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1. Introduction

Environmental problems such as water pollution atmdospheric pollution constitute a serious
threat to human health today, both locally and gligb The total volume of water on the Earth is
about 1.35 billion krfy 97% of which is seawater. Freshwater is abo#5bthe total, and 70% of
that is found as ice in the Antarctic and the Ardbrinking water is only 0.01% (0.1 million Knof
the total [1.1]. On the other hand, approximated9s/of the human body is formed by moisture,
which is supplied from drinking water and water @oned in the food. Therefore, because the water
pollution can affect the food, the water pollutaiso has a direct effect on the human body.

Naturally, plankton acts as a self-cleaning medranon seawater as well as freshwater, by
consuming and decomposing pollutants. However, $kié-cleaning mechanism does not work
properly when the pollutants’ concentration is tegh. Furthermore, some chemical contaminants
cannot be decomposed in the same manner. Redligetide, coral bleaching, and desertification
are caused by water pollution. At present, becatifee improvement of the living standards and the
population growth (Fig. 1-1), domestic wastewasealso a major cause of water pollution.
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Fig. 1-1. Global population transition [1.2].

Above all, the largest volume of domestic wastewabenes from kitchen drainage. All leftovers
and rice-washing water lead to water pollutioradidition, synthetic detergents used for dishwashing
also cause water pollution. On the other hand,stvéal wastewater discharged from factories and
offices is also one of the causes of water polfutio high economic growth periods, pollution is
caused by harmful substances contained in industaistewater. Thereafter, the pollution is reduced
by imposing regulations and improved maintenancéhefsewers. However, at present, in areas
where sewers are not popular, industrial wastewiatdélowed to the river and the sea without
treatment. Moreover, not only domestic and indaktwastewater but also illegal dumping may
contribute to water pollution. When the soil is taminated by hazardous substances (dioxins PCB,
lead, and arsenic), they leach into the groundwdgr drinking the groundwater, these toxic
substances affect the human body. Furthermoresehgvater pollution affects the reproduction,



growth, and mortality of marine organisms, therefandirectly, leading to food shortage in the fatu

In order to solve the water pollution issue, measusuch as preparing legislation adopted against
industrial wastewater, and water treatment teclmetohave been also studied around the world. As
one of water treatment technologies, advanced tgid@rocesses (AOPs) and biological treatment
with anaerobic and aerobic microorganisms improsedage system. However, some problems
remain, such as collecting activated carbon usdthal process of AOPs and the burden on the
microorganisms used in biological treatment. Ineoritb generate ozone and treat wastewater more
efficiently, water-treatment methods using eleatiischarges have been studied. In these treatments,
streamer discharges can produce chemical activéesp®ich as ozone, hydroxyl radical (OH radical),
hydroperoxyl radical (H&), and superoxide anion radic@l;(). The respective oxidation-reduction
potential (ORP) values are shown in Table 1-1 [JA3]shown in Table 1-1, ozone and the OH radical
have ORP values of 2.075 and 2.38 eV, respectiledddition to the stronger ORP of the OH radical
than ozone, the OH radical is able to react witjpnoic compounds unselectively, whereas ozone
reacts with organic compounds selectively. Furtlienbecause treatment using the OH radical is
faster, the OH radical has attracted attention.ddweer, physical phenomena such as UV and ion
wind [1.4] generated by electric discharges cardpee not only more ozone but also more OH
radical, so that it is suggested that chemicalti@ain gas and/or water for decomposition of arga
compounds including persistent substances are peahiy electric discharges.

Table 1-1. Oxidation-reduction potential of chertlicactive species [1.3].

Material Symbols for element Potential (eV)
Fluorine Fo 2.870
Hydroxyl radical OH 2.380
Ozone Os3 2.075
Hydrogen peroxide H50, 1.763
Chlorine Cl, 1.396
Oxygen Oy 1.229

Atmosphere pollutants such as nitrogen oxides (N&d sulfur oxides (SOx) are released by
liquefied natural gas, coal, and oil burning faigtey power stations, diesel engines, and planesdh
pollutants cause urban smog, acid rain, and sd\@x removal technologies such as selective
catalytic reduction, electron beam flue gas treatmechnology, and dielectric barrier discharges
(DBDs) have been studied. However, the gas tredtsystem requires large processors and has a
high cost. Therefore, a compact NOx treatment aysseneeded at low cost. Moreover, oil and acid
rain can also cause water pollution.

In order to solve the water pollution problem, trenosecond pulsed power system has been



studied. When the nanosecond pulsed power systeseds the pulse width is very short with several
nanoseconds, so that it can control the progresasctalischarges. By using the nanosecond pulsed
power system, streamer discharges are stably gedetdoreover, the nanosecond pulsed power
system has high electric power, high energy dereityf very short rise time. These characterisfics o
the system are utilized for many application fieldsr example, not only instantaneous high voltage,
strong electric fields, and large currents but aectric discharges and plasma generated by
nanosecond pulsed power system have been useafter theatment.

High ozone concentration can increase OH radicadiymstion [1.5]. Ozone can be produced
efficiently using the nanosecond pulsed power sysioreover, in order to investigate the structure
of the coaxial reactor, this system has also bsed tor the treatment of nitrogen oxides (NOXx).
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2. Target Materials

The details of target materials such as indigo oansurfactant, ozone, and NOx are presented
in this chapter.

2.1. Indigo Carmine [2.1]

Indigo carmine (@HsN2NaxOsS) is a dark blue, odorless, and neutral powdercivis dissolved
easily by light, heat, nitric acid, bromine water,chlorine water. Figs. 2-1(a) and 2-1(b) show the
structural formula of indigo carminéréns isomer) and decomposed indigo carmine (leuco o)dig
[2.2]. Indigo carmine is a synthetic coloring agemich gives a blue color tinged with purple, and
it is classified under edible tar dyes. Indigo caens also found as a food additive, specifietilas
no. 2 in the food hygiene law in Japan. After carbarbon double bond (C=C) of H-type
chromophore was decomposed first of all as showrrign 2-1(b) when indigo carmine was
decomposed, C-C was formed. After that, carbonaradouble bond (C-C) was decomposed, so that
benzene rings could be opened.

SO3Na

(a) Indigo carmine

SOs3Na

H HO
(b) Leuco indigo
Fig. 2-1. Structural formula of indigo carmine atecomposed indigo carmine (leuco indigo).



2.2. Surfactants [2.3, 2.4]

Surfactants are organic compounds that lower tHfacitension (or interfacial tension) between
a liquid and a solid or between two liquids. Fig2 2resents the image of foam which is a
characteristic of surfactants. As organic compousdgactants have been widely used not only for
washing with foam as shown in Fig. 2-2, but alsemasisifiers in food manufacturing, for ice cream,
mayonnaise, and so on. There are three kinds:alaunfactants such as lecithin or soybean saponin,
soap, and synthetic surfactants. Moreover, iomo(@c and cationic) surfactants are ionized inamat
and nonionic surfactants are not ionized in wa@ionic surfactants whose hydrophilic group is
ionized to an anion in water are often used a&yittdetergents, whereas cationic surfactantsehos
hydrophilic group is ionized to a cation in wateg aften used as softening finish agents, condition
agents, and disinfectants. Nonionic surfactantssethoydrophilic group is not ionized in water are
often used with all other surfactants. The estpe tgf nonionic surfactants, in particular, is used
widely as an emulsifier for food-based cosmeticerddver, the ether type of nonionic surfactants is
used as a washing agent. Fig. 2-3 shows the nedtip between the surfactant concentration,
micellar formation, and molecular structure of agtlnt. Note that each position A, B, and C which
indicates the surfactant concentration shown inZig(a) corresponds to a position shown in Fig. 2-
3(b). As seen in Fig. 2-3(c), surfactant molectlas a hydrophobic group and a hydrophilic group.
When the lower critical micelle concentration (CM&)the surfactant agueous solution appears in
the positions A and B of Figs. 2-3(a) and 2-3(b)factant molecules are concentrated on the water
surface, so that surface tension of water decre&gkdn the surfactant concentration is higher than
CMC in the position C of Figs. 2-3(a) and 2-3(bj¢efies which are composed of a hydrophilic outer
layer and a hydrophobic inner layer are generatatie water. When surfactant concentration was
higher than CMC, because surfactant molecules darvgarface was not able to increase, surface
tension was not decrease.

Fig. 2-2. Image of foam on surfactant solution.
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Fig. 2-3. Relationship between the surfactant cotmagon and micellar formation.

Because the micelle is formed with hydrophilic greufacing outward, it is considered that a
hydrophilic group is decomposed firstly in surfadté&reatment. Active species, whose oxidation-
reduction potential was higher, such as OH radicald decompose a hydrophilic group of surfactant
faster. Then, because surfactant concentratioredsed, surface tension increase, so that foaming
power of surfactant also became frailer.



2.3. Ozone and NOx [2.6-2.8]

Ozone is an inorganic molecule with the chemicamida shown in Fig. 2-4. Ozone is formed
from oxygen molecule (£) by the action of UV rays and atmospheric eleadischarges, and it is
present in low concentration throughout the Ear#itteosphere (stratosphere). In total, the ozone
makes up only 0.6 ppm of the Earth’s atmospher@en®zs a powerful oxidant (far more so than
oxygen molecule (&)) and has many industrial and consumer applicati@iated to oxidation.
Moreover, ozone has characteristics of deodorizatiecoloration, environmental improvement, and
sterilization. As a deodorant component, ozoneé&tlun raw sewage processing; bathroom, hospital,
and old man facilities deodorants; stock raisimghdries; and food processing. Deodorization with
ozone is performed by the oxidative decompositibiihe unwanted ingredient and neutralization of
the ozone odor ingredient. Sterilization with ozde@ends on the decomposition of the bacterial cell
wall. Moreover, ozone does not produce toxic bydpuais.

Ozone is produced by electric discharges, as shoviays. 2-1 and 2-2. Eq. 2-1 indicates that
electrons released from electric discharges coliwta stable oxygen molecules, so that oxygen
atoms are formed. Moreover, in Eq. 2-2, ozone reged by three collisions.

0.2177 nm

Fig. 2-4. Structural formula of ozone.

