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Zusammenfassung

Gepulste Entladungen in Fliissigkeiten bieten breite Anwendungsfelder in der Medizin, Bi-
ologie, Chemie, Elektrochemie und Umwelt. Dies erklart ihre intensive Untersuchung in der
Forschung. Hochspannungspulse mit Anstiegszeiten von einigen Nanosekunden und einem
starken elektrischen Feld an der Elektrode sind in der Lage, Wasser effizient zu dissoziieren
und zu ionisieren. Chemische Spezies werden gebildet und kénnen z.B. mit Verunreinigungen
oder Oberflachen in der Flissigkeit reagieren. Der Erwarmungsprozess des Wassers wahrend
des Pulses entfillt, wenn der Puls und die Anstiegszeit kurz genug sind und bei der Zindung
der Entladung erreicht das Wassser iiberkritischen Zustand.

In dieser Arbeit werden Einfliisse der Behandlungszeit, Entladungsfrequenz und Entladungss-
pannung auf die Wasserstoffperoxidproduktion in destilliertem Wasser untersucht. Absorp-
tionsspektroskopie in Kombination mit einer kalorimetrischen Methode wird verwendet, um
Wasserstoffperoxid zu messen. Die Abhéangigkeit der Wasserstoffperoxidproduktion von dem
Parameter Entladungsspannung ist sigmoidal, aber linear fiir Behandlungszeit und Entladungs-
frequenz. Bei einer Entladungsspannung von 20kV, einer Entladungsfrequenz von 15 Hz und
einer Behandlungszeit von 10min ist die Wasserstoffperoxidkonzentration (30 + 7) pmol L.
Die Spannung, die zu einer maximalen Wasserstoffperoxidproduktionrate fithrt, liegt bei 21 kV.
Mit der Einfithrung eines globalen kinetischen Models wird die zeitlich abhédngige Konzentration
verschiedener Spezies wie z. B. H, OH und H,0O, berechnet.

Unter Betrachtung des angenommenen vollstandig ioinisierten Wasser mit einer Initialdichte
von 3 x 10®¥ m~3, ist das Plasma im Quantenzustand. Mit Hilfe der Fermi-Dirac Statistik und
der Kavitationstheorie kann eine Initialtemperatur von ca. 8000 K fiir 21 kV abgeschétzt wer-
den.






Abstract

Pulsed discharges in liquids provide wide application fields in medicine, biology, chemistry,
electrochemistry and environment. This explains their intensive investigation in research. High
voltage pulses with rise times of a few nanoseconds and high electric fields at the electrode
are able to dissociate and to ionize water efficiently. Chemical species are formed and can e.g.
react with contaminants or surfaces present in the liquid. The heating process of the water
during the pulse is eliminated if the pulse and rise time are short enough and the water reaches
supercritical state at the ignition.

In this thesis, the influences of treatment time, discharge frequency and discharge voltage on
hydrogen peroxide production in distilled water are investigated. Absorption spectroscopy in
combination with a colorimetric method is used to measure hydrogen peroxide. The dependence
of hydrogen peroxide production on the parameter discharge voltage is sigmoidal, but linear
for treatment time and discharge frequency. At a discharge voltage of 20kV, a discharge
frequency of 15Hz and a treatment time of 10min, the hydrogen peroxide concentration is
(30 & 7) pmol L. The voltage which lead to maximal hydrogen peroxide production rate is
21kV. With the introduction of a global kinetic model, the time-dependent concentration of
different species such as H, OH and H50O, is calculated.

Considering the assumed fully ionized water with an initial density of 3 x 102 m~2, the
plasma is in quantum state. Using the Fermi-Dirac statistic and the cavitation theory, an ini-
tial temperature of approx. 8000 K for 21 kV can be estimated.
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1 Motivation

Pulsed discharges in liquids have been subject of attention in the field of plasma
science, biology, chemistry and technology. They offer wide range of applications
such as the destruction of microorganisms [1], water treatment [2, 3] and shockwave
formation [4].

Over the last decade, the interest of plasma-liquid interactions are broadened to
growth of nanoparticles |5, 6], chemical synthesis |7] and environmental sector [§].
Because of water pollution due to the use of pesticides in agriculture [9] and hardly
degradable textile dye by the industry [10], water purification has become the main
focus of investigation. Conventional water purification with ozone treatment, fil-
tration and chemicals are not able to decontaminate all microorganism and toxins.
Radical species like hydroxyl and hydrogen peroxide produced by pulsed discharges
at high voltages in water can overcome weaknesses of the current water purification
[1,18]. Especially, hydroxyl is highly efficient in case of organic compound mineraliza-
tion [8]. Besides radicals, UV radiation and shockwaves are generated during pulsed
discharges [11]. Nanosecond pulses with short rise times lead to instant plasma state
formation and might be more efficient for species creation than microsecond pulsed
or plasma-gas-liquid systems [12].

Plasma-liquid interactions are of complex nature and cannot be investigated easi-
ly without influencing the system. Despite intensive research on different discharge
setups |7, |12-16], there is still no agreement on comprehensive theory for the de-
scription of the physics and chemistry.

Examination of nanosecond pulsed discharges are challenging due to short dura-
tion and small geometrical dimension of the created bubble. Nonetheless, optical
emission spectroscopy, shadowgraphy and schlieren imaging can give information
about the chemical composition, breakdown and for monitoring shockwave forma-
tion inside the liquid which is used for pressure estimations. Measurement of electri-
cal properties of nanosecond pulse discharges can be performed with a back current
shunt [17]. Information about oxidation effects of a system can be received by hy-
drogen peroxide measurement.

For the first time, investigation of the hydrogen peroxide production and its evo-
lution for a 10 ns pulsed discharges in a pin-to-pin setup in distilled water is realized
in this thesis.

For the measurement of hydrogen peroxide, absorption spectroscopy is performed
in combination with colorimetry. Treatment time, discharge frequency, discharge
voltage and electrode gap distance which influence the hydrogen peroxide forma-
tion are studied for better prediction of the hydrogen peroxide density. Moreover,
a modeling of the species created during the discharge process is performed and
compared to the measured hydrogen peroxide density. Consideration of different
energy distributions of the electrons at ignition is realized. The initial temperature
is calculated according to this consideration.



Results from the measurements and the modeling participate to better under-
standing of the species creation during nanosecond pulsed discharges. Further inves-
tigations can improve the model to achieve better prediction of the created species.
The extreme properties of these discharges lead to changes in the fundamental con-
siderations of the plasma properties at ignition.



2 State of the Art

In this chapter, the state of the art for the performed study is presented. First,
the definition of a plasma is given. Then, the breakdown mechanism is described.
The discharge configuration and breakdown mechanism in liquid and parameters
are taken into account in the explanation of the discharge in liquid. Next, the cavi-
tation theory as well as the evolution of the discharge in the nanosecond pulse are
explained. The chemical reactions in the discharge channel are described at the end.

2.1 Definition of a plasma

A plasma is a state of partly ionized gas with neutral and charged particles. From
a macroscopic view, it is quasi-neutral and shows collective behavior. Within a
specific scale individual charges can be perceived. The following conditions define a
plasma state:

The Debye length Ap is the length of the shielding of the plasma:

EOkBTe
Ap = . 2.1
b= (21)

The vacuum permittivity is given by ¢y, the Boltzmann constant is kg, the tempera-
ture of the electrons in the plasma is 7;, the density is n and the elementary charge
is e. To guarantee quasi-neutrality, the dimension of the plasma L must be greater
than the Debye length:

L> A\p. (2.2)

Local changes in the density of charged particles are shielded on a scale smaller than
L if the condition above is fulfilled.

A volume with the radius of the Debye length can be defined as the Debye sphere
Vb.
4 13
Vb = 577/\1) (23)

To ensure collective behavior, the number of particles inside this Debye sphere Np
must be much larger than one. This condition is expressed by

4
Np = gw)%n > 1. (2.4)
Charged particles react to changes in the plasma with plasma oscillation at the

plasma frequency wep.
Ne€2

(2.5)

wp =
€Egm



The effective mass of the electrons or ions is m. In a plasma, the electromagnetic
force is the dominating force where else hydrodynamic forces are prevalent in gases.
The product of the plasma frequency wp and the mean free time of two neutral
particles 7 must be greater than one:

wpT > 1. (2.6)

2.2 Breakdown mechanism

Within a gas filled gap, free electrons accelerate to the anode if an electric field
is applied. These electrons are able to ionize the species in the surrounding gas
inducing an electron avalanche allowing the ignition of a plasma. For low pres-
sure and short gaps (p - d < 4000 Torr cm) Townsend breakdown occurs [18, [19)].
Ionization of the surrounding gas is caused by electron avalanches. This process
starts with the acceleration of free electrons towards the electric field direction. If
their energy is high enough, they can ionize atoms and molecules by collision. This
releases additional electrons which experience the same acceleration and therefore
collide with further atoms. A chain reaction has started and an electron avalanche
occurs. For the plasma to ignite, the same amount of electrons at the origin of
the avalanches needs to be replaced by new electrons. These new electrons are the
result of secondary electron emission caused by impinging ions at the cathode. As
long as this criteria is fulfilled and the voltage is applied, the plasma is self-sustained.

