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Abstract

Decentralized drinking water production continues to face challenges in achieving acceptable standards for
human consumption. This is mainly due to difficulty in developing treatments that can operate effectively
in low-resource settings, either due to complications associated with providing the system in a decentral-
ized context or overall unsatisfactory performance of the technology adopted. Electrochemical systems are
emerging technologies within decentralized settings which provide many advantages to being adapted in
resource-limited areas. This study focuses on understanding the mechanisms behind the electrochemical
disinfection for the treatment of surface water. Laboratory experiments were conducted to evaluate the per-
formance of an RuO2/IrO2 and a Magneli-phase reactor for the disinfection of a bacteria species, Escherichia
Coli, and a virus species,ΦX174. The two reactors are characterised in terms of distinct anodic properties and
their performance is assessed by promoting different electrochemical reactions for the generation of various
disinfectant agents within the electrochemical cell, with specific focus on the formation of chlorine and Re-
active Oxygen Species (ROS). Chlorine-based disinfection proved to be the primary agent in the removal of
both pathogens; a 4 log removal for E. Coli was achieved at an energy use of 0.41 kWh/m3 for RuO2/IrO2 and
of 0.31 kWh/m3 for Magneli, and a 5 log removal for ΦX174 was achieved at 2.88 kWh/m3 for RuO2/IrO2 and
for 1.18 kWh/m3 for Magneli.
To further assess the viability for the treatment of surface waters in decentralized settings, the RuO2/IrO2 was
also tested in a field setting in Ghana making use of different water types to compare the utility in using an
electrochemical reactor to produce chlorine for disinfection as compared to traditional disinfection meth-
ods. Seawater, lagoon and river water were tested, achieving an energy use per gram of produced chlorine of
0.007, 0.046 and 0.066 kWh/gchlorine for a produced chlorine dose of 35 mg/L for seawater and 5 mg/L for the
lagoon and river water. With these results, chlorine can be produced from river water at an equivalent dosage
to traditional chlorine tablets, and at a cost that is 40 times lower.
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1
Introduction

1.1. Background
According to the World Health Organization (WHO), two billion people lack access to safe drinking water as
of 2020, of which 8 out of 10 reside in rural and decentralized areas. The major issue is in Sub-Saharan Africa,
where only 64% of the population has access to at least basic drinking water services [39] [19]. Microbial con-
tamination of drinking water poses the greatest risk to drinking water safety, with an estimated 4000 people
dying every day from diseases connected to inadequate water, sanitation, and hygiene conditions [73].
The main difficulty with providing pathogen-free drinking water in rural areas are the high capital and main-
tenance costs and the transportation and storage of disinfectant reagents, which makes the implementation
in decentralized settings complex and oftentimes inefficient in the long run [114]. Furthermore, rural areas
often lack access to the centralized treatment line and rely instead on available boreholes and wells for wa-
ter, which makes Point-of-Use (POU) technologies a more feasible solution for water treatment [84]. Within
resource-limited settings, disinfection at the POU is often achieved with technologies such as filters and co-
agulant/oxidants sachets, which however demonstrated lower removal efficiency to conventional treatment
methods (0.5-2 log removal for POU technologies as compared to 3 log removal of chlorination, ozonation
and UV systems) and therefore insufficient protection against pathogen exposure [33].
Therefore, there is a critical demand to develop disinfection technologies for decentralized systems that are
reliable, effective in removing pathogens, inexpensive and easy to use [49]. Electrochemical Disinfection (ED)
has gained growing interest in recent years as an alternative to chemical disinfection for the treatment of wa-
ter. In ED, disinfectants are generated in-situ through anodic electrochemical reactions, bypassing the need
for transport and storage of hazardous chemicals and allowing to scale the chemical dosing to the require-
ments in loco [33] [5] [44]. ED has proven efficient for a wide range of microorganisms, is easy to install and
can be operated through compact mobile units. Lastly, the operational energy requirements are relatively low
and studies have proven the possibility of adopting photovoltaic systems to operate electrochemical systems
far from the electric supply grid [114] [26]. Where POU technologies are adopted, discontinuous operation is
usually required, and electrochemical systems have demonstrated reliability in operating on/off cycles [96].
All these factors make ED a promising solution for decentralized systems [49].
As of 2024, literature indicates an increase in research on ED, which has been tested and applied to different
water sources. Substantial literature focuses on the generation of different disinfectant agents, mainly active
chlorine and Reactive Oxygen Species (ROS), but increasing literature is also focusing on alternative disin-
fectant types, and exploring the mechanisms which enhance the formation of specific disinfectant agents
is a focus [48]. A large number of experiments focus on developing chlorine-free disinfection systems that
achieve comparable removal efficiencies with similar energy use. From an operational perspective, new ten-
dencies include increasing the disinfection efficiency with different electrode types and the creation of hybrid
technologies to meet the demands of field settings and mimic full-scale disinfection plants [10].
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1.2. Disinfection by Chlorine
Chlorine is widely used as disinfectant in field applications and POU technologies due to its fast action, relia-
bility and long-term residual effect. When added to the water, chlorine will react with the pathogens and kill
them. The chlorine remaining after some time from initial dosing is the residual chlorine, which is the unre-
acted chlorine that provides protection against re-contamination. This allows water treated by chlorine to be
safely stored and distributed to consumers. Chlorine also reacts with the organic matter present in the water,
so when water contains turbidity (measured in Nephelometric Turbidity Units (NTU)), sufficient chlorine has
to be dosed to ensure that the desired residual chlorine concentration is maintained throughout the system.
However, over-chlorination must be avoided as it gives the water an unpleasant odour and taste, is harmful
to aquatic life and enhances the production of toxic Disinfection By-Products (DBPs)[82] [1]. Diagram 1.1
summarizes the connection between chlorine dose and chlorine residual.

Figure 1.1: Transition from chlorine dose to chlorine residual. Recommended values for both chlorine forms
are indicated. The maximum chlorine concentration in water for human consumption is 5 mg/L, according
to the WHO.

The WHO [74] set standards for chlorine disinfection in POU technologies based on the quality of the influent
water to ensure a sufficient residual chlorine of 0.2 mg/L in stored household water treated by chlorination.
The recommendations are to dose clear water (turbidity < 10 NTU) with 2 mg/L of chlorine, and turbid water
(turbidity > 10 NTU) with 4 mg/L. These standards are used as reference in this research.

1.3. Electrochemical Oxidation as a disinfection method of surface water
The working principle of electrochemical systems as a disinfection technology is the production of oxidising
disinfectants through anodic oxidation processes and the oxidation of bacteria directly at the anode surface.
These processes occur when electric energy is provided via the current i [A] to electrodes immersed in aque-
ous suspensions containing microbes [20] [53]. This prompts a charge transfer through the system which
determines which reactions can occur, which depends on the electrode potential (Eelectrode) acquired from
the provided i . For a specific reaction to occur, the Eelectrode must exceed the overpotential of the reaction,
which is the additional potential over the thermodynamic requirement (corresponding to the standard elec-
trode potential E0 of the reaction) that has to be supplied to the electrode to overcome the activation energy
of the reaction (equation 1.1). The overpotential depends on the reaction type and electrode properties [109].

Eelectrode = E 0 +overpotential (1.1)

Three distinct anodic processes facilitate pathogen removal in electrochemical cells: direct oxidation, indirect
oxidation and oxidation by ROS.

1.3.1. Direct oxidation
In direct oxidation, pathogens are oxidised through direct contact at the anode surface via electron exchange
between the pathogen cells and the anode. Direct oxidation can occur at low potentials before the occurrence
of the Oxygen Evolution Reaction (OER), but this oxidation type generally has a low reaction rate, making it
limited by kinetics rather than by thermodynamics [60] [15]. At higher potentials, direct oxidation still occurs
but its contribution in disinfection is generally outperformed by other disinfection processes.
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1.3.2. Indirect oxidation
In indirect oxidation, species present in the water are oxidised at the anode, forming oxidised product with
disinfectant capacity which diffuses in the bulk solution. This oxidation type occurs for (Eelectrode) specific
to the contaminant and anode type. The electrochemical production of chlorine species belongs to this type
of anodic process, and involves the direct oxidation of chloride ion present in the water to form chlorine
gas (equation 1.2), which then hydrolyzes to form hypochlorous acid (HOCl) and hypochlorite ion (OCl−)
(equations 1.3 and 1.4) [33].

Cl− −−→ 1

2
Cl2 +e− E0 = 1.36V/SHE (1.2)

Cl2 +H2O −−→ HOCl+HCl (1.3)

HOCl −−*)−− ClO−+H+ (1.4)

The sum of HOCl and OCl− is referred to as ’free’ or ’active’ chlorine and represents the key element in
chlorine-based disinfection [44]. The equilibrium of the three chlorine species (Cl2, HOCl and OCl−) in so-
lution is pH-dependant (Appendix A2) [55]. Literature indicates that HOCl is the strongest disinfectant agent
of the chlorine species, resulting up to 80 times more effective for the inactivation of Escherichia coli than the
equivalent dose of OCl−, and has been proven most effective for both the removal of bacteria and of viruses.
In drinking water disinfection by chlorine, keeping a pH between 6.5 and 7.5 is recommended to maximise
disinfection and residual chlorine efficiency [82] [42] [13] [64].

In ED, the facility and cost-effectiveness of electrochemically generating chlorine makes it a favorable disin-
fection technology. Its use has been extended to swimming pool water and seawater treatment [10] [47].

1.3.3. Oxidation by ROS
ROS are formed by water discharge at the anode, which generates hydroxyl radicals (OH•) (Equation 1.5) from
which other ROS are formed (equations 1.6 to 1.8) [61] [92]. OH• is an intermediate in the OER of water to
oxygen. The Appendix (A6.4) provides the full development of the OER.

H2O → OH·+H++e− E0 = 2.80V/SHE (1.5)

OH· → O·+H++e− (1.6)

2OH· → H2O2 +2e− (1.7)

O2(g )+O· → O3 (1.8)

ROS are valuable in ED as they are formed directly from the oxidation of water without any chemical addition
required [108]. They are highly reactive, non-selective oxidizing agents which have been used to remove many
contaminants in water [72] [16] [76]. In particular, OH• is recognised as one of the most powerful oxidants
generated in electrochemical systems [103].

1.3.4. ED: State-of-the-Art
Through the different anodic oxidation mechanisms, many different oxidants can be formed, and the full
spectrum of all occurring oxidation processes is still unclear [10]. The disinfectants most commonly men-
tioned in literature are the ROS species OH•, hydrogen peroxide (H2O2), ozone (O3), and free chlorine species
when chloride ion is present as precursor [20] [53] [100] [81] [108]. Disinfection is defined as ROS-based or
chlorine-based respectively [50] [83] [5]. Less frequently, the formation of peroxodisulphate (S2O2−

8 ) as oxi-
dant is mentioned when sulphate is present as precursor [78] [21] [41]. The disinfectant performance of per-
oxodisulphate is determined by its decomposition into sulphate radicals ROS (equation A6.4) [67]. Literature
has also illustrated the efficiency of bacteria and virus removal through direct oxidation at the anode surface,
via direct electron transfer between the anode surface and the microbial cell. This occurs for lower electrode
potentials than those required to form oxidising disinfectants[63], but this procedure is time-consuming and
literature indicates that direct oxidation alone is not sufficient in reducing the number of pathogens to ensure
safely treated water [10, 22]. Figure 1.2 shows an overview of the the main oxidation processes occurring in
the anodic cell for this research:
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Figure 1.2: Overview disinfection processes occurring in the anodic cell: (1) direct disinfection; (2) indirect
disinfection; (3) ROS oxidation

Studies have evaluated the key parameters contributing to disinfection. ROS are highly effective oxidants
with efficiency for a high range of microorganisms. Their use in disinfection is preferred to chlorine due
to lower DBPs production [35], but their inability to provide residual disinfection effect may determine re-
contamination during distribution [67] [4]. Regarding OH•, lower dosages are required to achieve equiva-
lent disinfection as chlorine, but their short life and high reactivity with substances in the water inhibit their
efficiency[35]. Furthermore, the E0 of OH• is twice that of chloride, so higher energy is required to initiate
the OH• oxidation process [33]. Experiments indicate that OH• are the main performing species in ROS-
based disinfection, but their role becomes negligible when chlorine electrolysis is also occurring [35] [81].
For chlorine-based disinfection, the applied current and chloride content are the the most important factors
for its performance, with higher chloride content enhancing E. Coli disinfection kinetics [79] [81]. Overall,
the electrochemical generation of different disinfectant agents is influenced by the water quality and ap-
plied electrochemical settings, with the production of one species predominating when conditions are un-
favourable for the production of another species [48].

