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1  INDRODUCTION 
Plasma, often called the fourth state of the matter, is an environment consisting of both ionised 

and neutral atoms and molecules. Depending on the ratio of ionised particles to all particles in the 
system, plasma can be distinguished as a thermal (ionisation of almost 100 %) or a non-thermal 
(ionisation up to 10 %) source. Due to substantial energy contained in high excited particles and 
their kinetic energy, plasma can be utilised as a tool for many interesting applications and 
technologies. Primary, plasma is created by the ionisation of gas atoms or molecules. However, 
generation of plasma in the liquid environment has become a challenging object of interest for 
researchers during the last few decades. One of the possibilities how to create plasma in the liquid 
is the application of high electric energy as an electric discharge into the system. Due to a wider 
spectrum of both physical and chemical processes initiated by the discharge in the liquid, electric 
discharges in liquids have become one of contemporary hot topics of the worldwide research. 

Electric discharges generated in liquids have a unique position among the non-thermal plasma 
sources. Comparing to plasmas in gases, they require special conditions for their ignition due to 
substantially different properties of the ionized medium. Especially higher liquid density 
influences collision frequency of particles and thus the energy distribution as well. Another 
problem is liquid polarity if water or water solutions are used because charged particles strongly 
affect the applied electric field. Due to these differences, mechanisms of the discharges in liquids 
are not fully understood up to now although many researchers have been interested in this topic 
since the 1980s. 

As it has been already mentioned above, the discharge generation in liquids initiates various 
physical and chemical processes, which could be utilised in a wide spectrum of applications. 
Among physical processes, strong electric field, UV radiation, and a formation of shockwaves in 
highly conductive liquids are the most important phenomena. On the other side, a creation of 
various chemically reactive species such as radicals, high energetic electrons, ions and molecules 
with high oxidation potential is the most usable chemical process. 

Based on these processes, electric discharges in liquids are applied in many technologies. The 
high reactivity of chemical species could be utilised not only in water treatment (removal of 
organic compounds), but also in surface treatment and plasma sterilisations (inactivation or killing 
of microorganisms). It is even possible to remove inorganic materials from water. In this case, 
plasma transforms irreducible inorganic material into other form which could be removed more 
easily. The shockwave formation is commonly used for object destructions (lithotripsy or concrete 
demolition). Another application of underwater discharges is a synthesis of nanoparticles, 
especially on a carbon basis. If the capillary geometry is used in a plasma device, a substantial 
pumping effect appears in the system. This process could be utilised as a micro-pump in 
membranes. However, there are more interesting and promising applications, and their research is 
still in the progress. 

Plasmas in liquids can be generated in devices with different electrode configuration (point-to-
plate, coaxial, diaphragm or capillary, etc.). Further, various voltage regimes can be applied for the 
discharge ignition (DC pulsed, DC non-pulsed, AC, HF or MW). These alternatives allow plasma 
generation in many possible variants. However, not all of them are suitable for a stable plasma 
creation, and its further applications. Therefore, each plasma device requires its own optimal set of 
experimental conditions for a particular application. 

The habilitation thesis is focused on electric discharges in water solutions. In the theoretical 
part, general problems of discharges in liquids are described in details in order to make a wide 
transparent overview about their ignition, initiated processes and potential applications. Electric 
discharges are presented as one of technologies based on the so-called Advanced Oxidation 
Processes (AOP) primary utilised for water treatment. Therefore, the main advanced oxidation 
techniques are briefly introduced as well. The experimental part of the thesis deals mainly with the 
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pin-hole configuration of the plasma reactor where the discharge can be ignited by the application 
of different high voltage regimes (DC pulsed and non-pulsed or AC voltage with high frequency). 
One part of the research is focused on the discharge ignition itself. Especially, detailed 
investigation of breakdown conditions as well as related process, such as bubble formation, UV 
radiation, electrolysis and generation of reactive chemical species, is in focus. The work takes into 
account an influence of the main experimental parameters on the discharge breakdown and its 
stable operation in order to find out optimal conditions for subsequent plasma processes. Plasma 
diagnostics is carried out by optical emission spectroscopy (OES) and electric measurements. 
Additionally, image diagnostics by an intensified CCD camera (ICCD) together with other visual 
records complete the description of the discharge creation and operation. Solution quality and 
formation of some chemical species is estimated by UV−VIS absorption spectroscopy, 
colorimetric methods or using inductively coupled plasma (ICP). The second main part of the 
research deals with several possible applications of the pin-hole discharge in water solutions. 
Within this work, decomposition processes of selected organic compounds (organic dyes and 
humic acids), plasma sterilisation effects and spectroscopic observations are in focus. All observed 
processes are studied for a wide range of experimental parameters in order to estimate optimal 
conditions for the particular application. The processes are also evaluated with respect to other 
techniques and their efficiency. Based on the results and conclusions suggested by this thesis, 
further research directions and promising applications of electric discharges in liquids are 
proposed. 
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2  NON-THERMAL PLASMA OF DISCHARGES IN LIQUIDS 
 
2.1 PLASMA COMPOSITION AND GENERATION 

Plasma is defined as a quasineutral ionised gas which particles are liable to collective 
behaviour. It consists of charged and neutral particles whereas the number of positively and 
negatively charged particles is equal in the total plasma volume. According to the degree of 
ionisation (the ratio of ionised particles to all particles in the system), plasma can be distinguished 
as a thermal (ionisation of almost 100 %) or a non-thermal (ionisation up to 10 %) source. 
Concerning the plasma sources on the Earth, most of them generate the non-thermal plasma which 
is sometimes called as the “cold” plasma because of relatively low temperature of neutral particles 
comparing to temperature of ionised particles and electrons. 

Also the ignition of an electric discharge in the gas or liquid phase leads to the generation of 
non-thermal plasma, which can be utilised in various processes and technologies. The application 
of high electric energy into the system initiates an intensive movement of charged particles 
resulting in frequent collisions. The inelastic collisions lead to excitation and ionisation of neutral 
molecules. Finally, created plasma is formed by various charged particles, especially high 
energetic electrons, ions and radicals. 

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

Based on the previously mentioned facts, there are only a few limited configurations convenient 
for the discharge ignition and stable operation in the liquid phase. A common feature of these 
configurations is the amplification of the applied electric field in order to achieve high electric 
intensity sufficient for the discharge breakdown. In the gas phase, the required electric intensity is 
about 30 kV/cm at atmospheric pressure. Due to the previously mentioned factors, the breakdown 
of liquids appears if the electric intensity of 1 MV/cm is reached [1]. This condition is easier 
accomplished in following electrode systems: point-to-plate [2−11], coaxial [1] or pin-hole 
geometry (diaphragm [12−21] or capillary [22−24]). An operation of these systems can be 
improved by a deposited layer of porous ceramics which enables formation of micro-discharges in 
pores. Some configurations combine the discharge ignition in both gaseous as well as liquid 
phases (so called hybrid systems). The most common hybrid reactors utilise the point-to-plate 
electrode geometry, whereas the needle is installed above and the plate electrode under water 
surface [25, 26]. In another hybrid reactor type based on dielectric barrier discharge (DBD), the 
discharge is generated above water wall flowing on the electrode surface [27−29]. There are also 
some special systems using foam [30] or bubble [31, 32] environment. 

