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Abstract: Water purification by non-equilibrium atmospheric pressure plasma has attracted much
attention and is expected to be a next-generation method. However, general approaches to improve
the energy efficiency of the water purification have not been revealed. Therefore, to investigate
important factors for increasing its energy efficiency, we developed coaxial cylindrical plasma reactors
where pulsed streamers were generated between a high-voltage electrode and running water film. To
evaluate the performance of the plasma reactors, we measured hydroxyl (OH) radicals in solution
based on a chemical probe method using disodium terephthalic acid (NaTA) and decolorized indigo
carmine solution. Our experimental results showed that the production rate of the OH radicals
was approximately 20 nmol/s and that the energy efficiency of the decolorization was on the order
of 10 g/kWh. In addition, we found that controlling liquid flow based on the Coanda effect and
introducing the intermittent operation of the streamer discharges to use post-discharge reactions
increased the energy efficiency by a factor of approximately 3.5, which indicated that these approaches
are effective to improve the performance of the water purification by plasma.

Keywords: non-equilibrium plasma; pulsed streamer; water film; OH radical; chemical probe method;
Coanda effect; post-discharge reaction; water treatment

1. Introduction

Recently, non-equilibrium atmospheric pressure plasma has been widely investi-
gated for environmental, agricultural, and biomedical applications [1-3]. For example,
Vasilev et al. decomposed organic compounds (solutes), such as phenol, caffeine, perfluo-
rooctanoic acid (PFOA), and so on, in water by using pulsed plasmas generated over the
water surface, and a rate-limiting step of the solutes” decomposition was investigated based
on a mathematical model [4]. Griseti et al. irradiated an atmospheric pressure plasma jet to
phosphate-buffered saline (PBS) and sodium chloride (NaCl) solutions, and it was found
that the plasma-activated PBS was more suitable for killing cancer cells than the plasma-
activated NaCl solution [5]. Nishimura et al. used a dielectric barrier discharge (DBD) to
decompose ethylene gas, which was emitted from agricultural products and promoted
their aging, so that fruits and vegetables were kept fresh [6]. Among these applications, we
have paid attention to water purification by plasma as a next-generation method.

This is because non-equilibrium reaction fields can be used for the water purification
by irradiating the non-equilibrium (non-thermal) plasma to the solution. In the plasma-
induced reaction fields, we can use electrons with high energy, which is higher than that in
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equilibrium (thermal) plasma, to generate reactive oxygen and nitrogen species (RONS)
in the vicinity of the water surface, and these reactive species can be used to decompose
persistent organic compounds in water [7]. For example, hydroxyl (OH) radicals, which are
one of the RONS and have enough oxidizing power to decompose the persistent organic
compounds, can be generated by the high-energy electrons through the following chemical
reaction [8]:

H)O+e — OH+H. 1)

We expected that, by using these characteristics and the chemical reactions, the non-
equilibrium plasma can achieve the decomposition of the persistent organic compounds in
water efficiently.

Although there are many researchers investigating the water purification by plasma,
general approaches to improve its energy efficiency have not been revealed yet. Some
papers reported that pulsed streamer discharge, which is one of the non-equilibrium
plasmas, is more suitable for generating high-energy electrons. For example, Tomita et al.
measured the velocity distribution of electrons generated by a pulsed positive streamer
in air at atmospheric pressure with laser Thomson scattering, and it was found that the
electron energy was a few eV and that the velocity distribution of the electrons deviated
from that when they were in thermodynamic equilibrium (Maxwellian distribution) [9].
Other papers reported that flowing the treatment solution in contact with plasma was
important to improve the energy efficiency. This is because the RONS generated by plasma,
which are transported from the gas phase to the liquid phase, preferentially decompose the
organic compounds in the vicinity of the plasma-liquid interface. Therefore, if the solution
to which the plasma is irradiated does not have enough flow, the local concentrations of
the organic compounds around the plasma-liquid interface can become very low, which
leads to the decrease in the energy efficiency of the water treatment by plasma. Malik
summarized the energy efficiency of the water purification by plasma [10], and it was
found that high energy efficiency was achieved with plasma reactors where the treatment
solution was flowed as droplets or water film [11,12].

In addition to using the pulsed streamers and controlling the water flow, we have
focused on chemical reactions after the plasma is turned off (post-discharge reactions) as
another approach to improve the energy efficiency of the water purification by plasma.
Many researchers reported that plasma-activated or plasma-treated water (PAW or PTW),
which is the solution to which the air plasma is irradiated, can retain the ability to kill
bacteria after the plasma is turned off [13,14]. We believe that, if the post-discharge reactions
can be used to decompose the persistent organic compounds in water, the energy efficiency
of the water purification by plasma will be improved.