1.3.5. Active and non-Active anodes
The anode material is the most important factor in the efficiency of the ED process, impacting the selec-
tivity of the three oxidation processes, the predominant oxidants formed, and the reaction kinetics [61] [77]
[108], [86]. It also affects the overpotentials of the reactions, impacting the energy requirements to produce
different species and the competition between reactions occurring on the anode surface [108]. Depending
on their material, metal oxide anodes can be of two types: active and non-active [15]. Active anodes exhibit
strong interactions between the OH• formed in equation 1.5 and the electrode surface, determining lower
contribution of the formed OH• ions in the processes occurring in the electrochemical cell. It is suggested
that the strong interactions are due to the existence of higher oxidation states of the metals forming the an-
ode, where the adsorbed oxygen species originating from the intermediates of the OER can be incorporated
[59]. Non-active anodes have weak interactions between the electrode surface and the OH•, allowing the OH•
to interact with the species in solution [57] [108]. The weaker interaction results in high anode overpotentials
for the OER, [58], reducing competition between the OER and the Chlorine Evolution Reaction (CER) which
commonly occurs in active electrodes and interferes with the chlorine production [15] [5] [40]. A higher OER
overpotential would also suggest a faster OH• generation kinetics [62] [108]. These aspects would explain
why active electrodes have proven to generate insufficient OH• as compared to non-active electrodes. For
this research, one active dimensionally-stable anode (DSA®) and a non-active Magneli-phase type anode
were used. The anodes are described in Chapter 2.1.

The ED performance of these anodes in producing chlorine versus ROS-type oxidants for disinfection were
compared. Overall, the weaker bonds between the formed OH• and the anode surface determines that non-
active anodes have greater potential in the removal of contaminants via the action of the generated OH•
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[57]. Active anodes, particularly DSA®-type electrodes with mixed metal oxides of iridium and/or ruthenium,
proved higher chlorine efficiency as compared to other types of metals [44] [61] [47] [54] [36] [90] [113] [3]
[106]. For non-active electrodes, a substantial amount of research on Boron Doped Diamond [electrodes]
(BDD)confirms their high efficiency in generating OH• due to their high OER overpotential [79]. Literature
relative to Magneli-phase electrodes is more recent. Ti4O7 Magneli-phase, as the anode used in this research,
has shown to achieve over an order of magnitude higher mass transport rates when operated in flow-through
mode as compared to BDD [97]. Of all Magneli-phase electrodes, Ti4O7 also have the highest rate of formation
of OH• [111] [51].

An overview of different anode materials and properties is given in Appendix A3.

1.3.6. Pathogenic contamination of surface waters
Human pathogenic viruses are common contaminants in compromised sanitation conditions, and have been
found both in drinking water sources and drinking water systems due to pipe leakages or improper wastewa-
ter treatment [112]. Despite viruses posing a 10 to 104 higher disease risk than bacteria at the same exposure
level [32], they are not always included in water quality standards. Organizations use E. Coli or total coliform
as viral contamination indicators [112], although viruses are more resistant to chemical disinfectants than
bacteria [12]. In ED, bacteriophages are 2 to 4 times less sensitive to electric currents than bacteria, with
ED generally less effective at removing viruses than bacteria [22] [48]. However, many of the technologies
used to treat drinking water were originally designed to remove bacteria [30]. This study uses ΦX174 as an
indicator of enteric viruses, and E. Coli as bacterial indicator of faecal contamination. Acute gastrointestinal
illness caused by enteric viruses is the most commonly reported viral contamination for humans, and faecal
contamination is the primary agent in microbial contamination of drinking water [30] [73]. Limited research
exists onΦX174 inactivation by chlorine [112].

The WHO defined log reduction standards for treatment technologies operating at the POU, or household
level. The standards, used in this research to evaluate ED performance, recommended three levels of pathogen
treatment performance. The highest standard defines a 4 and 5 log10 removal of bacteria and viruses respec-
tively. Technologies that achieve this standard are defined as highly protective. The intermediate standard
defines protective the technologies which ensure a log removal of 2 and 3 respectively for bacteria and viruses.
The lowest standard, interim, applies to technologies which achieve the protective standard for two of three
pathogens between bacteria, virus or protozoa [93]. An overview of these standards is provided in Table A7.2.

1.4. Problem Statement
A substantial amount of literature agrees that ED is one of the most promising alternatives which can be
installed as a decentralized disinfection system in rural areas. However, literature is still contrasting on the
full functionality of the system. The effect of different boundary conditions (water parameters, electrode
type, different ED techniques) is still unclear, as well as the parameters required to fully optimise the system.
More research can be found in the treatment of wastewater or industrial effluents, whilst the functionality of
the system when dealing with drinking water sources, which have lower conductivity and different degrees
of pollution, has been less explored. Furthermore, there is a lack of research, experiments and testing of
the performance of an ED system in a rural setting, where POU technologies for the treatment of water can
provide suitable treatment alternatives to centralized approaches.

1.5. Research Questions
The aim of this research is twofold. The first part is dedicated to comparing the performance of two distinct
electrochemical reactors in the controlled settings of a lab. The differences which characterise the two reac-
tors are presented in chapter 2.1. Electrochemical disinfection and how it is occurring in the two reactors is
also investigated, with the purpose of using the reactor as a POU technology in decentralized settings. Re-
search questions 1 and 2 are focused on this topic. The second part explores the performance of one of the
electrochemical reactors for the production of chlorine species in a field setting (research question 3).

Research Question 1: How do the performances of the RuO2/IrO2 and Magneli reactors compare in terms of
chlorine production and energy consumption?
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Research Question 2: Which processes are contributing to the electrochemical disinfection occurring in the
RuO2/IrO2 and Magneli reactors?

Research Question 3: What is the impact of using real water sources to produce chlorine species while oper-
ating the RuO2/IrO2 reactor in a field setting in Ghana?

This report is organised as follows. Chapter 2 will give a description of the experimental set-up used for the
experiments in the lab and in the field, as well as the materials used for this research. Chapter 3 will present
the results of the experiments. Chapter 4 will discuss the results. Lastly, Chapter 5 will present the conclusions
and future recommendations.
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2
Materials and Methods

In this chapter the used materials and the followed methods are described. The experimental set-up and the
operation of an electrochemical cell are described in single chapters. The experimental settings, materials
used and procedures followed for sampling and analysis are subdivided into sections to distinguish between
the methods used in the lab and in the field.

2.1. Experimental Set-up
The experimental set-up consisted of a flow through, flat-plate electrochemical reactor comprising of two
chambers in perspex frames separated by an monovalent cation exchange membrane (CEM). Two mesh-like
electrodes, an anode and a cathode, were enclosed in the two separated chambers and connected to a DC
power supply (30V-3A TENMA 72-10500 bench DC power supply) via crocodile clip cables. As the reactor
was operated in flow-through mode, the separate influent of the cathode and anode was fed to the bottom of
the chambers via peristaltic pumps (Watson Marlow 120U). The CEM prevented the mixing of the anode and
cathode solution while allowing monovalent cations to pass the membrane.

For the first part of the research, experiments were conducted in the TU Delft Waterlab. In this setting, two
different electrochemical reactors were used; one consisting of an active anode and one of a non-active an-
ode. The two reactors differed in anode material and in the volumes of the anode and cathode chamber.
The active anode (hereafter referred to as RuO2/IrO2) was a Ti mesh coated with RuO2/IrO2. The volumes of
the chambers were of 200 m3. The non-active anode (hereafter referred to as Magneli) was a Magneli-phase
Ti4O7-coated anode. The chamber volumes were of 95 m3. The surface area of both anodes was 100 cm2. For
both reactors, a stainless steel mesh (100 cm2) was used as cathode.
In this set-up, the anode and the cathode had two distinct feed solutions contained in 10L jerrycans. The
effluent from the two chambers was collected separately in 10L jerrycans. When performing disinfection
experiments, the anode feed water was continuously stirred using a magnetic stirrer (Labinco).

For the second part of the research, experiments were conducted in a field setting located by the Kpeshie
Lagoon in Accra, Ghana. Only the RuO2/IrO2 reactor was used for these experiments. In this set-up, the
anode and cathode were supplied the same feed solution from a 15L plastic bottle, pumped to the separate
chambers via two peristaltic pumps. The effluent was directed to two separate 15L plastic bottles. To keep
the organics in the feed water distributed uniformly throughout the experiments, the bottle was shaken every
five minutes.

For both set-ups, the effluent from the anode chamber was collected for further analysis. As a result of water
electrolysis taking place in the electrochemical reactor, H2 gas was produced as a side-reaction at the cathode,
whilst O2 gas was produced at the anode. In experiments where chloride was present in the system, Cl2 gas
was also produced at the anode. The gases left the system and were not collected for analysis.
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Schematic diagrams of the set-ups are provided in Figure 2.1a for the experiments conducted in the lab and
in Figure 2.1b for the experiments conducted in the field. Pictures of both set-ups are also provided in the A9.

(a) Laboratory Set-up

(b) Field Set-up

Figure 2.1: Experimental set-ups for the Electrochemical disinfection experiments

14



2.2. Electrochemical cell operation 2. Materials and Methods

2.2. Electrochemical cell operation
The operation of the electrochemical reactor and the anodic performance in electrochemical disinfection
depends on the applied operational settings and water matrix characteristics, including pH, electrolyte and
pollutant concentration [33] [83] [77].

The applied current density i [A/m2: C/s/m2] was measured by dividing current I [A] supplied by the DC
power source with the electrode surface (equation 2.1), and represents the charge [C] passed in the unit of
time [s] through the electrode surface [m2] [43].

i[A/m2] = I

0.01
(2.1)

The reactors were operated in continuous flow-through mode. The operational flow rates were chosen to
provide the system a set charge dosage (q) [C/L] (equation 2.2), which is the charge [C] given to the unit
volume of water [L] and is obtained by dividing the supplied current by the flow rate [L/s].

q

[
C

L

]
= I [A]

Q
[ L

s

] = I ×HRT [s]

Reactor Volume[L]
(2.2)

Faradaic efficiency
The Faradaic efficiency [%] is a product yield on an electron basis and is used to measure the electrochem-
ical selectivity of a reaction. The Faradaic efficiency is calculated as the ratio between the actual moles of
product generated, calculated via analytic methods, and the theoretical mole of product generated from the
consumed charge, as given in equation 2.3.

Theoretical product generated [mole/L] = q

N a ×e ×n
(2.3)

Where:

q : charge dosage [C /L]

N a : Avogadro constant [1/mol ] = 6.02214×1023

e : elementary charge [C ] = 1.6022×10−19

n : number of electrons transferred during oxidation [−]

Energy and resistance of the electrochemical cell
The energy consumption (in kWh/m3) of the electrochemical oxidation process was obtained from the cell
voltage (V) [V] and the applied charge dosage q [C/L] through equation 2.4.

Energy [kWh/m3] = V ·q

3.6×103 (2.4)

The cell resistance (R) during the operation of the cell is function of the cell voltage and applied current
density I [A] according to equation 2.5:

R = V

I
(2.5)
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2.3. Experimental Settings
Preliminary experiments were conducted on the RuO2/IrO2 with two objectives: identify the operational con-
ditions which ensured the WHO recommended chlorine dose for turbid water of 4 mg/L free chlorine, and
identify the operational q which ensured a weakly acidic effluent pH.

From the results of the preliminary experiments, a q of 300 C/L was selected. Experiments were performed
on the RuO2/IrO2 and Magneli by operating the reactors under the same working conditions (Charge Dosage,
q [C/L], Current Density, i [A/m2] and flow through the reactor, Q [m3/s]) to determine the operation and
performance differences in the two reactors. For the experiments focused on electrochemical disinfection, it
was decided to choose four experimental settings to evaluate the variation in pathogen removal for changing
electrochemical settings. The chosen settings are shown in Table 2.1. Settings 1, 2 and 3 were adopted for both
E. Coli andΦX174 removal. Setting 4 was used only forΦX174 removal due to theΦX174 initial concentration
being 2 logs higher than E. Coli.
All the experiments were performed in duplicates. An overview of each experimental data-point, along with
the corresponding Hydraulic Retention Time (HRT) for each reactor is presented in A4.1, A5.1 and A7.1.

