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1 INTRODUCTION 

The presented Ph.D. thesis is a detailed investigation into the properties of electric 
discharges generated in liquids. During this process a plasma is namely generated in the 
examined solution which is ,in principle of the physical or chemical sense, an ionized gas. 
Ionized means that at least one electron is not bounded to an atom or molecule, converting the 
atoms or molecules positively charged ions. Plus, a condition of so called Debye´s sphere has 
to be accomplished which determines a state of quasi-neutrality. The free electric charges – 
electrons and ions – make plasma electrically conductive (sometimes even more than gold or 
copper), internally interactive and strongly responsive to electromagnetic fields. Due to this 
fact, plasma becomes a very interesting topic from the chemical or physical point of view. In 
the figure 1 a graphical representation of the states of matter, including the plasma state, is 
shown with their known transitions. As temperature increases, molecules start to be more 
energetic which leads to the matter transformation [1-3]. The interactions between plasma and 
solid (liquid) phase are explained in detail in the Ph.D. thesis.  

 

 
Figure 1 States of matter and their transitions with incrl.easing internal system energy [2]. 
 

Plasma can be effectively made in laboratories. This work is focused on non-thermal 
plasma which exist with different conditions. It means, they are characterized by multiple 
diferent temperatures related to different plasma particles and different degree of freedom. It 
is the electron temperature which exceeds that of haevy particles. The electron temperatute is 
much higher than haevy particles temperature. It has range from 104 to 105 K, while ions and 
neutral constituents, and processed materials are at about a few hundred Kelvins. Ionization 
and chemical processes in such kind of plasma are determined by electron temperature and, 
also, they are not sensitive to temperature of gas. These kinds of plasmas are normally 
generated in a wide range of pressures that start at very low value of Pascal and reach the 
order of ten Atmosphers. The pressure needed to discharge operation depends on the 



eletctrode configuration and power supply. Such weakly ionized plasma can be produced by 
different kinds of pulsed discharge systems [4-6]. 

One of the most important part, which are chemists interested in, is a plasma chemistry 
because it allows even chemically non-equilibrium processes realised. The experimental 
techniques for plasma generation in laboratories are basically two electrodes inserted into 
a system and conected to a power supply. The tube can be evacuated or filled with a gas. 

As has been mentioned above, here the plasma has been produced by electric discharges in 
direct contact with liquids. These kind of plasma has been studied with increasing interest 
mainly during the last decade due to its wide potential practical applications. Many papers 
have been published and underliquid discharges have been proposed for the applications in 
biology [7], chemistry [8], electrochemistry [9] ecology, nanoengineering [10-13] and even 
in medicine [14]. The research in this hot topic is now supported also by the new COST 
Action Electrical Discharges with Liquids for Future Applications about that the details can 
be found at its web site http://www.cost.eu/domains_actions/cmst/Actions/TD1208. 

A general properties of electric underwater discharges consist of five phenomena which 
occur at the moment of ignittion. It is a strong eletcric field, shock mechanical wave, free 
radicals production, strong UV radiation and ozone production in case when oxygen or air 
bubbles are presented in the system.  
 

1.1 Plasma application related to this work 

The general principle of plasma processing technologies is that the energetic electrons 
break up unreactive feedstock gases, creating a unique enviroment for non-equilibrium 
chemistry. The chemical species diffuse to the material surface to be deposited as thin films or 
to react with the surface to produce a new surface material, or, alternatively to make weaker 
the surface bounds and so enhance removal rates of atoms as plasma ions strike the surface. In 
addition, the chemistry may take place in the bulk of the plasma either creating new 
compounds or destroying compounds to produce a more acceptable substance.  

Chemically reactive plasmas are widely used to modify the surface properties of materials. 
Plasma processing technologies are vitally important to several of the largest manufacturing 
industries in the world. Surface processes based on plasma are indispensable for many 
manufacturing such as automotive (plasma jets for pretreatment car interior parts), 
transportation (plasma pretreatment for aircraft construction or shipbuilding), electronics 
(plasma screens, plasma treatment for sensitive electronics), plastic packaging (plasma 
pretreatment advanced composite materials), textiles (material activation and 
functionalization with plasma treatment), new energies (plasma treatment to high material 
quality achieved – weather resistent, longterm stability) or furniture (plasma pretreatment to 
increase material quality). Apart from many other areas, two became the hottest topics during 
the last few years – plasma medicine and plasma waste water treatment [15]. 

 
1.1.1 Plasma Surface modification in biomedicine 

The application of various plasma sources and procedures in biomedicine has become 
a realy hot topic of the contemporary research. It has been found a variety of applications, 
mainly plasma surface modification and plasma surgery. At the present time The European 



Cooperation in Science and Technology (COST) has granted a wide financial support to this 
subject. The goal of this project – Biomedical Applications of Atmospheric Pressure Plasma 
Technology – is an investigation in many medical fields such as surface treatment of 
biomedical devices, sterilization, therapeutics techniques or cancer treatments. All details are 
given at the appropriate link (www.cost.eu/domains_actions/mpns/Actions/MP1101). 