In order to evaluate the performance of the water purification by plasma, it is im-
portant to understand how much OH radicals are generated in solution. Although it is
difficult to measure the OH radicals due to their short lifetime, there are some methods
to estimate the OH radical concentrations in water, such as the electron spin resonance
(ESR) method [15], the chemical probe method with coumarin [16], Fricke (ferrous sulfate
(FeSOy)) dosimetry [17], and so. A chemical probe method using terephthalic acid (TA) is
also one of the methods to estimate the OH radical concentrations in water [18]. In this
method, the TA reacts with the OH radicals to form 2-hydroxyterephthalic acid (HTA),
and the OH radical concentrations are estimated based on the HTA concentrations, which
are quantified by measuring HTA's fluorescence induced by UV-light irradiation. The ad-
vantage of this method is that expensive measurement equipment is not required and that
the OH radicals in solution are selectively measured.

In this study, we developed new coaxial cylindrical-type reactors for the water purifi-
cation by plasma. The performance of the new plasma reactors was evaluated based on
OH radical measurements using a chemical probe method with disodium terephthalate
(NaTA) and the decolorization characteristics of indigo carmine solution. To improve the
energy efficiency of the decolorization, liquid flow control based on the Coanda effect [19-22]
and intermittent operation of the streamer discharges to use post-discharge reactions were
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introduced into our plasma reactors, and we investigated how these approaches influ-
enced the performance of the decolorization by plasma. Based on our experimental results,
we discuss what is important to improve the energy efficiency of the water purification
by plasma.

2. Materials and Methods

In our experiments, we used two types of plasma reactors: an overflow-type reactor
and a swirling-flow-type reactor, and their schematics are shown in Figure 1. Figure 1a
shows the schematic of the overflow-type reactor. This reactor consisted of a quartz tube
(14.5 mm in inner diameter and 300 mm in length) and acrylic vessels (bottom and top),
and both ends of the quartz tube were connected with the acrylic vessels. Treatment
solution was pumped up from the bottom to the top of the reactor with a peristaltic pump
(Cole-Parmer Instrument, MasterFlex, models 7554-90 and 7518-10) and was gradually
accumulated in the acrylic vessel (top). Then, when the solution exceeded the height
of the quartz tube, the solution overflowed and fell down as water film along the inner
wall of the quartz tube to the acrylic vessel (bottom). A threaded rod electrode (stainless
steel, M4) was used as a high-voltage (H.V.) electrode and was located at the center of
the quartz tube. A mesh electrode (stainless steel, 30 mesh) was employed as a grounded
electrode and was wrapped around the outer wall of the quartz tube. A nanosecond-pulsed
voltage provided from a pulsed power supply (Suematsu Electronics, MPC3010S-50SP)
was applied to the H.V (threaded rod) electrode, and then, pulsed streamer discharges
were generated between the threaded rod electrode and water film flowing along the inner
wall of the quartz tube. It should be noted that the pulsed power supply, which was based
on a magnetic pulse compression circuit, could generate the nanosecond-pulsed voltage,
whose maximum peak voltage, typical pulse width (full width at half maximum (FWHM)),
and maximum repetition frequency were 30 kV, 100 ns, and 500 pps, respectively. Output
voltage waveforms of the pulsed power supply when the load was 300 (2 or 500 () are
shown on the manufacturer’s web page [23].
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Figure 1. Schematics of coaxial cylindrical plasma reactors. (a) Overflow-type reactor. (b) Swirling-
flow-type reactor. (c) Arrangement of nylon wire.
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Figure 1b shows the schematic of the swirling-flow-type reactor. Its configuration was
almost the same as that of the overflow-type reactor, but a spirally arranged nylon wire
(0.8 mm in diameter) was added and located along the inner wall of the quartz tube. The
specific arrangement of the nylon wire is shown in Figure 1c. In addition, at the top of
the reactor, the treatment solution was ejected tangentially to the inner wall of the quartz
tube so that the solution was able to propagate along the nylon wire on the inner wall
of the quartz tube, leading to the generation of swirling water flow. This control of the
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water flow was based on the Coanda effect, which explains the general tendency that fluid
is likely to flow along the surface. We used the same pulsed power supply as used for
the overflow-type reactor and irradiated the pulsed streamer discharges to the treatment
solution in our experiments.