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

Concerning the liquid phase, mainly water and water solutions have been studied for the 
purpose of the discharge ignition and its applications. However, the discharge breakdown in 
several different liquids such as oil [33, 34], glycerine [35] or hydrocarbons [36] has been 
investigated, too. 
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2.2 BREAKDOWN THEORIES 

Breakdown phenomena in liquids have been already studied since 1970s [35, 37−38]. However, 
the detailed mechanism of the discharge initiation in the liquid phase is still not fully understood 
comparing to the gas phase discharges. In general, there are two main theories proposed for the 
discharge breakdown in liquids: thermal (bubble) and electron theory. 

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

The electron theory represents the Townsend´s theory of electron avalanches in gases. Free 
electrons are accelerated by the high electric field to the high voltage electrode. They may collide 
with neutral liquid molecules, and ionise them. These processes induce an exponential 
enhancement of free electrons in avalanches (plasma channels or streamers), and lead to the liquid 
breakdown [42]. 

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

 
2.3 PHYSICAL AND CHEMICAL PROCESSES 

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

On the other hand, generation of various reactive species represents the main chemical 
processes in the liquid discharge. The particles formed by the excitation and ionisation of liquid 
molecules can be distinguished as short lived (mainly radicals) and long lived (ions and neutral 
molecules with a high oxidation potential). In case of water and water solutions, hydroxyl, 
hydrogen and oxygen radicals, hydrogen peroxide, ozone, and some other species are produced by 
the discharge operation [1, 42, 46−49]. 
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2.4 SPECIFIC ASPECTS OF PIN-HOLE DISCHARGES 

A group of electric discharges using the pin-hole configuration can be divided into the 
diaphragm or capillary systems, according to the dimensions of the dielectric barrier and the 
orifice (pin-hole) separating the electrode parts. In the diaphragm system, the thickness of the 
barrier and the orifice diameter are approximately equal, e.g. 1:1 [12−21]. In the capillary 
configuration, the capillary length given by the barrier thickness is considerably greater than the 
orifice diameter [22−24]. Several researchers use multi-orifice devices where the discharge is 
operated in more uniform pin-holes simultaneously [50]. The discharge can be generated by DC as 
well as by AC high voltage. In the DC regime, mainly pulsed high voltage is commonly applied 
for the discharge ignition. Concerning the AC regime, a 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 configuration is given in Figure 1, left. The system consists 
of two high voltage electrodes separated by a dielectric barrier with a small orifice (pin-hole) in it. 
Both electrodes and the orifice are immersed into the conductive solution. The device in Figure 1, 
left demonstrates the system when DC high voltage is applied (the arrows represent a vector of the 
applied electric field). The scheme shows that intensity of the applied electric field is substantially 
enhanced in the orifice. Therefore, the discharge starts just in the orifice, i.e. in the spot with 
a sufficiently increased current density (see the photograph in Figure 1, right). Subsequently, 
plasma channels propagate from the orifice towards electrodes, but in most devices they do not 
reach their surface (this configuration is also called electrode-less [12]). Therefore, corrosion 
processes of electrode material are minimised, and the electrode lifetime is significantly prolonged 
comparing to the point-to-plate geometry. On the other hand, material of the dielectric barrier must 
be properly selected to be both thermally stable and chemically inert.  

Unique phenomena of the capillary configuration are represented by two processes: a cavitation 
of forming bubbles and a pumping effect through the capillary [51]. 

Applications of the diaphragm configuration have been directed mainly to water and surface 
treatment techniques. A successful decomposition process of organic compounds has been already 
proved in case of phenol [17, 52] and organic dyes [13, 16, 53]. Positive effects of plasma 
sterilisation have been achieved, too [16].  The diaphragm configuration is also suitable for the 
treatment of fibres in order to enhance their adhesion and wettability, for example in case of cord 
threads [54, 55]. Moreover, textiles treated in water solutions containing silver ions become 
antibacterial due to reduced silver atoms on the textile surface [56]. Another application of the 
diaphragm discharge is a surface cleaning of artefacts [57].  

Applications of the capillary configuration result mainly from the induced pumping effect to 
employ it as a micro-pump for separation processes [58]. A modified construction of the capillary 
completed by a gas bubbling can be utilised as a plasma jet suitable for different applications, for 
example surface treatment. 

   
Figure 1. Left: Simplified scheme of the pin-hole configuration in the DC voltage regime. 

Arrows represent a vector of the applied electric field in the DC regime. Right: Photograph of 
plasma channels propagating from the pin-hole in the dielectric barrier towards the cathode (on the 
left side of the barrier) and towards the anode (on the right side of the barrier). 
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3  EXPERIMENTAL TECHNIQUES 
The experimental work was realised in several plasma devices (discharge reactors) based on 

a similar electrode configuration (diaphragm or capillary) in a batch reactor. Constructions of the 
devices have been improved and adapted during the research in order to ensure requirements for 
particular studied processes and plasma parameters. It was possible to connect all discharge 
reactors to several high voltage sources providing different power supplies: DC non-pulsed, DC 
pulsed and AC high frequency regime. The whole experimental apparatus was completed by other 
components used mainly for plasma diagnostics: multi-meters, oscilloscopes and high voltage 
probes, spectrometers connected by an optical fibre to the reactor, high speed and ICCD cameras 
or a microphone. 

 
3.1 PLASMA REACTORS 

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

The first prototype of the discharge reactor for the plasma generation in liquids was constructed 
at our laboratory in 2001 [59], and it has been used in experiments up to now. Its scheme and 
photograph are shown in Figure 2. The main body of the reactor is made of polycarbonate (the 
thickness of 16 mm), and it can be filled by water solution of total volume varied from 3 to 4 litres. 
This reactor uses the pin-hole configuration with a replaceable dielectric barrier. The barrier 
material has to be both chemically inert and thermally stable. The most used ones are PET and 
Shapal-MTM ceramics [60]. Some other materials were studied in [61], too. The diaphragm 
thickness can vary from 0.05 up to 5 mm.  The orifice diameter can vary from 0.2 to several 
millimetres as well, depending on the barrier thickness. One central orifice is usually used in the 
diaphragm. However, it is possible to make more identical pin-holes in the diaphragm. Planar high 
voltage electrodes (5×12 cm) are installed in a fixed distance of 2 cm with respect to the dielectric 
barrier. Electrode material used in experiments is mainly stainless steel or platinum (titanium 
electrodes covered by a 0.25 µm platinum layer). The device is equipped with a mixing system, 
and with two batch cooling boxes containing icy water. The reactor is covered by a security top 
without which it is not possible to generate the discharge. 

