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1 INDRODUCTION

Plasma, often called the fourth state of the maitdesin environment consisting of both ionised
and neutral atoms and molecules. Depending onatiee of ionised particles to all particles in the
system, plasma can be distinguished as a therwrakétion of almost 100 %) or a non-thermal
(ionisation up to 10 %) source. Due to substamrargy contained in high excited particles and
their kinetic energy, plasma can be utilised a@ for many interesting applications and
technologies. Primary, plasma is created by thesation of gas atoms or molecules. However,
generation of plasma in the liquid environment basome a challenging object of interest for
researchers during the last few decades. One gidbsibilities how to create plasma in the liquid
is the application of high electric energy as atceic discharge into the system. Due to a wider
spectrum of both physical and chemical processgated by the discharge in the liquid, electric
discharges in liquids have become one of contemptiat topics of the worldwide research.

Electric discharges generated in liquids have gumiposition among the non-thermal plasma
sources. Comparing to plasmas in gases, they eegpgcial conditions for their ignition due to
substantially different properties of the ionizededium. Especially higher liquid density
influences collision frequency of particles and ghihhe energy distribution as well. Another
problem is liquid polarity if water or water solotis are used because charged patrticles strongly
affect the applied electric field. Due to thesdeat#nces, mechanisms of the discharges in liquids
are not fully understood up to now although marseagchers have been interested in this topic
since the 1980s.

As it has been already mentioned above, the digehgeneration in liquids initiates various
physical and chemical processes, which could besedi in a wide spectrum of applications.
Among physical processes, strong electric field, tddiation, and a formation of shockwaves in
highly conductive liquids are the most importanepbmena. On the other side, a creation of
various chemically reactive species such as reaglitedh energetic electrons, ions and molecules
with high oxidation potential is the most usablermiical process.

Based on these processes, electric dischargeguiagi are applied in many technologies. The
high reactivity of chemical species could be utdisnot only in water treatment (removal of
organic compounds), but also in surface treatmedtpdasma sterilisations (inactivation or killing
of microorganisms). It is even possible to remaverganic materials from water. In this case,
plasma transforms irreducible inorganic materiab inther form which could be removed more
easily. The shockwave formation is commonly usedfgect destructions (lithotripsy or concrete
demolition). Another application of underwater diacges is a synthesis of nanoparticles,
especially on a carbon basis. If the capillary getynis used in a plasma device, a substantial
pumping effect appears in the system. This proaesdd be utilised as a micro-pump in
membranes. However, there are more interestingoemmdising applications, and their research is
still in the progress.

Plasmas in liquids can be generated in devices avitrent electrode configuration (point-to-
plate, coaxial, diaphragm or capillary, etc.). Rert various voltage regimes can be applied for the
discharge ignition (DC pulsed, DC non-pulsed, AT, 6t MW). These alternatives allow plasma
generation in many possible variants. However, albbf them are suitable for a stable plasma
creation, and its further applications. Therefe@ch plasma device requires its own optimal set of
experimental conditions for a particular applicatio

The habilitation thesis is focused on electric &ges in water solutions. In the theoretical
part, general problems of discharges in liquids described in details in order to make a wide
transparent overview about their ignition, initditprocesses and potential applications. Electric
discharges are presented as one of technologie=sd bas the so-called Advanced Oxidation
Processes (AOP) primary utilised for water treatm@&inerefore, the main advanced oxidation
techniques are briefly introduced as well. The expental part of the thesis deals mainly with the



pin-hole configuration of the plasma reactor whitve discharge can be ignited by the application
of different high voltage regimes (DC pulsed and-paolsed or AC voltage with high frequency).
One part of the research is focused on the disehaggition itself. Especially, detailed
investigation of breakdown conditions as well datesl process, such as bubble formation, UV
radiation, electrolysis and generation of reactikemical species, is in focus. The work takes into
account an influence of the main experimental patams on the discharge breakdown and its
stable operation in order to find out optimal cdiwdis for subsequent plasma processes. Plasma
diagnostics is carried out by optical emission spscopy (OES) and electric measurements.
Additionally, image diagnostics by an intensifie€Q camera (ICCD) together with other visual
records complete the description of the dischamgatmon and operation. Solution quality and
formation of some chemical species is estimated Wy-VIS absorption spectroscopy,
colorimetric methods or using inductively coupleldgma (ICP). The second main part of the
research deals with several possible applicatidnth@ pin-hole discharge in water solutions.
Within this work, decomposition processes of seécorganic compounds (organic dyes and
humic acids), plasma sterilisation effects and gpscopic observations are in focus. All observed
processes are studied for a wide range of expetahgarameters in order to estimate optimal
conditions for the particular application. The prsses are also evaluated with respect to other
techniques and their efficiency. Based on the tesahd conclusions suggested by this thesis,
further research directions and promising applceti of electric discharges in liquids are
proposed.



2 NON-THERMAL PLASMA OF DISCHARGES IN LIQUIDS

2.1 PLASMA COMPOSITION AND GENERATION

Plasma is defined as a quasineutral ionised gagshwparticles are liable to collective
behaviour. It consists of charged and neutral gadi whereas the number of positively and
negatively charged particles is equal in the tgialsma volume. According to the degree of
ionisation (the ratio of ionised particles to alirficles in the system), plasma can be distingdishe
as a thermal (ionisation of almost 100 %) or a tilmrmal (ionisation up to 10 %) source.
Concerning the plasma sources on the Earth, mdkeai generate the non-thermal plasma which
is sometimes called as the “cold” plasma becauselafively low temperature of neutral particles
comparing to temperature of ionised particles dadtens.

Also the ignition of an electric discharge in thasgor liquid phase leads to the generation of
non-thermal plasma, which can be utilised in vagipuwocesses and technologies. The application
of high electric energy into the system initiates iatensive movement of charged particles
resulting in frequent collisions. The inelasticlsibns lead to excitation and ionisation of neltra
molecules. Finally, created plasma is formed byious charged particles, especially high
energetic electrons, ions and radicals.

The discharge generation is dependent on the emagat in which the plasma is ignited. There
are at least three main factors distinguishing ltgeid phase from gasses. The first one is
a substantially higher density inducing higher isah frequency and low mobility of charged
particles. The second problem appearing in agusolusions comes up from the high polarity and
dielectric strength of water molecules. These proge lead to the creation of dipole momentum
in the applied electric field, and cause inhomogemseareas in the vicinity of an electrode surface.
The third factor influencing the discharge creatiorthe liquid phase is the presence of ions and
their different mobility in the solution. In partitar, fast electrons and slow heavy ions alter the
propagation of discharge channels. Thus the rolsobdition conductivity is one of the most
important parameters for the discharge generatidiguids.

Based on the previously mentioned facts, ther@alga few limited configurations convenient
for the discharge ignition and stable operatiortha liquid phase. A common feature of these
configurations is the amplification of the applietéctric field in order to achieve high electric
intensity sufficient for the discharge breakdowmthe gas phase, the required electric intensity is
about 30 kV/cm at atmospheric pressure. Due tgtaeiously mentioned factors, the breakdown
of liquids appears if the electric intensity of 1IVdm is reached [1]. This condition is easier
accomplished in following electrode systems: pomplate [2-11], coaxial [1] or pin-hole
geometry (diaphragm [12-21] or capillary [22-24Bn operation of these systems can be
improved by a deposited layer of porous ceramicghvlanables formation of micro-discharges in
pores. Some configurations combine the dischargéiog in both gaseous as well as liquid
phases (so called hybrid systems). The most cominybnid reactors utilise the point-to-plate
electrode geometry, whereas the needle is installexye and the plate electrode under water
surface [25, 26]. In another hybrid reactor typsduhon dielectric barrier discharge (DBD), the
discharge is generated above water wall flowinghenelectrode surface [27-29]. There are also
some special systems using foam [30] or bubble32Lenvironment.

Discharges in the liquid phase can be ignited leyagplication of DC or AC high voltage. The
DC voltage can be applied in a form of high voltagéses or in a continual regime. In case of AC
voltage, high frequency (HF) regime as well as otegimes over 50 Hz can be used.

Concerning the liquid phase, mainly water and wa@utions have been studied for the
purpose of the discharge ignition and its applaredi However, the discharge breakdown in
several different liquids such as oil [33, 34], @dyine [35] or hydrocarbons [36] has been
investigated, too.