In larger gaps and for higher pressures, spark or streamer breakdown mecha-
nisms take place. Sparks are breakdowns in a narrow channel and are related to
avalanches. Streamers are thin ionized channels with conducting and filamentary lu-
minous structures which propagate quickly between electrodes in a positive charged
path of previous primary avalanches. The mechanism of the avalanche is the same
as for the Townsend breakdown but with a higher electron density. The density of
charged particles induces an electric field of the same order of magnitude as the elec-
trical field given by the geometrical configuration of the electrodes. This influences
the evolution of the avalanches in comparison to the Townsend breakdown. Photons
generated by the primary avalanches initiate secondary avalanches. The electrons of
the latter get pulled by the positive charged trail of the primary avalanches initiating
a positive streamer [18-20].

2.3 Discharge in liquid

Discharges in liquids are challenging to investigate due to their complex interac-
tions of plasma and liquid. No consistent description of the discharge behavior and
plasma properties are existing yet. Influences of the experimental parameters on the
discharge are not fully understood. This section gives an overview of the discharge
configurations, behaviors and parameters.
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2.3.1 Discharge configuration

Non-thermal plasma-liquid interaction can be realized by several setups. Commonly,
these configurations consist of a metal pin or plate electrode placed in or outside of
the liquid and are powered by AC, DC or HV pulses. In addition, the conditions
for the plasma can be changed by bubbling a gas inside the liquid which induces
breakdown within the gas bubbles. Therefore, the different types of reactors can
be summarized to direct liquid phase discharges (a), discharges in gas phase with
liquid electrode (b) and direct liquid phase discharges with additional bubbles (c)

(see fig2.1]) [14].

= HV
(@) (b) (c) |pulse

Figure 2.1: Three different electrode configurations for plasma-liquid interactions. (a)
direct liquid phase discharge reactor (b) gas phase discharge reactor with
liquid electrode (c) example of bubble discharge reactor [14].

In case of the direct liquid phase discharge reactor, both electrodes are placed in
the liquid. Figure shows a pin-to-plate configuration where else a pin-to-pin
configuration is also common. If one electrode is positioned above the liquid surface
and the liquid acts as an electrode (fig. ), the discharge ignites in gas phase
and interacts with the liquid. In these gas phase discharge reactors, the electrode
properties are different to the first type as the secondary electron emission of water
is smaller compared to metals. Ignition can take place in liquid with bubbles, too
(fig. 2.1¢). These reactors are similar to the direct liquid phase reactor. More
information about plasma-liquid interactions can be found in literature |13} |14].

2.3.2 Breakdown mechanism in liquid and parameters

Formation of plasmas in liquids depends on various parameters, which influence
the breakdown. These parameters are electrode configuration, material and shape,
liquid properties, applied voltage and the shape and width of the pulse |13} 21} 22].
In addition, the length and properties of the cable connecting the pulse generator and
the electrode affect the discharge in nanosecond pulses [12]. As the breakdown occurs
at the electrode tip, the electric field E is proportional to the stressed electrode area

A as well as the stress time ¢. )
EFoc ATt 3 (2.7)

The constant n is depending on the liquid properties and electrode gap distance 22}
23].



For liquid as a plasma medium, the amount of free electrons is significantly less
than in gas. Therefore, electron avalanches in bulk water are almost negligible as
the high electric field region close to the electrode and the large scattering cross
section result in kinetic energy not high enough for ionization |14]. Free electrons
vanish within picosecond if they are present [24].

For in-liquid discharges created by microsecond pulses, a micro-bubble forms at
the tip of the driven electrode within microseconds, which is the starting point for
the electrical breakdown [25, 26]. From this gaseous phase, large electrical fields due
to electrohydrodynamic instability of the bubble-water interface yield the break up
of the bubble and streamers formation |27 28].

In case of nanosecond pulses, however, the discharge cause a high field region
at the driven electrode which assists thermal dissociation of water into conductive
species. This conductive region is able to ionize surrounding regions and a break-
down mechanism is initiated with this ionization wave [29]. Preexisting nanopores
help the streamer to propagate after previously mentioned effects occur [14].

According to Tereshonok et al. [30], pre-breakdown and breakdown phenomema
can be summarized in four time scales. Within the order of 1ns, in the first time
scale, pre-breakdown processes like cavitation void, cavitation bubbles and townsend
breakdown take place. In the second time scale, liquid vapor fills the cavitation bub-
ble. In the conductive region, breakdown phenomena such as the streamer break-
down occur between 10 pis to 30 ps during the third time scale. The fourth time scale
is characterized by the slow thermal breakdown of duration in ms.

Marinov et al. [31] observed bush-like and tree-like streamers. Micro cavities form
at the rising and/or falling edge of the high voltage pulses around the breakdown
voltage. Bush-like streamers ignite in this cavity tree-like and streamers seem to
ignite directly inside the liquid.

2.4 Cavitation theory

In a recent study, Grosse et al. [12] have used cavitation theory, shadowgraphy and
optical emission spectroscopy to investigate plasma generation in 10 ns pulses with
both electrodes emerged in distilled water of 211S cm™! conductivity.

Cavitation occurs as a result of local pressure differences in liquids caused by
fast moving objects or electrical breakdown at high voltage and bubbles are formed.
Pressure differences and surface tension are the acting forces at the bubble surface,
they are considered in the derivation of the expansion of the bubble. The starting
point of the derivation is the Rayleigh-Plesset equation which describes the expan-
sion of a spherical bubble inside compressible liquids with pressure pulse propagation
at sound velocity [32135]. This equation is simplified to:

(1= B Bre(- By (10 ) 29

The bubble radius is R, C'is the speed of sound at the radius interface and h is the
enthalpy. The calculation of C' and h can be seen in [12].
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Figure 2.2: Numerical solution of equation with initial radius Ry = 25pum, initial
pressure pg = 5 x 10% Pa and initial velocity Ry = 0: (a) bubble radius R(t),
(b) bubble radius velocity R(t), (c) temperature of the gas inside the buble
T'(t) with initial temperature Tp = 1200 K, (d) pressure p(t) of the gas inside
the bubble [12].

Based on this equation, the bubble radius R(t), the bubble radius velocity R(t),
the temperature of the adiabatic expansion T'(¢) and the pressure inside the liquid
Pliquid (R) can be calculated.

1 1 v 2
pliquid(R) - 2€0E12{v<1 - € wntor + Evj;ﬂ) +p0,gas <RRf]) - Eo— - 477§ (29)
The electrical field constant is €, the dielectric constant of water is €yater = 80,
k = 1.5 is the coefficient taking into account electrostriction [36], pogas is a free
parameter, v = 1.33 is the adiabatic coefficient of water, o is the surface tension
and n the viscosity of water and Fyy = Uny/Ry is the electric field at the tungsten
tip surface. The initial temperature at an initial bubble radius Ry is Tp.

Ry

T(t) = T0<R(t)>3(“) (2.10)

The solved numerical solution of equation [2.§ with an initial pressure of py =
5 x 108 Pa, and initial radius of Ry = 25pm an the initial velocity Ry = 0 can be

7



seen in figure 2.2l (a) is the bubble radius R(t), (b) is the bubble radius velocity
R(t), (c) is the temperature of the gas inside the bubble 7'(t) with an initial tem-
perature Ty = 1200 K and (d) is pressure p(t) of the gas inside the bubble. Within
the pulse duration of ¢,ys = 10ns the bubble size stays almost constant. At 50 ns,
the maximal velocity of 400ms™ is reached. The maximum bubble size of 600 pm
is reached at 50 ps. Due to the adiabatic expansion, the pressure dropped to 103 Pa
and the temperature to T = 0.057; at the latter mentioned time. At 100ps, the
bubble collapses.

60 — . . : : .
= measurement
50 F — Pinitial ~ u? N
O Ppgas from cavitation theory
o 40f |
O,
S 30} |
o
£ 20F |
A
[N
v
10 + |
0 5 10 15 20 25 30

Upy [kV]

Figure 2.3: Analysis of the emitted propagation of the soundwave: average initial pres-
sure (Pinitial) Within the first 44 ns after ignition derived from propagation
velocities of the initial sound wave as a function of the ignition voltage Upy.
A scaling of (pipitia1) x U HV? is the solid line. Do,gas 1s the fitting pressure
inside an initial bubble with radius 25 pm to model the expansion of the
cavitation bubble (open symbols) [12].

Moreover, the fitting initial pressure pg o5 in dependency to the discharge voltage
Unv inside the initial bubble of 25 pm is fitted to model the expansion of the cavita-
tion bubble. It can be seen in figure . Po,gas 1 a free parameter and has been set
for the best fitting result according to bubble size measurements with shadowgraphy.

Evolution of the discharge in nanosecond pulse

The mechanism of the discharge can be seen in fig. [2.4) and can be summarized
as follows: (a) At a radius of approximately 5pum at the tip of the electrode after
1ns, a local negative pressure causes the liquid to rapture to nanopores and the ig-
nition takes place in latter with a water molecule density of 3.3 x 102 m~3. Due to
electrical energy dissipation, the liquid within mentioned radius converts instantly
into plasma state. With a dissipated energy of 3.2 x 107> J [12], complete ionization
of the water can be assumed and high pressure initiates cavitation and the bubble

8
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Figure 2.4: Schematic of bubble properties during expansion: (a) ignition creating the
initial bubble with 5 pum radius, (b) pressure and temperature release creates
initial super critical water bubble with Rq = 25 pm radius at py = 5 x 10% Pa
and T = 1200K, (c) adiabatic expansion of the bubble at 50 pm radius at
p=2x10"Pa and T = 550K, (d) at 80pm at p = 107 Pa and 7' = 450K
condensation set in and bubble reaches critical point. (e) at 100 pm at p =
10%Pa and T = 260K, (f) at maximum radius of 600 um at p = 103 Pa and
T =50K, (g) collapse at t = 100 s [12]

expanses. (b) Within a bubble of 25 pm radius size and a temperature of 1200 K, the
vapor is now in a super critical state at liquid water molecules density after 10 ns.
The pressure is of 0.5 x 109 Pa. (c) After the pulse, this bubble expands adiabati-
cally. The sound waves caused by the initial pressure propagate through the water
from this point. High voltage power oscillation between the power supply and the
chamber re-ignites the plasma. (d)-(f) Due to condensation, the bubble reaches its
critical point and the pressure and temperature drop. The maximum size of 1.2 mm
is reached after 100 us. The temperature and pressure drop to 50 K and 10 mbar
after 60 ps. (g) At the end of 100 ps, surface tension causes the bubble to collapse.