  
Figure 2. Scheme (left) and photograph (right) of the prototype discharge reactor: 1 − dielectric 

barrier, 2, 3 − high voltage electrodes, 4, 5 − cooling boxes, 6 − optical fibre, 7 − security pin, 
HV – high voltage source. 
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Next plasma reactors for the pin-hole discharge generation in water solutions were constructed 
on the similar basis as the first prototype device. As it has been already mentioned above, they 
differ mainly in the volume of the treated solution and in the possibility of connected components 
for plasma diagnostics. The most specific devices are shown in Figure 3. 

   
Figure 3. Specific plasma reactors for plasma diagnostics: reactor for ICCD imaging in the pin-

hole discharge axis (left; volume of 50 ml) and reactor for short electric measurements (right; 
volume of 10 ml). 

 
3.2 PLASMA DIAGNOSTICS 

Plasma generated by the electric discharge in water solutions was studied using several 
diagnostic methods in order to estimate important plasma parameters. Both qualitative and 
quantitative parameters were in the focus. The qualitative parameters included determination of 
various chemical species formed by the discharge in water solution, estimation of the discharge 
breakdown moment, identification of the discharge character (types of created plasma channels) or 
bubble formation. Among quantitative parameters, concentration of particular chemical species 
(hydrogen peroxide, hydroxyl, hydrogen and oxygen radicals, electrons, etc.), electron and 
rotational temperature or electron density were determined. 

Estimation of the discharge breakdown moment in water solutions was carried out by electric 
measurements using multi-channel oscilloscopes (mostly Tektronix 1012B and 2024B or LeCroy 
LT374L) and standard multi-meters (METEX M-4650CR). Simultaneously, electric parameters 
such as breakdown voltage, current, power and their mean values were evaluated as a function of 
different experimental conditions. 

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

Next method, the optical emission spectroscopy (OES), provided the detection of chemical 
species excited by the discharge in water solutions. From obtained emission spectra, plasma 
parameters such as rotational and electron temperature and electron density were estimated. 

 
3.3 CHEMICAL ANALYSES OF TREATED SOLUTIONS 

The liquid solution in which the discharge is generated must contain a sufficient amount of 
charged particles in order to ensure high current density for the discharge breakdown. This 
condition is represented by sufficient solution conductivity which optimal value is depended on 
the applied high voltage regime and the electrode configuration. In the case of water solutions, 
which are the most studied liquid systems in general, solution conductivity is adjusted by the 
addition of a simple inorganic electrolyte such as NaCl. Within this work, various inorganic as 
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well as organic electrolytes were used in order to adjust both initial solution conductivity and pH. 
Other compounds, especially on organic basis (organic dyes and humic acids), were added into the 
treated solution in order to study their decomposition process initiated by the discharge. 
Additionally, sterilisation effects of investigated plasma were studied on two selected 
microorganisms, spores of fungi Aspergillus niger and spores of bacteria Bacillus subtilis. 

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

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

The colorimetric method using a selective test titanium reagent was utilised for hydrogen 
peroxide estimation in water solutions. The method is based on the specific reaction of hydrogen 
peroxide with the test reagent forming a yellow coloured complex of pertitanic acid. Concentration 
of hydrogen peroxide in the complex is directly proportional to the complex absorption at 407 nm. 
Therefore, absorption spectrometers Unicam UV−Visible Helios Alfa or Omega were used for the 
hydrogen peroxide determination. 

Solutions of organic compounds (dyes or humic acids) were analysed by the UV−VIS and 
fluorescence spectroscopy and by the HPLC−MS technique. For fluorescence analyses of humic 
solutions, the luminiscence spectrometer AMINCO-Bauman® Series 2 was used. Based on the 
ratio of the emission intensity at 470 and 400 nm, the humification index (HIX) [62] was 
calculated as a qualitative parameter characterising the humic solution representing the mutual 
content of aromatic and aliphatic components in the mixture. 

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

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

Detailed descriptions of particular experimental procedures are given in the habilitation thesis. 
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5  OVERVIEW OF THE MOST IMPORTANT RESULTS 
This section presents the main results and substantial findings obtained during more than 

10 year investigation focused on the electric discharges and related processes in water solutions. 
Studied problems are divided into three main chapters: the discharge breakdown and its 
diagnostics, physical and chemical processes initiated by the discharge including the formation of 
reactive species, and applications of the discharge in water solutions. The following chapters 
contain either links on selected articles in scientific journals and conference proceedings with 
already published results or a brief description of the substantial results which have not been 
published yet. The most important articles with fundamental 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 the electric discharge in water solutions requires 
a special configuration of the plasma reactor as well as proper adjustment of experimental 
conditions. Both the device parameters and solution properties are important in the process of the 
discharge creation, and they are specific for each used system. 

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

According to the theoretical background described in Chapter 2, the discharge ignition 
(breakdown) in water is represented by the ionisation of water molecules as a result of inelastic 
collisions with high excited electrons. The process is related to the substantial bubble formation 
and light emission in the form of plasma channels (streamers). Therefore, identification of the 
exact discharge breakdown moment can be realised by electric measurements and visual records 
using the high speed or ICCD camera. Estimation of the discharge breakdown by electric 
measurements was based on observations of the main electric parameters (voltage, current, 
resistance and power) in order to determine their rapid change due to the formation of ionised 
particles creating the plasma. Simultaneously, other important processes such as bubble formation 
and plasma streamers propagation were recorded by detailed imaging. Both electric measurements 
and detailed imaging were carried out at different discharge conditions in order to observe 
influence of particular experimental parameters on the studied processes, and to find out optimal 
conditions for the discharge operation for defined systems. Results related to these phenomena 
were published in several journals [K1, K3, K5, K9] and [63, 64] as well as conference 
proceedings [65−70] (a list of selected contributions). 

Plasma diagnostics was completed by the optical emission spectroscopy (OES) in order to 
identify reactive species produced by the discharge in water solutions, determine quantity of 
particular species in the dependence on experimental conditions, and calculate important plasma 
parameters such as electron and rotational temperature, electron density, etc. Results related to 
plasma diagnostics by OES were published in journals [K5] and [63, 64, 71] as well as conference 
proceedings [66, 68, 72−76] (a list of selected contributions). 

 
5.1.1 Electric measurements 

The electric discharge ignition in water solutions was investigated in details for the pin-hole 
configuration and application of DC non-pulsed voltage. Typical results of electric measurements 
are presented for the discharge ignition in Na3PO4 electrolyte with initial conductivity of 
500 µS/cm. Influence of different experimental conditions (solution composition and conductivity, 
reactor configuration, applied voltage regime, etc.) on the discharge breakdown is discussed 
below. Both time resolved and static current-voltage characteristics were employed to observe the 
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main electric parameters (discharge voltage, current, power and resistance) during the ignition 
process. Additionally, sound produced by bubble formation and light emitted by excited species in 
the discharge was recorded, too. 

