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Abstract Nitrogen oxides (NOx), sulfur oxides (SOx), and particulate matter (PM)
emitted by diesel engines, thermal power generation plants, and various industrial
establishments have had unfavorable effects on the environment globally. Therefore, it is
necessary to install aftertreatment systems on such combustors because the emissions
cannot be treated for combustion improvement only. To establish NOx/SOy, and
nanoparticle control technologies, herein, we propose a single-stage wet-type nonthermal
plasma (NTP) reactor. To evaluate the performance of the proposed system, we conducted
a laboratory-scale experiment with a mixture of NOx, SOx, and polystyrene particles. In
this system, PM is collected in a water film by the electrostatic effect, NO is oxidized to
NOz by NTP, and NO> and SO; are absorbed into a water film on the inner wall of the
reactor. We achieved almost complete and simultaneous removal of the pollutants, with a
partial collection efficiency of more than 98% for the nanoparticles (diameter = 22—-334
nm), removal efficiency of 98% for NOx, and removal efficiency of 99% for SOx. Further,
we proposed a method to treat the chemical components left in the water film to enable a
self-sustaining technique. The technology allows for conserving in space and investment
costs in exhaust gas aftertreatment facilities.
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Introduction

Air pollutants, including particulate matter, nitrogen oxides NOx (=NO + NO>), and sulfur
oxides (SOx), still remain significant social and environmental problems in East Asian
countries. Nitrogen oxide is produced mainly when oxygen and nitrogen in the air are
combined by burning fuels at high temperatures (thermal NOy), and the main sources of
NOx are emissions by diesel engines, thermal power generation plants, and various
industrial establishments. NOx and SOx are also the precursors of fine particulate matter
(PM) or PMy 5 [1], [2]. Specifically, smaller particles having aerodynamic dimensions of
approximately 100 nm diameter induce respiratory diseases because they can be inhaled
into the distal regions of the lungs and deposited there to induce disease. To reduced air
pollutants, it is necessary to install aftertreatment systems on the source combustors
because the emissions cannot be treated for combustion improvement only. Currently,
selective catalytic reduction (SCR) [3], [4] followed by wet flue gas desulfurization
(FGD) using chemical agents, such as calcium carbonate (CaCO3) and sodium hydroxide
(NaOH) [5], [6], are the available technologies for NOx and SO; reduction. These are
applied globally for the flue gas treatments of coal-fired and oil-fired thermal power
plants. However, high-performance and low-cost technologies are desired in developing
countries. SCR cannot be applied in several industries, such as glass manufacturing,
because of significant catalyst choking due to the impurities in the flue gases [7].
Furthermore, SCR can selectively convert NOx into nitrogen and water, but its efficiency
significantly decreases at lower temperatures, and its use is limited. For example, for NOx
SCR in the garbage incinerator aftertreatment [8], the flue gas temperature is further
increased using a heater before the gas passes through the SCR catalyst. For these reasons,
the development of smaller-sized, cost-effective, and lower-temperature simultaneous
removal techniques for NOx, SO,, and PM are desired, and a wet-type nonthermal plasma
(NTP) reactor is proposed in this study as an effective means. NOx reduction can occur
rapidly at room temperature and atmospheric pressure without catalysts with NTP, such
as corona discharge [9—13] and dielectric barrier discharge [ 14—16], and the wet combined
process of NO oxidation and absorption using ozone [17]. Moreover, the simultaneous
removal of NOx and SO can be realized by a combined technique of NTP and wet
reduction [ 18-21]. A method combining NTP, wet reduction, and electrostatic precipitator
(ESP) has been proposed [22-25] for the removal of PM, NOy, and SOx, but few studies
have addressed simultaneous removal of these pollutants using the same single-stage
system. Our previous research has shown that the wet-type NTP reactor with an aqueous
solution film of a mixture of NaOH and Na>SO3 can remove NOy, SOx, and particles
simultaneously with negligible reaction byproducts, such as N2O, CO, HNO», and HNO3
[22]. In the reported work, the details of PM removal efficiency are not investigated, but
the performance of NOx and SOy removal by different aqueous solutions is described.
Another study has shown PM removal performance by the wet-type NTP reactor with
varying water-film and electrical-discharge parameters [23]. However, the details of NOx
and SOy removal efficiencies are not investigated. In our previous research, we evaluated
the removal performance of NOx and SOx of a wet-type NTP reactor without chemical
additives [24]. By reacting and dissolving NO; and SO, with a water film, NOx and SOy
were removed, but nitrate (NO3) and nitrite (NO,) ions still remained in the water. It is
found that NO3; and NO, could be removed by applying argon plasma to the water
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containing the ions using a wet-type plasma reactor [25]. Therefore, if the wet-type
plasma reactor can remove PM, NOx, and SOy using only water without chemical
additives, exhaust gas facilities can reduce space and investment costs owing to the simple
structure. SOx components retained in the water after treatment in the wet-type plasma
reactor can be treated with desulfurizing agents, such as calcium carbonate (CaCOs3) and
sodium hydroxide (NaOH). However, in these previous works, removal of NOx and SOx
and removal of nanoparticles were achieved separately. The influence of nanoparticle
collection by ESP on NOx and SOx removal is not clarified. Furthermore, detailed
parameter effects, such as water flow rate and applied voltage, and their characteristics
concerning the simultaneous removal of nanoparticles, NOx, and SOx were not
investigated.

