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Chapter 1

Introduction

1.1 Introduction

In the past few decades, plasma technologies have been actively studied for application
in various fields. Today, it become important technology for electronic industry [1] and
material synthesis [2, 3]. Plasmas are classified into thermal and non-thermal plasmas
depending on electron temperature 7. and ion temperature 7j,. Thermal plasmas are
in thermal equilibrium between electrons and ion (7, ~ 7T},). They enable chemical
reactions in high-temperature, and suitable for metal nanoparticles synthesis [4—6] and
waste treatment [7,8]. On the other hand, non-thermal plasmas show different temperature
between electrons and ions. Ions have much lower temperature than electrons (7, > T},)
due to mass difference of them. Non-thermal plasmas exhibit non-liner and high capacity
plasma without heating. They have the advantage of nanomaterials and nanostructure
creation, which cannot realize by thermal equilibrium and liner processes, such as
manufacturing of large scale integration (LSI) [9, 10]. 7. and T}, are strongly influenced

on pressure condition. Figure 1.1 shows typical values of 7. and 7} as a function of
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Figure 1.1 Typical values of T, and 7T}, as a function of pressure [11]

pressure [11]. At high pressure condition, 7} is close to 7, because the frequency of
collision between electrons and ions is high. Namely, plasmas are easy to reach thermal
equilibrium at high pressure such as atmospheric pressure. Non-thermal plasmas are
produced in low pressure condition typically. Thus, vacuum vessel and exhaust apparatus
are required, resulted in rise in manufacturing costs in many cases. Recently, many
researchers have studied on non-thermal plasmas at atmospheric pressure because they
can perform high-speed and continuous processing without vacuum exhaust devices.
Now, non-thermal plasmas can generate at atmospheric pressure by using various plasma
sources such as plasma jet (APPJ) [12, 13], pulsed discharge [14], and dielectric barrier
discharge (DBD) [15]. They prevent a transition to thermal plasmas by devising electrode

structures and power sources, leading to non-thermal plasma generation.
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Figure 1.2 Classification of atmospheric plasma [16]

Figure 1.2 shows classification of atmospheric pressure plasma sources by electron
temperature and density [16]. Thermal or non-thermal plasmas are defined by Debye
length A\p, which is determined by electron temperature 7. and density n. as shown in

Eq.(1.1).

)\D _ €0kae (11)

nee?

where ¢ is electric constant; k;, is Boltzmann constant; e is elementary charge. The Ap of
non-thermal atmospheric plasmas is in the range of 10~* to 10~¢ m. The APPJ exhibits
characteristics like glow discharge, which is high impedance. The characteristics of pulsed

discharge and DBD are between glow and arc discharge. By using these plasma sources,



1.2. ELECTRIC DISCHARGE IN THE PRESENCE OF WATER

non-thermal plasmas are easy to form even at atmospheric pressure, and applied not only
to material synthesis but also wide fields. For example, non-thermal plasmas are valid for
surface modification [17, 18] and decontamination of biological media [19,20] because it

is possible to avoid thermal damages to samples by plasma irradiation.

1.2 Electric discharge in the presence of water

Plasma-chemical processes performed gas-phase reactions or reactions at plasma-solid
interface mainly in previous works. Studies on plasma for liquid were conducted as
glow-discharge electrolysis under vacuum condition [21-23]. They confirmed production
of some active species by non-thermal plasmas for liquid, but these researches were hardly
carried out because there was no advantage of plasmas for liquid at low pressure condition
compared with conventional methods for active species production. However, plasmas
for liquid have been attracting attention in recent years, because they can be generated
at atmospheric pressure by technological progress. Non-thermal plasmas for liquid at
atmospheric pressure are convenient for application to biomedicine and environmental
cleaning, since the samples of these applications often utilized water as a medium.
Non-thermal plasmas for liquid can induce chemical reactions without heating only by
setting electrodes and applying power. Additionally, catalyst and chemical agent are
unnecessary for chemical reactions on this process. Therefore, plasmas for biomedical
and environmental applications have been actively researched in the past 15 years [24-28].
What is more, unique materials, which could not be realized by other methods, were

produced by plasma with liquid under atmospheric pressure reportedly [29-32].
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Figure 1.3 Three type of discharge methods; (a) on liquid surface, (b) discharge directly
in liquid, and (c) inside bubble in liquid

The way of generating non-thermal plasmas for liquid was divided into two types of
discharge; discharge on liquid surface [33-35] and discharge directly in water [36-39],
as shown in Figure 1.3. In case of the discharge on liquid surface, the liquid behaves
as an electrode (Fig.1.3 (a)). Discharge plasmas are generated from the metal electrode
suspended in gas phase to the liquid surface on a typical configuration. In contrast,
discharge plasmas directly in liquid are generated pin-to-pin, pin-to-plate, or plate-to-plate
in liquid by using pulsed power in most cases (Fig.1.3 (b)). It requires high voltage and
short gap length because breakdown voltage in liquid phase is higher than that in gas phase
[41]. In some cases, discharge plasmas are generated inside bubbles in liquid [42—45], as
shown in Fig.1.3 (c). The principles of these plasmas are the same as that of discharges on
liquid surface, but active species generated by the plasmas are enclosed inside the bubble,

leading to high efficiency of chemical reactions.

However, contact area between plasma and liquid of these discharge methods is small.

In order to enlarge contact area between plasma and liquid, some discharge methods were
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proposed recently. Takeuchi ef al. located some pin electrodes in gas phase upon aqueous
solution, and realized large area of plasmas from pin electrodes to aqueous solution [35].
Ishijima et al. generated microwave bubble plasmas in water using multiple slots [44],
and Shirafuji ef al. generated three-dimensionally integrated micro-solution plasmas using
porous media [45]. They enabled discharge plasmas to generate in multiple bubbles at the

same time.

Discharge plasmas in the presence of water are generated active species derived from
water in any case, and mostly induce oxidation-reduction reactions in water. In fact,
emission of OH radicals and production of hydrogen peroxide were confirmed when
discharge plasmas were generated in contact with water [46—48]. These oxidation species
were supposed to induce chemical and biological effects in water [49, 50]. Moreover,
reduction reactions also occur at plasma-liquid interface, and applied for nanomaterials
synthesis [51-53]. Although there are a lot of studies on fundamental mechanisms and
application of discharge plasma in the presence of water, chemical reactions induced by

discharge plasmas and transport mechanisms of active species in water are still uncertain.

1.3 Motivation and purpose of the present work

This work focused on discharge plasma at gas-aqueous solution interface. In order to
utilize it for chemical process, understandings of not only detailed chemical reactions
by discharge plasmas but transport mechanisms of active species of active species are
essential, moreover high efficient processes are required. Now, the effects of pulsed

discharge plasmas over aqueous solution were investigated in Chapter 2. Especially, spatial
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distributions of solution properties under plasma irradiation were observed in situ by using
chemical methods. It is certainly helpful to design a reactor for efficient process. Based
on the results of Chapter 2, new plasma processes using gas-liquid two phase flow were
developed in Chapter 3.

Meanwhile, the discharge plasmas inside bubbles improved the reactive efficiency of
plasmas at aqueous solution interface reportedly. However, bubbles from nozzle have
high rising speed, resulted in unstable discharge plasmas. Therefore, fine bubbles, which
have slow rising speed, introduced in water, and discharge plasma were generated in water
with fine bubbles in Chapter 4. The effects of fine bubbles on characteristics of discharge
plasmas and generation of reactive species were examined.

What is more, discharge plasmas were generated at pressurized gas-aqueous solution
interface in Chapter 5, although they were generated under atmospheric pressure until
Chapter 4. Pressure condition exerts great impacts on plasma properties. Thus, a discharge
under pressurized gas has a possibility of new materials synthesis. The present work
performed pulsed discharge generated at pressurized gas/amino acid solution interface,
and investigated the characteristics of the plasmas and the application for synthesis of

water-dispersible carbon nanomaterials.
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Chapter 2

Characterizations of aqueous solution
under irradiation of pulsed discharge

plasma

2.1 Introduction

Recently, a large number of papers were published about application using discharge
plasmas on water surface, particularly in biological and environmental applications.
Plasma-water interactions are significant to understand reaction mechanisms by discharge
plasmas on water surface. When discharge plasmas are generated from a metal pin
electrode in gas phase to water surface, light emissions including UV light are usually
observed between the electrode and water surface due to excitation, ionization, and
dissociation of gas and water molecules. Optical emission spectra of plasmas inform not
only excited species but also characteristics of the plasma. Many researchers observed

optical emission spectra of plasmas on water surface, and determined excited species,

12



CHAPTER 2. CHARACTERIZATIONS OF AQUEOUS SOLUTION UNDER
IRRADIATION OF PULSED DISCHARGE PLASMA

plasma temperature, and electron density [1, 2]. In case of discharge plasmas over
water surface, active species derived from H,O are also observed by optical emission of

discharge plasma [3,4].

Chemical reactions by discharge plasmas are supposed to occur at irradiation position
and its surrounding when chemical reactive species irradiated on water surface. It leads
to induction of chemical reactions. In case of water cathode, energetic positive ions
generated by electrical discharge are irradiated on water surface. When these ions have
chemical reactivity, reactions occur at plasma-water interface presumably. Even in case
inert ion species were irradiated, water molecules (H5O) are dissociated by charge transfer
at gas/liquid interface, and generated oxidation species derived from H,O such as OH
radical and hydrogen peroxide (H2O-) [5, 6]. On the other hand, in water anode case,
electrons are irradiated to water surface, and part of them dissolved into water. Some

electrons convert into hydrated electrons in water, which have strong reduction power.

Focused on inside water under plasma irradiation, OH radicals were detected on the
water via terephthalic acid [6,7]. H,O, and HNO, were also generated in water reportedly
by discharge plasmas on water surface experimentally and computationally [8—10].
However, it is difficult to detect and identify active species in water directly during plasma
irradiation in general. Therefore, detailed reactions and transport of reaction species by the
discharge plasmas on water surface and in water have not been clarified yet, although some
reaction mechanisms were proposed [11, 12]. Nevertheless, characterizations of aqueous
solution under plasma irradiation are essential to utilize it for chemical processing. Thus,
properties of pulsed discharge plasma and aqueous solution under plasma irradiation from
a macro-viewpoint were examined in this work. Discharge plasmas are accompanied by

an electric current resulted in difficulties in direct measurement of solution properties.

13
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Therefore, chemical methods were used for observation of active species and pH value in
aqueous solution in present work. They enable to observe spatial distributions of solution
properties in situ during plasma irradiation. These results may be helpful for efficient

reactor design of discharge plasma in contact with water.

There are many studies on discharge plasmas at gas-liquid interface. Researchers
conducted the experiments by using individual power sources and reactors, and indicated
most efficient condition for reactions on each reactor [13]. Malik compared major type of
reactors and conditions of discharge plasmas over water as reported by different research
groups [14], and concluded that the energy yield by discharge plasmas over water follows
the orders: pulsed DC > continuous DC or AC power, and plasma-water interface > thin
film > deep layer. However, the effects of reactor shapes on reaction induced by discharge
plasmas are not clear in actuality because the above order was estimated from various

experimental conditions by different research groups.

2.2 Experimental setup

Pulsed discharge plasmas were generated from a pin copper electrode to aqueous solution
surface. Experiment setup is shown in Figure 2.1. A copper cylindrical electrode with a
diameter of 1.00 mm was placed at a distance of 3 mm from the solution surface under
atmospheric air. Except the end surface, the outside of the electrode was covered with
polyether ether ketone, which exhibits good insulation. The reactor was 50 mm in height,
100 mm in width, and 10 mm in side depth, unless otherwise noted. The side of reactor

consists of acrylic resin, which has low permittivity. The bottom is copper sheet, which is

14
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IRRADIATION OF PULSED DISCHARGE PLASMA

Copper sheet

HV

Insulator
(polyether
ether ketone)

Cylindrical
copper

~ -

]3mm

aqueous solution
45 mL

100 mm

Figure 2.1 Experimental setup of pulsed discharge over solution surface

grounded. The reactor filled with an aqueous solution of 45 mL. In this case, the aqueous
solution behaved as the electrode, and the discharge plasmas were irradiated between the
metal electrode and solution surface. In section 2.7, the discharge plasmas were generated
at N, O, and Ar atmosphere by using a improved electrode. The closed reactor, which
made of stainless steel, was also utilized in order to avoid influences by reactive gases (No
and O,) in atmosphere.

Pulsed voltages were applied to the copper electrode at a frequency of 10 kHz by a
pulsed power supply (TE-HVP1510K300NP, Tamaoki Electronics Co. Ltd.). In this work,
three types of input power were applied: (a) bipolar pulse, (b) positive pulse, and (c)

negative pulse as shown in Figure 2.2. Pulsed voltages were operated by an ON/OFF

15



2.3. EFFECTS OF SOLUTION CONDUCTIVITY
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Figure 2.2 Input voltage wavelengths: (a) bipolar pulse, (b) positive pulse, and (c) negative
pulse

control (AFG-2005, Goodwill Instrument Co. Ltd.) at a frequency of 20 Hz and duty
ratio of 10% to avoid erosion of the metal electrode. Thus, 50 pulses were applied in

duration of 5 mseconds prior to a pulse-free interval of 45 mseconds; this operation was

performed repeatedly.

2.3 Effects of solution conductivity

2.3.1 Method

When discharge plasmas generated over solution surface, aqueous solution is considered as
a dielectric substance [15]. Accordingly, conductivity of aqueous solution is an important
factor for plasma properties. The effects of solution conductivity on plasma properties

and solution temperature were examined when bipolar pulses at =4 kV discharge over
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CHAPTER 2. CHARACTERIZATIONS OF AQUEOUS SOLUTION UNDER
IRRADIATION OF PULSED DISCHARGE PLASMA

NaCl solution, whose conductivity was in a range of 2.5 pS/cm to 10 mS/cm. It is well
known that conductivity is proportional to concentration of a solute in a dilute solution
by Kohlraush’s low. For example, NaCl solution at 1 mS/cm is equal to 0.05 wt%. The
experiments were conducted by using a batch type reactor, which filled with 10 mL of

NaCl solution and purged by argon gas.

2.3.2 Effects on plasma emissions

ICCD images of bipolar pulsed discharges over NaCl solution depending on solution
conductivity were shown in Figure 2.3. In case of discharge over low conductivity solution,

the plasma emission was observed in a wide area between a copper electrode and solution

Intensity
20 mm

10 puS/ecm 100 pS/ecm

1 mS/cm 5 mS/cm 10 mS/cm

Figure 2.3 ICCD images of bipolar pulsed discharges over NaCl solution depending on
solution conductivity
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Figure 2.4 The effects of solution conductivity on emission intensity and area of discharge
plasma over NaCl solution

surface. Especially, intense emission was observed at solution surface directly under the
electrode. Emission region was narrow and weak emission exhibited with increasing
solution conductivity. However, in case of high conductivity solution over 100 pS/cm,
emission is more intense with increasing solution conductivity. The emission spread in
the horizontal direction on the solution surface was suppressed by using NaCl solution
over 1 mS/cm. Fig.2.4 shows the effects of solution conductivity on emission intensity
and emission area of discharge plasma over NaCl solution. Discharges over the solution at
very low conductivity or above certain conductivity exhibited high emission intensity and
large emission area, but both of them reached the minimum value at 100 pS/cm.

Figure 2.5 shows the effects of solution conductivity on emission intensity of Ar

(810 nm), Hae (656 nm), and OH (310 nm) lines. Emission intensity of Ar line increased
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Figure 2.5 The effects of solution conductivity on emission intensity of Ar (8§10 nm), Ha
(656 nm), and OH (310 nm) lines

with increasing solution conductivity, but that of Ha and OH lines had a minimum value
at 100 pS/cm. Intensity of each line cannot be compared simply because of the difference
in transmittance of each filter, but it was obvious that Ho and OH radical were contributed
to the minimum value of emission intensity as shown in Fig.2.4. Their emissions derived
from dissociation of H,O molecules certainly. The conductivity of the solution was great

impact on aqueous solution, resulted in influences on plasma properties.
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2.3.3 Effects on solution temperature

When discharge plasmas are irradiated over water surface, a temperature of aqueous
solution rises in most case. Figure 2.6 shows increasing ratio of the solution temperature
by bipolar pulsed discharge at 15 minutes depending on conductivity. The experiments
were conducted at 19.0+0.1°C. The low conductivity solution was easy to rise temperature
of the solution. Generally, the main cause of temperature rise by discharge plasmas was
supposed to be Joule heating. When an electric current / flows for a certain time ¢ in

aqueous solution, whose conductivity is A, Joule heating () can be expressed as follow.

Q=" 1t @1

Namely, the increase in temperature by Joule heating determines a ratio of conductivity
to a square of electric current. Fig.2.7 shows maximum current of the pulsed discharge
depending on solution conductivity by bipolar pulsed discharge over NaCl solution. In
general, high conductivity solution is flowed much more current than low conductivity
solution. The current values of discharge over low conductivity solution shows almost
no difference, but they increased sharply over at 100 ©S/cm. When large electric current
flowed by discharge plasmas at high conductivity solution above 100 pS/cm, the variation
in temperature became small. Therefore, solution conductivity rather than electric current
influenced on Joule heating in the solution under plasma irradiation in case of low
conductivity solution. Besides, conductivity also influenced on emission intensities of
Ha and OH radical. When discharge plasmas were generated over high conductivity

solution, electrical current rather than solution conductivity influenced on the increase
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Figure 2.6 Increasing ratios of the solution ~Figure 2.7 Maximum current depending
temperature by bipolar pulsed discharges at  on solution conductivity by bipolar pulsed
15 minutes depending on conductivity discharges over NaCl solution

in temperature. It is thought that the solution was considered as an insulator in case of the
discharge for low conductivity solution, resulted in intense emission and temperature rise

during the discharge.

