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New ideas pass through three periods: 
- It can’t be done. 
- It probably can be done, but it’s not worth doing. 
- I knew it was a good idea all along ! 
 
     [Arthur C. Clarke]
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1. Introduction 
 Although the Earth is covered in 75% by water, only a small fraction is fit for internal use by  
people. With intensive industrial and population growth resources of potable water are shrinking in 
hectic pace. Fresh water is consumed both by municipalities and industry. Abundance of the waste 
waters created by industry cause the ecosystem’s natural processes of contaminant degradation to 
become insufficient. The main problem is the diversity of the discharges but also the complexity of 
the substances and its, frequently, toxic character. This obliges us to search for new processes for 
environmental cleanup. Discovery of those processes is necessary for both existing and ongoing 
wastes. 
 While increasing its number, the population is more and more dependent on water resourc-
es. Water is used in agriculture, chemical industry, power plants, heavy industry, refineries, phar-
maceutical and medical and many more sectors. All those activities produce different ways of 
pollution of the water. From the pesticides pollution and excessive nutrition, through organic and 
inorganic wastes, to extremely toxic substances from the chemical and pharmaceutical industrial 
processes.
 To limit the negative effects of industry and to protect remaining water sources several dif-
ferent technologies have been developed and implemented during last century. Mechanical, chemi-
cal and biological treatments are widely known and in use in different parts of the world. Everyone 
of these techniques have advantages as well as disadvantages. E.g. mechanical treatment, still the 
only available treatment technique in third world countries, is one of the cheapest and easiest to 
implement technologies but on the other hand its is not capable of suppressing the toxic and organic 
contaminants. Chemical treatment is expensive and must be implemented in such processes where 
final products of the treatment will not be more toxic than primary unwanted substances. Biological 
treatment is capable of removing a wide range of contaminants but it is very  vulnerable to changes 
in temperature, pH and the character of the pollutants.
 A difficult area remains where low concentrations of persistent molecules are present. The 
potential toxicity of the pollutant creates even more difficulties to design and implement a proper 
cleaning process. Existing  treatment technologies are either ineffective or too expensive in this 
situation. New possibilities that are under development to tackle this problem are known as Ad-
vanced Oxidation Technologies (AOTs).
 Advanced Oxidation Processes (AOP’s) make use of oxidants to reduce Chemical and Bio-
logical Oxygen Demands (COD/BOD) levels, and to remove both organic and oxidizable inorganic 
components. The processes can completely oxidize organic materials to carbon dioxide and water, 
although it is often not necessary to operate the processes to this level of treatment.
On the other hand each AOP has its own disadvantages. Radicals used in chemical oxidation proc-
esses like ozone, hydrogen peroxide and hydroxyradicals are usually not produced in-situ, there-
fore very short living species cause a decrease of the process efficiency. To implement UV/oxida-
tion, the waste streams must have very good UV transmission and the streams must be relatively 
clean of heavy metals and oils to prevent contamination of quartz windows of the system. To start 
the catalytic wet air oxidation the condition of high pressure from 4 MPa (up to 20 and more) and 
temperature of 600 K must be met. Those condition increase the investment and maintenance cost 
causing the technology to become cost inefficient.
 The remedy for the disadvantages of AOP’s may be the implementation of electrical dis-
charges for water cleaning. Pulsed atmospheric discharges are well known for gas cleaning [1.1,1.2] 
but water cleaning has also been investigated. Discharges in water have been extensively studied in 
the 1970’s [1.2], but from a fundamental point of view. In the 1980’s papers on chemical reactions 
due to corona in water started appearing [1.3], followed by many others, e.g. [1.4-1.9]. The clean-
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ing efficiency of the process increases a lot with the addition of Fe-ions due to Fenton’s reaction 
[1.10]. Another way to improve the energy efficiency was investigated in [1.11,1.12] by creating 
the pulsed corona discharge in a closed volume above the water surface.
 Discharge of the electrical energy into a dielectric medium may cause dissociation ioni-
zation and excitation of the species [1.13]. A large number of different radicals is produced (e.g. 
ozone, hydroxy radicals, hydrogen peroxide) accompanied by high-energy electron production and 
UV emission. The designed equipment allows the radicals to be produced in-situ where they can 
directly react with contaminants.
 The electrical discharge for water treatment application may be created directly in the liq-
uid but also in the gas phase with a different electrode configuration. During electrical discharges 
created in the water large amounts of hydroxy radicals are produced but the ozone production is 
fractional. To increase the efficiency of the process bubbling of oxygen is often used providing 
easier hydroxy radical production and also ozone creation. The discharge is created in point-plane 
or point–point configuration where the discharge starts from the point electrode.
 A different approach to the problem is the creation of the electrical discharges in the gas 
phase. In such configuration the discharge becomes the source of ozone, a molecule with highly 
oxidative character. A wide range of highly reactive species like hydroxy radicals, single oxygen, 
metastables and ions also are produced. Ozone and other radicals created in the gas phase are later 
diffused in to the liquid layer or aerosol droplets.

1.1 . Goals of European project  “ytriD”

 Within the framework of European project “ytriD” (EC GRD1-2001-40374) [1.14] the pos-
sibilities of using the pulsed power discharges to treat the aqueous and gaseous waste streams 
have been investigated. The main idea was to design and test a fully portable system which can, 
preferably, with the same type of equipment, treat both liquid and gas waste streams. In general, 
the system may not be capable of removing all of the unwanted substances (convert it to harmless 
compounds), but can work as a first cleaning stage, if later the waste streams will be re-directed to 
the more conventional systems (e.g. bio-treatment). 
 Two reactors for studies on pulsed corona incorporation for waste water treatment are avail-
able. In the first Corona Above Water (CAW) reactor the discharge is created in the gas phase, in a 
wire-plane configuration. The products of the discharge diffuse later into the thin liquid layer. In the 
second reactor contaminated liquid is sprayed in form of aerosols between a system of electrodes 
where the production of the radicals and oxidation/cleaning processes takes place.
 In the project several research institutes and companies have been involved. From Israel, 
the Soreq Institute, which also have been the project leader, provides the main project assumptions 
as well as equipped the partners with power supplies and reactors. ABB-Switzerland provide the 
fast, solid switch for implementation in magnetic compression-based power system (designed in 
Soreq). The Stuttgart Technical University and private company Plasma AG (both German), have 
taken responsibility for testing the system for gas treatment. The TU Eindhoven was responsible 
for the part concerning the water treatment. DeNeef company (Belgium) provided its knowledge in 
the field of liquids treatment and was responsible for the market research.
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1.2. The thesis scope

 The scope of this thesis is an investigation of the applicability of a pulsed corona discharge 
for waste water cleaning. Although the electrical discharges are widely used for environmental ap-
plications those are mainly implementations for gas cleaning. Water cleaning sets new challenges 
in different fields, starting from the design of an efficient power source, the design of a proper 
reactor through the understanding of the physics of the discharge process, to the measurements 
techniques and equipment to examine the efficiency of the system and ending with the chemical 
understanding of the cleaning processes. 

 The thesis objectives are set as follows:
 - Study on possible application of pulsed corona created in air for waste water treatment
 - Design of the Corona Above Water reactor suitable for water treatment with pulsed co-  
   rona
 - Study on conversion of model molecules in CAW and aerosol reactor
 - Design and incorporation of measuring techniques, which allows for process monitoring
 - Investigation of electrical and chemical parameters influencing the process efficiency in
    the CAW reactor and the Aerosol reactor
 - Analysis of process chemistry and its kinetics
 - Comparison of both reactors in terms of ozone production and phenol removal
 - Study on scaling up reactors for large scale applications
 - Search for other, possible applications for the pulsed corona technology.
 
 In chapter 2 the pulsed corona discharge is explained. The principles of pulsed power sup-
plies are considered; the different configurations of the electrodes and its effects are explained. The 
discharge propagation is described shortly. The reactive agents created during the process, as well 
as their impact on model molecules and oxidation pathways are illustrated. Also the comparison of 
the CAW technique and aerosol technique is carried out on the theoretical basis. 
 Chapter 3 describes the steps in the design of the CAW reactor as well as the aerosol reactor. 
In this chapter also the steps in improvements in design of the power sources for both reactors is 
described.
 Applied measuring techniques, both to investigate electrical properties of corona discharge 
and chemical mechanism of the process, and their theoretical basis are explained in chapter 4.
 Chapter 5 represents the experimental results of ozone creation in both reactors and the deg-
radation of the model compounds. The ways of influencing the reactor efficiency is examined. Also 
the direct comparison between two available reactors is made. Finally the results from scaling-up 
are presented.
 In chapter 6 obtained results are discussed and data is compared with work from others. 
Some values concerning chemical process and reactor efficiency are studied. Also the chemi-
cal model with some modelling results is presented. A system study for large scale application is 
shown. 
 The conclusions are summarized in chapter 7. 
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Discharges for advanced oxidation
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2.1. Types of Plasmas, Coronas

 Plasma is considered as the 4th state of matter and consists of ionized and neutral particles. 
Most of the matter in the universe is created from plasma free charge carriers: electrons and ions. 
A plasma phenomena can be encountered in every scale of our experience. Nebulas and stars are 
mostly formed from plasmas. On a smaller scale, on Earth, atmospheric plasmas are encountered in 
the form of aurora lights or lightnings. Plasmas are created and implemented even on smaller scale 
in laboratories or everyday use like TV plasma screens, power circuit brakes and gas discharge 
lamps.
 Based on operational temperatures and energy input plasmas can be divided into thermal 
and non-thermal [1.1]. In thermal plasmas ionization degree is high (id >1%) and the bulk gas, 
bombarded by heavy ions is heated to temperatures beyond 5000 K. In non-thermal plasmas (id 
<< 1%) electrons do not heat the large molecules efficiently so the surrounding gas keeps almost 
the room temperature. In such case the plasma chemistry is driven by the electrons, which cause 
ionization, molecule excitation and production of radicals.
 The advantage of low bulk gas temperature is used when the surroundings of the plasma 
cell must be protected from heat and the kinetics of the process need to be controlled. Another im-
portant advantage is energy savings. Non-thermal plasmas induce processes in many applications. 
They are widely used in e.g. exhaust gas cleaning [2.1,2.2], material processing and coatings [2.3] 
and biological applications [2.4].
 Non-thermal plasmas are usually created by discharging the electrical energy between sets 
of electrodes. In this case the charged species, ions and electrons, gain energy from the E-field. 
Plasmas generated by electric fields may be divided in [2.5] :

direct current (DC) discharge (glow discharges)
pulsed corona  (kHz repetition rate)
radio frequency (RF) plasmas (e.g. 13.56 MHz excitation frequency)
microwave discharges (e.g. 2.54 GHz excitation frequency)
dielectric barrier discharge (Hz-kHz repetition rate)

  Attention should be paid to dielectric barrier discharge (DBD) since it has found place in 
many applications. In DBD devices the AC voltage is applied to the system of electrodes bounding 
a thin space where one or both electrodes are covered with dielectric material layer. At gas pressuresAt gas pressures 
of one atmosphere, gap spacing of the order of millimetres, and the application of alternating high 
voltage (tens of Hz to several kHz), a large number of microdischarges, spread in space and time 
over the electrode area and are created in the gas. These microdischarge streamers are cylindrical 
current filaments, with typical radius of order 100 �m. They last only a few nanoseconds for oxygen100 �m. They last only a few nanoseconds for oxygen 
and air (a few tens of ns for rare gases). Streamers are terminated when charge build-up on the 

•
•
•
•
•

Figure.2.1. Corona in wire-plane configura-
tion (reactor design no.1- see chapter 3).
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2.1.1. Corona creation and streamer propagation

 To create the corona at atmospheric pressure a strong non –uniform E-field is needed 
[1.1]. It is achieved by application of a high voltage to an asymmetric electrode configuration 
in which one of the electrodes should have a small area to strengthen the E-field and to ease the 
discharge initiation.

 To initiate the discharge an ion-electron pair is necessary. Such doublets are usually created 
by cosmic rays (R) [1.1] giving electron densities in order of 106 m-3. Due to the electric fields those 
electrons start moving towards the anode. Due to mass difference the velocities of the electrons are 
much higher than the ions thus in the initial phase of the discharge the ions can be considered as 

Figure 2.2. Steps in cathode directed streamer formation. a- initiation and propagation, 
b-ionization, c-space charge creation, separation and streamer propagation.
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dielectric reduces the electric fielding the streamer to the point where electron attachment becomes 
dominant. The average electron energy for DBD discharges is about 3-6 eV and current densities 
~1kA/cm2. 
 Dielectric barrier discharge is suitable for wide range of applications, e.g. ozone generation, 
surface treatment and modification of plastic foils, textiles and even metals, pollution control, 
sterilization, ultraviolet and vacuum ultraviolet light sources for pumping lasers, AC plasma displays 
and others [2.89]. On the other hand the specification of reactor design influences the process itself. 
The parameters of voltage and current as well as the gap space have to be properly chosen to 
provide the uniform and stable discharge without a transition to the regime where sparks appear. 
Also the fed air has to be dried and filtered. Another problem is the excessive heating of the device 
and necessity of using cooling systems. High temperature affects ozone, lowering its concentration 
and decreasing overall efficiency of the process. Another disadvantage is that the ozone produced 
in DBD reactors has to be later transported to the treatment area. This causes additional challenges 
for proper ozone transportation systems and its introduction in to waste water streams.

Coronas

 A corona is one type of a large diversity of non-thermal plasmas. Corona discharges in general 
are relatively low power electrical discharges that take place at or near atmospheric pressure in 
non-uniform electric fields [2.6]. A corona is generated by strong electric fields (E-field), associated 
with small diameter wires, needles, or sharp edges on a working electrode. The corona appears as 
a dim filamentary discharge propagating from high to low E-field. (Fig.2.1).
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Figure 2.3. Streamer in 4cm air gap in 
point-plane configuration

starts to propagate toward the cathode (Fig.2.2). In other words the positive ions density must be 
large enough to extend the ionization in front of the space charge region by field enhancement for 
the whole interelectrode gap. This type of gas discharge is called streamer. The streamer propaga-
tion is accompanied by branching of the discharge channels. Many streamers may start from one 
anode tip but branching may appear as well later on the streamer path. The number of branches 
varies with conditions. The effect is known since the beginning of corona and streamer research 
but it has hardly been studied till now as mentioned in [2.7]. Pictures 2.3 shows the streamers with 
branches starting from the point anode and propagating in a 4 cm air gap.
 The velocity of the streamer head highly depends on the electric field. Close to cathode, 
where the e-field is stronger and electrons can gain higher velocities, the speed of the streamer is 
higher. Further in the gap the streamers propagate slower. The average speed of streamers recorded 
is in range of 105 m/s. Time and size scales for a streamer corona in a point-plane configuration for 
dry atmospheric air are listed in table 2.1.
 According to [2.7] power source parameters as well as physical properties of the discharge 
area highly influences the discharge propagation, streamer shape and number of branches. In other 
words the evolution of streamers depends on gas composition and electrode geometry, on polarity 
and size of the voltage and also on the electric circuit that produces the high voltage pulse [2.8].

stationary. Electrons taking energy from the electric field or external voltage source gain velocity 
and move away from the ions crating a space charge. This so called first avalanche electrons will 
collide with gas molecules present in the bulk (densities of 1025 m-3) transfer to them part of their 
energy and change the direction of the movement. Depending on the electrons velocities the energy 
transfer can be of various nature: translation, rotation (~0.1 eV), vibration (~0.5 eV), excitation, 
dissociation (~5 eV) and ionization (~10 eV). During molecule ionization a new electron is emitted 
which leads to exponential growth of electrons and creation of the secondary avalanche [1.1]. Dis-
sociation in humid air leads usually to creation of oxidative agents such as ozone (O3) and hydroxy 
radicals (OH*).
 If the electric field close to the anode is strong enough to provide necessary energy for ioni-
zation (~10 eV between two collisions) the process become repetitive and a space charged region 
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2.1.2. Corona polarity and pulsed corona creation

 The polarity of the corona can be either positive or negative. The DC corona is called posi-
tive when the curved electrode has a higher potential than the flat electrode [1.1]. The character 
of the discharge, both positive and negative, highly depends on the applied voltage and electrode 
geometrical configuration [2.6].
 In DC driven coronas with increase of the voltage three different forms of discharge can 
be distinguished (Pic.2.4). For positive a corona in the point-plane configuration when voltage is 
gradually raised, the first ionizing events which are observed are weak glowing cathode-directed 
or positive streamers called onset streamers or burst streamers [2.9]. With increasing voltage the 
streamer activity will stop and steady thin glow will appear close to the anode. The glow referred to 
as Hermstein glow [2.6] is observed only in electronegative gases. When the voltage is raised fur-
ther, again the positive streamers occur but they are glowing stronger and propagate further. Those 
streamers have the greatest ionization character. With the increasing voltage finally the spark will 

   
 Streamer rise time  ~ 1 ns
 Streamer duration  ~ 1 �s�ss
 Repetition period  ~ 1 ms
 Streamer diameter  from ~20 �m to 1 cm�m to 1 cmm to 1 cm
 Electric field   10-19<E/N<10-17 Vm2

 Electron energy  
  head   10 eV
  channel  1 eV
   

Table 2.1. Time and space scales for the streamer corona for gap from 1 to 
100cm

Figure 2.4. Types of positive corona discharge, from left: burst 
corona, glow corona, streamer corona, spark discharge

+

-
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-

+
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+

-
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 For negative coronas in air the first noticeable ionization phenomena is repetitive current 
pulses, called Trichel pulses (Pic. 2.5).  The frequency of those pulses starts at around 2 kHz and 
may reach, before the current become continous, a few MHz. Trichel pulses will be followed by a 
pulseless corona [2.6] and the spark as the voltage increases.

 The spark discharges propagate ions more intensely. It has much higher currents, which 
heat up the gas.  The core of spark channel is dense, high temperature plasma, with a different 
chemistry than the streamer corona. The energy is spent on heating the bulk gas and the advan-
tages of low-temperature plasmas are lost.
 If plasma created by streamer propagation has to be used efficiently for chemical applica-
tions it is necessary to switch off the voltage before or when the streamer breaches the gap and 
arrives on the cathode. It will also prevent the creation of sparking. In commonly used power 
sources for DC corona discharge the current consist of more or less regular pulses with repetition 
rates betwen kHZ an MHz and duration less than 100 ns [1.1]. Those self-repetitive pulses have 
very low current. In order to obtain sufficient radical production the current must be increased by 
externally pulsing the voltage source.
 One very important consequence of the brief duration of the pulse is that it minimizes the 
power normally wasted on ionic migration because the mobility of ions is much less than of elec-
trons [2.10]. It will also prevent the creation of low energy electrons (secondary streamers). Ions 
do not contribute to free radical formation, however energetic electrons do actively promote these 
reactions. Therefore applicable systems are capable of creating pulses with a rise time of tens of 
ns and a duration of hundreds of ns [2.11].

 Actually available power source systems, both laboratory and industrial scale applica-
tions, are capable of producing voltage pulses from few to several hundreds of kilo volts with 
currents of hundreds of amps and repetition rates in the range of khz [2.12,2.13,2.14].

Figure 2.5. Types of negative corona discharge, from left: 
Trichel pulse corona, pulseless corona, spark 
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2.1.3. Electrode configuration

 Electrode configuration plays a major role in different application of a pulsed corona and 
other non-thermal plasmas. E.g. in coating technology, where a high homogeneity is needed, elec-
trodes are implemented in plane-plane configuration with layer of dielectric between the elec-
trodes. This so-called dielectric barrier discharge (DBD) creates a more homogenous plasma above 
the whole treatment area.
 In gas treatment application a large diversity of different electrode configurations is im-
plemented. Wire-wire, wire- plane, wire-cylinder [1.1], and mesh/brush configurations are inves-
tigated and even implemented at the industrial scale [2.1]. In the gas cleaning process where large 
volumes of gas are treated the main reason for the application of different electrode configurations 
is control over the discharge homogeneity [2.12]. On the other hand the applications of the elec-
trodes with sharp pins and edges like brush/mesh systems can increase the E-field generated close 
to the electrode thus decreasing the energy needed to start the streamer propagation.
 In applications for water treatment the electrode configuration follows the same principles 
as for gas cleaning. A large area of the discharge should be provided as well as a strong E-field close 
to the electrode

2.1.4. Electrode placement

 By incorporating the liquid, a dielectric medium, the placement of the electrode highly 
influences the discharge process and its chemistry.
In work of [1.6] and [1.4] the high voltage (HV) electrode is placed directly in the liquid (Fig. 
2.6a). In such configuration the pulsed corona becomes the main source for hydroxy radical [1.4, 
1.6] and others while the ozone production is only fractional. Due to rather small area of the dis-
charge (compared to the discharge in air) and the short life of the species the region of reaction is 
limited only to the streamer channel.  
 The chemical conversion and the efficiency of treatment are rather low because of the 
small diffusion coefficient of the radicals in water [1.11]. Several attempts to increase the ef-
ficiency of the discharge and the number of reactive species created have been performed. This 
can be done by bubbling oxygen or air through the discharge region providing the production of 
ozone and other radicals like O2

- and N2
+ [1.6] (Pic.2.6b). Another way is to incorporate an addi-

tional electrode placed in the air or at the interphase (Pic.2.6c), which works as a source for ozone 
creation [1.6].
 Discharge created in the air, above the liquid surface, showed to produce large doses of 
ozone and to destroy unwanted molecules in the liquid streams, such as phenols and others [1.12]. 
On the other hand the implementation of this technique faces several problems like ozone mass 
transfer between gas and liquid and molecular diffusion from the bulk of liquid to the reaction 
zone.
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Figure 2.6. Different electrode configuration for corona discharge 
in water application

2.1.5. Pulsed corona application

 Because pulsed corona is relatively easy to establish, it has wide applications in variety 
of processes.  For large scale environmental application like gas cleaning and tar removal usually 
the pulsed corona is used because its ability to work at atmospheric pressure and energy transfor-
mation efficiency [2.12].
 Although the corona application for water cleaning is relatively new approach, it is exten-
sively studied on laboratory scale [1.4,1.6] and even successfully implemented [2.13]. 

2.2. AOP’s & oxidizers

 The term advanced oxidation process is defined as the oxidation process, which generate 
hydroxyl radicals in sufficient quantity to affect water treatment. These processes generally use 
a combination of oxidation agents (ozone, hydrogen peroxide), irradiation (UV, ultrasound) and 
catalysts as a means of generating hydroxyl radicals.
 A wide variety of advanced oxidation processes are available:
 -chemical oxidation processes using ozone, hydrogen peroxide, combined ozone & perox- 
  ide,  hypochlorite, Fenton’s reagent etc.
 -ultra-violet enhanced oxidation such as UV/ozone, UV/hydrogen peroxide, UV/air
 -wet air oxidation and catalytic wet air oxidation (where air is used as the oxidant).
 -radiolysis and ultrasonic irradiation
 -electron beams

 Advanced oxidation processes are particularly appropriate for effluents containing refrac-
tory, toxic or non-biodegradable materials [2.16]. The processes offer several advantages over 
biological or physical processes [1.1], including:
 - process operability

HV
a b c

HV HV
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 - unattended operation
 - the absence of secondary wastes (in some cases)
 - the ability to handle fluctuating flow rates and compositions

Oxidizers

 Oxidizers are compounds, which are capable of reacting with and oxidizing other materi-
als. Those compounds are able to remove one or more electrons from the substance and, usually, 
change its chemical formula and physical properties. Oxidizers are widely used in many fields; 
one of them is gas and water treatment. Although large range of oxidants is in use, not every of 
them can be used for environmental application [2.17]. The strongest oxidizer known is xenofluo-
ride (XeF) (ox. potential 3.4 V). Nevertheless it is not commercially attractive because of its high 
price, extreme reactivity and high toxicity in reduced form. For treatment of drinking water the 
most commonly used oxidizer is chlorine [2.18], however it gives the water specific acid taste and 
cause problem with storage and dosage. Also it has an irritating effect on human skin and eyes. 
Every oxidant has its advantages and disadvantages [2.19], therefore there is a need for technol-
ogy capable of producing environmental friendly oxidants at large doses, with minimal costs.
 During the corona discharge large amount of different radicals and active species are 
produced. Discharges in water produce the hydroxyl radical (OH*) and hydrogen atoms (H) from 
water molecules [2.20]. In humid air, in addition, corona discharge creates ozone (O3), singlet 
oxygen (O), hydrogen peroxide (H2O2) and hydroperoxyl radical (HO2) [2.21]. The oxidation 
potentials are shown in table 2.2.

