

To explain how this affects the parameters ΔFVEC and ΔFtEC, one example with two filtration 

experiments is shown in Figure 65. In the figure, the abscissa corresponds to the filtration 
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time and the ordinate to the filtrate water discharge. The second EC experiment from the 

fifth experimental series with the prototype (PES5_EC2) and the reference filtration experi-

ment with CA were chosen for this example. 

 

Figure 65: Example of filtration experiments with SUS, with CA (Ref_CA) and with EC (PES5_EC2) 

To determine how the criteria “approximately 80 % of total amount of filtrate water release” 

influences the evaluation parameters ΔFVEC and ΔFtEC, a sensitivity analysis was per-

formed. The points on the filtration curve at which 70, 80 and 90 % of the total amount of 

filtrate water was released are marked in the figure. Those filtration times and the corre-

sponding filtrate water volumes are listed in Table 17. Parameters ΔFVEC and ΔFtEC were 

calculated after Eq. 6-3 and Eq. 6-4. The variable Vcfp throughout this thesis is equal to 8 l, 

since the same amount of LCFP chambers (all ten of them) was used at every filtration 

experiment. 

Table 17: Calculation of parameters ΔFtEC and ΔFVEC at 70, 80 and 90 % of the filtration  

Experiment FWrel 

70 % 80 % 90 % 

Time (min) 
tFW,EC/CA 

Volume (l) 
VFW,EC/CA 

Time (min) 
tFW,EC/CA 

Volume (l) 
VFW,EC/CA 

Time (min) 
tFW,EC/CA 

Volume (l) 
VFW,EC/CA 

PES5_EC2 30.6 67.9 21.4 88.5 24.6 115.3 27.5 

Ref_CA 20.5 24.6 14.4 31.8 16.4 42.3 18.5 

  ΔFtEC=1.76 ΔFVEC=0.31 ΔFtEC=1.78 ΔFVEC=0.34 ΔFtEC=1.73 ΔFVEC=0.34 
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As shown in Table 17, the parameters ΔFVEC and ΔFtEC are only slightly affected by the 

point at which the filtration is evaluated. ΔFVEC was in the range of 0.31 – 0.34 and ΔFtEC in 

the range of 1.73 – 1.78. Considering the whole range of values for those to parameters and 

the difference between single EC experiments, this difference can be neglected. Therefore, 

the values for ΔFVEC and ΔFtEC in the further analysis are always calculated at the point of 

80 % of total amount of the filtrate water release. 

On this place, two main differences between the new evaluation system for filtration and the 

parameter ΔFW, used for the evaluation of the laboratory experiments, need to be high-

lighted: 

 ΔFW compares the filtration after EC to the filtration prior to EC without CA. The new 

parameters always compare the filtration after EC to the filtration with CA. This is a 

huge difference. As the results of reference filtration experiments show (chapter 

6.5.1), CA significantly improve the filtration. Moreover, it a more practice-relevant 

comparison, since CA are usually employed in fine separation process. 

 ΔFW compares two filtrations at the same filtration time. The higher the filter water 

release at a fixed time (7.5 minutes after DIN 4127:2014-02), the more destabilised 

the suspension is. This is mostly correct; however, such evaluation cannot predict the 

filtration performance as it does not take into consideration the decrease of the sus-

pensions density after EC. When looking at Figure 65, evaluation of the filtration at 

t = 30 min just by comparing the filtrate water volume would conclude that CA is more 

effective than EC. At t = 60 min the effectiveness is equal, and at t=90 min, EC per-

forms better than CA. Therefore, it is necessary to compare filtrations at the same 

stage of completion, instead of at the fixed filtration time. 

 Prototype experimental series (PES) 

EC and filtration experiments presented in this thesis are listed in Table 18. First, EC oper-

ating parameters were investigated in the experiments using SUS. Additionally, suspension 

parameters were investigated by performing EC experiments with different suspension 

mixes. In one case, an SUS with reduced density was mixed. The same bentonite concen-

tration and the same soil particles were used, but with less load. In another case, a used 

suspension from a construction site (CUS) was tested. Moreover, in order to determine the 

effects of EC on the filtration performance, reference filtration experiments without EC were 

performed.  

After every EC experiment there was enough remaining suspension to perform three filtra-

tion experiments. Therefore, the amount of filtration experiments was in some experimental 

studies higher that the amount of EC experiments. 
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Table 18: Experimental series with mid-scale prototype and LCFP 

Experimental series  Code Suspension 
Number of EC  
experiments 

Number of LCFP 
experiments 

Validation experiments PES1  SUS 17 36 

Influence of the current 
density 

PES2  SUS 3 3 

Influence of the elec-
trodes gap 

PES3  SUS 6 6 

Influence of the an-
odes’ cleaning interval  

PES4  SUS 4 4 

Influence of the EC ex-
periment duration 

PES5  SUS 4 4 

Fine-tuning  
experiments 

PES6  SUS 6 6 

Influence of the sus-
pension’s density 

PES7 
SUS with reduced 

density 
3 3 

Experiments with the 
suspension from the 

construction site 
PES8 CUS 7 34 

Reference filtration  
experiments with LCFP  

Ref  
SUS, CUS, SUS with 

reduced density 
- 13 

  ∑ 50 109 

 

*The most important findings from PES1, PES5 and PES8 were presented in the final report 

of this research (Popovic & Schößer, 2019). 

6.5 Experiments with SUS / standard used suspension 

 Reference experiments in LCFP  

Reference experiments are the filtration experiments in which the suspension has not been 

electrocoagulated previously. They serve as a basis for comparison; the filtration curves 

after EC tests are compared to each other and to reference tests. In order to carry out a 

practice-relevant evaluation, the filtration after EC had to be compared to the filtration with-

out conditioning agents (CA) as well as with CA.  

The reference tests are shown in Figure 66 and Figure 67. Figure 66 presents reference 

filtration experiments without CA, where SUS was mixed with the following densities: 1.26, 

1.22, 1.20 and t/m³. SUS with reduced density was always mixed the same way. The ben-

tonite concentration in the suspension was not changed. Instead, the loading with kaolin, 

M300 and M500 was reduced, but the ratio between them was kept constant (kaolin W : 

M300 : M500 = 3 : 4 : 10). As can be seen from the figure, the reduction of suspensions 

density has an influence on the filtration. More filtrate water is released in the same time. 
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Figure 66: Reference filtration experiments without CA – SUS with standard and reduced density 

Figure 67 presents the reference filtration experiments with CA. Ferric chloride (FeCl3) was 

used as coagulant and anionic polyacrylamide was used as flocculant. The data sheet of 

conditioning agents can be found in appendix A. The density of the suspension before con-

ditioning was 1.26 t/m³. However, due to the addition of CA, the density was reduced to 

1.24 t/m³. The same occurs on the construction sites when CA are added prior to filtration.  

For every filtration experiment, 40 l of suspension was prepared. In the experiments with 

CA, the suspension was conditioned with 40 ml FeCl3 and 8 g polymers (dissolved in 4 l tap 

water).  

 

Figure 67: Reference filtration experiments with CA 
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Not all of the reference experiments are presented here. For example, the reference filtration 

experiment with SUS density of 1.26 t/m³ was performed 7 times. The filtration curve pre-

sented here is the average value over all those experiments. Since deviations in this case 

were proven insignificant, reference experiments with reduced densities were generally per-

formed fewer times (i.e. once or twice). All reference filtration experiments can be found in 

appendix C. 

 PES1: Validation EC experiments 

The aim of the first prototype experimental series (PES) was to determine whether the op-

erating parameters in the EC prototype cell have a similar effect on the SUS as in the labor-

atory-scale experiments. The performed experiments and their operation parameters are 

listed in Table 19. The parameters electrical current and current density represent the aver-

age values since the electrical current fluctuates during EC. 

Table 19: Validation experimental series (PES1) – EC operational parameters 

Code 
Electrode  
gap (cm) 

Duration 
(min) 

Electrical  
current (A) 

Current  
density (A/l) 

Charge den-
sity (Ah/l) 

Cleaning  
interval (min-1) 

PES1_EC1 4.5 30 142.4 0.89 0.45 0.45 

PES1_EC2 4.5 30 120.0 0.75 0.38 0.2 

PES1_EC3 4.5 30 128.0 0.80 0.40 0 

PES1_EC4 4.5 30 120.0 0.75 0.38 0 

PES1_EC5 4.5 30 80.8 0.51 0.26 0 

PES1_EC6 4.5 30 20.6 0.13 0.07 0 

PES1_EC7 4.5 60 86.4 0.54 0.27 0 

PES1_EC8 4.5 30 124.8 0.78 0.39 0 

PES1_EC9 6.5 30 62.4 0.39 0.20 0 

PES1_EC10 6.5 30 70.4 0.44 0.22 0.45 

PES1_EC11 6.5 30 52.8 0.33 0.17 0 

PES1_EC12 4.5 30 42.8 0.27 0.14 0 

PES1_EC13 4.5 60 100.8 0.63 0.63 
0.45 until mi-

nute 35 

PES1_EC14 4.5 30 120.0 0.75 0.38 0 

PES1_EC15 4.5 30 113.6 0.71 0.35 0 

PES1_EC16 4.5 30 104.0 0.65 0.33 0 

 

As mentioned in chapter 6.3, the suspension is after EC treatment filtrated in LCFP, in order 

to evaluate the influence of EC on the dewatering of used suspensions. The figures in this 
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chapter present the results on those filtrations. The evaluation parameters (chapter 6.4.1) 

are always listed in the tables, they are not presented in figures. Since the filtration after EC 

in PES1 was conducted only for 2 hours and not fill the end (determined with horizontal or 

almost horizontal line at the end of filtration curve), it was not possible to calculate parame-

ters ΔFVEC and ΔFtEC. The same goes for PES7 and PES8. 

The first question in PES1 was: is the increase in filtrate water release caused only by a 

reduced density of the remaining suspension, or is the suspension after EC actually desta-

bilised? The remaining suspension after EC experiments 2, 3 and 4 had a density of 1.19, 

1.20 and 1.21 t/m³, respectively. The comparison of filtration curves EC2, EC3 and EC4 with 

the reference filtration experiments Ref_1.20 and Ref_1.22 shows that the remaining sus-

pension could be filtered much faster than the non-electrocoagulated SUS with the same 

density (Figure 68). In this case, calculating the parameters ΔFVEC and ΔFtEC is unnecessary 

since the densities of the compared suspensions are identical. However, the EC experi-

ments 2, 3 and 4 were not as effective as the addition of CA in destabilizing the SUS. 

 

Figure 68: Influence of the remaining suspension density on the filtration 

This led to the next research question: can the coagulated material from the anodes be 

returned to the remaining suspension in order to filter everything together? This could be 

beneficial due to the fact that the residual moisture of the coagulated material was higher 

than the residual moisture of the filter cakes. Filtrating everything together should produce 

output with overall lower residual moisture. This was tested in filtration variation FV2a. The 

results of this series of experiments are shown in Figure 69. Overall, it can be said that the 

return of the coagulated material to the remaining suspension had a negative effect on the 
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subsequent filtration. After 30-minute EC experiments (EC10 - EC12), the filtration improve-

ment through EC was minimal. Only at a 60-minute EC test (EC13) the improvement of the 

filtration was noticeable. This means, if the FV2a is performed, more electrical consumption 

is required to improve the filtration after EC.  

To further investigate the effects of the return of the coagulated material to the remaining 

suspension, the suspension from the EC13 experiment was filtered again, this time without 

the return of the coagulated material (EC13_1.11_FV1 in Figure 69). The remaining sus-

pension without addition of the coagulated material showed a significantly higher increase 

in filtrate water release at any given time. In the first 30 minutes, the filtrate water release of 

this filtration was almost identical to the filtrate water release of the reference experiment 

with CA. The comparison between filtration curves EC13_1.25 and EC13_1.11_FV1 

showed that the filtration performance reduces significantly if the coagulated material is re-

turned to the remaining suspension. 

 

Figure 69: Influence of the remaining suspension density on the filtration, with (FV2a) and without 

(FV1) return of the coagulated material to the suspension 

The next focus was directed at the influence of volumetric current density (in further text: 

current density) on filtration. In Figure 70, the filtration curves are divided into two groups: 

0.65 - 0.80 A/l (orange lines) and 0.39 - 0.51 A/l (blue lines). The duration of all EK experi-

ments was 30 minutes. Therefore, the results present also the influence of charge density 

(Ah/l) on the filtration. The diagram shows that higher current densities are more effective 

than the lower current densities. At current densities lower than 0.5 A/l, or rather, the charge 

densities lower than 0.25 Ah/l, the destabilisation effect of EC was negligible. The filtration 

was similar to reference experiments without CA. 
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Figure 70: Influence of the current density on the filtration 

Figure 71 shows the filtration curves after three EC tests with the same current density and 

the same charge density. The filtration curves are almost identical. This highlights either 

current density or charge density as one of the most important operating parameters. 

 

Figure 71: Influence on the identical current density on the filtration 

To investigate which one of those operating parameters is decisive, EC experiments with 

identical current densities (A/l) but different charge densities (Ah/l) were performed. Different 

charge densities were achieved through variation of EC duration. The results are shown in 

Figure 72. EC tests 5 and 7 (blue lines) as well as 15 and 17 (purple lines) were performed 
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with the same current density, with EC17 lasting 15 minutes longer than EC15 and EC7 

lasting 30 minutes longer than EC5. The positive influence of the EC experiment duration or 

rather of charge density on filtration performance is clearly visible. 

 

Figure 72: Influence of the experiment duration and charge density on the filtration 

The next part of the investigation was concerned with the effect of the waiting time on the 

filtration (FV3a). As mentioned previously, after every EC experiment there was sufficient 

remaining suspension to perform three filtration experiments. The remaining suspension 

from experiments EC1-EC4 was filtrated once directly after EC (FV1) and once on the next 

day. Suspension from the EC2 and EC3, was filtrated once more (third time), 4 days after 

EC. The results are presented in Figure 73.  

Analysing the filtration after EC1 and EC4, it can be seen that the waiting time of one day 

did not influence the filtration performance. However, the waiting time after EC2 and EC3 

showed a negative influence on the following filtration, reducing the positive effect of EC.  

The waiting time issue was further researched in chapter 6.6. 
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Figure 73: Influence of the waiting time after EC on the filtration (FV3a) 

Discussion 

This experimental series provided several interesting findings. One of them is the influence 

of electric current (A), or rather, current density (A/l), on the results – higher current improves 

EC performance. This is consistent with the laboratory results on electrical current (chapter 

5.3.2). Presenting the results in terms of current density instead of electrical current is be-

coming a standard in EC literature, since it makes possible to compare the effectiveness of 

EC cells with different sizes. Therefore, the same was done in this thesis. The influence of 

the current density is further investigated in the following experimental series (PES2). 

Another interesting finding is that the optimal duration for EC is not always 30 minutes. The 

EC experiments with 45-minute or 60-minute duration provided better results than EC ex-

periments with the same current and 30-minute duration. This is in agreement with the la-

boratory results on experiment duration (section 5.3.4). In summary, the laboratory and pro-

totype results showed that the optimal EC duration time for the SUS is not always 30 

minutes, as it was for the not-loaded bentonite suspension researched by Paya (2016). This 

can be explained by higher density of SUS and the fact that all those fine soil particles need 

to be destabilised. Optimal EC duration is further researched in section 6.5.6. 
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Those two operational parameters, current density (A/l) and experiment duration (h), can be 

defined as one operational parameter - charge density (Ah/l). This parameter seems to have 

the highest influence on the results, which is consistent with the theory. According to the 

Faraday’s law (Eq. 3-5), the electrodissolution of the anode is controlled by electrical charge 

(Ah) - electrical current (A) and current flow duration (h). Furthermore, the bigger the sus-

pension volume is, the more particles need to be destabilised. 

The third finding is that the return of the coagulated material back to the remaining suspen-

sion significantly reduces benefits of EC treatment. An initial objective of this idea was to 

investigate if the complete material from the EC cell could be transferred to the filter press 

and dewatered, rather than doing two-phase separation. However, the results suggest that 

two-phase separation is significantly more effective. Furthermore, the residual moisture of 

the coagulated material is not high enough to require further dewatering. This subject is 

further discussed in chapter 7. 

 PES2: Influence of the current density 

The next experimental series focused on further investigation of the influence of the current 

density on filtration. Three experiments with different current densities were performed. 

Since this experimental series was performed at an outdoor temperature close to 0˚ C, only 

relatively small current densities were reached. Nevertheless, they delivered interesting re-

sults and supplemented the knowledge gained in the validation experiment series. The com-

plete operational parameters are listed in Table 20 and the evaluation parameters in Table 

21.  

Table 20: Current density experimental series (PES2) – operational parameters 

Code 
Electrode  
gap (cm) 

Duration 
(min) 

Electrical  
current (A) 

Current  
density (A/l) 

Charge den-
sity (Ah/l) 

Cleaning  
interval (min-1) 

PES2_EC1 4.5 30 56 0.35 0.18 0 

PES2_EC2 4.5 30 72 0.45 0.23 0 

PES2_EC3 4.5 30 83 0.52 0.26 0 

 

Results 

Table 21: Current density experimental series (PES2) – evaluation parameters 

Code Δρ (%) 
ΔFW API 

(%) 
Bkt (%) RMcm (%) Rmfc (%) ΔFtEC ΔFVEC FWrel 

PES2_EC1 14.5 18.7 10.5 46.8 26.6 2.99 0.03 21.5 

PES2_EC2 19.2 29.4 11.2 46.6 26.4 2.70 0.04 21.9 

PES2_EC3 16.7 19.8 15.0 46.7 27.3 3.11 0.08 22.8 
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The filtration course from these three experiments and their respective reference experi-

ments are shown in Figure 74. The results show a slight positive influence of increasing 

current density during EC on the filtration efficiency. Moreover, more soil particles coagu-

lated at higher current densities (Table 21). 

The filtration experiments, however, did not match the performance of filtration of SUS with 

added CA. The parameters ΔFVEC and ΔFtEC show how bad EC performed in comparison 

to CA: the increase of the volume of the filtrated suspension was 3 – 8 % (ΔFVEC = 0.03 – 

0.08), while the filtration time was prolonged for 299 – 311 % (ΔFtEC = 2.99 – 3.11). 

 

Figure 74: Influence of the current density on the filtration 

Discussion 

The objective of the experimental series was to further investigate the influence of current 

density on the EC results. Even though only relative small currents were achieved and the 

difference between them was insignificant, this experimental series showed clear influence 

of current density on the results. Higher current densities produced better results. These 

results are in agreement with the literature (chapter 3.3.2), laboratory results (chapter 5.3.2), 

and the results of the validation experimental series (chapter 6.5.2).  

Concerning the optimal current density within the technical limits of the EC prototype, the 

results of this experimental series, together with the results from the validation EC experi-

ments, suggest that this operational parameter should be as high as possible. The technical 

limit of the prototype is 0.94 A/l when both chambers are in use (300 A / 320 l) and 1.25 A/l 

for one chamber only (200 A / 160 l). However, only current densities up to 0.89 A/l were 

tested in PES1 and PES2. The economic impacts of the recommendation for the maximum 
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current density are at the moment not discussed: only the filtration performance is taken into 

consideration.  

 PES3: Influence of the electrode gap 

The next experimental series was concerned with the influence of the electrode gap on the 

EC performance and subsequent filtration. Six EC experiments were conducted: EC1 - EC3 

with the duration of 30 minutes and EC4 - EC6 with duration of 60 minutes. At each of those 

durations, all three possible electrode gaps were investigated.  

Increasing the gap between electrodes increases the resistance (Eq 3-12), which means 

that at the same voltage, lower current can be reached. In order to exclude the influence of 

the current density and investigate only the influence of the electrode gap, the experiments 

EC1 - EC3 were performed with identical current densities. First, the experiment with the 

electrode gap of 6.5 cm was performed. Afterwards, the electrical current for the experi-

ments with the electrode gaps of 5.5 and 4.5 cm was manually decreased in the last minutes 

of experiments, as shown in Figure 75. In this way, the same average current density was 

applied in all three experiments.  

 

Figure 75: Time lapse of voltage and electrical current during PES3_EC1 and PES3_EC3 

In the second part of the parametric study (EC4 - EC6), the experiments were performed 

with the maximum voltage rather than with the same average current density. This means 

that the electrical current was at the maximum possible value for the given voltage and the 

gap (Figure 76), during the whole experiment. It is clear from these experiments that a larger 

electrode gap resulted in a lower electrical current with the same voltage. In addition, this 

set of experiments (EC4 - EC6) was performed with the EC duration of 60 minutes.  

Complete list of operational parameters of this experimental series is presented in Table 22. 
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Figure 76: Course of voltage and electrical current during PES3_EC4 and PES3_EC6 

Table 22: Electrodes gap experimental series (PES3) – operational parameters 

Code 
Electrode  
gap (cm) 

Duration 
(min) 

Electrical  
current (A) 

Current  
density (A/l) 

Charge den-
sity (Ah/l) 

Cleaning  
interval (min-1) 

PES3_EC1 6.5 30 93 0.58 0.29 0 

PES3_EC2 5.5 30 93 0.58 0.29 0 

PES3_EC3 4.5 30 93 0.58 0.29 0 

PES3_EC4 6.5 60 max. / 85 0.53 0.53 0 

PES3_EC5 5.5 60 max. / 96 0.60 0.6 0 

PES3_EC6 4.5 60 max. / 110 0.69 0.69 0 

 

Results 

The filtration results of EC1-EC3 are shown in Figure 77 and Table 23. None of those ex-

periments filtrated more used suspension than Ref_CA, and the duration was up to 300 % 

longer. However, at the gap of 4.5, the filter water release was at its minimum and volume 

of the filtrated suspension was even smaller than with CA. It can be concluded that the 

results at this gap were worse than by other gaps.  

In contrast to results from EC1 – EC3 with equal current densities, the results from EC4 – 

EC6 (Figure 78 and Table 23) showed a preference for a smaller gap. At the electrode gap 

of 6.5 cm, the volume of the filtrated suspension was increased for 49 %, while the duration 

of the filtration was increased for 155 %. At the gap of 4.5 cm, those values were 39 % and 

183 %, respectively.  

