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Abstract 

 

The inability of the existing methods of water treatment to completely degrade 

recalcitrant organic contaminants and the use of chemical substances in water 

treatment process forces the scientific world to develop alternative decisions for water 

treatment. In the present study, a novel method of water treatment based on 

application of electrical discharges was investigated.  Owing to the simultaneous 

initiation of physical effects (shock waves, thermal effects, UV/Vis light emissions) 

and chemical reactions (formation of reactive radicals), the method of electrical 

discharges is supposed to be environmentally friendly as no additional chemicals are 

required. It represents the main advantage over such competing methods of water 

treatment as Advanced Oxidation Processes. 

This study was aimed to investigate the applicability of electrical discharges 

generated directly in water for organics removal. The approach undertaken in the 

present study included the description of the discharge generation, its investigation as 

well as the demonstration of organics removal. 

The electrical discharge generation was performed directly in water using 

nanosecond high-voltage pulses of direct current (maximal pulse rise time of 800 ns) 

applied across the large area electrodes (effective area of each electrode is 2 cm
2
). 

Special attention was paid on the effect of the electrode coating. The usual problem of 

streamer reproducibility in time was also highlighted and successfully solved. 

The investigation of the obtained electrical discharges was carried out using 

emission spectrometry which enabled to estimate their physical and chemical 

activities. Underwater electrical discharges were shown to be a source of intense light 

radiation in the entire optical region (200-800 nm). Besides, underwater electrical 

discharge phenomenon was demonstrated to lead to the formation of various reactive 

species including a very strong oxidant ï hydroxyl radial. The created plasma was 

also characterized in terms of the basic plasma parameters ï plasma temperature and 

electron density. 

Among all the experimental parameters, special attention was paid on the 

impact of average electric field strength and solution conductivity on electrical 

discharges. It was found that solution conductivity tested in the range of 0.3 ɛS/cm ï 

10 mS/cm made different effects on the discharge inception, physical and chemical 

activities of the electrical discharges. Thus, higher solution conductivity facilitated 
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electrical discharge generation and led to the more intense light radiation; however, 

decreased the formation of reactive species. It was also found that high values of 

average electric field strength facilitated electrical discharge generation as well as 

enhanced its physical and chemical activities.   

The applicability of the electrical discharges for water treatment was proved 

on the example of degradation of recalcitrant compounds: five pharmaceuticals 

(diclofenac, iopamidol, metoprolol, bisphenol A and carmabazepine) and 

trifluoroacetic acid. The method of electrical discharges was shown to be effective for 

removal of the selected compounds (removal rates up to 92%), however, the energy 

consumption was high. The latter aspect represents a challenge for this water 

treatment technique and should be improved in the future work. 

The experimental work carried out in the present study enables to conclude 

that electrical discharges in water have a great potential as a novel, chemical-free 

method of water treatment which could represent an alternative to the conventional 

methods. The main outputs of the study could be used for the future investigation of 

underwater electrical discharge phenomenon as well as for the future development of 

this method of water treatment. 
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Abstract 

 

Nachteile der bestehenden Verfahren zur Wasseraufbereitung sind 

unvollstªndiger Abbau von organischen Verunreinigungen und die Verwendung von 

chemischen Substanzen. Daher ist es erforderlich alternative Verfahren zur 

Wasseraufbereitung zu entwickeln. In der vorliegenden Studie wurde ein neues 

Verfahren zur Wasseraufbereitung basierend auf elektrische Entladungen entwickelt 

und untersucht. Durch die gleichzeitige Nutzung von physikalischen Effekten 

(StoÇwellen, thermische Effekte, UV/VIS Strahlung) und chemischen Reaktionen 

(Bildung der reaktiven Radikalen) soll das Verfahren den Abbau von ozonrefraktªren 

Stoffen ermºglichen.  

Im Rahmen der vorliegenden Dissertation wurde die Anwendbarkeit der im 

Wasser generierten elektrischen Entladungen f¿r den Abbau von organischen Stoffen 

untersucht. Dazu gehºrten Studien zur Plasmagenerierung, Plasmacharakterisierung 

und dem Abbau von ausgewªhlten organischen Substanzen. 

Die Entladungsbildung im Wasser wurde unter Verwendung von 

Hochspannungsimpulsen im nanosekunden Bereich (maximale Flankensteilheit 800 

ns) an groÇflªchigen Elektroden (wirksame Flªche jeder Elektrode 2 cm
2
) 

durchgef¿hrt. Das besondere Augenmerk wurde auf den Einfluss der 

Elektrodenbeschichtung auf die Plasmagenerierung gelegt. Reproduzierbare Streamer 

konnten unter Verwendung einer Ŭ-Al 2O3-Beschichtung erreicht werden. 

Die Untersuchung der elektrischen Entladungen erfolgte durch 

Emissionsspektrometrie. Intensive Strahlung im optischen Bereich (200-800 nm) 

konnte beobachtet werden. AuÇerdem konnte nachgewiesen werden, dass die 

elektrischen Entladungen im Wasser zur Bildung von verschiedenen reaktiven 

Spezies einschlieÇlich eines sehr starken Oxidationsmittels ï Hydroxyl-Radikal ï 

f¿hren. Das generierte Plasma wurde auch im Hinblick auf die grundlegenden 

Plasmaparameter ï die Plasmatemperatur und die Elektronendichte ï charakterisiert. 

Es wurde ein besonderes Augenmerk auf die Auswirkungen der 

durchschnittlichen elektrischen Feldstªrke und Leitfªhigkeit der Lºsung auf 

elektrische Entladungen gelegt. Es wurde festgestellt, dass die Entladungsbildung, 

physikalischen und chemischen Effekte von der Leitfªhigkeit im Bereich von 0.3 

ɛS/cm ï 10 mS/cm abhªngen. Somit erleichtert die hohe Leitfªhigkeit der Lºsung die 

Entladungsbildung und f¿hrt zur intensiveren Lichtstrahlung, die Bildung von 
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reaktiven Spezies wird jedoch verringert. Es wurde auch festgestellt, dass die hohe 

durchschnittlichen elektrischen Feldstªrken die Entladungsbildung fºrdert sowie die 

physikalischen und chemischen Effekte verstªrkt. 

Die Anwendbarkeit der elektrischen Entladungen zur Wasseraufbereitung 

wurde am Beispiel des Abbaus ausgewªhlter ozonrefraktªrer Verbindungen gezeigt. 

Als Modellverbindungen wurden die pharmazeutischen Substanzen Diclofenac, 

Iopamidol, Metoprolol, Bisphenol A und Carbamazepin und Trifluoressigsªure 

verwendet. Es konnte ein Abbau bis zu 92% erreicht werden, obwohl der 

Energieverbrauch im Bereich von mg/kWh lag.  

Die vorliegende Studie lªsst den Schluss zu, dass elektrische Entladungen im 

Wasser ein groÇes Potenzial f¿r die chemikalienfreie Behandlung von kleinen 

Abwassermengen besitzen.  
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Ů ï molar extinction coefficient 

l ï length of light path 
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F ï pulse repetition rate 
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E
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ox ï standard oxidation potential 

P ï discharge power 

C0 ï initial concentration 

V ï solution volume 

X ï conversion of initial compound 

W ï removal efficiency 
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1 
CHAPTER 1: INTRODUCTION 

 

1.1. The water treatment issue 

 

In the world of rapidly growing economy and climate change, the 

consumption of organic compounds is continuously increasing. The production of 

chemicals of different toxicity and recalcitrance reaches high levels. Everyday new 

organic substances that could become recalcitrant contaminants are being synthesized 

and charged into the environment. These facts represent the main challenges in the 

development of new and effective water treatment methods. 

In recent years, many studies have reported on incomplete elimination of a 

number of organic substances by the conventional water treatment (Creese et al, 2004, 

Ternes et al, 1998). As a result, organic residuals were found in water treatment plant 

effluents, groundwater, surface water as well as drinking water samples. It might lead 

to the accumulation of the organics in human body causing chronic diseases. The high 

stability of some organic compounds, such as pharmaceuticals, for instance, does not 

allow of their biodegradation, therefore advanced water treatment is required. 

Nowadays, a variety of methods based on chemical destruction of organic pollutants 

are being developed. Among them there are chlorination, such relatively new 

techniques of water purification as ozonation (also in combination with UV), 

Advanced Oxidation Processes (AOPs) and photocatalysis.  

Chlorination has been implemented for years as a method of water 

disinfection. It was also used for the elimination of organics on molecular level. 

Usually two main disadvantages of chlorination as a water treatment method are 

reported: (i) ï the formation of carcinogenic chlorinated hydrocarbons resulted from 

the reaction of chlorine with organic pollutants (Dunnick et al, 1993); (ii) ï the low 
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oxidation potential of chlorine (E
0
ox (Cl2) = 1.36 V) which results in incomplete 

elimination of organic pollutants. 

With time, chlorination was replaced by ozonation which is commonly used as 

a final step in modern water treatment plants (WTP). The combination of ozonation 

with UV irradiation is being intensively implemented in many WTPs to purify water 

till the drinking level. The principle of water purification by ozone consists in the 

oxidation of organics by highly reactive and short-lived oxygen atoms (E
0
ox (O

Å
) = 

2.42 V) formed from the destruction of unstable ozone molecules. Although ozone 

was accepted as being safe (Lake et al, 2001), water treatment application requires 

significant dosages of ozone (7-15%).  