Setting E. Coli Setting ΦX174 Charge Dosage [C/L] Current Density [A/m2]
E1 φ1 150 16.7
E2 φ2 300 16.7
E3 φ3 300 33.3
- φ4 600 33.3

Table 2.1: Experimental settings for disinfection experiments

2.4. Materials
2.4.1. Materials: Laboratory experiments
Influent water
The influent water used for the laboratory experiments consisted of demineralised water with the addi-
tion of sodium chloride (NaCl) as electrolyte for the chlorine-based experiments, and of sodium sulphate
(Na2SO4) for the ROS-based experiments, to concentrations resembling tap water. The two electrolytes were
dosed separately to evaluate the contribution of different factors in disinfection. The NaCl was added in the
chlorine-based experiments to provide the chloride ion needed for chloride oxidation to chlorine. In the ROS-
based experiments, the addition of Na2SO4 was required to reach the desired water conductivity and create a
chlorine-free environment to observe disinfection by means of ROS species. In addition, sodium bicarbon-
ate, NaHCO3, was added to both experiments as pH buffer. The ion composition and conductivity [µS/cm]
(averaged over all experiments) of the feed water is given in Table 2.2:

Constituent Chlorine-based experiments [mg/L] ROS-based experiments [mg/L]
Cl− 50 -

SO4
2− - 50

HCO3 170 170
conductivity [µS/cm] ~460 ~380

Table 2.2: Influent water matrix

The Pathogens
The influent water was spiked separately with bacteria (Escherichia Coli WR1) and virus (ΦX174) indicators
to analyse the impact of ED on different pathogens. Bacteria cell counts are described as Coliform Forming
Unit (CFU) while virus cell counts are called Plaque Forming Unit (PFU).

Escherichia Coli (E. Coli) is widely used as an indicator of enteric bacteria in drinking water studies [98]. E.
Coli was dosed to an influent concentration of 104 CFU/mL. ΦX174 is a bacteriophage commonly used as
an indicator of viral contamination in water [65]. It belongs to the category of coliphages, a subgroup of
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bacteriophages that infect E. Coli, thus it is also used to assess the presence of human enteric viruses [70],
[91]. ΦX174 was spiked in the influent water to a concentration of 106 PFU/mL.

2.4.2. Materials: Field experiments
Three different water types were collected for the experiments conducted on the field: lagoon water, river
water, and seawater.

The lagoon water was collected from the Kpeshie Lagoon in Accra, Ghana. The Kpeshie lagoon is located close
to the sea and is subject to seawater infiltration, making the water of brackish quality (EC>15 ms/cm)[89].
Samples for this research were collected close to the lagoon bank.
The river water was collected from the Densu river bank around 30 km from where the Densu discharges in
the sea (Weija Gbawe Municipal).
The seawater was collected on Labadi Beach in Accra.

E. Coli was measured in the influent for the lagoon (<102 CFU/mL) and seawater (no coliform forming units
observed). E. Coli was not measured for the river water as experiments were performed 48 hours after col-
lecting the water, therefore die-off had occurred. An overview of the characteristics of the collected water
samples is given in A7.3.

2.5. Sampling
Samples for all experiments were collected every 3HRTs to ensure stabilization in system performance. For
both ROS-based and chlorine-based experiments, 15mL samples were collected to measure the pH and Oxi-
dation Reduction Potential (ORP) of the effluent. For chlorine-based experiments, an additional 10mL sam-
ple was collected to measure the effluent chlorine (referred to as chlorine residual if the influent water was
spiked with pathogens and as chlorine dose otherwise). For disinfection experiments, samples were collected
to be later used for pathogen enumeration, as described in section 2.6.

For the chlorine-based experiments, the residual chlorine was neutralised in the sample used for enumera-
tion by adding sodium thiosulphate, to prevent further disinfection occurring before plating. Sodium thiosul-
phate rapidly reacts with chlorine compounds and is a preferred solution to dechlorinate samples in disinfec-
tion experiments as it is not toxic to most microorganisms [34]. The reaction between sodium thiosulphate
and chlorine compounds generates different products depending on conditions such as pH and dechlori-
nator dose. For the conditions traditionally used in disinfection, the occurring reaction is given in equation
(2.6):

2Na2S2O3 +Cl2 −−*)−− Na2S4O6 +2NaCl (2.6)
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2.6. Analysis
For all experiments, the electrical conductivity (EC) of the influent and the pH and ORP of both influent and
effluent was measured using three probes: TentraCon® 925 (EC), SenTix® ORP-T 900 (ORP) and SenTix® 940
(pH). The cell voltage [V] was recorded for each experiment. The anode potential was not directly measured
in this research.

2.6.1. Analysis: Laboratory experiments
The produced chlorine was measured using the free chlorine test kit (Spectroquant®, 0.010-6.00 mg/L Cl2
and theSpectroquant® NOVA 60). The measurements were performed against a blank test to correct for
disturbances by NaCl.
E. Coli and ΦX174 enumeration was performed by using the spread plate technique. E. Coli was incubated
on Chromocult® Coliform Agar plates for 24 h at 37◦C. For water samples larger than 0.3 mL, the membrane
filter method was used (Whatman® cellulose acetate membrane filters, 0.45 µm). ΦX174 was prepared and
assayed according to protocol ISO 10705-2.

2.6.2. Analysis: Field experiments
The water turbidity was measured using Sper Scientific 860040. The produced chlorine was measured using
the free chlorine tablets (DPD 1 range 0.02 - 6 mg/L Cl2 and Lovibond MD 600). The measurements were
performed against a blank test. E. Coli enumeration was performed by pipetting 1mL of sample on dry plates
(CompactDry™ EC) and incubating for 24 h (Cultura® M). Virus enumeration was not performed.

2.6.3. Quantification of microbial removal
Microbial removal can be presented in percentages or logarithmic removal values [102]. The latter is used in
this research.

The LRV expresses concentrations in terms of order of magnitude and is commonly used to evaluate the
variation of higher pathogenic concentrations. Formula 2.7 shows how to calculated the LRV.

LRV = log10

(
Cin

Cout

)
(2.7)

For E. Coli, the maximum volume collected for analysis was 100mL, on the basis of the WHO standards de-
termining that a water is safe for human consumption if 0 CFU are detected in a 100mL water sample. When
no CFU were detected in the water collected after treatment, the pathogen count was considered below de-
tection limit. The LRV is indicated as being higher than the maximum value that could be obtained given the
E. Coli concentration of the water influent Cin, and the minimum detectable value of 1 CFU in 100 mL Cout.
The same is done with PhiX, with the minimum detectable value being 1 PFU in 1 mL of sample.
It should be noted, the dry plates used for the field experiments only allowed to analyse 1mL of sample.
This posed limitations on the microbial analysis which could be performed in the field, as the low initial E.
Coli concentrations detected in the brackish lagoon were already removed at the lowest electrochemical set-
tings. As such, considerations on the field experiments focused on the chlorine production rather than on
the pathogenic removal.
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3
Results

This chapter presents the results of the experiments conducted in the TU Delft laboratory and in the field,
in Ghana. The first section shows results relative to the chlorine production of the two reactors, RuO2/IrO2

and Magneli, when using demineralized water containing chloride electrolyte. The second section presents
the results relative to the electrochemical disinfection of E. Coli and ΦX174 with chloride and sulphate elec-
trolytes. The last section reports the results of the electrochemical chlorine production when using the
RuO2/IrO2 reactor with different water sources in Ghana.

3.1. Performance of RuO2/IrO2 and Magneli for chlorine production
This section presents the results of the experiments conducted on the RuO2/IrO2 and the Magneli reactors
operated at a constant q =300 C/L and increasing i [A/m2].

3.1.1. Chlorine Production
Figure 3.1 shows the chlorine production of the RuO2/IrO2 (in blue) and Magneli (in orange) reactors.
Results are given for i between 4 and 55 A/m2 for RuO2/IrO2, and for i between 7.9 and 52 A/m2 for Magneli.
The chlorine plateau reached for each reactor are also highlighted.

The chlorine produced by each reactor increases with increasing i , following an almost identical trend for
both reactors. At lower i , the Magneli slightly underperforms as compared to the RuO2/IrO2, whilst for higher
i the reactors show a similar chlorine output. For increasing i , the chlorine produced by the RuO2/IrO2

increases steadily, while the Magneli has larger oscillations. The chlorine production plateau are reached for
the RuO2/IrO2 at i =40 A/m2, for 9.22 mg/L chlorine, and the Magneli at i =47 A/m2 for 10.18 mg/L chlorine.
1

1The data-points in Figure 3.1 are sampled every 30 minutes for the RuO2/IrO2 and every three HRTs for the Magneli. During a separate
experiment, the chlorine production observed after three HRTs at i =33.3 A/m2, q =300 C/L on the RuO2/IrO2 (data-point not shown
in Figure) did not show the value expected from the trend observed on the curve. Therefore, additional experiments at three different
i were conducted on both reactors to observe if significant differences in chlorine production are present when sampling for the two
different time-steps. A slight decrease is reported when sampling every 3 HRTs for the RuO2/IrO2 for two of the i tested, whilst values
for the Magneli remain congruous for both sampling times. The reason for the described behaviour of the RuO2/IrO2 is unknown.
Results and values for the two sampling times are given in Appendix A4.1
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Figure 3.1: Chlorine production for RuO2/IrO2 and Magneli reactors operating at constant q =300C/L and
increasing i [A/m2].

3.1.2. Voltage and Energy Use
Figure 3.2 shows the reactor operational voltage and the energy use (in kWh/m3) for both reactors.
Results are given for i between 7.9 and 42 A/m2 for RuO2/IrO2 and for i between 7.9 and 52 A/m2 for Magneli.

The voltage increases with increasing i for both reactors. The RuO2/IrO2 shows a higher voltage for all tested
i , and also a larger voltage increase per increase of i .
Due to the flow rate through the two reactors being the same, the energy use per unit of treated water follows
the same trend as the voltage. At the chlorine plateau values indicated previously, the energy use per unit of
treated water are 2.3 and 1.6 kWh/m3 for RuO2/IrO2 and Magneli, respectively.

Figure 3.2: Voltage [V] and Energy use [kWh/m3] in RuO2/IrO2 and Magneli reactors operating at constant
q =300C/L and increasing i [A/m2].
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Fig 3.3 presents the energy use per unit of produced chlorine of the two reactors.

For both reactors, the energy per unit of produced chlorine decreases for increasing i , reaching at i =16.7
A/m2 a stable value of 0.23 kWh/gchlorine for the RuO2/IrO2 and of 0.16 kWh/gchlorine for the Magneli.

Figure 3.3: Energy use per gram of chlorine produced [kWh/m3] for RuO2/IrO2 and Magneli reactors oper-
ating at constant q =300C/L and increasing i [A/m2].
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3.2. ED in the RuO2/IrO2 and Magneli reactors
This section presents the results for the disinfection experiments on the RuO2/IrO2 and Magneli operated for
the four experimental settings described in Table 2.1.

3.2.1. Pathogen Removal overview
Figure 3.4 presents the E. Coli and ΦX174 removals expressed in logarithmic units for the experimental set-
tings tested on the RuO2/IrO2 and the Magneli with the two electrolytes. The experimental data-points with
an arrow ( ), indicate that the pathogen count was below detection limit for both duplicates of the exper-
iment. The triangle ( ) indicates that the pathogen count was below detection limit only for one of the
duplicates.
For both pathogens, the removal increases for increasing q and i . The experiments mentioned in this chapter
refer to the settings in Table 2.1.

Graph 3.4a shows the E. Coli removal in the RuO2/IrO2. When Na2SO4 is used as electrolyte, a LRV of 0.3 is
observed for E1, whilst the LRV was below 0.1 for E2 and E3. It should be noted that the standard deviation of
the removal at E1 was very high. When NaCl is used as electrolyte, the LRV achieved is above 5.0 for all tested
settings. No CFU were observed in the duplicate of E2 for the chosen detection range.
Graph 3.4b shows the E. Coli removal in the Magneli. For Na2SO4 as electrolyte, a LRV below 0.1 is recorded for
E1 and E2. At E3, a LRV of 0.6 is measured. For NaCl as electrolyte, a LRV of 4.5 is measured for E1. Doubling
the q (E2, E3), no CFU were detected in the water, making the LRV higher than the maximum detectable for
this experiment (LRV > 5.0).