2.4 Generation of active species

2.4.1 Active species over water surface

2.4.1.1 Optical emission specta

Discharge plasmas were generated over NaCl solution at 100 ©S/cm (46.6 mg/L) by pulsed

discharges at +4 kV/+4 kV/—4 kV respectively. Optical emission spectra of plasma
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Figure 2.8 Optical emission spectra of discharge plasma over NaCl solution under
atmospheric air (a-c) and argon (d-f) by bipolar (a,d), positive (b,d), and negative (c,f)
pulses

emissions were observed by using a high-resolution spectrometer (HR2000CG, Ocean
Optics Inc.). Figure 2.8 shows optical emission spectra of (a) bipolar, (b) positive, and
(c) negative pulsed discharges at atmospheric air. The emissions of No were dominant in
either case: Ny first (550-800 nm) and second (300-400 nm) positive bands. Because Ns is
easy to transition compared to other species, emissions of Ny 2nd positive (C*I1,,-B*I1,)

and st positive (B*II,-A*%) bands are often dominant emissions in the plasmas at
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air [16]. The sharp emission lines of O atoms (777 and 845 nm) were also observed in the
spectra. They derived from O, molecules in air presumably. However, some researchers
confirmed emission species from dissociation of water when discharge plasmas were
generated at gas-liquid interface [5, 8, 17]. In order to identify other species in discharge
plasmas especially from aqueous solution, optical emission spectra were also observed in
atmospheric argon as shown in Fig.2.8 (d)-(f). Some Ar lines were detected in 700-850 nm.
Besides, Ho (656 nm), O (777 nm), and OH (310 nm) lines derived from water molecules
were emitted obviously. They were supposed to be generated near the water surface,
thus reactive species derived from water molecule had great impacts on aqueous solution

because they have high reactivity.

2.4.1.2 Spatial distribution of each emission species

Spatial distribution of each emission species were observed by using intensified charge
coupled device (ICCD) camera (PI-MAX512RB-FG-44, Prinston Instruments Inc.) with
interface filter of each spectral line. The gate width of ICCD camera was 15 useconds,
namely images displayed emission intensity while one pulsed voltage was applied. The
preceding section mentioned that the emission of Ny bands were dominant in spectra. This
section focused on emission species derived from water molecules, thus the experiments
were conducted in closed reactor purged argon gas (Ar).

Figure 2.9 shows ICCD images of all spectra, Ar (810 nm), Ha (656 nm), and OH
radical (310 nm) by bipolar, positive, and negative pulsed discharges. Plasma emissions
were generated from the electrode toward the solution surfaces. Furthermore, they were

also generated along the solution surfaces. Intense emissions were observed on solution
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Figure 2.9 ICCD images of all spectra, Ar (810 nm), Ha (656 nm), and OH radical
(310 nm) by bipolar, positive, and negative pulsed discharges
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surface under the electrode. The emission of Ar was observed at relatively wide region.
Positive pulses induced more intense emission of Ha and Ar than negative pulses, but
OH radical was easy to obtain by negative pulses. Kang et al. researched the effects of
voltage polarity on the wavelength-resoluted ICCD images [ 18], although they used nozzle
electrode, in which helium gas flowed during the discharge. The similar effects of voltage
polarity on ICCD images were observed in their study: helium (atmospheric gas) was
emitted by positive discharges between a metal electrode and aqueous solution, but sodium
contained in aqueous solution was emitted by negative discharges near the solution surface.
Additionally, generation of OH radicals at gas-liquid interface by the discharge was also
observed by Sasaki et al. by using laser-induced fluorescence [19]. Impact of electrons by
negative pulse is less powerful than that of ions [6]. Additionally, OH radicals are formed
easily by excitation energy transfer from Ar metastable atom (Penning ionization) [16].
Energy of electron impact by negative pulses was sufficient for formation of OH radical,
but that by positive pulses was supposed to be excess energy for OH radical formation. It
led to dissociation of OH radicals, and generated H and O atoms, resulted in the increase
in emission of Ha. ICCD images by bipolar pulses were similar to the sum of positive and

negative pulses.

2.4.2 Active species in water

2.4.2.1 Method

Reactive oxidation species in aqueous solution were measured by iodometric method
using potassium iodide (KI). Iodine ions (I7) are oxidized easily because of low

oxidation-reduction potential, and convert into iodine molecules (I5) as shown in Eq.(2.2).
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2l — I, + 2e~ E°=—-0535V (2.2)

When oxidation species generated by the discharge in water, I~ ions are oxidized and
produce I, molecules, which can detected by iodo-starch reaction. By using this method,
concentration, distribution, and transportation of reactive oxidation species in water can
be observed during plasma irradiation.

In present work, discharge voltages at +4 kV and —4 kV were applied to the electrode,
and discharge plasmas were generated over 100 mmol/L KI solution including starch at

0.35 wt%.

2.4.2.2 Reactive oxidation species in water under plasma irradiation

Figure 2.10 shows distribution of reactive oxidation species as a function of treatment
time by positive pulsed discharges at +4 kV. After beginning of the discharge, reactive
oxidation species were produced at plasma-solution interface, and transported toward the
bottom of the reactor. However, they did not flow toward the bottom after few seconds, and
accumulated near water surface directly under the electrode. Then, they flowed toward the
side walls of the reactor. As the flow reached the side walls, it turned and formed a layer
approximately 10 mm of reacted solution region on the upper part of the reactor. Even
with increasing treatment time over 300 seconds, thickness of the layer did not change,
and reacted solution just diffused to the lower part of the reactor. Fig.2.11 shows enlarged
images of the solution applied positive pulses after beginning of the discharge. The reacted
solution flowed toward the bottom until 4 seconds, but swirled around the solution surface

nearby plasma irradiation position. It was due to the effect of ionic wind. When positive
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Figure 2.10 Distributions of reactive oxidation species as a function of treatment time by
positive pulsed discharge at +4 kV
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Figure 2.11 Enlarged images of the solution applied positive pulses after beginning of the
discharge
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Figure 2.12 Distributions of reactive oxidation species as a function of treatment time by
negative pulsed discharges at —4 kV

3 sec ‘ 5 sec ‘ 7 sec 10 sec 20 sec'
b — " p——

Figure 2.13 Enlarged images of the solution applied negative pulses after beginning of the
discharge
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discharges are generated over water surface, the ionic wind progressed outward along
the air-solution interface [20]. It leads to clockwise and counterclockwise flows of the
solution [7, 21]. It took about 5 seconds until the influence of ionic wind on solution
flow. Therefore, the flow of reacted solution toward the bottom of the reactor was the
influence on discharge plasma purely. In contrast, the effect of ionic wind was superiority
after 4 seconds. The thickness of reacted solution after 10 seconds was about 2 mm. It

progressed to the side walls while keeping the thickness of the layer.

In case of water cathode, a little amount of OH radical is generated by the discharge
(see preceding section), but impacts of positive ions on water surface were presumably
efficient for generation of oxidation species. However, it is thought that not only OH
radicals but also superoxide (O ) and hydrogen peroxide (H,O-) [6], which have long-life
time compared with OH radical, were produced by positive discharges, and affected on
aqueous solution. Nevertheless, these oxidation species reached directly 2 mm from the

solution surface in the deepest by positive pulsed discharges.

On the other hand, Figures 2.12 and 2.13 show images of KI solution applied negative
pulsed discharges at —4 kV. Negative pulsed discharges were hard to form ionic wind,
leading to suppression of reacted solution flow. The progress in flow of reacted solution
by negative pulses is similar to positive pulses, and reacted region after 10 seconds was also
10 mm in the depth. Overall, an amount of reactive oxidation species by negative pulses
were smaller than positive pulses according to color of the solution after discharges. The
thickness of reacted solution after beginning of negative discharge as shown in Fig.2.13
was about 1 mm, which was thinner than positive case. Negative pulsed discharges
generated a lot of OH radicals at solution surface (see preceding section). OH radical

has strong oxidizability, but the life time of OH radical is very short compared with
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other oxidation species. Accordingly, reactive oxidation species were generated only at

plasma-solution interface, and flowed in the upper part of the reactor.

2.5 Oxidation-reduction reactions

2.5.1 Oxidation reactions

2.5.1.1 Materials

Oxidation reactions induced by pulsed discharge plasmas were examined by using three
model materials: (a) coomassie brilliant blue R-250 (CBB, Wako Chemical Co.), (b) congo
red (CR, Sigma Chemical Co.), and (c) acid orange 7 (AO7, Aldrich Chemical Co.). The
structure of each material is indicated in Figure 2.14. They dissolved in purified water

at 10 mg/L, and pulsed discharge plasmas at +10 kV and —10 kV were generated over

Na' .
Na*
(a) ﬁ_'ﬁ (b) HQN PN []
HN— “—0 Z
\—/ N Nj%'j( S'O
Y \ /‘ KJ O’J "0
(O~ M ~y
f:" N—, /_“ 4 | ’.l
O= [ N7 \ R N
o\ /A [ (C)
fo) ] ; ANF
"\ o. P N
ﬁ;wm SN Na' S~
—/ \N_ 0 0 l ) o @
\ /}}75 O f ZNH, d”SRT/ \ N Y
W ) ‘{J e/ \ ‘t\\
- HO

Figure 2.14 Structures of (a) coomassie brilliant blue R-250, (b) congo red, and (c) acid
orange 7
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solution surface. The conductivity of CBB, CR, and AO7 solution were 3.1, 11.6, and
8.1 uS/cm respectively. 1 observed oxidation reactions of model compounds in aqueous
solution by positive and negative pulses. Concentrations of CBB after treatment of the

discharge were measured by UV-Vis spectrophotometer (V-550, Jasco Co.).

2.5.1.2 Oxidation reactions

Figures 2.15 and 2.16 show images of (a) coomassie brilliant blue (CBB), (b) congo red
(CR), and acid orange 7 (AO7) solution under irradiation of positive and negative pulsed
discharges as a function of treatment time. All materials were decomposed by oxidation
reaction induced by positive and negative pulsed discharge. In case of CBB and CR
solutions, compounds in water oxidized from the upper part of the reactor, as a layer of
reacted solution was clearly visible. The thickness of the layer was 10 mm, corresponded to
existence region of active oxygen species (see preceding section). In positive pulses case,
reacted solution remained this region until 40 minutes, but began to diffuse throughout the
reactor after 10 minutes. Consequently, the concentrations of compounds were uniform in
the whole of the reactor after 60 minutes. In all cases, oxidation reactions were occurred
through the similar progress. In contrast, negative pulses took much time to form the layer
of reacted solution, and concentrations of compounds were ununiformed in the reactor
after 60 minutes of the discharge. Red color of the solution after negative discharges for
AQ7 was supposed to be caused by degradation products. CBB and AO7 were oxidized
easily by positive pulses, although negative pulses were more efficient to decompose
CR than positive pulses. It is believed that high oxidation potential was required in

order to decomposed CR. Negative discharges generated more OH radicals, which had
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Figure 2.15 Images of (a) CBB, (b) CR, and AO7 solution under irradiation of positive
pulsed discharges as a function of treatment time
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Figure 2.16 Images of (a) CBB, (b) CR, and AO7 solution under irradiation of negative
pulsed discharges as a function of treatment time
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Figure 2.17 Concentrations of CBB at surface of the solution (o) and total concentration
in the reactor (e) after (a) positive and (b) negative pulsed discharge

high oxidation potential (2.80 V) [22], leading to CR decomposition. However, CR was
difficult to be decomposed by oxidation species with low oxidation potential such as H,O2
(1.70 V) and HO, (1.78 V). Therefore, the compounds, which could be decomposed easily,
were oxidized by positive pulsed discharges effectively. However, decomposing persistent

compounds were effectively oxidized by negative pulsed discharges.

Figure 2.17 shows concentrations of CBB at surface of the solution and total
concentration in the reactor after positive and negative pulsed discharges. CBB at
surface of the solution decomposed immediately after beginning of the discharges in both
cases. Concentration of CBB at solution surface degraded rapidly by positive pulses until
5 minutes, and decreased gradually after that. Negative pulses also induced the decrease
in CBB concentration at the solution surface. Concentration of CBB at solution surface
saturated after 10 minutes of negative discharge. Focused on total CBB concentrations in

the reactor, they decreased suddenly after beginning of the discharge due to decomposition
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Table 2.1 Reaction rates of CBB decomposition by positive and negative pulsed discharge

Reaction rate [nmol-L~t-s71]

time positive pulses negative pulses
0-10 min 9.1 11.0
10-40 min 1.5 1.6
40-60 min 0.9 0.2

of CBB nearby solution surface, but they decreased gradually as time went by. At this time,
the region of reacted solution became wider because of diffusion according to Fig.2.15 and
2.16. After 60 minutes of positive pulsed discharges, total CBB concentration reached that
at solution surface, but did not reached by negative pulsed discharges.

Table 2.1 indicates reaction rate of CBB decomposition by positive and negative pulsed
discharges. The reaction rate of negative pulses was higher than that of positive pulses at
the beginning of the discharge. After 10 minutes, they are similar to each other. Positive
pulses oxidized CBB by degree after 40 minutes, although negative pulses hardly induced
the reaction. Eventually, positive pulses were more efficient for oxidation reactions at

60 minutes in case of decomposition of CBB in the solution.
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2.5.2 Reduction reactions

2.5.2.1 Materials

Reduction reactions induced by pulsed discharge plasma were examined by material
synthesis from metal ions in water. Some researchers reported that nanomaterials
synthesized from metal ions in water by discharge plasma at gas-liquid interface [23,24].

In present work, 0.2 mM tetrachloroauric acid (HAuCl,, Wako Chemical. Co.) and
0.1 mM silver nitrate (AgNO3, Wako Chemical. Co.) were utilized for gold and silver
particles syntheses. The half equations and oxidation-reduction potential of AuCl; and

Ag™ ions indicates in Egs.(2.3) and (2.4).

AuCly +3e~ — Au+4C1~ E°=+1.00V (2.3)

Agt 4+ e — Ag E'=40.80V (2.4)

Pulsed discharge at +10 kV and —10 kV, which controlled by on/off control at 20 %
of duty ratio, were generated over HAuCl, and AgNOj5 solution, and observed Au and Ag

metal particles production.

2.5.2.2 Reduction reactions

Au particle was not formed from HAuCl, by neither positive nor negative pulses even by
long-time discharge. Ag particle was not also synthesized by positive pulsed discharges.

However, negative pulsed discharges synthesized Ag particles slightly as shown in
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5 mm

Figure 2.18 The Ag particles synthesized by negative pulsed discharge

Figure 2.18. Ag particles were generated only at plasma irradiation area (plasma-solution
interface). Because redox potential of Ag™ ion is lower than AuCl; ion, redox power
of pulsed discharge plasma was supposed to lack for Au particle synthesis, but reach for
Ag particle synthesis. It is thought that a main cause of reduction reactions by discharge
plasma at air-water interface is hydrated electrons. In case of positive discharge, hydrated
electrons generated only when high energy ions are collide with water surface [6]. Positive
pulses of my experiments were hard to generate high energy ion probably, thus reductions
reactions did not occur by positive pulsed discharge. On the other hand, negative discharge

produced a little amount of hydrated electron. It led to production of Ag particles.

2.6 Spatial pH distribution

2.6.1 Material

The pH value of aqueous solution gives a great influence on chemical reactions. It also

affects plasma properties because conductivity of aqueous solution is changed depending
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Figure 2.19 Structures of cyanidin (one of the anthocyanins) depending on pH value

on pH value [25,26]. When discharge plasmas irradiate over aqueous solution surface,
oxidation reactions are induce in aqueous solution mainly, leading to a decrease in pH
value of the solution. The solution has spatial distribution of pH value in a reactor
presumably during plasma irradiation. Nevertheless, a direct measurement of pH values
cannot conduct during the discharge because of electric current. In addition, the correction
is required in case of direct measurement because the pH value changes depending on
a solution temperature. The solution temperature increases by discharge plasmas (see
section 2.3). Thus, the direct measurement is unsuitable, but the chemical method is
valid for pH observation in water under plasma irradiation. Tochikubo et al. utilized
bromothymol blue (BTB) for pH indicator during discharge over aqueous solution surface
reportedly [6]. There are a lot of pH indicators, but the indicators ranges of them are

narrow, and we only get the information whether pH value of the solution increase or
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decrease in general. This work used anthocyanins as pH indicator, which has wide
indicator range. Anthocyanins are plant pigment including flower, vegetable, and so on.
They form a variety of structures as pH changes as shown in Figure 2.19. By using

anthocyanins for pH indicator, slight changes of pH value can be detected visually.