Currently, many research groups are developing a variety of Advanced 

Oxidation Processes that are aiming on the generation of highly reactive hydroxyl 

radicals (E
0
ox (OH

Å
) = 2.82 V) for successful degradation of organics. Although some 

AOPs are quite promising, still some organic compounds remain undestroyed. 

Moreover, water treatment by all AOPs (Fenton, H2O2, O3 etc.) requires undesirable 

addition of chemical substances. The subsequent removal of the supplementary 

chemicals and their recycling is also a big issue. Among other disadvantages, there 

are storage of oxygen for ozone-based processes and high costs of UV lamps for UV-

based processes.  

Photocatalysis is also extensively investigated as a novel water treatment 

technique. The destruction of organics by photocatalysis is based on semiconductor 

photochemistry. The main obstacle of photocatalysis is the separation of catalyst in 

suspension. Since photocatalysis is considered to be an AOP, the disadvantages of 

AOPs listed above could be attributed to photocatalysis as well. Additionally, because 

the photocatalytic oxidation of organics is preceded by the adsorption of the pollutant 

on the surface of the catalyst, there is a risk that the pollutant remains adsorbed, but 

not degraded.  

In order to avoid the limitations and disadvantages of the existing water 

treatment techniques the alternative ones are to be developed. The first and the main 

requirement to the novel technique is the chemical-free treatment. Secondly, the water 

treatment should result in the complete mineralization in order to avoid the possible 

formation of toxic and recalcitrant by-products. The third aspect concerns the 

treatment costs which should not be incredibly high. Finally, the successful water 



3 

 

treatment technique should be applicable for both ï water disinfection and 

degradation of organics on molecular level. 

 

1.2. Removal of pollutants by electrical discharges 

 

Recently, electrical discharges have attracted a great interest as a novel tool for 

pollution control. From this point of view, wide range of application of electrical 

discharges includes the degradation of air pollutants such as Volatile Organic 

Compounds (VOCs) (Penetrate et al, 1993, McAdams et al, 2001, Grabowski et al, 

2006), water disinfection (Sato et al, 1996, Li et al, 2006, Mizuno et al, 1988) and 

removal of organic compounds dissolved in water (Magureanu et al, 2007, Gerrity et 

al, 2010, Hoeben et al, 1999).  

The discharge systems for the operation in air were characterized by the 

moderate costs and relative simplicity in terms of electrical discharge generation 

(Urashima et al, 2000, Eliasson et al, 1991, Van Durme et al, 2007, Chen et al, 2009, 

Futamura et al, 2002). However, when the technology expended its application on the 

water pollution control, the first obstacles appeared. The main problem was the 

transfer of the electrical discharge and the induced effects from gas phase to liquid. 

Since the direct generation of electrical discharge in liquid is much more complicated 

than in gas phase, the new reactors were designed in the way that the electrical 

discharges still took place in gas phase, but in proximity of the contaminated water 

layer (Belosheev et al, 1998, Magureanu et al, 2010, Lukes et al, 2011, Hoeben et al, 

1999, Sano et al, 2002). However, the question, how efficient is such a treatment, 

caused a great concern as the most reactive part of the system - boundary between 

water and gas ï occupied a small volume. This limitation could be eliminated by the 

more efficient generation of electrical discharge directly in water. The great advance 

in the understanding of underwater electrical discharge phenomenon achieved in the 

last two decades (Babaeva et al, 2008, Bruggeman et al, 2009, Clements et al, 1987, 

Starikovskiy et al, 2011, Marinov et al, 2011) allowed to start the investigation of 

organics removal by electrical discharges generated directly in water. However, most 

of systems still resort to the aid of gas phase in the generation of electrical discharge, 

for instance, the discharges in water with gas bubbles (Kurahashi et al, 1997, Ihara et 

al, 1999, Miichi et al, 2002, Gershman et al, 2007, Shih et al, 2010). The least studies 
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report on the investigation of organics removal by electrical discharges generated 

fully in water.  

Electrical discharges in water produce conductive channels - streamers ï 

which are filled with plasma. Plasma is the most abundant state of matter as 99.9% of 

the universe is comprised of plasma. The definition of ñplasmaò was firstly introduced 

by Irving Langmuir in the year 1928 (Langmuir et al, 1928). The modern definition of 

plasma says that it is an ionized gas consisting of positive ions and free electrons in 

proportions resulting in more or less no overall electric charge, typically at low 

pressures (as in the upper atmosphere and in fluorescent lamps) or at very high 

temperatures (as in stars and nuclear fusion reactors). 

Non-thermal plasmas (NTP) utilized in chemical processing is not in thermal 

equilibrium as the electron temperature (Te) much exceeds the ion temperature (Ti): Te 

è Ti. On the contrary, in thermal plasmas all components are in local thermodynamic 

equilibrium and occur at almost equally high temperature (Te ḗ Ti). In contrast to 

thermal plasma, in NTP, it is more energy efficient to not feed energy equally into all 

degrees of freedom within a gas or plasma, but only into those degrees of freedom 

that can efficiently create the desired final reaction products for the particular 

application (Parvulescu et al, 2012). Thus, high energy electrons of NTP are capable 

of dissociating and/or ionizing water molecules to form reactive primary and 

secondary species which would than attack the organic pollutants.  

Owing to the ability to form reactive species in situ, i.e. without the addition of 

chemicals, and the variety of physical effects induced simultaneously with the 

chemical reactions, electrical discharges generated in water are considered to be a 

novel, effective and environmentally friendly tool for water treatment. This 

technology is being rapidly developed on the laboratory scale, used for a small-scale 

water treatment (e.g. ñAquaSparkò Ltd.) and patented by research groups and 

companies (e.g. US patents: 5464513, 5630915, 4169029, R.F. Patents: 2136600, 

2178774). 

 

1.3. Research goals 

 

The experimental work carried out in the present study had three main goals: 

(i) generate an electrical discharge in water; (ii) characterize the obtained electrical 

discharge and (iii) check the capability of the obtained and characterized electrical 
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discharge for organics removal from water. In this subchapter, the thesis goals are 

discussed, while the more specific objectives followed from each goal are presented 

in the Chapter scope of the relevant chapter. 

The first goal arose from the fact that the generation of electrical discharges in 

liquids is not simple compared to gas discharges. Many experimental parameters have 

to be considered and the optimal values have to be found for the successful generation 

of electrical discharges that would not cease with time. 

The second goal comes from the necessity to provide the understanding of 

physical and chemical effects induced by the obtained discharges. This is an integral 

part of the research which enables to get an insight into the electrical discharge nature. 

The understanding of the process nature, in turn, enables to optimize the parameters 

for the most beneficial operation. 

The third goal finalizes the present research and defines whether or not the 

electrical discharges have a future as a tool for water treatment. It should be noted that 

the organic substances selected for the present study are characterized by a very high 

recalcitrance which successful degradation is a great challenge for a developing water 

treatment technique. 

The fourth and the most general aim was to undertake a systematic approach, 

which enabled to work out all three aspects of underwater electrical discharge ï 

generation, investigation and application ï within one study.  

 

 

1.4.Thesis organization 

 

The dissertation is divided into three main parts, each of them corresponds to 

the one of the three goals listed above. Following the present Chapter 1, Chapter 2 

describes the generation of electrical discharge in water, Chapter 3 is devoted to the 

plasma diagnostics and, in Chapter 4, the degradation of pharmaceutical compounds 

by electrical discharges is discussed. Each chapter starts with the short Chapter scope 

discussing the objectives and the main approaches to achieve the goal. It is followed 

by the Literature survey, which describes the theoretical background, achievements to 

date and the current research trends of the topic. The Experimental part of each 

chapter summarizes the descriptions of experimental apparatuses, techniques, 

methods and experimental procedures used during the experimental investigation. The 
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Results and Discussions part is the most essential part of each chapter which contains 

the description of obtained results, their analysis, verification or disapproval of 

hypotheses. The Summary highlights the most important achievements. 
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2 
CHAPTER 2: ELECTRICAL DISCHARGE 

GENERATION IN AQUEOUS SOLUTION 

 

 

 

 

Chapter scope 

The generation of electrical discharges is not simple due to the high power 

needed and dissipated during this process. Many efforts to generate electrical 

discharges directly in liquids have been undertaken. The difficulty of the electrical 

discharge generation directly in liquid consists in the fact that the mechanism of the 

liquid discharge is not known. Liquids are denser media than gases, therefore higher 

energies for the discharge inception are needed. 

This chapter describes the first step on the way of application of underwater 

electrical discharge for organics removal - electrical discharge initiation.  The effect 

of the different parameters on the electrical discharge inception in aqueous solution is 

studied. The monitoring of the electrical discharge generation was carried out 

visually. The tools employed for explanation of the observed phenomena include: (i) 

analysis of voltage and current waveforms, (ii) analysis of equivalent electric circuit 

and (iii) chemical methods. The latter tool implies the analysis of reactive species 

formation resulted from the electrical discharge.  

