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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
treatmenfprocess 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 physcal 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 represestthe 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 undertakba in
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 higkioltage pulses of diredurrent (maximal pulse rise time of 800 ns)
applied across the large area electrodes (effective area of each electrode®)s 2 cm
Special attention was paid on the effect of the electrode coating. The usual problem of
streamer reproducibility in time watsa 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 tdmirce of intense light
radiation in the entire optical region (2800 nm). Besides, underwater electrical
discharge phenomenon was demonstrated to lead to the formation of various reactive
species including a very strong oxidanhydroxyl radial. Thecreated plasma was
also characterized in terms of the basic plasma paraniep@sma temperature and
electron density.

Among all the experimental parameters, special attention was paid on the
impact of average electric field strength and solution camndtyc on electrical
di scharges. I't was found that solution coc
10 mS/cm made different effects on the discharge inception, physical and chemical

activities of the electrical discharges. Thus, higher solutiomwdivity 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 disch@geeration 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, metoplol, 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 repnés 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, cHeeeical
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.



Abstract

Nachteile der bestehenden Verfahrerzeur Wasseraufbereitung sind
unvol | st2ndiger Abbau von organischen Ver 1
chemischen Substanzen. Daher ist es erforderliciternative Verfahren zur
Wasseraufbereitungu entwickeln In der vorliegenden Studie wurdein neues
Verfahren zurWasseraufbereitungasierend auf elektrische Entladungamwickelt
und untersucht. Durch diegleichzeitige Nutzung von physikalischen Effd¢en
(StoCwel |l en, t hWWIVISi Strahlong unB fcHermidchedReaktionen
(Bildung derreaktivenRadikalen)s o | | das Verfahren den Abbe
Stoffen erm®glichen.

Im Rahmen der vorliegenden Dissertation wurdeAtfivendbarkeit derm
Wasser generierteglektrischen Entladungeig r d e n Adbghnésschen\Stoffen
untersucht . Dazu geh°rten Studien zur Pl
und dem Abbau von ausgew?2hlten organische

Die Entladungsbildung imWasser wtde unter Verwendung von
Hochspannungsimpulsen im nanosekunden Ber@i@ximale Flankensteilheit300
ns) an gr o Cf | 2Etekirodgre Wwirksame F |1 2 c h e Elgktmdee2r cnr)
durchgef ¢hrt. Das bwairsleo mud edee Einfussyy ederme r K
Elektrodemeschititungauf die Plasmagenerierugglegt. Reproduzierbaf&treamer
konnten unter MMbQO:Beschidntunggreiahtiwerden. U

Die Untersuchung der elektrischen Entladungenerfolgte durch
Emissionspektrometrie. Intensive Strahlungm optischenBereich (200800 nm)
konnt e beobachtet wer den. Au Cedastdien konn
elektrischen Entladungen im Wasser zur Bildung wamrschiedenen reaktiven
Speziese i n s ¢ h kimess€hr starkerOxidationsmittelsi Hydroxyl-Radikal 1
f ¢ h rDas generierte Plasma wurdaich im Hinblick aufdie grundlegenden
Plasmaparametérdie Plasmatemperatur und die Elektronendithtbarakterisiert.

Es wurde ein besonderes Augenmeduf die Auswirkungen der
durchschnittlichen elektrischerF e | d st 2 rLked t uthhidi gk ei auf der
elektrische Entladungegelegt. Es wurde festgestellt, dadie Entladungsbildung,
physi kalischen wund chemischen Eff®kte vo
eS/tlhm mS/ cm abhl¥rngedmnr.ht ami tekitderLholdieglLei t f

Entl adungsbi | du mtgnsivarendichtstrghtumgtdie Bildung von
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reaktiven Spezies wird jedoch verringert. \i#srde auch festgestellt, dase hohe
durchschnittlichen elektrischehe | d s tié E rktelnad ungs b sowiddieng f ©r
physikalischen und chemischEffektev er st 2 r kt .

Die Anwendbarkeit deelektrischen Entladungen zWasseraufbereitung
wurde am Beispiel des Abbaus ausgew?2hl te
Als Modellverbindungen wurden diggharmazeutidten Substanzen Diclofenac,
lopamidol, Metoprolol, Bisphenol A und Carbamazepin uhd | f | uor essi g:¢
verwendet Es konnte ein Abbau bis zu 92% erreicht werden, obwabé
Energieverbrauchm Bereich von mg/kWh lag.

Die vorliegendéStudiel 2 s st dseundasSetektrisanes Entladungem
Wasserein gr o Ce s RPotrendziiemal chemi kalienfreie B¢

Abwassermengen besitzen.
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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 recaitti contaminants are being synthesized
and charged into the environment. Thésets 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 treattment¢et al 2004,
Terneset al, 1999. 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 sme 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. Aong 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)i the formation of carcinogenic chlorinated hydrocarbons resulted from

the reactiorof chlorine with organic pollutant(nnick et al, 1993; (ii) T the low

1



oxidation potential of chlorine { (Cl,) = 1.36 V) which results in incomplete
elimination of organic pollutants.

With time, chlorination was replaced by ozonation which is contynased as
a final step in modern water treatment plafwél'P). The combination of ozonation
with UV irradiation is being intensively implemented in maR{fPsto purify water
till the drinking level. The principle of water purification by ozone consists in the
oxidation of organics by highly reactive and sHored oxygen atoms (k& (Oﬂ) =
2.42 V) formed from the destruction of unstable ozone molecules. jthozone
was accepted as being safeae et al, 2001), water treatment application requires
significant dosages of ozone-{5%).