Because the nylon wire was added to the plasma generation area (inside of the quartz
tube) of the reactor, there might be a concern about the possibility that the solution treated
by plasma was possibly contaminated due the nylon wire. However, although the same
nylon wire was used in the swirling-flow-type plasma reactor for a long time, changes of
the nylon wire’s conditions, such as surface roughness and color, could not be observed
with the naked eye. (This was probably because the nylon wire was completely covered
with the solution and did not contact the streamer discharges directly.) Therefore, it was
expected that the solution after the streamer discharge irradiation was not contaminated.

The liquid flow running along the quartz tube and the pulsed streamer discharges
generated between the threaded rod electrode and the water film were observed with
a digital camera (Nikon (Tokyo, Japan), D5500). The pulsed streamers formed in one
voltage pulse were captured with an intensified charge-coupled device (ICCD) camera
(Andor Techonology (Belfast, Northern Ireland), iStar, DH734-18F-03). In measurements
using the ICCD camera, its gate was synchronized with the streamer discharges by using
a sync out signal of the pulsed power supply, and discharge images were captured in
single-shot mode.

Voltage and current waveforms were captured with an oscilloscope (Yokogawa Electric
(Tokyo, Japan), DML2024). The voltage across the H.V. (threaded rod) and the grounded
(mesh) electrodes was measured with an H.V. probe (Iwatsu Electric (Tokyo, Japan), HV-
P30), and the plasma current was monitored with a current transformer (Pearson Electronics
(Palo Alto, CA, USA), model 4100). Energy consumption per pulse was obtained by using
the following equation:

E:/VxIdt, @)

where E, V, and I are the energy consumption per pulse, applied voltage across the H.V.
and the grounded electrodes, and the plasma current, respectively. The integration in
Equation (2) was numerically calculated with a trapezoidal rule.

The temperature of the solution was measured under some experimental conditions
before and after the plasma irradiation. In our experiments, the initial temperature of the
solution was 20 £ 5 °C, and we confirmed that the solution’s temperature after the streamer
discharge irradiation was almost unchanged.

The OH radicals generated by the plasma in solution were estimated with the chemical
probe method using NaTA (Tokyo Chemical Industry (Tokyo, Japan), T1097). In this
method, the amount of OH radicals was estimated based on the concentrations of HTA,
as well as the chemical probe method using TA. There are some papers reporting that a
conversion rate of the NaTA to the HTA in the chemical reaction between the NaTA and
the OH radicals was 35% [24,25]. Therefore, we calculated the amount of the OH radicals
by using the following equation:

1
Amount of OH = %CHTAVO [mol], 3)

where Cyra and V) are the HTA concentration and the volume of the treatment solution,
respectively.

In our experiments, the HTA fluorescence at a wavelength of 425 nm was measured
in two ways. In the first method, an in situ HTA fluorescence image was visualized by
irradiating a UV lamp (Spectroline (Melville, NY, USA), EB-280C], wavelength: 312 nm)
to the plasma reactor while the pulsed streamer discharges were generated. Although
we could not identify the HTA concentrations, this method enabled us to observe the
fluorescence image of the HTA. In the second method, the solution sample was taken
from the plasma reactor and was put into a quartz cuvette (optical path length: 10 mm).
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Then, the sample’s fluorescence (425 nm), which was induced by a UV-LED light source
(Sandhouse Design (Dunedin, FL, USA), LLS-310, wavelength: 310 nm), was measured
with a UV-Vis spectrometer (Ocean Optics (Orlando, FL, USA), USB2000). A calibration
curve for identifying the HTA concentrations was created with HTA solutions, which were
prepared by dissolving solid HTA (Tokyo Chemical Industry, H1385) in distilled water.

Indigo carmine (C;38HgN>NayOgSy), which is a popular organic blue dye, was used
for decolorization experiments to evaluate the performance of our plasma reactors. In
these experiments, the indigo carmine solution was prepared by dissolving solid indigo
carmine (FUJIFILM Wako Pure Chemical (Osaka, Japan), 090-00082) in distilled water and
was circulated in the plasma reactors. Then, the pulsed streamer discharges were generated
between the threaded rod electrode and the indigo carmine solution flowing along the
inner wall of the quartz tube. The performance of our reactor was evaluated based on the
decolorization rate, decolorization period, and energy efficiency. The decolorization rate
indicated how much the blue color of the indigo carmine solution was decolorized by the
plasma and was calculated based on the following equation:

Decolorization rate = (1 - 1?()) x 100 [%], 4)
where Aj and A are the absorbance of the indigo carmine solution before and during the
experiments, respectively, at a wavelength of 610 nm. The absorbance of the indigo carmine
solution was measured with a UV-Vis spectrometer (ASONE (Osaka, Japan), ASV11D).
The decolorization period was defined as how long it took for the decolorization rate to
become 95%. This was because, in our experiments, the decolorization was considered to
be completed when the decolorization rate became more then 95%. The energy efficiency
was defined as how much energy was consumed to achieve the 50% decolorization rate of
the indigo carmine solution, which was calculated by the following equation:

Gap = 1.8 x 1035010 [g/kWh], (5)
Eftso
where Cy, f, and ts5 are the initial concentration of the indigo carmine, the pulse repetition
frequency, and the duration of how long it took to decompose 50% indigo carmine in
solution by plasma.
When we introduced the intermittent operation of the streamer discharges to use
the post-discharge reactions in the decolorization experiments, the procedure of these
experiments is described as follows:

1. Turned on the pulsed power supply, and generated the pulsed streamer discharges
with a certain repetition frequency for ton.

2. Turned off the pulsed power supply and kept the streamers off for f .

3. Took the solution sample and measured its absorbance at 610 nm.

4. Repeated Processes 1-3, which we call one cycle, until the decolorization rate became
more than 95%.

In this procedure, ton and tqi are defined as the on and off time of the streamer
discharges in one cycle, respectively. It should be noted that the indigo carmine solution
was circulated continuously during both ton and ¢ .

3. Results and Discussion
3.1. Flow and Discharge Characteristics

Figure 2 shows liquid flow propagating along the inner wall of the quartz tube in
the swirling-flow-type reactor without and with the Coand4 effect. In the latter case,
the number of the nylon wire’s turns was 10. The water flow was captured by using the
digital camera with a frame rate of 60 fps. In these measurements, the indigo carmine
solution was circulated with a flow rate of 1400 mL/min. In addition, the H.V. (threaded
rod) and the grounded (mesh) electrodes were removed so that we were able to observe
the liquid flow clearly.
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Figure 2. Liquid flow propagating along the inner wall of the quartz tube in the swirling-flow-type
reactor without and with the Coanda effect. In the latter case, a spirally arranged nylon wire was
used to make the swirling liquid flow based on the Coanda effect, and the number of turns was
10. The indigo carmine solution was circulated with a flow rate of 1400 mL/min, and its flow was
captured by using a digital camera with a frame rate of 60 fps.

In the case of the swirling-flow-type reactor without the Coanda effect, the solution
propagated from the top to the bottom along the quartz tube, and it took approximately
200 ms for the solution to pass the quartz tube. In the steady state, although the inner wall
of the quartz tube was wholly covered with the solution, we observed that the shade of
the blue color was different depending on the location. This observation indicated that
the solution flow was not completely uniform because of the pulsation of the liquid flow
caused by the peristaltic pump. The liquid flow observed in the swirling-flow-type reactor
without the Coandd effect was almost the same as that observed in the overflow-type
reactor. On the other hand, in the case of the swirling-flow-type reactor with the Coanda
effect, the solution propagated along the spirally arranged nylon wire, which indicated that
we achieved the control of the liquid flow by using the Coand4 effect. In this case, it took
approximately 300 ms for the solution to pass the quartz tube, which was longer than that
in the overflow-type reactor by a factor of 1.5. This would be because the actual distance
for the solution to pass the quartz tube in the swirling-flow-type reactor was longer than
that in the overflow-type reactor. In the steady state, we confirmed that the inner wall of
the quartz tube was wholly covered with the solution.

Figure 3 shows typical voltage and current waveforms when the pulsed streamer
discharges were generated between the H.V. (threaded rod) electrode and the water film
in the overflow-type reactor. In this measurement, the streamer discharges were driven
by the nanosecond-pulsed voltage with a peak value and a repetition frequency of 24 kV
and 100 pps, respectively. As shown in Figure 3, the peak value and the pulse width of the
current were approximately 50 ns and 100 A, respectively. In addition, it was found that
the pulse width (FWHM) of the voltage waveform was approximately 150 ns, which was a
little different from the typical pulse width (100 ns) provided by the manufacturer, probably
due to a difference of the load. The energy consumption per pulse, which was calculated
based on Equation (2), was approximately 70 m]. Therefore, the power consumption of the
pulsed streamer discharges was approximately 7.0 W.
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Figure 3. Typical voltage and current waveforms when pulsed streamer discharges were generated in
the overflow-type reactor. These discharges were driven by nanosecond-pulsed voltages whose peak
value and repetition frequency were 24 kV and 100 pps, respectively. Time relationship between the
gate of an intensified charge-coupled device (ICCD) camera and voltage and current waveforms is
also shown to indicate when the streamer discharges were captured by the ICCD camera in Figure 4.