The main aim at this step is the generation of a reproducible electrical 

discharge in aqueous solution. The objectives include: (i) design of a plasma reactor; 

(ii) find out what parameters and in what extent influence the electrical discharge 

inception; (iii) search for the optimal conditions of the electrical discharge inception; 

(iv) evaluation of the chemical activity of the underwater electrical discharge. 
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2.1. Literature survey 

 

2.1.1. Electrical discharge mechanism 

 

2.1.1.1. Breakdown in gases 

Electrical breakdown of gases implies the formation of a discharge channel 

between two electrodes separated by a gas gap, when the applied voltage exceeds a 

certain value. It is accompanied by a number of effects including light flash and 

sound. The main breakdown mechanism is the impact ionization followed by an 

electron attachment. Other possible mechanisms include photoionization and electron 

detachment from negative ions. Electrons accelerate in the electric field impacting gas 

molecules and giving the birth to the new electrons. The development of an electron 

avalanche is shown in figure 1(a). As the strength of the electric field increases, the 

impact ionization also increases, which leads to the formation of the independent 

electron avalanches until the discharge gap gets filled with plasma. The plasma 

consists of positive ions left after the previous avalanches and electrons formed by the 

following avalanches. The expansion of the plasma channel is caused by the constant 

formation of new avalanches. The formation of a streamer is shown in figure 1(c). If 

the plasma channel reaches the cathode, the full breakdown over the discharge gap 

occurs (figure 1(e)). Otherwise, the partial discharges take place (figure 1(c) and (d)).  

 

 

 

Figure 1. Breakdown stages: (a) ï the grows of an electron avalanche; (b) ï formation of secondary 

avalanches; (c), (d) ï the grows of a positive streamer; (e) ï full electric breakdown (Yurikov et al, 

1982) 
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The photons created in the head of an electron avalanche lead to the formation 

of the secondary avalanches that grow in front of the streamer and from its sides. The 

avalanche development leads to the enhancement of the electric field in the discharge 

gap towards the cathode. The propagation velocity of a positive streamer is 10
8
 ï 10

9
 

cm/s (Yurikov et al, 1982).  

 

2.1.1.2. Breakdown in liquids  

Unlike in gases, liquid dielectrics are characterized by a higher particle density 

and a higher value of electrical breakdown strength. The first feature implies that the 

electrons cannot accelerate in liquids due to a very short mean free path. The second 

feature means that the molecules in liquids have higher ionization potential than in 

gases. Despite there is no single breakdown mechanism, electric breakdown in liquids 

has much in common with the one in gas phase. Historically, there are two theories of 

the breakdown in liquids. Depending on experimental conditions, the breakdown 

mechanism is described in terms of a bubble theory or the electron avalanches are 

assumed to be formed directly in liquid.    

The bubble theory 

A bubble-initiated breakdown implies that the discharge track includes both 

gas and liquid phase: electric discharge initiation takes place in the gas phase with the 

following propagation into the liquid. The breakdown inception is always related to 

the existence or the formation of localized, low-density regions (micro-bubbles). This 

theory was originally created and developed by Bunkin and Bunkin (Bunkin et al, 

1992). The authors entitled these regions as ñbubbstonsò and explained their existence 

in liquids by the presence of impurities spread across the entire solution volume. 

Second possible reason of the pre-existence of the bubbles is their formation due to 

the Joule heating of the conductive liquid due to the intense electric current flow. It 

should be noted that the first case is more probable for industrial liquids containing 

impurities i.e. dissolved gases, ion clusters, solid particles etc, whereas in the pure 

liquid dielectrics the gas micro-bubbles are likely formed onsite. Thus, the breakdown 

in the liquid is coupled to the existence or formation of low density regions and 

microbubbles (Kolb et al, 2008, Joshi et al, 2009, Lewis et al, 2003).                        

After the micro-bubble nucleation through one of the described mechanisms, the 
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electrical breakdown initiation in the gas phase occurs. Its inception can be described 

by the breakdown mechanism in gases. Electrons are injected into the bubble 

localized near the electrode surface and accelerated by the electric field. When the 

streamer reaches the bubble wall (liquid/bubble interface), electric current increases 

and the charges get deposited on the bubble wall. The following propagation 

mechanism is explained by the constant formation of a gaseous cavity around the 

discharge channels, where electron avalanches take place. It should be noted that the 

heat release and bubble formation is only possible for the long voltage pulses (ι 1 ɛs). 

Direct ionization of liquid  

This breakdown theory assumes that electrical discharges in liquid can be 

formed in the absence of the gas bubble formation and without thermal effects 

(Starikovskiy et al, 2011, Marinov et al, 2011), but through the direct ionization of the 

molecules and atoms in liquid. However, two strong arguments against this theory are 

usually put forward. The first one consists in the fact that the electron avalanche 

development in liquid is nearly negligible due to the large scattering cross sections of 

the electrons. It makes impossible for electrons to gain the high kinetic energy in such 

a dense media like liquid water. Second fact consists in inability of free electrons to 

exist in liquid because of the rapid solvation (1 ps, Laenen et al, 2000). However, 

despite all the contras, Starikovsky et al, 2011 have recently reported on the 

successful ionization of liquids (water) by the direct electron impact ionization. It 

became possible, when the electric field near the electrode was of one order of 

magnitude higher than the critical value of the breakdown. For realization of this 

mechanism the authors used very short voltage pulses and a rod high-voltage 

electrode (U = 220 kV, pulse duration = 400 ps, electrode diameter at the tip = 100 

ɛm). 

2.1.1.3.Breakdown of solid dielectrics 

Thermal processes play the most important role in breakdown of solid 

dielectrics unlike in gases, where the breakdown is mainly an electrical phenomenon. 

Displacement and active current flow through the dielectric exposed to the high 

electric field. The displacement current is caused by the polarization of the molecules 

in the dielectric. The active current is caused by the dielectric losses and increases as 
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the temperature of the dielectric increases until the breakdown takes place. The main 

feature of thermal breakdown of solid dielectrics is that it is a very slow process, since 

it develops with the heating of the dielectric in the electric field. Thermal breakdown 

is normally localized in the area of the poor heat dissipation. The threshold voltage for 

thermal breakdown depends on a number of factors: the repetition rate of the applied 

electric field, cooling conditions, thermal parameters of the dielectric material etc.   

 

2.1.2. Electrode configurations 

There are different electrode configurations used to generate electrical 

discharge in liquids (figure 2): point-to-point, point-to-plate, plate-to-plate, wire-

cylinder geometries.  

 

 

 

Figure 2. Basic electrode configurations: (a) ï point-to-point, (b) ï point-to-plate, (c) ï plate-to-plate, 

(d) ï wire-cylinder 

 

 

The electrode configuration with a strongly asymmetric geometry ï point-to-

plate - is the most commonly used to generate electrical discharge through the direct 

ionization of liquids. The electrical discharge generated in such a way is a classic 

corona discharge. Point-to-plate geometry implies that the inter-electrode distance is 

much greater than the diameter of the point electrode. In such configurations, a point 

electrode represents a tip and is usually used as a high voltage electrode to concentrate 

the electric field for the liquid phase discharge. The electrical discharge initiation with 

point-to-plate geometry is determined by the amplitude of the applied voltage pulse 

and the curvature radius of the tip. Point-to-point and point-to-plate electrode 



16 

 

geometries are difficult to implement to the commercial applications because of the 

limited lifetime of the tip electrodes resulting from the destruction of the electrode tip. 

Besides, the electrical discharge generated in this way occupies a very small volume. 

The use of a wire-cylinder electrode configuration is another way to create the spatial 

non-uniformity of the electric field. In this case, the critical parameters of the 

electrical discharge generation are the radii of the wire and the cylinder (Lukes et al, 

2009).  

Symmetric electrode configuration, where both electrodes have the same 

shapes and are characterized by a large electrode area (plate-to-plate, figure 2(c), 

Hartmann et al, 2007) are used for the electrical discharges initiated through the DBD 

discharge (the nature of DBD is discussed in details in the next subchapter). In this 

case, one or two electrodes are covered with a dielectric layer. In general way, 

classical coronas have higher electron energy than the barrier discharges (Morrow et 

al, 1997, Braun et al, 1991, Babaeva et al, 2008, Dhali et al, 1987). Average electron 

energies in the streamer heads are 5-15 eV for coronas (Namihira et al, 2007) and 2-6 

eV for DBDs. Electric field strength near the electrode tip in case of coronas is much 

higher than that on the electrode surface in case of DBDs, where the field is much 

more homogeneous. Random distribution of lots of simultaneous discharges 

distinguishes the DBD from corona discharges. The latter fact suggests that DBD 

would be commonly used for treatment of large surfaces and volumes, whereas 

coronas would be used for such cases where a small plasma volume is needed. Thus, 

plate-to-plate electrode geometry is widely used for such applications as surface 

treatment, water purification, ozone generation etc.  

 

 

2.1.3. Factors influencing electrical discharge formation in liquid  

 

2.1.3.1. Electrode coating 

 

The role of dielectric material 

The presence of a dielectric significantly affects the electrical discharge 

generation as it modifies the electric field configuration and acts as an electron 

supplier. In the DBD generation, electrode coating serves for two main purposes: (i) 
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to avoid the transition to spark discharge by preventing charge carrier flow through 

the surface; (ii) to enhance the electric field by storing surface charges and electron 

accumulation.  

The partial discharge (e.g. corona) means that the discharge channels, formed 

on the surface of one electrode, do not reach the surface of the opposite electrode. 

However, under certain conditions, corona has a tendency to turn into the spark 

discharge. Spark discharges occur when streamer head reaches an opposite electrode 

building the conductive bridge. Electric current starts flowing between the electrodes 

and the discharge is no longer partial. Spark discharges are characterized by a very 

high energy (Epulse up to a few kJ) and temperature (T up to a few thousand degrees) 

and lead to electrode erosion or complete destruction. Therefore, sparks should be 

avoided when generating electrical discharges for the water treatment purposes. 

Besides, the current build-up between the electrodes, when sparking, leads to 

substantial heating of the surrounding media. One of the ways to avoid the spark 

discharges is to reduce the amount of current by using a dielectric coating for an 

electrode ï dielectric barrier. In other words, a dielectric layer is to protect an 

electrode from the rapid destruction and provide a long lifetime of an electrode 

surface. 

