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ABSTRACT

The presented Ph.D. thesis is a detailed invegiiganto the properties of electric
discharges generated in liquids. These type ohdiges have become a popular topic during
the last decade, mainly due to many practical apfptins which are utilised at the present
time in everyday life. The discharges in liquids gaovide a wide range of unique chemical
reactions that are not possible under thermodynaqudibrium. Due to this fact, underwater
electric discharges have been found to be veryuusef many industrial areas such as
biomedicine, waste water treatment, ecology and@agineering. The thesis investigates
diaphragm electric discharge, underwater dischatgelerwater bubbles discharge and
discharge generated microplasma in contact withds)

A variety of chemical particles are produced byckle discharge in water such as
hydroxyl radicals, hydrogen radicals, peroxoradiGaid atomic oxygen or ozone. This work
is focused mainly on the hydrogen peroxide geramativhich is one of the most important
stable reactive components generated in the sydtesa strong oxidizing agent, due to its
versatile and environmentally friendly propertieisioh are widely used by industry. One such
application is the so called Advanced Oxidation deéss, which is a modern method,
attracting attention as an emerging clean andiefficechnology for waste water treatment.
The advantage of this technology is that it can metely or partially destroy organics at
ambient temperature by converting them into varitwasmless intermediates and end
products, such as carboxylic acids, carbon dioait halide ions.

A special batch chamber, constructed at the Brniveddsity of Technology, Faculty of
Chemistry, Czech Republic, was used for the fitatjess of the experiments. This discharge
chamber is separated by a diaphragm membrane vpith laole at its center. A single high
voltage electrode is placed in each part of thentdea, which is filled by water solution. High
frequency voltage (1 and 2 kHz) was used as a psauice, to treat an NaCl solution (1.5 1)
with different initial conductivity (100 — 800 m$f)). An interesting and important result
occurred. DC voltage caused a problematic issuevefheating the solution, reducing the
effective experiment time, using the high frequeroijtage did not produce this unwanted
effect. The electric discharge occurred throughbet operation and the hydrogen peroxide
was generated without any influence to the elegsisl This kind of system has been
practically shown to be more energy efficient.

The second part of the experiment investigateddibeharge generated by gas bubbles in
liquids. This experimental set up was created @atGhent University, Department of Apllied
Physics, Belgium. This chamber consisted of a sthadlcapillary, which allowed a gas (He,
Ar, N2 or Air) to flow directly in the liquid medium. Thiinnovation allowed a bubble system
to be created on the surface of the capillary, Wwisigpported plasma generation while the DC
power supply was connected to the system. In thjgadment, two type of studies were
undertaken. The hydrogen peroxide generation agahor dye destruction dependence on the
applied current were studied. N#MD, - 2H,0 solution (5 uS.cih V= 750 ml) was used to
hydrogen peroxide production, similary Direct Redl 20 mg.l') and Direct Blue 106
(20 mg.I*, V= 750 ml) solutions were chosen for the orgahyjes destruction study. It was
observed that strong oscillations of hydrogen pexproduction occurred during the



discharge operation at the low current of 10 mAobRbly, the supplied energy has not
provided a stable discharge operation, so only tmmcentrations of hydrogen peroxide
(about 0.35 mmol/l) were found. The maximal hydmogeeroxide concetration (about

1 mmol/l) was measured when the applied currentreadhed its maximal value of 30 mA.

All these facts lead to the conclusion that therbgdn peroxide concentration increases with
an increasing applied current. The organic dye®meosition was also dependent on the
applied energy. The higher the current apllied, libtter the dye destruction obtained. The
maximal destruction was noticed in the Direct BlL@6 solution when 30 mA current was

applied. All these facts together showed that &xperimental technique is suitable for an
industrial application, especially when its configtion allows a versatile practicle use.

The third part of this thesis took place at the € University of Belfast, Centrum for
Plasma Physics, UK. Here a special commercial naédievice, Arthrocare, was utilized to
implement some experiments. In this part of stuidyr different types of solutions were
treated by a high frequency plasma scalpel andhhages of these liquids evaluated. It was
found that the hydrogen peroxide concentrationreashed the maximal value in solutions
with a small addition of an alcohol (0.25 %). Fadlifferent treated liquid 0.15 M water
solutions of BaGl NaCOs;, KCI and NaCl (V= 20 ml) were used. The initiahcctivity of
the samples was around 13 mS’crfihe pH values were found to have decreased thfger
plasma operation and the biggest difference betwrezmitial and final value were noticed in
solutions with ethanol added. The temperature efsilution quickly increased up to 70 °C
after only three minutes of plasma treatment, wttie conductivity was changed slightly
during that time. Some of the active particles @nésd in the solution were detected by
spectra, mainly OH radicals which are understoodpresursors to hydrogen peroxide.
Knowledge gained during this investigation provide@omplete characteristic about the
influence of additional of organic compound on filasma process. It was obtained that
plasma still can be generated in such solution Whath can be considered as the first step to
plasma created in the pure organic liquid medium.

The last part of this work looked at atmospheriesgure microplasma jet interaction with
the liquid phase. This experimental technique wasstucted at the Nanotechnology &
Integrated Bio-Engineering Centre (NIBEC), Univeraf Ulster, UK. A gold (lll) chloride
trinydrate (HAuCJ.3H,0) aqueous solution (248V, 0.05, 0.1, 0.2, 0.6 and 1 mM) with only
distilled water added, were used as the treatedumed he discharge was initiated by a high
DC voltage (2 kV) were the processing current redct®.05 — 5 mA. There was a
0.03 mmol/l hydrogen peroxide concentration in ttistilled water after 10 minutes
operation, and a 0.51 mmol/l hydrogen peroxide entration in the salt solution over the
same time period. As expected, the hydrogen peeoxahcetration increased proportionally
to the increased discharge current. Interestinglgn a very low current (0.05 and 0.2 mA)
generates stable plasma and produces hydrogenigenokich can be understood as a very
good result. Here, ¥, behavious as an oxidazing agent which convertslda grecursors
into gold nanoparticles.



ABSTRAKT

Tato prace se zabyva detailnim studiem vlastndskitreckych vyboji generovanych ve
vodnych roztocich. Tyto elektrické vyboje se stalgoslednim desetileti velmi popularnim
tématem, a to zejména diky mnoha praktickym apika&teré jsou v sawasnosti vyuzivany
v kazdodennim Zivét Vyboje v kapalinach mohou poskytnout Siroké spekt unikatnich
chemickych reakci, které neni mozné provést za jpoekrtermodynamické rovnovahy. Proto
jsou podvodni elektrické vyboje velice uZtgmi v mnoha pimyslovych oblastech, jako je
biomedicina, ¢iSteni odpadnich vod, ekologie a nanoinZenyrstvi. Prakeuma tzv.
diafragmovy elektricky vyboj, podvodni vyboje a wjbgenerujici mikroplasma, které je
v pfimém kontaktu s vodni hladinou.

Elektrickymi vyboji ve vod je produkovano velké mnoZstviiznorodychcastic, jako
nagiklad hydroxylové radikaly, vodikové radikaly, provadikaly nebo atomarni kyslik
aozén. Prace je zatiena pedevSim na generaci peroxidu vodiku jakoZto jednu
z nejvyznamgyjSich stabilnich slozek generujicich se v systéReroxid vodiku je zarowve
velmi reaktivni, z chemického hlediska se jedndrny oxidant, ktery diky své universalnosti
a ekologicky Setrnému charakteru je velmi Rojpyuzivan v mnoha oblastechapnyslu.
Jednou zd&chto aplikaci jsou tzv. PokEdé Oxidaini Procesy paéici mezi velmi moderni
metody, které budi pozornost zejména v oblkisténi odpadnich vod. Velkou vyhodou této
technologie je Uplné, nebo alegpoasténé rozloZzeni struktury organickyh stmnin za
teploty okolniho prosedi. Tyto latky se tak stavajici neSkodnymi meazipikdy ¢i produkty,
jako nasiklad karboxylové kyseliny, oxid ultity nebo halogenidy.

Pro prvnicést této prace byla vyuZzita specialni vybojova karskonstruovana na Fakult
chemické Vysokého &&ni Technického v B Tato komora byla roztena tenkou
diafragmovou pepazkou na dvpoloviny, gicemz uvnit prepazky se nachazela mala dirka.
V kazdécasti komory se nachazela jedna elektroda,éadw ¢ésti komory byly vypliny
kapalinou. V pitbéhu experimentu bylo ze zdroje do kapaliny aplikavdysokofrekvenni
napsti (1 and 2 kHz), které tak vlastrupravovalo roztok chloridu sodného (1.5 1), ktegy
vzdy lisil svou paatesni vodivosti (100 — 800 mS/cth Bshem tohoto studia byl zpozorovan
velmi dilezity vysledek. Tento druh n&p v porovnani s DC, ne#ipobuje nezadouci
pieh¥ivani roztoku Bhem jeho Upravy. Elektricky vyboj Figpo celou dobu plazmové operace
a peroxid vodiku je generovan bez jakéhokoliv vlima elektrolyzu. Prakticky se tak
potvrdilo, Ze tento druh systému je energetickyodii;si.

Druha ¢ast prace se zabyvala zkoumanim elektrického padiiodvyboje v prosedi
bublin vybranych plyfi. Experimentélni aparatura pro tent&elbyla sestavena na Gentské
Univerzit v Belgii, konkrétd na oddleni aplikované fyziky. Tentokrat vybojova komora
obsahovala malou tenkou kapilaru, ktera unowala ptichod plynu (He, Ar, Ma vzduchu)
do prostedi zkoumaného roztoku. Tato inovace Zaj&la tvdeni bublin pimo na povrchu
kapilary, coz podporovalo generaci plazmatu. Jakojznergie bylo pouzito DC nép. Ve
spolupraci s timto odtenim se provedly dva typy &eni. Jednalo se generaci peroxidu
vodiku a odbourdvani organickych barvititpmnych ve zkoumaném roztoku. Ke generaci
peroxidu vodiku byl pouZit roztok NaRQ, - 2H,0 (5 pS.crit, V= 750 ml) a podob$ ke
zkoumani rozkladu barviv byly pouZity roztoky barbirect Red 79 (20 mg') a Direct



Blue 106 (20 mgl, V= 750 ml). RBhem UGpravy roztoku NaQ, - 2H,O, pi které bylo
pouzito napti 10 mA, byly zpozorovany silné oscilace v produkmeroxidu vodiku.
Pravdpodobrg vtomto gipact dodavana energie ne&ta k zajiSeéni tvorby stabilniho
elektrického vyboje, a proto byly n&hmeny pouze velmi nizké koncetrace peroxidu vodiku
(asi 0.35 mmol/l). Maximalni koncetrace peroxidudiku (asi 1 mmol/l) byla zaznamenana
pii aplikaci proudu 30 mA. VSechna tato fakta vedaéi€ru, Ze koncetrace peroxidu vodku
narista se zvysujici se dodavanou energii. Rozkladnarkych barviv byl také zavisly na
dodavané energiiCim vy3si byla dodavana energie, tim vice barvivaosbouralo.
Maximalni ubytek byl zaznamenan u roztoku barviviee€ Blue 106, kdy byl aplikovan
proud 30 mA. VSechna tato fakta spoke ukazuji, Ze experimentalniizzeni je vhodné pro
pramyslovou aplikaci, a to zejména diky specialni kgunfaci, ktera umaiije mnohostranné
praktické vyu?Ziti.

Treti ¢ast prace probihala ve spolupraci s Queen's Uiiyen$ Belfast, Centrum for
Plasma Physics, UK. K realizoci experimehbylo vyuzito specialniho medicinskéhiigtroje
tzv. Arthrocaru. V tétocasti studia byly upravovanyazné roztoky, a to pomoci HF
plazmového skalpelu. Bylo zji&to, Ze hodnota koncetrace peroxidu vodiku dosahoval
maxima Vv roztocich s nepatrnymigavkem alkoholu (0.25 %). Celkem byly studovéaiyfi
0.15 M roztoky BaGl NaCOs; KCI a NaCl (V=20 ml), jejichz pmteni vodivost se
pohybovala kolem 13 mS.c¢h Z vysledki bylo patrné, 7e hodnoty pH klesajshem
plazmového opracovani,iipemz nejétSi rozdil byl zaznamenan vipad, Ze roztok
obsahoval maly ifidavek ethanolu. Z&vanim roztoku se velmi rychledmila teplota, ktera
vzdy stoupla az na hodnotu 70 °C, a to po pouhigthtminutach rteni. P@ateeni vodivost
béhem experimentu vistala pouze nepatn V optickych emisnich spektrech byly
identifikovany gedevsim radikaly OH, které jsou chapany jako predayr peroxidu vodiku.
Znalosti ziskané dhem tohoto studia poskytuji komplexni obraz o viptidavku organické
sloweniny na generaci plazmatu. Bylo zi$b, Ze plazma v takovémto roztoku lze &sp
generovat, coz f¥e by povazovano za prvni krok ke generaci plazmasamotnych
organickych kapalinach.

Poslednic¢ast prace byla zattena na tzv. mikroplazmaticky jet ¥imém kontaktu
s kapalnou fazi. Tato experimantalni prace byléiz@zna na pracoviSi Nanotechnology &
Integrated Bio-Engineering Centre (NIBEC), Universaf Ulster, UK. Jako vodivé médium
byl pouzit roztok trinydratu kyseliny chlorozlatis&tiznou p@&ateini vodivosti (2.5.M, 0.05,
0.1, 0.2, 0.6 and 1 mM) nebo pouze destilovana vudaik vyboje byl iniciovan vysokym
stejnosmirnym nagtim (2 kV), kde proud dosahoval hodnot 0.05 — 5 rRA. 10 minutach
experimentu bylo v destilované wodangieno pouze 0.03 mmol/l peroxidu vodiku, zatimco
ve zbylych roztocich byla zji&ta koncentrace peroxidu vodiku 0.51 mmol/l. Podkkévani
rostla koncetrace peroxidu vodikusbp zavislosti na aplikovaném n&p Zajimym zjisénim
je fakt, Ze pi tomto druhu ndteni bylo generovano stabilni plazma i pelmi malém
vybojovém proudu (0.05 and 0.2 mA), a tedy i pedoxddiku vznikal pi velmi malé vstupni
energii, coZz mze byt povazovano za velmi dobry vysledek. Peroxadiiku zde totiz
vystupuje jako redulni ¢inidlo, které pevadi zlatité ionty (chapané jako prekurzory zlatyc
nana@astic) na A atomy.
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1 INTRODUCTION
1.1 Plasma as the fourth state of matter

Despite the general belief, we live in a world lnfee states of matter, in fact, there is one
more state which is commonly used in our dailydiamd which creates approximately 99%
of the observable universe [1]. This state is dgliiasma and requires a special introduction.

Plasma in the physical or chemical sense is ircppi@ an ionized gas. lonized means that
at least one electron is not bounded to an atonmolecule, converting the atoms or
molecules positively charged ions. Plus, a conditid so called Debye’s sphere has to be
accomplished which determines a state of quaskaldyt The free electric charges —
electrons and ions — make plasma electrically cotieii (Sometimes even more than gold or
copper), internally interactive and strongly resgpive to electromagnetic fields. Due to this
fact, plasma becomes a very interesting topic ftloenchemical or physical point of view. In
the figure 1 a graphical representation of theestaf matter, including the plasma state, is
shown with their known transitions. As temperaturereases, molecules start to be more
energetic which leads to the matter transformaifldre interactions between plasma and solid
(liquid) phase are explained later.

Any ionized gas can not be called plasma (theedways some small degree of ionization
in any gas). lonized gas is usually called plasrhamit is electrically neutral in large volume
(the electron denstity is balanced by positive gag) and contains a significant number of the
electrically charged particles, sufficient to affats electrical properties and collective
behaviour. How it has been already said, plasmaistanof atoms which have lost electrons.

Changes in States of Matter

ionization

Plasma

Gas

] deionization

deposition condensation

vapori

freezing

] melting
L N /

Figure 1 States of matter and their transitions with incriegsnternal system energy [2].

An energy is needed to strip electrons from atamséke plasma. This energy can be of
various origins such as thermal, electrical ortlifgfitraviolet light, intense visible light from
laser or nuclear fission). Plasma can be accetkeatd steered by electric and magnetic fields
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which allow it to be controled and applied. Withsudficient sustaining power, plasma
recombine into a neutral gas [1-3].

1.2 Plasma and its history

The term plasma was the first used by the Americhemist Irving Langmuir (the
owner of Nobel Price) in 1927. He was remindedha&f way blood plasma carries red and
white corpuscles by the way ions and electrons camgied in gases with high applied
voltages. He was investigating with his collequeviL&ongs the physics and chemistry of
tungsten — filament — laight bulbs too finding thay to greatly extend the lifetime of the
filament (a goal which he later on achieved). la pnocess, he developed the plasma sheaths
theory — the boundary layer which is formed betwgémsma and solid surfaces [4].