2.2 BREAKDOWN THEORIES

Breakdown phenomena in liquids have been alreadiiest since 1970s [35, 37-38]. However,
the detailed mechanism of the discharge initiatrothe liquid phase is still not fully understood
comparing to the gas phase discharges. In gertbeak are two main theories proposed for the
discharge breakdown in liquids: thermal (bubble] atectron theory.

According to the thermal theory [39—-41], the highrent density induced by the application of
high electric field causes an intensive heatinthefliquid (Joule heating). The evaporating liquid
forms bubbles which periodically grow and finallypéode. The high intensity of electric field
creates a high potential gradient within the bubtblion leading to the breakdown and ionisation
of the liquid vapour in the bubble. Thus the prignptasma is generated in the gaseous phase.
Further propagation of plasma channels leads meditjuid phase as well, through the excitation
and ionisation of the liquid molecules.

The electron theory represents the Townsend’s yhebelectron avalanches in gases. Free
electrons are accelerated by the high electrid fielthe high voltage electrode. They may collide
with neutral liquid molecules, and ionise them. Jdeprocesses induce an exponential
enhancement of free electrons in avalanches (platiaranels or streamers), and lead to the liquid
breakdown [42].

Formation of plasma channels (streamers) subsigntiapends on the polarity of the high
voltage electrode (in the case of point-to-platerngetry where the high voltage electrode is the
point electrode). If the positive DC voltage is g, free electrons are attracted towards the high
voltage electrode. The drift of electrons leavepositive charge at the streamer head, which
enhances the applied electric field, and electadrthie secondary avalanche are accelerated with
higher intensity. Such propagation of electron amehes creates very long plasma channels
around the point electrode. On the other hand whepolarity is reversed (i.e. negative voltage is
applied), the avalanche starts to propagate framnréigion with the strong electric field towards
the weak field region. The positive space chargéhen primary avalanche channel reduces the
electric field intensity at the end of the streapvehich significantly slow down development of
further electron avalanches. Therefore, the plashamnels formed around the high voltage point
electrode are shorter comparing to the oppositarpppl[12, 34, 36, 43-45]. In the case of the pin-
hole discharge configuration, the situation is &mio the point-to-plate geometry where the point
high voltage electrode is replaced by the pin-hinléhe dielectric barrier separating two high
voltage electrodes on each side of the barriernThee plasma channels propagate in different
shapes on both sides of the pin-hole when the QG Voltage is applied (see Figure 1, right).

2.3 PHYSICAL AND CHEMICAL PROCESSES

Electrical discharges in liquids initiate variousypical and chemical processes. Among
physical processes, a strong electric field (indrger of MV/cm), UV radiation and a formation
of shockwaves are the most important phenomena [44]

On the other hand, generation of various reactipecies represents the main chemical
processes in the liquid discharge. The particles\éal by the excitation and ionisation of liquid
molecules can be distinguished as short lived (iypaedicals) and long lived (ions and neutral
molecules with a high oxidation potential). In case water and water solutions, hydroxyl,
hydrogen and oxygen radicals, hydrogen peroxidenezand some other species are produced by
the discharge operation [1, 42, 46-49].



2.4 SPECIFIC ASPECTS OF PIN-HOLE DISCHARGES

A group of electric discharges using the pin-hotenfiguration can be divided into the
diaphragm or capillary systems, according to thmedlisions of the dielectric barrier and the
orifice (pin-hole) separating the electrode pahmsthe diaphragm system, the thickness of the
barrier and the orifice diameter are approximatetual, e.g. 1:1 [12-21]. In the capillary
configuration, the capillary length given by therrex thickness is considerably greater than the
orifice diameter [22-24]. Several researchers usdtitorifice devices where the discharge is
operated in more uniform pin-holes simultaneouSB}[ The discharge can be generated by DC as
well as by AC high voltage. In the DC regime, mgipllsed high voltage is commonly applied
for the discharge ignition. Concerning the AC regjra wide range of frequencies from standard
50 Hz up to audio-region of tens of kHz can be used

A simplified scheme of the pin-hole configuratiengiven in Figure 1, left. The system consists
of two high voltage electrodes separated by a clietebarrier with a small orifice (pin-hole) in it
Both electrodes and the orifice are immersed inodonductive solution. The device in Figure 1,
left demonstrates the system when DC high voltaggpplied (the arrows represent a vector of the
applied electric field). The scheme shows thatsity of the applied electric field is substangall
enhanced in the orifice. Therefore, the dischatgetssjust in the orifice, i.e. in the spot with
a sufficiently increased current density (see thetegraph in Figure 1, right). Subsequently,
plasma channels propagate from the orifice towatdstrodes, but in most devices they do not
reach their surface (this configuration is alsolechlelectrode-less [12]). Therefore, corrosion
processes of electrode material are minimised tla@@lectrode lifetime is significantly prolonged
comparing to the point-to-plate geometry. On theeohand, material of the dielectric barrier must
be properly selected to be both thermally stabtecemically inert.

Unique phenomena of the capillary configurationragmesented by two processes: a cavitation
of forming bubbles and a pumping effect throughdagillary [51].

Applications of the diaphragm configuration haveemalirected mainly to water and surface
treatment techniques. A successful decompositiongss of organic compounds has been already
proved in case of phenol [17, 52] and organic dj&s 16, 53]. Positive effects of plasma
sterilisation have been achieved, too [16]. Thepliragm configuration is also suitable for the
treatment of fibres in order to enhance their aiimeand wettability, for example in case of cord
threads [54, 55]. Moreover, textiles treated in ewagolutions containing silver ions become
antibacterial due to reduced silver atoms on théléesurface [56]. Another application of the
diaphragm discharge is a surface cleaning of at®{&7].

Applications of the capillary configuration resutftainly from the induced pumping effect to
employ it as a micro-pump for separation proce§s&s A modified construction of the capillary
completed by a gas bubbling can be utilised asasnph jet suitable for different applications, for

example surface treatment.

Figure 1. Left: Simplified scheme of the pin-holenfiguration in the DC voltage regime.
Arrows represent a vector of the applied electiétdfin the DC regime. Right: Photograph of
plasma channels propagating from the pin-hole endilelectric barrier towards the cathode (on the
left side of the barrier) and towards the anodetl@right side of the barrier).



3 EXPERIMENTAL TECHNIQUES

The experimental work was realised in several ptasievices (discharge reactors) based on
a similar electrode configuration (diaphragm oriltafy) in a batch reactor. Constructions of the
devices have been improved and adapted duringedearch in order to ensure requirements for
particular studied processes and plasma paramdtevgas possible to connect all discharge
reactors to several high voltage sources providiiffigrent power supplies: DC non-pulsed, DC
pulsed and AC high frequency regime. The whole arpntal apparatus was completed by other
components used mainly for plasma diagnostics: irméters, oscilloscopes and high voltage
probes, spectrometers connected by an optical fidbtee reactor, high speed and ICCD cameras
or a microphone.

3.1 PLASMA REACTORS

Construction of plasma reactors enabling generaifaectric discharges directly in the liquid
environment was one of the main parts of this wotke devices were modified and designed for
various experimental conditions including a volumkethe treated solution, necessity of the
cooling or mixing system, fixation and changeabpibf particular reactor components (electrodes,
dielectric barrier, etc.), types of plasma diagmosievices connected to the reactor, etc. Each
improved plasma reactor was tested at the set iex@etal conditions in order to estimate its
optimal operation regime.

The first prototype of the discharge reactor f@& pghasma generation in liquids was constructed
at our laboratory in 2001 [59], and it has beenduseexperiments up to now. Its scheme and
photograph are shown in Figure 2. The main bodthefreactor is made of polycarbonate (the
thickness of 16 mm), and it can be filled by wagelution of total volume varied from 3 to 4 litres.
This reactor uses the pin-hole configuration witlreplaceable dielectric barrier. The barrier
material has to be both chemically inert and thdélsmstable. The most used ones are PET and
Shapal-MM ceramics [60]. Some other materials were studied6il], too. The diaphragm
thickness can vary from 0.05 up to 5 mm. The agifdiameter can vary from 0.2 to several
millimetres as well, depending on the barrier thiegs. One central orifice is usually used in the
diaphragm. However, it is possible to make moratidal pin-holes in the diaphragm. Planar high
voltage electrodes (5x12 cm) are installed in adidistance of 2 cm with respect to the dielectric
barrier. Electrode material used in experimentsnanly stainless steel or platinum (titanium
electrodes covered by a 0.25 um platinum layerg d@évice is equipped with a mixing system,
and with two batch cooling boxes containing icy evafThe reactor is covered by a security top
without which it is not possible to generate thectiarge.