Currently, many research groups are developing a variety of Advanced
Oxidation Processes that are aiming on the generafidnghly reactive hydroxyl
radicals (Eox (OHlﬁ = 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 (FentonQkl O; 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 ozebased processes and high costs of UVplaifor 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 sepaoataatalyst 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 adsorptibe 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 develdpedrst and the main
requirement to the novel technique is the cherfres treatment. Secondly, the water
treatment should result in the complete mineralization in order to avoid the possible
formation of toxic and recalcitrant gyoducts. The thirdaspect concerns the

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



treatment technique should be applicable for bothwater disinfection and

degradation of organics on molecular level.

1.2.Removal of pollutants by eletrical 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 |&ofatganic
Compounds (VOCs)Henetrateet al, 1993, McAdamset al 2001, Grabowsket al,

2006, water disinfection $atoet al, 1996, Liet al, 2006, Mizunoet al, 1989 and
removal of organic compounds dissolved in wakéagureaniet al, 2007, Gerrityet
al, 2010, Hoebemet 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
(Urashimaet al, 2000, Eliassort al, 1991, Van Durmet al, 2007, Chenet al, 2009,
Futamuraet 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 fromhgas o 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 cordted water

layer Beloshee\et al, 1998, Magureantet al, 2010, Lukeset al, 2011, Hoebert al,

1999, Sancet al, 2002. However, the question, how efficient is such a treatment,
caused a great concern as the most reactive part of the sybmmdarybetween

water and gas 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 achigiied i

last two decadesB@baeveet al, 2008, Bruggemaet al, 2009, Clementet al, 1987,
Starikovskiyet al 2011, Marinovet al, 2011) allowed to start the investigation of
organics removal by electrical discharges generated directly in water. Howe@gtr, m

of systems still resort to the aid of gas phase in the generation of electrical discharge,
for instance, the discharges in water with gas bubBlesa(iashiet al, 1997, Iharaet

al, 1999, Miichiet al, 2002, Gershmaat al, 2007, Shiket al 2010. The least studies



report on the investigation of organics removal by electrical discharges generated
fully in water.

Electrical discharges in water produce conductive channaseamersi
which are filled with plasma. Plasma is the most abundant statattér as 99.9% of
the universe is comprised of plinredmed. The
by Irving Langmuirin the year 1928Langmuiret al, 1929. The modern definition of
plasma says that it Bn ionized gas consisting of positive icarsd 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).

Nonrthermal phsmas (NTP) utilized in chemical processing is not in thermal
equilibrium as the electron temperaturg) (iuch exceeds the ion temperat(irg: Te
e T;. On the contrary, in thermal plasmas all components are in local thermodynamic
equilibrium and occur at almost equally high temperatugg2(T;). In contrast to
thermal plasma, in NTP, it is more energy efficient to not feed energy equally into all
degres 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 Parvulesciet al 2012. Thus,high energy electrons of NTP are capable
of dissociaing 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 speciessity, i.e. without the addition of
chemicals, and the variety of physicdifeets 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 laborascafte, used for a smaltale
water treat ment (e. g. AAquaSpar ko Ltd.)
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
4



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 thexgtion 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 ceasth wine.

The second goal comes from the necessity to provide the understanding of
physical and chemical effects induced by the obtained dischargess Hmisntegral
part of the research whi@nablego get an insight into the electrical discharge reatur
The understanding of the process nature, in temapleso 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 viegatment. 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 geral aim was to undertake a systematic approach,
which enabledto work out all three aspects of underwater electrical discharge
generation, investigation and applicatiowithin one study.

1.4Thesis organization

The dissertation is divided into three main parts, each of them corresponds to
the one of the thregoals listed above. Following the present Chapter 1, Chapter 2
describes the generation of electrical discharge in water, Chapter 3 is devoted to the
plasmadiagnostics 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 expeniental procedures used during the experimental investigation. The
5



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 Sunary highlights the most important achievements.
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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 undertakdmwe 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 removalectrical discharge initiation. The effect
of the different parameters on the electrical discharge inception in agueous 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 (ii) 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 incl(jielesign of a plasma reactor;
(i) 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) evaluationof the chemicahctivity of theunderwater 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 reakdown 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 thieirth to the new electrons. The development of an electron
avalanche is shown in figurga). As the strength of the electric field increases, the
impact ionization also increases, which leads to the formation of the independent
electron avalanches untihg¢ 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 avalanchesh@& formation of a streamer is shown in figuie). If
the plasma channel reaches the cathode, the full breakdown over the discharge gap
occurs (figurel(e)). Otherwise, the partial discharges take place (figureand(d)).

Figure 1. Beakdownstages: (a) the grows of an electron avalanche; {bfjormation of secondary
avalanches; (c), (d) the grows of a positive streamer; {efull electric breakdown \(urikov et al,
1982)
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The photons created in the head of an electron avalanche leadftortfation
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 streaf@®i 10°
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.
Thebubble theory

A bubbleinitiated breakdown imps 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 load, lowdensity regions (micrkbubbles). This
theory was originally created and developed by Bunkin and Bunkin (Bunkin et al,
1992). The authors entitled these regions
in liquids by the presence of impuritispread across the entire solution volume.
Second possible reason of the-pristence 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 isrenprobable for industrial liquids containing
impurities i.e. dissolved gases, ion clusters, solid particles etc, whereas in the pure
liquid dielectrics the gas mictioubbles are likely formed onsite. Thus, the breakdown
in the liquid is coupled to the estence or formation of low density regions and
microbubbles Kolb et al 2008, Joshiet al 2009, Lewis et al 2003.