Figure 4 shows pulsed streamers captured by the ICCD camera with exposure times of
5 ns (Figure 4a) and 100 ns (Figure 4b) for the overflow-type reactor. In the case of the 5 ns
exposure time, we adjusted the gate of the ICCD camera so that the streamer discharges
when the current became maximum were able to be observed. On the other hand, in the
case of the 100 ns exposure time, the gate of the ICCD camera opened when the current
became maximum, and the image of the streamer discharges was recorded for 100 ns.
The time relationship between the gate of the ICCD camera and the voltage and current
waveforms is shown in Figure 3. The pulsed streamers were generated by nanosecond-
pulsed voltage with a peak value of 24 kV and a repetition frequency of 100 pps while tap
water was circulated with a flow rate of 500 mL/min. In these measurements, the mesh
electrode was partly removed from the quartz tube so that we were able to observe the
pulsed streamers clearly. As shown in Figure 4a, the pulsed streamers bridged the gap
(approximately 5 mm) between the threaded rod electrode and the water surface within
5 ns, which indicated that the propagation speed of the pulsed streamers was at least
5mm/5ns = 1 x 10° m/s. Furthermore, from Figure 4b, we estimated the diameter of the
streamer channels to be 0.2-0.5 mm. The propagation speed and the diameter of the pulsed
streamers were similar to those reported by other researchers, which were on the order
of 10°-10° m/s and 0.1 mm, respectively [26,27]. Both Figure 4a,b show that the many
filamentary streamers were generated between the threaded rod electrode and the water
film over the wide region.

Figure 5 shows discharge images taken by the digital camera with an exposure time
of 10 s for the swirling-flow-type reactor without and with the Coand4 effect (number of
nylon wire turns: 10). The streamer discharges were generated by the nanosecond-pulsed
voltage, whose peak value and repetition frequency were 27 kV and 100 pps, respectively.
As shown in both Figure 5a,b, the pulsed streamer discharges were generated over the
whole region of the quartz tube in both the overflow- and swirling-flow-type reactors. It
should be noted the streamer discharges observed in the swirling-flow-type reactor without
the Coanda effect were almost the same as those observed in the overflow-type reactor.
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Figure 4. Pulsed streamer discharges taken by an intensified charge-coupled device (ICCD) camera.
(a) Exposure time: 5 ns. (b) Exposure time: 100 ns. The pulsed streamers were driven by nanosecond-
pulsed voltage, whose peak value and repetition frequency were 24 kV and 100 pps, respectively,
while tap water was circulated with a flow rate of 500 mL/min.

Figure 5. Discharge images taken by a digital camera with an exposure time of 10 s. (a) Swirling-
flow-type reactor without the Coanda effect. (b) Swirling-flow-type reactor with the Coanda effect
(number of nylon wire turns: 10). The streamer discharges were generated by the nanosecond-pulsed
voltage, whose peak value and repetition frequency were 27 kV and 100 pps, respectively, while the
solution was circulated with a flow rate of 1400 mL/min.

3.2. Measurement of OH Radicals in Solution with Chemical Probe Method Using NaTA

Figure 6 shows a typical in situ fluorescence image of the HTA when we irradiated the
pulsed streamers to the 2 mM NaTA solution in the overflow-type reactor. The streamer
discharges were generated by the nanosecond-pulsed voltage, whose peak value and
repetition frequency were 24 kV and 100 pps, respectively, and the HTA fluorescence
(425 nm) was induced by the UV lamp with a wavelength of 312 nm. As shown in Figure 6,
we observed the blue fluorescence of the HTA, which indicated that the OH radicals were
generated by pulsed streamer discharges and reacted with the NaTA to form the HTA. As
time elapsed, the blue fluorescence of the HTA became bright enough for us to observe it
with the naked eye.