The electrode gap of 5.5 cm was optimal for the parameter Bkt.  
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Table 23: Electrodes gap experimental series (PES3) – evaluation parameters 

Code Δρ (%) 
ΔFW API 

(%) 
Bkt (%) RMcm (%) Rmfc (%) ΔFtEC ΔFVEC FWrel 

PES3_EC1 18.7 16.5 17.4 46.8 25.9 3.00 0.00 20.4 

PES3_EC2 22.8 32.7 20.6 45.5 26.7 2.91 0.00 20.4 

PES3_EC3 30.7 62.9 19 44.3 25.5 2.92 -0.06 18.6 

PES3_EC4 41.3 89.6 27.4 50.1 27.1 1.83 0.39 32.5 

PES3_EC5 31 100.0 30.7 47.9 27 1.28 0.32 30.1 

PES3_EC6 38.1 105.7 27.9 49.6 24.7 1.55 0.49 35.3 

 

 

Figure 77: Influence of the electrode gap on the filtration – equal current density, 30 minutes EC 

 

Figure 78: Influence of the electrode gap on the filtration – maximal current density, 60 minutes EC 
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Discussion 

From the results of experiments EC1 – EC3, bigger gap increased the volume of filtrated 

suspension. This can be explained through the decrease of the suspension volume between 

two cathodes or one cathode and the wall of the cell (red arrows in Figure 79). This space 

in the EC cell can be called “dead volume”. In dead volume, no electrical current flows and 

therefore no electrochemical reactions take place. After an EC experiment, the remaining 

suspension was pumped away from the cell. At that point, the fraction of the suspension that 

was in dead volume mixes with the rest, reducing the effects of EC on destabilisation of the 

suspension. Therefore, at the same current density (EC1 – EC3), a larger gap provides 

better results due to a smaller dead volume.  

 

Figure 79: Dead volume in the cell with an electrode gap of 4.5 cm (left) and 6.5 cm (right). The photo 

on the right side is from the experiment PES1_EC11 (0.17 Ah/) 

However, the results of experiments E4 – E6 showed that a smaller electrode gap provided 

better filtration results. A smaller gap caused decreased resistance, which produced higher 

electrical currents. This is an important finding; it means that the positive effect of the in-

creased current density caused by a smaller electrode gap overwhelms the negative effect 

of increased dead volume.  
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Considering the above reasoning, the gap of 4.5 cm provides the best results concerning 

filtration and can be proclaimed as the optimal operational parameter for the EC prototype 

cell. 

However, at the gap of 5.5 cm, the amount of coagulated soil particles was higher. This 

could be a measurement mistake, since the parameter Δρ does not fit to measurements of 

Bkt. 

This experimental series provided insights in the importance of the electrodes’ arrangement 

in the cell. At the next scale-up phase, the arrangement of cathodes and anodes should be 

revised to decrease the dead volume. This is further discussed in chapter 8. 

 PES4: Influence of the anodes cleaning interval 

The focus of the fourth experimental series was to determine the influence of the anode 

cleaning interval on the EC and subsequent filtration. Four experiments were performed. 

The first was performed at the maximal anodes rotation speed, the second one at half speed, 

the third one at the one-fourth rotation speed and the fourth experiment was performed with-

out rotation and thus also without cleaning of the anodes. The electrical current was always 

maximized. However, with increasing rotational speed of the anodes, smaller electrical cur-

rents were reached (Figure 80). The complete list of operational parameters is presented in 

Table 24. 

 

Figure 80: Course of voltage and electrical current during ES4: influence of the cleaning interval and 

rotation speed of anodes on the development of electrical current 
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Table 24: Anodes cleaning interval experimental series (PES4) – operational parameters 

Code 
Electrode  
gap (cm) 

Duration 
(min) 

Electrical  
current (A) 

Current  
density (A/l) 

Charge den-
sity (Ah/l) 

Cleaning  
interval (min-1) 

PES4_EC1 4.5 30 max. / 81.8 0.51 0.26 0.46 

PES4_EC2 4.5 30 max. / 92.6 0.58 0.29 0.23 

PES4_EC3 4.5 30 max. /104.6 0.65 0.32 0.11 

PES4_EC4 4.5 30 max. / 111.5 0.70 0.35 0.00 

 

Results 

The results of this experimental series were quite surprising. The faster the anodes rotated, 

the lower the electrical current was, causing less filtrate water to be released in filtration 

experiments (Figure 81).  

The evaluation parameters are presented in Table 25. Since the rotation is turned off auto-

matically and simultaneously with the shut down of the DC power supply, some coagulated 

material remained on the anodes. To remove it all, the rotation should make one more full 

circle after turning DC power off. Therefore, the parameters Bkt and Δρ, are not equal 0 %, 

as they theoretically should be in this experimental series. 

Concerning the parameters ΔFVEC and ΔFtEC, slower rotation increases the volume of the 

filtrated suspension and reduces the filtration duration (with exception of EC4). The values 

however show that the filtration performance was worse than with CA, as shown in Figure 

81. 

Table 25: Anodes cleaning interval experimental series (PES4) – evaluation parameters 

Code Δρ (%) 
ΔFW API 

(%) 
Bct (%) RMcm (%) Rmfc (%) ΔFtEC ΔFVEC FWrel 

PES4_EC1 17.4 20.6 5.3 46.5 26.1 2.87 0.07 22.5 

PES4_EC2 21.6 29.7 9.2 48.5 26.2 2.70 0.11 23.7 

PES4_EC3 22.5 37.7 11.2 45.7 26.1 2.41 0.12 24.3 

PES4_EC4 25.1 34.1 18.8 48 25.1 2.61 0.17 25.7 
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Figure 81: Influence of the anodes cleaning interval on the filtration 

Discussion 

The findings in this experimental series were quite unexpected and suggest that the rotation 

of the anodes and removal of the coagulated material from their surface during the experi-

ment actually has a negative influence on the development of electrical current and filter 

water release after EC. The results were consistent: the faster the anodes were rotated and 

cleaned, the lower the electrical currents were reached during EC, resulting in less filter 

water being released during filtration. These findings are, however, consistent with the la-

boratory results from chapter 5.3.4 for the experiments with a duration of 60 minutes. In both 

cases, the more often the anodes were cleaned, the worse the results became.  

The reason for the negative effect of the rotation and cleaning on the development of elec-

trical current during the experiment remains unclear. One possibility is that the unsynchro-

nised movement of the electrodes (anodes rotate while cathodes stay still) might have had 

a negative influence on the development of the electrical current during EC. Otherwise, it 

could actually be caused by the scratching of the coagulated material from the anodes. To 

further investigate these options, an experiment with rotation of the anodes but without 

cleaning should be performed. However, with the current EC prototype cell, this is not pos-

sible. As soon as anodes rotate, they are being scraped clean. Further experiments con-

cerning anode cleaning are described in chapter 6.5.5.  
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 PES5: Influence of the EC experiment duration 

The next experimental series focused on the influence of the EC experiment duration on the 

subsequent filtration. Four experiments with lengths of 30, 45, 60 and 90 minutes were con-

ducted. Table 26 shows the full list of operational parameters. The course of voltage and 

electrical current during the experiments is shown in Figure 82. The figure shows a “stand-

ard” course of electrical current, observed in most of the experiments. First, it rises due 

increase of the electrical conductivity of the suspension caused by the release of the alu-

minium ions from the anode. Its reaches a peak in 20-25 minute. Afterwards, it declines, 

probably due to the coagulated material on the anode that increases the resistance on the 

path of electricity between two electrodes. 

Table 26: EC duration experimental series (PES5) – operational parameters 

Code 
Electrode  
gap (cm) 

Duration 
(min) 

Electrical  
current (A) 

Current  
density (A/l) 

Charge den-
sity (Ah/l) 

Cleaning  
interval (min-1) 

PES5_EC1 4.5 30 Max / 111 0.69 0.35 0 

PES5_EC2 4.5 45 Max / 128 0.80 0.60 0 

PES5_EC3 4.5 60 Max / 110 0.69 0.69 0 

PES5_EC4 4.5 90 Max / 94 0.59 0.88 0 

 

 

Figure 82: Course of voltage and electrical current during PES5: influence of the EC duration on the 

development of electrical current 
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Results 

The extension of the EC experiment duration improved the results up to a certain time 

threshold. The amount of coagulated bentonite reached its maximum between 30 and 45 

minutes (Table 27). Beyond minute 45, no statistically significant increase of this parameter 

was measured. However, the filtration results showed further destabilization of the suspen-

sion up to an experiment duration of 60 minutes. The filtration curves for 60 and 90 minutes 

were nearly identical, indicating that the suspension was not further destabilized between 

60 and 90 minutes of the EC experiment. Only a small improvement in a parameter ΔFtEC 

was measured, due to the fact, that the filtration after 90-minutes EC experiment reached 

80% of the total filter water release 5 minutes before the filtration after 60 minutes EC. With 

increasing EC duration form 30 to 60 minutes, the parameters ΔFVEC and ΔFtEC showed a 

clear improvement (ΔFVEC rose, ΔFtEC fell). 

Table 27: EC duration experimental series (PES5) – evaluation parameters 

Code Δρ (%) 
ΔFW API 

(%) 
Bkt (%) RMcm (%) Rmfc (%) ΔFtEC ΔFVEC FWrel 

PES5_EC1 25.1 34.1 18.8 48 25.1 2.61 0.17 25.1 

PES5_EC2 41 111.2 26.2 51.8 26.9 1.77 0.33 26.9 

PES5_EC3 41.3 105.7 27.9 50.1 27.4 1.55 0.49 27.4 

PES5_EC4 48 160.1 24.6 52.7 27.6 1.39 0.48 27.6 

 

 

Figure 83: Influence of the EC duration on the filtration 
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Discussion 

An increase of the EC experiment duration generally improves the results, but only up to the 

certain duration. The amount of coagulated bentonite reached its maximum between 30 and 

45 minutes of the experiment. A possible explanation for this might be that after a certain 

thickness, the voltage drop over the coagulated material on the anode consumes almost the 

complete voltage in the cell and the particles are no longer strongly attracted to the anodes’ 

surface because it is “blocked” by coagulated material. Another possible explanation might 

be that the particles in the suspension after 45 minutes of EC get so destabilised that their 

zeta potential turns to almost 0 mV and they no longer act as negatively charged particles, 

reducing their attraction to the positively charged anodes. However, this would also mean 

that the particles cannot be further destabilised after 45th minute, which does not fit with the 

filtration results. Therefore, the first theory presented seems more plausible.  

Filtration results show further destabilisation of the particles for up to 60 minutes, but not 

beyond that. It should be pointed out that the total amount of electrical charge at 90 minutes 

of EC is only 28% higher than for a 60 minute duration. This is because the electrical current 

between 60 and 90 minute was on average 50 A, as shown in Figure 82. This should anyway 

continue to cause further destabilisation of the suspension, but that was not observed. There 

are again two possible explanations for this occurrence. The first is that the aluminium ions 

after 60 minutes become stuck in the coagulated material and do not come into contact with 

the suspension. However, if this is the case, it could and should have happened previously 

and not only after 60 minutes. Moreover, the cathode also dissolves and creates aluminium 

ions that destabilise the particles in the suspension. Therefore, this explanation does not 

seem very probable. The second explanation is again related to zeta potential. Perhaps the 

particles after 60 minutes of EC treatment reach a zeta potential of close to 0 mV and the 

addition of 28% more electrolytes does not further destabilise the suspension. This seems 

more plausible. That would also mean that an even longer EC treatment, or rather, even 

more electrical charge, could actually have a negative effect on the filtration of SUS because 

the zeta potential of the particles could become positive, which would cause re-stabilisation 

of the suspension. Such cases were found in literature review (chapter 3.3.7). 

Overall, the finding from this experimental series could be explained with a combination of 

voltage drop and zeta potential. After 45  minutes of the experiment, the voltage drop over 

the coagulated material was high and the zeta potential of the particles in the suspension 

was reduced, which resulted in significantly lower attraction of particles towards the anode. 

These attraction forces may not have been strong enough to keep the particles firmly bound 

to the rest of the coagulated material. Pumping of the remaining suspension out of the cell 

after the experiments might have caused those particles to be washed out from their position 

on or near the surface of the coagulated material, resulting in almost the same amount of 
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coagulated material on the anodes after the 45, 60, and 90 minute experiments. However, 

the zeta potential of the particles might have continued to drop until the duration reached 60 

minutes. Therefore, further destabilisation of the suspension between 45 and 60 minutes 

was possible. After 60 minutes, the zeta potential might have been near 0 mV and continu-

ation of the experiment beyond this point did therefore not further contribute to destabilisa-

tion of the suspension.  

Even though this theory would fit the current knowledge about zeta potential and EC, it was 

impossible to provide experimental evidence for this explanation.  

 PES6: Fine-tuning experiments 

The aim of this experimental series was to test several ideas that arose from the results of 

the previous experiments. Those included various ways to improve anode cleaning and one 

idea concerning the effectivity of EC at different heights of the cell. The operational param-

eters of this experimental series are listed in Table 28. 

Table 28: Fine-tuning experimental series (ES6) – operational parameters 

Code 
Electrode  
gap (cm) 

Duration 
(min) 

Electrical  
current (A) 

Current  
density (A/l) 

Charge den-
sity (Ah/l) 

Cleaning  
interval 

PES6_EC1 4.5 60 119.1 0.74 0.74 constant 

PES6_EC2 4.5 60 118.9 0.74 0.74 abrupt 

PES6_EC3 4.5 60 96.1 0.6 0.6 manual 

PES6_EC4 4.5 60 95.0 0.59 0.59 manual 

PES6_EC5 4.5 60 107.0 0.67 0.67 none 

 

Since it was observed in the PES4 that anodes rotation and cleaning negatively influences 

the development of the electrical current, the first two experiments of this series tried to 

overcome this challenge. In the first experiment (EC1), cleaning was not turned on until 20 

minutes had elapsed, after the electrical current had already reached its peak. The cleaning 

was then run continuously. However, the rotation had stopped after approximately 15 

minutes (35th minute of experiment), because the scraper at the anodes was clogged due 

to too much coagulated material.  

In the second experiment (EC2), the idea was to perform discontinuous cleaning. The rota-

tion was turned on at the peak of the electrical current (after 15 minutes) and turned off after 

two full cleaning circles at maximal rotation speed, which lasted 4.5 minutes. The plan was 

to turn the cleaning on again after 15 minutes, at minute 35. However, this was not possible 

because there was too much coagulated material on the anodes. Due to clogging, the scrap-

ers could not rotate.  
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In the next two experiments, cleaning was performed manually. This was performed with 

following procedure: EC was turned off after 30 minutes, the remaining suspension was 

pumped out, the anodes were cleaned manually and coagulated material was removed from 

the cell, the suspension was returned to the cell and EC was continued for another 30 

minutes. The idea was to simulate the situation in which the scrapers would be able to re-

move the material from the anode and from the cell at the certain point of EC. However, 

because the coagulated material was removed from the cell, it was necessary to electro-

coagulate more than 160 l of suspension in the first EC round in order to have enough for 

the second round. 

In the experiment EC3, EC was first performed in both chambers simultaneously for 30 

minutes. After manual cleaning of the anodes, the remaining suspension was combined and 

poured back in one chamber, then electrocoagulated for another 30 minutes. However, at 

the first round of EC, the amount of electrical current in chamber 1 was significantly lower 

than in chamber 2.  

Therefore, one more similar experiment (ES4) was conducted, but everything was per-

formed in chamber 2. This basically means that 3 EC experiments in a row were conducted: 

the first two with SUS and the last one with the combined remaining suspension from both 

experiments. The anodes were always cleaned after the experiment, and each experiment 

lasted 30 minutes. This time, the electrical current in both EC experiments with SUS was 

similar. 

The last experiment (EC5) in this thesis was a standard experiment (duration 60 minutes, 

4.5 cm electrode gap, without anodes cleaning) except that only the upper 2/3 of the remain-

ing suspension in the cell was filtrated. This idea came as a results of the analysis of sus-

pension probes from the 5 extraction points In previous experiments, this analysis typically 

showed that the electrical conductivity of the suspension in the upper 2/3 of the cell is sig-

nificantly higher than in the lower third (Figure 84 right). Moreover, the temperature was 

often at its highest in the middle of the cell, and the density of the suspension in the lower 

part of the cell did not change at all or there was a small decrease compared to starting 

density (Figure 84 left). 
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Figure 84: Vertical distribution of the parameters in the cell: left) Temperature and density, right) pH 

and electrical conductivity (after Vishnyakov, 2019) 

Those differences can be explained by the design of the cell. Since the electrodes do not 

reach into the lower part of the cell, there are fewer or no electrochemical reactions. There-

fore, fewer electrolytes are produced in the lower third of the cell. This makes the suspension 

in the bottom of the cell less destabilised. Another possible explanation is that the most of 

the EC reactions occur in the middle of the cell, where the electrodes are as wide as the 

cell. Upon reducing the density of the suspension in the middle of the cell, this suspension 

goes up and switches places with the upper suspension with higher density, which than 

comes to the middle of the cell and gets electrocoagulated. However, the suspension from 

the lower part of the cell always remains heavier and stays at the bottom of the cell for the 

whole duration of the experiment. 

Results 

The results are presented in Table 29 and Figure 85. 

In first two experiments, the cleaning mechanism was not able to cope with the amount of 

coagulated material that developed during the experiment. Due to a relatively short period 

of cleaning, the electrical current was not significantly affected and the filtration results were 

very similar to those with same EC operational parameters but without cleaning. 

In the following two experiments, in which the cleaning was performed manually, the results 

were worsened. PES6_EC3 basically consists of two EC experiments and PES6_EC4 of 

three EC experiments, the parameters Δρ, ΔFW, Bkt and RMCM in Table 29 are listed for 

each one of them. 



6  Experiments with mid-scale prototype 135 

 

 

 

When the suspension from the upper 2/3 of the cell was pumped out separately without 

mixing with the suspension from the lower part, the filtration performance was better than 

when the entire remaining suspension was homogenised prior to filtration. Considering fil-

tration performance, the experiment PES6_EC5 was the best experiment in this thesis. In 

further analysis in chapters 7 - 10, this experiment is called “Best Combo”, since it represents 

the best combination of EC operational parameters. With Best Combo experiment, the du-

ration of the filtration was prolonged for 120 %, and 58 % more suspension was filtrated.  

Table 29: Fine-tuning experimental series (PES6) – evaluation parameters 

Code Δρ (%) 
ΔFW API 

(%) 
Bkt (%) RMcm (%) Rmfc (%) ΔFtEC ΔFVEC FWrel 

PES6_EC1 40 111 28.3 44.79 27.69 1.43 0.51 35.3 

PES6_EC2 45 147 25.8 52.09 27.76 1.49 0.54 36.5 

PES6_EC3 
14.7 / 
25.0 

11.6 / 42 7.4 / 8.3 
46.2 / 
55.0 

26.8 3.14 0.35 31.1 

PES6_EC4 29/32/18 64/89/24 21/19/- 46/47/53 26.96 2.66 0.35 31.08 

PES6_EC5 49.0 206.0 27.4 48.6 27.6 1.20 0.58 38.0 

 

 

Figure 85: Influence of the fine-tuning EC experiments on the filtration 

Discussion 

This experimental series was designed to test a few different ideas which could have im-

proved the EC performance. One idea was to start cleaning anodes only after peak electrical 

current was reached. This idea came from analysis of previous results and literature, in 
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which it was not reported that cleaning the anodes could have a negative influence on EC 

performance.  

Turning on the rotation only after electrical peak was reached did allow electrical current to 

develop to higher values, but the amount of coagulated material on the anodes was too large 

for scrapers to handle. In general, difficulties concerning scraping the material from the an-

odes arose in experiments that lasted more than 30 minutes. 

The manual cleaning worsened the results. In comparison to the experiment with a 60-mi-

nute duration and no cleaning, there are two differences in experimental procedure: first, the 

suspension was electrocoagulated twice with 30 minutes per experiment and with a break 

of approx. 1 hour between the experiments; secondly, the anodes were completely cleaned 

before the start of the second 30 minutes. Therefore, the difference in the results depends 

on one or both of those procedural changes. Either the EC time cannot be simply added, 

meaning that two experiments with 30 minutes and pause of one hour between them do not 

have the same effect as one continuous experiment with 60-minute duration, or the cleaning 

of the anodes actually has negative influence on the results. The latter option has not been 

found in the literature, but when considering the results of all mechanical cleaning experi-

ments in this thesis, this possibility should not be neglected.  

Further experiments with the following operational parameters would offer deeper insights 

into the subject of mechanical cleaning: 2x30 minutes EC with one hour break between the 

experiments, but without cleaning of the anodes. The suspension can be pumped out from 

the cell between the experiments to exactly reproduce the operational procedure from ex-

periments EC3 and EC4, but also an option in which the suspension stays in the cell during 

the break can be tested. If the results show that the break does not negatively influence the 

results, then the only remaining option is that the cleaning of the anodes during the experi-

ment actually has a negative effect on the EC performance and should be considered any-

more. 

The last experiment (PES6_EC5 - Best Combo) showed the best results regarding filtration 

performance. This is due to the fact that the part with more electrolytes was taken for filtra-

tion, which simulates the decrease of the dead volume. The implications of this finding on 

the cell parameters for a real-scale prototype is discussed in chapter 8.  

 PES7: Influence of the suspension density 

This experimental series focused on the influence of the suspension parameters, in this case 

density, on the EC and filtration performance. Three EC experiments with suspension den-

sities of 1.20, 1.16 and 1.12 t/m³ were conducted. As previously mentioned, decreased SUS 

density was achieved by using the same amount of bentonite and water, but with less load. 
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To achieve densities of 1.20, 1.16 and 1.12 t/m³, the load dosage was reduced to 68%, 52% 

and 37%, respectively. The ratio of materials in the load stayed the same. The full list of 

operational parameters is shown in Table 30. Since this experimental series was performed 

with reduced density SUS, new reference filtration experiments both with and without CA 

were performed. The reference experiment with the suspension density of 1.12 t/m³, without 

CA, could not be successfully performed. Three attempts failed due to leakage of the sus-

pension from the press upon applying the filtration pressure. Slower application of pressure 

was also tested but the result did not change. Possibly a suspension with such a low density 

needs to be destabilised in order to be filterable. 

Table 30: Suspension density experimental series (PES7) – operational parameters 

Code 
Electrode  
gap (cm) 

Duration 
(min) 

Electrical  
current (A) 

Current  
density (A/l) 

Charge den-
sity (Ah/l) 

Cleaning  
interval (min-1) 

PES7_EC1 4.5 30 Max / 110.7 0.69 0.35 0 

PES7_EC2 4.5 30 Max / 107.3 0.67 0.34 0 

PES7_EC3 4.5 30 Max / 112.7 0.70 0.35 0 

 

Results 

First of all, it is interesting to mention that the suspensions density did not have any influence 

on the electrical current. This operational parameter was set to maximum for all three EC 

experiments and almost similar currents were produced as a result.  

The evaluation parameters of PES7 are listed in Table 31. The results of new reference 

filtration experiments are presented in Table 32.  