HV
—< o

=
y
ks

Figure 2. Scheme (left) and photograph (right)haf prototype discharge reactor: 1 — dielectric
barrier, 2, 3 — high voltage electrodes, 4, 5 -liogoboxes, 6 — optical fibre, 7 — security pin,
HV — high voltage source.
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Next plasma reactors for the pin-hole dischargeegdion in water solutions were constructed
on the similar basis as the first prototype devise.it has been already mentioned above, they
differ mainly in the volume of the treated solutiand in the possibility of connected components
for plasma diagnostics. The most specific deviceshown in Figure 3.

Figure 3. Specific plasma reactors for plasma diagics: reactor for ICCD imaging in the pin-
hole discharge axis (left; volume of 50 ml) andctea for short electric measurements (right;
volume of 10 ml).

3.2 PLASMA DIAGNOSTICS

Plasma generated by the electric discharge in wstbdutions was studied using several
diagnostic methods in order to estimate importalaisrpa parameters. Both qualitative and
guantitative parameters were in the focus. Theigtiake parameters included determination of
various chemical species formed by the dischargeater solution, estimation of the discharge
breakdown moment, identification of the dischargaracter (types of created plasma channels) or
bubble formation. Among quantitative parameters)cemtration of particular chemical species
(hydrogen peroxide, hydroxyl, hydrogen and oxygewlicals, electrons, etc.), electron and
rotational temperature or electron density weremheined.

Estimation of the discharge breakdown moment inewablutions was carried out by electric
measurements using multi-channel oscilloscopes tiyndsktronix 1012B and 2024B or LeCroy
LT374L) and standard multi-meters (METEX M-4650CRjmultaneously, electric parameters
such as breakdown voltage, current, power and thean values were evaluated as a function of
different experimental conditions.

Processes of plasma creation, propagation of plasiaanels (streamers) and bubble formation
were investigated visually by detailed photograpkswell as by ICCD and high speed camera
records. A substantial part of this research watised in the Laboratory of Plasma Physics at
Ecole Polytechnique in Paris where the ICCD camérador iStar with the objective
Cosmicar/Pentax (TV lens 50 mm) was used.

Next method, the optical emission spectroscopy (QPp®vided the detection of chemical
species excited by the discharge in water solutibimem obtained emission spectra, plasma
parameters such as rotational and electron temyerahd electron density were estimated.

3.3 CHEMICAL ANALYSES OF TREATED SOLUTIONS

The liquid solution in which the discharge is gexted must contain a sufficient amount of
charged particles in order to ensure high curreamsdy for the discharge breakdown. This
condition is represented by sufficient solution a@octivity which optimal value is depended on
the applied high voltage regime and the electranlgiguration. In the case of water solutions,
which are the most studied liquid systems in gdne@ution conductivity is adjusted by the
addition of a simple inorganic electrolyte suchNeCI. Within this work, various inorganic as
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well as organic electrolytes were used in ordeadjust both initial solution conductivity and pH.
Other compounds, especially on organic basis (ecghyes and humic acids), were added into the
treated solution in order to study their decompasitprocess initiated by the discharge.
Additionally, sterilisation effects of investigateglasma were studied on two selected
microorganisms, spores of fungspergillus nigerand spores of bacterigacillus subtilis

Several analytical methods were employed in ordeddtermine chemical composition or
properties of the treated solutions. In all experits, physical properties such as conductivity, pH
and temperature of the solution were observed, too.

The inductively coupled plasma (ICP) was used fathlgualitative and quantitative estimation
of atomic elements, especially metallic traces, taioed in water solutions treated by the
discharge.

The colorimetric method using a selective testniiten reagent was utilised for hydrogen
peroxide estimation in water solutions. The metisodased on the specific reaction of hydrogen
peroxide with the test reagent forming a yellowocwed complex of pertitanic acid. Concentration
of hydrogen peroxide in the complex is directlygodional to the complex absorption at 407 nm.
Therefore, absorption spectrometers Unicam-Migible Helios Alfa or Omega were used for the
hydrogen peroxide determination.

Solutions of organic compounds (dyes or humic gcwisre analysed by the UWIS and
fluorescence spectroscopy and by the HPUS technique. For fluorescence analyses of humic
solutions, the luminiscence spectrometer AMINCO+Bad® Series 2 was used. Based on the
ratio of the emission intensity at 470 and 400 rihe humification index (HIX) [62] was
calculated as a qualitative parameter charactegrigie humic solution representing the mutual
content of aromatic and aliphatic components inningure.

The HPLC-MS analyses were ordered commercially at PovodiaMgrs.p. Therefore, only
a limited number of samples was analysed. The aaalyvere focused mainly on degradation
products of the organic dye Direct Red 79, whicls wee most frequently used compound in other
experiments and analyses. Devices utilised fortmwluanalyses at Povodi Moravy, s.p. were
Agilent 1200 Series for HPLC and Agilent 6410 Teifduad for LC-MS. An electro-spray (ESI)
method was used for sample ionisation.

In the case of plasma sterilisations, the evalunatibthe spore concentration before and after
the plasma treatment was carried out by the stdrtamting plate method (CFU method).

Detailed descriptions of particular experimentalgadures are given in the habilitation thesis.
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5 OVERVIEW OF THE MOST IMPORTANT RESULTS

This section presents the main results and sulstdiidings obtained during more than
10 year investigation focused on the electric cisghs and related processes in water solutions.
Studied problems are divided into three main chapt¢he discharge breakdown and its
diagnostics, physical and chemical processes tadiy the discharge including the formation of
reactive species, and applications of the dischamgevater solutions. The following chapters
contain either links on selected articles in sdfenfjournals and conference proceedings with
already published results or a brief descriptionthed substantial results which have not been
published yet. The most important articles with damental results and conclusions are also
attached in the habilitation thesis [K1-K9].

5.1 DISCHARGE BREAKDOWN AND PLASMA DIAGNOSTICS

As it was already mentioned above, ignition of éhectric discharge in water solutions requires
a special configuration of the plasma reactor afl a®& proper adjustment of experimental
conditions. Both the device parameters and solytimperties are important in the process of the
discharge creation, and they are specific for emsed system.

This part of work deals mainly with the DC non-mdsdischarge generated in the pin-hole
configuration at atmospheric pressure. In additiageriments, modified DC pulsed or high
frequency voltage was applied.

According to the theoretical background described Ghapter 2, the discharge ignition
(breakdown) in water is represented by the iorosatf water molecules as a result of inelastic
collisions with high excited electrons. The processelated to the substantial bubble formation
and light emission in the form of plasma channetseémers). Therefore, identification of the
exact discharge breakdown moment can be realisegldayric measurements and visual records
using the high speed or ICCD camera. Estimationthef discharge breakdown by electric
measurements was based on observations of the ebaotric parameters (voltage, current,
resistance and power) in order to determine thagirdr change due to the formation of ionised
particles creating the plasma. Simultaneously, rathportant processes such as bubble formation
and plasma streamers propagation were recordedthyetl imaging. Both electric measurements
and detailed imaging were carried out at differdigcharge conditions in order to observe
influence of particular experimental parameterdton studied processes, and to find out optimal
conditions for the discharge operation for defirsgdtems. Results related to these phenomena
were published in several journals [K1, K3, K5, K&hd [63, 64] as well as conference
proceedings [65-70] (a list of selected contriboio

Plasma diagnostics was completed by the opticassom spectroscopy (OES) in order to
identify reactive species produced by the dischangevater solutions, determine quantity of
particular species in the dependence on experitheatalitions, and calculate important plasma
parameters such as electron and rotational temperatlectron density, etc. Results related to
plasma diagnostics by OES were published in josrfi&h] and [63, 64, 71] as well as conference
proceedings [66, 68, 72-76] (a list of selectedicbutions).