Figure 7 shows the estimated amount of the OH radicals in solution as a function of
treatment time with various volumes of 2 mM NaTA solutions. The streamer discharges
were generated by pulsed voltage with a peak value and a repetition frequency of 24 kV and
100 pps, respectively, and were irradiated to the 2 mM NaTA solution in the overflow-type
reactor. The 2 mM NaTA solution was circulated with a flow rate of 600 mL/min, and the
amount of OH radicals in solution was estimated based on Equation (3). According to
Figure 7, the amount of OH radicals in the solution increased almost linearly until the
treatment time became 300 s. However, the increase in the amount of OH radicals gradually
decayed after 300 s, and this decay became more remarkable as the volume of the 2 mM
NaTA solution decreased from 1000 mL to 220 mL. In the case of the 220 mL volume,
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the estimated amount of the OH radicals in solution leveled off after the pulsed streamers
were irradiated for approximately 600 s.

Figure 6. Typical in situ fluorescence image of 2-hydroxyterephthalic acid (HTA) induced by UV-light
irradiation. The streamer discharges were generated by nanosecond-pulsed voltage whose peak
value and repetition frequency were 24 kV and 100 pps, respectively, and were irradiated to the 2 mM
disodium terephthalate (NaTA) solution.
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Figure 7. Estimated amount of OH radicals in the solution as a function of time with various volumes
of 2 mM NaTA solution. Pulsed streamer discharges with a peak value and repetition frequency of
24 kV and 100 pps were irradiated to the 2 mM NaTA solution, which was circulated with a flow rate
of 600 mL/min.

The decay of the increase in the estimated amount of the OH radicals after the 300 s
treatment time would be caused by the HTA decomposition by the plasma. Shiraki et al.
reported that, when pulsed plasmas were irradiated to a 2 mM NaTA solution for 600 s,
the HTA concentrations increased until 300 s, but decreased after 300 s [28]. To explain
this decrease in the HTA concentrations, they proposed HTA decomposition by the OH
radicals based on their experiments and numerical simulations. We believe that the same
HTA decomposition would happen in our experiments, and therefore, the decay of the
estimated OH radicals would not be caused by the decrease in the OH radical production,
but the decomposition of the HTA.

Considering the HTA decomposition by OH radicals, only the OH radicals measured
before 300 s were reliable. Therefore, we calculated the production rate of the OH radicals
using the measured values before 300 s, and the calculated production rate was approx-
imately 20 nmol/s. We found that this value was higher than that of pulsed streamer
discharges in liquid [29].
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3.3. Decolorization Characteristics

Figure 8 shows decolorization rates as a function of time with various peak values
of the applied pulsed voltages. In these decolorization experiments, the pulsed streamer
discharges were irradiated to the 10 mg/L indigo carmine solution in the overflow-type
reactor. The repetition rate of the pulsed voltage was 100 pps, and the indigo carmine
solution was circulated with a flow rate of 600 mL/min. When the peak voltage increased
from 18 kV to 21 kV, the decolorization rate increased quickly and the decolorization period
became shorter by approximately 30 s. However, when we increased the peak voltage more
than 21 kV, the temporal changes of the decolorization rates or the decolorization periods
did not vary very much. These results indicated that, as the peak value of the pulsed
voltage became higher than 21 kV, more radicals generated by the pulsed streamers were
wasted without reacting with the indigo carmine, leading to the lesser energy efficiency
(Gsp) of the decolorization.

The contribution of the OH radicals to the decolorization was estimated based on the
following assumptions:

e All the OH radicals shown in Figure 7 were used to decompose the indigo carmine.
*  The reaction between one OH radical and one indigo carmine molecule always led to
the decolorization.

These assumptions enabled us to evaluate the possible maximum contribution of the
OH radicals to the decolorization. According to Figure 8, the decolorization rate with a
24 kV peak voltage at 120 s was 92.6%, and therefore, the amount of the indigo carmine
decomposed by plasma was 4.37 pmol (=10 mg/L x 220 mL x 0.926 + 466.36 g/mol).
On the other hand, since the production rate of the OH radicals, which was estimated
based on Figure 7, was 20 nmol/s, the amount of the OH radicals generated by the
plasma in the solution was 2.40 pmol (=20 nmol/s x 120 s). Thus, the possible maximum
contribution of the OH radicals to the decolorization was estimated to be approximately
55% (2.40 pmol =+ 4.37 pymol x 100).