After the micrebubble nucleation through one of the described mechanisms, the
13



electrical breakdown initiation irhé 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 (liquidbke 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 filat@uld be noted that the

heat release and bubble formation is only

Direct ionization of liquid

This breakdown theory assumes that electrical discharges in liquid can be
formed in the absence of the gasbble formation and without thermal effects
(Starikovshy et al, 2011, Marinovet 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 negligibtkie 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 thepid solvation (1 pslaenenet al 2000. However,
despite all the contras5tarikovsky et al, 2011 have recently reported on the
successful ionization of liquids (water) by the direct electron impactadbaiz It
became possible, when the electric fieldar the electrode was ohe 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 rosiohage
electrode (U = 220 kV, pulse duration = 400 ps, electdidmeter at the tip = 100

em) .

2.1.1.3Breakdown 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 flowrdbgh 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 rrases 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 tharea 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?): pointto-point, pointto-plate, plateto-plate, wire

cylinder geometries.

Figure 2. Basic electrode configurations: {a)oint-to-point, (b) i point-to-plate, (c)i plateto-plate,

(d) 1 wire-cylinder

The electrode configuration with a strongly asymmetric geomepwgint-to-
plate- is the most commonly used to generate electrical discharge throaiglirelt
ionization of liquids The déectrical discharge generated in such a way is a classic
corona discharge. Poid-plate geometry implies that the intelectrode distance is
much greater than the diameter of the point electrode. In such configurations, a point
electrode represents @ tand is usually used as a high voltage electrode to concentrate
the electric field for the liquid phase discharge. The electrical discharge initiation with
pointto-plate geometry is determined by the amplitude of the applied voltage pulse

and the curvame radius of the tip. Poistb-point and pointo-plate electrode
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geometries are difficult to implement to the commercial applications because of the
limited lifetime of the tip electrodes resualg from the destruction of the electrode tip.
Besides, thelectrical discharge generated in this way occupies a very small volume.
The use of a wirgylinder electrode configuration is another way to create the spatial
nortuniformity of the electric field. In this casehe critical parameters of the
electrical dscharge generation are the radii of the wire and the cylindéeéet al,

2009.

Symmetric electrode configuration, where both electrodes have the same
shapes and are characterized by a large electrode areatdgiéte, figure 2(c),
Hartmannet al, 2007) are used for the electrical discharges initiated through the DBD
discharge(the nature of DBD is discussed in details in the next subchapiett)is
case, one or two electrodes are covered with a dielectric layer. In general way,
classical coronabave higher electron energy than the barrier dischatgesdqw et
al, 1997, Brainet al, 1991, Babaevat al, 2008 Dhaliet al, 1987). Average electron
energies in the streamer heads afb®V for coronasNamihiraet al 2007 and 26
eV for DBDs. Eéctric 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 fromocona 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,
plateto-plate electrode geometry is widelyeas for such applications as surface

treatment, water purification, ozone generation etc.

2.1.3. Factors influencingelectrical 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 thetransition 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 Epuse Up to a few kJ) and temperatuiep to a few thousand degrees)
and leadto electrode erosion or complete destruction. Therefore, sparks should be
avoided when generating electrical discharges for the water treatment purposes.
Besides, the current buildp between the electrodes, when sparking, leads to
substantial heating ohé 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
electrodei dielectric barrier. In other words, a dielectric layer is to protect an
electrode from the rapid desttion 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 conductisarface 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 gaphich 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 eleatal dischargeTwo 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 brgking 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 determinsbility of a dielectric material, which

determines its lifetime.
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The rel at i v g algp&towniirliteraturé ds yielegttit constant, is
responsible for the ability of a dielectric to polarize under the applied electric field.
The higherthd)r val ue, the more efficient is the
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 aangent etc. Since the influence of these parameters is not crucial in present study,
their detailed consideration is omitted. The capacitance of the dielecf)itay@r is

expressed by the equation:

6 — (1)

where( is the relative permittivity of a dielectrit) is the vacuum permittivityd is
the thickness of the dielectric layer aivdk its surface area.

The charge accumulated in the dielectric layer is ptapwl to the ratidy/d.
The linear dependence of the discharge current from this ratio was founithddgv
et al, 1998 who tested the wide range @fd values. Varying the relative permittivity
and thickness of a dielectric layer, one can adpgsuitable for the DBD formation.
On the one handZ4 must be high enough to store the amount of energy required for
the discharge inception. On the other hand, a barrier with too high valués of
requires unachievably high values of applied voltage, smgromise must be made
in search for the appropriate layer thickness and the dielectric material.

Depending on the desiredy, one or two electrodes could be covered with
dielectric €igure 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/éinerset al, 2010 Heuseret al, 1985 that in the
situationwhen 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 dielectriayer 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 thalielectric 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 angbolymers- materials of low heat loss, high dielectric strength and high
dielectric congant The influence of different dielectric materials on the DBD
generation is a subject of investigation of many research grotgpsn{annet al
20, Lukeset al, 2009 Kogelschatzt al, 2010, Laroussiet al, 2002, Miclea et al,
2001, Piroi et al, 2010, Kostovet al, 2009, Akishevet al, 2003, Williamsonet al,
2008.