For the experiments on ΦX174, PFU measurements were not conducted for experiment φ1 by Na2SO4 be-
cause of the low removal observed for this setting by NaCl experiments.
Graph 3.4c shows the ΦX174 removal in the RuO2/IrO2. For all settings with Na2SO4 as electrolyte, the LRV
was less than 0.1. For NaCl as electrolyte, a LRV of 0.2, 0.8, 1.2 was observed for φ1, φ2, φ3 respectively. For
φ4, a LRV of 5.9 is observed in one experiment, and no PFU observed in the duplicate.
Graph 3.4d shows the ΦX174 removal in the Magneli. For Na2SO4 as electrolyte, a removal below 0.1 is ob-
served for φ2, φ3, whilst a LRV of 0.9 is measured for φ4. For NaCl as electrolyte, a faster removal is observed
in the Magneli for increasing settings as compared to the RuO2/IrO2, with a measured LRV of 0.3, 2.5, 5.1 and
5.6 for φ1, φ2, φ3, φ4. In φ4, no PFU is observed for either duplicate.

Overall, all removals obtained for RuO2/IrO2 operated with Na2SO4 as electrolyte were below 0.1, with the
exception of E1 which was characterised by a large standard deviation. In the Magneli, the disinfection effect
of non-chlorine species yields some results for q =600 C/L, but these results are also characterised by large
standards deviations.

For all the tested experimental settings and for both reactors, the chlorine-based disinfection is the prevailing
mechanism in the removal of both pathogens.
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(a) (b)

(c) (d)

Figure 3.4: Overview of pathogen removal in log units for all disinfection experiments conducted on both
reactors.

3.2.2. Trend of the pH throughout disinfection
Figure 3.5 shows the anodic pH measured at the end of each experiment, as well as the pH of the influent
water. For all tested settings, the influent pH was 8.4.

The pH of the RuO2/IrO2 appears stable at constant q , with the exception on the experiments conducted at
φ4. At q =150 C/L and 300 C/L, the pH measures 6.8 and 6.3 respectively for both experiments on E. Coli and
for ΦX174 with NaCl as electrolyte. For the experiment on ΦX174 with Na2SO4, the measured pH is 6.4 and
5.9 respectively for the two charge dosages. At φ4, the measured pH decreases to 5.7 for NaCl electrolyte and
to 3.5 for Na2SO4 electrolyte.
A stable pH trend cannot be observed for the Magneli, except at q =150 C/L where the pH is between 6.1
and 6.5 for all tested settings. Doubling the q at the same i determines an increase of the pH to around 7.0
for the E. Coli and Na2SO4 experiment, whilst the same electrolyte with ΦX174 decreases to below 4.0. The
NaCl electrolyte shows an equal decrease for both pathogens to around 5.0. Doubling the i at constant q has
a minor effect on the experiments with Na2SO4 as electrolyte, whilst the NaCl experiments show opposite
trend, with the pH of the E. Coli experiment increasing to 6 and the ΦX174 decreasing to 4. Lastly, doubling
the q once again to 600 C/L at brings the pH of the ΦX174 experiments with both electrolytes to 3.
Overall, the experiment conducted withΦX174 and NA2SO4 as electrolyte shows the lowest pH trend for both
reactors.
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(a) (b)

Figure 3.5: pH trend observed for both reactors during the disinfection experiments.

3.2.3. Chlorine dose and residual for chlorine-based disinfection experiments
The measured chlorine dose and chlorine residual are presented in Figures 3.6 for E. Coli and 3.7 for ΦX174.
Significant values for the chlorine residual are also highlighted.

The chlorine dose produced by the Magneli is higher than the RuO2/IrO2 for all tested settings. However, the
difference in chlorine dose is small for q =150 and 300 C/L, whilst a large difference is observed at q =600 C/L
for the Magneli (21.8 mg/L) and the RuO2/IrO2 (12.4 mg/L).

In the E. Coli experiments, the chlorine residual measured for all experiments is higher than the minimum
chlorine residual required for distribution (0.2 mg/L).

A larger chlorine consumption is observed in the ΦX174 experiments, due to the higher initial concentration
of the pathogen. For φ1, φ2, φ3, the chlorine residual of the RuO2/IrO2 is 0 for all three settings, whilst it is
respectively 0, 0.6 and 1.4 mg/L for the Magneli. In experiment φ4, the large difference in produced chlorine
dose reflects in chlorine residual measured for RuO2/IrO2 (0.2 mg/L) and Magneli (5.9 mg/L).

Figure 3.6: Chlorine Dose and Residuals for RuO2/IrO2 and Magneli reactors for experiments on Escherichia
Coli. Significant values for residual chlorine are highlighted.
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Figure 3.7: Chlorine Dose and Residuals for RuO2/IrO2 and Magneli reactors for experiments on ΦX174.
Significant values for residual chlorine are highlighted.

3.2.4. Energy consumption for acquired log removal
Figures 3.8 and 3.9 show the energy use (in kWh/m3) in each reactor to acquire a desired LRV of E. Coli and
ΦX174 respectively. Experiments that resulted in no LRV are excluded from these graphs.

For experiments conducted using Na2SO4 as electrolyte, the highest removal achieved by the Magneli was
0.6 LRV for E. Coli and 0.9 for ΦX174 for energy consumptions of 0.63 and 2.71 kWh/m3 respectively. The
RuO2/IrO2 achieved limited removals of 0.3 (E. Coli) and 0.1 (ΦX174) for energy consumptions of 0.44 and
4.06 kWh/m3 respectively.
With regards to chlorine-based disinfection, an E. Coli removal of at least 5 LRV is achieved for 0.41 kWh/m3

for RuO2/IrO2 (LRV=5.4) and for 0.69 kWh/m3 for Magneli (complete removal achieved, LRV>5.1). The Mag-
neli also achieved at 0.31 kWh/m3 a LRV of 4.5 for E. Coli. ForΦX174 removal by chlorine, a gradual increase in
the LRV for increasing energy consumption can be observed for both reactors. The observed LRV in the Mag-
neli increases faster for more moderate increases in energy consumption than in the RuO2/IrO2. To achieve
a LRV of 5, an energy use of 2.88 kWh/m3 for RuO2/IrO2 (LRV=5.9) and of 1.18 kWh/m3 for Magneli (LRV=5.1)
is required.

Overall, the Magneli shows a lower energy requirement to achieve a comparable LRV for both pathogens.

Figure 3.8: Energy use for required log removal for experiments conducted on Escherichia Coli for NaCl and
Na2SO4 electrolytes on both reactors.
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Figure 3.9: Energy use for required log removal for experiments conducted on ΦX174 for NaCl and Na2SO4
electrolytes on both reactors.

An overview of the disinfection experiments and the main measurements and findings is provided in sum-
mary Table 4.2 in Chapter 4.
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3.3. RuO2/IrO2 performance in a field setting
Preliminary analysis on the collected waters showed that all the water types were of saline type (Electrical
Conductivity (EC) > 10 ms/cm) therefore inadequate for direct human consumption (EC < 1 ms/cm). In
particular, analysis on the sample collected from the Densu River showed an unexpectedly high EC for a river
water (river water EC ia usually below 1 mS/cm). The water sample was collected from the Densu Delta
estuary, so saline water infiltration from the surrounding lagoons and salt pans could be the reason for the
high water conductivity. The turbidity of the seawater was below measurement range. Lastly, the pathogenic
levels on all water types were too low to conduct complete analysis on the disinfection capacity of the reactor
on real water sources.
Electrochemical experiments were performed on the water sources for constant q =300 C/L and increasing
i [A/m2]. The higher electrical conductivity of the water sources allowed to conduct experiments at higher i
than those tested in the TU Delft laboratory, so the i was varied between 5 and 120 A/m2 for seawater and
between 10 and 120 A/m2 for lagoon and river water.

3.3.1. Chlorine produced by electrochemical oxidation of different water sources
Figure 3.10 shows the chlorine production in the different water sources for constant q and increasing i .

For all water sources, the chlorine production increases for increasing i , reaching a plateau at i =20, 30 and
40 A/m2, for seawater, lagoon water and river water respectively. The chlorine production reached a plateau
of 35 mg/L for seawater and 5 mg/L for both river and lagoon water.

Figure 3.10: Chlorine production using different water sources in RuO2/IrO2 at q =300C/L and increasing i
[A/m2].

27



3.3. RuO2/IrO2 performance in a field setting 3. Results

3.3.2. Voltage and energy consumption to produce chlorine from different water sources
Figure 3.11 presents the voltage trend for electrochemical oxidation with the RuO2/IrO2 on different water
sources and for increasing i [A/m2].

The cell voltage increases with increasing i , following an almost identical trend for seawater and lagoon
water. The voltage of the river water has similar values at lower i , and starting from i =40 A/m2 it shows a
larger increase for increasing i .

Figure 3.11: Voltage trend for electrochemical oxidation on different water sources at q =300C/L and increas-
ing i [A/m2].

Figure 3.12 shows the energy required to produce different chlorine doses from the three water sources.

The lagoon and the seawater show a similar energy requirement per unit of treated water. The river water
shows similar energy use, but the energy requirements increase more rapidly than the other water sources, in
line with what is observed in Figure 3.11. An effluent water containing 5 mg/L of free chlorine was produced
with an energy use of 0.25 and 0.35 kWh/m3 from lagoon and river water respectively. For the same energy
consumption, an effluent water containing 32 and 38 mg/L chlorine was produced from seawater oxidation.

Figure 3.12: Energy required to produce desired chlorine dose in different water sources.
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Figure 3.13 presents the energy use for increasing operational i , to produce a gram of chlorine for each
water source. Values at i =10 and 20 A/m2 for river water (corresponding to energy use of 0.94 and 0.23
kWh/gchl or i ne ) are not shown in the graph. The energy use for gram of chlorine produced decreases for in-
creasing i , as chlorine production increases, and reaches a minimum at i =20 A/m2 (0.007 kWh/m3) for sea-
water and i =60 A/m2 for lagoon (0.043 kWh/mm3) and river water (0.065 kWh/m3). It then increases slightly
due to the increasing i .

Figure 3.13: Energy use per gram of chlorine produced for applied i [A/m2].

An overview of the electrochemical chlorine production experiments on different water sources in Ghana,
the main measurements and findings is provided in summary Table 4.3 in Chapter 4.
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4
Discussions

In this chapter, the results relative to the laboratory and field experiments are explained. In the first sec-
tion, the performance of the two reactors in producing chlorine when using a synthetic water matrix is dis-
cussed. The second section evaluates the results relative to electrochemical disinfection and how the two
reactors performed according to the WHO standards. In the third section, the field results of the RuO2/IrO2

are analysed. The final section reflects on how the electrochemical results obtained in this research compare
to traditional disinfection methods.

4.1. Performance comparison of RuO2/IrO2 and Magneli
Figure 3.1 underlines an almost comparable chlorine production performance for the two reactors. A sub-
stantial amount of literature agrees that active electrodes demonstrate higher chlorine production perfor-
mances compared to non-active electrodes [48]. According to both Ghasemian et al. (2017) [28] and Jeong et
al. (2009) [36], active DSA® type electrodes such as RuO2/IrO2 exhibit a higher chlorine production efficiency
than the non-active BDD anodes, The same trend was not observed for this research.
The gradual increase in chlorine production observed at low i for constant q for both anodes is due to the
chloride transfer through the inert anode and the effect of mass transfer limitations. At low i , low flow rates
are kept to ensure the constant charge dosage q . This determines a low flow turbulence through the flow-
through reactor and an increased boundary layer thickness which lowers the contact between dissolved chlo-
ride ions and the anode surface. As the i increases, the flow rate increases proportionally, decreasing the
boundary layer and the mass transfer limitations. As a result, the chlorine production increases. At higher
current densities, the flow rate increases and the HRT of the water in the system decreases. This could deter-
mine limitations in the conversion of chlorine, if the contact time is insufficient to ensure chloride oxidation
to occur. When comparing the chlorine production of the RuO2/IrO2 and the Magneli, it must be kept in
account that the two reactors where characterised by the same active anode surface and flow rate but differ-
ent chamber volume, with the Magneli being smaller as described in chapter 2.1. As such, the comparisons
between the performances of the two reactors cannot be completely equivalent, since for the same applied
q , i and flow Q[L/s], the HRT in the Magneli will be smaller, signifying less contact time, as described in
equation 2.2. In contrast, the smaller reactor chamber promotes increased contact between the water flow
and dissolved chloride ions and the anode. Excluding the contribution of the anode material, the chloride ox-
idation performance of the two reactors becomes an assessment of which factor, between contact frequency
(prevailing in Magneli) and chlorine conversion rate (prevailing in RuO2/IrO2), primarily affects the chlorine
production.