Although many synthetic biomaterials have physical properties that reach and even exceed 
those of natural body tissue, they can often cause adverse physiological reactions such as 
infection, inflammation and thrombosis formation. Through the surface modification, 
biocompatibility as well as biofunctionality can be achieved without changing the bulk 
properties of the material. There are many ways by which to alter the interaction of 
biomaterials with their physiological environments. The plasma surface modification provides 
device manufacturers with a flexible, safe and environmentally friendly process that is 
extremely effective [16]. 

Electrosurgical devices were the first invented over 100 years ago. Recent historical 
accounts summarize the development of the technology up to about 1999. Over the last 
decade, there has been an increasing interest in and use of plasma forming electrosurgical 
techniques to enable more controlled surgical procedures, for example in otolaryngology, 
arthroscopy, dental treatment, surgery or blood medicine [17]. 

Due to the fact that living organisms are tied to water, the subject of many investigations 
during the last ten years has especially became plasma in contact with liquid. Plasma in 
conductive saline solutions is a viable candidate for tissue processing inside the body. This 
kind of plasma has been previously examined for many practical applications namely in 
electrosurgical and coblation technology [18, 19].  

A remarkable results has reached plasma generated in the liquid due to the fact that most 
biological fluids are conducting ionic solutions. These ionic solutions can be in touch with 
some saline solutions where there is the plasma generated and so the plasma can be in direct 
contact with a human tissue. An interesting research has been implemented by K. R. Stalder 
and J. Woloszko when they have been interested in microplasma produced by electrical 
discharges in saline enviroments [20]. They have found that the microplasma that is generated 
in saline solutions is leading to improved surgical procedures and outcomes. These devices 
enable volumetric ablation of soft tissues with excellent control and minimal thermal damage 
of untargeted tissue. The fundamental physics and chemistry of water, both in the liquid and 
gas phase, play an important role in the microplasma formation and kinetics [21]. Some of the 
medical applications are shown by figures 2 and 3. 

 



 
Figure 2 The neck treatment by plasma scalpel used in otolaryngology [22]. 

 

 
Figure 3 The detail of plasma needle [23]. 

 
1.1.2 Advanced Oxidation Processes 

At the present time, a waste water and its cleaning is becoming biger and biger problem. 
The waste water contains a lot of pollutants and it is very difficult to remove or at least 
eliminate them. Some of them have got a complex chemical structure, mainly the double 
bonds, and it is not possible to destruct them by normal biological or chemical ways. 
Advanced oxidation methods have gained growing attention as an emerging clean and 
efficient technology to solve this problem. The major advantage of this technology is that it 
can completely or partially destroy organics at ambient temperature by converting them into 
various harmless intermediates and end products, such as carboxylic acids, carbon dioxide 
and halide ions [24]. That is the reason why these methods are becoming more and more 
popular. Unfortunatelly, a big group of the problematic polutants are presented in the water 
enviroment, which brings a question how to pernamentaly remove them. Electric discharges 
in the liquid systems seem to be a promising way how to sort this problem out. 

Of course, in the last few years an interest in gase-phase pollution has increased as well. 
The non-thermal plasma is used to generate highly reactive species which are able to 
decompose entrained pollutants even in atmospheric pressure gas streams [25]. However, 



thanks to the focus of this thesis, Advanced oxidation processes in the liquid systems are 
further discussed. 

The principle of Advanced oxidation processes is an application of high electric energy in 
the liquid system. It causes a generation of very reactive particles which are used to destroy 
organic contaminants as water flows into a treatment tank [26-27]. The most important 
oxidation reagents which are produced by Advanced oxidation processes are hydrogen 
peroxide H2O2, hydroxyl radicals ·OH, oxygen radicals ·O and ozone O3. The general scheme 
of Advanced oxidation system is shown by figure 4. 

 

 
Figure 4 The scheme of Advanced oxidation system in water enviroment [27]. 

 
The investigation of this work has been focused on oxidants generation in the studied 

liquid systems. Under the most important active particles belong OH radicals and hydrogen 
peroxide. Other component which have been studied are chlorine and atomic oxygen. 

Hydroxyl radicals appear high reactivity with many organic compounds and it also has 
a very high oxidative-reduction potential (2.80 V). This potencial guarantees also 
nonselectivity in the oxidation reactions which hydroxyl radicals participate in. They can react 
with every organic compounds, that is presented in the solution, and oxidize it. They belong 
to the group of the most important particles produced by electric discharge in water solution 
because very quickly react with the most of organic compounds and also with a large number 
of inorganic compounds.  

Hydrogen peroxide plays really important role in the plasma processes in water solutions. 
The first reason is that it is considered as a useful, but not perfect, indicator species for 
hydroxyl radicals in some plasma systems. The second reason is its generation in the water 
solutions, mainly for commercial applications in enviromental and disifection processes. In 
the reaction, hydrogen peroxide basicly behavires as oxidizing agent and reduces itself to the 
water. In case it shows reducing character, it oxidizes itself to the oxygen. Basicaly, the 
hydrogen peroxide behaves as strong chemical oxidant with a standard chemical potential of 
1.776 V [28-34].  

