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Abstract—Non-thermal plasma technologies with water vapor have been developed for a wide range of applications. In this
study, a water treatment which introduces a vaporized solution into a coaxial dielectric barrier discharge (DBD) tube using Ar
was investigated experimentally. To clarify the organic decomposition characteristics, acetic acid was decomposed by this treatment.
A diluted acetic acid solution was vaporized by a water vaporizer in advance and introduced into the DBD tube. The residence
time of the water vapor introduced into the discharge area in a DBD tube was approximately 6-8 ms. Acetic acid was effectively
decomposed and the decomposition ratio reached almost 70% for small water flow rate, despite the short residence time, which is

superior to the mist plasma treatment.
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I. INTRODUCTION

The use of non-thermal plasma is an effective method to
decompose pollutants because of its ability to produce reactive
species, such as ozone and free radicals, with low input power
[1]. Recently, non-thermal plasma has been paid attention,
not only for gas purification but also for water purification.
A useful feature of the plasma treatment is its ability to
suppress pollution. Organic compounds can be decomposed
completely by plasma to produce water and carbon dioxide
(CO,). Ozone treatment is a well-known water treatment
method utilizing non-thermal plasma [2]. Ozone generated by
non-thermal plasma in the gas phase is transported into the
processing liquid. However, in this treatment, a part of the
ozone and almost all of the free radicals are decomposed by
themselves and disappeared during transportation. Because of
the short life times of these reactive species, plasma must be
generated near the processing solution to utilize them more
effectively. Therefore, various discharge methods that employ
direct contact with water (e.g., direct discharge in water [3],
above water [4], in bubbles [5], and introducing water spray
into a discharge [6]) have been studied for the utilization of
these free radicals for water treatment.

Plasmas with water vapor were developed for a wide range
of applications such as hydrogen isotope exchange [7], [8],
fossil fuel (methane biogas and gasoline) reforming [9]-[13],
hydrogen generation from water or alcohols [14]-[16], and
sterilization [17]. Some toxic pollutants cannot be decomposed
by conventional chemical and biological treatment methods.
To decompose persistent organics, it is necessary to utilize OH
with higher oxidation potential in spite of its short life time.
The dielectric barrier discharge (DBD) with mist flow method
of water treatment investigated in our previous study [18]
can utilize these radicals; however, an OH radical dissolution
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process is still required. Furthermore, the high energy electrons
in a non-thermal plasma are unable to react directly with
dissolved wastes. If the wastes also exist in a gas phase, the
high energy electrons can react with waste directly in the
case of vapor flow treatment. Therefore, there is potential
to improve the water treatment efficiency by discharging
the water as a vaporized phase since the plasma can be
directly generated in the waste-water vapor. It should be noted
that much energy is necessary to vaporize water; however,
for industrial water treatment, the thermal energy of waste
heat from energy systems can be effectively utilized for the
vaporization of water.

In this study, a water treatment method which involves
vaporizing a solution and introducing it into a coaxial DBD
tube with Ar carrier gas was investigated experimentally.
The discharge power and light emission were analyzed as
the discharge characteristics of the DBD tube. The hydrogen
peroxide generation, electrical conductivity, and solution pH
variations were measured as liquid properties. Acetic acid
decomposition was also demonstrated in order to evaluate
the decomposition characteristics of the persistent organics.
In order to investigate the water vapor effect, the supply
water flow rate was important operating parameter which was
controlled by the liquid source vaporization system. Finally,
the decomposition efficiency and system energy efficiency as
a function of the decomposition ratio using water vapor flow
was compared with that of mist plasma treatment, where the
treated solution was atomized by the ultrasonic device before
introduction into a coaxial DBD tube [18].

II. EXPERIMENTAL SETUP AND PROCEDURE

Fig. 1 shows the schematic illustration of the experimental
setup, which consists of a water vaporizer, DBD tube, and
cooling tube. The DBD tube was made of alumina with
2 mm thickness and 6 mm inner diameter. The inner grounded
electrode was a tungsten rod with 3 mm diameter which
was supported by silicon plugs and located along the central
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Fig. 1. Schematic illustration of experimental setup.