Figure 9 shows the decolorization rates of the 10 mg/L indigo carmine solution as a
function of treatment time with various turns of the nylon wire. The indigo carmine solu-
tion, which was circulated with a flow rate of 1400 mL/min, was decolorized by the pulsed
streamer discharges with a peak voltage and a repetition frequency of 21 kV and 100 pps,
respectively, in the swirling-flow-type reactor. According to Figure 9, the decolorization
rates increased rapidly more as the number of the nylon wire turns became larger. We also
found that the decolorization period for 10 turns was 60 s, which was half of that for 0 turns.
Furthermore, it was confirmed that the decolorization rates for the swirling-flow-type
reactor without the Coanda effect (number of the nylon wire turns: 0) were almost the same
as those for the overflow-type reactor.

The increase in the speed of the decolorization by adding the nylon wire to the
plasma reactor could be caused by the improvement of the liquid flow, which led to the
enhancement of the transportation and mixing of the reactive species including the OH
radicals and the indigo carmine. As shown in Figure 2, we achieved the swirling water
flow by locating the spirally arranged nylon wire along the inner wall of the quartz tube of
the plasma reactor, and this swirling flow would be enhanced by increasing the number
of nylon wire turns. This swirling liquid flow probably promoted the transportation and
mixing of the reactive species and the indigo carmine around the plasma-liquid interface,
and therefore, the reactive species would be able to decolorize the indigo carmine solution
more effectively, which led to the higher decolorization rates with the number of nylon wire
turns. It should be noted that almost no changes were observed in the streamer discharges
when the nylon wire was added to the plasma reactor. Therefore, it was expected that the
amount of the OH radicals generated by the plasma would not be changed depending on
the turn number of the nylon wire.
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Figure 8. Decolorization rates of indigo carmine as a function of treatment time with various peak
values of applied pulsed voltage. Pulsed streamer discharges with a repetition frequency of 100 pps
were irradiated to the 10 mg/L indigo carmine solution in the overflow-type reactor. The solution
was circulated with a flow rate of 600 mL/min.
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Figure 9. Decolorization rates of indigo carmine as a function of treatment time with various turns
of the nylon wire (0.8 mm in diameter). Pulsed streamer discharges with the peak voltage and
repetition frequency of 21 kV and 100 pps were irradiated to the 10 mg/L indigo carmine solution in
the swirling-flow-type reactor. The solution was circulated with a flow rate of 1400 mL/min.

Figure 10 shows the decolorization rates of indigo carmine as a function of time
when we introduced the intermittent operation of the streamer discharges (ton and f.) to
use the post-discharge reactions in the decolorization experiments. In these experiments,
the 10 mg/L indigo carmine solution was circulated continuously with a flow rate of
1400 mL/min and was decolorized by pulsed streamers with a peak voltage and a rep-
etition frequency of 21 kV and 100 pps, respectively, during to,. As shown in Figure 10,
although introducing t.¢ made the decolorization periods longer, the decolorization rates
after each cycle were increased. These results indicate that the indigo carmine solution was
decolorized by the post-discharge reactions while the streamer discharges were kept off.

Possible reactions occurring during ¢.¢ would be the same as those occurring in
the plasma-treated water (PTW). The reaction processes of the PTW were proposed by
Ikawa et al. and are described as the following chemical reactions [30]:

NO; +H,0, — ONOO~ +H,0 6)
ONOO™ +H;0, — O,NOO™ + H,O (7)
0,NOO™ ¢ 05 +NO;, 8)

Because it is known that streamer discharges generated in air can form nitrite ions
(NO, ) and hydrogen peroxide (H,0O») [31], peroxynitrite (ONOO™) and peroxynitric ions
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(O2NOQ™) can be generated through the reactions (6) and (7). Therefore, superoxide ions
(O, ) formed through the reactions (8) are probably responsible for decolorizing the indigo
carmine solution in our experiments.
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Figure 10. Decolorization rate of indigo carmine as a function of treatment time when intermittent
operation was introduced to use post-discharge reactions. ton and ¢y are defined as the on and off
time of the streamer discharges in one cycle, which consisted of turning on the discharge, turning off
the discharge, and measuring the absorbance of treatment solution. The 10 mg/L indigo carmine
solution was decolorized by the streamer discharges, whose peak voltage and repetition frequency
were 21 kV and 100 pps, respectively. The solution was circulated continuously with a flow rate of
1400 mL/min during the experiments.