5.1.1 Electric measurements

The electric discharge ignition in water solutiomas investigated in details for the pin-hole
configuration and application of DC non-pulsed agk. Typical results of electric measurements
are presented for the discharge ignition insM@, electrolyte with initial conductivity of
500 puS/cm. Influence of different experimental déods (solution composition and conductivity,
reactor configuration, applied voltage regime, )etn the discharge breakdown is discussed
below. Both time resolved and static current-vataparacteristics were employed to observe the
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main electric parameters (discharge voltage, cturpgower and resistance) during the ignition
process. Additionally, sound produced by bubblentation and light emitted by excited species in
the discharge was recorded, too.

A typical current-voltage characteristic of the Ofih-hole discharge generated in water
solution is demonstrated in Figure 4. This curvaldde divided into three parts. Increasing the
applied DC voltage, measured current slowly inadaas well. During this starting part, only
electrolysis takes place in the system, and thetrelgte solution is heated by the passing current
(Joule effect). Going above the voltage of hundnealss, the first significant breakpoint appears
in the curve — mean current markedly arises. Adogrdo the time resolved characteristics
(Figure 5, b), it can be assumed that this momemnelated to the substantial creation of bubbles
formed by the evaporating solution. Further enharese of voltage provides only a small current
increase until the second remarkable breakpoiobserved. From this moment, current is rapidly
arising with only a small voltage enhancement. T¢égsond breakpoint is assumed to be the
discharge breakdown moment which has been alsarced by recorded light emission [63].

Selected time resolved characteristics of voltag# @rrent, which were recorded during the
main discharge phases, are demonstrated in FigukelBast three sections can be distinguished
before and during the discharge ignition: an ebdgtic part, bubble formation and stable
discharge operation. During electrolysis at lowgpleed voltage up to 700 V, no significant peaks
appears in regular voltage and current oscillatigingure 5, a). Voltage oscillations are related to
the HV source construction, and they have no sicamt influence on the observed phenomena. At
higher applied voltage (700-1200 V), remarkablyhleigoscillations of both current and voltage
are recorded (Figure 5, b). This phenomenon ise@l the bubble formation due to the intensive
solution heating by passing current. No light emisss observed during this period. Further
enhancement of applied voltage provides irregutar s current peaks that appear in the record
(Figure 5, c). This phenomenon is related to ranttemakdown of vapour bubble, and short peaks
of emitted light are recorded, too [63]. When bi@akn voltage is overstepped (beyond 1200 V),
the discharge is ignited in the pin-hole, and ragpleaks of current (Figure 5, d) are recorded as
well as the intensive light emission (Figure 6).
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Figure 4. Typical AV characteristic of the DC pin-hole discharge intavasolution; NgPO,
electrolyte, initial conductivity of 500 uS/cm, PBarrier (thickness of 0.25 mm), central pin-hole
(diameter of 0.4 mm), electrode distance of 2 crthwespect to the dielectric barrier. Points
(a)—(d) correspond to Figure 5.
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Figure 5. Time resolved characteristics of voltagel current during electrolysis (a), bubble
formation (b), random discharge breakdown (c), atable discharge operation (d) in water
solution (the same experimental parameters asiforé4).
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Figure 6. Time resolved records of voltage, curi@md emitted light during the DC pin-hole
discharge in water solution; NaCl electrolyte, ialitconductivity of 400 uS/cm, PET barrier
(thickness of 0.25 mm), central pin-hole (diamede0.4 mm), electrode distance of 2 cm with
respect to the dielectric barrier.

Solution composition substantially influences bikakn parameters as well as the course of
current-voltage characteristics and related prases€oncentration of dissolved supporting
electrolyte provides definite solution conductivitlgs enhancement significantly decreases the
voltage magnitude needed for the discharge ignibecause current density increased due to the
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higher concentration of charged particles in thatsmn. Further, solution conductivity also affects

the other parts of AV characteristics, especially the bubble formatidhis process appears at

lower applied voltage when higher solution conduttiis used. On the other hand, an influence
of electrolyte itself on the breakdown and electi@racteristics is not so obvious. More details
about effects of solution properties on the disgadreakdown can be found in [K1, K3] and [63,
64, 66, 67].

Following parameters of the discharge reactor whenged in order to estimate an influence of
the configuration on the discharge breakdown atetee processes: electrode distance, pin-hole
diameter, thickness of the dielectric barrier (diefy the diaphragm or capillary system) and
applied high voltage regime. Increasing the eleldrdistance with respect to the dielectric barrier,
higher voltage must be applied for the dischargéimn. However, the shift of electrodes does not
affect the other processes recorded in the/Acurve, e.g. the electrolysis and the bubble
formation. Concerning the pin-hole diameter, itHu@nce on the observed processes is not so
remarkable in the studied range of dimensions. &8serious extension of the pin-hole requires
significantly higher voltage applied for the disah@ ignition. On the other hand, thickness of the
dielectric barrier plays an important role in thectharge breakdown as well as in the process of
bubble formation. Thicker barriers used in the ktapi configuration require application of higher
voltage for the discharge ignition than thinnerptiecagm systems. However, discharge current
seems to be independent on the barrier dimensidose details about effects of the reactor
configuration on the discharge breakdown and bufasleation can be found in [K1] and [65, 77].

The use of the capillary configuration causes aenisive bubble formation in and around the
pin-hole. This phenomenon lead to the cavitatidactf and it is accompanied by a strong sound
signal. Peaks of the recorded sound signal correspm the peaks of voltage and current which
are related to the discharge ignition in the fognbubbles (as it was described by the thermal
theory in Chapter 2). The same effect was obsefeedhree voltage regimes applied in the
experimental series: DC non-pulsed, modified DCsedl and high frequency voltage in the
audiofrequency range. These quite recent resuits pugblished in [70].

5.1.2 Visual records of plasma streamers and bubble formson

The visual observation of the discharge generatiomater solutions was realised in details for
the pin-hole configuration and mostly for the apation of DC non-pulsed voltage. Classic
photographs, high speed camera records and ICCQingavere employed in order to study
plasma streamers propagation as well as bubbleataymin the pin-hole. Due to relatively higher
demands on the imaging quality (i.e. detailed ph@phs with high resolution), the related results
were published quite recently in [69, 70]. Preliamy results are discussed in the habilitation
thesis.

Confirmation of breakdown theories

According to the theory (see 2.2 Breakdown thedriggo different kinds of plasma channels
are created in the pin-hole vicinity depending be ¢lectrode polarity. If DC voltage is applied,
each streamer kind is formed on each side of tekeciric barrier separately. Therefore, longer
streamers (so called a positive corona-like diggdjacan be observed in the cathode part of the
plasma reactor. On the other side, shorter streamethe spherical shape (so called a negative
corona-like discharge) can be observed in the apade The photograph of such plasma channels
propagating from the pin-hole in the dielectricrimrtowards the high voltage electrodes is given
in Figure 1, right. Moreover, the formed streamieidk differ not only in their shapes, but mainly
in the propagation velocity and energy distributihich substantially influences subsequent
processes initiated in treated solutions.
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Visual records were also employed in order to camfthe thermal (bubble) or electron
breakdown theory of the pin-hole discharge in watdutions. As it has been already mentioned,
formation of bubbles accompanied the dischargenénpin-hole before and after its breakdown
due to the intensive heating of the solution (Jdwdating). Detailed images of the ICCD camera
gave a proper in look into this phenomenon. In ganévo modes of the pin-hole discharge were
observed [70]. Both situations are captured by msamp Figure 7. The left picture shows the
formation of bubbles in the pin-hole (a horizontahite stripe in the middle of the image
represents the dielectric barrier). After theiratien in the orifice, they are dragged into the
solution volume. Moreover, the appearance of plastmeamers in the bubble below the dielectric
barrier is clearly seen, too. On the other hand,rtght picture shows the long plasma channels
propagating through the solution towards the ebeletr(cathode) outside any bubble. Therefore,
these photos confirm both the thermal and eledtienry described above. Primary, the discharge
breakdown appears in the gas phase of water vgpotine bubble), and then plasma channels
spread out by the dissociation and ionisation dewanolecules into the solution volume.

Figure 7. ICCD images of micro-bubble formation grldsma streamers in the bubble (left)
and plasma streamers in the cathode part (righgCINelectrolyte, initial conductivity of
1000uS/cm (left) and 30QS/cm (right), ceramic barrier (thickness of 0.3 muo®ntral pin-hole
(diameter of 0.3 mm).