The efficiency of species formation of nanosecond pulse direct liquid phase dis-
charge underlies the instantaneous conversion of water into plasma state. Produced
species are converted back into liquid state and liquid interactions are more efficient
in comparison to gas phase discharges interacting with liquids or traditional chemi-
cal methods [12, 37].



2.5 Chemical reactions in the discharge channel

Pulsed electrical discharges in or in contact with liquids induce conductive streamer
channels and high energy electrons which are able to dissociate and ionize water
molecules to radicals. Radicals are atoms or molecules with unpaired electrons at
the valence band. Discharges in water form Reactive Oxygen Species (ROS). These
are e.g. oxygen (O), hydroxyl (OH) and hydroperoxyl (HO,) [38]. Once these highly
reactive primary species are formed in the discharge channel, they react with each
other to form secondary species like molecular oxygen (O, ), molecular hydrogen (Hy)
and hydrogen peroxide (HyO5) or react with solutes in the bulk. As the discharge
and its behavior is dependent on properties like applied voltage, electrode and liquid
properties, these parameters highly affect the species formation. [39-44].

The overall stoichiometric ratio of molecular hydrogen, hydrogen peroxide and
oxygen is of 4 : 2 : 1 [41] which is shown by reaction R [I}

6H20—>4H2+2H202+02 (R ].)

Water molecules are dissociated and ionized by the electrons to hydrogen (Hs) and
hydroxyl (OH). Reaction R [2| is the main discharge reaction, M is a secondary
reactant which can be H,O. Oxygen (O) is formed as in reaction R3] The discharge
reactions occur during the pulse.

H,O+M — H+OH+M (R 2)

OH + OH — H,0 + O (R 3)

After the pulse, the bubble expands and the primary species recombine to form
secondary species. These reactions are:

OH + OH — H,0, (R 4)
O0O+0 — 0O, (R 5)
H+H— H, (R 6)

H+ Oy — HO, (R7)

These reactions have described been more detailed in literature [13| |15} 45].

Medodovic and Locke [45] and Sahni et al. [46] conclude, that reaction R [4]is the
major reaction for hydrogen peroxide formation. As two hydroxyl recombinate to
hydrogen peroxide, the measurement of hydrogen peroxide concentration in a dis-
charge system can give information about oxidation effects of the system. Hydrogen
peroxide formation in a pin-to-plate configuration increases with increasing applied
voltage and decreases with increasing solution conductivity [42} 47]. A modeling of
the species creation for microsecond pulsed discharges in water has been performed

by Medodovic and Locke [45].
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3 Experimental Methods

The experimental methods will be described in this chapter. First, the water con-
ductivity and absorption spectroscopy are explained. Then, the colorimetic method
including the measuring process are addressed. At the end, the parameters of the
performed measurements are given next to the concentration and error calculation.

3.1 Discharge setup

FID HV Power Pulse

Generator
BCS
+«—— liquid inlet
HV cable q
copper rod
air outlet —>| &
cannula
liquid tungsten
wire
glas tube (= | <— liquid outlet
outlet

Figure 3.1: Discharge setup with a pin-to-pin electrode configuration.

The discharge chamber (fig. is built in a pin-to-pin configuration with a vol-
umetric capacity of 25 mL and it is made of Polymethylmethacrylat. The driven top
electrode is a tungsten wire which is connected over a cannula, a glas shielded copper
rod and high voltage cable to the power generator. The grounded electrode consists
of a cannula made of stainless steel inserted into a glass surrounded copper rod and
is placed at the bottom. The electrodes are placed in a distance of approximately
5mm to 10 mm, depending on the wear of the tungsten wire.

A liquid inlet is placed on the side with the opening facing up and an outlet is
positioned at the lowest point of the chamber. In addition an air outlet is mounted
at the highest point. For all measurements distilled water with a conductivity of
2pScm~! was used.
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The 50 pm thick tungsten wire yields high field strength at the tip and it is kept
the same to ensure the equal condition during all measurements. The power genera-
tor is a FPG 30-01NK10 High Voltage Pulse Generator (FID GmbH). It generates
10 ns pulses with rise times of 2ns to 3ns within the frequencies between 1 Hz and
100 Hz of voltages in the range of 15kV to 30kV. A 11.95m RG217 coaxial copper
high voltage cable connects the electrode and the power generator. A back current
shunt (BCS) for additional pulse monitoring is mounted into this cable. The whole
setup is built in a Faraday cage for electromagnetic field shielding of measuring de-
vices and for general risk reduction.

3.2 Water conductivity

For the production of hydrogen peroxide, the electric conductivity of the distilled
water is important as described in section 2.5l On that account the electric conduc-
tivity is measured before and after the treatment with a conductivity meter GLF100
(GHM Messtechnik). No change in the conductivity of o = 2pScem™! is observed.

3.3 Absorption Spectroscopy

A common way to analyze treated water is by optical diagnostics. Within this
method, absorption spectroscopy can determine the absorption spectrum of gases,
liquids or solids as a function of wavelength by measuring the absorption of irra-
diation as it passes through the substance and interacts with it. HyO, is difficult
to detect directly due to its broad UV absorption spectrum [48, 49]. By using the
colorimetric method, the detection of HoOy can be enhanced. Therefore optical ab-
sorption spectroscopy can be performed.

gray cuvette focusing

LDLS collimator filter bandpass shutter with sample lense

spectrometer

Figure 3.2: Optical absorption spectroscopy setup.

The optical absorption spectroscopy setup is shown in figure 3.2] It is designed
in a one beam configuration. The light source is an EQ-99XFC LDLS™ (Energetiq
Technology Inc.) which is a “Laser Driven Light Source” with a spectrum reach-
ing from 190nm to 2100 nm and a fiber-coupled output. To achieve a parallel light
beam a collimating lens with a focal length of 60 mm is placed behind the glass fiber.
A gray filter is used to attenuate the high intensity of the light beam that passes
a 350nm to 650 nm band-pass filter to eliminate unnecessary wavelengths and a
shutter for a smaller light beam diameter. The beam then goes through the 10 mm
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path length UV-Cuvette (BRAND®) filled with the sample. For a fixed and easy
placing of the cuvette, a holder has been made out of stainless steel and mounted
on a platform. A focusing lens with a focal length of 60 mm focuses the light beam
to the glass fiber that is connected to a SILVER-Nova 25 TEC BW16 (StellarNet
Inc.) spectrometer. The whole setup is built in an optical 30 mm cage system on an
optical bench for better adjustments and alignments.

3.4 Colorimetric method

As mentioned above, HyO5 has a continuous absorption spectrum between 215nm
to 375 nm [48] and can be measured at 230 nm [49]. Generally, colorimetric method
with titanium sulfate reagent is used to measure HyOo [41], 44} |50]. This method
was developed by Eisenberg in 1943 [51] and is able to detect HyO5 in the range of
2mg L™! to 30 mg L~!. However, this method requires a preparation of the titanium
sulfate reagent with titanium dioxide and sulforic acid solution.

A more user friendly commercial test kit by Merck KGaG with the Neocuproine-
Copper(IT) method with a detection range matching the concentration of HyO5 found
in the treated water was used in this work. HyO, reduces Cu" to Cu' in presence of
Neocuproine (NC). The overall stoichiometry can be seen in reaction [§] The color
of the sample is yellow to orange with an absorption maximum at 454 nm. Tiitem et
al. [52] and Pecci et al. [53] have described this spectrophotometric determination
of HyO5 in detail.

2Cu*" +4NC + Hy0y — 2Cu(NC)y" 4+ 0, +2HT (R 8)

The HyO, test kit is the Spectroquant® Hydrogen Peroxide Test 1.18789.0001
(Merck KGaG). Tt contains one Hy0,-1 reagent bottle with Cu''-ions and another
H505-2 reagent bottle with NC. Using a cuvette with 10 mm path length, the mea-
suring range is within 0.03mg L™ to 6.00mgL~!. If the cuvette is of 20 mm path
length the measuring range will be more sensitive by a factor of two. For convenience
purpose, the HyO, concentration will be given in pmol L=! at this point. Using the
relation n = m/M with the molar mass My,0, = 34.0147 gmol ™!, the measuring
range equals 0.88 pmol L™! to 176.39 pmol L1, As the treated water has a pH of 5,
it lies in the range of 4 to 6 required for the used of the kit.

3.4.1 Measuring process

The process of treatment and HyOy measurement is described in the following:

For every measurement new distilled water needs to be filled in the chamber. With
the air outlet opened, a constant but high water flow through the liquid inlet leads
to a small air bubble or even no air bubble in the chamber. This will guarantee
the same amount of water of 25 mL throughout the experiment. As the chemical
reaction during the discharge is not depending on the water amount, latter could
affect the HyOy concentration in its consecutive determination. Once the chamber
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is filled, the HV pulser can be turned on.