1.3 Natural plasma

How it has been already ment, plasma creates ceepine majority of the observable
universe. There are many phenomena that have glatsena character such as solar corona,
solar wind, Earth’s ionosphere, stars or Sun. edlgt, Sun is the biggest source of the
thermal plasma occured in the nearby nature. Hsmph surface where there is temperature
between 5600 and 5700 K is shown by figure 2. i Harth’s atmosphere, plasma can be
very often observed as a lightning strokes. Ainggmally non-conducting which means a
large potential differences between clouds and hEaden be generated during a storm.
Another common natural plasma observed on Eartlalled Aurora Borealis. While normal
lighting occurs at relatively high pressures (lotit@des, typically up to 15 km), the Aurora
Borealis is generated at low pressures at higtudds, typically between 70 and 100 km.

Figure 2 The plasma surface of the Sun [5].

1.4 Technological plasmas

Plasma can be also effectively made in laboratoriégese technological plasmas are
basically generated by passing an electric curterdugh a gas and they are practically
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divided into two main groups: thermal and non-th@rplasma. As in gas, the temperature of
the plasma is defined by the average kinetic enefglge particle, molecule, atom, neutral or
charge. It mainly depends on the individual pagsdhat are included in its. Thus plasma, as
multicomponent system, is able to appear multiplegderature. In electric discharges that are
used to plasma generation in the laboratories, ggnérom the electric field is first
accumulated by electrons between collisions. THam énergy is transfered, by other
collisions, from the electrons on the heavy pagticivhich causes a lose of a part of their
energy. Due to the fact that electrons are mudfidigthan the heavy particles, they lose only
small part of their energy (Joule heating). Thathie reason why electron temperature in
plasma is initially higher than heavy particles pamature.

1.4.1 Thermal plasma

In thermal plasma, all its components (electrooesiand neutral particles) have similar
temperature that reachs betweeri 48d 16 K. lonization and chemical processes in such
plasma are determinated by temperature (and odiyertly by electric fields through Joule
heating). The gas pressure is usually closed tosheric. The significant fraction of the gas
particles are ionised. Plasma processing usingsgthasic plasma has been useful in variety
of applications so far, mainly to increase or aesurface reactions and it is utilized for metal
recovery, welding or waste treatment. Thermal psmature is for example solar plasma.

The main source of thermal plasma made in laborasoan arc discharge. It is generated
at high pressure while external circuit resistaisdew. This is called a thermal arc discharge
and it is placed between two electrodes. Thermzd aormally show high currents and the
voltages of the order of tens of volts. They pradiarge amounts of thermal energy at very
high temperatures (10 000 K). Arcs are also usgdther with gas — flow to generate high —
temperature plasma jets.

1.4.2 Non - thermal plasma

A variety of plasmas exist with different conditgrt means, they are characterized by
multiple diferent temperatures related to differpieasma particles and different degree of
freedom. It is the electron temperature which edsethat of haevy particles. The electron
temperatute is much higher than haevy particlepéeature. It has range from“® 10 K,
while ions and neutral constituents, and processatkrials are at about a few hundred
Kelvins. lonization and chemical processes in skinl of plasma are determined by electron
temperature and, also, they are not sensitiventpéeature of gas. These kinds of plasmas are
normally generated in a wide range of pressuresdfaat at very low value of Pascal and
reach the order of ten Atmosphers. The pressumedet® discharge operation depends on the
eletctrode configuration and power supply. Suchkiyjeenized plasma can be produced by
different kinds of pulsed discharge systems [6-8].

One of the most important part, which are chemiigtisrested in, is a plasma chemistry
because it allows even chemically non-equilibriunocesses realised. The experimental
techniques for plasma generation in laboratories basically two electrodes inserted into
a system and conected to a power supply. The talbde evacuated or filled with a gas. As
the voltage is apllied, the current increases tow i causes an electrone avelanches. If the
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pressure is low and external circuit has a largéstance, discharge develops. This is called
low-current, high-voltage discharge which is widaked to generated non-thermal plasma. A
generation of electric discharges in liqguid medilbaiween two electrodes, is described in
detail in chapter two (2).

Corona discharge

Another source leading to non-thermal plasma ge¢ioeras called corona discharge. It
occurs at high voltages and atmospheric pressume.electric filed is sharply non-uniform.
The field near one or both electrodes has to behnstronger than in the rest of gas. This
occurs near sharp points, edges or small diametes what become to be a low power plasma
sources. Electron temperature in corona is normaitgund 1 eV and the gas is closed to
room temperature. This kind of devices is mainlgdus the treatment of polymer materials,
for example some companies apply the corona digeham the clothing to provide sufficient
adhesion. The corona discharge is considered aspaesentant of the atmospheric pressure
non-theramal plasma source. The following figurerépresents a multichannel corona
discharge.

Figure 3 The multichannel corona discharge [8].

The polarity of an electrode where the high eledigld is located indicates two types of
corona: positive corona (the high electric fielcheas located around the anode) and negative
corona (the high electric field is concentrateduarb the cathode). The ionization in the
negative corona is caused by multiple avalanchashndioes not happen in case of positive
corona because the electric field at the cathodbamcaly too low. It means here are
ionization processes connected to formation toadled positive streamers.

Naturally, the electric field is not sufficientlyigh in whole corona chamber and so the
effective charged particle generation occurs onlythie certain area. This zone is located
around an electrode where the electric field is1l@gough. This is the most important part of
corona system and is called an active corona valéih@f chemical processes and reactions
take place here.
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Pulsed corona discharges

Because the application of the continuously opegatioronas are limited due to low
power and current, their practical use for materisdatment is also in a low rate. To increase
the corona current and corona power, the voltageedectric field should be increased. An
attractive solution for this problem is a non-thalndischarge generated at atmospheric
pressure by the pulsed corona discharge. The plnaf this type of discharge is a pulse
power supply which generates very short high veltaglses with a steep front and short rise
time that results in a higher corona ingnition &gk and higher power. The ideal distance
between two electrodes is 1 — 3 cm, because thartotl time to streamer propagation
between tow electrodes is about 100 — 300 ns. Vérg short period manages to keep
streamers during the operation and also it guaeamewer transfer into non-thermal plasma.
Thus the streamers are not inadvertently transtoraparks. This high-voltage rise pulses are
very beneficial for some of the plasma processesuse they guarantee higher electron
energies which are in these reactions requirectoedise the fraction of the discharge power
going to vibrational excitation of molecules whichuses ionization or dissiciation of the
molecules. It means that the corona becomes dthese properties very powerful. A device
generating the pulsed corona discharge in thedigbase is shown in the following figure 4.

Figure 4 The schematic diagram of the technique for gemegahe pulsed corona discharge
in the liquid phase with the needle-plate electrgdemetry. 1-needle discharge electrode,
2-sampling port, 3-cylindrical spectrometric celklground stainless steel electrode,
5-cylindrical glass vessel reactor, 6-quartz fitber optical measurements, 7-teflon insulator,

8-voltage and current measurements ports (HV) ppdseer supply [9].

This apparatus is used at Institute of Plasma B&yBiepartment of Pulse Plasma Systems,
Academy of Sciences of the Czech Republic, CzeghuBle where the UV radiation from
the pulsed corona discharge in water has beenestu@he study made by this department
(2008) has concluded that the UV light intensityreases with the increasing applied voltage
and also, it has positively affected the hydrogeropide generation [6-8].
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Dielectric barrier discharge

One of the most practical plasma source which presluhe non-thermal plasma at high
voltage and atmospheric pressure is called digtedtarrier discharge and it produces
technologically the oldest type of plasma which besn started to use to ozone generation in
1857 by Siemens. The first technique has consistetivo coaxial glass tubes and two
external coaxial electrodes. The electric filed ha&en applied by alternating voltage of
sufficiently high amplitude which use to cause &leal breakdown in the following gas.
Since the electric current is forced to pass thinotlge glass walls that act as dielectric
barrriers the discharge has been named as dielbetmnier discharge.

An excellent property, which makes dielectric bardischarge very atractive for industrial
applications, is a fact that human body can be ased second electrode without destroying
the living tissue and so this kind of discharge Iasught a huge progress mainly in
biomedicine. The detailed description of plasmézeiil in the biomedicine is given by next
chapter (1.6.1). Also, this type of discharge allot® generate non-equilibrium plasma
conditions at about atmpospheric pressure. Theaygielectric barrier discharge is shown in
the figure 5. As there is seen, the arrangememtsbeadifferent for this type of setup. The
electrodes can exhibit a horizontal direction tacheather or they can be get into a round
shape. In both cases, at leats one dielectric lay@aced between these two electrodes where
there are microdischarge filaments created. Thenadét which are widely used to make the
device are namely glass, ceramics, quartz or sonaks lof polymers [10].

High Voltage
Electrode

DT B Dielectric
IAMMINANIN Barrier

\ Discharge

Ground
Electrode

High

Voltage
" )
Generator

Figure 5 The typical planar and cylindrical dielectric-baei discharge configuration [10].

Due to the specific dielectric barrier dischargafogaration there is a large number of
independent current filaments of nanosecond duragenerated at about atmpospheric
pressure. These filaments are understood asrhitteodischarges which can be predicted by
calculations. Also, there is a very helpful podgipto influence them by external conditions.
One of these advantages of this microdischargelatsa large fraction of the electron energy
can be beutilize to excite atoms or molecules ewethe backround gas which causes
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chemical reactions and it can also initiate emisgibradiation. A frequency of the applied
voltage can be different. It can range from lowgtrency to several hundered kHz. All of
these excellent properties guarantee a varietyractigal applications of dielectric barrier
discharge in many industry fields which are showhie following figure 6. As there is seen
the dielectric barrier discharge has a varietyratpcal use mainly in the consumer industry.
Based on optimized discharge conditions and mogmwer electronics a considerable
progress has been made especially in the areasinpl displays and ozone generation that is
described in detailed in the chapter (2.2) [10].

Electric Field
|
Breakdown
¢ | )
Electrons & lons | Discharge Physics
|
Plasma Chemistry | Excited Species
I
| | Chemical Reactions ‘
1 1 | l 1 | |
Ozone Surface Pollution Excimer CO. Lasers Hydrogenation
Generation Treatment Control Formation 2 of CO,
Excimer Lamps AC Plasma Displays

Figure 6 Schematic diagram summarizing the general prinagbldielectric barrier
discharge and its major applications [10].

1.5 Processes occured under plasma conditions

lonization is a key process in the plasma. Duéi® fact plasma is an ionized medium. It
practically means that there neutral atoms or nuiéscare converted into electrons and
positive ions. These two groups (electrons andtipesions) are at the same time the most
important charged particles in plasma. These pestiare generated during so called
ionizations processes which are responsible fqulama generation/formation new electrons
and positive ions.

Normally, the electron density and positive ionsigiy are equal or really close each
other. Than there is spoken about a quasineutaahg formed. But there is also possibility
of negative ions formation in the electronegatiases like @ Cl,, TiCl, etc. These negative
ions become the third main group of charged padiat the plasma.

There is also possibility of quite large complersayeneration in plasma. This normally
happens in high pressure and low temperature plagma positive and negative ions attach
to neutral atoms or molecule, for examplg N\, (N4), O —CQO, (COy) or H —H,O (Hs:O").
These complex ions have very specific propertiesidver they are basicaly not important for
plasma catalysis or plasma surface treatment [4]. 3,
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1.5.1 Electrons

Electrons are elementary, negatively charged pestiwith less mass than the mass of ions
or neutral particles and, just because of their toass and high mobility, they receive an
energy from electric field much easier than ionfeAthat, they transfer their energy during
collisions to all other plasma components and gy ttrovide energy for other processes as
ionization, exciation, dissociation and other plasamemical processes. All operations are
depended on number of electrons which have enonglge to start theses reactions. For this
reason, electrons are very important for plasmaigkyand plasma chemistry.

1.5.2 Positive ions

Atoms and molecules lose their electrons in thézadion process and so they practically
form positive ions. Because ions are heavy pagjdlgey take only a relatively small energy
directly applied from electric field. The energy ialn is necessary to form a positive ion is
called ionization energy and it is strongly depearidm the molecule. It is also considered as
one of the most important parameters of plasmargéoa. Some examples of ionization
energies are shown by following table 1.

Table 1llonization energies for different atoms and molesu

Compound lonization energy [eV]
Ho 15.4
He 24.6
Ar 15.8
OH 13.2
O 13.6
N, 15.6
N 14.5
H>0 12.6

1.5.3 Negative ions

Negative ions are easily generated by electrorclattant an electron to another atom or
molecule. They are also haevy particles so they tgir energy mainly during the collisional
processes. Energy that is needed to release thiegy is called electron affinity. Sometimes,
electron affinity is defined as the bond enrgy lestw the attaching electron and atom
(molecule). Its value is usually very low (much Ewvthan ionization energy). Due to this fact
a destruction of negative ions is sometimes cause by thermal collisions with other heavy
particles. The highest value of electron affinigwh halogens and obviously their compounds,
oxygen or ozone. The specific values are presenttu table bellow [7].
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Table 2Electron afinity for different atoms and molecules

Compund Electron afinity [eV]

H 0.75
O 1.5
CI 3.6
OH- 1.8
O," 0.44
O3 2.0

1.5.4 Elementary processes of charged particles

Genrally, there are several ways how the particigbe plasma can react. The first, they
can influence each other by their fields and tle®sd, they can react together to cause either
elastic or inelastic collisions. Elastic collisiod® not cause any change in the chemical
structure of the reacting molecules who they reattt, which practically means that there is
no exchange of energy and there is also no exaitatbserved. Thus they do not have any
influence on chemical processes happening in thenm. On the other hand these elastic
collisions are responsible for a kinetic energy alihieads to the conclusion that they have
a direct influence on the conductivity, diffusioand absorption of an electromagnetic
radiation. During ineleastic collisions the kinegigergy of the colliding partners is transfered
into the ethermal energy. The examples of theséasgc collisions can be excitation,
dissociation or ionization. In some special cafes,internal energy of the excited molecules
or atoms can be retransfered back into the kirestergy [1, 3, 7]. Such kind of phenomenon
is called as super elastic collision.

1.5.5 lonization processes

As it has been already mentioned the key proceptasma is ionization. It is responsible
for the creation of new electrons and positive itinss for the plasma geneartion. There are
four groups of the ionization mechanisms distingeds

The first group is a direct ionization by electiarpact, includes the ionization of neutrals.
A non-excited atoms, radicals or molecules arect#th by an electron (whose energy is
sufficient to provide the ionization) which results the collision. These processes occur
in the cold or nonthermal plasmas where the elaatreergy is quite high. But the number of
excitation of neutral species is average.

The second group is a stepwise ionization by edadmpact which includes the ionization
of preliminary excited neutral species. These @ses are common in the thermal plasmas.
The degree of ionization such as amount of highktrted neutral species are quite high.

The third group is the ionization by collisions lwiheavy particles. These processes can
happen during ion-molecule or ion-atomic collisionis in collisions of electronically or
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vibrationally excited species. This happens whendhe total energy of the collisions
partners is higher than ionization potencial.

The fourth group is represented of the photoiomraprocesses. Such situation occurs
whenever the neutral collisions with photons leathe electron-ion pair formation. This type
of processes is namely important in the thermabmk and also in some propagation
mechanisms whenever nonthermal discharge is prégahfh 3, 7].

1.6 Plasma applications related to this work

The general principle of plasma processing teclgiefois that the energetic electrons
break up unreactive feedstock gases, creating cuenenviroment for non-equilibrium
chemistry. The chemical species diffuse to the matsurface to be deposited as thin films or
to react with the surface to produce a new surfaaterial, or, alternatively to make weaker
the surface bounds and so enhance removal ratgero as plasma ions strike the surface. In
addition, the chemistry may take place in the bafkthe plasma either creating new
compounds or destroying compounds to produce a aumeptable substance.

Chemically reactive plasmas are widely used to figdtie surface properties of materials.
Plasma processing technologies are vitally importarseveral of the largest manufacturing
industries in the world. Surface processes baseglasma are indispensable for many
manufacturing such as automotive (plasma jets fogtrgatment car interior parts),
transportation (plasma pretreatment for aircrafbstaiction or shipbuilding), electronics
(plasma screens, plasma treatment for sensitivetrefecs), plastic packaging (plasma
pretreatment advanced composite materials), textilématerial activation and
functionalization with plasma treatment), new emesgplasma treatment to high material
quality achieved — weather resistent, longtermilstgbor furniture (plasma pretreatment to
increase material quality). Apart from many otheyas, two became the hottest topics during
the last few years — plasma medicine (1.6.1) aadnph waste water treatment (1.6.2) [11].
Some of the practical illustrations are shown lgyrfe 7 and figure 8.

Figure 7 Plasma surface treatment using the plasma jesémsitive electronics [11].
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Figure 8 Plasma treatment of hydrophilises fabrics andhiecal nonwovens by jet
technology [11].

1.6.1 Plasma surface modification in biomedicine

The application of various plasma sources and piwes in biomedicine has become
a realy hot topic of the contemporary researclhak been found a variety of applications,
mainly plasma surface modification and plasma syrght the present time The European
Cooperation in Science and Technology (COST) hastgd a wide financial support to this
subject. The goal of this project — Biomedical Apalions of Atmospheric Pressure Plasma
Technology — is an investigation in many medicalds such as surface treatment of
biomedical devices, sterilization, therapeutichtegues or cancer treatments. All details are
given at the appropriate linkv{vw.cost.eu/domains_actions/mpns/Actions/MP1101

Although many synthetic biomaterials have physprabperties that reach and even exceed
those of natural body tissue, they can often cadberse physiological reactions such as
infection, inflammation and thrombosis formationhrdugh the surface modification,
biocompatibility as well as biofunctionality can laehieved without changing the bulk
properties of the material. There are many wayswbych to alter the interaction of
biomaterials with their physiological environmeritbie plasma surface modification provides
device manufacturers with a flexible, safe and mmmentally friendly process that is
extremely effective [12].