Second purpose of a dielectric coating is that it allows of achieving the electric 

field enhancement needed for the electrical discharge inception. The charge cannot be 

accumulated on the conductive surface of the metal electrode as the constant electron 

leakage occurs when exposed to the electric field. Thus, an insulation of the metal 

electrode is required. Moreover, the use of a dielectric allows of increasing the 

capacitance in the discharge gap, which leads to the higher breakdown voltage 

required and more input energy stored in the system prior to the discharge. When the 

threshold electric field of the electrical discharge is achieved, the dielectric layer starts 

discharging yielding the electrical discharge. Two main parameters of a dielectric that 

determine its properties are: (i) dielectric strength and (ii) relative permittivity. 

The dielectric strength characterizes the ability of a dielectric to withstand the 

high electric field without breaking down. For the DBD generation in liquid, the 

breakdown in solid phase (dielectric layer) must be prevented. For this purpose, the 

dielectric material must have a high value of the dielectric strength. Generally 

speaking, dielectric strength determines stability of a dielectric material, which 

determines its lifetime. 
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The relative permittivity (Ůr), also known in literature as dielectric constant, is 

responsible for the ability of a dielectric to polarize under the applied electric field. 

The higher the Ůr value, the more efficient is the polarization, the more energy will be 

stored by the dielectric layer. Due to the ability to be polarized, the dielectric layer 

can be considered as a capacitor when exposed to electric field. The relative 

permittivity determines the properties of this capacitor, therefore, it is the main 

characteristic of a dielectric material along with the dielectric strength. Among other 

important parameters of a dielectric material, there are dielectric resistivity, dielectric 

loss tangent etc. Since the influence of these parameters is not crucial in present study, 

their detailed consideration is omitted. The capacitance of the dielectric (Cd) layer is 

expressed by the equation: 

 

ὅ
                                                         (1) 

 

where Ůr is the relative permittivity of a dielectric, Ů0 is the vacuum permittivity, d is 

the thickness of the dielectric layer and A is its surface area. 

The charge accumulated in the dielectric layer is proportional to the ratio Ůr/d. 

The linear dependence of the discharge current from this ratio was found by Gibalov 

et al, 1998, who tested the wide range of Ůr/d values.  Varying the relative permittivity 

and thickness of a dielectric layer, one can adjust Cd suitable for the DBD formation. 

On the one hand, Cd must be high enough to store the amount of energy required for 

the discharge inception. On the other hand, a barrier with too high values of Cd 

requires unachievably high values of applied voltage, so a compromise must be made 

in search for the appropriate layer thickness and the dielectric material.  

Depending on the desired Cd, one or two electrodes could be covered with 

dielectric (figure 3). In case of both electrodes covered, the total capacitance is 

theoretically doubled compared to the case in which one electrode is covered and 

another one is a bare metal, provided that the thickness is constant in both cases. 

However, the studies show (Meiners et al, 2010, Heuser et al, 1985) that in the 

situation when only one electrode is covered the transferred charge is much higher 

than that in case of both electrodes covered. The authors also concluded that the use 

of only one barrier increases the plasma efficiency.  
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Figure 3. Location of the dielectric layer in discharge gap 

 

 

Coating material 

Dielectric material is one of the crucial parameters for the DBD generation. A 

successful dielectric material must possess the following properties:  

 

- high value of the relative permittivity 

- high value of the dielectric strength 

- low value of the heat loss 

- low value of the dielectric loss 

- high value of the electrical resistivity 

- good mechanical stability 

- chemical inertness 

Typical electrode coatings used for the DBD generation include glass, quartz, 

ceramics and polymers - materials of low heat loss, high dielectric strength and high 

dielectric constant. The influence of different dielectric materials on the DBD 

generation is a subject of investigation of many research groups (Hartmann et al, 

2009, Lukes et al, 2009, Kogelschatz et al, 2010, Laroussi et al, 2002, Miclea et al, 

2001, Piroi et al, 2010, Kostov et al, 2009, Akishev et al, 2003, Williamson et al, 

2006).  

The reactivity of DBD can be improved by increasing the permittivity of the 

dielectric layer. Therefore, the materials with relatively low values of permittivity 

such as quartz and glass are mainly used for low-energy applications of DBD (e.g. 

discharges in gas phase) such as ozone generation. The use of materials with 

extremely high permittivity (Sr-containing materials) leads to the very high values of 

electron density (up to 10
19

 cm
-3
) and the generation of thermal plasmas (T values of 
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up to 10
4
 K) (Meiners et al, 2010, Li et al, 2004, Li et al, 2007). Most of authors, 

dealing with the DBD generation directly in liquid, use different variations of ceramic 

coatings due to their optimal value of permittivity, compared to glass and quartz, and 

at the same time a high stability with regard to chemical reactions. 

 

Table 1. Dielectric properties of some dielectric materials used for DBD generation 

Coating material Ůr Reference Dielectric 

strength (MV/m) 

Quartz 4.22 Naz et al, 2012 - 

Glass 8.63 - 9.8 ï 13.8 

Ceramics: almandine, 

corundum 

10-12 Lukes et al, 2009, 

Sein et al, 2008 

13.4 

Sr-containing ceramics 120-300 Li et al, 2007, Li et al, 

2004, Meiners et al, 

2010 

- 

 

 

Alumina (Al2O3) is the most widely used material in the family of ceramics. It 

is made of the available raw materials and is relatively cheap giving the good 

opportunities for its industrial application. The key properties of alumina include 

(Accuratus): 

- hard, wear-resistant 

- excellent dielectric properties from low-frequency DC to GHz 

frequencies 

- resistance to strong acid and alkali attack at elevated temperatures 

- good thermal conductivity 

- excellent size and shape capability 

- high strength and stiffness 

- availablity in purity ranges from 94% to 99.5% (for the most demanding 

high temperature applications) 
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Alumina is usually found in the crystalline form - Ŭ-Al 2O3, which properties 

are summarized in Table 2 (Cheng et al, 2006, Accuratus): 

 

 

Table 2. Properties of Ŭ-Al 2O3 

Parameter Unit Value 

Ůr (1 kHz)  9.8 

Dielectric loss tangent (1 kHz) x 10
-4 

2.5 

Volume resistivity ɋ/cm 10
14 

Insulation intensity kV/mm 33 - 38 

Density g/cm
3 

3.9 

Coefficient of thermal expansion 10
-6
/CÁ 8.4 

Resistance against bending Mpa 300 

Resistance against heat impact  Excellence 

Resistance against mechanical impact  Excellence 

 

 

Surface morphology 

In many applications of DBD large electrode areas are required. However, it is 

more difficult to generate electrical discharge using large electrode areas (e.g. plate-

to-plate and cylinder-cylinder electrode geometries) than using the small ones (e.g. 

point-to-plate electrode geometries) due to the homogeneous distribution of electric 

field. Therefore, for successful generation of electrical discharges spatial non-

uniformities are required. In general way, the probability of the breakdown increases 

for the surfaces with imperfections, which are able to locally enhance the electric 

field. For the electrical discharge formation through DBD with large electrode areas, 

these imperfections are created artificially. A highly non-uniform electric field can be 

generated modifying the shape of metal electrodes or changing dielectric layer 
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microstructure. Some most common ways of the electrode surface modification are 

presented in figure 4. 

It was shown that metal wire meshes could be used as electrodes (Wang et al, 

2006, Qian et al, 2012, Tepper et al, 2002, Hensel et al, 2008). Meshed sheets can be 

wrapped around a cylinder (for wire-cylinder electrode configurations) or placed in a 

plate-parallel position (for plate-to-plate electrode geometries, figure 4(a)). The 

meshes are covered with a dielectric layer and electrical discharge develops at the 

mesh wires or on its nodal points. (Trunec et al, 1998) investigated the role of meshes 

in the DBD generation. Calculations have shown that meshes do not make any 

influence on the local enhancement of the electric field. However, the authors 

explained the role of the meshed electrodes in the discharge generation by the fact that 

the meshes have smaller resistance than flat electrodes.  

Recent studies have reported on the role of surface morphology of the 

dielectric layer in DBD generation (Hensel et al, 2004, Lukes et al, 2009). The 

presence of small cavities (porosity) in the dielectric layer is supposed to facilitate the 

DBD initiation. For this, the electrode could be covered with a dielectric layer with 

porosity (figure 4(b)). The active role of porous material for DBD generation consists 

in the formation of micro-discharges inside the pores. Pores are assumed to serve as 

the points, where electromagnetic field is enhanced. If the pores of a big diameter are 

used (ι100 Õm), the DBD could be considered as a diaphragm or capillary discharge. 

Typical pore diameters for the DBD generation vary from 1 to 80 ɛm.  Thermal 

plasma-spray technology is used for porous ceramic deposition on the metal surfaces. 

The mechanism of pores functioning consists in the fact that the pores serve as 

conductive channels and thus provide the direct contact between metal electrode and 

the liquid.  

Hong et al, 2010, Mahoney et al, 2010, Baerdemaeker et al, 2007, Jang et al, 

2011, Sato et al, 1999 reported on the generation of electrical discharge through a 

hole in the dielectric layer placed in between the electrodes (figure 4(c)). Depending 

on the ratio of the dielectric thickness (d) to the radius of the hole (r), this type of 

discharge is attributed to the capillary (d/(2r) è 1) or diaphragm (d/(2r) ḗ 0.1 -1) 

discharge which functioning differs from the operation of the classical DBD. In this 

case, the discharge generation takes place in the hole filled with the conductive liquid. 