A typical current-voltage characteristic of the DC pin-hole discharge generated in water 
solution is demonstrated in Figure 4. This curve could be divided into three parts. Increasing the 
applied DC voltage, measured current slowly increased as well. During this starting part, only 
electrolysis takes place in the system, and the electrolyte solution is heated by the passing current 
(Joule effect). Going above the voltage of hundreds volts, the first significant breakpoint appears 
in the curve – mean current markedly arises. According to the time resolved characteristics 
(Figure 5, b), it can be assumed that this moment is related to the substantial creation of bubbles 
formed by the evaporating solution. Further enhancement of voltage provides only a small current 
increase until the second remarkable breakpoint is observed. From this moment, current is rapidly 
arising with only a small voltage enhancement. This second breakpoint is assumed to be the 
discharge breakdown moment which has been also confirmed by recorded light emission [63]. 

Selected time resolved characteristics of voltage and current, which were recorded during the 
main discharge phases, are demonstrated in Figure 5. At least three sections can be distinguished 
before and during the discharge ignition: an electrolytic part, bubble formation and stable 
discharge operation. During electrolysis at lower applied voltage up to 700 V, no significant peaks 
appears in regular voltage and current oscillations (Figure 5, a). Voltage oscillations are related to 
the HV source construction, and they have no significant influence on the observed phenomena. At 
higher applied voltage (700−1200 V), remarkably higher oscillations of both current and voltage 
are recorded (Figure 5, b). This phenomenon is related to the bubble formation due to the intensive 
solution heating by passing current. No light emission is observed during this period. Further 
enhancement of applied voltage provides irregular sharp current peaks that appear in the record 
(Figure 5, c). This phenomenon is related to random breakdown of vapour bubble, and short peaks 
of emitted light are recorded, too [63]. When breakdown voltage is overstepped (beyond 1200 V), 
the discharge is ignited in the pin-hole, and regular peaks of current (Figure 5, d) are recorded as 
well as the intensive light emission (Figure 6). 

 
Figure 4. Typical A−V characteristic of the DC pin-hole discharge in water solution; Na3PO4 

electrolyte, initial conductivity of 500 µS/cm, PET barrier (thickness of 0.25 mm), central pin-hole 
(diameter of 0.4 mm), electrode distance of 2 cm with respect to the dielectric barrier. Points 
(a)−(d) correspond to Figure 5. 
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 (a) (b) 

  
 (c) (d) 
Figure 5. Time resolved characteristics of voltage and current during electrolysis (a), bubble 

formation (b), random discharge breakdown (c), and stable discharge operation (d) in water 
solution (the same experimental parameters as for Figure 4). 

 
Figure 6. Time resolved records of voltage, current and emitted light during the DC pin-hole 

discharge in water solution; NaCl electrolyte, initial conductivity of 400 µS/cm, PET barrier 
(thickness of 0.25 mm), central pin-hole (diameter of 0.4 mm), electrode distance of 2 cm with 
respect to the dielectric barrier. 

 
Solution composition substantially influences breakdown parameters as well as the course of 

current-voltage characteristics and related processes. Concentration of dissolved supporting 
electrolyte provides definite solution conductivity. Its enhancement significantly decreases the 
voltage magnitude needed for the discharge ignition because current density increased due to the 
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higher concentration of charged particles in the solution. Further, solution conductivity also affects 
the other parts of A−V characteristics, especially the bubble formation. This process appears at 
lower applied voltage when higher solution conductivity is used. On the other hand, an influence 
of electrolyte itself on the breakdown and electric characteristics is not so obvious. More details 
about effects of solution properties on the discharge breakdown can be found in [K1, K3] and [63, 
64, 66, 67]. 

Following parameters of the discharge reactor were changed in order to estimate an influence of 
the configuration on the discharge breakdown and related processes: electrode distance, pin-hole 
diameter, thickness of the dielectric barrier (defining the diaphragm or capillary system) and 
applied high voltage regime. Increasing the electrode distance with respect to the dielectric barrier, 
higher voltage must be applied for the discharge ignition. However, the shift of electrodes does not 
affect the other processes recorded in the A−V curve, e.g. the electrolysis and the bubble 
formation. Concerning the pin-hole diameter, its influence on the observed processes is not so 
remarkable in the studied range of dimensions. But a serious extension of the pin-hole requires 
significantly higher voltage applied for the discharge ignition. On the other hand, thickness of the 
dielectric barrier plays an important role in the discharge breakdown as well as in the process of 
bubble formation. Thicker barriers used in the capillary configuration require application of higher 
voltage for the discharge ignition than thinner diaphragm systems. However, discharge current 
seems to be independent on the barrier dimensions. More details about effects of the reactor 
configuration on the discharge breakdown and bubble formation can be found in [K1] and [65, 77]. 

The use of the capillary configuration causes an intensive bubble formation in and around the 
pin-hole. This phenomenon lead to the cavitation effect, and it is accompanied by a strong sound 
signal. Peaks of the recorded sound signal correspond to the peaks of voltage and current which 
are related to the discharge ignition in the forming bubbles (as it was described by the thermal 
theory in Chapter 2). The same effect was observed for three voltage regimes applied in the 
experimental series: DC non-pulsed, modified DC pulsed and high frequency voltage in the 
audiofrequency range. These quite recent results were published in [70]. 

 
5.1.2 Visual records of plasma streamers and bubble formation 

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

 
Confirmation of breakdown theories 

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

  
Figure 7. ICCD images of micro-bubble formation and plasma streamers in the bubble (left) 

and plasma streamers in the cathode part (right); NaCl electrolyte, initial conductivity of 
1000 µS/cm (left) and 300 µS/cm (right), ceramic barrier (thickness of 0.3 mm), central pin-hole 
(diameter of 0.3 mm). 

 
5.1.3 Plasma diagnostics by optical emission spectroscopy 

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

A typical emission spectrum of the DC pin-hole discharge obtained in the water solution of 
NaCl electrolyte is shown in Figure 8. The presented spectrum confirms the formation of OH 
radicals (emission bands around 310 nm) as well as atomic hydrogen (emission lines Hα at 
656 nm, Hβ at 486 nm, and Hγ at 434 nm). Additionally, spectral lines of elements dissolved in the 
treated solutions were detected, too. The spectrum contains a strong emission doublet of sodium 
atoms (589 nm) coming from the supporting NaCl electrolyte. Consequently, the detailed spectra 
of selected species were used for the calculation of plasma parameters such as rotational 
temperature (OH A-X 0-0 band at 310 nm), and electron density (Hβ line at 486 nm). 
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Figure 8. Typical emission spectrum of the pin-hole discharge in water solution (without the 

second order removal); NaCl electrolyte, initial conductivity of 400 µS/cm, input power of 120 W. 
 