Table 31: Suspension density experimental series (PES7) – evaluation parameters 

Code Δρ (%) ΔFW API (%) Bkt (%) RMCM (%) FWrel RMFC (%) 

PES7_EC1 27 - 11.7 49.77 27.7 30.77 

PES7_EC2 22 41 14.2 55.39 28.6 38.74 

PES7_EC3 25 66 15.6 63.6 28.7 47.55 

 

Table 32: Reference filtration experiments (PES7) – evaluation parameters 

Parameter Ref_1.20 Ref_1.16 Ref_1.12 Ref_1.20_CA Ref_1.16_CA Ref_1.12_CA 

FW release 19.1 19.6 - 25.4 23.7* 26.6 

RMFC(%) 30.9 34.8 - 26.0 29.1 43.9 
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Concerning the EC, it is important to mention that the decrease of the suspension’s density 

increased the residual moisture of the coagulated material on the anode. This is important 

when considering the disposal of the coagulated material, which is discussed in chapter 

7.2.1. It is worth mentioning that the decrease of the suspension’s density increased the 

parameter Bkt. This is due to the fact that this parameter (Eq 4-4) represents the percentage 

of coagulated material in relation to total amount of soil particles in suspension, which is less 

at lower densities.  

Figure 86 presents the filtration curves from all filtration experiments in PES7. It is quite 

revealing in several ways. When comparing the filtration curves in the same group of exper-

iments (experiments with EC, reference experiments without CA and reference experiments 

with CA), the influence of the suspension’s density over the course of the filtration is insig-

nificant. Nevertheless, for every group of filtration experiments, a small but consistent in-

crease of filtrate water release for lower density suspensions can be observed.  

 

Figure 86: Influence of the suspension density on the EC and the filtration 

Observing only the course of the filtration can be deceiving. As can be seen from Table 31 

and Table 32, residual moisture of filter cakes was significantly higher for low-density sus-

pensions. For example, it increased from 30.8 % for EC1 to 38.7 % for EC2 and finally to 

47.6 % by EC3. Similar results were produced in reference filtration experiments, in which 

the residual moisture rose from 26.0 to 29.1 and 43.9%. That means that even though the 

course of the filtration was very similar, decrease of the suspension density caused a signif-

icant prolongation of the filtration. For lower density suspensions, longer filtration times 

would be needed in order to reach equal filter cake moistures.  
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Another interesting finding is that the filtration after EC was very similar to the filtration with 

CA. This has previously happened only with EC experiments having a duration of 60 

minutes, whereas in this experimental series, the EC duration was 30 minutes. 

Discussion 

One important finding in this experimental series is the effect of suspension density on the 

residual moisture of the coagulated material and filter cakes. Since the goal of the fine sep-

aration procedure is to separate fine particles from water, high residual moisture is not fa-

vourable. Moreover, it is detrimental when disposing the separated soil material. The low-

density suspensions have shown a clear tendency to create high-moisture coagulated ma-

terial and filter cakes. On construction sites, this problem can be solved with addition of lime 

prior to filtration. 

The course of filtration after EC was very similar to reference experiments with CA. To dis-

cuss this further, the filtration experiments from this experimental series are compared to 

previous experiments which used standard-density SUS.  

When comparing to filtration after EC experiments from ES1 with similar electrical current, 

but with standard density of SUS (1.26 t/m³), there is more filtrate water released in the 

experiments with lower density (Figure 87). One reason for that is lower density itself. An-

other reason is that the amount of fine soil particles in suspension was lower, but the same 

electrical charge was used. This means that those particles should be more destabilised. 

However, it remains unclear as to why the gap between standard density of 1.26 t/m³ and 

those of 1.20 t/m³ is much bigger than the gap between 1.20 t/m³ and 1.12 t/m³. 

When comparing only reference filtration experiments with CA (Figure 88), filtration perfor-

mance with lower-density suspension was much worse. The reason could lie in the condi-

tioning, since the same amount of CA was used as for standard-density SUS. This dosage 

may not have been optimal. However, this highlights the challenges regarding the proper 

conditioning of suspensions on the construction sites. 

Due to worse performance of reference filtration with CA and higher filtrate water release 

after EC with lower density suspensions, the filtration after EC was similar to the filtration 

with CA. 
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Figure 87: Filtration curves from PES7 compared to those from PES1 with similar current densities 

 

Figure 88: Reference filtration experiments with CA, all tested densities of SUS 

Overall, low-density suspensions did not show a significant influence on EC process. Similar 

electrical currents as with standard-density SUS were achieved. The lower the density was, 

the more particles coagulated (in percentage) but the residual moisture of the coagulated 

material was also higher. However, as the reference filtration experiments showed, this is a 

general challenge with low-density suspensions in the separation process.  
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Concerning the filtration process, filtration after EC seems to be beneficial for lower-density 

suspensions when compared to filtration with CA. For filtration after EC, lower density sus-

pensions performed better than standard-density SUS, while filtration with CA was less ef-

fective for low density suspensions than for standard-density SUS. However, this subject 

needs to be further investigated, i.e. with a different amount of CA. 

6.6 Experiments with suspension from construction site (PES8) 

In order to validate the EC experiments with SUS, a used suspension from a tunnelling 

construction site was tested. The company operating the construction site has requested 

that the origin of the suspension remains anonymous. Therefore, this suspension is titled 

only as construction site used suspension (CUS) throughout this thesis.  

According to the geological profile, the tunnelling machine was going through soil consisting 

of clay in the upper quarter of the working face and sand underneath at the time when the 

suspension was collected. In some areas, there were intermediate deposits of peat. Accord-

ing to the information from the construction site, the data in the geological profile matched 

the actual soil very well. The EC-relevant properties of CUS are listed in Table 33. All the 

experiments were performed within eight weeks from the beginning of June to the end of 

July 2018. This mentioned, there were no significant outside temperature differences that 

would eventually influence the EC performance. CUS was kept in the laboratory on the con-

stant temperature of approx. 21°C between the experiments. 

Table 33: Properties of the construction site suspension (CUS) 

Suspension 
Density 
(g/cm³) 

API Filtrate 
water (mg) 

Conductivity 
(µS/cm)  

pH-value Temperature 

CUS 1.17 12.4 1.5 7.6 21.4°C 

 

In addition to the used suspension, the CA with which the suspension was conditioned on 

the construction site were also provided. Information about the way the suspension was 

conditioned and about the amount of coagulants and flocculants was acquired. For the ex-

periments with LCFP, the conditioning ratio was kept the same as on the construction site. 

The CA from the construction site were the same CA which were used in the reference 

filtration experiments with SAS. The conditioning ratio was also the same: 40 ml FeCl3 and 

8 g polymers (dissolved in 4 l tap water) per 40 l used suspension. That was no coincidence: 

this experimental series was chronologically second series, performed right after validation 

experiments with SUS. However, since it is the only series with a used suspension from a 

construction site, it is categorised as PES8 in this thesis, after all experimental series with 

SUS. 
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A total of 7 EC tests and 34 filtration tests were carried out in this experimental series. After 

every EC experiment, three filtration experiments (on average) with the remaining suspen-

sion were performed. The remaining 13 filtration experiments were reference experiments. 

All filtration experiments in this experimental series are chronologically numbered. As al-

ready mentioned, due to the fact that the filtration in this experimental series was performed 

only for 2 hours and not fill the end (determined with horizontal or almost horizontal line at 

the end of filtration curve), it was not possible to calculate parameters ΔFVEC and ΔFtEC.  

 Reference filtration experiments in LCFP 

As with SUS, the first step of the parametric studies with CUS was to perform reference 

filtration experiments. In this experimental series, the possibility of reducing the amount of 

CA in combination with the EC was also investigated. Therefore, three different conditioning 

options were tested: 

 Filtration without coagulating agents, marked with 0CA in the experiment codes. 

 Filtration with coagulating agents, but with only half of the ratio used on the construc-

tion site. This means, that 40 l of suspension were treated with 20 ml of FeCl3 and 4g 

polymers dissolved in 4 l tap water. These experiments are marked with 0.5CA.  

 Filtration with coagulating agents, with full ratio applied, marked with 1CA.  

The reference experiments are shown in Figure 89. Each combination (0CA, 0.5CA and 

1CA) was performed at least two times. As presented in Figure 89, the more CA were used, 

the bigger was the filtrate water release. 

Moreover, the reference experiments with diluted suspension (1.1  t/m³ and 1.15 t/m³) were 

performed. In Figure 89 they are marked as Ref_1.12_0CA and Ref_1.15_0CA.  
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Figure 89: Reference experiments with construction site suspension 

 EC and filtration experiments 

The operational parameters of the EC experiments are presented in Table 34. The first three 

experiments were performed with the same electrode gap and EC duration, but different 

electrical currents. The electrode gap was varied in EC4 and EC duration in EC5 and EC6. 

In the last EC experiment, the operational parameters were the same as in EC2, but the 

filtration experiments were performed for 4 hours instead for 2 hours as in EC1-EC6. The 

filtration operational parameters is this experimental series were variated between FV1, 

FV2b, FV3a and FV3b. Only the variation FV2a with the return of the coagulated material to 

the remaining suspension was not investigated.  

Table 34: Experimental series with CUS (PES8) – operational parameters 

Code 
Electrode  
gap (cm) 

Duration 
(min) 

Electrical  
current (A) 

Current  
density (A/l) 

Charge den-
sity (Ah/l) 

Cleaning  
interval (min-1) 

PES8_EC1 4.5 30 137.1 0.86 0.43 0 

PES8_EC2 4.5 30 157.5 0.98 0.49 0 

PES8_EC3 4.5 30 126.4 0.79 0.40 0 

PES8_EC4 6.5 30 121.5 0.76 0.38 0 

PES8_EC5 4.5 45 150.3 0.94 0.70 0 

PES8_EC6 4.5 20 156.5 0.98 0.33 0 

PES8_EC7 4.5 30 156.6 0.98 0.49 0 
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Figure 90 and Figure 91 show the EC and the filtration experiments with CUS. 

 

Figure 90: EC experiments with CUS: left) Gas bubbles during EC, right ) coagulated material on the 

anodes 

 

Figure 91: Filtration experiments with CUS: left) filter cakes, right) filtrate water 

EC1 – EC3 

Three filtrations, 0CA, 0.5CA and 1CA, were performed after each of the experiments EC1 

- EC3. To test the aging effect of the remaining suspension on filtration performance, differ-

ent filtrations were performed each time directly after EC: after EC1 the first filtration was 

0CA, after EC2 it was 1CA, and after EC3 it was 0.5CA. The remaining filtrations were per-

formed on the following day.  
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As seen in Figure 92, Figure 93 and Figure 94, the filtrations that were performed directly 

after EC (03_EC1_0CA in Figure 92, 06_EC2_1CA in Figure 93 and 09_EC3_0.5CA in Fig-

ure 94) had a clear increase of the filtrate water release measured in the first two hours 

when compared with the reference experiments with the same amount of CA. The filtrations 

performed on the following day had slight to no increase. This is clear to observe in Figure 

95, Figure 96 and Figure 97, where all the filtrations from the same “day after EC” are put 

together. The increase of the filter water release directly after EC is clear in all three cases: 

without CA, with half the amount and with the full amount. One day after EC, the increase is 

visible only in the case of 0CA. 

One more interesting finding is that the filtration 09_EC3_0.5CA performed almost as well 

as the reference experiment with full amount of CA (Ref_1CA) and that the experiment 

06_EC2_1CA performed significantly better than reference experiment with full amount of 

CA. This means that EC and CA can be combined to reduce the amount of CA or to improve 

the filtration performance even further than CA only. 
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Figure 92: Filtration after PES8_EC1 

 

Figure 93: Filtration after PES8_EC2 

 

Figure 94: Filtration after PES8_EC1 

 

Figure 95: Filtrations directly after EC1 – EC3, (1st 

filtration)  

 

Figure 96: Filtrations after EC1 – EC3, 1 day after 

EC (2nd filtration) 

 

Figure 97: Filtrations after EC1 – EC3, 1 day after 

EC (3rd filtration) 
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EC4 

In EC4, the electrode gap was increased to 6.5 cm. The same effect as in EC1 – EC3 

happened also here: the first filtration was 0CA and it showed an increase in filter water 

release in comparison to the reference experiment. Filtrations 0.5CA and 1CA, which were 

performed on the day following EC, did not show any improvement in comparison to their 

reference experiments.  

 

Figure 98: Filtrations after EC4 

EC5 

The EC experimental duration was varied in EC5 – it was set to 45 minutes. In EC5, for the 

first time in PES8, at least two filtrations with the same amount of CA were performed. In 

Figure 99, the filtration curve 21_EK5_0CA, which was performed directly after EC, had a 

bigger increase of filtrate water release than the curves 22_EK5_0CA and 23_EK5_0CA, 

performed on the second day. This confirms the previous conclusion that waiting time has 

a negative effect on the filtration, reducing the positive effects of EC.  

From EC5 on, all filtration experiments were performed as 0CA 
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Figure 99: Filtrations after EC5 

EC6 

In the next experiment (EC6), the effects of the temperature on filtration were investigated. 

For the filtration series after this round of EC, four probes were prepared. As the suspension 

was filtrated directly after EC, its temperature was 30°C. On the next day, three further fil-

trations were performed. Suspension probes were prepared on a following way: one probe 

was left at the laboratory temperature and two were put in oven and warmed up to 70°C. 

Prior to filtration, one of the two warmed probes was taken out of the oven and left to cool 

to 30°C. Did filtration did however not work out, there was a leakage in LCFP. The last probe 

was filtrated directly from the oven, having a temperature of 70°C at the start of the filtration. 

By comparing those filtrations curves with respect to their filtrate water release and temper-

ature, conclusions about the influence of temperature on the filtration performance were 

drawn. The increased temperature did improve the filtration one day after EC. The filtration 

one day after EC (line 27) was even slightly better than those directly after EC (line 25). 

However, the temperature by the line 27 was 70 C, and by the line 25 was 30°C. Better 

comparison would be with the filtration experiment 26 (one day after EC, 30 C) but this ex-

periment did not work out. 

However, an influence of the temperature on the filtration performance has been estab-

lished. Increase of the temperature improves the filtration performance. 
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Figure 100: Filtrations after EC6 

EC7 

The experiment EC7 was a “standard” experiment, but the following filtration was performed 

for 4 hours instead of 2. The goal was to see if the filtration would be finished after 4 hours, 

so that parameters ΔFVEC and ΔFtEC can be calculated. Due to the fact that longer filtration 

requires more suspension volume, only two 4-hour filtrations were performed. One filtration 

experiment was performed as OCA and other as 1CA. The results are shown in Figure 101.  

 

Figure 101: Filtrations after EC7 

Even after 4 hours, the filtration did not seem to end. The parameters could not be calcu-

lated. However, the experiment did show some interesting results. Once again, filtration after 
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EC, without CA, was the same as filtration with half of CA amount (0.5CA). In addition, the 

combination of EC and full amount of CA was better than filtration only with CA. 

Evaluation Parameter 

Table 35 presents the evaluation parameters for all experiments in this experimental series. 

Additionally, charge density is also listed the table. 

Table 35: Construction site suspension experimental series (ES4) – evaluation parameters 

Code 
Charge den-

sity (Ah/l) 
Δρ (%) 

ΔFW API 
(%) 

Bkt (%) RMCM (%) FWrel RMFC (%) 

PES8_EC1 0.43 25.6 6.8 20.4 57.6 11.2 51.1 

PES8_EC2 0.49 35.6 88.6 22.1 56.0 21.5 47.0 

PES8_EC3 0.40 32.1 51.1 16.0 63.3 16.8 53.7 

PES8_EC4 0.38 23.8 14.1 11.7 64.1 10.9 54.9 

PES8_EC5 0.70 49.6 15.3 21.5 42.7 13.0 71.6 

PES8_EC6 0.33 19.3 8.1 7.5 65.2 12.1 54.4 

PES8_EC7 0.49 33.5 18.8 - 58.1 12.5 265.8 

 

In Table 35, two information deserve special attention: 

 Bkt was at minimum at the experiment EC6. This was the only experiment with 20 

minutes duration. Accordingly, it has the lowest charge density. The higher the charge 

density was, the more soil coagulated on the anodes. After the charge of 0.49 Ah/l, 

there was no more increase of the amount of coagulated bentonite. However, some-

thing else occurred: 

 Bkt in experiments EC1, EC2 and EC5 was approximately the same, but the residual 

moisture on the coagulated material on the anode (RMCM) is significantly lower by the 

experiment EC5. This was the only experiment with the duration of 45 minutes. That 

could mean, it was possible to dry the coagulated material by letting the experiment 

run after the maximum Bkt was reached. This is an important finding for the disposal 

concept. High residual moisture could increase the disposal costs of the separated 

soil material. This experiment showed that it was possible to dry the coagulated ma-

terial by letting the experiment run longer.  

However, this drying method consumes electricity and therefore produces costs. 

Moreover, such result was not observed by the experiments with SUS. Therefore, 

this subject needs to be further investigated. 
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6.7 Summary of the results with the mid-scale prototype 

The results with the mid-scale prototype can be summarised as follows: 

 Coagulated material remained on the anodes upon the suspension was pumped out 

of the cell. This makes the two-phase separation possible. One part of the fines could 

be separated from the suspension directly in the cell by performing EC, and the other 

part would be separated by filtration. 

 Return of the coagulated material to the suspension had a negative influence on the 

subsequent filtration. Preferably, only the remaining suspension should be filtrated. 

 Optimal duration of the EC experiment was 60 minutes. 

 The higher the current densities (A/l) were, the better the results were. 

 Influence of the higher current density overwhelmed the influence of the increased 

dead volume at smaller electrode gaps. 

 Charge density (Ah/l) seemed to be the crucial operating parameter, uniting the influ-

ence of the current density and the experiment duration. 

 None of the investigated anodes cleaning methods produced better results regarding 

the destabilisation of the suspension than the standard experiment without cleaning. 

 EC could be beneficial for suspensions with lower densities. This needs further in-

vestigation. 

 Waiting time between EC and the filtration decreased the positive effects of EC. 

 EC was successfully performed also with used suspension from a construction site. 

 EC could be combined with CA to reduce the required CA amount or to improve the 

filtration even more than CA or EC alone.  

 Temperature played a role by filtration: higher temperature improved the filtration. 

 It was possible to reduce the residual moisture of coagulated material by continuing 

with EC even after the maximal amount of the coagulated material on the anode was 

reached. However, this was observed only once and needs further investigation. 

 The experiment that produced the best results was performed by filtrating the upper 

2/3 of the suspension in the cell separately. This simulated a reduction of the dead 

volume of the cell.  

In this chapter, the influence of EC on the filtration process in the LCFP was analysed. In 

the next chapter, the analysis is extended. The influence of EC on a total filtration cycle and 

on the complete separation and disposal concept is evaluated. 
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 Impact of the new method on separation and disposal 

concept 

7.1 Implementation of the electrocoagulation prototype in conventional 

separation plant 

There are two ways that EC can be implemented in the separation process of fines: either 

as a support for a conventional separation technology or as a stand-alone technology. Both 

options are sketched in Figure 102. 

 

Figure 102: EC as a support technology (left) or a stand-alone technology (right) 

 EC as a support technology  

*A shorter version of the following analysis (up to the page 156 - Table 40) was presented 

in the final report of this research (Popovic & Schößer, 2019) 

The results of this study have showed that EC could be used to support the conventional 

separation process. An EC cell could be placed directly before chamber filter presses or 

centrifuges (Figure 102 left), to begin separation of the soil material from the suspension 

and help destabilise the remaining suspension. The coagulated material from the EC cell 

could be disposed of in conjunction with filter cakes from the chamber press or mud from 

the centrifuge. The disposal of the coagulated material is further discussed in chapter 7.2. 

When implementing EC as a support for a conventional separation technology, three options 

concerning the usage of CA are possible: 

1) Replacement of CA usage by EC 

2) Reduction of CA usage by support with EC 

3) Standard usage of CA supplemented with EC to achieve higher separation effi-

ciency in chamber filter presses and centrifuges 
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The third case could provide economic, but no ecological advantages. The eco-friendly ef-

fects of EC would be eliminated because the amount of CA used in the separation process 

would not be reduced. 

One of the motivating ideas of this research was to eliminate the usage of CA through the 

implementation of EC. Therefore, further analysis in this section concentrates only on the 

first case. 

Filtration time  

The results of the majority of the filtration experiments showed an increase of the filtrate 

water release after EC, as compared to the reference filtration without CA. Through use of 

a certain combination of EC operating parameters, greater filtrate water release was also 

possible in comparison to reference filtration experiments with CA. 

Greater filtrate water release does not necessarily mean that the filtration was improved. 

This is why the parameters ΔFVEC and ΔFtEC were introduced in the analysis of the experi-

ments. However, these parameters consider only the filtration itself and not the whole pro-

cess preceding and following filtration. One complete filtration cycle, together with the aver-

age duration of specific operations, is shown in Table 36. The presented data originates 

from a construction site. 

Table 36: Filtration cycle of a filter press 

Action 
Closure 
cylinder 

First filling  
Filtration 
process 

Press filter 
cake to-
gether 

Pressure 
drop com-
pensation 

Filter cake 
discharge 

Total cycle 

Duration 
(min)  

2 4 32 9 2 5 54 

 

As shown in Table 36, in addition to the filtration time of 32 minutes another total of 22 

minutes was spent on various required operations before and after filtration itself. This needs 

to be taken into account when calculating the influence of EC on filtration performance. 

In the following example, the test series PES5 which varied experiment duration is analysed. 

Additionally, the experiment with the best EC parameters (PES6_EC5, referred to as Best 

Combo) and the corresponding reference filtration experiments are included. The points in 

Figure 103 represent the time at which 80% of the total amount of filtrate water were 

reached. 
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Figure 103: Filtration times from PES5 & PES6_EC5 (Best Combo) 

Compared to the reference experiment without CA (Ref_1.26), the filtration performance 

was significantly improved after EC: the filtration time is shortened, and also more filtrate 

water is recovered per filtration cycle. Compared to the reference experiment with CA 

(Ref_CA), more filtrate water is released per cycle, but the duration of filtration is extended. 

The amount of filtrate water and the filtration time, calculated using the 80% criterion, are 

listed in Table 37. 