2.2.1. Ozone

 Ozone (O3) is triatomic oxygen. It is distinguishable by a characteristic odor, which was 
first reported by Van Mauren in 1785 in the vicinity of an electrical discharge. The clean, fresh 
odor of air after an electrical thunderstorm is a result of low levels of ozone gas produced in the 
air. In 1840, Christian Schonbein identified this characteristic odor as a previously undetermined 
compound. He named it ozone after the Greek word “ozein” meaning to smell. The identity and 
structure of this compound was confirmed in 1867 as triatomic oxygen. 
 The devices for large-scale ozone generation are based on DBD technique. The first ozo-
nizer has been described by Siemens in 1857. The first commercial application of ozonizer for 
potable water treatment has been reported in 1903. For over a century, this common, atmospheric 
pressure, non-thermal plasmadevices, have been used for generation of ozone. Today, in addition 
to the thousands of water treatment systems using ozone worldwide, it is used in the treatment of 
[2.22]:
 • Industrial and municipal waste 
 • Cooling towers 
 • Public aquaria 
 • Food processing
 • Odor control
 • Swimming pools 
 • Beverage industries

All of these applications take advantage of the extremely reactive and strong oxidizing properties 
of ozone
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Table 2.2. Oxidizing potentials of various reagents

2.2.1.1. Chemical and physical properties

 Ozone always exists in the gaseous form at ambient conditions. The three atoms of oxy-
gen that make up one molecule of ozone are nearly the shape of an equilateral triangle (Fig.2.7). 
The electronic bonding, between each oxygen molecule, is achieved by the sharing of six elec-
trons. Two of them resonate between all three atoms. It is these electrons that participate in the 
electrophillic attack on many substances [2.20]. Although ozone readily reacts with most species 
containing multiple bonds (such as C=C, C=N, N=N, etc.), it does not react with singly bonded 
functionality such as C-C, C-O, O-H at near the same rate. This is, in part, because there is no 
easy chemical pathway for the oxidation to take place [2.22,2.23]. However, ozone does react 
with simple oxidizable ions such as S2-, to form oxyanions such as SO3

2- and SO4
2-. These oxida-

tions are simple and the mechanisms only require contact of ozone with the ion. Consequently, 
the oxidation of these ions by ozone occurs rapidly.
 Ozone is the most powerful known oxidizing agent that can be used on a practical scale 
for water treatment applications [2.24]. For example, the comparative oxidizing strengths of 
ozone, chlorine, and chlorine dioxide are 2.07, 1.36, and 1.275 volts versus hydrogen, respec-
tively [2.25] (see also Tab.2.2). Ozone is fairly stable in dry air and has a half-life of several 
hours in low concentrations (Tab.2.3). In water, ozone half-life is several minutes [2.26]. Because 
ozone is very reactive in an aqueous environment, ozone can oxidize material between 10 to 1000 
times faster than most other oxidants used in water treatment [2.27]. In some instances of organic 
oxidation, the material can be completely oxidized to carbon dioxide and water [2.20]. Pure 
ozone is around 12.5 times more soluble in water than oxygen. Ozone water treatment systems 
traditionally inject air containing 1-2% ozone concentrations into the water [2.28]. At these levels 
the maximum solubility of ozone is between 2 and 6 ppm, respectively depending primarily on 

Figure 2.7. Ozone molecule
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Table 2.3. Typical O3 half-life vs. temperature dissolved in gases and 
water (pH 7)

Table 2.4. Ozone solubility in water 
(Units in mg/l or ppm)

temperature and pressure. For example: 1.5% feed gas (by weight) will have a maximum concen-
tration of about 11 ppm (mg/L) in water at 5 degrees C and 6.4 ppm at 20 degrees C. Doubling 
the concentrations of ozone in the feed gas will double the concentration in water [2.29]. 
 The solubility of ozone depends on the water temperature and the ozone concentration in 
the gas phase (Tab.2.4) as well as pressure and concentration of contaminants [2.30].

   
   
   
   













   
   
   
   
   

2.2.1.2. Ozone formation and production

 Sources of ozone formation can be natural as well as man-made. Ozone present in natureSources of ozone formation can be natural as well as man-made. Ozone present in nature 
is produced by lightings and ultraviolet solar radiation. Ozone is produced also by photochemi-
cal reactions, which take place in smog in large cities. Sources of artificially produced ozone are 
laser-jet printers, scanners and copiers, surface treatment of plastic film and “tanning” beds. For 
big application scale ozone is produced by barrier discharges [1.1]. 

To produce ozone some energy must be provided to dissociate the oxygen molecules. In 
the dielectric barrier discharge large quantities of energetic electrons are produced [2.20]. Those 
electrons, carrying some energy, accelerate by the electric field in the gap space. When an electron 
(e) collides with an oxygen molecule, it gives the oxygen part of its energy. If transferred energy is 
high enough (>5.17 eV) the oxygen molecule dissociates into monoatomic, reactive atoms. Those 
unstable oxygen atoms can attach to other oxygen molecules (O2) and form the ozone (O3) (Eq. 
2.1-2.2)

O2 + h v → O + O   Eq. 2.1
  O2 + O → O3    Eq. 2.2
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2.2.1.3. Ozone generation in corona discharge

The ozone formation with the corona discharge follows the same principles, as with 
dielectric barrier discharge, however the carriers of energy needed for splitting the oxygen bounds 
are electrons instead of photons. The average electron energy in the active zone (streamer head) is 
in range of about Te= 10 eV, which is more than needed for dissociation of the molecules of oxygen 
(5.17 eV), water (5.16 eV) and nitrogen (9.80 eV).
According to [2.20, 2.23, 2.25] ozone in a corona discharge is being produced through two 
different excitation paths in pure oxygen: via excitation of the A3 Σ+

u level (6 eV) (Eq.2.3) and via 
excitation of the B3 Σ-

u level (8.4 eV) (Eq.2.4)

e+O2  e + O2(A
3 Σ+

u) (6 eV)       Eq. 2.3
e+O2  e + O2(B

3 Σ-
u)  (8.4 eV)   Eq. 2.4

O2 + O + M   O3 + M*  Eq. 2.5

Equation 2.5 represents the required reaction where a part of the energy associated with the free 
radical O and O2 is taken away by a third body molecule or at the reactor walls.

In the presence of air and/or water vapor ozone can be destroyed through several reactions 
involving collisions with electrons or atomic oxygen [2.20], reactions with nitrogen molecules, 
water molecules, hydroxyl radicals [2.27] and other ozone molecules. In practice, corona discharge 
generators can obtain ozone concentrations of 1-2% in air, and 3-8% in oxygen. Because the speed 
of ozone destruction by decomposition is proportional to the ozone concentration, producing higher 
ozone concentrations with corona discharge is not feasible [2.26].

According to [2.31] the ozone efficiency production may reach 20-30 g/kWh for dried air 
and 90 g/kWh for oxygen in case of constant voltage (DC corona). Incorporation of pulsed corona 
with short (nanoseconds), rapidly rising (hundreds of ns) pulses changes the dynamics of volume 
charge in the gap increasing the ozone yields. With such corona regimes the ozone yields may be 
as high as 100 g/kWh or even exceed this value [2.32]. Nevertheless, the nowadays commercially 
availably ozonizers are able to produce ozone from dry air with yields between 50-60 g/kWh.

2.2.1.4. Ozone for wastewater treatment

Ozonation of wastewater for disinfection has been industrially used since 1905. At that 
time there was little known about its chemistry and oxidation pathways. Performed studies 
revealed a rather complicated character of reactions between ozone and other molecules, which 
take place in aqueous medium. According to [2.33] ozone in aqueous solution can either directly 
oxidize molecules or initiate oxidation of compounds by hydroxyl free radicals produced from 
decomposition of ozone.

The general reaction of ozone in “pure” water is a radical chain reaction comprised of the 
formation and dissipation of the hydroxyl radical [2.25]. In [2.26, 2.34] several reactions were 
proposed to describe the phenomena of so called Radical-Type Chain Reaction. The most important 
are: the dissociation of ozone (Eq. 2.6), the formation of hydroxyl radical (Eq. 2.7), propagation 
of the chain reaction (Eq 2.8). The chain reaction can be terminated by radical scavengers (Sc) 
reacting with the hydroxyl radical (Eq. 2.9), which lead to an increase of ozone decay in water.



Discharges for advanced oxidation

23

O3 + OH-  HO2
* + O2

-*    Eq. 2.6
HO2

*  H+ + O2
-*     Eq. 2.7

O3  O3
-  HO3

*  OH*     Eq. 2.8
OH* + O3  O3OH  HO2

* + O2
-*   Eq. 2.9

OH* + Sc  ...     Eq. 2.10
O3 + M  Mox      Eq. 2.11
OH* + Mben  Rben

*     Eq. 2.12

In waste water systems part of the ozone directly oxidize dissolved impurities (M)  (Eq. 
2.11). Generally in the ozonation of unwanted molecules in waste water streams 3 steps of ozone 
attack can be distinguished: direct reaction between O3 and impurities (Eq. 2.11), creation of 
hydroxyl radicals (Eq 2.8) and O3 stripping. In addition OH* can either be scavenged or in presence 
of benzenes (Mben) form a secondary stage radical (Rben*) (Eq.2.12). Figure 2.8 showed the 
simplified scheme of primary reaction of ozone in contaminated water.

Figure 2.8. Simplified primary reaction of 
ozone in water

O3

O3 stripped

M Mox

OH*

S R*

The direct oxidation with aqueous ozone is relatively slow (10-5-10-7M-1sec-1) compared 
to hydroxyl free radical oxidation but the concentration of aqueous ozone is relatively high. On 
the other hand, the hydroxyl radical reaction is fast (1012-1014M-1sec-1), but the concentration of 
hydroxyl radicals under normal ozonation conditions is relatively small [2.33] (see section Hydroxyl 
radical).

The acidic character of the solution highly influences the reaction mechanism. Under acidic 
conditions, the direct oxidation with molecular ozone is of primary importance. Under conditions 
favoring hydroxyl free radical production, such as high pH, exposure to UV, or addition of hydrogen 
peroxide, the hydroxyl oxidation starts to dominate [2.33, 2.28].

The rate of reaction between ozone and dissolved compounds depends on the concentration 
of ozone and the concentration of the specific compound in the aqueous phase [2.35]. Ozone 
concentrations used in water treatment are typically below 3 percent, which limits the mass transfer 
driving force of gaseous ozone into the water [2.36, 2.37]. Consequently, typical concentrations of 
ozone found during water treatment range from <0.1 to 1mg/L, although higher concentrations can 
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2.2.2. Hydroxyl radical

The hydroxyl radical (OH*) is considered as one of the strongest oxidants, with an oxidative 
potential of 2.57 eV. The OH* radical is extremely reactive with a half-life in water of approximately 
10-9 second with a radius of diffusion of 20 Α° [2.38]. It reacts very quickly with almost all organic 
compounds through electrophylic reactions affecting the unsaturated bond of e.g. a benzene ring.

The short half-life and the extremely reactive properties highly influence the process of its 
production and applications. Due to its high reactivity, the hydroxyl radical cannot be stored and 
must be generated on site when needed [2.39].

The source of hydroxyl radicals in aqueous solution can be either direct dissociation of water 
molecules (Eq. 2.13) in case of electrical discharges in the water [2.40] or dissociation of oxygen 
molecules (Eq 2.8- see above). In addition a possible mechanism of hydroxyl radicals production is 
dissociation of hydrogen peroxide (H2O2) (eq. 2.14) and through dissociated intermediates of ozone 
decomposition (Eq. 2.15-2.16) [2.41]. Depending on the intermediates e.g. hydrogen peroxide or 
oxygen atoms (O), there are different further pathways for hydroxyl radical creation (eq. 2.17-
2.18).
In practice there are more [2.42] than these mentioned ozone intermediate pathways and it is not 
really possible to describe all of the chemical reaction details.

The chemical reactions of the hydroxyl radical in water with contaminating compounds are 
of four types [2.43]. 

- By addition (eq. 2.19) where the hydroxyl radical adds to an unsaturated compound, aliphatic 
or aromatic, to form a free radical product. 

- By hydrogen abstraction (eq. 2.20) where an organic free radical and water are formed. 
-    By electron transfer (eq. 2.21) where ions of a higher valence state are formed, or an atom 

or free radical if a mononegative ion is oxidized. 
- By radical interaction (eq.2.22) where the hydroxyl radical reacts with another hydroxyl 

radical, or with an unlike radical, to combine or to disproportionate to form a stable 
product.

be attained under optimum conditions [2.27].
The effects of ozone on pollutants normally found in water can be summarized as follows [2.34]:

• Most unsaturated organics and hydrocarbons react rapidly.  
• Hydrogen and/or halogen saturated organics and hydrocarbons react slowly, as does benzene.  
• Phenols, sulfides, sulfites, nitrite, bromide, iodide, hypochlorite ion, proteins, and most 
carbohydrates react rapidly.  
• Ammonium ions, chloramines, hypochlorous, and hypobromous molecules react slowly.  
• The oxidative strength of ozone is not appreciably affected by pH; however, the nature of the 
reactions and the by-products formed can be influenced by pH.
• Aqueous ozone decomposition can result in production of hydroxyl radicals. 
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2.2.3. Hydrogen peroxide (H2O2)

Hydrogen peroxide is a safe, efficient and easy to use chemical oxidant suitable for a wide 
usage for contamination prevention [2.38]. In spite of its high oxidation potential of 1.77 eV, 
hydrogen peroxide is not an excellent oxidant for many organic pollutants [2.45]. The reason for 
that is its instability in water solution and its ability to simultaneously oxidize and reduce itself 
[2.39]. In water environment hydrogen peroxide often decomposes exothermically into water and 
oxygen spontaneously (eq. 2.23) emitting energy of 98.3 kJ/mol.

The primary factors contributing to H2O2 decomposition include: increasing temperature 
[2.42]; increasing pH (especially at pH > 6-8) [1.4]; increasing contamination (especially transition 
metals e.g. iron) [2.43]; and to a lesser degree, exposure to ultraviolet light [2.46]. In most cases, pH 
and contamination work in tandem as the dominant factors. All those factors highly influence the 
decomposition of the hydrogen peroxide. On the other hand with a correct choice of the contactors, 
like iron ions and UV radiation (eq. 2.18) hydrogen peroxide becomes a source of much more 
oxidative hydroxyl radicals. Therefore on application scale hydrogen peroxide is used in AOP’s 
in combination with UV light (H2O2/UV) [2.46] or iron ions (H2O2/Fe2+) better known as Fenton’s 
reactions.

With the half-life of order of microseconds, concentrations of hydroxyl free radicals can 
never reach levels above 10–12 Mol [2.44]. The presence of carbonates ions and t-butanol, well-
known OH* scavengers, can further react with hydroxyl radical lowering its concentration and 
usefulness for AOP’s technology.

H2O  H* + OH*      eq. 2.13
H2O2  (UV) dissociation 2OH*    eq. 2.14
O3 3 O (water)      eq. 2.15
O3  H2O2 (water)      eq. 2.16
O + H2O  2OH*      eq. 2.17
H2O2 +  h v  2OH*      eq. 2.18

OH* + C6H6  C6H6(OH)     eq. 2.19
OH* + CH3OH  CH2OH + H2O    eq. 2.20
OH* + [Fe(CN)6] 

4-  [Fe(CN)6] 
3- + OH –   eq. 2.21

OH* + OH*  H2O2      eq. 2.22

2 H2O2 → 2 H2O + O2 + Energy    eq. 2.23
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2.2.4. Fenton’s reactions

Although Fenton’s reactions are not considered as a stand-alone radical they are the important 
factor in creation of other, oxidation involved, molecules [2.47].
H.J.H Fenton discovered in 1894 that several metals have special oxygen transfer properties, which 
improve the use of hydrogen peroxide generating highly reactive hydroxyl radicals (OH*). Since 
this discovery, the iron-catalyzed hydrogen peroxide has been called Fenton’s reaction. Nowadays,  
Fenton’s reaction is used to treat a large variety of water pollution such as phenols, formaldehyde, 
BTEX, pesticides, rubber chemicals and so on.
 The reaction involves hydrogen peroxide and a ferrous (eq. 2.24) or ferric (eq. 2.25) ion 
catalyst.

For most applications, it does not matter whether Fe2+ or Fe3+ salts are used to catalyze the 
reaction. The catalytic cycle begins quickly if H2O2 and organic material are in abundance. However, 
if low doses of Fenton’s Reagent are being used (e.g., < 10-25 mg/L H2O2), some research [2.47] 
suggests, that ferrous iron may be preferred.

The optimal pH for Fenton’s reactions occurs between pH 3 and pH 6 [2.48]. The drop in 
efficiency on the basic side is attributed to the transition of iron from a hydrated ferrous ion to a 
colloidal ferric species. In the latter form, iron catalytically decomposes the H2O2 into oxygen and 
water, without forming hydroxyl radicals (eq. 2.26) [2.47]. The drop in efficiency on the acid side 
is less dramatic. If the pH is too high, the iron precipitates as Fe(OH)3 and catalytically decomposes 
the H2O2 to oxygen, potentially creating a hazardous situation [2.49].

Fe 2+ + H2O2 ----> Fe 3+ + OH - + OH*   eq. 2.24
Fe 3+ + H2O2 ----> Fe 2+ + OOH* + H+   eq. 2.25

Fe2+ (cat.)  + H2O2  O2 + H2O  (pH >6)    eq. 2.26

The procedure of applying the Fenton’s reactions to treatment process usually requires 
adjustment of the wastewater pH level to pH 3-5, addition of the iron catalyst (as a solution of 
Fe2SO4) and adding slowly the H2O2 [2.50].

Reaction rates with Fenton’s reagent are generally limited by the rate of OH* formation and 
by the character of wastewater being treated. Typical Fe:H2O2 ratios are 1:5-10 wt/wt, though iron 
levels < 25-50 mg/L can require excessive reaction times (10-24 hours) [2.48]. This is particularly 
true where the oxidation products (organic acids) react with the iron and remove it from the 
catalytic cycle. Fenton’s Reagent is most effective as a pretreatment tool, where COD’s are > 500 
mg/L. This is due to the loss in selectivity as pollutant levels decrease [2.50]. A minimal threshold 

concentration of 3-15 mg/L Fe allows the reaction to proceed within a reasonable period of time 
regardless of the concentration of organic material [2.51].

The general conclusion from studies of Locke [1.6], Sato [2.52] and Sun [2.53] concerning 
corona discharge in water is that hydroxyl radicals are generated by both direct formation and 
Fenton’s reaction. Since in those experiments there was no addition of iron solutions it can be 
concluded that iron ions came from metal parts of the setup. Further studies [2.49] revealed the 
important role of Fenton’s reaction chemistry on the degradation of organic pollutants in liquid 
phase pulsed corona reactors.
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2.2.5. Others radicals and oxidants

During a corona discharge either in liquid, or in gas phase, several other radicals and active 
species are also produced. In air, among energetic electrons, more likely derivatives of oxygen and 
nitrogen like O*, O2, O-, O2+, N2*, N, are created [2.54]. In liquid phase species like HO2*, HO2-, 
H+, O*-, OH- appear [1.4, 2.55].

From all derivatives of the oxygen the atomic oxygen (O*), due to its high oxidative potential 
(1.78 eV), seems to be as important as ozone for treatment processes.  Although a large number of 
atomic oxygen is produced during the corona discharge in air, Oda [2.90] showed that the density of 
atomic oxygen is large just below the electrode and decreases greatly along the discharge path. The 
decay time of the atomic oxygen has been recorded to be 200 or 300 �s. This short time indicates 
that the atomic oxygen will convert to ozone after the interaction with the oxygen rather than 
diffuse into the water. Therefore, contrary to flue gas treatment applications where the derivatives 
of oxygen and nitrogen plays an important role. In water treatment, due to short live periods (order 
of magnitude shorter than ozone), their effect is minimal.
In liquid phase the active oxygen-hydrogen compounds, due to their high reactivity and short decay 
time, will more likely oxidize water molecules than impurities, which usually are present in low 
concentrations.

2.3. Model compounds

2.3.1. Phenol

In order to evaluate the efficiency of the corona oxidation process phenol has been chosen 
because of its relatively strong response to oxidation and its solubility in water at different condition 
of acidity. Excessive literature exist on chemical kinetics of oxidation with different AOPs 
techniques [2.57-2.62]. In addition phenol constitutes one of the main pollutants to be removed 
from wastewater, and has become a growing problem recently. It is difficult and in concentrations 
above 1 mMol/L impossible to convert with widely used biological techniques [2.63]. 

Phenol and substituted phenols are used extensively in the manufacture of a wide variety 
of products, such as polymers, fertilizers, adhesives, paints, insecticides, herbicides, antiseptics, 
and explosives [2.64]. Phenols are also produced as by-products in many industrial processes 
(e.g. petroleum, paper, tanning dye and soap industries) [2.63]. Furthermore, phenolic compounds 
are also formed during the natural decomposition of humic substances, tannins, and lignins, and 
photolytic or metabolic degradation of herbicides and insecticides [2.65]. Due to their toxicity and 
persistence in the environment, phenol, chloro- and nitrophenols are considered as priority concerns 
pollutants. Many phenolic compounds are toxic for living beings, easily penetrating through natural 
membranes, causing a broad spectrum of genotoxic, mutagenic and hepatotoxic effects [2.66], and 
also modulating biocatalysed reactions in respiration and photosynthesis  [2.67].
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Polyhydroxybenzenes are products of attack of an oxidative agent on the benzene ring, 
mainly hydroxyl radical. In the first step of oxidation the dihydroxybenzenes (DHB) like catechol 
(1,2-DHB), resorscinol (1,3-DHB) and hydroquinone (1,4-DHB) are created. In the second step of 
oxidation trihydroxybenzenes (THB) are created e.g. hydroxyhydroquinon (1,2,4-THB). Quinons 
are the oxidative products of polihydroxybenzenes. The following quinons are reported: 1,4-
benzoquinone, 1,2-benzoquinone and hydroxybenzoquinone [1.12].

The group of ring-cleavage products, produced by oxidation of polihydroxybenzenes 
and quinons, consist of saturated and unsaturated hydrocarbons. According to Hoeben saturated 
monocarboxylic acids are: formic, acetic, propionic and glyoxylic acid. Saturated dicarboxylic 
acids are: oxalic, malonic, ketomalonic, D,L-malic, succinic, glutaric and adipic acid. Unsaturated 
monocarboxylic acids: acrylic acid. Unsaturated dicarboxylic acids: maleic, fumaric and cis,cis-
muconic acid. Saturated aldehydes: formaldehyde, acetaldehyde and glyoxal.

The oxidation of phenol induced by the radical attack may lead to the formation of 
polymeryzation products. Those products e.g. furans and synthetic humic acids [1.12] are 
characterized by much higher toxicity than phenols thus are unwanted in oxidation process. 
Polimerization usually takes place by an increase of the solution temperature. Due to that effect 
there is a need to carefully control the oxidation process and to avoid a temperature increase. 

The phenol oxidation pathways in presence of ozone and hydroxyl radicals as well as other 
oxidative agents are very complicated and lies beyond the scope of this thesis, however it is worth 
to be mentioned that Hoeben [1.12] showed that the attack of either ozone or the hydroxyl radical 
can be distinguished by the observation of creation of unsaturated carboxylic acids: cis-cis-muconic 
acid and acrylic acid, respectively.

Because of the creation of acids as an intermediate step in phenol oxidation a drop in pH of 

OH OH

or

Figure 2.9. Chemical structure of the phenol.

2.3.1.1. Phenol oxidation pathways

Phenol is a colorless crystalline solid aromatic compound with a typical sweet tarry odor. Its 
chemical formula is C6H5OH and its structure (Fig.2.9) is that of a hydroxyl group (-OH) bonded 
to a benzene ring.
Phenol has a limited solubility in water (8.3 g/100 ml). It is slightly acidic: the phenol molecule has 
a weak tendency to lose the H+ ion from the hydroxyl group, resulting in the highly water-soluble 
phenolate anion C6H5O

−. 
 According to Hoigne [2.33],  Gurol [2.68] and Rice [2.69] ozone in aqueous solution can 
either directly oxidize molecules or react indirectly by hydroxyl free radicals produced during 
decomposition of ozone (Fig. 2.10). The phenol oxidation products, according to Hoeben [1.12], 
can be divided into three groups: polyhydroxybenzenes and quinons, ring-cleavage products and 
polymerization products.
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the solution will be observed. It will highly influence the kinetics of the oxidation process. Increase 
in pH increases the rate of decomposition of molecular ozone into its daughter product the hydroxyl 
radical [2.69, 2.70]. Therefore under acidic conditions (pH<5) the direct attack of ozone on phenol 
becomes predominant [2.71]. Since the phenol solution has a slightly acidic character (pH~5.5 
for 1 mMol/L solution) it is expected that the indirect oxidation of phenol by hydroxyl radicals 
becomes fractional.
 

2.3.1.2 Chemical model

The conversion of a low concentration pollutant in water by ozone can be described in terms 
of rate equations, as described in [2.72]. This model is extended here to include the production of 
ozone in air and its diffusion into the water. For a first approximation only three variables are 
required: the ozone concentration in air, [O3]a, the ozone concentration in water, [O3]w, and the 
phenol concentration, [ph]. Production and loss terms of these variables are given in equations 
2.27-2.29. The S  is the source term for ozone production (in Mol/s) and will be assumed to be 
constant. Its value is taken from the initial rate of rise of the ozone concentration. 

The loss of ozone is described by two terms: gas phase recombination and diffusion 
into water. The recombination constant kR has been obtained from a fit to ozone production 
in ambient air. This one parameter fit gave a good match of both the ozone level and its time 
constant to reach the saturation level. This indicates that the approach used here is a valid one. 
The description of the diffusion process is taken as in [24], where a is the interfacial area per unit 
volume and kL is the mass-transfer coefficient. The ozone concentration in the water also has a 
saturation value, [O3]ws. The gas phase resistance to mass transfer has been taken to be zero.

 The loss of ozone in water is only attributed to reactions with phenol, with kph as the rate 
constant. The values for kL, kph and [O3]ws are taken from [24]. A major assumption behind this 
model is that each variable has one value in the area where it is considered, this is often referred 
to as a well-stirred reactor. This implies that mixing of ozone in air is much faster than the 
transport into water. The model is expected to be applicable to the situation of the CAW reactor.
Its approach may break down in the case of small aerosols, because then there will no longer be a 
thin transition layer between the two compartments containing air and water.

O3

M Mox

OH* M Mox+
decomposition

direct oxidation

Figure 2.10. Ozone oxidation pathways

d[O3]a/dt  = S – kR [O3]a2 – kL a ([O3]ws – [O3]w) eq. 2.27
d[O3]w/dt = kL a ([O3]ws – [O3]w) – kph [O3]w [ph]  eq. 2.28
d[ph]/dt     = –kph [O3]w [ph]                                     eq. 2.29
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 2.3.2. Dyes

Synthetic dyes are indispensable to the textile and dyeing industries. At the same time, due 
to their presence in discharge waters, they create potential danger to the environment because of 
their physical (colour) and chemical (toxicity) properties.