Rotational temperature was determined in the range from 750 to 1000 K, depending on 

experimental conditions. It decreased with the increasing input power, and it was more or less 
independent on the electrode polarity (Figure 9, left). Additionally, it was not significantly depend 
on the electrolyte dissolved in the solution, but it was slightly increased by the enhanced solution 
conductivity [K5]. Electron temperature was achieved in the range of 2500−4000 K. Higher values 
were obtained on the cathode side of the dielectric barrier, and they were more or less independent 
on the applied power (Figure 9, right). Determined electron density was significantly dependent on 
the electrode polarity. It reached values of 2.5−5.0⋅1020 m−3 on the cathode side while it was only 
up to 2.0⋅1020 m−3 on the anode side. It is assumed that the main reason of this difference is the 
formation of plasma streamers with different energy distribution. 

 
Figure 9. OH rotational (left) and electron (right) temperature of the DC pin-hole discharge as 

a function of applied power in water solution; NaCl electrolyte, initial conductivity of 750 µS/cm. 
 
5.2 PHYSICAL AND CHEMICAL PROCESSES 

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

Our experimental work has confirmed that the strong electric field created in the plasma reactor 
induced a chain of electrolytic reactions which changed physical properties of the treated solution 
(Chapter 5.2.1) and foremost, participated on decomposition processes (Chapter 5.3.1). Emission 
of radiation in the UV region was confirmed by the optical emission spectroscopy. Concerning the 
formation of shockwaves, this work was not focused on this problem because it required 
substantially higher conductivity of the used electrolyte solution. Results dealing with physical 
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processes and changes of physical properties of the water solutions treated by the discharge were 
published in several journals [K7, K9] and [78, 79] as well as conference proceedings [K6] and 
[75, 80, 81] (a list of selected contributions). Results dealing with chemical processes which lead 
to the formation of reactive species are presented in Chapter 5.2.2. They are focused on the 
detection of radicals (especially, OH, H and O radicals) [K5; 63, 64, 66, 68, 73, 74−76], 
production of hydrogen peroxide [K8, K9; 63, 64, 68, 75, 76, 79, 80], and on the emission of 
metals contained in the treated solution [K6, K7; 63, 64, 76]. 

 
5.2.1 Changes of solution properties during the discharge treatment 

Production of a number of reactive chemical species induced by the electric discharge 
generation in water solutions essentially affected physical properties of the treated solution such as 
conductivity and pH. Moreover, solution temperature is also changing during the discharge 
operation due to significantly increased current density. Therefore, the main three physical 
parameters (conductivity, pH and temperature) were precisely measured during all experiments. 

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

Changes of solution pH during the pin-hole discharge operation in water solutions were more 
complicated as well as interesting. This parameter was dramatically influenced by the electrode 
polarity in the plasma device because of electrochemical reactions induced on the electrodes. 
Oxidation reactions on the anode produced the increased amount of hydrogen cation which 
significantly decreased pH to strongly acidic values. On the other hand, reduction reactions on the 
cathode provided the increase of pH up to basic conditions. Based on these processes, pH progress 
during the discharge treatment depended on the used plasma device as well as voltage regime. 
Moreover, problems of pH play an important role in consequent chemical processes initiated by 
the discharge in water solutions. Therefore, a special attention to the pH effect must be taken into 
account during the discharge applications. More details about pH changes and its influence on 
studied processes can be found in [K6, K7; 78, 80]. 

Solution temperature was enhanced by the discharge operation in the dependence on the set 
conditions. In case of the DC discharges, current density was high and thus the solution heating 
was more intensive. If the standard batch device (volume of 3 L) without the cooling system was 
used, temperature gradient of 10−15 °C per 20 minutes was observed, depending on the mean 
input power (150−250 W). Therefore, the cooling system was necessary to apply for longer 
experiments. In case of the HF discharges, the current stress was not so high and thus temperature 
reached only slightly enhanced values of approximately 2−3 °C [80]. Contrary to the applied 
power, no influence of solution composition and initial conductivity on the temperature progress 
was observed. 

 
5.2.2 Formation of chemical species  

Electric discharges generated in water solutions initiate a chain of various chemical reactions 
that produce a number of reactive chemical species. Processes such as excitation, ionisation and 
dissociation of water molecules lead to the formation of radicals (hydroxyl, hydrogen, oxygen, 
etc.), ions and molecules (hydrogen peroxide) with high oxidation potentials. 

Detection of particles which emit light in the UV and visible range of wavelength 
(200−1000 nm) was carried out by the optical emission spectroscopy (OES). Especially radicals 
(OH, H and O) and metallic traces (alkaline metals such as Na, K, Li, etc.) were detected both 
qualitatively and quantitatively. A typical overview spectrum of the DC pin-hole discharge in 
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NaCl solution is demonstrated in Figure 8. It clearly shows emission atomic lines of hydrogen 
(Hα: 656 nm, Hβ: 486 nm and Hγ: 434 nm) and OH bands (the first order: 305−325 nm and the 
second order: 610−650 nm). Oxygen atomic lines (777 nm and 843 nm) were detected as well. 
Besides these particles coming from water molecules, emission lines of elements (Na doublet: 
589 nm, Cl: 820 nm) contained in the electrolyte were identified, too. A spectral line of iron 
(Fe: 528 nm) appeared in the spectrum due to the use of stainless steel electrodes. Additional 
detection of metal elements in the treated solution was realised by the inductively coupled plasma 
(ICP). Besides excited species and metal elements, hydrogen peroxide as one of final molecules 
produced by the discharge in water was estimated by the simple colorimetric method using the 
specific titanium test reagent (for details, see Chapter 3.3). Results on the main chemical species 
(OH radicals, hydrogen peroxide and metal elements) are discussed in the following subchapters. 

 
OH radicals 

Primary hydroxyl radicals are formed by the dissociation of water molecules induced by 
a direct impact of high energy electrons (e−*) in the discharge plasma [46]: 

−∗− +⋅+⋅→+ eHOHeOH 2 .       (1) 

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

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

 
Hydrogen peroxide 

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

22OHOHOH →⋅+⋅ .        (2) 

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

Based on theoretical assumptions (for details, see the habilitation thesis), hydrogen peroxide 
production was expected to be linear during the discharge operation. Therefore, hydrogen peroxide 
concentration and its net production rate, respectively, were assumed to be comparable 
quantitative parameters of the discharge operation. Within this work, they were evaluated as 
a function of various experimental conditions (discharge configuration, solution properties, etc.). 
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Hydrogen peroxide production was influenced especially by the applied voltage regime 
whereas the polarity of electrodes played a very important role. When DC high voltage was 
applied, H2O2 formation was significantly higher in the cathode part of the reactor while H2O2 
concentration was only negligible in the anode part. A typical evaluation of hydrogen peroxide 
concentration during the DC discharge in the pin-hole configuration is presented in Figure 10. In 
case of the HF discharges, production of hydrogen peroxide was equal in both electrode parts, and 
its net rate corresponded to the half value of the rate in the DC cathode part. In all experiments, 
hydrogen peroxide concentration increased linearly during the discharge. This fact allowed the 
subsequent calculation of the net production rate of hydrogen peroxide, and confirmed the zero 
order reaction of the H2O2 formation. 