Table 37: Filtration time and filtrate water release after EC 

Experi-
ment 

Ref_1.26 Ref_CA 30 min 45 min 60 min 90 min 
Best 

Combo 

Duration 
(min)  

130 31.4 114.8 84.9 79.5 75.9 69.3 

Filtrate wa-
ter release 

(l) 
15.2 16.4 20.6 24.0 28.0 28.0 30.4 

 

Two cases from Table 37 have been further analysed: reference filtration with the CA 

(Ref_CA), which reflects the construction site practice most accurately and filtration with the 

best combination of EC operating parameters (Best Combo). Table 38 compares these two 

cases in terms of volume of filtrate water and filtration time. As shown in the table, Ref_CA 

resulted in 16.4 l of filtrate water in 31.4 minutes, while Best Combo delivered 14 additional 

litres but took 37.9 minutes longer. This shows an 85% increase of the volume of filtrate 

water for a 120% prolongation of the filtration process. 
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Table 38: Filtration time and filtrate water release: comparison between Ref_CA and Best Combo 

 Ref_CA 
Best 

Combo 
Δ (Best Combo - 

Ref_CA) 
Δ (Best Combo to 

Ref_CA) (%) 

Duration 
(min)  

31.4 69.3 37.9 120.7 

Filtrate wa-
ter release 

(l) 
16.4 30.4 14 85.4 

 

The productivity of the chamber filter press, however, should not be measured only as a 

ratio of filtrate water release over time. Instead, the complete volume of the suspension 

treated in one filtration process should be considered. This volume includes both the volume 

of filtrate water and the volume of filter cake in the filter press. For LCFP, the latter is equal 

to the volume of the chambers, which is 8 l. 

Table 39 again compares the cases from Table 38, but with respect to the total volume of 

filtered suspension. After EC, one filtration cycle still treats 14 l more used suspension than 

one filtration cycle with CA. However, in terms of complete volume of the treated suspension, 

it is only 57% more suspension than with the filtration process with CA. 

Table 39: Filtration time and volume of treated suspension: comparison between Ref_CA and Best 

Combo 

 Ref_CA 
Best 

Combo 
Δ (Best Combo - 

Ref_CA) 
Δ (Best Combo to 

Ref_CA) (%) 

Duration 
(min)  

31.4 69.3 37.9 120.7 

Filtrated sus-
pension (l) 

24.4 38.4 14 57.4 

 

Overall, treatment of the SUS with EC instead of CA resulted in an increase of the volume 

of treated suspension by 57 % and an increase of the filtration time by 120 %.  

Duration of one complete filtration cycle with EC was calculated in Table 40. A reasonable 

assumption was made that EC prolongs only the filtration process and has no influence on 

the duration of other actions in a filtration cycle. In that case, EC prolonged the filtration 

process from 32 to 70 minutes, which increased filtration cycle time from 54 minutes to 92 

minutes. As shown in Table 40, EC would prolong one complete filtration cycle by a com-

paratively small 70 %. 
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Table 40: Duration of complete filtration cycle with CA and with EC  

Action 
Closure 
cylinder 

First filling  
Filtration 
process 

Press filter 
cake to-
gether 

Pressure 
drop com-
pensation 

Filter cake 
discharge 

Total cycle 

Duration 
with CA 

(min)  
2 4 32 9 2 5 54 

Duration 
with EC 

(min) 
2 4 70 9 2 5 92 

Δ (EC to 
CA) (%) 

0 0 120 0 0 0 70 

 

Overall, the calculations in this section showed that EC would prolong the duration of one 

filtration cycle by 70 % while increasing the volume of treated suspension by 57 %. As 

shown in Table 41, this means that a filtration with EC would actually only need 8 % more 

time to filtrate a given amount of suspension as compared to filtration with CA. For example, 

if a chamber filter presses on a construction site would treat 60 m³ of used suspension per 

hour, after implementation of EC they would be able to treat 55 m³ per hour. 

Table 41: Overview: Influence of EC on duration of one filtration cycle and on the volume of treated 

suspension in one filtration cycle 

 Filtration 
with CA 

Filtration 
with EC 

Time (%) 100 170 

Volume (%) 100 157 

Δ (EC to CA) (%) 0 - 8 

 

Instead of going step by step, the above analysis can be summed up in the following equa-

tions: 

𝑃𝑐𝑓𝑝 =  
1+∆𝐹𝑉𝐸𝐶

1+∆𝐹𝑡𝐸𝐶 ∙ 𝐹%
                       (Eq. 7-1) 

𝑃𝑐𝑓𝑝 =  

𝑉𝐹𝑊,𝐸𝐶+𝑉𝑐𝑓𝑝

𝑉𝐹𝑊,𝐶𝐴+𝑉𝑐𝑓𝑝

1+(
𝑡𝐹𝑊,𝐸𝐶
𝑡𝐹𝑊,𝐶𝐴

−1) ∙𝐹%
                     (Eq. 7-2) 

whereby: 

𝑃𝑐𝑓𝑝   factor for change of productivity of chamber filter press with EC [-] 

∆𝐹𝑉𝐸𝐶  change of the volume of the filtrated suspension after EC [-] 

∆𝐹𝑡𝐸𝐶  change of the filtration time after EC [-] 
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𝑉𝐹𝑊,𝐸𝐶  filtrate water discharge after EC [m³] 

𝑉𝐹𝑊,𝐶𝐴  filtrate water discharge with CA [m³] 

𝑉𝑐𝑓𝑝   volume of the chamber filter press [m³] 

𝑡𝐹𝑊,𝐸𝐶  filtration time after EC [h] 

𝑡𝐹𝑊,𝐶𝐴  filtration time with CA [h] 

𝐹%   time ratio of a filtration process within a full filtration cycle [-] 

The result of Eq. 7-2 is a factor Pcfp that, when multiplied by filter press capacity [m³/h used 

suspension], gives the capacity in a case of replacing CA with EC. The variables VFW,EC, 

VFW,CA, tFW,EC and tFW,CA (defined in chapter 6.4.1) are acquired through filtration experi-

ments, while F% is the data from construction site. For the data used in the above analysis, 

the factor Pcfp is equal to 0.92. The exact calculation can be found in appendix D. This means 

that the filter press capacity without EC multiplied with 0.92 gives the filter press capacity 

after EC, which is an 8 % decrease. 

Filtration volume  

Besides filtration time, EC also influences the total filtration volume. Since flocculants have 

to be added to the suspension in the form of a water-based solution prior to the filtration, the 

usage of CA increases the total filtration volume. For the conditioning of the used suspen-

sions investigated in this thesis, 0.1 m³ of water for flocculants solution was required per 

1 m³ of suspension. The usual amount of water required for flocculants solution is 0.2 m³ 

per 1 m³ used suspension (MSE-Filterpressen, 2019). This depends on the in-situ soil, the 

density of the used suspension and the concentration of the flocculant solution. The increase 

of total filtration volume due to addition of coagulants is negligible, since coagulants are 

added in volume percentages smaller than 0.5 %. 

This means that conventional conditioning with CA increases total filtration volume by 20%. 

For every 1 m³ of used suspension, 1.2 m³ of fluid have to be filtrated. 

On the other hand, EC decreases total filtration volume. In the Best Combo experiment, 

27.4 % of soil particles from the suspension coagulated on the anode, retaining a residual 

moisture of 48.4 %. This reduces the suspension volume by 24 l, which is a 15 % of the cell 

volume. Therefore, for every 1 m³ of used suspension, only 0.85 m³ would have to be fil-

trated. Overall, filtration volume after EC in comparison to conventional conditioning with CA 

would decrease for 29 %. An overview of filtration volume is shown in Table 42. 
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Table 42: Filtration volume with CA and with EC 

 
Used sus-
pension 
volume  

Filtration 
volume 
with CA 

Filtration 
volume 
with EC 

Difference 
CA-EC  

Difference 
(%) 

Volume 
(m³) 

1 1.2 0.85 0.35 29 

 

The influence of EC on the total filtration volume can be described with parameter FV in Eq. 

7-8. The path to this equation is shown in equations 7-3 – 7-7. 

𝐹𝑉 =  
1−𝑉𝐶𝑀

1+𝑉𝐶𝐴
                          (Eq. 7-3) 

𝑉𝐶𝑀 =  𝑉𝑆,𝐶𝑀 + 𝑉𝑊,𝐶𝑀                       (Eq. 7-4) 

𝑉𝑆,𝐶𝑀 = (𝛿𝑆𝑈𝑆 − 1)/(𝛿𝑆 − 1) ∙ 𝐵𝑘𝑡                    (Eq. 7-5) 

𝑉𝑊,𝐶𝑀 =  (𝛿𝑆𝑈𝑆 − 1)/(𝛿𝑆 − 1) ∙ 𝐵𝑘𝑡 ∙ 𝛿𝑆 ∙
𝑅𝑀𝐶𝑀

1−𝑅𝑀𝐶𝑀
              (Eq. 7-6) 

𝑉𝐶𝑀 =  (𝛿𝑆𝑈𝑆 − 1)/(𝛿𝑆 − 1) ∙ 𝐵𝑘𝑡 ∙ (1 + 𝛿𝑆 ∙
𝑅𝑀𝐶𝑀

1−𝑅𝑀𝐶𝑀
)             (Eq. 7-7) 

𝐹𝑉 =  
1−(𝛿𝑆𝑈𝑆−1)/(𝛿𝑆−1)∙𝐵𝑘𝑡∙(1+𝛿𝑆∙

𝑅𝑀𝐶𝑀
1−𝑅𝑀𝐶𝑀

)

1+𝑉𝐶𝐴
                 (Eq. 7-8) 

whereby: 

𝐹𝑉  factor for decrease of filtration volume due to EC [-] 

𝑉𝐶𝐴  volume of CA added to suspension per m³ suspension [m³] 

𝑉𝐶𝑀  volume of coagulated material per m³ suspension [m³] 

𝑉𝑆,𝐶𝑀  volume of soil in coagulated material per m³ suspension [m³] 

𝑉𝑊,𝐶𝑀 volume of water in coagulated material per m³ suspension [m³] 

𝛿𝑆𝑈𝑆  suspension density [t/m³] 

𝛿𝑆   grain density EC [t/m³] 

𝐵𝑘𝑡  ratio of coagulated material after EC [-] 

𝑅𝑀𝐶𝑀 ratio of residual moisture in coagulated material [-] 

In Eq. 7-8, the variables 𝐵𝑘𝑡 and 𝑅𝑀𝐶𝑀 are acquired through EC experiments, while 𝑉𝐶𝐴 is 

based on data from a construction site. For the data used in above analysis, the factor 𝐹𝑉 

would be equal to 0.71, meaning that the total filtration volume by filtration with CA multiplied 

with 0.71 results in the volume after replacement of CA with EC. The calculation of this factor 

can be found in appendix D. 
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An overview of mass and volume balance by the filtration with CA and with EC is presented 

in Figure 104. This is a spreadsheet application which calculates mass and volume in the 

filtration process according to the given assumptions in yellow boxes. The same spread-

sheet is also used for the analysis of the disposal concept in chapter 7.2. 

 

Figure 104: Mass and volume balance of the filtration process with CA and with EC 

[m³]  [t/m³]  [t/m³] [m³/m³ US] [%] [%] [%] [%]

1 1,25 2,65 0,2 40% 27% 48% 50%

CA vol.  [m³]

0,2

US vol. [m³]

1 1,2

Filtercake Filtrate water

Soil vol. [m³] 0,152 0,152 Soil vol. [m³] 0,152 0

Soil w. [t] 0,402 0,402 Soil w. [t] 0,402 0

Water Vol. 0,848 1,048 Water Vol. 0,268 0,781

Water w. [t] 0,848 1,048 Water w. [t] 0,268 0,781

Disposal Sewage

US vol. [m³]

1 0,855

Filtercake Filtrate water

Soil vol. [m³] 0,152 0,042 0,110 Soil vol. [m³] 0,110 0

Soil w. [t] 0,402 0,110 0,292 Soil w. [t] 0,292 0

Water Vol. 0,848 0,103 0,745 Water Vol. 0,194 0,551

Water w. [t] 0,848 0,103 0,745 Water w. [t] 0,194 0,551

Disposal Sewage / Re-use

CA EC comparison CA EC comparison

Soil vol. [m³] 0,152 0,152 +0,0% Volume 1,2 0,855 -28,7%

Soil w. [t] 0,402 0,402 +0,0%

Water Vol. 0,268 0,298 +11,2%

Water w. [t] 0,268 0,298 +11,2%

Total volume [m³] 0,419 0,449 +7,1% CA EC comparison

Total weigth [t] 0,669 0,699 +4,5% total 0,781 0,551 -29,4%

Moisture (%) 40,0% 42,6% sewage 0,781 0,275 -64,7%

Total 

filtration vol. 

[m³]

Water for 

flocculants 

solution

Filter cake 

residual 

moisture

Filtrate 

water re-use 

(only  EC)

Assumptions & Variables
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Suspension 

after EC
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Summary – filtration performance with EC 

The result of this analysis suggests that implementation of EC as a replacement for CA 

would decrease the filter press efficiency by 8 %, but would also lower the total filtration 

volume by 29 %. Therefore, EC would have an overall positive impact on the filtration. An 

example is shown in Table 43. 

Table 43: Example of filtration with EC and and CA 

 
Used sus-

pension vol-
ume (m³) 

Total filtra-
tion volume 

(m³) 

Chamber filter 
press produc-

tivity (m³/h) 

Filtra-
tion time 

(h) 

With CA 1000 1200 60 20 

With EC 1000 855 55 15.5 

Δ (%) 0 - 29 - 8 - 22 

 

Assuming a chamber filter press is designed to operate a certain number of hours per day, 

introduction of EC to the separation process would allow a decrease of the filter press ca-

pacity. This means that EC would make it possible to use smaller or fewer chamber filter 

presses. The results of this calculation (Table 43) show that the required capacity of cham-

ber filter presses on a construction site could be reduced for around 20 % when replacing 

CA with EC.  

The complete analysis of influence of EC on the filtration time and the filtration volume can 

be summed up in the following equations: 

𝑃𝑠𝑒𝑝 =
𝑃𝑐𝑓𝑝

𝐹𝑉
=

𝑉𝐹𝑊,𝐸𝐶+𝑉𝑐𝑓𝑝
𝑉𝐹𝑊,𝐶𝐴+𝑉𝑐𝑓𝑝

1+(
𝑡𝐹𝑊,𝐸𝐶
𝑡𝐹𝑊,𝐶𝐴

−1) ∙𝐹%

1−(𝛿𝑆𝑈𝑆−1)/(𝛿𝑆−1)∙𝐵𝑘𝑡∙(1+𝛿𝑆∙
𝑅𝑀,𝐶𝑀

1−𝑅𝑀,𝐶𝑀
)

1+𝑉𝐶𝐴

             (Eq. 7-9) 

𝑃𝑠𝑒𝑝 =
𝑃𝑐𝑓𝑝

𝐹𝑉
=

𝑉𝐹𝑊,𝐸𝐶 + 𝑉𝑐𝑓𝑝

𝑉𝐹𝑊,𝐶𝐴 + 𝑉𝑐𝑓𝑝
 ∙ (1 + 𝑉𝐶𝐴)

[1 + (
𝑡𝐹𝑊,𝐸𝐶

𝑡𝐹𝑊,𝐶𝐴
 − 1) ∙ 𝐹%] ∙ [1 − 

𝛿𝑆𝑈𝑆 −1

𝛿𝑆 −1
 ∙ 𝐵𝑘𝑡 ∙ (1+𝛿𝑆 ∙ 

𝑅𝑀,𝐶𝑀

1 − 𝑅𝑀,𝐶𝑀
)]

     (Eq. 7-10) 

or: 

𝑅𝑐𝑓𝑝 =
𝐹𝑉

𝑃𝑐𝑓𝑝
=

[1 + (
𝑡𝐹𝑊,𝐸𝐶
𝑡𝐹𝑊,𝐶𝐴

 − 1) ∙ 𝐹%]∙[1 − 
𝛿𝑆𝑈𝑆 −1

𝛿𝑆 −1
 ∙ 𝐵𝑘𝑡 ∙ (1+𝛿𝑆 ∙ 

𝑅𝑀,𝐶𝑀
1 − 𝑅𝑀,𝐶𝑀

)]

𝑉𝐹𝑊,𝐸𝐶 + 𝑉𝑐𝑓𝑝

𝑉𝐹𝑊,𝐶𝐴 + 𝑉𝑐𝑓𝑝
 ∙ (1 + 𝑉𝐶𝐴)

     (Eq. 7-11) 

whereby: 

𝑃𝑠𝑒𝑝  factor for productivity of separation process when replacing CA with EC [-] 
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𝑅𝑐𝑓𝑝  factor for calculation of required chamber filter press capacity when replacing CA 

with EC [-] 

The factor 𝑃𝑠𝑒𝑝 is the coefficient that, multiplied with the installed filter press capacity on a 

construction site, gives the fine separation capacity that would be available after implemen-

tation of EC. The variables required to calculate 𝑃𝑠𝑒𝑝 are filtration results regarding the filtra-

tion volume and the filtration time (VFW,EC, VFW,CA, tFW,EC and tFW,CA), EC experiment results 

concerning coagulated material (𝐵𝑘𝑡 and 𝑅𝑀𝐶𝑀) and the data from construction site con-

cerning the usage of CA (VCA) and the filtration process (F%). For the data used in the 

analysis above, the factor 𝑃𝑠𝑒𝑝 would be equal to 1.29. That means that the separation ca-

pacity after installation of EC would be 29 % higher than with CA. 

The reversed factor 𝑅𝑐𝑓𝑝 could be used in the planning phase to reduce the required filter 

press capacity on the construction site before beginning. In this case, the variables in the 

equation Eq. 7-11 would not be the actual used suspension from the construction site but 

rather the planned data or empirical values for the given presses and soil. For the data used 

in the analysis above, the factor 𝑅𝑐𝑓𝑝 would be equal to 0.78. The planned capacity of the 

chamber filter press could be multiplied with this factor in the planning phase, which would 

result in 22 % lower required capacity when CA is replaced with EC (as in Table 43). The 

calculations of both factors can be found in appendix D. 

Calculation model 

The influence of EC on separation and disposal concept is suspension-specific. With the 

current experimental setup, any suspension can be tested. The results can be analysed with 

the calculation model (Eq 7-1 – Eq- 7-11) and spreadsheet application from Figure 104. 

There are no constants in the equations; the calculations are valid for any given suspension 

and even any design of experimental setup, as long as there is one EC cell and one chamber 

filter press. 

This opens further research possibilities, which are presented in the outlook. 

 EC as stand-alone technology 

In order to implement EC as a stand-alone technology, i.e. a complete replacement for filter 

presses or centrifuges, EC would have to completely separate the soil material from the 

suspension. This was not realized in the experiments described in this thesis. The highest 

value of Bkt was 30.7% in experiments with SUS (PES3_EC5) and 22.1 % in experiments 

with CUS (PES8_EC2).  
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Still, this option could be feasible. By designing the process in a way that the coagulated 

material could be removed from the cell during EC while automatically replacing the re-

moved volume with new used suspension, a continuous process could be possible. In the-

ory, the only output would be the coagulated material from the anodes. This, however, is 

easier said than done. In addition to safety issues of removing the material from the cell 

during EC, challenges also include the influence on zeta potential of the particles and the 

energy consumption of such a continuous EC process. 

As mentioned in the discussion of the results and in the literature review, it is possible to 

decrease the zeta potential of the particles to zero, which would completely destabilise them. 

If the particles stay in the cell for a sufficient amount of time, this is likely to occur. The 

question is this: if the particles do not coagulate on the anode up to the point of decreasing 

their zeta potential to 0 mV, what happens next? In theory, further EC could even re-stabilise 

the particles by turning their zeta potential to positive values (>0 mV). However, further ad-

dition of coagulant through electrodissolution of the anode could also promotes other coag-

ulation mechanisms, such as sweep coagulation. These additional research questions 

would have to be investigated. More importantly, the technical requirements of this process 

would have to be fulfilled: developing a safe way to completely remove the coagulated ma-

terial on the anode during EC. 

The experiments PES6_EC3 and PES6_EC4, which were intended to manually simulate a 

continuous process with the prototype, did not work as planned. This could be explained by 

the fact that removing the material from the cell and replacing it with a new suspension 

lasted for more than one hour, due to the security measures and experimental procedure 

required. The suspension had to be pumped out of the cell, anodes had to be cleaned and 

the coagulated material had to be removed, which was followed by pumping the suspension 

back into the cell and continuing with EC. The pause of 1 hour between the two parts of EC 

process, with pumping the suspension out of the cell and back in, does not truly represent 

a continuous process. 

However, the idea of a continuous EC separation process could be tested under laboratory 

conditions, where the security requirements can be relaxed due to lower electrical currents 

and therefore smaller hydrogen production. The experimental procedure would be similar to 

the mechanical cleaning experiments, except the removed coagulated material would be 

replaced with new suspension. In laboratory conditions, this action would take up to 10 sec-

onds, during which direct current would have to be turned off. Several cycles would have to 

be performed. For example, the coagulated material could be removed and replaced every 

15 minutes and the experiment would go on for few hours. The development of the param-

eters Bkt and ∆ρ over time should be analysed. If the removal efficiency does not decrease 

over subsequent cycles, that would be a sign that a continuous process could be possible. 
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Still, it needs to be emphasised that not a single EC experiment in this thesis nor in the first 

phase of this research project (Paya, 2016) came close to removal efficiency of centrifuges 

of chamber filter presses regarding the removal of fines from used suspensions. While cen-

trifuges and chamber filter presses remove most of the particles from the suspension, EC 

did not separate even a half of them. Even if it would be technically feasible to significantly 

increase the removal efficiency of EC (for example with much higher electrical current), the 

question remains if it is economically viable to separate every soil particle from the suspen-

sion by only using EC, rather than using EC as a support for conventional separation tech-

nology. 

7.2 Impact of the electrocoagulation on disposal concept 

Regardless of the support or stand-alone implementation of EC in the separation technol-

ogy, EC creates one disposal product that until now did not exist on construction sites: co-

agulated material. This opens a question of how this material should be disposed of. Coag-

ulated material is made of the same soil material as the filter cake from chamber filter 

presses or mud from centrifuges. Therefore, it needs to meet the same disposal require-

ments as the current disposal material on the construction site. Figure 105 presents an over-

view of the disposal possibilities for products of fine separation and according regulations.  

 

Figure 105: Disposal options for products of fine separation (second row) and the corresponding 

regulations (third row) (after Biermann, 2010) 

Nowadays, due to stricter environmental criteria, disposal in agricultural areas or gravel 

quarries is rarely, if ever, allowed (Förster, 2016). Instead, the soil is brought to the landfill 

and water is disposed in the sewage system. Therefore, the requirements from the accord-

ing regulations need to be fulfilled, as already mentioned in 2.5.4. For the disposal of fine 

soil material from construction sites, corresponding regulations in Germany are The Landfill 

Ordinance (Verordnung über Deponien und Langzeitlager – Deponieverordnung (DepV)), 
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The Directive on the Dumping of Waste (Verordnung über die umweltverträgliche Ablage-

rung von Siedlungsabfälle – Abfallablagerungsverordnung (AbfAblV)) and LAGA Guidelines 

(LAGA-Richtlinien). 