5.1.3 Plasma diagnostics by optical emission spectroscopy

Diagnostics of plasma generated by electric digghar water solutions was completed by the
optical emission spectroscopy (OES). Both qualimand quantitative determination of reactive
species produced by the discharge in water sokitimd their dependence on experimental
conditions is discussed in Chapter 5.2.2. Basedeoarded emission spectra, important plasma
parameters such as rotational temperature, eleaiemsity and electron temperature were
calculated and evaluated as a function of differemperimental conditions (applied power,
solution conductivity or voltage polarity). Resutidated to this topic were preliminary published
in [K5] and quite recently in [72].

A typical emission spectrum of the DC pin-hole dexge obtained in the water solution of
NaCl electrolyte is shown in Figure 8. The presénépectrum confirms the formation of OH
radicals (emission bands around 310 nm) as welatamic hydrogen (emission lines® Hat
656 nm, H at 486 nm, and Hat 434 nm). Additionally, spectral lines of elerteedissolved in the
treated solutions were detected, too. The spectmmains a strong emission doublet of sodium
atoms (589 nm) coming from the supporting NaCl tetégte. Consequently, the detailed spectra
of selected species were used for the calculatibrplasma parameters such as rotational
temperature (OH A-X 0-0 band at 310 nm), and ebecttensity (H line at 486 nm).
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Figure 8. Typical emission spectrum of the pin-hdigcharge in water solution (without the

second order removal); NaCl electrolyte, initiahdactivity of 400 uS/cm, input power of 120 W.

Rotational temperature was determined in the raingen 750 to 1000 K, depending on
experimental conditions. It decreased with theaasing input power, and it was more or less
independent on the electrode polarity (Figure f).IAdditionally, it was not significantly depend
on the electrolyte dissolved in the solution, Wwas slightly increased by the enhanced solution
conductivity [K5]. Electron temperature was achigwe the range of 2500-4000 K. Higher values
were obtained on the cathode side of the dielebairder, and they were more or less independent
on the applied power (Figure 9, right). Determieéettron density was significantly dependent on
the electrode polarity. It reached values of 2.68%° m™ on the cathode side while it was only
up to 2.@0°° m™ on the anode side. It is assumed that the maBoreaf this difference is the
formation of plasma streamers with different enetggribution.
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Figure 9. OH rotational (left) and electron (rigkgmperature of the DC pin-hole discharge as
a function of applied power in water solution; NaBctrolyte, initial conductivity of 750 uS/cm.

5.2 PHYSICAL AND CHEMICAL PROCESSES

As it was mentioned in Chapter 2.3, electric disgha in liquids initiate various physical and
chemical processes. Among physical processes,gseleatric field (in the order of MV/cm), UV
radiation and formation of shockwaves are the nmogiortant phenomena. On the other hand,
generation of various reactive species represdmgsntain chemical processes in the liquid
discharge.

Our experimental work has confirmed that the strelegtric field created in the plasma reactor
induced a chain of electrolytic reactions whichraed physical properties of the treated solution
(Chapter 5.2.1) and foremost, participated on demmition processes (Chapter 5.3.1). Emission
of radiation in the UV region was confirmed by thgical emission spectroscopy. Concerning the
formation of shockwaves, this work was not focused this problem because it required
substantially higher conductivity of the used alelgte solution. Results dealing with physical
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processes and changes of physical properties oiélter solutions treated by the discharge were
published in several journals [K7, K9] and [78, &) well as conference proceedings [K6] and
[75, 80, 81] (a list of selected contributions).sRks dealing with chemical processes which lead
to the formation of reactive species are preseme@hapter 5.2.2. They are focused on the
detection of radicals (especially, OH, H and O cat¥) [K5; 63, 64, 66, 68, 73, 746],
production of hydrogen peroxide [K8, K9; 63, 64, 68, 76, 79, 80], and on the emission of
metals contained in the treated solution [K6, K3J, &4, 76].

5.2.1 Changes of solution properties during the discharg&eatment

Production of a number of reactive chemical spedrehiced by the electric discharge
generation in water solutions essentially affegibysical properties of the treated solution such as
conductivity and pH. Moreover, solution temperatusealso changing during the discharge
operation due to significantly increased currenhsity. Therefore, the main three physical
parameters (conductivity, pH and temperature) \peeeisely measured during all experiments.

In general, solution conductivity was significanphanced by the discharge operation at all
applied high voltage regimes (DC or HF). The conigitg increase was dependent on the
electrode polarity when the DC regime was used, @mdhe kind of electrolyte used for the
adjustment of the initial solution conductivity. kodetails about this parameter are discussed in
[K6, K7, K9; 75, 79].

Changes of solution pH during the pin-hole discbapgeration in water solutions were more
complicated as well as interesting. This paramei@s dramatically influenced by the electrode
polarity in the plasma device because of electnmit& reactions induced on the electrodes.
Oxidation reactions on the anode produced the a&se@® amount of hydrogen cation which
significantly decreased pH to strongly acidic valu®n the other hand, reduction reactions on the
cathode provided the increase of pH up to basiditions. Based on these processes, pH progress
during the discharge treatment depended on the pisstha device as well as voltage regime.
Moreover, problems of pH play an important roleconsequent chemical processes initiated by
the discharge in water solutions. Therefore, aigpattention to the pH effect must be taken into
account during the discharge applications. Moraittetibout pH changes and its influence on
studied processes can be found in [K6, K7; 78, 80].

Solution temperature was enhanced by the dischapgeation in the dependence on the set
conditions. In case of the DC discharges, curremsidy was high and thus the solution heating
was more intensive. If the standard batch deviodufae of 3 L) without the cooling system was
used, temperature gradient of 10-15 °C per 20 re;mtas observed, depending on the mean
input power (150-250 W). Therefore, the coolingteys was necessary to apply for longer
experiments. In case of the HF discharges, theentistress was not so high and thus temperature
reached only slightly enhanced values of approxahga2—-3 °C [80]. Contrary to the applied
power, no influence of solution composition andiahiconductivity on the temperature progress
was observed.

5.2.2 Formation of chemical species

Electric discharges generated in water solutiontgata a chain of various chemical reactions
that produce a number of reactive chemical speélascesses such as excitation, ionisation and
dissociation of water molecules lead to the fororatof radicals (hydroxyl, hydrogen, oxygen,
etc.), ions and molecules (hydrogen peroxide) Wigin oxidation potentials.

Detection of particles which emit light in the UVnd visible range of wavelength
(200-1000 nm) was carried out by the optical emarssipectroscopy (OES). Especially radicals
(OH, H and O) and metallic traces (alkaline metalsh as Na, K, Li, etc.) were detected both
qualitatively and quantitatively. A typical overwespectrum of the DC pin-hole discharge in
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NaCl solution is demonstrated in Figure 8. It dgahows emission atomic lines of hydrogen
(H* 656 nm, H: 486 nm and H 434 nm) and OH bands (the first order: 305-325and the
second order: 610-650 nm). Oxygen atomic lines ¢(i7and 843 nm) were detected as well.
Besides these particles coming from water mole¢cidaesssion lines of elements (Na doublet:
589 nm, CI: 820 nm) contained in the electrolyterevalentified, too. A spectral line of iron
(Fe: 528 nm) appeared in the spectrum due to tlkeofistainless steel electrodes. Additional
detection of metal elements in the treated solutvas realised by the inductively coupled plasma
(ICP). Besides excited species and metal elembgitbpgen peroxide as one of final molecules
produced by the discharge in water was estimatethéysimple colorimetric method using the
specific titanium test reagent (for details, seailer 3.3). Results on the main chemical species
(OH radicals, hydrogen peroxide and metal elemeartsyiscussed in the following subchapters.

OH radicals

Primary hydroxyl radicals are formed by the disatbion of water molecules induced by
a direct impact of high energy electrons Yeén the discharge plasma [46]:

H,0+e™ - OHGH Ge . (1)

Therefore in water solutions, hydroxyl radicals always produced by the discharge operation.
However, their quantity is dependent on variouseexpental conditions. Due to the strong
emission in the spectral range from 305 to 325 see (Figure 8), OH radicals can be easily
detected from emission spectra recorded over theiomed region. For further interpretation and
experiment evaluation, an integral OH emission nsity was calculated over the range of
306.5-318.0 nm. Such obtained value was set asaatitptive parameter of the discharge
operation. This work studied influence of differahscharge conditions on the OH emission in
order to estimate optimal parameters for the digghaperation in particular configurations.