Electrosurgical devices were the first invented ro¥80 years ago. Recent historical
accounts summarize the development of the techpolggto about 1999. Over the last
decade, there has been an increasing interestdirusa of plasma forming electrosurgical
techniques to enable more controlled surgical mhoes, for example in otolaryngology,
arthroscopy, dental treatment, surgery or bloodiames [13].

Due to the fact that living organisms are tied @tev, the subject of many investigations
during the last ten years has especially becam&mglan contact with liquid. Plasma in
conductive saline solutions is a viable candidatetissue processing inside the body. This
kind of plasma has been previously examined for ymaractical applications namely in
electrosurgical and coblation technology [14,15].

A remarkable results has reached plasma genematig iliquid due to the fact that most
biological fluids are conducting ionic solutionshéle ionic solutions can be in touch with
some saline solutions where there is the plasmargtrd and so the plasma can be in direct
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contact with a human tissue. An interesting reseaeas been implemented by K. R. Stalder
and J. Woloszko when they have been interested ionoplasma produced by electrical
discharges in saline enviroments [16]. They hawndothat the microplasma that is generated
in saline solutions is leading to improved surgipedcedures and outcomes. These devices
enable volumetric ablation of soft tissues withadbent control and minimal thermal damage
of untargeted tissue. The fundamental physics &edntstry of water, both in the liquid and
gas phase, play an important role in the microptarmation and kinetics [17].

In otolaryngology a radiofrequency energy is usedxcite the electrolytes in a conductive
medium, such as saline solutions. The plasma hasgénenergy to break the molecular
bonds within tissue causing the tissue to dissoate relatively low temperatures,
approximately 45°C to 85°C (significantly lowehan traditional radio-frequency
techniques) which causes volumetric removal oftéinget tissue with minimum damage of its
surronding. The lower temperatrures are achievatleasadiofrequency current does not pass
directly through tissue during this so called ctibla process which means tissue heating is
minimal. Most of the applied energy is consumedhia plasma layer, or in other words, by
the ionization process. These ions then bombasddig their path, causing molecular bonds
to simply break apart and tissue to dissolve. QGairiahas been used for otolaryngological
applications such as turbinate reduction, palatkiggon, base of tongue reduction and
various head and neck cancer procedures. The f@gleows a neck treatment by plasma
scalpel used in otolaryngology [18-19].

1
Figure 9 The neck treatment by plasma scalpel used in gtotariogy [19].

The decreased thermal effect of coblation has nadef changes including, less pain and
faster recovery for cases where tissue is disseditedtases where coblation is applied
submucosally to reduce tissue volume (inferior inate, soft palate), the sudden reduction in
volume may lead to immediate clinical benefits tioe patient. Coblation is currently being
examined and developer in various clinical stutbledocument the advantages it can make in
otolaryngological applications.

There has been lots of investigation and reseandh® development and improvement of
tissue-saving methods in dentistry. Although clagrand sterilization of an infected tissue in

26



a dental cavity or a root channel can be achiev@dgumechanical techniques or laser
therapy, during the treatments overheating andrut#gin of the living tissue can occur
which may bring more complications and health hdgzaDue to this there was a lot of
research to develop non-thermal atmospheric plamma other words “plasma needle” in
which the interactions of this type of plasma wlithng tissues related to dentistry and its
ability of bacterial inactivation is examined. Rtes needle can be described as an efficient
source of different radicals, which have the apii@ remove bacterial contaminants from the
living tissues. This technique operates at roonmpezature and therefore, also does not cause
high destruction of the living tissue. Plasma tmeatt is potentially a novel tissue-saving
technique, allowing irregular structures and narahannels within the infected tooth to be
disinfected and sterilized. Figure 10 shows on¢hefadvanced dental equipment which is
used in the dentistry [20]. The detail of plasmadie is shown by figure 11.

-&..;
Figure 11 The detail of plasma needle [21].

Plasma surgery is an advanced technology for metisgical dissection and coagulation,
which has recently developed. This technology aap burgeons to achieve more, with less
damage to the tissue, ultra-fine control, and amur Recently a new device has been
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developed called the “plasma jet". This device usése, electrically-neutral stream of pure
plasma to cut and coagulate tissue. In the Plagtaystem, a low flow of argon gas is
concentrated into a small space within the hanepeex excited by a low DC voltage applied
between internal, bipolar electrodes.

Argon is the most abundant and widely accessibli@finert gases. It is heavier than air
and therefore it can sit on the surface of tissukdisplace the air. Argon can be also ionized
easily and its chemical properties make it ideal delivering monopolar current in a
controlled fashion. Argon beam coagulators delavestream of ionized argon from their tip,
creating a homogeneous current bridge to the tatigstie. Voltage ionizes the argon,
allowing a smooth conduction of current withoutotlede contact. Being heavier that air, the
ionized gas settles uniformly on the tissue, cngpéi consistent and malleable eschar. As an
additional benefit, the stream of gas also disgebdeod and oxygen, increasing visibility of
the treated tissue and decreasing smoke prody&an

The argon plasma, which is produced, is a mixtdrbigh-energy argon atoms, ions and
electrons that emerge from the tip of the handpiaca precise jet stream. An important
property of the plasma stream is that since itaostan equal number of positively charged
ions and electrons, therefore, resulting plasmaigetlectrically neutral. This means the
Plasma jet differs markedly from all electrosurgjiigehniques, as in plasma surgery there is
no external electrical current flow to the tisslising Plasma jet, surgeons are able to
precisely cut and coagulate tissue while redudmegrisk of surrounding thermal damage and
burns that can occur with traditional electro-suygevhich then may cause in more
complications.

1.6.2 Advanced oxidation processes

At the present time, a waste water and its clearsifgecoming biger and biger problem.
The waste water contains a lot of pollutants ant ivery difficult to remove or at least
eliminate them. Some of them have got a complexnata structure, mainly the double
bonds, and it is not possible to destruct them bymal biological or chemical ways.
Advanced oxidation methods have gained growingnatie as an emerging clean and
efficient technology to solve this problem. The aragdvantage of this technology is that it
can completely or partially destroy organics at embtemperature by converting them into
various harmless intermediates and end productdy as carboxylic acids, carbon dioxide
and halide ions [23]. That is the reason why thesthods are becoming more and more
popular. Unfortunatelly, a big group of the probddio polutants are presented in the water
enviroment, which brings a question how to pernaaignmemove them. Electric discharges
in the liquid systems seem to be a promising way twosort this problem out.

Of course, in the last few years an interest iregasase pollution has increased as well.
The non-thermal plasma is used to generate higbactive species which are able to
decompose entrained pollutants even in atmosplpeassure gas streams [24]. However,
thanks to the focus of this thesis, Advanced oxitaprocesses in the liquid systems are
further discussed.

The principle of Advanced oxidation processes igjplication of high electric energy in
the liquid system. It causes a generation of veactive particles which are used to destroy
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organic contaminants as water flows into a treatmank [25-26]. The most important
oxidation reagents which are produced by Advancediation processes are hydrogen
peroxide HO,, hydroxyl radicalsOH, oxygen radical®O and ozone © The general scheme
of Advanced oxidation system is shown by figure 12.
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Figure 12 The scheme of Advanced oxidation system in wat@roenent [26].

A general feature of these technologies is a sanf consumption of the energy that is
released for radicals production. New technologaes developed to provide sufficient
guantity of energy that is necessary to the ragligabduction. There are several types of
plasmas in interaction with liquid phase. Here, tlo@-thermal plasmas are generated in the
examined techniques and applied into the liquidesys These methods belong to the group
of so called electric underwater discharges and fhveperties have been studyed in this
work. Besides these systems, there are also ofpes f electric discharges which can be
included in this group, for example DBD which haeb detail described before.

1.6.3 Nanoparticles synthesis

An idea to produce nanoparticles by electric disghdnas noticed a very interestic topic in
the recent years. Especially a gold nanopartigjeghesis has become a very desirable field
due to so called gold nanoparticles in colloidsalhhave found an excellent applications in
optical diagnostics and detection of cancer [2@grapeutic techniques [28], drug or gene
delivery applications [29]. Naturally, there is ariety of methods how to produce gold
nanoparticles, but unfortunatelly all of these cluain synthesis require an additional
treatment by reducing or capping agents to stabtlie generated product [30]. It obviuosly
brings a secondary problem with an eliminationt@se unwanted reagent from the surface
of nanoparticles. Due to this fact, the possibitifycreating nanopatrticles in aqueous colloids
with no additional of chemical agents is highly wexh to simplify subsequent
functionalization steps.

Electric discharges seem to be a promising way toogveate gold nanoparticles according
these requirements. One of the possibilities iatamospheric pressure microplasma jet which
is in direct contact with the liquid where there aranoparticles synthesized with no need
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of reducing or capping agents. Generally, non-dajuilm low-temperature plasma processing
at atmospheric pressure is gaining a vital impaean plasma science and technology mainly
due to many practical applications in the such @&amédicine, surface modification
of polymers, automotive, microelectronics or nantamals synthesis [31-33]. Especially,
stable generation of plasmas at atmospheric pegdends a new range of applications for
plasma utilized in science and technology. Thelmratemarkable advantage is an interfacing
such kind of plasma with a wide range of the ligsolutions. Unfortuneatelly, plasmas
generated at high pressures cause instabilitiegandemperature is basically too high which
is an unwated effect for materials processing [34].

Recently, a new type of plasma in microscale hadest to be investigated. It is called
microplasma and it has opened anew possibility ttege nanoparticles synthesis. At
atmospheric pressure, the microplasma exhibits s@mneuseful properties which differ from
plasma generated at low pressure regimes. Thesdlencfeatures of microplasmas has
caused their wide range of material applicationainvladvantages of using atmospheric
pressure microplasmas for nanoparticles creatiocorginuous flow, microreactor volume
operation which allows to control the particles wito and residence time leading to the
precise formation of nanometer-sized particles,neless than 10 nm. For example, for
biological synthesis colloidal nanopatrticles are thost required and they can be generated
just by microplasma [35-36].

Another advantage of this microplasma is the fhaet it brings a new functionalization
approaches that are totally diferent from both ddaa liquid electrochemistry as well as from
gas-phase plasma synthesis. These new approadessdraplasma-induced non-equilibrium
liquid chemistry have a great potential of combgnsome of the best advantages of plasma
processing (non-equilibrium kinetics) and wet che&ngi (solutoin processing). Obviously,
there are other wet chemical methods to synthesiaeoparticles, but compare to
microplasma operation they are slow and also reqeilucing or cuppling reagents.

Many of microplasma techniques have already begorted such as plasma generated by
electrodes immersed in the liquids [37], gas-liguiterfacial low-pressure plasmas [38] or
atmospheric plasma pressure plasma interfacing Wigiid [39]. Generally, these
investigations have concluded the possibility ohtcoling morphology and size and they
have brought a detailed description of the stugiegerties, however the mechanisms is still
not fully understood.
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2 ELECTRIC DISCHARGES IN LIQUIDS

Electric discharges generated in the contact vigiinds have been studied mainly during
the last decade due to their wide potential prattapplications. Many papers have been
published and underliquid discharges have beenogeapfor the applications in biology [40],
chemitry [41], electrochemistry [42] ecology, nangmeering [43-46] and even in medicine
[47]. The research in this hot topic is now supparilso by the new COST Actidtiectrical
Discharges with Liquids for Future Applicatioabout that the details can be found at its web
site http://www.cost.eu/domains_actions/cmst/Actions/2D8.

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

2.1 The principle of electric discharge generation inhe liquid phase

The principle of electric discharge that is geregtadlirectly in a liquid phase (the most
often in the water solution) is an application gfthenergy into to the water medium which
subsequently leads to its accumulation and disehigrgtion. The energy, which is given into
the solution from the source of high voltage, asformed by plasma channel. The plasma
channels are created by discharge between tworadest that are immersed in the water
phase. There are three different types of electregem suitable to such discharge
generation. The first construction consists ontyrfrtwo plane electrodes (13a). Due to a very
high enectric field intensity needed for the bremkd in the liquid (1 MV. crit) this
configuration requires an application of too higbltage or a too short distance between
electrodes. Thus it is not used in practice. N&d tonfigurations are suitable mainly for
experimental utilize. The first is so called poiatplane system (in the figure 13b) and the
second one is system where there are these twinogles separated by dielectric barrier with
a smal hole (in the figure 13c). In these casedaite electric field intensity increases on the
point (tip or hole).

a) b) C)
- + - + - +

Figure 13 Three different electrode configurations: a) twarne electrodes, b) point to plane,
c) pin-hole.

Generally, two different theories describing eliectlischarge creation in the liquids have
been suggested: an electron and a thermal (bulithles)y [48]. The electron theory says that
due to high electric field free electrons in thecdtiarge area are accelerated. The electric field
can be applied on the point (point to plane systémee electrons can subsequently colliding
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with other molecules and make them ionized. Ithe way how other free electrons are
produced and electron avalanche (plasma or ,stréaof@nel) is formed. The electron
avalanche leads to the water breakdown. A DC puls#tdge is usually applied. In this case
electrons are attracted to the electrode with piggitive voltage. A free electrons flow causes
a positive charge on the top of streamer. Thistpescharge increases an inluence of the
applied voltage and attractes other electrons efstiicundary avalanche. In case electrons
from the secondary avalanche mix with the ions fygmimary avalanche there is a positive
space charge formed on the top of streamer andhtbesity of electric field is increased
again at the end of streamer. This propagationwalla new avalanches development because
positive charges attract electrons from other sgapnavalanches. This is the way how the
streamer propagate in the space. It is the sinplamciple as atmospheric lightening
generation. This theory practically means that veven a positive polarity is used, the really
long streamer channels can be formed. In case dlaity is opposite (the point becomes
a cathode), the electron avalanche starts to patpddgom the point (a strong electric field
area). The positive space charge of the primarjaaehe decreases the intensity of electric
field at the end of streamer which is not satisfi@danother avalanche development. In this
case the streamer channels are shorter than hiyvpqgsolarity.

There is an assumption in the thermal theory thathigh current density in the high
eletcric field area causes warming up and evamwraif the liquid, bubbles are formed and
the streamer can spread in the water due to théms The discharge is ignited in the gas
phase.

Besides these two general theories the other mestharcan be taken into account at the
under liquid discharge generation and/or propadafitiere is also another model which says
that electric field is supported by water dissadoiat respectivelly by ions Ha OH. These
ions causes high conductive area from which theaster spread as ionization wave. Another
theory, which describes a streamer propagatiopased on a water evaporation on the top of
streamer. A streamer resistance has been measureduich lower than by water. This, and
the fact that the a speed of streamer in the deednand drinking water are the same, proves
the main influence of the ionized liquid on theremt in the pre-discharge period. A protons
mobility in the vapor phase (but not in the ligpidase) is satisfied for streamer spread [49].

The latest experimental results showed that @ectheory of the discharge ignition is
valid in the case when very short high voltage gsilgre applied (hanosecond discharges). On
the other hand, the discharge ignited in bubblesprapagate into the liquid by streamers,
even if relativelly low voltage is applied [50-51].

2.2 The main active particles produced by electric didtarges in water and their
properties

The strong electric field which is applied into thwater medium causes physical and
chemical changes in the solution. How is has beentioned above the most important
phenomenon is a reactive particles generation, lyneamlicals asH, -O or -OH, and stable
compounds as hydrogen peroxide and ozone. The ptbeesses such as UV radiation or
shock waves generation depends on a conductivitheliquid, electode configuration and
applied voltage (amplitude, waveform).
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There is alot of particles generated by electigcithrge in the treated solution. Their
general feature is high reactivity and an abil@yokidize harmful organic compounds which
are dissolved in the water. Compare to comon chenmethods, electric discharges can
break even benzene structures to produce secongl@yucts which can be easily
decomposed by the classical chemical/biologicahouix.

2.2.1 Hydroxyl radical

This king of radicals appear high reactivity wittamy organic compounds and it also has
avery high oxidative-reduction potential (2.80 VYhis potencial guarantees also
nonselectivity in the oxidation reactions which hyxdyl radicals participate in. They can react
with every organic compounds, that is presentetthensolution, and oxidize it. They belong
to the group of the most important particles praalby electric discharge in water solution
because very quickly react with the most of orgaoimpounds and also with a large number
of inorganic compounds. Their reactions can be re¢pa into three main groups according
a mechanism of the reaction:

* A cut of hydrogen atom:
[OH+RH - R+H,O (1)

* An electrophilic addition on the double (triplend:

[OH+R,C=CR, - R,(OH)C-CR, 2)
* An induced charger transfer:

[DOH+RX - XR* +OH" (3)

OH is too reactive and thus its lifetime is verpghIf OH radicals concentration is high
enough, they can effectively dimerize. This leadshydrogen peroxide generation in the
solution. A significance of hydrogen peroxide ire hquids system will be described in the
following section [52].