4.1.1. Faradaic efficiency
From equation 2.3, the maximum free chlorine (as hypochlorous acid, HOCl, MW=52.46 g/mol) calculated
for a supplied q =300 C/L is 81.3 mg/L. From the chlorine plateau values obtained for the two reactors, a
Faradaic efficiency of 11.3% and 12.5% is observed for the CER in the RuO2/IrO2 and the Magneli respectively.
The Faradaic efficiency is an indication of the propensity of an electrochemical reactor to produce a specific
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reaction, amongst all those happening in the electrochemical cell. When multiple (Faradaic) reactions are
occurring in an electrochemical cell, the sum of their efficiencies should equal 100%. For the water matrix
used for the experiments shown in 3.1, the two main reactions occurring in the anodic chamber are the CER
(equation 1.2) and the OER (equation 4.1).

2H2O → O2(g)+4H++4e− E0 = 1.23V (4.1)

The similar standard electrode potential of the concurring reactions (1.23V for the OER and 1.36V for the
CER) leads to competition in the occurrence of the two reactions, with the OER being thermodynamically
favoured. The Faradaic efficiency indicates the portion of charge that is used for each reaction, and as such is
an important factor to consider when wanting to enhance the CER [115]. The results show a clear selectivity
for the OER in both reactors, for the influent water used. No significant difference in selectivity is observed
between the RuO2/IrO2 and the Magneli, despite literature agreeing that competition between OER and CER
tends to be more pronounced in active electrodes due to their low OER overpotential. Žeradjanin et al. (2014)
observed that a higher CER selectivity is observed for increasing chloride concentrations, with an observed
Faradaic efficiency of 97% for influent chloride concentrations of 105mg/L [115]. Therefore, the low CER
selectivity and associated low Faradaic efficiencies for both reactors may be associated to the low chloride
concentrations in the influent (50 mg/L).

4.1.2. Voltage and energy consumption
The voltage trend of the two reactors shows a clear increase in the operational voltage of the RuO2/IrO2 for
the same operational conditions. As the applied i is equivalent for the two reactors for each experimental
setting, this trend suggests a higher system resistance R in the RuO2/IrO2, according to equation 2.5. The
electrochemical resistance in a cell depends on a number of factors, including anodic resistance, cathodic
resistance, resistance across the cation exchange membrane and resistance in the solution media [94]. The
RuO2/IrO2 cell had previously been used for other research, including reduction of metals [94] and oxidation
of arsenic [83]. Furthermore, it was being used for PFAs oxidation in parallel to the disinfection experiments
conducted in this research. Although the cell was cleaned from scaling and the membrane and cathode were
changed regularly, the continuous operation may have caused polarization, and thus increased resistance,
over time. Other factors involved in the cell resistance that are of interest for this research are the mass
transfer limitations and the electrode overpotentials [66]. The mass transfer limitations directly influence
the solution resistance, and solutions with homogeneously distributed ions that can diffuse to the anode
present lower solution resistance [66]. Therefore it can be assumed that the increased contact between the
flow and the anode in the Magneli reactor may impact in decreasing the solution resistance, and the higher
mass transport rates observed in the Magneli by Trellu et al. (2018) may further contribute to this outcome
[97]. The RuO2/IrO2 energy use observed at chlorine plateau value is higher than the energy per unit vol-
ume observed in previous electrochemical experiments conducted on this reactor: 0.45 kWh/m3 for metal
reduction, 0.066 kWh/m3 in electrochemical advanced oxidation processes, 0.030 kWh/m3 in horizontal em-
bedded Fe-electrocoagulation, and 0.006 kWh/m3 in Fe-electrocoagulation [94] [83] [43]. The q used was
notably higher than the one used in these experiments (between 3 and 14 times higher than the q used for
chlorine experiments in Rijsdijk 2022 [83], and contributes to the high energy values observed. This q was
chosen with the aim of achieving large chlorine productions to balance the chlorine losses which would be
expected due to turbidity and other factors in the field experiments. The high q , coupled to the low solution
conductivity, determines high solution resistance and associated high energy consumptions, and from the
field experiments results in Figure 3.12 it can be seen how energy consumptions per unit water decrease sig-
nificantly when water electrical conductivity increases. In the scenario of implementing ED on a water with
low conductivity, spiking the influent with NaCl to decrease the energy cost and boost chlorine production
could be a solution and is proposed by Esposto (2009) [25] as a more affordable option than purchasing tra-
ditional chlorine products. In another study, a low chloride concentration of 50 mg/L (equivalent to the one
used in this study) achieved a chlorine production of 2 mg/L with an energy consumption of 0.083 kWh/m3.
These experiments were performed in batch mode for a q =73 C/L applied over 50 minutes. The study also
concluded that a chlorine dose of 4 mg/L could be achieved by dosing 110 mg/L chloride in the influent [85].
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4.2. Electrochemical disinfection outcome
The graphs in Figure 3.4 show the clear predominance in the removal of both pathogens of the chlorine-based
disinfection over the combined action of direct disinfection and ROS-based species.

For E. Coli disinfection by chlorine, the RuO2/IrO2 (Figure 3.4c) did not achieve the WHO safe water standard
of 0 CFU/100 mL for either of the settings tested. The chlorine residual measured in the outflow (Figure 3.6)
satisfies the minimum WHO requirement of 0.2 mg/L of chlorine to ensure safely stored household water
treated by chlorination. Thus, further disinfection by chlorine can be expected outside of the reactor. In the
Magneli (Figure 3.4b), the standard for safe drinking water is obtained for the settings at q =300 C/L, whilst
the setting at q =150 C/L slightly under-performs (LRV < 5). Research shows that, at lower i , higher HRT
are required to achieve higher disinfection efficiency, whilst at high i high inactivation efficiency is obtained
regardless of contact time, anode surface area or chlorine concentration [50]. The lower HRT which char-
acterises the Magneli may explain this slight underperformance. Furthermore, research shows that higher
current densities may enhance water electrolysis and cause competition between the CER and the OER [50].
This phenomenon is expected to be more significant in an active anode, such as the RuO2/IrO2 because of the
lower OER overpotential which characterises active anodes. This might explain the slight overperformance of
the Magneli for the higher electrochemical settings. However, the smaller reactor chamber and higher chance
of contact of the flow with the anode surface may also determine a more facilitated disinfection.

The performances of the two reactors in the removal of E. Coli andΦX174 were evaluated by determining the
standards reached by the electrochemical technology, according to the WHO standards for POU technologies
[93]. For E. Coli disinfection by chlorine, the highly protective standard is successfully achieved by both re-
actors for all experimental settings (Figure 4.1). Thus, lower electrochemical settings can be used to obtain
equivalent disinfection standards, saving on energy requirements (Figure 3.8).

Figure 4.1: Electrochemical chlorine-based disinfection performance for E. Coli removal according to WHO
standards for POU technology.

ΦX174 disinfection by chlorine achieves highly protective standards for φ4 for both reactors, and for φ3 for
Magneli. The protective standard is not achieved by any of the settings not achieving the highly protective
standard either, as shown in Figure 4.2. Furthermore, settings φ1 to φ3 for RuO2/IrO2 fail to provide any
residual chlorine (Figure 3.7), therefore these settings are unsatisfactory for ΦX174 disinfection by electro-
chemically generated chlorine. For Magneli at φ2, a residual chlorine of 0.6 mg/L is obtained. Therefore,
the unsatisfactory removal achieved inside the reactor can still be achieved outside the reactor. The residual
chlorine obtained for Magneli inφ4 is above the maximum value of 5 mg/L chlorine concentration for human
consumption as recommended by the WHO, Doubt arose on whether the high removal achieved in the Mag-
neli for φ4 was because of the low pH (Figure 3.5b). Literature indicates that phage sensitivity to pH varies
between different phages, with more resistant phages being unaffected by pH 3, but no direct information
was found for ΦX174 [37] [24].
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Figure 4.2: Electrochemical chlorine-based disinfection performance forΦX174 removal according to WHO
standards for POU technology.

Both E. Coli and ΦX174 disinfection by non-chlorine species (Figures 4.3 and 4.4) do not achieve the stan-
dards set by the WHO for POU technologies. Disinfection in absence of chlorine relies on the direct contact
of pathogens via absorption on the anode surface, where the formed OH• (ROS-based disinfection) is located
or where the electron exchange (direct disinfection) occurs [80]. If the pathogen is not absorbed on the anode
surface then disinfection occurs with difficulty. Ozone is an ROS formed via equation 1.8 which diffuses in
the bulk of the solution, bypassing this limit. However, high potentials are needed to produce ozone, and
as the Eelectrode was not measured it is not possible to know if the required potentials were reached. While
sulphate ions were also present in solution, and sulphate oxidation has a lower E0 than OH• (2.44 V/SHE for
sulphate as compared to 2.73 V/SHE for OH•), the results would not provide indication that sulphate radicals
were formed. Nevertheless, the actual disinfection capacity of sulphate radicals is still unclear, and previous
studies investigating the disinfection performance of sulphate radicals suggest that higher concentrations
than those used in this research are needed to observe significant disinfection extent [105]. For what regards
the effect of pH on the formation of ROS, no direct studies were found on the pH directly influencing OH•
formation, although an acidic pH would prompt the OER reaction as discussed in 4.2.1. A few studies on
electrocoagulation agree that an acidic pH of 5.5 is favourable for the formation of ROS [11] and OH• (pH
3) [29]. This might explain the slight increase in disinfection in experiment φ4 for Magneli, but the same
conclusion cannot be drawn for the increase in disinfection observed for Magneli in experiment E3.

Figure 4.3: Electrochemical ROS-based disinfection performance for E. Coli removal according to WHO
standards for POU technology.
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Figure 4.4: Electrochemical ROS-based disinfection performance for ΦX174 removal according to WHO
standards for POU technology.

Overall, chlorine-based disinfection is prevailing in both reactors. The disinfection obtained in absence of
chlorine species is deemed insufficient for disinfection standards, as described in graphs 4.3 and 4.4. This
was an expected outcome for the RuO2/IrO2, but not for the Magneli, as extensive literature mentions the
high capacity of Magneli-phase electrodes in producing OH• species [27] [108] [107]. As discussed, the rea-
sons behind the apparent absence of ROS disinfection observed in the Magneli cell could be connected to
insufficient potential provided at the anode for ROS generation. ROS generation was observed in an exper-
iment conducted by Jung et al. (2010) [38], using an influent with lower EC than in this study (250 µS/cm
as compared to 400 µS/cm in this study). Similar i as this study were used (between 19.2 and 27 A/m2)
and the experiments were conducted in batch using a Pt/Ti electrode. Given that the Eelectrode is defined
by the applied i , it may be assumed that the predominant factor in the limited ROS performance observed
in the Magneli is the absence of interaction between surface generated OH• and the pathogens. In another
study using a flow-through reactor for the removal of E. Coli, ROS-mediated removal is achieved using i =58
A/m2 and q =1200 C/L. which is two to eight times larger than the q used in this research [71]. Using higher
q may prompt ROS production, but the scope of this research was to evaluate the portion of disinfection
attributable to chlorine and to ROS in the two reactors, when using an influent water with characteristics re-
sembling drinking water. Given that water sources used for human consumption will contain chloride, it can
be concluded that for the settings applied chlorine-based disinfection is the prevailing mechanism for both
reactors and independently achieves required water disinfection standards for both E. Coli and ΦX174.