In the present study, we performed simultaneous removal experiments on PM, NOx,
and SOy using a wet-type NTP reactor with varying water-film and electrical-discharge
parameters. Furthermore, we evaluated simultaneously the size-dependent or partial
collection efficiency for nanoparticles and removal efficiencies of NOx and SOx. To
understand the characteristics of the wet-type plasma reactor, the physical properties of
water were measured during processing.

Principle of simultaneous removal
Wet-type plasma reactor

Fig. 1 shows the schematic of the wet-type plasma reactor used in the experiment. The
right side of the figure shows an overview of the reactor, and the left side shows the
detailed view of the plasma region. In the right side of the figure, the reactor consists of
a quartz tube, a stainless-steel wire (discharge electrode), liquid silver paste (grounded
electrode), an overflow tank, a bottom tank, a storage tank, a liquid pump, and a flow
controller. The quartz tube is a vertically placed circular pipe with an inner diameter of
20 mm, outer diameter of 25 mm, and a length of 646 mm; it is covered with silver paste
to a width of 260 mm and thickness of 0.05 mm. The stainless-steel wire of 2.0 mm
diameter is placed along the central position of the quartz tube. Then, distilled water is
allowed from an overflow tank in the upper region of the quartz tube and flows over the
quartz tube’s inner wall to generate the water film. NTP is generated by applying a pulsed
high voltage to the discharge electrode. The water film uniformly flows on the quartz
tube’s inner wall because this surface is hydrophilic owing to the NTP. Under constant
applied voltage, the presence of a water film allows current to flow more easily to the
ground electrode and increases the discharge power compared to the case without a water
film. In the proposed technique, NOx is absorbed into the water film as nitric acid and
nitrous acid by air plasma, SO is also absorbed by the water film, and PM is collected in
the water film by electrostatic precipitation.

As shown in the detailed view of the plasma region in the left side of the figure, the
PM that enters the electric field formed by the discharge electrode develops a positive
charge and migrates away from the discharge electrode toward the ground electrode.
When positively charged particles reach the tube’s inner wall with the ground electrode,
the positive charge is neutralized, and the particles are carried downstream by the water
film. Thus, gaseous air pollutants flowing in the channel are treated. The water passing
through the quartz tube is stored in the bottom tank and sent to the overflow tank using a
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pump via the storage tank so that the water circulates through this closed channel during
the experiments. In the case of simultaneous removal of NOx, SOy, and PM, it is especially
necessary to consider interactions, such as changes in the electrical conductivity of the
nitrate due to absorption of SOy and oxidation of NO by nitric acid or sulfuric acid.