The discharge is assumed to begin with the breakdown of a water bubble formed in 

the hole nucleated by the ohmic heating when the HV is applied across the electrodes. 
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Thus, the main advantage of both capillary and diaphragm discharge is that they are 

electrodeless discharges, which enables to avoid the electrode corrosion. 

 

 

 

 

Figure 4. Different modifications of dielectric layer for electrical discharge generation: a ï meshed 

metal electrode covered with dielectric layer; b ï dielectric layer with open porosity; c ïholes in the 

dielectric layer 

 
 

2.1.3.2. Temporal characteristics of electric pulses 

 

The electrical discharge ignition requires sudden application of a strong 

electric field. The efficiency of the energy transfer increases with the decrease of HV 

pulse width. Temporal characteristics of a HV pulse such as pulse rise time, pulse 

width and pulse decay time determine in significant way the costs of the power 

supply. The power supplies producing pulsed DC voltage create HV pulses with 

shorter rise and fall times than HV pulses of high-frequency AC power supplies.  

The pulse width of the applied voltage determines many important discharge 

properties such as initiation time, propagation velocity, plasma temperature etc. 

Basically, two types of discharges are distinguished: short-pulse discharges with pulse 

rise-time from picoseconds to ten nanoseconds. To use the longer pulse rise times 

(ι10 ɛs) is not reasonable due to the heat dissipation instead of the electric field 

enhancement.  

Pulse rise time and pulse duration define the mechanism of the liquid 

discharge. Briefly, short HV pulses allow the direct ionization of liquid, where the 

electron impact mechanism is realized. The short rise time does not allow of the heat 

dissipation near the electrode and, thus, the surrounding liquid remains unheated. 

Starikovskiy et al, 2011 reported on the electrical breakdown directly in liquid using 
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HV pulses with picosecond rise time. The propagation velocity in their experiments 

reached the value of 5000 km/s. No bubble or void formation was observed. 

Long HV pulses, on the contrary, do not allow of the electron acceleration in 

the extent as it is for the short HV pulses. In this case the time of the HV application 

is enough to heat the surrounding liquid media and nucleate a water bubble. The 

electric discharge therefore starts in this bubble with the following propagation into 

the liquid phase.  

Thus, on the basis of the experimental results one may conclude that, firstly, 

the pulse width of the applied voltage directly determines the discharge mechanism 

and, therefore, all subsequent discharge phenomena. Secondly, the shorter electric 

pulse, the faster is the current dissipation in the discharge gap, the higher is the 

plasma density and, therefore, the more efficient use of the input power is expected.  

 

2.1.3.3. Method of electrical excitation  

 

Accumulated surface charges on the surface of a dielectric layer can be 

neutralized either by alternating current (AC) or by pulsed direct current (DC). 

Regarding to the electric current nature, there are two operation modes to drive 

electrical discharge: high-frequency AC and short-pulse DC. 

The first type is characterized by a series of micro-discharges generated during 

one positive or negative half-period (figure 5(a)). The spikes on the current waveform 

correspond to the micro-discharges. In case of the short-pulse DC excitation (figure 

5(b)), only one event of discharge takes place per one electric pulse. In case of the DC 

excitation, a higher discharge current and a higher initial electric field are achieved, 

which results in the higher plasma-chemical production. Analysis of experimental 

studies on the influence of the electric current nature allows to conclude that the short-

pulse DC excitation produces higher power levels than high-frequency AC excitation. 

Williamson et al, 2006 explained the difference in AC and DC excitation by a 

different value of the threshold electric field of the breakdown. For the AC excitation, 

the voltage value needed for the electrical discharge inception is essentially the static 

breakdown voltage. For the DC excitation, where the pulse width is much shorter and 

the application of voltage occurs much faster, the breakdown voltage exceeds the 

static breakdown voltage. Thus, the electric field strength at the breakdown is higher 

for the DC excitation. Therefore electrical discharge inception and all subsequent 
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processes are characterized by a higher power using the short-pulse DC current rather 

than AC. 

 

              

 

Figure 5. Example current and voltage waveforms of (a) 1 kHz AC and (b) 300 Hz short-pulse DC 

excitation of DBD (Williamson et al, 2006) 

 

 

2.1.3.4. Polarity of electric pulses  

 

The electrical discharge initiation can be triggered either at the cathode or at 

the anode surface. The effect of the polarity on the liquid phase discharges follows 

from the fact that ions and electrons are characterized by different values of mobility. 

Studies report on the following regularities: (i) threshold voltage of an electrical 

discharge is lower for the anode-initiated discharges; (ii) the polarity of a high-voltage 

electrode influences the discharge morphology and propagation velocity. 

Computer simulations (Qian et al, 2006) and laboratory experiments (Joshi et 

al, 2003, Joshi et al, 2004) showed that the electric ýeld required for the electrical 

discharge generation was lower for the discharges initiated on the anode surface. 

Therefore the threshold voltage is lower when a high-voltage electrode is biased 

positively rather than negatively (Korobeinikov et al, 2002, Jones et al, 1995). Thus, 

when a symmetrical electrode configuration is used, the breakdown is initiated easily 

at the anode.  

The effect of the polarity on the electrical discharge initiation was extensively 

investigated by Qian et al, 2006. The authors proposed a microscopic model of the 

discharge initiation which takes into account a large difference in velocities of ions 

and electrons. In case of positive polarity, the electrons move very fast inside the 

bubble towards the anode surface. Positive ions move in the opposite direction, but 
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due to the incomparably lower velocity, the cations do not reach the bubble wall by 

the time the electrons reach the anode surface. Electric field inside the bubble is 

collapsed, whereas the electric field in the bulk is enhanced. In case of negative 

polarity, electrons are injected from the cathode and move very fast towards the 

bubble wall. The heavy and slow positive ions do not reach the cathode surface by the 

time the electrons are deposited on the bubble wall or penetrate into the solution bulk. 

Meanwhile, the electric field inside the bubble is enhanced compared to the electric 

field in the bulk. Thus, the charge density in the bubble neighborhood is smaller for 

the cathode-initiated discharge than that for the anode discharges.  

Thus, depending on the polarity, the charges are supplied or needed to be 

supplied for the electrical discharge inception. Electrons either fall into the bubble 

from the surrounding solution i.e. are extracted from the bubble/liquid interface; or 

impact the bubble/liquid interface from inside the bubble. The different strength of the 

electric field for positive and negative polarities causes the dependence of threshold 

voltage, streamer morphology and propagation velocity from the sign of the applied 

current. 

It should be noted that all considerations described above are attributed to the 

a priori formation of a bubble prior to the discharge inception, i.e. the bubble theory is 

assumed to be a dominant mechanism. In case of the direct electron impact ionization 

of liquid, one should not expect the influence of the polarity on the electrical 

discharge initiation as the stochastic phenomena (electron avalanches) take place. 

 

 

2.1.3.5. Solution conductivity 

 

The effect of the solution conductivity was shown by many authors to have a 

large influence on the electrical discharge initiation. In liquids, the discharge current 

is transferred by the solvated ions, but not by the free electrons as it is in metals, for 

instance. The solvated ions compensate the space charge electric field on the growing 

streamer head, thus strongly influencing electrical discharge propagation. Distilled 

water has an electric conductivity of 0.06 ɛS/cm (25ÁC) and a relative dielectric 

constant of 78.4 (25ÁC). The high resistivity of the distilled water allows of using it as 

an insulator. The advantage of such application is that its insulating and dielectric 
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properties are easily variable. The addition of ionic compounds such as salts, acids or 

alkalis into water changes its conducting properties.  

The aqueous solution may act either as a capacitor or as a resistor depending 

on the solution conductivity. When the pure water is used, the resistivity of the water 

layer is high, and the gap between electrodes acts as a capacitor. The input power is 

discharged through the surrounding media of a high resistivity. The displacement 

current in this case is larger than the conduction current and the capacitor is not fully 

discharged. It results either in the low discharge power or in no discharge initiation. In 

order to facilitate the electrical discharge, the conductivity of water is increased. It 

results in the conduction current larger than the displacement current and electrical 

discharge occurs. Thus, solution conductivity directly determines the initiation of 

electrical discharge.  

Another issue, related to the influence of solution conductivity, concerns the 

threshold voltage of the electrical discharge. Results found in literature show 

controversial results. Sunka et al, 2001 demonstrated that solution conductivity has no 

impact on the threshold voltage. Shih et al, 2010 required the higher voltage values 

for higher solution conductivity to initiate electrical discharge. Zhu et al, 2009, on the 

contrary, found that the electrical discharge initiation voltage decreases with increase 

of solution conductivity. The increase of solution conductivity leads to the higher 

current flow and more intense ohmic heating facilitating vaporization processes. Since 

electrical discharge initiation is preceded by the water vaporization as discussed 

above, the increase in solution conductivity will more likely facilitate electrical 

discharge formation and, therefore, decrease the threshold voltage. 

Investigating the influence of solution conductivity, all authors agree that the 

increase in solution conductivity leads to the higher power and plasma densities, 

higher plasma temperature and more intense UV radiation during the electrical 

discharge. However, at the same time, the short streamer length was observed in case 

of high solution conductivities and explained by a large discharge current flow due to 

the faster compensation of the space charge electric fields on the head of streamers. 