Among all synthetic dyes, azo dyes are the most common, being used up to 90 per cent 
of the time, because they are versatile and easy to synthesize. Azo dyes contain the group of two 
nitrogen atoms -N=N-  connecting aromatic ring compounds. The absorbance of the light by 
the double bonds and aromatic rings of the molecule give the dyes their characteristic colours. 
Azo dyes are usually red, brown, or yellow, and make up about half the dyes produced. Others 
dyes, like methylene blue which contains the thiazine group, are blue to dark blue. Diversity and 
intensity of colors leads to potential problems when discharged it into water streams. In most of 
the cases the color should be removed before the next step of the treatment [2.73].

Further many dyes are toxic and may cause genetic mutations. And because they are 
synthetic, the natural environment does not recognize them and degrade their toxicity easily 
[2.74]. Though man has invented sewage treatment plants to deal with different kinds of man-
made sewage, technology as it is now is unable to degrade the toxic components of dyes well. 
Even a very low concentration of these dyes in industrial effluents is enough to do great damage 
to the environment [2.73]. 

Methods of treating dyes fall into three broad categories: physical, chemical, and 
biological. Physical methods include flocculation, membrane filtration, absorption, electrolysis, 
and electroflotation. Chemical methods involve adding chemicals into industrial effluents to break 
up dyes into tiny spheres that float or sink, or using ion exchange to enable the dyes to stick to 
resin. Irradiation and oxidation are also used. The growing interest is the use of photocatalyst 
[2.75].  Yet none of these methods is ideal. Physical methods require high energy input, while the 
effectiveness of chemical methods and whether these processes generate further wastes are still 
questions that remain unanswered. 

Biological methods involve the use of microorganisms such as bacteria to turn pollutants 
into non-toxic, harmless substances. The drawback of using biosorption to remove synthetic dyes 
from industrial effluents is that there is no satisfactory treatment for the microorganisms that have 
absorbed the dye (change in its cell color) [2.76]. It’s also not practical for treating large volumes 
of contaminated water. 

Ozone to phenol ratio

 The ratio between ozone molecules consumed by phenol solution to the amount of converted 
phenol  can be estimated. Estimation can be made based on equation 2.30:

Where: O3L is a number of ozone molecules consumed by the phenol solution and Phr is the number 
of phenol molecules converted.

 The number of ozone molecules consumed by the phenol solution is equal to the difference 
between ozone molecules transferred in to deionized water solution and number of ozone molecules 
transferred into phenol solution. The necessary information can be obtained from recorded ozone 
profiles.

R =  O3L / Phc   Eq. 2.30
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The answer to the mentioned problems might be the application of a corona reactor for 
dyes destruction in waste water streams. As a test compound the methylene blue ( Fig.2.11) has 
been chosen as a typical dye because of its commonness and data availability [2.73-2.77]. 

Also two other compounds, which belong to the azo dyes group, methyl orange and 
methyl red (Fig.2.12), have also been tested.  
 The oxidation of the dyes molecules usually involved the oxidant attack on the double bond 
between N atoms (azo dyes) or the attack on the sulfinic group (methylene blue). Although the 
crack of dye molecules is sufficient to remove unwanted color, other compounds are created during 
oxidation, sometimes difficult to convert [2.75]. 

N S

Cl

N

N

Figure 2.11. Methylene blue chemical structure

Figure 2.12. Methyl orange (a) and methyl red (b) 
chemical structure

2.3.3. Micro organisms

The contamination caused by microorganisms like bacteria, viruses, spores and fungi become 
a growing problem in different parts of human activity. From municipal waste water treatment 
through food industry to health care system the biological contamination creates potential problems 
both for the ecosystem and for the human health.  

Municipal wastewaters with its abundance of nutritive substances become a favorite medium 
for microorganisms for uncontrolled growth and spread. Disinfection of wastewaters is one of 
primary public health weapons employed to minimize transmission of waterborne infectious disease 
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[2.78]. The heavy industry also is facing a problem of uncontrolled spread of microorganisms. The 
microorganisms present in industrial cooling water systems influence its corrosion character by 
changing the electrochemical conditions at the metal/solution interphase [2.79]. 

The food industry (food processing, packing and storing) may become the source of 
outbreak caused by uncontrolled biological contamination and insufficient sterilization of product 
and equipment [2.80]. 

The medical industry faces the problem of treatment of biologically contaminated wastes 
and equipment all the time [2.81]. 

Since the bio-contamination concerns different aspects of human life several techniques for 
treatment exist. In waste water treatment chlorine is a historically preferred means of sterilization. 
Despite its wide application, several authors [2.78, 2.82, 2.83] inform of its relatively ineffective 
result on removal of some viruses and bacteria. Also chlorine is known with combination with 
other compounds to form toxic by-products, a number of which are mutagenic and cancerogenic 
[2.78].  Industrial cooling system sterilization, where large amounts of highly concentrated chlorine 
complexes have to be used, cause potential threat both for the environment and for themaintenance 
staff [2.84].

For bio-decontamination in the medical industry a temperature treatment in autoclaves is 
used. The disadvantages of this technique are the relatively long time of treatment (>60 min.) and 
the high temperatures. High temperature (120°C) of the process becomes a problem especially 
when heat-sensitive, polymeric medical devices have to be sterilized [2.81].  

Because of those disadvantages the growing factor in wastewater treatment is sterilization 
by ozonation, UV- light and hydrogen peroxide. The ozone and hydrogen peroxide (and hydoxyl 
radicals) affect the membrane of the cell while the UV-light destroys the DNA structure. According 
to Krasner [2.84] ozone appears to be the most effective disinfectant with the least amount of 
dangerous by-products (compared to other chemical compounds). Well-known synergistic effects 
of ozonation, on removal of different organic compounds is the advantage for wider ozone 
implementation in waste water sterilization. Technologies based on ozonation are also applicable 
in food industry [2.80, 2.85]

The corona discharge in air may become an answer for all above-mentioned problems with 
bio-sterilization. With its low-temperature, low-cost operation, ability to produce ozone and UV 
radiation, the corona may be a technology ready to implemented in every process on every scale. 
Another worth mentioned advantage is the operation in high electric fields. As showed in [2.86, 
2.87] the application of short (60-300 ns), intense (15-60kV/cm) pulsed electric fields, is capable 
of affecting both the cell membrane and the DNA structure.  Other authors [2.4] showed that an 
electric field of strength below 1kV/cm is capable of removing bacteria cultivated in laboratory 
environment. 



3
Reactors and power supplies design
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Two concepts for creating a discharge in the heterogeneous media have been explored: 
the Corona Above Water reactor with a TLT-based power system and the Aerosol reactor with 
magnetic compression power supply. During the reactor design process the main goals, which had 
to be considered, were: the design simplicity, low-cost materials and manufacture process, and the 
optimization of the chemical conditions for the oxidation process.

With the implementation of high voltage pulsed power technology parameters like rise 
time, pulse duration, repetition rate, peak voltage, peak current, average power, protection of the 
power supply and costs must be considered. 

The most common circuit is based on the discharge of a high-voltage capacitor into a low 
inductance corona discharge circuit through a switching device [3.1].  According to Yan [2.11] 
four stages in the typical high voltage pulsed DC system can be distinguished:

- a high-voltage capacitor is repetitively charged by a DC supply and discharged via the 
high-voltage switch.

- Pulsed power generation- when the switch is discharged, high-voltage pulse propagates 
via the transmission line towards the corona reactor.

- Pulsed power transmission- the transformer increases output peak voltage but decreases 
output peak current.

- Matching a corona reactor to a pulsed power generator (e.g. making the anode wire long 
enough) – necessary to obtain a high total energy conversion efficiency, initial radical 
production, and reproducibility.

Two techniques that utilize different concepts both in reactors design and power supply are described 
below.

3.1. Corona Above Water reactor

The idea of creating the electrical discharges in the gas phase, where different radicals are 
created, and subsequently diffuse it into the liquid media has been already proposed and investigated 
in detail [1.12]. In this work a cubic reactor made of Perspex, utilizing a matrix of needles (from 
which the streamers start) has proved its usefulness in phenol removal. However, design makes it 
hard to implement on larger, more efficient scale [1.11].

Contrary to mentioned work, the concept of the Corona Above Water (CAW) reactor use 
the system of wires for corona creation, instead of needles. This leads to more uniform corona 
formation in the reactor. It makes it easier to increase the reactor dimensions. Another difference 
is that the multi-pin reactor used a thick layer of water (25mm). The CAW reactor is designed for 
a thinner water layer of 1-4 mm. The idea behind this is that it is expected that ozone will more 
efficiently diffuse into this thin water layer leading to a higher removal yield. It is one of the major 
goals of this thesis to test this idea.

3.1.1. Stages of design

1st design

 Design criteria: batch process; adjustable electrodes; adjustable liquid thickness in the 
reactor; adjustable wire-liquid distance; water volume up to 1 L.
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Figure 3.1.a) 1st CAW reactor design- side view 


 
















Figure 3.1.b) 1st CAW reactor design- top view
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The figure 3.1 shows the first manufactured reactor according to above criteria.
The reactor is fully made of Perspex and consists of two parts. Sheets of 5 mm thick Perspex 

have been cut and glued together such, that the bottom of the reactor has a rectangular shape. The 
upper part of the reactor has also been made from Perspex sheet, in which 4 holes have been drilled. 
Through these openings the brass pipes have been hauled creating a support for the brass bar. Two 
of these constructions placed on the two opposite sides of the reactor, have been connected by 
the system of electrodes. Metal threads connect the electrode bars and brass spheres to which the 

Figure 3.2. Electrode support

electric power is supplied. The reactor is 6 cm high, 8 cm wide and 40 cm long.
The first proposed electrode system utilized threading of a stainless steel wire of 0.4 mm in 

diameter through openings drilled in brass bars. Due to difficulties in adequate parallel alignmentopenings drilled in brass bars. Due to difficulties in adequate parallel alignmentdrilled in brass bars. Due to difficulties in adequate parallel alignment 
of the wires, a second different system of electrodes support has been designed (Fig.3.2). Metal 
stripes 5 mm wide and 2 cm long have been bended and connected to metal screws. Next the 
construction was attached to brass bars.
 the 5 parallel metal wires have a resistance of 0.9 (+/- 0.4) Ohm each. The total system of 
five wires, including all connecting parts has a resistance of 5 Ohm. The total reactor capacitance 
was 65 pF measured with a Fluke RLC meter. 0.5 L of water present gives just over 1 cm of liquid 
thickness.

During the first tests with pulsed voltages several problems have come into sight. With 
the increasing voltage sparks emerge, starting either from the electrode bars or the screws’ heads. 
Covering of the brass parts with plastic partially solved this problem.
Also, due to Perspex’s low UV transparency, the incorporation of an ozone measurement inside the 
reactor was impossible. Therefore a new design was necessary.

2nd design 

Design criteria: incorporation of the ozone measurement system, other improvements

To provide the possibility of in situ ozone measurements two windows have been installedhave been installed 
on opposite sides of the reactor (Fig.3.3). UV transparent quartz glass has been attached and the 
windows have been sealed by silicon o-rings. The changes allow the ozone measurements to be 
carried out directly in the reactor. 














Reactors and power supplies design

37

Long-term tests performed at high voltages and high repetition rates revealed problems 
with excessive sparking. Even the plastic coating of the electrode mounting bars and other brass 
parts did not prevent all sparking. Also the sharp edges of the electrode mountings favor the spark 
initiation. 
Tests taken in presence of liquid medium revealed that during oxidation by the pulsed corona the 
BOD/COD ratio of the solution increased. Since the tests were performed with deionized water 
the reactor itself was the only possible contamination source. Closer examination revealed that the 
source of contamination was the glue used to connect the reactor walls. 
These problems have led to yet another new concept of the design.

3rd design    

Design criteria: avoidance of the glued joints, avoidance of the sparks

To avoid the contact between liquid and glue all reactor walls have been connected by plastic 
screws (Fig.3.4). To preserve the construction stiffness and material hardness walls thickness has 
been increased to 5mm.  
 To avoid sparking a new concept of electrode connectors has been proposed. Four openings 
have been drilled on each side of the reactor. Through these holes the electrode with its support 
system have been installed. The electrode support system consists of brass barrels, connected from 
one side to HV connectors and from the other- with wires. In addition, to avoid  sparks the brass 
barrels have been walled with plastic tubes. Since the whole construction is fixed in one place, to 
maintain the most effective wire-liquid distance of 4 cm, the bottom part has been lowered to 4 
cm. Since the height of the bottom part makes it impossible to install windows, two mountings for 
optical lenses have been incorporated in the upper part of the reactor.

Figure 3.3. Quartz window installment for ozone in situ measurements
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 The increased thickness of the reactor walls allowed installing valves for liquid flow (bottom 
part) and gas flow (upper part) systems.

Tests showed the good spark avoidance by the new design. Nevertheless, the plastic screws 
joining walls provide not adequate sealness and dangerous leaks have been observed occasionally.observed occasionally.occasionally. 
Also the shape and sharp edges of the plate electrode placed under the reactor’s base led to 
punctuation of the plastic by breakdowns in the insulation. These observations led to another 
improved design.

Figure 3.4. a) 3rd CAW reactor design- side view

Figure 3.4.b) 3rd CAW reactor design- top view
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4th design     
  
Design criteria: reactor tightness 

Instead of connecting the reactors walls by any means, the reactors parts have been modeled 
and carved from one piece of perspex. All other solutions concerning electrode installment, 
measuring devices, gas/liquid flow systems remained the same (Fig. 3.5).
 The reactor bottom has been changed slightly to tightly fit the bottom electrode, now withchanged slightly to tightly fit the bottom electrode, now withslightly to tightly fit the bottom electrode, now with 
more rounded edges.  

Figure 3.5. Final CAW reactor design (not to scale)

The reactor is 38 cm long and 8 cm wide. The upper part, with 1-4 electrodes has an inner 
height of 1.6 cm. Connectors for a gas flow system are placed, as well as optical lens holders. The 
lower part, containing liquid, is equipped with inputs for connecting the tubing system of the water 
flow. There are two bottoms with different heights available. They have 1.2 cm and 2.5 cm of inner 
heights, respectively.    
The HV electrodes are made of stainless steel and have a diameter of 0.2 mm. To prevent sparking, 
special wire support have been implemented, as can be seen in figure 3.5. The grounded electrode 
is placed at the bottom, outside the reactor.

The upper reactor element is equipped with valves for connection of the gas flow. A 
polyurethane seal between the two reactor parts assures the reactor gas tightness.
In the bottom part two metal tubes for liquid flow are installed on opposite sides of reactor. The 
reactor is connected to  the phenol measuring device (Fig.3.6) and the pump by a tubing system.
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3.1.2. CAW upscaling

In the 2nd stage of the “ytriD” project the system has been scaled-up to check the possibility 
of obtaining flows and outputs in range of commercial application. 
 Three additional CAW reactors with the same dimensions have been manufactured. The 
reactors have been connected in series with pump and storage vessels (Fig.3.7).
The power system has been connected in parallel, supplying the reactors with equal power (see 
section 5.5.1).

Figure 3.6. Phenol in situ measurement device

Figure 3.7. Scaled-up CAW reactor system 
(V: pulsed power supply)
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3.1.3. Electrical setup

The first concept of the electrical setup was based on the design used by Hoeben [1.12]. 
The energy stored in a 1 nF capacitor is discharged via a triggered sparkgap. It turned out that this 
supply was unable to give substantial energy into the four corona wires of the final reactor setup. 
At 40 kV, where sparking already became a problem, there was still no indication of a real corona 
current. The reason was a bad impedance matching between the high voltage pulse generator (low 
impedance) and 4 wires corona reactor (high impedance) at low current.

A new concept was proposed (Pic.3.8) which utilized a triggered, pressurized sparkgap 
and  a Transmission Line Transformer (TLT).   
 A capacitor (C) of 4 nF is discharged over a transmission line transformer (TLT) via a 
spark-gap switch, with a repetition rate up to about 20 pps. The TLT used here consists of four 
50 ohm coaxial cables. At the generator side, the lines are connected in parallel, thus providing 
a low discharge impedance for the capacitor (50Ω/4=12.5 ohm). At the reactor side, the lines are 
connected in series. This output impedance of 200 ohm (50Ω*4) provides better matching with 
the corona reactor. In addition, the output voltage is increased. The main functions of the TLT 
are: impedance transformation for better matching with a corona reactor, increasing of the output 

Figure 3.8. The CAW electric setup

voltage, and protection of  the switch against shortcircuits and breakdowns. 
A pressurized (2 bar) sparkgap controlled by an additional triggering system fulfills the 

conditions for stable and reliable switching indicated by Yan [2.11]. It is cost effective, with a 
long life-time and an adjustable repetition rate. Moreover, it is immune to a spark breakdown 
inside the reactor or any other kind of short circuit.

This system gives a better impedance matching and much more energy goes into the 
corona pulse at the same voltage on the wire. The average power, pulse repetition rate (pulses per 
second – pps), energy per pulse, and deviation of energy output per pulse are around 1 W, 25 pps, 
50-100 mJ/pulse, and 1%, respectively (see section 5.1.). 

Capacitance and the input impendence of TLT influence the pulse duration. The rise time 
of the voltage pulse mainly depends on the closing time of the switch and its inductance. In order 
to achieve a small switch inductance, the energy storage capacitor C is divided into a number of 
smaller capacitors connected in parallel, which are distributed around the sparkgap. The pulse 
duration within this work is around 50 ns with a rise time of 20 ns.
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3.2. Aerosol reactor

The concept of injecting liquid in the form of an aerosol to treat waste streams has been 
tested and successfully implemented earlier [2.13]. Positive experiences led to continuation of the 
mentioned work. The final concept of the aerosol reactor has been proposed by Soreq. The physical 
basis of that approach favors the application of that technology for both gas and water streams [3.2].both gas and water streams [3.2].gas and water streams [3.2]. 
In the case of water treatment the aerosol form in which the water is treated drastically increased a 
crucial parameter: the surface to volume ratio.

3.2.1. Aerosol reactor design

1st stage 

In the first approach realized at Soreq (Fig.3.9), polluted water (up to 50 L/h) is introduced 
into the reactor through atomizing nozzles (Lechler model 156.326.16.11). It is treated in the 
aerosol phase by a pulsed corona created between a system of electrodes. To obtain the desired 
liquid flows, the atomizing nozzle is fed with a pressurized air at different pressures (2-6 bar). 
The dispersed liquid condenses at the lower part of the vessel. Later it can be collected or, 
through a system of pumps and filters, passed to the second treatment stage (e.g. biological). 
The liquid is fed from the storage tank by gravitation. The aerosol has usually a droplet diameter 
between 10 and 100 microns. 
The reactor itself is a cylinder of 120 L volume fully made of stainless steel. The reactor has been 
equipped with two pairs of windows. The function of the first one, provided with normal glass, 
was to supervise the operation. The function of the other, equipped with UV transparent quartz 
glass, was the in situ ozone measurements.  

The firsts experiments concerning ozone creation revealed that the introduced gas flows 
were too high for the 1st stage Power Supply Unit (PSU I) to efficiently produce ozone and 
maintain sufficiently high concentrations (see Chapter 5.3.2.). To avoid this problem an ozone 
resistant compressor (KNF Diaphragm Vacuum Pump model.N1400.3 A_E) has been installed 
and connected in such a way that the air inside the reactor was continuously circulated. The 
compressor could operate with maximum pressure up to 6 bar.  

2nd stage

To obtain liquid flows up to 200 L/h (the goal of “ytriD” 2nd stage) three additional 
nozzles have been installed (Fig.3.10). A gas and liquid system to connect all nozzles has been 
manufactured. The aerosol system can easily be switched to operate either with one nozzle 
or with four nozzles working simultaneously. The necessity of supplying the nozzles with a 
sufficient amount of air led to return to an external air feeding. 

3.2.2. Electrical setup (stage I & II)

The concept of the electrical setup to produce short duration (nsec) HV pulses is based on 
magnetic compression techniques and solid-state switches.   
Due to the commutation of very intense currents within the short times, the power output from 
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conventional pulse generators is limited by the commutation switch capabilities. Setups based on 
a magnetic compression network can go beyond this limit and, in theory, are able to generate high 
power pulses up to 1 TeraWatt in tens of nanoseconds, with a fairly high repetition rates.

The principle is to generate a long (µsec) pulse with a classical switch and apply it at the 
input of a multistage magnetic compression circuit. Each stage of the magnetic compression will 
reduce the time duration of the pulse, increasing the power of the pulse with a factor from 2 to 10.

Figure 3.9. Aerosol reactor layout
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 Figure 3.11. shows the basic layout for the magnetic pulse compression technique used in 
the power supply of the aerosol reactor. The energy stored in the capacitor C1 placed in the low-
voltage part,  is discharged through transformer T1 and charges the capacitors C2 and C3. Due 
to the saturation of the T1 core, capacitor C2 recharges to the opposite polarity, and the voltage 
across capacitors C2, C3 doubles. The core of the magnetic switch MS saturates, and the voltage 
is applied to the load Z. Due to the presence of a fast, solid state switch (S1-provided by ABB as 
a goal of “ytriD” project) only one compression stage is necessary, which leads to a lowering of 
the unit price. 
 First experiments showed that used in the system inductor I was not suitable for proper 
operation at high repetitions rates and desired voltage values. Substitution of the inductor by 
a system of diodes (D) leads to better energy transformation (see section 6.5) and more stable 
operation at high repetition rates. 

The design of both, the 1st and the 2nd stage electrical setups were based on the 
specification of the switch supplied by ABB (three gate-commutated ABB thyristors p/n 5SGY-
08F4502). The switch specifications for the 2nd stage reactor were as follows: 

•	 Max. Charge Voltage: 9 kVDC
•	 Blocking Voltage: 13.5 kV
•	 Peak Current: 2.5 kA
•	 Max. Turn-Off current: < 10A
•	 Pulse duration: 1.5 �s
•	 di/dt: 6 kA/�s
•	 PRF: up to 1.3 kHz

Figure 3.10. Nozzles alignment at the Aerosol reactor bottom (water [w] 
and air [a] ports in the nozzle)
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PSU I

The power supply unit developed for the 1st stage Aerosol reactor was designed to fulfill the 
following parameters: 

•	 1kW average power;
•	 40kV peak voltage at 120Ω (equivalent load);
•	 risetime 15ns, pulsewidth 100ns;
•	 pulse repetition frequency (PRF) up to 1kHz 
•	 pulse energy in the load up to 1J/shot.

PSU II

For the second phase of the project, the following basic parameters were targeted:

•	 3-5kW average power
•	 60kV at 100Ω (equivalent load)
•	 risetime 15-20ns, pulsewidth 100ns
•	 pulse repetition frequency (PRF) up to 1kHz 
•	 pulse energy in the load up to 5J/shot.

Despite the design goals, during experiments the maximum obtained power was in the 
range of 3 kW. However, experiments showed that the obtained power was more that sufficient 
for successful energization of molecules even at high water flows (200L/h) (see section 5.5 and 
[3.2]). 

Due to the complex character of the design PSU II has been divided into three parts: a 
charger (a 12-kJ/s Maxwell Constant Current Device unit), a HV unit, and a control unit.

More details about both PSU’s, their operation with resistive loads and the switch 
efficiencies can be found in [3.2] and [3.3]

Figure 3.11. Schematic of PSU I and II
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Since the “ytriD” project targeted to design reactors and technologies available for industrial 
application, there was a need to design and implement several diagnostic devices which can provide 
useful information at the experimental stage. They can also be used in future, at the industrial site, 
to monitor the process. 

4.1. Voltage and current measurements

In case of the CAW system the pulse voltage is measured at the anode by means of a 
high voltage Tektronix P6015A (1000x, 3.0 pF, 100 MΩ; compensation box 015-049) probe. The 
current is determined at the anode by a current transformer (Pearson 6055: 1 V/A). In case of the 
Aerosol system, a workshop-made capacitive divider and a Rogowski coil incorporated into the 
HV bushing monitored voltage and current. Data acquisition is performed by a 400 MHz 2 Gs/s 
digital oscilloscope (Tektronix DSA601). Data signals were obtained in a sixfold averaging mode 
with 2 MHz filtering enabled. To avoid interference with the EMC field generated by the spark gap 
the probe cables were shielded with copper non-woven jackets and in addition the oscilloscope was 
stored in a shielded and grounded metal locker.

4.2. ICCD camera

Several experiments were performed for observation of the streamer propagation. Their 
branching and character depending on electrode configuration was studied with a fast ICCD camera. 
The pictures were recorded on an Andor Technology ICCD-452 camera. The CCD camera was 
fitted with a Nikon UV-Nikkor, 105mm f/4.5 lens, to assure that also the UV part of the spectrum 
is recorded.
The main specifications of the camera are :
 • 1024 × 1024 pixels,
 • 13µm × 13µm pixel size,
 • 21µm spatial resolution (determined by the fibre coupling between the CCD and the     
    image intensifier)
 • 2 ns minimum optical gate time,
 • up to 3600× gain,
 • 180–850 nm wavelength range,
 • Peltier cooling to ensure a low and uniform background.

The camera lens is positioned at 90° angle to the discharge area. In this way the observation window 
of 4x4 cm covers the whole discharge area.

4.3. Absorption measurements

Quantitative (concentration, density) ozone measurements were performed by UV absorption 
spectrometry.

When atoms or molecules absorb light, the incoming photon excites them to a higher energy 
level. The type of excitation depends on the wavelength of the light. Electrons are promoted to 
higher orbitals by ultraviolet or visible light; vibrations are excited by infrared light, and rotations  
by microwaves. Depending on the molecule structure, the relaxation of the molecule (to the ground 
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state) may involve radiation-less transfers, fluorescence (see LIF) or phosphorescence [4.1].
 According to the Lambert-Beer’s law the ratio between incoming light (I0) and light 
absorbed by sample (I) is exponential to the concentration of the absorbing molecules (c), the 
optical path length (L) and the absorption cross section (σm) (Eq.4.1)

Figure 4.1. Absorption spectroscopy setup. (A-reactor/
measuring cell, B-lenses with optical fibres)

The setup (Fig. 4.1) consists of a light source and a spectrometer. As a light source a deuterium 
lamp is used. The absorbed light (see Fig. 4.2) passing the reactor chamber (A) is collected by the 
lens (B), which transfers the signal to the Ocean Optics spectrometer (type HR2000).