0,+e—>20+e (2-1)

0+0,+M-0;+M (2-2)

NOx is a generic term for nitric oxide (NO) andragen dioxide (N®@. They are produced from
the reaction of hydrocarbons during combustiongexy(Q), and nitrogen (B, especially at high
temperatures. The small particles of NOx are ablpdnetrate deeply into sensitive lung tissue,
causing premature death in extreme cases. Inhalafiguch small particles may cause or worsen
respiratory diseases, such as emphysema or brisnaitt may aggravate an existing heart disease.
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3. Nanosecond Pulsed Power System and M easurement M ethods

A schematic diagram of the nanosecond pulsed pgemerator used in this study is shown in
Fig. 3-1 [3.1-3.3]. The nanosecond high-voltagesedl power generator consists of a Tesla
transformer (Fig. 3-2), a short pulse-forming lireehighly pressurized gas gap switch, and a
transmission line (Fig. 3-3). As shown in Fig. 3% Tesla transformer consists of capaditofor
initial energy storage and air-core coils with aglang factor of approximately 0.6, which is adpost
to obtain the maximum transfer efficiency. Thedeged spark gap switch of the Tesla transformer is
controlled by Arduino Uno (Fig. 3-4). The pulse+fong line acts as capacit@z, which is also a
component of the Tesla transformer. The highlysueged gas gap switch with a short gap separation
(0.43 MPa and 1.0 mm) is used in order to achiettemmely fast rise time of the output pulsed high
voltage. Nanosecond high-voltage pulses are trateshio load through the transmission line. The
voltage and current waveforms in the nanoseconskpypbower system are shown in Fig. 3-5.

Pulse-
Triggered Spark Forming Line
Gap Switch
—— o o

R1

Transmission Line

PC po—{ Trigger Unit
1,/

Gas Gap Switch

HV.DC T

l '
Tesla Transformer

(C1=25nFC2=0.067 nFL1=0.35 pHL2 = 144.9 pHR1 = 0.56Q, R> = 0.29Q)
Fig. 3-1. Schematic diagram of the nanosecond gylsever generator.

Load

Triggered Spark
Gap Switch

Fig. 3-2. Schematic diagram of the Tesla transfoimée pulsed power generator.
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Fig. 3-4. Schematic diagram of Arduino Uno.

Fig. 3-6 shows the typical waveform of the outpoltage at 8&2 resistive load, when the initial
charging voltage of1 is 3.0 kV [3.4]. The voltage and the current wawvef were measured using a
digital oscilloscope (Tektronix, DPO4104, 1 GHz)tlwa resistive voltage divider (1000:1) and a
current viewing resister, as shown in Figs. 3-7 &&1 The full width at half maximum (FWHM) of
the pulse and the peak voltage were 1.5 ns andodppately 38 kV, respectively. The current
waveform was measured using a current viewing texsifig. 3-9 shows the interface used for
experiments with pulse application. The pulse fezmy (pps), pulse application time (s), charging
duration ofC1, and so on were able to be changed by using tedane as shown in Fig. 3-9.
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The pulsed power is the pulse electric power ctingi®f very high voltage and a large current
in very short domain from nanosecond to microsecéingl 3-10 shows the temporal-compression
state of the electric power [3.5]. The areas irtthgeelectric energy in Fig. 3-11 are equal. Thised
power could cause both short time and high voltdgere is an inverse relationship between the
pulse rise time and the electric power, as showfign 3-11; the electric power increases with
decreasing pulse rise time. Although the energgvefy pulse was short, high electric power could
have applied many times.

Power

Time
Fig. 3-10. State of the electric power time comgpi@s

02465710 12 14 16 18 20
Compression Time (r

Fig. 3-11. Relationship between the pulse rise time the electric power.

Fig. 3-12 shows the schematic diagram of progrgssireamer discharges [3.6]. When pulse
power was applied between electrodes, streamehatiges of non-thermal equilibrium were
generated, where only electronic energy is high taedenergy of the ion and the neutron is low.
When high voltage was applied between electrodeslectric field was generated between the
electrodes, from the anode toward the cathodehattime, because of the electric field between the
electrodes, electrons in the gas moved from thieodat to the anode. When the electron moved,
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ionization was caused through collision to the magecules. Then, the electrons moved because of
the electric field, so that further ionization weaused. Because the number of electrons by the
electronic collision ionization suddenly increasedgonentially, an electron avalanche occurred.
When the electron avalanche progressed, the festrenic avalanche progressed from the cathode
to the anode with the speed of 2 ¥ &/s. However, the cation produced by the coltisamization

had a speed of 2 x 16m/s, which was lower than that of the electr@cguse the cation was heavier.
Therefore, electrons accumulated on the tip oktketron avalanche, whereas the cations remained
behind the electrons (Fig. 3-12(1)). When the etecavalanche arrived at the anode, an electron was
absorbed by the anode, and the cation was lefhbti@hithe conic volume as space charge. The cation
formed a strong electric field and strengthenedetleetric field with the cathode interval. As the
electron avalanche progressed, an ionized photoetewas generated by the electron avalanche
because of the UV rays. A secondary electron achlkawas caused by the photoelectric movement
(Fig. 3-12(2)). The electron avalanche formed pkgitiars (streamers) with both ions and electrons
(Fig. 3-12(3)). When a streamer progressed fronattzele to the cathode and arrived at the cathode,
a large discharge current flowed as a conductiNar mf the streamer, causing electrical breakdown
(Fig. 3-12(4)).

Anode P —

-+ -+-+
-t -+-
-+ -+ -4
+-+-+-
“+ -+ -+
+-t+-4-
-+ -+ -+
=+ =-+-
-+ -+ -+
+-t-4-
-+ -+t-+
+-+-+-
-+ -+ -+
(1) (2) (3) (4)

Fig. 3-12. Schematic diagram of progressing streahseharges.
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4. Water Treatment with Nanosecond Pulsed Power System
4.1. Introduction to the Water Treatment and DeYdct, 4.2]

The pulsed power system is one of the water traatmmethods using electric discharges. By
using the nanosecond pulsed power system, higheegmoduction efficiency was achieved. The
ozone-production efficiency in commercial deviceghwdielectric barrier discharges (DBDs) is
approximately 80 g/kWh [4.3], whereas that usingpllsed power system is over 120 g/kWh [4.4—
4.6]. Moreover, the effects of the OH radical whichs stronger ORP than ozone were also
investigated. For ozone production experiment,rezbotal coaxial reactor was used, while a vertical
reactor was used for water treatment experimerdusecit was easy to flow water thinly and control
the water flow. For practical application of watexratment in the future, a horizontal reactor stioul
be also used.

First, using a water treatment system using namoskpulsed power developed with a dielectric
barrier between the electrodes [4.7-4.9], watetttnent was evaluated by decoloration of an indigo
carmine (H-type coloring system) solution. Such &sod additive and as a dye for industrial progluct
indigo carmine is used widely. A change in the colcan indigo carmine solution indicates a change
in its chemical structure. Treatment systems witt without a dielectric barrier were compared.
Moreover, the effect of the working gas (i.e2,df O) on the electric discharge was investigated.

In addition, either purified water or tap water waed as solvents of surfactant aqueous solution
containing persistent substance. Thus, the infleefc¢he difference of both the pH and the electric
conductivity of water on the generation of the Gidical was considered. Water treatment with an
external ozonizer, instead of the nanosecond pybesder system, was investigated in order to
understand the effect of electric discharges. giaoic compounds, surfactants have been widely used
for synthetic detergents at home and for detergemsilsifiers, and dispersants in industries. The
surfactants have been widely used not only for waslout also as emulsifiers in food manufacturing
for mayonnaise, ice cream, and so on. There age #inds of surfactants: natural surfactants, soap,
and synthetic surfactants. In particular, becaysehstic surfactants are hardly decomposed by
microbes, the synthetic surfactants lead to paoltutMoreover, the available practical methods for
surfactant treatment are few because synthetiadarits are exhausted from home and factory with
low concentration and large quantities.

Figs. 4-1(a) and 4-1(b) show a schematic diagratieofirst water treatment device and the cross-
sectional view of the device electrode. The voltagé current waveforms of this device are shown
in Figs. 4-1(c) and 4-1(d). The inner electrode ataless steel wire with 1 mm diameter, and the
outer electrode was a stainless steel pipe whaoggheand inner diameter were 250 and 26 mm,
respectively. This device is called the SS device.
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Fig. 4-1. Water treatment device with a stainlésslipe (SS device).

A water treatment device with a shorter separabibits electrodes was developed to produce
dense plasma in the reactor. A glass pipe was edops a dielectric barrier to prevent spark
discharges across the short electrode separastende. Figs. 4-2(a) and 4-2(b) show a schematic
diagram of the water treatment device using a glgssas the outer electrode and the cross-settiona
view of the device electrode. The voltage and cumweveforms of this device are shown in Figs. 4-
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2(c) and 4-2(d). The inner electrode was a stasrde=el wire with 1 mm diameter. The outer elearod
was a glass pipe outer-wound with copper tape tlamdength, inner diameter, and thickness of the
glass pipe were 250, 10, and 1 mm, respectiveig dévice is called the SG device.
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Fig. 4-2. Water treatment device with a glass @ device).
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The discharge plasma reactors of both devices steaisof vertical coaxial electrodes. The voltage
pulse was applied on the inner wire electrode efdévices. The electric discharges occurred in the
gas phase. Then, active species produced by eleitscharges or UV irradiation could be pushed
into the target aqueous solution by the ionic waridhe electric discharges and the impact of the
streamer heads. The target solutions flowed omtier surface of the outer pipe electrode, as shown
schematically in Figs. 4-1(b) and 4-2(b). As shawrFigs. 4-1(c), 4-1(d), 4-2(c), and 4-2(d), the
voltage and current waveforms of the SG device warglar to those of the SS device. When the
solution was not being circulated in the reacttirs,spark discharge occurred more frequently. The
voltage and current waveforms changed when thé& spsecharge occurred, and the solution layer in
the reactor prevented frequent spark discharges.

The target solution was placed in a water resetegated under both electrodes and circulated
in the system with a water pump. The flow ratethefwater pump were 1.9 (SS) and 0.7 (SG) L/min.
The ratio between the surface areas of the SShen8@& devices was 2.6. The gas surrounding the
discharge (the working gas) was flowed throughrédaetor. During water treatment, the flow rate of
the working gas was 1.5 (SS) and 0.1 (SG) L/mite¢sed based on preliminary experiments). The
volume of the SS and SG devices were 133 and 30respectively. The ratio between the flow rates
of the SS and the SG devices was 2.7. The ratiheoSurface areas corresponded to that of the
circumference of the pipes because both react@®Sa@nd SG devices had the same length. Because
the falling velocity of water in the reactors shobbke the same, the thickness of the water laytrein
reactors should also be the same when the ratvatdr flow by the water pumps equaled the ratio
of the surface areas.

20



4.2. Comparison of Indigo Carmine Treatments foadkar Configuration [4.1]

An indigo carmine solution was chosen for treatnveitit these devices. The concentration (mol
concentration) and volume of the indigo carminesays solution were 20 mg/L (4.33 x"1énol/L)
and 1.0 L, respectively. The density and molecwksight of the indigo carmine were 1.01 gfcamd
466.35 g/mol, respectively. The maximum absorpi@velengths of indigo carmine were both 288
and 610 nm. For measurement of the indigo carmaoeldration, two kinds of spectrophotometers
were used. A spectrophotometer (SP-300, OPTIMA) used in order to measure the solution
transmittance. The spectral absorbance of the endegmine solution from 190 to 1100 nm was
measured using an absorption ultraviolet-visiblarnefrared spectrometer (PD-3500UV, APEL).
The relationship between the mol concentratiomefibhdigo carmine solution and the absorbance at
wavelength of 288 and 610 nm is shown in Fig. 4-3.
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Fig. 4-3. Relationships between the mol concemtnatif the indigo carmine solution and the
absorbance at wavelengths 288 and 610 nm.