2.6.2 Method

Positive and negative pulses at +4 kV and —4 kV discharged over anthocyanins
solution and observed spatial pH distribution of the solution under plasma irradiation.
Anthocyanins powder was prepared to extract from violet cabbage by hot water, refine,
and freeze-dry. Some kind of anthocyanins included in this anthocyanins powder, thus
concentration of all anthocyanins determined as cyanidin-3-glucoside chloride by UV-Vis
spectrometer. The experiments were conducted by using 0.3 mmol/L anthocyanins
solution. The anthocyanins solution was controlled at pH 8.0 before the discharge in
order to observe pH changes of the solution clearly. The conductivity of the solution was
750 puS/cm. The images of the solution under plasma irradiation were analyzed by image

analysis (Igor Pro 6, WaveMetrics Inc.), and determined the pH value of the solution.

2.6.3 Spatial pH distribution induced by pulsed discharge

Figure 2.20 shows images of anthocyanins solution under plasma irradiation by positive
pulses as a function of treatment time. Although the decrease in pH value was caused

by oxidation reactions of anthocyanins, there was no effect on pH measurement owing to
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Figure 2.20 The images of anthocyanins solution under plasma irradiation by positive
pulses as a function of treatment time

" -

Figure 2.21 The enlarged images of anthocyanins solution after 1 minute of positive and
negative pulsed discharges
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Figure 2.22 The averages of pH values atthe  Figure 2.23 Comparison of pH changes by
outermost surface layer (e, 2mm in depth positive () and negative (¢) pulses during
from solution surface), the upper surface plasma irradiation

layer (o, 10 mm in depth from solution

surface), and the lower area ([J, the solution

area except upper surface layer) by positive

pulsed discharges

low decomposition of anthocyanins. Positive pulsed discharges induced the decrease in
pH value at the solution surface primarily, but the pH values of the solution are steady
until 5 minutes in case of negative pulsed discharges. Fig.2.21 shows the enlarged images
of anthocyanins solution after 1 minute of positive and negative pulsed discharges. The
region of 2 mm from solution surface changed the pH values from pH 8.0 to 7.0 by positive
pulsed discharge. It coincided with the existing region of reactive oxidation species shown
in Fig.2.11 (see section 2.4). Low pH region after 5, 10, and 20 minutes of positive pulsed
discharges in Fig.2.20 is similar to reacted region of CBB in Fig.2.15 (see preceding
section). Therefore, the pH distribution by positive pulses in the reactor depended on

oxidation reactions.

Figure 2.22 shows the averages of pH values at the outermost surface layer (2 mm
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20min

30min 40min 60min

Figure 2.24 The images of anthocyanins solution under plasma irradiation by negative
pulses as a function of treatment time

in depth from solution surface), the upper surface layer (10 mm in depth from solution
surface), and the lower area (the solution area except upper surface layer) by positive pulsed
discharges. The pH values of the outmost and upper layer did not decrease immediately
after discharge beginning unlike the decomposition of CBB as shown in Fig.2.17 (see
preceding section). It took 20 minutes to decrease the pH value at the outmost and upper
layer, and the pH values at the outmost and upper layer were saturated after 20 minutes.

In contrast, the pH values at the lower area decreased monotonously.

Figure 2.24 shows images of anthocyanins solution under plasma irradiation by
negative pulses as a function of treatment time. In case of negative discharges, the pH

values decrease gradually as a whole. Fig.2.23 shows comparison of pH changes by
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positive and negative pulses during plasma irradiation. Negative pulses were harder to
decrease in pH value than positive pulses. Negative pulses induced oxidation and reduction
reactions. These reactions occurred only at solution surface, but their impacts were small
not so much as the change in solution pH, leading to slow speed of pH changes by negative

discharges.

2.7 Effects of gas atmosphere

2.7.1 Experimental setup

In previous sections, the discharge plasmas were basically generated in atmospheric air.
Air contains nitrogen (N3), oxygen (Oy) molecules, and so on. In order to identify
which molecules is effective for chemical reactions induced by pulsed discharge, discharge
plasmas were generated at varying conditions of atmospheric gases by using improved
electrode as shown in Figure 2.25. The cylinder copper electrode at ¢ 1.00 mm was put
into glass tube, whose inner diameter is 3.9 mm. N5, O, and argon (Ar) gases flowed in
glass tube at 150 mL/min, and introduced gas-rich conditions were created between the
electrode and solution surface. Additionally, dry air, which included N, at 75.5%, O, at
23.2%, and Ar at 1.3% , was also introduced and produced discharge plasma as reference
data. The electrode protruded from glass tube at I mm. The gap length between the copper
electrode and solution surface was 3 mm. Optical emission spectra of discharge plasma
were observed in order to identify species of discharge plasmas, and the influences on

oxidation reaction induced by discharge plasmas were examined.
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Figure 2.25 The improved electrode of pulsed discharge at varying conditions of
atmospheric gases

2.7.2 Optical emission spectra

Optical emission spectra of the plasma emissions were observed during positive and
negative pulsed discharges under Ny, O,, and Ar atmosphere as shown in Figure 2.26. The
emission of plasma under atmospheric air was similar to that under N, gas. In addition,
emissions of oxygen atoms at 777 and 845 nm were also observed in the spectrum of
atmospheric air. The positive discharges under N», O, and Ar atmosphere exhibited Ho
line at 656 nm. It also observed in the spectra of negative discharge under Ar atmosphere.

In case of the discharge at O, gas, emissions of O atoms (777 and 845 nm) were dominant
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Figure 2.26 Optical emission spectra of positive and negative pulsed discharges at air, No,
O,, and Ar atmospheres
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of the discharge. The discharge under Ar atmosphere also emitted O atoms derived from
water molecules. The emission of OH radicals (310 nm) was detected when discharge
plasmas were generated under O, and Ar gas. Additionally, negative pulsed discharges
usually emitted Na line (589 nm), which included in aqueous solution. In case large current
flows in aqueous solution as a cathode, slight emission of solute were measured near the
water surface [27]. Although the current waveforms of the discharges could not measure,
impulse current by negative pulsed discharges assumed to be high, leading to Na emissions

in Fig.2.26.

2.7.3 Oxidation reactions

The effects of gas atmosphere on oxidation reactions were examined by CBB
decomposition. Figure 2.27 shows CBB concentrations after 30 minutes of positive and
negative pulsed discharges at air, No, O2, and Ar atmosphere. CBB was decomposed from
10 mg/L by all conditions. Negative discharges decomposed CBB in water a little more
than positive discharges in either case. The discharge at atmospheric air was the most
efficient of the four gases. However, oxidation reactions did not depend on atmospheric
gas particularly. Therefore, oxidation reactions induced by discharge plasma were caused
by not only specific species but some species. According to the results of the discharge
at air, it is implied that mixed gas generated more oxidation species by the discharge, and

enhanced reactivity of pulsed discharge plasma.
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Figure 2.27 CBB concentrations after 30 minutes discharge by using air, N5, Oo, and Ar
atmospheres

2.8 Effects of reactor shapes

2.8.1 Method

The experiments were conducted by using three type of reactors, which have different
shapes with the same volume as shown in Figure 2.28. The effects of reactor shapes on
the reactions induced by discharge plasmas were investigated. Discharge plasmas were
generated over KI solution and CBB solution at +4 kV/—4 kV and +10 kV/—10 kV
respectively in order to observed generations of active oxidation species and oxidation

reaction (cf. sections 2.4 and 2.5).
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Figure 2.28 Three types of reactors of discharge plasma over aqueous solution

2.8.2 Active species generation and oxidation reaction using tall reactor

Spatial distributions of active oxidation species in tall reactor (reactor 2) were observed
by generating discharge plasmas over KI solution surface. Figure 2.29 shows KI solutions
after 3 minutes of (a) positive and (b) negative pulsed discharges. The layers of reacted
solution were observed clearly in both cases. The thicknesses of the layers by using
reactor 2 were approximately 10 mm, which were similar to that by wide reactor (reactor 1)
as shown in Figs.2.10 and 2.12 (see section 2.4). Fig.2.30 shows CBB solutions after the
treatments of 5 minutes by (a) positive and (b) negative pulsed discharges. Reacted layers
of CBB solution were also similar to Fig.2.29. Therefore, the existence depth of oxidized
solution by the discharge did not depend on height and width of the reactor.

The concentrations of CBB at surface layer and total in the reactor 2 after treatments
of positive and negative pulsed discharges as a function of treatment time were shown

in Figure 2.31. Compared to reactor 1 as shown in section 2.5, the times until saturated
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Figure 2.31 The concentrations of CBB at surface layer (o) and total in the reactor 2 (e)
after treatments of (a) positive and (b) negative discharges as a function of treatment time

of CBB concentration at surface layer were fast by using reactor 2 because the volume

of surface layer in reactor 2 was smaller than reactor 1.

The changes in total CBB

concentration in reactor 2 hardly depended on discharge polarity.
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2.8.3 Effects of reactor shapes on oxidation reactions

Comparisons of CBB concentration by positive and negative pulsed discharges by using
different shapes of the reactors were shown in Figure 2.32. The CBB concentrations after
60 minutes of the discharge did not depend on reactor shapes, but the progress in CBB
decomposition was different until the discharge at 60 minutes. The progress of oxidation
reactions by the discharge using wide reactor (reactor 1) was mentioned previously in
section 2.5. CBB in water was oxidized by the discharge monotonously by using tall
reactor (reactor 2). On the other hand, the discharge using thin reactor (reactor 3) oxidized
CBB in water immediately in the beginning, and then the concentration of CBB was

degraded gradually.

Consequently, the thin reactor was efficient for fast treatment of oxidation reaction

induced by pulsed discharge, because reacted solution reached only in the depth of 10
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Figure 2.32 Comparisons of CBB concentration by (a) positive and (b) negative discharges
by using reactor 1 (e), reactor 2 ([J), and reactor 3 (A)
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mm from solution surface. Therefore, in case an efficient batch-reactor is designed, the
depth of the reactor should configure less than 10 mm. Otherwise, an efficient process
is supposed to be possible by controlling a flow of reacted solution in the reactor. If you
design a continuous reactor, it is to be desired that the depth of solution in the reactor is
less than 2 mm, which is the region of acts on aqueous solution directly by active species

generated by discharge plasmas.

2.9 Conclusions

The pulsed discharge plasmas were generated over aqueous solution surface, and
investigated the effects of the discharge on characteristics of discharge plasmas and
aqueous solution. Reactive species were generated by the discharge between the metal
electrode in gas phase and aqueous solution surface especially near the solution surface,
and affected on aqueous solution. In case of the discharge under atmospheric air,
the emissions of Ny were dominant of optical emission spectra, but Ha and OH
from dissociation of HoO molecules were also generated at plasma-solution interface.
Conductivity of the solution related to production of active species. Reactive oxidation
species, which were formed by the discharge in water, induced oxidation reactions in water.
Oxidation reactions were caused by not only particular species but various species. In
case of positive pulsed discharges, reactive oxidation species reached and acted directly
2 mm from the solution surface in the deepest. In contrast, negative discharge plasmas

affected 1 mm from the solution in the deepest. When the compounds in aqueous solution
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were decomposed easily, positive pulsed discharges were efficient for oxidation reactions.
However, decomposing persistent compounds were effectively oxidized by negative pulsed
discharges.

The layer of reacted solution was formed during plasma irradiation in the depth of
10 mm from solution surface by using any reactor due to convection flow of reacted
solution. Therefore, the depth of the reactor should configure less than 10 mm if an
efficient batch-reactor is design. Otherwise, an efficient process is supposed to be possible

by controlling a flow of reacted solution in a reactor.
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Chapter 3

Development of plasma process using

gas-liquid two phase flow

3.1 Introduction

Multiphase flow is the flow of a mixture with two or more phase such as gas-liquid,
liquid-liquid, and gas-liquid-solid. Focused on gas-liquid two-phase flow, several patterns
of flows can make by controlling superficial velocities of liquid and gas, which are defined
volume flow rate per unit cross-sectional area [13—15]. When superficial velocity of gas
Ugg is sufficiently low, bubbly flow is observed as shown in Fig.3.1(a). With increasing
Ugs, cylindrical bubbles are arranged in the flow, named slug flow (Fig.3.1(b)). In contrast,
annular flow like Fig.3.1(c) is formed when superficial velocity of liquid Uy s is sufficiently
low. We can enhance mixing rates and control mass and heat transfers by using these flows
[16], thus they were widely applied to chemical reactions [17], materials synthesis [18,19],

crystallization [20], and analytical method [21, 22]. I developed two plasma processes
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ULs =0.04 m/s

Uss =4.04 m/s

Figure 3.1 Patterns of gas-liquid two-phase flow [15]

using gas-liquid slug flow and wet walls based on the results of Chapter 2, and examined

the characteristics of the plasmas and their relativities.

One is the discharge in gas-liquid slug flow. Over the past few years, electric discharge
inside bubbles in water have been received attention, and many types of discharge methods
in water using bubbles were proposed [1-4]. It leads to reduction in input power and high
reaction efficiency. When the discharge plasma generated inside a floating bubble in water,
the displace current of the bubble need to be larger than the conduction current of water [5].
However, water exhibits high conductivity in most cases because of solutes. Thus, it is
difficult to generate discharge plasma in floating bubbles. Instead, it can be generated
inside the bubbles in contact with a substance, which linked to an electrode. In a typical
case, the plasma is generated only inside the bubble, which attached incidentally to the
electrodes or dielectric substance connected to the electrode [9-12]. However, in previous
methods, the bubbles float one after another in the reactor because of buoyancy, resulted in
instability of discharge plasma and low efficiency. Some researchers have studied recently
the discharge method to keep bubbles attaching to the electrode [6—8], but the bubble did

not control sufficiently even in these methods.

I arranged controlled gas bubbles in the capillary as shown in Fig.3.2. If the discharge
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«—flow
bubblc> ©Sdution bubble

Figure 3.2 The image of controlled gas  Figure 3.3 The convection flow in the
bubbles arranged in the capillary solution in gas-liquid slug flow

plasmas are generated at controlled bubbles in the slug flow, stable discharge method in

continuous process is feasible because bubbles attach inner wall of the tube constantly. In

addition, liquid phase of the slug flow is circulated by shearing force, shown in Fig.3.3

[23,24]. In case the reactions by discharge plasma occur at gas-liquid interface, reacted
solution flows in a direction away from a bubble surface, and unreacted solution is fed the
bubble surface. Thereby, high reaction efficiency is expected by using this process. The
other method in the current work is discharge plasma over wet wall (like annular flow).
It is found that active species, produced by discharge plasma over solution surface, reach
directly at 2 mm in the depth at the deepest according to Chapter 2. Conversely, a high
efficiency is accomplished when discharge plasmas were irradiated over solution layer of

2 mm or less. In present work, I tried to generate creeping discharge on wet wall.
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3.2 Discharge in gas-liquid slug flow

3.2.1 Experimental setup

The discharge plasmas were generated in gas-liquid slug flow. The schematic of
experimental setup was shown in Figure 3.4. The gas-liquid slug flow was formed in
glass capillary tube with an inner diameter of 2.0 mm. The interval of bubbles was
adjusted by changing flow rate of gases. Aqueous solution and gas were mixed at the
upper part of capillary at 1.5 mL/min and less than 0.5 mL/min respectively controlled by
plunger pump (LC-10AD, Shimadzu Co.) and flow meter (RK-1250, Kofloc Instruments
Inc.). In this case, liquid and gas flowed in the same direction toward the bottom.
Air, argon (Ar), helium (He), oxygen (O:), and nitrogen (Ny) gases were introduced
feed gases of slug flow. Aqueous solution was dissolved sodium chloride (NaCl) to
control conductivity at 500 pS/cm of the solution in order to unify the conductive current
in water. The pulsed bipolar voltages at +10.0 kV were applied repetitively at 10
kHz to the copper sheet wrapped around the exterior of glass tube by a pulse power
supply (TE-HVP1510K300-NP, Tamaoki Electronics Co. Ltd.). The discharge voltages
were monitored using an oscilloscope (TDS2024C, Tektronix Inc.) with a high voltage
(EP-50K, Nissin Pulse Electronics Co. Ltd.). Two types of cathodes were utilized for the
experiments: (a) water cathode and (b) copper cathode as shown in Fig.3.4. In case of
water cathode, the copper electrode set 25 mm apart from water surface. The glass tube
was submerged in water at 10 mm. The saucer including the solution was grounded. On
the other hand, a copper sheet, which was grounded, was rolled up in a position 25 mm

apart from the upper copper sheet in case of copper cathode.
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Figure 3.4 The schematic of experimental setup

3.2.2 Characteristics of discharge plasma

The appearances of discharge plasmas in gas-liquid slug flow using Ar gas were shown in
Figure 3.5. Discharge plasmas were generated inside bubbles continuously while bubbles
flowed between the electrodes by using either cathode. In case of water cathode as shown
in Fig.3.5 (a), the bubble in the capillary, which immersed in water cathode, also had

plasma emission.

In order to observe plasma emission inside bubbles, the ICCD image was photographed
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b

Figure 3.5 The appearances of discharge Figure 3.6 The ICCD image during
plasmas in gas-liquid slug flow using Ar gas a pulse of plasma irradiation in
gas-liquid slug flow using Ar gas

during a pulse of the discharge through 20 pseconds of gate width. Fig.3.6 shows the ICCD
image during a pulse of plasma irradiation in gas-liquid slug flow using Ar gas. The white
dotted lines indicate a bubble surface and inner walls of the glass tube. The liner emissions
were formed along the bubble surface. It was due to large gradient in dielectric constant,

which enhances electric field [25].