For ozone quantification the wavelength of 256.7 nm [4.2] is used with corresponding 
absorption rate coefficient of 9.71-18 mol-1. This unique absorption spectrum of ozone provides 
an ideal physical basis for measuring its concentration in the gas phase even in the presence of 
significant quantities of other atmospheric molecules [2.37, 4.3]. The detector integration time is 
set to 300 msec. Figure 4.2 shows the spectrum recorded with and without ozone in the reactor. 

 I / I0 = exp (-L*c*σm)   Eq. 4.1 
or

c = [ln(I0/I)]/ L*σm       Eq. 4.2

Figure  4.2. A spectrum of the deuterium lamp before and after passing the 
measuring cell filled with ozone (dotted line shows the point of measurements).
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4.4. Laser Induced Fluorescence

For conversion measurements of the phenol model compound, Laser Induced Fluorescence 
(LIF) spectroscopy has been used.

Laser Induced Fluorescence is a full-field, non-intrusive, optical technique for obtaining 
concentration measurements of a component within a non-standard medium. In fact usually the 
LIF technique is commonly used to study gases and rarely to determine compound concentrations 
in liquids [4.4]. 

LIF is the optical emission from molecules that have been excited to higher energy levels by 
absorption of electromagnetic radiation. Fluorescence is a quantum mechanical interaction between 
electromagnetic radiation and electrons. A photon of frequency v colliding with an atom will either 
be absorbed or scattered. The probability of absorption is greatest when the energy of this photon, 
hv (where h is Planck’s constant), matches one of the atom’s excitation energies. If the photon is 
absorbed, its energy is transferred to one of the atom’s electrons. The atom is now excited and 
therefore unstable.  In denser gases, liquids and solids, the energy is dissipated by intermolecular 
collisions and emits a band of photon frequencies. If these photons have frequencies within the 
visible spectrum, the material will appear to glow [1.12]. The main advantage of fluorescence 
detection compared to e.g. absorption measurements is the greater sensitivity achievable because 
the fluorescence signal has a very low background [4.5]. For molecules that can be excitedexcited 
resonantly, the LIF-technique provides selective excitation (for specific excitation wavelengths) of 
the analyte to avoid interferences with other components of the mixture [4.6]. The excitation source 
for molecular LIF is typically a dye laser, which is tuned to a specified wavelength to excite desired 
molecules. LIF is useful to study the electronic structure of molecules and to make quantitative 
measurements of analyte concentrations.
 Phenol in aqueous solution when excited at a wavelength of about 270 nm emits the 
maximum fluorescence between 300 and 310 nm. However the excitation wavelength for other 
dihydroxybenzenes is in the same range, but the maximum fluorescence appears above 310 nm 
and is much weaker [4.6]. Figure 4.3 shows the typical fluorescence spectrum for a phenol solution 
with the characteristic peak around 300 nm.

Figure 4.3. LIF spectrum of 0.1 and 0.3 mMol/L  
phenol solution
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As an excitation source a Quantel Brilliant Ultra YAG laser with max 4 mJ/pulse output 
at 266 nm is used. The laser can operate at fixed repetition rates from 1-20 Hz, but it can also be 
triggered externally. The duration of the pulse is about 8 ns. The beam diameter at the detection 
volume is about 4mm. Light emitted from the sample is collected by the lens at an angle of 90o. Next 
the signal is transferred through an optical fiber and collected by the spectrometer- Ocean Optics 
HR2000. The triggering unit is incorporated into the setup providing synchronization between laser 
beam and spectrometer gate opening.  Figure 4.4 shows schematic drawing of the setup. The setup 
can operate either in ex situ or in situ configuration. For ex situ measurements, cuvettes of 1cm 
diameter are used, placed in front of the laser beam. For in situ measurements a quartz container 
(Fig. 3.6) connected with the flow system is used.

Figure 4.4. LIF setup (A- excited sample)

In this thesis a single laser shots were applied with a tuned energy of 4 mJ/pulse. With a 
cuvette diameter of 1 cm the intensity of light was linear over greater range. Figure 4.5 shows the 
calibration curve for a solution of phenol in water varied between 0 to 1.0*10-3 Mol.

The calibration curve shows a good linear fit (R2=0,99). Therefore the error of the 
measurements can be estimated to be below 2% in the calibrated range.
The additional LIF measurements of other hydroxybenzenes like hydroquinon and resorcinol 
(produced during oxidation of the phenol) in water solutions showed no effect on accuracy of the 
phenol concentration measurements as it was mentioned in [1.12]. This effect can be explained by 
a weaker response of these hydroxybenzens to the excitation at 266nm. Therefore in the range from 
0.1*10-3 Mol to 1.0*10-3 Mol the LIF appears to be an effective technique for phenol degradation 
measurements.

Figure 4.5. LIF calibration curve from 0.1*10-3 Mol to 1.0*10-3 Mol
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4.5. High-performance liquid chromatography

As a reference for phenol decomposition measurements with the LIF technique several 
comparison tests were performed with High-Performance Liquid Chromatography (HPLC).

HPLC is a form of liquid chromatography to separate compounds that are dissolved in 
a solvent [4.7]. HPLC instruments consist of a reservoir of mobile phase, a pump, an injector, a 
separation column, and a detector. After injecting a plug of the sample mixture onto the column the 
flow and different adsorbance separates the compounds. The different components in the mixture 
pass through the column at different rates due to differences in their partitioning behavior between 
the mobile liquid phase and the stationary phase. 

Quantification of compounds by HPLC is the process of determining the unknown 
concentration of a compound in a known solution. It involves calibration by injecting a series 
of known concentrations of the standard compound solution onto the HPLC for detection. The 
chromatogram of these known concentrations will give a series of peaks which areas correlate 
to the concentrations of the compounds injected [4.8]. Based on those peaks the set of data is 
generated to develop a calibration curve. Knowing the position of the quantified molecules on the 
chromatogram and the area of their peaks the information about concentration can be calculated.

4.6. BOD/COD ratio

Bio-degradability of a chemical is a measure of how readily that chemical is broken 
down in the environment (typically by bacteria and fungi) into carbon dioxide and water or 
other components that are generally considered as safe for the environment. In determining the 
biodegradability potential of a chemical or mixture of chemicals, industries often compare two 
related analytical tests.The first test, the Chemical Oxygen Demand (COD), is a measure of 
how much oxygen would be required to convert the chemicals in a known volume to their most 
oxidized state. 

The chemical oxygen demand (COD) test is commonly used to indirectly measure the 
amount of organic compounds in water. It is the amount of oxygen consumed to completely 
chemically oxidize the organic mater constituents to inorganic end products. Most applications of 
COD determine the amount of organic pollutants found in surface water (e.g. lakes and rivers), 
making COD a useful measure of water quality. It is expressed in millgrams per liter (mg/L), 
which indicates the mass of oxygen consumed per liter of solution.

COD is an important, rapidly measurable variable for the approximate determination of 
the organic matter content of water samples. Some water samples may contain substances that are 
difficult to oxidise. In these cases, because of incomplete oxidation under the given test methods, 
COD values may be a poor measure of the real oxygen demand. It should also be noted that the 
significance of the COD value depends on the composition of the water studied

The second test, Biochemical (biological) Oxygen Demand (BOD), is a measure of how 
much oxygen will be used up by bacteria and other microorganisms over a given time period 
(usually 5 to 30 days). 

BOD is an indicator for the concentration of biodegradable organic matter present in a 
sample of water. It can be used to infer the general quality of the water and its degree of pollution. 
BOD measures the rate of uptake of oxygen by micro-organisms in the known volume of water at 
a fixed temperature and over a given period of time. The bacteria and other microorganisms use 
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the chemicals as a food source, and thereby also consume oxygen dissolved in the water as part ofdissolved in the water as part ofin the water as part of 
their metabolic process.

BOD is similar in function to COD, in that both measure the amount of organic 
compounds in water. However, COD is less specific since it measures total organic levels rather 
than just levels of biologically active organic matter. Only the combination of results from those 
two measurements gives correct information about environmental toxicity of specific mixture.

The ratio of BOD to COD determines the theoretical biodegradability of a chemical or 
chemical mixture. If the BOD/COD ratio is greater than 0.50 (50%), the chemical or chemical 
mixture is considered to be readily biodegradable. 
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5.1. Voltage and current of the corona discharge

The comparison between electrical pulses of different experiments, both for the CAW and 
the aerosol reactor, revealed their good reproducibility. The value of different pulses stored for the 
same setting of the charging source and frequency showed a difference to be no larger than 4% for 
the CAW reactor and less than 2% for the aerosol reactor PSU. Thus the assumption has been made 
that the pulse energy is constant over the whole time of the experiment.

CAW reactor

Fig. 5.1. shows a typical waveform of voltage and current recorded for the CAW reactor 
filled with 150 ml of de-ionized water. The charger was set to 18 kV and the reactor was equipped 
with 4 wire electrodes, 38 cm each.

As can be seen in Fig. 5.1, the voltage pulse has a duration of approximatelly 50ns with a 
pulse rise time of ~25 ns.  The maximum voltage obtained is ~50 kV at a charge voltage of ~23 
kV, so the transformation ratio is just over 2. The maximum current is 52 A, much higher than 
previously obtained with the switched capacitor. Nevertheless, this implies a minimum corona 
resistance of ~1000 Ω, and the matching of supply and load is still not very good. The oscillations 
after the first voltage pulse demonstrate the imperfect matching but they do not contribute to the 
dissipated power.
Although those oscillations are severe, the analysis of the power curve indicates that they do not 
noticeably influence the total energy value dissipated in the reactor. No significant amount of power 
is reflected back to the power source, as the negative part in the power curve is small. The energy 
per pulse in this particular case has been calculated as 44 mJ.
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Figure 5.1. Typical waveforms of voltage/current(left) and 
power/energy (right) for CAW reactor
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Aerosol reactor

Typical waveforms of voltage and current of the Aerosol power supply unit II (PSU-II) are 
shown in Figure 5.2. The charge voltage was set to 2.7 kV and the repetition rate is 100 pulses per 
second (pps). The corona is operated in ambient air without aerosol present.
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Figure 5.2. Typical waveforms of voltage and current (left) 
and power and energy (right) for Aerosol reactor

The voltage pulse has a duration of approx. 100 ns, with a rise time of <50ns. Oscillations 
visible on the current curve are probably caused by internal PSU noise, or by bad impedanceprobably caused by internal PSU noise, or by bad impedancecaused by internal PSU noise, or by bad impedance 
matching of the recording instrument. Since the voltage curve does not show any oscillations and 
external influence has been eliminated by incorporation of copper shielding on the scope cables, 
bad matching of the oscilloscope is the more likely explanation. For an output voltage of 32 kV a 
current of 230 A has been recorded. The energy per pulse was 200 mJ.

5.2. Power and energy of the corona discharge

The influence of different parameters on the energy per pulse (EP) in the CAW reactor has been 
determined. The parameters can be divided as :

- electrical : charging voltage (Ch.V), repetition rate (rr.), number of wires (No. wires)
- physical : environment (air, deionized water, 1mMol/L phenol solution), distance wire-

surface

CAW reactor

Experiments have been carried out for the reactor filled with: ambient air only, 100 ml of 
deionized water and with 100 ml of 1mMol/L phenol solution. Energy values have been calculated 
for the charging voltages of 18 kV, 20 kV and 22 kV. The number of wires was chosen between 1 
to 4, which corresponds to a length from 38 cm to 152 cm respectively (step 38 cm). The distance 
from wire to surface was varied by addition of different quantities of the solution and differs from 
2.8 cm in the case of a reactor filled with ambient air to 1.36 cm for a reactor filled with 200 ml of 
phenol solution.  

The energy per pulse was averaged for several pulses with a measured variation from shot to 
shot of 4%.
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Table 5.1 shows the pulse energies depending on the reactor parameters. A change in  charge 
voltage influences the energy of the corona discharge (cases 1-3)as expected. Similar trends have 
been observed for the reactor filled with deionized water and different phenol solutions. Varying 
the repetition rate of the pulses has no significant influence on the energy value. However, when the 
repetition rate is set at a small value of 5 Hz (case 4) the energy per pulse dissipated in the reactor 
increased to 61 mJ from 45 mJ (for 10 pps). 
The type of filling does not noticeable influence the value of the energy as can be seen from case 
2,5,6. Although, the presence of different fillings should change the capacitance of the reactor and 
electrical characteristics of the setup, no such effect has been observed. The possible explanation is 
that the eventual difference lies within the measurement error. Even introduction of phenol solution 
(case 8) of 200 ml in volume, with a higher conductivity than deionized water, does not change the 
energy value significantly.
During the experiments, characteristic waves on the liquid surface have been observed. This effect 
is caused by the ionic wind created during the corona discharge. These “wrinkles” on the surface of 

Table 5.1. Energy values for different reactor 
and PSU settings- CAW reactor

the liquid do not exceed 1 mm in height. They probably can change the corona conditions locally,probably can change the corona conditions locally,can change the corona conditions locally,locally,, 
causing small fluctuations in energy per pulse value.

Aerosol reactor

The energy per pulse has been recorded and calculated for different charger and repetition 
rate settings. The corona discharge were created in ambient air, aerosol of 1 mMol/L phenol solution, 
also with addition of  Fe2SO4. Table 5.2. shows the energy values for selected cases.

The energy per pulse increased with the increasing charge voltage (case 3,4,5) as can be 
expected. On the other hand with the increasing repetition rate (case 3,2,1) the total energy per 
pulse decreases (total increases). This trend is less visible at higher charge voltages. This behavior 
can be explained by the fact that the PSU discharging capacitor, at higher repetition rates, has less 
time to fully re-charge. Since with the increase of the discharge repetition rate insufficient time is 
available to charge the capacitor to maximum value and the pulse energy decreases.
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The liquid present in the reactor noticeably influenced the energy per pulse value. Liquid 
presence increased energy per pulse (Ep) from 29mJ in case of the air-filled reactor, up to 160 in 
a phenol-filled reactor. On the other hand,  when the capacitance of the reactor had increased by 
incorporation of highly conductive phenol solution with Fe ions, no effect on energy value has been 
observed (case 6,7).

5.3. Streamer propagation

 Streamer propagation has been observed with the ICCD camera (see section 4.4) , both 
in the point-plane and the wire-plane configurations. To check the influence of the voltage and 
current values on streamers, their shapes and propagation, two electrical setups have been used. 
Experiments have been performed using the TLT setup. For comparison the pulsed power supply 
used in [1.12] and further studied in [2.8] has also been used. This power supply based on the 
discharging of a capacitor is referred to as C-supply.
The C-supply system operated with a voltage up to 45 kV and currents up to 1 A. The energy per 
pulse was around 3 mJ with a pulse duration ~ 200 ns. The TLT-supply operated with voltages up 
to 45 kV, 60 A of current and an energy per pulse of ~ 60 mJ. The pulse duration was ~ 50 ns.

The influence of physical (electrode configuration and length) and electrical (pulse energy 
and duration) parameters on the propagation of the streamer has been investigated. The distancepropagation of the streamer has been investigated. The distancestreamer has been investigated. The distance 
between the electrodes in the case of point-plane configuration was set to 4 cm, in case of wire-
plane configuration to 3.4 cm. The pictures were taken with a gate widths of several microseconds 
in order to integrate all optical emission on the picture. The camera shutter was synchronized with 
the electrical setups’ triggering units. 

First, the streamers were observed in point-plane configuration with the C-supply setup. 
Increasing the pulse voltage from 35 kV to 45 kV leads to an increase in the number of streamers 
created (Fig.5.3). Streamers branch more easily and the discharge occupies a larger volume. The 
average streamer diameter is around 0.3 mm, with velocities < 1mm/ns.

Table 5.2. Energy values for different reactor 
settings- Aerosol reactor
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Next, the TLT-supply has been connected and creation of the streamers has been observed.creation of the streamers has been observed.streamers has been observed. 
The pictures revealed that in the point-plane configuration the streamers have a much larger diameter, 
in some cases above 5 mm (Fig.5.4). The streamers branch less, usually only in the vicinity of the 
anode. The velocities are usually > 1 mm/ns. 
When the cathode is covered with a dielectric (Perspex) layer (thickness equal to CAW reactor 
bottom) the streamers become even more diffuse and the discharge area becomes wider. The 
discharge also spreads over the dielectric surface on the cathode.

Figure 5.3. Streamer propagation in a point-plane 
configuration with the C-supply (35 kV-left, 45 kV-

right, 1 A)

Figure 5.4. Streamer propagation in a point-plane configuration 
with TLT-supply (45 kV, 60 A). Left: with metal cathode, right: with 

dielectric covered cathode
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In the next part of the experiment streamers propagation has been observed in the wire-
plane configuration. The pulse voltage, both for TLT- and C-supply, was set to 40 kV. 
For the experiment the 1st design of the CAW reactor was used, with a part of side wall removed to 
provide UV transparency.

Figure 5.5. Streamer propagation in a wire-plane 
configuration at 40 kV (Left: C-supply, right: TLT-supply)

 As can be observed in figure 5.5, streamers created with the C-supply setup are thinner 
(diameter ~ 0.2 mm) and branch more often. Streamers created with TLT are thicker (~2 mm) and 
almost no branching is visible. An interesting effect appears when streamers, that  have been created 
relatively late, do not propagate towards the cathode but join to conductive channels previously 
created by earlier streamers. This phenomenon has been  described before in [6.7] and discussed in 
more detail in [6.8]

Another effect, observable in both the C-supply and the TLT-configuration, is the propagationboth the C-supply and the TLT-configuration, is the propagation C-supply and the TLT-configuration, is the propagation 
of the streamers in the direction away to the cathode and anode. Part of the streamers propagate in 
this direction, creating a surface discharge on the cover of the reactor.a surface discharge on the cover of the reactor.on the cover of the reactor.  
These surface discharges could lead to contamination due to oxidation of the plastic cover. However, 
extensive BOD/COD tests in the CAW reactor have not shown any effect on the composition of 
deionised water.

Figure 5.6. Beginning and end of the discharge 
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In the next part of the experiment, streamers created with the TLT supply have been observed 
with a shorter exposure times of ICCD camera.  Figure 5.6 shows the beginning and the end of the 
discharge in the wire-plane configuration. 

At the beginning of the discharge the diameter of the streamers is ~ 0.2 mm and the velocities 
are < 1 mm/ns. With the further development of the discharge the diameter of the streamers increases 
to > 2mm. The velocity of the streamers also increases ( > 1mm/ns). Due to the short voltage pulse 
(~ 50 ns) some of the streamers do not reach the cathode and the interesting effect of branching on 
the tips of their channels is visible. Branched streamers again had a diameter of ~ 0.2 mm.again had a diameter of ~ 0.2 mm.had a diameter of ~ 0.2 mm. 

Figure 5.7. View along the wires (single wire-left, 
multiple wires-right)

Next, the reactor has been rotated and pictures have been taken along the wires. As can be 
seen in figure 5.7, streamers observed along the one wire present in the reactor, create symmetrical 
shape with symmetry plane through the wire and perpendicular to the plane. 
Two and more wires present in the reactor affect the streamer propagation process. A streamer-less 
void is visible between two wires (Fig. 5.7- right). It is also observed that the streamers can attach 
to the reactor side walls.

Due to presence of the electrode suspension brass bar that blocks the view, the effect of 
streamer propagation upwards from the anode is not visible at the pictures presented in figure 5.7. 
 Figure 5.8 shows streamer formation above two liquids: deionized water and 0.1 mMol/L 
phenol solution (conductivity= 22µS). Both liquid layers had a depth of 2 cm. Pictures were taken 
while the C-supply system operated at load voltage of 35 kV and current of ~ 1 A. 

The presence of phenol in the liquid influences propagation and creation of the streamers. 
As can be observed, above the phenol solution the number of streamers increase noticeably.
The number of streamers propagated outwards from the anode decreased in both cases, compared 
to the situation without presence of the solution. 
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5.4. Ozone production

The production of ozone in air has been determined using the UV absorption spectrometryusing the UV absorption spectrometry 
for the CAW and the Aerosol reactors for several reactor settings. .

5.4.1. Ozone production in the CAW reactor

Applied voltage and corona repetition rate

The ozone measurements have been performed for corona discharges in an ambient air-
filled reactor at different load voltages viz. 36 kV, 40 kV, 45 kV, which corresponds to charge 
voltages of 18kV, 20kV and 22kV respectively. Figure 5.9 shows the ozone concentration versus 

Figure 5.8. Streamer propagation with the C-supply (above 
deionized water-left, above phenol solution- right)

Figure 5.9. Ozone concentration versus time in 
the CAW reactor filled with ambient air for afixed 

repetition rate
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time. It has been observed that the maximum ozone concentration increases with the increasing 
absolute load voltage. The initial difference in ozone build-up gradient between applied a voltage 
of 40kV (and 45kV) and 36kV is also noticeable, however the difference between 40 and 45 kV 
setting is less intense.

Figure 5.10. Ozone concentration versus time in CAW 
reactor filled with ambient air for fixed voltage value

 Next, the load voltage was set to a fixed value of 36 kV and the ozone concentration in 
ambient air was observed depending on the repetition rate (5 pps, 10 pps and 15 pps). As can be 
seen in figure 5.10 the pulsed corona repetition rate highly influences the ozone concentration after 
300 s.
Due to the rather low repetition rate of thepower supply and the high ozone self-decomposition 
rate, the ozone concentration in the CAW reactor never exceeded a value of 0.09 mMol/L.

Reactor fillings

In the next experiments the influence of different reactor fillings on the ozone concentration 
has been investigated. The reactor was filled with ambient air, 100 ml of deionithe zed water and 
100 ml of 1 mMol/L phenol solution. The load voltage was 40 kV and the repetition rate was set 
to 10 pps.
The ozone concentration above the deionized water is much lower that its concentration in ambient 
air (Fig. 5.11). Similarly, the ozone concentration in the reactor filled with ambient air is much higher 
than the ozone concentration above the phenol solution. The total air volume in case of the reactor 
filled with ambient air is smaller about 100 ml, however such a big difference in concentration 
(0.01 mMol/L O3) can not be explained by this effect only. It is clearly visible that ozone fromonly. It is clearly visible that ozone from. It is clearly visible that ozone from 
the gas phase is “consumed” by the liquids.  The rate of ozone depletion is higher in the case of 
a phenol solution than in the case of deionized water. Therefore, it must be so that the phenol, in 
aqueous solution, consumes part of the ozone produced in the gas phase.

It also can be observed that for a reactor filled with liquid the initial ozone production rate is 
the same and deviates only after ~25s.This effect can be explained by the fact, that the concentration 
gradient of ozone (in gas phase) reached the level when the diffusion of ozone into the liquid can 
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begin. This also indicates that the mass transfer process of ozone into the liquid is diffusion driven.also indicates that the mass transfer process of ozone into the liquid is diffusion driven.indicates that the mass transfer process of ozone into the liquid is diffusion driven. 
The concentration of ozone in the gas phase when this affect appears has been estimated for 0.01 
mMol/L (0.48 ppm).

To clearly verify the effect of solutes on the ozone concentration, three different solutions of 
phenol have been used and the ozone levels have been observed. 100 ml of 0.6 mMol/L, 2 mMol/
L and 3 mMol/L phenol solution have been treated in batch-type reactor configurations with the 
repetition rate of 10 pps and load voltage of 40 kV. Since only a slight difference in ozone levels 

Figure 5.11. The ozone concentration versus time for a reactor filled with ambient air, 100 
ml of deionized water and 100 ml of 1 mMol/L phenol solution.

Figure 5.12 Ozone concentration versus time for reactor filled with 0.6, 2 
and 3 mMol/L 100 ml phenol solutions
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above those solution has been observed, the corona energy was then lowered by half, to around 29 
mJ, by installing a resistor, parallel to the CAW reactor. Recorded profiles of the ozone concentration 
(Fig. 5.12) revealed a difference in ozone levels above the different phenol solutions.
 Equal initial ozone production rates for all three cases start to differ after around 50 sec when 
the ozone concentration above the liquid reach the level of 0.01 mMol/L. The ozone concentration 
above the 0.6 mMol/L phenol solution reaches the level of 0.052 mMol/L after 800s, while, for the 
other two, the ozone concentration reaches 0.042 mMol/L. The small difference in ozone levels 
above 2 and 3 mMol/L phenol solutions are due to energy fluctuations caused by presence of the 
extra resistor in the system. The results indicates that the ozone concentration levels directly depend 
on the concentration of molecules present in the liquid. Since the ozone saturation in deionized 
water is limited, other molecules present in the liquid increase the ozone uptake and lower its 
concentration in the gas phase.

Figure 5.13. Ozone concentration versus time for reactor filled with 50, 
100, 150 and 200 ml 1 mMol/L phenol solution.

