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1. Introduction

1. Introduction

1.1 Plasma Definition

Plasma is defined as the fourth state of matter which is composed of electrons, ions, and neutral
particles, and the atmosphere is overall electrically neutral [1,2]. The solid is a ground or first
state of matter at the lowest temperature with a specific enthalpy value. As shown in Fig. 1.1 [1],
the meting of solid starts with the increase of the specific enthalpy corresponding to temperature
increase. It reaches the liquid state which is the second state of matter. With the further rise of the
specific enthalpy, the temperature increases until the vaporization temperature point of the liquid,
which results in the vapor phase. Then, the vapor phase as the third state of the matter finally
reaches the fourth state of matter that is to say the plasma state by a consecutive increase of the
specific enthalpy. In the plasma state, molecules are dissociated, and atoms are ionized resulting
in forming a mixture of molecules, atoms, and ions in local electrical neutrality. For instance,
more than 99% of the revealed universe is the state of plasma including the sun and furthermore,
lightning, fluorescent lamps, and neon lights are also in the plasma state [3-5].

The ion and neutral are much heavier than the electron. In the case of the hydrogen atom as the
lowest atom mass, the mass ratio of hydrogen atom and electron is 1836. Therefore, ion as well
as neutral are called as heavy particles. The mixture of neutrals, ions, and electrons can be
considered to be plasma only if they are balanced positively or negatively. This characteristic is
known as quasi neutrality, by which plasma conducts electricity with a conductivity close to that
of a molten salt state because of a significant degree of ionization [6]. The distinctive
characteristic of plasmas allows for the maximization of chemical processes and increases their
efficiency and chemical reactions which are hard to be obtained in typical chemistry [5].

Plasma is classified by a wide range of criteria, of which it can be divided based on its origin as
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natural or man-made plasmas. The classification is shown in Fig. 1.2 [1]. The different kinds of
plasmas are indicated by the electron temperature (7;) according to the number density of charged
particles (m™). The electron densities (n.) corresponding to pressure (p) variations are in the range of
108-10%* (m). The electron temperatures (7;) are represented regarding electronvolt (eV) (1 eV is
about 7,740 K for a Maxwell-Boltzmann plasma) and Kevin (K) [3].

As natural plasmas, the ionosphere exists at a relatively low temperature range near 0.1 eV or
10° K in the condition of the low number densities of charged particles or pressure. On the other
hand, the nebula and solar corona are located at nearby 10° K. Lightning can be observed most
among natural plasmas at nearby atmospheric pressure and above.

Most man-made plasmas are characterized by energy levels around 1 to 2 eV corresponding to
temperatures between 10,000-20,000 K, where high-pressure arcs and radio frequency (RF)
discharges are included. Moreover, glow discharges, flames, microwave (MW) plasmas, and
dielectric barrier discharges (DBD) fall in man-made plasmas with relatively low temperature. In
particular, they can be also divided by the degree of ionization which is defined as ¢=n./ (n. + n)
where 7. and n represent the number densities of electrons and particles (m™), respectively. The
flames are low at 10"'° and high-pressure arcs show a few percentages in the range of 5-10%.
Thermonuclear fusion plasmas are characterized by extensive ionization levels.

Here, the abovementioned plasmas can be often subdivided depending on temperatures. For
instance, thermal and non-thermal (or cold) plasmas are considered as low temperature plasma,

and they which have been widely applied to industrial fields [1].

1.2 Thermal Plasma

1.2.1 Definition of Thermal Plasma
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The plasma technology for industries primarily utilizes two different plasmas such as “thermal
plasma” or “equilibrium”, and “cold plasma” or “non-equilibrium” [7,8]. The plasma close to
local thermodynamic equilibrium (LTE) is known as thermal plasma. It provides a distinct flow
with high temperatures of electrons as well as heavy species including strong light emission,
various properties, and active chemical reactions [9].

The collision between heavy particles (ions and neutrals) and electrons most significantly
affects the maintenance and generating plasma. Under the applied electric field, the ions and
electrons are accelerated with obtaining energy in the plasma, and then the energy is exchanged.
The exchange of energy can occur between the same species or different species by direct
collisions.

The exchanged energy between two species with masses m; and m is proportional to
2m; - m>/ (m;+ mz)? [10]. However, this is not corresponded to electrons due to a very low mass.
Therefore, the energy exchange is very small in the case of collision between an electron and a
heavy species, which is proportional to 2m. / ms, where m. is an electron mass and m; is the mass
of the heavy species. Therefore, there will always be a temperature difference between them in

plasma with a high collision frequency. The temperature difference can be expressed as follows:

n—n:&mhdﬁz
T, 32m, \ 3kT,

(1.1)

where 7. and T} represent the electron and the heavy particle temperatures, respectively. e, E, and

l. mean the elementary charge, the electric field, and the mean free path of electrons, respectively.

k is the Boltzmann constant. If assuming [, ~ % (p is pressure), Eq. (1.1) can be given as follows:

Q—E_AT(ﬂz (1.2)
T, T, \p ’

The ratio of an electric field to pressure (£/p) therefore is important in the temperature deviation

between T, and T3, and this manifests the kinetic equilibrium of plasma. Here, the temperature of
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heavy particles reaches the electron temperature when E/p is small by a decrease of E, an increase
of p, or both. This is essential for LTE plasma. Excitation and chemical equilibrium in the plasma
gradient are also required [11-13]. Here, plasma satisfying all the above conditions is called
thermal plasma with high energy density and temperature equality between the heavy particles
and the electrons [8]. Non-equilibrium plasmas, on the other hand, have a lower degree of
ionization, which result in lower energy density and a large temperature gap between the electrons
and the heavier particles. These plasmas are also identified with “cold” plasmas.

The detailed characteristics of thermal and non-thermal plasma are summarized in Table 1.1 [7,14].
Thermal plasmas are generated at pressures of over 10 kPa with a high temperature over 10* K
and a relatively high electron density (the order of 10?'-10%¢ m™). In contrast, non-equilibrium
plasmas are generated at pressures under 10 kPa or less up to atmospheric pressure. Temperature
and electron density are less than 10* K and 10" m™, respectively. Therefore, the distinctive

properties of these two categories of plasmas give rise to different processing applications.

1.2.2 Characteristics of Thermal Plasma

The characteristics of a thermal plasma highly rely on the thermophysical properties of the plasma
gas. The properties are mainly separated into three properties: plasma composition, thermodynamic
properties, and transport properties [15]. They contribute to the modeling and application of

thermal plasma.

1.2.2.1 Plasma Composition
Plasma composition is calculated by minimization of the Gibbs free enthalpy, considering the
van’t Hoff’s laws for dissociation and ionization, the conservation of different elements, the

electrical neutrality, and Dalton’s law [3]. Results are indicated by the number densities of species
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with respect to the temperature under specific pressure.

Since the molecular components used for plasma gas are nearly dissociated and atomic species
are also ionized in thermal plasma, the energy is transported by transfer of kinetic energy as well
as the heat of dissociation and ionization [16]. Especially, the heat is more efficiently transported
by higher thermal conductivity than that of gases.

Table 1.2 shows the ionization and dissociation energies of various plasma gases [10].
Therefore, the number density of plasma gas species will vary at the same temperature in different

plasma gases, by which thermodynamic and transport properties can be controlled and changed.

1.2.2.2 Thermodynamic Characteristics

The thermodynamic characteristics of plasma are characterized by many factors such as
enthalpy, specific heat, mass density, internal energy, and entropy.

The specific enthalpy in plasma is heavily reliant upon the dissociation and ionization of plasma
gases. The specific enthalpy (MJ/kg) of the various plasma gases with respect to temperature is
shown in Fig. 1.3 [10]. The steep change of enthalpy is attributed to the dissociation and ionization,
where the high enthalpy in H, results from the low mass. On the other hand, due to higher
ionization energy, the ionization of He is difficult.

The monatomic gases generate ionic species. For example, Ar and He are ionized to Ar®, Ar,",
and He" with free electrons [17]. The diatomic gases such as N, and H have higher enthalpies for
a given temperature. This is concerned with the molecular structure for dissociation, which is
followed by ionization. Therefore, the specific enthalpy of plasma can be increased and changed by
the addition of different gases like He or H» [18]. The internal energy, the specific heat, and the

entropy also have a significant contribution to the evaluation for the thermodynamic functions [2].
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1.2.2.3 Transport Characteristics
(a) Thermal conductivity

Thermal conductivity (k) controls the energy losses during the plasma discharge with heat
transfer from plasma to the material. Therefore, this is an important factor for thermal plasmas.
The thermal conductivity is deduced from Fourier’s law which is expressed as follows:

g= —k-gradT (1.3)

where ¢ is the heat flux (W/m?), x is the thermal conductivity (W/m'K), and grad T is the
temperature gradient of plasma (K/m). Thermal conductivity is the sum of three components as
follows:

Keotal = Kir + K + Kp (1.4)
where k., k¢, and ky are the translational thermal conductivities of heavy species and
electrons, and reactions, respectively [10,19]. Figure 1.4 shows the change of thermal
conductivity with an increase of H, in an Ar-H, mixture, in which the changes of peaks are

associated with dissociation and ionization reactions [10].

(b) Electrical conductivity

Plasma is an electrically conductive fluid flow of electric charges such as electrons and positive
ions of plasma gas in the presence of an electric field. Here, the characteristic of electrical
conductivity (o.) in the electric charges has a significant effect on the current density as well as
the heat flux of plasma [14]. Electrical conductivity (o.) is deduced from Ohm’s law and is

expressed as follows:

nee?

o, (S/m)= —— 1.5
e (5/m) 2Tm,n, 0., (1.5)

where 7. is the electron density, e is the electron charge (1.6 x 10" As), m. is the electron mass,

T is the plasma temperature, 7, is the neutral particle number density, and o, is the electron-
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neutral collision cross section. The electrical conductivity is proportional to the electron density.
The electrical conductivities are to a certain degree close for various gases because of their similar
ionization energies of them as shown in Fig. 1.5 [4]. However, this is not related to He showing

a significant difference due to higher ionization energy.

(¢) Viscosity

The viscosity is one of the key parameters in determining the characteristic of plasma fluid, i.e.,
velocity and diffusion of plasma [20]. The viscosity (u) is proportionate to the square root of the
atomic mass and is also inverse proportion to the collision cross-sections of the species, which is

expressed as follows:

2 \VmkT

u(kg/m-s) = oW (1.6)

0o

where m is the particle mass, g, is the total collision cross section, and k is the Boltzmann
constant.

The values of viscosity for various plasma gases according to temperature are presented in
Fig. 1.6 [10]. H» has the lowest viscosity due to low mass. The weak collision cross-section for
interactions between He atoms results in a relatively higher viscosity despite of low mass.
Moreover, the strong Coulomb interaction does not dominate the collision cross-sections until
temperatures of around 20,000 K since He can be ionized at a high temperature. This means that
the viscosity of He is maintained high until about the above temperature. The viscosity for Ar and

He decreases over 20,000 K by the long-distance interactions between charged particles.

1.2.3 Classification of Thermal Plasma
Various methods are commonly applied to generate thermal plasmas, such as direct current (DC)

arc, alternating current (AC) arc, radio frequency (RF) thermal plasma, and microwave (MW)
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plasma. Schematic diagrams of thermal plasma generation methods are shown in Fig. 1.7, and

more detailed discussions will be presented as follows.

1.2.3.1 DC Arc

DC arc is classified into two categories namely, DC non-transferred and transferred arc
depending on the arrangement of electrodes [21]. These have been mainly applied to the pyrolysis
of liquids and gases, synthesis of nanopowders, and waste treatment [22].

DC non-transferred arc torches have been widely used for spray coatings, synthesis, and waste
decomposition [23,24]. They produce an arc with a high temperature that interacts with plasma
gas and then a hot plasma jet is generated, by which the material can be injected for vaporization.
A schematic diagram of a DC non-transferred arc torch is shown in Fig. 1.7 (a). Here, an arc is
formed between cathode and anode. The anode is parallel to the plasma jet. The plasma gas is
crossed between the arc column and the anode’s inner surface, and then is pushed from upstream
to downstream by the pressure of the gas flow in the torch.

The DC transferred arc is distinguished by a distinct separation between the cathode and anode
as shown in Fig. 1.7 (b) [25]. The distance between electrodes can be controlled by a few
centimeters. Torches can be anodic or cathodic and the electrode is coaxial with the plasma jet.
The arc is transferred to the external electrode that is usually the workpiece as the electrically
conductive material. In particular, DC transferred arc torches can produce intense thermal fluxes
because the arc is not affected by the water cooling of the torch [26]. This manifests that they
have higher efficiency than DC non-transferred arc torches because of the minimization of radiant
heat transfer losses to the cold torch body. DC transferred arc torches are usually used for plasma

welding, cutting, and particle formation [27,28].
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1.2.3.2 Multiphase AC Arc

Multiphase AC arcs have been highlighted for innovative nanomaterial synthesis and in-flight
technology. Compared to DC arcs showing a high velocity of the plasma gas, the multiphase AC
arcs have low velocities, long residence times of particles as well as large high-temperature
volumes. Therefore, these characteristics are highly advantageous to evaporate the treated
materials in multiphase AC arcs [29].

Three-phase AC arc plasmas were applied to plasma welding, nanoparticle synthesis, and
particle spheroidization [29,30]. However, these processes were not adapted for large-scale
production due to the economic aspect such as electrode erosion and energy consumption, and
low yield of synthesized particles.

Multi 6-phase or 12-phase AC arcs have been developed and investigated to address the above
challenges [31-34]. The arc distribution of multiphase AC arc plasma with 12-phase is presented
in Fig. 1.7 (c). The symmetrical arrangement of 12 electrodes is placed by the 30° where the
electrodes are organized by 2 layers: 6 electrodes are divided into the upper and lower layers,
respectively. The above multiphase AC arc generator is characterized by a high energy efficiency
of 70-90%, low plasma velocity, and large plasma diameter. Based on the advantages, multiphase
AC plasmas are suitable for producing functional materials such as in-flight material,
spheroidization, nanoparticles, and waste treatments in terms of their large plasma volume and

low flow velocity [34-36].

1.2.3.3 Radio Frequency Plasma
Radio frequency (RF) plasma is generated by high-frequency current flowing in a coil
surrounding the chamber. The frequency varies from 2 to 27 MHz [13]. An illustration for RF

plasma is shown in Fig. 1.7 (d).
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The electric field generated by the induction coil is induced inside the chamber and initiates a
current along a ring-shaped route inside the chamber generating the plasma. RF plasmas operate
in the absence of electrodes, which prevents the plasma from being contaminated by the vapors
from electrode materials. RF plasma technology possesses the advantages such as a relatively
large volume of plasma and low velocity of plasma gases, which enable many particles to be
melted [37]. RF plasma torches have been gradually taken into account for the synthesis of

nanoparticles and the destruction of hazardous gases [38—41].

1.2.3.4 Microwave Plasma

Electromagnetic radiations in the frequency range from 300 MHz to 10 GHz generate
microwave (MW) plasma without electrodes. MW plasma torch is shown in Fig. 1.7 (e). MW
plasmas work at usually 2.45 GHz and are generally denser compared to RF plasmas [42]. In
addition, the area affected by MW plasma is larger. Therefore, MW plasmas produce a higher
concentration of active species than other plasma techniques, which would be effective for the
degradation process of gases and liquids together with material synthesis [43—46].

MW plasma can be more divided into several categories such as surface wave discharges,
cavity-induced plasma, electron cyclotron resonators, etc. Moreover, all of the MW-induced
plasmas operate in a wide range of operating conditions such as variable power from a few W to
several hundred kW and pressure from around 0.1 Pa to over a hundred kPa, using both noble and

molecular gases [42,47,48].

1.3 Application of Thermal Plasma

1.3.1 Spraying and Coating

10
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Plasma spraying is one of the primary technologies to protect the surface of a substrate or
improve its function with various coating thicknesses from a few hundred micrometers to a few
millimeters. The applied industrial fields are aeronautics, industrial gas turbines, biomedical,
automotive, and electronics [49].

The versatile character of the plasma spraying allows easier deposition for various materials.
The ceramics, metallic alloys, and composites can be deposited to protect a substrate when used
in aggressive environments such as high temperature, severe wear, and corrosion [50-52]. The
energy source in plasma spraying torches is an electric discharge that can be generated by either
a DC non-transferred arc source (DC plasma spraying) or a radio frequency (RF) discharge
(induction plasma spraying) [10,53]. For both of plasma secures, typical operation conditions for
power are between 30 and 100 kW and maximum powder flow rates are in the range of 618 kg/h

[54].

1.3.2 Welding and Cutting

Thermal plasmas have been extensively applied to metal welding and cutting as a well-established
technology. Arc plasma is used for welding by the transfer of intensive energy to one of the
electrodes, the workpiece, which is composed of the metal components to be joined. This results
in the melting of the workpiece and forms a weld pool. There are some kinds of thermal plasma
welding. Both tungsten inert gas (TIG) and metal inert gas (MIG) welding processes are used
broadly [55]. A transferred arc is usually used in TIG, where the tungsten electrode performs as
the cathode and the external anode is the workpiece. Gas mixtures or an inert gas such as Ar and
He flows to restrain contamination along the cathode from the surroundings. In the case of MIG
welding, the arc is generated between the workpiece and a wire electrode. Here, the wire electrode

is kept being supplied from inside the torch at constant speeds. At the same time, inert gas is fed

11
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from the torch to the weld zone, which protects the weld from contamination by the atmosphere
[56]. In addition, submerged arcs can be also used for welding.