According to Fig. 4-3, the relationships betweenrtiol concentration and the absorbance at 288
and 610 nm are represented by

y =3.21x 107%x (at 288 nm), (3.1)
y = 6.25 X 107%x (at 610 nm), (3.2)

where y is the mol concentration (mol/L) anxl is the absorbance. The mol concentration of indigo
carmine in the treated solutions could be deterchineeach equation.

The decoloration ratio of indigo carmine increaseéth the initial charging voltage dfi, as
shown in Fig. 4-4(a). On the other hand, the treatnefficiency of indigo carmine decreased with
increasing the initial charging voltage in both &l SG devices. The treatment efficiency of indigo
carmine could decrease when the untreated amoundigfo carmine in the solution is low. The
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treatment efficiency of indigo carmine using thed&Sice was higher than that using the SG device
for all initial charging voltages of1, as shown in Fig. 4-4(b). Because the dischardieme was
restricted by the reactor volume, the energy depddiy the electric discharges in the SG device
would be much smaller than that in the SS devicarddver, the volume of the solution layer on the
inner surface of the cylindrical electrode in th@ &evice was smaller than that in the SS device due
to its smaller inner diameter. Similarly, the disaye plasma would have a lesser effect on the emall
solution surface area in the SG device.
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Fig. 4-4. Effects of the initial charging voltage the indigo carmine solution treatment.

Figs. 4-5 and 4-6 show the spectral absorbandeedf¢ated indigo carmine solution observed at
each 2-min treatment time with pulse repetitionosatof 10 and 50 pps, respectively. It was
determined that the indigo carmine solution wasatitely treated, as evidenced by the decrease of
absorbance at 288 nm with increasing treatment. t@wnsidering Figs. 4-5(a) and 4-6(a), when
nitrogen gas was used, nitric oxide ions, suchtaast@ ions, nitric monoxide ions, and nitric didgi
ions, which have absorption wavelengths from 2086@ nm, were generated by the treatments with
the pulsed power system. The oxygen required tergés nitric oxide ions would be supplied by the
solution. However, in Figs. 4-5(b) and 4-6(b), wlexygen gas was used, absorbance from 200 to
260 nm decreased after increase. Then, it was fthatdhe absorbance variation was caused by not
nitric oxide ion but decomposition of indigo carmint would be considered that the absorbance
from 200 to 260 nm decreased due to demolitiomaris-isomer structure of indigo carmine [4.10].

Fig. 4-7 shows the changes in the mol concentraifahe treated solutions obtained from the
absorbance at 288 nm with increasing the treattmantat pulse repetition rates of 10 and 50 pps in
Figs. 4-5 and 4-6, respectively. In Figs. 4-7(a) 4+V(b), the mol concentration of the indigo careni
solution decreased with increasing the treatmema.tiThe mol concentration of the indigo carmine
solution with oxygen gas decreased more rapidly that with nitrogen gas. When oxygen was used
as the working gas in Figs. 4-5(b) and 4-6(b), ezand active species such as OH radicals were
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produced by electric discharge. Then, fast wasattnent could be achieved due to high efficiency
of ozone production. Moreover, decoloration treathad indigo carmine with 50 pps was performed
more rapidly than that with the 10-pps treatmeriteWthe pulse repetition rate increased from 10 to
50 pps, the amount of removed indigo carmine irsgddy approximately five times with nitrogen
as the working gas.
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Fig. 4-5. Absorbance at wavelengths from 190 tor@®0at 10 pps in the SG reactor.
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Fig. 4-6. Absorbance at wavelengths from 190 tor@®0at 50 pps in the SG reactor.

On the other hand, the amount of removed indigmeee increased only slightly with oxygen as the
working gas; indeed, only a small amount of ungdanhdigo carmine remained, even with the 10-
pps treatment. Because the decoloration efficieaagduced when the concentration is low, the
change in the mol concentration with increasedeprgpetition rate was not noticeable. As shown in
Fig. 4-7(b), the indigo carmine was decomposed wiaén nitrogen was supplied as the working gas.
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This is because not only active species, suchtas okide ions and OH radicals, but also electric
discharges induce the treatment of indigo carmimeaddition, using either gas as the working gas,
the electric discharges provided the solutions witact effects of the electric discharges suctds
rays, ion wind, and bombardment of streamer he#us;decoloration of indigo carmine thus
proceeded. UV rays can cause the decompositiamdajo carmine; ion wind of electric discharges

can help dissolve gas, including active specied;@mbardment of streamer heads can affect the
indigo carmine molecules.
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24



4.3. Surfactant Treatment Using SG Reactor [4.2]

The mixture solution of lauryl alcohol ethoxylateAE) and nonylphenol ethoxylate (NPE),
which is a typical surfactant, was chosen as drtresat target. The decomposition of LAE was easier
than that of NPE. The surfactant solution of 400nppas made by mixing the product solution
(200,000 ppm) with either purified water or tap &ratn tap water, chlorine used for sterilizatioa
impurities such as sodium ion, magnesium ion, @aiasion, calcium ion, and so on were included.
Then, the absorbance around 200 nm of tap watkrdimg impurities was approximately 0.15 Abs
larger than that of purified water. Moreover, th&and the electric conductivity of the purified wat
and the tap water were 6.34 and 1.3 uS/cm, and ahd4131.9 uS/cm, respectively. The initial
surfactant concentration and the total volume efgurfactant solution were 400 ppm (0.04 %) and
500 mL, respectively. The surfactant solution waated for 100 minutes with the nanosecond pulsed
power system and was analyzed at every 20 minutesgdtreatment. The height of the foam, the
absorbance, the pH, and the electric conductiveyewneasured for evaluation. The height of foam,
which is characteristics of the surfactant, inrservoir was gauged in the pictures of the reservo
The absorbance of the surfactant solution from ttBB00 nm was observed with an absorption
ultraviolet-visible-near-infrared spectrometer (BBOOUV, APEL), whose wavelength and
photometric accuracy were 0.5 nm and 0.005 AbsCfi0LAbs, respectively. Both the pH and the
electric conductivity of the surfactant solutionreeneasured using Waterproof Multiparameter (PCS
Testr 35, OAKTON) before and after the treatmehe Tap water and the purified water without the
surfactant were treated in order to consider trenpmena in water treatment.

In order to evaluate the OH radical production aigithe treatment with the nanosecond pulsed
power system, disodium terephthalate (NaTA) waseddd the solutions. Disodium terephthalate
(NaTA) reacts only with the OH radical [4.11]. Whire hydrogen atom of the benzene ring in the
NaTA was substituted by a hydroxyl group, 2-hydtexgphthalic acid (HTA) was formed. The OH
radical production during treatment was estimatgaltiserving the absorption at 310 nm, which is
absorption wavelength of HTA. 1.0 g NaTA was adttetthe solutions, and each solution was treated
for 20 minutes. The absorbance of the solution ets®rved with the spectrometer from 190 to 400
nm at every 4-min treating time.

Moreover, in order to investigate the OH radicabdarction by pulsed power discharges, the
solutions were also treated with an external oznistead of the nanosecond pulsed power system.
The external ozonizer setup condition was adjusteproduce an equivalent ozone concentration
using the nanosecond pulsed power system (12 /Anan oxygen flow rate of 0.1 L/min.

Figs. 4-8(a) and 4-8(b) show image of foam and tawalpvariations in the foam height in the
reservoir. In Fig. 4-8(b), the error bars indictite maximum and minimum heights of the foam in
the reservoir. Note that the surfactant solutiosh ot bubble at 0 minute because the solution
circulation also started at that time. The foanghts at 40 ppm and 4 ppm of the solution in the
reservoir were measured by only circulation wite gump without the nanosecond pulsed power
system. Note that these heights (68 and 14 mmpdreated as dash lines in Fig. 4-8(b).
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Fig. 4-8. Temporal variation of the foam heightap and purified water.

The foam height decreased with the surfactant caretgon. The foam heights on the surfactant in
purified and tap water increased until 20 minutesifthe start of the pulse application and decikase
after 20 minutes. The initial increase in the fdarght arose with the start of the solution cirdola
owing to the foamability of the surfactant. Whee ttoncentration of the NPE solution was greater
than 0.1 ppm, the surfactant showed foamabilit§ i because the hydrophobic groups and the
hydrophilic groups of the surfactants formed miegltontaining atmospheric {Ogas. After 20
minutes of treatment, the foamability of the sutdat would be lost because a hydrophilic group in
the surfactant molecule was decomposed. This nteahshe surfactant in both waters was treated.
The foam height of surfactant in purified water@&sed faster than that in tap water. This sugdeste
that because the surfactant was decomposed, tfaetsumt concentration in the solution decreased.
Note that it was difficult to change this surfadtproperty with heat because the solution tempegatu
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increased by 5 K for 100-minutes’ treatment becadiseeat from a water pump.

Fig. 4-9 presents the variation of the absorbapeetsum at each treatment time. Fig. 4-10 shows
the pH and electric conductivity measured befoeatment (0 min) and after treatment (100 min).
The results of the pH and electric conductivity Waolie considered with experiment of OH radical
production.
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Fig. 4-9. Variation of absorbance during treatment.
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The absorbance around wavelength of 200 nm inallesile increasing the treatment time, possibly
because 4-nonylphenol (NP) was being produced dusutfactant decomposition or hydrogen
peroxides were produced during electric dischargjkes.absorbance difference between surfactants
in purified water and in tap water at 0 minute wbbk attributed to an instrumental error in the
spectrometer. After treatment for 100 minutes stindactant absorbance in purified water (0.91) was
larger than that in tap water (0.80). It was sugggethat surfactant treatment in purified water was
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faster than in tap water, as well as decreasingiiftz@ height. Because the surfactant could be
effectively decomposed by active species suchee®Hhradical, possibly some active species reacted
with impurities in tap water. Meanwhile, because ittmpurities affect water characteristics such as
pH and electric conductivity, the pH and the eleatonductivity of tap water were different from
those of purified water.