There are some papers reporting the decomposition process of the indigo carmine
caused by the O, ions and the OH radicals. For example, Kettle et al. investigated the
by-products of the indigo carmine when it was decomposed with O, ions generated by
a chemical method [32]. They found that O, ions were able to decompose the indigo
carmine by breaking its C=C bond and that isatin 5-sulfonic acid (CgH4NNaOsS) was
generated. Flox et al. decomposed the indigo carmine in acidic aqueous solution by a
chemical method, and it was found that the OH radicals were able to break the C=C bond of
the indigo carmine and that, in addition to the isatin 5-sulfonic acid, indigo (C14H19N20>)
and isatin (CgHsNO;) were generated [33]. Crema et al. used an atmospheric pressure
plasma generated over the water surface in oxygen or nitrogen gas to decompose the indigo
carmine in solution, and its by-products were identified as the isatin 5-sulfonic acid, isatin,
indole (CgH7N), and so on [34]. Because the OH radicals and the O, ions are expected to
primarily decompose the indigo carmine in our experiments, the similar decomposition
process of the indigo carmine introduced above probably occurred, and similar by-products
might be generated after the decolorization experiments.

Although we did not measure the intensity of ultraviolet (UV) light emitted from the
plasma, the UV light might be able to decolorize the indigo carmine solution. For example,
Lukes et al. measured intensity of UV radiation emitted from underwater plasma, and the
UV radiation can play an important role in bacterial inactivation and the generation of
hydrogen peroxide [35]. Tian et al. performed a numerical simulation of dielectric barrier
discharges generated in humid air, and it was found that UV /VUV radiation derived from
excited nitrogen species played a significant role in producing the OH radicals [36]. The
investigation about the contribution of the UV light to the decolorization of the indigo
carmine solution is out of the scope of this paper, but will be addressed in future work.

Figure 11 shows a comparison of the energy efficiency Gsp of the indigo carmine
decomposition when we introduced the liquid flow control based on the Coanda effect
and the post-discharge reactions in the plasma reactors. Gsg increased from 11.5 g/kWh to
30.5 g/kWh by locating the spirally arranged nylon wire along the inner wall of the quartz
tube. In our experiments, the energy efficiency Gsp was the highest when the number
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of nylon wire turns was 10, but it might be possible to obtain a higher Gsg by increasing
the number of turns. Figure 11 also shows that introducing the off time of the streamer
discharges increased the energy efficiency Gsgp from 30.5 g/kWh to 41.0 g/kWh. This would
be because the indigo carmine solution was decolorized through post-discharge reactions
during t.¢. From Figure 11, we found that the 30 s off time of the streamer discharges in
one cycle was enough to use the post-discharge reactions effectively. We also observed that
introducing both the Coandi effect and the post-discharge reactions improved the G5 by
approximately 3.5 times (from 11.5 g/kWh to 40.5 g/kWh).

Our experimental results indicate that the liquid flow control based on the Coanda
effect and the intermittent operation of the streamer discharges to use the post-discharge
reactions are effective to improve the performance of the plasma reactor. Although there
are some papers reporting higher energy efficiencies G5y compared with those in our exper-
iments [11,12], what we found in this study is very valuable to improve the performance of
plasma reactors.

Influence of Coanda Influence of post-
[~ effect (difference of —T discharge reactions
= number of turns) (difference of off time)
A
r 1

E 40 ‘ ;
2
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O 30
>
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Figure 11. Comparison of the energy efficiency Gsy of indigo carmine decolorization when the
Coanda effect and post-discharge reactions were introduced in our plasma reactors.

4. Conclusions

We developed new coaxial cylindrical reactors for water purification by plasma. The
plasma reactors consisted of a quartz tube and acrylic vessels, and the treatment solution
flowed along the inner wall of the quartz tube from top to bottom. Then, the pulsed
streamer discharges were generated between a high-voltage electrode and running water
film. To evaluate the performance of the newly developed plasma reactors, we measured
hydroxyl (OH) radicals in solution by using a chemical probe method with disodium
terephthalic acid (NaTA) and decolorized indigo carmine solution.

The measurements of the OH radicals indicated that the production rate of the OH
radicals in our plasma reactor was approximately 20 nmol/s. In our experiments, more
than a 95% decolorization rate of the indigo carmine solution was achieved within 180 s in
most cases, and the energy efficiency, which is defined as how much energy was consumed
to achieve the 50% decolorization rate of the indigo carmine solution, was on the order of
10 g/kWh. The energy efficiency increased by a factor of approximately 3.5 by introducing
liquid flow control based on the Coanda effect and intermittent operation of the streamer
discharges to use post-discharge reactions, which indicated that these approaches are
effective to improve the performance of the water purification by plasma.
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