axis of the tube [18]. The length of the grounded electrode,
which approximately equals the length of the plasma region,
was 50 mm. The gap between the inner wall of the tube
and the central electrode was, therefore, 1.5 mm. A copper
tape powered electrode encased the outer tube to avoid an
electrical short circuit with liquid vaporizer. A high voltage
power amplifier (TREK, INC., MODEL 10/40A-HS) was
used to apply a sinusoidal ac voltage to the DBD tube. The
voltage amplitude was +10 kV (20 kV,,) and the voltage
frequency was 1,000 Hz. Ar was supplied as the carrier gas
at a flow rate (Qa;) of 5 I/min by a mass flow controller
(MC-20SLPM-D/5M, Alicat) and the water flow rate (Q.,)
was controlled from 0.1 g/min to 2.0 g/min. Purified water
or an acetic acid solution was used as the processing solution
for the measurement of liquid property or organic compounds
decomposition characteristics, respectively. Supplied water and
carrier gas were vaporized and heated to 170°C by a liquid
source vaporization system (MV-2000, HORIBA), which con-
trols the water flow rate and vaporization. Combined with the
liquid mass flow meter (SEF-E40), water can be supplied at a
stable flow rate by feedback control.

The voltage was measured by an electric voltage probe
(Tektronix, P6015A). The electric charge was determined
by measuring the voltage applied to an inserted capacitor
(0.1 pF).

The introduced water vapor flow passed through the DBD
tube only once. After passing through the DBD tube, the water
vapor was condensed by the cooling tube, in which iced water
was used as a coolant. The temperature of the iced water was
set at approximately 283K.

The integrated images of the discharge at various water
vapor concentrations were recorded by using a Nikon digital
camera. The exposure time was 1/30 s, the ISO speed was
1600, and the F-number was 5.6.

The dissolved H,O, concentration as a final product was
measured by a coulometric titrator (Hiranuma Sangyo, HP-
300) to evaluate the chemical reactivity. The H,O, concen-
tration of the collected solution was measured after leaving
several hours, in order to terminate finish the chemical reaction
in the treated liquid because other oxidants may give the
influence on the H,0, measurement. H,O, is one of the well-
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known indicator of OH radical generation as shown following
reactions;

OH+OH —» H,0,
HO, +HO, ——» H,0,+ 0,
OH+HO; —— H,0,+0,

The solution pH and electrical conductivity were measured by
the glass electrode and AC-2-electrode methods, respectively.
The initial electrical conductivity and pH of acetic acid solu-
tion were approximately 80 pS/cm and 5.5, respectively. The
initial acetic acid concentration was approximately 105 mg/l.
It was diluted 10,000 times by purified water. Hydrogen
generation was measured by gas chromatography (GC). GC
measurements were performed with a barrier discharge ion-
ization detector (SHIMADZU, BID-2010 Plus). Acetic acid
decomposition and generation of by-products, such as formic
acid were measured by using ion chromatography to evaluate
the characteristics of persistent organic pollutants (POPs)
decomposition. Ion chromatography measurements were con-
ducted with an electrical conductivity detector using a Shim-
pack IC-A3 column with a solution of 4-hydroxybenzonic acid
(6.37 mM), bis-tris (2.55 mM), and boric acid (39.9 mM), and
a flow rate of 1.2 ml/min. The solution was sampled before
vaporization (initial solution) and after treatment (condensed
solution).

III. RESULTS AND DISCUSSION
A. Discharge characteristics of DBD tube with vapor flow

Fig. 2 shows the time integrated images of discharge of
vapor flow at various water flow rates and DBD mist flow
for tentative comparison. The discharge emission intensity
decreases visibly with the water flow rate. The time aver-
aged discharges are relatively uniform in the circumferential
direction across an annular gap for vapor flow. On the other
hand, there is the non-uniform discharge showing large regions
without discharge in the DBD tube for DBD mist flow, which
results from the electric field concentration by condensed
water film on the electrode or alumina tube as previously
reported [18]. This means that the water vapor is diffused
uniformly in the DBD tube until the flow rate of 1.5 g/min.
Exceptionally, there is a small region in which discharge
cannot be occurred because of the water vapor condensation,
which occurs only when the water flow rate is 2.0 g/min.

Figs. 3(a) and (b) show the Q-V Lissajous figure and
discharge power (Py), respectively, calculated using the Q-
V Lissajous figure. The Q-V Lissajous figures are expanded
for the applied voltage axis by increasing the supplied water
flow rate. The discharge power increases from 3 to 6 W
and becomes saturated with the increase in water flow rate
because more power is needed to discharge the water vapor
compared with dry Ar due to required dissociation energy prior
to ionization. In this study, the highest input power (~6 W)
is obtained with a water flow rate greater than 1.5 g/min.