The OH radical, as one of the active species trabe produced during water treatment, has the
strongest ORP and is the most important agent fgarnc compounds degradation. Thus, we
investigated the production of the OH radical irs tineatment system. The disodium terephthalate
(NaTA) added to purified and tap water reacted omligh the OH radical to form 2-
hydroxyterephthalic acid. Absorbance spectra @ité@ surfactant solution in purified water and tap
water with NaTA are shown in Figs. 4-11(a) and 4bl1Figs. 4-12(a) and 4-12(b) show absorbance
spectra of purified water and tap water with NaTAe surfactant absorbance spectrum around 310
nm in purified water (Fig. 4-11(a)) was not diffetédrom that of the surfactant in tap water (Fig. 4
11(b)). On the other hand, as shown in Fig. 4-1#&mthe surfactant was not included, the absorbance
spectrum around 310 nm of purified water was mughdr than that of tap water. It was thought that
the OH radical, which should react with disodiumephthalate, would react with more impurities in
tap water. When the solutions included the surfactaicelles were formed because of the structure
of the surfactant molecules, so that impurities Mde enfolded in the micelles’ cores with surfatta
molecules. Even when tap water including more ss lenpurities was used, the OH radical would
react with not the impurities but both disodiumeggrthalate and the surfactant. Therefore, it is
thought that the absorbance in Fig. 4-11(b) wadgliitgrent from that in Fig. 4-11(a). That is to/sa
the amount of produced OH radical would be the samgardless of the type of solution used.
However, the difference in the water quality, sashmpurities in tap water, would affect the amount
of produced OH radical with increasing treatmemieti The water quality could be indicated by the
pH value, the electric conductivity, and so on.s&en in Fig. 4-10, the pH value and the electric
conductivity of the surfactant solution in purifiedter were lower than those in tap water. Water
treatment using an acidic solution was faster thgmg neutral and alkaline solutions because the OH
radical would react with the G& formed during organic compounds degradation unteddy in
the alkaline solution [4.13, 4.14]. Thus, the remtbetween the OH radical and the target organic
compounds in alkaline solution could be reducedaddition, it was reported that less OH radical
was produced in the higher electric conductivitiuBon [4.15]. As shown in Fig. 4-10, the electric
conductivity of the surfactant in purified watecieased after treatment for 100 minutes. Because of
more ions and impurities in tap water, more sudatcin purified water could be decomposed by
pulsed power system than surfactant in tap watex. gJH value and the electric conductivity could
also influence the amount of OH radical producethis experiment.
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Fig. 4-11. Variation in the absorbance of the stidat, when disodium terephthalate is added, using
the pulsed power system.
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Fig. 4-12. Variation in the absorbance of waterewhlisodium terephthalate is added, using the
pulsed power system.

The solutions were treated in the water treatmgstesn with an externally connected ozonizer

instead of the nanosecond pulsed power system4-Hig.shows absorbance spectra of purified water
and tap water with NaTA added when the solutiodsndit include the surfactant.
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The absorbance spectrum using the ozonizer iMdFIg(a) was lower than that with the nanosecond
pulsed power system in Fig. 4-12(a). It was suggkstat electric discharges had some direct effect
on water, leading to the generation of more OHaadOn the other hand, using tap water as shown
in Figs. 4-12(b) and 4-13(b), the absorbance specivith the external ozonizer was higher than that
with the pulsed power system. When the pulsed pey&iem was used for water treatment, electric
discharges might be affected by impurities in dgewater.

The surfactant solutions were also treated usiegetkternal ozonizer. Although OH radical
production with the pulsed power system was chargyedater quality, the pulsed power system
could have a capacity for more OH radical produrctithe image of foam and temporal variation of
the foam height of the surfactant in purified waseshown in Figs. 4-14(a), 4-14(b). The foam was
dissolved much slower using the external ozonlzan using the pulsed power system. The surfactant
was not sufficiently treated with the ozonizer hesmless OH radical would be produced. Fig. 4-15
shows the variation in the absorbance spectrummeo$trfactant solution in purified water during the
ozonizer treatment. The absorbance spectrum ddin@gbzonizer treatment was lower than that
during pulsed power discharges treatment showngn4-9(a). Because of the lower absorbance
spectrum around 200 nm, which would indicate thesterce of 4-nonylphenol generated by
decomposition of the surfactants, ozonation udiegeixternal ozonizer could weakly decompose the
surfactants. Moreover, the absorbance spectra ah8@20 minutes were approximately the same.
It was suggested that there was a limitation irodgmsing surfactants by simple ozonation. On the
other hand, when the pulsed power system was ovsediffactant treatment, ozone could be pushed
into the surfactant solution by the ion wind of gtectric discharges and bombardment of the streame
heads. More active species such as the OH radicéd e generated from ozone in the solution. It
would be considered that the electric discharg@soned production and reactivity of active species
due to UV from electric discharges [4.16], as shawBqgs. (4.3)—(4.5) [4.17], and electrons formed
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by streamer heads, as shown in Egs. (4.6)—(4.83]4so that decomposition of organic compounds
such as surfactants was promoted.

H,0 + hv —-x OH +* H (4.3)
O3 + H,0 + hv — H,0, + 0, (4.4)
H,0, —* OH +* OH (4.5)
e+ H,0 —e+*OH+*H (4.6)
e+0, 2e+x0++x0 (4.7)
* 0+ H,0 —=* OH +* OH (4.8)

E
=
=

(L) External Ozonizer (R) Bed Discharge
(a) Image of foam in the reservoir after 100 misutkeeatment
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Fig. 4-14. Comparison of foam-height variationtod surfactant in purified water.
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4.4. Conclusion of Water Treatment

Indigo carmine in an aqueous solution was treajeth® nanosecond pulsed power system. The
treatment using oxygen as the working gas wasrf#sd@ that using nitrogen. It was suggested that
active species generated from oxygen such as aauh©H radical caused stronger decomposition
of indigo carmine than those generated from nitnogach as nitrogen dioxide and nitric acid.
Surfactant treatment with nanosecond pulsed powses was also investigated. The surfactant
solution in purified water was treated faster tatution in tap water including impurities because
the difference in the pH value and the electricdzmivity of the solutions could affect the OH reali
production. It was suggested that water qualityaofet solution could not a little influence water
treatment. Moreover, the surfactant treatment usargpsecond pulsed power system was compared
with using an external ozonizer. The foaming heigdihg the pulsed power system was lower than
that using the ozonizer. Then, it would be indidatieat the surfactant could not be decomposed
sufficiently by only ozone. Although OH radical tha higher oxidation-reduction potential (ORP)
than ozone caused stronger decomposition of sarfgH radical production using the nanosecond
pulsed power system was almost the same as thag tie ozonizer. For water treatment with the
pulsed power system, when electric discharges weeel, the electric discharges would promote
chemical reactions between ozone or OH radical samthctants. In order to promote chemical
reactions between more OH radical and target congoefficiently, the nanosecond pulsed power
system should be applied in water treatment.
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5. Ozone Production with Nanosecond Pulsed Power System
5.1. Introduction to the Ozone Production and Redét1]

In order to carry out water treatment more effitdyent is important to produce more ozone and
OH radical. Because more ozone can result in mdfer&lical [5.2], ozone production with the
nanosecond pulsed power system has also beenigatesdtin recent years. High ozone production
efficiency with the nanosecond pulsed power sysi®as obtained because of non-thermal
equilibrium plasmas caused by electric dischargesn if a dielectric barrier was not used [5.3-5.5]
Comparing the ozone production efficiency using difeerent methods, the characteristics map of
air-fed ozonizers was presented [5.5].

In a previous study, streamer discharges genetatethe nanosecond pulsed power system
realized high ozone production efficiency. In ordergenerate streamer discharges efficiently, a
coaxial reactor in experiments was used due tarelefeeld enhancement. However, high ozone
concentration was not obtained. This was becauseeozoncentration decreased after it increased
up to the peak concentration. Then, frequent oecee of spark discharges was observed. In order
to clarify this phenomenon, ozone production experits used a stud bolt and stainless steel wires
wound around the glass rod as an inner electrodeeofoaxial reactor were performed in order to
obtain high density ozone with preventing sparichiigges. In these experiments, a stable ozone
concentration was obtained, which increased incenably.

In this chapter 5, when a stainless steel wirelde was used as an inner electrode of the coaxial
reactor, the appearances of the inner wire eleetaod electric discharges in the coaxial reactoewe
confirmed using a coaxial reactor which had an taperon the outer electrode. Moreover, we
introduced the coaxial reactor whose inner wiretebele could be tensed. The ozone concentration
and the state of electric discharges in the coagadtor were also investigated.

Fig. 5-1 shows a schematic diagram of the ozondymtton system. Nanosecond high-voltage
pulses were applied to inner wire electrode ofcibexial reactor.

Toz+03
Flow Ozone
Controller Monitor

Pulsed Power Resistive Current
Generator Voltage Viewing
Divider Resister

L1

L

Fig. 5-1. Schematic diagram of the ozone productigperiment.
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The voltage and current waveforms were measurddandiigital oscilloscope (Tektronix, DPO4104,
1 GHz) through a resistive voltage divider (1000nllrig. 3-7 and a current viewing resistor in Fig.
3-8. Oxygen gas (99.95%) was flowed in the reaetioa flow rate of 1.0 L/min. The ozone
concentration caused in the coaxial reactor wassared using an ozone monitor with ultraviolet
absorption (PG-320A, Ebara, Japan). The chargadg®bf the nanosecond pulsed power generator
was 3.1 kV. As a pulse repetition rate, 10, 50, 8dighps (pulses per second) were chosen.

Fig. 5-2 shows a cross-section view of the coapeakttor. The inner electrode of the coaxial
reactor was a stainless steel wire (SUS304) withnmim diameter. As the outer electrode of the
coaxial reactor, a stainless steel pipe was uskds&length and inner diameter were 500 mm and
20 mm, respectively. In order to observe electiscliarges occurring inside the coaxial reactor, the
reactor had an aperture. The stainless steel pigeatslit, whose width and height were 450 and 5
mm, respectively. In order to prevent gas leaks,slt was covered with an acrylic pipe.

Acrylic Ripe
Stainless Steel Wire /

Stainless Steel Pipe
Fig. 5-2. Cross-section view of a reactor with paréure.

The end cap of the coaxial reactor (Fig. 5-3) wesighed and manufactured in order to change
the tension of the inner wire electrode. By rotatbba cap part, the inner wire electrode of thexea
reactor was tensed. When nanosecond high-voltatgepuvere applied to the coaxial reactor,
streamer discharges occurred and developed fromriee wire electrode to the outer pipe electrode.
Ozone molecules were mainly produced by the stredmeharges.
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Fig. 5-3. Schematic of the cap unit of the reactor.
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5.2. 0Ozone Production with Coaxial Reactor

Ozone was produced when the cap was adjusted sotas tense the inner wire electrode.
Temporal variations in the ozone concentratior0ab0, and 80 pps are shown in Fig. 5-4. The ozone
concentrations increased from 10 s pulse applicafithe ozone concentration at 10 pps became
constant at 1.0 g/N#after the initial rising. On the other hand, ozepecentration at 50 and 80 pps

reached peak values of 5.2 and 8.3 g/Nespectively. After the peaking, these ozone entrations
decreased and became approximately constant 8fies.1
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Fig. 5-4. Temporal variations in ozone concentratath non-tensioned inner wire electrode.