The reactivity of DBD can be improved by increasing the permittivity of the
dielectric layer. Threfore, the materials with relatively low values of permittivity
such as quartz and glass are mainly used fordogrgy applications of DBD (e.g.
discharges in gas phase) such as ozone generdtien use of materials with
extremely high permittivity (Scontaining materials) leads to the very high values of

electron density (up to 1bcm?®) and the generation of thermal plasmawvélues of
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up to 14 K) (Meinerset al, 2010, Liet al 2004, Liet al 2007. Most of authors,
dealing with the DBDgeneration 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 eome dielectric materials used for DBD generation

(o]

Coating material U Reference Dielectric
strength (MV/m)

Quartz 4.22 Nazet al,2012 -
Glass 8.63 - 9.87 13.8
Ceramics: almandine, 10-12 Lukeset al,2009, 13.4
corundum Seinet al,2008

Sr-containing ceramics  120-300 Li et al,2007, Lietal, -
2004,Meinerset al,
2010

Alumina (Al;Os) 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
(Accuratug:

- hard wearresistant

- excellent dielectric properties from lefrequency DC to GH:
frequencies

- resistance to strong acid and alkali attack at elevataegeratures

- good thermal conductivity

- excellent size and shape capability

- high strength and stiffness

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

high temperature applications)
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Alumina is usually found in the crystalline forrJ-Al,Os, which properties

are summarized in Table Zlienget al, 2006,Accuratu?:

Table 2. PRAOperties of U

Parameter Unit Value

U (1 kHz) 9.8
Dielectric loss tangent (1 kHz) x 10 2.5
Volume resistivity q/ cm 10
Insulation intensity kV/mm 33-38
Density glent 3.9
Coefficient of thermal expansion 10% CA 8.4
Resistance against bending Mpa 300
Resistance against heat impact Excellence
Resistance against mechanical impa 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 cylindecylinder electrode geometrie)an using the small ones (e.g.
pointto-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 probabdityhe breakdown increases
for the surfaces with imperfections, which are able to locally enhance thacelectr
field. For the electrical discharge formation through DBD with large electrode areas,
these imperfections are created artificially. A highly sumiform 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 figuré.

It was shown that metal wire meshes cowdused as electrodes/énget al,

2006 Qianet al, 2012, Tepperet al, 2002,Henselet al, 2009. Meshed sheets can be
wrapped around a cylinder (for wioylinder electrode configurations) or placed in a
plateparallel position (for plat¢o-plate electnde geometries, figurel(a). The
meshes are covered with a dielectric layer and electrical discharge develops at the
mesh wires or on its nodal pointSriinecet al, 1999 investigated the role of meshes

in the DBD generation. Calculations have shownt tm@shes 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.

Recen studies have reported on the role of surface morphology of the
dielectric layer in DBD generatiorH¢nselet al 2004 Lukes et al, 2009. The
presence of small cavities (porosity) in the dielectric layer is supposed to facilitate the
DBD initiation. Forthis, the electrode could be covered with a dielectric layer with
porosity (figure4(b)). The active role of porous material for DBD generation consists
in the formation of micralischarges inside the pores. Pores are assumed to serve as
the points, wherelectromagnetic field is enhanced. If the pores of a big diameter are
used (.100 Om), the DBD could be consider
Typical pore diameters for the DBD gener
plasmaspray technologysi 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.

Honget al 2010, Mahoneet al, 2010, Baerdemaeket al, 2007, Janget al,

2011, Satoet al 1999 reported on the generation of electrical discharge through a
hole in the dielectric layer placed in between the electrodes (figuie Depending

on the ratio of thalielectric thicknessd) to the radius of the hole)( this type of
discharge is attributed to the capillay/(er) & 1) or diaphragmd/(2r) € 0.1 -1)
discharge which functioning differs from the operation of the classical DBD. In this
case, the discinge 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.
22



Thus, the mairadvantage of both capillary and diaphragm discharge is that they are

electrodeless discharges, which enables to avoid the electrode corrosion.

Meshed metal  Dielectric Metal Porous Metal Dielectric Hole
electrode layer electrode dielectric layer electrode layer

Figure 4. Different modifications of dielectric layer for electrical discharge generatibormeshed
metal electrode covered with dielectric layer;i kdielectric layer with open porosity; icholes in the

dielectric layer

2.1.3.2.Temporal characteristics of electric pulses

The electrical discharge ignition requires sudden application of a strong
electricfield. 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 powr supplies producing pulsed DC voltage create HV pulses with
shorter rise and fall times than HV pulses of Higdguency AC power supplies.

The pulse width of the applied voltage determines many important discharge
properties such as initiation time, opagation velocity, plasma temperature etc.
Basically, two types of discharges are distinguished: ghdse discharges with pulse
risetime from picoseconds to ten nanosecorids use the longer pulse rise times
(.10 es) iI's not r edissipatiom instead ofitheeeledtrio field h e
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. Thersrise time does not allow of the heat

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

Starikovskiyet al, 2011 reported on the electrical breakdown directly in liquid using
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HV pulses with picosecond rise time. The gagation 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 theedinthe 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 resoits 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 diggh 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 byalternating current (AC) or by pulsed direct current (DC)
Regarding to the electric current nature, there are two operation modes to drive
electrical discharge: hightrequency AC and shepulse DC.