The shorter streamer length, i.e. the less plasma-water contact, results in the lower 

probability of the plasma-chemical reactions.  
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2.1.3.6. Electric field strength 

 

Liquid phase discharges require large electric fields to create the pre-existing 

current for heating and to sustain discharge propagation (Shih et al, 2010). Electric 

field required for the electrical discharge inception in liquids are much higher (~ 10
9
 

V/m) than the one in gas phase (~ 10
6
 V/m). Liquid breakdown would take place 

when the space field at a certain place in the discharge gap becomes equal to the 

external electric field at the same location. Therefore, the main parameter determining 

almost all electrical discharge properties is the electric field strength. The significance 

of this parameter is reported in every study that deals with electrical discharge 

generation. The averaged electric field strength (AEFS) is defined by the distance 

between electrodes and the applied voltage. The correlation between these values for 

symmetric plate-to-plate electrode configuration gives: 

 

E = U/d   ,                                                          (2) 

 

where E is the averaged electric field strength (V/m), d is the distance between 

electrodes (m), U is the magnitude of the applied voltage (V). From this equation it 

could be concluded that the applied voltage is not the most important parameter, but 

the averaged applied electric field. However, in most of studies the influence of the 

electric field is replaced by the influence of the applied voltage. The reason to that is 

because the construction of the discharge chambers does not always allow the change 

of the distance between electrodes and, therefore, d value is assumed to be constant. 

In such cases, the only possible way to enhance the AEFS is to increase the applied 

voltage. For those cases when the inter-electrode distance is easily variable, there is 

no need to use high values of voltage as the same value of AEFS could be reached by 

the shortening the inter-electrode distance at the constant voltage.   

The shorter inter-electrode distance and the higher applied voltage will result 

in the higher AEFS and the denser plasma formation. However, even when the 

applied voltage is low, the spark discharge may occur if the inter-electrode distance is 

too short. On the other hand, the large discharge gaps are characterized by the high 

divergent fields at the electrodes and low averaged electric fields in the bulk. 

Homogeneous electric field is difficult to obtain for long inter-electrode distances (d 



29 

 

is in the range of cm), therefore, the generation of electrical discharge with large 

discharge gaps is complicated.  

The calculation of the electric field strength becomes more complicated for 

asymmetric electrode configurations, as the electric field at the pin electrode instead 

of the AEFS across the gap should be considered. The AEFS is not relevant for sharp 

pins and long gaps because the electric field for the plasma initiation is concentrated 

around the pin and defined by: 

 

E ~ U/r                                                          (3) 

 

where E is the electric field near the electrode tip (V/m), U is the applied voltage and 

r is the radius of curvature of the tip (m). From this equation, a lower applied voltage 

is needed to generate corona discharge using sharper needles as in this case a higher 

electric field will be achieved.   

 

 

2.1.4. Effects induced by underwater electrical discharges 

The generation of underwater electrical discharges causes the formation of a 

number of physical and chemical effects. Among them, thermal effects and 

UV/Visible light emissions play a significant role. Besides, electrical discharges cause 

the formation of pressure shock waves. The input power is also spent on the formation 

of the water steam, dissociation and ionization. The simultaneous induction of both 

physical effects and chemical reactions by electrical discharges is the main advantage 

in terms of the application for water treatment.  

 

2.1.4.1. Physical effects 

 

Electrical discharges are a source of intense UV radiation, which is of a great 

interest as the UV leads to photochemical reactions (Lukes et al, 2008). The effect of 

the UV results either in the direct photolysis of the organic compounds or in the 

formation of highly reactive species which then attack organics. The efficiency of the 

UV radiation increases with the plasma power increase, thus, in general, more 
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energetic arc and spark discharges are considered to be more efficient sources of UV 

than corona and streamer discharges. 

The non-thermal plasma (NTP) produced by corona and streamer discharges 

implies the formation of plasma without heating of the bulk volume. Although, the 

temperature inside the discharge channels could be very high the localized nature and 

small volume of the discharge channels enable to support the thermal energy in the 

small volume and at the same time sustain moderate (room) temperature of the bulk 

solution. Thus, unlike in thermal plasmas, the use of NTP avoids the large thermal 

losses and prevents the damage of the nearby surfaces such as reactor walls, 

electrodes, reactor parts. Pyrolysis of organic compounds by NTP is possible, but 

since the thermal regions are characterized by a very small volume, the efficiency of 

the thermal decomposition is low. The greatest contribution of thermal effects consists 

in thermal dissociation of water molecules with the formation of primary reactive 

species. 

The high-amplitude ultrasound waves could be generated by an electrical 

discharge. The rapid energy expansion in the radial direction follows the electrical 

discharge generation, which produces the shock waves in the surrounding liquid phase 

(Stelmashuk et al, 2012). However, an electrical discharge is not an efficient source of 

the shock waves. (Naugolônykh et al, 1974) reported that only 8% of the total input 

power spends on the shock waves formation by underwater electrical discharges.  

 

2.1.4.2. Chemical reactions 

 

The high chemical efficiency is the main advantage of underwater electrical 

discharges. Electrons in the plasma discharge zone could reach the energy of up to 10 

eV. The energetic electrons along with the energetic photons trigger many chemical 

processes. The mechanism of discharge generation in liquid phase, as discussed 

before, includes the formation of the gas phase, where the electrical discharge 

inception occurs. The chemical activity of underwater electrical discharges, thus, is 

related to the chemical reactions in the water steam filling the bubble (reactive species 

being in the plasma state) and subsequent reactions in the bulk solution.  

The majority of experimental data report that the electrical breakdown in a 

water bubble yields the formation of such species as hydroxyl, hydrogen and oxygen 

radicals. The water dissociation by the non-elastic electron impact of the water 
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molecules is considered as the main mechanism of the radical formation. The primary 

species are highly reactive, but short-lived, therefore their monitoring utilizes high-

speed and high-sensitive techniques such as emission spectrometry.  

The water bubbles rapidly collapse and the high-temperature zone (discharge 

channels) decays in time. It is followed by the formation of a variety of species in a 

cooler zone surrounding the discharge channels. These species include hydrogen 

peroxide, ozone, molecular oxygen, hydrogen etc, which are characterized by a higher 

stability than the reactive radicals and can diffuse into the bulk solution. It makes 

possible to detect and quantify the secondary species by the chemical methods. The 

formation of hydrogen peroxide (H2O2) is of a special significance. The fact that it 

could act as a reductant (E
0
red = -0.7 V) and a relatively powerful oxidant (E

0
ox = 1.77 

V), H2O2 plays an important role in the destruction of organic molecules. 

Electrons impacting the bubble/liquid interface become solvated. The 

probability of the electron solvation, however, is low due to the low possibility of the 

occurrence of electron in the liquid phase (Buxton et al, 2006). There are very few 

studies reporting on the successful detection of the Ǜaq. The significance of the Ǜaq 

consists in its ability to form superoxide radical (O2
Å-
), which could act as an oxidizing 

or reducing agent dependent on the conditions. Other studies report on the formation 

of O2
Å-
 through the reaction of molecular oxygen and hydrogen radicals (Sahni et al, 

2006).  

 

 

 

Figure 6. Reactive species formed by underwater electrical discharge 
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2.2. Experimental 

 

2.2.1. Overall view of experimental setup 

 

The overall view of experimental setup used for the experiments described in 

the present chapter is presented in figure 7. Generally, the equipment could be divided 

into two parts: the high-voltage equipment (figure 7(a)) and the circulation system 

(figure 7(b)). 

 

 

 

Figure 7. Overall view of experimental setup: (a) the high-voltage equipment; (b) ï circulation system 

 

 

2.2.1.1. High-voltage equipment 

 

Plasma generator 

The plasma generator used in the present study was developed by PPT Puls-

Plasmatechnik GmbH (Dortmund, Germany). It consists of two main components: a 

HV-Capacitor (Charging Unit CCU4) and a HV-Pulse-Unit HVPU50. The HV-pulse 

unit contains a capacitor with a loading capacity of 500 nF. The charging unit is used 

to produce an initial voltage pulse with a relatively long pulse rise-time and low 

voltage amplitude (up to 3.2 kV); the electric pulse then is shortened (pulse rise time 

up to 800 ns) and transformed by the HV pulse unit yielding a maximal voltage of 50 
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kV. High-voltage pulses of the direct current (DC) have sinusoidal form with 

maximal pulse repetition rate of 200 Hz. 

 

Plasma reactor 

The generation of electrical discharge in the present study was carried out in a 

plasma reactor. Its cross section is shown in figure 8. The plasma reactor consists of a 

quartz cylinder and two Teflon
È
 electrode holders. Two round titanium electrodes 

with a radius of 1 cm and a thickness of 0.5 cm are placed parallel. One of the 

electrodes is covered with an electrode coating and connected to the HV-power 

supply, another electrode is grounded. From the back side either electrode is 

connected to a screw to provide electrical contacts with the power supply or with the 

ground. The stainless steel screws enable the electrode distance variations from 1.04 

to 3.24 cm. The total volume of the plasma reactor could be varied from 20 to 45 mL. 

 

 

 

 

Figure 8. Plasma reactor 

 

In order to minimize the inductance of the system, the HV cable connecting 

the plasma generator and the plasma reactor should be as short as possible. However, 

its length is determined by the relative location of the plasma reactor and the plasma 

generator. In the present study, the length of this cable was 1 m.  
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Oscilloscope measurements 

The characteristics of the voltage and current across the electrodes were 

measured by a two channel oscilloscope (Tektronix TDS 2012C, USA) which was 

triggered by the HV pulse unit. A high voltage probe PVM-1 (1000:1 attenuation, 

North Star High Voltage, USA) was used for voltage measurements and a Rogowski 

current transducer (2.00 mV/A, PEM Ltd., UK) was used for current measurements. 