Plasma cutting is another well-established technology. This is applied to cut conducting
material using a high current in the range from 30 to 1,000 A between the cathode and the
workpiece [57,58]. Plasma torches for cutting with a stick- or button-type cathodes made of
tungsten or hafnium are used with plasma-forming gas [59,60]. The specific heat fluxes into the
workpiece are higher than for arc welding with at least one order of magnitude. This difference
implies that the arc for plasma cutting has to be constricted intensively, which finally leads to high

current densities and high temperatures of arc, even at relatively low currents at 20 A.

1.3.3 Metallurgy

Thermal plasma is used for plasma metallurgy such as direct reduction of oxide ores, carbon
reduction smelting of metal oxides, decomposition of ores, and reduction of chlorides, etc. [7].
Plasma furnaces have a high melting efficiency and can produce alloys with low contents of
carbon, hydrogen, and oxygen. The transferred arc plasmas are usually used in the metallurgical
industry because of high-efficiency concentration, high thermal efficiency, excellent heat and
mass transfer conditions, and adequate residence time. Nanoparticles of titanium oxides (TiOz)
used for manufacturing paints, varnishes, and lacquer were completely prepared from ilmenite
(FeTiO3) powder as a precursor using a DC non-transferred arc at atmospheric pressure [61].
Furthermore, RF plasma source with Ar and H injection was conducted for the purification of

metallurgical grade silicon [62].

1.3.4 Synthesis of Nanoparticles

Nanoparticles are expected to be potential next-generation materials for various applications

12
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such as in electronics, energy, and environmental fields. This is because they have unique physical
and optical properties unlike their bulk materials [63]. In particular, nanoparticle synthesis by
thermal plasmas has been advantageous due to the fact that thermal plasma is used as a high-
enthalpy source for the evaporation of raw material [64]. DC arcs are one of the reliable tools
widely used for nanoparticle synthesis. For example, cubic boron nitride nanoparticles which have
received attention for their high hardness and high thermal conductivity were synthesized by DC
non-transferred arc [65]. Furthermore, the RF thermal plasma is nearly uncontaminated by
impurities due to no electrode. This reduction of contamination from the electrodes is beneficial
for the synthesis of pure nanoparticles. nitrides [66], carbides [67], and lithium metal oxides for

solid oxide fuel cells [68,69] were successfully synthesized.

1.4 DC Arc Discharge

The regions between the electrodes in the DC arc are separated into three regions: the cathode
region, the anode region, and the arc column region. The characteristics of these regions including
arc attachments of both electrodes and arc further fluctuation phenomena are introduced in the

following subsections.

1.4.1 Cathode Region

1.4.1.1 Characteristics of Cathode Region

The near-cathode region for high-pressure arcs consists of two zones: the space-charge sheath
and the ionization layer [70-72]. In the space-charge sheath layer, the electron is emitted from the
cathode surface by a high temperature of the cathode surface and high electric field. While the

electric field decreases the effective work function of the cathode, it is not enough to provide

13
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electron tunneling through the cathode. The combined emission mechanism is called the thermo-
field emission [73]. The thermionic emission from the cathode is described by the Richardson-

Dushman equation as follows:

w
jo = AT?exp (— ﬁ) (1.7)
where j is the current density of the emission (mA/mm?), 4 is Richardson's constant (mA/mm?K?),
W is the work function of cathode materials (J or eV), k is the Boltzmann constant, and T is the
cathode temperature (K). 4 is multiplied by a correction factor depending on the cathode material.
For example, the correction factor of tungsten is 0.5.

If electrons emit through the collision less space-charge sheath, the electrons collide and ionize
the neutral particles from the cathode in the ionization layer. The ions are also accelerated toward
the cathode where ions recombine with the release of their kinetic and potential energies on the
cathode surface. The ionization layer above the space-charge sheath layer is a state of quasi-neutral
[74]. The sum of the length of the two layers is generally less than 0.1 mm, which leads to high

electric fields [75].

1.4.1.2 Cathode Attachment

The observations of the cathode region show that the arc attachment is composed of one or
several, and mobile spots. The spots split into smaller in the range of 10-100 pm during the
movement of the attachment on the cathode surface. And the current per spot is dependent on the
cathode material and is in the range of 0.5-300 A [76].

The major factors determining the cathode attachment and its erosion rate are highly associated
with the electrode material like hot cathode or cold cathode, the arc current, and the kind and
pressure of the plasma gas [77].

Spot or spotless diffuse modes are mainly formed as the arc attachment on hot cathodes [78,79].

14
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The spot mode is featured by a contraction of the arc in front of the cathode. The spot mode is
typically characterized by low current and large cathode diameters, which develops the extreme
local cooling at the attachment. The diameter of the attachment is about a few tenths of millimeters.
On the other hand, the diffuse mode can be formed by higher current or smaller cathode diameters.
The current density of this mode is approximately 10° A/m?. The arc is stable and covers a wide
area of the cathode surface. The surface average temperature is higher than that in the spot mode

without the local melting, which less damages the cathode [80].

1.4.2 Anode Region

1.4.2.1 Characteristics of Anode Region

The electric current from plasma to the anode is mainly flowed by the electrons [81,82]. The
anode region shows a sharp gradient in temperature where the temperature decreases from the arc
column temperatures (8,000-15,000 K) to the anode surface temperatures of several hundred
degrees with a drop of electron density.

In the case of the high-intensity arcs more than 50A, a relatively dark layer is seen with a
thickness of about 1 mm from the anode surface which is called the anode boundary layer [11].
From the edge of the anode boundary layer to the anode surface, there are primary three zones as
follows.

At the edge of the anode boundary layer, the axial heat flux to the cold anode disturbs the
plasma energy balance. Then, at the above edge of the anode boundary layer, deviation from
thermal equilibrium occurs because of the different temperatures between the electrons and heavy
particles as shown in Fig. 1.8 [11]. Finally, an electrical sheath occurs in the layer close to the

anode surface, in which the plasma doesn’t maintain quasi-neutrality.

15
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1.4.2.2 Anode Attachment

The shape of the anode arc attachment affects the anode lifetime. The anode attachment is
classified into diffuse and constricted modes [11,83,84]. An experimental setup with a rod-shaped
cathode located perpendicular to a flat anode was used to investigate the anode attachment [75,85].
The diffuse mode generally occurs in the cathode jet which is attributed to Lorentz force [86]. As
the arc contracts, the bent current lines produce an axial component of the magnetic force, which
results in a strong plasma flow toward the anode.

The effect of the cathode jet decrease with an increase in the distance between the electrodes.
Then, the arc contracts due to the cooling of the arc periphery near the cold anode surface. This
results in constricted anode attachment mode forming one or several spots with generating an
anode jet.

Hartmann and Heberlein presented the effect of an external gas flow on the anode attachments
using DC transferred arc [87]. The result showed that additional axial gas flow from a surrounding
coaxial nozzle pushes the plasma toward the anode, which finally reduces the thickness of the

anode boundary layer, and the diffuse mode is preferred.

1.4.3 Arc Fluctuation Phenomena between Electrodes

As discussed in the previous section 1.3, DC non-transferred arc has been broadly applied to
many industrial fields such as spraying, coatings, synthesis of material, and further waste
treatment. Here, one of the major aims for plasma processes above is to achieve better
reproducibility [88]. Therefore, a better understanding of the dynamics of the arc inside the plasma
torches is required. This is because the arc movement between the electrodes influences plasma
consistency, process quality, and electrode lifetime [89]. Therefore, many practical experiments

including numerical simulations have been extensively examined [90-94].
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The arc dynamics are caused by the balance between the drag force and the electromagnetic
(or Lorentz) force. The drag force results from the interaction of the gas flow pushing the arc to
downstream and the Lorentz force is a result of the local curvature and thickness of the arc [90].
The change of the voltage drops with time provides information on the arc dynamics inside the
torch since the arc length depends linearly on the voltage drop. This fact offered three distinct
modes in the operation of the torch [90,95,96]: steady, takeover, and restrike. These modes are
indicated in Fig. 1.9 [96]. These modes are as follows:

(a) Steady mode: The mode occurs when the drag force and Lorentz force are balanced where
the voltage fluctuation is approximately flat during the arc movement. This makes the arc stay at
the almost same spot on the anode, which causes overheating and substantial erosion of the anode.

(b) Takeover mode: This mode shows random fluctuations. These fluctuations are characterized
by a change of the shape in the arc radial section and gradual movement of the anode attachment
position. The fluctuation of the mode shows the order of 20-50% of the average arc voltage.

(c) Restrike mode: This mode has the largest voltage fluctuations and shows a sawtooth shape.
The arc attachment moves downstream until the arc reattachment occurs upstream on the anode
surface near the cathode. The fluctuation is in a range of 40—100% of the average arc voltage with
frequencies of up to 7 kHz in accordance with the conditions in operation [97].

The arc mode can be changeable according to the thickness of the anode boundary layer. The
restrike mode is favored at higher gas flow rates, at lower currents, or with gases having higher
thermal conductivity such as H, and He. The anode erosion can be reduced in the restrike mode
due to the rapid fluctuation. However, the large fluctuation may influence the process consistency

due to the power variation in the torch.

1.4.4 Arc Temperature
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The DC arc is characterized by a high plasma temperature and a high gas velocity of about
100-1,000 m/s at the center axis, which is allowing to vaporize various materials having even a
high melting or boiling point [98,99]. Therefore, the temperature is considered an important
parameter to manage the process developments in plasma spraying, plasma synthesis applications,
and waste treatment [10,100].

There are many methods to measure the thermal plasma temperature. The Langmuir probe as
a contact method placed to near a plasma jet is a simple and flexible diagnostic tool. However,
the probe can disturb the parameter distribution of the source. Moreover, the interpretation
procedure of the data obtained is difficult due to the complex and comprehensive underlying
theory for high-temperature thermal plasmas [101-104]. Therefore, non-contact measurements
such as spectroscopic and high-speed camera methods are widely used, and a more detailed

discussion will be presented as follows.

1.4.4.1 Spectroscopic Method

The spectroscopic method is one of the most widely used assessment methods for the sake of
investigation of thermal plasmas. This method has advantages for the measurement of spatially
limited points and lines in plasma. From the obtained spectroscopic results, the plasma
temperature can be calculated using several different methods where the atomic line intensities,
intensity ratios of two or more spectral lines, or the ratios of line-to-continuum intensity are
usually used [105,106].

The plasma temperature in the DC arc was calculated [75], where the Fowler-Milne method
under the assumption of LTE was adopted [107,108]. This method doesn’t require the calibration
of the sensitivity of the apparatus and knowledge of atomic transition probabilities. The result

showed that the experimental result was in good agreement with analytical predictions: an arc
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current was 20 A and the distance between electrodes was 10 mm. The highest temperature was
21,000 K near the cathode tip.

Temperature measurement of DC non-transferred arcs used for arc cutting has been reported
[109,110]. Temperatures and electron densities in the arc were measured using different emission
lines and several different methods for property calculation. Fluctuations in the arc intensity, arc
asymmetry, and the validity of the assumptions used for property calculation were proven to affect
the accurate measurements. The arc temperature in the center was about 25,000 K when using
oxygen atoms and ions in an oxygen plasma with an arc current of 200 A. Also, better

measurement was shown in using oxygen ions than oxygen atoms with less error.

1.4.4.2 High-Speed Visualization

The spectroscopy method has difficulty observing arcs showing periodic behavior in a short
time because the spatial resolution is low, and the measurement time is long. Therefore, the arc
temperature measurement method by a high-speed camera has been proposed. This method can
measure a wide area with a higher temporal resolution. In particular, the two- or three-dimensional
plasma temperature can be measured. In the TIG arc at an arc current of 100 A, 125 A, 150 A, and
200 A, the highest plasma temperature was 20,000 K. The validation was conducted by different
attempts utilizing a spectrometer, and the results showed highly identical to the plasma
temperatures measured at stationary arcs [111].

Okuma et al. measured the arc temperature using a high-speed camera in a 12-phase AC arc
[112]. The arc temperature was conducted by the Boltzmann plot method using two types of argon
line emissions (675.2834 nm and 794.8176 nm) filtered by the band-pass filters. The obtained
excitation temperature was high with a range of 7,000-13,000 K. They also measured the arc

temperature fluctuation in cathodic and anodic periods, where the temperature was 7,000-14,000

19



1. Introduction

K and 7,000-9,000 K during the cathodic and anodic periods, respectively. Furthermore, the
fluctuation frequency of arc and the residence time of the raw material were also investigated, in
which the fluctuation frequency and the residence time were 720 Hz and 1.4 ms, respectively.
From this result, a multiphase AC arc could be suitable for material processing with a high

temperature of over 7,000 K at the center of the arc area.

1.5 Waste Treatment by Thermal Plasma

Thermal plasmas are applied to treat a wide range of wastes, for example, municipal solid waste
(MSW), sewage sludge waste (SSW), harmful organic compounds, greenhouse gases, etc. They
transfer high heat fluxes of high temperatures and reactive species, which allows the destruction
of any type of waste [2]. Moreover, thermal plasmas provide distinctive advantages such as high
enthalpy, high reactivity, oxidation and reduction atmosphere, and rapid quenching rate, which
lead to [113—115]:

(1) High heat transfer rate

(2) Melting of materials at high temperature

(3) Low gas flow

(4) Small torch and reactor

(5) The feasibility of producing saleable byproducts

Therefore, thermal plasmas can be specialized for waste treatment. A large number of research
articles published have treated contaminants of various types, and more detailed discussions will

be presented as follows.

1.5.1 Solid Waste Treatment
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1.5.1.1 Municipal Solid Waste

An increase in population, consumerism and industrial development has led to increased
quantities of municipal solid waste (MSW) [116]. MSW is more commonly known as trash or
garbage. It consists of everyday items that are used and then discarded, such as product packaging,
furniture, bottles, clothing, newspapers, food scraps, paint, etc. Accumulation of MSW causes
harmful emission of gases, and therefore some methods for storage require large tracts of land [2].
The World Bank reported that there are currently urban residents of 3 billion producing
1.2 kg/person/day of MSW and that number will grow to 4.3 billion urban residents
producing 1.42 kg/person/day of MSW by 2025 [117]. From this perspective, thermal
plasmas are widely employed to treat MSW around the world.

Byun et al. [118,119] have developed a MSW plant allowing for treating 10 tons of waste per
day to observe the feasibility of the process in real-time. The volume reduction rate of MSW to
slag was up to 99%. This value is higher than a MSW process using a fuel-burning melting system
(90%) [120]. Qinglin et al. investigated the effect of steam injection using a pilot-scale thermal
plasma gasification system for the destruction of MSW [121], indicating that the cold gas
efficiency and syngas yield were improved with the increase of steam injection. And the
maximum energy efficiency of the tests showed 58%.

Furthermore, DC transferred arc was applied to remove the MSW incineration residue [122].
A trace quantity of toxic heavy metals such as Pb and Cd was contained in the residue. As a result,
the capacity of 25 tons per day was acquired at a power of 1,710 kW. Also, the furnace maintains
a reducing atmosphere inside, where no NOy is generated. After treatment, the glass-like slag
could be used as materials for pavement bricks and concrete slabs due to the nontoxic.

There are also many studies to utilize syngas generated after plasma treatment. Van Oost et al.

[123] gasified crushed wood as a model substance using a novel gas-water stabilized plasma torch.
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They verified the influences of variable feed rate, plasma gas flow rate, and the introduction of
CO; on the gasification process. They proved that a proper mixing between the reactants and
plasma could be obtained even at low plasma flow rates, and more intense mixing was achieved
at high feed rates. The effects of the presence of O, and CO; on plasma gasification were also

secured from this research.

1.5.1.2 Sewage Sludge Waste

Sewage sludge waste (SSW) is from the sewage treatment plant and contains considerable
amounts of heavy metals, organic toxins, as well as pathogenic microorganisms [ 124]. Therefore,
they have negative effects on the soil, ground and surface water, animal, and human health.

The sewage sludge was gasified by thermal plasma using water steam as the plasma-forming
gas and a chemical reagent [125]. The composition consisted of sewage contained approximately
60% mass organic and approximately 40% mass inorganic substances such as SiO2, Al,O3, Fe203,
MgO, and CaO. In this study, sewage sludge was gasified into mainly carbon monoxide of 48%
and hydrogen gases of 46% at an electric power of 15 kW. Moreover, due to the high reaction
temperature of up to 1,700°C and the absence of an oxygen environment, as well as the rapid cooling,
dioxins and furans were not formed. Furthermore, Montouris et al. determined that plasma
gasification of sewage sludge from Psittalia Island using the equilibrium gasification model and
produced electricity [126]. Assuming processing of 250 tons per day of sewage sludge with a 68%
moisture content, the installation has shown the possibility to supply electric power of 2.85 MW.

A microwave plasma reactor was applied to reform raw syngas derived from sewage sludge
gasification. The result showed that applying plasma resulted not only in the decrease of tar
content with the conversion from 70 to 100% but also in a considerable improvement in the gas

composition [127].
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1.5.1.3 Medical Waste

According to the World Health Organization (WHO), medical waste (MW) includes all the
waste produced from hospitals, healthcare facilities, research centers, and laboratories related to
medical procedures [128]. Hazardous MWs are assumed to occupy 15% of the total waste
production in a hospital and that value can also be increased up to 35% [129].

A plant using 50 kW DC plasma torches has been developed for the destruction of medical
waste [130]. A screw conveyor was equipped to convey the medical wastes with a maximum mass
of 40 kg/h. In the chamber, the plasma jet produced from the plasma torch transfers heat to the
medical wastes. Finally, they are converted to CO, and H>O and melted in an O, environment.
The temperature inside the chamber was in the range of 2,000-2,500 °C.