The most important parameter affecting the OH eiomswas the input high voltage. Increasing
the applied power, emission of hydroxyl radicalsr@ased as well. In case of the DC regime, the
OH emission intensity was also dependent on thetrelge polarity. A slightly higher intensity
was recorded on the side with the cathode whergeloplasma streamers were created. On the
other hand, other parameters such as solution csitigo or its conductivity seems to have no
substantial effect on the emission of hydroxyl cati. Results related to the detection of OH
radicals and optical emission spectroscopy in geéneere published in [K5; 63, 64, 66, 68,
73-76].

Hydrogen peroxide

Hydrogen peroxide is one of the terminal compouodsied by the electric discharge in water
solutions. It is created by the recombination adimyxyl radicals [46]:

OH B-OH- H,0,. )

However, there are more possible reactions leattingydrogen peroxide formation in water.
On the other hand, several processes cause itsmgesdion back to hydrogen radicals.
Especially, photolysis (exposition by UV light),ghi temperature (above 30 °C) and catalysis by
ferrous ions (so called Fenton reaction) are thim meverse processes [82].

Based on theoretical assumptions (for details,tBeehabilitation thesis), hydrogen peroxide
production was expected to be linear during thel@disge operation. Therefore, hydrogen peroxide
concentration and its net production rate, respelgti were assumed to be comparable
guantitative parameters of the discharge operatithin this work, they were evaluated as
a function of various experimental conditions (tdege configuration, solution properties, etc.).
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Hydrogen peroxide production was influenced espigciy the applied voltage regime
whereas the polarity of electrodes played a vergoirtant role. When DC high voltage was
applied, HO, formation was significantly higher in the cathoplart of the reactor while 1D,
concentration was only negligible in the anode .pArtypical evaluation of hydrogen peroxide
concentration during the DC discharge in the pitelmnfiguration is presented in Figure 10. In
case of the HF discharges, production of hydroganxide was equal in both electrode parts, and
its net rate corresponded to the half value ofrttie in the DC cathode part. In all experiments,
hydrogen peroxide concentration increased linedudsing the discharge. This fact allowed the

subsequent calculation of the net production réteydrogen peroxide, and confirmed the zero
order reaction of the #D, formation.
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Figure 10. Comparison of hydrogen peroxide fornmaiio two electrode parts during the DC
pin-hole discharge in water solution; NaCl elegtt®] initial conductivity of 500 uS/cm, PET
diaphragm (thickness of 0.25 mm), central pin-h@iameter of 0.4 mm), electrode distance of
2 cm with respect to the dielectric barrier, inpatver of 200 W.

Concerning other experimental parameters and ithffilence on hydrogen peroxide formation,
mainly input power and solution properties (inittanductivity and pH) substantially affected the
production rates. Configuration of the dielectrarier (material, thickness and pin-hole diameter)
must be also appropriately set up because it diyanfluenced the discharge breakdown itself.
Some other experimental parameters such as eldetrkind, electrode material or a number of
pin-holes in the dielectric barrier seemed to hawesignificant effect on hydrogen peroxide
formation. Fundamental results focusing on hydrogenoxide formation and the discharge
efficiency at various experimental conditions werglished in following journals [K8, K9; 63,
64, 79] and conference proceedings [68, 75, 76, 80]

Detection of metals

The origin of metal elements in the treated softutltad two sources. The first one was
a dissolved supporting electrolyte which was used the adjustment of the initial solution
conductivity. Especially, alkaline metals (sodiupgtassium, lithium, etc.) and some other
elements (chlorine, phosphorus) got into the sotuby this way. Next source of metal elements
was represented by metal components of the disehaagtor which were loaded by high current
density. Electrochemical processes induced a mleasnetal elements mainly from less inert
electrodes. For example, iron and chromium werentiladn elements in case of stainless steel
electrodes.

Two analytical methods were employed for the deiaacdbf metals in the treated solution. The
inductively coupled plasma (ICP) was used for tmalgsis after the discharge operation.
Especially, those traces released from the stardesel parts of the reactor (Fe, Cr) have been
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determined. Nevertheless, other elements origigaitinthe dissolved electrolyte (Na, P) were
detected as well [K6; 76].

The second analytical method applied was the dpgitgssion spectroscopy (OES) which was
primary used for plasma diagnostics. Emission kélale metals (Na, K, Li, etc.) and some other
species (Cl, P), which were contained in the teka@ution, was also determined by the OES.
Moreover, emission intensity of particular metakreént was directly proportional to its
concentration in the treated solution while emissib OH radicals was independent on the initial
solution conductivity given by the electrolyte centration (Figure 11). Based on these results,
a new application of the pin-hole discharge gemerah water solutions was suggested. This
application was supposed to be an alternative tqakrto the ICP method whereas the excitation
source in ICP was replaced by the discharge redsklf. The discharge was ignited directly in
the analysed water solution, and the emissionugfistl elements was recorded and evaluated by
the spectrometer. This new technique was evenepfir the patent in 2003, but unfortunately it
had been already patented by another research grfayp months before [83]. Our results dealing
with the detection of metallic traces in water $iolns treated by the discharge were published in
[K7; 63, 64].
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Figure 11. Dependence of emission intensity ontellte concentration for Na (atomic line at
589 nm) and OH radicals (integral intensity oveb-3815 nm) in the pin-hole discharge in water
solution; NaCl electrolyte, PET diaphragm (thickhed 0.25 mm), central pin-hole (diameter of
0.2 mm), electrode distance of 2 cm with respethéocdielectric barrier, input power of 160 W.

5.3 APPLICATIONS

Besides the optical emission spectroscopy as thgtasal tool for the detection of metallic
traces in the solution, another application ofelectric discharge was directed in water treatment.
The aim of this research was focused on the optsatbf experimental conditions providing the
most effective process. Two processes represemiaigr treatment were selected to study this
possible application: removal of organic compour{dyes and humic acids) and plasma
sterilisation (inactivation of microorganisms).

There are several mechanisms contributing to themieeatment processes when the electric
discharge is generated in the treated solutionn@ted processes lead to the formation of reactive
species from which hydroxyl radicals with the highexidation potential are assumed to be the
most important in the subsequent reaction chaiegpebding on the decomposed molecule, three
possible mechanisms can be implemented via OH ahdéactions: an abstraction of hydrogen
atom, an electrophilic addition to double (triplednd or an electron transfer [84]. Another
chemical compound which can effectively destrua tirganic molecule is ozone. Ozone is
produced from oxygen during the discharge exposboacerning physical processes initiated by
the discharge in water solutions, especially UViaaon can be one of the possible mechanisms
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leading to the compound decomposition as well athéoinactivation of microorganisms. If the
DC voltage regime is applied, a substantial eftdatlectrochemical reactions must be taken into
account, too. In case of sterilisation procesdas,effect of temperature is also important. And
finally, formation of shockwaves appears in theilkagy configuration.

Results presented in the habilitation thesis andded, according to the studied water
contaminant, on decomposition of organic compoudgss [K2, K4, K8; 53, 63, 64, 68, 78, 81,
85] and humic acids [K7; 78, 86]) and plasma ssaiions [87]. Further, results obtained by the
treatment of dye solutions are focused both ortdted effect of the discharge and on the partial
contributions of individual degradation mechaniqelsctrolysis in the DC regime, UV irradiation
and ozone treatment) [K4, K8; 53, 81, 85, 88, 89].

5.3.1 Decomposition of organic compounds

Water solutions containing the selected organic pmmd were treated in the plasma reactor
with the pin-hole configuration using mostly DC rpulsed high voltage in order to observe the
decomposition process with respect to the electrqubarity simultaneously. Variable
experimental parameters which influence on the ohposition process was studied were as
follows: applied high voltage (character, magnituded polarity), structure and initial
concentration of organic compound and solution erts (conductivity, pH and kind of
supporting electrolyte). Samples were primary asedyby the absorption spectroscopy in the
UV-VIS region (256700 nm). Further, the fluorescence spectroscopyH#PldC-MS technique
were employed for the product analyses.