2.2.2 Hydrogen peroxide

Hydrogen peroxide (}D,) is a clear, colorless, inorganic liquid with aakeacidic pH. It
has a slightly pungent odor. It is a versatile angdironmentally friendly chemical with a
wide variety of applications. It is commercially aalable as aqueous solution in various
concentrations and grades. Because of the comgaéibility of hydrogen peroxide in water,
solutions of a wide range of concentrations camdrenally made. Under normal conditions,
hydrogen peroxide is extremely stable with demastt losses of less than 1% per year
under ambient conditions. Heat and oxygen are gésediduring peroxide decomposition and
even abnormal decomposition is easily handled lmpgnty designed storage and handling
systems. However, if severe contamination occursther solution is heated to higher
temperatures, relieving devices may not be abbligsipate the volume of gas generated and
the system may be overpressured.
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Hydrogen peroxide is not considered explosive,dxpiosive vapors can be formed when
peroxide is mixed with certain organic materials. dddition, hydrogen peroxide is not
flammable, but does generate large amounts of oxggeing decomposition that supports
combustion [53-54].

Such as hydroxyl radicals, also hydrogen peroxldggreally important role in the plasma
processes in water solutions. The first reasorhas it is considered as a useful, but not
perfect, indicator species for hydroxyl radicalsome plasma systems. The second reason is
its generation in the water solutions, mainly formenercial applications in enviromental and
disifection processes [55-58]. In the reaction, rbgén peroxide basicly behavires as
oxidizing agent and reduces itself to the watecdse it shows reducing character, it oxidizes
itself to the oxygen [59]. Basicaly, the hydrogesrgxide behaves as strong chemical oxidant
with a standard chemical potential of 1.776 V. Aemll reduction potentials view of the
main chemical reactants are shown by table 3. Téie oxidants, which this work have been
focused on, are red.

Table 3The overall reduction potentials of the main chehreactants.

Oxidant Reduction potential [V]
Fluor 3.053
Hydroxyl radical 2.7-2.02
Atomic oxygen 2.42
Ozone 2.076
Hydrogen peroxide 1.776
Potassium Permanga 1.51
Chlorine Dioxide 1.5
Chlorine 1.356
Oxygen 1.229
Bromine 1.087
lodine 0.536

It has been found that hydrogen peroxide is fornmethe discharges in liquids due to
hydroxyl radicals recombination . The mechanismiut®-H and-OH radicals is as follows:

Dissociation:H,0+e” - H+[H +e” (4)
lonization: H,0+e~ - [H,0" +2¢ (5)
Dissociation:[H,0" +H,0 - H,0" +[OH, (6)
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where € means an electron with high kinetic energy. Theacedd can either react with
themselves and so form resulting &1d HO, molecules or they can make a water molecules
again or diffuse from each and be disposable fonesgaonsequent reactions with solution.
Which kind of reaction preferentially happens dejsean electron energy distribution on the
top of streamer. The schemes of such reactionshanen here:

H+H® - H, (7)
[OH+[OH - H,0, (8)
[H+H - H,0. (9)

All the system can be actually considered as aesempuof two reactions (reaction 10 and
11), which are separated, but which running atstimae time. In the liquid solution, there is
enough of water and a negligible part of other gseand for this reason these two reaction
can be considered as the reactions of the zerd#r (80]:

H,0 O f9°1i¥°- [OH + B (ko) (10)
2H,0 O t9°1%° H,0, + H,, (kn202). (11)

It has been mentioned above, the main way to hyafrgmeroxide production is hydroxyl
radicals recombination. However, sometimes the doyein peroxide concentration can be
supported by other reactions. There are severar alifferent ways how the peroxid can be
formed in the liquid. The liquid phase chemistrynatural water involves the formation of
a superoxide aniorO;. This anion is basicly formed by oxygen reactiwith hydrated

electrons generated by light interacting with coomts in the water:

0,+e - 0, (12)

O, +H" & HO (13)
2 2

HO, +e” - HO; (14)

HO, +H" - H,0, (15)

Water electrolysis in acidic solutions with theragtuction of oxygen bubbles leads to the
formation of hydrogen peroxide starting with theadtode reaction:

H*"+e - H, (16)

and followed by other three reactions:
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H+0, - HO, (17)
HO, +&” - HO; (18)
HO; +H* - H,0, (19)

It has been proven for this electrolysis pathwaat @l oxygen in the hydrogen peroxide
comes from the gaseous oxygen and not from therwiatee to the nature of the low energy
electrons in such classical electrochemical prasetisere are significant differences with the
relatively high energy electrons generated in plasnthemical processes in gases and some
liquids [61].

Fenton's reaction

Hydrogen peroxide can be very easily decomposeahlyon (lI), in case if it is presented
in the water (see reaction 20). This reaction pcedwery reactive hydroxyl radicals and this
is one of the most effective methods of the orggultutants oxidation. The efficiency on
Fenton's oxidation depends oa®4 and F&" concentrations, time and pH of reaction. The pH
value should be in the range of 2.5 — 5 [62].

Fe”* +H,0, - Fe* +[OH +[OH (20)

2.2.3 Atomic oxygen

The main reactions of atomic oxygen have been exasnmainly by Andresen and Luntz
[63]. It has been specially saturated hydrocarleattions and phenol oxidation. In addition,
the atomic oxygen reacts with a water molecule laydrogen peroxide to from hydroxyl
radicals.

[0+H,0 - 2[DH (21)
[0+H,0, - [DH+HO, (22)
[D+H,0, -~ O, +H,0 (23)

The hydroxyl radicals, which are produced by thesywcan also oxidize some of harmful
organic compounds which are presented in the solsitor waste water [63].

2.2.4 Ozone

Ozone is known as a strong oxidizing agent andnpadedisinfecting agent. It has been
utilized in the European Union for a long time. Forample, UV radiation at 188 nm and
corona discharge methods can be also used to grathome. The bactericidal effect of ozone
have been documented on a wide variety of organigmbiding Gram positive and Gram
negative bacteria as well as fungal spores andtatge cells. There is wide range of
applications of ozone present in industry, inclgdfood surface hygiene, sanitation of food
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plant equipment, reuse of waste water, treatmesi@mering biological oxygen demand and
chemical oxygen demand of food plant waste. Alsgating fruits and vegatables with ozone
has been found to increase shelf life of the prtelance recent researches prove that addition
of ozone to food can help to degrade the foodyeasi no residues will remain [64].

Industrial ozone generation

Ozone can be generated from oxygen, air of fromesonixtures where there are nitrogen
or oxygen presented. The first step is naturaltiisaociation of @ molecules by electron
impact and by reactions with N atoms or excitediblecules, if nitrogen is presented. After
that, that this oxygen react in three-body systemform the ozone. Unfortunately, an
undesired reaction still occurs during this procdascase of abundance of oxygen, the
recombination of these oxygen atoms becomes a maaiction and there are,@nolecules
formed. Also, if the temperature of the systemois high, the ozone molecules are basicaly
decomposed. Due to this reason a discharge modbhsgbeen found as a very helpful
method to identify optimum discharge conditionsatsuccesful ozone generation. One of the
devices which is used in the industry to waste watatment by ozone is shown in the
figure 14 [65-66].

h:',-!'h

Figure 14 Ozone generators for water treatment [10].

2.2.5 Chlorine

Chlorine is a member of the halogen family in tleeigdic table which is the most highly
reactive group of elements. It actually means tdbrine react very easily with nearly all
other elements. For example, with a metal it fosai$s called chlorides. Due to its too high
reactivity it is not possible to find a chlorineoak in the nature. It can be easily prepeared
commercially by electrolysis of the sodium chloridie direct contact with water, it readily
dissolves to form a hydrochloric acid (HCIl) and bgplorous acid (HOCI) plus unreacted
Cl,. This solution is called chlorine water and itvexry strong oxidizing agent that is used
mainly to kill germs which is mainly utilized in¢hwaste water cleaning processes.
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Chlorine atoms are very useful mainly in organieroistry due to their ability to replace
a hydrogen atom in the structure of a molecule Wwiniakes this molecule more reactive with
other compounds to form desired products. Thesduate are subsequently utilized in many
practical applications such as medicine (antissptior industry (paper, metal, plastics,
solvents, bleach, etc.).

The most acceptable way, how to create chlorinethie industry, is a membrane
technology. It has been developed from the 70th@last century. At the present time there
are two manufacturers in the world which produchembrane intended for electrolysis —
DuPont (USA) and Asahi Kasei Chemicals (Japan)s Thchnology has offered a lot of
advantages, the most important are generally logreergy costs. The schema of this
membrane process is shown in the following figuse The principle of this technology is
a separation of the anode and cathode space bgxar#nge membrane. Only sodium and
some water molecules of water can pass throughtbimbrane and also there is one of the
electrodes presented in each part. The brine igrupcessure infused into the anode area
where it is decomposed and clorine is generatesb,Ahis proces produces a small amount of
oxygen which is taken away. The diluted brine iBexted in the bottom of the anode space
and after this it is cleaned, it is supplementedabpther salt and recycled for the next
electrolysis. The water with sodium cations paseesugh membrane and reaches a cathode
desk where there is hydrogen released due to wathrction. Subsequently, a sodium
hydroxide is generated that circulates up to theirdé concentration and after that it is
brought into vaporizer to get thick. Some steamitilized to this thickening. The lifetime of
such membrane is up to four years with a propatrrent [67].

Power Supply
Anode {Cathode

Chlorine gas (CL,) Hydrogen gas (Hz2)

2H,0 +2e— H, +20H
(This reaction happens at the cathode)

| 33% Caustic
soda (NaOH)

Depleted brine

(@) >
@ @Q 3 > > >
2CI— Cly+2e (c;) '
(This reaction @
happens at the anode)— | Caustic soda
e @, ‘N"O}”

Wi < KL LD D> ¥y

33% Caustic soda (NaOH)

Saturated brine (H2O & NaCl)

30% Caustic ~

soda (NaOH) Pure water (H,0)

Diluted brine

(H, O & NaCl) Non-permeable ion Diluted caustic soda
exchange membrane  (NaOH)

Figure 15 The schema of the membrane process of the chlpratkiction [67].
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2.3 Conditions for the generation of electric discharge in liquids

There are severel ways how to underwater eleciszhdrges generate. A many designs of
reactors can be used. These reactors differ irtreter configuration and charecter of the
apllied voltage. The most studied configaratiopat to plane configuration where there is
the pulsed DC high voltage very often utilized. dwting the type of electric discharge,
a sparking, bunchy (streamer) and combined disehahgracter are distinquished. An AC
voltage (at any frequency up to microwaves) caalbe applied to discharge generation.

There are many types of electrode configurationghvplasma in liquid can be generated
in. But only one of them allow to plasma generatisithout direct contact plasma and
electrodes. This is a pin-hole configuration whidkcludes two main discharges (divided
onl/d, wherel is the pin-hole length and is its diameter) — a diaphragm and a capillary
discharges [68].

2.3.1 Diaphragm and capillary discharge

The principle of diaphragm (figure 16) and capillaiischarge (figure 17) is a generation
of plasma in one or more small holes which aretkxtan an isolating dielectric barriere. It
separates grounded electrode and electrode withvatatge. A shape of these electrodes is
mostly planar. The discharge occurs after generaifagas bubbles which are created due to
high thermal electric field. The discharge lookkelia channel and it appears due to
concentration of high electric field on the holeniked channels start to propagate in the
space from this hole. They grow in the directiotween cathode and anode and they form
positive and negative ,streamers”. There are negaireamers one the anode side generated
which create a dense net of thin channels that#lhemispherical space. A velocity of these
,streamers” is 1dmS™. On the cathode side, there are positive ,stresihiermed which are
consisted from one or several branched channelsir TRlocity is higher than by negative
,streamers” and reaches*10s™ [50].

Both of these discharges can be generated by pulsenpulse (constant) high volatge. In
case if high DC high voltage is continuously apgliato the system, only lower value its
necessary to (ranks kV units) ignite discharge. Titensity of high electric field is
concentrated on the hole of dielectric diaphragnmbrane (or capillary). This leads to
intensive overheating and boiling of the electrighit medium in this area. There is a bubble
formed from the evaporating water which a gradietensity is created in. Consequently
discharge is ignited inside this bubble. After &leal breakdown, the bubble expandes till it
reaches the size in which there is no possibiitikgep discharge. The discharge switches off,
bubble cavitates (sometimes with shock wave geioelaand it is formed again in another
growing bubble. In case of use DC or AC nonpulseithge ignittion follows the principle of
thermal (bubbles) theory [68-69].

39



1 e

e
JA) \1

s 3\
3 5

Figure 16 A simplified scheme of diaphragm discharge: 1-an@deathode, 3-negative
plasma channels (discharge), 4-positive plasma nhn(discharge), 5-conductive liquid
medium [69].
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Figure 17 A simplified scheme of underwater capillary disgerl.2-electrodes,
3-conductive liquid medium, 4- narrow capillary weehere is a discharge generated.

In case of diaphragm discharge configuration, ama of the solution is separated into
two parts by thin barrier with relatively large foze (/d is arround 1). After electric pulse
application, the intensity of forming electric fietoncentrates near to the small hole where
there are plasma channels generated. These pldsmaeis have different properties in both
parts of the reactor. While in the cathode panteh® so-called a positive discharge generated,
in the anode part there is negative discharge [70].

In case of the capillary configuration, the disgjeais generated in the small hole which is
placed in relatively massive material. The pringipf discharge ignition is practically similar
as in case of diaphragm discharge but spreadirmgspace is limited by capillary and its
shape. The first papers about capillary dischamge® published in 2004 [71]. After that
more workplaces started to be interested in thpctly2-73]. Except for the phenomenon and
applications which have been already descriebedl cippilary discharge allows quite new
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appliacation (in case the reactor chamber is stgghrato two parts as in case of diaphragm
configuration). Because the capillary manages tlsehdrge spreading into the space,
a pumping effect from one part to the second past been observed. For the first time, this
phenomenon was observed when AC voltage was usedtlere was an asymmnetric
capillary placed in the experimental techniquewdis proved subsequently that this happens
in case of using DC volatge as well, in case oasymmetric and even symmetric capillary
configuration. This leads to the unpublished cosid that the pumping effect coheres with
the shape of bubble [74-75]. An illustration of fea channels by underwater an electric
discharge is shown by following figure 18.

Figure 18 An illustration of plasma channels by an underwatesctric discharge (He,
30 mA, 200 sccm, flow).
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3 PLASMA DIAGNOSTICS
3.1 Spectra analysis

Spectrum is a very important part of the complearahteristic of the studied system. It
can namely provide large information about examisetution which leads to a detailed
knowledge about plasma. It generally shows whictd kif elements or particles are presented
in the solution and due to following spectrum iptetation some of the physical or chemical
properties can be detrmined. Unfortunatelly, somesi this interpretation can be complicated
in case of the molecules with a chemical complexcsiire. Therefore it is appropriate to
combine this spectrum interpertation with anotlientification method as for example mass
spectroscopy or high-performance liquid chromatplya

3.1.1 Determination of the rotational temperature

This kind of temperature is very important becatisan be considered as the temperature
of neutral particles presented in the plasma. Thsisbfor the rotational temperature
determination is so called Boltzman’s low. Its latlenic adaptation a new formula is gained
(see equation 24) which the rotational temperatae be caunted from. Herd,""’.

R
represents an intensity of the rotational link;+1 is a value of singlet transition without
change of orbital moment of the electr@his the rotational constant for the molecukg,is

Boltzman’s constant arldy is the rotational temeprature [76].

| v __BI(37+1)
J+1 KgT,

B "rot

In + konst (24)

When the left part of the equation is plotted dejireym on J'(J'+1), so called pyrometric

line is gained. From its slopK, it is possible to determined the rotational terapee
according the equation 25.

__hcB

— 25
" (25)

3.1.2 Determination of the vibrational temperature

The determination of this temperature is based agaitihe Boltzman’s energy distribution
low. Similary, like in case of the rotational temaigire, this low can be logarithmic adapted
which leads to a new formula acquirement seenaretfuation 26.

v B (26)

In v,V
VAV L) kT,

42



Here, v',v"~ represents the band intendtlyjs an vibrational energy of the level v, v is
the vibrational quantum number of the higher levél,is the vibrational quantum number of
lower level,v is a wavenumber of vibrational transition ak@",v"") represents probability of
this transition. When the left part of the equatisnplotted depenging on the, the
pyrometric curve is gained and from its slopethe vibrational temperature can be
determined.

3.1.3 Determination of the electron temperature

The kinetic energy of free electrons can be obthifrem the electronic transitions
emission spectra if we suppose that electroniestate created directly by electron impact.
We can again suppose Boltzman distribution of edeatally excited states. Electron
temperature reflects average electron energy, $8 dne of the most important plasma
characteristics. Moreover, based on the knowleddleeoelectron temperature it is possible to
calcute by another way electron concentration. €heetron concentration also says an
information about positive ions, because accordihg law of quasi-neutrality, their
concetration reaches approximatelly the same valgain, due to the adaptation of the
Boltzman’s low, there is the simple formula gaisedwn in the equation 27.

I nm _ En (27)

In =
Almvnmqn kBTeI

Here, Anm represents the Einstein’s coeficient of the prditglof spontaneous emision,
VhmiS the transition frequency, is the degree of degeneratidi represents the energy od the
upper level andyg is the temperature of the electrons. Similarly, wkiee left part is plotted
depending or, it is possible to gain the line with slopeg76].