On the other hand, for these hazardous and non-combustible medical wastes, another method
was used where the vitrification process can obtain a glassy and leach-resistant product that
solidifies and stabilizes toxic substances [131,132]. The medical wastes were treated using
thermal plasma by the Institute of Nuclear Energy Research (INER) in Taiwan [133]. The
feedstock contained a high ratio of noncombustible substances such as stainless steel and glass.
A DC non-transferred arc torch was used with a power of 100 kW over 10,000 °C. Ar gas was
used as the plasma-forming gas for ignition and then the air was injected during the treatment.
The vitrification was conducted for 15 min at 1,550 °C. As a result, two macroscopic components

were obtained: vitrified glassy slag and ellipsoidal metal nugget.

1.5.2 Gaseous Waste Treatment

1.5.2.1 Perfluorocarbons

Perfluorocarbons (PFCs) such as CF4, C2Fs, SFe, and NF; have been widely used for plasma

23



1. Introduction

etching and plasma cleaning deposition chambers [134]. About one million tons of PFCs were
used in the world in 1996. However, PFCs are long-lived compounds and have persistence in the
atmosphere. Moreover, they are considered infrared absorbers and significant contributors to
global warming [135,136]. Consequently, at the Conference of the Parties (COP-3) in Kyoto,
Japan, in December 1997, PFCs were adopted as greenhouse gases by 159 nations. If PFCs are
discharged without appropriate treatment, they will be surely restricted by the Kyoto agreement
as a source of greenhouse gas disposal [137].

CF4 decomposition by DC arc at 6-9 kW was conducted to find the optimum conditions
according to parameters such as flow rate, input power, and addition gases. [138]. The result
showed that CFs decomposition was inversely proportional to the flow rate of CF4, and the
decomposition rate was higher at a flow rate of 15 L/min Ar than that of 10 L/min. However,
plasma input power has an effect only a little on the decomposition. Moreover, the CF.4
decomposition rate was over 95% by using additional O, and H, gases by preventing the
reformation of CF4. Finally, the optimum flow rate ratio for reacting gases was suggested.

Another study of nitrogen trifluoride (NF3) decomposition by DC arc was reported by Ko et al.
in 2013 [139]. The highest destruction and removal efficiency (DRE) of NF; was achieved with
97% at a gas flow rate of 100 L/min with low electric power of 2 kW. They also confirmed that
additive gases have a significant effect on the thermal decomposition of NF3 using the FT-IR
measurement, where H, addition converted NF; to HF.

Moreover, a microwave plasma torch was introduced for abatement of NF; and SF¢ at
atmospheric pressure [140]. The decomposition rate of 99.1% in NF; was accomplished without
an additive gas at the total flow rate of 50.1 L/min with a power of 1.4 kW. At the same power,

the removal rate was 90.1% at the total flow rate of 40.6 L/min in the case of SFs.
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1.5.2.2 Hydrofluorocarbons

Hydrofluorocarbons (HFCs) are sorts of fluorinated compounds and have been identified as
greenhouse gas due to their large global warming potential (GWP) and further long atmospheric
lifetimes. Even though HFCs do not affect the ozone layer, most HFCs have considerable high
global warming potentials (GWPs): the GWP of HFC-134a (C,H,F4) is 1410 times with respect
to CO; on a 100-year time horizon [141]. Synthetic greenhouse gases including HFC-134a have
been regulated through an international agreement, the Kyoto Protocol due to their detrimental
effects on the earth’s radiative forcing. In addition, the European Union has recently adopted
Mobile Air Conditioning (MAC) for motor vehicles to lower the level of HFC-134a [142].

Microwave plasma was introduced for the pyrolysis of HFC-134a at atmospheric pressure
[143]. The HFC-134a at a flow rate of 50-212 L/min was introduced to the plasma. The total
degree of removal in HFC-134a was up to 84% with the selectivity of 100% towards H,, F», and
C; at electrical powers of 0.6—3 kW, which can be used for industrial applications.

DC water plasma torch using 100%-water for generation of plasma was presented for HFC-134a
destruction without additional chemicals [144]. The distinctive water plasma resulted in a portable
light-weight system that does not require gas supply equipment, as well as the high energy efficiency
because of no additional water-cooling system. The decomposition rate was 99.9% at a maximum
feed rate of 160 g/h with 1 kW of arc power. CO, CO», and H; in the effluent gas and HF were
formed after decomposition.

Among HFCs, HFC-23 (CHF5) is mostly formed as a byproduct during the manufacturing process
of HCFC-22 (CHCIF,), and they have been used as a refrigerant [ 145]. However, HFC-23 has a high
GWPs of 11,700 times compared to CO; [146]. For this reason, regulation of the HFC-23 discharge
into the air is essential. Commercial thermal decomposition methods such as conventional

combustion and thermal plasma have been applied [147]. Choi et al. simulated the characteristic
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of thermal flow inside a DC arc torch for the destruction of HFC-23 [148]. As a result, a high
decomposition rate of over 99.5% was accomplished over 1,500 K where the arc current of 50 A

was set for the decomposition temperature of HFC-23.

1.5.2.3 Chlorofluorocarbons

CCls, CFCls, and CF»Cl; are included in chlorofluorocarbons (CFCs). A hydrogen atom is
replaced with fluorine or another halogen element in a basic hydrocarbon compound [144]. They
were widely used as refrigerants, propellants, and foaming agents for the manufacturing of
plastics, insulating material, and cleaning solvents. However, the use of CFCs has been prohibited
by the Montreal Protocol in 1987 as ozone-depleting substances (ODSs).

Jasinski et al. proposed microwave discharge for the decomposition of CFC-22 (CHCIF,) under
the electrical power of 100 W at atmospheric pressure [149]. Their results showed that the
decomposition efficiency reached almost 100%. Also, the energy cost of the decomposition of 1
mole, i.e., 86.5 g/h of CHCIF; ranged from 0.4-2.0 kWh, which cost is 10—1,000 times lower than
that of other plasma methods [150,151].

Foglein et al. have investigated the CFCl; decomposition using RF plasma [152]. The
experiment was conducted with Ar and the mixture of Ar and O, at about 2 kW. The addition of
O; in the argon-atmosphere reduced the formation of polyaromatic hydrocarbons (PAHs), which
finally produced the main products of CFCs, CO,, and Cl, and oxygen-contained aliphatic and
aromatic compounds with depression of soot formation.

Furthermore, the decomposition of dichlorodifluoromethane (CCl:F,) has been studied by
Sekiguchi et al. using the DC arc [153]. The results showed that CCl,F, can be completely
decomposed by the thermal plasma. Moreover, the addition of excess H, was effective in the

reduction of Cl,.
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1.5.2.4 Methane

Greenhouse gases (GHGs) such as carbon dioxide (CO,) and methane (CH4) have altered
Earth’s climate by absorbing energy in the lower atmosphere and reemission [154]. Although
anthropogenic emissions of CO, extremely contribute to GHG-induced warming, several other
gases, such as methane (CHs), hydrofluorocarbons (HFCs), sulfur hexafluoride (SFs), and
perfluorocarbons (PFCs), also have affected climate for decades to millennia after appearance. Their
concentration will be increased, and further atmosphere will be warmer because most anthropogenic
emissions of these non-CO, GHGs are connected to society’s essential demands for energy and food
[155,156]. In particular, the global warming potential (GWP) of CHj is 20 times that of CO,, and
CHys is the most abundant hydrocarbon among non-CO, GHG. Therefore, a proper treatment method
is needed and urgent.

Pyrolysis of CH4 via DC thermal steam plasma was applied [157]. The flow rates of CHs were
100 slm, 200 slm, 300 slm, and 500 slm with H,O steam at 28 g/min, and the torch power was
fixed at 52 kW. The highest conversion of CHs was 88% at 100 slm CHs. The main effluent gas
was H> and the solid was fine with a content of 99% carbon powder. The result was in good
agreement with the equilibrium calculations.

Rutberg et al. reported on the production of hydrogen and hydrogen-rich gases from methane
and various fuels using DC arc technology [158]. Hydrogen-rich gas over 40% of the effluent gas
was generated in compact plasma reformers. This system has been demonstrated for hydrogen
production with low CO content (~1.5%) with power densities of ~30 kW (H, HHV)/L of the

reactor, or ~ 10 m*/h H per liter of the reactor.

1.5.3 Liquid Waste Treatment
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1.5.3.1 Volatile Organic Compounds

Volatile organic compounds (VOCs) such as acetone, formaldehyde, benzene, toluene, and
xylene are harmful to humans and the environment [159]. These are a big group of pollutants.
They are rapidly evaporated and enter the atmosphere due to high volatility. On the basis of the
molecular structure and concentration, some side effects such as the creation of photochemical
smog, secondary aerosols, and tropospheric ozone can be induced [160]. They also influence
global warming and the destruction of the ozone layer.

Acetone is a representative VOC used for solvent and paints thinner. However, it exists in the
atmosphere with a high concentration brought out from anthropogenic and natural sources. Water
plasma was applied to decompose the 5 mol% acetone with an energy yield of 1.7 x 10" mol/J[161].
The major products in the effluent gas were H, (60—70%), CO, (5-16%), CO (6—-16%), and CH,4
(0.2-0.9%). The decomposition rate was 99.8% at an arc current of 7 A generating some unwanted
products such as HCOOH, HCHO, and soot. They also suggested a detailed decomposition
mechanism with three reaction regions.

Liu et al. developed a DC non-transferred arc plasma jet [162]. It has the advantage to be able
to produce a plasma jet remotely and inject it into a treated liquid directly. Various phenol
concentrations in the range of 50—400 mg/L were treated. With an increase in the specific input
energy (SIE), the degradation rate of phenol reached 100% when SIE was over 1,000 kJ/L. OH,
H, and O were major reactive species formed by the dissociation of H,O molecules in the system,
and they proposed the degradation mechanism as follows: phenol — catechol and resorcinol —
benzoquinone oxalic acid — CO + H0.

n-hexane (C¢Hi4) and toluene (C7Hg) as VOC models were decomposed in RF plasma at an
oscillator frequency of 27.17 MHz [163]. The electrical power was in the range of 1.6-2.1 kW with

different feed rates. Mixing of O, with carrier gas showed a remarkable reduction of soot. On the
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other hand, the soot yield increased with an increase of plate power. This is because the higher
plate power resulted in higher black carbon, and further the increased surface of the solid carbon
could absorb a higher amount of fragments and catalyze processes. Moreover, they found that the
two compounds were decomposed through the formation of different aliphatic and aromatic

compounds including PAHs.

1.5.3.2 Polychlorinated Biphenyls

Polychlorinated biphenyls (PCBs) are a group of 209 congeners composed of biphenyl with
one or more chlorine atoms, and they have been extensively used for insulating and cooling
electrical systems such as capacitors and transformers due to low electrical conductivity and high
heat resistance [164,165]. Also, due to their strong chemical stability and long-distance migration,
the ecological environment is being threatened by PCBs [166]. Furthermore, they are harmful to
human health as endocrine [167].

Kim et al. introduced a DC non-transferred steam plasma at 100 kW for PCBs degradation in
2003 [168]. The waste was tangentially injected into a steam plasma flame. The high temperature
and free radicals with high reactivity were generated in the reactor. Consequently, the
decomposition rate of PCBs in steam plasma was above 99.9999%. However, it was inevitable to
suppress the formation of toxic byproducts such as dioxin and furan. According to the results, the
steam plasma torch process was more effective for converting hazardous waste to energy than the
air plasma torch process.

Biphenyl (Ci2Hio) with a similar chemical and molecular structure to PCBs was destructed by
a long DC arc torch at different oxygen feeding rates [169]. The arc length of 350 mm was
operated under atmospheric pressure at an arc current of 10 A with 30 L/min of Ar. The O, feed

rates varied from 0 to 2.0 L/min. The result showed that the high decomposition efficiency of
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99.83% biphenyl was achieved when sufficient oxygen existed due to enhanced oxidation. The
gas byproducts of H», CH4, and CO were detected. The liquid byproducts of benzene, toluene,
phenylacetylene, styrene, indene, naphthalene, biphenyl, acenaphthylene, fluorine, phenanthrene,
and 4,5-methylenephenanthrene were analyzed. The decomposition mechanism was proposed
with the gas and liquid byproducts where CsHs and C,H, were major intermediates in biphenyl
pyrolysis.

Westinghouse industrial plasma technology invented plasma pyrolysis reactor in the 1980s and
1990s [114]. The reactor worked with a 1 MW DC non-transferred arc torch, and the air was used
as plasma gas. PCBs were destroyed at a rate of up to 720 m*/h with a torch power of 850 kW. The

decomposition rate was 99.999999% with particulate and acid emissions.

1.5.3.3 Pharmaceutical and Personal Care Products

Pharmaceuticals and personal care products (PPCPs) are therapeutic and veterinary drugs,
ranging from analgesics and antibiotics to contraceptives and lipid regulators in addition to active
ingredients in soaps, detergents, musk, bleaches, dyes, deodorants, shampoos, perfumes, and hair
cream, and skin and dental care products [170]. Pharmaceuticals are used primarily to prevent or
treat human and animal diseases, whereas personal care products are applied to improve the
quality of daily life [171]. However, some PPCPs have been detected in aquatic systems
worldwide due to overuse and improper disposal, and it is hard to be removed by the traditional
biochemical treatment process for their resistance to biological action [172]. In this section,
PPCPs treatments by other methods will mainly be discussed due to few experimental cases using
thermal plasmas.

Dielectric barrier discharge (DBD) non-thermal plasma was employed to eliminate bisphenol

A (BPA) [173]. BPA is an endocrine-disrupting compound used in the manufacturing of plastics
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as well as PPCPs [174]. The OH and O radicals were used for the degradation of BPA by water
injection. The result showed that the decomposition rate was increased at both higher discharge
voltage and slower water flow rate. At the discharge voltage of 16.8 kV, a complete BPA
degradation was achieved within 25 min. The decomposition intermediates of BPA were mainly
eight kinds detected, where OH radical was the main reactive oxygen species for the removal
of BPA.

Photocatalyst using magnetite-hematite was used for decomposition of acetaminophen which
is used for an analgesic and antipyretic drug [175]. Catalytic photodegradation was carried out
with 20 mg of the catalyst in 150 mL of 20 ppm acetaminophen, and the radiation source was a
450 W medium-pressure mercury-vapor lamp. The results showed that full degradation of
acetaminophen was achieved after approximately 30 min. The liquid chromatography-mass
spectrometry (LC-MS) analysis for the acetaminophen degradation solutions showed the
presence of the main five species.

Ibuprofen (IBP) used as a nonsteroidal anti-inflammatory drug has been targeted for its
resistance to conventional water treatment processes and frequent detection in water systems
[176]. UV/chlorine advanced oxidation process (AOP) was applied. The method produces
reactive species such as hydroxyl radicals and reactive chlorine species (RCS) like chlorine
atoms (‘Cl) and -Cl,. The experimental concentration of 10 uM IBP with a chlorine
concentration of 10—100 uM was decomposed under the low-pressure UV lamp with 10W. A
higher concentration of chlorine resulted in a higher decomposition rate of over 90% within
1,200 s. Moreover, the first-order rate constant was 3.3 times higher in this process than that in
the UV/H,0, AOP. Also, the contribution of RCS increased from 22 to 30% with an increasing

pH from 6 to 9.
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1.6 Objective of This Work

Water plasma has received much attention in respect of the waste treatment. The water molecule
can provide higher plasma enthalpy and thermal conductivity than those of common plasma gases
such as N, O, and Ar. Therefore, higher heat transfer to the waste material for decomposition is
achieved. In particular, high temperature as well as large amount of reactive species such as "H,
‘O, and "OH are obtained. Finally, the chemical reactions are accelerated by the radicals with
production of a large amount of syngas like H, and CO, and suppression of byproducts.

Arc characteristics of the water plasma have not, however, been clearly verified despite the
importance of the arc characteristics such as arc fluctuation and temperature. Therefore, a
fundamental study on the arc characteristics in the water plasma is essential prior to applying to
waste treatment.

Pharmaceuticals and personal care products (PPCPs) such as medicines, cosmetics, and
detergents have been widely used for the purpose of therapeutic and beauty for both humans and
veterinary. They, on the other hand, have raised significant concerns about their potential threats
to the water system due to continuous discharge through excretion, bath, and sewage treatment
plants. Particularly, », N-diethyl-m-toluamide (DEET) and Caffeine (CAF), commonly adapted
as an insect repellent and psychoactive legal drug worldwide, respectively, have been broadly
detected in aquatic environments due to their extensive usage. Moreover, they are difficult to be
biodegraded for biorefractory, persistence, and bioaccumulation. Thus, an effective treatment
technique to decompose PPCPs is inevitable.

The purpose of this dissertation was: (i) to investigate arc fluctuation and temperature of water
plasma with mist generation for application to waste treatment; (ii) to decompose DEET and CAF;

(iii) to suggest the decomposition mechanism of DEET and CAF.
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1.7 Contents of This Work

The flow chart of this dissertation is shown in Fig. 1.10. The contents of each chapter in this
study are as follows.

In chapter 1, the introduction of thermal plasmas and the objective of this dissertation were
presented.

In chapter 2, arc behavior and temperature distribution in water plasma with mist generation
were successfully investigated. The effect of mist feeding rate on the arc was observed by high-
speed cameras synchronized with an oscilloscope. The arc voltage and length increased due to the
higher drag force with an increase of mist feeding rate under constant arc current. The arc
fluctuation rapidly increased as the same reason above. Moreover, the fluctuations showed the
restrike mode in all experimental conditions, which results from high mist feeding rate and low
arc current. Moreover, the area with high temperature also increased due to the increase of the arc
voltage and heat convection. Therefore, it was demonstrated that the arc fluctuation and area with
a high temperature could be controlled by a flow parameter. On the basis of this results, the water
plasma with a mist generation system is expected to play a crucial role in the practical application
of waste treatment.