The characteristics of electric pulses were determined as follows: 

 

- The electric pulse amplitude is the difference between the initial and the 

maximal values of the electric pulse 

- The pulse rise time was determined as the time during which the signal 

increases from 5 to 95 % of the amplitude  

- The pulse fall time was determined as the time during which the signal 

decrease from 95 to 5 % of the amplitude 

- The pulse duration was determined as the full width at half maximum of 

the electric pulse 

- The pulse energy was calculated by integrating the transient power curve 

by time 

 

2.2.1.2. Circulation system 

In the present study, the plasma reactor was incorporated into a circulation 

system (figure 7(b)), which served for two main purposes. Firstly, since the electrical 

discharge generation is accompanied by intense thermal emissions, the cooling of the 

aqueous solution is required in order to keep the constant solution temperature. When 

the pulse repetition rate is high enough (ṃ 10 Hz), the solution is heated by ~1ÁC/min. 

Thus, at the long operation the thermal effects may influence significantly the 

physical and chemical properties of the solution. Besides, the increased temperature 

might cause the destruction of the reactor parts as well as the electrode coatings. 

Secondly, since the mixing of the solution is required. The active volume of plasma 

reactor which is exposed to electrical discharge is varied from 2.1 ml to 5.1 mL 

(depending on d), while the total volume is 45 mL. For the degradation of organic 

compounds, the larger solution volumes are required.  
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Solution from the plasma reactor is transported by a magnetic drive pump 

(Iwaki Magnet Pump, model MD-30FX) to a double-walled open flask. The flask is 

connected to a thermostat (Huber Kaeltemaschinenbau GmbH, Offenburg, Germany) 

which supports the solution temperature of 20 ÁC. The solution from the flask is 

transported back into the plasma reactor. The maximal volume of the water cycle is 

270 mL. 

Electrical discharges were generated in aqueous solutions with different values 

of solution conductivity. It was adjusted by sodium sulfate and measured by a 

conductometer 712 Metrohm (Model 1.712.0010, Herisau, Switzerland).  

 

2.2.2. Electrode coatings 

Three ceramic coatings with different composition and thickness were 

examined in this study with respect to electrical discharge formation. First electrode 

coating ï Grey Alumina Coating of 50 ɛm thick (GAC50) - was produced by 

Medicoat AG (Maegenwil, Switzerland) using DC arc plasma-spray technique. The 

coating represented a mixture of Ŭ- and ɔ-Al 2O3. Second electrode coating ï Grey 

Alumina Coating of 250 ɛm thick (GAC250) - was produced from the mixture of Ŭ- 

and ɔ-Al 2O3 by TU Ilmenau, Germany using inductively coupled plasma-spray 

technique. Third electrode coating ï White Alumina Coating of 500 ɛm thick 

(WAC500) - was made of Rubalit 708 HP material (CeramTec GmbH, Germany). 

The sintered layer consists of almost pure (96 %) Ŭ-Al 2O3 with no porosity. 

 

2.2.3. X-ray diffraction spectra and Scanning electron microscope imaging 

Phase identification of all three coatings was carried out using X-ray 

diffraction (XRD) method with CuKŬ radiation. The XRD spectra were measured by 

an X-ray diffractometer (D8 Advance, Bruker AXS GmbH, Germany) from 5Ü to 90Ü 

2-theta angular range. The morphology of coating surfaces was characterized using an 

environmental scanning electron microscope (ESEM, Quanta 400 FEG, FEI 

Company, USA). 
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2.2.4. Chemical methods 

 

            2.2.4.1. Determination of hydrogen peroxide 

 

The generation of underwater electrical discharge is accompanied by the 

formation of hydrogen peroxide (H2O2). In the present study, the change of H2O2 

concentration was used as an indicator of electrical discharge generation. Due to its 

relatively high stability, H2O2 can be found in the solution long after its formation (the 

lifetime is up to a few days). In the present study, H2O2 was quantified 

colorimetrically using Allenôs method (Allen et al, 1952). The fundamental reaction 

in this method is redox reaction between H2O2 and I
-
: 

 

                                 H2O2 + 2I
-
 Ÿ I2 + 2OH

-          
                                           (4) 

                                         I2 + I
-
 Ÿ I3

-
                                                          (5) 

 

The oxidation of the iodide ion by H2O2 to form molecular iodine (equation 4) 

is followed by the formation of triiodide ion in the excess of iodide ions (equation 5). 

The formed triiodide ion (yellow color) is measured colorimetrically. Its amount is 

equal to the amount of the formed H2O2. The concentration of I3
- 

was calculated 

according to the Lambert-Beerôs Law: 

 

                                             A = ŮĀlĀC,                                                      (6) 

 

where A is the absorbance (a.u.), Ů is the molar extinction coefficient (L/(molĿcm)), l 

is the length of the light path (cm), C is the concentration (mol/L).  

Iodide anion was formed onsite through the reaction between reagents A and 

B. The reagent A: 1 g of NaOH, 33 g of KI, 0.1 g of (NH4)6Mo7O24Ŀ4H2O in 500 ml 

of distilled water. The reagent B: 10 g of KHPh in 500 ml of distilled water. 1 ml of 

the reagent A, 1 ml of the reagent B and 1 ml of the sample solution containing H2O2 

were mixed and transported into the quartz cuvette. The absorbance was measured at 

350 nm with a Lambda 25 UV-VIS spectrophotometer (Perkin Elmer, LAS GmbH). 

The sampling was carried out after 5, 10, 15, 20, 30, 40, 50, 60 and 90 min of the 

operation. 
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2.2.4.2. Determination of hydroxyl radical 

Hydroxyl radical (OH
Å
) is another reactive specie, along with hydrogen 

peroxide, which is formed in the aqueous solution exposed to electrical discharges. 

The lifetime of OH
Å 
(up to a few ms) is much shorter than that of H2O2, therefore, for 

its quantification a direct method described by Mason et al, 1994 was employed.  

Quantification of hydroxyl radicals was carried out using disodium salt of 

terephthalic acid (NaTA) (Saran et al, 1999). NaTA (non-fluorescent) is known as an 

OH
Å
 scavenger; it reacts with OH

Å
 to form 2-hydroxyterephthalic acid (HTA, 

fluorescent) according to equation 7. The concentration of HTA was determined by its 

fluorescence, which yield is proportional to the OH
Å
 concentration in the solution in 

the excess of NaTA. 

The HTA fluorescence yield was measured with an RF 5301 PC spectro-

fluorophotometer (Shimadzu, Germany). The excitation wavelength was set at 315 

nm and the fluorescence spectra of the solution were collected in the range of 320 nm 

- 500 nm. The peak intensity was quantified for each solution at the emission 

wavelength of 425 nm.  

    

                                                                         (7) 

 

Mason et al, 1994 reported on the reduced yield (up to 35%) of this reaction in 

solutions with considerable content of O2. Since all solutions investigated in the 

present work were exposed to the air, one cannot precisely calculate the amount of 

OH
Å
 by this method. However, the quantification of HTA enables to estimate the 

increase or decrease of OH
Å
 concentration, thus, along with H2O2, serving as a 

parameter to estimate the chemical efficiency of electrical discharge.  
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2.3. Results and discussions 

 

2.3.1. Equivalent electric circuit of the discharge gap 

 

Equivalent electric circuit of the plasma discharge gap used in this study is 

presented in figure 9.  

 

 

Figure 9. Equivalent electric circuit of the discharge gap 

 

 

In figure 9, I0 is the total current and V0 is the voltage across the electrodes; Cd 

and Rd are, respectively, the capacity and resistivity of the ceramic layer covering the 

high-voltage electrode; Cs and Rs are, respectively, the capacity and resistivity of the 

aqueous solution in which the electrodes are submerged. The successful generation of 

electrical discharge implies the breakdown on the discharge gap simultaneously with 

no breakdown of the electrode coating. For this, the properties of the aqueous solution 

and electrode coating should be investigated in order to find the optimal values of Cd, 

Rd, Cs and Rs. Electrode coatings with different composition and thickness were tested 

in order to adjust Cd and Rd values, while the solution properties (Cs and Rs) were kept 

constant. On the contrary, Cd and Rd were kept constant when adjusting the Cs and Rs 

values.  
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2.3.2. Factors influencing electrical discharge inception 
 

 
2.3.2.1. Electrode coatings 
 

In the present work ceramics was chosen as a coating material for the 

generation of electrical discharge in aqueous solution with large-are electrodes. The 

present chapter describes the influence of coating parameters ï composition, thickness 

and surface structure ï on the electrical discharge inception. In this chapter the 

capacity and resistivity of the dielectric layer were varied, whereas the capacity and 

resistivity of the aqueous solution were kept constant. 

The electrical discharge generation was mainly monitored visually. The visual 

control was also accompanied by the current and voltage waveform analysis and the 

formation of reactive species (hydroxyl radical (OH
Å
) and hydrogen peroxide (H2O2)). 

The properties of the tested electrode coatings are summarized in table 3. GAC50 is 

an electrode coating made of a mixture of Ŭ- and ɔ-Al 2O3 with the thickness of 50 ɛm 

and provided with porosity. GAC250 is an electrode coating with the same 

characteristics as GAC50, but with a bigger thickness (250 ɛm). WAC500 is an 

electrode coating made of a pure Ŭ-Al 2O3 (96%) of 500 ɛm thick without porosity. 