 
 



2 AUDIO FREQUENCY DIAPHRAGM ELECTRIC 
DISCHARGE 

The diaphragm discharge experimental set up has been constructed at the Brno University 
of Technology, Faculty of Chemistry. This device has  been consisted from one big discharge 
chamber made from polycarbonate. There has been a wall, made of the same material, that 
has devided this chamber into two parts. Inside this wall, a thin diaphragm membrane 
(thickness 0.25 mm) with a small hole (diameter 0.25 mm) has been mounted. PET 
(polyethylene terephthalate) has been used as an acceptable material to membrane creation. It 
has fully complied the conditions that have been generated during the discharge operation. 
Due to this configuration, it has been possible to create a negative such as a positive discharge 
at the same time and compare their properties depending on treatment process. The 
different voltage (DC as well as high frequency AC) could be applied in the system easily on 
two stainless steel electrodes that have been placed in both parts of the big chamber (one 
electrode in each part). Also, there has been used a cover with safety switch placed on the top 
of discharge chamber to prevent a possible injury by high voltage. Only in case that the lid 
has been put on the chamber, the applied current could start to flow through the system. The 
complete photo of this experimental setup is shown in the figure 5. 

 

 
Figure 5 The photo of diaphragm discharge chamber. 

 
The specially designed HV audiofrequency power supply has been used as the power 

supply and it has been constructed at the Brno University of Technology, Faculty of 
Chemistry. The voltage and current have been applied directly into the diaphragm chamber to 
create an electric underwater discharge. The HF voltage of 15 kV amplitude and the 
frequency of 1 and 2 kHz have been utilized during the operation. An ifluence of HF voltage 
on the discharge properties have been examined. The initial idea for these experiments was to 
verify applicability of HF high voltage for the under liquid discharge generation because 
negligible effect of electrolysis and joule heating was supposed. Also, the previous 
measurements have shown that constant DC voltage induces a remarkable heating of the 
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reactor 

Stainless steel electrodes 

Anode part 
of discharge reactor  

Diaphragm membrane 
with the small hole 



water solution [6]. This problem of overheating should be prevented by the application of 
high frequency voltage. 

Several NaCl solutions with a different initial conductivity in the interval from 100 µS to 
800 µS have been prepared. This range of initial conductivities has been choosen on propose 
because previous measurements have shown that these range is ideal for the mentioned 
discharge ignition using DC power supply [6]. A several factors have been studied. The first, 
a hydrogen peroxide production dependence on the applied voltage has been examinated. 
Hydrogen peroxide is the main stable product generated by underwater discharge and reflects 
production of OH radicals that are the main active particles. Moreover, hydrogen peroxide 
generation reflects the stability and efficiency of the electric discharge and therefore its 
concentrations in the solutions have been investigated. Such as hydrogen peroxide, the pH and 
solution temperature and their dependences upon the initial conductivity of the solution and 
power supply kind and energy have been observed.  

The diaphragm discharge has been generated using HV of 1 kHz and 2 kHz frequencies. 
As it is demonstrated in bellow (see figure 6), the liquid heating after one hour discharge 
operation is very low. The temporal evolution of hydrogen peroxide generation on the initial 
condutivity of the water solution is shown in the figure 7. How it can be seen, the hydrogen 
peroxide generation has reached a maximum at 500 and 800 µS.cm-1 by applying 1 kHz and 
600 µS.cm-1 by applying 2 kHz. In the area of low initial conductivities, such as 300 or 
400 µS.cm-1, the density of charge carriers is not sufficient and the discharge is non-stable; 
consequently it can not easily penetrate into the examined liquid.  
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Figure 6 Dependence of temperature change on the initial conductivity of the studied solution 

after 20 minutes of plasma operation. 
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Figure 7 The dependence of hydrogen peroxide generation rate on the initial conductivity of 

the water solution. 
 

Based on these results a new optimized high frequency source has been constructed at the 
VUT Brno, Faculty of Chemistry, which allows to iniciate the electric discharge without any 
unwanted effects. Together with this result, optimal conditions for plasm ageneration have 
been found. The best values of initial conductivity of the studied solution belong in the 
interval 500 and 800 µS.cm-1 were the maximal hydrogen peroxide concentration has been 
obtained.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



3 UNDERWATER ELECTRIC DISCHARGE IN GASEOUS 
BUBBLES  

The scheme of the set-up for the underwater discharge generation in gas bubbles is 
presented in the figure 8. The discharge reactor has been consisted of glass discharge chamber 
(volume of 1 l), on the bottom of which a glass capillary (the inner diameter of 1.2 mm, length 
50 mm) has been placed as it can be seen at the photography on figure 8. Liquid has been 
grounded by stainless steel electrode placed at the upper part of the chamber. The plasma-
solution reactor has been cooled in order to avoid thermal destruction of hydrogen peroxide 
because temperatures has reached at the experiment end above 70°C without cooling. 
A positive high voltage electrode has been made from stainless steal (the outer diameter of 0.5 
mm) and it has been placed inside a glass capillary mounted from the bottom of reactor. The 
gas (Ar, He, Air and N2) have been applied through this tube in order to produce bubbles. The 
gas flow in the system has been regulated by mass flow control system (MKS 4000). Flow 
rate of gases has been fixed at 200 sccm in all experiments.  