3.2 Hydrogen peroxide determination

Two different methods for the hydrogen peroxideedeination have been utilized. These
methods are based on a measurement of the inteisitydrogen peroxide solution mixed
with a reagent forming with hydrogen peroxide aockll complex.

The first, a titanium sulfate [77] as the reageas lbeen used. This compound reacts
together with HO, to form a yellow pertitanic complex according émlling equation 28. To
gain this yellow complex it is necessary to regimnght ratio between titanium sulfate reagent
and the studied solution which is 1:2. An evaluaddantage of this titanium complex is its
stability (about 6 hours) which allows a later s&. The equation of the calibration curve is
y =0.4596x, where y represents the absorbance by the certain wavdleagl x
the concentration of 4D in the studied sample (mmat)l The absorption maximum of this
yellow complex is at 407 nm and its intensity igedtly proportional to kO, concentration in
the complex [78].

Ti* +H,0, +2H,0 - TiO, [H,0, +4H" (28)
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An ammonium metavanadate has been used as theredgant. The method is used on
the reaction of kD, with the ammonium metavanadat in acid medium whedults in the
formation of red-orange color peroxovanadium catidgain, the rigth ratio reagent and
hydrogen peroxide (1:2) has to be kept. The prodicthis reaction has an absorption
maximum at 450 nm and it has been found as veblestt room temperatures, under some
conditions even up to 180 hours. This method haswshno interference with other
components as for example 6t F€* [79].

VO; +4H" +H,0, - VO +3H,0. (29)

3.3 Organic dyes
3.3.1 Characterization of the organic dyes

Colorants are characterized by their ability tocabsor emit light in the visible range (400-
700 nm). In terms of chemical structure, coloramtay either be inorganic or organic
compunds. Both groups can be further sub-dividéal matural and synthetic representatives.
This second differentiation however may not bert@aningful, since, today as many natural
colorants are produced synthetically. Colorantsegtteer dyes or pigment.

Pigments are sometimes considered as a group sf 8ygments though consist of small
particles, but are practically insoluble in thosedma in which they are applied. By the other
words pigments have to be attached to a substsat@dans of additional compounds for
example polymers, paints, plastics or melts.

Dyes on the other hand are applied to various satiest (textiles, leather, paper, hair, etc.)
from a liquid in which they are completely, or pally soluble. In contrast to pigments, dyes
must possess a specific affinity to a given substtdnlike the most organic compounds, dyes
possess colour because they absorb light in thielevispectrum (400-700 nm), have at least
one chromophore (colour-bearing group), have augaigd system, i.e. a structure with
alternating double and single bonds, and exhilsibmance of electrons, which is a stabilizing
force in organic compounds. In addition to chromaels, most dyes also contain groups
known asauxochromegcolour helpers), examples of which is carboxylidasulfonic acid,
amino, and hydroxyl groups. While these are nopaasible for colour, their presence can
shift the colour of a colourant and they are mdtgroused to influence dye solubility [80].

The color of the dyes are altered by the Modifiditse Color modifiers of methyl or ethyl
groups are responsible for any alteration in thesgdyhey alter the energy in the delocalised
electrons. There is a progressive alteration obrchly adding a particular modifier, for
example Methyl Violet Series [80].

Dyes may be classified in several ways. Accordm@ system of chemical classification
(azo dyes, arylmethane dyes, cyanine dyes, thiadgés etc.), according to the nuclear
structure (anionic and cationic dyes) or accordmopdustrial utilize (for example acid, basic,
direct, disperze or solvent dyes).
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3.3.2 Application of the dyes

It is important to optimize the application of aedfor a given substrate to obtain the
highest-possible fastness properties. The developofenew structures usually gives rise to
problems, which in turn, stimulates the search deen more powerful dyes and dyeing
methods and, thus, influences dyeing technologg ifundamental manner. In contrast to
dyeing by means of pigment application, which isdshon mechanical anchoring of pigment
particles on or in the substrate, colouration oéglyelies on physio-chemical equilibrium
processes, namely diffusion and sorption of dieetuks or ions. These processes may be
followed by the chemical reactions in the subsiratg., in the application of vat, reactive,
azoic, and chrome dyes, self aggregation of dyeecubks and ions in solution can influence
the dying process. Similarly to painting with pigm® the art of dyeing textiels has a history
several thousand years old. Today, the toxicityarhe dyes is likely to be the most important
problems to be solved in the near future. For te&son, two direct organic dyes have been
subjected to investigation at this work. Direct R&2l and Direct Blue 106. The detailed
description of their structures and the resultshefr decomposition in the liquid system by
plasma treatment and is given in part Results [81].

3.3.3 Direct dyes

Direct dyes are molecules that adhere to the famatecules without help from other
chemicals. Direct dyes are defined as anionic dy#s substantivity for cellulosic fibres,
normally applied from an aqueous dyebath contaiminglectrolyte, either sodium chloride
(NaCl) or sodium sulfate (N&O;). Their principal use is the dyeing of cotton and
regenerated cellulose, paper, leather and, toseresctent, nylon. Most of the dyes in this
class are polyazo compounds, along with some sgkephthalocyanines, and oxazines.
After treatment to improve washfastness properiiedude chelation with salts of metals
(usually copper or chromium), and treatment wittnfaldehyde or a cationic dye-complexing
resin [82].

3.3.4 Determination of the organic dyes destruction

The decomposition of organic dyes has been detatedralso by spectroscopic method. It
has been utilized an absorption maximum again efdyes solutions — 640 nm for Direct
Blue 106 and 430 nm for Direct Red 79.

3.4 Nanopparticles determination

The absorption measurement has been used to galdpaicles determination.
Ultraviolet and visible (UV-Vis) absorption spedompy could be utilized to verify the
presence of gold nanoparticles after processing.alisorption measurements have exhibited
a peak at 544 nm which is due to typical plasm@omance effects of gold nanopatrticles
formed. This absorption peak has shown a visibtelpicolor.
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4 AUDIO FREQUENCY DIAPHRAGM ELECTRIC
DISCHARGE

4.1 Discharge chamber

The diaphragm discharge experimental set up has d@estructed at the Brno University
of Technology, Faculty of Chemistry. This devices hlaeen consisted from one big discharge
chamber made form polycarbonate. There has beeallamade of the same material, that
has devided this chamber into two parts. Inside thall, athin diaphragm membrane
(thickness 0.25 mm) with a small hole (diameter50r&2m) has been mounted. PET
(polyethylene terephthalate) has been used ascaptable material to membrane creation
based on the previoused experiments [83]. It hilyg domplied the conditions that have been
generated during the discharge operation. Dueisodbnfiguration, it has been possible to
create a negative such as a positive dischardgeeatadme time and compare their properties
depending on treatment process. The different gel@®C as well as high frequency AC)
could be applied in the system easily on two stasisteel electrodes that have been placed in
both parts of the big chamber (one electrode i gaat). Also, there has been used a cover
with safety switch placed on the top of discharigansber to prevent a possible injury by high
voltage. Only in case that the lid has been puthenchamber, the applied current could start
to flow through the system. The complete photohtd £xperimental setup is shown in the
figure 19.

Figure 19 The photo of diaphragm discharge chamber.

4.2 High-voltage sources

Generally, there is a variety of voltage sourceglvican be used to the electric discharge
generation in liquids. In some previous studiesw@ab as in this study for comparison) a DC
voltage has been used to create the electric digeha this chamber to study for example an
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influence of the type of electrolyte on the stapiind efficiency on the diaphragm discharge
[84]. The value of the applied current was varietileen 62 and 110 mA and the value of the
applied voltage has reached approximately 1.5 k¥rlpeindependently on current. The
maximum value of the power has achieved 140 W. THpecially designed HV
audiofrequency power supply was used as the segpmwer supply and it was also
constructed at the Brno University of Technologgctty of Chemistry. The voltage and
current have been applied directly into the diaghrachamber to create an electric
underwater discharge. The HF voltage of 15 kV amgé and the frequency of 1 and 2 kHz
have been utilized during the operation. An ifluee¢ HF voltage on the discharge properties
have been examined. The initial idea for these rx@ats was to verify applicability of HF
high voltage for the under liquid discharge generabecause negligible effect of electrolysis
and joule heating was supposed.

4.3 Examinated water solutions

A water solution has been poured directly into drephragm chamber. It has been easily
prepeared by mixing of distilled water and sodiuntodde. NaCl has been utilized as an
inorganic salt which could be readily dissolvedtiwe water without secondary undesirable
effects. However, the main reason, why the salthaasto be added in the liquid, has been a
setting of an initial conductivity of the studiedlgtion. The value of initial conductivity is
namely a key factor to underwater discharges génard85]. Therefore several NaCl
solutions with a different initial conductivity ithe interval from 10QS to 800uS have been
prepared. This range of initial conductivities le®n choosen on propose because previous
measurements have shown that these range is atelef mentioned discharge ignition using
DC power supply [8]. A several factors have beerdisd. The first, a hydrogen peroxide
production dependence on the applied voltage haxs @eaminated. Hydrogen peroxide is the
main stable product generated by underwater digehamnd reflects production of OH radicals
that are the main active particles as it was pdinte the theoretical part of this work.
Moreover, hydrogen peroxide generation reflects stadility and efficiency of the electric
discharge and therefore its concentrations in tetisns have been investigated. Such as
hydrogen peroxide, the pH and solution temperaaune their dependences upon the initial
conductivity of the solution and power supply kiemad energy were observed.

A method based on the reaction with titanium reag@see section 3.2) has been used to
hydrogen peroxide determination. The absorance asfcent yellow comples has been
determinated by a spectrophotometer Helios alphais Tevice generally offers free
wavelength selection and allows measurements ixied fvavelength, which guarantees the
desired accuracy of the results. The picture of f#gectrometer is shown by the figure 20.
The conductivity of the studied solution has beesasured by GRYF 107 device and a
multifunctional meter Inolab pH720 with an autorna@mperature compensation has been
used to pH and temperature determination.
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Figure 20 Spectrophotometer Helios alpha.

4.4 Results

As it has been already investigated and publishedany papers, an application of pulsed
DC voltage requires relatively complicated energgmy. Generally, the application of high
energetic pulses causes fast sputtering of eleztrahd thus it significantly decreases
electrode lifetime [86]. Here DC voltage applied dme electrodes in the diaphragm
configuration is much regardful to the electrodesduse the discharge itself is created in the
diaphragm small hole and plasma streamers do aohréne electrodes. Thus the flux of ions
accelerated by strong electric field does not banhlize electrode surface and the lifetime of
the electrodes is prolonged. However, the previmeasurements have shown that constant
DC voltage induces a remarkable heating of the mskition [8]. The initial temperature of
water solutions was about 23 °C and it has readoadetimes nearly 40 °C after only 20
minutes of the discharge operation. Moreover, ighsiDC system the electrochemical
processes are not negligable. This remarkable textyse change of the examined solution
basicaly has said that not all the applied enesgyldeen utilized to the discharge creation and
soem part was used other additional processes ajemerBy other words, the great part of
energy is consumed by heating and not by chemicaVea species production, so the
efficiency of iduced chemistry is significantly lew This fact has become a big problem
because the solution has been overheated in very sime and it has caused a hydrogen
peroxide decomposition. An alternative solution fiis problem has become mostly
a cooling system that could extend a treatment tinthe solution. But even by using this
system the studied solution used to warm up gajpelty.

The problem of overheating should be preventedhay application of high frequency
voltage. In this case, the diaphragm discharge gea®rated using HV of 1 kHz and 2 kHz
frequencies. As it is demonstrated in bellow (sgeré 21), the liquid heating after one hour
discharge operation is very low. The temporal etvofuof hydrogen peroxide generation on
the initial condutivity of the water solution is@hlin in the figure 22. How it can be seen, the
hydrogen peroxide generation has reached a maxiatus0 and 800 pS.chby applying
1 kHz and 600 pS.ctby applying 2 kHz. In the area of low initial corutivities, such as
300 or 400 pS.cih the density of charge carriers is not sufficiend @me discharge is non-
stable; consequently it can not easily penetrdtetire examined liquid.
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Figure 21 Dependence of temperature change on the initiatlotivity of the studied
solution after 20 minutes of plasma operation.
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Figure 22 The dependence of hydrogen peroxide generati@enarathe initial conductivity of
the water solution.

In the area of too high initial conducitvities, reathan 900 pS.ci there are too much

charge carriers, the liquid is not overheated ia @in hole region and the results is
unfortunatelly the same. The discharge burns ndhénstable regime and thus it can not
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penetrate into the treated solution and hydrogenxme is not formed again. It practically
means that stable discharge operation occurs oniglatively narrow conductivity interval of
500 — 800 uS.cth with our power supply. Outside this region, eliectdischarge burns
irreguralarly.

The intial conductivities of the examined solutios® normally changed after plasma
treatment [87]. Basically, they increase duringspla operation and reach higher values due
to active particles generation as well as by ebelets errosion. Here, a different trend has
been observed. The time evaluation of the liquichdewtivity is shown bellow in the
figure 23. It is possible to see that the condugtivalues are nearly constant in HF
diaphragm discharge. The same behavior has be@&mvebsat both our used frequencies (1
and 2 kHz). Based on this result, it can be suppts® conductivity change in DC systems is
caused dominantly by electrodes errosion, the géegractive particles (mainly hydrogen
peroxide) have only very small contribution to fwmdution conductivity enhancement.

Besides the conductivity, the pH values of treasetution change during the plasma
operation, too. Figure 24 shows the final pH valueslifferent solutions after one hour of
discharge operation. The initial pH has been irsalutions before treatment around 6.5. It
can be seen, that all examined liquids have begosteslightly acidic which is also different
with respect to results obtained by DC voltage wh#t values decrease quite easily down to
4 or 3. The reason why pH goes down is probablydadthloric acid formation during the
process. In the DC- part, which means anode parthef system, has been an basic
environment formed due to sodium hydrogen geneffabed sodium kations and OH groups.

Due to these results, which have been obtainedhglihie plasma generation in this type
of discharge reactor, it can be concluded thatutiize of HF voltage leads to the reactive
particles production without undesirable overheaththe solution.

850

"
800
[ ]
750 " "
. [ ]
8 700
()
=
£ 650+
=
S
3
S 6004 B 1kHz
© " " . m 2 KkHz
[ | -
5504 . " DC
h n | m DC+
] - -
500 T T T T T T T T T T T 1
0 5 10 15 20 25 30
Time [min.]

Figure 23 Time evaluation of the liquid conductivity.
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5 UNDERWATER ELECTRIC DISCHARGE IN GASEOUS
BUBBLES

The results presented in this part of my thesiehaaen taken at the Ghent University in
Belgium where | was working as a visitor researcthérave worked at the Department of
Apllied Physics with an experimental device whidsbeen specially designed at the local
department and which has fully suited my specifeasurement requirements. The plasma
has been generated in selected low conductiviipesalolutions and in some solutions with
a small additional of organic dyes. The plasma gei has been supported by bubbling
system using selected gases. The detailed descriptid conditions of my experiments are
given in the next paragraphs.

5.1 Experimental technique

The scheme of the set-up for the underwater digeh@eneration in gas bubbles is
presented in the figure 25. The discharge reacts lbeen consisted of glass discharge
chamber (volume of 1 1), on the bottom of whichlasg capillary (the inner diameter of 1.2
mm, length 50 mm) has been placed as it can beatdbe photography on figure 26. Liquid
has been grounded by stainless steel electrodedokicthe upper part of the chamber. The
plasma-solution reactor has been cooled in ordeavtwd thermal destruction of hydrogen
peroxide because temperatures has reached at geriregnt end above 70°C without
cooling. A positive high voltage electrode has beeade from stainless steal (the outer
diameter of 0.5 mm) and it has been placed insigass capillary mounted from the bottom
of reactor. The gas (Ar, He, Air and;)Nhave been applied through this tube in order to
produce bubbles. The gas flow in the system has tegulated by mass flow control system
(MKS 4000). Flow rate of gases has been fixed atst@ém in all experiments.

[,

E=101 £2 _|
water out «— ] | cooling
system
o
electrode o
< plasma BV 1
water in — [ zone —
—— tube
gas Rbalast=30 &
mass flow i
controler | ‘I_“ 1:1000
HV probe
metal
capillary

Figure 25 The scheme of the experimental set-up for thdaige generation in gaseous
bubbles.
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Figure 26 The photo of discharge chamber.

The electric discharge has been started directthersurface of the metallic tube inside of
bubbles and propagated into the liquid by strenzeyst can be seen from photography
presented by figure 18. The DC power supply has lmemnected to the reactor through a
ballast resistor of 30¢k for the discharge stabilization. The applied pesitoltage has been
varied from 0.2 to 6 kV. The electrode placed ia liquid has been grounded through a small
shunt resistance of 1@D.

5.2 Examined solutions

The examined solutions have also been poured Wiracthe discharge chamber and both
of the electrodes have had to be submerged undewndker. The solution has been basicaly
prepeared by mixing distilled water and always shene amount of NaiRO, - 2H,O was
added. As well as NaCl, this type of salt can lssalved very easily in the distilled water.
According the process conditions, the main claimstodied solution has been as low initial
conductivity as possible. Due to this fact, theiahivalue of the conductivity of the solution
has reached only 5 pS.¢nin all cases. This work has been focused on hyrqeeroxide
generation in the solution with a bubble systenurkbfferent types of gas have been utilized
for making a bubble enviroment during plasma disghgrocess — air, argon, helium and
nitrogen and just the influence of the bubble gagh® hydrogen peroxide production has
been investigated. All plasma treatment of theistlidolutions have taken twenty minutes.