To determine the HyO4y concentration in the liquid, 0.5 mL of reagent HyO5-1 of
the test kit needs to be pipetted into a test tube. Then, 8.0 mL of the treated water
can be added and mixed. Finally, 0.5 mL of reagent HyO»-2 has to be pipetted into
the test tube and mixed. After 10 min reaction time, the sample can be filled in the
cuvette and can be measured with the optical absorption spectrometer.

Before using the spectrometer, the light source needs to be turned on at least
20min in prior for stable light. Due to the frequently crashing software of the
spectrometer, the transmittance or “scope mode” is used and the spectra are saved
as text files. The absorbance is calculated by post treatment of the data with a
self-written python script. The attenuation of the intensity of the light by passing
the treated water with the reagent follows the Beer-Lambert Law:

A= —logm(?) = ecd. (3.1)

o

The absorption is A. The reference spectrum is Iy which is the reagent used on
untreated water. The spectrum of the treated sample is 1, € is the molar extinction
coefficient, ¢ is the concentration and d is the path length of the light. For each set
of measurements the reference needs to be made and its spectrum needs to be mea-
sured. This will ensure the elimination of changes at the spectrometer and variation
of water and reagent absorption is taken into account each time to minimize the
error of the measurement. Both intensities Iy and I; need to be subtracted by the
dark spectrum Ig, due to the background noise of the spectrometer. Therefore,
Iqark 1s also needed.

3.4.2 Calibration

The calibration of the absorption spectrometer is achieved by diluting a commercial
H,0, standard 30% solution with distilled water to the detection range of the test
kit. The molar concentration of the HyOy standard 30% solution is 9.8075 mol L~!
and the density of 1.112gmL~! at 20°C.

Two calibrations are performed with the first test kit used for all measurements
(fig. and a new second test kit right after all measurements (fig. . The
absorption value A as a function of known hydrogen peroxide concentration ¢ with
the hydrogen peroxide test kits are shown.

The calibration with the first test kit will be used to calculate the HyO9 concen-
tration for the results. The calibration with the second kit will not be used as it
does not show a linear behavior until the maximum detection range. A detailed
discussion about the calibration can be found in section 4.1l To calculate the con-
centration c¢ of the sample, the molar extinction coefficient € is needed.

The linear fit with the equation ((3.2)):
A = ecd + Ay, (3.2)
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Figure 3.3: Calibration curve 1: Absorption value A as a function of known hydrogen
peroxide concentration ¢ with the first hydrogen peroxide test kit. This kit
was used for the measurements with time, frequency and voltage variation.
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Figure 3.4: Calibration curve 2: Absorption value A as a function of known hydrogen
peroxide concentration ¢ with the second hydrogen peroxide test kit. This
kit is a “new” test kit.

with Ay denoting the y-intercept and d = 1cm is the path-length of the cuvette,
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yields
€1 = (0.0168 4 0.0004) Lyumol 'em™,  Ag; = (0.01 4 0.03) a.u. (3.3)
and

€2 = (0.0249 4 0.0013) Lumol 'em™,  Ags = (0.02 4 0.02) a.u.. (3.4)

3.5 Performed measurements

In order to analyze the hydrogen peroxide production in this nanosecond pulsed
discharge in water, measurements of the hydrogen peroxide concentration with vari-
ation of different parameters were performed. These measurements are time (1),
frequency (2) and voltage (3) variations and the different parameters can be seen in
table 3.1l Chosen parameters will be discussed in the result section [£.2]

Table 3.1: Parameters of the measurements to analyze the behavior of the hydrogen
peroxide production.

Parameter: | . )
W time ¢ [min] | frequency f [Hz| | voltage Uny [kV]

time (1) 3: 5; 10; 20 15 20
frequency (2) 5 1; 15; 30; 60; 100 20
voltage (3) 10 15 15 - 30

3.6 Concentration and error calculation

The hydrogen peroxide concentration c,, of the measurements with different treat-
ment time, frequency and voltage and its error Ac,, is calculated as

Ap — Ao
m= 3.5
¢ ed (3:5)
and
Ac,, = 507’“ AA,, + 507’” AAy + 5677” Ac
1 1 A — A '
= |—|AA, + |[—=|A4y+ |[-—2_—2|A
ed m+’ ed‘ 0+' e2d ©

where A,, represents the mean absorption value of the measurements and AA,, is
the standard deviation of the mean. The error of the path length d is small enough
to be neglected. Errors that occur during the calibration and measurements are
difficult to determine because of the procedure. The errors of the parameters are
given indirectly by the variation of the HyO5 standard solution concentration, the
changing ambient temperature and pressure, the use of pipettes and the minimal
technical error during the measurements process. To account these errors, the esti-
mate of the largest error is used instead of the Gaussian error propagation.
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4 Results

In this chapter, the performed study are analyzed and discussed. First, the discus-
sion of the calibration is given before the results of the influence of the parameters
on the hydrogen peroxide concentration are evaluated. Then, an estimation of the
initial temperature based on the cavitation theory is performed. Next, the Global
Kinetic Model is introduced and the calculation is presented. At the end, the con-
sideration of quantum plasma is analyzed.

4.1 Calibration discussion

Based on the calibration, all concentrations will be calculated. Therefore, errors of
the calibration will be discussed in detail. The first calibration line (see. fig
was obtained with the same test kit used for all measurements. Only one set of
measurements is performed. This explains the absence of y-errors. The second cal-
ibration line (see fig. has been performed with the second test kit of the same
charge as the first test kit but it does not show a linear behavior for the full detec-
tion range from 0.88 pmolL~! to 176.39 pmol L=!, which can be seen if comparing
the linear and the asymptotic fit. Instead, the saturation starts at approximately
120 pmol L™, which yields a 48 % higher molar extinction coefficient compared to
the first calibration line. For both, the same HyO5 solution was used. Since the first
calibration line is not of triplicate, in comparison to the second calibration line, sta-
tistical errors during the process which could occur e.g. while using pipettes cannot
be excluded. Triplicate measurements have been made for the second calibration
curve using the Eppendorf Multipette® M4.

To exclude possible statistical errors caused by the latter, another calibration
with the second test kit using manual pipettes was executed, which shows results
with the same behavior as the second calibration line (no graphic included). There-
fore, errors during the process or caused by the instruments are unlikely to have
appeared. Density and concentration changes of the HyO, standard solution due
to pressure and temperature fluctuations can be neglected because changes of these
ambient parameters were not sufficient to influence the density and the concentra-
tion of the HyO,. Since both test kits are of the same charge, three possible cases
can be conducted to explain the differences. First, experimental and instrumental
errors were made in the first calibration, which cannot be determined afterwards as
the kit is empty. Second, the first test kit oxidizes while in contact with air during
the measurements even if the flask was closed immediately. Third, the test kits are
of different molar extinction coefficients due to concentration inconsistencies during
the production process. It is most likely that the second case causes the difference in
the calibration curve due to the long measurement process for this thesis. Nonethe-
less, the first calibration line will be used for further calculation as this test kit was
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used for the measurements.

4.2 Influence of the parameters on the hydrogen
peroxide concentration

The analyze of the influence of the parameters on the hydrogen peroxide concentra-
tion are examined by treatment time, frequency and voltage variation. In addition,
the influence of the electrode gap distance is investigated.

4.2.1 Treatment time variation

Measurements of the HyO4y concentration with treatment times of 3 min, 5 min and
20 min have been performed at a voltage U of 20kV at a frequency f of 15Hz to
evaluate concentration changes (fig. . As discussed in section , each discharge
and breakdown initiates formation of primary and product species. The most stable
product besides water and molecular oxygen is hydrogen peroxide. With increa-
sing treatment time, more discharges occur with similar discharge properties. This

should give a linear increase of the hydrogen peroxide concentration as shown in
literature [41], 43].

60 T T T T T T T
m Time
Linear Fit
50 95% Confidence Band -
40 -

¢ [umol/L]
8
T

20 - ]
Equation y=a+b*x
10 Intercept -0.10979 + 0.31009 | 7]
Slope 2.56792 + 0.03879
R-Square 0.99954
0 N L 1 N 1 N 1
0 5 10 15 20

t [min]

Figure 4.1: Hydrogen peroxide concentration ¢ as a function of treatment time ¢t at U =
20kV and f = 15Hz.

Regarding to this, the chosen treatment time was set to a maximum of 20 min
because a saturation cannot be reached. Even after hours of treatment time as the
production of species will increase linearly until few water molecules are left. The
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amount of water molecules in the estimated initial radius of the volume rq = 25 pm
is about 3.6 nmol, compared to the water inside the discharge chamber with a vol-
ume of 25 mL, which is about 1.38 mol. Additionally, not all of the water inside the
initial radius can be converted into hydrogen peroxide. The aspect of efficiency will
be discussed later. The voltage of 20kV at the frequency of 15 Hz has been chosen
because this parameter shows a HyO, concentration that is in a good measuring
range of the HyO5 test kit. Higher parameters show the same correlation between
the concentration and the different treatment time.

As assumed, figure clearly shows a linear increase of the HyOy production.
The linear regression results in the slope my and intercept b; of

my = (2.57 £0.04) pmol L™ min™!, b, = (—0.1 4 0.3) pmol L™". (4.1)

The hydrogen peroxide concentration as a function of the treatment time at the
voltage of 20kV at the frequency of 15 Hz increases by the factor m. For ¢ = 0 min,
the concentration should be 0, which is in the error range of the intercept b;.