 

 
Figure 8 The scheme of the experimental set-up for the discharge generation in gaseous 

bubbles. 

 
In this part of thesis, the hydrogen peroxide generation in inorganic solution and organic 

dyes destruction have been studied. The examined solutions have been basicaly prepeared by 
mixing distilled water and always the same amount of NaH2PO4 · 2H2O has been added. 
According the process conditions, the main claim for studied solution has been as low initial 
conductivity as possible. Due to this fact, the initial value of the conductivity of the solution 
has reached only 5 µS.cm-1 in all cases. This work has been focused on hydrogen peroxide 
generation in the solution with a bubble system. Four different types of gas have been utilized 
for making a bubble enviroment during plasma discharge process – air, argon, helium and 
nitrogen and just the influence of the bubble gas on the hydrogen peroxide production has 
been investigated. All plasma treatment of the studied solutions have taken twenty minutes. 



In the case of measurements of organic dyes, the distilled water with a synthetic dye with 
no salt addition has been mixed. The initial concentration of the solution has been 20 mg.l-1. 
Two organic dyes have been chosen for these studies – Direct Blue 106 and Direct Red 79. 
They have only one absorption maximum in the UV-VIS area and they are very often used as 
some model dyes which subsequently allows a comparison of their determinated properties. 
These two dyes with different organic structure have been choosen to compare the plasma 
influence on the organic structure decomposition. 

The figure 9 presents the kinetic curve for hydrogen peroxide generation in different gases 
by using the lowest applied current 10 mA. Here, a strong oscillations of hydrogen peroxide 
production during the discharge operation have been registered. The reason for that is the 
plasma instability that was partially observable also visually. The supplied current probably 
has not provided enough energy into the system and the discharge has not been created at all 
time, so only low concentration of hydrogen peroxide (about 0.38 mmol/l) has been observed 
after twenty minutes of the process. Due to this fact an increase of the current has been 
desirable.  
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Figure 9 The hydrogen peroxide generation at the current 10 mA. 

 
The figure 10 presents the hydrogen peroxide generation by using the highest current of  

30 mA. Comparing to previous figure it is possible to see an increase of discharge current 
makes the plasma operation stable. This fact together with other measurements give a 
conclusion that the higher current has been applied, the higher hydrogen peroxide 
concetration has been determined. Thus the hydrogen peroxide production is depend on the 
applied current.  
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Figure 10 The hydrogen peroxide generation at the current 30 mA. 

 
The same trend has been observed for organic dyes destruction. Higher current has created 

the stable plasma operation which has caused higher dye decomposition. The general 
conclusion of the Direct Blue 106 dye discolloration is shown by table 1. One can see that in 
the case of He and Ar plasmas the destruction efficiency of the direct blue dye molecules has 
been much lower than in the case of N2. The maximal destruction of about 64 % was achieved 
in N2 plasma at the highest applied current. We suppose that this effect is connected to the 
formation of HNO3 in case of N2 due to oxidation of N2 that leads to the decrease of solution 
pH down. To confirm this theory pH of the solution has been measured whic has really shown 
strong acidic environment (pH=2). Used dye has lower stability in acidic solutions with pH<6 
and the oxidative ability of plasma is stronger in acidic conditions (e.g. the oxidative potential 
of the hydroxyl radical is 2.70 V at pH 3.0 and 2.34 V at pH 9.0).  

 
Table 1 Efficiency of the Direct Blue 106 destruction after 20 minutes plasma treatment. 

Current [mA] Decomposition of the dye [%] 

 He Ar N2 

10 4 4 52 

15 6 15 53 

20 21 24 55 

25 32 30 59 

30 36 43 64 

 



It can be concluded from the results which have been obtained during this examination that 
the experimental technique is suitable for industrial application. When optimal conditions are 
applied, the stable plasma is generated at all time of the discharge operation and hydrogen 
peroxide is generated. The cooling system which has been instaled inside the discharge 
chamber is satisfied and there is no need to use HF power supply. As the best gas for organic 
dyes decomposition, nitrogen has been evaluated. The excellent results has been observed at 
the current 30 mA when even 64 % of Direct Blue 106 has been destructed.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



4 HIGH FREQUENCY UNDERWATER ELECTRIC 
DISCHARGE 

At this part of work, plasma has been created by special device which is called Arthrocare 
[35]. The principal scheme of this experimental set-up is shown in the figure 11. It is a high-
performance surgery instrument which is commonly used in biomedicine at the present time. 
This system allows direct contact with a targeted soft tissue without any side effects on 
undesired places in surrounding. The thermal effect on surrounding tissue is also minimal. 
This device has ability to perform tissue ablation, tissue removal, tissue shrinkage and 
hemostasis. It is quit easy and fast way how to treat a small place in a human body. Besides 
the application of plasma medicine, it can be, of course, used also for the fundamental 
research in the field of discharges generated in liquids. 