Effect of solution layer thickness on ozone generation

The reactor was filled with 50 ml, 100 ml, 150 ml and 200 ml of a 1mMol phenol solution, 
which corresponds to 1.6, 3.3, 4.9 and 6.6mm of liquid layer thickness, respectively. To keep the 
air volume fixed, reactor bottoms with different heights were used. The corona was operated with 
55mJ energy per pulse (40kV load voltage) and a repetition rate of 10 pps. It has been observed 
that ozone concentration above the larger volume of liquid increases faster i.e. the initial curve 
slope is higher for the reactor filled with 200 ml solution compared to reactor filled with less liquid. 
After 300s, the ozone concentration eventually reaches the same level when conversion rate of 
phenol by ozone equals the ozone production rate. As can be seen from figure 5.13, the thickness 
of the liquid layer influences the ozone concentration in gas phase. Since the same concentration 
of phenol molecules is present in the liquid, different ozone profiles are obtained due to changed 
ozone transport properties between the phases. 
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Ozone decomposition rate

 In the next experiment (Fig. 5.14) the corona was turned off after 500s (line A on the graph) 
and the decay of ozone has been observed. As is shown in figure 5.14,  the curves for the ozone 
concentration after corona shut down in the reactor filled with air and the one with water have similar 
slopes. Since, for the reactor filled with ambient air, the main mechanism for ozone degradation is 
its self-decomposition on the walls and in the bulk volume, the slight difference between the curve 

Figure 5.14. Ozone decomposition rate in reactor filled with air, deionised 
water and phenol solution, A- corona off; (38kV, 10Hz, 54mJ/pulse,100 ml 

of  liquid,1mMol/L phenol solution).

slopes can only be explained by the influence of the water layer. However, when the maximum 
level of ozone saturation in water is reached, no more ozone molecules are transferred into the 
liquid phase and the decomposition in volume and at walls becomes dominant.
For the reactor filled with a phenol solution,  a faster decrease of the ozone concentration above the 
liquid is observed. The decomposition curve has an exponential decay.
 The total ozone concentration after 500s has been calculated. In the reactor filled with air 
27mMol of ozone was present. In the presence of deionized water 4mMol of the total ozone created 
had been diffused into the water. The presence of phenol solution decreased that amount, leading 
to 19mMol of ozone in the air, after 500s.

Influence of the liquid flow

To investigate the influence of the liquid flow on the ozone concentration and the mass 
transfer of ozone into the liquid phase, the pump-based flow system has been connected to the 
CAW reactor. The CAW reactor has been operated in continuous flow of 0.3 L/min (18L/h). The 
liquid layer was approx. 3 mm thick. The ozone concentration above the 1 mMol phenol solution 
was measured, with the flow turned on or off.
The ozone concentration in the continuous-flow reactor is significantly lower than in the batch 
reactor for the same amount of liquid present in the reactor (Fig.5.15.). The liquid flow increased 
the ozone uptake by 23% compared to the non-flow situation.
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Ozone production in oxygen atmosphere

As indicated earlier, the application of pulsed corona discharges in pure oxygen may produce 
higher ozone levels. This has been verified by filling the reactor with oxygen.
The load voltage has been set to 40 kV, which corresponds to 55mJ of energy per pulse, with a 
repetition rate of 10 pps. The solution of phenol in 1 Mmol/L concentration has been continuously 
pumped (0.3 L/min) through the reactor and the change in ozone concentration in the gas phase has 
been recorded.
As can be seen in Figure 5.16. the CAW reactor is capable, for a given load voltage of 40 kV and 
a repetition rate of 10 pps, to create ozone with a maximal concentration of around 0.07 mMol/L, 
which corresponds to 3.36 ppm.
The rates of ozone production in pure oxygen, for flow and non-flow situations are almost equal up 
to 35 s from the starting point of the experiment. The visible difference in concentration (saturation 
levels) is caused by the increased ozone uptake by the flowing phenol solution. Maximum 
concentrations are different in both cases, but the similar gradients of initial concentration curvesin both cases, but the similar gradients of initial concentration curves, but the similar gradients of initial concentration curves  
indicate that the rate of ozone creation by pulsed corona discharge is higher than the reaction rate 
between phenol and ozone as well as the diffusion rate of ozone into the liquid (accompanied by 
incorporation of the flow).
The initial ozone creation rate in the oxygen atmosphere has been calculated from the initial slope 
to be 0.48 g/s, and in the case of ozone concentration in the ambient air (for the same discharge 
condition) to be 0.192 g/s.
The introduction of a flowing 1 mMol/L phenol solution lowers the ozone concentration in the gas 
phase by 15 % to the level of 0.06 mMol/L.
 In the reactor filled with oxygen, the ozone concentration reaches a level of 0.01 mMol/L 
(the point where diffusion probably starts) after 5 s, which corresponds to the ozone concentration- 
in case of reactor filled with ambient air- of 0.0023 mMol/L, which is approximatelly 4 times lower. 
Since the oxygen concentration in ambient air is only 20% of the total volume, the obtained result 
shows a direct effect of the initial oxygen concentration on the ozone production rate.

Figure 5.15. Ozone concentration above 1 mMol/L phenol 
solution with and without liquid flow
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Ozone production and corona polarity

The TLT power supply was redesigned such that the polarity of the corona changed. At the 
same time, the pulse energy remained the same. This allowed to study the influence of the corona 
polarity on the ozone production process. 
 Figure 5.17 shows the typical results of experiments (here for 2 wires over 150 ml of water 
solution). As can be seen from the figure, no significant difference has been observed. 

Figure 5.16. Ozone concentration versus time in reactor filled with 
oxygen (with and without liquid flow of 1mMol/L phenol) and air

Figure 5.17.  Ozone production in CAW reactor with positive and negative 
corona.
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Ozone production by DC corona

To investigate the different energization methods, the positive DC power source was 
connected to the CAW reactor and ozone concentration profiles were recorded. Figure 5.18 shows 
the ozone concentration in the CAW reactor using DC energization. In this case, a stainless steel 
wire in the water is used as a cathode instead of the metal plate below the dielectric bottom. To 
verify the influence of the reactor fillings on the ozone concentration above the liquid, the DC 
corona was operated in ambient air, deionized water and 1 mMol/L phenol solution. The current 
was adapted to result in an energy consumption by the discharge of 2 Watt. In comparison theby the discharge of 2 Watt. In comparison theof 2 Watt. In comparison the 
ozone concentration profile of the pulse corona operated with 10 pps repetition rate, load voltage 
of 40 kV and the same polarity is showed in the same figure.

Figure 5.18. The ozone concentration in the CAW reactor using 
DC energization.

Both energization methods reach more or less the same final ozone concentration. The DC 
energization time, required for reaching 90% of the saturation level, is ~1000s, which is 4x longer 
than for the pulsed corona. The ozone production rate of 9.6*10-5 mMol/s (from DC corona-air 
curve) has been calculated. During the experiment the temperature inside the reactor as well as 
the temperature of its walls increased, indicating that a significant amount of the energy dissipated 
during the DC corona is spent on bulk gas heating.

5.4.2. Ozone production in the Aerosol reactor

Voltage load and corona repetition rate

Ozone measurements were performed for corona discharges in an ambient air-filled reactor 
at different charge voltages viz. 2.0 kV, 2.3 kV, with a fixed repetition rate of 500 pps. The reactor 
operated with the air inlet and outlet closed. Figure 5.19 shows the ozone concentration versus 
time.
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 The reactor settings  with charging voltage and repetition rate, 2.3 kV and 500 pps, 
respectively, lead to the best results. Again a maximum concentration asymptotic value of 0.08 
mMol/L is obtained after ~150 s. A linear rise to 0.02 mMol/L requires only 20 s. A lower ozone 
production rate is visible for the charge voltage of 2.0 kV. 
Since the ozone concentration increases with the increase of the charging voltage the obtained 
results show the direct relationship between the energy per pulse value and the ozone production 
rate.

Figure 5.19. The ozone concentration versus time in Aerosol reactor for 
500 pps repetition rate (charge voltage indicated)

In the next part of the experiment, the charging voltage has been set to a fixed value of 2.0 
kV and the repetition rate of the pulsed corona has been varied. The energy per pulse was estimated 
for all cases to be ~ 75 mJ.  The reactor was operated in ambient air, with an external air feed. The 
air pressure at the nozzle has been set to 1 bar, which corresponds to 15 m3/s.
Figure 5.20. shows a direct dependence of the repetition rate on the ozone production rate. With 
increasing repetition rate the ozone concentration in the reactor increases.

A level of 0.01 mMol/L ozone concentration, for 2.0 kV charging voltage and 500 pps 
repetition rate settings, has been obtained after ~120 s. In comparison: this value of ozone 
concentration with the reactor operated without external air feed (Fig.5.19) has been obtained after 

Figure 5.20.  The ozone concentration versus time in Aerosol reactor 
with external air feed at charge voltage of 2.0 kV(repetition rate 



















        









































    




























Chapter 5

72

20 s, which is 3 times faster. Also during experiments with liquid solutions present in the reactor 
very high ozone levels at the outplet have been observed. This leads to conclusion that the air flow 
rate needed for proper operation of the aerosol nozzle is too high and large amounts of ozone are 
flushed out of the reactor even before ozone molecules have time to react with pollutants.

To prevent the loss of ozone, a compressor has been installed in a re-circulation system 
and its effect on the ozone concentration has been measured (see section 3.2.1) The corona was 
operated at arepetition rate of 200 pps and 2.0 kV charging voltage, which corresponds to ~75 mJ/
pp Ep. Figure 5.21. shows the ozone concentration versus time for the reactor operated with: all 
valves closed (air off), feed of external air (2 bar nozzle pressure) and compressor on (2 bar nozzle 
pressure).

In case of external air feed, incorporation of the compressor into the system increased thencorporation of the compressor into the system increased the 
maximum ozone concentration in the reactor about 4 times, from the value of 0.023 mMol/L. The 
ozone concentration with operating compressor again reached the asymptotic value of 0.08 mMol/
L. In the air off case even higher concentration of ozone of above 0.16 mMol/L concentration, 
were obtained. At this concentration, sparks started to appear. Therefore, in the next experiments, 
in order to avoid PSU damage due to spontaneous sparking, the power supply has been turned off 
at this ozone level.

Figure 5.21. The effect of the compressor on the ozone concentration in 
aerosol reactor (Charge voltage 2.0 kV and 500pps)

Power and energy of the pulsed corona

To verify the observation of the influence of the corona repetition rate and load voltage on 
the ozone production, such power supply settings have been chosen that the value of dissipated 
power in the reactor is constant while varying the energy per pulse and pulse repetition rate. The 
corona operated with 50 watt power in four configurations: 1000 pps- 50 mJ, 500pps- 100 mJ, 200 
pps- 250 mJ, 200 pps- 100mJ. The reactor operated with the compressor at 2 Bar pressure at the 
nozzle.
 Figure 5.22 shows the time recorded ozone concentration profiles. With the setting of 200 
pps and 100 mJ (20W) the ozone concentration after 200 s reach 0.017mMol/L. With increasing 
power of the corona the ozone concentration increased. It is clearly visible that the highest ozone 
concentration and its highest initial production rate is obtained with the configuration of 250 mJ 
per pulse and the repetition rate of 200 pps. Increasing the repetition rate but lowering the Ep value 
(100 mJ-500pps setting) leads to a decrease in ozone concentration by 42% from 0.068 mMol/L to 
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0.04 mMol/L after 200 s of energization. With 1000 pps repetition rate and 50 mJ per pulse, ozone 
levels were lower by 71% (0.02 mMol/L). The obtained results show a direct dependence between 
energy of the corona pulses and its capabilities of producing ozone from air.

Diode installation

After installation of the additional diodes in the PSU-I (see section 3.2.2), the ozone 
production in the reactor has been measured. The corona operated in 500 pps setting and 2.0 kV 
charge voltage which corresponds to an Ep of ~300 mJ.
To confirm the reproducibility of the obtained data, two tests were performed with exactly the same 
setting for the PSU and reactor (Fig.5.23). Air was re-circulated by the compressor operated with 
2 Bar pressure at the nozzle.
After diode installation the ozone concentration in the reactor increased. After 50 s of energization 
the ozone concentration level of 0.06 mMol/L has been obtained, which is 3 times faster than with 
the previous PSU configuration (see Fig.5.22). The asymptotic value of around 0.12 mMol/L was 
reached before the corona had to be turned off due to sparking. It was the highest concentration 

Figure 5.22. The ozone concentration versus time in the Aerosol 
reactor for fixed power value (Ep and repetition rate indicated)

Figure 5.23. The ozone concentration versus time after diode 
installation (Ch.V and f indicated, Ep= ~300 mJ). (Reproducibility 

test)
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obtained. It corresponds to an ozone concentration of 5.7 g/m3 and production of 207 mg/h.
Two following tests revealed a very good reproducibility of the data obtained, indicating that, afterdata obtained, indicating that, afterobtained, indicating that, after 
installation of additional diodes, the PSU is able to feed more energy to the corona and it operatesadditional diodes, the PSU is able to feed more energy to the corona and it operates 
in a more reliable and stable manner.

 
5.5. Phenol removal

5.5.1. Phenol removal in the CAW reactor

Several experiments with phenol removal have been performed. Parameters such as phenol 
concentration as well as pH, temperature and ozone concentration above the treated solutions have 
been monitored.

Effect of electrode length on ozone generation and phenol removal

For this experiment, the reactor was equipped with one, two, three or four electrode wires. 
All the measurements were taken for the same value of energy per pulse (55 mJ). A noticable 
difference in ozone production has not been observed, above the solution for the four differenthas not been observed, above the solution for the four different, above the solution for the four different 
electrode lengths. However, as can be seen in figure 5.25, there is a noticeable influence on the 
phenol removal. The difference in phenol removal between the shortest electrode and the longest 
one is 13% (calculated after 5 min treatment time). 

  
Effect of solution layer thickness 

The reactor was filled with 50 ml, 100 ml, 150 ml and 200 ml of 1mMol phenol solution, 
which corresponds to 1.6, 3.3, 4.9 and 6.6mm of liquid layer thickness, respectively. To keep the air 













     
















Figure 5.25. The effect of the electrode length on the phenol removal
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volume fixed, reactor bottoms with different heights were used. The surface area, constant during 
all the experiments, was 304 cm2. The corona operated with 55mJ energy per pulse and a repetition 
rate of 10 pps. The experiment ran in batch configuration without gas flow.

Figure 5.26 shows the dependence of the phenol removal on the liquid volume. Although the 
relative removal goes down with an increasing amount of liquid, the total amount of the removed 
phenol increases. This is in agreement with the experiment with exponential decay of phenol as 
observed by Hoeben [1.12]. Table 5.3 shows that the phenol removal yield increases a factor 3 
when the layer thickness increases a factor 4, i.e. an almost proportional dependence.

A plot of the surface to volume ratio versus the percent of the removal showes an exponential 
dependence between those two parameters. Figure 5.27 shows the obtained results with fitted 
exponential curve (R2=0,97). As can be observed, increasing the volume of the treated liquid 
(surface area fixed) leads to a decrease in the percentage of phenol removal. 

Figure 5.27. Surface/volume ratio versus % of phenol 
removed















     













Figure 5.26. The effect of solution volume on the phenol removal
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Effect of liquid flow on phenol removal

The reactor was connected to a pumping system with a continuously circulating solution.
The performed tests show that, for liquid velocities above 0.5 L/min, the solution surface is highly 
disturbed.  The distance between electrodes and the liquid surface was changed so drastically that 
sparks start to appear.  To avoid this effect the liquid flow was set to 0.3 l/min. The corresponding to 0.3 l/min. The corresponding 

 Figure 5.28. the ozone concentration above the flowing solution

liquid layer was approx. 3 mm. The ozone concentration above the 1 mMol phenol solution was 
measured (Fig.5.28), both with the flow turned on and off. After 5 min, samples of the phenol 
solution were collected to measure the removal rate.
 Due to additional mixing of the flowing liquid, the ozone was transferred more easily into 
the liquid bulk. The liquid flow increased the ozone uptake by 17%, compared to the non-flow 
situation. At the same time, the phenol conversion increased by 7%, from 45% to 52% (Table 
5.3).

Air, oxygen and argon atmosphere phenol removal

The reactor was filled with air, oxygen and argon gas, respectively, and 1 mMol/L phenol 
solution. The corona operated with 10 pps repetition rate at 40 kV charging voltage (Ep=55mJ). 
Samples were  collected after 1,2,3,4,5,6,7,8,9,10,15,20and 30 min and the phenol concentration 
was measured.
As can be seen in figure 5.29, after 30 min. of corona operation in an air atmosphere 80% of the 
phenol has been removed. Introduction of an oxygen atmosphere in the CAW reactor leads to a 
decrease in treatment time (~99% in 15 min.). The  increase in removal of approx. 30% is noticeable 
compared to a corona in ambient air.
The phenol conversion by the corona operated in argon appears to be higher than the conversion in 
air. The increase in phenol removal is in range of 20% compared to treatment in ambient air. With 
corona operated in an argon atmosphere, 85% of phenol has been removed after 15 min compared 
to 78% in air. 
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Figure 5.29. Phenol removal in ambient air, oxygen and argon 
environment
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Figure 5.30. % of removal versus phenol concentration for corona 
operated in air

 Since after 5 min the ozone concentration above the liquid becomes stable (asymptote 0.08after 5 min the ozone concentration above the liquid becomes stable (asymptote 0.08the ozone concentration above the liquid becomes stable (asymptote 0.08 
mMol/L) the only parameter that  changed during the experiment is the phenol concentration. 
As can be seen from the phenol conversion curve for a corona in air, the phenol conversion ratio 
decreases with the treatment time. The percentage of removal plotted versus phenol concentration 
(Fig. 5.30) revealed that the efficiency of the treatment decreases with decreasing concentration. 
This effect is widely known and the efficency of the treatment may be increased in some cases by 
increasing the concentrations of the polutant in the waste stream.
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Effect of pH on ozone production and phenol removal

To examine the pH influence on the treatment process, different amounts of NaOH and HCl 
have been added to 150 ml of 1mMol/L phenol solution to obtain the desired pH levels. Next, thepH levels. Next, thelevels. Next, the 
solutions were treated in batch configuration. The ozone concentration above the liquid as well as 
phenol removal were determined.

Figure 5.31. The ozone concentration above 1 mMol/L phenol 
solutions with different pH

Figure 5.31 shows that the pH value of the solution has a big influence on the ozone uptake. At low 
pH value, the ozone concentration above the liquid is higher than in case of more basic solutions. 
With a pH of 10.2, the line takes a different shape. A maximum in the ozone concentration is 
reached after around 80 sec. Then the ozone concentration drops and starts rising again after 180 
sec. Observations of this effect are not previously mentioned in the literature.
 Figure 5.32 shows the dependence of the pH of the solution on the phenol removal. With a 

Figure 5.32. Phenol removal versus pH of the solution
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pH of 2, 29% of the phenol has been removed. With increasing pH value the removal rate increases. 
At pH~5.5, which is the value for a regular phenol solution, 45% of phenol has been removed. pH 
values above 6 cause the removal rate to increase with an even higher rate. At pH of 10, the phenol 
removal reaches 90%. The yields of phenol removal are shown in table 5.5.

Effect of Fe2+ and H2O2 on phenol removal

The reactions involving hydrogen peroxide and ferrous or ferric ions catalyst to create 
hydroxyl radical are described as Fenton’s reactions. To investigate the influence of  Fenton’s 
reaction on the treatment process, 100 mMol/L Fe2SO4 and 30% H2O2 solutions were used. The 
influence of different volumes of those solutions on the process was studied. The phenol starting 
concentration was 1 mMol/L and the treatment time was 5 min.
 For both additives no significant changes in the ozone concentration profile were observed 
compared to situation without Fenton’s additives. The differences stayed within measurement 
error. This indicates that the two oxidation processes are additive (at least for relatively low phenol 
concentrations).
 The addition of H2O2 significantly improves the removal rate from 45% for pure phenol 
solution, up to nearly 99% in case of addition of 2ml H2O2 solution. The phenol yield increases to 104 
g/kWh (tab.5.5). The same effect was observed with the addition of Fe2SO4 solution. The removal 
rate increased up to 94% with the addition of 3ml of Fe2SO4 solution. The phenol destruction yield 
rises up to 99 g/kWh.
 Considering the increase of the phenol removal rate in the presence of Fe2+ ions only, it has 
been found that the concentration of hydrogen peroxide produced in the liquid during the corona 
process is sufficient to start the Fenton’s reaction. Combination of those two additives causes the 
reaction with phenol to start immediately, even without the corona. After corona treatment the 
phenol concentration was below the detection limit. However, brown sediments hard to extracthard to extract 
appeared in the solution. No attempts have been made to identify that substance.

Effect of t-butanol on ozone production and phenol removal

T-butanol is a well-known radical scavenger. It reacts with a wide range of radicals, especially 
the hydroxy radical, promoting a direct reaction between ozone and phenol [6.5]. At the same time, 
it does not react with ozone by itself.
 The influence of hydroxy radicals on the phenol removal process has been studied by addition 
of different concentrations of t-butanol to the 1 mMol/L phenol solution. The ozone concentration 
above the liquid as well as the amount of phenol removed has been monitored.
 As can be seen from figure 5.33 the ozone concentration in the gas phase increase with the 
increase of the t-butanol concentrations. Due to the fact that ozone, in presence of t-butanol in the 
solution, is less likely decomposed to OH*, the ozone concentration in the liquid increase. Since 
the ratio between gas- and liquid-phase ozone is considered as steady, the increase of ozone in the 
liquid phase induces an ozone increase also in the gas-phase.
For 1 mMol/L t-butanol the ozone profile is almost equal to the ozone profile above deionized 
water. Above 1 mMol/L t-butanol concentration in the phenol solutions no effect on the ozone 
profiles was obtained. The combination of those two observations indicates that, in this case,  t-
butanol concentration below 1 mMol/L already eliminate the effect of hydroxy radicals on the 
phenol removal.
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Figure 5.33. Ozone concentration above different t-butanol 
solutions

Table  5.3. The phenol removal rate and yields after 5 min treatment (if not 
indicated otherwise: Electrode length= 152 cm, layer thickness= 3,2 mm, 100 ml 

of 1mMol/L phenol solution with pH= 5,5)

The phenol removal rate in the presence of rising t-butanol concentrations decreased (tab.5.5). 
However, above 1 mMol/L of scavenger concentration, the effect saturates indicating that all of the 
OH* radicals are absorbed.
With the presence of  t-butanol the phenol conversion decreased to 40%.

Phenol removal and yields

Table 5.3 shows the percentage of phenol conversion and calculated yields. 
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5.5.1.1. pH and temperature measurements

150 ml of 1 mMol/L phenol solution has been treated in the CAW reactor. The pH and 
temperature of the solution has been monitored. The corona operation conditions were: repetition 
rate of 15 pps, load voltage of 40 kV. The energy per pulse was estimated to be 55 mJ. 

 No significant change of the solution temperature during the experiment has been observed 
(Tab.5.4). The solution temperature was constant, with a range of +/- 2with a range of +/- 2 °C. A negligible temperature 
increase of reactor walls has been noticed locally.  The solution before the experiment starts had 
a pH value of 5.5. During the treatment, the pH value systematically drops, reaching a level just 
below 3 after 20 min of treatment (Tab. 5.4).after 20 min of treatment (Tab. 5.4).(Tab. 5.4). 

Table 5.4. Temperature and pH values during 
corona treatment of 1 mMol/L phenol solution

5.5.2. Phenol removal in Aerosol reactor

A 1 mMol/L phenol solution has been treated in the Aerosol reactor. To provide the same 
ozone concentration for all the experiments, the liquid flow had been turned on after 2 min of 
corona operation with 500 pps and 300 mJ energy per pulse. Next the PSU settings have been 
changed to desired values.
The residence time of the aerosol in the reactor was around 45s. The liquid flow was around 30 
L/h.
A preliminary treatment test with an aerosol medium created at pressure of 4 bar revealed that 
ozone in high concentrations was blown away and simply wasted. Incorporation of the compressor 
greatly influenced the phenol removal. As can be seen in figure 5.34, recycling by the compressor 
leads to an increase in phenol removal from 15% up to 42% for a corona operated in ambient air 
with Ep=100 mJ and 200 pps (20 W).
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Next, to test the influence of the gas in which the corona operates on the phenol removal, 
the reactor was filled with oxygen. The corona operated with Ep=270 mJ and 500 pps (120 W). In 
an oxygen atmosphere the Aerosol reactor was capable of removing 80% of the phenol, 11% more 
than in case of corona operated in ambient air (Fig.5.35).
  In the next experiments several settings of the PSU for repetition rate and energy 
per pulse have been tested (Tab.5.7) and the phenol removal has been observed. The experiment 
revealed a high dependence on the applied pulsed corona power and phenol removal. As can be 
seen from figure 5.36, increasing the total power (calculated after 45s-residence time) increases the 
phenol removal rate. However, the effect is strong at relatively low power, with further increase ofat relatively low power, with further increase of, with further increase of 
the power it shows a logarithmic behavior.
 The additional effect of Fenton’s reactions has been observed also in the Aerosol reactor. 
After addition of 1mMol/L Fe2SO4 an increase in phenol removal from 58% up to 72% has been 
observed.

Figure 5.34. Phenol removal in Aerosol reactor with 
and without compressor

Figure 5.35. Phenol removal in Aerosol reactor 
operating in ambient air and oxygen atmosphere
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Figure 5.36. Phenol removal versus applied power 
(calculated after 45 sec)

Table 5.5. Phenol removal and yields 
in Aerosol reactor

Phenol removal and yields

Table 5.5 shows the typical values of phenol removal and yields for different PSU settings 
of the Aerosol reactor operating with the compressor in ambient air, oxygen atmosphere and 
the addition of Fe2+ ions. The compressor was operated with 4 bar pressure at the nozzle which 
corresponds to 50 l/h of liquid flow.
 As can be seen in Table 5.5, with increasing power of the pulsed corona the total phenol 
conversion also increases. The addition of iron salts increases the phenol removal by 24%, from 
58% to 72%. The operation in pure oxygen increased the phenol removal by 10%, from 70% to 
80%. 
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5.6. Reactors upscaling

After upscaling (see chapter 3) of the reactors, the  ozone production and phenol removal 
have been investigated.

5.6.1. Phenol removal in the CAW reactor

4 CAW reactors and a pump were connected in series by tubing (see fig. 3.7). The flow of 
the 1 mMol/L phenol solution was set to 0.3 l/min. The volume of liquid in the each reactor was 
estimated to be 80 ml. The corona operated with total energy per pulse of 160 mJ which corresponds 
to 40 mJ of energy per pulse per reactor. The repetition rate was set to 15 pps.