4.2.2 Frequency variation

An increase in discharge frequency is expected to lead to a linear increase of the
H504 concentration. This is valid as long as the frequency is not high enough to
ignite within the duration of the previous discharge since it is assumed that each
ignition takes place in “new” water. The estimate of the entire discharge duration
until the bubble collapses is tpupple = 100 ps [12].
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Intercept 0.05503 + 0.71457
Slope 0.78284 + 0.01958
R-Square 0.99813
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Figure 4.2: Hydrogen peroxide concentration ¢ as a function of discharge frequency f at

U =20kV and t = 5min.

The highest possible frequency of the HV pulser is fi.x = 100 Hz, which leads to
a discharge every 10 ms. In comparison to the duration of the pulse of ¢, = 10ns,
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the time between each pulse is in the order of the magnitude 10? higher than tpuppie.
Therefore, the linear behavior should still be valid for f,,,,. Thermal changes of
the liquid by the discharge are quickly compensated and can be neglected, as the
estimated initial radius of the volume is ry = 25 um, which results in a volume of
65 x 107 m3, in comparison to the 25 mL=2.5 x 10~° m?. Furthermore, the expan-
sion of the bubble is adiabatic.

Figure[4.2]depicts the H,O4 concentration as a function to the treatment frequency
at the voltage Uy = 20kV and the treatment time of ¢ = 5min. The treatment time
of 5min has been chosen in consideration of the wear of the electrode to not stress
the electrode for too long as the tip will shorten quickly in the high frequency range.
The linear regression results in the slope m¢ and intercept by of

me = (0.783 £ 0.020) pmol L™  Hz ™!, by = (0.1 £ 0.7) pmol L. (4.2)

This finding confirms the assumption of the linear increase of the HoOy concentra-
tion with increasing discharge frequency of the factor m¢ at the voltage Uy = 20kV
and the treatment time of ¢ = 5min. For f = 0Hz, no discharge can produce hy-
drogen peroxide. This liess in the result of the given intercept by.

4.2.3 Voltage variation

In comparison to the parameter variation of time and frequency, the voltage has a
major influence on the discharge. The initial pressure py, and volume V{ depend on
the energy Ej dissipated into the liquid according to cavitation theory [12]. This
means that the energy going into the microbubble and streamer creation is higher
with increasing voltage Uyy, which is linked to a higher temperature. Due to the
non-thermal behavior of the plasma, the term temperature has to be used with care.
Nevertheless, higher temperature result in higher dissociation and ionization rate of
the water molecules. An increase of the voltage will therefore increase the HyO,
production. Based on the correlation py oc Uiy [12] (see fig. , the HyO4 produc-
tion rate should decrease for higher voltages.

Measurements to verify this assumption have been made in the voltage range
of 15kV to 30kV at f = 15Hz and ¢t = 10min treatment time (fig. [4.3). The
discharge ignition in distilled water of ¢ = 2 S cm™! was irregular under 15kV. The
H>0O, concentration increases quickly until approximately 21kV which correlates
to 32pmol L1, before it starts to decline and saturate. The hydrogen peroxide
production is strongly dependent in the initial temperature, which is linked to the
initial pressure. Hence, a decline of the hydrogen peroxide production rate should
be seen for increasing voltage. This is confirmed by the result of the measurement.

The optimal voltage range with the maximum H,O, production rate of 37 pmol L}
at 21 kV for 15 Hz and 10 min treatment time is right in the voltage range of the HV
pulser from 15kV to 30kV. This voltage can be considered as the optimum voltage
for the HyO45 production.

The large error bars in figure result from the five sets of measurements and
the error of the calibration. Within one set, the HyOy concentration is measured
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Figure 4.3: Hydrogen peroxide concentration ¢ as a function of discharge voltage U at
f =15Hz and ¢ = 10 min.
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Figure 4.4: Sets of the hydrogen peroxide concentration ¢ as a function of voltage U at
f =15Hz and ¢t = 10 min.

from 15kV to 30kV. After each set, the H,O5 concentration decreases proportionally
(see. fig. . Set 1 may be an outlier. Ambient temperature, pressure, conductivity
changes are small and negligible as their influences on the water and discharge are
not sufficient. No changes in the setup or in the measurement process have been

21



made.

Possible errors for this are the increase of the electrode gap due to wear of the tip
(see. section[d.2.4) and the minimal changes in H,O test kit if it gets in contact with
air. The observation is that the Neocuproine (NC) solution in the HyO,-2 reagent
bottle oxidizes quickly when exposed to air. This could change the concentration of
the HyO5 test kit and the ratio of the Cu" to the NC is changed when mixed with
the treated water in the test tube. The absorbance of the latter would change. Since
the oxidation accumulates during the measurements as the bottle will be exposed
to the air, the absorbance and therefore the HyO, concentration could decrease
accumulatively with the number of sets of measurements.

4.2.4 Electrode distance

45 T T T T T T T T T T T T T T T
I m  Electrode Distance| ]
40 % -

35 |

¢ [umol/L]
S & 8
1 1 1

-
(&)}

T T T
1

-
(&) ()
I
——
L L 1 "

0 M T TR T SR N S SR
0 2 4 6 8 10 12 14 16

d [mm]

Figure 4.5: Hydrogen peroxide concentration ¢ in dependency to the electrode distance
dat U =20kV and f = 15Hz.

For the evaluation of the HyO5 concentration dependency on the electrode distance
as mentioned earlier, measurements of the HyO, concentration in dependency of two
electrode distances at U = 20kV and f = 15Hz have been realized (see fig. [4.9)).
The distance of the electrodes was determined by a digital camera imaging and
a reference length in the picture. It can be seen that the HyO, concentration is
approximately 81 % lower if the distance increases by a factor of 3.5. One possible
explanation is the increase of the resistance R = U/I and decrease of the current
1 if the distance between the electrodes increases. This is due to the calculation of
the resistance with the Pouillet’s law

l

where [ denotes the distance between the electrodes, p is the electrical resistivity
and A is the cross section area.
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In respect to the electrical field E at the tip, which is of MV em™! [54], an increase

in the distance d lowers E as

U
E=-=. (4.4)

These explanations are supported by the observation of the brightness of the dis-
charge. For a small electrode gap, the discharge is brighter, hence the current I, the
temperature T and the electric field E are higher, thus greater HyOy production in
comparison to a big gap.

4.3 Temperature estimation based on the cavitation
theory

In consideration of the cavitation theory by Grosse et al. [12], the potential energy
Fy which drives the bubble expansion is expressed in Ey = pggasVo. As Vj is of
the constant radius ro = 25nm, the initial pressure pg 4.5 can be expressed as a
function of the discharge voltage U (fig. . In this thesis the initial pressure
Do,gas 18 Po. Due to the inertia of the liquid, the initial number of species Ny in Vj
must be constant. Hence, the potential energy is equal to Ey = Nok,Ty. The initial
temperature T can be calculated as in equation , which is equal to the ideal
gas law.

_ pO,gas%
~ Noky,

Ky, is the Boltzmann constant, Vy ~ 65 x 10~ m™3 is calculated using the initial
radius of 79 = 25um and Ny ~ 2 x 10 with the water density of p = 997 kgm—3
at 20°C and 1latm and the molar mass of M = 18.015gmol~!. The fitting for
continuous expression of the calculated initial pressure pg 4.5 as a function of the
voltage U by the cavitation theory can be seen in figure [4.6] Exponential fitting
methods have been tested but the polynomial fit in order of 2 shows the best shape
for these few data points of voltages 14kV, 18kV, 22kV and 24kV. According to
the deduced scaling of pinigiar o U? [12] (see fig. , the same scaling for the initial
pressure py will be made at this point and a quadratic fit is preferred.

To (4.5)

Based on the cavitation theory, the initial temperature 7j can be derived with the
assumption of the ideal gas law (see. eq. with constant initial volume V{, and
initial number of species Ny. To get an impression of the temperature dependence
of this chemical reaction the decomposition of hydrogen peroxide can be considered

(see. R[9).
1
H,Oy — Hy0 + 3 Oy (R9)

The standard Gibbs free energy of formation AGjo of this reaction is —120.42 kJ mol~*
[55], which is equivalent to approximately 1.2eV or 14000 K. The standard Gibbs
free energy of formation of a chemical compound describes the change of the Gibbs
free energy, which is required to form 1mol of the substance of the elements its
consists of. This energy defines the equilibrium criterion at constant temperature
when the thermodynamic potential is at minimum. Raising the energy in the system
above this energy will shift the equilibrium to the product direction. If the energy is
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Figure 4.6: Quadratic fitting of the pressure py inside the initial bubble with radius of
25um as a function of discharge voltage U to model the expansion of the
cavitation bubble [12].

below, the reaction will shift to the reactant direction. Detailed information can be
found in literature [56]. In this case, water and molecular oxygen will form hydrogen
peroxide if the energy in the system is above 14 000 K. Plotting reaction [9] in figure
4.7 according to the Arrhenius equation, the reaction rate k is

ks AemHOOKT (4.6)

The pre-exponential factor A is set to 101 for the best fit.

The HyO5 concentration as a function of the initial temperature can be seen in
figure [4.7, High initial temperatures up to 70000 K are caused by the initial tem-
perature estimation based on the cavitation theory described above. The initial
pressure po 445 and Vp from cavitation theory show a good prediction for the bubble
expansion observed by shadowgraphy and schlieren imaging [12]. Hence, the same
assumption is used to calculate Tj in V) and the resulting initial number of species
in Ny in this sphere. The potential energy is Ey = poVy. If the initial volume
Vb is smaller than assumed, the initial pressure py will increase. Regarding to the
ideal gas law (see eq. , the initial temperature Ty would rise due to the smaller
amount of species Ny o< rg in the volume. Even if Ny would change, the impact of
this parameter on the initial temperature calculation is not sufficient because of the
high initial pressure in the GPa range. As a conclusion for the analysis of Ty, the
assumption of the ideal gas law and the constant Vj and Ny has a major impact on
the result and is therefore the main weakness of this estimation. In comparison to
the Arrhenius equation, however, the overall trend of the HyO5 concentration can be
seen as a temperature depending chemical reaction of Arrhenius type (see. fig .
The difference of the measurements to the Arrhenius plot results from the simplified
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assumption for the Arrhenius equation.