 

 
Figure 11 The scheme of experimental technique. 

 
The plasma has been generated in four different 0.15 M distilled water solutions of NaCl, 

KCl, BaCl2 and Na2CO3. The volume of liquid has been 20 ml, contained in a 25 mm 
diameter glass cyclinder. The sodium chloride solution has been later chosen to subjected to 
a detailed examination due to its biomedical character. 

Some of the solutions have consisted also a small additional of alcohol. There is a few 
reasons why the alcohol was added. The first one is an approach to electric discharges which 
are generated in organic liquids because a majority of previous measurements are focused on 
plasmas generated in inorganic solutions, only, but perspectives of discharges in liquids are 
probably in organic solutions. That situation has occured due to a low conductivity of organic 
fluids which practically means that the discharge generation in the laboratory is very hard in 
such kind of liquids. So the first step to approach organic discharges could be the addition of 



small amounts of an organic compounds into the inorganic solution. The second reason is 
a hydrogen atoms production. It is known that addition of ethanol will produce free molecular 
hydrogen in a solution exposed to the plasma [36]. This knowledge can provide an idea about 
using ethanol as a hydrogen donor in case it is exposed to electron impact.  

At this work, the hydrogen has been considered as one of the easiest ways how to support 
hydrogen peroxide generation in the examined solutions once the hydrogen peroxide 
concentration is one of the main goals of this work. Here, methanol and ethanol have been 
chosen as representatives of the simplest organics compounds. 

The studied solutions have been measured when the system has been set up to give a 
maximum power to avoid a very unstable plasma generation. The value of power moved 
between 3 – 4 W. The minor probe (multi – electrode head) was immersed into the solution 
(the volume of treated liquid was 20 ml for these experiments) and plasma was continuously 
generated for three minutes. The obtained results are shown in the figures 12 and 13.  

As it was expected, the hydrogen peroxide concentration increases in time. This can be 
considered as a provement of no undesirable effects decomposing hydrogen peroxide as for 
example by iron dissolved from the electrode (Fenton´s reaction). Thus, the initial purity of 
the examined solutions has been kept during the operation. It practically means that methanol 
and ethanol definitely support hydrogen peroxide generation and ethanol seems to be even 
more effective. However, there is only a slight difference between these two alcohols and the 
conformation of this conclusion would require a detailed chemical analysis. 
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Figure 12 The hydrogen peroxide generation in the time in the four different solutions. 
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Figure 13 The hydrogen peroxide generation in the time in the three different solutions. 
 

The next part of this examination has been focused on an amount of the alcohols added 
into the solutions. The obtained results are shown in the figure 14. For the methanol, the red 
points represent the solution where there has been put ten times more amount of the alcohol 
than in previous experiment. Compare to blue curve, showing only 0,05 ml of the alcohol, it 
can be sawn that the higher additional of the alcohol has caused a lower increase of hydrogen 
peroxide concentration as it has been expected. This trend has been observed in the case when 
ethanol was used, too. The lowest hydrogen peroxide concentration has been measured once 
0,5 ml of ethanol has been put in the solution. The concetration has been even lower than in 
the clear solution at this time. The reason is an oxidation process between alcohol and 
hydrogen peroxide. The produced hydrogen peroxide from the interaction of plasma with 
water oxidises alcohol to form an acid and water. The low amount of alcohol does not cause 
the hydrogen peroxide to turn to water immediately because there is not enough of alcohol 
molecules to accept the oxygen atoms from the hydrogen peroxide. Thus, it can be concluded, 
that alcohols such as simple organic molecules can be efectively utilized to increase the 
hydrogen peroxide production in the solution. They seem to be a good and cheaper alternative 
for gases which are now used to manage the same effect. Indeed, the quantity of the alcohol 
added in the liquid is strictly limited and had to be controled. Based on the obtained data, it 
can be concluded that an ideal volume is just trace amount of alcohol (0,05 ml in 20 ml of the 
solution ~ 0.25 %).  
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Figure 14 Hydrogen peroxide concentration generated in the solution with different amount 

of the methanol and ethanol. 
 
Knowledge gained during this investigation provided a complete characteristic about the 

influence of additional of organic compound on the plasma process. It was obtained that 
plasma still can be generated in such solution kind which can be considered as the first step to 
plasma created in the pure organic liquid medium.  