First samples were collected after the solution passed through 1, 2, 3 or 4 reactors and the 
phenol concentration has been measured. As can be seen from table 5.8, 14% of the phenol (with 
a yield of 49 g/kWh) has been removed after passing one reactor. Two, three and four reactors 
connected in series increase that ratio to 27% (48 g/kWh), 35% (41 g/kWh) and 38% (33 g/kWh) 
respectively.

Next, the reactors were connected in series and, after one pass, the solution was collected 
and treated again so the whole procedure was repeated. After each pass the phenol concentration 
have been measured and the yield was calculated.

The system combined of 4 CAW reactors is capable of removing 38% of the phenol from a 
1 mMol/L solution flowing with 0.3 L/min flow velocity. The effect decays, leading to the removal 
of additional 7% after the 2nd treatment pass (45% of total removal) and 6% after the 3rd treatment 
pass (51% of total removal).

Table 5.8. Phenol conversion and yields in 
scaled-up CAW reactor

 Neither increasing the velocity of the solution to 0.5 L/min nor decreasing it to 0.2 L/min 
have a positive effect on the phenol removal. The phenol conversion decreased by 5% and 2%, 
from 38% (in case of 0.3 L/min flow) respectively.
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5.6.2. Phenol removal in Aerosol reactor

A 1 mMol/L phenol solution was treated in the upscaled Aerosol reactor. PSU II was operated 
at 1.8 J energy per pulse and at a repetition rate of 500 pps.

First, the Aerosol reactor operated with 1 atomizing nozzle fed with external air at 2 bar 
pressure, which corresponds to a liquid flow of 50 L/h. The treated solution was collected and the 
phenol levels were measured. Then the solution was treated again.
 As can be seen in table 5.9, after one pass the Aerosol reactor is capable of removing  72% 

Table 5.9. Phenol conversion and 
yields in scaled-up aerosol reactor

of the phenol. After 2nd and 3rd treatment pass, 93% and 99% of phenol appeared to be removed.
When the compressor fed the air, after one treatment pass 86% of phenol was converted. Although 
the positive effect of the recycling of air by the compressor on the phenol removal is visible, it is 
not so strong as in the case of power supplied by PSU I.

When the reactor was operated with 4 nozzles, which corresponds to 200 L/h of liquid flow, 
after one treatment pass 62% of phenol was converted. After the 2nd and the 3rd treatment pass 74% 
and 99% of phenol has been converted, respectively.
 

5.7 Calibration of the LIF measurements against HPLC technique

During phenol oxidation experiments with a pulsed corona in presence of different additions 
several samples of the compound have been collected and phenol concentration has been measured 
with the HPLC. The concentration cross-measurements have been made to evaluate the accuracy of 
the LIF measurements, as well as to check its precision in the presence of the different additions.
Table 5.10 compares the results of phenol concentrations obtained with HPLC and LIF technique. 
The solutions were composed as follows: 1 Mmol/L phenol, 1 mMol/L phenol treated in oxygen 
atmosphere, 1 mMol/L phenol + 100 mMol/L Fe2SO4, 1 mMol/L phenol + NaOH (pH=10), 1 
mMol/L phenol + H2SO4 (pH=2) and 1 mMol/L phenol + 1 mMol/L t-butanol.
Table 5.10 shows the almost perfect agreementvetween the LIF and the HPLC techniques.
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Solution LIF HPLC
phenol 0.82 0.83

phenol + oxygen atm. 0.68 0.695
phenol + Fe2+ 0.71 0.70

phenol + NaOH 0.51 0.51
phenol + H2SO4 0.86 0.84
phenol + t-but. 0.64 0.66

Phenol conc. (mMol)

 Table 5.10. Phenol concentration comparison between 
Lif and HPLC results for different solution 

5.8. Chemical model

Results from the model are obtained through simulations using Matlab/Simulink. The 
equations are straightforwardly converted into a Simulink block diagram as shown in figure 5.37.
The blocks labeled with C are constants, S is summator, P is product, 1/s is integrator, triangle is 
gain, mux is a multiplexer that puts the three signals in a picture on the computer screen (scope) 
and in the workspace for further handling. The values of the constants and the gains are inside the 
blocks. All concentrations are in Mole per litre, the value of C1 is the ozon production per second 
averaged over the air volume and C2 is the saturation concentration of ozone in water.

The first simulations have been performed in order to see if the measurement of phenol 
removal can be reproduced. The only parameter that has been changed for this purpose is kLa, 
which is effectively one parameter here. Fig. 5.38 shows the result where kLa=0.001. The figure 
shows a linear decrease of phenol, as is also described in [24]. It also shows that the consumption 
of ozone due to phenol degradation has an influence on the ozone concentration in the air above. 

 This concentration doubles after the phenol has disappeared. The difference can be made 
smaller in the simulation by making kLa smaller, i.e. less uptake of ozone in the water. But this also 
makes the phenol degradation slower. The ozone concentration in the water remains close to zero 
as long as phenol is present, after that it rises to its saturation value as is to be expected.

Figure 5.37. Simulink/Matlab flow diagram
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The parameter kLa is very strongly influencing the situation. Figure 5.39 shows what happens 
with a ten times higher value. In this case the phenol degradation is ten times faster and the amount 
of ozone in air stays zero until the ozone in water is saturated. 

Figure 5.38. Matlab simulation of phenol and ozon 
concentrations, kLa=0.001

Figure 5.39. Matlab simulation of phenol and ozon 
concentrations, kLa=0.01.

 In addition to experiments with t-butanol, an attempt was made to qualify the rate of direct 
reaction between ozone and phenol. Since the t-butanol is a scavenger of OH* radicals, its presence 
in the solution will prevent the hydroxy radicals (and others) to react with phenol. Therefore, only 
ozone will be responsible for the phenol conversion. 
 To 100 ml 1 mMol/L phenol solution t-butanol has been added in such a concentration that 
no more effect of it was observed on the process of phenol conversion. Also the pH of the solution 
was lowered to 2 to assure that the direct ozone-phenol reaction was dominant.
Figure 5.40 shows the phenol conversion curve for those three solutions. As can be observed the 
curve of phenol + t-butanol (pH=2) compound has almost the same values as compound of phenol 
+ t-butanol at normal condition (pH=5.5). This leads to conclusion that, for the used t-butanol 
concentration, all of the OH* radicals are consumed by this scavenger and the phenol conversion 
is affected only by direct ozone reaction. 



Chapter 5

88

Figure 5.40. Phenol conversion versus time for different 
solutions: phenol, phenol + t-butanol, phenol+ t-butanol 

(pH=2)

















      


























5.9. Conversion of other compounds

5.9.1. Dye conversion 

The solutions of methylene blue, methyl red and methyl orange have been prepared, with 
dye concentrations of 0.1, 0.15 and 0.12 mMol/L respectively (40 mg/L of compound each). 120 ml 
of those solutes has been treated in the CAW reactor in batch (no-flow) configuration for 5,10, 15, 
25, 35 min with a corona operated at 60 mJ energy per pulse and a repetition rate of 15 pps. 
Dye degradation was observed visibly by its decolorisation. The concentration decrease of each dye 
was observed by UV-VIS absorption spectroscopy at the appropriate wavelength with a deuteriumat the appropriate wavelength with a deuteriumwith a deuterium 
lamp as light source. Figure 5.41 shows typical spectra of methylene blue after different treatment 
times. 

Figure 5.41. Spectrum of methylene blue after different 
treatment times. 
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With increasing treatment time of methylene blue, the color of the collected samples changed 
from dark blue through light blue to completely colorless in 25 min. Figure 5.40 shows the changes 
in the light intensity, after absorbtion by the compound. With increasing treatment time, the color of 
the sample becomes brighter: the amount of light absorbed by the solution decreases. After 25 min 
of treatment time the spectrum of solution equals the spectrum of the deuterium lamp.
Since methylene blue can be detected with the naked eye up to 1 mg/L (0.0025 mMol/L) [2.77] it 
has been estimated that 98% (from starting 40 mg/L) of the methylene blue has been removed in 
25 min with a corona induced in air. 
 The treatment of the methyl orange revealed that this compound is even easier removed 
with the CAW technique than methylene blue. After 15 min of treatment almost all of the color 
was removed. Tests performed with methyl red showed that this dye was the most difficult one to 
remove and the treatment time to fully decolorize the sample needs to be increased to 45 min.

5.9.2. PEG 300 conversion

Polyethylene glycol 300 (PEG 300) is a water-soluble, waxy solid that is used extensively 
in the cosmetic and toiletry industry. It is a important part of paint and enamels. In its liquid state 
(water solutions <3%) it creates a potential danger when discharged in to surface water because of 
the difficult biodegradation process. There is a need to develop a technology, which can efficiently 
crack the molecules into more biodegradable, thus smaller, ones.
  With cooperation of the De Neef company (“ytriD” project partner), the effect of a corona 
on the PEG solution degradation has been investigated. The goal was to compare the biological 
treatment of the contaminated solution with and without pre-treatment by the corona technique.   

As can be seen in table 5.11 a PEG 300 solution in concentration of 0.1% is already difficult 
for biodegradation. The removal of PEG never exceeded 20% and in most cases oscillates around 
10% or less. The incorporation of a corona operated in the Aerosol reactor (200 Hz, ~170 mJ/pp), 
significantly improved the removal, up to 47%. 

Start End
% removal by 
biotreatment

2910 2970 0
1680 1370 19
2920 2550 10
1220 754 38
1684 899 47
1130 670 41
1369 740 46

without 
corona

with 
corona 

pre-
teatment

Table 5.11. Bioremoval of PEG300 with and without 
corona (COD in mg/L indicated).

 Treatment of 0.1% PEG300 solution spiked with ammonia sulphate showed (Tab. 5.12) 
a decrease of the COD value and increase in the BOD value. The BOD/COD ratio significantly 
increases from bio-untreatable (0.03) up to 0.43. 

COD BOD BOD/COD
Start 1900 60 0.03
After 1600 670 0.42

Table 5.12. COD and BOD values after treatment 
of 0.1% PEG300 solution with corona
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5.10. Bacteria sterilization

Escherichia Coli (Cat. no. 69825, Novablue competent cells, Novagen) have been inoculated 
from a glycerol stock into 4 ml of LB-medium, which contains 0.5% (w/v) yeast extract, 1.0% (w/
v) pepton from casein, 1.0% (w/v) sodium chloride (Merck, Germany), and demineralized water. 
The mixture was shaken at 250 rpm for 15–20 h at 37 °C. Then, 1 ml of the cell suspension was 
re-suspended in 30 ml of the same LB-medium. The culture was grown at 37 °C with shaking 
(250 rpm) for 2 h. The growth curve of the culture has been monitored photometrically: the optical 
density at the wavelength of 600 nm (OD600) has been determined using a Genesys 10 UV, Thermo 
Spectronic reader. 
 At the OD600 = 0.5, which corresponds to the beginning of the log-growth phase, 100 μl 
of cell suspension of several dilutions was spread onto a nutrient agar medium in a sterile Petri 
dish. The agar medium contains 0.5% (w/v) yeast extract, 1.0% (w/v) pepton, 1.0% (w/v) sodium 
chloride, 2.0% (w/v) Bacto™ agar (Becton, Dickinson and Company, Franklin Lakes, NJ), and 
demineralized water. The Petri dishes were placed in a stove at 37 °C for one hour to let the bacteria 
attach to the agar. 
 A liquid solution of bacteria was also prepared. The bacteria suspension was diluted in 250 
mL of LB-medium to obtain a bacteria concentration of 108 colonies forming units per mL (CFU/
mL) 
 Just after attachment of the bacteria, the samples were directly exposed to the plasma. 
Bacteria on Petri dishes were treated for 1, 2, 3, 4, 5, 10, 15, 20 min and 30 s. The liquid solution 
was treated for 10 min. The plasma operated with a pulse rate of 15 pps and pulse energy of 60 mJ 
with the voltage at the anode of 45 kV. To check the influence of UV action on bacteria sterilization, 
during 5 min treatment time, the Petri dishes were covered with sheet of UV-transparent quartz 
glass to prevent the ozone interaction.
 After plasma treatment, the dishes were incubated at 37 °C for 24 h. After that period the 
CFU’s per dish have been counted (Fig. 5.42). 
 Results showed that for different concentration of bacteria (in CFU/mL) cultivated 
on Petri dishes and for different exposure times, the sterilization rate was 99%. The same 
sterilization rate has been observed for Petri dishes covered with quartz glass.  
 Treatment of the bacteria presented in the liquid LB-solution revealed that the sterilization 
rate reached the value of 5% (the average of N=5 tests).

Figure 5.42. Bacteria on Petri dishes before 
treatment (a,b) and after treatment (c,d) 
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A survey of the results is presented in combination with points of special interest and new 
approaches. This chapter discusses the utility of applied analysis techniques, the design and scale-
up of used reactors and its power supplies. Moreover, the discussed topics concern the general 
air-generated pulse corona for water treatment application, corona-induced phenol oxidation as 
well as the oxidation of other compounds, the influence of corona on bacteria. The chapter will 
also discuss the best systems settings to obtain the highest conversion and degradation yields of 
unwanted molecules in waste water treatment.  

6.1. The reactors 

 At the start of the project the decision was taken to further develop the pulsed corona water 
cleaning technology in a modular way. This approach was considered to be the best way to meet 
the goals of the project in its different stages. This line has been followed throughout this thesis.

Corona Above Water reactor

Initially, a small reactor was constructed, based upon the experience obtained from the 
Ph.D. thesis of Hoeben [1.12]. In that work a pulsed corona reactor for water treatment is described 
where, for the first time, the discharge is made above the water. It was demonstrated that the phenol 
conversion yield in terms of g/kWh is much higher than in the case of corona discharges created 
in the water, as published in the literature [1.6, 2.15]. A major assumption tested within this thesis 
was that the yield can be increased by increasing the surface-to-volume ratio in the reactor (see 
discussion below).

The first reactor developed for this purpose (the corona above water or CAW reactor) is 
in principle comparable to the one used by Hoeben. Basically, it has a rectangular shape and the 
main difference with the previous design is a much thinner layer of water, increasing the surface-
to-volume ratio by roughly an order of magnitude, depending on the layer thickness. As described 
in section 3.1.1, several versions have been tested before a stable operation and durable module 
was obtained. 

It was shown that the capacity of the water cleaning system can be scaled up by using more 
modules (section 3.1.3). A system with four modules has been tested (chapter 5). 
The water flow was going through the modules in series to ensure that each module has the same 
flow. Considering the removal yield it could be better to have the flow through the modules in 
parallel but then, a system needs to be constructed to separate the flow into equal amounts.

Aerosol reactor

The second reactor pushes the concept of increasing the surface-to-volume ratio much 
further. This is done, by spraying the water into the reactor in the form of aerosols. This idea 
originally developed in Russia and was further explored by Bystritski in the USA [6.1] and 
Yankelevich and Pokryvailho from Soreq in Israel [2.14]. In the framework of the Ytrid-project an 
aerosol reactor was made by Soreq for water cleaning tests in Eindhoven. The aerosols are created 
in this reactor by pressing water through a nozzle under a few bar of pressure. This yields aerosols 
with a droplet diameter of ~50 �m according to the manufacturer. No attempts have been made to 
check this statement because of the limited accessibility of the reactor. The surface-to volume ratio 
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of the water inside the reactor increases by roughly three orders of magnitude in comparison with 
the CAW-reactor. 
 First tests at TU/e with the aerosol reactor showed that a large amount of ozone left the 
reactor through its air exit. One way to use this ozone is to store it with the treated water in a 
large tank. This allows the cleaning process to continue until the ozone is consumed [6.1]. On the 
other hand, losses of the ozone are expected due to its self-destruction in high concentrations. An 
alternative has been tested at TU/e, which is less space consuming. This could be an advantage 
when the process is scaled up to large water flows. A compressor recirculates the ozone containing 
air through the nozzle. 

Electrical setups

The first attempt to energize the CAW module was using a spark gap switched capacitor, 
similar to the one used by Hoeben [1.12], the so-called C-supply. It turned out that in this way hardly 
any energy was put into the corona discharge even at voltages close to the transition into spark. 
The second power supply, described in detail in section 3.1.3, uses a transmission line transformer, 
therefore it is called TLT-supply. It has a much lower output impedance than the C-supply and is 
therefore able to create pulses with a high current, see also [6.2, 6.3]. An existing TLT-supply was 
adapted so that its spark gap could be externally triggered. This gave stable pulses of 50 mJ energy 
into the CAW-reactor at a maximum repetition rate of 20 Hz. The current of the capacitor charger 
determined this limiting value. No attempts were made to optimize the efficiency of this supply. 
Its average output energy is ~1 Watt and its purpose is only to perform small-scale laboratory tests. 
TLT-supplies with an average power of more than 10 kW and an efficiency of over 90% have 
already been demonstrated in practice [2.11, 6.4]. This makes the TLT-supply a serious candidate 
for large-scale reactors for gas or water cleaning. 

In the upscaled system, the pulsed power supplies are connected with the modules parallel 
because all cathodes must be grounded. By using five current monitors simultaneously it was 
checked that every module got the same current (60 A) and the total current was the sum (240 A). 
This showed again the ability of the TLT-supply to provide large currents. On the other hand, the 
character of the reactor and its electrical properties creates a big challenge for proper matching of 
the unit to the power supply. As claimed in [2.11], in large scale applications, where the electrodes 
have several meters in length, the “automatic” effect of matching between load and source was 
observable. With the availability of CAW modules and the ease of its different connections (parallel 
or in series) the best arrangement can be established. The obtained data suggests that the actual 
system efficiency lies beyond the recorded results and for large scale application more tests are 
requested to find a best match.  

The aerosol reactor as built by Soreq is much larger (120 L) than a CAW-module (~1 L). 
Its pulsed power supply is specially designed and built by Soreq, but with a different technology. 
The first difference is that the switching is not performed with a spark gap but with a thyristor, 
which is considered to have a much longer life time than a sparkgap. However, this switch cannot 
produce nanosecond pulses. Therefore the second change is the use of magnetic compression to 
sharpen the rise of the voltage pulse. Within the Ytrid-project, ABB-Switzerland has developed a 
thyristor switch with a closing time of 0.5 �s. This is much faster than other thyristors that work at 
the required voltage and current. The consequence is that only one stage of magnetic compression 
is necessary to obtain the required high voltage pulse rise time of 100 ns. 
 Two power supplies have been built for the two stages of the project. The first one was 
designed for a maximum output power of 1 kW. This target was not met in practice because of 
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overheating of several components. The obtained 500 W was more than sufficient, however, for the 
first stage tests with the aerosol reactor. The second part of the project was to upscale the reactor. 
For this purpose, four nozzles were installed in the reactor and both the water flow and the pulsed 
power needed to be increased. A slightly modified (3 separate parts) power supply with a capacity 
of 3 kW was made by Soreq. This change led to shorter current pulses and higher efficiencies [2.88]. 
Besides an occasional problem with breakdowns in the high voltage feedthrough at the reactor, 
both Soreq power supplies functioned well throughout the experiments. However, the goal of 3kW 
was not met for a simple reason. The diodes in the compression stage become too hot already at 
1kW. The target is expected to be met when these diodes are replaced with a suitable, high-current 
type. Long term tests have not been performed using the aerosol reactor, but tests at ABB on the 
critical component of this system give confidence for its suitability in industrial applications.

The short voltage pulses (<50 ns) generated by both setups have an important impact on 
the process of streamer formation (discussed below). As seen on the photos in section 5.3, the 
streamers just bridge the gap. Immediately after that the voltage drops and the streamers cannot 
develop into arc discharges, which is a potentially dangerous effect for the power source and the 
reactor, a loss of electrical energy and it can lead to unwanted reaction products. 

6.2. Diagnostics techniques

In situ Ozone measurements

Absorption spectroscopy as a monitor for ozone concentrationhas been a widely used 
technique for more than a century [4.4]. The applied absorption spectrometry technique provides 
reliable results, with small errors. 

The used spectrometer and light source (deuterium lamp) allow for observations with broad 
spectra (wavelength from 220 to 620 nm). The useful band for ozone indication lies below 300nm 
wavelength [4.3, 6.5]. Since the ozone has a peak absorption in the UV Spectrum at 255.3 nm 
[4.2], which puts its most effective band in the UV “C” spectrum, the band of 256,7 nm used for 
measurements provides good information about ozone concentration in the air phase. 

This technique allows for in situ observation of the ozone concentration levels during 
the corona treatment of different solutions. With a sampling time of 300 ms it gives very good, 
consistent information about ozone affecting the liquid solutions.
 

Single shot LIF measurements

Laser Induced Fluorescence was originally used to study of the electronic structure of 
molecules and their interactions. It has also been successfully applied for quantitative measurement 
of concentrations of molecules in the gas phase. 

Several authors report LIF application for phenol measurements in aqueous solution [1.12, 
4.5, 6.6]. Due to quenching of fluorescence by the water, phenol and oxidation products molecules, 
the intensity appeared to be linear for the range of 1.0*10-6 Mol to 4.0*10-5 Mol [1.12, 6.6]. To 
broaden the measuring range the use of several lasers working with different excitation wavelenghts 
can be used, as proposed in [4.5].

In contrast to the works mentioned, in the present study the single shot laser pulse was 
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used. That approach eliminates problems with molecule conversion due to laser energization. 
It also helps to avoid the disturbant fluorescent response from others molecules (hydroquinone, 
resorcinol). The use of  a stable, single laser shot (4mJ/pp) helps to move the measuring interval 
with a linear range between  1.0*10-4 Mol  and 1.0*10-3Mol. Due to the relatively high energy of the 
laser pulses and their ability to destroy phenol molecules, the observation at lower concentrations 
were unreproducible.
 The parameters which have to be taken in to account for successful measurements are: 
stable, tuned laser pulses, fine (90°) alignment between laser beam and light-collecting lens, 
measurements taken at the point where the laser beams enter the solution and good synchronization 
between laser and spectrometer equipment. 
 Comparison of LIF to HPLC, which is a far more reliable and standardized technique, 
shows (Tab. 5.10) that the results obtained from those two measurements differ less than 2% and 
the accuracy is independent from the presence of the different compounds added to the original 
phenol solution (section 5.6). 
 The possibility to introduce the LIF technique both for in situ and ex situ measurements of 
phenolic solutions makes it a good tool for evaluation of process efficiency, either in the laboratory 
or at industrial scale.

6.3. Streamer propagation

 The creation and propagation of streamers have been investigated in the CAW reactor 
with different power supplies and different parameter settings. Pictures taken with a ICCD camera 
compared streamer propagation for a pulsed corona produced with  a TL transformer and the system 
utilizing the discharge capacitor. The streamer behavior in the presence of a dielectric covered 
cathode and in the vicinity of reactors walls has been studied. Also the influence of the liquid 
solution on streamer creation and propagation has been investigated. 
 Contrary to C-supply, TLT-created streamers have larger diameters (up to 5 mm), branch 
less likely and propagate with velocities > 1mm/ns. The same behavior has been observed in the 
wire-plane configuration (TLT). However, in this case the streamers have had a slightly smaller 
diameter (~2mm). Since both setups work with the same load voltage (up to 45 kV) the only 
distinctive parameter was the current, ~1A for the C-supply and ~60 A for the TLT setup. With the 
TLT setup the experiments move into a new regime of streamer creation, previously observed by 
Blom [6.7] extensively studied by Briels [6.8].

With the C-supply, when the load voltage was increased, a larger number of the streamers 
was created and more branching was observed.  With the TLT supply the only noticeable result of 
an increase of the voltage was an increase in streamer diameter. No additional branching has been 
observed. In the presence of a dielectric, the streamers seem to be more diffuse and fill a slightly 
larger part of the discharge.

Pictures of streamers taken along the wires in the CAW reactor revealed that streamers tend 
to fill the discharge area and they attach to the walls. On the other hand, when a corona starts from 
more than one wire electrode, a streamer-less void is created between the electrodes.  This shows 
that there is a repelling force between streamers. This also indicates that, with pulses, which are fast 
enough, streamers propagate simultaneously. Such an effect has been already observed by [2.7] in 
a point-plane configuration as well as in a wire-plane configuration [Yves?]. Nevertheless, in order 
of gain the full understanding of this phenomenon further study of the streamer behavior is needed 
with high-time resolution in wire-plane configuration.
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From the recorded results two very important conclusions can be drawn:
- thick streamers (produced with the TLT setup) lead to higher ozone yields (90 g/kWh in 

humid air, 190 g/kWh in dry oxygen) compared to the yields obtained with C-supply setup 
[1.12] (40 g/kWh in humid air)

- proper distance between electrodes has to be maintained to let the energization process 
appear in larger volumes.

6.4. Ozone production

The production of ozone in air has been measured for the CAW and the Aerosol reactors for 
several reactor conditions with the UV absorption spectrometer. 

 The influence of several parameters on the ozone production in the CAW reactor has been 
investigated in section 5.3.1. It was clearly visible that an increase of discharge voltage and corona 
repetition rate (Tab.5.3, Tab.5.4), thus increase of dissipated power, leads to an increase of the 
ozone concentration in the reactor. With the reactor filled with ambient air, the initial rate of ozone 
production varied, depending on the dissipated power. For 45 kV corona voltage and 10 pps (Ep=71 
mJ), the initial rate of ozone production was calculated to be 7.7 *10-4 mMol L-1m-1. Nevertheless, 
although this rate decreases with the decrease of dissipated power, the ozone profiles tend to reach 
the same final concentration. A similar behavior has been observed in both reactors. 