Fig. 5-5 shows the voltage and current wavefornseoked on the reactor until 20 s from the start
of pulse application. Fig. 5-6 shows the voltagd aanrrent waveforms measured after 150 s from

start of pulse application. As shown in Fig. 5-5¢{a¢ voltage waveform fell down from about 40 ns
at 50 pps and from 30 ns at 80 pps.
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Fig. 5-5. Voltage and current waveforms before 20tk non-tensioned inner wire electrode.
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Fig. 5-6. Woltage and current waveforms after 150tk non-tensioned inner wire electrode.

The voltage waveforms in Fig. 5-6(a) became diffefeom those in Fig. 5-5(a). In Fig. 5-6(a), the
voltage fell to around 75 ns at 10 pps. At 50 adg@s, the fall came earlier in comparison with. Fig
5-5(a). In the current waveforms, related sympterase similarly observed as seen in Figs. 5-5(b)
and 5-6(b). It was suggested that spark dischargesrred earlier with increasing pulse repetition
rate and duration time of pulses application.

Fig. 5-7 shows photographs of the inside of thex@baeactor with electric discharge using a
non-tensioned inner wire electrode, when the putgeetition rate was 10, 50, and 80 pps. All
photographs were taken around the center of thetareand after 150 s from the start of the pulse
application. Note that a broken line was drawntanihner wire electrode to distinguish its position
With increasing pulse repetition rate, the incideatthe spark discharges increased and the losatio
where spark discharges occurred moved toward thieicef the coaxial reactor. At the same time,
the center of the inner wire electrode moved toldkeer side of the reactor (Fig. 5-7). Because the
wire was fixed at both end caps of the coaxialt@athe inner wire electrode was curved at 50 and
80 pps. In the photographs, spark discharges aatumrthe lower side of the inner wire electrode.
The wire would be attracted to the lower side wphrk discharges, and the separation between inner
and outer electrodes around the area became shed&use of the curving of the inner wire electrode
These phenomena were more obvious at higher pejsstition rates. At the center of the coaxial
reactor, the downward displacement of the stairdéssl wire used as an inner wire electrode from
the initial position was estimated at 2.72 mm ig. B-7(c). The stainless steel wire gradually retdr
with time after the end of the pulse application.
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o o B
(c) 80 pps
Fig. 5-7. Photographs of the electric dischargek non-tensioned inner wire electrode.

Although the temperature of the inner wire eleatrags measured using a radiation thermometer,
it could not be measured exactly because the Waadrede was thin and the temperature elevation
was slight. A gas temperature measurement at thideinof the reactor showed an increasing
temperature from 296 to 298 K during pulse applcatHere the stainless steel wire temperature
was assumed the same as the gas temperature. drag@thermal expansion coefficient of SUS304
used in the wire was 17.3 x P0K at 273-373 K. The 2 K temperature rise of th8-fnm stainless
steel wire lengthens the stainless steel wire 1B mm. When the stainless steel wire was
elongated to become an obtuse isosceles triamgbe, the wire was fixated at both ends on the oract
caps, the displacement of the wire center was ateduat 2.08 mm. The calculated displacement
(2.08 mm) of the wire roughly corresponded to tberiadward displacement (2.72 mm) estimated in
Fig. 5-7(c). The center would move to the loweedigt gravity and several electric forces caused by
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spark discharges. At that time, spark dischargearoed more frequently around where the distance
between the inner and outer electrodes becameesmBitius, the reduction of ozone concentration
after 20 s was caused by temporal and spatiala®sir of both the spark-discharge occurrence and
the inner wire curving. Moreover, when the frequermd the spark discharges increased with
increasing the pulse repetition rate, the tempegaitithe stainless steel wire would increase highe
Then, because the wire moved further down, thawultet between the inner and outer electrodes was
smaller. Therefore, because formation of sparkhaisges would require less time for the distance to
become smaller, the spark discharges occurredeeadls shown in Figs. 5-5 and 5-6, these
phenomena changed the voltage and current wavefdinespropagation velocity of the streamer
discharge was roughly 1 mm/ns, when the voltage 40akV [5.6]. In this experiment, although
streamer discharges would propagate at 1 mm/res 105 ns pulse, the propagation velocity would
be less than 1.0 mm/ns for sustaining 10 kV afterpgulse. Thus, it would take much more than 10
ns until the streamer discharges reached the elgetrode from the inner electrode because the
between the electrodes was 9.5 mm. Although ozooseldvbe produced when the streamer
discharges were propagating, the occurrence oksgigacharges stopped the propagation of the
streamer discharges and the increase of ozone ggroduTherefore, as seen in Fig. 5-4, the earlier
occurrence of spark discharges reduced the ozoneentration. In addition, ozone could be
pyrolyzed by the spark discharges. Accordinghyatld be suggested that stable ozone concentration
using coaxial reactor could be obtained by prewgnticcurrence of the spark discharge caused by
the curving of the inner wire electrode. Next, cz@noduction with a tensed inner wire electrode of
the same reactor was tested.
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5.3. 0Ozone Production Using Tensed Inner Wire Edbelet

A certain degree of tension was given to the imege electrode by adjusting the cap unit (Fig.
5-3). Fig. 5-8 shows the temporal variations indkkene concentration at 10, 50, and 80 pps using a
tensed inner wire electrode. The ozone concentraticere approximately constant at 1.0, 4.6, and

7.9 g/ Nn# for 10, 50, and 80 pps, respectively. The peakimgjdecrease of the ozone concentration
as shown in Fig. 5-4 were not observed in Fig. 5-8.
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Fig. 5-8. Temporal changes in the ozone conceatratsing a tensed inner wire electrode.

Fig. 5-9 shows the voltage and current wavefornseoked until 20 s from the start of the pulse
application. Fig. 5-10 also shows the voltage amdent waveforms measured after 150 s from the
start of the pulse application.
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Fig. 5-9. Woltage and current waveforms before 28iag a tensioned inner wire electrode.
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Fig. 5-10. Voltage and current waveforms after $28ing a tensioned inner wire electrode.

The voltage abrupt drops as seen in Figs. 5-5@pab(a) were not observed regardless of the pulse
repetition rate in Figs. 5-9(a) and 5-10(a). Alltage waveforms in Figs. 5-9(a) and 5-10(a) nearly

corresponded to each other. The current waveforere the same way as the voltage waveforms.
That is to say, using the tensed inner wire elelefrahe voltage and current waveforms were

independent of the pulse repetition rate and thatatun of pulse application under these experimenta

conditions. Moreover, these voltage and currentefi@wns were similar to those at 10 pps using a

non-tensioned inner wire electrode (Fig. 5-5).

Fig. 5-11 shows photographs of the electric disgpbsin the coaxial reactor at 10, 50, and 80 pps
using a tensioned inner wire electrode. The pasiidhe window edges and the inner wire electrode
was described by solid lines and a broken lingeesvely.

Not the spark discharges but the streamer dischamgee observed in all photographs. In the
photographs at 10 pps (Fig. 5-11(a)), the strealiseharges were difficult to be distinguished owing
to weak emission, even after image processing. lBeca stainless steel wire was approximately
parallel to the window edge and did not move up doan in Fig. 5-11, adoption of the tensioned
inner wire electrode prevented the curving of theer wire electrode and controlled the spark
discharges. As a result, the ozone concentratidmai drop during pulse application regardless of
the pulse repetition rate and the duration of thlegapplication.
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(a) 10 pps

(b) 50 pps

(c) 80 pps
Fig. 5-11. Photograph of the electric dischargésgua tensioned inner wire electrode.

Figs. 5-12 and 5-13 show the ozone concentratidrifanozone production efficiencies using the
coaxial reactor with and without tension on theeinwire electrode, respectively. For the average
0zone concentrations, constant ozone concentradibeis150 s in Figs. 5-4 and 5-8 were used. The
ozone production efficiency was calculated basedhenaverage ozone concentration and not the
discharge energy but the system energy as theinaggergy in the initial storage capacitor. Using
a non-tensed-wire reactor, the ozone concentrdeéonreased after increasing, as the pulse repetition
rate increased. On the other hand, using a tensedreactor, the ozone concentration increased
linearly with increasing pulse repetition rate. &gesult of using a tensed wire electrode, it was
considered that the temporal decrease in the ozoneentration was prevented because the spark
discharges were controlled. This had been prediat@dprevious work [5.7, 5.8]. Interestingly, the
peak ozone concentrations using the no-tensedore@ag. 5-4) were higher than the steady ozone
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concentrations using the tensed-wire reactor @) but the reason for this remains unclear. Using
the no-tensed-wire reactor, the ozone productiicieficy decreased with increasing pulse repetition

rate; the ozone production efficiency decrease mitreasing ozone concentration. This trade-off

is a usual trend in ozone production. On the dtlaed, using the tensed-wire reactor, the production
efficiency was roughly constant regardless of tldse repetition rate and the produced ozone
concentration. Therefore, it became clear that weoge of spark discharges degraded the potential
of the coaxial reactor. In addition, the existentan aperture also degraded the potential for @zon

production of the coaxial reactor in this experiten
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5.4. Conclusion of Ozone Production

In order to produce more ozone in the coaxial @athhe nanosecond pulsed power system was
used. However, spark discharges occurred in thaaaaactor because the separation between inner
and outer electrodes became shorter due to themre®f a curving inner wire electrode. Especially,
inner wire electrode of the coaxial reactor wawituy at high pulse repetition rate. In order tovenst
the curving of the inner wire electrode, tensing thner wire electrode using the structure of the
coaxial reactor was proposed. As a result, the @ammcentration was not reduced and became
approximately steady after increasing, since cugytire inner wire electrode resulted in restraining
of the spark discharges. Moreover, the ozone ptaztuefficiencies were constant regardless of the
increasing pulse repetition rate. It was found ¢hhigh ozone concentration could be obtained using
a stable streamer discharge.
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6. NOx Treatment with Nanosecond Pulsed Power System
6.1. Introduction to the NOx Treatment and Real@di]

In chapter 5, the ozone concentration could beilstadh by applying tension to the inner wire
electrode of the coaxial reactor. In the treatm@nNOx which are atmosphere pollutants, it was
suggested that increase of the NOx removal rat®expgected using the tensed inner wire electrode.
As an effective method of NOx decomposition, thésed power technologies have also been used
[6.2—6.4]. In order to induce a plasma chemicakttiea that would lead to the effective NOx
decomposition, electric discharges such as stredisehnarges were needed. In order to achieve high
NOXx removal efficiency, the nanosecond pulsed p@ystem has been applied to the NOx treatment
using a coaxial reactor [6.5, 6.6]. Although NCeatment with the pulsed power system was studied,
high density of streamer discharges was rarely.usearder to obtain high density of the streamer
discharges, the nanosecond pulsed power systemavitiin coaxial reactor was applied for NOx
treatment [6.7, 6.8]. However, during NOx treatmemtcurrence of spark discharges was also
observed frequently with the curving inner wirectlede in the coaxial reactor [6.8]. The dependence
of the curving inner wire electrode on NOx remawdilo was discussed. Moreover, in order to prevent
curving stainless steel wire used as the inner efeetrode of the coaxial reactor, an inner wire
electrode tensed by a spring was introduced ineocthaxial reactor for NOx treatment with the
nanosecond pulsed power system. At that time, lle@@mena in the reactor and their effects on the
NOx removal ratio were also considered.