In this research, for both electrolytes the RuO2/IrO2 and Magneli depict competitive disinfection capacities.
Studies comparing the performance of different anodes types noted differing outcomes. Batch tests con-
ducted by Rahmani et al. (2019) [80] observed that Pb/PbO2 non-active anodes successfully oxidise organic
compounds via the generation of OH•, but this efficiency is not reflected in bacterial removal. By contrast,
the non-active SS/PbO2 anode demonstrated higher efficiency than active anodes in ROS-based disinfection,
while active anodes prevailed in removal of bacteria when NaCl was added to the system. The same author
also underlined the greater disinfection power of electrochemically generated chlorine over ROS species, in
both active and non-active anodes, and in general studies agree that ROS species intervene in ED when con-
ditions are not favourable for the production of chlorine [48]. Dimensionally stable anodes (DSA®) such as
RuO2/IrO2 demonstrated consisted reliability in chlorine production when chloride precursor is present and
low oxidising capacities from the generated OH• as compared to non-active electrodes [80]. Studies suggest
that a lower electrode oxidising capacity ensures the stability of the electrogenerated chlorine, whereby an-
odes with high oxidising capacity such as Magneli and BDD may induce chlorine reaction with the formed
OH•, forming the toxic chlorination byproducts chlorate and perchlorate. However, this effect was observed
in batch reactors and over extended electrolysis periods, which does not apply to this research [104].
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4.2.1. pH trend
The stable pH observed in the RuO2/IrO2 aligns with findings from previous research by Rijsdijk (2022) [83]
using the same reactor, where the pH shows a steady trend for constant q . The lower pH observed in the
Magneli may be the result of the lower HRT which hinders the H+ diffusion through the membrane; however,
uncertainties remain regarding its instability. The pH for water used for drinking water purposes should not
be below 6.5, therefore pH adjustments are needed before using the water for consumption [68]. In general,
ED cells that do not contain membranes separating the anodic and cathodic chambers have a neutral outflow
pH [85]. However, a pH around 6 is favourable to maintain the produced dissolved chlorine in the form of
HOCl. Furthermore, an acidic medium would also prompt the production of ROS as it favours the occurrence
of the OER, which is required for the formation of OH• via the intermediate reaction shown in equation 1.5.
This is better observed in the Pourbaix diagrams (Figure 4.5) which show the thermodynamic equilibrium
of the species in an electrochemical cell for varying pH. The diagram for water electrolysis (Figure 4.5a) is
representative for ROS-based disinfection, and Figure 4.5b shows the water-chlorine solution which is rep-
resentative for chlorine-based disinfection. With regards to water electrolysis and the potentials applied in
an anodic cell, two reactions take place: the OER (equation 4.2) and the oxidation of hydroxide ions (OH−)
(equation 4.3). When water pH is basic, OH− are present, which needs a lower supplied potential and will
thus oxidise easier than the OER. In a water-chlorine solution, a slightly acidic pH above 3 ensures chlorine
in the form of HOCl. Therefore, maintaining acidic pH in an anodic cell is preferential for both chlorine and
ROS-based disinfection.

2H2O(l) −−→ O2(g)+4H+(aq)+4e− E 0 = 1.23V/SHE (4.2)

4OH− −−→ O2 +2H2O+4e− E 0 = 0.401V/SHE (4.3)

(a) Pourbaix diagram for water electrolysis. Reference:
[9] [88]

(b) Pourbaix diagram for water-chlorine solution. Ref-
erence: [99] and designed by [2]

Figure 4.5: Pourbaix diagrams for different solutions.

An alternative solution to increase the effluent pH to acceptable values for drinking water (between 7 and
9.5) would be to bypass a portion of the anodic effluent to the cathodic cell, where the reduction reaction
of water occurs (equation 4.4). This solution allows to keep the membrane and ensure a slightly acidic pH
in the anodic cell, enhancing the disinfection process. Chlorine reduction can also occur in the cathodic
cell (equation 4.5), which also provides a solution in the case that too much residual chlorine is produced at
the anode [17]. Further considerations on the mechanisms of this process should be evaluated, such as the
material of the cathode to ensure it doesn’t corrode by chlorine and preventing scaling of reducing ions in the
cathode chamber.

2H2O+2e− −−→ 2OH−+H2 (4.4)

HOCl+H++2e− −−→ Cl−+H2O E◦ = 1.52V/SHE (4.5)
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4.2.2. Energy consumption in electrochemical disinfection
The energy consumption of the ED process in this study, when compared to other water treatment processes,
is on the high end: with regards to other disinfection processes, UV disinfection consumes 0.05 kWh/m3,
ozone 0.1 kWh/m3. Membrane processes are around 3 - 4 kWh/m3, and some seawater reverse osmosis
processes reach 2.6 kWh/m3 [31],

The energy consumed in the system is directly correlated to the applied q and the system voltage accord-
ing to equation 2.4. The q depends on the chosen operational settings, while the voltage is function of the
applied i and system resistance (equation 2.5). To decrease the energy consumption in the electrochemical
cell, the resistances have to be decreased. Three type of cell resistances can be defined: the ohmic (or elec-
trolyte) resistance, discussed in section 4.1.2; the charge-transfer resistance, which defines the resistances
of the electron transfer at the electrode-electrolyte interface and depends on the electrode and electrolyte
type; and the diffusion resistance which is associated to the electrogenerated product concentrating on the
electrode surface and is significant at high i where considerable product is being generated [69] [46]. The
ohmic resistances are determined by the resistance encountered by the ions in travelling through the solu-
tion, associated with the electrolyte conductivity and with factors of cell geometry such as membrane and
electrode thickness, membrane materials and distance between the electrodes. In this study, both electro-
chemical cells used contain a membrane, and the RuO2/IrO2 also contains spacers between the membrane
and the electrodes which increases electrode spacing, which may also explain the larger resistances formed
in the RuO2/IrO2 for the same influent.

Hand and Cusick (2021) [33] provide an overview of the energy consumed by different anode types tested in
literature to achieve an LRV of 2 for E. Coli and of 3 for viruses. Both free chlorine and ROS as disinfectant are
analysed, although for ROS-based disinfection only BDD, a class of non-active anodes extensively researched
in literature, manage to achieve a 2 LRV for E. Coli for an energy consumption of 1 kWh/m3. For chlorine-
based disinfection, mixed metal oxides are shown to achieve 3 LRV for viruses at energy uses around 0.1
kWh/m3, which is lower than the 0.79 kWh/m3 measured to achieve a 2.5 LRV forΦX174 in Magneli. However,
specifications on the influent conductivity, as well as the electrochemical settings used are missing in Hand
and Cusick’s overview, therefore further conclusions cannot be made.

Norra et al. (2022) [71] conducted a ED experiment similar to the one in this research. E. Coli was spiked
in real tap water containing low concentrations of chloride (21.4 mg/L) and sulphate (13.4 mg/L). This study
used a one-time flow-through cell containing graphene-based sponge electrodes which had previously demon-
strated high oxidation capacity for organic contaminants and simultaneously a very low chlorine current
efficiency (0.04% in 103 mg/L NaCl), indicating that the main removal process occurring in this cell is not
chlorine-mediated. An E. Coli removal of 5.5 LRV for an energy consumption of 5.70 kWh/m3 for the chlorine-
free system was obtained. From this research, the operational q and i required to achieve significant E. Coli
removal without chlorine were 1200 C/L and 58 A/m2 respectively.
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4.3. Field performance
The variation in the RuO2/IrO2 performance for the CER when treating different water sources is discussed
in this chapter.

Source Water Type Electrical Conductivity [mS/cm] Turbidity [NTU]

Accra sea Seawater 52.6 02

Kpeshie Lagoon Brackish Lagoon 26.7 37.42 (average)
Densu River River 11.37 7.44 (average)

Table 4.1: Characteristics of water types collected in Ghana.

The main differences which affect the electrochemical performance and which characterise the water sources
collected are the electroconductivity and the chloride content. The latter was not directly measured, but due
to the seawater infiltration in the lagoon it can be assumed that the concentrations [Cl-

sea] > [Cl-
lagoon] >

[Cl-
river]. The direct effect of higher chloride contents, as compared to those tested in the TU Delft lab, is

observed in Figure 3.10. As explained in chapter 4.1 and described by Žeradjanin et al. (2014), the system se-
lectivity for the CER increases when chloride increases in the influent [115], and for the maximum theoretical
free chlorine concentration of 81.3 mg/L obtainable for a q =300 C/L, the Faradaic efficiencies measured for
the three water sources at their plateau values are of 43.1% for seawater and 6.2% for lagoon and river water.
When evaluating these results however, it should be considered that the turbidity present in the water may be
consuming the produced chlorine before it can be measured, therefore the Faradaic efficiency of the system
for the CER may actually be higher. The higher chloride concentrations also determine a decrease in the mass
transfer limitations effect, with the plateau chloride value reached at lower applied i for increasing chloride
concentrations.

4.3.1. Voltage and energy consumption
The effect of the different electrical conductivities is observed in the different operational voltages in Figure
3.11. The electrical conductivity measures the capacity of a solution to carry electrical current. Therefore, it
impacts the solution (or ohmic) resistance in the cell and requires higher voltage to operate the reactor at the
same i with less conductive water. This trend is observed when operating the reactor with river water. These
observations provides insight into chlorine production using different water sources. Waters with higher
electrical conductivity require less energy, as shown for the lagoon and sea water in Figure 3.12. Despite
the seawater having double the conductivity of lagoon water, this does not affect the energy demands when
operating the system using either water source. This suggests that, for the applied i , the lower conductivity
of the lagoon still ensures sufficient conductivity for the current to flow without increasing system resistance.
The same is observed for the river water when operated at lower i , but increasing i determines a rapid
increase in resistance. Therefore, depending on the concentration of chlorine that wants to be achieved,
different water types depending on local availability can be used with equivalent energy consumption. Given
the high chlorine concentrations generated, seawater is a valid option to produce a concentrated chlorine
solution which may be used for in-line chlorination units.

4.3.2. Chlorine production and water turbidity
Free chlorine is readily consumed by organic matter present in the water, and WHO standards for chlorine
doses for disinfection are determined based on the level of turbidity of the water, as mentioned in Intro-
duction 1.3.2 [51] [48] [56]. The observed turbidity (measured in NTU) was above desirable for chlorination
experiments conducted on the lagoon and river water. The turbidity of the water prior to disinfection exper-
iments should be below 1 NTU for effective disinfection, and when that is not possible the aim should be
to keep the turbidity below 5 NTU. Above these values, chlorination can still be practiced but the chlorine
dose required to guarantee pathogen inactivation increases significantly [75]. The measured turbidity in the
water collected classified the samples as clear water for the river, and turbid water for the lagoon, according
to WHO standards [74]. Despite higher electrical conductivity and possibly more chloride ions in the lagoon
water due to seawater infiltration, the observed chlorine production was similar to that of the river. The tur-
bidity and chlorine production were monitored throughout the experiments and shown in Figure 4.6. The

2Turbidity below instrument detection range
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average turbidity measured over all experiments is shown. It should be noted that the measured turbidity
associated with each chlorine measurements is the net turbidity after oxidation by the chlorine produced.
Therefore, it is expected to decrease from the influent value. This trend is observed for the river water, but not
for lagoon water. It’s hypothesized that heavier organic particles became preponderant in the influent bottle
as water was pumped into the reactor.
Issues associated with chlorine oxidation of organics are also the formation of DBPs, which is an important
issue in drinking water due to the health effects on humans and has demonstrated the same formation poten-
tial as chemical chlorination when applying in-line electrolysis [51] [10] [14] [101]. Given the turbidity levels
present in these waters, DBPs formation can be expected. Similarly to traditional disinfection, coupling ED
with other water treatment steps (pre-treatment by electrocoagulation is one example) is a growing area of
research in electrochemistry for water treatment [10] [48].

Figure 4.6: Electrochemical chlorine production from different water sources: effect of turbidity [NTU].
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4.4. Electrochemical System compared to traditional disinfection
Global human health and progress is closely connected to access to safe drinking water, which is still lacking
in areas that, for a number of reasons, cannot rely on traditional centralized treatment systems. Decentral-
ized systems allow to bridge the gap by building small-scale infrastructure that relies on local water sources to
achieve results comparable to centralized systems. Decentralized technologies significantly assist rural com-
munities in accessing safe drinking water, as they can operate either on a community or household-scale to
supplement unreliable or deficient water treatment lines. When implementing small-scale, local disinfection
units, microbiological safety of the water has to be provided while ensuring low treatment costs. Furthermore,
these units must be independent from the energy grid, and designed to be robust, reliable and user-friendly
[71].

Adopting ED systems as alternative to traditional chlorination is a compelling option due to its autonomous
operation, safe and easy usage, facility to adapt the setup to diverse settings, and low land usage. When
adopting this novel technology in place of traditional disinfection, a number of considerations must be made.