It is believed that the mechanism of plasma generation in my process is similar to
the methods by Bruggeman et al. [26-29], although they created a bubble by heating.
The highest electric field was created at the edge of a bubble near the capillary wall by
the discharge, leading to initiation of discharge plasma along the bubble surface. These
discharge method required high conductivity of the solution in order to form the plasmas

because the solution behaved as dielectric substance. In fact, also by my method, the
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Figure 3.7 The images of discharge plasma in gas-liquid slug flow obtained by high speed
camera

discharge plasma did not generate inside bubbles of gas-liquid slug flow in case a low
conductivity solution such as distilled water was utilized for liquid phase. Thus, the
mechanism of propagation of discharge plasma in slug flow was same as the experiments
by Bruggeman.

In addition, the total number of bubbles between electrodes is considered to be gap
length of discharge plasma in my method. When many bubbles existed between the
electrodes, namely gap length was long, high input voltage was supposed to be required
to generate discharge plasma inside bubbles. After this section, the intervals of bubbles
of gas-liquid slug flow were set at 13 mm. In this condition, two or three bubbles exist
between the electrodes. The superficial velocities of gas Ugg and liquid Upg were 0.85
and 8.0 mm/s respectively.

Moreover, the appearance of plasma emission in slug flow observed by using high

speed camera (GX-8, Nac Image Tech. Inc.). The images obtained by high speed
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camera were shown in Figure 3.7. Discharge plasmas were generated with rotation
while a bubble fallen. The temperature at bubble surface was supposed to be increased
momentarily by plasma irradiation. It assumed to be the main cause of plasma rotation
inside bubbles. Additionally, convection of gas in slug flow also contributed to plasma

rotation presumably.

3.2.3 Generation of active species

3.2.3.1 Active species over water surface

Optical emission spectra of plasma emission inside bubbles in slug flow were observed
to identify the active species generated by discharge plasma. Figure 3.8 shows optical
emission spectra of plasma emission in slug flow by using Ar, He, O, and Ny as
introduced gases. Emission lines derived from respective feed gas were detected by all
spectra. Especially, O atom (777 nm) and N, second positive system (300-400 nm) were
supposed to have reactivity for aqueous solution. Besides, the emissions derived from
water molecule such as Ha (656 nm) and OH (310 nm) lines were detected clearly, but
the emission of Na (589 nm) was hardly observed. In case of Ny gas introduction, the
emission of OH radical was not clear because of overlap with N, second positive system,

but OH radicals were emitted certainly [30].
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Figure 3.8 Optical emission spectra of plasma emission inside bubbles in slug flow by
using (a) Ar, (b) He, (c) Oq, and (d) N, as feed gases

3.2.3.2 Active oxidation species in water

Reactive oxygen species were generated in gas-liquid slug flow by bipolar pulsed
discharges at 6.8 kV, and observed by using 100 mM KI solution (see section 2.4.2).
Figure 3.9 shows the images of KI solution in slug flow during plasma irradiation. Reactive
oxygen species were generated near the bubble surface, and flowed to the downstream.
According to the enlarged image as shown in Fig.3.9 (b), reactive oxygen species also
flowed up near the walls. Therefore, reacted solution was circulated by convection flow of

slug flow.

The amount of total reactive oxidation species were determined by a titration of KI
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Figure 3.9 The images of KI solution in  Figure 3.10 The total amounts of reactive

slug flow during plasma irradiation oxidation species after the treatments of
bipolar pulsed discharges in slug flow by
using copper cathode

solution after the discharge by sodium thiosulfate. Figure 3.10 shows the total amounts of
reactive oxidation species after the treatment at a time by bipolar pulsed discharges in slug
flow by using copper cathode. OH radical was supposed to be the main species of reactive
oxygen species according to optical emission spectra. The discharge in air bubbles was
the most efficient for production of reactive oxidation species. The amount of reactive
oxidation species by the discharge with O, gas is almost same as that with air. O atom
observed by Fig.3.8 has high oxidation potential at 2.42 V, which is nearly equivalent to
OH radical (2.80 V) [31]. It also contributed to generation of active oxidation species. The
species derived from N, gas hardly contributed to reactive oxidation species production
compared with that derived from O- gas. The discharges with inert gases were generated

about half the amount of reactive oxidation species.
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3.2.4 Oxidation reactions

CBB solution at 10 mg/L, whose conductivity was controlled 500 S/cm by NaCl, was
introduced in the capillary, and the discharge plasmas were generated in the slug flow at
+10 kV by using copper cathode. CBB decompositions after treatments of the discharge
at a time by using air, Ar, He, Ny,and O, gases were shown in Figure 3.11. The order of
decompositions was same as that of total amount of reactive oxidation species as shown
in Fig.3.10. When the discharge plasmas were generated over water surface in Chapter 2,
atmospheric gases hardly affected decomposition of CBB (see section 2.7). In case of the
discharge in gas-liquid slug flow, the discharge plasmas were considered to be generated
between water electrodes. It enhanced generation of OH radical, leading to decomposition
of CBB. Therefore, the gas dependence in Figs.3.10 and 3.11 assumed to be caused by the

difference of amounts of OH radical generated by the discharge, although this work did

100

CBB decomposition [%]

Figure 3.11 CBB decompositions after the treatments of bipolar pulsed discharges in slug
flow by using copper cathode
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not examine the amount of OH radical.

In case of air and O, gases, CBB in the solution decomposed more than 70%. It
corresponded to CBB decomposition after 60 minutes of the discharges over the solution
in Chapter 2. It takes 30 minutes for the treatment of 45 mL of CBB solution at 10 mg/L,
considering the flow rate of the slug flow. Compared to CBB decomposition by using
reactor 1-3 in section 2.8, the decomposition of the discharge in slug flow and that in
reactor 3 (thin reactor) were almost the same. Therefore, high efficiency could be achieved

in a continuous process of the discharge by controlling a convection flow.

3.3 Creeping discharge on wet wall

3.3.1 Experimental setup

The creeping discharge on wet wall was generated under atmospheric air by using an
apparatus as shown in Figure 3.12. The bipolar pulsed voltages were applied to a cylinder
copper electrode covered with glass, whose thickness was 0.25 mm. Aqueous solution
flowed at 1.5 mL/min from the upper of the electrode and created thin layer less than 1 mm
over the electrode. A copper ring, whose diameter was 3.2 mm, was set in the middle of the
electrode, and connected to grounding. Aqueous solution was pooled at the copper ring
temporarily while flowing. The creeping discharge propagated along the aqueous solution

layer near the copper ring.
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Figure 3.12 The schematic of experimental setup

3.3.2 Characteristics of discharge plasma

The photographs of discharge plasmas on wet wall under atmospheric air were shown in
Figure 3.13. The creeping discharges were generated along the solution surface at the
upper and lower of the copper ring. The plasma emissions were observed continuously.
Optical emission spectrum of the discharge were shown in Fig.3.14. The spectrum was
similar to that of the discharge over the solution at atmospheric air (see Fig.2.8 in section
2.4). The emissions of Ny were dominant in the spectrum. However, the emission of O

atom was not observed. According to section 2.4, it is believed that Ho and OH were
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Figure 3.13 The images of creeping Figure 3.14 Optical emission spectrum of
discharges on wet wall the discharge plasma on wet wall

generated at gas-aqueous solution interface. The emission lines of Ha (656 nm) and OH

(310 nm) were supposed to overlap with Ny first and second positive bands.

3.3.3 Oxidation reactions

The amount of total reactive oxidation species were determined by a titration of KI solution
after the discharge at 6.8 kV. The amount of total reactive oxidation species was 1.75 mM,
which was nearly equal to that of the discharge in the slug flow by using air. When the
discharges were generated at +£10 kV on 10 mg/LL. CBB solution, the decomposition of

CBB after the discharge on the solution wall was 81.8%. It was also approximately the
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same as that by the discharge in slug flow using air. Consequently, the discharge on wet
wall, of which solution layer was less than 2 mm, realized high efficiency of oxidation
reaction. The reactivity of the discharge by using wet wall was equivalent to that by using

thin batch-reactor and that in gas-liquid slug flow.

3.4 Conclusions

New plasma processes using gas-liquid slug flow and wet wall were developed based on
the results of Chapter 2 in order to realize high efficiency of discharge plasma at gas-liquid
interface. The discharge method by using gas-liquid slug flow aimed the convection flow
of the solution in slug flow. The reacted solution circulated by a convection flow, leading to
high reactive efficiency. On the other hand, thin layer of the aqueous solution, which is the
entire region to reach reactive species by the discharge directly, was formed and discharge
along the wet wall. High efficiencies could be achieved in continuous processes by using
both discharge processes. The decompositions of CBB solution by these methods were
equivalent to that by thin reactor (reactor 3 in section 2.8). Thus, an efficient process of
discharge plasmas at gas-liquid interface can provide by managing a convection flow and

a layer of aqueous solution.
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Chapter 4

Electric discharge in water in the

presence of fine bubbles

4.1 Introduction

Bubbles introduction in water enhance chemical reactivity of discharge plasmas at
gas-water interface [1-3]. Almost all of previous discharge methods with bubbles
introduced bubbles on the order of a millimeter from a nozzle set in water [4—6]. In these
methods, bubbles rose one after another owing to the high rising speed of the millibubbles,
and the discharge plasma is not stable if not discharge under controlled bubbles like the

method in section 3.2.

In this chapter, fine bubbles were introduced to electric discharge area in water. A fine
bubble is a bubble whose diameter is <100 ;m, namely a microbubble or nanobubble.
There are differences in behavior in water between millibubbles and fine bubbles. For
example, fine bubbles of 50 ;m in diameter exhibit extremely slow rising speeds of 1 mm/s

and decrease in size and finally collapse in water during bubble rising [7,8]. Some reactive
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species produced by the discharge plasma were supposed to exist inside the bubbles when
discharge plasma generated inside bubbles. Although millibubbles including reactive
species escape from the water immediately, fine bubbles are expected to retain for a long
time in water with chemical active species owing to their slow rising speed. It leads to
enhanced reactivity of discharge plasma presumably.

In present work, a pulsed discharge plasmas were generated in water with argon (Ar)
and oxygen (O-) fine bubbles. The effects of fine bubbles on the characteristics of the
electric discharge and reactive species generated by discharge plasma with fine bubbles

were examined.

4.2 Experimental setup

The experimental setup is schematically shown in Figure 4.1. Two cylindrical
1.0 mm-diameter copper electrodes were set at a distance of 0.7 mm apart in a reactor
vessel. In case of production of active chlorine species, the experiments were conducted by
using stainless steel electrodes, whose gap length was 1.0 mm, because available chlorine
reacted with copper. The 67 mm-diameter vessel was filled with 250 mL of distilled water
or NaCl solution. Fine bubbles were generated by a micro-nano bubble generator (MA3,
Asupu Co., Ltd.) with water circulated at a flow rate of 150 mL/min. In case of the
discharge in water without bubbles, water was circulated at the same rate. Feed gas (argon
(Ar) or oxygen (O-) gas) was introduced into micro-nano bubble generator at a flow rate
of 30 mL/min and mixed with the water. The diameter of the bubbles was less than 80 ym
and the bubble density was about 9.5x 10'Y m~3 according to shadowgraph measurement

by ICCD camera. In other words, about 50 fine bubbles existed between the two electrodes
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Figure 4.1 Schematic of the experimental setup

in ¢ 1 x 0.7 mm. The injection nozzle for water with fine bubbles was located 5 cm above
the discharge region to prevent millibubbles from existing between electrodes. A bipolar
pulsed voltage of £5-12 kV shown in the right side of Fig.4.1 was applied to one electrode
by a pulse power supply (TE-HVP1510K300-NP, Tamaoki Electronics Co., Ltd.); the other
was grounded. The frequency of the wave pulse was 10 kHz. Pulse power was operated by
a trigger control (AFG-2005, Good Will Instrument Co., Ltd.), whose frequency and duty
ratio were 20 Hz and 10%, respectively, to avoid erosion of the electrodes. The power
was applied 30 seconds after beginning of fine bubble generation. Discharge voltage
and current were monitored using an oscilloscope (TDS2024C, Tektronix Inc.) with a

high-voltage probe (EP-50K, Nissin Pulse Electronics Co. Ltd.).
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4.3 Effects of fine bubbles on discharge plasma in water

The pulsed discharge plasma was generated in distilled water with and without fine
bubbles. Figure 4.2 shows the discharge inception voltage obtained by using bipolar
pulsed power with and without Ar or O, fine bubbles. Discharge inception voltages
decreased by 50% with argon bubbling and by 25% with oxygen bubbling compared with
the no-bubbling case. Thus, the addition of fine bubbles made it easier to generate an
electric discharge.

Water temperatures after the discharge were monitored by a digital temperature
indicator at a distance of 20 mm from the discharge area. The water temperature after
treatments of pulsed discharges at 9.5 kV is shown in Figure 4.3. The water temperature
before the discharge was controlled to be at 20+£2°C. After treatment of the discharge
without bubbles for 30 minutes, the water temperature increased steadily. In contrast, the
discharge in water with fine bubbles restrained the rise in temperature.

Differences between no bubbling and fine bubbling were probably caused by the
discharge ignition. Given the breakdown initiation in water without bubbles, thermal
bubbles were created on the tips of the electrodes by Joule heating when the voltage was
applied to the electrodes in water. The electric field was enhanced inside the bubbles,
and initiates breakdown because the gas phase requires smaller electric fields than the
liquid phase [43,45]. In the case of discharge in water with fine bubbles, the fine bubbles
that attached to the electrodes were assumed to lead the breakdown. Because thermal
bubbles created by Joule heating are thus not needed when the discharge plasma was
generated with fine bubbles, this led to the low discharge inception voltage and suppression
of water temperature increase. In addition, the discharge inception voltage depended on

the introduced gas because the discharge ignition probably occurred by the trigger bubbles,
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Figure 4.2 Discharge inception voltages Figure 4.3 Temperature changes of water
with and without fine bubbles after treatments of pulsed discharges at
+9.5kV

which attached to the electrodes. The degree of ionization was different from introduction

gases, resulted in the differences in discharge inception voltages.

Optical emission spectra were observed to investigate the characteristics of plasma
emission by using a high-resolution spectrometer (HR4000, Ocean Optics Inc.). Figure 4.4
shows the optical emission spectra for the discharge plasma generated in distilled water
with and without fine bubbles when the discharge was applied at £9.5 kV. Hydrogen and
oxygen atomic lines from dissociation of HoO molecules were dominant in the spectra.
Fine bubbles significantly enhanced plasma emission. H5 (486 nm), Hy (434 nm), and
H) (410 nm) lines, which are high energy levels of hydrogen atoms, were observed, but
emissions due to OH radicals (309 nm) were not found. Based on the Stark effect, the
discharge plasma with fine bubbles had high electron density. Under such conditions,

almost all of the water molecules were dissociated into hydrogen and oxygen atoms due
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Figure 4.4 Optical emission spectra with and without fine bubbles when the discharge was
applied at +9.5 kV

to the high energy applied to the discharge region [13, 14]. These observations could
likely be attributed to the lower breakdown voltage by the fine bubbles [15]. Intensive
broad emissions were mainly attributed to the dynamic Stark effects of H, Hy and Hd
lines [16]. Recombination of water molecules [17], dissociation of hydrogen [18], and
bremsstrahlung [19, 20] also will be considered as the cause of broad emissions in the
shorter wavelength region. However, emissions from argon atoms were not observed
even in the discharge plasma with Ar bubbles. This implies that the discharge plasma
was not generated inside the bubbles. Instead, the introduction of bubbles enhances the
dissociation of HyO. An emission line due to atomic Cu (324 nm) was also observed in

the spectra.

To evaluate water properties after the discharge, the copper concentration of water after
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Table 4.1 Energy consumption calculated by voltage and current waveforms, electron
density and intensity ratio of O (777 nm) and Ha (656 nm) estimated from optical emission
in Figure 4.4

Energy consumption Electron density Intensity ratio of
[m]/pulse] [cm™3] O (777 nm)/Ho (656 nm)
no bubbling 21.9 3.8x10 0.47
Ar bubbling 105.2 2.0x 10%7 0.52
O, bubbling 250.4 8.4x10'7 0.90

discharge at 9.5 kV were analyzed by an inductively coupled plasma optical emission
spectrometry (ICP-OES; IRIS-AP Thermo Fisher Scientific). The copper concentration
in water before the discharge was <0.05 ppm. After the discharge with no bubbling for
30 min, the copper concentration rose to 2.5 ppm. In contrast, water properties after the
discharge with Ar bubbling in 30 min did not change, remaining at <0.05 ppm. These
results considerably affect the electric field on the electrode surfaces, and strong electric
fields contribute to electrodes erosion [21,22]. The electric field of the discharge in water
with no bubbling is of the order of 10° V/m, compared to 10° V/m in the gas phase [23].
When fine bubbles assisted discharge ignition, electric field was supposed to be lower
than no bubbling and Joule heating of electrodes were suppressed. Thus, water after the

discharge with fine bubbles was contaminated slightly with copper.