In case of the decomposition of organic dyes, testbnfirmed that the discharge treatment
affected the absorbance of the dye solution. Twiecef were observed: a decrease of the
absorption intensity and a shift of the dye absorpmaximum (Figure 13, left). The extensity of
both effects was dependent on the set experimeatulitions, especially on the decomposed dye
kind, applied power and electrode polarity if th€ Boltage regime was used. The decrease of the
absorption intensity indicated the dye decompasjtwhich was also connected to its decoloration
(as it is obvious from photos in Figure 12). On titker hand, the shift of the dye absorption
maximum was assumed to be related to the formaficiegradation products.

M.

Figure 12. Samples of DR79 solution treated by pin-hole discharge: anode (left) and
cathode part (right); initial dye concentration1® mg/L, NaCl electrolyte, initial conductivity of
500 puS/cm, PET dielectric barrier (thickness o601#m), central pin-hole (diameter of 0.25 mm),
electrode distance of 2 cm with respect to theidannput power of 160 W.

From the dye absorbance determined at its chaistateabsorption wavelength, the dye
decomposition ratex] was calculated as a final comparable parametardng to the following
equation:

C —C,

a=-""1100% A3)
C.
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whereg; is the initial dye concentration, amgdis a transient concentration determined during
the discharge treatment. A typical demonstratiorthef dye decomposition in the DC pin-hole
discharge is demonstrated in Figure 13, right tug tlye Direct Red 79. The evaluation is
presented in the dependence on the electrode tyolarithe DC reactor. As it is shown in
Figures 12 and 13, right, the dye decomposition mvase effective in the anode part (almost 70%
decomposition rate was achieved after 80 minutéseoplasma treatment) than in the cathode part
of the plasma device (35 % of the dye decomposalgt).orhe different decomposition efficiency
was influenced mainly by electrochemical reactiongated by the DC voltage regime. Further,
changes of pH to acidic conditions and effect ofdies ions due to so called Fenton’s reactions
played an important role in this process. More itlebout this problem as well as the influence
of other experimental conditions on the organic dyecomposition are discussed in the
habilitation thesis and in the published papergournals [K2, K4, K8; 53, 63, 64, 78, 85] or
conference proceedings [68, 81].
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Figure 13. Absorption spectra (left) and decompasitateo (right) of the dye Direct Red 79
solution treated by the DC pin-hole discharge;damme experimental parameters as in Figure 12.
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Figure 14. Chromatogram of the dye Direct Red 7futem treated by the DC pin-hole
discharge in the anode (left) and cathode parhfligf the reactor; initial dye concentration of
20 mg/L, the same experimental parameters as uré&itQ.

Individual degradation products produced by the digeomposition via the discharge treatment
were determined by HPLAS analyses. The detected products of the dye DRed 79 were
different with respect to the electrode polaritytire DC pin-hole discharge (Figure 14). These
results made a clearer insight into the diverseeceffdetermined already by the absorption
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spectroscopy (i.e. the shift of the dye maximalogpgon and the polarity influence). Detailed
discussion on the HPLS analyses of the treated dye solutions are ptedém [K2].

When comparing formation of hydrogen peroxide amel dye decomposition in the DC pin-
hole discharge, the effect was totally differenthmiespect to the electrode polarity. While the
production of hydrogen peroxide was significantighter in the cathode part of the discharge
reactor, the dye decomposition was more effectivéhe anode part. More details about this
phenomenon are discussed in [K8; 63, 64, 68, 79].

In case of the discharge treatment focused on vatieitions containing mixtures of humic
acids (HA), the treatment had no remarkable afi¢the studied experimental conditions. As well
as in case of organic dyes, HA decomposition wghdriin the anode part of the plasma reactor
when the DC voltage regime was used. However, dneentration decrease was not so intensive
comparing to the dye decomposition, although iid¢dne enhanced by the increased input power.
Based on fluorescence spectra recorded over thge rah356-700 nm, the humification index
(HIX) indicating the mutual ratio of aromatic andiphatic compounds in the solution was
calculated. Evaluation of this index during theatreent revealed a partial transformation of
aromatic compounds from the mixture to aliphatiemnThe main conclusions including effects of
selected experimental parameters on the procgsst [@ower, solution pH and conductivity) were
published in [K7; 78, 86]. However, it was assumikdt this application was not sufficiently
effective for further development. Therefore, nedearch is focused on other applications.

5.3.2 Plasma sterilisations

The application of the electric discharge in watglutions as a tool of plasma sterilisation was
studied for the DC non-pulsed regime in the pirehabnfiguration. Two microorganisms
(Aspergillus nigerandBacillus subtilig were selected as model contaminants. The evaiuafi
the sterilisation effect was realised by the calfien of taken samples and subsequent calculation
of colony forming units (CFU method) which survivdte treatment. Results were compared for
different experimental conditions such as the agplnput power, exposure time and electrode
polarity. In general, the increased input powerwadl as longer treatment time led to the
enhancement of the discharge sterilisation efféotthe other hand, the electrode polarity did not
seem to have any influence on the sterilisatiorcgss.

An example ofAspergillus nigeisamples re-cultivated after the discharge treatme245 W is
presented in Figure 15 for different exposure timBse total sterility of water solution was
achieved after 50 minutes of the treatment atativelly high input power. Moreover, temperature
increase of about 10 °C per 20 minutes of the digghoperation was observed.

Figure 15. Samples ofspergillus nigerre-cultivated for 3 days after the DC non-pulsed
discharge treatment: a) non-treated sample, b) i@Qtes, c) 40 minutes, d) 50 minutes; NacCl
electrolyte, initial conductivity of 400 uS/cm, PEdielectric barrier (thickness of 0.25 mm),
central pin-hole (diameter of 0.25 mm), electrod#ashce of 2 cm with respect to the barrier, input
power of 245 W.

Results dealing with the sterilisation effect oé thischarge in water solutions were obtained

quite recently and partial conclusions were puleishin [87]. However, comparing this
sterilisation method to plasma sterilisations iseg it seems to be more energetically demanding
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because higher input power as well as treatmerg térequired to achieve the total sterility of
water. Thus it was assumed that the tested plagwiaedwas not convenient for this application at
the set experimental conditions.

5.3.3 Effects of electrolysis, UV radiation and ozone

Plasma treatment of water solutions containing migg@ompounds is a complex chain of
chemical mechanisms leading to the decompositioth@ftarget molecule. Besides the attack of
hydroxyl radicals coming from the dissociation aimhisation of water molecules by the
discharge, other effects can also contribute toddgradation process. This work was focused on
electrochemical oxidation in the DC discharge, @diation and the effect of ozone, which can be
formed from the dissolved oxygen in the solution.

If the DC high voltage was applied to the plasmacter with separated electrode parts, the
increased current density (mean discharge currént06—200 mA) induced electrochemical
reactions that substantially influence the subsegiretiated process. Therefore, special sets of
experiments focused on the pure electrolytic reastiin water solutions containing selected
organic dyes were carried out. To conclude resolitained from these experiments, it was
assumed that the process of electrolysis had aasula effect on the dye decomposition in the
DC regime. However, it was highly dependent on rii@ecule structure of the particular dye.
Likewise, energetic efficiency evaluated for eathdeed dye was also significantly different.
Thus, the profitability of the treatment should dmved with respect to the particular dye. More
details about electrolytic influence on the studbedcesses are described in the habilitation thesis
and in the published papers [K4, K8; 53, 81, 85,8%8.

Among physical processes initiated by the eledtischarge in water solutions, UV radiation is
one of those which can contribute to the dye deamsmipn within the discharge treatment. Mainly
emission of OH radicals and other species in ther&yion might be effective in this process. It
was proved by a special set of experiments thaexipesition of the dye solution to the UV light
led to its decomposition. Nevertheless, comparmthé pin-hole discharge represented as the UV
source it can be concluded that the contributiothefUV radiation to the dye decomposition by
the discharge was only negligible. The reason Wwasmutual size of the UV sources because the
discharge emission region was smaller by approxaipdhree orders than the UV sources used in
the special set of experiments. Moreover, UV ragiatntensity of the discharge itself was also
much lower than the standard UV sources. More desdiout this problem are described in the
habilitation thesis and in [89].