Similarly to traditional disinfection, the performance is function of the influent characteristics, which in the
case of ED also encompasses the chemical attributes (electrical conductivity and chloride content) of the
water. When these are very low, the energy consumption and efficiency of the system rapidly change, ow-
ing to limited ion diffusion and significant ohmic losses attributable to the increased system resistance [48].
With a focus on Ghana, the main surface water sources of the country are rivers (the Volta River system, the
South-Western River system and the Coastal River system) [110]. Rivers and lakes tend to have low conduc-
tivity levels, and tests conducted at different stations on the Volta basin measured EC as low as 63µS/cm [6].
Combined with water turbidity, which varies depending on the river flow, rains, seasonal factors (higher tem-
peratures increase algae and plankton growth) and basin morphology, the performance of an ED cell can vary
greatly. While altering the characteristics of the influent water (ie., by adding salt to increase the EC) may be
troublesome and compromise the operational simplicity of the ED, it can be argued from the results of this
study that turbidity is the primary factor hindering the chlorine production. Thus, operating on removing
the turbidity, for example by adopting an electrocoagulation cell, could provide a comprehensive treatment
system consisting of technologies using synergistic effects to meet field setting demands.

The main drawback associated to the use of electrochemical systems as compared to traditional disinfection
are the high investment costs (Capital Expenditures (CAPEX)), especially related to the anode, and the opera-
tional costs to run the system (Operational Expenditures (OPEX)) [5] [96]. This research focuses primarily on
the OPEX related to the energy use of the system, as calculated for the performed experiments, with the ob-
jective of comparing the costs in providing electrochemically produced chlorine to traditional chlorination.

Using river water, the RuO2/IrO2 shows an optimised energy use of 0.064 kWh/gchlorine corresponding to op-
erational i =60 A/m2 for the applied q =300 C/L. As of 2023, the price of electricity for Ghanaian households
amounted to 1.65 Ghanaian cedi/kWh [95]. This corresponds to an OPEX of 0.11 Ghanaian cedi/gchlorine, or
0.0073 €/gchlorine. Literature indicates varying chlorine costs depending on the product type. Different prod-
ucts used for chlorination at POU are liquid and tabular chlorine, as well as flocculant-disinfectant [18]. The
most commonly used chlorine tablets reported by Crider et al. (2023) for POU disinfection are the Aquatabs®
brand, which deliver 5 mg/L chlorine to 20L of turbid water for an equivalent cost per unit chlorine of 0.3
€/gchlorine [8] [18]. Thus, the OPEX costs of using an electrochemical system to produce chlorine are 40 times
cheaper than traditional chlorine tablets. Additional specific costs that affect chlorine tablets are delivery,
transportation and staff costs [52]. However, the installation costs for chlorine tablets are basically zero [25].
As compared to chlorine gas, ED is an expensive option but bypasses the safety risks associated with transport
and storage of chlorine gas tanks [25].

OPEX costs on the field can be mitigated by connecting the electrochemical cell to renewable energy sources,
and powering these systems through the use of solar panels is a gaining significant attention in recent lit-
erature [33]. Photovoltaic is a valuable energy source in countries with high solar irradiation, and for sub-
Saharan Africa this resource holds promising potential. According to results from the Solar and Wind Energy
Resource Assessment (SWERA) Ghana Project report, Ghana receives sufficient sunlight to provide between
4 and 6 hours of useful solar energy per day. Assuming Ghana’s solar power potential (irradiation received
by the sun [kWh/surface area receiving the sun per day] x hours of sun) to be 4.5 kWh/m2 and a commercial
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photovoltaic conversion efficiency of 15%, it is calculated that 1 m2 solar panel can produce an estimated
0.68 kWh/d of electric energy in Ghana [87]. This would allow to produce, from the river water tested in this
research, 2.1 m3/day of treated water containing 5 mg/L chlorine. This could provide a small community of
about 50 people assuming a water demand of 0.04 m3/person/day [45]. When compared to the Aquatabs®
tablets, which can provide 5 mg/L chlorine at the equivalent cost of 1.5e/m3 (24.3 Ghanaian cedi/m3), opting
for this alternative would results in savings of 50 Ghanaian cedi/day for the community. However, a signif-
icant implication of a system powered by solar panels is the discontinuous treatment cycle, which impacts
both the continuous availability of treated water and the possible implications in operating an electrochemi-
cal system in on/off mode. A buffer system that can store treated water can mitigate the impacts of intermit-
tent water supply. In this design, treated water is collected in a clean reservoir containing residual chlorine to
prevent re-contamination. The chlorine in the reservoir should be monitored regularly and especially before
water is consumed, to ascertain that it meets the minimum residual chlorine requirement of 0.2 mg/L, which
ensures that all pathogens are removed.

The ED design could also be used to create an in-line system with the highly concentrated chlorine solution
obtained from seawater electrolysis. In-line or passive chlorination, as opposed to manual household chlori-
nation, is commonly done by water passing through slowly dissolving chlorine tablets which gradually release
disinfectant agent, or by liquid chlorine dosers (Figure A8.1). Passive chlorinators are highly valued as they
operate without energy and independently dose chlorine, outperforming manual household chlorination
which relies on user adherence to dosing protocols. Limitations of traditional passive chlorinators include
its reliance to chlorine availability and accessibility, which can be disrupted in the supply chain. Further-
more, the high cost of solid tablets and the variable quality of local liquid chlorine can pose challenges [52].
Dössegger et al. (2021) [23] estimated the cost of passive chlorinators providing 2 mg/L chlorine an average
of 0.54 $/m3, or 8.1 Ghanaian cedi/m3. These costs accounted for maintenance expenses, labor and chlo-
rine refills, and correspond to 4 Ghanaian cedi/gchl or i ne provided. These would indicate much larger OPEX
than electrochemically producing chlorine from seawater (energy use of 0.007 kWh/gchl or i ne corresponding
to 0.012 cedi/gchl or i ne , considering Ghanaian electricity prices). Further research on the implementation of
this system would yield interesting insight.

The CAPEX remain the most significant contribute when adopting electrochemical systems, with the costs
per surface (m2) of the electrodes used in this research ranging between 2000-4000 e for RuO2/IrO2 and
4000-6000 e for Magneli. The cell type used in this experiment (flat-plate electrodes) is a more common
design amongst RuO2/IrO2 and DSA® electrodes, while Magneli cells are more accessible in other design
types.
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Anode Type Experiment Setting Log Removal Chlorine Dose/Residual [mg/L] Effluent Anodic pH Energy [kWh/m3]
Charge Dosage [C/L] Current Density [A/m2] Ecoli Phix Ecoli Phix Ecoli Phix

RuO2/IrO2

E1, φ1 150 16.7 5.4 0.2 1.8 0.5 0.0 6.7 0.41 0.40
E2, φ2 300 16.7 5.5 0.8 4.6 1.0 0.0 6.3 0.87 0.88
E3, φ3 300 33.3 5.3 1.2 5.6 2.3 0.0 6.3 1.36 1.42
φ4 600 33.3 - 5.9 12.4 - 0.2 5.7 - 2.88

Magneli

E1, φ1 150 16.7 4.5 0.3 3.2 1.6 0.0 6.3 0.31 0.36
E2, φ2 300 16.7 5.1 2.5 4.8 2.9 0.6 4.8 0.69 0.79
E3, φ3 300 33.3 5.1 5.1 6.7 3.2 1.4 5.1 3 0.83 1.18
φ4 600 33.3 - 5.6 21.8 - 5.9 3.0 - 2.36

Table 4.2: Summary Table of the disinfection experiments conducted and significant values. LRV with indicate that the pathogen count was below detection limit
for both duplicates of the experiment, while indicates that pathogen count was below detection limit for only one of the duplicates. Values for effluent anodic pH
are averaged over E. Coli and ΦX174, and significant differences (when measured) are indicated.

Water Type Current Density [A/m2] at plateau chlorine Chlorine Produced [mg/L] Effluent Anodic pH Energy [kWh/m3] Energy [kWh/gchl or i ne ]
Seawater 20 33 5.5 0.22 0.007

Brackish Lagoon 30 5.4 6.4 0.24 0.046
River 40 4.5 6.2 0.29 0.066

Table 4.3: Summary Table of chlorine production experiments performed on different water types collected in Ghana, at q =300 C/L.

3Anodic effluent pH measured 6.1 for E. Coli and 3.9 for ΦX174



5
Conclusions and Recommendations

5.1. Conclusions
The electrochemical reactors tested, an active RuO2/IrO2 and a non-active Magneli anode, showed successful
chlorine production in low conductivity waters. The Faradaic efficiency measured for the chlorine produc-
tion at q =300 C/L for the RuO2/IrO2 and Magneli was 11.3% and 12.5%, respectively. For the same current
density (i ), the operational voltage of the Magneli is lower than the RuO2/IrO2, reflecting lower system re-
sistances and associated lower energy consumption. As the current density increased from 7.9 to 42 A/m2,
the difference in voltage increased from being 32% to 37% lower for the Magneli compared to the RuO2/IrO2.
This determines slightly higher energy consumption to acquire a similar output for the RuO2/IrO2.

Both the RuO2/IrO2 and the Magneli demonstrated high bacteria (E. Coli) and virus (ΦX174) removal when
performing chlorine-based ED, with the Magneli providing higher residual chlorine and, at q =600 C/L, also
a higher initial chlorine dose. The anodic pH trend of the RuO2/IrO2 showed higher stability at a constant
q , as compared to the Magneli. The WHO standard for POU technologies of highly protective disinfection
technology for E. Coli was achieved by both reactors at q =150 C/L, i =16.7 A/m2, corresponding to an energy
use per unit of treated water of 0.41 and 0.31 kWh/m3 for RuO2/IrO2 and Magneli respectively. For ΦX174,
the standard was achieved at q =300 C/L, i =33.3 A/m2 for Magneli (1.18 kWh/m3), and at q =600 C/L, i =33.3
A/m2 for RuO2/IrO2 (2.88 kWh/m3). For ROS-based disinfection, the WHO standards were not reached for
any of the tested settings, and the Magneli showed a slight removal of 0.6 for E. Coli at q =300 C/L, i =33.3
A/m3 and 0.9 log for ΦX174 at q =600 C/L, i =33.3 A/m3, which however corresponded to very high energy
requirements for unsatisfactory log removals. In conclusion, the Magneli provided similar log removals for
lower energy consumption, but a more unstable anodic pH trend.

In field experiments, electrochemically produced chlorine was successfully produced in waters with differ-
ent characteristics. Highly concentrated chlorine solution for in-line chlorination is a possibility when per-
forming electrochemical oxidation on seawater, where the high conductivity and high chloride content al-
low the generation of chlorine with low system resistances and associated low energy consumption (0.007
kWh/gchlorine). In lower conductivity river water, for an energy use of 0.33 kWh/m3 a dose of 5 mg/L chlorine
was achieved, which was above the WHO standard of 4 mg/L chlorine for disinfection of turbid waters. Water
turbidity was a limiting factor to the electrochemical chlorine production, and should be removed prior to
the electrochemical system if the aim is to produce chlorine for disinfection.

Implementation of ED in decentralized settings proved to be a cost-competitive technology from an OPEX
perspective when compared to POU disinfection using chlorine tablets, with the electrochemical system pro-
ducing chlorine from river water at a cost that is 40 times cheaper than the equivalent dosage provided by
chlorine tablets. While the OPEX are higher than using chlorine gas, it has important advantages when used
for decentralized settings. It eliminates the need for transportation to restock chlorine product, thus bypass-
ing the safety risks associated to transporting chlorine gas, and the extra costs for manpower and vehicle
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expenses. Additionally, transportation may be a challenge in decentralized settings very hard to reach. Lastly,
the chlorine generated by ED systems tend to be of higher quality than both chlorine gas and tablets, due to
the additional compounds present in the tablets and in the impurities which may form in gas tanks after long
storage periods.

5.2. Recommendations
While the chlorine-based disinfection was well observed and easily comprehensible due to the possibility of
performing chlorine measurements, which established that chloride oxidation was indeed occurring, under-
standing the functionality of the ROS-based disinfection was challenging. The short lifespan of ROS makes it
challenging to measure their formation, making it unclear whether the absence of disinfection in ROS-based
disinfection was due to experimental conditions being too low and/or water parameters being unfavourable
to produce ROS, or if the pathogens were not successfully removed despite the formation of ROS. Perform-
ing additional experiments using an anode potentiostat would yield further information on the processes
occurring in the anodic cells. In general, developing further understanding on the correlation between the
applied i and Eelectrode, particularly for the Magneli, would offer further insights on the different disinfection
capabilities of the reactor.