For the separated water, requirements from Water Resources Act (Wasserhaushaltsgesetz 

(WHG)) and local wastewater regulations must be fulfilled. 

By replacing CA with EC, there will no longer be remains of coagulants (aluminium or iron 

ions and chloride, sulphate or nitrate groups, depending on the coagulant type) and floccu-

lants in the products of fine separation. However, there will be remains of electrode material, 

since it dissolves during EC. The aluminium alloy EN AW-5754 (chemical designation 

AlMg3) was used as raw material for electrodes in EC prototype cell. The chemical compo-

sition of this alloy is shown in Table 44. 

Table 44: Chemical composition of electrode material as mass percentage 

Si Fe Cu Mn Mg Cr Ni Zn Ti other Al 

0.40 0.40 0.10 0.50 2.6 – 7.7 0.30 - 0.20 0.15 0.10 - 0.60 Mn+Cr rest (89,7 - 95,3) 

 

Disposal regulations prescribe maximal allowed concentrations for some of the stated met-

als. Moreover, EC influences the pH and the electrical conductivity of a suspension and also 

of the products of fine separation (soil material and filtrate/centrate water). Those parame-

ters are analysed more deeply in the following sections. 

 Disposal of soil material (coagulated material, filter cake, mud) 

Depending on the concentrations of certain elements in the soil and the eluate (the dis-

charged mixture of solvents and dissolved substances, Figure 106), DepV classifies mate-

rials into different deposition classes (DK). From all the metals in aluminium alloy, only Cu, 

Ni, Zn and Cr are listed in DepV (Table 45 and Table 46). In addition to restrictions on metal 

concentrations, requirements for eluate include limits for electrical conductivity and an ac-

ceptable range for pH-value. However, chloride and sulphate in the eluate, which can origi-

nate from conventional coagulants, are also restricted. The requirements for deposition clas-

ses I and II are further defined in AbfAblV. Here, the stiffness of the deposited material is 

defined (Table 47). 
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Figure 106: Creation of an eluate (Uphoff Lab, 2019) 

Table 45: DepV criteria for soil (DepV, 2009) 

Parameter Unit 
Geological 

barrier 
DK 0 DK 1 DK 2 DK 3 

Re-cultiva-
tion layer 

Cr 
mg/kg  

dry weight 
- - - - - ≤120 

Cu 
mg/kg  

dry weight 
- - - - - ≤80 

Ni 
mg/kg  

dry weight 
- - - - - ≤100 

Zn 
mg/kg 

dry weight 
- - - - - ≤300 

 

Table 46: DepV criteria for eluate (DepV, 2009) 

Parameter Unit 
Geological 

barrier 
DK 0 DK 1 DK 2 DK 3 

Re-cultiva-
tion layer 

Cr mg/l  ≤ 0.05 ≤ 0.3 ≤ 1 ≤ 7 ≤ 0.03 

Cu mg/l ≤ 0.05 ≤ 0.2 ≤ 1 ≤ 5 ≤ 10 ≤ 0.05 

Ni mg/l ≤ 0.04 ≤ 0.04 ≤ 0.2 ≤ 1 ≤ 4 ≤ 0.05 

Zn mg/l ≤ 0.1 ≤ 0.4 ≤ 2 ≤ 5 ≤ 20 ≤ 0.1 

Chloride mg/l ≤ 10 ≤ 80 ≤ 1500 ≤ 1500 ≤ 2500 ≤ 10 

Sulphate mg/l ≤ 50 ≤ 100 ≤ 2000 ≤ 2000 ≤ 2500 ≤ 50 

pH - 6.5 - 9 5.5 - 13 5.5 - 13 5.5 - 13 4 - 13 6.5 - 9 

Electrical 
conductivity 

µS/cm ≤400 ≤400 ≤3000 ≤6000 ≤10000 ≤500 
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Table 47: AbfAblV criteria for soil stiffness (AbfAblV, 2001) 

Parameter Unit 
DK 1 & 

2 

Shear strength kN/m² ≥ 25 

Axial deformation % ≤  20 

Unconfined compressive strength kN/m² ≥ 50 

 

Besides disposing, the excavated soil material can also be used as construction material. 

The requirements for this are listed in LAGA Guidelines. LAGA Guidelines restrict the same 

metals as DepV, but with different concentrations. The range for the pH value and limits for 

the electrical conductivity are also defined. The requirements are listed in Table 48 and 

Table 49. Z in the tables stands for “Zuordnungswerte “, meaning “assignment criteria”. 

Table 48: LAGA Guidelines criteria for soil material (Laga-Richtlinie, 1998) 

Parameter Unit Z 0 Z 1.1 Z 1.2 Z 2 

Cr mg/kg ≤ 50 ≤ 100 ≤ 200 ≤ 600 

Cu mg/kg ≤ 40 ≤ 100 ≤ 200 ≤ 500 

Ni mg/kg ≤ 40 ≤ 100 ≤ 200 ≤ 500 

Zn mg/kg ≤ 120 ≤ 300 ≤ 500 ≤ 1500 

 

Table 49: LAGA Guidelines criteria for eluate (Laga-Richtlinie, 1998) 

Parameter Unit Z 0 Z 1.1 Z 1.2 Z 2 

Cr µg/l ≤ 15 ≤ 30 ≤ 75 ≤ 150 

Cu µg/l ≤ 50 ≤ 50 ≤ 150 ≤ 300 

Ni µg/l ≤ 40 ≤ 40 ≤ 150 ≤ 200 

Zn µg/l ≤ 100 ≤ 100 ≤ 300 ≤ 600 

pH - 6.5 - 9 6.5 - 9 6 – 12 5.5 - 12 

Electrical 
conductivity 

µS/cm ≤ 500 ≤ 500 ≤ 300 ≤ 1500 

 

To determine the influence of EC on disposal of separated soil material, an analysis of me-

tallic and Cl remains in the filter cakes and coagulated material was performed. The results 

are presented in Table 50. The samples of coagulated material were taken from experiment 
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PES6_EC1 and filter cake after EC from PES5_EC2. The remaining samples were taken 

from reference experiments. 

Table 50: Analysis of soil material / Concentration of metals in coagulated material and filter cake 

(mg/kg)  

Elements in 
soil material 

(mg/kg) 

Coagulated 
material  

Filter cake 
after EC 

Filter cake 
with CA 

Filter cake 
without EC 

and CA 

Re-cultivation 
layer (DepV) 

Construction 
material Z0 

(LAGA-Regula-
tions) 

Cu 4 5 4 4 120 50 

Ni 7 8 5 5 80 40 

Zn 25 26 25 25 100 40 

Cr 20 23 18 18 300 120 

Al2O3 69300 71200 68800 67600 Not listed Not listed 

Fe2O3 12600 13000 13100 12100 Not listed Not listed 

Cl 65 72 104 70 only for eluate Not listed 

 

The analysis showed that the concentration of Ni and Cr in coagulated material and filter 

cakes after EC was slightly higher than in filter cakes without EC. In order to determine the 

significance of the increased concentration, the limit values from DepV and Laga Regula-

tions (class Z0) are listed in the table. The direct comparison of those values shows that the 

slightly increased concentration of Ni and Cr is negligible. 

The concentrations of Al, Fe, and Cl were also analysed. Those three elements were chosen 

as they represent the coagulants: FeCl3 in the conventional conditioning and Al in EC pro-

cess. 

The concentration of Al and Fe is not limited in the current regulations and therefore they do 

not influence the disposal concept at this time. Nevertheless, the analysis was performed 

because the regulations could change in the future. The concentration of Cl is not restricted 

in soil, but it is restricted in eluate based on that soil. 

The results were not surprising. The smallest concentration of Al, Fe and Cl was measured 

in a filter cake from a reference experiments without EC and CA. The highest concentration 

of Fe and Cl was measured in filter cake with CA. The highest concentration of Al was 

measured in coagulated material and filter cakes after EC. Those samples also had in-

creased concentration of Fe since it is a part of the aluminium alloy (Table 44).  

Looking at the relative increase of concentrations, the concentration of Al and Fe do not 

differ significantly. What stands out in the table is the concentration of Cl, which increased 

by 50 % in comparison to separated soil material without CA. However, it is more precise to 

compare the measured concentrations in absolute values, not as relative increase or de-

crease. The usage of the coagulant FeCl3 has increased the Cl concentration in soil by 34 
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mg/kg. Even if the initial concentration of Cl had been higher, the increase of the Cl concen-

tration due to the usage of the coagulant should still be 34 mg/kg and not 50% of the initial 

value. The change of concentrations of all tested materials is listed in Table 51. 

The last column in Table 51 describes an estimated influence of CA and EC on the disposal 

class of the soil material. The change of concentration of elements Cu, Ni, Zn and Cr is 

negligible and does not influence the disposal class. Al and Fe have no influence since their 

concentration is not limited in the regulations. Only Cl could have a certain influence on the 

disposal class, depending on which class the soil would be without usage of CA. However, 

the allowed concentration of Cl in DepV is quite high in comparison to metals. 

Table 51: Change of the concentrations of materials in absolute values, with the concentration from 

the filter cake without EC and CA as initial value 

Elements in 
soil material 

(mg/kg) 

Coagulated 
material  

Filter cake 
after EC 

Filter cake 
with CA 

Filter cake 
without EC 

and CA 

Estimated 
influence on 
the disposal 

class 

Cu 0 1 0 0 none 

Ni 2 3 0 0 none 

Zn 0 1 0 0 none 

Cr 2 5 0 0 none 

Al2O3 + 1700 + 3600 + 1200 0 none 

Fe2O3 + 500 + 900 + 1000 0 none 

Cl - 5 + 2 + 34 0 very small 

 

With the results of soil analysis, the analysis of eluate has become superfluous. Due to the 

process of eluate extraction and only a small difference in the concentration of metals and 

Cl in the tested samples, the concentration of the same elements in the eluate made from 

the same soil samples would not differ significantly. Moreover, the goal of the analysis was 

not to determine the deposition class of SUS, but to determine the influence of EC on the 

deposition of separated fine soil material. SUS is mixed in the laboratory and has no external 

pollution of any kind. Therefore, SUS is not representative for determination of a deposition 

class of a used bentonite suspension from a construction site, but can be used to investigate 

the influence of EC on deposition classes.  

Since eluate has not been analysed, the influence of replacing CA with EC on the pH and 

the electrical conductivity of the eluate has not been tested. 

Another important criterion that is not listed in the regulations is the residual moisture of 

coagulated material. This is not only important because it influences stiffness requirements 

from AbfAblV (Table 47), but also because it influences the mass and volume of the material 

to be deposited, directly influencing the cost of disposal. Lower residual moisture results in 

lower costs. As shown in the spreadsheet calculation example in Figure 104, EC caused an 
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increase of the total deposition volume by 7.1 % and total deposition weight by 4.5 %. This 

results from the difference in residual moisture of coagulated material (48 %) and assumed 

residual moisture of filter cake (40 %). However, if a construction site utilizes centrifuges for 

fine separation, there would likely be no additional weight nor volume to deposit, since the 

mud from centrifuges usually possesses a residual moisture of around 50 %. 

If it would be required to reduce the residual moisture of coagulated material on a construc-

tion site that uses chamber filter presses for fine separation, the coagulated material could 

be returned to the remaining suspension in order to filtrate everything together. However, 

the results in 6.5.2 showed that the return of the coagulated material back to the suspension 

reduces the positive effect of EC before filtration. A more promising idea would be to dispose 

of the coagulated material and filter cakes together. If approximately a quarter of the soil 

material in the suspension can be separated with EC and the rest using the chamber filter 

presses, the composition of the combined soil material from both separation steps would 

have a residual moisture closer to that of filter cakes. 

Overall, the analysis of the separated soil material showed that replacement of CA with EC 

would not worsen the deposition class of soil material. There is even a small chance of 

improving the class due to decreased concentration of Cl in the soil. However, depending 

on the residual moistures of filter cakes or mud, and the residual moisture of coagulated 

material, the weight to be deposited could increase. 

 Disposal of filtrate / centrate water 

One of the benefits of EC is that CA are not required for filtration. This eliminates the possi-

bility that CA contaminate the filtrate water through suboptimal dosing. However, filtrate wa-

ter after EC could have a certain level of pollution through remains of metal ions originating 

form electrode dissolution. Depending on the concentration of those ions in filtrate water, 

this water could be re-used on construction sites for mixing of a new bentonite suspension, 

which is not the case with the filtrate water with CA. 

Reuse of filtrate water 

In the case of replacing the usage of CA through EC, flocculants would be completely re-

moved from the separation process. This eliminates the risk of contaminating filtrate water 

with flocculants through under-dose or overdose, which brings ecological advantages for the 

disposal of filtrate water. Moreover, it brings up an interesting possibility: reuse of filtrate 

water on a construction site as technological water for mixing of the new bentonite suspen-

sion. 

In order to test the potential reuse of filtrate water after EC, the filtrate water released from 

filtration experiments after the EC experiment PES1_EC2 was gathered (Figure 107). Even 
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though the water looks turbid due to some residual particles, it had a density of 1.00 g/cm³. 

The buckets are chronologically positioned; the filtrate water at the beginning of the filtration 

experiment was gathered in the first bucket from the left, which was then replaced with sec-

ond bucket and so on. 

Two filtration experiments were performed and from each of them, two filtrate water samples 

were created: one made of filtrate water from every bucket and one without the water from 

the first two buckets. With those samples, 4 % bentonite suspensions of type B1 were mixed. 

As a reference, the same suspension was mixed with a tap water. Afterwards, the suspen-

sions’ properties were tested. The marsh time was tested with a marsh funnel and yield point 

with ball harp. The results are presented in Table 52. 

 

Figure 107: Filtrate water after PES1_EC2_FD1 

Table 52: Properties of the B1 4 % bentonite suspension mixed with filtrate and tap water 

Sample Water 
Density 
(g/cm³) 

Marsh time 
(s) 

API Filtrate 
water (mg) 

Yield point 
(N/m²) 

1 Filtrate*  1.025 
t1000=38 
t1500=71 

10.1 16 

2  Filtrate 1.025 
t1000=38 
t1500=72 

10.1 16 

3 Filtrate* 1.026 
t1000=38 
t1500=71 

10.1 16 

4 Filtrate 1.025 
t1000=38 
t1500=72 

9.7 16 

5 Tap 1.025 
t1000=38 
t1500=71 

9.6 16 

*without the water from first two buckets 

As can be seen from the table (above), the only measured differences in comparison with 

suspension from tap water was slightly increased filtrate water release. This is an indication 

that a certain amount of the aluminium ions landed in filtrate water. According to the speci-

fications of B1 suspension provided by the manufacturer (Appendix A), a 4 % suspension 

should have a filter water release of 11 ml +/- 35 %. Even though the suspension made of 

filtrate water had an increased filtrate water release after EC, it still met the stated require-

ments by far. The other properties of the suspension that are relevant for its use in civil 

engineering (i.e. density, marsh time and yield point) were the same as for the suspension 

mixed with tap water.  
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This is an important finding: it suggests that the filtrate water produced when replacing CA 

with EC can be re-used to mix a new bentonite suspension on a construction site. This way, 

huge amounts of water on construction sites could be conserved. The increased filtrate wa-

ter release, however, suggests that the water will not be infinitely reusable; at some point in 

time, it will have to be disposed. Since a part of the water from the used suspension remains 

in the coagulated material and in the filter cakes as residual moisture, the filtrate water itself 

is not sufficient the replace the whole volume of the used suspension that is discharged from 

the slurry circuit. The missing volume would have to compensated using fresh water. This 

would reduce the effects of filtrate water on the filter water release of the suspension.  

In Figure 104, an assumption was made that 50 % of filtrate water after EC could be reused 

for new suspension. This way, on average 275 l of filtrate water per 1 m³ suspension could 

be reused. This would not only further decrease the demand for fresh water, but also reduce 

the water disposal amount. 

In another set of experiments, a fresh bentonite suspension was mixed with the filtrate water 

gained from the reference filtration experiment with CA. This suspension was obviously in-

stable, as shown in the .the suspension segregated and a layer of water accumulated on 

the suspensions surface. 

 

Figure 108: left) Fresh suspension mixed with tap water, right) Fresh suspension mixed with filtrate 

water after filtration with CA 

Further research is required on this matter. Additional cycles of EC, filtration, and mixing of 

new suspension using filtrate water could be performed; this would allow the investigation 

of the maximum number of cycles before the requirements are no longer met. After a curtain 

number of cycles, filtrate water after EC will have too much aluminium ions and will not be 

able to create a stable suspension. Moreover, these tests were performed with filtrate water 

from SUS. They should be repeated with a used suspension from a construction site.  
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Disposal 

The filtrate water that is not going to be reused must be disposed. After WHG, there are 

three possibilities for water disposal: 

 discharge in groundwater 

 discharge in sewage water 

 discharge in bodies of water (rivers, lakes,…) 

For all three disposal options, the local wastewater regulations of the cities and regions 

apply. As for the disposal of soil material, only those parameters that could be changed 

through replacement of CA with EC were considered in the analysis. In the place where this 

research was conducted (Bochum), those requirements are as follows (Table 53): 

Table 53: Parameter limitations in wastewater regulations of city Bochum (Abwassersatzung der 

Stadt Bochum, 2011) 

Cu (mg/l) Ni (mg/l) Zn (mg/l) Cr (mg/l) 
Cr VI 
(mg/l) 

Sulphate 
(mg/l) 

pH (-) Al / Fe 

1 1 3 1 0.2 600 6.5 - 10 
Not lim-

ited* 

*„without limitation, if there is no interference with discharge and purification” 

 

To investigate to which degree the filtrate water fulfils the requirements from Table 53, filtrate 

water samples were subjected to chemical analysis. Sulphates are listed in Table 53 

because they come with standard coagulants like Al₂(SO₄)₃. Since the coagulant used in 

this thesis was FeCl3, the concentration of Cl was measured to serve as an approximation 

for the case when a coagulant with sulphates would be used. The results of the chemical 

analysis are presented in Table 54. 

Table 54: Filtrate water quality 

Elements in 
filtrate water 

Filtrate water 
after EC 

Filtrate water 
with CA 

Filtrate water 
without EC 

and CA 

Cu (mg/l) 0.017 0.016 0.012 

Ni (mg/l) < 0.005 0.0083 < 0.005 

Zn (mg/l) 0.012 < 0.01 0.013 

Cr (mg/l) 0.039 0.012 0.0075 

Cl (mg/l) 0.05 0.05 0.09 

pH (-) 9.4 9.0 9.0 

Al (mg/l) 98 0.06 0.28 

Fe (mg/l) 0.049 0.1 0.038 
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Compared with the filtrate water without EC and CA, the biggest rise in the concentration of 

metals was measured for Fe in the case of filtration with CA and for Al for filtration after EC. 

While the concentration of Fe rose from 0.038 mg/l to 0.1 mg/l (+0.06  mg/l), the concentra-

tion of Al rose from 0.28  mg/l to 98 mg/l (+97.7 mg/l). When comparing those results with 

the filter cake analysis from Table 50 and Table 51, it is clear that the use of CA and EC has 

a much higher influence on the metal remains in the filtrate water than in the filter cakes.  

The concentration of Cl in tested specimens is not credible, since it was only possible to 

measure bonded Cl. Not-bonded (free) Cl promptly discharges from the water. The real Cl 

concentration could have only been measured during or directly after the filtration. There-

fore, the measurement of Cl could not serve as an approximation for the case when a coag-

ulant with sulphates would be used. 

Regarding the limitations from Table 53, all three probes passed the required regulations. 

However, it should be proved if the measured Al concentration of almost 0.1 g/l would inter-

fere with the discharge and purification of disposed water. Moreover, the remains of floccu-

lants in the filtrate water with CA were not tested. Since no stable suspension could be mixed 

with filtrate water after EC (Figure 108), a reasonable assumption can be made that there 

were remains of flocculants in the filtrate water. Even though they are not listed in the local 

wastewater regulations of city Bochum, they are regarded as obviously to highly hazardous 

to water (chapter 2.5.5). 

Furthermore, Figure 104 shows additional advantages of EC in comparison to CA, concern-

ing the disposal volume of filtrate water. Since CA solution increase the total filtration volume 

and the amount of filtrate water, replacing the CA with EC would decrease the filtrate water 

amount. Under the assumptions in Figure 104, filtration of 1 m³ used suspension with CA 

would produce 781 l of filtrate water, in comparison to 551 l with EC. Even if the complete 

filtrate water after EC would be disposed, there would still be 230 l less to dispose per 1 m³ 

used suspension, since no water needs to be added to the suspension prior to the filtration. 

That is a decrease of 29% in comparison to conventional conditioning. With an assumption 

of 50 % filtrate water reuse, the disposal volume of filtrate water would decrease for 65 %. 

For clarification, the 50 % reuse of filtrate water is not meant as taking 50 % of filtrate water 

from every filtration cycle to mix a new suspension. Rather, it would mean taking the whole 

amount of filtrate water for a few cycles (until the filtrate water release of the suspension 

reaches the allowed limit – effects from Table 52) and afterwards taking only fresh water for 

a few cycles (to reduce the filtrate water release and stabilise the suspension).  
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 Recommendations for scale-up to a real-scale prototype for 

construction sites 

*A short summary of recommendations from chapters 8.1 - 8.3 was presented the final report 

of this research (Popovic & Schößer, 2019) 

Based on the knowledge and experience gained from the experimental phase with the EC 

prototype cell, several ideas developed that would improve the design of the current or the 

next stage prototype.  

The main ideas are the following: 

 Decrease of the “dead” volume of the EC cell 

 Increase of the volumetric current density either by increasing of the total surface of 

the electrodes or allowing a higher maximal voltage 

 Improvement of the cleaning mechanism 

 Electrode polarity switch for balanced utilization of the electrodes or as an alternative 

cleaning method  

8.1 Dead volume decrease 

 Problem 

As shown in 6.5.4, the increase of the electrode gap by identical electric current improved 

the results. This was already observable in the laboratory experiments of Paya (2016). How-

ever, in the literature is usually recommended to keep the gap as small as possible in order 

to reduce costs. At a smaller gap, lower voltage is required to reach intended electric current. 

The reason why the laboratory and prototype experiments showed better results at larger 

electrode gaps is because the increase of the electrode gap caused a decrease in the dead 

volume. As already defined in 6.5.4, the dead volume is the space in the cell minus the 

space between an anode and a cathode. For example, the space between two cathodes or 

a cathode and the wall of the cell are considered the dead volume. This is shown with red 

arrows in Figure 109 left, at the electrode gap of 4.5 cm.  