The first type is characterized by a seriesafro-discharges generated during
one positive or negative hgteriod figure5(a)). The spikes on the current waveform
correspond to the micrdischarges. In case of the shpuise DC excitationfigure
5(b)), only one event of discharge takes placeguer 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 plasrchemical production. Analysis of experimental
studies on the influence of the electric cutneature allows to conclude that the short
pulse DC excitation produces higher power levels than-négiuency AC excitation.
Williamson et al 2006 explained the difference in AC and DC excitation by a
different value of the threshold electric field betbreakdown. 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 fastine 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 poweg tistnshorpulse DC current rather
than AC.

Voltage x10° (V)
(v) waun)
Voltager x10° V)
(y) waun)y

-200 ) 200 400 600 0 50 100 150 200
Time x10°® (sec) Time x10° (sec)

Figure 5. Example current and voltage waveforms of (a) 1 kHz AC and (b) 300 Hzpsls&tDC
excitation of DBD {Villiamsonet al 2009

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 characterizedffieyett values of mobility.
Studies report on the following regularities: (i) threshold voltage of an electrical
discharge is lower for the ancd@tiated discharges; (ii) the polarity of a higbltage
electrode influences the discharge morphology andagation velocity.

Computer simulations{ian et al, 2006 and laboratory experimentscGhiet
al, 2003, Joshet al, 200 s howed that the electric ye
discharge generation was lower for the discharges initiated on the anoidce.
Therefore the threshold voltage is lower when a {vigltage electrode is biased
positively rather than negativeli{¢robeinikovet al 2002, Joneet al, 1999. 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 byQian 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 surfaBesitive 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 fighl 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 bblall 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 cathodenitiated discharge than thior 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 bulzhlellinterface; 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 fimenstgn 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 ofrée dlectron 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 solutio 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 solvatedns compensate the space charge electric field on the growing
streamer head, thus strongly influencing electrical discharge propagation. Distilled
water has an electric conductivity of
constant of efidgh redistivity2obtifedistilled Walter 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 watechanges 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 aaiscapacitor. 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 dischargegr 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 condutfivdirectly 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 resultssunkaetal, 2001demonstrated that solution conductivity has no
impact on the threshold voltagehih et al, 2010 required the higher voltage values
for higher solution conductivity to initiate electrical dischargeu et al, 2009, on the
contrary, found that thelectrical 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 dischargenitiation 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 solutiommductivity, 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 strdantgth 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 plasata contact, results in the lower

probability of the plasmahemical reactions.
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2.1.3.6.Electric field strength

Liquid phase discharges require large electric fields to create trexistang
current for heating and to sustain discharge propagatioin ¢t al, 2010). Electric
field required for the electrical discharge inception in liquids are much higher (~ 10
V/m) than the one in gas phase (~° Mm). 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 propertieshis 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 voltdde correlation between these values for

symmetric platdo-plate electrode configuration gives:

E=uUd , (2)

where E is the averaged electric field strength (V/md)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, therefiovalue 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 halectrode 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 intelectrode distance at the constant voltage.

The shorter inteelectrode 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, thepark discharge may occur if the iniectrode 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 difficult to obtain for long interelectrode distancesl (
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is in the range of cm)herefore,the generation of electrical dischargéh large
discharge gaps is complicated.

The calculation of the electric field strength becomes more complicated for
asymnetric 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~Ulr 3)

whereE is the electric field near the electrode tip (V/td)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 electricadischarges

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 famation 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 reactiongeset al, 2009. The effect of
the UV results #her 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 sparksdharges are considered to be more efficient sources of UV
than corona and streamer discharges.

The nonthermal plasma (NTP) produced by corona and streamer discharges
implies the formation of plasma without heating of the bulk volume. Although, the
tempeature 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 regisrare 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 highamplitude ultrasound waves could be generated by an electrical
discharge. The rapid energy expansion in the radial direction follows the electrical
dischargegenerationwhich produces the shock waves in the surrounding liquid phase
(Stelmashulet al, 2012). However, an electrical discharge is not an efficient source of
the shock wavesN(a u g o | eb 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
processesThe 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 chemad 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 sfich species as hydroxyl, hydrogen and oxygen

radicals. The water dissociation by the redastic 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 shored, therefore their monitoring utilizes high
speed and highensitive techniques such as emission spectrometry.

The water bubbles rapidly collapse and the h&hperature zone (discharge
channels) decays in time. It is followed by the formation of a wadgéspecies 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 selutianakes
possible to detect and quantify the secondary species by the chemical methods. The
formation of hydrogen peroxide §B,) is of a special significancdhe fact thait
could act as a reductant%§g = -0.7 V) and a relatively powerful oxida(E = 1.77
V), H20; 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
occurrenceof electron in the liquid phaseé(xton et al 200§. There are very few
studies reporting on the successful detection of&beThe significance of theﬂ\q
consists in its ability to form superoxide radicalg’s(pwhich could act as an oxidizing
or reducing agent dependent on the conditions. Other studies report on the formation
of O through the reaction of molecular oxygen and hydrogen radigalsn(et al,

2008.

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

2.2.1.0verall view of experimental setup

The overall view of experimental setup used for the experiments described in
the present chapter is presented in figur&enerally, the equipment could be divided

into two parts: the higholtage equipment (figuré(a)) and the circulation system

(figure 7(b)).