The issues associated with high turbidity levels in ED source water for the conducted field experiments were
mentioned. When implementing the ED step as post-chlorination, it is necessary to precede it with a tur-
bidity removal process to enhance chlorine production and limit the formation of DBPs. Hand and Cusick
(2021) [33] mention that hybrid technologies coupled with ED to fully treat different waters is a growing re-
search field. The coupling of electrocoagulation and ED is a valid option to provide both turbidity reduction
and disinfection treatment in decentralized treatments using technologies that operate similarly and can be
powered by renewable energy sources.

In the context of using ED as a final disinfection step for drinking water use, the pH of the effluent anodic
water has to be adjusted to fall within the acceptable range for human use (pH between 6.5 and 8.5) [68].
The reactors tested in this research contained a membrane which separated the anodic and cathodic cells.
Removing the membrane would determine a more neutral outflow pH due to the mixing of the OH− gen-
erated at the cathode and the H+ generated at the anode, but keeping anodic pH around 6 maximises the
chlorine present in HOCl form. Therefore, keeping the membrane to have greater control over the anodic pH
and adjusting the effluent anodic pH accordingly is the preferred choice. An alternative set-up which can be
evaluated is bypassing a portion of the anodic effluent to the cathodic cell.

The sensitivity of electrochemical systems to varying water compositions was observed in this study, but the
waters tested were characterised by a high chloride content. Some freshwater sources such as rivers, which
are viable supplies for ED, contain lower chloride content than those used in this study (less than 1 mg/L).
Evaluating the variation in disinfection processes and energy requirement when using freshwater of different
compositions is a viable continuation of this study. Furthermore, this study did not evaluate the removal
efficiency on real water sources, which would provide insight on how the system compares with common
disinfection methods used on the field.

Conducting an in-depth CAPEX evaluation and correlating the findings with traditional disinfection tech-
nologies used in decentralized settings would determine the competitivity of the system with already avail-
able methods. Lastly, evaluating the feasibility and implications of operating the system on solar panels
would help in providing a concrete idea of the implications and benefits of applying the technology to de-
centralized environments.
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A1. Pump curves

(a) RuO2/IrO2 pump curve (b) Magneli pump curve

Figure A1.1: Electrochemical reactors pump curves

A2. Chlorine phases and pH

Figure A2.1: Chlorine species distribution in solution as function of pH, at standard temperature and pres-
sure, Luna-Trujillo et al. (2020) [55]

.
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A3. Anode Materials: Literature overview

Figure A3.1: Anode Materials and properties with regard to the OER. Reference: Martínez-Huitle et al. (2015)
[59]

.

A4. Chlorine production experiments
Charge Dosage [C/L] Current Density [A/m2] HRTRuIr (min) HRTMagneli (min)

300 4 25 12
300 7.9 12.7 6
300 10 10 4.8
300 15 6.7 3.2
300 16.7 6 2.8
300 20 5 2.4
300 25 4 1.9
300 30 3.3 1.6
300 35.7 2.8 1.3
300 40 2.5 1.2
300 42 2.4 1.1
300 25 2.2 1.1
300 47 2.1 1
300 50 2 1
300 55 1.8 0.9

Table A4.1: Chlorine production: Experimental settings
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A4.1. Chlorine measurements for HRT 3 and HRT 30’

Figure A4.1: RuO2/IrO2 chlorine production for two sampling times. Fixed CD=300 C/L

Figure A4.2: Magneli chlorine production for two sampling times. Fixed CD=300 C/L

A5. Electrochemical Disinfection Experiments
A5.1. ED: experimental data points

Setting E.coli Setting Phix q [C/L] i [A/m2] HRTRuIr (min) HRTMagneli (min)
E1 φ1 150 16.7 3 1.5
E2 φ2 300 16.7 6 3
E3 φ3 300 33.3 3 1.5
- φ4 600 33.3 6 3

Table A5.1: ED: Experimental settings
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A5.2. RuO2/IrO2 counts

NaCl Na2SO4

DR Sample Vol (mL) Counts DR Sample Vol (mL) Counts

Influent 100 0.1 3 100 0.1 8
Influent 100 0.1 3 100 0.1 13
Influent 10 0.1 8 - - -
Influent 10 0.1 11 - - -
E1 1 50 1 100 0.1 23
E1 1 100 1 10 0.1 60
E2 1 50 0 10 0.1 22
E2 1 100 2 100 0.1 9
E2 1 100 0 10 0.1 59
E2 1 100 1 100 0.1 7
E3 1 100 1 10 0.1 113
E3 1 100 2 100 0.1 12
E3 - - - 100 0.1 11
E3 - - - 10 0.1 »
E3 - - - 10 0.1 »

Table A5.2: RuO2/IrO2 counts for disinfection experiments of E. Coli

NaCl Na2SO4

DR Sample Vol (mL) Counts DR Sample Vol (mL) counts

Influent 10000 1 100 10000 1 39
Influent 10000 1 71 10000 1 37
Φ1 10000 1 45 - - -
Φ1 10000 1 59 - - -
Φ2 1000 1 149 10000 1 49
Φ2 1000 1 145 10000 1 48
Φ3 1000 1 38 10000 1 54
Φ3 1000 1 64 - - -
Φ4 1 1 1 10000 1 30
Φ4 1 1 0 10000 1 27

Table A5.3: RuO2/IrO2 counts for disinfection experiments of ΦX174

A5.3. Magneli counts

NaCl Na2SO4

DR Sample Vol (mL) Counts DR Sample Vol (mL) counts

Influent 10 0.1 8 100 0.1 38
Influent 10 0.1 16 100 0.1 35
E1 1 50 6 100 0.1 21
E1 1 50 0 - - -
E1 1 100 2 100 0.1 41
E2 1 100 0 100 0.1 40
E2 1 100 0 100 0.1 24
E3 1 100 0 100 0.1 5
E3 1 100 0 100 0.1 19

Table A5.4: Magneli counts for disinfection experiments of E. Coli
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NaCl Na2SO4

DR Sample Vol (mL) Counts DR Sample Vol (mL) counts

Influent 10000 1 48 10000 1 34
Influent 10000 1 58 10000 1 42
Influent 10000 1 30 - - -
φ1 10000 1 30 - - -
φ1 10000 1 26 - - -
φ2 1000 1 5 10000 1 33
φ2 100 1 45 10000 1 29
φ2 100 1 3 - - -
φ2 10 1 32 - - -
φ3 1 1 1 10000 1 32
φ3 1 1 10 10000 1 25
φ4 1 1 0 10000 1 10
φ4 1 1 0 1000 1 81
φ4 - - - 10000 1 2
φ4 - - - 1000 1 33

Table A5.5: Magneli counts for disinfection experiments of ΦX174

A5.4. ORP graphs

(a) RuO2/IrO2 ORP trend (b) Magneli ORP trend

Figure A5.1: ORP trend during electrochemical disinfection

A5.5. Voltage trend

(a) RuO2/IrO2 Voltage trend (b) Magneli Voltage trend

Figure A5.2: Voltage trend during electrochemical disinfection

A6. Disinfectant properties of different oxidants
A6.1. Free chlorine
The release of atomic oxygen (equations ) determine the disinfecting effect of free chlorine [44].
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HClO −−*)−− O+Cl−+H+ (A6.1)

ClO− −−*)−− O+Cl− (A6.2)

A6.2. Sulphate
Sulphate (SO –

42) undergoes anodic oxidation forming peroxodisulphate (S2O2−
8 ) (equation A6.3, an oxidant

species which can then decompose to sulphate radicals ROS (equation A6.4):

SO 2–
4 → S2O 2–

8 +2e− E 0 = 2.44V/SHE (A6.3)

S2O8
2− −−→ 2SO4

• (A6.4)

A6.3. Other ROS
Hydrogen peroxide (H2O2) (Equation A6.5) and ozone (O3) (Equation A6.6) are commonly mentioned ROS in
literature [7]:

2H2O −−→ H2O2 +2H++2e− E 0 = 1.78V/SHE (A6.5)

H2O+O2 −−→ O3 +2H++2e− E 0 = 2.07V/SHE (A6.6)

A6.4. Intermediates of the OER
The overall OER is given as follows:

2H2O(l ) → O2(g )+4H+(aq)+4e− E 0 = 1.23V/SHE (A6.7)

Comninellis (1994) described the mechanism of formation of ROS via the OER intermediates forming at the
anode surface (M), distinguishing between the process occurring in active anode types and the process oc-
curring in non-active anode types [15].

M+H2O → M(OH·)+H++e− (A6.8)

For both anode types, the first step is the oxidation of water on the anode (M) surface to form adsorbed
hydroxyl radicals M(OH·) (physically adsorbed active oxygen) (Reaction A6.8):

From here, the stronger interactions of the OH• with the electrode surface in active anodes will prompt the
formation of the higher metal oxide (MO) (chemically adsorbed active oxygen) (Reaction A6.9).
The chemisorbed active oxygen will then oxidize substances present on the anode surface; however, it com-
petes with the side reaction of the OER due to the chemical decomposition of the higher oxide (Reaction
A6.10).

M(OH·) → MO+H++e− (A6.9)

MO → M+ 1

2
O2 (A6.10)

On the other hand, the weak interactions between the OH•and the non-active anode surface will determine
the direct action of the physisorbed OH•in oxidising substances on the anode surface. Xie et al. (2022) dis-
cusses that the physisorbed OH• desorbs and interacts as solvated OH• with the contaminants in solution
Equation A6.11)[108].
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M(OH·) → M +OH· (A6.11)

This reaction is in competition with the side reaction of hydroxyl radicals oxidation (Reaction A6.12) [58].

M(OH·) → M + 1

2
O2 +H++e− (A6.12)

From the OH•formed, other ROS are formed as described in equations 1.6 to 1.8 A diagram of the full process
of the OER is given in Figure A6.1:

Figure A6.1: Comninellis (1994) ROS formation via intermediates of the OER diagram, where R represents
the organics being oxidised [15]
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A7. Field Experiments
A7.1. Experimental data points

Charge Dosage [C/L] Current Density [A/m2] HRTRuIr (min)
300 5 20
300 10 10
300 20 5
300 30 3
300 40 2.5
300 60 1.5
300 80 1.3
300 100 1
300 120 0.5

Table A7.1: Field experiments: Experimental settings

A7.2. WHO standards for POU technologies
Target Log10 reduction required: bacteria Log10 reduction required: Viruses

Highly Protective ≥ 4 ≥ 5
Protective ≥ 2 ≥ 3

Table A7.2: WHO disinfection standards for viruses and bacteria for POU technologies

A7.3. Characteristics collected water samples
Source Water Type Electrical Conductivity [mS/cm] Turbidity [NTU]

Accra sea Seawater 52.6 0
Kpeshie Lagoon Brackish Lagoon 26.7 37.42 (average)

Densu River River 11.37 7.44 (average)

Table A7.3: Characteristics of collected water types
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A7.4. ORP

Figure A7.1: ORP for the three water types

A7.5. Voltage

Figure A7.2: Voltage for increasing Current Density for three water types tested on the RuO2/IrO2

A7.6. Trend of the pH for the different water sources during electrochemical oxidation
The pH trend for increasing i , as well as the influent pH of each water source, is presented in Figure A7.3:
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Figure A7.3: pH trend for electrochemical oxidation on different water sources at CD=300C/L and increasing
current density i (A/m2)

The three water sources show a stable pH trend for constant q and increasing i .
The pH of all three influents is around 8. For the lagoon and river water, the pH decreases to 6 from i =10
A/m2, and remains stable for all experiments. In the seawater, the pH initially decreases to 3.7 at i = 5 A/m2

(data point not shown in graph), then increases to 5.25 for i between 10 and 30 A/m2. It then remains stable
at around 6 for i between 40 and 120 A/m2.

A8. Passive chlorination

Figure A8.1: Traditional in-line chlorination examples, taken from: Lindmark et al. (2022) [52]
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A9. Pictures of the Set-ups

Figure A9.1: TU Delft Laboratory Set-up (RuO2/IrO2 depicted in picture)

Figure A9.2: Field setting at Kpeshie Lagoon in Accra, Ghana
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Figure A9.3: RuO2/IrO2 Reactor

Figure A9.4: Magneli reactor
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