80 - .

~
o

T T
1

I

D
o
— T

\
\

\

\
|

C [umol/L]
5 3
— 1 T
]
| 1

w
)
T
\\
-
\\
—
.

N
o
T
.
Rl
.
1

B Temperature by Cavitation Theory N
’ - — - Arrhenius with 14000K Activation Energy| |

0 1x10*  2x10*  3x10* 4x10* 5x10* 6x10*  7x10*
Ty [K]

—_—
o
—
——

o
~

Figure 4.7: The solid symbols is the HoOs concentration ¢ as a function of the initial
temperature Ty derived from the potential energy by the cavitation theory
with constant Vy and Ng. The Arrhenius equation with the activation energy
of 14000 K is the dashed line.

To evaluate the evolution of the hydrogen peroxide during the discharge and by
taking into account the adiabatic expansion of the bubble, a Global Chemistry Model
based on the core and recombination model by Medodovic and Locke [45] will be
used. During the pulse of 10 ns, nanopores and cavitation bubble with high temper-
atures and pressures are formed. Inside these nanopores, the water is dissociated
and ionized completely and reaches super critical state. After the pulse, the bubble
expands adiabatically and the temperature drops. These two phases, which are the
steps (a) to (b) and step (c) to (g) in figure [2.4] can be seen as the core model and
the recombination model.

4.4 Global Kinetic Model

The Global Kinetic Model (GKM) is based on the core and recombination model by
Medodovic and Locke [45] which they used for determination of the primary chemical
reactions in a pulsed discharge in water. Formation of hydrogen (H), molecular hy-
drogen (Hs), oxygen (O), molecular oxygen (Os), hydroxide (OH) and water during
the core model within the pulse duration is the starting point for the recombination
phase, which forms, among others, hydrogen peroxide. In contrast to the original
model, both parts, the core model and the recombination model, are combined for
the modeling in this thesis, thus reactions for the core and recombination model are
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valid for the entire modeling time ¢, of 10ps. The duration of the bubble expan-
sion process until its collapse is assumed to be tpupple = 10018 [12]. As tpupple also
includes the collapse of the bubble, the modeling time t,, is set before the collapse
of the bubble. Once the bubble collapses, the produces species are mixed with the
liquid bulk.

The modeling during the bubble expansion takes the assumptions of the cavita-
tion theory by Grosse et al. [12] as starting point. These are (1) the density of
the fully ionized water ng = 3 x 10?2 cm™3 at a pressure of py = 1 GPa and (2) the
expansion velocity of the bubble, which is expressed by the decreasing scale of the
density n scale and the temperature T'. The starting point for the temperature T’
is the estimated initial temperature Tj in section [4.3] The adiabatic expansion has
been calculated in the cavitation theory and is expressed in the result of the pressure
and temperature.

The density scaling n scale as a function of the time has been calculated as

_ pcav(t) . TcaV,O
Tcav(t) pcav,O

Te., is the evolution of the temperature and p.., is the evolution of the pressure
evaluated with the cavitation theory. An example of the calculation can be seen in
figure Teavo and peayvo are the initial values. Furthermore, the temperature 7'
as a function of the time is calculated as

Teav(?)
Tcav,O

n scale(t) (4.7)

T(t) =

- To. (4.8)
Tp is the initial temperature derived in section [4.3]

No geometrical dimensions of the bubble expansion are taken into account. Only
the decline of n scale and T point out the adiabatic expansion of the bubble. Hence,
the starting point is the number of water species ny,00 = 3 x 10%? within a standard
volume on 1cm?®. This results in plots of number of species ng, temperature 7" and
n scale as a function of the time ranging from 1 x 107 %s to 1 x 107®s. For t = O,
only water is present. Consequently, the modeling starts at ¢t = 1 x 107'%s. The
examined species are HyOo, OH, H, O, Hy, Oy, H,O5 and HO,. n, is obtained by
subtraction if the species are reactants and addition if they are products over the
modeling time t,,. Moreover, no diffusion of the species is assumed as in [45] be-
cause of no participation in the reactions. After one discharge, the produced species
distribute in the liquid and the next discharge occurs only in water without prior
produced species.

The primary reactions used for the GKM are listed in table with the rate
constants k and the temperature range in which the different reactions are valid.
Except molecular oxygen, these reactions form highly reactive species, which react
with each other to form secondary stable products like water and hydrogen peroxide.
Table lists the secondary reactions used for the GKM. They are taken from the
NIST Chemical Kinetic Database [57] and are adopted from [45].

The calculation of the reactions for the GKM is the multiplication of the n scale?,
the number of the reactant species ny and the rate constant k. Some reactions
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Table 4.1: List of primary reactions used for the Global Kinetic Model (M=H-0,
7=(T/298)) [57], adopted from [45].

Reaction Temperatur Rate constant

number Reactions (K] [cm™3 molecule™! s71]

R 2.1 HoO+M — H+OH+M  2000-6000 5.8 x 1072 exp~#40kJ/RT

R 2.2 OH+M — H+O+M  300-2500 4.09 x 1079 exp 416K/ RT
R23 Hy+M —H+H+M  2500-8000 1.5 x 1079 exp~402KJ/ET
R24 O34+M— O+O0+M  2000-10000 1.99 x 10710 exp=9-5KJ/ET

R 25 OH +OH — H,0+0  250-3000 1.02 x 10712714 expl-66KkI/RT

used for the core model have been excluded for the primary reactions as they have
been taken into account in the secondary reactions. Although the maximum valid
temperature is 10000 K. This model still assumes their validity, because of good
agreement with the experimental data observed in [45]. Medodovic and Locke as-
sumed temperature ranges of 5000 K to 2000 K for the core model and 2000 K to
300K for the recombination model. Nonetheless, there are no reports about rate
constants in higher temperature range.
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Figure 4.8: Number of species ng, temperature 1" and density scale n scale for one dis-
charge of the modeling time ¢, as a function of time ¢. The initial tempera-
ture is Tp = 20000 K. The initial pressure is pg = 1 GPa and the initial num-
ber of species is ns g = nH,0,0 = 3 X 10%2. The pulse duration is tpulse = 10ns
(sparse area).

Figure [4.8 shows the number of species ng, the temperature 7' and the density
scale n scale for one discharge of the modeling time ¢, as a function of time t¢.
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Table 4.2: List of secondary reactions used for the Global Kinetic Model (M=HzO,
7=(T/298)) [57], adopted from [45].

Reaction Temperatur Rate constant

number Reactions (K] [em~3 molecule™! s71]

OH

R 3.1 O+OH — O +H 250-5000 4.55 x 10712704 gxp3-09kI/RT
R 3.2 OH+H — H0 300-2100 2.69 x 10710 exp~0-62kJ/RT
R 3.3 H+OH — O+ H, 300-2500 6.86 x 1014728 exp—16-21kJ/RT
R 3.4 Hy05 + OH — HO2 + HyO  300-2500 2.91 x 10712 exp—133kJ/RT
R 3.5 Oy +OH — HO2+ 0O  300-2500 3.7 x 1071 exp220KJ/RT

R 3.6 OH + OH — H,0, 200-1500 1.51 x 1071177037

R 3.7 OH+OH —20+2H  300-2500 4.09 x 1079 exp~#16kJ/RT
Hy0,

R 3.8 Hy02 + O — HOy +OH  300-2500 1.42 x 1071272 exp—16:631kJ/RT
R 3.9 HyOp + H— OH-H,O  300-2500  4.01 x 107!t exp!0-03kJ/RT

R 3.10 HyO2 +H — HO2 +Hy  300-2500 8 x 10~ exp 3326 kJ/RT

R 3.11 H202 + O2 — 2HO, 300-2500 9 x 10~ exp 166 kJ/RT

HO»

R 3.12 HO; + OH — Hp0 4+ Oz 300-2000 4.81 x 10~ exp?08KkJ/RT

R 3.13 HOy + O — OH + O 300-2500 2.91 x 107! exp~ 1 06kJ/RT
R 3.14 HO, + H — 20H 300-2500 2.81 x 10710 exp—3-66kJ/RT
R 3.15 HO2 + H — Ha + O2 300-2500 1.1 x 10710 exp~ 109KJ/RT

R 3.16 HOy +Hy — HyOo +H  300-2500 3.01 x 10712

R 3.17 HO; + Hy — H2O02 +H  300-2500 5 x 107 exp109kJ/RT

R 3.18 HO; +M — O +H+M  200-2200 2.41 x 10787118 oxp—203.1kJ/RT
H

R 3.19 O+H+M — OH+M 300-2500 4.36 x 1073271
R 3.20 H+H+M — M+ Hy 300-2500 6.04 x 10733771
R 3.21 02 +H — OH+ O 500-2000 2.94 x 10710 exp~69-68kJ/RT

R 3.22 Os+H+M — HO;+M  200-2200 1.94 x 1073271
Hy

R 3.23 OH+Hy — H,O+H 200-2400 2.97 x 107127121 oxp 1971 kI/RT
R 3.24 O+Hy, — OH+H 300-2500 3.44 x 1071377267 exp~26.2TkJ/RT
0

R 3.25 O+0+M— Oy+M  200-4000 5.21 x 1073 exp 48 kJ/ BT

R 3.26 O+ HyO — OH+OH  300-2000 6.68 x 10713726 oxp—63-52kJ/RT

The initial temperature is 7y = 20000 K, which is equivalent to the voltage U of
approximately 21kV. The initial pressure is py = 1 GPa and the initial number of
species is ng o = NH,0,0 = 3 X 10?2, During the pulse touse = 101s (sparse area) the
temperature T" and n scale stay almost constant. The number of species ng changes
only slightly during ¢,us. This is due to the chosen reactions in table and [£.2]
After tpyse, I' and n scale drop rapidly and the reactions lead to drastic changes
of ng in the expansion phase from 10ns to 1ps. The most of hydrogen peroxide is
created within 10ns to 100 ns.