In chapter 3, the effect of arc current (6.0, 7.5, and 9.5 A) on the decomposition of 2,000 ppm
DEET was investigated by water plasma. The highest decomposition rate of 94.8% was achieved
at an arc current of 9.5 A with an energy yield of 0.3 g/kWh within only 10 min. The contents of
H; and CO: in the effluent gas increased at a higher arc current because of a promoted oxidative
environment, and so did the total organic carbon (TOC) reduction rate. The hydroxylated DEET
molecule was clearly detected in all experimental conditions. Based on seventeen main
intermediates, the decomposition mechanism was suggested in detail, where electronic

dissociation attacking weak C—N bond and hydroxylation to the ring structure were predominant
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factors at the early stage of decomposition.

In chapter 4, the decomposition of a high concentration of 20 g/L. CAF was studied by water
plasma according to different arc currents. At torch power of 0.8—1.1 kW, the removal efficiency
of TOC and CAF increased with an increase of arc current, reaching 91.1 and 99.8% at 9.5 A,
respectively. Ha, CO, CO,, and N> were major effluent gaseous, of which the H, generation was
more than 40% for all conditions. The nitrogenous compounds were measured as evidence for the
reaction pathway of nitrogen and the CAF decomposition mechanism. In particular, the
concentration of nitrate (NOs") in the effluent liquids was the highest at 9.5 A, which results from
a higher oxidation environment at a higher arc current. The detailed decomposition mechanism
was proposed based on eleven intermediate products, in which it was found that electronic
dissociation and hydroxylation brought about preliminary decomposition for the ring opening.

In chapter 5, the obtained results and conclusions were summarized and presented. Based on
the obtained results through the study of arc characteristics and decomposition mechanism of
PPCPs, water plasma is expected to be an alternative green technology for waste treatment.
Furthermore, the decomposition of non-soluble organic compounds mixed with surfactant could

be suggested for future work.
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Table 1.1. Summary for characteristics of thermal plasma and non-thermal plasma [7,14].

Plasma type Pressure Temperature (T)  Electron density (n ) Application
4 Material Processing
Thermal T =T,~10 K 2 2% 3
> 10 kPa € 1072107 m Waste treatment
plasma o . .
(Equilibrium) Cutting and Welding
45 Auir Pollution Control
Non-thermal T <T ~10 K 19 -3
< 10 kPa € <10 m Surface Treatment
plasma

(Non-equilibrium)

Etching and coating
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Table 1.2. Ionization and dissociation energies for the various plasma gases [10].

Species Ar He H N 0] H» N> (0)3
Ionization
15.755 24.481 13.659 14.534 13.614 15426 1558 12.06
energy (eV)
Dissociation
- - - - - 4.588 9.756  5.08
Energy (eV)
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Fig. 1.2. Categories of plasmas [1].
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2. Arc Behavior and Temperature Distribution in Water

Plasma

2.1 Introduction

Thermal plasma is produced at high pressure (>10 kPa) using direct (DC) or alternating current
(AQC), radio frequency (RF), or microwave sources with temperatures around 2,000-20,000 K
[1,2]. Due to unique advantages including high enthalpy with elevated temperature, oxidation or
reduction atmospheres, and rapid quenching capability (10°~10° K/s), thermal plasmas accelerate
the kinetics of chemical reactions.

Water plasma as a sort of thermal plasma has attracted the most attention as a green technology
for the treatment of organic wastes. This is due to a large amount of H, O, and OH radicals in the
water plasma [3]. As shown in Fig. 2.1 from the equilibrium composition of H,O, large quantities
of H,, O,, and OH are generated at approximately 3500 K with the dissociation of H>O. Over
7500 K, H>O is completely dissociated to H and O radicals and finally large amounts of electrons,
H" and O" ions are generated. These radicals accelerate the chemical reaction, suppress byproduct
formation, and a large amount of syngas like H, and CO can be produced. Also, the water
molecule offers higher plasma enthalpy and thermal conductivity than those of commonly used
plasma gases such as N, and Ar as shown in Fig. 2.2 [4]. Therefore, the water plasma is considered
as an innovative processing for the purpose of waste treatment [5-7].

However, a study of fundamental arc characteristics such as arc fluctuation and temperature in
the water plasma is not clarified despite significantly affecting on the arc stability, process
consistency, electrode power, and further heat transfer [8,9]. Even though H,O steam was used in

thermal plasma, they have only taken advantages of the characteristics of H,O for the
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decomposition and gasification of organic compounds [7,10]. The arc fluctuation, on the other
hand, was studied by water plasma [11]. However, the study also mainly focused on the
decomposition of D-glucose. Also, only temperature of plasma jet from the nozzle was largely
investigated without arc temperature [12,13]. A study on the fundamental arc characteristics of
the water plasma is therefore inevitable.

An inventive mist generation system was first applied to investigate the arc characteristics in
this study. The plasma gas in the water mist form generated by the ultrasonic generator provides
a stable feeding system, which results in a low density and high plasma enthalpy. The mist can
also act as a function for electrode cooling compared to other processes [7,10]. Further
descriptions for the mist generation can be found in section 2.2.1.

In this chapter, the investigation of arc fluctuation and temperature were verified in water
plasma with an inventive stable mist feed system for better practical application in waste treatment.
The effect of mist feeding rate on the arc characteristics is discussed using a high-speed camera

and band-pass filters.

2.2 Experimental

2.2.1 Experimental Setup

A schematic diagram of the water plasma system with mist generation is presented in Fig. 2.3.
The plasma torch is a DC non-transfer arc generator of coaxial design with a cathode of hafnium
embedded into a copper rod (0.d.: 7 mm, height: 27 mm) and a nozzle-type copper anode (nozzle
exit diameter: 1.8 mm). The diameter of hafnium in the cathode was 1.0 mm. The use of hafnium
as a cathode material can prevent erosion and exhibit a longer operating time in an oxidative

atmosphere.
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An ultrasonic generator (0.d.: 20 mm) at the bottom of the torch consists of a piezoceramic and
generates an ultrasonic wave at a frequency of 2.5 MHz which affects the surface of the solution.
Therefore, water mist as a plasma gas can be generated by atomizing the solution. Herein, the
amount of mist can be controlled by a power supply (Ultrasonic Humidifier, SIS Corp.) attached
to the ultrasonic generator, which can change the amplitude of the ultrasonic wave by rotating a
regulator on the power supply. Hence, the mist feeding rate was controlled in this work.

The generated water mist flows directly into the discharge area. Thereafter, the water plasma is
generated at the discharge region by heating and ionization of the mist. Simultaneously, the anode
is cooled by the mist, whereby the torch can be operated without carrier gas or air injection, a
cooling control system, and pressure control devices. Therefore, this system presented not only
can be used as a portable lightweight system without an additional gas supply system but also
offers a higher energy efficiency than 90%. In addition, H, O, and OH radicals generated in the
water plasma play a major role in suppressing byproduct formation.

The experimental condition for plasma generation is indicated in Table 2.1. An ethanol solution
as a model substance of water-soluble organic compounds was introduced into the torch after
adjusting the solution concentration to 5.0 mol% ethanol-water solution (purity: 99.8%,
guaranteed reagent, Wako Pure Chemical Industries, Ltd.) with distilled water. The concentration
of generated mist is the same as that of the solution. The regulator on the power supply for
controlling the mist feeding rate was set at the position of the maximum, half, and minimum,
respectively. The distance between electrodes was adjusted to 2.0 mm in order to generate a
steady-state plasma. Then, the plasma was discharged using a DC power supply. The current was
fixed at 6.0 A and the mean arc voltage was in the range of 130 to 200 V. Each run was operated
for 10-30 min after reaching a steady-state operation condition. All experiments were performed

at room temperature under atmospheric pressure.
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2.2.2 Observation of Arc Fluctuation
2.2.2.1 High-Speed Camera Measurement with an Oscilloscope

A schematic diagram for observation of arc fluctuation is illustrated in Fig. 2.4. The arc
fluctuation at the anode nozzle exit was visualized using two high-speed cameras (FASTCAM
SA-5, Photron Ltd. and Phantom Miro LABI110, Vision Research Inc.). The two high-speed
cameras were installed on the top and side of the torch and recorded at speeds of 4.2x10° fps and
2.2x10° fps with a shutter speed of 1 ps, respectively. Moreover, in order to clarify the relationship
between the arc fluctuation and arc voltage, the arc voltage was measured by an oscilloscope
(Scope Corder DL850, Yokogawa Corp.) synchronized with the high-speed cameras at a sampling
rate of 10 MHz.

The obtained high-speed images were analyzed to reveal the temporal and spatial
characteristics of arc and plasma. The captured images of the plasma arc were transformed into
binary images in black and white by the appropriate threshold value to estimate the luminance

area of the plasma arc.

2.2.2.2 Fast Fourier Transform Calculation

Fourier transform is widely used to analyze waves in the frequency domain. The fast Fourier
transform (FFT) is used to figure out the frequency domain spectrum [14]. In this study, FFT is
applied to the voltage waveform to analyze the frequency spectrum due to a periodic saw-tooth

fluctuation of arc in water plasma.

2.2.2.3 Arc Area Existence Probability Calculation
Arc fluctuation shows periodic behavior due to the electrical breakdown between the arc and

the nozzle wall as it reaches a certain potential difference. Therefore, in order to evaluate the
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spatial characteristics of the arc, the existence probability was calculated. By superimposing 1000
images taken from a high-speed camera during the arc shunting about 150 times, the existence

probability was calculated.

2.2.3 Temperature Measurement

2.2.3.1 High-Speed Camera Measurement with Band-Pass Filters

An observation system and temperature measurement method are presented in Fig. 2.5. A high-
speed camera (Phantom V2512, Vision Research) with band-pass filters was used to observe the
fluctuated temperature distribution on a millisecond time scale. Emission from thermal plasma
basically consists of line spectra due to electronic transitions in the plasma, and continuous spectra
due to radiation from the electrode and hot walls. In order to measure the temperature, only the
line spectra should be extracted. Therefore, an optical system (MSI-2, Photron Ltd.) including the
band-pass filters was combined with the high-speed camera. The emissions from the arc are split
into two light paths by a splitter. After that, two-dimensional emission intensity distributions at
each wavelength are observed on the charge-coupled device (CCD) by the band-pass filters which
transmit different wavelengths. The typical frame rate and shutter speeds were 3.8x10° fps and 5
us, respectively.

The wavelengths of H, (656.3 nm) and Hg (486.1 nm) in hydrogen atom line spectrums were
measured by spectroscopic measurements for temperature measurement as shown in Fig. 2.6.
Other emissions overlapped with the above wavelengths were not detected. Therefore, the band-
pass filters with transmission wavelengths of 656+5 nm and 486+5 nm were selected to measure
the emission intensity in H, and Hg, respectively. Subsequently, the sensitivity of the whole system

including the camera, filters, lenses, and mirrors was calibrated for both wavelengths on the basis
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of a tungsten lamp. The synchronized images from different wavelengths were observed. An
oscilloscope was used to synchronize the arc phase and temperature distribution at a sampling

rate of 10 MHz.

2.2.3.2 Boltzmann Plot Method

The temperature measurement was conducted on the basis of the Boltzmann plot method. The
Boltzmann plot method is a simple and widely used method for spectroscopic measurement,
especially for measuring the electron temperature of plasma by using the relative intensities of
two or more lines spectra having a relatively large energy difference. To practically apply the
Boltzmann plot method for the measurement of electron temperature, the excitation level needs
to be reached under LTE condition. The basic principle of the Boltzmann plot method is described
below [15,16] and the definition of symbols is shown in Table 2.2.

A S hcn E.
_ fpadp> N ( p) Q.1

Pa = T 4 P\ kT
From Eq. (2.1), the ratio of emission intensities at different wavelengths can be expressed as

follows:

I A g Ao E — E 1
rq — praqIpp q exp <_ 14 14 ) (22)
Ip'q' Aplqlgplqlllpq kBT

The intensity ratio can be expressed as a function of excitation temperature as follows:

Lyg A1 Gy gt A 1 (Ey—E
n<pq p'a'9p'q Pq>= __.(P—p> (2.3)
Iy Apq9php g T g

The temperature can be calculated from the slope of the by plotting the term of energy and the
term of intensity ratio in the horizontal axis and in the vertical axis, respectively. In this study, the
line emissions of H, (656.3 nm) and Hp (486.1 nm) from water dissociation were used for

temperature measurement.
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2.3 Experimental Results and Discussion
2.3.1 Effect of Mist Feeding Rate on Arc fluctuation

Figures 2.7, 2.8, and 2.9 show the synchronized waveform of arc voltage and high-speed
snapshots at the mist feeding rates of 45 mg/s, 50 mg/s, and 60 mg/s, respectively. The saw-tooth
waveform owing to the restrike phenomenon was clearly observed at all mist feeding rates in Figs
2.7 (a), 2.8 (a), and 2.9 (a). The restrike phenomenon is fundamentally attributed to the high mist
feeding rate and low current [17]. In particular, the arc voltage increased with an increase of the mist
feeding rate. This is because a higher arc voltage is necessary to decompose more ethanol solution
at a higher mist feeding rate, corresponding to more energy for decomposition.

Figures 2.7 (b), 2.8 (b), and 2.9 (b) show the high-speed snapshots and arc behaviors at
different mist feeding rates. A dotted line in each figure represents an anode nozzle exit. Arc length
from the nozzle exit increased with increasing the mist feeding rate. This is because a large volume
of mist forms drag force on the arc and pushes it downstream [18], following a high pressure
inside the torch. Therefore, a larger mist feeding rate leads to a further increase in the arc length,
which is in agreement with numerical simulation [19].

The arc was not observed at all from side views at a mist feeding rate of 45 mg/s. This is due
to the lower flow rate. In contrast, increased arc length appeared distinctly at mist feeding rates
of 50 mg/s and 60 mg/s because of the relatively large mist feeding rates.

Meanwhile, the arc was not observed from the side view at 19 ps and 18 ps in the mist feeding
rates of 50 mg/s and 60 mg/s, respectively. This is related to the arc reattachment in the restrike
phenomenon. The arc reattachment process is well known as the formation of a new anode
attachment closer to the cathode through a new current path by the breakdown of the arc according

to periodic large voltage drops [20]. Previous experimental findings also reported a similar result

[8].
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The experimental image of the waveform of arc voltage, together with a schematic
representation of the arc reattachment phenomenon, is shown in Fig. 2.10. The arc is dragged by
mist flow at 6 ps, then, the length of the arc is more increases with an increase of arc voltage at
10 ps. If the arc voltage exceeds the breakdown voltage at 15 ps, a new arc attachment forms
somewhere upstream with the lowest arc voltage at 19 ps. Once a new attachment is formed, the
arc moves to downstream again by the incoming mist, starting an arc reattachment cycle.

FFT analysis was also conducted to clarify the fluctuation frequency of arc voltage at different
mist feeding rates. The result is presented in Fig. 2.11. The frequencies at 33.6 kHz, 36.6 kHz,
and 40.2 kHz were found at the mist feeding rates of 45 mg/s, 50 mg/s, and 60 mg/s, respectively.
The increase of the mist feeding rate resulted in an increase of the frequency. This results from
the stronger drag force at the larger mist feeding rates as discussed in the previous section.

The arc fluctuation in DC arc plasma depends on the balance between the drag force by the gas
flow and Lorentz force caused by the interaction of the current and the self-induced magnetic

field [21,22] as follows:

712
18R?

—(BuoI?/16mR,) [1 — ] cos@dL + Cprypv?dL =0 (2.4)

where , is the magnetic permeability constant (1.26 x 10 Hy/m), [ is the current (A), R. is the
radius of curvature of the anode column (mm), r, is the radius of the anode column (mm), L is the
arc length (m), Cp is the drag coefficient, p is the gas density (kg/m), and v is the axial component
of the superimposed flow (m/s). The Lorentz force which is represented as the net magnetic body
force and the drag force are indicated on the left and right terms in Eq. (2.4), respectively. r,, R,
and Cp are constant due to negligible change in the calculation. Therefore, the value of v increases
significantly with the increase of feed rate. In this study, the value of the gas flow rate significantly
increases with the increase of the mist feeding rate, which indicates that the drag force induced

increases. Consequently, the fluctuation frequency increased with the increase of the mist feeding rate.
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To study further characteristics of arc fluctuation, the arc existence probability was measured.
Counter maps of the arc existence probabilities at different feed rates are shown in Fig. 2.12. The
dotted line in each figure represents the anode nozzle exit. The existence probability was defined
as the ratio of the time during which the arc existed to the total observation time. Therefore, the
value of unity means that the arc always exists, and that of zero means it does not exist at all. The
red color in the counter maps of the existence probability indicates that the arc always exists. As
a result, at the same time as the feed rate increased, the existence probability in both axial and
radial directions was evidently increased and so does arc length. The evidence suggests that the

mist feeding rate plays a crucial role in controlling the arc area and length.

2.3.2 Effect of Mist Feeding Rate on Arc Temperature

Figures 2.13, 2.14, and 2.15 present synchronized waveforms of arc voltage, high-speed
snapshots, and excitation temperature distributions estimated by the Boltzmann plot method at
the mist feeding rates of 40 mg/s, 50 mg/s, and 60 mg/s, respectively. The synchronized
waveforms of the arc voltage are shown in Figs 2.13 (a), 2.14 (a), and 2.15 (a). Figures 2.13 (b),
2.14 (b), and 2.15 (b) show the high-speed snapshots and arc temperature distributions at different
mist feeding rates. High-temperature regions on the arc correspond to a bright area in the high-
speed snapshots. The arc temperature has a range of approximately 4,000-10,000 K.