 
Figure 10. Comparison of hydrogen peroxide formation in two electrode parts during the DC 

pin-hole discharge in water solution; NaCl electrolyte, initial conductivity of 500 µS/cm, PET 
diaphragm (thickness of 0.25 mm), central pin-hole (diameter of 0.4 mm), electrode distance of 
2 cm with respect to the dielectric barrier, input power of 200 W. 

 
Concerning other experimental parameters and their influence on hydrogen peroxide formation, 

mainly input power and solution properties (initial conductivity and pH) substantially affected the 
production rates. Configuration of the dielectric barrier (material, thickness and pin-hole diameter) 
must be also appropriately set up because it strongly influenced the discharge breakdown itself. 
Some other experimental parameters such as electrolyte kind, electrode material or a number of 
pin-holes in the dielectric barrier seemed to have no significant effect on hydrogen peroxide 
formation. Fundamental results focusing on hydrogen peroxide formation and the discharge 
efficiency at various experimental conditions were published 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 solution had two sources. The first one was 
a dissolved supporting electrolyte which was used for the adjustment of the initial solution 
conductivity. Especially, alkaline metals (sodium, potassium, lithium, etc.) and some other 
elements (chlorine, phosphorus) got into the solution by this way. Next source of metal elements 
was represented by metal components of the discharge reactor which were loaded by high current 
density. Electrochemical processes induced a release of metal elements mainly from less inert 
electrodes. For example, iron and chromium were the main elements in case of stainless steel 
electrodes. 

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

The second analytical method applied was the optical emission spectroscopy (OES) which was 
primary used for plasma diagnostics. Emission of alkaline metals (Na, K, Li, etc.) and some other 
species (Cl, P), which were contained in the treated solution, was also determined by the OES. 
Moreover, emission intensity of particular metal element was directly proportional to its 
concentration in the treated solution while emission of OH radicals was independent on the initial 
solution conductivity given by the electrolyte concentration (Figure 11). Based on these results, 
a new application of the pin-hole discharge generated in water solutions was suggested. This 
application was supposed to be an alternative technique to the ICP method whereas the excitation 
source in ICP was replaced by the discharge reactor itself. The discharge was ignited directly in 
the analysed water solution, and the emission of studied elements was recorded and evaluated by 
the spectrometer. This new technique was even applied for the patent in 2003, but unfortunately it 
had been already patented by another research group a few months before [83]. Our results dealing 
with the detection of metallic traces in water solutions treated by the discharge were published in 
[K7; 63, 64]. 

 
Figure 11. Dependence of emission intensity on electrolyte concentration for Na (atomic line at 

589 nm) and OH radicals (integral intensity over 305−315 nm) in the pin-hole discharge in water 
solution; NaCl electrolyte, PET diaphragm (thickness of 0.25 mm), central pin-hole (diameter of 
0.2 mm), electrode distance of 2 cm with respect to the dielectric barrier, input power of 160 W. 

 
5.3 APPLICATIONS 

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

There are several mechanisms contributing to the water treatment processes when the electric 
discharge is generated in the treated solution. Chemical processes lead to the formation of reactive 
species from which hydroxyl radicals with the highest oxidation potential are assumed to be the 
most important in the subsequent reaction chains. Depending on the decomposed molecule, three 
possible mechanisms can be implemented via OH radical reactions: an abstraction of hydrogen 
atom, an electrophilic addition to double (triple) bond or an electron transfer [84]. Another 
chemical compound which can effectively destruct the organic molecule is ozone. Ozone is 
produced from oxygen during the discharge exposure. Concerning physical processes initiated by 
the discharge in water solutions, especially UV radiation can be one of the possible mechanisms 
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leading to the compound decomposition as well as to the inactivation of microorganisms. If the 
DC voltage regime is applied, a substantial effect of electrochemical reactions must be taken into 
account, too. In case of sterilisation processes, the effect of temperature is also important. And 
finally, formation of shockwaves appears in the capillary configuration. 

Results presented in the habilitation thesis are divided, according to the studied water 
contaminant, on decomposition of organic compounds (dyes [K2, K4, K8; 53, 63, 64, 68, 78, 81, 
85] and humic acids [K7; 78, 86]) and plasma sterilisations [87]. Further, results obtained by the 
treatment of dye solutions are focused both on the total effect of the discharge and on the partial 
contributions of individual degradation mechanisms (electrolysis 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 compound were treated in the plasma reactor 
with the pin-hole configuration using mostly DC non-pulsed high voltage in order to observe the 
decomposition process with respect to the electrode polarity simultaneously. Variable 
experimental parameters which influence on the decomposition process was studied were as 
follows: applied high voltage (character, magnitude and polarity), structure and initial 
concentration of organic compound and solution properties (conductivity, pH and kind of 
supporting electrolyte). Samples were primary analysed by the absorption spectroscopy in the 
UV−VIS region (250−700 nm). Further, the fluorescence spectroscopy and HPLC−MS technique 
were employed for the product analyses. 

In case of the decomposition of organic dyes, results confirmed that the discharge treatment 
affected the absorbance of the dye solution. Two effects were observed: a decrease of the 
absorption intensity and a shift of the dye absorption maximum (Figure 13, left). The extensity of 
both effects was dependent on the set experimental conditions, especially on the decomposed dye 
kind, applied power and electrode polarity if the DC voltage regime was used. The decrease of the 
absorption intensity indicated the dye decomposition, which was also connected to its decoloration 
(as it is obvious from photos in Figure 12). On the other hand, the shift of the dye absorption 
maximum was assumed to be related to the formation of degradation products. 

    
Figure 12. Samples of DR79 solution treated by the DC pin-hole discharge: anode (left) and 

cathode part (right); initial dye concentration of 12 mg/L, NaCl electrolyte, initial conductivity of 
500 µS/cm, PET dielectric barrier (thickness of 0.25 mm), central pin-hole (diameter of 0.25 mm), 
electrode distance of 2 cm with respect to the barrier, input power of 160 W. 

 
From the dye absorbance determined at its characteristic absorption wavelength, the dye 

decomposition rate (α) was calculated as a final comparable parameter according to the following 
equation: 
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where ci is the initial dye concentration, and ct is a transient concentration determined during 
the discharge treatment. A typical demonstration of the dye decomposition in the DC pin-hole 
discharge is demonstrated in Figure 13, right for the dye Direct Red 79. The evaluation is 
presented in the dependence on the electrode polarity in the DC reactor. As it is shown in 
Figures 12 and 13, right, the dye decomposition was more effective in the anode part (almost 70% 
decomposition rate was achieved after 80 minutes of the plasma treatment) than in the cathode part 
of the plasma device (35 % of the dye decomposed, only). The different decomposition efficiency 
was influenced mainly by electrochemical reactions initiated by the DC voltage regime. Further, 
changes of pH to acidic conditions and effect of ferrous ions due to so called Fenton´s reactions 
played an important role in this process. More details about this problem as well as the influence 
of other experimental conditions on the organic dye decomposition are discussed in the 
habilitation thesis and in the published papers in journals [K2, K4, K8; 53, 63, 64, 78, 85] or 
conference proceedings [68, 81]. 