There is one more advantage of the alcohol additional in the treated water solution. As it 
has been said, alcohols succumb to the oxidation process which naturally brings a wanted 
change in the pH of the solution. The obtained results are shown bellow in the figures 15 and 
16. In the figure 15, the blue marks represent solutions without the additional of the alcohol. It 
can be seen that the pH values have not decreases distincly after the plasma operation in this 
case. The red marks show the solutions with the small additional of alcohol and here the 
pronaunced difference between initial and final pH values has been obtained. The same 
phenomenon has been observed in the figure 16. Here, the black points represent the 0.15 M 
clear NaCl solution. As there is distinct, there has been only slightly decrease in pH values 
obtained. The negligible difference between initial and final pH values means that there has 
not been any HCl acid formed in the solution during the operation or it was synthetized in 
negligible amount which has not had influence on the pH. Normally, these little changes are 
caused by hydrogen peroxide due to its week acidic character. The opossite trend, which is 
shown by other curves, presents the solutions with a small adition of the alcohols. In this case, 
there has been obtained a pronounced decline in pH values. The initial pH values have 
decreased by a few units and so the final pH values have reached an acidic enviroment. This 
phenomena can be evaluated as satisfying result because the OH radicals generated by plasma 
operation have a higher oxidation potential under these conditions. Obviously, this acetic 



environment of the investigated solution is caused by acids formation from the alcohols. The 
ethanol turns to an acetic acid and methanol oxidazes to formic acid. 
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Figure 15 Final pH values after three minutes of the discharge operation in the 0,15 M NaCl 

and KCl solutions. 
 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0

5.2

5.4

5.6

5.8

6.0

pH

Time [min.]

 0.15M NaCl
 0.15M NaCl with 0.05ml of methanol
 0.15M NaCl with 0.05ml of ethanol

 
Figure 16 Final pH values of the examined solutions after three minutes of discharge 

operation. 



5 ATMOSPHERIC PRESSURE MICROPLASMA JET IN 
INTERACTION WITH LIQUIDS 

For the last part of investigation, a solid powder of gold (III) chloride trihydrate 
(HAuCl4.3H2O) has been bought from Sigma Aldrich, UK. Six selected solutions with 
different initial conductivity have been prepeared (2.5 µM, 0.05 mM, 0.1 mM, 0.2 mM, 0.6 
mM and 1 mM) by dissolving this gold salt in the distilled water. The plasma treatment of 
each solution has taken ten minutes. 

The principal scheme of the experimental technique is shown bellow in the figure 17. An 
atmospheric microplasma jet has been generated over the surface of a gold (III) chloride 
trihydrate (HAuCl4.3H2O) aqueous solution. The interactions of plasma and liquid phase have 
initiated some reactions inside the solution which have led to a reduction of the gold-chloride-
trihydrate. After that, the nucleation and growth of gold nanoparticles have started. The 
capillary which has produced the microplasma has been made form stainless steel (1 mm 
external diameter and 0.25 mm internal diameter). Helium has been flown at the fixed flow 
rate of 25 sccm through this capillary. The microplasma has been substained by a high DC 
voltage (2 kV) which has been applied at the carbon rod (anode) while the stainless steel 
capillary has been grounded through a ballast resistor of 100 kΩ. The processing current has 
reached a values 1 – 5 mA. 

 

 
Figure 17 Atmospheric pressure microplasma experimental set up. 

 
Microplasma has been generated in all solutions and the gold nanoparticles dependence on 

the initial concentration of the solution has been measured. The processing current during this 
plasma treatment has been kept at 5 mA. Figure 18 compares the color of the solutions after 
ten minutes of plasma processing. It has been clearly observed that the different precursors 
concentrations form a different amount and size of gold nanoparticles. Thus, in the solutions 
with higher concentrations of the gold salt, there is still not excess of charge carriers and the 



electrons provided by microplasma can penetrate in the liquid system to form the gold 
nanoparticles.  

 

 
Figure 18 The colour changes in the solutions with different initial concentration after 10 

minutes of plasma treatment. 

 
The hydrogen peroxide has been determined by titanium reagent and it has been observed 

in all treated solutions. The overview of H2O2 concetrations is shown in the table 2. It can be 
concluded that the hydrogen peroxide concentration has been found as directly proportional to 
the applied current again. 

 
Table 2 The hydrogen peroxide concentration as a function of the applied current. The 

plasma treatment time 10 minutes. 

The applied current [mA] The hydrogen peroxide concentration [mmol/l] 

0.05 0.04 

0.2 0.06 

2.5 0.22 

5 0.46 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



6 CONCLUSION 

This studium has been focused on various systems generated plasma in the liquids with the 
respect to the reactive particles production and their further application in different industry 
areas. As the liquid medium a few different type of solutions have been used and mainly the 
hydrogen peroxide generation has been examined. Besides this, the other important properties 
of the solutions, such as conductivity, pH, temperature or electrical characteristics have been 
investigated to gain a detailed description about electric discharges generated in the liquids. In 
addition, some spectra have been taken as a very important property of the examined 
solutions. They can provide many useful information which lead to determination of physical 
and chemical properties of the studied liquids.  