(a) (b)
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Figure 7. Overall view of experimental setup: (a) the highage equipment; (k) circulation system

2.2.1.1. Highvoltage 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 HRulseUnit HVPU50. The HVpulse

unit contains a capacitor witlnloading capacity of 500 nF. The charging unit is used
to produce an initial voltage pulse with a relatively long pulsetise and low
voltage amplitude (up to 3.2 kV); the electric pulse then is shortened (pulse rise time

up to 800 ns) and transforohéy 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 wasdcaut in a
plasma reactor. Its cross section is shown in figuEhe plasma reactor consists of a
quartz cylinder and two TeflGnelectrode holders. Two round titanium electrodes
with a radius of 1 cm and a thickness of 0.5 cm are placed parallel.oDthe
electrodes is covered with an electrode coating and connected to tpoviy
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
grourd. The stainless steel screws enable the electrode distance variations from 1.04

to 3.24 cm. The totalolume of the plasma reactor could be varied fronto24b mL

Quartz HV

cylinder electrode Grounded

electrode

Ceramic
coating

QOutlet

less steel screw

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 locatairthe plasma reactor and the plasma

generatorin 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 M pulse unit. A high voltage probe P\ (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 gak 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 ampligeud

- 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 integratingtittuesient power curve
by time

2.2.1.2 Circulation system

In the present study, the plasma reactor was incorporated into a circulation
system (figure/ (b)), which served for two main purposes. Firstly, since the electrical
discharge generation is accompaniedritgnse thermal emissions, the cooling of the
agueous solution is required in order to keep the constant solution temperature. When
the pulse repetition rate is highenoughl( 0 Hz ), t he sol@min.on i s
Thus, at the long operation the thmad 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 solutienrequired. The active volume of plasma
reactor which is exposed to electrical discharge is varied from 2.1 ml to 5.1 mL
(depending ord), 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
(lwaki Magnet Pump, model MIBOFX) to a doublavalled open flask. The flask is
connected to a thermostat (Huber Kaeltemaschinenbau GmbH, Offenburg, Germany)
which supports the soluton t emper ature of 20 AC. The
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. Itwas 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 electridigcharge formation. First electrode
coatingi Gr ey Al umina Coating ewWwas pr€@duceadmby t hi c k
Medicoat AG (Maegenwil, Switzerland) using DC arc plaspeay technique. The
coating repr esenhnedAl,0:aSeqndelkarodeatimgi Gréy
Al umina Coating of -2vaG emotdhiceld fG&GAG2 5 h)e
a n d-Al,03; by TU llmenau, Germany using inductively coupled plaspay
technique. Third electrode coatiigWhi t e Al umi na Coating of
(WAC500) - was made of Rubalit 708 HP material (CeramTec GmbH, Germany).
The sintered | ayer c oAOiwhine pomdity. al most pur

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

Phase identification of all three coatings was cdrrmut using Xray
diffraction (XRD) method with Culiradiation. The XRD spectra were measured by
anXxr ay diffractometer (D8 Advance, Bruker
2-theta angular range. The morphology of coating surfaces was characterizeahusing
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 (¥D.). In the present study, the change oK
concentration was used as an indicator of electrical discharge generation. Due to its
relatively high stability, HO, can be found in the solution long after its formation (the
lifetime is up to a few days). In the present study,Ok was quantified
colorimetricall y Alesadta, 952\ THe d&undarsentahedctioo d  (

in this method is redox reaction betweerOkand I:

H,O, + 21 Y 2+ 20H (4)
L+1Y 3l (5)

The oxidation of the iodide ion by.B, to form molecular iodine (equatiat)
is followed by the formation of triiodide ion in the excess of iodide ions (equ&jion
The formed triiodide ion (yellow color) is measured colorimetrically. Its amount is
equal to the amount of the formed®3. The concentration of; was calculated

accordingtothe LambeBRe er 6 s Law:

A = UAI AcC, (6)

whereA is the absorbance (a.udj s t he mol ar extinctlion co
is the length othe light path (cm)C is the concentration (mol/L).

lodide 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 (l§¥o;O,4 4,6 in 500 ml
of distilled water. The reagent B: 10 g of Khih 500 ml of distilled water. 1 ml of
the reagent A, 1 ml of the reagent B and 1 ml of the sample solution contaytdag H
were mixed and transported into the quartz cuvette. The absorbance was measured at
350 nm with a Lambda 25 UVIS spectrophotometgPerkin 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 (OI—’i) is another reactive specie, along with hydrogen
peroxide, which idormed in the agueous solution exposed to electrical discharges.
The lifetime of Ol-jf(up to a few ms) is much shorter than that ekl therefore, for
its quantification a direct method described\lyysonet al, 1994was employed.

Quantification of hydrayl radicals was carried out using disodium salt of
terephthalic acid (NaTAjSaranet al, 1999. NaTA (nonfluorescent) is known as an
oH* scavenger; it reacts with JdHo form 2hydroxyterephthalic acid (HTA,
fluorescent) according to equati@nThe comentration of HTA was determined by its
fluorescence, which yield is proportional to the ‘encentration in the solution in
the excess of NaTA.