The electron density was estimated from the Stark effect of the Ha (656 nm) line from
optical emission spectra [24,25]. Table 4.1 lists energy consumption, electron density

and the intensity ratio of O (777 nm) and Ha (656 nm) lines from the optical emission
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spectra in Figure 4.4. The values of energy consumption were calculated by voltage and
current waveforms during the discharge, namely they express the energy consumed by
plasma generation. The energy consumption per pulse of the discharge without bubbles
was lower than that with fine bubbles because the energy was consumed by generation of
Joule heating. The electron density of the discharge plasma with fine bubbling is about
an order of magnitude higher than in the case with no bubbling. Meanwhile, the intensity
ratio of O/Ha of Ar bubbling was almost the same as in the no bubbling case.

The electron density in the case of O, bubbling was a factor of 4 higher than that
with Ar bubbling. Additionally, the intensity ratio of O/Ha with O bubbling was higher
than that with Ar bubbling. This difference could be attributed to the amount of dissolved
oxygen in water; when O, gas was bubbling in the water, there was a high concentration of
oxygen dissolved in the water [26]. Our experiment also indicated that dissolved oxygen
in water increased to 23 mg/L with O, fine bubbling from 4 mg/L with no bubbling.
At this time, the conductivity of water after O, fine bubbling rose to 1.7 uS/cm from
1.5 ©S/cm of no-bubbling case in spite of no change of Ar fine bubbling. These values were
measured after removing fine bubbles in water. Therefore, the rising of the conductivity
was supposed to be caused by dissolved oxygen in water. Although the conductivity cannot
measure in a state of including bubbles in water, the conductivity of water during O,
fine bubbling is expected to be higher than Ar fine bubbling. It leaded to high electron
density in the case of O, fine bubbling because high conductivity induced broad optical
emission [16,27]. Moreover, high concentration of dissolved oxygen in water presumably
created more oxygen species which promoted dissociation of H,O molecules [28,29], and
the discharge with O, fine bubbling indicated intense plasma emission compared to Ar

fine bubbling.
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The electric charge on the fine bubble surface varied widely depending on the pH value
of the aqueous solution [7]. To examine the effects on electric charge on the fine bubbles,
discharge plasmas were generated in aqueous solutions at several pH values. The pH of
the aqueous solution was adjusted by the addition of HCI, NaCl, and NaOH to distilled
water. The conductivity of the aqueous solution was controlled at 90 pS/cm. The pH
dependence of plasma emission with and without fine bubbles is shown in Figures 4.5
and 4.6. Emission peaks of sodium and chlorine from the solute are not found in either
figure. The optical emission spectra of the electric discharge without bubbles were barely
influenced by the pH value of the aqueous solution, as shown in Figure 4.5. Table 4.2
lists the intensity ratio of the O (777 nm) and Ha (656 nm) lines on Figs.4.5 and 4.6.
The electron density at pH 10 was slightly higher than at pH 7 and pH 4. In contrast,
the intensity ratio of O/Ha was approximately the same value at any pH condition for

discharge without bubbles.
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Table 4.2 Intensity ratio of O (777 nm) and Ha (656 nm) from optical emission in Figures
4.5 and 4.6

Electron density Intensity ratio of
pH value [cm—3] O (777 nm)/Ha (656 nm)
no bubbling pH 10 6.5x1016 0.54
pH7 4.8x101 0.53
pH 4 4.8x101'6 0.49
Ar bubbling pH 10 1.5x10'7 0.64
pH7 6.6x 101¢ 0.54
pH 4 2.1x10'7 0.70

In contrast, pH values did influence the emission spectra when the discharge plasmas
were generated with Ar fine bubbles. The aqueous solution with fine bubbles at low pH
induced strong emission, especially in the shorter wavelength region. Inspection of the
intensity ratio of O/Ha in Table 4.2 indicates that the intensity ratio for the discharge
with Ar fine bubbling at pH 7 was the same as that with no bubbling, but intensities of
oxygen in Ar bubbling were stronger relatively at pH 4 and pH 10. In strong acid and basic
conditions, high electron density was achieved by discharge in water. In our experiments
discharge plasmas were more easily generated under high-pH conditions. This caused high
electron density by electric discharge regardless of the presence of fine bubbles at pH 10,
as indicated in Table 4.2. When the discharge plasma was generated at pH 4 with Ar fine

bubbles, the electric charge on fine bubble surface probably affected plasma generation
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because the electric charge of the solute generally influenced plasma emission [61]. Fine
bubbles also have an electric charge on the interface between the bubble surfaces and the
aqueous solution. ¢ potential, which is electric potential in the interfacial double layer,
of a fine bubble in aqueous solution at neutral and basic conditions is negative. However,
¢ potential of fine bubbles is positive in acidic condition below pH 4.5 [11, 12]. In other
words, there are many negative ions around the bubble surface at pH 4. Considering
an early stage of plasma generation inside the bubble, which attached the electrode, an
initial discharge was generated from the electrode toward bubble surface. At this time,
the surface water layer inside the bubble was evaporated, and the plasma was propagated
toward the other electrode. When the bubble with surface charge became a trigger of
plasma generation, vapor including a lot of Ht and OH™ ions was filled inside the bubble
after the initial discharge. Since H" and OH™ ions give extremely high conductivity [31],
it is supposed to be easy to form plasma inside the bubble when bubbles have surface
charge. I speculate that it caused the difference of electron densities in the case of Ar fine
bubbling shown in Table 4.2.

Moreover, the higher electron density resulted in the larger intensity ratio of O/Ha
obtained. Although we have no results on the energy distribution of electrons, the O atom
with its lower excitation energy compared with the H atom should be more easily emitted.
Namely, the increase of the O/Ha ratio with increasing electron density would be caused

by the increase in the intensity of the O line.
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4.4 Hydrogen peroxide production

Hydrogen peroxide (H2O,) is utilized in various fields such as sterilization [32], bleaching
[33], and degradation of pollutants [34] because it eventually decomposes into H,O and
O,, which are environmentally friendly substances. Generally, catalysts and chemical
agents are needed to produce H,O, [35]. In contrast, methods based on electrical discharge
have produced H,Os in situ without a catalyst or chemical agent [36-38]. It dispenses with
purification process of HoO,. Therefore, H,O, produced by electric discharge is suitable
to be utilized on the spot at a relatively low concentration, although it cannot realize
high H,O, concentration. The introduction of bubbles into the discharge region enhances
H50, formation compared with discharge in water without bubbles reportedly [39, 40].
I found that discharge plasmas in water with fine bubbles promotes the dissociation of
water molecules and produces a high electron density (see preceding section). Therefore,
multiplier effects are expected to occur in the process of H,Oy formation with low gas
consumption when a discharge plasma is generated in water with fine bubbles. I examine
the formation of H,O, and discuss the mechanism for H,O, generation by discharge in
distilled water with and without bubbles.

Hydrogen peroxide in water was evaluated by a colorimetric method using a titanyl
reagent (Wako Chemical Co., Titanium Standard Solution) [41] and titration with
potassium permanganate (Wako Chemical Co.). Hydrogen peroxide generation by the
discharge plasma was analyzed after removal of the bubbles by stirring for 5 minutes. The
concentration of HyO, as a function of treatment time by pulsed discharge is shown in
Figure 4.7. The formation of H,O, was enhanced by the presence of bubbles. The H,O,
concentration increased immediately when the discharge plasma was generated with Ar

bubbles, but reached saturation after 5 minutes, as shown in Fig.4.7. In the case of bubbling
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Figure 4.7 Concentration of H,O, as a function of treatment time by electric discharge
with O, bubbling (o), Ar bubbling (e), and no bubbling (A)

with O, the H,O, concentration increased monotonically without saturation. Table 4.3
indicates powers of the discharge, energy yields, and generation rates of HoO2 when H2O,
was generated by the discharge with and without bubbles. The generation rate of H,Oo
by the discharge with Ar bubbling was higher, but energy yield was lower than that of no
bubbling. The power of discharge with Ar bubbles was high because of low breakdown
voltage. It led to high energy yield in the case of Ar bubbling. The introduction of bubbles
of O, resulted in the formation of more H,O and higher energy yield than the introduction
of bubbles of Ar, although power of the discharge with O, bubbling was low compared
with Ar bubbling.

Meanwhile, the concentration of dissolved oxygen (DO) in the water was measured

after discharge plasma treatments by using a digital dissolved oxygen meter (Fuso Co. Ltd.,
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Table 4.3 Powers, energy yields, and generation rates of H,O, by the discharge with and
without bubbles

no bubbling Ar bubbling O, bubbling

Power [W] 21.9 105.2 43.3
Energy yield [g/kWh] 0.76 0.45 2.61
Generation rate [g/h] 16.6 473 113.2

PDO-520). Figure 4.8 shows the effect of plasma treatment on the DO concentration in
water with or without Ar bubbles. The broken line shows the DO values when Ar bubbles
were introduced in water (no discharge). The DO in distilled water before the treatment
was 4 mg/L. The DO value did not change upon the introduction of Ar bubbles without
the plasma. The concentration of DO in water treated with an electrical discharge in the
presence of bubbles of Ar was about 1 mg/L after 5 minutes. The DO was not reduced
any further when the discharge plasma was irradiated for more than 5 minutes. This
behavior coincides with H,O, formation, as shown in Fig.4.7. Namely, H,O, formation
by discharge in the presence of bubbles of Ar related to DO loss in the water. Because
the DO of distilled water was supposed to be exhausted, the H,O, concentration upon
discharge with Ar bubbles was saturated, as shown in Fig.4.8. In the case of O bubbles,
discharge in the presence of bubbles of O, also consumed DO constantly, as shown in
Fig.4.4. Therefore, it is conceivable that DO in the water affects H,O, formation by
discharge in the presence of bubbles of either Ar or O,. An electrical discharge without

bubbles did not consume DO. This implies that the formation mechanism of H,O, by
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discharge plasma without bubbles is different from that with bubbles.

To examine the effect of DO on H,O, formation, a discharge plasma was generated
in water containing a high concentration of DO, which was obtained by bubbling O,
for 10 minutes and then removing bubbles by stirring. The DO concentration of the
high-DO solution was 23.3 mg/L. Figure 4.10 shows the concentration of HyO, after
treatments by electrical discharges in high-DO solution compared with discharges in
distilled water. H,O- formation by electrical discharge in a high-DO solution was greater
than the formation of H,O, by discharge in distilled water. These results implied that
dissolved oxygen in the water was related to H,O, formation even by discharge when
the water contained high concentration of DO. In case of the discharge in distilled water,
DO was scant for the reaction, resulted in no change in DO after the discharge. On the

other hand, the discharge with fine bubbles enhanced dissociation of water molecules
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Figure 4.10 Concentration of H;O, by Figure 4.11 Changes in pH values during
discharge plasma in a high DO solution () electric discharge with O bubbling (o), Ar
compared with distilled water (A\) bubbling (e), and no bubbling (A)

accompanied by that of DO.

The changes in pH values during the electrical discharge is shown in Figure 4.4. The
pH values of the water after treatments by discharge plasma with bubbles were maintained
at around pH 7, although electrical discharge in water without bubbling decreased the pH
value of water. These results also indicated that the formation mechanism of H,O, by

electrical discharge with bubbling was different from that without bubbling.

The formation mechanism for H,O5 by discharge in water with and without bubbles is
discussed below. In the case of an electrical discharge in distilled water without bubbling,
it was thought that H,O, was formed by the dissociation of H,O molecules as in Eq.(4.1),
followed by the production of OH radicals as in Eqgs.(4.2) and (4.3), resulting in H,O9
formation [14,43]
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HO — 2H + 0O 4.1
H+ H,O — OH +2H 4.2)
O+ H,O — 20H (4.3)

From the optical emission spectra shown in Fig.4.4 (see preceding section), our
experiments did not produce OH radicals directly by electrical discharge, but H and
O atoms were produced from water molecules. The energy thresholds for production
of singlet O(* D) and triplet oxygen O(3P) by water dissociation are 7.0 and 9.5 eV
respectively [42]. After dissociation by the discharge, almost all of these atoms
recombined with each other, but some reacted with H,O molecules, and generated OH
radicals, as in Eqs.(4.2) and (4.3) [4,14,43,44]. It is assumed that these reactions occurred
at the interface between plasma and water and OH radicals were produced in water, thus
the emission of OH radical did not observed by emission spectra. Then, OH radicals
created by Eqs.(4.2) and (4.3) recombined and formed H,O, when the discharge plasma
was generated in distilled water. At the same time, two H atoms were released by Eq.(4.2).
They are supposed to be formed a H, molecule in most cases [39], but a small amount of
H* ions expect to be created. This was what caused the decrease in the pH value in the
case of the discharge without bubbles, as shown in Fig.4.4.

In contrast, dissolved oxygen in water was related to HyO, formation when the

discharge plasma was generated in water with bubbles. Oxygen molecules dissolved in
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the water are ionized and dissociated by electrical discharges to produce superoxide anions
(O ) and oxygen atoms (O), based on Eqs.(4.4) and (4.5) [29,45]. It is conceivable that

Eqgs.(4.4) and (4.5) are also induced by discharge in high-DO solution.

Oy +e — Oy 4.4)

Oy +e — 20+ e 4.5)

O, ions in water are in equilibrium with the perhydroxyl radical (HO,), as in Eq.(4.6)
[43]. The lifetime of the O, ion is about 5 seconds, while that of the OH radical is very
short [44]. If hydrogen atoms are supplied to HO, by the discharge, H,O, is formed via the
OH radical, according to Eqgs.(4.7) and (4.8). H,O, formation by discharge with bubbles

is thought to proceed by Eqs.(4.6)-(4.8).

Oy + H" — HO,  (in water) (4.6)
HO;+ H — 20H 4.7)

When bubbles were introduced in the discharge region, the O (777 nm)/ Ha (656 nm)

intensity ratio in the optical emission spectra was larger than for the discharge without

91



4.4. HYDROGEN PEROXIDE PRODUCTION

bubbling (see preceding section). This means that DO in the water dissociated, producing
O emissions in the spectra of the discharge with bubbles. Therefore, O atoms created by
DO dissociation reacted by Eq.(4.3) to form HyO- in the discharge with bubbles. In cases
of HyO, formation from dissolved oxygen, the reactions do not emit H* ions. Therefore,
the pH values after treatment by discharge in the presence of bubbles did not change, as
shown in Fig.4.4.

Table 4.4 indicates temperature range, reaction order, and rate expression of each
reaction. All reaction expresses second-order reactions. Reactions Eqs.(4.2) and (4.3),
which induce by the discharge in distilled water without bubbles, are difficult to occur
according to rate expressions. When the plasma temperature is high enough over 2000 K,
reaction Eq.(4.5) occurs easily. The plasma with fine bubbles assumed to have high
temperatures from the results of optical emission spectra (Fig.4.4). It led to the reaction
of dissolved oxygen and production of HO,. After the production of HO,, H,O- can be
easy to produce at low temperature as shown in Table 4.4. Consequently, the dissociation
and recombination of H,O molecules produced H,O, by discharge without bubbling, but
oxygen species derived from dissolved oxygen contributed to H,O, formation by discharge

with bubbles.
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4.5 Reaction of Cl ions

Active chlorine species demonstrate high sterilization performance [46—48]. Thus, water
containing such species in solution is widely utilized in the agriculture and food industries
as a sanitizer [49, 50]. Generally, active chlorine species are produced by electrolysis of
a solution of NaCl [51-53]. During electrolysis, water molecules (H,O) and Cl~ ions are
converted to oxygen (O) and chlorine (Cly) molecules, respectively, at the anode due to
the release of electrons, leading to the generation of active chlorine species. Meanwhile,
hydrogen molecules (Hs) and hydroxide ions (OH™) are produced from H,O molecules
at the cathode due to the supply of electrons. A discharge plasma in water is a mixture
of various radicals, electrons, and excited species, and exhibits a high electron density
[24]. The large electric current flows when discharge plasmas are generated in water. It
presumably induces the reactions in a similar way to electrolysis [16,54]. Therefore, it was
expected that C1~ ions would react upon an electrical discharge in water to produce active
chlorine species. In fact, the concentration of NaCl has been found to affect reactions when
a discharge plasma is in contact with water [55,56]. Additionally, it has been reported that
H, and O, molecules, which are also produced by electrolysis, are produced by discharge
plasma in water [39].

The presence of fine bubbles into a discharge area resulted in a low inception voltage
in the plasma, with intense plasma emissions and high electron densities compared with
discharges in water (see section 4.3). If these factors contribute to the reaction of Cl~ ions
upon discharge, more active chloride species should be produced by a discharge in the
presence of fine bubbles. Therefore, I expected that the introduction of fine bubbles would
have an effect on the reactions of Cl~ ions. Accordingly, fine bubbles were introduced to

a NaCl solution in which discharge plasmas were generated, and the resulting reactions
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Figure 4.12 Concentrations of available chlorine after 60 minutes of (a) electrolysis, (b)
electrical discharge in NaCl solution, and (c) electrical discharge in NaCl solution with Ar
fine bubbles

were examined.

A pulsed discharge plasma was generated between stainless steel electrodes in NaCl
solution when active chlorine species were generated by discharge plasmas, because
copper reacts with active chlorine species. Ar gas, which is inert gas, was introduced
as fine bubbles in NaCl solution. The experiment was also carried out electrolysis of the
same NaCl solution using a DC power source (ZX-400L, Takasago Ltd.) as a comparative
experiment. The NaCl solution (250 mL) was electrolyzed at 70 V/100 mA while the
reactor temperature was maintained at 20°C by a cooling device (SCP-125, AS ONE
Co.). Two electrodes (5 mm@ x50 mm, Kenis Ltd.), which made of titanium plated with
platinum, were set at a distance of 25 mm.