 

 
Figure 13. Absorption spectra (left) and decomposition rate α (right) of the dye Direct Red 79 

solution treated by the DC pin-hole discharge; the same experimental parameters as in Figure 12. 
 

  
Figure 14. Chromatogram of the dye Direct Red 79 solution treated by the DC pin-hole 

discharge in the anode (left) and cathode part (right) of the reactor; initial dye concentration of 
20 mg/L, the same experimental parameters as in Figure 12. 

 
Individual degradation products produced by the dye decomposition via the discharge treatment 

were determined by HPLC−MS analyses. The detected products of the dye Direct Red 79 were 
different with respect to the electrode polarity in the DC pin-hole discharge (Figure 14). These 
results made a clearer insight into the diverse effect determined already by the absorption 
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spectroscopy (i.e. the shift of the dye maximal absorption and the polarity influence). Detailed 
discussion on the HPLC−MS analyses of the treated dye solutions are presented in [K2]. 

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

In case of the discharge treatment focused on water solutions containing mixtures of humic 
acids (HA), the treatment had no remarkable affect at the studied experimental conditions. As well 
as in case of organic dyes, HA decomposition was higher in the anode part of the plasma reactor 
when the DC voltage regime was used. However, the concentration decrease was not so intensive 
comparing to the dye decomposition, although it could be enhanced by the increased input power. 
Based on fluorescence spectra recorded over the range of 350−700 nm, the humification index 
(HIX) indicating the mutual ratio of aromatic and aliphatic compounds in the solution was 
calculated. Evaluation of this index during the treatment revealed a partial transformation of 
aromatic compounds from the mixture to aliphatic ones. The main conclusions including effects of 
selected experimental parameters on the process (input power, solution pH and conductivity) were 
published in [K7; 78, 86]. However, it was assumed that this application was not sufficiently 
effective for further development. Therefore, next research is focused on other applications. 

 
5.3.2 Plasma sterilisations 

The application of the electric discharge in water solutions as a tool of plasma sterilisation was 
studied for the DC non-pulsed regime in the pin-hole configuration. Two microorganisms 
(Aspergillus niger and Bacillus subtilis) were selected as model contaminants. The evaluation of 
the sterilisation effect was realised by the cultivation of taken samples and subsequent calculation 
of colony forming units (CFU method) which survived the treatment. Results were compared for 
different experimental conditions such as the applied input power, exposure time and electrode 
polarity. In general, the increased input power as well as longer treatment time led to the 
enhancement of the discharge sterilisation effect. On the other hand, the electrode polarity did not 
seem to have any influence on the sterilisation process. 

An example of Aspergillus niger samples re-cultivated after the discharge treatment at 245 W is 
presented in Figure 15 for different exposure times. The total sterility of water solution was 
achieved after 50 minutes of the treatment at a relatively high input power. Moreover, temperature 
increase of about 10 °C per 20 minutes of the discharge operation was observed. 

 
Figure 15. Samples of Aspergillus niger re-cultivated for 3 days after the DC non-pulsed 

discharge treatment: a) non-treated sample, b) 20 minutes, c) 40 minutes, d) 50 minutes; NaCl 
electrolyte, initial conductivity of 400 µS/cm, PET dielectric barrier (thickness of 0.25 mm), 
central pin-hole (diameter of 0.25 mm), electrode distance of 2 cm with respect to the barrier, input 
power of 245 W. 

 
Results dealing with the sterilisation effect of the discharge in water solutions were obtained 

quite recently and partial conclusions were published in [87]. However, comparing this 
sterilisation method to plasma sterilisations in gases, it seems to be more energetically demanding 
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because higher input power as well as treatment time is required to achieve the total sterility of 
water. Thus it was assumed that the tested plasma device was 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 organic compounds is a complex chain of 
chemical mechanisms leading to the decomposition of the target molecule. Besides the attack of 
hydroxyl radicals coming from the dissociation and ionisation of water molecules by the 
discharge, other effects can also contribute to the degradation process. This work was focused on 
electrochemical oxidation in the DC discharge, UV radiation 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 plasma reactor with separated electrode parts, the 
increased current density (mean discharge current of 100−200 mA) induced electrochemical 
reactions that substantially influence the subsequent initiated process. Therefore, special sets of 
experiments focused on the pure electrolytic reactions in water solutions containing selected 
organic dyes were carried out. To conclude results obtained from these experiments, it was 
assumed that the process of electrolysis had a substantial effect on the dye decomposition in the 
DC regime. However, it was highly dependent on the molecule structure of the particular dye. 
Likewise, energetic efficiency evaluated for each studied dye was also significantly different. 
Thus, the profitability of the treatment should be solved with respect to the particular dye. More 
details about electrolytic influence on the studied processes are described in the habilitation thesis 
and in the published papers [K4, K8; 53, 81, 85, 88, 89]. 

Among physical processes initiated by the electric discharge in water solutions, UV radiation is 
one of those which can contribute to the dye decomposition within the discharge treatment. Mainly 
emission of OH radicals and other species in the UV region might be effective in this process. It 
was proved by a special set of experiments that the exposition of the dye solution to the UV light 
led to its decomposition. Nevertheless, comparing to the pin-hole discharge represented as the UV 
source it can be concluded that the contribution of the UV radiation to the dye decomposition by 
the discharge was only negligible. The reason was the mutual size of the UV sources because the 
discharge emission region was smaller by approximately three orders than the UV sources used in 
the special set of experiments. Moreover, UV radiation intensity of the discharge itself was also 
much lower than the standard UV sources. More details about this problem are described in the 
habilitation thesis and in [89]. 

Ozone is generated from oxygen molecules by the electric discharge operation. In water 
solution, dissolved oxygen molecules are presented according to the temperature and pressure 
above the surface or oxygen can be let bubbled through the solution. These processes can lead to 
the ozone formation and thus, this work investigated its possible effect on the dye solution. For the 
special set of experiments, a commercial ozonizer was used. The obtained results show that this 
treatment was very fast and effective independently on the tested organic dye [89]. However, 
concerning the contribution of ozone effect to the total discharge activity in the dye solution, it did 
not seem to be a great deal. The ozone treatment itself had the high efficiency if extra added 
oxygen was used for the ozone generation. But only a small amount of oxygen (up to 10 mg/L) 
was dissolved in water at the atmospheric pressure and ambient temperature [90]. Moreover, it can 
readily react with atomic hydrogen to form hydroxyl radicals. Thus in the standard discharge 
devices used in our experiments, the ozone contribution to the dye removal can be omitted. This 
effect would become more important if gaseous oxygen is let bubbled through the system. 
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6  CONCLUSIONS AND PERSPECTIVES 
The habilitation thesis deals with electric discharges generated in water solutions. Particularly, 

it was specialised on the pin-hole configuration of the plasma reactor using the dielectric 
diaphragm or the capillary connecting both electrode spaces.  Non-thermal plasma of the discharge 
was generated by DC or AC high voltage. Conductive water solutions containing supporting 
electrolyte and/or selected additives were used as the liquid medium. 