Fig. 6-1 shows a schematic of a coaxial reactoighvhas an aperture for NOx treatment.

Gas Outlet Gas Inlet Pulsed
Power

Coaxial Reactor Generator

/Cover

Acrylic Pipe

Fig. 6-1. Schematic of a coaxial reactor with aarape for NOx treatment.

The coaxial reactor was connected to the nanosguoisdd power generator as shown in Fig. 2-1.
Nanosecond voltage pulses were applied on innex electrode of the coaxial reactor. A 1-mm
diameter stainless steel wire was used as the minerelectrode of the coaxial reactor. A stainless
steel pipe, whose inner diameter and length wer@nt4500 mm, respectively, was used as the outer
electrode of the coaxial reactor.

Fig. 6-2 shows a cross-section view of the coaeattor. The stainless steel pipe has an aperture
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for observing the inside of the coaxial reactor Biperture was covered with a partly cut-out acryli
pipe in order to prevent leakage of gases suchGaamil NQ gases.

Fig. 6-2. Cross-sectional view of the coaxial react

In order to tense the inner wire electrode of calerdactor, another coaxial reactor was prepared.
The coaxial reactor configuration, apart from tinel eap of the one side, was same as that of the
reactor shown in Fig. 6-1. The end-cap structuth®ftoaxial reactor is shown in Fig. 6-3. When the
end cap of the coaxial reactor as shown in Fig.va8 used, because the end-cap part had to be
turned before pulsed application, the end cap conatdespond to thermal expansion of inner wire
electrode during pulsed application, so that thesald be a possibility that the curving inner wire
electrode of coaxial reactor was obtained. Therimnee electrode of the coaxial reactor was tensed
by using a spring made of stainless steel in tliecap, and the elastic force of the spring could be
adjusted by inserting spacers. The constant anolaldngth of the spring were 0.833 N/mm and 17
mm, respectively.

Vinyl Chloride Cap

Stainless .
Steel Wire Epoxy Resin
|

,,,,,,,,,,,,,, P o \ -

Stainless Spring
Steel Pipe
Fig. 6-3. End-cap structure of the reactor.

When nanosecond high-voltage pulses were appliethés wire electrode of the coaxial reactors,
streamer discharges occurred in the coaxial reactdrdeveloped from the inner wire electrode to
the outer electrode. The initial charging voltag€oin Fig. 2-1 was 3.1 kV. The voltage and current
waveforms were measured by using a digital osciips (Tektronix, DPO4104, 1 GHz) through a
resistive voltage divider (1000:1) in Fig. 3-7 amcurrent viewing resistor in Fig. 3-8. The pulse
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repetition rate was changed between 10 and 50pse6 per second) and the pulse application time
was 300 seconds (5 min). A simulated gas compotifDoand N was flowed in the coaxial reactor
at a flow rate of 2.0 L/min and in 100 ppm. The @amrations of NO and NOx in the treated gas
through the coaxial reactor were measured withua fas analyzer (HT-2300, HODAKA). The
concentration of NOx was calculated as the surh@NO and N@concentrations.
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6.2. NOx Removal and Electric Discharges insideGbaxial Reactor

Figs. 6-4(a) and 6-4(b) show the temporal variatiohthe NO and NOx removal ratios during
NOx treatment. Note that the NO and NOx removabsatvere somewhat decreased because the
coaxial-reactor potential was lowered due to thes@nce of the acrylic aperture used in order to
observe inside the coaxial reactor. The both NO M@a removal ratios increased from 10 s and
reached a peak around 30 s. Afterward, they deedesigyhtly at 10 pps. After 80 s, they became
constant.
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Fig. 6-4. Temporal variation of the NO and NOx remdaatios during NOx treatment.

The coaxial reactor voltage and current waveforefere 20 s and after 150 s from the start of
the pulse application at 10 and 50 pps are shovamgs 6-5 and 6-6, respectively.
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Fig. 6-5. Typical voltage and current waveforma@pps.
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Fig. 6-6. Typical voltage and current waveform8@ipps.

All waveforms were roughly the same. However, theosid peak of the current waveforms before
20 s in Fig. 6-5(b) was smaller than those aft€ 4 Fig. 6-6(b). Although the second peak of the
current waveforms should be affected by spark @diggds, other electric discharges such as glow-like
discharges might affect it as well.

In order to investigate those phenomena, electsichdrges in coaxial reactor were considered
based on photographs taken during NOx treatmeritOAtnd 50 pps, Figs. 6-7 and 6-8 show images
of the inside of the coaxial reactor. The positodrihe window edges and the inner wire electrode
were described by solid lines and a broken lingpeetively. The coaxial reactors in the photographs
corresponded to 5 cm of the reactor center. Intepaek discharges and weak streamer discharges in
the coaxial reactor were observed. The spark digeksaoccurred around the center of the coaxial
reactor. Using the position of the inner wire aledé at 0 s (Figs. 6-7(a) and 6-8(a)) as the Ihitia
fixed position, the inner wire electrode of the xiaareactor moved from the initially fixed positio
to the outer electrode with increasing NOx treatinieme. It seems that the observed spark discharges
attracted the inner wire electrode. When the cgrvimer wire electrode occurred, the distance
between inner and outer electrodes was shortérasoccurrence of spark discharges would be more
frequent. In Figs. 6-7 and 6-8, the distance betviee electrodes at 120 s and 50 pps was the stalle
Then, streamer discharges between the electrodesdigtributed lopsidedly.
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(d) 120 s
Fig. 6-7. Images of the inside of the coaxial reaat 10 pps.
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(d) 120 s
Fig. 6-8. Images of the inside of the coaxial reaat 50 pps.



In addition, it was also thought that the stainiste®l-wire temperature rose because of the
occurrence of spark discharges. In an ozone prmatuekperiment, 2 K of gas temperature rise was
observed during pulse application with experimesttiup and a similar coaxial reactor. It was
supposed that the temperature of the inner wirdrelde rose to 2 K or higher in experiment of NOx
treatment. If the stainless-steel-wire temperatgeeased by 2 K, the length of the 500-mm stagles
steel wire should increase for approximately 0.0é&h due to thermal expansion. Then, the
displacement of the inner wire electrode from tkater position of the coaxial reactor could be
roughly evaluated at 2.1 mm, which almost corredpdrto the photograph in Fig. 6-8(d). The center
of the coaxial reactor would move to the lower side to gravity and several electric forces of the
spark discharges. Then, the spark discharges ecturore frequently where the distance between
inner and outer electrodes decreased. Moreovernwthe occurrence of the spark discharges
increased with increasing pulse repetition rate stlainless-steel-wire temperature increased fyrthe
and the center of the wire shifted toward the opijge electrode. Therefore, because spark discharge
would spend less time for the smaller distance betwthe inner and outer electrodes, the spark
discharges occurred earlier, so that the voluntheftreamer discharges, which could decompose
NO and NOx, was decreased. In order to understaegktphenomena, time-resolved photographs
and optical signal from the spark discharges shbeltheasured.
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6.3. NOx Removal Using Reactor Tensed Inner WisxtEbde

In order to prevent the curving inner wire elecead coaxial reactor, it was tensed by the spring
as shown in Fig. 6-3. Figs. 6-9(a) and 6-9(b) stietemporal variations in the NO and NOx removal
ratios with increasing NOx treatment time. The N&noval ratio was stable after the introductory
increase for both pulse repetition rates. The Né&waval ratio at 50 pps slightly decreased after it
increased. Incidentally, when the coaxial reacsim@ithe spring was used but the spring was aalatur
length at the beginning of NOx treatment, apparemporal decrease of removal ratio, as shown in
Figs. 6-4(a) and 6-4(b), was not observed evel aps. However, the steady NO removal ratio was
lower by 4% on 10 pps and 8% on 50 pps than thagetk by a spring. The NO and NO
decomposition rate were 3.1 x10and 9.0 x 10" s, respectively [6.2]. Therefore, it was assumed
that NQ was generated after NO decomposition. Then, the Mnoval ratio decreased after
increase. By comparing Figs. 6-4(a) and 6-4(baditr and higher NO and NOx removal ratios were
measured. The NO removal efficiencies on electisctthrge energy were calculated from voltage
and current waveforms. When no-tensed inner weetedde was used for NOx treatment, the NO
removal efficiency at 10 and 50 pps was 0.20 (fdd@ to 80 ppm of the NO concentration in Fig.
6-4(a)) and 0.10 mol/kWh (from 100 to 62 ppm of B@centration in Fig. 6-4(a)), respectively. On
the other hand, when inner wire electrode tensethéyspring was used, at 10 and 50 pps, the NO
removal efficiency was 0.35 (from 100 to 75 ppmND concentration in Fig. 6-9(a)) and 0.20
mol/kWh (from 100 to 25 ppm of NO concentratiorFig. 6-9(a)), respectively. Moreover, when the
inner wire electrode tensed without an aperture wsexd for NOx treatment, at 50 pps, the NO
removal efficiency was 0.39 mol/kWh (from 100 t@pm of the NO concentration). Although the
aperture was used for observing the phenomenaeirtsal coaxial reactor, it decreased the coaxial
reactor’s performance.
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Fig. 6-9. Temporal variations in the NO and NOx o#al ratios during NOx treatment.
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Using inner wire electrode of the coaxial reactmsed by a spring, Figs. 6-10(a) and 6-10(b)
shows the voltage and current waveforms of the iebagactor observed after 150 s. The voltage
waveforms were almost the same as those in Figé&a)pand 6-6(a). However, the second peaks of
the current waveforms were smaller than those gs.F6-5(b) and 6-6(b). It was suggested that
because the inner wire electrode was tensed by ulse1spring in order to prevent occurrence of
spark discharges, the current flowed by only stevasischarges.
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Fig. 6-10. Typical voltage and current wavefornte@i 50 s.

The appearance of electric discharges inside tAria@lareactor using the tensed inner wire electrode
at 50 pps is shown in Fig. 6-11. Spark dischargeiewot observed in this photograph. Then, the
inner wire electrode was not curved. Moreover,astrer discharges were observed in the entire
observational area of the coaxial reactor. It wasught that the second peaks of the current
waveforms were caused by the occurrence of spackdiges because the second peak of the current
waveform as shown in Fig. 6-10(b) decreased prawgrhe spark-discharges occurrence. By the
spark discharges, streamer discharges could betexdfelt was considered that the decrease of the
NO removal ratio with increasing NOx treatment tiae shown in Fig. 6-4(a) was caused by
decreasing the volume of streamer discharges. Qaesdy, using the nanosecond pulsed power
system, in order to achieve high NOx removal ratid removal efficiency, the introduction of the
tensed inner wire electrode inside the coaxialtoraffectively prevents spark discharges.