Figure 4.12 shows the concentrations of available chlorine in the solution after

60 minutes of pulsed discharges in NaCl solution with and without fine bubbles. The
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concentration of available chlorine after 60 minutes of electrolysis is also shown in
Fig.4.12 (a). Some active chlorine species may be present in the solution, such as Cls
and hypochlorous acid (HClO), but it is difficult to assign each species because abundance
ratios of them change depending on the water condition. Therefore, active chlorine species
was measured altogether as available chlorine. The concentration of available chlorine
was measurement by an iodometric method [57,58]. The measurements were conducted
at a solution temperature of 20-25°C. The discharge plasma in NaCl solution resulted
in the production of slightly more available chlorine than electrolysis. However, the
concentration of available chlorine after a discharge in the presence of Ar fine bubbles
was more than twice that without bubbles. This implies that the special conditions created
by a pulsed discharge plasma in NaCl solution in the presence of fine bubbles affected the
reactions of CI™ ions, resulting in a difference in the concentration of available chlorine
after the discharge. In case of the discharge with O, bubbles, it was assumed that perchloric
acid (HClIO,) was produced, and disturbed the measurement of available chlorine. Thus,

an accurate quantification of available chlorine cannot be obtained.

The waveforms of the applied voltage and current for the discharge are shown in
Figure 4.13. In NaCl solution, a voltage breakdown occurred after reaching the peak
voltage at +10 kV, and the maximum discharge current was about 60 A, as shown in
Fig.4.13 (a). In contrast, Fig.4.13 (b) indicates a low breakdown voltage due to the
presence of fine bubbles. Consequently, a lower current was observed compared to the
discharge in the solution without bubbles. The discharge plasma in NaCl solution exhibited
a much larger current compared with that of electrolysis (100 mA). Thus, a large number
of electrons were transferred in the solution area momentarily when the discharge plasma

was generated in the NaCl solution. The current from the discharge plasma certainly
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Figure 4.13 Waveforms of voltage and current for pulsed discharges (a) in NaCl solution
and (b) in NaCl solution with fine bubbles of Ar

contributed to the production of available chlorine, similar to electrolysis. However,
factors other than the current had an effect on production of available chlorine, because
the discharge with fine bubbles, which had a lower measured current flow, produced more
available chlorine than that without bubbles; that is, the amount of available chlorine by
electric current of the discharge was limited. Therefore, there was a different mechanism

of available chlorine production by discharge plasma.

The concentrations of CI~ ions and available chlorine during discharge in NaCl
solution in the absence and presence of fine bubbles of Ar are shown in Figure 4.14. The
concentration of Cl~ ions in water was measured using an ion meter (F-53, 6560-10C,
Horiba Ltd.) and an ion chromatograph (IA-300, PCI-205, TOA-DKK Co.). After

beginning of the discharge, the amount of C1™ ions in the solution decreased, and available
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Figure 4.14 Concentration of Cl~ ions (o) and available chlorine (e) as a function of
treatment time upon pulsed discharge (a) in NaCl solution and (b) in NaCl solution with
Ar fine bubbles.

chlorine was produced gradually in either case. However, the amount of available chlorine
produced by the discharge in the NaCl solution without fine bubbles was small when
compared to the decrease in C1™~ ions, as shown in Fig.4.14 (a). In contrast, in the presence
of fine bubbles, the decrease in the amount of CI~ ions was nearly the same as the amount
of available chlorine, as shown in Fig.4.14 (b). Based on the chlorine mass balance,
0.36 mmol/L of chlorine was lost after 60 minutes of discharge in the NaCl solution
without bubbles, but only 0.01 mmol/L was lost after the discharge in the presence of fine
bubbles. Therefore, some chlorine was released outside the solution during the production
of available chlorine in the NaCl solution without fine bubbles, while almost all of the CI~

ions were converted to available chlorine in the NaCl solution with fine bubbles.

The reactions in the production of available chlorine by electrolysis of the NaCl
solution are shown in Egs.(4.9) and (4.10). An electron is released at an anode, which

results in the creation of a Cly, molecule from Cl~ ions (Eq.(4.9)). The Cl,; molecule
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then reacts with H,O molecules to produce hypochlorous acid (HCIO) with C1~ and H*
ions, as shown in Eq.(4.10) [57, 59, 60]. If the solution has a high pH value (more than
pH 5), some of the HCIO molecules are converted to hypochlorite ions (C107), as shown
in Eq.(4.11) [59]. Generally, the abundance ratio of Cly, HCIO, and C1O~ in water depends
on the solution condition. Based on my experimental conditions, the majority of available
chlorine in the solution consisted of HCIO, with a small amount of C1O~ ions, but almost

no Cl; molecules.

2CI~ — Cly + 2~ (4.9)
Cly + 2H,0 = HCIO + Cl~ + H* (4.10)
HCIO +2H,0 = ClO~ + H 4.11)

With regard to the loss of some chlorine upon discharge in the NaCl solution, it was
presumed that some of the Cly were produced by Eq.(4.9) in the bubbles, and released
into the air with bubbles rising. Figure 4.15 shows the changes in pH as a function of
treatment time after the discharge in NaCl solution in the presence and absence of fine
bubbles. As shown in the figure, the pH of the solution decreased after discharge in the
NaCl solution without fine bubbles. In general, electrolysis of a NaCl solution results in a
decrease in the pH value of the solution due to the production of H* ions by the reaction

shown in Eq.(4.10) [51,61]. This means that the discharge in NaCl solution resulted in
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Figure 4.15 Changes in pH after pulsed discharges in NaCl solution (A) and pulsed
discharges in NaCl solution with fine bubbles ().

the same reactions as electrolysis, producing available chlorine by the reactions shown in
Eqgs.(4.9)-(4.11). In this case, it was presumed that the large current from the discharge
in NaCl solution activated the reaction of CI~ ions, which is similar to electrolysis. In
contrast, the discharge in NaCl solution in the presence of fine bubbles of Ar did not result
in a loss of chlorine and a change in the pH of the solution, as shown in Figs.4.14(b) and
4.15. This means that the production of available chlorine was not via Cl, molecules.
The introduction of fine bubbles in the discharge area promotes the dissociation of H,O
molecules and results in a high electron density with intense emissions. This is thought to

induce other reaction pathways for the production of available chlorine.

A proposed pathway for the reaction of CI~ ions upon discharge in the presence of

Ar fine bubbles is as follows. When the discharge plasma was generated in the NaCl
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solution in the presence of fine bubbles, H,O molecules dissociated to hydrogen (H)
and oxygen (O) atoms (Eq.(4.12)). At the same time, an electron was released from a
CI™ ion, producing a chloride radical (CI1°®), as shown in Eq.(4.13). When CI® coexists
with reactive oxygen species such as ozone and hydroxyl radicals, chlorine monoxide
(ClO®) is produced [62—64]. The O atom also has high reactivity. Therefore, O atoms
produced by the discharge reacted with CI® to produce ClO® based on Eq.(4.14). This
was then ionized to C10~ (Eq.(4.15)), which entered an equilibrium with HCIO as shown
in Eq.(4.11). In this reaction pathway, two H atoms produced by Eq.(4.12) are released
during the production of one HCIO molecule. It is assumed that these were converted to
H, molecules, rather than H" ions, and released into the air, because the ionization energy

of hydrogen is comparatively high. This resulted in a constant pH, as shown in Fig.4.15.

H,O = 2H + O 4.12)
Clm = Cl*+ e (4.13)
Cl* + 0 — ClO* (4.14)
ClO® + e — ClO™ (4.15)

The pulsed discharges in NaCl solution in the presence of Ar fine bubbles also leads

to electrolysis due to the current flow, which produces available chlorine by the reactions
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shown in Eqs.(4.9)-(4.11). Moreover, the reactions shown in Eqs.(4.12)-(4.15) proceeded
upon discharge even in the absence of fine bubbles. However, the dominant reactions
for the production of available chlorine were thought to be different depending on the
amount of O atoms created by the discharge. The promotion of H,O dissociation by the
fine bubbles resulted in the production of more O atoms, facilitating the production of
CIO®, as shown in Eq.(4.14). Enhanced production of O atoms upon discharge in the
presence of fine bubbles has been reported in section 4.3. This leads to the difference in
the reactions of C1~ ions upon discharge in NaCl solution in the presence and absence of
fine bubbles.

Meanwhile, hydrogen peroxide (H,O-) were also generated by the discharge, and might
react with available chlorine. However, the amount of H,O, produced by the discharge
was sufficient small compared to that of available chlorine. Therefore, effects of H,O5 on

production of available chlorine was negligibly minimal.

4.6 Conclusions

Pulsed discharge plasmas in water with fine bubbles were generated by bipolar pulsed
power. The effects of fine bubbles on the discharge plasmas and the generation of active
species in water were examined in this chapter. Fine bubbles played a role in discharge
initiation as an aid to breakdown, lowering the discharge inception voltage and avoiding
Joule heating. Moreover, fine bubbles enhanced plasma emission of hydrogen and oxygen
atoms, which derived from dissociation of water molecules, but optical emission from

feed gas was not observed. Discharge plasmas with fine bubbles especially with high
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electron density emitted hydrogen atoms with high energy levels. Dissolved oxygen in
water strengthened the emission of oxygen atoms and produced discharge plasma with
high electron density. The electric charge of fine bubbles also affected plasma emission.
Plasma emission became strong and high electron density was observed for the discharge
in low-pH solutions with fine bubbles because initial electrons could easily be supplied
from the fine bubble surfaces, which were negatively charged.

H50, formation was successfully enhanced by introducing fine bubbles into the
discharge region. Larger amounts of H,O, were produced in water after treatments
with bubbles, especially O, bubbles. The formation mechanism for H,O, by electrical
discharge in the presence of bubbles was thought to be different from that without bubbling.
The amount of dissolved oxygen in water is a key parameter in the formation of HyO-
by electrical discharge in the presence of bubbles, although the dissociation of water
molecules contributed to H,O, formation by discharge in water without bubbling.

When pulsed discharge plasmas were generated in a NaCl solution, available chlorine
species were produced from C1™ ions. In the NaCl solution in the absence of bubbles, the
reaction pathway is thought to be same as that for electrolysis, due to the large electric
current. In contrast, in the presence of fine bubbles in the NaCl solution, the reaction
pathway of C1~ ions upon the generation of a discharge plasma was different. In this case,
more O atoms were produced due to the dissociation of HoO molecules. They reacted
with CI® to produce available chlorine. The dominant reaction pathway of the CI~ ions

was different depending on amount of O atoms produced by the discharge.
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Chapter 5

Discharge plasma at pressurized

gas/aqueous solution interface

5.1 Introduction

Discharge plasmas were widely used for material synthesis and modification over the past
few decades [1-5]. Recently, many researchers reported that metal nanoparticles were
synthesized by gas-liquid interfacial plasma at atmospheric pressure [6—8]. Meanwhile,
high pressure condition is also utilized for material synthesis and modification. The
unique materials can be produced by peculiar properties of high pressure condition
over atmospheric pressure [9—13]. Discharge plasma at high pressure condition creates
particular reaction field [14, 15], and few researchers confirmed that the discharge at
pressurized gas produced some materials [16—19], which could not be synthesized by the
discharge at low pressure and atmospheric conditions.

This work performed the pulsed discharge at pressurized gas/aqueous solution
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interface. It has possibility of unique materials synthesis with high affinity to water, and

synthesized water-dispersible carbon nanoparticles in one-step.

Arc discharge in a liquid medium is one of the simplest techniques for the synthesis of
carbon materials. Two different approaches can be applied within this technique. The first
method involves using two graphite electrodes; carbon vapors produced by arc discharge
from these electrodes are rapidly quenched in a liquid, leading to the formation of carbon
materials. Previous studies have reported the synthesis of carbon nanotubes (CNTs) [20,
21], carbon onion particles [22,23], and porous carbon [24] based on this method. The
other approach is arc discharge in organic solvents. In this case, the carbon precursor is
not supplied by the electrodes, but by organic materials in a liquid phase. This approach
was previously applied to synthesize CNTs or amorphous carbon [25,26]. In the present
work, organic compounds in aqueous solution were utilized as the carbon precursor. As
the discharge with an aqueous solution containing organic compounds supplies a different
source of carbon, these approaches can be used to control the structure and the doping
density of specific elements in the carbon material. Unique properties can be achieved by
doping various atoms in carbon. For example, nitrogen doping leads to enhanced catalytic
activity of carbon materials [27], and boron doping can alter their electrical characteristics
[28]. Achieving full control over the doping density of specific elements into the carbon

materials would thus enable to target several desirable features.

Water-dispersible carbon is widely applied in medical and environmental applications
[29-32]. Recently, it was reported that carbon nanostructures had positive effects on cell
cultivation [33, 34], and moreover they had low toxicity for cells [35]. Generally, carbon
materials do not disperse in water. When carbon materials are utilized for biomedical

applications, they are required to disperse in water because their applications are conducted
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in water mediums. In conventional methods to prepare water-dispersible carbon, the
carbon surface is modified by chemical agents [36, 37] or by a physical treatment [38]
after synthesis of carbon materials. The method of arc discharge in a liquid also induces
modification of the carbon surface reportedly [39,40]. Here, I describe a method involving
synthesis of carbon particles and surface modification in one-step, by arc discharge
over an aqueous solution containing organic compounds, under a pressurized gas. It
is expected that carbon nanocapsules produced by this method exhibit dispersibility in
water, because the organic compounds as carbon precursors certainly have hydrophilic
groups. In particular, amino acids dissolved in deionized water were converted into
carbon materials in this work by pulsed arc discharge performed over a liquid surface
under pressurized argon. Amino acids have two hydrophilic groups: an amino (-NH) and
carboxyl groups (-COOH). If these groups are present on the surface of carbon materials
after their synthesis, the carbon products will exhibit dispersibility in water. Moreover,
amino acids are harmless and not affect to biomaterials. If amino acids stay in products
even after separation of carbon products, it has no effect on applications; on the contrary
it can be use without separation.

The characteristics of discharge plasma over amino acid solution at high pressure
condition were investigated, and carbon materials from amino acids were synthesized.
Effects of amino acid on carbon products were examined by using several amino acids as

carbon precursors.
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5.2 Experimental

5.2.1 Setup

Cylinder copper
®1.00 mm m,/\

DC pulse supply unit

[<—insulator

polyether ether
ketone

]3mm

Figure 5.1 Schematic of the experimental setup

Figure 5.1 shows the schematic of the experimental setup. An aqueous solution of 7.0 mL
containing amino acid was filled into the reactor. The atmosphere in the reactor was
replaced and pressurized using argon (purity > 99.999%, Taiyo Nissan Co.) at a pressure
of 4.0 MPa. Pulsed arc discharge was repeatedly generated from a cylindrical electrode
to an aqueous solution surface in a batch reactor. A copper cylindrical electrode with a
diameter of 1.00 mm was placed at a distance of 3 mm from the solution surface. Except

the end surface, the outside of the electrode was covered with polyether ether ketone,
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which exhibits good insulation. A pulsed voltage of 18.6 kV was repeatedly applied to
the electrode using a high-voltage pulse generator (MPC2000S, Suematsu Electronics Co.

Ltd.). The reactor, made of stainless steel (Akico Co. Ltd.), was grounded.

5.2.2 Materials

In this study, several amino acids as carbon precursors were selected, which is easily
soluble in water; glycine (>99.0%, Wako Chemical Co.), DL-a-alanine (>98.0%,
Wako Chemical Co.), L-threonine (>99.0%, Nacarai Tesque Ltd.), L-Ornithine
Monohydrochloride (>98.0%, Nacarai Tesque Ltd.), L-lysine monohydrochloride
(>99.0%, Wako Chemical Co.), L-valine (>99.0%, Wako Chemical Co.), L-isoleucine
(>99.0%, Nacarai Tesque Ltd.), L-proline (>99.9%, Peptide Instiument INC.),
DL-phenylalanine (>99.0%, Wako Chemical Co.), and L-histidine (>98.0%, Nacarai
Tesque Ltd.). To investigate effects of amino acid structure on carbon products, L-isomer
of amino acids as possible was utilized for carbon materials synthesis. They were dissolved
in distilled water, and then the solution filled with the reactor. Additionally, the discharge
plasmas were also generated over the solution including acetic acid and ammonium acetate

(>99.0%, Wako Chemical Co.) as conventional experiments.

5.2.3 Analysis

The discharge voltage and current were monitored by an oscilloscope (TDS 2024C,
Techtronix Inc.) via a high voltage probe (EP-50K, Nissin Pulse Electronics Co. Ltd.) and

a current probe (5046, Pearson Electronics Inc.). In order to examine reaction mechanism,
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optical emission spectra of the discharge were observed by using a high-resolution
spectrometer (HR4000, Ocean Optics Co.).