The volume between two cathodes and the cathode to the wall of the cell is not the only 

dead volume. The part of the suspension that is not directly between two electrodes but 

rather on a side should also be considered as dead volume. By measuring the properties of 

the remaining suspension in five sampling points of the cell, it was found that most electro-

chemical processes take place in the middle of the cell (Figure 84).This is because the EC 

prototype cell is rectangular but the electrodes are circular. Electrodes are as wide as the 
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cell itself only in the middle of the cell. (Figure 109 right). Therefore, the dead volume is at 

its smallest in the middle of the cell, which explains the measured data. 

 

Figure 109: left: Dead volume in the EC cell (Popovic & Schößer, 2019), right: Comparison of the cell 

and electrodes form 

Since the experiments were conducted in rest state, the movement of the particles in the 

suspension was caused only by diffusion. Therefore, the suspension that was inside the 

dead volume during EC presumably received little to no electrocoagulation.  

Table 55 presents the ratio of the dead volume to the total cell volume at different electrode 

gaps. When the electrode gaps are increased from 4.5 cm to 5.5 cm or 6.5 cm, the space 

between two cathodes or a cathode and the cell wall decreases, decreasing the dead vol-

ume. 

Table 55: Dead volume at different electrode gaps 

 Gap 4.5 cm Gap 5.5 cm Gap 6.5 cm 

Dead volume 
(l) 

87 70 54 

Dead volume 
(%) 

54 44 34 

 

As shown in Table 55, the percentage of the dead volume in the cell was quite high. When 

considered that even a Best Combo experiment was performed with the electrode gap of 

4.5 cm, there is still a room for improvement of the EC cell and the therefore the effective-

ness of the process. 
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 Solution 

The dead volume should be decreased as much as possible in the next development stage 

of the prototype in order to enable the EC process to reach its full potential. This can be 

done through changes in the electrodes form and arrangement. First of all, the electrodes 

should follow the shape of the cell. In the current prototype, this means that the electrodes 

should have a shape like the red line in Figure 109. 

Furthermore, the arrangement of the electrodes should be changed. The dead volume be-

tween the cathodes and between a cathode and the wall of the cell can be avoided by 

changing the electrode arrangement from cathode-anode-cathode-cathode-anode-cathode 

to cathode-anode-cathode-anode-cathode-… and by mounting the outermost electrodes as 

close as possible to the cell wall.  

These changes should allow electrocoagulation of the complete suspension in the cell. 

8.2 Increase of the volumetric current density 

 Problem 

Most of the EC prototype experiments described in this thesis were performed with the “max-

imal electrical current” operational parameter. This means that the maximal pre-set for elec-

trical current was chosen (200 A for EC experiments with one chamber, 300 A for those with 

both) but the actual electrical current was automatically regulated by DC source software 

whenever maximal voltage was reached. Therefore, the actual electrical current during the 

experiment resulted from a combination of the remaining operational parameters and sus-

pension parameters. For example, shorter gaps between the electrodes made higher elec-

trical currents possible. In an additional example, higher current densities were reached with 

CUS than with SUS, because the CUS possessed higher electrical conductivity.  

All experiments showed that the electrical current capacity of the DC source could not be 

fully used due to instant reach of maximal voltage at the beginning of the experiment. This 

resulted in software automatically lowering the electrical current. Since most of the experi-

ments were performed in one chamber, maximal possible current density was 1.25 A/l 

(200 A / 160 l). However, the highest average current density by EC experiments with SUS 

was 0.89 A/l and with CUS it was 0.98 A/l. Out of 50 EC experiments presented in this thesis, 

only two experiments with CUS reached the maximal electrical current of 200 A at some 

moment during the experiment. It is not obligatory to use the DC source to its fullest capacity, 

but higher electrical currents would increase current density and likely speed up the desta-

bilisation process. 
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Two methods to increase electrical currents are as follows: 

 Increase of the total surface of the electrodes  

 Increase of the maximal allowed voltage 

 Solution 1: Increase of the total surface of the electrodes 

The suspension between the electrodes can be considered as a regular conductor, such as 

an electrical cable. Increasing the electrodes’ surface without increasing their gap is analo-

gous to increasing the cross-section of a conductor without increasing its length. The re-

sistance of the conductor decreases, even though its electrical conductivity does not change 

(Eq 3-12). Through reduced resistance, higher electrical current are achievable without in-

crease of the voltage. 

Therefore, increasing the total electrodes’ surface would decrease the surface electrical 

density (A/m²), which would allow higher electrical currents (A) and thus higher volumetric 

current densities (A/l) to be reached. A good example of this effect were the laboratory ex-

periments with cells A and B (chapter 5.3.2). Due to the larger electrode surface of cell B, 

the pre-set electrical current of 2 A was reachable at larger electrode gaps and lower voltage 

than by the experiments with cell A. In order to reach 2 A in cell A, an average surface 

current density of 16.13 mA/cm² was required, but the highest reached average current den-

sity was 14.72 mA/cm² at the gap of 3.5 cm, resulting in an electrical current of 1.83 A and 

volumetric current density of 0.91 A/l (Table 11). At the gap of 6.5 cm, only 11.09 mA/cm² 

was reached, resulting in an electrical current equal to 1.37 A and volumetric current density 

of 0.69 A/l. In contrast to that, the average surface current density required to reach 2 A in 

cell B was 9.40 mA/cm². This was reached at the gaps of 3.5 - 5.5 cm. At the gap of 6.5 cm, 

the surface current density was equal to 9.25 mA/cm², resulting in an electrical current of 

1.96 A and volumetric current density of 0.98 A/l (Table 12). This is a 0.29 A/l more than in 

a cell A at the same gap. This is a proof that the increase of the electrodes surface allows 

higher electrical currents by the same voltage.  

Even if the experiments would show that further increase of electrical current does not im-

prove the results, which is unlikely, the increase of the electrode surface would still bring 

some positive effects. The experiments could be purposely performed at “lower than maxi-

mum available” electrical currents. Since those electrical currents would be reachable with 

lower voltages, the operating costs of the EC would be reduced. 

 Solution 2: Increase of the maximal allowed voltage 

The voltage in the prototype was restricted to 55 V due to electrical security reasons; more 

precisely to prevent the damage on the human body when in contact with live electrodes. 

However, this decision was made before all aspects of hydrogen issue (chapter 3.5.1) were 
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known and before the extensive hydrogen safety measures were installed in the prototype. 

One of those measures, namely the condition that the electrical current can only flow if the 

EC cell cover is closed, makes it impossible to come into contact with live electrodes. 

Since the hydrogen safety measures are unlikely going to be decreased for the next scale-

up phase, the voltage restriction becomes unnecessary. Therefore, the maximum allowed 

voltage could be increased without influencing the security of the EC process. This would 

most probably speed up the process, because higher electrical currents could be reached 

and the intended amount of Ah would be reached faster. 

However, the cost aspect needs to be considered here. In terms of EC, voltage is costly. 

Electrical current creates coagulants/metal cations which destabilise the suspension, 

whereby voltage is only necessary to overcome the resistance between the electrodes. 

Higher maximal voltage would allow higher electrical currents, but also result in higher costs. 

In contrast, the increase of the electrodes surface allows higher electrical currents without 

increasing the voltage. The additional cost for aluminium material is negligible in comparison 

to constantly higher operational costs caused by higher voltage. 

8.3 Automatic cleaning mechanism 

 Problem 

One research idea was to remove the coagulated material from the anode surface during 

the experiment in order to allow new deposits to form. However, the results of the "anodes 

cleaning interval" experimental series (chapter 6.5.5) showed that the current cleaning 

mechanism did not improve overall EC performance. In contrary, it had negative effects on 

development of electrical current. Moreover, when the coagulated material was stripped of 

the anode’s surface during the experiment, it remained in the residual suspension and had 

to be filtered afterwards. This made the two-phase separation impossible.  

The cleaning mechanism was however not required only to remove the coagulated material 

from the anodes during the experiments, but also to remove the material after them (in the 

experimental series without cleaning). Since this did not work out as planned, the removal 

of the coagulated material was performed semi-manually. This, together with thorough 

cleaning of the anodes surface, took approximately one hour after each EC experiment.  

The importance of the cleanness of the electrodes can be seen from Figure 110. When the 

electrodes are thoroughly cleaned, higher electrical currents can be reached in the next 

experiment. Quick cleaning represents the scraping with the installed cleaning mechanism, 

and thorough cleaning is manual scraping of all the rest from the electrodes surface. 
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Figure 110: Effect of the cleanness of the electrodes on the electrical current course in the next 

experiment 

However, it is not practical to employ someone at the construction site to remove the coag-

ulated material form the anodes after each experiment. This causes delays since a new EC 

cycle cannot begin before the remains of the previous one are removed from the EC cell. 

The process must be performed automatically and quickly. Therefore, a cleaning mecha-

nism is an obligatory part of the next stage design. 

 Solution 

First, the idea of rotating anodes and using fixed-in-place cleaning mechanism should be 

abandoned in the next design phase. This way of cleaning had a negative effect on the 

results and was sensitive to clogging. Moreover, it complicates the design of the cell. It re-

quires circular anodes, which are connected to the EC source through a rotating well going 

through the middle of the electrodes. This well also reduces the electrode’s surface. In con-

trast to anodes, cathodes are connected to the DC source through simple cable connections 

near their slots in the cell. That is also how anodes should be connected on electricity in the 

next design phase. 

The cleaning mechanism should be modified in such a way that it enables scratching all of 

the coagulated material from the anodes during or after the test. This could be done in the 

following ways:  

 For cleaning during the experiment, with small modifications of the current prototype: 

The rotation direction of the electrodes could be changed. In the current rotation di-

rection, the coagulated material reaches the holders of the scrapers before it reaches 
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the scrapers itself. Therefore, a part of the materials is “scraped” before intended. 

This contributes to the clogging. The scrapers were deliberately installed at the lower 

part of the electrodes so that the scraped material falls directly in trapezoidal-prism-

formed bottom of the cell and does not clog the movable parts in the surrounding. 

 For cleaning after the experiment: This is a simple process. The cell could be de-

signed with an openable bottom. After pumping the remaining suspension out, the 

bottom would open. The scrapers could scrape the coagulated material downward. 

Material can be accumulated in a reservoir or conveyor belt installed under the cell 

that brings the material to the same location where mud from the centrifuge or filter 

cakes from filter presses are accumulated.  

However, the cleaning does not have to be performed mechanically, but rather electrically. 

This would be enabled through the electrode polarity switch. 

8.4 Electrodes polarity switch 

Electrode polarity switching could bring several advantages to the EC process.  

Both types of electrodes dissolve during EC – anodes due to electrical (Eq 3-3) dissolution 

and cathodes due to chemical (Eq 3-9) dissolution. Anodes dissolve more than cathodes. 

Switching the polarity of the electrodes could balance both dissolutions so that all electrodes 

have to be changed at the same time. This would reduce the maintenance time on the EC 

cell.  

Moreover, according to the literature, switching the electrodes polarity should help prevent 

the passivation of electrodes. It should be pointed out that no certain evidence of passivation 

was found in the experiments presented in this thesis.  

The polarity switch was not integrated into the current prototype because Payá’s (2016) 

results showed that the switch of the electrodes polarity during EC worsens the results. After 

every switch, a certain time was required for electrical current to reach its pre-switch values. 

However, the polarity change does not to be performed during EC but rather between the 

experiments. 

Enabling the electrodes polarity switch would also mean that the cleaning mechanism would 

needs to be installed in a way in which it can clean every electrode, since each one of them 

could be an anode. This could be resolved with the possibility to electrically clean electrodes.  

The experiments showed that the switch of the anodes polarity caused the coagulated ma-

terial to fall off the anode, thus making this switch to the electrical cleaning method. The 

problem with the electrical cleaning is that the coagulated material stays in the suspension. 

This has a negative result on the following filtration, as shown in the experiments with the 

mid-scale prototype. However, the suspension could be screened after EC. 
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When the coagulated material falls off the electrode due to switch of electrode polarity, it 

would not disintegrate into small flocs and disperse in the suspension, but rather remain in 

the form of bigger blocks. Those blocks could be screened like the soil in the separation 

plant. The cell could be designed with an openable bottom and a screen could be installed 

for separation of coagulated material from remaining suspension. The coagulated material 

would stay on the screen and the remaining suspension would flow through. Afterwards, 

coagulated material could be carried to the waste disposal site and the remaining suspen-

sion could be pumped to chamber filter presses or centrifuges.  

This would be practical in terms of EC cell design since it would make mechanical cleaning 

parts unnecessary. The electrodes’ polarity could be switched after the end of planned ex-

perimental duration. However, an iteration process would be required to find the optimal EC 

duration after switching. As soon as the cathode turns to the anode, the soil particles from 

the remaining suspension could start to coagulate on its surface. The duration should be 

long enough to release the material from the anodes but not long enough for the new layer 

of coagulated material to accumulate on the cathode. 

It is hard to recommend one of the two above-mentioned cleaning methods at the current 

stage of research since the electrical cleaning was tested neither in the mid-scale prototype 

nor in the laboratory experiments presented in this thesis. On the other hand, the mechanical 

cleaning did not perform as well as expected. Since the next development phase of the 

prototype is still going to be a research phase, it would be great to install polarity switch and 

test this possibility. 

8.5 Recommendations summary 

 Improvements for the current EC prototype 

In this section, the ideas presented in 8.1 - 8.4 that could be implemented without changing 

the dimensions of the EC cell or security and control systems in the prototype are discussed. 

Under the assumption that presented changes could be implemented without excessive re-

designing of the prototype, they serve as recommendations to increase EC performance. 

First, the number of the electrodes should be increased for one electrode per chamber and 

the arrangement of electrodes should be changed. Instead of six electrodes in arrangement 

cathode-anode-cathode-cathode-anode-cathode the seven electrode should be arranged 

as cathode-anode-cathode-anode-cathode-anode-cathode. Outermost cathodes should be 

mounted as close as possible to the EC cell wall. This measure would simultaneously de-

crease the dead volume (8.1) and increase the total electrodes surfaces, which would allow 

higher current densities in the experiments (8.2.2). 
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The future form of the electrodes depends on the installed cleaning mechanism. If it would 

be possible to install an electrode polarity switch (8.4), which is only a change of direction 

of DC and as such should not be a difficult challenge, the electrodes could be designed to 

follow the form of the EC cell (red line in Figure 109). The new arrangement of the electrodes 

described in the previous passage and their new form would almost completely eliminate 

the dead volume in the cell. It would also make the equipment installed for rotation of the 

electrode superfluous. 

If the electrodes polarity switch cannot be installed, new ideas for mechanical cleaning need 

to be tested, e.g. change of the rotation direction of the anodes. However, an option of 

abandoning the idea of electrodes rotation and mechanical cleaning could be taken in con-

sideration. This would allow fitting the shape of the electrodes to the shape of the cell and 

eliminating the dead volume. The cleaning could be performed manually after the experi-

ment. This would be a short-term solution with a goal to perform the EC tests without dead 

volume. Mechanical cleaning could be installed in another form by the next stage scale-up. 

 Real-scale prototype design 

The results of EC with SUS showed that the optimal EC duration was 60 minutes. One 

filtration cycle after EC would last around 90 minutes (Table 40). In order to perform EC and 

filtration simultaneously, the real-scale EC cell would need to have a volume of approxi-

mately 70 % the volume of the chamber filter presses. Since the number of presses varies 

from one construction site to another, the end-product EC cell should be designed with sev-

eral units that can be connected together.  

One unit can be tested as a next real-scale prototype.  

To keep the operational costs of the new real-scale prototype low, the surface current den-

sities should be as low as possible, meaning that the ratio of electrodes surface to the vol-

ume of the cell should be as high as possible. Simply stated, there should be as much elec-

trodes as possible in the cell. This will not increase the costs for the electrodes over longer 

period, since the electrodissolution is controlled only by the electrical charge (Ah). If the 

number of the electrode is increased but the electrical charge remains the same, each of 

the electrodes will dissolve less and therefore will need to be replaced less frequently. How-

ever, the voltage would be lower than with smaller number of electrodes and therefore the 

electrical consumption of the cell would decrease, reducing the operating costs of the pro-

cess. 

The electrode gap should however not be smaller than 4.5 cm. As the experiments showed, 

the amount of coagulated material on the anodes can be so thick that, by smaller gaps, it 

would completely fill the void between the electrodes. 
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Furthermore, the idea of fix scrapers and rotating electrodes should be abandoned. The cell 

should be simple rectangular cell with rectangular electrodes. The scrapers should either be 

moveable or the electrical cleaning method should be installed. For the purpose of collecting 

the coagulated material, the cell should be designed with an openable bottom and a con-

veyor belt underneath.  

The cleaning process would proceed as follows:  

 With scrapers: 

o Pumping the suspension out of the cell 

o Opening the bottom of the cell 

o Scraping the coagulated material away 

o Material falls down on the conveyor belt and is taken away 

 With electrical cleaning. 

o Switching the polarity of the electrodes upon reaching the desired treatment 

duration. 

o After few minutes (the actual time needs to be tested and optimised) turning 

the electricity off and opening the bottom of the cell 

o The content of the cell falls on a screen: coagulated material stay on the 

screen and the remaining suspension flows through 

o Coagulated material is taken away with a conveyor belt. 

Both of those methods can be tested also as a cleaning method “during” the experiment. 

After the cleaning, the suspension would be pumped back to the cell and the treatment 

would continue. The removed volume would need to be replaced with a new suspension. 

The cell could be designed vertical so that it consumes less space on a construction site. 

A sketch of a design is shown in Figure 111 and the EC procedure in Figure 112. Only the 

option with scrapers is shown in the figures. The option with electrical cleaning would have 

no scrapers and no outlet channel. The screen would be installed underneath the cell and a 

basin under the screen, to collect the suspension. 
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Figure 111: Design of a real-scale prototype 

 

Figure 112: EC treatment procedure in a real-scale prototype: left) during EC; middle) remaining 

suspension is pumped out of the cell, coagulated material remains on the anodes, right) the bottom of 

the cell opens, the coagulated material is scraped off and falls down to the conveyor belt   
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 Ecological considerations 

From theoretical and regulations point of view, this subject was already discussed in chapter 

2.5.5 and 3.4. The results of the chemical analysis of the fine separation products and the 

influence of EC on water consumption and disposal concept was presented and discussed 

in chapter 7.2.1 and 7.2.2. In this chapter, a summary of most important ecological ad-

vantages of EC is presented.  

9.1 Coagulants 

According to VwVwS (Administrative Regulation on Water-Polluting Substances, 1999), 

conventional coagulants like aluminium chloride (AlCl3), aluminium chlorohydrate 

(Al2Cl(OH)5), aluminium nitrate (Al(NO3)3), aluminium sulphate (Al₂(SO₄)₃), iron(III) chloride 

(FeCl3), ferric chloride sulphate (FeClSO4), iron(III) nitrate (Fe(NO3)3), and iron(III) sulphate 

(Fe2(SO4)3) are categorised in water hazard class 1, meaning that they are slightly hazard-

ous to water sources. Therefore, coagulants represent a relatively small problem in ecolog-

ical terms. Nevertheless, after dissolution of conventional coagulants in water, metal cations 

as well as other chemical groups (nitrates, sulphates, chlorides, etc.) inevitably end up dis-

posed in the water or into the environment (Eq 9-1 & Eq 9-2). It is important to mention that 

the concentration of sulphates and chlorides is limited in disposal regulations; sulphates in 

water disposal regulations and chlorides in soil disposal regulations. 

FeCl3  Fe3+ + 3Cl-                       (Eq 9-1) 

Al2(SO4)3  2Al3+ + 3(SO4)2-                    (Eq 9-2) 

This was proven through a soil chemical analysis (Table 50), which found an increased 

concentration of Fe and Cl in filter cakes by the filtration with CA.  

In contrast to conventional coagulants, those produced by EC through electrodissolution of 

the anode come as aluminium or iron cations in pure form, without other substances (Eq 9-

3). 

Al  Al3++ 3 e-                         (Eq 9-3) 

This means that only metal cations end up in environment, without other groups like nitrates, 

sulphates, chlorides. Aluminium and iron cations in pure form are not listed in VwVwS. Even 

if they technically could be considered hazardous, their water hazard class would not be 

higher than those of conventional coagulants. 
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9.2 Flocculants 

The main ecological improvement that EC would bring to the fine separation process is due 

to the elimination of the flocculants usage. This would conserve water on a construction site 

and decrease water pollution. The improvements can be summarized as following: 

 Flocculants like non-ionic, anionic and cationic polyacrylamides are classified as ob-

viously to highly water hazardous substances. As such, they are not allowed to end 

up in the environment.  

 Abandoning the usage of flocculants conserves on average 0.2 m³ water per 1 m³ 

used suspension. 

 Abandoning the usage of flocculants opens the possibility to reuse the filtrate water, 

reducing the requirements for fresh water even further. 

 Water saving from the previous two points also reduces the amount of water dis-

posed. By calculations in Figure 104, the amount of disposed water was reduced by 

65 %. 

The results of this thesis show that the EC can have a similar influence as the use of CA on 

the destabilization and coagulation of the suspension. The implementation of EC on the 

construction site could therefore make the usage of CA obsolete. This would completely 

eliminate flocculants from the dewatering process, while coagulants would be produced in-

site in a pure form.  
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 Evaluation of construction management aspects 

In order for EC as a new technology to be attractive from a construction management point 

of view, it should be reliable and provide some clear benefits as compared with conventional 

fine separation process. The most important aspect is cost. Furthermore, it would be bene-

ficial if EC would provide technological and ecological improvements, while also being prac-

tical to handle. Those aspects are discussed in this chapter. 

According to the results from this thesis, there are two possibilities for EC implementation 

on construction site. 

 EC as replacement for coagulating agents (CA) (Figure 113a) 

 EC combined with CA (Figure 113b) 

In both ways, EC would serve as separation and destabilisation method for used suspen-

sions prior to further fine separation in chamber filter presses or centrifuges. 

 

Figure 113: Fine separation process including EC and the conventional separation process: a) EC as 

replacement for CA, b) EC in combination with CA, c) conventional conditioning  

Prior to further analysis it is important to mention the findings from section 7.1.1. Used sus-

pension treated with EC at the best combination of operating parameters showed higher 

filter water release but also longer filtration times in the chamber filter press. Moreover, EC 

reduced total filtration volume since it does not require the addition of coagulants and floc-

culants in solution prior to filtration. Overall, the productivity of separation process could be 

increased when replacing CA with EC. Therefore, following sections analyse and compare 

operational costs of EC (Figure 113a) with those of conventional conditioning (Figure 113c). 