The highest temperature was observed in the center of the arc, and the temperature decreased
along the radial direction from the center in all cases. It is explained by the swirl motion of the
plasma gas, which stabilizes the arc generating the centrifugal force within the nozzle. On the
contrary, the arc periphery is affected by the mixture of cold and hot gases, that is, the temperature
near the arc periphery became lower than the center of the arc [23]. Meanwhile, the arc was not

observed at mist feeding rates of 50 mg/s and 60 mg/s (29 us and 22 us, respectively), which is
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attributed to the arc anode reattachment as discussed in the section 2.3.1.

The arc area according to the temperature was investigated when most stretched to confirm the
effect of the mist feeding rate. Figure 2.16 shows the arc area with temperatures of higher than
6,000 K and 9,000 K at the mist feeding rates of 40 mg/s, 50 mg/s, and 60 mg/s, respectively. The
arc area with temperatures higher than 6,000 K and 9,000 K increased with the increase of the
mist feeding rate. The reason is as follows: the arc is more contracted, and the arc length increases
along with the arc voltage, which can maintain a long arc, and thus more energy can be retained
at the nozzle exit.

In addition, this result is in good agreement with an earlier report about the relationship between
the distribution of arc potential and heat flows along the channel, which showed that the arc
potential monotonically rises as well as the intensity of heat transfer to the wall by convection
[23]. Therefore, despite the increase of decomposition energy at the higher mist feeding rate, the
increased input power exceeded the decomposition energy by the increase of the arc voltage, and
the area with the high temperature increased. Consequently, it is demonstrated that the arc area

with the high temperature can be controlled by different mist feeding rates.

2.4 Conclusion

Arc discharge characteristics, arc fluctuation and temperature distribution, were successfully
investigated in water plasma. In particular, the mist was supplied by a mist generator as a plasma
gas without any cooling or carrier gas devices, which could provide a stable feeding. The effect
of mist feeding rate on the plasma fluctuation and temperature distribution was studied using
high-speed cameras synchronized with an oscilloscope. The main concluding remarks are
summarized as follows: As the mist feeding rate increased, the arc voltage and length increased.

This was due to the stronger drag force. On the other hand, the arc was not observed from a side
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view at a lower mist feeding rate of 45 mg/s with lower arc voltage. This results from the low
mist feeding rate. The arc fluctuation was in a restrike mode by low arc current and high feed rate
in this study, by which the arc reattachment process could also be observed.

The arc temperature distribution was visualized by a high-speed video camera and band-pass
filters based on the Boltzmann plot method. The temperatures higher than 6,000 K and 9,000 K
area were increased. This is due to the increase of the arc voltage as well as heat convection. It
was feasible to control the arc fluctuation and area with a high temperature through a flow
parameter. Based on the study, the water plasma with a mist generation system could play a

potentially crucial role in the practical application of waste treatment.
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Table 2.1. Experimental conditions for the investigation of arc characteristics.

Pressure [kPa] 101.3 (Atmosphere Pressure)
Temperature [°C] 25

Arc Current [A] 6.0

Mean Arc Voltage [V] 130-200

Plasma Supporting Gas Water, Ethanol
Ethanol Solution Concentration [mol%] 5.0
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Table 2.2. Nomenclature of emission-intensity equation.

Iy Emission intensity (p to q level) [-]
Apq Transition probability (p to q level) [s!]
2 Statistical weight [-]
S Radiant sensitivity for CCD [mA/W]
A Wavelength [m]
h Planck's constant [J - s]
c Light speed [m/s]
n Number density [m~]
U Partition function [-]
E, Excitation energy [eV]
ks Boltzmann constant [eV/K]
T Excitation temperature [K]
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Fig. 2.8. (a) Synchronized waveform of arc voltage and (b) high-speed snapshots at mist feeding
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3. Decomposition of N, N-diethyl-m-toluamide by Water

Plasma

3.1 Introduction

Pharmaceuticals and personal care products (PPCPs) have drawn considerable attention for
therapeutic and beauty in day-to-day life, including in a broad range of medicines, cosmetics, and
detergents for both humans and veterinary [1]. However, they have been widely detected in rivers,
groundwater, urban areas, and even in drinking water around the world due to extensive use and
continuous discharge into the aquatic system through bathing, excretion, and sewage treatment
plants [2]. Therefore, PPCPs have been considered as emerging contaminants (ECs) [3].

N, N-diethyl-m-toluamide, commonly known as DEET, has been broadly adopted as a primary
insect repellent among PPCPs for more than a half-century, protecting humans and animals from
mosquitoes and other blood-sucking insects [4]. The physicochemical properties of DEET are
shown in Table 3.1. Due to its effectiveness and low cost, it has been extensively employed by
means of sprays, balms, and gels, which is however followed by unintentionally washing off and
excretion into the waterway via sewage effluent [5]. Therefore, it became one of the organic
chemical contaminants polluting the marine environment around the world.

DEET was one of the highest detected PPCPs in South Florida’s surface, USA, and Taiwan
waters [6,7]. Furthermore, DEET has many adverse effects such as carcinogenic properties,
seizures, skin irritation, and hypotension for human health [8]. In particular, it is hardly
biodegraded for biorefractory, persistence, and ecotoxicological effects [9]. For this reason, DEET
has been decomposed by some methods such as dielectric barrier discharge (DBD) plasma-

ozonation [10] and advanced oxidation processes (AOPs) [11,12]. However, the ozone in DBD
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plasma played a minor role in the plasma [13], and the AOPs have some disadvantages of high
operation cost, low energy yield, and low degradation rate, respectively. Hence, an improved
water treatment technique for the decomposition of DEET is very essential.

Water thermal plasma has received much attention in a view of the treatment of organic wastes.
The water molecule offers higher plasma enthalpy and thermal conductivity than those of
commonly used plasma gases such as N», O,, and Ar as discussed in section 2.1. This is thus
followed by higher heat transfer to the waste material for decomposition. Moreover, a large
number of reactive radicals, such as ‘H, O, and -OH, as well as high temperatures were provided
[14]. In particular, the radicals accelerate the chemical reactions, produce a large amount of syngas
like H, and CO, and suppress byproduct formation.

In this study, the decomposition of DEET was investigated using DC water plasma with mist
generation at atmosphere pressure under different three arc currents. The aims of this research
were: (i) to analyze effluent gas and liquid quantitatively and qualitatively; (ii) to verify radical
species from the water plasma; (iii) to identify intermediate products using the ESI-MS analytical

method; (iv) finally to propose decomposition mechanism of DEET.

3.2 Thermodynamic Consideration

3.2.1 Method

Thermodynamic consideration has been attracting much attention in waste treatment and
biomass gasification processes to better understand and design the decomposition process and the
optimization of decomposition conditions [15,16]. There are two methods for modeling
thermodynamic equilibrium: one is the stoichiometric method based on stoichiometric reactions,

and the other one is the non-stoichiometric method based on the minimization of the total Gibbs
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free energy in the system.

The non-stoichiometric thermodynamic equilibrium model has been widely applied in thermal
plasma waste treatment process because thermal plasma is regarded as the plasma that is in or
close to local thermodynamic equilibrium (LTE) [17]. In order to forecast and design the DEET
decomposition process, thermodynamic equilibrium in various decomposition systems was
calculated using FACT (Centre for Research in Computational Thermochemistry, Canada). FACT
is a computer program, linked to a database, for finding the chemical equilibrium in gas mixtures
by minimizing the Gibbs free energy. The calculations were performed using a software FactSage

7.2 (ThermFact Inc., Canada) in this study.

3.2.2 Result of Thermodynamic Calculation

Thermodynamic analysis for a mixture of DEET and water plasma was calculated to determine
equilibrium compositions within the temperature range of 500-10,000 K with atmosphere
pressure conditions. The equilibrium compositions of 2000 ppm DEET are presented in Fig. 3.1.

The DEET conversion was 100%, indicating that the possible products determined are
molecules more thermodynamically stable than DEET, i.e., they show lower values of the Gibbs
free energy. An increase in H,, CO, H, O, and OH concentrations and a decrease of H,O were
shown with a gradual increase in temperature from 1700 K. As the temperature increased further
over 3200 K, H,O was fully dissociated into H and O atoms which suppress undesirable byproduct
formation. Solid carbon was not included in the calculation. Instead, CO and CO; were formed
by the reaction of carbon atoms in the DEET molecule with O radicals due to the oxidative

environment. Moreover, N, gas was produced by fracture of the C—N bond.

3.3 Experimental
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3.3.1 Experimental Setup

The water plasma system equipped with mist generator is shown in Fig. 3.2. The water plasma
torch is a non-transferable DC arc type. The anode and cathode were coaxially designed, where
the gap between electrodes was fixed to 2.0 mm for generating a steady-state plasma. The hafnium
with 1.0 mm in diameter can prevent erosion of the cathode in an oxidative atmosphere. An
ultrasonic generator embedded on the bottom of the torch generates an ultrasonic wave
transmitted to the solution surface at a frequency of 2.5 MHz, by which an immediate mist is
formed. Further descriptions of the torch can be found in section 2.2.1.

After arc ignition, the generated mist is directly supplied to the discharge area and subsequently
heated and dissociated. Then, water plasma is discharged. Then, the mist is evaporated by the high
heat flux of the arc discharge, and the produced hot gases can be rapidly quenched in the reaction
tube and separated into the gaseous, liquid, and solid phases.

Experimental conditions for the decomposition of 2000 ppm DEET are shown in Table 3.2.
The concentration of DEET solution was fixed at 2000 ppm in the whole experiment, and the
volume of DEET solution was adjusted at 55 mL by a feed pump during all experiments. The
power of the mist regulator was set at the one position of the maximum for mist generation. The
torch was operated at an arc current of 6.0, 7.5, and 9.5 A corresponding to the discharge voltage
from 146 to 178 V with an exit centerline plasma velocity from 5.6 x 102 to 7.6 x 10> m/s. Each
run was operated for 10 min at room temperature and atmospheric pressure. Each experiment was

performed at least three times for reproducibility.

3.3.2 Analytical Methods

3.3.2.1 Effluent Gas Analysis
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The effluent gas during decomposition of 2000 ppm DEET was analyzed quantitatively and
qualitatively. The quantitative analysis for the effluent gas was conducted by gas chromatography
with a thermal conductivity detector (GC-TCD, GC- 14B, Shimadzu, Japan) and a Shincarbson
ST 50/80 (6 m x 3.0 mm) packed column (Shinwa Chemical Industries Ltd, Japan). Individual
gases (Hz, N2, CO, and CO,) with high purity (99.9%) purchased from GL sciences were used as
standards. Pure Ar gas (> 99.999%) was used as the carrier gas. The measurement condition is
shown in Table 3.3.

Hydrocarbon products were qualitatively identified using a quadrupole mass spectrometer
(QMS, Ametek, Dycor Proline, USA) in combination with a Faraday detector. The measurement
condition for QMS analysis is presented in Table 3.4. The effluent gases were directly introduced
into the inlet hole of the QMS from the reaction tube where the gases were separated according
to their mass/charge (m/z) ratio by electron impact ionization (EI). The ionization energy of 70

eV was applied for EI.

3.3.2.2 Effluent Liquid Analysis

The effluent liquid was analyzed by UV-visible (UV-Vis) spectrophotometer. The measurement
condition is shown in Table 3.5. The UV-Vis absorption spectra for effluent liquid were monitored
over wavelengths of 190-900 nm by UV-Vis spectrophotometer (V-550, Jasco, Japan). Each
sample of 2.5 mL was prepared in a quartz tube and the absorbance changes were measured at
286 nm, which was performed following the establishment of standard curves using 500, 1000,
1500, 2000, 3000, and 4000 ppm DEET solutions as shown in Fig. 3.3.

The amount of carbon in the effluent liquid was tested with a total organic carbon analyzer
(TOC-V CSN, Shimadzu, Japan) with a non-dispersive infrared (NDIR) detector. The detailed

measurement condition is shown in Table 3.6.
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Mass balance was calculated to obtain the generation rate of gas, liquid, and solid phases at

different arc currents as follows:

F [mg/s] = (My + M) ; (M, + M3)

=Gy + G, + G, 3.1
where F'is the feed rate of the DEET solution (mg/s), My and M; are the masses of raw 2000 ppm
DEET solution before treatment in the beaker and torch (mg), respectively. M> and M; are the
masses of remained liquid in the beaker and torch after treatment (mg), respectively. ¢ is operation
time (s). Gy, G, and G, denote mass generating rates for solid, liquid, and gas as products (mg/s),
respectively. Here, G, was measured by a soap film flowmeter.

Furthermore, carbon balance was calculated based on GC results for the generated gas and TOC
data for the liquid effluent to trace carbon from the feeding liquid to the products. The carbon
balance can be expressed with the mass fraction of carbon (x;) as follows:

Fxs [mg/s] = Gsxs + Gix; + Ggxg 3.2)
where xr is the carbon mass fraction of the feeding liquid. xs, x;, and x, are the carbon mass
fractions of the generating solid, liquid, and gas, respectively. x; is determined by the
concentration of the DEET solution, and x; and x, can be calculated from the measured TOC and
GC data. Herein, x; = 1 was used with the assumption of pure solid carbon product for carbon
mass fraction in solid due to a negligible low amount.

Measurement of G, and G; is difficult because some solid carbon and liquid remaining on the
cooling reaction tube could not be sampled completely after the decomposition experiment.
Therefore, G, and G; were deduced from Eq. (3.2) as follows:

F(1—x7) — G(1 - x,)

Gy [mg/s] = ——5—— (33)
G, [mg/s] = F — G, — U= xfl) :Z(l ~ %) (3.4)

As a result, the generation rate and carbon balance were calculated by the above equations
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and experimental results.

3.3.2.3 Decomposition Rate, Mineralization, and Energy Yield
The DEET decomposition and TOC reduction rates were calculated from analysis results as

discussed in the previous section, respectively, as follows:

I, —1
DEET decomposition rate [%] = OI X 100 (3.9

o

where /, and / are the measured peak intensities of DEET for the initial 2000 ppm DEET solution

and for the effluent liquid, respectively.

T, —

TOC reduction rate [%] = T x 100 (3.6)

o

where T, and T are the TOC values for the initial 2000 ppm DEET solution and for the effluent
liquid (ppm), respectively.
Furthermore, the energy yield for the water thermal plasma torch explained as the amount of

DEET degraded per kWh of energy consumed was estimated as follows:

) (G —CO)xV
Energy yield [g/kWh] = —=——— =

3.7
where C, and C are the initial and final concentration of the DEET (mg/L), Vis the treated solution

volume (L), P is the electrical power (kW), ¢ is the reaction time (h) and the value of 1000 refers

to the conversion factors from mg to g of the DEET concentration.

3.3.2.4 Intermediate Products Analysis

Intermediate products (IPs) generated during the decomposition of 2000 ppm DEET were
determined via a high-resolution quadrupole time of flight mass spectrometer (QTOF, micrOTOF-
Q III, Bruker, USA). The molecules in the liquid effluent were ionized by the electrospray
ionization (ESI) method. This is called “soft” ionization due to it produces minimum fragments

in the ionization process [18]. The m/z was scanned in a range of m/z 50—-1000 in positive mode.
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Measurement condition of QTOF is shown in Table 3.7. The solvent consisted of methanol and
ultrapure water (50/50, v/v). Samples were injected at a flow rate of 1.0 mL/min by a syringe
pump after adjusting the concentration of 10 ppm with a solvent. Electrospray conditions were
the following: capillary, 4500 V; collision energy, 30 eV; nebulizer, 3 bar; N> drying gas, 8 L/min;
dry gas temperature, 200°C. In addition, the calibration was performed using SmM sodium

formate (HCOONa) before analysis of effluent liquid as shown in Fig. 3.4.

3.3.2.5 Spectroscopic Diagnosis and Temperature Measurement

The spectroscopic diagnosis was conducted for the investigation of reactive species and
temperature measurement as introduced in section 1.4.2.1. The reactive species from water
thermal plasma discharge were determined using an optical emission spectrometer (OES, iHR550,
HORIBA Jobin Yvon, Japan) as illustrated in Fig. 3.5. Also, the measurement condition of the
optical emission spectrometer for detection of reactive species is shown in Table 3.8.

The emission spectra of plasma were collected to a charge-coupled device (CCD) through an
optical fiber. The measurement point was kept at a point on the inner side of the nozzle exit. The
excitation temperatures were calculated by the Boltzmann plot through H, and Hg atom lines

because the 2000 ppm DEET solution almost consists of water.

3.4 Results

3.4.1 Effect of Arc Current on N, N-diethyl-m-toluamide Decomposition
The generation rates in liquid, gas, and solid according to different arc currents are shown in
Fig. 3.6, where the solid generation rate was calculated via mass balance and solid was estimated

as 100% carbon [19]. The liquid and gas generation rates including the feed rate increased with
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an increase of arc current. This results from an increase of total input energy, which is followed
by larger Joule heating at a higher arc current. Here, Joule heating is defined as thermal energy
generated when an electrical current travels through a resistive material. In this system, the current
passes through the cathode rod in this system and the cathode rod is in contact with the solution.
Therefore, the solution can be heated and evaporated in the plasma torch, thus accelerating the
evaporation and dissociation of water molecules at a higher arc current. Finally, an enhanced
radical reaction occurs, which increases the generation of effluent liquid and gas as well as the
feed rate.

In contrast, the solid carbon generation showed a reduction, where mean generation solid rates
were 42.3, 42.1, and 39.6 pg/s at the arc current of 6.0 A, 7.5 A, and 9.5 A, respectively. This is
elucidated by higher gas generation through the reaction of promoted O radicals with carbon

atoms from DEET molecules at a higher arc current.