At ignition, the number of water species ny,o drops from ng,00 = 3 x 10?2 to
4.75 x 10%° and starts to recover after ¢,y to 2.90 x 10*2. The number of hydro-
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gen peroxide species ny,o, increases from 4.89 x 10'® to 3.24 x 10%°. Only these
two numbers of species are rising significantly. The remaining numbers of species
decrease after t,,s as most of them are radicals and hence highly reactive. As
Medodovic and Locke derived, reaction R 3.6 in table {.2] is the main reaction for
the hydrogen peroxide production. The rate constant shows almost no hydrogen
peroxide production if the temperature is too high.

In view of this heat sensibility of the HyOy production, the model shows this as-
pect, which can be seen during ¢,us because HyOy has the lowest density due to
the high temperature. If the reaction rate of reaction R 3.6 is set to 0, the HyO,
density after t,, is approximately 1.8 x 10'*ecm™2, which can be considered as zero
compared to the total amount of species. As this model is based on the model in
[45], this indicates correct modeling in this thesis. At any given time, the mass ratio
of H and O is 2 : 1. This ensures and confirms that the number of species remains
unchanged and that the GKM is a closed system.

In total, Niota = 1.77 x 10'? water species are treated within the initial volume
Vo of radius 7 = 25pm for £ = 10min at f = 15 Hz related to the initial density
no = 3 x 1022cm™3. The calculation of the total number of species of the model
NM’ is:

1
Nyp = ng - el t-f-Virg). (4.9)
The factor C# results from the standard volume which is set for the model. With
respect to ny,o, of 3.24 x 10%° calculated with the Global Kinetic Model, this yields
Ni,0, = 1.91 x 10'7 species. The efficiency of the HyO, production is 1.1 %.

Considering the HyO, concentration for Ty = 20 000 K of corx ~ 32 pmol L™ (see
fig. , the species measured in the discharge chamber volume of Vaamper = 25 mL
is about Ny,0, = 4.82 x 1017 species. The calculation for the total number of species
of the measurement N, is:

Nm =Cr- ‘/Chamber : NA- (410)
Ny is the Avogadro constant.

Comparing Ny,0,” and Ny,0,, they are of the same magnitude. For the initial
pressure of 1 GPa, an initial radius of 73 pm would fit the measured concentration
coori- 1f the initial pressure of the model is changed to 10 GPa, which refers to the
initial temperature Ty = 20 000 K of the voltage U =~ 21 kV by the cavitation theory
(see. fig[4.6), the number of hydrogen peroxide species nm,o0, is 4.39 x 10 and an
initial radius of 30 pm would match the measured concentration coprx better.

The overall evolution of the number of species is similar for different initial pres-
sures due to the slightly stronger and earlier decline of the T and n scale (see. fig.
in the appendix . In general, n, increases proportionally with higher initial
pressure pg. The number of species as a function of the time with different initial
temperature can be seen in the appendix (see. see. fig. and in the appendix
Al). The evolution shape characteristics of the number of species increases with the
initial temperature. This can be explained by the temperature depending reactions.
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Figure 4.9: Number of species ns as a function of the initial temperature Ty after the
modeling time t,, = 10ps. The initial pressure is pg = 1 GPa and the initial
number of species is ns 9 = nH,0,0 = 3 X 10%2.

The number of species n, after the modeling time ¢,, = 10ps as a function of
the initial temperature Tj is depicted in figure [£.9) The evolution of ng rises quickly
from 2500 K to 10 000 K. Only the molecular oxygen production starts after 10 000 K.
From 10000 K to 70 000 K, the increase of n, is small. Within the initial temperature
range of 2500 K to 20 000 K, the production of hydrogen peroxide can be considered.
If T§ is higher, the production of all other species is dominant, especially the pro-
duction of hydroxide. Besides water, the number of molecular hydrogen species is
the highest until 35000 K. The number of molecular oxygen is the lowest for all T,
which is correct in view of the hydrogen to oxygen ratio of 2 : 1. Produced hydroxide
could form hydrogen peroxide when the bubble collapses and the species are mixed
with the water bulk.

For comparison of the overall trend, the number of hydrogen peroxide species
Nu,0, after t,, = 10ps of the GKM according to equation (4.9) (line + symbols)
and the measured number of hydrogen peroxide species Ny,0, according to equation
(4.10) (symbols) as a function of the estimated initial temperature Ty have been
plotted in figure 4.10L The error calculation for the number of hydrogen peroxide
species is ANn,0, = Vehamber © Na - Act.

It can be seen that the magnitudes are in the same order for 7, > 14000 K.
Referring to the model, Ny,0, reaches its maximum at 7" = 50000 K and decays
afterwards for higher Tj, which indicates the destruction of these species due to tem-
perature sensitivity. This phenomena cannot be seen in the measurement. Either
the voltage is not sufficient to reach the destruction or the model is not complete.
A combination of all three speculations is most likely. One major weakness of the
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Figure 4.10: Number of hydrogen peroxide species Ny,0,’ after ¢, = 10 ps of the GKM
(line + symbols) and the measured number of hydrogen peroxide species
Nu,0, (symbols) as a function of the estimated initial temperature Ty. Both
numbers are scaled to the volume of the chamber of 25 mL.

temperature estimation is the assumption of the ideal gas law (see eq. ) The
ignition of the plasma occurs in fully ionized water of the density ng = 3 x 10?2 cm 3.
In this high density, a quantum approach of the plasma with the Fermi-Dirac dis-
tribution can be considered.

Generally, changing the initial pressure to the matching voltage and initial tem-
perature according to the cavitation theory should result in better estimation of the
density relating to the initial volume of 25pum. Concerning the estimated initial
temperature range from cavitation theory (see. fig. in section the primary
reactions, which are valid below 2000 K in Medodovic’s and Locke’s model [45],
would be valid for a longer time range than ¢, because the temperature range is
higher. Hence, the time frame of the primary reactions should be valid until the
temperature of 2000 K is reached. This argues the assumption of validity of the pri-
mary reactions for the GKM for the complete modeling time ¢, as 2000 K is reached
shortly before t,,.

Measurements of other species than hydrogen peroxide is needed for more com-
paring point to improve the model. For example, results of observations of H and O
with optical emission spectroscopy need to be included to this model. For any given
initial temperature derived from the voltage, the right initial pressure according to
the cavitation theory needs to be taken. In conclusion, the GKM shows good results
for the hydrogen peroxide density prediction in comparison to the measurements.
This indicates correct assumptions for the model and for the cavitation theory.
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4.5 Quantum plasma

Based on the cavitation theory, the initial temperature T, range of the discharge is
3000 K to 70000 K. Tj is dependent on the discharge voltage and it is derived from
the cavitation theory [12]. In this section, the initial temperature Tj is denoted as
the temperature 7. With the 10ns pulse and the rise time of 2ns, the ignition is
assumed to ionize the water fully at the density of ng = 3 x 10®¥ m=3. The density
of the electrons n, is assumed to be equal to ng at the time of the ignition. This
can be described as a quantum plasma as degeneracy occurs and the Pauli exclusion
principle leads to repulsion of the electrons in the plasma which causes the majority
of the pressure inside the bubble rather than the thermal energy at the ignition.
A plasma is considered quantum if the Fermi energy E} is higher than the thermal
energy Fyy:

Er > Ey, (411)
with 2
Ey= —(3n%n,)%3 4.12
= g (377, (4.12)
and 3
Eth - 5 ka (413)

For simplicity reason, Ei, in case of free electrons is taken. The electron mass
is me, the reduced Plank constant is A and k;, is the Boltzmann constant. For
ne = 3% 10%m=3, the Fermi energy FE; is 5.64 x 107! J. The thermal energy
Ey, for T = 27000K is 5.59 x 107 J. According to the definition above, initial
temperatures below 7' = 27000 K are considered as a quantum plasma. Hence, the
Fermi-Dirac statistic fpp(£) is needed instead of the Maxwell-Boltzmann statistic,

fen(B,T) = —g—. (4.14)

exp T

The probability to find a particle at a state of the energy E at the temperature T is
fep(E,T). wis the temperature dependent chemical potential. In case of T =0 in a
solid state, the chemical potential equals the Fermi energy F¢ which is the maximal
kinetic energy of an electron. This equals frp(E < i,0) = 1 and fep(E > p,0) = 1.

To evaluate the average energy distribution of the electrons, the density of state
D(FE) in 3-dimensions is needed:

D(E) = %\/ﬁ (4.15)

The total number of electrons N(7') can be calculated with the following integration:

N(T) = /OOO D(E) - fen(E, T)dE. (4.16)

As this integral represents the standardization and has to be equal to N, = 3 x 10?8
for each temperature, the chemical potential p has to be adapted. Exemplary, only
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one ignition temperature will be considered in the following. In case of T' = 8000 K,
1 has to be approximately the Fermi energy of Fy ~ 5.64 x 107 J for the total
number of electron to be N,. The integration limit can be set from 0 to 100eV for
simplifying the calculation.