In the first part of this work, the diaphragm discharge has been generated using audio-
frequency power supply in the NaCl solutions with different initial conductivity (from 100 µS 
to 800 µS). The different voltage (DC as well as high frequency AC) have been applied in the 
system to create plasma. DC voltage has been used to create the electric discharge in the 
previous study (Diploma thesis of the same author) were the values of the current has moved 
between 62 and 110 mA, the value of the applied voltage has reached approximately 1.5 kV 
and the maximum value of the power has achieved 140 W. Unfortunatelly, a problem with 
remarkable overheating of the studied solution has been obtained at this study. Due to this 
unwanted fact, the time for plasma operation has been limited which has brought an idea 
about using HF power supply. Therefore HF voltage of 15 kV and the frequency of 1 and 
2 kHz have been utilized at this work to discharge operation and peroxide production, 
temperature and conductivity changes have been monitored to investigate chemical processes 
initiated by this type of energy. With respect to the results, which have been obtained during 
the plasma generation in this type of discharge reactor, it can be concluded that the utilize of 
HF voltage leads to the quality particles production without undesirable overheating of the 
solution. Based on these results, a new optimized high frequency source has been constructed 
at the BUT Brno, Faculty of Chemistry, which allows to iniciate the HF electric discharge 
without any unwanted effects. The device with this type of source can be used in the industry 
and in the laboratory as well. Together with this result, optimal conditions for plasma 
generation have been found. The best values of initial conductivity of the studied solution 
belong in the interval 500 and 800 µS.cm-1 where the maximal hydrogen peroxide 
concentration has been obtained. At this initial conductivity, the plasma is generated at all 
time of the treatment process and the discharge can be evaluated as stable. 

Next part of this work has dealt by underwater electric discharge in gaseous bubbles and 
the investigation could be realized due to colaboration with Ghent University in Belgium, 
Department of Apllied Physics. The plasma has been generated in the special chamber where 
the small glass capillary (the inner diameter of 1.2 mm, length 50 mm) has been plced. Due to 
this inovation the gas (Ar, He, Air and N2) could be applied through this tube inside the 
solution (200 sccm) and so directly support the initiation and propagation of the discharge 
which has been created by DC power suplly. The applied positive voltage has varied from 0.2 
to 6 kV and the applied current has moved in the interval form 10 – 30 mA. One of the very 
important properties of this device has been a cooling system that has been built in the 
chamber. Two different types of solutions have bee subjected to the examination, the first 



NaH2PO4 · 2H2O (5 µS.cm-1) when the hydrogen peroxide production has been investigated, 
and the second organics dyes solution with the initial conductivity 20 mg.l-1 were an influence 
of the plasma on the complex organic structure destruction has been obtained. It has been 
obtained that the most important discharge parameter influencing H2O2 generation has been 
the applied current. The increasing apllied current significantly has enhanced the H2O2 
concentration and the dependence its generation on the time has been found as linear. There 
has not been obtained a pronounced different by using four various gases. Destruction of the 
organic dyes structure in the reactor has been characterized by almost linear kinetic plots 
during twenty minutes operation. The maximal decrease of the organic dyes concentartion in 
the solutions has been achieved by applying current of 30 mA. While in case of hydrogen 
peroxide studies the kind of gas has not inluenced its concetration, here the different 
behaviour of supplied gases has been found. In the case of He and Ar plasmas the destruction 
efficiency of the direct blue dye molecules has been much lower than in the case of N2. This 
effect has been connected to the formation of HNO3 in case of N2 due to oxidation of N2 that 
leads to the decrease of solution pH down to 2. Used dye has lower stability in acidic 
solutions with pH<6 and also, the oxidative ability of plasma is stronger in acidic conditions 
due to oxidative potential of the hydroxyl radical which is 2.70 V at pH 3.0 and 2.34 V at pH 
9.0). This, together with the fact that there has been only slightly increase of temperature 
noticed, leads to the conclusion that the constructed device is suitable for industrial 
applications. The cooling system, used during the investigation, has been fully satisfied, the 
solution has not become overheated and there is no more need to use special type of energy 
source. The bubble system has been found as a very helpful in this studied problem, mainly 
use of nitrogen because it has been able to destruct even 62 % of organic dye in the solution. 
The configuration of the technique makes its versatile to variety of practical useage, mainly in 
the waste water industry. 

The third part of this work has been implemented at the Queen’s University in Belfast in 
Northern Ireland. The electric discharge has been generated by a special medical device 
Arthrocare that is widely used in biomedicine at the present time. The most important part of 
this technique is a plasma scalpel which the plasma has been created in four different 0.15M 
distilled water solutions of NaCl, KCl, BaCl2 and Na2CO3. The volume of liquid was 10 ml, 
contained in a 25 mm diameter glass cyclinder. The sodium chloride solution has been later 
chosen to subjected to a detailed examination due to its biomedical character. It is one of the 
isotonic solutions which are commonly utilized in biomedicine due to the fact that it has the 
same osmotic pressure as a blood which allows its to be in direct contact with an injuried 
human tissue. After taking first results, it has been found that there has been a precipitate 
formed in the BaCl2 and Na2CO3 solutions which has not allowed to determine hydrogen 
peroxide spetcroscopically. As an alternative solution Quantofix peroxides test sticks has been 
considered. Unfortunatelly, they have not pass the detailed test examination which has been 
carried out. They have shown very often different values of the H2O2 concetration than 
another analysis or sometimes, they even could not detect low concetrations. From this 
detection it can be concluded that these Quantofix peroxides test sticks are not suitable for 
quantitave hydrogen peroxide determination. For this reason the BaCl2 and Na2CO3 solutions 
have been excluded form the next investigation. Two other solutions (NaCl and KCl) have 