3.4.2 Analysis of Effluent Gas

The mass spectra from QMS analysis were obtained from the effluent gas at various arc currents
as shown in Fig. 3.7. H,, C, CH4, H20, N2 or CO, and CO- were identified in all cases as indicated
by 2 (H."), 12 (C*), 16 (CH4"), 18 (H20%), 28 (N2* or CO*), and 44 (CO,"), respectively. Moreover,
the peaks of 14 (CH,"), 29 (HCO"), 30 (NO"), and 45 (HCOOQO") corresponding to the CH4, HCHO,
NO, and HCOOH were identified as incomplete decomposed intermediates, where HCHO and
HCOOH are considered as byproducts from the DEET decomposition [20]. The intensities of H»
and CO; gradually increased, while incomplete decomposed intermediates decreased according
to the increase of arc current. This is due to a stronger oxidation atmosphere at a higher arc current.

The quantitative effluent gas composition according to different arc currents is shown in Fig.

3.8. H> (45.3-55.5%), CO, (11.2-12.7%), CO (14.0-15.5%), and N (17.8-27.9%) were obtained
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as major gas products. Note that remarkable agreement between measured and equilibrium gas
compositions was qualitatively achieved as final products as discussed in section 3.2.2, suggesting
that the water plasma provides the environment close to thermodynamic equilibrium. The mole
fractions of Hz and CO; gradually increased as arc current increased, whereas those of CO and N
showed a decreasing tendency. This result is attributed to higher evaporation and dissociation of
water molecules by larger Joule heating at an increased arc current as discussed in the previous
section. Furthermore, the influence of the Joule heating is assumed to be larger under the condition

of fixed solution volume during experiments in this study.

3.4.3 Analysis of Effluent Liquid

The effect of arc current on the carbon balance is depicted in Fig. 3.9. The carbon balance is a
proportion of carbon amount for each phase (gas, liquid, and solid) to the total carbon amount in
2000 ppm DEET solution in unit time [19]. Carbon accounting for 35.3-38.1% of the 2000 ppm
DEET solution was converted to the solid phase. The amounts of carbon decreased in both solid
and liquid phases with the increase of arc current, indicating that a larger amount of DEET was
decomposed. In contrast, carbon amounts increased in gas phases: CO and CO; gases. This is
because of the large formation of O radicals from water molecules. This result is in accord with
the TOC value which is discussed in the following paragraph.

UV-vis absorption spectra for 2000 ppm DEET solution and effluent liquid were monitored in
Fig. 3.10. Compared to the 2000 ppm DEET solution, the peak of DEET at 286 nm was
dramatically decreased after decomposition. Moreover, the intensity of the peak decreased with
an increase of arc current, which indicates that a higher decomposition of DEET was achieved at
a higher arc current. Note that the red-shifted peak at near 350 nm was detected in all three

conditions. Recently, Homlok et al. [21] reported that radicals such as ‘H and ‘OH react with the

95



3. Decomposition of N, N-diethyl-m-toluamide by Water Plasma

aromatic ring at the 300-340 nm range of wavelength. It has also been found that such a red-
shifted peak appears when ‘OH was an addition to the aromatic ring in the DEET molecule [22].
‘OH is also well known as an initial attack on the aromatic ring [23]. It is therefore expected that
the peak near 350 nm is the hydroxylated intermediate compound formed during the DEET
decomposition. Interestingly, the change tendency of this absorbance at 350 hm was similar to
that of DEET at 286 nm with different currents, demonstrating that the decomposition of DEET

further proceeded toward the next decomposition stage at a higher arc current.

The TOC reduction, DEET decomposition rate, and energy Yield at various arc currents are
presented in Fig. 3.11. To calculate energy Yield, the mean arc voltage was also measured using
an oscilloscope as shown in Fig. 3.12. The TOC reduction rate increased from 69.7% to 91.4%
with the increase of arc current owing to the promoted formation of CO and CO; gases. The DEET
decomposition rate shows as high as 86.7-94.8%. The highest decomposition rate was shown at
the arc current of 9.5 A. This is attributed to high input energy as well as higher temperature,
which then promotes more active chemical reactions by radicals. Consequently, this result
evidently demonstrates that arc current may have a considerable impact on organic waste

treatment.

3.4.4 Identification of Intermediate Products

Intermediate products (IPs) in the effluent liquid after decomposition were identified as shown
in Fig. 3.13. The DEET molecule was not detected in all cases after decomposition compared to
the 2000 ppm DEET solution, indicating that a high degree of decomposition was achieved as
stated in the previous section. The ESI-MS spectra were mainly dominated by two main peaks,

that is, m/z [M + H] * = 128 and m/z [M + H] * = 227, where the intensities were noticeably
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changed according to the arc currents. It is demonstrated that the DEET was further decomposed

to smaller IPs at a higher arc current.

3.4.5 Investigation of Reactive Species

Spectroscopic measurement was conducted to investigate not only excited species but also the
decomposition mechanism as presented in Fig. 3.14. Excited species such as C (247.9 nm), OH
(306.4 nm), Cu (318.5 nm), CH (388.8 nm), H;s (408.2 nm), H, (434.0 nm), Hp (486.1 nm), and O
(777.9 and 845 nm) were distinctly observed at nozzle exit during the decomposition of 2000 ppm
DEET solution. The emission peaks of H, OH, and O was caused by the electron collision with
H>O molecules as well as the thermal dissociation of H,O molecules in the plasma [24]. In
particular, the emission intensities of H, OH, and O increased by the increase in arc current,
proving that higher oxidative and/or reductive environments were achieved due to higher plasma
temperatures. The peak of Cu was attributed to vaporization and erosion of the anode and cathode

materials.

3.5 Discussion

3.5.1 Plasma Temperature Measurement

The plasma temperature was measured using the intensities of H, and Hg atom lines by the
Boltzmann plot method. The spectroscopic measurement result is shown in Fig. 3.15.
Furthermore, as evidence for the DEET decomposition mechanism, the plasma temperature
according to the arc currents was calculated as shown in Fig. 3.16. In the water plasma, three
regions largely exist in sequence according to the temperature gradient from the cathode: (a) arc
region, (b) plasma flame region, and (c) downstream region [25]. Herein, the plasma temperature
measured in our study is expected to be highly close to that in the arc region. This is because the
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measurement point is at a point on the inner side of the anode exit where anode arc attachment
occurs as shown in Fig. 3.5.

The result showed that the plasma temperature increased with an increase of arc current in a
range of 6700-8700 K. Therefore, we can conclude that the higher arc current in the water plasma
undoubtedly has a decisive impact on facilitating the formation of larger reactive species and a
higher decomposition rate. Based on the plasma temperature, the decomposition mechanism is
deliberated in the next section. Meanwhile, the excitation temperature was lower than that of pure
water because of decomposition energy for DEET. Despite being slightly decreased, the

temperature is sufficiently high to decompose organic compounds [26].

3.5.2 Decomposition Mechanism of N, N-diethyl-m-toluamide

The ESI-MS result on the detected intermediates gives the identification of the possible 17 IPs
from DEET molecule with different values of m/z summarized in Table 3.9. The proposed IPs
include some molecules provided in the literature where *OH or ‘O was the main reactive source
for DEET decomposition [20,22,27,28]. Taking into consideration the identified IPs formed
through complicated chemical reactions along the three regions in the water plasma, a tentative
decomposition mechanism is proposed in Fig. 3.17 and discussed below.

Two of the IPs: IP 1-A, IP 1-B, and IP 2 may be formed through the arc region and plasma flame
region, where electron dissociation and radical reaction are the main reactions. First, C-N bond
fragmentation via electron impact occurs in the arc region due to high electron energy density in the
arc column [29] and low bond energy, resulting in the loss of one ethyl group (-CH>CHs) bonded
to the nitrogen atom. Subsequently, hydroxylation preferentially occurs for IP 1-A because ‘OH has
a high electrophilic characteristic and is one of the most powerful oxidizing radicals [30], which is

followed by a reaction with ‘O and ‘H. However, the occurrence location of the hydroxylation on
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the aromatic rings could not be decided for our analytical limitation. IP 3 and IP 4 are also generated
from O oxidation and simultaneous dealkylation. On the other hand, IP 1-B as an isomer of IP 1-A
would be produced with a ring-opening reaction by continuous ‘OH attack. The 5 C in the DEET
structure shown in Table 3.1 has the largest negative charge (—0.78) which acts as the electron
donation [21]. In addition, 5 C is the point with a relatively lower average local ionization energy
(9.47 eV) compared to other bonds [31], by which the feeblish site can be predictable. Therefore, it
is deduced that the ring opening potentially occurs by electrophilic *OH.

IP 5 is derived from the hydroxylation of IP 1, which also has two isomers. IP 5-A is attributed
to hydroxylation and further ring opening from IP 1-B. In the same way, IP 5-B including IP 8
can be generated from IP 1-A by hydroxylation and dealkylation. Herein, it should be noted that
IP 1and IP 5 were apparently an inverse proportionality as main intermediate products at different
arc currents as mentioned in Fig. 3.13. The evidence suggests that -OH reacted more actively with
DEET molecules with an increase of arc current, which is followed by smaller molecules.
Consequently, electron dissociation and hydroxylation are mainly responsible reactions, and
hence IP 1 and IP 5 are believed to be key intermediates at the early stage of the DEET
decomposition.

For the further reaction, IP 6 can be formed through the removal of the amine group due to the
feeblish C-N bond, followed by oxygenation. IP 7 corresponding to pyruvic acid could be
produced by the elimination of methyl group and additional hydroxylation as a short-chain
saturated carboxylic acid product. In addition, IP 9 corresponding to N, N-diethyl-formamide
could be formed from both IP 5-B and IP 8 through the elimination of the aliphatic chain. Since
there are also lots of H radicals in the water plasma at the same time, the O atom in the C—O
bond in IP 7 could react with H radical for dehydration and form IP 10. Consecutive dealkylation

and hydroxylation of the IP 10 would lead to HCOOH and HCHO (namely, formic acid and
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formaldehyde) mentioned in Fig. 3.7. Also, the dealkylation of IP 9 by H radical reaction could
give IP 11. Finally, these molecules would go through further oxidation up to the final products
(H20, Hz, N2, CO;, CO) in the downstream region.

The bonding between the aromatic ring and the methyl group would be easily attacked by
radicals due to the relatively weak bond [10]. Therefore, the methyl was first hydroxylated into
the alcohol group and subsequent oxidation led to IP 12. IP 13 could be also produced through
more oxidation of the alcohol to the aldehyde group. Subsequently, IP 14 would be formed with
evolution to aldehyde and loss of the diethylamine group. The detached diethylamine product
may be further oxidized for the generation of N, gas. Thereafter, with the reduction of the
aldehyde group by ‘H in IP 14 for dehydration and H, generation, IP 14 also could result in the
formation of IP 4. Then, these would be oxidized to form gases in the downstream region.

Recalling to Fig. 3.13, a fragment ion (m/z [M] * = 119) from the protonated DEET molecule
was observed, which was from the loss of the diethylamine group. This may be attributed to the
influence of energetic collisions at the collision cell in this work [32-34]. Therefore, some
fragment ions could be also observed such as IP 15, IP 16, and IP 17 as shown in Table 3.9, which

are particularly the same as products in the electron ionization mass spectrum of DEET [35].

3.6 Comparison of Experimental Results with Other Works

Table 3.10 shows some different processes for the treatment of DEET for the purpose of
comparing performance assessment. Water plasma shows a higher percentage of degradation even
at higher initial concentration and in shorter reaction time than other processes. Water plasma also
has a higher energy yield without other additive chemicals. This result is ascribed to a one-step

decomposition process and direct generation of radicals from the DEET solution.
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3.7 Conclusion

The decomposition of a high concentration of N, N-diethyl-m-toluamide (DEET) was
successfully achieved by water thermal plasma with mist generation at atmosphere pressure and
a detailed decomposition mechanism of DEET was explained. The main remarks are drawn as
follows.

The relationship between operational arc currents and DEET decomposition was discussed in
detail. Major effluent gases were H,, CO-, CO, and N, and the contents of H, and CO; increased
at a higher arc current due to an enhanced oxidative environment. The highest TOC reduction rate
of 91.4% and decomposition rate of 94.8% were obtained at an arc current of 9.5 A with an energy
yield of 0.3 g/ kWh within 10 min treatment.

A possible decomposition pathway was deduced based on the identification of intermediate
products by optical emission spectroscopy (OES), UV-Visible (UV-Vis) spectroscopy, and
guadrupole time of flight mass spectrometer (QTOF-MS). The H, O, and OH as reactive species
generated by the dissociation of water molecules were verified, and the hydroxylated DEET was
clearly observed in the UV-vis spectra. The ESI-MS results showed that seventeen main
intermediates were identified, and the plasma temperatures were estimated at over 8000 K. Based
on the intermediates and plasma temperature, the decomposition mechanism was proposed in
detail. Electronic dissociation and hydroxylation were predominant factors for the ring opening
at the early stage of decomposition. Afterward, O and H radicals were mainly proceeded for
dealkylation and dehydration, respectively.

Based on our results, the water plasma with mist generation system could be a practical

application for harmful wastewater treatment as well as syngas production.
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Table 3.1. Physicochemical properties of DEET.

Molecular Structure

Molecular Formula

Chemical Name

Molecular Weight [g/mol]

Wavelength of Maximum Absorbance [nm]
Melting Point [°C]

Boiling Point [°C]

Specific Gravity [-]

Water Solubility at 25 °C [mg/L]

(o]
N
SN

C _H_NO

12 17
N, N-diethyl-m-toluamide

191.274

286

-33
288-292

0.999
912
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Table 3.2. Experimental conditions for the decomposition of DEET.

Pressure [kPa] 101.3 (Atmosphere Pressure)
Temperature [°C] 25

Arc Current [A] 6.0,7.5,9.5

Mean Arc Voltage [V] 146 —-178

Plasma Supporting Gas Water, DEET

DEET Solution Concentration [ppm] 2000
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Table 3.3. Measurement conditions of gas chromatograph for effluent gas analysis.

Equipment GC-14B (Shimadzu, Japan)
Detector Thermal Conductivity Detector (TCD)
Inner Diameter [mm] 3.0
Column Length [m] 6.0
Column Packed Column-Shincarbon ST
Carrier Gas Argon (99.9%)
Pressure of Carrier Gas [kPa] 700
Column Temperature [°C] 160
Injection Temperature [°C] 200
Detector Temperature [°C] 220
TCD Current [mA] 50
Injection Gas Volume [mL] 0.6
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Table 3.4. Measurement conditions of quadrupole mass spectrometer for effluent gas analysis.

Equipment DyCor ProLine (Ametek, USA)
Mass Analyzer Quadrupole Analyzer
Detector Faraday Detector

Inlet Heater Temperature [°C] 80

Pressure in Chamber [Torr] 5x 10'6

lonization Source Electron Impact
lonization Energy [eV] 70
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Table 3.5 Measurement conditions of UV-vis spectrometer for effluent liquid analysis.

Equipment V-550 Spectrophotometer (Jasco, Japan)
Cuvette Quartz Tube

Sample Volume [mL] 2.5

Detection Range [nm] 190-900

Absorbance Wavelength of DEET [nm] 286
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Table 3.6. Measurement conditions of total organic carbon for effluent liquid analysis.

Equipment TOC-L (Shimadzu, Japan)
Carrier gas Air (99.9%)

Flow Rate of Carrier Gas [mL/min] 150

Combustion Temperature [°C] 680

Dehumidifier Temperature [°C] 0.6

Detect Method NDIR (Non-dispersive infrared detector)
Injection Volume [pL] 150

Injection Time [-] 3
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Table 3.7. Measurement conditions of quadrupole time of flight mass spectrometer for

intermediate products analysis.

Equipment micrOTOF-Q III (Bruker Daltonics, USA)
m/z scan range [-] 50-1000

Solvent (v/v) Methanol : H,O =50 : 50
Sample Concentration with 0

Solvent [ppm]

Flow Rate of Sample [mL/min] 1

Capillary [V] 4500
Nebulizer [bar] 3

Flow Rate of Dry Gas [L/min] 8 (N2)

Dry Gas Temperature [°C] 200

Collision Energy [eV] 30
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Table 3.8. Measurement conditions of optical emission spectrometer for detection of reactive

species.
Equipment iHR550 (Horiba Jobin Yvon, France)
Detector Charge-Coupled Device (CCD) (1024x256)
Exposure Time [s] 0.02
Entrance Slit [mm] 0.03
Grating [gr/mm]| 150
Distance between Plasma and Lens [cm] 45
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Table 3.9. Intermediate products identified by QTOF-MS.

Products Molecular Proposed Structure Molecular ions
Formula (m/z)[M+H] "
DEET Ci1oH17NO 0 192.1392
NN
N
IP 1-A C11H17NO4 HO ? 227.1252
HO N7
HO H
HO
IP 1-B C10H13NOs i 227.1252
HoZ NS
Ho% K
OH
IP2 CoH11INO 9 150.9773
N/
H
IP 3 CsHgO» 135.0037
1P 4 C7Hs0 109.0979
IP 5-A C7HisNO 0 128.9541
-
N
1P 5-B C7H13NO o 128.9541
NN
L
IP6 C4HeO2 o 87.0455
T
1P 7 CsH403 88.979
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Table 3.10. Comparison of the performance of DEET decomposition with other processes.