Ozone is generated from oxygen molecules by thetrededischarge operation. In water
solution, dissolved oxygen molecules are preseatabrding to the temperature and pressure
above the surface or oxygen can be let bubbledigiirdhe solution. These processes can lead to
the ozone formation and thus, this work investigate possible effect on the dye solution. For the
special set of experiments, a commercial ozonizzs used. The obtained results show that this
treatment was very fast and effective independeotiythe tested organic dye [89]. However,
concerning the contribution of ozone effect to titi@al discharge activity in the dye solution, it di
not seem to be a great deal. The ozone treatmseif liad the high efficiency if extra added
oxygen was used for the ozone generation. But ardynall amount of oxygen (up to 10 mg/L)
was dissolved in water at the atmospheric pressuleambient temperature [90]. Moreover, it can
readily react with atomic hydrogen to form hydroxgdicals. Thus in the standard discharge
devices used in our experiments, the ozone conimibdo the dye removal can be omitted. This
effect would become more important if gaseous orygéet bubbled through the system.

27



6 CONCLUSIONS AND PERSPECTIVES

The habilitation thesis deals with electric disgjes generated in water solutions. Particularly,
it was specialised on the pin-hole configuration tbé plasma reactor using the dielectric
diaphragm or the capillary connecting both elearsgaces. Non-thermal plasma of the discharge
was generated by DC or AC high voltage. Conductigger solutions containing supporting
electrolyte and/or selected additives were usddetquid medium.

The first benefit of this work is the detailed deston of the discharge ignition and related
processes (propagation of plasma channels and dédbbhation) in different water solutions.
Plasma diagnostics focusing on the breakdown déatatiron employed electric measurements of
both time resolved and static characteristics,alisecords by standard or high speed camera and
ICCD imaging. The study included effects of varaleixperimental conditions on the discharge
breakdown. Optimal conditions for the discharge rapen at particular configurations were
established.

Next benefit of this work is the wide study of chieah processes initiated by the discharge in
water solutions, and their possible applicationsgéneral, the processes can be distinguished on
the generation of reactive species, and on therdpaosition of compounds dissolved in water. The
study dealing with the generation processes wasistrt especially on hydrogen peroxide,
hydroxyl radicals and other species detected by dpécal emission spectroscopy. The
decomposition processes were focused on selectgshiorcompounds such as organic dyes and
mixtures of humic acids. Additionally, sterilisatioeffects of the discharge on selected
microorganisms were studied, too. All processesewavestigated with respect to the adjusted
experimental conditions, and if it was possibletirapl parameters had been evaluated for each
process.

The most important results and fundamental conohssiachieved during 10 years of the
research have been continuously published in sslegiurnals and conference proceedings:
19 articles in journals, one chapter in a book amore than 70 contributions in conference
proceedings dealing with the electric dischargewster solutions. According to the Web of
Science, the work including 19 quotations recei88citations (without self-citations) up to now.
The main conclusions were also presented as 1Oechires or progress reports at scientific
conferences and symposia as well as lectures tatests at summer schools or within the
Erasmus program. Another important output of thiskas the implementation of three new tasks
into Laboratory Classes in Plasma Chemistry offdcedtudents of the Master program at Brno
University of Technology (Faculty of Chemistry amtculty of Electrical Engineering and
Communication) as well as Masaryk University (Facubf Science). Participation on the
experimental work is also regularly offered to &t in order to integrate young people into the
research or to solve their student works. By thar 913, two Ph.D. Theses, 14 Diploma Theses
and 11 Bachelor Theses dealing with the underveiseharges were successfully defended.

Further perspectives of the research dealing wabharges in liquids are directed according to
contemporary solved projects focused on the suti@agment of historical artefacts and mineral
nanoparticles. The treatment of historical objast@iming to corrosion removal by a special
plasma jet based on the capillary configurationsThsearch is still in progress while the plasma
tool is developed and tested at required conditi@rs the other hand, preliminary results of the
plasma treatment of mineral nanoparticles (limeston carbon) seem to be more promising.
Surface energy of the treated nanoparticles is ramdth and thus they form homogeneous
suspensions in liquids comparing to huge agglorasrat non-treated nanopatrticles. Such treated
powders can be used as mineral fillers in polymatrices. Another part of the contemporary
research is focused on the discharges in otherdBg(alcohols) in order to study chemical
processes leading to the formation of reactiveisgec
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ABSTRACT

This thesis represents a broad overview dealing elgctric discharges in liquids in general,
and presents the main results obtained within thwestigation of the pin-hole configuration.
Fundamental conclusions were published by the eguqtiin 17 papers from 2002 to 2012 whereas
nine of them are a part of the thesis. The themakpart of the thesis is focused on problems of
electric discharge generation in liquids and itatren to water treatment as one of the most
utilised applications. In the experimental partiticalar plasma and other devices are described in
details because their development was crucial Herstudied phenomena. The first part of the
research itself is devoted to the discharge breakdo various water solutions. Formation of non-
thermal plasma was studied with respect to diffeexperimental conditions in order to estimate
optimal discharge operation for the potential aggilons. Besides determination of the breakdown
parameters, related processes such as propagéfmasma channels and bubble formation were
observed as well. Plasma diagnostics was realisedldrtric measurements, optical emission
spectroscopy and ICCD imaging. The next part deals chemical processes initiated by the
discharge in water solutions and their utilisationselected applications. Formation of reactive
species was studied by optical emission spectrgscapd colorimetric methods. Plasma
applications were devoted to decomposition of seteorganic compounds, plasma sterilisations
and spectroscopic detection of metallic traceshedolution. Analyses of treated solutions were
realised by absorption and fluorescence spectrgsddpLC-MS methods, ICP methods, optical
emission spectroscopy and the standard CFU methadse of plasma sterilisations. The work
proved the successful degradation of organic dygending on the proper set of experimental
conditions as well as the exact determination ofafhe traces in the solution by OES. On the
other hand, plasma sterilisations and removal ofibunatters from water were assumed as non-
perspective in the studied discharge configurations

ABSTRAKT

Tato habilit&ni pradce pedstavuje problematiku vyhojv kapalinach ve forg obsahlého
piehledu, picemz prakticky jsou prezentovany hlavni vysledkysti@éo vyzkumu zagteného na
tzv. S€rbinovou konfiguraci vyboje. Podstatné 2avvyzkumu byly od roku 2002 do roku 2012
publikovany v 1%&lancich v odbornychktasopisech, z nichz 9 je s@sti této prace. Teoreticka
cast prace je zadhena na generaci elektrickych vyboj kapalinach a jejich vztah k Upkavody
jakozto jedné z nejvyuzivag$ich aplikaci. Experimentalnéast detaild popisuje jednotliva
zaizeni pro generaci plazmatu, jejichz vyvoj byle¥ity pro umozani studia sledovanych jév
Prvni ¢ast vlastniho vyzkumu jeémovana zapaleni vyboje uanych vodnych roztocich. Tvorba
netermalniho plazmatu byla studovana fiznych experimentélnich podminkach s cileniitur
optimalni konfiguraci vyboje pro potencialni apliea Krong stanoveni zapalnych parantetr
plazmatu byly sledovany i souvisejici procesy, primpagace plazmovych kafdai tvorba bublin.
Pro diagnostiku plazmatu byly pouZzity metody elekiych meteni, optické emisni spektroskopie
a obrazovych zaznaimpomoci ICCD kamery. Dal&iast prace se zabyva chemickymi procesy
iniciovanymi vybojem ve vodnych roztocich a jejiefuzitim ve vybranych aplikacich. Tvorba
reaktivnich¢astic byla studovana optickou emisni spektroskapkiolorimetrickymi metodami.
Aplikace plazmatu seénovaly rozkladu organickych latek, plazmové steaiti a detekci stop
kovt v roztoku pomoci spektroskopie. Pro analyzy roateistavenych fisobeni plazmatu byly
pouzity metody absoipi a fluorescetni spektroskopie, HPLEMS a ICP metody, opticka emisni
spektroskopie a vifpad sterilizaci standardni CFU metoda. Prace prokagdasl@Snost pi
rozkladu organickych barviv v zavislosti na vhodngastaveni experimentalnich podminekiia p
stanoveni kofr v roztoku pomoci OES. Naopak plazmovou sterilizaodstraovani huminovych
latek z roztoku Ize povazovat pro studované komége vyboje jako neperspektivni.
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