Fig. 6-11. Appearance of electric discharges uiegensioned inner wire electrode at 50 pps.
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6.4 Conclusion of NOx Treatment

The tensed inner wire electrode of the coaxialt@awsas also applied to NOx treatment in the
coaxial reactor using nanosecond pulsed power reysf¢ghen the inner wire electrode of coaxial
reactor was not tensed, it was attracted and cuxvelde outer electrode, so that spark discharges
occurred. Then, as well as experiment of ozoneumrtiah, the NO and NOx removal ratios decreased.
In NOx treatment, when the inner wire electrod¢hia coaxial reactor was tensed by a spring, the
occurrence of spark discharge was suppressedasahh NO and NOx removal ratios increased
without decreasing because a large volume of seedimcharges was obtained. In order to achieve
higher NOx removal ratios and removal efficienctemsed inner wire electrode to be able to control
the occurrence of the spark discharges shouldtbedunced in the coaxial reactor.
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7. Improved Water Treatment with Nanosecond Pulsed Power System
7.1. Introduction of Improved Water Treatment DeMi¢.1]

The coaxial reactor was improved for ozone producéind NOx treatment in the chapters 5 and
6. In order to prevent spark discharge by curvifithe inner wire electrode, the inner wire elec&rod
of the coaxial reactor was tensed. Then, in orol@révent the curving of the inner wire electrodes,
in a new water treatment device, not both endgHmitops of the inner wire electrodes were fixed.
Moreover, in order to increase the treatment volofrtee water treatment device, the inner diameter
of a glass pipe that was used as the outer electwag altered from 10 mm of SG device to 29 mm
and the number of the inner wire electrodes was@té from 1 to 8, with 4.0 mm distance between
outer and inner electrodes. In chapter 7, in aimewraluate the influence of discharge area magaitu
on the surfactant treatment, the number of stanktsel wires was changed. In addition, the
surfactant treatment using the nanosecond pulsedp®ystem was compared with water treatment
using an external ozonizer instead. A schematigrdia and sectional views of the new water
treatment device are shown in Figs. 7-1(a) andoy-1(

Stainless Steel Wires

y < @_“‘
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(a) Water treatment device ) §bctional views of reactor

Fig. 7-1. Schematic of the new water treatmentakevi

Figs. 7-2(a) and 7-2(b) indicate the cross-sectivigav of the reactor electrode when eight and
two stainless steel wires (SUS304) were used, céispdy, as the inner wire electrodes of the reacto
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The 1.0-mm diameter stainless steel wires weretédcat the vertex of a regular octagon. As the
outer electrode, a coaxial glass pipe outer-wouitll @opper (Cu) tape was used. The length of the
glass pipe, inner diameter, and thickness of thetoe were 380, 29, and 2.0 mm, respectively.

_

(a) Eight stainless steel wires (b) Twordéss steel wires

Fig. 7-2. Sectional views of the reactor and etetds.

The target solution was placed in a water resenemiated under the inner wire electrodes. The
solution was circulated by a water pump (MD-15RRNAKI) and was flowed on the inner surface
of the glass pipe in the reactor. The flow ratéhaf water pump was 3.6 L/min. Then, liquid layer
was formed from the flowing solution on the glagsepas shown in Figs. 7-1(b) and 7-2. The glass
pipe used as a dielectric barrier was inserteddggnt spark discharges bridging electrodes across
the short electrode separation distance. Moreavemsulation rod was inserted in the center of the
glass pipe in order to cover the residence spaga®f The nanosecond high-voltage pulses were
applied on the eight inner wire electrodes andastex discharges developed from the eight inner
wire electrodes to the surface of the flowing Soluton the outer electrode. The solution passed
through the plasma as streamer discharges betweealdctrodes. During pulse application, the
electric charges accumulated on the inner surfbttee@lass pipe were carried away with the flowing
solution. When the nanosecond pulsed power systesruged, the initial charging voltageCafand
pulse repetition rate were 3.1 kV and 50 pps, respedy.

In order to consider the effect of the dischargesipla on the surfactant, an external ozonizer was
used for ozonation of the surfactant. The appli@thges of the external ozonizer were configured at
60.0 and 75.0 V. When the applied voltage was ¥0the ozone concentration exhausted from the
water treatment device was adjusted to that dysuige application after 20 minutes. The effect of
using a different ozone concentration on the stafdctreatment was investigated using a higher
ozone concentration produced by applying a vol@aig@5.0 V. Ozone exhausted from the water
treatment device was measured using an ozone mdmi@®-320A, EBARA) through handmade
dehumidifier during surfactant treatment. Note tih& measurement limit of the ozone monitor was
up to 21.5 g/rhozone concentration.
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7.2. Surfactant Treatment with Nanosecond PulseteP8ystem

Figs. 7-3(a) and 7-3(b) show the image of foamtardemporal variations in the foam height on
the solution in the reservoir of the water treattragvice. The error bars in Fig. 7-3(b) indicate th
maximum and minimum foam height in the reservoiiteAsurfactant treatment for 80 minutes,
because the foam height decreased, surfactantewasngposed during pulse application. The foam
height using eight wire electrodes decreased $fidghster than using two wire electrodes. This was
attributed to differences in the ozone concentradiod the exposed area for discharges between eight
and two inner wire electrodes.

(L) Eight stainless steel wires RJo stainless steel wires
(a) Image of foam in the reservoir after 80 misuteatment
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(b) Foaming height
Fig. 7-3. Variation in the foam height during puéggplication.

Figs. 7-4 and 7-5 show typical voltage and curreaveforms after 150 s from start of pulse
application. The voltage waveform using eight desis steel wires was almost the same as that using
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two stainless steel wires. If anything, the voltageveform using eight stainless steel wires aféer 4
ns was lower than that using two stainless steedswviMoreover, the current waveform using eight
stainless steel wires around 10 ns was largerttiansing two stainless steel wires. Then, digghar
energy using eight stainless steel wires was lattgar that using two stainless steel wires. When
eight stainless steel wires were used, the enefplied from the nanosecond pulsed power generator
could be consumed more efficiently. Because th@alrgharging voltage o€:1 was 3.1 kV, it was
suggested that system efficiency increased witteaming the number of stainless steel wires.
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Fig. 7-5. Typical current waveforms after 150 grirstart of pulse application.

The ozone concentration exhausted from the watatrtrent device during the treatment of the
purified water or the surfactant solution is shawkig. 7-6. The exhausted ozone could be regarded
as residual ozone for treatment. At the start ¢égapplication, the device was filled with oxygen
gas. Then, the ozone concentration exhausted fhremwater treatment device was zero. Ozone
concentration in the water treatment device anduested from the device temporally increased with
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treatment. For surfactant treatment, the ozoneexdration using eight inner wire electrodes was
higher than that using two inner wire electroddse dzone concentration in case of eight inner wire
electrodes approximated that for purified watensTdould indicate that the surfactants’ structures
were decomposed after 80-minutes’ pulse applicattwreover, the surfactant decomposition with

eight inner wire electrodes was faster than th#t o inner wire electrodes.
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Exhausted Ozone Concentration (gfwm

Fig. 7-6. Variation in the ozone concentration exdtad from the water treatment device during
pulse application.

Fig. 7-7 shows the variation in the absorbancetsp@acat each 20 minutes during surfactant
treatment. The absorbance spectrum increased mattréatment time in the entire spectrum. The
absorbance spectrum using eight wires increaseéet flisn using two wires. This could indicate that
more surfactant was decomposed and more activaespestich as dissolved ozone, hydrogen
peroxide, and so on, were dissolved in the soluiging eight inner wire electrodes for 80-minutes’
treatment. Using eight inner wires, not only adardischarge area (Fig. 7-7) but also a strongecdi
effect of the electric discharges such as UV amdwind [7.2] was obtained. The UV promoted
production of ozone and OH radical in gas and iqphase. The ion wind and streamer heads struck
the solution, so that chemical reactions of gaselwa the solution would be promoted. Therefore,
because more ozone and more active species reaatiedthe surfactant, the surfactant was
decomposed more quickly. Consequently, in ordeatoy out faster wastewater treatment, because
more ozone and active species should be producgdemtt with organic compounds, a larger
discharge area would be required.
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7.3. Surfactant Treatment with an External Ozonizer

In order to investigate the effect of electric tisges on the surfactant solution, an external
ozonizer instead of the nanosecond pulsed powggraywas used for surfactant treatment. Fig. 7-8
presents the ozone concentration exhausted fronw#ier treatment device using an external
ozonizer or pulse application. When ozone conceatr&xceeded the maximum measurable ozone
concentration of the ozone monitor, the concemnatheasurement was stopped but the treatment
experiment was continued. A higher applied voltagéhe external ozonizer resulted in a higher
0zone concentration.
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Fig. 7-8. Variation in the ozone concentration exdtad from the water treatment device during
surfactant treatment.

Figs. 7-9(a) and 7-9(b) presents the image of faaththe temporal variation in the foam height
in the reservoir of the water treatment device giglmee nanosecond pulsed power system or the
external ozonizer. Because ozone concentrationsglazonation were different based on the ozone
concentration of Fig. 7-8, changes of foaming hiegghthe solution using treatment with ozonation
were approximately same. However, when ozone cdratean during ozonation was higher than
that using the nanosecond pulsed power systenfiodne height during pulse application decreased
faster than that during ozonation. Thus, it wagyested that ozonation using the external ozonizer
was not efficient for surfactant decomposition.
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(L) Pulsed Discharge (8 wires) (Rydgnal Ozonizer (75.0 V)
(a) Image of foam in the reservoir after 80 minuteatment
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Fig. 7-9. Variation in the foam height during ozboa or pulse application.

As seen in the absorbance spectrum around 260 rfaigin7-10, the dissolved ozone during
ozonation was larger than that during pulse apgdna(Fig. 7-8) due to the higher ozone
concentration with ozonation. Moreover, around B8 active species such as hydrogen peroxide
during ozonation were also more than those durnutggpapplication. Although more ozone and active
species in the solution were produced under higizene concentration, the foaming height by
treatment using the ozonizer decreased lower thanuising the pulsed power system. In treatment
using the ozonizer, no discharges occurred neatatiget solution. Moreover, because of the lower
ORP of ozone or hydrogen peroxide than that ofdkeradical [7.3], ozone and hydrogen peroxide
hardly reacted with target organic compounds inalgighersistent substance. It was suggested that
active species remained in the solution withouttieg with the surfactant. When the surfactant
treatment using the pulsed power system was peefyelectric discharges near the solution could
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promote chemical reactions between active specidssarfactants. The direct effects of electric
discharges such as UV rays and ion wind might pismote the treatment. Then, the absorbance
spectrum using the external ozonizer was higher tiiat using the nanosecond pulsed power system.
For faster wastewater treatment, it was sugges$iaddectric discharges near the target solution
which promote chemical reactions between activeispgsuch as ozone and OH radical, and organic
compounds such as surfactants were needed.
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7.4. Surfactant Treatment with Combination of tiésBd Power and the Ozonizer [7.4]

In previous experiment of ozone production, thaultethat ozone production increased using
electric discharges in oxygen and ozone gas haddigeained [7.5]. In water treatment experiments,
the results of the treatment using the pulsed peystem and using the external ozonizer indicated
that electric discharges near the target solutias able to improve reactivity of active species and
more ozone was able to produce more active spaegsectively. Then, surfactant treatment with
combination of the nanosecond pulsed power systedhthe external ozonizer (75.0 V) was
performed. In order to measure more than 21.5 §/dfrazone concentration, another ozone monitor
(EG-600, EBARA) was used. Figs. 7-11(a) and 7-1pflesent the image of foam after surfactant
treatment with the combination system and the teaip@riation in the foam heights in the reservoir
of the water treatment device with each treatmesthod, respectively.