The first benefit of this work is the detailed description of the discharge ignition and related 
processes (propagation of plasma channels and bubble formation) in different water solutions. 
Plasma diagnostics focusing on the breakdown determination employed electric measurements of 
both time resolved and static characteristics, visual records by standard or high speed camera and 
ICCD imaging. The study included effects of variable experimental conditions on the discharge 
breakdown. Optimal conditions for the discharge operation at particular configurations were 
established. 

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

The most important results and fundamental conclusions achieved during 10 years of the 
research have been continuously published in selected journals and conference proceedings: 
19 articles in journals, one chapter in a book and more than 70 contributions in conference 
proceedings dealing with the electric discharge in water solutions. According to the Web of 
Science, the work including 19 quotations received 33 citations (without self-citations) up to now. 
The main conclusions were also presented as 10 oral lectures or progress reports at scientific 
conferences and symposia as well as lectures for students at summer schools or within the 
Erasmus program. Another important output of this work is the implementation of three new tasks 
into Laboratory Classes in Plasma Chemistry offered to students of the Master program at Brno 
University of Technology (Faculty of Chemistry and Faculty of Electrical Engineering and 
Communication) as well as Masaryk University (Faculty of Science). Participation on the 
experimental work is also regularly offered to students in order to integrate young people into the 
research or to solve their student works. By the year 2013, two Ph.D. Theses, 14 Diploma Theses 
and 11 Bachelor Theses dealing with the underwater discharges were successfully defended. 

Further perspectives of the research dealing with discharges in liquids are directed according to 
contemporary solved projects focused on the surface treatment of historical artefacts and mineral 
nanoparticles. The treatment of historical objects is aiming to corrosion removal by a special 
plasma jet based on the capillary configuration. This research is still in progress while the plasma 
tool is developed and tested at required conditions. On the other hand, preliminary results of the 
plasma treatment of mineral nanoparticles (limestone or carbon) seem to be more promising. 
Surface energy of the treated nanoparticles is enhanced, and thus they form homogeneous 
suspensions in liquids comparing to huge agglomerates of non-treated nanoparticles. Such treated 
powders can be used as mineral fillers in polymer matrices. Another part of the contemporary 
research is focused on the discharges in other liquids (alcohols) in order to study chemical 
processes leading to the formation of reactive species. 
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ABSTRACT 
This thesis represents a broad overview dealing with electric discharges in liquids in general, 

and presents the main results obtained within the investigation of the pin-hole configuration. 
Fundamental conclusions were published by the applicant in 17 papers from 2002 to 2012 whereas 
nine of them are a part of the thesis. The theoretical part of the thesis is focused on problems of 
electric discharge generation in liquids and its relation to water treatment as one of the most 
utilised applications. In the experimental part, particular plasma and other devices are described in 
details because their development was crucial for the studied phenomena. The first part of the 
research itself is devoted to the discharge breakdown in various water solutions. Formation of non-
thermal plasma was studied with respect to different experimental conditions in order to estimate 
optimal discharge operation for the potential applications. Besides determination of the breakdown 
parameters, related processes such as propagation of plasma channels and bubble formation were 
observed as well. Plasma diagnostics was realised by electric measurements, optical emission 
spectroscopy and ICCD imaging. The next part deals with chemical processes initiated by the 
discharge in water solutions and their utilisation in selected applications. Formation of reactive 
species was studied by optical emission spectroscopy and colorimetric methods. Plasma 
applications were devoted to decomposition of selected organic compounds, plasma sterilisations 
and spectroscopic detection of metallic traces in the solution. Analyses of treated solutions were 
realised by absorption and fluorescence spectroscopy, HPLC−MS methods, ICP methods, optical 
emission spectroscopy and the standard CFU method in case of plasma sterilisations. The work 
proved the successful degradation of organic dyes depending on the proper set of experimental 
conditions as well as the exact determination of metallic traces in the solution by OES. On the 
other hand, plasma sterilisations and removal of humic matters from water were assumed as non-
perspective in the studied discharge configurations. 

 
ABSTRAKT 
Tato habilitační práce představuje problematiku výbojů v kapalinách ve formě obsáhlého 

přehledu, přičemž prakticky jsou prezentovány hlavní výsledky vlastního výzkumu zaměřeného na 
tzv. štěrbinovou konfiguraci výboje. Podstatné závěry výzkumu byly od roku 2002 do roku 2012 
publikovány v 17 článcích v odborných časopisech, z nichž 9 je součástí této práce. Teoretická 
část práce je zaměřena na generaci elektrických výbojů v kapalinách a jejich vztah k úpravě vody 
jakožto jedné z nejvyužívanějších aplikací. Experimentální část detailně popisuje jednotlivá 
zařízení pro generaci plazmatu, jejichž vývoj byl důležitý pro umožnění studia sledovaných jevů. 
První část vlastního výzkumu je věnována zapálení výboje v různých vodných roztocích. Tvorba 
netermálního plazmatu byla studována při různých experimentálních podmínkách s cílem určit 
optimální konfiguraci výboje pro potenciální aplikace. Kromě stanovení zápalných parametrů 
plazmatu byly sledovány i související procesy, a to propagace plazmových kanálů či tvorba bublin. 
Pro diagnostiku plazmatu byly použity metody elektrických měření, optické emisní spektroskopie 
a obrazových záznamů pomocí ICCD kamery. Další část práce se zabývá chemickými procesy 
iniciovanými výbojem ve vodných roztocích a jejich využitím ve vybraných aplikacích. Tvorba 
reaktivních částic byla studována optickou emisní spektroskopií a kolorimetrickými metodami. 
Aplikace plazmatu se věnovaly rozkladu organických látek, plazmové sterilizaci a detekci stop 
kovů v roztoku pomocí spektroskopie. Pro analýzy roztoků vystavených působení plazmatu byly 
použity metody absorpční a fluorescenční spektroskopie, HPLC−MS a ICP metody, optická emisní 
spektroskopie a v případě sterilizací standardní CFU metoda. Práce prokázala úspěšnost při 
rozkladu organických barviv v závislosti na vhodném nastavení experimentálních podmínek a při 
stanovení kovů v roztoku pomocí OES. Naopak plazmovou sterilizaci a odstraňování huminových 
látek z roztoku lze považovat pro studované konfigurace výboje jako neperspektivní. 
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