In the case of measurements of organic dyes, gtdletl water with a synthetic dye with
no salt addition has been mixed. The initial cotregion of the solution has been 20 rifg.|
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Two organic dyes have been chosen for these studiasect Blue 106 (figure 27) and Direct
Red 79 (figure 28). These azo dyes are very ofead was some sample dyes due to their
structures [88, 89]. They have only one absorpti@ximum in the UV-VIS area and they are
very often used as some model dyes which subsdyualidtws a comparison of their
determinated properties. These two dyes with diffeorganic structure have been choosen to
compare the plasma influence on the organic strectacomposition. The bubble system has
been also used during the plasma generation. Asasgllasma treatment to gain hydrogen
peroxide generation, the plasma has also beenajeddnr twenty minutes in the solution.

The last experimental part was carried out in watdntions containing a small amount of
ethanol, so the solution has been composed olielistvater, organic dye and this alcohol.

The concentration of hydrogen peroxide, such aaraegdyes decomposition, has been
also determinated spectroscopically. It has bedizad the reaction of hydrogen peroxide
with metavanadate amonium and the absorptions nzaxwinthe organic dyes. The detailed
explanation has been given in the theoretical part
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Figure 27 Direct blue 106 chemical structure.
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Figure 28 Direct Red 79 chemical structure.

5.3 Results
5.3.1 Hydrogen peroxide generation

The hydrogen peroxide generation has been studisdline solutions with the addition of
NaH,PO, - 2H,O by using different discharge currents. The inflees of the applied current
on the hydrogen peroxide concentration have beégrrdamed such as an influence of the
used gas. In the first measurement, the curreritOomA has been applied in the system.
A maximum of the current has reached 30 mA. Allrfgases have been flown through the
investigated liquid.

The hydrogen peroxide generation at the dischangemt of 10 mA in different gases is
shown by figure 29. Here, a strong oscillationshpfirogen peroxide production during the

54



discharge operation have been registered. Thendasthat is the plasma instability that was
partially observable also visually. The suppliedrent probably has not provided enough
energy into the system and the discharge has ren besated at all time, so only low
concentration of hydrogen peroxide (about 0.38 Mindlas been observed after twenty
minutes of the process. Due to this fact an ineedshe current has been desirable.

The kinetic curves for hydrogen peroxide generaibd5 and 20 mA are demostrated in
figures 30 and 31. It is seen that the increasehefcurrent has definatelly supported the
hydrogen peroxide production. It practically metret there has been enough energy input to
the solution which has leaded to high stabilityplafsma operation.
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Figure 29 The hydrogen peroxide generation at the dischartgesnt 10 mA.
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Figure 30 The hydrogen peroxide generation at the dischartgesnt 15 mA.
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Figure 31 The hydrogen peroxide generation at the currentn20

The last two figures 32 and 33 present the hydrqogeoxide generation by using the
highest currents - 25 and 30 mA. Both of them camthe trend that an increase of discharge
current makes the plasma operation stable. Bedheskigher current has been applied, the
higher hydrogen peroxide concetration has beenrdated.
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Figure 32 The hydrogen peroxide generation at the currentn2b
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Figure 33 The hydrogen peroxide generation at the currentn20

This tendency has been observed for all four gade=re has not been found a pronounced
different among their influences on hydrogen petexiormation. Almost the same values
about 1 mmol* has been gained after twenty minutes of the psocEke initial rates of
hydrogen peroxide production are presented in tdblBeneration of the hydrogen peroxide
in the reactor is characterized by almost lineae#c plots during twenty minutes without
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reaching of steady-state regime. This practicalgans the thermal destruction of hydrogen
peroxide and catalytic decomposition (as for exaripénton’s reaction) do not play any
important role in the investigated system.

Table 4lInitial rate of hydrogen peroxide formation as €tion of discharge current.

Initial rate [mmol/l.s] x 107

Current [mA]

He Ar N2 Air
15 3.3 3.6 3.8 4.2
20 4.2 3.7 5.0 5.8
25 5.8 6.1 6.3 6.7
30 8.3 8.3 8.3 8.3

5.3.2 Decolorization of organic dyes

The kinetic plots of Direct Blue 106 dye destruntifor discharge currents from 10 to
15 mA are presented bellow in figures 34 and 35.teye can be seen, the discharges
generated at these currents have not been stabile &bich has caused a low eficiency of
hydroxyl radicals production in the solution thatutd have disrupted a complex organic
structure of examined dyes. These currents hava pesctically too low and (except in
nitrogen) there has been no remarkable decompofithe solution determinated. It can be
concluded that too low currents are not suitabldaéocomplex structure decomposition.
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Figure 34 Kinetic plot of Direct Blue 106 dye destructiortla¢ current 10 mA.
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Figure 35Kinetic plot of Direct Blue 106 dye destructiortla¢ current 15 mA.

The next three figures (figures 36-38) show theamietd results when the higher currents
have been applied. As is was expected, the higliiereacy has been gained by apllying
higher current which leads to the detection thedliproportionality between the applied
current and destruction of organic dye. Basicdhg, best results have been detected by using
current of 30 mA when the plasma discharge has b&shie due to higher applied voltage
and could produce enough hydroxyl radicals intostiuelied solution. Also, by the apllication
of the higher current, streamers can penetratettiiriside the solution which cause this
mentioned increased OH radicals production anddeedhat, streamers can interact with the
dye. These hydroxyl radicals have been strong dnagl could break the very stable
structure of organic dyes as for example doubledbobnfortunately, a detailed study of the
products composition could not been implementedtduen absence of a suitable analytical
technique at the department.
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Figure 36 Kinetic plot of Direct Blue 106 dye destructiortla¢ current 20 mA.
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Figure 37 Kinetic plot of Direct Blue 106 dye destructiortla¢ current 25 mA.
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Figure 38 Kinetic plot of Direct Blue 106 dye destructiortla¢ current 30 mA.

The general conclusion of the Direct Blue 106 digealloration is shown by table 5. One
can see that in the case of He and Ar plasmasesieudtion efficiency of the direct blue dye
molecules has been much lower than in the case,of e maximal destruction of about
64 % was achieved inJ\blasma at the highest applied current. We supfi@dehis effect is
connected to the formation of HNGn case of N due to oxidation of Nthat leads to the
decrease of solution pH down. To confirm this tye@H of the solution has been measured
which has really shown strong acidic environmeii<p). Used dye has lower stability in
acidic solutions with pH<6 and the oxidative apilif plasma is stronger in acidic conditions
(e.g. the oxidative potential of the hydroxyl raaics 2.70 V at pH 3.0 and 2.34 V at pH 9.0).

Table 5Efficiency of the Direct Blue 106 destruction a2@ 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
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As it has been already said, two different dyesehasen studied. The destruction of the
second one (Direct Red 79) by plasma treatmenensodistrated in the three charts bellow
(figures 39-41).
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Figure 39 Kinetic plot of Direct Red 79 dye destructionfa turrent 10 mA.
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Figure 41 Kinetic plot of Direct Red 79 dye destructionfa turrent 20 mA.

By evalution of the obtained data, there is pdesib notice the same destruction trend.
By lower current such as 10 or 15 mA the plasmarwsbeen stable again, there has not
been enough of hydroxyl radicals presented in #aengned solution and thus the organic dye
could not been decomposed. A first noticeable ahlatdecrease of the dye is seen in case of
use current 20 mA. The absorbance values are ratlgxhe same as in case of Direct Blue
106 decomposition, however the destruction deperedem discharge current has been
confirmed. Thus, it can be concluded again, thathigher current has been apllied the more
organic dye has been decomposed. The resume slawes & Looking at the data it is
possible to see that nitrogen has been the mastteié gas again but the difference is much
less than in the Direct Blue 106 dye.

Table 6Efficiency of the Direct Red 79 destruction at@rminutes plasma treatment.

Current [mA] Decomposition of the dye [%]
He Ar N2
10 18 19 20
15 29 30 85
20 37 40 42

Decomposition of the Direct Blue 106 organic dyethre air

As an additional experiment, a decomposition ofirect Blue 106 organic dye using the
Air bubbles has been carried out. A goal of thisarxperiment had been an idea to compare
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the dye destruction by the plasma created in tmddAplasma created in the nitrogen gas. It
has been considered that the Air, such as thegassted of 78 % nitrogen, should have a
very similar influence on the organic dye decompasias clear nitrogen gas. A confirmation
of this idea would bring a significant reduction @erating costs because using the air is
much more cheaper than the use of nitrogen. Theiraat results are shown in the figures 42
and 43. While in the figure 42 there has been f@mrihce between these two gases obtained,
the figure 43 shows a similar decomposition of argaye. Due to the previous investigation,
the system where 30 mA current has been aplliddstbeen considered to make a conclusion
of this experiment because here the generated plaasithe most effective. It means, the Air
shows similar behaviour by organic dye destrustidrus it can be said, that the main part of
dye decomposition has been affected by nitrogemnttrogen acid generation respectively.
As it has been already explained, the generatighisfacid in the solution creates the acidic
environment which the OH radicals have a highedatton potential in.
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Figure 42Kinetic plot of Direct Red 79 dye destruction a tturrent 15 mA to compare air
and nitrogen gas.
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The additional investigation has been made to yetie possibility of dye structure
decompostion via thermal dissociation. Becauséhatf & scavenger of OH radicals has been
added into the solution to estimate an importantalifferent mechanisms in chemical
decolorization of organic dye. Ethanol;HgOH has been chosen as scavenger agent in this
experiment. The organic dye decomposition has bstadied in the solution with the
additional of ethanol. Nearly no decolorizationtbé dye has been obtained with 0.1 % of
alcohol in the reactor using Ar or Air plasma. Thhe thermal destruction of the dye and
reactions the dye with other reactive particles écample @) have had negligible role in the
liquid plasma treatment. It can be deduced thatnia@n mechanism responsible for the
purification in the underwater discharge is thedation of the dye by hydrogen peroxide.
More detailed investigation of the alcohol additiarthe liquid medium is going to be given
in the next chapter using another experiemntalget
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6 HIGH FREQUENCY UNDERWATER ELECTRIC
DISCHARGE

This part of my thesis has been realized duringstuglies at the Queen’s University in
Belfast in Northern Ireland where | was workingths visitor research as well. During my
stay at the university, there have been interestasylts taken by a special experimental
system which has produced an electric underwasehdrge and which starts to be commonly
used in surgery at the present time. The propedfethis kind of discharge have been
exemined. The plasma has been created in two @liffesaline solutions. The detailed
description of the technique and disscusion ofdiselts are given bellow.

6.1 Experimental technique

Plasma has been created by special device whichlled Arthrocare [90]. The principal
scheme of this experimental set-up is shown irfitwee 44. It is a high-performance surgery
instrument which is commonly used in biomedicindhat present time. This system allows
direct contact with a targeted soft tissue withany side effects on undesired places in
surrounding. The thermal effect on surroundinguigsis also minimal. This device has ability
to perform tissue ablation, tissue removal, tissugnkage and hemostasis. It is quit easy and
fast way how to treat a small place in a human bdBsides the application of plasma
medicine, it can be, of course, used also for tineldmental research in the field of discharges
generated in liquids.

()]

=
@

grounded electrode

optical fiber

spectrometer

insulator

liguid medium

s

power electrode

Figure 44 The scheme of experimental set —up.
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The specific area of tissue can be hit due to smalti-electrode system (figure 45) where
there is a plasma on the surface of this elect®mdtem generated at the same time as
treatment process. Following figure shows the ebelet head under operation (figure 46).

In principle, this system operates as a multi-etet# setup with driving circuitry
producing 100 kHz RF bipolar square wave voltageals. The current is determined via the
various impedance influencing factors dependenthenenvironment in which the plasma is
formed. The main factor is obviously the solutiaanductivity which in turn depends on
temperature and concentration. Also, the presehother dissolved or suspended particles,
or nearby physical structures have a significaffti@mce. Naturally, the discharge chemistry
in each specific instance also affects the apptiedent. Electrical characteristics are
measured on a cable supplying one of the fourrelées mounted in the device active head,
and for the purposes of power calculations it suaged that the characteristics of all four
electrodes are equivalent. The power applied imostystem can be adjusted at eight levels in
this system. It can be ranged from low-voltage domaks to higher-voltage conditions. While
low-voltage conditions are basicaly used for tissoagulation, the higher-voltage conditons
are used for cutting or excising tissue rapidly.

Figure 45 The detail of powered electrode structure.

Figure 46 The detail of power electrode structure with plasmnder liquid (yellow area).
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6.2 Examined solutions

The plasma was generated in four different 0.158illid water solutions of NaCl, KCl,
BaChk and NaCQOs. The volume of liquid was 20 ml, contained in a2 diameter glass
cyclinder. The sodium chloride solution has beeerlahosen to subjected to a detailed
examination due to its biomedical character.

NaCl has been chosen as one of the isotonic sp&utichich are commonly utilized in
biomedicine due to the fact that it has the sameotis pressure as a blood. This allows its to
be in contact directly with an injuried human tisstihis practicaly means that it can be used
as a desinfection for an opened injury. The studieids were easily prepared by mixing
distilled water and pure solid compounds bougl8igima Aldrich company.

Some of the solutions have consisted also a smdditianal of alcohol. There is a few
reasons why the alcohol was added. The first o igpproach to electric discharges which
are generated in organic liquids because a majofifyrevious measurements are focused on
plasmas generated in inorganic solutions, only,dauspectives of discharges in liquids are
probably in organic solutions. That situation hasured due to a low conductivity of organic
fluids which practically means that the dischargeeagyation in the laboratory is very hard in
such kind of liquids. So the first step to approacoganic discharges could be the addition of
small amounts of an organic compounds into thegaoic solution. The second reason is
a hydrogen atoms production. It is known that addiof ethanol will produce free molecular
hydrogen in a solution exposed to the plasma [Bdis knowledge can provide an idea about
using ethanol as a hydrogen donor in case it isgeghto electron impact.

The importance of hydrogen

Some previous studies have focused on hydrogemprgasiction since it is considered to
be one of the foremost prospective energy soumethé future. The demand for hydrogen
energy has increased in recent years because afdtease in world energy consuption, as
well as recent developments in the fuel cell tetdgfies. At this work, the hydrogen has been
considered as one of the easiest ways how to supgdrogen peroxide generation in the
examined solutions once the hydrogen peroxide eurat@n is one of the main goals of this
work. The importance of hydrogen peroxide has lmegtained in the previous chapter 2.2.2.

Here, methanol and ethanol have been chosen assegpatives of the simplest organics
compounds. The physical properties of the soluteash as a conductivity, temperature and
pH have been studied, especially their changesumgbhyy the plasma treatment. The changes
were recorded before the operation, after everytaiduring the operation and at the end of
the plasma treatment. Also, the hydrogen peroxigleeration, optical emission spectra of
discharge and electrical characteristics have btagted.

All these properties of the studied solutions waesasured when the system was set up to
give a maximum power to avoid a very unstable peaganeration. The value of power
moved between 3 — 4 W. The minor probe (multi <ctetele head) was immersed into the
solution (the volume of treated liquid was 20 mi fbese experiments) and plasma was
continuously generated for three minutes.
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6.3 Analysis of the examined solutions

All physical properties of the studied solutionsvéabeen determined by Hanna
instruments. A multi-range conductivity meter HI3@0and HI 9124 pH meter have been
utilized to determination of pH and conductivityaciges.

The hydrogen peroxide generation has been detetedirgy titanium reagent again. The
detailed description of this method has been ajrgacen in the previous chapter 3.2

Two Ocean Optics spectrometers have been utilizestquire discharge emission spectra
over several spectral ranges. As the first, the BiRBctrometer (with spectral range from
300 nm to 900 nm) has been used for a plasma dedespecies overview. The other
spectrometer with range of 293 — 393 nm was usedlyar the detailed observation of OH
radical emission.

6.4 Results
6.4.1 Determination of hydrogen peroxide concentration bytest sticks

Initially, two other different solutions have beeaonsidered as a conductive medium to
hydrogen peroxide production - BaG@nd NaCOs. Unfortunately, there has been a white
precipitate formed in these solutions during plasoperation. Because of this fact, the
hydrogen peroxide concentration could not beenrchétated spectroscopically and another
method has had to be found. An alternative soluti@s been provided by Quantofix
peroxides test sticks which are supplied by Sigmdriégh company [77]. These sticks
generally consists of a plastic strip with attackedled test paper which is immersed into the
solution to detect the hydrogen peroxide. The jgpiecof H,O, detection is a reaction of
hydrogen peroxide with peroxidase and the orgasdox indicator in the test field to form a
blue colored oxidations compound. These sticksuaesl for many different applications. For
example, in chemical laboratories, they are utlize check organic solvents because
hydrogen peroxide presented in the organic solveariscause an explosion when the solution
is warmed up [92]. The obtained results are shawtheé table 7 where the last row shows
hydrogen peroxide concentrations determined bygusitanium reagent. Comparing these
concentrations with the test sticks concentratibiese has been a very significant difference
found. Generally, all of the test sticks valueseénawached lower concentration. It has been
approximately even 12 times lower in the NaCl ar@l Kolutions. This can be considered as
a provement of the titanium reagent importance Wwhg able to detect even the lowest
concetrations in the studied liquid systems whike test sticks do not provide trustable results
at the low peroxide concentrations.
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Table 7The hydrogen peroxid concentrations measuredgiysteks.
NacCl KCI BaC|2 Na,CO3

Exposure time [min.] 2 2 2 1

H»0, conc. [mg/l] 4+1 51 6=+1 0
Mr [g/mol] 58.4 74.6 208.24 105.99

H,0, conc. [mmol/l] 0.07 0.07 0.03 0

H,0, conc. [mmol/l] determinated by

L 0,87 0,78 . s
titanium reagent

Another unwanted phenomenon has been observed gduh@ measurements. The
preeliminary results have shovn that there is daewvparticulate formed int the BaCind
NaCOs; solutions during the plasma process which nagudies not allow to use a titanium
reagent to hydrogen peroxide determination. Far ibason and the fact that test sticks do not
provide trustable results, the Ba@hd NaCOs; solutions have been excluded form the further
investigation.