B. Liquid properties
Fig. 4 shows the dissolved H,0, concentration
(Cu,o0, (mg/l)) and energy yield for H,O, generation



114 International Journal of Plasma Environmental Science & Technology, Vol.11, No.1, APRIL 2017

L

0.5 g/min

O

2.0 g/min

DBD mist flow

Fig. 2. Photos of discharge with various water flow rates.
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Fig. 3. Q-V Lissajous figure (a) and calculated discharge power (b) with
various water flow rates. Error bars shows the standard deviation.

(wn,o0, (mol/))) for pure water. The energy yield for H,0,
generation is calculated as follows:
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Fig. 4. H,0, generation characteristics with various water flow rates. (Filled
circles and open circles show the results with the vapor and mist flow
respectively. Black, Red and blue results show the H,0, concentrations,
energy yields only for discharge energy and energy yields for all energy
including energies for discharge and vaporizing together. Purified water is
used as a source of vapor and mist. The discharge power is varied from 3 to
6 W with frequency of 1000 Hz.) Error bars shows the standard deviation.

where V; is solution volume (I) collected in the processing
time ¢ (s), P;: discharge power (W).

The discharge power is 3—6 W. The initial electrical conduc-
tivity and solution pH of purified water are about 0.0 pS/cm
and 7.0, respectively to measure the liquid properties including
experimental uncertainty.

The main reaction for H,O, generation is recombination of
the OH generated by the water dissociation reaction because
this system includes only H,O and Ar. A high H,O, concen-
tration is obtained with a low water flow rate and decreases
exponentially with an increase in the water flow rate because
the specific input energy decreases. The specific input energy
n (J/g) is defined as the ratio of discharge power P; (W) to
water flow rate ., (g/min) as follows;

n:%xﬁo )

In this study, the highest H,O, concentration (~900 mg/1)
is obtained with a water flow rate of 0.1 g/min. The energy
yield for H,O, generation increases with an increase in the
water flow rate. However, the energy yield is (mol/J) saturated
for 3.2 x 10% above a water flow rate of 1.5 g/min. If the
vaporization energy is considered, the system energy yield
for all input energy drops to 0.082-0.25 (x10% mol/J) as
shown by blue full circle in Fig. 4 for comparison. The H,0,
concentration and energy yield obtained by the mist treatment
are also shown in Fig. 4. These two water treatment methods
show almost the same concentration and energy yield for
H,0, generation with the low water flow rate. However, the
water treatment method with water vapor flow can be operated
throughout a wider range of water flow rates. Therefore, a
higher energy yield is obtained by the water vapor treatment
for larger water flow rates.

Figs. 5 and 6 show the electrical conductivity and solution
pH after plasma treatment, respectively. The initial electrical
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Fig. 5. Electrical conductivity of treated solution with various water flow rates
(discharge power 3-6 W, frequency 1000 Hz, initial electrical conductivity
80 ©S/cm). Error bars shows the standard deviation.
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Fig. 6. Solution pH of treated solution with various water flow rates (discharge
power 3-6 W, frequency 1000 Hz, initial pH 7-8). Error bars shows the
standard deviation.

conductivity and solution pH are approximately 0 pS/cm and
7, respectively. The electrical conductivity increases with the
plasma treatment because dissolved H,O, is weakly ionized.
Therefore, the electrical conductivity decreases with the water
flow rate because the H,0, concentration decreases with
an increase in the water flow rate. In contrast, the solution
pH is almost unchanged by the discharge because nitrogen
oxides (NOx) cannot be generated in this system. Although
concentrations of NO; ™, which is the main acid generated by
NOx in such a plasma system, are also measured, the NO;~
concentration level is below the measurement limit.

C. Acetic acid decomposition

To evaluate the characteristics of persistent organic decom-
position, acetic acid was used as the target of decomposition.
Although acetic acid and water are not azeotropes, the lig-
uid source vaporization system can completely vaporize the

115

[==]
[=

®  Water vapor treatment

= ® (alibrated result
é, 80 ®  Mist flow treatment -
o
=
= 60
o
2
'z 40
o
Q.
=
S 20
Q
o
= 0

0 1 2

Water flow rate [g/min]

Fig. 7. Acetic acid decomposition ratio with various water flow rates.
(Decomposition ratio of mist flow treatment is also shown for comparison.
Red filled circle shows the calibrated result and solid line shows the fitting
line.) Error bars shows the standard deviation.

mixture. In addition, the temperature of the liquid source
vaporization system was set to 443K and acetic acid is
thermally decomposed above 453K [19]. Therefore, the acetic
acid concentration is not changed by vaporization energy.