been subjected to a detail examination. The clear solutions have compared to the solution with 
a small additional of alcohol. There is a few reasons why the alcohol has been added. The first 
one is an approach to electric discharges which are generated in organic liquids because 
a majority of previous measurements are focused on plasmas generated in inorganic solutions, 
only, but perspectives of discharges in liquids are probably in organic solutions. That situation 
has occured due to a low conductivity of organic fluids which practically means that the 
discharge generation in the laboratory is very hard in such kind of liquids. So the first step to 
approach organic discharges could be the addition of small amounts of an organic compounds 
into the inorganic solution. The second reason is a hydrogen atoms production. It is known 
that addition of ethanol will produce free molecular hydrogen in a solution exposed to the 
plasma. This knowledge provides an idea about using ethanol as a hydrogen donor to increase 
hydrogen peroxide production. The taken results have shown that in the solutions with the 
small additional of alcohol the hydrogen peroxide concentrations have reached higher values. 
Comparing KCl and NaCl solution it can be observed that KCl has provided a better 
conditions to H2O2 generation. Kinetis curves for hydrogen peroxide concentration in the time 
have been linear, as it has been expected, the hydrogen peroxide concentration has increased 
in the time. From the next analysis of NaCl solution it can be concluded that the higher 
hydrogen peroxide concetration has been reached in the NaCl solution with 0.25 % of ethanol 
and the lowest in the solution without any additional od alcohol. It practically means that the 
alcohols generally support hydrogen peroxide generation and ethanol seems to be even more 
effective than methanol. Besides H2O2 production, physical properties of the liquid system 
such as temperature, conductivity and pH have been studied. A remarkable result has been 
obtained in the NaCl solution with the additional of ethanol when the pH of the solution has 
decreased in the acidic environment (due to ethanol oxidation) and mainly, it has been stable 
during all plasma operation. As has been already said, the acidic plasma is a desirable 
phenomenon because OH radicals have higher oxidation potential. The values of the 
temperature have been constantly increasing during the discharge operation in all solutions. 
The highest value (80 °C) has been obtained in the NaCl solution with the additional 
of methanol, and the lowest value (77 °C) has been noticed in the KCl solution with the 
addition of ethanol. However, the difference between these two numbers has been evaluated 
as weak, which practicaly means that each investigated system could accept approximately 
the same amount of energy in the same period time (3 min.). Thus, alcohols such as organic 
compounds have not had any considerable influence on the energy acceptance from the 
source. As the last physical property of the solution conductivity has been evaluated. As it has 
been expected that an addition of alcohol could have caused a problem with plasma 
generation in the liquid system. Fortunately, this trace amount of alcohols have not had any 
influence on the initial conductivity of the solution and the experiment could be carried out. 
Plus, the final conductivity values differ only slightly which practicaly says that there have 
not been an excees of charge carries and the current could be easily applied in the examined 
solution. Again, the trace additionals of the alcohols have not influenced the required plasma 
generation. To get more information about elements produced in the solution, the optical 
emission spectroscopy has also been utilized as a suitable method. All spectra have shown OH 
radicals peaks area which are understood as a precursores of hydrogen peroxide. Thus all 



of examined solutions are suitable medium for H2O2 production. In additional in some spectra 
other elements such Hα, NaI,NaII, Ba, K or OI have been obtained. During this all this 
examination, electrical characteristic have been recorded to make a detailed analysis of the 
apllied electric energy into these liquid systems. The electrical characteristics have been taken 
during plasma operation in the first, the second and the third minute in each solution. All of 
them have been presented without any unwanted deflections. Even in the solution with the 
addition of ethanol has not been any strange effect observed which means that this addition 
has not had a pronaunced influence on the energy that has been applied in the solution.  

The last part of this work presents some results which have been at the University 
of Ulster, Newtonabbey, UK. Here, the microplasma which has been in direct touch with the 
liquid medium has been studied. The experimental technique producing this type of discharge 
has been constructed at the local department. A solid powder of gold (III) chloride trihydrate 
(HAuCl4.3H2O) with different initial conductivity (0.05 mM, 0.1 mM, 0.2 mM, 0.6 mM) has 
been used as the liquid medium. The microplasma has been substained by a high DC voltage 
(2 kV) and the processing current has reached a values 1 – 5 mA. Subsequently, the 
microplasma has been generated in all solutions and from the taken results it can be concluded 
that the gold nanoparticles concetration depended on the initial concentration of the solution. 
Two diferent measurements have been carried out to find an influence of the HAuCl4 solid 
powder on the hydrogen peroxide production. While there has been 0.03 mmol/l of hydrogen 
peroxide determinated after 10 minutes of plasma oparation, there has been 0.51 mmol/l 
obtained in the 0.1 mM HauCl4 solution after the same time period. Thus, the solution with 
solid powder has provided seventeen more hydrogen peroxide that only distilled water under 
the same conditions. 

The presented results have clearly shown a great application potential of various discharge 
configuration in and with liquids. The key role of the hydrogen peroxide generated in these 
systems has been confirmed. New experimental devices with advanced properties have 
constructed based on the obtained results. 
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