6.4.2 Hydrogen peroxide generation

An influence of the used kind of electrolyte on thelrogen peroxide generation has been
investigated in the NaCl and KCI liquid solutionghe obtained results are shown in the
figure 47. As it can be seen there, the hydrogeoxide concentrations have reached higher
values in the solutions with the small additiondl abcohol. Comparing KCI and NacCl
solution it can be observed that values of hydrogeroxide concetrations are very similar
and it can not be surely said which solution hagmibetter conditions to hydrogen peroxide
generation.

H,0, production has been studied in detail using tH& M NaCl solution and in the
solutions with the additional of alcohol. The kiceturve for hydrogen peroxide generation is
presented in the following figures 47 and 48. Awvds expected, the hydrogen peroxide
concentration increases in time. This can be censtt as a provement of no undesirable
effects decomposing hydrogen peroxide as for exanmnph loosing from the electrode (see
0.) Thus, the initial purity of the examined sobms has been kept during the operation. As
there is seen, the highest concentration has besanaed in the solution with 0,05 ml
(0,25 %) of ethanol and the lowest in the solutiithout any additional of alcohol. It
practically means that methanol and ethanol defynisupport hydrogen peroxide generation
and ethanol seems to be even more effective. Hawelvere is only a slight difference
between these two alcohols and the conformatiahisfconclusion would require a detailed
chemical analysis.
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Theoretically, there are two ways how these al®lauld support hydrogen peroxide
generation. The first is based on the fact thar¢yein atoms are provided by alcohols in the
solutions once they are treated by plasma. Thisnmdélaat hydrogen atoms, before they
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recombine to hydrogen molecule, could react acogrtellow schemes which would lead to
the increase of hydrogen peroxide production:

H+H,0* - H, +OH (30)
OH+H,O0 - H,0, +H (31)
OH+OH+M - H,0, +M (32)

The second way could be an OH radical generaticaus® this group is contained in the
alcohol molecule structure and it can be separategily by plasma treatment. Organic
molecules destruction by plasma in a liquid syshexs been observed By R Stalder at alin
2005 [93]. This study shows a complete decopositibthe copound structure except the
parts with double bonds. Due to this knowledge loftthe above-mentioned processes have
probably had an inluence on the hydrogen peroxateigation. An exclusion or confirmation
one of them brings a next idea for a specific irdlial project. Here, it can be concluded that
alcohols generally cause the increase of hydrogemoxpe concentration in the liquid
solution during the plasma operation.

The next part of this examination has been focusedn amount of the alcohols added
into the solutions. The obtained results are showthe figure bellow (figure 49). For the
methanol, the red points represent the solutionrevlieere has been put ten times more
amount of the alcohol than in previous experim&@uampare to blue curve, showing only
0,05 ml of the alcohol, it can be sawn that thehbigadditional of the alcohol has caused
a lower increase of hydrogen peroxide concentra®iit has been expected. This trend has
been observed in the case then ethanol was used,Tte lowest hydrogen peroxide
concentration has been measured once 0,5 ml ohdtls been put in the solution. The
concetration has been even lower than in the dehition at this time. The reason is an
oxidation process between alcohol and hydrogenxmo The produced hydrogen peroxide
from the interaction of plasma with water oxidisésohol to form an acid and water. The low
amount of alcohol does not cause the hydrogen mbrd® turn to water immediately because
there is not enough of alcohol molecules to actkptoxygen atoms from the hydrogen
peroxide. Thus, it can be concluded, that alcoBatsh as simple organic molecules can be
efectively utilized to increase the hydrogen pedexproduction in the solution. They seem to
be a good and cheaper alternative for gases whelma@v used to manage the same effect.
Indeed, the quantity of the alcohol added in thliid is strictly limited and had to be
controled. Based on the obtained data, it can bbeleded that an ideal volume is just trace
amount of alcohol (0,05 ml in 20 ml of the solutie®.25 %).
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Figure 49 Hydrogen peroxide concentratigenerated in the solution with different amount
of the methanol and ethanol.

6.4.3 The pH of the treated solution

There is one more advantage of the alcohol additionthe treated water solution. As it
has been said, alcohols succumb to the oxidationgss which naturally brings a wanted
change in the pH of the solution. The obtainedItesue shown bellow in the figures 50 and
51. In the figure 50, the blue marks representtgoia without the additional of the alcohol. It
can be seen that the pH values have not decremsieglgl after the plasma operation in this
case. The red marks show the solutions with thellsmdditional of alcohol and here the
pronaunced difference between initial and final pidlues has been obtained. The same
phenomenon has been observed in the figure 51, Herdlack points represent the 0.15 M
clear NaCl solution. As there is distinct, theres leen only slightly decrease in pH values
obtained. The negligible difference between initiabl final pH values means that there has
not been any HCI acid formed in the solution durihg operation or it was synthetized in
negligible amount which has not had influence aa k. Normally, these little changes are
caused by hydrogen peroxide due to its week acidéracter. The opossite trend, which is
shown by other curves, presents the solutions avginall adition of the alcohols. In this case,
there has been obtained a pronounced decline irvgltes. The initial pH values have
decreased by a few units and so the final pH vahae® reached an acidic enviroment. This
phenomena can be evaluated as satisfying reswdtibe¢he OH radicals generated by plasma
operation have a higher oxidation potential undeasé conditions. Obviously, this acetic
environment of the investigated solution is causgd@cids formation from the alcohols. The
ethanol turns to an acetic acid and methanol orsléz formic acid.
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To confirm the conclusion that ethanol and methamneloxidized during plasma treatment
an additional study has been carried out. The sanwnt of isopropanol has been added into
the 0.15 NaCl solution to observe the changes ofvaldes. It had been considered before
experiments that isopropanol as the simplest seggndicohol can not turns to an acid
because the last level of its oxidation is a ketdie obtained results are shown in the figure
52. The black points represent the solution with #duditional of isopropanol. As there is
possible to observe the pH values were changing slightly during the plasma operation
and the difference between initial and final valgejust insignificant. This means the
consideration has proved as correct. While methandl ethanol can provide quite stable
acidic environment in the treated soltuion, pH esalof the solutions with isopropanol or just
NacCl solution are kept nearly without change.

6.0 ® 0.15M NaCl with 0.05ml of methanol
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Figure 52 Final pH values of the examined solutions aftee¢hminutes of discharge
operation.

6.4.4 The temperature of the solution

Another also important physical property of theesyt which has been studied, is the
temperature and its changes during the plasma togerdhe kinetic curves are presented in
the figure bellow (figure 53). As there is seerge tlalues of the temperature were constantly
increasing during the discharge operation in dlitsins. The highest value (80 °C) has been
obtained in the solution with the additional of heatol, and the lowest value (77 °C) has
been noticed in the solution with the addition thfamol.
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However, the difference between these two numbass ot been pronaunced which
practicaly means that each investigated systendcacdept approximately the same amount
of energy in the same period time (3 min). Thusplabls such as organic compounds have
not had any considerable influence on the energgpmance from the source. The same trend
of the temperature evolution has been observedeiiKCl solution. The result is shown in the
figure 54.

6.4.5 The conductivity of the solution

As it has been mentioned in the previous chapfribere is generally low conductivity of
organic fluids and so it had been expected thaaduition of alcohol could have caused a
problem with plasma generation in the liquid systdfortunately, this trace amount of
alcohols have not had any influence on the initi@hductivity of the solution and the
experiment could be carried out. The points showiegevolution of the initial conductivity
of the studied solutions are shown in the figursabd 56. As there is seen, the initial
conductivity values of the solutions with the adumhal of alcohol have been almost identical
as the initial values of the clear NaCl solutiomu$ plasma could be generated in every
studied system without any unwanted interruptionging all operation. The final
conductivity values differ only slightly which priacally says that there have not been an
excess of charge carries and the current couldabiyeapplied in the examined solution.
Again, the trace additionals of the alcohols haw# mlfuenced the required plasma
generation.
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Figure 55Final conductivities values of the 0.15M NaCl swin$ after three minutes of
discharge operation.
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6.4.6 Spectra analysis

To get more information about species producedhi golution, the optical emission
spectroscopy has also been utilized as anotherooheth make a detailed analysis of the
plasma generated in the liquid systems.

As the first, the spectrum of discharge generate®aC}h solution has been taken to
observe namely OH radicals peaks area. Basicadgethadicals are one of the most wanted
particles generated by plasma because they arastooe as precursors of the hydrogen
peroxide and also, they can oxidize undesirablepoamds in the solution (see 2.2.1). Their
presence in the system has been proven by a typidalpeaks area located between 300 and
350 nm.

As there has been shown in the previous paragsaph, there has been some hydrogen
peroxide generated in the solution. Unfortunatethgse results are due to determination
method not trustable so the spectrum has beendmyedi as an additional method useful to
confirm OH radicals generation. The obtained spectrs shown by figure 57. As there is
seen, the OH radicals have been generated in thigis during plasma treatment. It
practically means that hydrogen peroxide has bésm generated in the liquid and BaCl
solution is suitable medium for its production.

The next figure 58 shows the spectrum of dischaeygerated in N&O; solution. The
early results have shown no hydrogen peroxide doaten in the solution after two minutes
of plasma operation. But there is seen quite pnooedi OH peaks area in the spectrum which
means that hydrogen peroxide should been generated solution. Due to the other results
proving that the test sticks method tgQ4 determiantion is not trustable, it can be conatude
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that NaCQO; is probably also suitable medium fog®4 production but it is impossible now to
make any correct quantification.
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Figure 57 The spectrum of discharge generated in 0.15 M BaCl
27 |
181 Na
1.67OH Sodium D Lint
1.4 H
2 12-
>
g 1 -
Q
= 0.8 1
0.6
0.4 Ho
L JL|
O 1 T L \L T 4 1 1
300 400 500 600 700 800 900

Wawelength [nm]

Figure 58 The spectrum of discharge generated in 0.15 MOQg solution.

The figure 59 shows another spectrum representiagbtained result of the 0.15 M KCI
solution without addition of alcohol. Again, the iImapecies have been observed. Here a very
pronaunced potassium peak has been noticed wieilenetximal intensity of the OH radicals
molecular band has been very low. The ratio betwlermaximal OH radicals intensity and
Ho peak intensity has been aproximately 2:1. The spgttrum in the figure 60 shows the
obtained results in the 0.15 M KCI solution witle thddition of alcohol. As there is seen, the
same elements have been measured — a pronauncssipot peak (769 mn), oHpeak
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(656 nm) and OH radicals peaks area. The mainrdiffee has been observed by counting the
ratio between the maximal intensity of OH radidadgsd and the &l peak intensity. The 5:1
ratio has been determined. This phenomenom hasgrebably caused by the addition of the
alcohol. Unfortunately, the absolute values of ithtensities are non-comparable because it
was impossible to fix the optical geometry duritigeaperiments.
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Figure 59 The broadband spectrum of discharge generatedarclkar 0.15 M KCI solution.
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Figure 60 The broadband spectrum of discharge generatedar®th5 M KCI solution with
the addition of ethanol.

The spectrum of the clear NaCl solution has beatuated. The gained result is shown by
figure bellow (figure 61). This obtained opticalkesptrum has provide a complete summary of
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the atoms or molecules which have been generatethansolution during the plasma
operation. As it has been expected, there have Oékradicals generated in the investigated
solution. The next figure (figure 62) represents spectrum of the 0.15 M NaCl solution with
the small additional of ethanol. As there is sdhig spectrum is nearly identical. As in the
previous case the peaks representing sodium (588a& nm) are dominant, following the
peaks area of the OH radicals. Calculating the fagtween I peak (656) and sodium peak
(780) nm there has been found a slight increagbeointensity of the H line in the solution
with the additional of the alcohol. It can be calesed as the results of some extra hydrogen
atoms which are caused by plasma treatment oftkiamel during the operation.
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Figure 61 The spectrum of discharge generated in clear 0.18d@I solution.
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Figure 62 The spectrum of discharge generated in 0.15 M Mafition with the additional
of ethanol.

6.4.7 Electrical characteristic

Some electrical properties of the KCI and NaCl sohs have been recorded to make a
detailed analysis of the electric energy applietb ithese liquid systems. In this part
of investigation, the influence of the small adutitiof ethanol on the supplied power has been
studied. As it has already been mentioned, eth@dhe organic liquid with too low
conductivity and so it had been considered thabitld make impossible the electric current
flow in the solution. The electrical characteristitave been taken during plasma operation in
the first, the second and the third minute in esaltion to gain a detailed data which could
subsequently guarantee a trastable results. Thersshof the electrical characteristics for the
0.15 M NaCl solution with and without addition ahanol are presented by figure 63 - 68.
Due to high similarity with the records for KCI stibns electrical characteristics for this
examined solution are not displayed. The resultstie 0.15 M NaCl solution without
addition of the ethanol are shown by figures 63,a84l 65, analogical the results of the
solutions with the addition of the ethanol are shdyy figures 66, 67 and 68. As there can be
seen, all these curves presented in the figurestreggular processes without any unexpected
deflections. Even in the solution with the additminthe ethanol, it has not been any strange
effect observed which means that this addition m@shad a pronounced influence on the
energy that has been applied into the solution.
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Figure 63 The scheme of electrical characteristics for 0.158CI solution without addition
of ethanol in the first minute of the discharge ragien.
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Figure 64 The scheme of electrical characteristics for 0.158CI solution without addition
of ethanol in the second minute of the dischargeatmpon.
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Figure 65 The scheme of electrical characteristics for 0.1BMCI solution without addition
of ethanol in the third minute of the discharge rapien.
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Figure 66 The scheme of electrical characteristics for 0.1B&CI solution with addition
of ethanol in the first minute of the discharge rapien.
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Figure 67 The scheme of electrical characteristics for 0.1B5&CI solution with addition
of ethanol in the second minute of the dischargeatmpon.
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Figure 68 The scheme of electrical characteristics for 0.1B&CI solution with addition
of ethanol in the third minute of the discharge ragien.

As it has been mentioned in the previous paragrapbording the studied records, the
addition of the ethanol has not had any influencdhe energy which has been apllied into
the solutions. To confirm this detection, the exaalues of the current, voltage and power
have been determined based on gained electricahatbastics. The results for all of the
investigated solutions are shown in the table 8.

85



Table 8The counted current, voltage and power valueb®examined solutions.

- e Averaged
Solution exviIn. IV, power
current (Amps) voltage (Volts)
(Watts)

NaCl 1 min. 0.08/-0.08 257.9/-253.9 3.8

NaCl 2 min. 0.08/-0.08 259.1/-278.6 3.9

NaCl 3 min. 0.08/-0.07 263.4/-275.6 3.8

Nacl 1 min. with the 0.07/-0.08 259.1/-273.2 3.8
addition of ethanol

Naci 2 min. with the 0.07/-0.08 263.0/-281.5 3.4
addition of ethanol

Nacl 3 min. with the 0.07/-0.08 259.1/-273.2 3.8
addition of ethanol

KCl 1 min. 0.07/-0.08 258.9/-264.7 3.7

KCI 2 min. 0.07/-0.07 259.3/-269.2 3.6

KCl 3 min. 0.06/-0.06 268.7/-276.2 3.8

KClLmin. with the addition 5 17, 4 og 256.9/-257.5 3.3

of ethanol
KCl 2 min. with the addition 5 17, ¢ og 257.7/-262.9 3.3
of ethanol
KC13 min. with the addition 5 ¢, ¢ o9 260.7/-266.0 3.1

of ethanol

Generally, the measured values are very similaalidiypes of the solutions. The maximal
value of the applied current has been obtainedarOt15 M NaCl solution without ethanol in
the second minute of the operation, the minimalealf the apllied current has been observed
in the 0.15 M KCI solution without ethanol in thecend minute of the operation. Similary,
the maximal voltage has been found in the 0.15 M &@ution without without ethanol in
the third minute of the operation and the minimaltage in the 0.15 M NaCl solution without
ethanol in the first minute of the process. Howewal of these numbers have reached
approximately the same values which practically msethat the difference among them is
within an acceptable deviation. The same trendbe@n obtained evaluating at power data.
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Thus it can be concluded that the ethanol suchrgemi molecule has not had any influence
on the current, voltage or power apllied in thedstd systems.
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7 ATMOSPHERIC PRESSURE MICROPLASMA JET IN
INTERACTION WITH LIQUIDS

The last part of my thesis presents some prelingitvat very interesting results which
have been taken during my short visitor stage etthiversity of Ulster, Newtonabbey, UK.
Here, the electric discharge micro jet in touchhviqquid phase is used for gold nanoparticles
synthesis. The experimental technique has beerrooted at that department and the plasma
discharge has been utilized to induce the liquidnaistry. My role in this applied research
was mainly in the study of hydrogen peroxide getr@mabecause it was supposed that it
radicals plays significant role in hte proces afioywarticles formation.