Fig. 7 shows the acetic acid decomposition ratio () at
various water flow rates. The acetic acid concentration is
calibrated only at a water flow rate of 0.1 g/min because
the acetic acid concentration is changed only by vaporization.
The acetic acid decomposition ratio is calculated by using
following equation:

N = <1 Ccf;) x 100 3)

where, C'4. (mg/l) is the acetic acid concentration in the
condensed solution after treatment and Cy (mg/l) is the initial
acetic acid concentration. The decomposition ratio decreases
almost linearly with an increase in the water flow rate because
the specific input energy decreases with increase in the water
flow rate. The highest decomposition ratio in this study is
approximately 70% at a water flow rate of 0.1 g/min. The
decomposition ratio with the mist flow treatment is also shown
in Fig. 7 for comparison. Within the range of low water flow
rates, the mist flow treatment shows higher decomposition
ratio. However, at water flow rates greater than 0.3 g/min,
the water vapor treatment shows a higher decomposition ratio
compared with that of the mist flow treatment. The condensed
water film is difficult to be formed on the DBD inner electrode
for water vapor treatment compared with the mist treatment.
Therefore, the DBD can be easily generated and kept stably in
the case of water vapor treatment without forming water film
due to the condensation. In addition, the operational range of
the treated water flow rate is 4 times wider more than that
of the mist treatment. Therefore, a larger amount of solution
can be treated by the water vapor treatment compared with
mist flow, although the decomposition ratio decrease to 40%
at 2 g/min.
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Fig. 8. Acetic acid decomposition efficiency with decomposition ratio.
(Efficiency of mist flow treatment is also shown for comparison. Red filled
circle shows the calibrated result.) Error bars shows the standard deviation.

Fig. 8 shows the acetic acid decomposition efficiency
(wac (mol/))) as a function of acetic acid decomposition ratio
defined by Eq. (3) for the same flow rate. The acetic acid
decomposition efficiency is defined by the following equation:

Co/(60.05 x 1000)V;  ~
WAe = X —
Pyt 100

“4)

The decomposition efficiency using the mist flow treat-
ment is also shown in Fig. 8. The water vapor treatment
shows higher energy efficiency for lower decomposition ratio
(which means high treatment amount) compared with mist
flow treatment. The decomposition efficiency increases up to
~ 4 x 10° mol/J but the decomposition ratio is saturated at
almost 40% in the present system. Furthermore, comparison
with the decomposition efficiency for acetic acid with other
different systems was made. The previous energy efficiency
for discharged bubble jet system is 0.648 x 109-2.08 x 10°
(mol/) [5].

Fig. 9 shows the system energy efficiency for acetic acid
decomposition, considering the energies of vaporization and
atomization. Both treatment methods show almost same sys-
tem energy efficiency and trends for decomposition ratio. This
is because the water vapor treatment requires much energy for
vaporizing a larger amount of treatment liquid compared with
the ultrasonic atomization. However, the energy cost of the
water vapor treatment can be reduced by utilizing the waste
heat from industrial thermal systems without using electrical
energy to increase the system energy efficiency.

IV. CONCLUSIONS

A novel water treatment method using water vapor flow
in a DBD tube was developed. The obtained results are
summarized as follows.
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Fig. 9. System energy efficiency for acetic acid decomposition with decompo-
sition ratio. (Efficiency of mist flow treatment is also shown for comparison.
Red filled circle shows the calibrated result.) Error bars shows the standard
deviation.

1) A time-averaged uniform light emission is observed
from the dielectric barrier discharge in water vapor-
Ar mixture gases. A few power DBD can be stably
generated in a vapor flow without forming condensation
water film instead of that in a mist flow.

2) Higher concentrated H,0, is obtained by the DBD
with vapor flow than with mist flow. The highest H,O,
concentration is obtained with a low water flow rate. On
the other hand, the highest energy yield is obtained with
a high water flow rate.

3) The electrical conductivity increases with using DBD,
especially with a lower water flow rate in which the
highly concentrated H,O, is weakly ionized in water.
The solution pH is almost the same around 7 because
nitric acid cannot be generated in this study.

4) The highest decomposition ratio of acetic acid in vapor
flow system is approximately 70% at a water vapor
flow rate of 0.1 g/min. The decomposition efficiency of
vapor flow is significantly larger than that of mist flow
treatment until decomposition ratio of 60%. The highest
efficiency (4 x 10° mol/J) is obtained at a water flow
rate of 1.5 g/min, which is larger than that of discharged
bubble jet.

5) The higher acetic acid decomposition efficiency is
achieved compared with those of the mist flow treatment
because a larger amount of water can be treated by
vapor flow treatment. When the vapor is generated by
the waste heat from the thermal systems energy instead
of electrical heating, the system energy efficiency can
be increased significantly.
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