(a) Image of foam after 80 minutes’ treatment it combination system
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(b) Foaming height
Fig. 7-11. Variation in the foam height using e&r@@tment method.
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Fig. 7-12 shows treatment kinetic curves usinglhereasing degree of the foaming height in Fig. 7-
11(b). Note that the inclination of the line in Fi&¢12 indicated treatment speed. From Fig. 7-11(a)
it was found that the foam on the solution waggelittn Fig. 7-11(b), the foaming height with the
combination system decreased the fastest of theaéiient methods. For 20 minutes from start of
pulse application, foaming heights using either ¢bebination system or the ozonizer decreased
faster than that using the pulsed power systemmHg. 7-12, the inclination of the line using the
combination system was approximately same as giaguhe external ozonizer. After 20 minutes’
treatment, the inclination of the line using theomizer became smaller. It was suggested that
surfactant was rarely decomposed by only ozoneth®mther hand, because the inclination of the
line using the nanosecond pulsed power system tabkesluring surfactant treatment, it was found
that surfactant was treated at a regular speedsing uhe pulsed power system. In other words,
electric discharges would improve surfactant deamsitipn. After 20 minutes’ treatment, treatment
speed using the combination system was approxiynséehe as that using the pulsed power system,
so that it could be suggested that water treatatemtegular speed was performed by using the ghulse
power system or electric discharges.

—e— Pulsed Discharge
—a— External Ozonizer
Combination

P RS NS S RS B
20 40 60 80
Treatment Time (mit

Fig. 7-12. Kinetic curves of foaming height on ead@atment.

Fig. 7-13 shows the ozone concentration exhausted the water treatment device. Fig. 7-14
presents the absorbance at each 20 minutes farcsamt treatment with the combination system. In
Fig. 7-13, the ozone concentration using the coatlmn system was between using the ozonizer and
the pulsed power system. It was considered thahezmncentration using the ozonizer greatly
exceeded ability for ozone production of the disghalasma in the water treatment device. Namely,
the occurrence of ozonolysis with the electric-degges plasma would be more than that of ozone
production, so that ozone concentration using tdmlenation system was lower than that using the
ozonizer. The ozone concentration using eitherctmabination system or the ozonizer was higher
than that using the pulsed power system. Becausggber ozone concentration, foaming height
during 20 minutes’ treatment from experiment staould decrease that using the pulsed power
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system. Although using the external ozonizer catddse the highest ozone concentration, the
decrease of foaming height was the slowest afteni®dites’ treatment. On the other hand, foaming
height using the combination system was decreadimgg surfactant treatment constantly. It was
suggested that surfactant treatment without etedisicharges near the target solution was promoted
rarely even if high ozone concentration was usetti@sondition of working gas.

Exhausted Ozone Concentration (ngm
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Fig. 7-13. Variation in the ozone concentrationadted from the water treatment device during
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Fig. 7-14. Variation in the absorbance at each Rlutes for surfactant treatment with the

combination system.

Moreover, comparing treatment methods with thetetedischarges, the surfactant treatment using
the combination system was faster than that usiagptilsed power system. It was considered that
electric discharges in high ozone concentrationegeed more OH radical which was able to
contribute to surfactant decomposition stronglysaen in Fig. 7-14, because the absorbance around
200 nm with the combination system was the higbéshe three treatment methods, it was also
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indicated that more active species were producdtiénsolution. Using the combination system,
electric discharges in more active species and lbgine concentration could promote water
treatment. However, because surfactants wouldendebomposed completely, a new water treatment
device should be developed in the future. Moreowegrder to solve the issue, chemical analysis
such as liquid chromatography (LC) will be helpful.
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7.5. Conclusion of Surfactant Treatment Using ImpobWater Treatment Device

In order to evaluate the performance of the nevemtatatment device, surfactant treatment using
the nanosecond pulsed power system was perfornspeckally, the effect of the discharge area and
the necessity of electric discharges were investhaThe effect of the discharge area was
investigated by changing the number of inner wikxteodes, whereas the necessity of electric
discharges was investigated through comparison usihg an external ozonizer instead of the
nanosecond pulsed power system. As a result, fastéaictant treatment was obtained when the
discharge area was larger and when the nanoseadsddppower system was used. This was
attributed to the direct effects of electric disges, when the nanosecond pulsed power system was
used, so than UV rays and ionic wind would pronubtemical reactions between active species and
target organic compounds. Then, it was suggestadatistronger direct effect of electric discharges
was obtained by a larger discharge area. Moresueiactant treatment using the nanosecond pulsed
power system was faster than that using the extermoaizer although ozone concentration using the
ozonizer was higher than that using the nanosepolsgéd power system. This was indicated that the
occurrence of the electric discharges nearer tgettaolution rather than higher ozone concentatio
should be effective for faster water treatment wixlggen gas. Moreover, when nanosecond pulsed
power system or electric discharges were used faemtreatment, it was found that electric
discharges generated under higher ozone concentratiuld contribute to decomposition of target
organic compounds more strongly and faster.
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8. Conclusion

The nanosecond pulsed power system was appliecater wreatment. When indigo carmine
solution was treated for water treatment evaluatioe decoloration of indigo carmine using oxygen
as the working gas was faster than that usinggetmaduring pulse application because ozone and
active species such as the OH radical were gewktgteslectric discharges in the oxygen gas.
Moreover, treatment of surfactants, which are daethin domestic wastewater, with the nanosecond
pulsed power system was also investigated. The fogight of the surfactant was reduced after 100
minutes’ pulse application. Moreover, the treatmainsurfactant in purified water was faster than
that of surfactant in tap water because the diffegan the pH value and the electric conductivity o
the solutions could affect production of active@pse such as ozone and OH radical. In a word, it
could be considered that water quality of targétitsm was a little influence water treatment. In
order to investigate necessity of electric dischaygurfactant treatment using the nanoseconddoulse
power system was compared with that using an eaftesmonizer. Foaming height using the
nanosecond pulsed power system decreased morth#dtarsing the ozonizer. However, when NaTA
solution to evaluate OH radical production wastedaOH radical production using the nanosecond
pulsed power system was almost the same as thag th@ ozonizer. It would be indicated that the
surfactant was not decomposed sufficiently by oz OH radical. Then, when electric discharges
were used for water treatment, the electric disggsmould promote chemical reactions between
ozone or OH radical and surfactant. In order tonmte chemical reaction between more OH radical
and target organic compounds effectively, the naomsd pulsed power system using electric
discharges should be applied to water treatmerdrfganic compounds.

In the experiment of indigo carmine treatment, @svsuggested that more ozone and more OH
radical were needed for faster water treatmentoriter to produce ozone efficiently, electric
discharges in the coaxial reactor were studiednTfiewas found that spark discharge, which is
considered an ozone-decomposition factor, was damgeurving inner wire electrode of the coaxial
reactor. Indeed, curving the inner wire electrogkutted in topical electric discharge such as spark
discharges, so that volume of streamer dischargesedsed. The curving inner wire electrode
occurred at high pulse frequency notably. At tiraet ozone concentration decreased. As a method
of preventing the inner wire electrode from curviagcoaxial reactor that can tense the inner wire
electrode was created. When the coaxial reactdn vahsing the inner wire electrode, ozone
concentration was stable at high pulse frequendhout curving the inner wire electrode and
producing spark discharges, so that stable ozomdudption efficiency was obtained.

As well as the ozone production experiments, rem@tao of NOx which caused air pollution
also decreased at high pulse frequency. In NOxnrexat, in order to tense inner wire electrode of
the coaxial reactor, a spring was used. As a resudtable and higher NOx removal ratio was also
obtained than that using a non-tensed inner waede, so that NOx treatment efficiency increased

From results of ozone production and NOx treatmieard, new water treatment device, not both
ends but the tops of the inner wire electrodes \ieeel for preventing curving inner wire electrode.
Moreover, in order to increase the treatment volofrtbe water treatment device, the inner diameter
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of a glass pipe used as the outer electrode belzager. In addition, for an aim to increase direct
effects of electric discharges such as UV rays iandwind, the number of inner wire electrode
increased. In order to evaluate the influence efdischarge area size on the surfactant treatmient,
number of stainless steel wires was changed. Fastiactant treatment was achieved with increasing
the number of stainless steel wire in water treatrdevice. Because of larger discharge area, it was
easy for water treatment using the nanosecond gplseer system to benefit from direct effects of
electric discharges which UV rays promoted actpecsges production and ion wind pushed the active
species toward target solution. In addition, inesrtb investigate necessity of electric discharges,
surfactant treatment using the nanosecond pulsedp®ystem was compared with water treatment
using an external ozonizer. The foam height udmegdzonizer decrease slower than that using the
nanosecond pulsed power system even when ozonerdositton using the ozonizer was higher than
that using the nanosecond pulsed power systemadtfaund that, even when ozone concentration
was low, electric discharges could promote chenmeattions between OH radical and surfactant, so
that water treatment with the pulsed power systes faster than that with high ozone concentration
without using electric discharges. As improvemdrguwfactant treatment, surfactant treatment with
a combination system using electric dischargesigh lozone concentration was performed. The
surfactant treatment using the combination systasifaster than that using the pulsed power system.
Because more active species were generated byothbimation system than only pulsed power
system, it could be suggested that more activaepaad electric discharges contribute to surfactan
decomposition. However, in the future, in orderd&velop water treatment with the nanosecond
pulsed power system, chemical analysis such agllchromatography (LC) should be carried out.
Then, based on the LC results, new water treataente would be developed.

Consequently, streamer discharges generated umyfamside of the treatment device using the
nanosecond pulsed power system should be appliesiai@r treatment because the direct effect of
the streamer discharges such as UV rays and iod gonld push the active species toward target
solution, so that faster water treatment couldlitaioed.
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9. FuturePlans
In order to analyze water treatment chemicallyarget solution before or after the treatment

should be investigated by liquid chromatography )(LThen, by-products after the water treatment
helps to predict chemical reactions during the watatment. Moreover, in order to practicalize
water treatment with the nanosecond pulsed povstesy increase of the treatment volume with the
water treatment device using a horizontal reaatdrienprovement of water circulating method are
needed.
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