Initial
Decomposition Additive  Energy yield
Process concentration Tr (min) Ref.
rate (%) chemicals (g/kWh)
(ppm)

Water plasma 2000 10 94.8 None 0.3 This study
DBD 20 27 76.8 O3 0.27 [10]
AOPs 0.5 60 75.4 NHCl 0.0005 [11]
AOPs 0.2 20 90 Cl 0.013 [12]
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Fig. 3.1. Thermodynamic equilibrium composition of 2000 ppm DEET.
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Fig. 3.3. (a) UV-vis spectra of various concentrated DEET solution and (b) the calibration curve.
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Fig. 3.9. Carbon balance calculated from each phase after decomposition of 2000 ppm DEET.
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4. Decomposition of Caffeine by Water Plasma

4.1 Introduction

Emerging contaminants (ECs) are widely detected and ubiquitous in environments around the
world, which include a wide range of natural and chemical compounds, such as pharmaceuticals
and personal care products (PPCPs), endocrine-disrupting chemicals (EDCs), hormones, food
additives, and surfactants [1,2]. The extent of ECs is currently larger and expanding with the
introduction of new chemicals [3].

Of all the ECs, Caffeine (CAF) is the most widely used psychoactive legal drug worldwide and
has been regarded as the first frequently consumed drug worldwide [4,5]. The physicochemical
property of CAF is shown in Table 4.1. CAF is also in many consumed beverages and foods such
as tea, energetic drinks, chocolate, and especially coffee in our daily life [6,7]. Moreover, the
average CAF consumption reaches about 70 mg/person in a day worldwide [§]

CAF however has been highly detected in the environment through the residues of consumed
caffeine, disposal into the sink, excretion via urine, and inappropriate treatment of expired CAF-
containing drugs in households and hospitals [9]. For this reason, CAF was the highest
concentration in the seawater of other countries such as the USA, Australia, Portugal, Japan, and
China, with concentrations ranging from 3 to 11 mg/L. Therefore, CAF was adopted as a chemical
marker for wastewater.

CAF has also a negative impact on the environment and human health. Aquatic organisms in
the environment are disturbed due to its toxicity, bioaccumulation, high solubility, and low
octanol-water partition coefficient [10,11]. Simultaneously, it poses serious health risks in

humans such as osteoporosis, cardiac arrhythmia, muscular instability, and the causation of
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various cancers [12,13]. Thus, it is necessary to seek another effective approach for CAF
treatment due to its extensive consumption, and conventional low-grade sewerage infrastructure
and sewage treatment [14].

Water plasma has been considered as one of the most promising waste treatments as discussed
previous chapter. First and foremost is that the water molecule allows higher plasma enthalpy and
thermal conductivity than those of general plasma gases such as Ar, N», and O,, which is hence
followed by higher heat transfer into the treated wastes [15]. Secondly, a considerable quantity of
highly reactive radicals such as H, O, and OH generated by high temperature catalyze various
homogeneous and heterogeneous chemical reactions.

Herein, the decomposition of CAF using the DC water plasma with mist generation was
experimentally investigated. The experiments were conducted under different three arc currents
at the constant CAF concentration. The effluent gas and liquid were analyzed quantitatively and
qualitatively. Moreover, radical species generated from the water plasma were verified, including
measurement of plasma temperature. Additionally, intermediate products were identified by
electrospray ionization-mass spectroscopy (ESI-MS) and finally, the decomposition pathway was

proposed.

4.2 Thermodynamic Consideration

The thermodynamic calculation method can be found in Chapter 3. Thermodynamic analysis
for a mixture of CAF and water plasma was calculated to determine equilibrium compositions
within the temperature range of 1000-9000 K with atmosphere pressure conditions. The
equilibrium compositions of 20 g/L. CAF are presented in Fig. 4.1. The CAF conversion was
100%, indicating that the possible products determined are molecules more thermodynamically

stable than CAF, i.e., they show lower values of the Gibbs free energy. An increase of
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concentrations in H,, CO, H, O, NO, and OH were observed from 1700 K with thermal
dissociation of water molecules. At over 3000 K, H>O was fully dissociated into H and O atoms.
Also, a significant quantity of OH radicals was produced in a range of 2000—4000 K, with the
peak concentration at 3500 K. H, was produced by high degree of dissociation of H,O and rapid
quenching rate, and CO and CO, were formed by the reaction of carbon atoms in the CAF
molecule with O radicals due to the oxidative environment. Moreover, N> gas was produced by
fracture of the C—N bond. Particularly, many kinds of nitrogenous compounds such as NH, NH,,
NO, and NO;, with low concentrations were also produced, which is assumed to be a high

concentration of nitrogen in the CAF molecule and complex reactions with radicals.

4.3 Experimental

4.3.1 Experimental Setup

The water plasma system equipped with mist generation for decomposition of 20 g/l CAF
solution. A detailed description about experimental apparatus can be found in Chapters 3.

Experimental conditions for the decomposition of 20 g/LL CAF are shown in Table 4.2. The
concentration of CAF solution was fixed at 20 g/L in the whole experiments, and the volume of
CAF solution was adjusted at 55 mL by feed pump during all experiments. The power of the mist
regulator was set at the one position of the maximum for mist generation. The torch was operated
at an arc current of 6.0 A, 7.5 A, and 9.5 A corresponding to the discharge voltage from 119 to
137 V. Each run was operated for 10 min at room temperature and atmospheric pressure. Each

experiment was performed at least three times for reproducibility.

4.3.2 Analytical Methods
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4.3.2.1 Effluent Gas Analysis

The effluent gas generated during the decomposition of 20 g/L. CAF solution was quantitatively
analyzed by gas chromatography with a thermal conductivity detector (GC-TCD, GC-14B,
Shimadzu, Japan) and a Shincarbson ST 50/80 (6 m x 3.0 mm) packed column (Shinwa Chemical

Industries Ltd, Japan). Pure Ar gas (> 99.999%) was used as the carrier gas.

4.3.2.2 Effluent Liquid Analysis

The concentration of CAF after decomposition was determined by high-performance liquid
chromatography (HPLC, V-550, Jasco, Japan) at a wavelength of 294 nm with a UV detector
(UV-975) and an Inertsil ODS-3V (C18) (250 mm x 4.6 mm, 5 pum) column. The mobile phase
was acetonitrile and ultrapure water (75:25, v/v) at 40 °C with a flow rate of 0.8 mL/min. The
detailed analysis condition for HPLC is shown in Table 4.3, and the result of the calibration curve
with various concentrated CAF solutions is indicated in Fig. 4.2. The mineralization was
measured using a total carbon organic analyzer (TOC-L, Shimadzu, Japan) with the measurement
condition as shown in Table 4.4.

The quantification of ammonium ion (NH4") and nitrite (NOy) in the effluent liquid was
conducted by the well-known colorimetric assays: Nessler’s and Griess reagent methods,
respectively, using UV-vis spectrometer (V-550, Jasco, Japan). NH4* analysis was determined via
a mixture of Nessler’s reagent and 500 g/L potassium sodium tartrate tetrahydrate with the
measurement at 420 nm. The principle of Nessler reaction and calibration curve with various
concentrated CAF solutions were shown in Fig. 4.3 and Fig. 4.4, respectively. NO, was estimated
by Griess reagent (1:1 of 1% sulfanilamide in 5% phosphoric acid and 0.1% N-1-
naphthylethylenediamine dihydrochloride in 5% phosphoric acid) of which the absorbance was

acquired at 540 nm. Nitrate (NO3’) was then determined by using HPLC at 210 nm. The principle
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of Griess reaction and calibration curve with various concentrated CAF solutions for NO»
detection were shown in Fig. 4.5 and Fig. 4.6, respectively. The calibration curve for NOs™ is also
shown in Fig. 4.7. Every analysis of the above was performed using ammonium sulfate, sodium

nitrite, and nitrate solutions, respectively.

4.3.2.3 Decomposition Rate, Mineralization, and Energy Yield
The decomposition rate and mineralization of CAF after decomposition was determined by

HPLC and TOC as follows:

Co —

CAF decomposition rate [%] = c X 100 4.1

o

T, —

TOC reduction rate [%] = T x 100 4.2)

o

where C, is the initial concentration of CAF solution (g/L), C is the CAF concentration in the
effluent liquid (g/L), T, is the initial TOC value of CAF solution (ppm), 7 is the TOC value for
the effluent liquid (ppm).

The energy yield for the water thermal plasma torch explained as the amount of CAF degraded

per kWh of energy consumed was estimated according to the following equation:

(€, —O)xV

Energy yield [g/kWh] = T (4.3)

where C, and C are the initial and final concentration of the CAF (g/L), V' is the treated solution

volume (L), P is the electrical power (kW), ¢ is the reaction time (h).

4.3.2.4 Intermediate Products Analysis
Intermediate products (IPs) formed in CAF decomposition were identified using a high-
resolution quadrupole time of flight mass spectrometer (QTOF-MS, micrOTOF-Q IlI, Bruker,

USA). The spectra were obtained in the positive ion mode by electrospray ionization (ESI) and

137



4. Decomposition of Caffeine by Water Plasma

the m/z range was from 50 to 1000. Electrospray conditions are indicated in Table 4.5. The eluent

consisted of methanol and ultrapure water (50/50, v/v) and the flow rate was 1.0 mL/min.

4.3.2.5 Spectroscopic Diagnosis and Temperature Measurement

Optical emission spectra (OES) were measured to identify the excited species in the gas phase
during water plasma discharge using an optical emission spectrometer (iHR550, HORIBA Jobin
Yvon, Japan). The optical fiber was fixed to the nozzle exit and 45 cm away from the nozzle exit.
The excitation temperatures were calculated by the Boltzmann plot through H, and Hg atom lines.

Measurement conditions for the optical emission spectroscopy are shown in Table 4.6.

4.4 Results

4.4.1 Effect of Arc Current on Caffeine Decomposition

Figure 4.8 exhibits generation rates for liquid, gas, and solid where the solid was calculated
via mass and carbon balance [16]. The calculation method for the generation rates was explained
in section 3.3.2.2. The generation rates in the liquid and gas including the feed rate increased,
whereas that of the solid decreased with an increase of arc current. This is due to larger Joule
heating at a higher arc current, which accelerates higher evaporation and dissociation of water
molecules for CAF decomposition. Here, at lower arc currents at 6.0 A and 7.5 A, the generation
rate of solid is higher than that of gas, indicating that arc current has a significant influence on the

oxidative environment.

4.4.2 Analysis of Effluent Gas
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The gas composition generated during CAF decomposition is shown in Fig. 4.9. The main gas
products were H, (40.9-49.2%), CO, (10.0-10.2%), CO (19.3-21.3%), and N (19.3-29.8%). This
is good agreement with the equilibrium gas compositions qualitatively as a final product as shown
in Fig. 4.1. An increase of concentrations in Hz, CO, H, O, NO, and OH was observed from 1700
K with thermal dissociation of water molecules. At over 3000 K, H,O was fully dissociated into H
and O atoms. Also, a significant quantity of OH radicals was produced in a range of 20004000 K,
with the peak concentration at 3500 K. This denotes that the water plasma could provide a
thermodynamically beneficial condition for radical formation. The mole fractions of H,, CO, and
CO- increased as arc current increased, which is primarily ascribed to the significantly increased
O radicals formed by the dissociation of water molecules. In particular, the H,/CO ratio is in the
range of 2.1 to 2.3, which is highly suitable for the Fischer-Tropsch synthesis (H2/CO ratio > 2)
[17]. Therefore, the water plasma system could be potentially proposed for the synthesis of gas

and biofuel production.

4.4.3 Analysis of Effluent Liquid

The effect of arc current on the carbon balance is depicted in Fig. 4.10. The carbon balance is
a proportion of the total carbon amount for 20 g/L CAF solution to that for solid, liquid, and gas
in unit time. The solid products were estimated as 100% carbon. The amount of carbon in solid
showed no significant change, while those in gas and liquid were evidently changed. An increase
of the amount of higher carbon amount in gas at a higher arc current is attributed to a substantial
content of oxygen from dissociated water molecules. Carbons in the CAF molecules thus react
more with oxygen and results in higher production of CO and CO- than that of liquid.

The nitrogenous compounds presented in Fig. 4.1 were measured as evidence for the reaction

pathway of nitrogen and the CAF decomposition mechanism. The concentrations of ammonium
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ion (NH4"), nitrite (NOy), and nitrate (NO3") in the effluent liquid were determined in this study
as shown in Fig. 4.11. The amount of NH4* was the almost same for all arc currents, corresponding
to the thermal decomposition of NH3 due to high temperature [18]. On the other hand, the
concentration of NO, dropped and concomitantly NO3™ increased with the increase of arc current.
This can be explained by the formation mechanism in detail as follows: nitrogen oxide (NO) is
the dominant gas species under 3500 K which is considered to be an important intermedium for
NOx production through reactions with radicals. The NO is then oxidized into NO; and NO3 by
mainly OH and O radicals at lower temperature regions through the following reactions: (i) NO
+ 0 — NOg; (ii) NO + ‘OH — HNOy; and (iii) NO; + ‘OH — HNO; [19,20]. Afterward, the
generated NHs, HNO,, and HNO; would be dissolved in the liquid effluent due to the high
guenching effect in thermal plasma and in turn become stable aqueous compounds in the liquid
such as NH4*, NO-, and NOg', respectively [21]. Here, HNOs is required to be more oxidized than
that of HNO, proving that higher oxidation was achieved at a higher arc current and thereby
increasing the concentration of NOs'.

The TOC and CAF removal rates, and energy yield under different arc currents were studied as
shown in Fig. 4.12. The result of HPLC analysis for decomposition rate is indicated in Fig. 4.13.
With the increasing arc current from 6.0 to 9.5 A, the degradation rates were improved in not only
the TOC reduction rate from 84.5% to 91.1%, but also in the CAF decomposition rate as high as
97.1-99.8%; thus, the oxidation of CAF molecules was enhanced at higher arc current. On the
other hand, the removal rate for TOC is lower than that of CAF, reflecting the formation of various
smaller organic intermediates. To calculate energy yield, the mean arc voltage was also measured
using an oscilloscope as shown in Fig. 4.14. The energy yield decreased with the increasing
decomposition rate. This could be explained by the increased power at a higher arc current. In

other words, considering Eg. 4.3, the energy yield seems to be more affected by increased power
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than that of increased treated solution volume in this study even though a higher arc current leads
to a higher feed rate. Nonetheless, the energy yield in water plasma is located at high values than
that of other processes such as DBD and AOPs [11,22,23], which is attributed to a one-step
process for high concentrated CAF decomposition together with the direct generation of radicals

with no other additive chemicals.

4.4.4 1dentification of Intermediate Products

IPs in the effluent liquid after decomposition were identified as shown in Fig. 4.15. The peak
of CAF was dramatically decreased after water plasma treatment compared to 20 g/L CAF
solution. Also, it was found that the peak intensities under m/z 100 increased with arc current
increase. This demonstrates that CAF was decomposed into smaller molecules at a higher arc

current in accordance with a higher degree of decomposition rate.

4.4.5 Spectroscopic diagnostic for reactive species

OES spectra were achieved to not only identify excited species but also to study the
decomposition mechanism. As shown in Fig. 4.16, excited species such as C (247.9 nm), OH
(306.4 nm), Cu (318.5 nm), CH (388.8 nm), H;s (408.2 nm), H, (434.0 nm), Hp (486.1 nm), and O
(777.9 and 845 nm) were examined at nozzle exit in all conditions. OH, H, and O radicals could
be originated from the electron collisions of water molecules (H.O + e — 2'H + -O + ¢)
molecules as well as the thermal dissociation of H>O molecules (H.O — ‘OH + ‘H) in the plasma
[24,25]. Furthermore, the emission intensities of H, OH, and O increased by the increase in arc
current and atomic nitrogen was also confirmed in the condition of 9.5 A, proving that higher
oxidative and/or reductive environments were achieved due to higher plasma temperatures. The

peak of Cu was attributed to vaporization and erosion of the anode and cathode materials.
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4.5 Discussion

4.5.1 Plasma Temperature Measurement

The plasma temperature was calculated by the Boltzmann plot method as explained in Chapter 2.
The intensities of H, and Hg atom lines are shown in Fig. 4.17. Here, the intensity of Hg is higher
with an increase of arc current, which is due to the higher arc current needed for ionization of the
H atom. As seen from Fig. 4.18, the plasma temperature increased with an increase of arc current
in a range of 5800-7700 K. Here, the water plasma has three regions according to temperature
gradient: (a) arc region, (b) plasma flame region, and (c) downstream region [26]. The plasma
temperature calculated is very close to that near the arc region where the highest temperature is
observed. Therefore, we can conclude that the higher arc current obviously prompts not only
plenty of reactive species but also higher temperature, resulting in finally a higher decomposition
rate. The decomposition mechanism was also suggested in accordance with the plasma

temperature in the next section.

4.5.2 Decomposition Mechanism of Caffeine

The possible 11 IPs from CAF molecule with different values of m/z were postulated by the
ESI-MS analysis as shown in Table 4.7, in which some of the proposed IPs were also provided
in the literature before [27—29]. Taking into consideration the identified IPs by the water plasma,
a tentative decomposition mechanism for CAF is proposed in Fig. 4.19 and discussed.

IP 1 and IP 2 could be generated under electrophilic ‘OH attacks to C4=C5 and N9=C8 double
bonds, respectively, converting them to weaker single bonds. This is due to low average local
ionization energy near the C5, C8, and N9 [30]. Furthermore, they were reported to be

thermodynamically stable compounds by exergonic reaction in the previous work [22]. Afterward,
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IP 3 can be formed by consecutive hydroxylation to the feeblish C—N bond and H attack to the
C4-C5 bond, by which the cleavage of the imidazole ring and the pyrimidine ring occurs,
respectively. In addition, IP 4 would be originated by the addition of H at O and N atoms at the
same time with the loss of H, and CO. MS? product ions for IP 2—IP 4 were also studied to confirm
their fragmentation patterns as shown in Fig. 4.20.