The average energy Efp(T) is defined as:

Bl (T / E-D(E)- fep(E,T)dE, (4.17)

and yields Epp (T = 8000K) ~ 2.6V for the given case.

The Maxwell-Boltzmann distribution, expressed in dependency of the energy
GMB(E R T), is

2 E \3/2 —E
Gup(E, T) = ka\/_(ka) exp Rl (4.18)

and the average energy E(F,T) can be calculated with
Eo(T) = / E-Gys(E,T)dE. (4.19)
0

This equals an average energy of Ef;z(T = 8000K) =~ 1¢V. The Maxwell-Boltzmann
distribution has to be calculated with the temperature T" = 20000 K to result an
average energy of 2.6 eV

Detailed information to the distributions and derivations can be found in litera-
ture [58].

The number of electrons per unit energy ‘W%J(EET) for the Fermi-Dirac distribution
is given as
dNgp(E,T
wBD _ ) g1 (4.20)

and the number of electrons per unit energy %ﬁfﬂ for the Fermi-Dirac distribu-
tion is
dN\gs(E,T)
dFE

In figure [4.11] the Fermi-Dirac distribution for 7' = 8000 K (solid) and the Maxwell-
Boltzmann distribution for 7" = 8000 K (dashed) and 7" = 20000 K (dashed doted)
can be seen. For the same total amount of electrons, more electrons are distributed
in higher energies in the Fermi-Dirac distribution due to the Pauli exclusion prin-
ciple for T' = 8000 K. The average energy for the Maxwell-Boltzmann distribution
is 1eV, but 2.6eV for the Fermi-Dirac distribution. If the Maxwell-Boltzmann is
calculated with T'= 20000 K, the avarage energy is 2.6 eV.

= N.-G(E,T). (4.21)

In correlation to the estimated initial temperature based on the cavitation theory
in section [4.3] the relation between the energy and the temperature are identical for
a classical ideal gas and for a quantum ideal gas in non-relativistic case The caloric
equation of state for the latter the quantum ideal gas is [59)

E= 2 V. (4.22)
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Figure 4.11: Number of electrons per unit energy dN(E)/dFE as a function of the energy
E for Fermi-Dirac distribution for 7' = 8000 K (solid) and the Maxwell-
Boltzmann distribution for 7" = 8000 K (dashed) and 7" = 20 000 K (dashed
doted). The average energy can be seen in the legend. The total number
of electrons are 3 x 1028,

Consequently, the estimated temperatures in section 4.3, which considers the Maxwell-
Boltzmann distribution and E = 3/2k,T', are shifted by a factor of 2.6 when the
Fermi-Dirac distribution is considered. With respect to the HyO5 concentration as
a function of the derived initial temperature (see. fig , for example, the tem-
perature of 20000 K would be 8000 K. The initial temperatures in figure must
underlie the same shift. For this reason, the initial temperature for U = 21kV
should be T = 8000 K.

For the Global Kinetic Model, the consideration of a quantum plasma would not
change the result, as the model only includes the rate constants. More information
to each reaction in table and is needed e.g. the cross section and mean
free time to calculate the rate constants considering the Fermi-Dirac distribution.
Nevertheless, the results of the model should be correct as the average energy is
important for the reactions. With consideration of the shift of the factor 2.6 of the
Fermi-Dirac distribution and the Maxwell-Boltzmann distribution (see. fig[4.11] the
calculation with the Maxwell-Boltzmann distribution can be taken for the Fermi-
Dirac distribution. Accordingly, the initial temperature for the calculated number
of species as a function of the time in fig is Ty = 8000 K instead of T = 20 000 K.

Based on this considerations, the Fermi-Dirac statistic should give more realistic
estimation of the energy distribution at the ignition point. Further work should take
this aspect into account.
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5 Conclusion and Outlook

The influences of the parameters treatment time, discharge frequency and discharge
voltages on the hydrogen peroxide production in nanosecond pulse discharges in dis-
tilled water have been investigated. Based on the cavitation theory [12], the initial
temperature has been estimated to examine the dependency of the hydrogen perox-
ide production to the initial temperature. In addition, a first modeling of the species
production during the pulse via the Global Kinetic Model has been performed. Fur-
thermore, the consideration of the Fermi-Dirac statistic for quantum plasma has
been analyzed according to the assumed initial plasma density and temperature.

At first, it is important to mention that the calibration of the hydrogen peroxide
test kit turned out to be difficult. Technical and instrumental errors could con-
tribute to the shift of the calibration or more likely, the oxidation of the test kit
could change the molar extinction coefficient due to density changes. Hence, calibra-
tion should be performed once if the kit is new and once before the kit is empty. By
comparing both calibrations, a more precise statement about the possible causes of
the calibration shift could be established. Nevertheless, tracking the measurements
and the used test kit is indispensable for precise concentration calculation.

For the given experimental setup, the hydrogen peroxide concentration is in mag-
nitude of pmol L™!. For the reference case at a discharge voltage of 20kV, discharge
frequency of 15 Hz and treatment time of 10 min, the hydrogen peroxide concentra-
tion is (30 £ 7) pmol L=!. The hydrogen peroxide production increases linear with
the treatment time and the discharge frequency. This finding could not be valid if
the chosen treatment time is too long and if the frequency is too high. According
to the initial volume of ry = 25m treated by the plasma and the volume of the
chamber of 25 mL, it is unlikely that hydrogen peroxide production saturates, espe-
cially with a maximal treatment time of 20 min. On the other hand, the discharge
frequency would affect the discharge process, if the frequency is high enough to ig-
nite a new discharge within the afterglow of the previous one. Hence, the hydrogen
peroxide production will not be linear if the frequency is higher than the duration
of the discharge process. For a frequency range of 1 Hz to 100 Hz, the described case
does not occur.

In contrast, with increasing discharge voltage, the hydrogen peroxide production
increases fast and then saturates in a sigmoidal form. This is due to temperature
dependency of chemical reactions. Higher voltages result in higher initial pressure
and temperature. The temperature of the discharge voltage is estimated by cavita-
tion theory [12]. As the dependency of the initial pressure and the discharge voltage
is pg oc U?, further increase of the voltage will not rise the temperature linearly. The
optimal voltage for the maximal hydrogen peroxide production rate is at U = 21 kV
with the given experimental setup.
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During the measurement, the electrode distance has shown an impact on the
electrical field at the tip and consequently on the hydrogen peroxide production. Due
to sign of wear, an electrode of another material could be considered for more stable
and reproducible hydrogen peroxide production. The influence of the electrode gap
distance should be investigated.

Measurements of the discharge power have to be performed, to examine the effec-
tiveness of the hydrogen peroxide production of this nanosecond pulse discharge,.
Additionally, a theoretical model of pulsed discharges in water by Lu et al. |11] could
lead to a deeper understanding of the distribution of the discharge power and the
overall discharge process if the model is modified to fit the given plasma in this thesis.

Moreover, a Global Kinetic Model based on Medodovic and Lockes model [45] for
prediction of the species evolution during the discharge was used. The examined
species are HyO,, OH, H, O, Hs, Oy, HyOy and HO,. The results obtained from
the model for the number of hydrogen peroxide species at the initial temperature
Ty = 20000 K, which correlate to a voltage of approximately U = 21 kV, are in good
agreement with the experimental measurements. This is a good starting point for
further investigation of the species production in a nanosecond pulsed discharge. A
separation of the validity of the primary and secondary chemical reactions during
the discharge process could improve the model.

Nevertheless, more measurements of other species than hydrogen peroxide are
needed to improve the model. Observations of H and O by optical emission spec-
troscopy need to be included in this modeling. Furthermore, concentration of OH by
direct absorption or chemical dosimetry could be investigated. For higher and more
effective hydrogen peroxide production, gaseous oxygen or active carbon bubbling

could be introduced to the discharge chamber as other research groups have shown
|41}, 44].

Finally, in respect to the assumed plasma density of fully ionized water of the den-
sity 3 x 102 m~3, the Fermi-Dirac distribution rather than the Maxwell-Boltzmann
distribution needs to be considered for the initial temperature estimation depending
on the discharge voltage. The initial temperature for U = 21kV would be 8000 K
instead of 20000 K. However, considering the Fermi-Dirac distribution for the initial
temperature of the Global Kinetic Model yields wrong prediction of species density
as the rate constant of the chemical reactions are of Maxwell-Boltzmann distribu-
tion. A solution needs to be found for this dilemma for more realistic modeling.
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A.1 Initial pressure variation
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Figure A.1: Number of species ng as a function of the initial temperature Ty = 20000 K
after the modeling time ¢,,, = 10 pus. The initial pressures are (a) pg = 1 GPa;
(b) po = 10GPa, (c¢) po = 20GPa and the initial number of species is
Nso = NH,0,0 = 3 X 10%2. The pulse duration is tyuse = 101s (sparse area).
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A.2 Initial temperature variation
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Figure A.2: Number of species ns; as a function of the initial temperatures (a) Tj
2500K; (b) To = 5000K; (c¢) Tp = 10000K after the modeling time tp,
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Figure A.3: Number of species ns as a function of the initial temperatures (d) Ty =
20000K; (e) Tp = 40000K; (f) Tp = 70000K after the modeling time
tm = 10ps. The initial pressure is pg = 1 GPa and the initial number of
The pulse duration is fpuse = 10ns
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