 

Table 3. Properties of electrode coatings 

Coating Producer Composition Thickness 

(ɛm) 

Porosity 

     

GAC50 Medicoat AG Mixture of Ŭ- and 

ɔ-Al 2O3 

50 Yes 

GAC250 TU Ilmenau Mixture of Ŭ- and 

ɔ-Al 2O3 

250 Yes 

WAC500 Ceram Tec GmbH Pure Ŭ-Al 2O3 500 No 

 
 

Electrode coating GAC50  

No electrical discharge generation under any conditions was observed using 

grey alumina with the thickness of 50 ɛm as a coating material (GAC50). Increase of 

the spatially averaged electric field strength (AEFS) up to 18 kV/cm (d = 1.5 cm, U = 
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27 kV) resulted in the arc discharge. Therefore, this value of the AEFS was found to 

be a limit for the given coating, above which the full breakdown of the electrode gap 

occurs. The change of solution conductivity that was ranged from 100 ɛS/cm to 2 

mS/cm did not make any positive influence on the electrical discharge generation.  

The arc discharges have led to the coating destruction as lots of craters and 

fractures appeared on the surface of GAC50 exposed to high-voltage pulses. Scanning 

electron microscope images of the coating surface with length scales of 10 and 500 

Õm are presented in figure 10. The surface deterioration evidences the lack of 

mechanical stability of GAC50. The craters were assumed to be caused by the 

breakdown in the ceramic layer, which has led to the surface destruction.  

 

 

 

Figure 10. Scanning electron microscope images of GAC50 (conditions are listed in the Experimental 

part) 

  

Significant amount of H2O2 was formed in the aqueous solution using GAC50 

and measured using chemical methods. Both processes ï electrical discharge and 

electrolysis ï might lead to the H2O2 formation. Since the electrical discharge 

generation was not observed, it was assumed that the main source of H2O2 were 

electrochemical reactions. H2O2 formation results from the dimerization of hydroxyl 

radical (equation 9) formed by the anodic oxidation (equation 8):  

 

                                     OH
- 
- Ǜ ᵮ OH

Å
                                                                                           (8) 

                                  OH
Å
 + OH

Å
    ᵮ H2O2                                                       (9) 

 



41 

 

The change of H2O2 concentration with time is shown in figure 11. H2O2 was 

produced by GAC50 in amount of 80 ɛM after 90 min of applying high voltage pulses 

(U = 26 kV, d = 1.5 cm, ů = 1 mS/cm). The most rapid increase of the concentration 

occurs during the first 50 minutes. Small change of the H2O2 concentration during the 

last forty minutes of operation suggests that the stationary concentration is achieved 

and the rate of H2O2 formation is equal to the rate of its decomposition. 

 

 

Figure 11. Formation of H2O2 with GAC50 

 

The waveforms of the current and voltage across the discharge gap are 

presented in figure 12 for solution conductivity of 2 mS/cm. Peak of the current 

waveform is shifted with respect to the peak of voltage waveform indicating the 

presence of a capacitance in the electric circuit. The peak on the current waveform is 

essentially the displacement current and, as it is clearly seen from the figure, it is not 

followed by the discharge current. Despite the ceramic layer of GAC50 acts as a 

capacitance, its resistance is not high enough to insulate the metal surface and avoid 

the leakage of electrons, which is evidenced by electrolysis. Thus, the reason of 

electrolysis in case of GAC50 is poor insulating properties of the ceramic layer. The 

low resistance of GAC50 can be explained by a number of factors including porous 

surface structure, low density, amorphous structure of ɔ-Al 2O3, insufficient thickness 

of the layer. 
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Figure 12. Current (blue) and voltage (yellow) waveforms for GAC50 

 

Because of the poor mechanical stability, GAC50 is unable of protecting the 

metal electrode from destruction and corrosion. Poor insulating properties of GAC50 

make it unable of acting as a barrier for electrons. Thus, the input energy in case of 

GAC50 is spent on the electrochemical processes (i.e. electrolysis) instead of the 

electrical discharge generation.  

 

Electrode coating GAC250 

In order to check the effect of the coating thickness on its ability of electrical 

discharge generation, a thicker electrode coating with the same composition as 

GAC50 was used. The new coating ï GAC250 ï was five times thicker (250 ɛm) than 

the previous one.  

With this coating, electrical discharge was observed for the wide range of 

electric field values. The threshold value of AEFS for the electrical discharge 

inception was found to be 7.3 kV/cm (U = 22 kV, d = 3 cm), whereas the upper limit 

was found to be 20 kV/cm (U = 30 kV, d = 1.5 cm). Further decrease of the electrode 

distance and/or increase of the voltage pulse amplitude has led to the formation of arc 

discharges. Change of the solution conductivity that was ranged from 100 ɛS/cm to 2 

mS/cm did not make any influence on the threshold value of AEFS for electrical 

discharge generation. Solution conductivity only influenced the brightness and the 

shape of the electrical discharges.  

The arc discharges did not lead to the formation of craters on the surface of 

GAC250, however, GAC250 was fractured after exposure to the high-voltage pulses 
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(figure 13). It suggests that the breakdown of the coating did not take place, however, 

the mechanical stability of the coating was not significantly improved by the increase 

of its thickness. 

 

 

Figure 13. Scanning electron microscope images of GAC250 (conditions are listed in the Experimental 

part) 

 

The waveforms of the current and voltage across the discharge gap are shown 

in figure 14 for solution conductivity of 2 mS/cm. Differences in current and voltage 

waveforms for GAC250 were observed in comparison with the ones for GAC50. The 

first maximum of the current waveform was observed at 460 ns as it was in case of 

GAC50 indicating the charging of the capacitor. The following current decrease 

simultaneously with the voltage increase corresponds to the fully charged capacitor. 

As the voltage drops down, the discharge current starts flowing. The second current 

maximum (520 ns) is related to the electrical discharge (i.e. discharge current). The 

small amplitude of the discharge current, however, suggests that the discharge is very 

weak. The increase of the discharge brightness and at the same time the increase of 

the second maximum was observed when the applied voltage was increased. Thus, 

unlike in GAC50, GAC250 was able of the electrical discharge generation which was 

visually observed and confirmed by the current and voltage waveforms.  
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Figure 14. Current (blue) and voltage (yellow) waveforms for GAC250 

 

The presence of two processes ï electrical discharge and electrolysis ï 

obstructs the description of the phenomena. In order to find out, whether or not 

electrolysis occurs simultaneously with the electrical discharge generation using 

GAC250, H2O2 formation was measured with and without electrical discharge. For the 

experiments in the absence of electrical discharge, the voltage was set at the value 

slightly below the threshold for the electrical discharge inception (U = 20 kV, d = 3 

cm). With no electrical discharge, the concentration of H2O2 was below the detection 

limit of the used technique (CH2O2 < 0.01 ɛM after 90 min of operation).This 

experiment indicates the negligible part of electrolysis in the electrical discharge 

generation using GAC250. The concentration of H2O2 on the edge of the detection 

limit was measured in the presence of electrical discharge (CH2O2 = 1 ɛM after 90 min 

of operation, figure 15(a)). It indicates the low chemical activity of the electrical 

discharge using GAC250. The formation of H2O2 during the electrical discharge 

proceeds through the recombination of hydroxyl radical (OH
Å
) according to equation 

9. However, unlike in the electrochemical formation of OH
Å 
by oxidation of hydroxyl 

anions on the anode surface, the formation of OH
Å 
by underwater electrical discharge 

is due to the plasma-chemical reactions. The mechanism of the plasma-chemical 

splitting of water molecules will be discussed in the next chapter.   

Thus, the electrical discharge generation could also be monitored by 

measuring the formation of OH
Å
. The change of OH

Å 
concentration with and without 

of electrical discharge is shown in figure 15(b). The black squares correspond to the 
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OH
Å
 formation in the absence of discharge. The grey circles correspond to the OH

Å
 

formation when electrical discharge takes place. The fact that electrolysis does not 

take place in using GAC250 is evidenced by the negligibly low concentration of OH
Å
 

in the case of absence of electrical discharge (CHTA < 2 nM after 90 min of operation). 

In the presence of electrical discharge the amount of OH
Å
 increased significantly 

(CHTA = 22 nM after 60 min of applying high voltage). This result indicates that the 

main source of OH
Å 

is the plasma-chemical reactions rather than electrolysis. The 

observed decrease of OH
Å
 concentration after 60 min of operation (figure 15(b)) is 

explained by the fact that the generation of electrical discharge generated using 

GAC250 starts ceasing after this time. 

 

  

Figure 15. Formation of (a) - H2O2 and (b) - HTA with GAC250 (the amount of HTA is taken as a 

measure of OH
Å
 formation, see the Experimental part) 

 

Besides the ability of electrical discharge generation, GAC250 demonstrated 

another effect that consisted in the disappearance of the discharge channels. It was 

noted that the number of the discharge channels decreased with time until they 

completely faded. The time during which the discharges were observable varied from 

20 min to 1 hour depending on the AEFS and solution conductivity. At low values of 

the AEFS and low solution conductivity the discharges were more long-lived than at 

the high values of AEFS and solution conductivity. Revival of the faded electrical 

discharges became possible only after the solution was removed from the system and 

the electrodes were dried up. 

This effect was discussed in the literature (Lukes et al, 2009) and explained by 

the formation of the surface charge on the ceramic layer. The accumulated charges 

reduce the electromagnetic field on the ceramic electrode acting as a screen. The 

authors proposed either to vary periodically the polarity of the applied voltage (e.g. by 