The costs of combining EC with CA (Figure 113b) are not explicitly discussed, but they can 

be inferred from the single costs for EC and CA. 
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10.1 Cost aspect - estimation of operational costs  

In this section, operational costs of EC are compared with conventional conditioning costs. 

EC operational costs could be calculated entirely and very precisely, since detailed meas-

urements were performed during the experiments with the EC prototype. On the other hand, 

conditioning costs are the exact costs from three tunnelling projects, but due to some miss-

ing information, a few assumptions were made to compare those costs to EC costs.  

 EC operational costs 

Electricity  

Operational costs of the EC include costs for electricity and costs for new aluminium elec-

trodes. The electricity costs from the PEC5 (experimental series “EC experiment duration”) 

and from the experiment PES6-EC5 (Best Combo experiment) are shown in Table 56. The 

series PES5 was chosen as example because this series covers the widest range of elec-

tricity consumption - EC experiments with duration from 30 minutes to 90 minutes.  

The EC electricity consumption per 1 m³ suspension was calculated by scaling the required 

consumption for 160 l in a 1:1 ratio with the increase in volume, meaning that the consump-

tion for the 160 l was multiplied by a coefficient of 6.25 (1000/160). This is a plausible as-

sumption that fits the scale up experiments (chapter 5.3.7). While converting the electricity 

consumption to costs, electricity price of 0.17 €/kWh was taken, which was the average 

industrial electricity price in Germany for 2018. 

Table 56: Electricity costs: PES5 and PES6_EC5 (after Popovic & Schößer, 2019) 

Experiment 
Experiment 

duration 
(min) 

EC Electrical 
consumption 
(kWh/0.16 m³) 

EC Electrical 
consumption 

(kWh/m³ ) 

EC Process 
costs  
(€/m³) 

Peripheral 
consumption  
(kWh/0.16 m³) 

Peripheral 
costs  
(€/m³) 

PES5_EC1 30 3.0 18.5 3.1 0.9 0.2 

PES5_EC2 45 5.1 31.9 5.4 1.4 0.4 

PES5_EC3 60 5.8 36.5 6.2 1.9 0.5 

PES5_EC4 90 7.5 47.6 7.9 2.7 0.7 

PES6_EC5 60 5.7 35.4 6.0 1.9 0.5 

 

As shown in Table 56, the operational costs of EC process were in the range of 3.1 – 

7.9 €/m³ suspension. The EC experiment that resulted in the best filtration performance 

costed 6.0 €/m³ suspension. 

However, the EC peripheral costs are not included in this price. Those are the costs gener-

ated from all other electrical appliances besides the EC cell, including ventilation, sensors, 
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illumination, consumption from control devices and energy loss by the conversion from al-

ternating current to direct current in the DC source. As it turned out, peripheral costs during 

the experiment are independent of electrical current in the cell, and only depend on experi-

ment duration. While the electrical consumption of the EC process varied throughout the 

experiment, the peripheral consumption was constant at 1.9 kW. 

Those costs cannot be scaled with the same coefficient as the EC process costs, since 

larger suspension volume does not necessarily cause a linear increase in amount of illumi-

nation, sensors or control devices required. Most likely, only the energy consumption from 

ventilation and the DC source would rise linearly with increase of the suspension’s volume, 

but not in a 1:1 ratio as the EC process costs. Moreover, peripheral consumption is depend-

ent on the current design of the ECC, which can change in the next scale-up phase.  

This being said, an assumption was made in Table 56 that the peripheral consumption in-

creases in a ratio of 1:4 with the increase of the suspension volume, meaning that the con-

sumption for 160 l of used suspension was multiplied with 1.56 (1000/160/4) in order to 

approximate the consumption for 1 m³ of used suspension. 

Including peripheral consumption, the operational costs of EC process would be in the range 

of 3.3 – 8.6 €/m³ suspension, with the Best Combo experiment having a cost of 6.5 €/m³ 

suspension.  

Aluminium  

According to the Faraday’s law (Eq. 3-5), aluminium in worth of 0.06 € would be dissolved 

from the anode in the Best Combo experiment. The calculation is shown in Table 57. In 

order to achieve similar results for 1 m³, charge density (Ah/l) needs to remain constant, 

meaning that the electrical current needs to increase in a ratio 1:1 with the increase of the 

volume. When scaled to 1 m³, this would cause additional costs of 0.4 €/m³ used suspension 

in the Best Combo experiment, which would than cost 6.9 €/m³ used suspension.  

Table 57: Electrodissolution of aluminium in the Best Combo experiment 

M (g/mol) z (-) F (As/mol) I (A) t (s) 
Dissolved 
aluminium 

(g) 

Aluminium 
price 
(€/kg) 

Aluminium 
costs (€) 

26.98 3 96485 107 3600 36 1.6 0.06 

 

However, the actual electrodissolution of aluminium is lower than in Faraday’s law, since 

one part of the electricity going through the anode reacts to produce oxygen. On the other 

side, the cathodes dissolve too, in a chemical reaction that does not directly depend on a 

current. Therefore, the values from the Faraday’s law were taken in a calculation. For other 

experiments from Table 56, the costs for aluminium are calculated in Table 58. 
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Table 58: Aluminium costs for experiments from PES5 and the Best Combo experiment (PES6_EC5) 

Experiment 
Electrical 

charge (Ah) 

Aluminium 
dissolved in 

experiment (g) 

Aluminium 
dissolved for 
1 m³ suspen-

sion (g) 

Aluminium 
costs (€/m³ 

suspension) 

Costs for EC Process + pe-
riphery + aluminium  
(€/m³ suspension) 

PES5_EC1 56 19 117 0.2 3.5 

PES5_EC2 96 32 201 0.3 6.1 

PES5_EC3 110 37 231 0.4 7.1 

PES5_EC4 141 47 296 0.5 9.1 

PES6_EC5 107 36 224 0.4 6.9 

 

The operational costs of EC are now in a range of 3.5 – 9.1 €/m³, including costs for alumin-

ium electrodes and electricity costs for the EC process and the peripheral devices. 

Due to electrodissolution, the aluminium electrodes have to be changed after a certain 

amount of operating hours. According to the Faraday’s law, the anodes in the current proto-

type would completely dissolve after 289 h of experiments with the electrical current from 

the Best Combo experiment (107 A) This is an important information from construction man-

agement aspect. This subject needs to be further researched, as discussed in Outlook. 

 Conventional conditioning operational costs 

The costs of the conventional conditioning were obtained from three tunnelling projects. The 

consumption of CA was provided in form of kg CA/m³ excavated soil. The costs for 1 kg of 

CA used on the site was also obtained. Therefore, it was possible to calculate the condition-

ing costs per m³ excavated soil, as presented in Table 59. 

Table 59: Costs of conventional conditioning from three tunnelling projects (Popovic & Schößer, 

2019) 

Project Soil 
Consumption 

(kg CA/m³ soil) 
CA costs 

 (€/kg) 
Conditioning 

costs (€/m³ soil) 

Project 1 clay 4 2 8.0 

Project 2 gravel / sand 0.3 3.1 0.9 

Project 3 clay 2.6 3.25 8.5 

 

However, there was no data about the total amount of discharged used suspension in the 

projects. This made a direct cost comparison from Table 58 and Table 59 impossible. In 

order to compare the costs, the units had to be standardised, or rather, the amount of used 

suspension in above-mentioned projects had to be estimated. 
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A sensitivity analysis was performed to get an approximation of the amount of used suspen-

sion and calculate the costs for conventional conditioning in unit €/m³ suspension. The var-

iables in the calculations were the density of used suspension at time of discharge from the 

slurry circuit and dispersion degree of the soil. Dispersion degree was defined by Weiner 

(2018) as the percentage of soil particles that disperse in the suspension to the size that 

cannot be separated in the separation plant, but only with the fine separation device (cham-

ber filter presses and centrifuges). These are the particles that remain in the suspension 

and cause an increase of its density. 

Two assumptions were made in the analysis. The first assumption was that the density of 

fresh suspension was 1.03 t/m³. This suits to the usual densities of fresh suspensions. More-

over, since the variables are covering a broad range, the accuracy of this assumption has 

almost no influence on the results. The second assumption was that the increase of the 

density was the only reason to discharge the suspension from the slurry circuit. Other rea-

sons may include low yield points or high filtrate water discharges, which could cause a 

discharge of the suspension prior to reaching a borderline density. 

As the result of the calculation, the amount of discharged used suspension per 1 m³ exca-

vation in dependence of two above mentioned variables was obtained (Table 60). Due to 

the second assumption, the actual amounts of discharged used suspension could be higher. 

Table 60: Amount of discharged used suspension per 1 m³ excavation in dependence of the density 

of the used suspension at the time of discharge and dispersion degree of the soil (Popovic & Schößer, 

2019) 

Density (t/m³)/ 

adis (-) 
1.3 1.25 1.2 1.15 

0.1 0.60 0.74 0.95 1.35 

0.2 1.20 1.47 1.91 2.70 

0.3 1.80 2.21 2.86 4.05 

0.4 2.40 2.95 3.81 5.40 

 

Following, the conditioning costs from the Project 1 were taken (8 €/m³ excavated soil). 

When combining those costs with the amount of discharged used suspension per 1 m³ ex-

cavation from Table 60, the conditioning costs in form €/m³ used suspension were obtained 

(Table 61). Overall, the costs for CA were in the range of 1.5 – 13.3 €/m³ used suspension. 

However, when considering the most probable dispersion degree and discharge density, the 

costs could be limited to 2.8 – 6.7 €/m³. 
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Table 61: Approximation of costs for CA from the Project 1 (€/m³ suspension) 

Density (t/m³)/ 

adis (-) 
1.3 1.25 1.2 1.15 

0.1 13.3 10.9 8.4 5.9 

0.2 6.7 5.4 4.2 3.0 

0.3 4.4 3.6 2.8 2.0 

0.4 3.3 2.7 2.1 1.5 

 

These are the costs for the CA excluding water costs and other peripheral costs like electri-

cal consumption of pumps by conditioning. However, the cost specifically for the water 

needed to mix flocculants solution is an important factor and should be considered when 

calculating the operating costs of conventional conditioning. As previously mentioned, 

0.2 m³ of water is usually used to mix a flocculants solution for 1 m³ of used suspension. 

The water price for industry in Germany for 2018 was 2 €/m³ (Berger, 2018). This increases 

the costs for 0.4 €/m³ used suspension, which sums up the conditioning costs to 3.2 – 

7.1 €/m³, excluding peripheral costs due to missing data. 

It is important not to wrongly interpret Table 61. It does not mean that the conditioning costs 

rise at higher densities and lower dispersion degree. The CA costs from Project 1 are al-

ready known – 8 €/m³ excavated soil. The total amount of the conditioned used suspension 

is not known. If the amount was quite low (0.6 m³ suspension per 1 m³ excavation, for den-

sity 1.3 t/m³ and dispersion degree 0.1), the costs for conditioning per m³ used suspension 

were quite high and vice versa. 

 Operational costs comparison 

After standardisation of the units, a cost comparison between EC and CA costs was possi-

ble. 

The analysis of the EC electricity consumption data resulted in operational costs of EC in 

the range of 3.5 – 9.1 €/m³ used suspension, including peripheral consumption. The Best 

Combo experiment costed 6.5 €/m³ used suspension. Further cost savings would be possi-

ble by recycling flocculants-free filtrate water as a technical water to mix the new bentonite 

suspension (chapter 7.2.2). According to the assumptions in Figure 104, this could provide 

275 l water per m³ used suspension. Recycled filtrate water would save on deposition costs 

(0.5 €/m³ water, Berger, 2018) and fresh water costs (2 €/m³ water), thus making further 

cost savings of 0.7 €/m³ used suspension possible. 

Since EC operational costs consist for the most part of electricity costs, they are highly de-

pendent on the location of the construction site. This is further discussed in chapter 10.1.4. 
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The range of operational costs for conventional conditioning with CA could be narrowed 

down to 3.2 – 7.1 €/m³, excluding peripheral costs due to missing data. For more accurate 

cost calculations, the following data from the construction sites is required: the total amount 

of CA and discharged used suspension, the water consumption for flocculants solution, and 

the electrical consumption of peripheral devices like mixing tanks for flocculant solutions and 

pumps. 

Overall, the analysis showed that the operational costs of EC and CA are in the same order 

of magnitude.  

An additional interesting aspect of EC is the production of hydrogen. In this thesis, hydrogen 

was only considered as a safety issue, but it could be also considered as a source of clean 

energy. Water electrolysis is not considered as one of the most effective ways to produce 

hydrogen, but in the case of EC, the electrolysis is a side reaction and not the purposely-

performed reaction with a goal to acquire hydrogen. Therefore, if the hydrogen is being pro-

duced anyway during EC, it could be economically feasible to re-use it. Fuel cell technology 

already exists that supports this. 

Initial research shows that 1m³ of hydrogen equals to 3 kWh of energy (Linde Gas, 2019) 

Considering the measured values in the LES6 (chapter 5.3.6) and the electrical current val-

ues in the prototype experiments, 3 kWh of DC during EC can produce up to 40 l of hydro-

gen. If the hydrogen would be reused to produce electrical energy, this would sink opera-

tional costs by approx. 4 %. Otherwise, hydrogen could be collected and sold as a raw ma-

terial or used to fuel the machines on the construction site. 

 Dependence of the operational costs on the location of the construction 

site 

The most intriguing aspect of the operational costs comparison is the dependence of the 

costs on a location of a construction site. The operational costs of the EC are highly depend-

ent on a location, which is not the case with the operational costs of CA. 

Electricity costs 

The operational costs of EC in Table 56 are calculated with the electricity price for industry 

in Germany in 2018 (0.17 €/kWh). However, compared to other countries, electricity in Ger-

many is very expensive. A comparison of prices in Europe from the year 2016 can be found 

in Figure 114. As shown in the figure, the electricity in Germany was approximately 25 % 

more expensive than the European average price. When compared to some of the neigh-

bouring countries, the industrial electricity price in Germany is approx. 35 % higher than in 

Belgium, 45% higher than in Austria, 50 % higher than in France, 75 % higher than in Neth-

erlands and 85 % higher than in Poland and 100% higher than in Czech Republic. On the 
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other side, costs for acquiring CA for a construction site in those countries are most likely 

the same as in Germany, since the European Union is an open market. This has huge influ-

ence on comparison of operation costs of EC and CA. An estimation of EC costs in those 

countries is shown in Table 62. 

 

Figure 114: Industrial electricity prices in Europe in 2016, for annual consumption 0.5 – 2 GWh (Reuter 

et al., 2017; Eurostat, 2016) 

Table 62: Operational cost of EC in different countries [€/m³ used suspension] 

Germany Belgium Austria France 
Nether-
lands 

Poland 
Czech Re-

public 

Estimated 
CA opera-

tional costs 

3.5 – 9.1 2.6 – 6.7 2.5 – 6.4 2.3 – 6.1 2.0 – 5.2 1.9 – 4.9 1.8 – 4.6 3.2 – 7-1 

 

Moreover, the electricity price also depends on the overall annual electrical consumption of 

an industrial user. The more electricity the user annually consumes, the lower the price. For 

an annual consumption of 100 GWh, the industrial electricity price in 2016 in Germany was 

only 0.06 €/kWh (Reuter et al., 2017). With this price, EC would cost only 1.2 – 3-2 €/m³ 

used suspension.  

All mentioned EC operational costs in this section were calculated excluding the eventual 

re-use of filtrate water. The re-use of filtrate water would sink the prices even further. 
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Water costs 

As previously mentioned CA operational costs of 3.2 – 7.1 €7m³ used suspension were cal-

culated as the sum of costs for CA (2.8 – 6.7 €/m³ used suspension) and water for the 

flocculant solutions (0.5 €/m³ used suspension). Fresh water costs were estimated as 2 €/m³ 

water and disposal costs as 0.5 €/m³ water. However, as with electricity, the water costs are 

also location-dependent. Water costs can fluctuate significantly even inside the same coun-

try. Fresh water costs in 2013 for several European cities is shown in Table 63. 

Table 63: Fresh water costs in several European cities in 2013 ($/m³) (Rahaman & Ahmed, 2016) 

Paris Bordeaux Esbjerg 
Copenha-

gen 
Amster-

dam 
Den Haag Brussels Liege 

1.66 2.33 2.80 3.83 2.10 2.07 2.11 3.40 

 

The water saving factor of EC could play even bigger role in the future. The global fresh 

water demand is expected to increase by 55 % until 2050 (UN, 2015). As the water demand 

and price grow, EC will become more attractive option than conventional conditioning. 

All things considered, the question of which method is more beneficial in terms of operational 

costs is highly dependent on a location of the construction site. There is no unique answer.  

Following, the investment costs are discussed.  

10.2 Cost aspect - estimation of investment costs  

 New investment costs 

As shown in Figure 113, the implementation of EC would require an EC cell and a surge 

tank to store the suspension between EC and filtration in chamber filter presses. Since the 

results showed that the positive effects of EC could decline when the suspension waits for 

filtration, the tank should ideally store just enough suspension for one filtration cycle. How-

ever, should an EC cell have a malfunction or require maintenance, it would be wise to have 

a surge tank with a volume for eight filtration cycles. Since the results showed that one 

filtration cycle after EC would last approximately 90 minutes, this would allow 12 hours of 

EC cell standby time without stopping the filtration. 

The cost estimation for a real-scale EC cell is hard to estimate at this point of research. The 

costs of the current EC cell cannot be simply scaled up to required volume. Firstly, personnel 

costs in a research phase are significantly higher than in a production phase of the final 

product. Secondly, the recommendations for a new real-scale cell (8.5.2) suggest a much 

different (simpler) cell design, which makes it impossible to scale the material costs of a 

current cell. Moreover, it was suggested in chapter 8.5.2 that a cell should be divided in units 
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that can be put together depending on the required volume on the construction site. This 

suggests that even when it comes to a final product, the price will depend on the capacity. 

Therefore, estimating a price at this point of research would be a pure speculation. Maybe 

only the upper limit could be roughly estimated: it should not cost more than a few hundred 

thousand €. 

 Reduction of the costs of the conventional conditioning equipment 

Replacing CA with EC would mean that the storage tanks for coagulants and flocculants 

and mixing station for the flocculants solution become unnecessary.  

Moreover, the analysis in chapter 7.1.1 showed that EC could decrease the required cham-

ber filter press capacity by 22 %. The cost for a chamber filter press depends on its volume, 

and can be roughly estimated to a range of few hundred thousand €. 

The space on a construction site is also important. EC would require space for an EC cell 

and surge tank, but a new space would be acquired by removing storage tanks for coagu-

lants and flocculants and mixing station for the flocculants solution. 

10.3 Costs summary 

The overview of cost categories when replacing CA with EC can be summed up as follows: 

 New investment costs: EC cell and surge tank 

 New operating costs: electricity for EC cell, aluminium anodes 

 Saved investments costs: storage tanks for coagulants and flocculants, mixing 

station for the flocculants solution, smaller chamber filter press 

 Saved operation costs: coagulants, flocculants, water for mixing of the flocculants 

solution, eventually re-use of filtrate water after filtration with EC 

The analysis in chapter 10.1 showed that operational costs of EC and CA are in the same 

range, whereby EC shows potential to be economically beneficious in countries with low 

electricity prices or high water prices. The investment costs require further research in order 

to be precisely compared, especially concerning the costs for a real-scale EC cell. 

10.4 Practicability & improvement aspect 

Completely automatic EC cells could be designed that would require no additional workforce 

to operate the cell. The same workforce operating fine separations procedure could also 

overlook the EC cells. The technology itself is not complicated. During the EC process, no 

actions from personnel are required.  
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EC definitely presents an ecological improvement for the current separation process: it re-

quires no water hazardous substances and reduces water consumption (chapter 9). Being 

eco-friendly, EC could provide decisive points in the bidding process.  
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 Summary and outlook 

11.1 Summary  

The separation of fines and the disposal of used bentonite suspensions are one of the big-

gest challenges in hydroshield tunnelling and the construction of diaphragm walls, with sig-

nificant economic and ecological impacts. Conditioning agents (coagulants and flocculants) 

are applied to support the separation process by reducing the treatment time in chamber 

filter presses and centrifuges and thereby increase overall separation capacity. However, 

those agents are classified as water hazardous substances. If they are not correctly dosed, 

they end up not only in dewatered soil material but also in separated water that needs to be 

disposed of. Furthermore, flocculants need to be mixed with water and added to the sus-

pension prior to the filtration. This increases the water consumption on the construction site 

and ads up to the total volume of the suspension that needs to be separated. 

The purpose of this thesis was to investigate electrocoagulation as an alternative support 

method for the fine separation of used bentonite suspensions. This technology is already 

implemented in the wastewater treatment and it is considered to be eco-friendly and cost-

effective. When applied to bentonite suspensions, it destabilises the suspension and causes 

coagulation of the soil particles on the anode.  

At the beginning of the thesis, a literature overview about bentonite suspensions, electro-

coagulation, and previously performed research in this field was given. In the first part, the 

focus was on the stability of bentonite suspensions. The mechanisms behind stability and 

the ways in which the suspension can be destabilised are explained. Furthermore, the elec-

trokinetic behaviour of non-bentonite fine soil particles in a suspension and their effect on 

overall stability was explained.  

In the second part, the focus was on electrochemical reactions behind electrocoagulation 

and the parameters effecting its performance. The special focus involved parameters that 

were afterwards empirically researched in the experimental series. In the third part, an over-

view of the previously performed research about electrocoagulation of bentonite suspen-

sions at the Institute for Tunnelling and Construction Management in Bochum was pre-

sented. 

The literature research was followed by an experimental part. First stage of experiments 

was performed in the laboratory scale. Prior to performing electrocoagulation experiments, 

a standard used suspension was defined. This suspension was used in all laboratory para-

metric studies. The influence of the electrode material and the gap, the cell design, the elec-

trical current, the electrodes connection mode, the experiment duration, and the electrodes 

cleaning interval and passivation was investigated. Moreover, gas measurements and mini 
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scale-up test were performed. The experiments were evaluated based on three parameters: 

the percentage of coagulated soil, the decrease of the suspensions density and the increase 

of the filtrate water release with the API-filter press. The latter was applied as a measure-

ment of the suspension stability. Based on the results and knowledge gained by laboratory 

experiments, a mid-scale electrocoagulation prototype was built. The scaling factor was 160, 

starting from 2 l laboratory cells and resulting in the 320 l prototype cell. 