The maximum concentration recorded in the CAW reactor was 0.09 mMol/L which 
corresponds to concentration of 4.41 g/m3 (0.34 % in humid air). In the aerosol reactor a level of 
0.16 mMol/L of ozone was reached (0.61% in humid air).  Commercial ozonizers are capable of 
generating ozone from dry air in concentrations up to 1%.  Considering that the reactors have never 
been optimized for high ozone outputs and results were operated in humid air, the obtained values 
are remarkable.

Incorporation of a solution in the reactor showed that part of the ozone is “consumed” by 
the solution. The ozone concentration above the solution decreases in the presence of deionized 
water, and even more for a phenol solution. Increasing the concentration of the phenol in the water 
leads to a decreaseof the concentration of ozone above the liquid, indicating that the ozone reacts 
with the phenol molecules. 

Very similar initial profiles of the ozone concentration were observed after the concentration 
of 0.01 mMol/L was reached. This indicates that the mass transfer process of ozone into the liquid 
is mainly diffusion driven. This is in agreement with observation by Kogelschatz [2.20] and Hoigné 
[2.27].
The mass transfer can be increased by the incorporation of a flowing phenol solution. As was 
shown (Fig.5.9) liquid flow increased the ozone uptake by 23%. 

For a corona operated in oxygen, the ozone concentration reached a level of 0.07 mMol/L 
after 100s, which is much faster than the operation in ambient air. The initial ozone creation rate in 
an oxygen atmosphere has been calculated from the initial slope as 0.48 g/s, and in case of ozone 
concentration in ambient air for the same discharge condition as 0.192 g/s.

The data also showed (Tab. 5.3) that for obtaining high ozone yields less frequent, morealso showed (Tab. 5.3) that for obtaining high ozone yields less frequent, moreshowed (Tab. 5.3) that for obtaining high ozone yields less frequent, more 
energetic pulses should be used. Tests with the aerosol reactor (Fig.5.16) confirmed this effect.

An interesting, and to our knowledge until now not directly observed effect has been 
discovered when the ozone concentration was measured above phenol solutions with different pH 
values (fig. 5.31). Kogelschatz and Hoigné already showed that high pH promotes the hydroxyl 
radical creation over ozone-driven oxidation. This has been proved by study of oxidation by-



Disscussion

97

products. The introduction of in situ absorption measurements allows us to directly observe that 
effect.

Ozone yields

CAW reactor

The ozone yield in terms of g/kWh was calculated (Tab.6.1). The ozone production rate was 
calculated from the initial, linear part of ozone concentration curve.
Increasing the Ep value from 42 mJ to 54 mJ/pulse increased the yield by more than 100%, to 87 
g/kWh in case of a reactor filled with ambient air (case 1,2). However further increase in energy per 
pulse value decrease the yield to 64 g/kWh. This effect and also the fact that the initial difference 
in ozone concentration for both cases is small, leads to conclusion that part of the energy is wasted. 
When the repetition rate is raised to 15 pps, the drop in ozone yield is noticeable. This confirms the 
above conclusion.

Operation of the pulsed corona in an oxygen atmosphere increases the yield by more than a 
factor 2, compared to ambient air. Presence of phenol in the reactor lowers the ozone concentrations 
by the same factor. The very small ozone yields obtained with a DC corona can be explained by 
energy loss in the transport of ions and/or energy loss on heating of the gas and the reactor walls.

The CAW reactor is capable of creating ozone with a maximum yield of 87 g/kWh in 
ambient air (Tab. 6.1) and 190 g/kWh in an oxygen atmosphere. The aerosol reactor is capable 
of creating ozone with a maximum yield of 90 g/kWh (with additional diode installation). The 
obtained results are much higher, compared to [1.12] where the ozone yield from a corona started 
from a needles-like electrode was in the range of 40 g/kWh. The yields of commercially used 
generators are in range of 50-60 g/kWh. 

According to Kogelschatz [2.34] and Sawyer [2.36], 285 kJ of energy is needed to create 
2 moles of ozone from oxygen (2.85 J/0.02 mMol). From the initial profile of ozone concentration 
for corona operated with an Ep=54 mJ/pp and 10 pps, the 0.02 mMol/L concentration has been 

Table 6.1. Ozone yields in CAW reactor
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obtained after 10s in oxygen atmosphere. This is equal of creating 0.02 mMol of ozone with 5.4 J 
of energy. The obtained data are in agreement with the theoretical energy value for ozone creation 
with a corona discharge in air.

Aerosol reactor

Parallel to ozone concentration measurements the ozone production yields were calculated. 
The ozone production rate has been calculated from the initial, linear part of the ozone concentration 
curve. Table 6.2. shows the most meaningful results.

Feeding on external air, an increase of the energy per pulse led to an increase of the ozone 
yield (case 1,2). With increasing repetition rate (case 3) a small drop in ozone yield is noticeable. 
Experiments carried out with a recycling compressor installed in the system revealed that the best 
ozone concentration and yield will be obtained when one to operates with lower repetition rates and 
at higher energy per pulse (case 4,5,6). The ozone yield drops if pulses with a higher repetition rate 
are used (for fixed Ep). This effect agrees with the mechanism of ozone creation in a pulsed corona. 
Since the ozone is created in the vicinity of discharge channels (streamers) a certain time is needed 

Table 6.2. Selection of recorded 
ozone yields in an aerosol reactor

to diffuse created ozone and fill up the space. High corona repetition rates cause that the energy 
carried, by the streamers is spent on destroying existing ozone molecules instead of producing new 
ones. 
 The installation of additional diodes led to an increase of the maximum energy per pulse. 
Nevertheless, in a corona operated with much higher energy the increase of ozone yield was 
marginal. This also indicates that an optimum exists for the power dissipated in the corona whenexists for the power dissipated in the corona when dissipated in the corona whencorona whenwhen 
the ozone formation is most efficient.efficient..

Corona polarity and “thick” streamers

The difference between ozone production by positive and negative coronas has been 
indicated earlier by [1.1] and [1.12]. In the mentioned studies the ozone production rate was smaller 
in case of a negative corona. 
 In the present work no such effect has been observed. For negative and positive corona, the 
ozone production in the CAW reactor was similar (Fig.5.17). This effect can be explained by the 
similar behaviour and properties of created streamers.  
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Although, in [6.7] no ozone measurements have been made, the investigation of the 
streamers character also shows that the streamers diameter, current and velocity are similar for 
positive and negative corona polarity operating at the same high current regime. Assuming that 
the streamer character (streamer’s head energy, E-field distribution) has a big effect on the ozone 
creation process, the results are in good agreement with the mentioned works. 
  “Thick” streamers (up to 5 mm diameter) heavily influence the ozone creation process. The 
calculated yields for thick streamers are 2x higher than for the thin streamers observed by Hoeben 
(up 40 g/kWh). The results presented here are identical to recent data obtained by Winands in a 
large wire-plane reactor. He also found an ozone yield of 90 g/kWh (at low O3 concentration) and 
found, from CCD photos, that his streamers are in the “thick region” i.e. their diameters are ≥ 2 mm 
(Winands, private communication)

Corona reactors as a ozonizers

Remarkably good results concerning the ozone production, ozone concentration, ozone 
output and yield allow to consider both reactors as a very effective source of ozone, which can 
replace used technologies for ozone formation. 

The designed reactor and its power supplies with their advantages may become an alternative 
for existing ozonizers utilizing AC or DC pulses and based on DBD-like technology. The reactors 
are compact (CAW) and capable of high ozone outputs (Aerosol). Their efficient power supplies 
are capable of creating fast (< 50 ns rise time), short (< 100 ns duration) and tunable pulses help to 
prevent many problems, which are faced by commercial ozonizers like the danger of sparking, low 
energy efficiency and excessive heating. Nevertheless the mentioned advantages of a pulsed corona 
there is still need for more study on best setting for high ozone outputs, both in reactors design and 
fine tuning of power supplies. 

6.5. Corona-induced phenol conversion

The rate of phenol conversion from liquid solutions has been observed for different settings 
and reactor configurations. 

The CAW reactor working in the batch configuration, with corona parameters of  Ep= 54 
mJ (corona voltage 40 kV), repetition rate 10 pps, is capable of removing 46% of the phenol from 
100 ml 1 mMol/L phenol solution. Varying either the corona parameters or the reactor parameters, 
influences the efficiency of the process.

Experiments with phenol conversion in the CAW reactor with different electrode length 
revealed that the increase of its length (number of parallel electrodes in reactor) leads to an increase 
of phenol removal up to 13%. From 33% conversion for 1 electrode present in reactor to 46% when 
4 electrodes were present (Fig. 5.25). Since the corona energy per pulse remained the same in all 
cases, this effect can be explained by the more uniform corona distribution above the liquid, thus 
more uniform production of active species.

A corona operated in an argon atmosphere after 5 min is capable to remove up to 58%after 5 min is capable to remove up to 58%is capable to  remove up to 58% 
of phenol, where the corona operated in pure oxygen is capable of removing 63% of phenol. The 
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increased effect of phenol conversion for a corona operated in an argon atmosphere has already 
been shown by Hoeben. This effect can be explained by excessive creation of radicals other that 
ozone, e.g. Ar+. Since the phenol conversion factor in case of an argon atmosphere is higher than in 
case of ambient air, this phenomenon needs a further study. 
 Increasing the volume of the phenol solution leads to a decrease of the phenol removal, 
however, at the same time the yields of phenol destruction increases, which was to be expected. 
Addition of iron salts as well as hydrogen peroxide solution leads to increase of both the phenol 
removal rate and the yield. This effect was similar in both reactors. 
An increase of the solution’s pH increases the removal rate, from 29% (ph=2.1) up to 91% (pH=10). 
The yields increased also but most probably due to other phenomena.

Ozone to phenol ratio

 The ratio between ozone molecules consumed by the phenol to phenol molecules converted 
has been calculated with the assumption that phenol is exclusively converted by the ozone.
Data have been obtained from ozone concentration profiles over 100 ml of deionized water and 100 
ml of 1mMol/L phenol solution. 
 The number of ozone molecules consumed by the phenol solution has been calculated for 
2.1 mMol: after 5 min corona treatment 0.45 mMol of phenol has been converted (45% from 1 
mMol/L solution). 
 From these values it has been calculated that about 4 ozone molecules have been used to 
convert 1 molecule of phenol (R=4.4). This value is in a good agreement with [1.12], where the 
ratio has been calculated for R=4. For chemical conversion to CO2 and H2O it is less than 5.
Because of the complex mechanism of phenol oxidation, the total ozone ratio is impossible to 
determine. 

Ozone-phenol reaction ratio

 Based on the observation of phenol conversion in presence of t-butanol, the OH* radical 
scavenger, the mechanism of phenol oxidation was investigated. At pH 5.5 in the presence of t-
butanol, the   ozone was responsible for 78% of the total phenol oxidation. The effect is stronger 
at the beginning of the process (reaching almost 80% of total rate) and weakens after 8 min (72%). 
This decay may be explained by the acidification of the solution from the created acids.
 Others authors [2.62] indicate that the phenol removal rate was affected by the direct ozone 
reaction mechanism accounting for nearly 40% of the total rate, at pH=2 after 20 min treatment. In 
this case the direct ozone-phenol reaction is almost 2x less frequent than in the CAW reactor, mainly 
due to a different solution composition (the presence of chlorophenols) and a longer treatment 
time.
 

Contrary to other works on phenol conversion with a pulsed corona in water e.g. [1.4, 
1.6, 6.9],  in this thesis the corona operated in air.  In a mentioned works authors found the ozone 
production marginal, while the attack on phenol by hydroxy radicals was predominant. However, 
as mentioned in [2.15], the application of an additional electrodes operated in air, in a so-called 
hybrid gas-liquid reactor significantly changes the chemistry of the process. It is clearly seenchanges the chemistry of the process. It is clearly seen the chemistry of the process. It is clearly seen 
that additional ozone production leads to a significant increase in overall efficiency of the phenol 
conversion process. 
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Mass transfer process

Since the surface area is fixed in the CAW reactor, the increase of the ozone mass transfer 
has to be obtained by other means, e.g. additional mixing -incorporation of the flow.
The comparison between the treatment of phenol in a batch reactor and in a liquid-flow configuration 
revealed that the incorporation of flow, thus additional mixing, leads to an increase in phenol removal 
by 7% (0.07 mMol/L). At the same time the ozone uptake increased only by 17% (0.017 mMol/L) 
indicating that the increase in phenol conversion was not obtained due to additional ozone presence 
in the liquid (not enough concentration according to calculated ozone-phenol ratio), but probably, 
due to the increase in the volume of the layer where the conversion takes place. This also leads toalso leads toleads to 
the conclusion that the oxidative reactions occur inside the boundary layer. 

The effect of the boundary layer on the overall phenol conversion is also well visible in the  
aerosol reactor operated in an oxygen atmosphere. Although in experiments with the CAW reactor 
the rate of phenol removal was directly connected to the ozone concentration in the gas phase, 
experiments in the aerosol reactor revealed that above a given ozone level this effect is hardly 
visible. As shown in figure 5.27, for the case of the corona operating in an oxygen atmosphere, 
although the concentration of O3 almost doubles the phenol conversion increased only by 11%the phenol conversion increased only by 11% 
(yields hardly increased).  This is another indication that a major part of conversion occurs in the 
boundary layer. 

Since the phenol-ozone reaction is considered as a very rapid one (1st order), the boundary 
layer thickness has been calculated in the order of tens of angstroms. This indicates that the phenol 
oxidation is a surface reaction and the gas resistance is the major limiting parameter.

To conclude: the process efficiency can be better enchanced by increasing the mass transfer 
of the phenol and the ozone into the reaction zone than by just increasing the ozone concentration 
in the gas phase. Creation of ozone from air in higher concentrations, thus increasing the corona 
energy, will not significantly increase the process efficency and produced ozone will be destroyedsignificantly increase the process efficency and produced ozone will be destroyedincrease the process efficency and produced ozone will be destroyed 
either in the gas phase or in contact with water molecules.in the gas phase or in contact with water molecules.   
 This effect is visible when the corona operates in oxygen atmosphere. After 5 minutes 
of  oxidation in oxygen, 63% of phenol has been converted (increase of 18%) where the ozone 
concentration increased almost 2 times. A similar effect has been observed in aerosol reactor. 
 On the other hand, the operation in an oxygen atmosphere helps to  eliminate the NOx 
production during energization of the air. In principle, that effect should be avoided: however 
“positive” for the conversion process, radicals (e.g. NO2

-) can be created this way [6.4].  Since no 
attempts have been made to determine the NOx level in both reactors, there is a need for further 
studies concerning the influence of different NOx compounds on treatment process. 

Phenol yields

Table 6.3. shows a selection of obtained results concerning phenol removal and yields in 
CAW and aerosol reactors and theirs upscaled versions.
Obtained conversion factors and yields in the case of a corona operated in air (CAW reactor) are 
higher compared to work of Locke [1.4], Sunka [1.6], Sun [1.7] and Lukes [6.9], where the corona 
operated in water. The authors mentioned above obtained yields of 0.002 g/kWh, 0.14 g/kWh, 1.25 
g/kWh and 0.14 g/kWh, respectively. The treatment time for 50% removal was much longer, and 
reached 180 min, 260 min, 7 min and ~12 min, respectively. Comparison of the results obtained 
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from the CAW reactor with the work of Hoeben shows that the treatment time, when the same 
conversion has been obtained, has been shortened from 83 min down to ~5 min. The phenol yield 
is 8 times higher in case of the CAW reactor (48 g/kWh) compared to value of ~6 g/kWh obtained 
by Hoeben. 

The compared data clearly indicates that the Corona Above Water technique is much more 
effective in phenol conversion than the corona induced in the water itself. The increase of volume/
surface parameter and utilization of the wire-plane electrode configuration (main difference 
compared to work of Hoeben) clearly shows its influence on process efficiency. 

In case of the aerosol reactor a further increase of the surface/volume ratio, , led to evenurther increase of the surface/volume ratio, , led to even 
shorter treatment times and higher conversions, as had been expected. In the same time the phenol 
decomposition yield decreased compared to the CAW reactor, indicating that the energy dissipated 
in the aerosol reactor is still too high. A yield of 33 g/kWh clearly shows that the system is capable 
of operating in much higher flows. Since the process efficiency decreases with decreasing phenol 

Table 6.3. Phenol conversion and 
yields for CAW and aerosol reactors

concentration, it is expected that for higher phenol concentrations the given values of conversion 
and yield will increase.

The upscaling of both reactors with a factor 4 has worked out well. It is expected that 
further upscaling (50 m3/hr) can be done in a similar way. In principle two options are available: 
one can go to larger modules or to more modules. Larger modules having a capacity of ~10x the 
present systems do not present technical problems. Such larger CAW modules can be placed in a 
rack on top of each other. With 10 large modules of 3 ltr/min each in one rack, the capacity becomes 
1.8 m3/hr and about 30 racks are required if the target is 50 m3/hr. Each rack will require a power 
supply of 2.5 kW, and total power installed is then  75 kW. This example is an indication for the 
case of phenol degradation at a rather low initial concentration. The optimum for a large-scale 
reactor will strongly depend on the flow, the contaminant concentration and the desired level of 
conversion in the actual situation. The target of 50 m3/hr can in the same way be obtained with the 
aerosol reactor. Tanks with a 3x larger diameter already have a capacity of 2 m3/hr. So with 25 of 
such tanks the target can be met with a power supply of 3 kW for each tank. Supplies with this 
level of power have been realized at TU/e using spark gap technology. The lifetime of the spark 
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gaps involved is such that industrial application is viable. The 2nd stage power supply based on 
thyristor switches and magnetic compression developed within this project almost reaches this 
value and higher power outputs are certainly realizable. The overall efficiency and the lifetime of 
these supplies units are still to be assessed. 

The total cost of a scaled up (200l/hr) cleaning system has been estimated for 6-60 €/m3 for 
the CAW reactor and 2-20 €/m3 for the aerosol reactor, depending on the cost of the power units. 
With further scaling up to 50 m3/hr, the cost of removing phenol solution with concentration of 
1mMol/L has been estimated for both reactors at ~ 1 €/m3  (see [6.9]). The cost of the removal of 
phenol by incineration is estimated at 500 €/m3 for lower concentrations. 
 It is worth mentioning that in the estimated costs, a large part is taken up by the cost of the 
power supplies (20-25k€). For system scaled up to industrial size (~50 m3/hr), production of large 
numbers of such power supplies is necessary, which will lead to a decrease of the single-unit cost.  

6.6. Chemical model

The proposed model, which focuses only on 3 parameters: ozone concentration in the gas 
phase, ozone concentration in the liquid phase and phenol concentration was not able to cover 
the complexity of reaction kinetics. A major assumption has been made for perfect mixing of the 
solution. Thus the model does not cover the important mass transport between the phases, which 
includes the surface/volume ratio mentioned earlier.mentioned earlier.. 

Despite its shortages, the proposed model helps to understand the basic principles of phenol 
removal, such as the speed of the process, concentration of the ozone in the gas phase and changes 
of the concentration of phenol and ozone in the liquid. 

Although the phenol conversion curves obtained from the simulation are linear during the 
whole process, the experiments in the CAW reactor show that the phenol conversion follows a 
more exponential profile. Considering time scale, the simulated results are more comparable with 
phenol conversion in the aerosol reactor where the curves are more linear. Since the aerosol is 
considered as a medium where mixing processes are more intense and the mass transfer is carried 
out easier, the above observations lead to important conclusions concerning the area of further 
development of the chemical model. There is a need to incorporate the mass transfer process in the 
model. Although the direct ozone-phenol reaction has been calculated for 76% of total reactions, 
several other oxidants (hydroxy radical, hydrogen peroxide) must be included. The importance 
of Fenton’s reaction must be considered, since it shows a great impact on the phenol conversion 
process.  A very important parameter, the pH of the treated solution, which may change the kinetics 
of the process, must also be incorporated in the final model.

6.7. Conversion of other compounds

Dyes

 The effect of a pulsed corona induced in air for decolorization of  methylene blue, methyl 
red and methyl orange has been investigated. Those dyes are relatively difficult to remove with the 
commonly used chemical-based techniques or with bio-remediation (see section 2.3.2). 
The introduction of AOP’s for dyes removal is of growing interest. The studies concern the 
combined effect of hydrogen peroxide and some catalysis [2.73], the effect of Fenton’s-like 
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reactions [2.74], the combined effect of photodegradation and hydrogen peroxide [2.75] and the 
effect of sonoluminescence [2.76]. The effect of dyes removal by a pulsed corona generated in the 
water phase has been studied by several authors [1.9, 2.77], [6.10] and [6.11]. 
In mentioned works attention is brought to the fact that the process of removal dyes from the water 
is very condition-sensitive. The efficiency of decolorization depends on:

- the initial concentration of dyes- the efficiency drops due to: insufficient availability 
of oxidizing agents [2.74], high concentration of organics which prevent sufficient UV 
penetration [2.75]

- the initial concentration of oxidizing agents (Fe ions, hydrogen peroxide) [2.74-2.76]
- the pH- highly acidic conditions increase the efficiency of dyes decolorization [2.74]

A conversion of 80% of methylene blue in 30 min has been obtained with sonoluminescence 
[2.76] (power=165W), where 98% conversion in 1h has been recorded with use of Fenton’s-like 
reactions [2.74].
The pulsed corona induced in water is capable of removing up to 84% in 120 min [2.77]. This time 
could be reduced to 25 min when the oxygen was bubbled through the discharge region. Another 
reduction time, up to 8 min, has been observed by the addition of ozone. This effect indicates that 
the ozone is one of the main oxidants in the decolorization process [2.77].

The obtained decolorization results show that a corona in air (CAW reactor) is capable of 
removing up to 98% of methylene blue in 25 min.  This indicates that the treatment time of corona 
in air is 4x faster than with the corona in water. If the ozone was bubbled through the discharge 
zone, the treatment time with a water-induced corona decreased 4 times compared to corona in air. 
However at the same time the energy spent in case of an air corona was 16 times lower. 

The 0.25L of dyes solution has been treated for 1 hour with 0.9 W. After scaling-up, the 
CAW reactor will be able to treat 0.25 m3 in 1 hour with a power of 0.9 kW. The electricity cost for 
cleaning is thus estimated at 0.25 €/m€/m/m3. 

Although no quantitative data are available concerning other dyes, the estimation of the 
process efficiency may lead to the conclusion that a corona induced in air significantly reduces the 
decolorization time.  The comparison of decolorization techniques clearly indicates that the dye 
conversion with a corona induced in air is much faster and more energy efficient compared to other 
techniques. The conversion speed and efficiency can be further increased e.g. by additions of Fe 
ions, modification of the solution’s pH, which has the biggest effect on the process efficiency, as 
reported. At the other hand, none of the existing technologies is capable of efficiently and completely 
converting the treated dyes to compounds that can be discharged safely in to the environment. Thus 
the effluents must be directed to other treatment technologies, e.g. bio-remediation. 

PEG 300

The influence of a pulsed corona on removal of a PEG300 solution in water has beenPEG300 solution in water has beenin water has been 
investigated. The obtained results show that the corona induced in air has a positive effect on 
PEG300 molecule conversion. The measured BOD/COD ratio increased from a starting 0.03 (1% 
PEG300 solution) up to 0.43, which is almost on the threshold for successful bioremediation. It has 
been shown that the corona treatment of the PEG300 solution has also a positive effect on molecule 
conversion in a later stage bio-degradation process. The conversion efficiency by bio-retention 
increased from ~10% (max. 19) up to 46% in case of solutions pretreated in the Aerosol reactor. 
Since such a big effect has been obtained with a relatively small energy expenditure, (power=34W, 
50L/h) the corona in air is a promising technique for cracking the long chain molecules which are 
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difficult targets for bio-degradation. The electricity cost of treatment has been calculated as 0.05 
€/m/m3, which is very small value.

6.8. Corona sterilization

The effect of ozone , UV- radiation and electric field on bacteria sterylization was studied. 
As a model organism Escherichia Coli was used. This bacteria commonly occurs in nature. 
Most of its strains are relatively harmless and live in the intestines of humans and animals, but 
few of them produce a powerful toxin and can cause severe illness. E. Coli is an easy factor for 
quality measurement of drinking water, especially because of its common appearance in sewer-
contaminated water. 
 The performed tests showed a remarkable effect of the pulsed corona on bacteria films 
cultivated on agar dishes. Already after 30 s of pulsed corona treatment, 99% of bacteria cultivated 
in different concentrations (10-8-10-4 CFU/mL) on Petri dishes, have been destroyed. The same 
sterilization ratio has been obtained when the dishes were covered with quartz glass to prevent the 
effect of the ozonation.
 Since the ozone concentration in the reactor after 30 s of pulsed corona is relatively small, 
other factors concerning the sterilization are taken into account. One of them is the UV treatment. 
Although a clearly visible effect occurs when the bacteria have been exposed to only UV influence, 
the rate of sterilization seems to be surprisingly high. However, other authors [2.4] achieved a 
99% removal in 1-2 min with much less plasma power (10 mW). Since the dissipated power in a 
performed test was estimated to 0.75 W, it is expected that the time needed for bacteria deactivation 
should be much shorter than the 5 min used in experiment.used in experiment..