The HTA fluorescence yield was measured with an RF 5301 PC spectro
fluorophotometer (Shimadzu, Germany). Theigtion 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.

oo (o]0}
H
+eOH — + oH
(o]0} (o]0) @)

Masonet al, 1994reported on the reduced yield (up to 35%) of this reaction in
solutions with considerable content ob.(Bince all solutions investigated in the
present work were exposed to the ame cannot precisely calculate the amount of
oH* by this method. However, the quantification of HTA enables to estimate the
increase or decrease of OFoncentration, thus, along with,®,, serving as a

parameter to estimate the chemical efficiency ofteted 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 istudy
presented iigure 9.

Figure9. Equivalent electric circuit ahe discharge gap

In figure9, Iy is the total current and is the voltage across the electrod€s;
andRy are, respectively, the capacand resisvity of the ceramiclayer coveing the
high-voltage electrodeCs andRs are, respectively, the capcand resisvity of the
agueous solution in which the electrodes are submeftpedsuccessful generation of
electrical discharge implies the breakdown on the discharge gap simultaneously with
no breakdown of the elecde coating. For this, the properties of the aqueous solution
and electrode coating should be investigated in order to find the optimal valogs of
R4, Cs andRs. Electrode coatings with different composition and thickness were tested
in order to adjus€y andRy values, while the solution propertigss@ndRs) were kept
constant. On the contrar§y andRy were kept constant when adjusting teandRs

values.
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2.3.2. Factorsinfluencing 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-mngelectrodesThe
presenthapterdescribes the influence of coating parametezsmposition, thickness
and surfacestructurei on the electrical dischargenception. In this chapterthe
capacity and resistivitpf the dielectric layewere variedwhereas the capagiand
resistvity of the aqueous solution were kept constant.

The electrical dischargeegeration was ainly monitored visually. The visual
control was also accompanied the current and voltage waveform analysis and the
formationof reactive species (hydroxyl radic(ﬂH’&) and hydrogen peroxidéi§0,)).

The poperties of the tested elemtle coatings are summarizedtable 3. GAC50 is

an electrode coati-ag dA®gve t df td emithti crken e T
and provided with porosity. GAC250 is an electrode coating with the same
characteristics as GAC50, but with a bigger thickks s (250 & m) . WA C5
el ectrode coatAngy( Madle off SO Puam tohi ck wi

Table 3. Properties of electrode coatings

Coating Producer Composition Thickness  Porosity
(em)
GAC50 Medicoat AG Mi Xt u rand 50 Yes
3-A|203
GAC250 TU limenau Mi Xt u rand 250 Yes
o—AI203
WAC500 Ceram Tec GmbH P u r-Al,Ob 500 No

Electrode coatingsAC50
No electrical discharge generation under any conditions was observed using
grey alumina with t btoatingnatera(cAGCSH®) tcremadeof 50 € m

the spatially averagedlectric field strengtfAEFS)up to 18 kV/cm¢@ = 1.5 cm,U =
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27 kV) resulted irthe arcdischarge. Thereforehis valueof the AEFSwas found to
be a limit for the given coatingbove whiclkthe full breakdown of the electrode gap
occurs The changefs ol uti on conductivity that was
mS/cmdid not make any positive influence on the electrical discharge generation

The arc discharges have led to the coating destractie lots of craterand
fracturesappeared on the surface of GAC50 exposed to-Vadfiage pulses. Scanning
electron microscope images of the coating surface with length scales of 10 and 500
Om eresented in figurel0. The surface deterioration eviderscthe lack of
mechanical stability of GAC50The craters were assumed to be caused by the

breakdown in theeramic layerwhich has led to the surface destruction.

Figure 10. Scanning electron microscope images of GAQ&hditions ardisted in the Experimenta

par)

Significantamount of HO, wasformedin the aqueous solutiamsing GAC50
and measured using chemical methd8sth processe$ electrical discharge and
electrolysisi might lead to the KD, formation Since theelectrical discharge
generation was not obseryeil was assumed that the main source gDHwere
electrochemical reactionsl,O, formation results fronthe dimerization of hydroxyl

radical (equatio®) formed by the anodic oxidation (equati®n

OH - U oH! 8)
oH*+ OH" ¥ H,O, 9)
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The change oH,0O, concentratia with time is shown in figurél. H,O, was
produced by GAC50 in amount of 80 &M afte
(U=26kv,d= 1.5 ¢cm, @ = 1 mS/cm). The most r_
occurs during the first 50 minuteSmall changeof the HO, concentration during the
last forty minutes of operation suggests thatdtatianary concentration is achieved

and the ratef H,O,formation is equal to the rate of its decomposition.
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Figure1l. Formation of HO, with GAC50

The waveforms of the current and voltage across diseharge gap are
presented inifjure 12 for solution conductivity of 2 mS/cm. dak of the current
waveform is shifted with respect to the peak of voltage waveform indicating the
presence of a capacitance in tlectriccircuit. The peakon the current waveform is
essentially the displacement current and, as it is clearly seen from the itigsimeot
followed by thedischargecurrent. [espite theceramic layer ofGAC50 acts as a
capaciance its resistance is not high enough to insulate the metal surface and avoid
the leakageof electrons which is evidenced by electrolysi¥hus, the reasoof
electrolysis in case of GAC50 is poor insulating properties oténamiclayer. The
low resistance of GAC50 can be explained by a number of factors including porous
surface structure, I ow -Al©Ogissufticientthickmassr p h o u s
of the layer
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Figure12. Current (blue) and voltage (yellow) waveforms for GAC50

Because othe poor mechanical stabilityGAC50 is unable of protecting the
metal electrode from destruction and corrosiaorinsulating propertiesf GAC50
make it unable ofcing as a barrier for electrons. Thus, the input energy in case of
GACHS0 is spent on the electrochemical procegseselectrolysi$ instead ofthe

electrical discharge generation.