Besides the prototype, a laboratory chamber filter press was provided. Those two devices 

were used in the experimental setup for the second stage of experiments. The suspension 

was first electrocoagulated in the prototype cell and afterwards filtrated in the laboratory 

chamber filter press. Additional evaluation parameters were defined, describing the influ-

ence of electrocoagulation treatment on the filtration cycle time and volume of the filtrated 

suspension. Those parameters were comparing the filtration after electrocoagulation with 

the filtration supported with conditioning agents This is done in order to have a practice-

relevant comparison. The influence of the electrical current, electrode gap, anode cleaning 

intervals, experiment duration, and suspension density was investigated. It was found that 

electrocoagulation could cause similar filtration effects as conditioning agents. The experi-

ments with standard used suspension were validated with a suspension from one tunnelling 

construction site.  

Furthermore, experimental results were used to evaluate the impact that electrocoagulation 

would have on the disposal and separation concept, in situations where it would replace the 

usage of conditioning agents. It was found that electrocoagulation could decrease the re-

quired chamber filter press capacity and reduce the water consumption on the construction 

site. Calculations showed a 22 % reduction of required capacity and a reduction of water 

consumption with a range of 0.2 – 0.48 m³ water per m³ used suspension. However, the 

numbers are dependent on the operational parameters of electrocoagulation, conditioning 

agents, and most of all, the suspension itself. Therefore, a mathematical calculation model 

of the analysis was developed. With this calculation model, the influence of the electrocoag-

ulation on the fine separation process can be calculated for any given operational parame-

ters, conditioning agents and any suspension. Moreover, the model is not dependent on the 

design of the experimental setup, meaning that it can be used in subsequent research 

phases or any similar research; as long as the setup contains one electrocoagulation cell 

and one chamber filter press. 

Concerning the disposal concept, the chemical analysis showed that the conditioning agents 

increase the concentration of chlorides in separated soil, which did not occur with electro-

coagulation. The other parameters did not differ enough that they would change the depo-

sition class of the soil. However, if the residual moisture of the coagulated material would be 



200 11  Summary and outlook 

 

 

 

higher than that of a filter cake, the electrocoagulation would cause a slight increase of the 

weight of the soil material to be disposed.  

Following, the recommendations for the improvement of the current prototype and the de-

sign of a new, real-scale prototype were made.  

In conclusion, the ecological aspect was discussed and the economic aspect was evaluated. 

In ecological terms, electrocoagulation is advantageous because it can destabilise a sus-

pension without the substances that are classified as water hazardous. Moreover, it reduces 

water consumption on the construction site. 

Concerning the costs, there is no unique answer to which method is favourable. The cost 

comparison depends to a great extent on electricity price and to a smaller extent on water 

prices on site. The electricity price differs significantly between countries and water price 

differs even between towns and regions in the same country. When calculating using the 

average industrial electricity and water prices in Germany, the methods are in the same cost 

range. However, electrocoagulation could be economically advantageous in countries with 

lower electricity prices or high water prices. 

Overall, this technology shows a lot of potential for a further research and an implementation 

on a construction site. Electrocoagulation cells can be designed to be simple and automatic. 

They do not require much more than a waterproof barrel, electrodes, direct current source, 

and security mechanisms like ventilation. Since the ecological standards are on a constant 

rise, the conventional conditioning agents could become less attractive or even forbidden in 

the future. However, even without ecological implications, electrocoagulation has a potential 

to be economically advantageous. This is one of the subjects that should be further re-

searched. 

11.2 Outlook 

The ideas for the future research can be summed up in following points: 

 Further experiments with used suspensions from construction sites 

 Creation of an databank as a basis for a prognosis model for future projects 

 Further research concerning the potential re-use of filtrate water 

 Electrocoagulation experiment supported with addition of sodium chloride (NaCl) 

 Electrocoagulation in combination with a centrifuge 

 Further experiments with used suspensions from construction sites 

Further experiments with used suspension from construction sites could be performed with 

the procedure and analysis methods developed in this thesis. If the experimental setup is to 
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be improved with ideas from chapter 8, this will have no influence on the analysis with the 

calculation model.  

The experimental plan can be designed as following: 

 Acquiring 2 m³ used suspension from a construction site. 

 Performing 10 electrocoagulation experiments with subsequent filtration, each time 

using only one chamber of the cell. This requires 1600 l of suspension and ten work-

ing days of test programme. The main focus in the experiments should be in finding 

the optimal experiment duration, or rather, the optimal charge density (Ah/l).  

 Performing reference filtration experiments with conditioning agents, with the exact 

ratio as on the construction site. Three experiments would require 120 l and two work-

ing days. 

 With the remaining 280 l of suspension: Optionally, performing reference filtration ex-

periments without conditioning agents or with a reduced ratio. This input is not re-

quired for the calculation model, but it could provide some interesting insights. Oth-

erwise, one additional electrocoagulation experiment can be performed. This would 

take one to two working days. 

The analysis runs as follows: 

 Acquiring data from the construction site concerning the volume of flocculants solu-

tion added to the suspension prior to the filtration (VCA) and time ratio of a filtration 

process in one filtration cycle (F%). 

 Input of this data and experimental data - ratio of coagulated material after EC (𝐵𝑘𝑡), 

residual moisture of coagulated material (𝑅𝑀𝐶𝑀) filtrate water discharge after EC 

(𝑉𝐹𝑊,𝐸𝐶), filtrate water discharge with CA (𝑉𝐹𝑊,𝐶𝐴), filtration time after EC (𝑡𝐹𝑊,𝐸𝐶), fil-

tration time with CA (𝑡𝐹𝑊,𝐶𝐴) - in the calculation model for separation capacity (Eq 7-

10 & Eq. 7-11).   

 Additionally, input of further experimental data – residual moisture of filter cakes and 

reuse of filtrate water – in spreadsheet application (Figure 104) the analyse the dis-

posal concept. 

The results of the analysis show how a certain combination of electrocoagulation operational 

parameters influences the separation capacity and the disposal concept, and which combi-

nation produced the best results. 

The above-mentioned experiments and the complete analysis can be performed within three 

weeks.  
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 Creation of a databank as a basis for a prognosis model for future 

projects 

The results of the analysis should be stored in a databank, together with electrical consump-

tion of electrocoagulation experiments, information about used suspension (density and ge-

ological profile) and information about conventional conditioning on a construction site. 

This databank can be used to estimate if it would be economically advantageous to employ 

electrocoagulation in an upcoming project. For a given geological profile, the following data 

could be taken from a databank:  

 Electric power consumption for electrocoagulation experiments per m³ used suspen-

sion 

 Consumption of water and conditioning agents for the conventional conditioning per 

m³ used suspension 

 Influence of electrocoagulation on the required fine separation capacity (reduction of 

required chamber filter press capacity when replacing conventional conditioning with 

electrocoagulation) 

 Influence of electrocoagulation on disposal concept (change of the soil disposal 

weight if there is a difference between the residual moisture of filter cakes and the 

residual moisture of coagulated material, reduction of water disposal due to elimina-

tion of polymers solution, reuse/no reuse of filtrate water) 

Following, the costs could be calculated as follows: 

 Operational costs: Electricity and water consumption need to be multiplied with elec-

tricity and fresh water price on location. Costs for coagulating agents need to be es-

timated based on their expected consumption and prices of available products on the 

market.  

 Investment costs: First, an estimation of required fine separation capacity (number 

and size of chamber filter presses) needs to be made. Based on that, the reduction 

of investment costs for a chamber filter presses due to electrocoagulation and the 

investment costs for an electrocoagulation cell can be calculated. 

 Disposal costs: If an increase of soil disposal weight caused by electrocoagulation is 

expected, this increase needs to be multiplied with soil disposal costs on the location. 

Furthermore, the decrease of water disposal due to reduced water consumption 

(elimination of polymers solution and potential reuse of filtrate water) needs to be 

multiplied with water disposal costs on location.  

Furthermore, the local disposal regulations should be checked regarding elements 

that can be found in typical conditioning agents. If the concentration of e.g. chlorides, 
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sulphates, or polyacrylamides in water and soil is limited in the regulations, the usage 

of electrocoagulation could lower the disposal class and thus lower the costs.    

The last step would be summarising the costs in two groups (electrocoagulation and con-

ventional conditioning) and comparing them. 

 Further research concerning the potential re-use of filtrate water 

In future research, especially with used suspensions from construction sites, it should be-

come standard procedure to mix a fresh bentonite suspension with filtrate water after every 

filtration experiment. It the suspension would turn out to be stable, its properties should be 

tested. This way, more data can be gathered about the extent to which filtrate water can be 

re-used to mix fresh bentonite suspensions. 

Moreover, this subject could be further researched with standard used suspension. Electro-

coagulation experiments with different durations or different electrical currents could be per-

formed and a fresh bentonite suspension could be mixed using filtrate water after each ex-

periment. The concentration of aluminium ions in filtrate water would increase with the in-

crease of experiment duration and electrical current. The goal of those experiments would 

be to investigate how charge density (Ah/l used suspension) during electrocoagulation ex-

periments influences the properties of fresh bentonite suspensions mixed with filtrate water, 

and to determine the maximum amount of charge after which it is still possible to mix a stable 

suspension. If necessary, the stable suspensions mixed with filtrate water could be electro-

coagulated again and the filtrate water of those experiments could be used to mix a new 

suspension. This can be repeated until the suspension mixed with filtrate water is no longer 

stable or the properties are significantly worsened. 

The tests performed in 7.2.2 showed that there is a potential to reuse the filtrate water. 

However, since the reuse of filtrate water could bring important ecological and economic 

advantages, it is necessary to investigate this subject more deeply.  

 Precise calculation of dissolution of electrodes 

As already mentioned in 10.1.1, Faraday’s law cannot give a precise estimation of electro-

dissolution of the anodes. Moreover, there is no law that would enable to calculate the chem-

ical dissolution of the cathode based on the operational parameters of the experiment.  

In the current prototype, the anodes are fixed on the well. However, cathodes are not fixed 

and can therefore be lifted. If the experimental setup is to be improved with ideas from chap-

ter 8, the anodes are not going to be fixed on a well anymore. In this case, all electrodes 

can be lifted. 
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It should therefore become a standard experimental procedure to weight all electrodes after 

every experiment. A device similar to that of handheld luggage scale (for weighting the bag-

gage before the flight by lifting it) could be acquired. It needs to have a resolution in gram. 

This would allow precise measurements of electrodes dissolution after every experiment. 

 Electrocoagulation experiment supported with addition of sodium 

chloride (NaCl) 

As already mentioned in 3.3.9, there is a significant number of researchers that use NaCl 

(salt) to improve the electrocoagulation process. They claim that addition of NaCl prior to 

electrocoagulation has following impacts on the process: 

 Increases electrical conductivity of treated solution, which decreases voltage and 

therefore decreases electric power consumption of the process 

 Increases electrodissolution, meaning that more aluminium ions would be created 

with the same amount of electrical current 

 Decreases electrodes passivation, meaning that the overvoltage at the beginning of 

the experiment would be decreased, which decreases power consumption 

Overall, power consumption would be decreased and more aluminium ions would be pro-

duced, meaning that the suspension would be further destabilised for a lower cost.  

However, the cells used in electrochemistry literature are usually very small, not even near 

the volume of prototype cell or even laboratory cells used in this thesis. Prior to performing 

the experiments with NaCl, it should be investigated if chloride ions (Cl-) that remain in the 

suspension after dissolution of NaCl oxidise on anodes to create chlorine in gas form (Cl2(g)), 

which is very toxic. With the volumes used in this research, it could cause some difficulties. 

Moreover, chlorides are one of the substances limited in disposal regulations. Increased Cl 

concentration in soil could increase the deposition class of the soil, which would increase 

disposal costs for soil. Therefore, the optimal concentration should be found, that would not 

cause an increase of the deposition class. 

 Electrocoagulation in combination with a centrifuge 

In this research, the influence of the electrocoagulation on fine separation was investigated 

using a chamber filter press. However, electrocoagulation should also be able to improve 

the separation process in centrifuges. As mentioned in 2.5.3 , a centrifuge essentially works 

as accelerated sedimentation. The results from 5.3.9 showed that electrocoagulation im-

proves sedimentation process because it destabilises the suspension. Therefore, the com-

bination of electrocoagulation and centrifuge should work as well as the combination with 

chamber filter press.  
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Figure A-2: Properties of kaolin W 
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Figure A-3: Properties of silica flour 
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Figure A-4: Properties of FeCl3 (coagulant) 
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Figure A-4: Properties of flocculants - 1 
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Figure A-5: Properties of flocculants - 2 



A-8 13  Appendix 

 

 

 

Appendix B – Detailed description of working procedures 

Appendix B.1 Working procedure for EC mid-scale cell 

Experiment preparation:  

 Weighting the required soil material and water 

 Pouring the water in the stirrer in the EC container 

 Addition of the bentonite in the stirrer while simultaneously mixing 

 Pumping the suspension in circle (stirrer-pump-stirrer) for 10 minutes 

 Leaving the suspension to quell for at least 4 hours 

 Loading the suspension with soil materials (silica flour, kaolin) 

 Letting the suspension quell until next day (16 – 24 hours) 

 Pumping the loaded suspension in circle (stirrer-pump-stirrer) for 10 minutes 

 SUS in ready 

 
Experiment execution:  

 If one 1 chamber is used: pouring water in the other chamber 

 Closing the EC cell cover 

 Pumping the suspension in the empty cell(s) 

 Starting the automatic electricity measurement hardware and software  

 Choosing the amount of the electrical current 

 Starting the EC experiment (direct current flows in the cell) 

 Adjusting the electrical current during the experiment, if necessary 

 After conclusion of the planned experiment time, turning the DC source off 

 Waiting for about 15 minutes, to ensure that the residuals of hydrogen are away 

o In the meantime, taking the samples of the remaining suspension from five 

extraction points in the EC cell 

o Analysing pH value, electrical conductivity, temperature and density of the 

samples 

 Pumping the remaining suspension out of the EC cell into  
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 LCFP experiment can start (Appendix B.2) 

 Gathering the coagulated material from the anodes  

 Drying the samples of the coagulated material in the oven to determine the residual 

moisture of the coagulated material. 

 The complete coagulated material was scratched of the anode, accumulated, dried 

in the oven and weighed, to determine the total amount of coagulated material 

 Cleaning of the EC cell 

 Measuring the properties of the remaining suspension (besides filtrate water release 

with LCFP) 

o pH, elec. conductivity and temperature 

o density 

o filtrate water release with API filter press 
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Appendix B.2 Working procedure for LCFP 

Instructions for filtration experiment (from Jian, 2018) 

 Scale set up, computer set up, connect the scale with the computer by USB port 1. 

Prepare 5 buckets for filtrated water and 1 black bucket under the LCFP. 

 Start computer, find Software "Procell" on the desktop and open it. Change the data 

name. Give it a try with the data received, to make it sure that the software works well 

with the scale and the USB port. See Figure 3.11 

 Close the valve. 

 Screw the metal ring in 1. Chamber. 

 Sort the Chamber with the number on it and press together. 

 Drag the yellow membrane from the bottom until they aligned. See Figure 3.12 

 Put on the black caps and water tubes on every chamber. 

 Pay attention not to clamp the edge of the yellow membrane when the hydronic 

pressed together. 

 Adjust the hydraulic pressure about 420-430 bar.  

 Set up the Bentonite suspension input tube. 

 Connect laboratory air pressure with the air tube on the LCFP air pump.  

 Immerse the bentonite suspension input tube deep into the bentonite suspension. 

 Switch the valve of LCFP to "stop", the rotary knob to minimal. 

 Open the air pressure. Turn the air pump towards the downside, regulate it until it 

shows "7 bar". See Figure 3.18 

 Double-check if everything is fine. 

 Press the "Automatisches lesen (record automatic)" on the computer by "Procell" 

 Air pump valve adjust to the "Umpumpen (transfer)" 

 Turn on the rotary knob slowly carefully, so that the bentonite suspension won’t splat-

ter. If the bentonite suspension spritzes out from the chamber area, then this experi-

ment should be considered as a mistrial. 

 About 3 minutes later, change the air pump valve to "Stop", close the rotary knob fast. 

 Change the air pump to the "Press", turn on rotary knob slowly and carefully. 
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 When the water in the bucket accumulated about 5 litres, change for a new bucket. 

 Check the water in the bucket, change for a new bucket if needed so that the water 

won’t overflow. 

 

Finishing the experiment:  

 Prepare 2 aluminium bowls, the weights should be recorded already. 

 Cancel the check mark (in software “Procell”) on computer, where the “automatisches 

lesen” is. 

 Change the air pump valve to “Stop”, close the rotary knob. 

 Put the last water bucket with other buckets on a table. 

 Wait until the pressure scale shows under 3 bars, it can last 5 to 15 minutes. 

 Loose the hydraulic pressure, open the last chamber (Nr.10) with a aluminium bowel 

below, and get all the material that comes out. Sometimes it happens, that the filter 

cake falls directly when the chamber being opened, so it is better that the aluminium 

bowel is already there below before it opened. 

 Take out the filter cake from chamber Nr.10 and chamber Nr.5 with the blue shovel, 

separately into 2 aluminium bowels that were prepared. The rest filter cake can be 

junked into the black bucket under LCFP. 

 Make photos for the filter cake. 

 Weigh the filter cake with the aluminium bowel together, record it and put them into 

the oven. 

 Loose the air pressure tube both sides. 

 Take LCFP outside. 

 Open the valve, and remove the bentonite input tube, clean it with water. 

 Unscrew the metal ring in the Nr.1 chamber and clean the chamber. 

 Clean all the yellow membrane with water. 

 Take LKFP back into the laboratory. 
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Appendix C – Reference filtration experiments with SUS 

 

Figure A-6: Reference filtration experiments 

 

Figure A-7: Reference filtration experiments 
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Appendix D – Calculation model 

Filtration time 

𝑃𝑐𝑓𝑝 =  

𝑉𝐹𝑊,𝐸𝐶+𝑉𝑐𝑓𝑝

𝑉𝐹𝑊,𝐶𝐴+𝑉𝑐𝑓𝑝

1+(
𝑡𝐹𝑊,𝐸𝐶
𝑡𝐹𝑊,𝐶𝐴

−1) ∙𝐹%
                     (Eq. 7-2) 

𝑃𝑐𝑓𝑝   factor for change of productivity of chamber filter press with EC [-] 

∆𝐹𝑉𝐸𝐶  change of the volume of the filtrated suspension after EC [-] 

∆𝐹𝑡𝐸𝐶  change of the filtration time after EC [-] 

𝑉𝐹𝑊,𝐸𝐶  filtrate water discharge after EC [m³] 

𝑉𝐹𝑊,𝐶𝐴  filtrate water discharge with CA [m³] 

𝑉𝑐𝑓𝑝   volume of the chamber filter press [m³] 

𝑡𝐹𝑊,𝐸𝐶  filtration time after EC [h] 

𝑡𝐹𝑊,𝐶𝐴  filtration time with CA [h] 

𝐹%   time ratio of a filtration process within a full filtration cycle [-] 

 

Table A-1: Calculation example for Best Combo experiment 

Parameter VFW,EC VFW,CA Vcfp tFW,EC tFW,CA F% Pcfp 

Unit  l l l min min - - 

Value 30.4 16.4 8 69.3 31.4 
32/54= 

0.59 
0.92 

 

Filtration volume 

𝐹𝑉 =  
1−(𝛿𝑆𝑈𝑆−1)/(𝛿𝑆−1)∙𝐵𝑘𝑡∙(1+𝛿𝑆∙

𝑅𝑀𝐶𝑀
1−𝑅𝑀𝐶𝑀

)

1+𝑉𝐶𝐴
                 (Eq. 7-8) 

whereby: 

𝐹𝑉  factor for decrease of filtration volume due to EC [-] 

𝑉𝐶𝐴  volume of CA added to suspension per m³ suspension [m³] 

𝑉𝐶𝑀  volume of coagulated material per m³ suspension [m³] 

𝑉𝑆,𝐶𝑀  volume of soil in coagulated material per m³ suspension [m³] 

𝑉𝑊,𝐶𝑀 volume of water in coagulated material per m³ suspension [m³] 
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𝛿𝑆𝑈𝑆  suspension density [t/m³] 

𝛿𝑆   grain density EC [t/m³] 

𝐵𝑘𝑡  ratio of coagulated material after EC [-] 

𝑅𝑀𝐶𝑀 ratio of residual moisture in coagulated material [-] 

 

Table A-2: Calculation example for Best Combo experiment, under assumptions from Figure 104 

Parameter δSUS δS Bkt RMCM VCA FV 

Unit  t/m³ t/m³³ - - m³ - 

Value 1.25 2.65 0.27 0.48 0.2 0.71 

 

 

𝑃𝑠𝑒𝑝 =
𝑃𝑐𝑓𝑝

𝐹𝑉
=

𝑉𝐹𝑊,𝐸𝐶 + 𝑉𝑐𝑓𝑝

𝑉𝐹𝑊,𝐶𝐴 + 𝑉𝑐𝑓𝑝
 ∙ (1 + 𝑉𝐶𝐴)

[1 + (
𝑡𝐹𝑊,𝐸𝐶

𝑡𝐹𝑊,𝐶𝐴
 − 1) ∙ 𝐹%] ∙ [1 − 

𝛿𝑆𝑈𝑆 −1

𝛿𝑆 −1
 ∙ 𝐵𝑘𝑡 ∙ (1+𝛿𝑆 ∙ 

𝑅𝑀,𝐶𝑀

1 − 𝑅𝑀,𝐶𝑀
)]

     (Eq. 7-10) 

𝑃𝑠𝑒𝑝  factor for productivity of separation process when replacing CA with EC [-] 

𝑃𝑠𝑒𝑝 = 1.29   (see input in Table A-1 and Table A-2) 

 

𝑅𝑐𝑓𝑝 =
𝐹𝑉

𝑃𝑐𝑓𝑝
=

[1 + (
𝑡𝐹𝑊,𝐸𝐶
𝑡𝐹𝑊,𝐶𝐴

 − 1) ∙ 𝐹%]∙[1 − 
𝛿𝑆𝑈𝑆 −1

𝛿𝑆 −1
 ∙ 𝐵𝑘𝑡 ∙ (1+𝛿𝑆 ∙ 

𝑅𝑀,𝐶𝑀
1 − 𝑅𝑀,𝐶𝑀

)]

𝑉𝐹𝑊,𝐸𝐶 + 𝑉𝑐𝑓𝑝

𝑉𝐹𝑊,𝐶𝐴 + 𝑉𝑐𝑓𝑝
 ∙ (1 + 𝑉𝐶𝐴)

     (Eq. 7-11) 

𝑅𝑐𝑓𝑝  factor for calculation of required chamber filter press capacity when replacing CA 

with EC [-] 

𝑅𝑐𝑓𝑝 =  0.78   (see input in Table A-1 and Table A-2) 
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