7.1 Experimental solution

A solid powder of gold (lll) chloride trihydrate @&uCl,.3H,O) has been bought from
Sigma Aldirch, UK. Six selected solutions with @ifént initial conductivity have been
prepeared (2.5 pM, 0.05 mM, 0.1 mM, 0.2 mM, 0.6 mii 1 mM) by dissolving this gold
salt in the distilled water. The plasma treatmeneach solution has taken ten minutes. The
hydrogen peroxide has been determinated by udiagium reagent again and also the gold
nanoparticles were determined by spectroscopy rdet¥ach is described in the previous
chapter 3.2.

7.2 Experimental technique

The principal scheme of the experimental technigughown bellow in the figure 69. An
atmospheric microplasma jet has been generated theesurface of a gold (Ill) chloride
trinydrate (HAuC}.3H,O) aqueous solution. The interactions of plasmaligied phase have
initiated some reactions inside the solution wtheke led to a reduction of the gold-chloride-
trinydrate. After that, the nucleation and growthgwmld nanoparticles have started. The
capillary which has produced the microplasma hanbmade form stainless steel (1 mm
external diameter and 0.25 mm internal diametee)iush has been flown at the fixed flow
rate of 25 sccm through this capillary. The micegpha has been substained by a high DC
voltage (2 kV) which has been applied at the carlmh (anode) while the stainless steel
capillary has been grounded through a ballasttoesid 100 K2. The processing current has
reached a values 1 — 5 mA. The photo of microplasmgaven by figure 70.
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Figure 70 The photo of microplasma generated on the surfatieediquid system.

7.3 Synthesis of gold nanoparticles

As the first basic experiment which should provpreésence of the nanoparticles, the
electric discharge has been generated in the 0.2HANMCI, for 10 minutes. As there is seen
in the figure 71, the typical purple color of tressonance peak has been obtained after plasma
operation. Subsequently, the microplasma has beaergted in all solutions and the gold
nanoparticles dependence on the initial concentraif the solution has been measured. The
processing current during this plasma treatment been kept at 5 mA. Next figure 72
compares the color of the solutions after ten neiswtf plasma processing. It has been clearly
observed that the different precursors concentratiorm a different amount and size of gold
nanoparticles. Thus, in the solutions with highemnaentrations of the gold salt, there is still
not excess of charge carriers and the electronsda® by microplasma can penetrate in the
liquid system to form the gold nanoparticles.
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Figure 71 Colour change of the 0.2 mM HAu@queous solution after 10 minutes of
microplasma treatment.

Figure 72The colour changes in the solutions with diffetiaittal concentration after 10
minutes of plasma treatment.

7.4 Hydrogen peroxide measurements

The formation of HO, is key to understanding this hybrid plasma-chemsyathesis
process because hydrogen peroxide has been repasted reducing agent for the gold
precursor [94]. Also, because hydrogen peroxideoisformed in a standard electrochemical
approach with both electrodes immersed in solutimhave to deduce that plasma electrons
“injected” in the solution are responsible for leemation of HO,. The contribution of the
other radicals, ions and photons from the plasma ba neglected in this specific
configuration as it has been previously demonsirfdg-96]. A complete qualitative analysis
of the possible reactions [95-96] leads to theofeihg chemical pathways:

€ gas + H,0 - OHBH" (33)
20HGM - H,0,+M (34)

where the first reaction represents dissociativctedn attachment to the water/vapor
interface by gas-phase electrons from the pladmeesécond reaction occurs in the bulk liquid
phase whereby with bulk we mean far from the iaieef Electrons may also reach the bulk
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of the liquid without reaction (33) occurring, begsog hydrated electrons in the process.
However, if that was the case for the majority décwons, there would not be any
energetically favorable chemical pathway for therfation of hydrogen peroxide given that
hydrated electrons and water could only produce @td H. It follows that reactions (33)
and (34) above are the most probable mechanismaadtto hydrogen peroxide formation.
Therefore this hypothesis indicates that electmaot directly reduce the gold salt: electron-
induced reactions at the plasma-liquid interfacenmte cascaded chemistry leading to
hydrogen peroxide (via equation (33) and (34) aparel that the latter reduces the gold
precursor via following reaction 35. A schematicdebof reaction mechanisms, which is
considered based on obtained results, is showigbyef73.

3H,0, +2Au® - 2Au° +6H" + 30, (35)

Reaction
zone

Liquid

(HAuCl,)

Figure 20 A schematic model of reaction mechanisms
for the gold nanoparticles synthesis [97].

Two diferent measurements have been carried dintdan influence of the HAuGIsolid
powder on the hydrogen peroxide production. Gehgertiis type of compound dissolves
very easily in the distilled water and provides @gio charge carries in the studied solution
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which makes a higher conductivity of the examingstean. The first, only distilled water has
been examined. There has been 0.03 mmol/l of hydrogeroxide determinated after
10 minutes of plasma oparation. The second, 0.1HaMCl, has been subjected to the same
plasma treatment. As expected, the compound hasvpbsaffected the hydrogen peroxide
production. There has been 0.51 mmol/l obtainedrafie same time period. Thus, the
solution with solid powder has provided seventeemeninydrogen peroxide that only distilled
water under the same conditions.

As another very important property of the studigstam, the current and its influence on
the hydrogen peroxide generation has been examiffegl.obtained results are shown by
following table 9. As there is seen, the hydrogerogide concetration has increased at the
increased discharge current. A very interesting lias been observed during this experiment,
even avery low current (0.05 and 0.2 mA) could ggate stable plasma and cause the
hydrogen peroxide production. Thus, it can be awted that the microplasma produced by
this equipment is very effective. Also, this hydeagperoxide concentration has proven that
the microplasma has had an influence on the stugbkdion which practically means that it
can affect all processes occuring inside the exadhaystem.

Table 9The hydrogen peroxide concentration as a funabiotme applied current. The
plasma treatment time 10 minutes.

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

0.05 0.04
0.2 0.06
2.5 0.22

5 0.46
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8 CONCLUSION

This studium has been focused on various systemergted plasma in the liquids with the
respect to the reactive particles production amdr thurther application in different industry
areas. As the liquid medium a few different typesolutions have been used and mainly the
hydrogen peroxide generation has been examineldethis, the other important properties
of the solutions, such as conductivity, pH, tempeeor electrical characteristics have been
investigated to gain a detailed description abtedtec discharges generated in the liquids. In
addition, some spectra have been taken as a vepgriamt property of the examined
solutions. They can provide many useful informatidrich lead to determination of physical
and chemical properties of the studied liquids.

In the first part of this work, the diaphragm diage has been generated using audio-
frequency power supply in the NaCl solutions wittfiedent initial conductivity (from 10QS
to 800uS). The different voltage (DC as well as high fregey AC) have been applied in the
system to create plasma. DC voltage has been wosetkate the electric discharge in the
previous study (Diploma thesis of the same authwere the values of the current has moved
between 62 and 110 mA, the value of the applietagel has reached approximately 1.5 kV
and the maximum value of the power has achievedW4WQnfortunatelly, a problem with
remarkable overheating of the studied solution leen obtained at this study. Due to this
unwanted fact, the time for plasma operation hamnHdamited which has brought an idea
about using HF power supply. Therefore HF voltagd® kV and the frequency of 1 and
2 kHz have been utilized at this work to dischaageration and peroxide production,
temperature and conductivity changes have beentaredito investigate chemical processes
initiated by this type of energy. With respect he tesults, which have been obtained during
the plasma generation in this type of dischargetoeait can be concluded that the utilize of
HF voltage leads to the quality particles produttwithout undesirable overheating of the
solution. Based on these results, a new optimizgidl fnequency source has been constructed
at the BUT Brno, Faculty of Chemistry, which allotes iniciate the HF electric discharge
without any unwanted effects. The device with tgfge of source can be used in the industry
and in the laboratory as well. Together with thésult, optimal conditions for plasma
generation have been found. The best values aélimbnductivity of the studied solution
belong in the interval 500 and 800 pS’trwhere the maximal hydrogen peroxide
concentration has been obtained. At this initiahdrectivity, the plasma is generated at all
time of the treatment process and the dischargdeavaluated as stable.

Next part of this work has dealt by underwater teleaischarge in gaseous bubbles and
the investigation could be realized due to colatmmawith Ghent University in Belgium,
Department of Apllied Physics. The plasma has lgsserated in the special chamber where
the small glass capillary (the inner diameter @frhm, length 50 mm) has been plced. Due to
this inovation the gas (Ar, He, Air and;Ncould be applied through this tube inside the
solution (200 sccm) and so directly support théiation and propagation of the discharge
which has been created by DC power suplly. Theiegplositive voltage has varied from 0.2
to 6 kV and the applied current has moved in therial form 10 — 30 mA. One of the very
important properties of this device has been aiggatystem that has been built in the
chamber. Two different types of solutions have bebjected to the examination, the first
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NaH,PO, - 2H,0 (5 pS.crit) when the hydrogen peroxide production has beesstigated,
and the second organics dyes solution with th&lribnductivity 20 mg:t were an influence
of the plasma on the complex organic structurerdeson has been obtained. It has been
obtained that the most important discharge paranmfieencing HO, generation has been
the applied current. The increasing apllied currsigiificantly has enhanced the,®
concentration and the dependence its generatidheotime has been found as linear. There
has not been obtained a pronounced different bygusiur various gases. Destruction of the
organic dyes structure in the reactor has beenactaized by almost linear kinetic plots
during twenty minutes operation. The maximal deseeaf the organic dyes concentartion in
the solutions has been achieved by applying cuwé®0 mA. While in case of hydrogen
peroxide studies the kind of gas has not inluenitedconcetration, here the different
behaviour of supplied gases has been found. ledbe of He and Ar plasmas the destruction
efficiency of the direct blue dye molecules hasrbeeich lower than in the case of.N'his
effect has been connected to the formation of BHikiTase of N due to oxidation of Mthat
leads to the decrease of solution pH down to 2.dUsge has lower stability in acidic
solutions with pH<6 and also, the oxidative abilifiyplasma is stronger in acidic conditions
due to oxidative potential of the hydroxyl radigdiich is 2.70 V at pH 3.0 and 2.34 V at pH
9.0). This, together with the fact that there hasrbonly slightly increase of temperature
noticed, leads to the conclusion that the consttuatlevice is suitable for industrial
applications. The cooling system, used during thvestigation, has been fully satisfied, the
solution has not become overheated and there rmare need to use special type of energy
source. The bubble system has been found as éhegful in this studied problem, mainly
use of nitrogen because it has been able to déstvea 62 % of organic dye in the solution.
The configuration of the technique makes its vdesad variety of practical useage, mainly in
the waste water industry.

The third part of this work has been implementethatQueen’s University in Belfast in
Northern Ireland. The electric discharge has beemeted by a special medical device
Arthrocare that is widely used in biomedicine a gresent time. The most important part of
this technique is a plasma scalpel which the plasasabeen created in four different 0.15M
distilled water solutions of NaCl, KCI, BaCand NaCQOs. The volume of liquid was 10 ml,
contained in a 25 mm diameter glass cyclinder. 3¢édium chloride solution has been later
chosen to subjected to a detailed examination dis biomedical character. It is one of the
isotonic solutions which are commonly utilized ilornedicine due to the fact that it has the
same osmotic pressure as a blood which allowsoitsetin direct contact with an injuried
human tissue. After taking first results, it hagmdound that there has been a precipitate
formed in the BaGland NaCGQO; solutions which has not allowed to determine hydrog
peroxide spetcroscopically. As an alternative sofuQuantofix peroxides test sticks has been
considered. Unfortunatelly, they have not passditailed test examination which has been
carried out. They have shown very often differeatues of the kD, concetration than
another analysis or sometimes, they even coulddetéct low concetrations. From this
detection it can be concluded that these Quanfmroxides test sticks are not suitable for
guantitave hydrogen peroxide determination. F®& thason the Bagand NaCQO; solutions
have been excluded form the next investigation. Dier solutions (NaCl and KCI) have
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been subjected to a detail examination. The clelatisns have compared to the solution with
a small additional of alcohol. There is a few remsahy the alcohol has been added. The first
one is an approach to electric discharges whichgarerated in organic liquids because
a majority of previous measurements are focuseplasmas generated in inorganic solutions,
only, but perspectives of discharges in liquids@abably in organic solutions. That situation
has occured due to a low conductivity of organidd$ which practically means that the
discharge generation in the laboratory is very harslich kind of liquids. So the first step to
approach organic discharges could be the addifiemall amounts of an organic compounds
into the inorganic solution. The second reasonhgdaogen atoms production. It is known
that addition of ethanol will produce free molecuteydrogen in a solution exposed to the
plasma. This knowledge provides an idea about usingnol as a hydrogen donor to increase
hydrogen peroxide production. The taken resulteehshown that in the solutions with the
small additional of alcohol the hydrogen peroxideaentrations have reached higher values.
Comparing KCI and NaCl solution it can be obsenthdt KCI has provided a better
conditions to HO, generation. Kinetis curves for hydrogen peroxideaentration in the time
have been linear, as it has been expected, th@dgedmeroxide concentration has increased
in the time. From the next analysis of NaCl solatib can be concluded that the higher
hydrogen peroxide concetration has been reach#gkiNaCl solution with 0.25 % of ethanol
and the lowest in the solution without any addiéilbod alcohol. It practically means that the
alcohols generally support hydrogen peroxide geierand ethanol seems to be even more
effective than methanol. Besides®4 production, physical properties of the liquid gyst
such as temperature, conductivity and pH have Iségtied. A remarkable result has been
obtained in the NaCl solution with the addition&lethanol when the pH of the solution has
decreased in the acidic environment (due to ethaxidiation) and mainly, it has been stable
during all plasma operation. As has been alreadg, dhe acidic plasma is a desirable
phenomenon because OH radicals have higher oxidagimtential. The values of the
temperature have been constantly increasing duhaglischarge operation in all solutions.
The highest value (80 °C) has been obtained in NB€l solution with the additional
of methanol, and the lowest value (77 °C) has hbeaticed in the KCI solution with the
addition of ethanol. However, the difference bemvésse two numbers has been evaluated
as weak, which practicaly means that each invdstigaystem could accept approximately
the same amount of energy in the same period tdmeif.). Thus, alcohols such as organic
compounds have not had any considerable influemcéhe energy acceptance from the
source. As the last physical property of the soluttonductivity has been evaluated. As it has
been expected that an addition of alcohol couldehamused a problem with plasma
generation in the liquid system. Fortunately, tineg&e amount of alcohols have not had any
influence on the initial conductivity of the soloi and the experiment could be carried out.
Plus, the final conductivity values differ onlygtitly which practicaly says that there have
not been an excees of charge carries and the twoald be easily applied in the examined
solution. Again, the trace additionals of the alwisthave not influenced the required plasma
generation. To get more information about elemgmtsluced in the solution, the optical
emission spectroscopy has also been utilized agabke method. All spectra have shown OH
radicals peaks area which are understood as arpoges of hydrogen peroxide. Thus all
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of examined solutions are suitable medium feDfproduction. In additional in some spectra
other elements suchot Nd,Nd', Ba, Kor O have been obtained. During this all this
examination, electrical characteristic have be@onded to make a detailed analysis of the
apllied electric energy into these liquid systeiiitse electrical characteristics have been taken
during plasma operation in the first, the second #e third minute in each solution. All of
them have been presented without any unwantedcatiefis. Even in the solution with the
addition of ethanol has not been any strange effbserved which means that this addition
has not had a pronaunced influence on the eneagyhés been applied in the solution.

The last part of this work presents some resultschwinave been at the University
of Ulster, Newtonabbey, UK. Here, the microplasntfacl has been in direct touch with the
liquid medium has been studied. The experimentdrigue producing this type of discharge
has been constructed at the local department. i@ polvder of gold (IIl) chloride trihydrate
(HAUCl,4.3H,0) with different initial conductivity (0.05 mM, 0.mM, 0.2 mM, 0.6 mM) has
been used as the liquid medium. The microplasmébas substained by a high DC voltage
(2 kV) and the processing current has reached uwesall — 5 mA. Subsequently, the
microplasma has been generated in all solutiondgrandthe taken results it can be concluded
that the gold nanoparticles concetration dependethe initial concentration of the solution.
Two diferent measurements have been carried ofihdoan influence of the HAuGlsolid
powder on the hydrogen peroxide production. Whikré has been 0.03 mmol/l of hydrogen
peroxide determinated after 10 minutes of plasmaraifn, there has been 0.51 mmol/l
obtained in the 0.1 mM Haug$olution after the same time period. Thus, thetsmuwith
solid powder has provided seventeen more hydrogeoxe that only distilled water under
the same conditions.

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