Another possible explanation for such high sterilization rates is an joint effect of the high 
electric field. The estimated average E-field in the reactor is in range of 15kV/cm, which is a 
threshold for efficient bacteria sterilization with an electric field as declared in [2.86, 2.87]. On the 
other hand the streamer’s heads are capable of inducing nuch higher fields. Since the streamers are 
in direct contact with the bacteria (its membranes) such a high killing ratio is expected.   
 The sterilization ratio drops drastically in case of bacteria treatment in the liquid, LBbacteria treatment in the liquid, LBtreatment in the liquid, LB 
solution. The 5% removal can be explained by the fact that the solution is highly conductive and 
full of matter of organic origin. Its character prevents UV from effective solution penetration. It 
also causes the ozone to attack not only the bacteria’s membranes but also to react with other matter 
in the solution. Since the bacteria are shielded from ozone and UV, and also the effect of the E-field 
weakens, such a small removal ratio is expected.  
 Despite the discussed issues, the pulsed corona seems to be an effective source for 
bacteria sterilization. However, authors realize that more systematical tests are required, 
especially to evaluate the effect of the electric field generated during pulsed corona on bacteria 
deactivation. There also is a need to perform treatment test on real waste water samples, where 
the effect on bacteria in liquid is expected to be more visible. 
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Aims
The main goals of the work described in this thesis have been twofold. The first aim, 

defined within the framework of the European project “ytriD”, was to study and implement on 
industrial scale equipment that uses the pulsed corona for waste water treatment. This has been 
conducted by utilizing two concepts. In the first one, previously investigated at TU/e by Hoeben, 
electrical discharges were created in the air phase, above a layer of contaminated liquid. A new 
design of this idea, the so-called Corona Above Water reactor, was realized. In this reactor a pulsed 
corona discharge is realized using a wire-plane configuration. This approach gives an increase of 
the volume/surface ratio of an order of magnitude. This ratio has a big influence on the treatment 
efficiency because the mass transfer of compounds limits the rate of the process. The second 
reactor, which has been proposed and developed by one of the project’s partners, takes the idea 
of increasing a surface/volume parameter even further. In this Aerosol reactor the contaminated 
liquid is introduced in the reaction zone in the form of water droplets. Both reactors worked well 
in laboratory tests during the “ytriD” project. The overall goal of the project to treat water at a flow 
of 200 ltr/hr has been met with the aerosol reactor

The second aim of the thesis was to study the principles behind the pulsed corona process. 
The work concerned the influence of the electrical discharges on the creation of corona streamers, 
its influence on the gas energization. Furthermore, in order to discover the main factors which lie 
behind the conversion process the chemistry of the process was studied. We tried to find the factorsthe chemistry of the process was studied. We tried to find the factors. We tried to find the factors 
which may improve the treatment efficiency. 

 
Power supplies
 The pulsed corona discharges, also called streamers, have been created by power supplies, 
that provide very fast and short voltage pulses with high currents. Current pulses of the order of 
100 A are required by the reactors to obtain sufficient average power for short treatment times. 
Such currents can only be supplied when the source has a low internal impedance. Two power 
supplies have been developed within the “ytriD” project. One is a Transmission Line Transformer 
and the other uses a thyristor switch followed by magnetic compression. The use of short (<100 
ns) and fast (<20 ns rise time) pulses further helps to avoid usual problems like excessive sparking 
and inefficient energy transformation. Although some minor technical problems were encountered 
during the project, it can be concluded that both types of pulsed power supplies are suitable for 
medium scale corona reactors. 
 
Diagnostics
 The streamers created in the wire-plane discharge gap have been studied with a fast iCCD 
camera. The most interesting result is that the diameter of the streamers is about 2 mm, much thicker 
than usual, given the gap distance and the applied voltage. It is concluded that the thick streamers 
appear because of the very high current that the TLT-supply delivers under these conditions. This 
conclusion is consistent with several other recent works on pulsed coronas with high currents.
 Evaluation of LIF technique and its comparison with the widely used and standardized 
liquid chromatography reveals that LIF is a good tool to investigate the oxidation of the model 
compound. It has been established that, with the equipment used, it was possible to accurately 
determine the phenol concentration with only one laser pulse. In that case laser degradation of 
phenol and fluorescence of byproducts do not play a role. Furthermore this improvement in the 
measuring device significantly broadens its working range and speeds up the analysis procedure. 
This very fast and reliable technique can be implemented at either laboratory or industry scale.at either laboratory or industry scale.either laboratory or industry scale. 
 Absorption spectrometry used for in situ measurements, allows to directly observe the 
ozone creation and its transfer into the treated liquid. This provides important information about 
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the process chemistry and helps to improve the process efficiency. 
 
Ozone generation

 Ozone is the main reaction product of pulsed corona discharges in ambient air. 
Both reactors efficiently produce ozone, the CAW reactor with higher concentrations, the Aerosol 
reactor with higher outputs. Although the reactors have not been optimized for high ozone yields, 
the obtained values are comparable to commercially available ozonizers. The highest ozone yields 
obtained are close to 100 g/kWh in ambient air. This indicates that the “thick” corona streamers, as 
recorded with the iCCD camera, are capable of ozone creation with very high efficiency. Furtherurther 
experiments with theAerosol reactor revealed that low frequent pulses (up to 200 Hz) with relativelyxperiments with the Aerosol reactor revealed that low frequent pulses (up to 200 Hz) with relatively 
high energy (250 mJ pp) give the highest efficiency for ozone generation.
 Experiments with t-butanol showed that ozone is the main factor responsible for the 
conversion of the phenol compound, reaching for up to 80% of all oxidation reactions. In other works 
the corona discharge usually was induced directly in water. In that case the main oxidative agent is 
considered to be the hydroxyl radical since there is no possibility to create ozone. Nevertheless, it 
has been also shown that the ozone molecule, during its presence in the water, can convert into a 
hydroxyl radical. It has been shown that increasing the solution’s pH strongly increases the uptake 
of ozone by the water. The reason is probably that under this condition ozone is converted into 
hydroxyl radicals.  Also the introduction of iron ions (Fenton’s reactions) increases the formation 
of hydroxyl radicals. The ability to change the character of oxidation during the treatment process 
is an important attribute, which influences the process efficiency.

Phenol conversion
It has been shown that both reactors are capable of converting phenol molecules present 

in waste water streams. The reactor’s design led to a significant decrease of the treatment time 
(several minutes instead of hours) compared to other techniques e.g. pulsed corona induced in water.  
Conversion factors (up to 45%) and yields (up to 50 g/kWh) are at least an order of magnitude 
higher than obtained with comparable techniques. Various effects that influence the rate of phenol 
conversion by pulsed corona have been determined. In the highly alkaline condition of the solution 
the conversion yield doubles and a removal level of 91% of phenol has been achieved. This effect 
has been explained by excessive creation of hydroxyl radicals from the decomposition of ozone 
molecules in the presence of water. 

The importance of hydroxyl radicals for the conversion process has also been shown when 
iron ions were added into the phenol solution. This addition resulted in an increased concentration 
of hydroxyl radical created from decomposition of hydrogen peroxide in Fenton-type reactions by 
ferrous and ferric ions. With ferrous ions present in the solution, the yield of phenol conversion 
increases by a factor 2. It has also been shown that the rate of creation of hydrogen peroxide 
by a pulsed corona is sufficient for Fenton’s reaction to start and no expensive additions of that 
compound is needed. The phenol conversion can also be increased by operation of the pulsed 
corona in an oxygen atmosphere. Furthermore, in such configuration the formation of, sometimes 
unwanted, NOx compounds can be avoided. 

Chemical kinetics
A simplified chemical model, which considers only reaction kinetics between ozone 

and phenol, has been proposed. Despite its simplicity, the results from the simulation helped to 
understand the principles of the process such as ozone concentration in the gas and liquid phase and 
its influence on the phenol removal. The surface/volume ratio of the air and water compartments is 
also incorporated in the model. However, for further development of the model, implementation of 
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pH value, formation of hydroxyl radicals, formation of by-products and mass transfer in the water 
phase is necessary to obtain accurate results of simulation. 
 It has been shown that mass transfer of molecules between phases is mainly diffusion driven. 
This indicates that the efficiency of the conversion process with ozone as a main oxidant highly 
depends on the surface/volume ratio. In the case of the CAW reactor, the calculated conversion 
changes with the surface/volume ratio. The same effect is observed in the experiment when the 
results of the CAW reactor are compared with the results of Hoeben’s reactor when a much thicker 
water layer was used. In the CAW reactor an increase of phenol conversion has been observed 
due to turbulent mixing of the liquid flow. The surface/volume ratio can be set in the model to the 
very high value obtained in the aerosol reactor. In that case, however, the results of model and 
experiment do not match.
 
Dye degradation
 The conversion of several other compounds has also been studied. The pulsed corona 
showed a good efficiency in a conversion of methylene blue, a dye that is difficult and expensive 
to remove from waste water streams by other techniques. The results were confirmed with tests 
on conversion of other dyes, methyl orange and methyl red: compounds that, due to their toxicity, 
are a big threat to environment. It has been shown that good efficiencies were obtained not only 
with organic contaminants but also with polymeric compounds. The conversion of PEG300, a long 
chain molecule, which is hard to decompose by biological treatment due to its low BOD/COD 
ratio, has been studied. Tests showed that treatment by a corona greatly increased the BOD/COD 
ratio. Further removal can be carried by bioremediation (the most feasible technique).    
 
Bacteria sterilization 
 It has been shown that the pulsed corona in air has a great potential in the sterilization 
process. Experiments with the CAW reactor revealed that the 99% of bacteria cultivated on the 
Petri dishes has been removed within only 30 sec of treatment time. The sterilization factor was 
lower in the case of bacteria presented in liquid, mainly due to rival effect of organics in the 
suspension liquid. Further study is needed to evaluate if the sterilization effect was obtained due to 
ozone attack or to the high electric field.
 
Upscaling
 It has been shown that upscaling of both reactors gives good results. Increase of the flow in 
the aerosol reactor up to 200 l/hr showed that it is capable of efficient removal of phenol. Also the 
modular character of CAW reactor design allows for its further upscaling. Experiments revealed 
also that the power supplies of both reactors are capable of efficiently energizing the increased 
volume of the solution. A system study indicates that flows up to 50 m3/hr are within the reach 
of the technologies studied in this thesis. Estimates of investment and running cost show that the 
pulsed corona water cleaning process can become very competitive.
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Outlook
 Based on results presented in this thesis it can be inferred that pulsed electrical discharges 
created in air provide a effective technique for waste water treatment. The comparatively high 
investment costs are compensated during the operation by a very low cost of treatment. 
 Since the reactors are ready to be implemented, the treatment of real waste streams on 
industrial scale is the next step. The technology is aimed to be just a first step in conversion of toxic 
or persistent molecules, before the streams will be directed to other treatments, e.g. bioremediation. 
Therefore, before treatment of specific waste streams, it is necessary to study the by-products of 
the oxidation. It will help to assure that the emmision of potentially toxic compounds is avoided. 
More study is required to choose the best parameters of waste flow and dissipated electrical energy 
to efficiently energize the solutions. Further development of the chemical model is also necessary 
to fully understand the chemical principles. 
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There is a need to develop an efficient technology to clean waste water since the stock of 
useful water is shrinking  in a frantic rate. After cleaning the treated water can be safely discharged 
in to the environment or re-used in the industry or municipality. So called Advanced Oxidation 
Processes deal with this problem by introducing different kinds of oxidative agents to degrade and 
convert unwanted persistent molecules present in the waste streams. These processes use e.g ozone, 
hydrogen peroxide and UV-light, alone or in combination. Examples of AOP’s are wet oxidation 
and photocatalytic oxidation, which are applied both on a laboratory and on an industrial scale. 
A relatively new approach is to apply low temperature plasmas. Up to now these are created by 
electrical discharges in the liquid. The radicals that are formed during the discharge are used to 
clean the liquid. The creation of electrical discharges directly in the liquid faces several problems, 
such as the necessity to maintain sufficient conductivity in the solution and the relatively high 
consumption of electrical energy for the production of radicals.

Pulsed corona created in air is a novel technique for cleaning of liquid wastes. This process 
consumes much less electrical energy than discharges in water, as was shown in a preceding 
investigation. During the electrical discharge in air, as a result of extremely high electric fields, 
so-called streamers are produced that propagate from one electrode to the other. The heads of those 
conducting channels carry electrons with sufficient energy to excite molecules present in the gas. 
This streamer propagation takes place on a nanosecond timescale, therefore no electrical energy 
is wasted in heating the air. In ambient air several active species are created, such as hydroxyl 
radical, atomic oxygen, ozone and many more. The most stable one of these radicals is ozone, 
the oxidizer which is produced by the discharge in great abundance. The airborn radicals are later 
transferred in to the thin layer of liquid where the conversion/oxidation of unwanted molecules 
takes place. The research presented in this thesis confirms that the most important oxidizing agent 
for the treatment process is ozone. It is  also shown in this work that ozone in the liquid phase is 
partly converted in to another powerful oxidizer- hydroxyl radical. This process can be controlled 
by the composition of the air and by additions to the liquid.  This makes it possible to obtain 
the optimum conversion efficiency depending on the contaminant and desired by-products. This 
property of pulsed discharges in air is a great advantage over other AOP’s where the oxidation path 
cannot be controlled in such an easy way.

The research  described in this thesis has taken place within the framework of the European 
project “ytriD”. This project involved six European research groups and its goal was the optimization 
of pulsed corona discharges for cleaning of gas and water. At the TU/e the cleaning of waste 
water has been studied using two reactors. In the first one, the Corona Above Water reactor (CAW-
reactor), the pulsed corona is created above a thin layer of liquid in a wire-plane configuration. In 
the second one, the aerosol reactor, the corona is created between a set of wire electrodes and the 
liquid is introduced in the form of an aerosol. This selection of  conditions in which the wastes are 
introduced in to the active area has been chosen to study the effect of the surface/volume ratio of 
water with air, a parameter that has a big impact on the ozone mass transfer process.

As a model molecule, phenol has been chosen because its oxidation pathways are well-
known and a lot of data are available on its conversion in several processes, e.g. ozonation and 
discharges in water. On top of that phenol is representative for several types of industrial waste that 
are difficult to treat with conventional cleaning methods.

Three measurement techniques have been further developed to investigate the process 
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mechanism and conversion efficiency. To determine the production of ozone in the gas phase an 
optical absorption technique has been used in such a way that the direct observation of the ozone 
concentration above the treated liquid was possible. To quantify the phenol conversion efficiency, 
the laser induced fluorescence has been incorporated in the system allowing both for in situ and ex 
situ measurements. The streamer creation and propagation have been observed with a fast image 
intensified CCD camera.

The pictures of the corona discharge taken with this fast CCD camera show an unexpected 
behavior. The streamers created in the CAW reactor are much thicker and show less branching than 
previously observed. A difference with these earlier results is that the current is much higher. This 
high current is achieved in our reactor by using a Transmission Line Transformer. This type of pulsed 
power supply has a much lower internal impedance than the previously used switched capacitor. 
The properties of the streamers found here agree very well with other very recent observations. 

The measurement of the ozone concentration reveals that those “thick” streamers have the 
ability to efficiently energize the gas molecules leading to very high ozone yields, of up to  100 
g/kWh in ambient air. The same yield has been achieved in the aerosol reactor. This second reactor 
uses a different power supply with a pulse transformer and magnetic compression. This source also 
has a low internal impedance and is another development of the “ytriD” project.

The very high ozone concentrations and yields that have been obtained in the reactors that 
are not optimized for ozone production lead to the conclusion that the use of very fast (<20 ns) and 
short (<100 ns) pulses results in ozone production with high efficiency. Another advantage of the 
very short duration of the pulses is that the creation of sparks is avoided. This prevents damage of 
the power supplies and equipment and reduces the electricity consumption.

The rate of conversion of phenol molecules present in the liquid phase shows that the pulsed 
corona in air is an effective technique for treatment of waste waters. The CAW reactor shows very 
good yields where the aerosol reactor shows high conversion with short treatment times. With 
additions such as iron ions, hydrogen peroxide or NaOH, the conversion factor can be increased 
because this leads to extra production of water-born radicals. Also the gas composition can easily 
be changed in the reactors used which can lead to an increase of the process efficiency and control 
of the production of by-products. For instance in pure oxygen, the ozone production and the phenol 
conversion yields are further increased, while at the same time the production of NO is avoided. 
Also in pure argon good phenol conversion yields have been obtained. 

Both reactors have been scaled up with a factor four. This proved to be straightforward and 
it shows that both proposed designs and their power supplies can be extended even up to industrial 
scale. The cost of the pulsed corona water cleaning process and equipment has been estimated 
in a system study (20-25 k€). When the pulsed power supplies are made in large quantities, this 
technique will be very competitive with other technologies for the treatment of waste water with 
low concentrations of very persistent molecules. 

The pulsed power corona has shown its usefulness not only for the removal of phenol but 
also in other applications. Tests show that electrical discharges can be utilized for treatment of dyes 
but also for long inorganic molecules like PEG300. The corona shows also a great potential in 
sterilization process of bacteria.

Despite its short duration, the “ytriD” project has finished with good results which confirm 
that the pulsed corona in air has great advantages over other AOP’s. On the other hand, there is a 
need for further study of the process kinetics and development of a sophisticated chemical model, 
which can be utilized for further increases of the process efficiency. The next step towards industrial 
application can be a demonstration facility on medium scale.
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Er is behoefte aan de ontwikkeling van efficiënte technologieën voor het reinigen van 
afvalwater omdat de bruikbare watervoorraden afnemen. Na reiniging kan het behandelde 
water veilig worden afgevoerd in het milieu dan wel worden hergebruikt in de industrie of het 
publieke domein. Geavanceerde oxidatieprocessen (AOP’s) pakken dit probleem aan door 
met oxidatoren ongewenste, persistente moleculen in afvalstromen af te breken en om te 
zetten in biologisch afbreekbare componenten. Deze processen maken o.a. gebruik van ozon, 
waterstofperoxide en UV-licht, afzonderlijk maar ook in diverse combinaties. Voorbeelden 
hiervan zijn natte oxidatie en fotokatalytische oxidatie, die zowel in het laboratorium als op 
industriële schaal worden toegepast. Een relatief nieuwe aanpak maakt gebruik van 
lagetemperatuurplasma’s. Deze worden tot nu toe gemaakt middels elektrische ontladingen in 
de vloeistof. De radicalen die hierbij ontstaan worden gebruikt voor reiniging van deze 
vloeistof. Deze aanpak gaat gepaard met diverse problemen zoals de noodzaak van voldoende 
elektrische geleidbaarheid in de oplossing en een relatief hoog elektriciteitsverbruik voor de 
productie van radicalen. 

Een nieuwe techniek voor het reinigen van vloeibaar afval maakt gebruik van gepulste 
coronaontladingen in lucht. Dit proces vergt veel minder elektrische energie dan ontladingen 
in water, zoals in voorafgaand onderzoek is aangetoond. Gedurende de elektrische ontlading 
in lucht worden, door een extreem hoog elektrisch veld, zogenaamde streamerontladingen 
geproduceerd die van de ene naar de andere elektrode bewegen. In de koppen van de 
geleidende kanalen is de energie van de elektronen voldoende hoog om de gasmoleculen in 
een aangeslagen toestand te brengen. Deze streamerpropagatie gebeurt op 
nanosecondetijdschaal, dat is zo kort dat er geen energie verloren gaat in het opwarmen van 
de lucht. Dit verklaart de goede efficiëntie van dit type ontlading voor het maken van diverse 
actieve moleculen in omgevingslucht zoals hydroxylradicalen, atomair zuurstof en ozon. De 
meest stabiele van deze radicalen is ozon, dat in grote hoeveelheden door de ontlading wordt 
geproduceerd. De radicalen in de lucht worden vervolgens overgedragen aan een dunne laag 
water waarin de conversie/oxidatie van de ongewenste moleculen plaatsvindt. 

Het onderzoek dat in dit proefschrift wordt gepresenteerd bevestigt dat ozon de 
belangrijkste 
oxidator is in het reinigingsproces. Het blijkt dat ozon in de vloeistoffase deels wordt omgezet 
in een andere krachtige oxidator, nl. hydroxylradicalen. Dit proces kan gestuurd worden 
middels de luchtsamenstelling en toevoegingen aan het water. Hiermee kan een optimale 
conversie-efficiëntie worden gehaald afhankelijk van het type verontreiniging en de gewenste 
nevenproducten. Deze eigenschap van het gepulste-coronaproces in lucht is een tweede 
voordeel ten opzichte van andere AOP’s waarvan het oxidatiepad niet eenvoudig 
gecontroleerd kan worden. Het onderzoek van dit proefschrift heeft plaatsgevonden in het 
kader van het Europese project “ytriD”. Dit project van zes Europese onderzoeksgroepen had 
als doel het optimaliseren van gepulste coronaontladingen voor het reinigen van gas en water. 
Aan de TU/e is de reiniging van afvalwater bestudeerd met twee reactoren. In de eerste 
reactor, de zgn. Corona Above Water-reactor (verder CAW-reactor), wordt de corona 
gemaakt boven een dunne laag vloeistof met een draadplaatconfiguratie. In de tweede reactor, 
aërosolreactor genoemd, wordt de coronaontlading gemaakt m.b.v. een set draadelektrodes en 
wordt de vloeistof geinjecteerd in de vorm van een aërosol. De twee vormen waarin de 
verontreiniging in de actieve ruimte wordt gebracht zijn gekozen om het effect van 
oppervlak/volume-verhouding van water en lucht te bestuderen. Deze parameter heeft 
een grote invloed op de massaoverdracht van ozon.  

Als testmolecuul is gekozen voor fenol vanwege het goed bekende oxidatiepad en de 
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beschikbaarheid van conversiegegevens met andere technieken. Bovendien is fenol representatief 
voor industrieel afval dat moeilijk te behandelen is met conventionele reinigingsmethodes.
 Drie meettechnieken zijn uitgewerkt om het procesmechanisme en een optische conversie-
efficiëntie te bestuderen. Voor bepaling van de productie van ozon in de gasfase is de absorptietechniek 
gebruikt zodat directe meting van de ozonconcentratie boven de onder behandeling zijnde vloeistof 
mogelijk was. Om de fenolconversie-efficiëntie te kwantificeren is laserfluorescentie ingebouwd 
waarmee zowel in situ als extern gemeten kan worden. Streamercreatie en -propagatie zijn 
waargenomen m.b.v. een snelle CCD-camera met beeldversterker.
 De metingen met deze snelle CCD-camera tonen een niet verwacht gedrag aan. De streamers 
die door de coronaontlading geproduceerd worden in de CAW-reactor zijn veel dikker en vertonen 
veel minder vertakkingen dan eerder waargenomen. Een verschil met deze eerdere metingen is ook 
de veel hogere stroomsterkte van de coronapuls. Deze hoge stroom wordt hier bereikt dankzij de 
Transmission Line Transformer. Dit type gepulste voeding heeft een veel lagere interne weerstand 
dan de voorheen gebruikte geschakelde condensator. De hier beschreven eigenschappen van de 
streamers komen goed overeen met andere, zeer recente metingen. 
 Uit meting van concentraties ozon bleek dat deze “dikke” streamers in staat zijn de 
gasmoleculen efficiënter aan te slaan met als gevolg een zeer een hoge ozonopbrengst, tot 100 g/
kWh bij gebruik van omgevingslucht. In de aërosolreactor is dezelfde opbrengst gehaald. Ook deze 
heeft een pulsbron met lage weerstand maar gebaseerd op een ander principe, een pulstransformator 
gevolgd door magnetische compressie. Deze pulsbron is ook een ontwikkeling van het “ytriD”-
project.
 De zeer hoge ozonconcentraties en -opbrengsten die behaald zijn in deze reactoren die niet 
geoptimaliseerd zijn voor ozonproductie leiden tot de conclusie dat het gebruik van zeer snelle 
(<20ns) en korte (<100 ns) pulsen leidt tot ozonproductie met een hoog rendement. Een ander 
voordeel is dat het gebruik van zeer korte pulsen het ontstaan van vonkdoorslag vermijdt. Dat 
voorkomt beschadiging van de elektrische voeding en beperkt het elektriciteitsverbruik.
 De conversiesnelheid van fenolmoleculen in water laat zien dat gepulste corona in lucht 
een effectieve techniek is voor de behandeling van afvalwater. De CAW-reactor levert een goede 
opbrengst en de aërosolreactor een hoge conversiefactor bij een korte behandeltijd. Met toevoeging 
van bijvoorbeeld ijzerionen, waterstofperoxide of NaOH kan de conversiefactor verhoogd worden 
omdat dit in combinatie met ozon zorgt voor productie van extra radicalen in het water. Ook 
de gassamenstelling kan in de gebruikte reactoren eenvoudig gewijzigd worden. Dit maakt het 
ook mogelijk om de vorming van bijproducten te controleren. In bijv. zuivere zuurstof wordt de 
productie van ozon en de conversie van fenol verhoogd, en wordt tegelijkertijd de productie van 
NO vermeden. Ook met zuiver argongas zijn goede fenolconversieresultaten gehaald.
 Beide typen reactoren zijn opgeschaald met een factor vier. Dit bleek rechttoe rechtaan 
mogelijk en de verwachting is dat de gebruikte technologie het mogelijk maakt beide voorgestelde 
ontwerpen en hun bijbehorende elektrische voedingen verder op te schalen tot industriële 
toepassingen. De kosten van het coronaproces zijn afgeschat in een systeemstudie (20-25 k€). Als€). Als. Als 
de gepulste voedingen in grote aantallen gemaakt worden dan komt deze techniek zeer gunstig 
uit ten opzichte van andere beschikbare technologieën voor het reinigen van water met een lage 
concentratie van zeer persistente stoffen. 
 De gepulste-coronatechniek heeft zijn bruikbaarheid niet alleen bewezen voor 
fenolverwijdering maar ook voor andere toepassingen. Testen hebben uitgewezen dat elektrische 
ontladingen ook gebruikt kunnen worden voor de behandeling van kleurstoffen en grote 
anorganische moleculen zoals PEG300. De coronaontlading bleek ook groot potentieel te hebben 
voor behandeling van bacteriën in een sterilisatieproces.
 Ondanks de beperkte tijdsduur is het “ytriD”-project afgesloten met goede resultaten 
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en is bevestigd dat het gepulste-coronaproces in lucht grote voordelen heeft ten opzichte van 
andere AOP’s. Desondanks is nadere studie van de proceskinetiek en geavanceerde chemische 
modelvorming nodig waarmee de efficiëntie van het reinigingsproces verder verbeterd kan worden. 
De volgende stap in de richting van industriële toepassing kan een demonstratiefaciliteit zijn van 
middelgrote schaal.
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