The products in liquid state were dialyzed by dialysis membrane (Spectra/Por3,
Spectrumlabs) in order to remove the raw material (amino acid) before the analysis.
Structure of carbon products were determined by field-emission scanning electron
microscopy (FE-SEM, JSM-6330, JEOL Ltd.) and high-resolution transmission electron
microscopy (HRTEM, JEM2010, JEOL Ltd.). Raman spectroscopy (NRS-1000, JASCO
Co.) was performed in order to determine carbons properties. The functional groups
on the carbon surface were characterized by X-ray photoelectron spectroscopy (XPS,
ESCA-3300, Shimadzu Co.) and Fourier transform infrared spectroscopy (FTIR,

Spectrrum two, Perkin Elmer Co. Ltd.).

5.3 Characteristics of discharge plasma over glycine

solution at pressurized argon

The discharge plasma was generated over glycine solution at pressure of 0.1 to 4.0 MPa.
The conductivity of glycine solution at 100 g/L was 18.45 pS/cm. Figure 5.2 shows
voltage waveforms when pulsed voltage applied at 18.6 kV to the copper electrode under
atmospheric and pressurized argon. The time until voltage drop was different depending
on the pressure. Generally, breakdown mechanism can be expressed as follow when

breakdown takes place in a plane gap d under certain pressure p by DC voltage V' [41,42].

ad =In (l—i—l) (5.1)
Y
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Figure 5.2 The voltage waveforms by pulsed discharge over glycine solution at 18.6 kV
under atmospheric and pressurized argon

Equation (5.1) is called Townsend formula. Ionization coefficient « is indicated electron
production per unit length. Secondary electron coefficient v depends on cathode materials.
In addition, ionization coefficient « related the pressure p and the parameters A and B as

follow, which are determined by gas species.

o B

Because electric field indicates £ = V//d, the breakdown voltage depends on gap length
d and pressure p. In my experiments, the gap length was the same, thus the voltage

breakdown was difficult to occur at high pressure condition. It led to wide pulse width
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Figure 5.3 The current waveforms of the  Figure 5.4 The current peaks of the
discharge at 0.1 MPa and 4.0 MPa discharge as a function of pressure

of voltage at high pressure condition in Fig.5.2.

In contrast, the current waveforms of the discharge at 0.1 MPa and 4.0 MPa were
indicated in Figure 5.3. The current peaks of the discharge become small with increasing
pressure as shown in Fig.5.4. In either case, the current flowed immediately after the
breakdown, but the peak current of the discharge at 4.0 MPa was lower than that at 0.1 MPa.
When electric field is sufficiently high, accelerated electrons move with colliding against
neutral species. In the case of high pressure condition, mean free path is short, namely
electrons and ions collide frequently. Therefore, energy loss was large when the discharge
plasma was generated at high pressure condition due to inelastic collision between ions
and electrons. It resulted in low current peak of the discharge at high pressure.

Optical emission spectra of pulsed discharge at 0.1 to 4.0 MPa of argon atmosphere
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Figure 5.5 Optical emission spectra of pulsed discharge over glycine solution at 0.1 to 4.0
MPa of argon

were shown in Figure 5.5. The emissions were observed not only argon lines but hydrogen
and oxygen line from water molecules. Additionally, the line at 359 nm was assigned to CN
molecule [43—45]. It derived from glycine in water. The intense emissions were observed
when high pressures were operated during the discharge. Dynamic broad emissions were
mainly attributed to Stark effects, which caused by high density of charged particles.
Considering quasistatic ion and impact-electron density, electron density can be calculated
from Stark broadening by determining the reduced wavelength «;/, corresponding to
electron density V. experimentally and in theory. The electron density in terms of

hydrogen line is expressed in Eq.(5.3) [46].

AN
N, = 8.02 x 102 <—1/2) (5.3)

a1/2
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Figure 5.6 Electron densities calculated by Stark effects of H, emission

where A/, is half-value width of hydrogen lines in angstrom. The Ha line was
performed fitting based on profile [47] and calculated electron densities by Stark
broadening of Ho line in Fig.5.5. The electron densities of discharge plasma as a function
of pressure condition are shown in Fig.5.6. When the discharge plasma was generated at
pressurized argon, more atoms were ionized because of frequent collision, resulted in high

electron density.
When total atomic density of ionization state n,, is in proportion to ion density n;,

atoms density distribution corresponds to a classical Maxwell-Boltzmann distribution,

Saha-Eggert equation as shown in Eq.(5.4) is established [48].

3/2
Ngne 90 meka) ( Ep)
Z9)Te _ 99 eap | ——2 (5.4)
n(p) 9(p) ( 2mh? P\TkT
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Figure 5.7 Excitation temperatures of argon and hydrogen as a function of pressure

where n, is total atomic density of ground state (¢); n. is electron density; g is the
statistical weight; m, is the mass of electron; h is Plank constant; k; is Boltsmann constant;
T' is temperature and F), is the ionization energy of the level p. When the local emission

line A\, and intensity /, is measured experimentally, the density 7, can be obtained in

Eq.(5.5).

4l )\
n(p) = Ap p (5.5

where A, is the state transition probability. According to Egs.(5.4) and (5.5), temperature

was determined uniquely by emission intensity as Eq.(5.6).
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I\ E
In ﬂ) = ——2 4 const. (5.6)
<g(p)Az ka

There were some emission lines of argon in the range 690-850 nm in Fig.5.5. Therefore,
Boltzmann plot (In(I\/gA) vs. —E/k,) was drawn by intensity of argon emission in
the spectra as shown in Fig.5.5 and excitation temperatures of argon were determined
by the inclination of approximate straight line given by Boltzmann plot. Additionally,
excitation temperatures of hydrogen were also determined by spectra of H5 (486 nm)
and Hvy (434 nm). Fig.5.7 shows excitation temperature of argon and hydrogen as a
function of gas pressure during the discharge. The excitation temperature of argon was
different from that of hydrogen. It meant that pulsed discharge plasmas by the present
method were non-equilibrium plasmas. The discharge current and change of solution
properties by pressure condition were unlikely to affect excitation temperature [49]. At
atmospheric and over 0.1 MPa argon, exciting temperatures of argon were higher than that
of hydrogen. However, the temperatures of argon decreased against that of high pressure
condition. Although electron density of the plasma became high at pressurized condition,
energy of each electron was probably low. The energy of argon required for excitation
is slightly high compared with that of hydrogen [50]. It led to the increase in emission
of hydrogen relatively with increasing atmospheric pressure, resulted in the increase in

excitation temperature of hydrogen by the discharge under pressurized argon.
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5.4 One-step synthesis of water-dispersible carbon

nanocapsules from glycine solution

5.4.1 Synthesis of water dispersible carbon materials

Pulsed arc discharges were repeatedly generated over an aqueous solution containing
100 g/L glycine (H,NCH2COOH) under argon gas at pressures between 0.1 and 4.0 MPa.
Figure 5.8 shows a photograph of the liquid products after 10000 discharge pulses at several
different pressures. Carbon materials were produced by the discharge from glycine in
deionized water only at high argon pressures according to colors of the liquid products in
Fig.5.8 (d), (e), and (f). Additionally, the liquid product obtained at 1.5 MPa, shown in
Fig.5.8 (c), also had a small carbon content analyzed by FE-SEM and Raman spectroscopy.
However, no carbon materials were produced by the discharge at atmospheric pressure
and at 1.0 MPa. It has been reported that the operating pressure influences the structure
of multi-walled CNTs prepared by arc discharge in water with graphite electrodes by
affecting the quenching rate of the carbon vapor bubbles and the thermal conductivity
of the plasma [51]. As shown in Fig.5.5 (see section 5.3), the intensity of CN molecules
became intense at higher pressure condition. Meanwhile, carbon nanoparticle was not
produced when the discharge was generated over aqueous solution including acetic acid
and ammonium acetate, which did not have C-N bond, at pressurized argon. Therefore,
CN molecules probably contributed to formation of carbon products. Additionally, the
ease of carbon materials synthesis by this method did not depend on glycine concentration

in water.

122



CHAPTER 5. DISCHARGE PLASMA AT PRESSURIZED GAS/AQUEOUS
SOLUTION INTERFACE

@ (o (© @ (e @

Figure 5.8 Liquid products after treatments by pulsed arc discharge under argon at a
pressure of (a) 0.1, (b) 1.0, (¢) 1.5, (d) 2.0, (e) 3.0, and (f) 4.0 MPa

The carbon materials produced by the present method exhibited dispersibility in water,
which implied the presence of hydrophilic groups on their surface. Since glycine possesses
amino and carboxylic groups, the surfaces of the synthesized products were most likely

modified by either or both groups.

5.4.2 Structures and functional groups

The structure of carbon products after 10000 discharge pulses at 4.0 MPa was examined
by HRTEM. The corresponding images in Figure 5.9 highlight multi-walled carbon
nanoparticles with walls comprising two to six graphene layers. The spacing between
atomic layers estimated from Fig.5.9 is 0.344-0.02 nm, which corresponds to the lattice
spacing of graphene. Similar carbon nanoparticles were synthesized by heating under

high vacuum and high temperature [52, 53] or by an acetylene flame method [54]. It
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Figure 5.9 TEM images of carbon products generated by pulsed arc discharge at 4.0 MPa:
(a) an aggregate of carbon nanoparticles; (b) enlargement of a carbon nanoparticle

was reported that an instantaneous temperature increase led to the formation of carbon
nanoparticles consisted of graphene layers. Pulsed arc discharge at a gas/liquid interface
was also found to induce an increase in the temperature at the solution surface in a
moment [55]. It led to the production of carbon nanoparticles. The atomic layers of the
carbon nanoparticles are not well defined in Fig.5.9 (b) partially due to nitrogen and oxygen
doping. Nitrogen and oxygen atoms were easily mixed into the graphene layer during the
formation of carbon nanoparticles by our method, because both elements are contained in

the glycine carbon source.

The Raman spectrum of the carbon nanocapsules is shown in Figure 5.10. The Raman
spectrum of the products exhibited the D-band (1340 cm™!), G-band (1582 cm™!), and
2D-band (2670 cm™!), attributed to important bands in carbon materials. These bands
were not detected in the amino acid sources, implying that discharge forms several C-C

bonds from amino acid sources. The G-band provides information about ordered carbon
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Figure 5.10 Raman spectrum of carbon nanocapsules produced by pulsed arc discharge at
4.0 MPa argon pressure

(sp2 carbon), while the D-band provides information about disordered carbon (sp3 carbon)
[56, 57]. When carbon materials are doped with other atoms or carbon surfaces are
modified, the intensity of the D-band increases in comparison with that of the G-band
[40, 58]. Additionally, the 2D-band peak is attributed to the electron-hole scattering rate;
that is, it indicates the long-range order of carbon in the sample [20, 59]. Hence, the
spectrum indicates that a graphene layer exists in the carbon nanoparticles produced by this
method. The intensity ratio between D- and G-bands was 1.32. However, the defection,
doping, and surface modification ratio of carbon could not be determined simply, because
the curves of carbon nanoparticles also exhibit the D-band [60]. Moreover, the peak at
2920 cm~! was assigned to the OH group [61]. It can thus be inferred that OH or COOH
groups modified the external surface of the carbon nanocapsules, imparting hydrophilic

properties to these products.
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Figure 5.11 FTIR spectra of (a) pure glycine and (b) carbon products obtained by pulsed
discharge at 4.0 MPa

In order to identify the functional groups present on the carbon nanocapsules surface
more precisely, the carbon products in liquid state were analyzed by FTIR. The FTIR
spectrum of deionized water was subtracted from that of the liquid carbon products and
from that of the pure glycine solution. Figure 5.11 shows the FTIR spectra of pure glycine
and of the carbon nanocapsules produced by pulsed discharge at 4.0 MPa. A broad band
at 3375 cm™! corresponds to the carboxylic OH group. The ionic amino group (-NH3)

1

band was observed at 3150 cm™ ", partially overlapping with the weak-intensity signal of

the C-H vibration at ~3000 cm™!. The four peaks between 1300 and 1650 cm™* are
characteristic of amino acids [63, 64]. In particular, the peaks at 1608 and 1325 cm™*
were assigned to the C=0 stretch, and the peak at 1510 cm™! to the C-N-H vibration.
The C-H vibration is associated to the peak at 1408 cm~!. Turning to the FTIR spectrum
of carbon nanoparticles in Fig.5.11 (b), the OH and C=0 peaks were observed at 3375

and 1633 cm™1, respectively. The shift of the C=0 band from 1608 to 1633 cm™! was
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Figure 5.12 XPS spectra of carbon nanocapsules produced by pulsed discharge under 4.0
MPa argon pressure: (a) Cls and (b) N1s spectra

due to the disappearance of C-N and C-H bands [65]. The intensity of the C-H band was
reduced as a result of the formation of the graphene layer. The disappearance of the NH;
and C-N-H bands implied that only a small amount of amino groups was present on the
carbon surfaces. Therefore, carboxylic group (-COOH) was the main functional group on
the carbon nanoparticle surface, and such feature enabled the particles to be dispersed in
water.

The XPS analysis was performed to determine amounts of nitrogen and oxygen
atoms in and on carbon nanoparticles. Fig.5.12 shows the XPS spectra of the carbon
nanocapsules produced by pulsed discharge at 4.0 MPa. The Cls spectrum shown in
Fig.5.12 (a) included not only the C-C peak at 284.8 eV, but also peaks with higher binding
energy assigned to C-N (285.6 eV), C-O (286.5 eV) and O-C=0 (288.8 V) [64]. It can be

conjectured that the C-O and O-C=0 peaks are mostly associated to surface modification
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Figure 5.13 Effect of solution pH on dispersibility of carbon products

by carboxylic groups. The presence of nitrogen was also confirmed by the N1s spectrum
shown in Fig.5.12 (b). The C-N peak is due to nitrogen doping in the graphene layer.
In summary, the carbon products obtained by pulsed discharge from glycine were carbon
nanoparticles composed of few graphene layers doped with nitrogen, and whose surfaces
were modified by carboxylic groups.

Fig.5.13 shows effect of solution pH on dispersibility of carbon products. The pH
values of the solution were controlled by HCl and NaOH after synthesis of carbon
nanoparticles. The carbon products in water at the pH over pH 3 kept dispersibility, but
they were deposited the solution at pH 1. It was due to COOH group on carbon surface.
Generally, COOH group exists as anion, but it does not keep ion state in water at strong
acidity. On the other hand, if NHj3 group is exist on carbon surface, carbon products would
disperse in water even at strong acidity. Therefore, Fig.5.13 implied that NH3 group hardly

existed on carbon surface.

128



CHAPTER 5. DISCHARGE PLASMA AT PRESSURIZED GAS/AQUEOUS
SOLUTION INTERFACE

5.4.3 Pressure effects

The carbon products were easy to form at higher pressure condition, as indicated by the
color of the products shown in Fig.5.8. Carbon products synthesized by the discharge
were observed by FE-SEM. Figure 5.14 shows SEM images of carbon products by the
discharge at 1.5, 2.0, 3.0, and 4.0 MPa. In case glycine remained in the sample even
after a dialysis, crystal was observed like Fig.5.14 (d). Small nanoparticles were produced
with increasing pressure. Characteristics of discharge plasma changed drastically between
the discharge at 2.0 and 4.0 MPa, for example, high excitation temperature of hydrogen

exhibited at pressurized condition (see section 5.3). These properties changing by pressure

L*

* @4.0MPa §
.

Figure 5.14 SEM images of carbon products by the discharge at (a) 1.5, (b) 2.0, (¢) 3.0,
(d) 4.0 MPa
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Table 5.1 Pressure effects on carbon products obtained by pulsed discharge under
pressurized argon

Raman XPS
Pressure Ip/Ic Lp/lag N/C O/C
2.0 MPa 1.22  0.30 0.04 0.37
3.0 MPa 1.25 043 0.10 0.37
4.0 MPa 1.32 048 0.15 0.38

were supposed to be affected on synthesis of carbon nanoparticles, resulted in difference

in particle diameter of carbon products.

The effects of pressure on the carbon nanoparticles produced by pulsed discharge were
examined by comparing the Raman and XPS data obtained under 2.0, 3.0, and 4.0 MPa
argon pressure (Table 5.1). The intensity ratio between the D- and G-bands (Ip/1) in the
Raman spectra provides information on the density of defects in the graphene layer and
the modification ratio. Carbon nanoparticles produced by the discharge under higher argon
pressure had a high 1p/I ratio, showing that defects density or modification ratio in the
carbon nanoparticles increased when carbon nanoparticles synthesized at higher pressure
condition. Based on nitrogen to carbon ratio determined by XPS, higher nitrogen contents
were incorporated in the carbon nanoparticles at higher pressure, leading to high Ip/1¢.
The intensity of CN molecules in Fig.5.5 became intense at higher pressure condition.
It was considered that it related to synthesis of carbon nanoparticles. It was believed that

more production of CN molecules by the discharge at higher pressure condition led to high
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nitrogen doping level as indicated in Table 5.1. On the other hand, the amount of oxygen
in carbon nanoparticles was hardly affected by the argon pressure.