Furthermore, IP 5 could be formed via the electron impact and further O radicals by way of arc
and plasma flame regions. The electrostatic potential and average local ionization energy show a
low value near the N9 [30], by which the imidazole ring opening could be likely to take place via
the electron impact with the high electron energy density in the water plasma arc column [31]. O
could be immediately attached for the generation of the aldehyde group, followed by further
oxidation into the carboxyl and demethylation from N7 generating CO, and H2O. IP 5 eventually
evolved to a further oxidized product noted as IP 6 together with pyrimidine ring opening.

IP 7 is likely the decomposed product by electron dissociation and hydroxylation pathway
similar to the mechanism proposed for IP 5 and this intermediate has not yet been reported before.
The two carbonyl groups in the CAF molecule act as electron-withdrawing groups, where thus
they become electrophilic. Therefore, it is susceptible to being attracted by electrons and radicals,
by which the pyrimidine ring could be fractured [23]. Thereafter, with oxidation by O for CO and
CO- generation, IP 8 also could be formed.

Finally, some of the IPs generated could react more with radicals to produce short-chain organic
compounds (N, N-dimethylacetamide, glycerol, and oxalic acid) which then eventually would
derive micromolecules and/or gaseous [29]. Herein, it was found that the peak intensities under
m/z 100 increased with arc current increase as discussed in Fig. 4.15. This demonstrates that CAF
was decomposed into smaller molecules at a higher arc current in accordance with a higher degree

of decomposition rate.
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4.6 Comparison of Experimental Results with Other Works

Table 4.8 shows some different processes of CAF treatments for the purpose of comparing
performance assessment. Other processes used for the decomposition of organic compounds
usually need other additive chemicals for activating reactive species. Furthermore, a long
treatment time has been taken even if the high decomposition rate. On the other hand, water
plasma shows a higher percentage of decomposition even at higher initial concentration and in
shorter reaction time without other additive chemicals. Moreover, the energy yield shows a high
level, which is due to no additional cooling system and a one-step decomposition process by stable

feeding with mist generation.

4.7 Comparison of N, N-diethyl-m-toluamide and Caffeine Decompositions

Table 4.9 shows the comparison of the results obtained from DEET and CAF decompositions
at 9.5 A in terms of gas composition, plasma temperature, decomposition rate, and energy yield.

In the gas composition, the amounts of H, and CO; were higher in the DEET decomposition
than those in the CAF decomposition. This is considered to be a relatively lower concentration of
DEET (2 g/L) and the resultant higher radical reaction from H>O evaporation and dissociation.
Mist consists of H,O and organic compound, where the content of H,O increases in the lower
concentration of DEET solution (2 g/L) than that of CAF solution (20 g/L). Subsequently,
enhanced evaporation and dissociation of H,O occur for radical generation, which is finally
followed by higher generations of H, and CO..

The plasma temperature was higher in DEET decomposition, which can be also explained from
the concentration’s point of view. More energy is consumed to decompose more CAF molecules
than H,O. This then makes lower reactivity of radicals including H, and Hg, which consequently

results in lower plasma temperature calculated by the Boltzmann plot method. On the other hand,

144



4. Decomposition of Caffeine by Water Plasma

the decomposition rate was lower in DEET decomposition. This may be attributed to the stable
molecular structure of the benzene ring by the delocalized m bonding [32]. The CAF

decomposition showed a higher value of energy yield because of the higher initial concentration.

4.8 Conclusion

Water plasma with mist generation was applied to remove 20 g/L of aqueous Caffeine (CAF)
solution. A competent decomposition performance and mineralization of CAF were achieved
within a short treatment time. The highest decomposition rate of 99.8% was achieved at an arc
current of 9.5 A with a high energy yield of 3.5 g/lkWh, which indicates that arc current has a
significant effect on the decomposition of organic compounds.

Hz, CO, CO,, and N2 were major effluent gaseous, of which the Hz generation was more than
40% for all conditions. Furthermore, the nitrogenous compounds were investigated for the
reaction pathway of nitrogen and the CAF decomposition mechanism. The nitrate (NO5) in the
effluent liquid showed a high-level concentration at a higher arc current, which results from
further oxidation reaction.

The detailed decomposition mechanism was proposed based on eleven intermediate products
through a quadrupole time of flight mass spectrometer (QTOF-MS), in which it was found that
electronic dissociation and hydroxylation brought about preliminary decomposition for the
imidazole and the pyrimidine rings. It was considered that hydroxylation and electron attack started
from near the C5, C8, and N9 due to the low average local ionization energy in the CAF molecule.

In summary, CAF as a representative pharmaceuticals and personal care products (PPCPs) could
be decomposed in water plasma. The high decomposition rate was achieved stable mist generation
system, which would be of interest and prospective from an environmental viewpoint for processing

further harmful organic wastes.
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Table 4.1. Physicochemical properties of Caffeine.

o
/
N N
Molecular Structure )\ | />
0 T N

Molecular Formula CsH10N4O2
Chemical Name Caffeine
Molecular Weight [g/mol] 194.194
Wavelength of Maximum 204
Absorbance [nm]

Melting Point [°C] 235-238
Boiling Point [°C] -
Specific Gravity [-] 1.23
Water Solubility at 25 °C [mg/L] 2170
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Table 4.2. Experimental conditions for the decomposition of CAF.

Pressure [kPa]
Temperature [°C]

Arc Current [A]

Mean Arc Voltage [V]
Plasma Supporting Gas

CAF Solution Concentration [ppm]

101.3 (Atmosphere Pressure)
25
6.0,7.5,95
119-137
Water, CAF

20
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Table 4.3. Analysis conditions for high-performance liquid chromatography for effluent liquid

analysis.
Equipment CO0-966, PU-980 (Jasco, Japan)
Detector UV-975
Inner diameter [mm] 4.6
Column Length [mm)] 250
Packed column Inertsil ODS-3V (5 um)
Mobile Phase (v/v) Acetonitrile : H,O =75 :25

Flow rate of Mobile Phase [mL/min]
Column Temperature [°C]
Injection Volume [mL]

Absorbance Wavelength of CAF [nm]

0.8

40

0.5

294
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Table 4.4. Measurement conditions of total organic carbon for effluent liquid analysis.

Equipment TOC-L (Shimadzu, Japan)
Carrier gas Air (99.9%)

Flow Rate of Carrier Gas [mL/min] 150

Combustion Temperature [°C] 680

Dehumidifier Temperature [°C] 0.6

Detect Method NDIR (Non-dispersive infrared detector)
Injection Volume [puL] 150

Injection Time [-] 3

Dilution Ratio [-] 34
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Table 4.5. Measurement conditions of quadrupole time of flight mass spectrometer for

intermediate products analysis.

Equipment micrOTOF-Q III (Bruker Daltonics, USA)
m/z scan range [-] 50-1000

Solvent (v/v) Methanol : HO =50 : 50

Sample Concentration with Solvent [ppm] 10

Flow Rate of Sample [mL/min] 1

Capillary [V] 4500

Nebulizer [bar] 0.3

Flow Rate of Dry Gas [L/min] 4 (N2)

Dry Gas Temperature [°C] 180

Collision Energy [eV] 35
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Table 4.6. Measurement conditions of optical emission spectrometer for detection of reactive

species.
Equipment iHR550 (Horiba Jobin Yvon)
Detector Charge-Coupled Device (CCD) (1024x256)
Exposure Time [s] 0.1
Entrance Slit [mm] 0.03
Grating [gr/mm] 150
Distance between Plasma and Lens [cm] 50
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Table 4.7. Summary of intermediates products determined by QTOF-MS.

Products Molecular Proposed Structure Experimental m/z
Formula [M+H] *
Caffeine CgH,,N40, o 195.0875
N N;
0)\,], N
IP1 CgH;,N,0, - 229.07
LI
oAl
| H
IP2 CgH,,N,O5 0 247.2404
o T Hﬁ
IP3 C,H,;;N;0, O u coom 2822775
N
\N/“\I/ ‘tHo
e
IP 4 CgH;3N;04 o COUH 256.2619
A
HOAEHﬁOH
IP5 C,HN, O, o " 229.07
\N)ﬁi ~COooH
o)\rli NO
IP 6 CeHgN,O5 o 187.8812
\N)LCOOH
(4] Tﬂ
IP7 C,H,N,O / 97.098
N
II[N/ OH
IP8 C,HN,0, y, 135.1142
N
HooC >—OH
O=N
P9 C,H,NO 88.0749
0
e
|
IP 10 C,H,0, 91.0538
>
H
IP11 C;H;0; 93.0691
OH
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Table 4.8. Comparison of the performance of CAF decomposition with other processes.

Initial
) __ Decomposition rate ~ Additive Energy yield
Process concentration Tr (min) ) Ref.
(%) chemicals (g/kWh)
(ppm)
Water This
20000 10 99.8 None 3.5
plasma study
Magnetite and
AOPs 20 60 98 _ 0.006 [22]
hematite
AOPs 25 180 90 TiO; Not indicated  [33]
DBD 50 24 94 Goethite 0.2 [23]
DBD 50 25 >90 0O 0.83 [11]
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Table 4.9. Comparison of the results of DEET and CAF decompositions in 9.5 A.

Item DEET CAF
o (0]
/
N/\ \N N
Molecular structure K )\ | />
o) T N
H, 54.7 49.2
N> 18.9 19.3
Gas composition [%]
CO 13.6 21.3
CO; 12.8 10.2
Plasma temperature [K] 8,700 7,700
Decomposition rate [%] 94.8 99.8
Energy yield [g/kWh] 0.3 3.5
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Fig. 4.1. Thermodynamic equilibrium composition of 20 g/LL CAF solution.
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Fig. 4.2. Calibration curve of various concentrated CAF solutions in high-performance liquid

chromatography.
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NH,Cl+ 2K,Hgl, + 4KOH - Hg0.Hg(NH,)I + 7KI + KCL+ 3H,0

Nessler's reagent

Fig. 4.3. Principle of the Nessler reaction for ammonium ion (NH4") quantification.
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Fig. 4.4. (a) UV-vis spectra of various concentrated (NH4),SO4 solution and (b) the calibration

curve of ammonium ion (NH4").
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Fig. 4.5. Principle of the Griess reaction for nitrite (NO,") quantification.
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Fig. 4.6. (a) UV-vis spectra of various concentrated NaNO, solution and (b) the calibration curve

of nitrite (NOy").
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Fig. 4.7. Calibration curve of nitrate (NO3) using NaNOj solution in high-performance liquid
chromatography.
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Fig. 4.8. Generation rates of liquid, gas, and solid during the decomposition of 20 g/L. CAF at

different arc currents.
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Fig. 4.9. Gas composition generated from 20 g/ CAF decomposition at various arc currents.
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Fig. 4.10. Carbon balance calculated from each phase after decomposition of 20 g/L CAF.
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Fig. 4.11. (a) Photographs of result of Nessler test, (b) photographs of result of Griess test, and (c)

the concentrations of nitrogenous compounds in the effluent liquid.
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Fig. 4.13. HPLC results of 200 ppm CAF solution and effluent liquids after decomposition of 20
g/L CAF at different arc currents.
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Fig. 4.14. Mean arc voltage at different arc currents.
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Fig. 4.15. ESI-MS spectra in the positive mode for effluent liquid at different currents.
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Fig. 4.16. OES spectra during CAF decomposition at (a) 200-500 nm and (b) 700-850 nm.
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Fig. 4.18. Effect of arc current on the plasma temperature.
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5. Conclusion

5.1. Summary and Conclusion

This dissertation focuses on the decomposition of Pharmaceuticals and personal care products
(PPCPs) by water plasma with mist generation system. The mist generation system was applied
for the stable feed system, and this was proved by the investigation of fundamental arc
characteristics. N, N-diethyl-m-toluamide (DEET) and Caffeine (CAF) as the most detected
PPCPs in the water system were selected as target materials in this study. The gas and liquid
effluents, intermediate products, decomposition rates, and further decomposition mechanisms
were investigated by various analytic methods. The main conclusion remarks are drawn as follows:

In chapter 1, the method of thermal plasma was reviewed based on introductions of plasma
definition and applications of thermal plasmas. Furthermore, various waste treatments by thermal
plasma were introduced and reviewed with recent research. A major concern in the application of
thermal plasma for waste treatment is the disadvantages like the addition of chemicals, high
energy consumption, and long-time treatment, which still limits industrial applications. The
specific objectives of this dissertation are then introduced.

In chapter 2, arc behavior and temperature distribution in water plasma were investigated with
mist generation. The mist as plasma gas demonstrated the stable feeding. The effect of mist
feeding rate on the arc was examined by speed cameras synchronized with arc voltage
measurement. As the mist feeding rate increased, the arc voltage and length increased due to the
higher drag force at constant arc current. The arc fluctuation rapidly increased with a restrike
phenomenon due to low arc current and high feeding rate. Moreover, the high temperature area
was also increased due to the increase of the arc voltage as well as heat convection. Therefore, it

was feasible to control the arc fluctuation and area with a high temperature through a flow
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parameter. Based on this, the water plasma with a mist generation system is expected to play a
crucial role in the practical application of waste treatment and was applied to the decomposition
of organic compounds.

In chapter 3, the effect of arc current (6.0, 7.5, and 9.5 A) on the decomposition of 2000 ppm
N, N-diethyl-m-toluamide (DEET) was investigated. The decomposition of DEET was successfully
conducted by water plasma method, and the decomposition mechanism was investigated in detail
with experimental and thermodynamic calculation results. The highest decomposition rate of
94.8% was obtained at an arc current of 9.5 A with an energy yield of 0.3 g/lkWh within 10 min
treatment. The contents of H, and CO:; in the effluent gas increased at a higher arc current due to
an enhanced oxidative environment. Moreover, the total organic carbon (TOC) reduction rate
increased from 69.7 to 91.4% with the increase of arc current. This results from the promoted
formation of CO and CO; gases through the reactions with O radicals. The hydroxylated DEET
molecule was clearly observed in all experimental conditions, which is the main key
decomposition route at the early of decomposition. Based on seventeen main intermediates, the
decomposition mechanism was proposed in detail, where electronic dissociation attacking weak
C-N bond and hydroxylation to the ring structure were predominant factors at the early stage of
decomposition. Other byproducts were formed by O and H radicals from the flame region.

In chapter 4, the decomposition of a high concentration of 20 g/L Caffeine (CAF) was
investigated according to different arc currents. At torch power of 0.8-1.1 kW, the removal
efficiency of TOC and CAF increased with an increase of arc current, reaching 92.5 and 99.8%
at 9.5 A, respectively. H,, CO, CO,, and N, were major effluent gaseous, of which the H,
generation was more than 40% for all conditions. The nitrogenous compounds were measured as
evidence for the reaction pathway of nitrogen and the CAF decomposition mechanism. In

particular, the concentration of nitrate (NOs") in the effluent liquids was the highest with the
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decrease of nitrite (NOy") at 9.5 A, which results from a higher oxidation environment at a higher
arc current. The detailed decomposition mechanism was proposed based on eleven intermediate
products, in which it was found that electronic dissociation and hydroxylation brought about
preliminary decomposition for the cleavage of the imidazole ring and the pyrimidine ring. In
particular, OH radical was first considered to attack to double bonds to convert them to weaker
single bonds, which are thermodynamically stable compounds.

In summary, the obtained results in the dissertation can improve the understanding of the
decomposition mechanism for harmful pharmaceuticals and personal care products in water
plasma method, which would be a significant development for the waste treatment toward the

green environment

5.2. Future Research Subjects
Pharmaceuticals and personal care products were decomposed by water plasma with mist
generation at atmospheric pressure in the dissertation, and some research for the future work are

presented as follows:

5.2.1 Additional simulation analysis of plasma jet

The precise control of the DC water plasma process for decomposition of organic compounds
is still difficult because of the high quenching rate. Furthermore, radical reactions for the
decomposition and byproduct formations occur within a short time. Also, there have been many
studies about simulations of DC non-transferred arc and radio frequency plasmas except for the
water plasma. The preceded simulation study of plasma flow allows prediction for the practical
experiment, which is followed by the process qualities of applications. Therefore, to get more

precise results for the application of water plasma, the simulation study will be also combined.
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5.2.2 Further decomposition of other pharmaceuticals and personal care products by adding
surfactant

Pharmaceuticals and personal care products have basically low solubility characteristic due to
their high molecular weight and ring structure of them, which makes it difficult to analyze the
decomposition mechanism and select of the target material to be decomposed. High soluble
molecules mixed with water generate higher gas generation by reaction of highly concentrated
organic compounds with radicals, which would be easy to analyze gas effluent as well as
decomposition mechanism. From this point of view, the surfactant that forms micelle structure
between the molecules and water can be used. The validation of surfactant for increasing the
solubility has been examined with nitrobenzene (CsHsNO»), and the solubility increased from 2
to 5 g with adding 0.5 g surfactant. From this preliminary experiment, the range of target material
will be broad. Furthermore, this will lead to a detailed understanding of the decomposition

mechanism of various compounds.

5.2.3 Further investigation of byproducts

There are many byproducts in water plasma due to complex reactions with radicals and the
temperature gradient of the plasma jet. However, the detection of smaller molecules under m/z 50
are difficult due to the equipment detection limitation. Therefore, nitrogenous byproducts such as
ammonium ions, nitrite, and nitrate were analyzed by thermodynamic calculation and reagents as
discussed in Chapter 4. For more detailed analysis, gas chromatography-mass spectroscopy (GC-
MS) can be used, which can analyze liquids as well as gas effluents for smaller molecules. This
will therefore lead to a better understanding decomposition mechanism of pharmaceuticals and

personal care products.
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