Electrode coatingsAC250

In order to checkhe effectof the coating thickness on its ability of electrical
discharge generatiora thicker electrode coatingvith the same composition as
GAC50 was used. The new coatin@GAC2501 was five times thickef 2 5 0 thanm)
the previouone

With this cating, éectrical discharge was observéal the wide range of
electric field values. The thresholhlue of AEFSfor the electrical discharge
inception was found to be 7.3 kV/cid € 22 kV, d = 3 cm), whereas the upper limit
was found to be 20 kV/cmJ(= 30 kV, d = 1.5 cm). Further decrease of the electrode
distance and/or increase tbk voltagepulse amplitude haed totheformation of arc
dischargesChangeofthes ol ut i on conductivity that was
mS/cm did not make any influea on the thresholgtalue of AEFSfor electical
discharge generation.olition conductivity only influencedhe brightnessand the
shapeof the electrical discharges.

The arc discharges did not lead to the formation of cratrdhe surface of

GAC250, lowever GAC250was fractured afteexposire to the highvoltage pulses
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(figure 13). It suggests that thereakdown of the coating did not take place, however
the mechanical stability of the coating was not significantly improved by the increase

of its thickness.

Figure13. Scanning electron microscope images of GAC@sMditions are listed in the Experiment

part)

The waveforms of the current and voltage acthesdischarge gap are shown
in figure 14 for solution conductivity of 2 mS/cnDifferences in current and voltage
waveforms for GAC250 were observed in comparison with the ones for GAC50. The
first maximum of the current waveformas observed at 460 ns as it was in case of
GACS50 indicating the charging of the capacitdhe following current decrease
simultaneously with the voltage increasaresponds to the fully charged capacitor.
As the voltage drops down, tldgschargecurrent stad flowing. The second current
maximum (520 ns) is related to the electrical dischérgedischargecurrent) 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 vollagéncreased. Thus,
unlike in GAC50, GAC250 was able of the electrical discharge generatiich was

visually observed andonfirmed by the currerand voltagevaveforns.
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Figure14. Current (blue) and voltage (yellow) waveforms for GAC250

The presenceof two processed electrical discharge and electrolysis
obstructs the description of the phenomena. In order to dutd whether or not
electrolysis occurssimultaneouslywith the electrical discharge generation using

GAC25Q H,0, formation was measuredth andwithout electrical dischargéd-or the

experiments in the absence of electrical dischargeydliage was set at the value
slightly below the threshold for the electrical discharge inceptibsr 20 kV,d = 3
cm). With no eéctrical discharge, the concentration efdhiwas below the detection
limit of the used technique (oo < 0. 01 &M after 90 mi
experiment indicates the negligible part of electrolysis in the electrical discharge
generation using GAC250he concentration of #D, on the edge of the detection
limit was measured in the presence of electrical discharge{€ 1 ¢ M aft er
of operation, figurel5(a)). It indicates the low chemical activity of the electrical
discharge using GAC250. Thiermation of HO, during the electrical discharge
proceeds through the recombination of hydroxyl radical's[(ablcording to equation
9. However, unlike in the electrochemical formation of%w oxidation ofhydroxyl
anionson theanode surface, thfermation of OHAby underwater electrical discharge
is due to the plasmehemical reactions. The mechanism of the plashamical
splitting of water molecules will be discussed in the next chapter.

Thus, the electrical discharggeneration could also benonitored by
measuring the formation of OHrhe change of Oftoncentratiorwith and without

of electricd discharge is shown in figures(b). The black squares correspond to the
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oH* formationin the absence of dischargehe grey acles correspond to theH*
formation when lectrical discharge takes place. The fact that electrolysis does not
take place in using GAC250 is evidenced by the negligibly low concentrationiof

in the case of absence of electrical disch&@yga < 2 nM after 90 min of operation)

In the presence oklectrical discharge the amount oH" increased significantly
(Cuyta = 22 nM after 60 min of applying high voltagd)his result indicates that the
main source oOH"is the plasmachemical reactionsatherthan electrolysisThe
observed decreassf OH" concentration after 60 min aperation (figurel5(b)) is
explained by the fact that the generation of electrical discharge generated using
GAC250starts ceasingfter this time.
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Figure 15. Formation of(a) - H,O, and (b) - HTA with GAC250(the amount of HTA is takeas a
measure of Offormation see the Experimental part)

Besides the ability of electrical discharge generation, GAC250 demonstrated
another effect that consisted in theagipearancef the discharge channelk was
noted that the number dhe discharge channeldecreased with timentil they
completelyfaded The timeduring whichthe dischargesvere observable varied from
20 min to 1 hour depending on th&EFS and solution conductivity. At low values of
the AEFS and low solution conductivity thdischargesvere more longdivedthan at
the high values of AEFSand solution conductiwt Revival of the faded electrical
discharges became possible only after thatswl was removed from the system and
the electrodes were dried up.

This effect was discussed ihe literaturel(ukeset al, 2009 and explainedy
the formation ofthe surface charge on the ceramic layEne accumulated charges
reduce the electromagnetic field on tberamicelectrodeacting as a screermhe
authors proposed either to vary periodically the polarity of the applied vdéagey

45