The intensity ratio of 2D- and G-bands (Iop/I) in the Raman spectra denotes that
a higher I,p/I; for carbon products generated by the discharge at higher pressure. In
the case of nitrogen-doped graphene, it has been reported that I/l tends to decrease,
while Ip/I¢ increases [64]. Additionally, large amounts of nitrogen doping in graphene
layers determined a reduction in the intensity of the 2D-band [63]. By contrast, the
Iop/l ratio of the carbon nanoparticles with graphite layer produced by our method
increased with increasing pressure, although higher amounts of nitrogen atoms were
doped in the graphene layers upon the high-pressure treatment. Moreover, the intensity
of the 2D-band diminishes relatively to that of the G-band when the number of graphene
multi-layers increases [65]. This same trend is also shown by carbon onions, which are
carbon nanoparticles with graphene layers [66]. Therefore, the I,p/I ratio in the carbon
nanoparticles produced by our method was probably affected by the number of graphene
layers. The number of graphene layers in the carbon nanoparticles will decrease at higher

pressure condition, taking into account the pressure effect on the I, /1 ratio.
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5.5 Synthesis of water-dispersible carbon materials from

various amino acid

5.5.1 Effects of carbon straight chains of source amino acids on

carbon structures

Pulsed discharges were generated over 50 g/L amino acid solution surface under 4.0 MPa
argon and synthesized carbon materials. In order to examine the effects of straight carbon
chain of amino acid on carbon structures and properties, glycine, alanine, threonine,
ornithine, and lysine were utilized for carbon sources. Figure 5.15 shows photographs
of the products after the discharge of 20000 and 40000 pulses, which correspond to
the structure of the carbon source (amino acids). Carbon materials produced from each

amino acid corresponded to different colors of liquid products; moreover, their generation

oL

/YO
NH; HaN
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A _oH

glycine alanine threonine ornithine lysine

Figure 5.15 Photographs of the carbon products obtained after discharge of 20000 (glycine,
alanine, threonine) and 40000 (ornithine, lysine) pulses, corresponding to the structure of
the carbon sources
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speeds were different depending on the carbon sources. As shown in Fig.5.15, a discharge
of 20000 pulses resulted in a change of the color of the solution containing glycine,
alanine, and threonine to black, indicative of the formation of carbon products. On the
other hand, when a discharge of 20000 pulses was applied to the solution containing
ornithine and lysine, carbon products were not visually discriminated. Moreover, with
increasing discharge of 40000 pulses, carbon products from ornithine and lysine were
clearly observed. As compared to those obtained from lysine, carbon products were easily
formed when ornithine was used as the carbon source. Thus, it was more difficult to
produce carbon products from amino acids containing a longer straight chain as compared
to those with a shorter straight chain. When carbon materials are synthesized from amino
acids, they react with each other and create C-C, C-N, or C-O bonds. In my study, carbon
materials synthesized from amino acids such as ornithine and lysine consisted of long
straight chains. It was difficult for these amino acids to react with each other because of
steric effects, which probably led to a slower generation of carbon products. Additionally,
all carbon materials produced from each amino acid exhibited dispersibility in water.
According to preceding section, surface of carbon materials were mainly modified by
COOH group, leading to dispersibility in water. It is thought that all carbon products

produced from amino acid had COOH group as functional group on the surfaces.

Figure 5.16 shows the SEM images of the products obtained from the amino acids by
a discharge of 20000 pulses; their structures were observed by FE-SEM. Nanoparticles
were formed by the discharge. Every sample produced from amino acids exhibited the
same shape; however, the particle sizes of the products were different depending on
carbon sources. Figure 5.17 shows the number-average particle diameters of the carbon

products as a function of the carbon chain of amino acid sources. When nanoparticles were
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Figure 5.16 SEM images of the carbon products obtained from amino acids by a discharge
of 20000 pulses

produced from amino acids with a long carbon chain, large nanoparticles were obtained,
probably attributed to steric effects of amino acids. The long straight chain of amino
acids prevented the formation of curved surfaces of carbon nanoparticles, leading to large
particle formation. In addition, the low generation speed of carbon products led to the
production of large carbon nanoparticles when they were produced from amino acids with
a long carbon chain.

Table 5.2 lists the atomic ratios of nitrogen (N) to carbon (C) and oxygen (O) to carbon
(C) in the carbon products as analyzed by XPS and those in the amino acid sources.
According to the O/C ratios in the carbon products, some amount of oxygen was present

and exhibited no dependence on carbon sources. Although threonine had an OH group
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Table 5.2 Atomic ratios of nitrogen to carbon and oxygen to carbon in the carbon products
analyzed by XPS and those in amino acid sources

Carbon Atomic ratio (carbon products) (source amino acids)
source N/C o/C N/C o/C
glycine 0.15 0.38 0.50 1.00
alanine 0.08 0.37 0.33 0.67
threonine 0.07 0.38 0.25 0.75
ornithine 0.13 0.38 0.40 0.40
lysine 0.11 0.39 0.33 0.33

in its structure, as shown in Fig.5.15, the amount of oxygen in the product obtained from
threonine was the same as that in the other samples. Hence, oxygen atoms derived from
the OH group did not remain in the carbon products. In contrast, the nitrogen amount in
the carbon products exhibited dependence on the amino acid source. The N/C ratios of the
carbon products were in approximate agreement with the atomic ratios of nitrogen in amino
acid sources. Particularly, as compared with the products obtained from alanine, those
obtained from lysine exhibited a higher N/C ratio, although the atomic ratios of alanine
and lysine were the same. Considering the structures of amino acids shown in Fig.5.15,
a terminal NH3 group, examples of which are glycine, ornithine, and lysine, tended to
contain more nitrogen in the products as compared to the other amino acids. In this method,
CN molecules produced from amino acid contributed to carbon nanoparticles synthesis. It

is thought that amino acids, which has terminal NHj, were easy to produce CN molecules
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Figure 5.17 Number-average particle  Figure 5.18 Intensity ratios between the D-
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acid source

by the discharge, and more CN molecules impacted on synthesis of carbon nanoparticle.
It led to high N/C ratios of carbon products from amino acid with terminal NHs. In any
case, the percentages of nitrogen and oxygen in the carbon products were even less than
those in the amino acid sources. Some amount of NH; and COOH groups remained in the
carbon products as doping atoms or modifying groups on the carbon surfaces. However, a
majority of NH3 and COOH groups in the amino acids is released while generating carbon

nanoparticles.

Figure 5.18 shows the intensity ratio between the D- and G-bands (I5/1;) as a function

of the carbon chain of amino acids. The Ip/I ratios of carbon products decreased for the
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amino acid sources with a large number of carbon chains. In other words, ordered carbons
were easily formed from amino acids with a long carbon chain. However, the atomic ratios
of nitrogen and oxygen in the carbon products did not correlate with the I /1 ratios. Thus,
the surface modification and doping of in carbon products with nitrogen and oxygen atoms
did not significantly contribute to the decrease in the I /I ratios. Accordingly, the change
of the I p/I; ratios represents the amount of ordered and disordered carbon in the products.
Carbon nanoparticles produced from amino acids with a long carbon chain exhibited more
ordered carbon as compared with those produced from amino acids with a short carbon
chain. Small carbon nanoparticles exhibited a large number of curved surfaces, resulting
in a high I /I ratio [60] for the carbon nanoparticles produced from the amino acids with

a short carbon chain.

5.5.2 Effects of side chains and cyclic structures of amino acid on

carbon structures

In order to examine the effects of side chain and cyclic structures of amino acid, on
carbon structure and properties, carbon materials were synthesized from valine, isoleucine,
proline, histidine, and phenylalanine by the discharge at pressurized argon. Figure 5.19
shows photographs of the products obtained after discharge of 20000 pulses corresponding
to the structure of the carbon source. Carbon materials were also produced from amino
acids consisted of side carbon chain and cyclic structure. Carbon materials were hard
to produce from valine compared with threonine (Fig.5.15) according to the colors of

the products, although structure between valine and threonine were different only one
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Figure 5.19 Photographs of the carbon products obtained after discharge of 20000 pulses
corresponding to the structure of the carbon sources
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Figure 5.20 SEM images of the carbon products obtained form amino acids with side
carbon chain or cyclic structure by a discharge of 20000 pulses
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Table 5.3 Ip/I ratio and atomic ratios of nitrogen to carbon and oxygen to carbon in the
carbon products analyzed by Raman spectroscopy and XPS

Carbon Raman XPS
source Ip/1g N/C O/C
valine 1.11 0.10 0.58
isoleucine 1.16 0.18 0.57
proline 1.00 0.10 0.40
histidine 0.99 0.14 0.39
phenylalanine 0.95 0.09 0.38

functional group (side chain). In addition, isoleucine has longer straight carbon chain than
valine, but carbon products were easy to form from isoleucine slightly. Isoleucine has side
chain in the third place from CHj terminal group as shown in Fig.5.19. Thus, structure
of isoleucine is easy to make six-membered ring, leading to production of more carbon
materials. Meanwhile, amino acids with cyclic structure were easy to be synthesized
carbon materials. Fig.5.20 shows the SEM images of the products obtained from the amino
acids, which have side chain or cyclic structure. All carbon products were nanoparticles,

whose diameter depended on carbon sources.

Table 5.3 indicates I p/1, N/C, and O/C ratios of carbon products from each amino acid
analyzed by Raman spectroscopy and XPS. The carbon products from amino acids with
cyclic structures had low I/l ratios relatively. These amino acids have some sp2 carbon

in the structures as shown in Fig.5.19. Thus, more graphene layer contained in the products
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Figure 5.21 Component ratios of sp2 carbon, sp3 carbon, and nitrogen in the carbon
products from each amino acid

presumably, leading to high Ip/I;. The percentages of nitrogen in the products from
amino acids with side chain or cyclic structures were low in both cases. As mentioned,
a terminal NH3 of amino acid was resulted in high N/C ratio. Because they did not have
a terminal NHj3, nitrogen atoms were difficult to contain in carbon products. Focused
on oxygen atoms in the carbon products, O/C ratios of the products from cyclic amino
acids was almost the same as that from straight amino acids. However, in the case of the

products from amino acid including side chain, the amounts of oxygen in the products
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were relatively high. According to the structures of valine and isoleucine, it was easy to
form six-membered rings including oxygen atoms because of side chains. Therefore, it
is believed that oxygen existed not only on the carbon surface as COOH group but also
in graphene layers when the carbon products were created by amino acids including side
chain.

Figure 5.21 shows component ratios of sp2 carbon, sp3 carbon, and nitrogen in the
carbon products from each amino acid determined by Raman spectra and XPS analysis.
The amounts of sp3 carbon in the products from glycine, alanine, and threonine were
almost the same, moreover that from ornithine and lysine were also the same. In case of
amino acids, which had only carbon straight chain, the amounts of sp3 carbon determined
uniquely by the number of NH3 groups, and that of sp2 carbon increased by forming the
products from longer carbon straight chain. Side chain of amino acids made the products
include more oxygen atoms, thus the ratios of nitrogen to carbon were estimated to be
higher than actual. There were supposed to be a lot of defects of carbon order in the
products from isoleucine because of oxygen doping, resulted in low sp2 carbon component.
The carbon products from cyclic amino acids tended to consist of more sp2 carbon because
cyclic amino acids had six-membered rings. The amounts of nitrogen in the products from

cyclic amino acids depended on the number of nitrogen in source amino acids.
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5.6 Conclusions

The discharge plasmas were generated over amino acid solution at high pressure condition,
and investigated the characteristics of discharge plasma and synthesized carbon materials.
The electron density of the plasmas and excitation temperature of hydrogen were increased
with increasing pressure, although excitation temperature of argon decreased against
pressure increase. Intense emissions of CN molecules, derived from glycine molecules
in aqueous solution, were observed by the discharge at pressurized argon.

The pulsed discharge over water at pressurized argon enabled one-step synthesis of
hydrophilic carbon nanoparticles from amino acids. Carbon materials were obtained only
at high pressure condition, over 1.5 MPa. The carbon products kept dispersing in water
because hydrophilic groups derived from amino acids modified the carbon surfaces. The
products had a capsule structure consisting of several graphene layers. The graphene
layers of the carbon nanoparticles were doped with nitrogen atoms, and their surfaces were
modified by COOH groups. The CN molecules from glycine produced by the discharge
related to formation of carbon particles. The discharge under higher pressures produced
carbon nanoparticles rapidly with high nitrogen doping levels, because production of CN
molecules was promoted by the discharge with increasing argon pressure.

The structures of source amino acids were great impact on component of carbon
products. The amino acids consisted of long straight chain were difficult to generate
the carbon nanoparticles due to steric effect of source amino acids. The large carbon
nanoparticles were produced from amino acids with long straight chain, leading to
decrease in Ip/l; ratios of the products. The content percentages of oxygen in the carbon
products did not depended on source amino acid except that consisted of side carbon chain,

but those of nitrogen were affected by atomic ratio of nitrogen and binding site of NHjg
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group of source amino acid. Cyclic amino acids were easy to form carbon products with

more sp2 carbon.
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Chapter 6

Summary of the works

The discharge plasmas over water surface can induce chemical reactions without catalyst
and chemical agent in simple process. It has been actively researched for biomedical
and environmental applications recently. This work focused on chemical reactions and

transport mechanisms in aqueous solution irradiated pulsed discharge plasmas.

Chemical reactions by pulsed discharge plasmas

The effects of pulsed discharge plasmas on aqueous solution were investigated in order to
realize high efficient process of discharge plasma over aqueous solution surface. When the
discharge plasmas were generated at gas-aqueous solution interface, some active species
were generated near aqueous solution surface, and affected on the solution. They induced
oxidation reactions in aqueous solution mainly. Oxidation reactions were caused by not
only specific species but various species, produced by plasma irradiation. Especially,
reactive oxidation species from dissociation of water were effective in the reactions.
There were some differences between positive and negative pulsed discharges. Positive

pulsed discharges were efficient for high speed processing, but some persistent compounds
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in water were difficult to be oxidized. On the other hand, decomposing persistent
compounds were effectively oxidized by negative pulsed discharges because of OH radical,

although processing speed was slow.

Transport mechanisms of aqueous solution under plasma irradiation

In order to utilize discharge plasmas for chemical process, not only chemical reactions but
transport mechanisms in aqueous solution are essential. Spatial distributions of active
species and reacted solution during the discharges were observed by using chemical
methods in this study. The discharge plasmas formed the layer of reacted solution in the
depth of 10 mm from the solution surface. The thickness of this layer did not depend on
reactor shape. In case of positive pulsed discharges, reactive oxidation species reached
and reacted directly 2 mm in the depth from the solution surface in the deepest, in spite of
1 mm by negative pulsed discharges. Therefore, the depth of aqueous solution in a reactor
and a flow of reacted solution are key factors for an efficient reactor design of discharge

plasmas at gas-aqueous solution interface.

New processes of discharge plasma at gas-aqueous solution interface

Two plasma processes using gas-liquid slug flow and wet wall were developed as new
plasma processes in this work. High efficiencies were achieved by using either process.
Reactivity was approximately the same as the discharge by using thin batch-reactor, which
is the most efficient of the batch reactors. It was found that an efficient discharge process

could be realized by controlling a convection flow and a layer of reacted solution.
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Discharge plasmas in water with fine bubbles

Almost all of previous discharge methods with bubbles, bubbles rose one after another
owing to high rising speed of the bubbles. In this work, fine bubbles, which had extremely
slow rising speeds, were introduced in discharge area. The effects of fine bubbles on
characteristics of discharge plasma and generation of active species were examined.
Fine bubbles in water affected discharge ignition, resulted in low inception voltage and
suppression of rising temperature. In addition, fine bubbles enhanced plasma emission
with high electron density. It led to the increase in HyO, generation by the discharge.
Dissolved oxygen in the water also contributed to H,O, formation by the discharge with
fine bubbles. Moreover, active chlorine species were produced when the discharges were
generated in NaCl solution with fine bubbles. Oxygen atoms from dissociation of water

reacted with chlorine radicals resulted in the production of available chlorine.

Discharge plasmas at pressurized gas/aqueous solution interface

The discharge plasmas were generated over amino acid solution at pressurized gas over
0.1 MPa, and the characteristics of discharge plasma and carbon materials synthesis
were investigated. The high electron density of discharge plasma was generated at high
pressure condition, and intense emissions of CN molecules, which derived from glycine in
water, were observed in optical emission spectra. In addition, high excitation temperature
of hydrogen exhibits by discharge plasmas under pressurized argon, but that of argon
decreased monotonously.

Water-dispersible carbon nanoparticles were synthesized from amino acids in water

by pulsed discharges at high pressure argon, over 1.5 MPa. The carbon products obtained
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high dispersibility in water because of surface modification by carboxylic groups, derived
from functional groups of amino acids. The amounts of CN molecules produced by the
discharge related to synthesis of carbon nanoparticles. The structures of source amino
acids were great impacts on component of carbon products. In particular, binding site
of NHj3 group of source amino acids influenced on atomic ratio of nitrogen in carbon

products.

Future prospects

Discharge plasmas in the presence of water are valid for chemical processing obviously.
Availability of discharge plasmas may be researched actively, especially in biomedical
field. Therefore, plasma processes with water will be much more important for practical
use in industry.

This work gave you some information about chemical reactions and transport
mechanisms in water by using simplify discharge methods, and proposed the efficient
processes of discharge plasmas. However, there are still many questions regarding active
species and chemical reactions in water induced by discharge plasmas. The plasma
processing in the presence of water can lead more efficient by deepen understanding of
detailed chemical reactions induced by discharge plasmas.

In addition, plasma processes are likely to enlarge possibilities by combination with
external factors, such as fine bubbles and high pressure condition. Future studies will

reveal utilities of their processes.
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