Chemical reactions

The NO gaseous component passing through the wet-type plasma reactor reacts with
nitrogen and oxygen radicals as well as ozone. Although some of the NO is reduced to N»
by the reactions (1) and (2), most of the NO is oxidized to NO> by the ozone and oxygen
radical -O, as shown in reactions (3) and (4).

N2 +e-— N+ -N+e- (1)
NO+ N—->N;+-0O (2)
NO + O3 — NO2 + O2 3)
NO+-O+M — NO;+M 4)

where -N and -O are radicals, e- is an electron, M is a third-body substance, and N> and
O, are molecules in air. When water is present in the air, the OH radicals generated by
plasma decomposition react with the NO and NO; to form nitric acid (HNO3) and nitrous
acid (HNO»), respectively, as shown in reaction (5) and (6).

NO+OH+M — HNO2 + M (5)
NO; +OH+M — HNO; + M (6)

Here, NO; and SO» are water soluble and therefore dissolve in water to produce H>SO3,
HNO>, and HNOs3, as shown in reaction (7) and (8).

SOz + H20 — H2S03 (7)
2NO> + H2O— HNO:2 + HNO3 (8)

A previous study [25] reported that nitrate and nitrite ions in solution are reduced by Ar
plasma treatment. Thus, it is possible to reduce the nitrate and nitrite ions in solution by
switching from air plasma to argon plasma after the treatment of PM, NOy, and SOx in
gas. The reduction of the nitrate and nitrite ions was also proposed using a mixed alkaline
solution of NaOH and urea (CO(NH2)2) [26]. With this method, it may be possible to not
only reduce the nitrate and nitrite ions by CO(NH2)2 but also remove sulfate ions by
NaOH. Therefore, we considered that an environmentally friendly system could be
constructed using NaOH and CO(NH>) solutions for the aftertreatment of liquid wastes
from the experimental apparatus.

Experimental apparatus and method

An overview of the experimental setup is depicted in Fig. 2. Synthesized air (02 =21%
and N2 = 79%) and an N»-based gas mixture of NO and SO2 (NO = SO = 200 ppm) are
mixed to prepare simulated exhaust gases in Flow 1 (air + NO+ SO») type flow. In the
Flow 2 type flow, a test aerosol is generated by passing air through an aerosol generator
(Model 3076, TSI Inc.) containing a solution of a mixture of polystyrene latex with six
types of average polystyrene particle diameters, namely 29, 47, 61, 100, 202, and 303 nm
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(SC-0030-A, SC-0051-D, SC-0060-D, and SC-024-S for 29, 47, 61, and 202 nm,
respectively, JSR Co.; 3100A and 3300A for 100 and 303 nm, respectively, Thermo Fisher
Scientific Co. Ltd.). The particle distribution simulates the particulate matter in diesel
exhaust gas. After Flow 2 containing the polystyrene particles passes through a gas dryer,
it is mixed with Flow 1 containing air, NOx, and SOy at a mixing point. The mixed gas
flows into the reactor from the upper inlet of the plasma reactor.

The experiment is performed with a total flow rate of 4 L/min (2 L/min each in Flow 1
and Flow 2) adjusted through mass-flow controllers (SFC280E, Hitachi Metal Co.). An
insulated gate bipolar transistor power supply (PPCP Pulsar SMC-30/1000, 500 W,
Masuda Research Inc.) is used as the reactor power supply, and nonequilibrium NTP is
generated by applying high-voltage pulses between the stainless-steel wire of the
discharge electrode and silver paste of the grounded electrode. The pulse frequency f'is
set to 210 Hz for all experiments. The instantaneous waveforms of the applied peak
voltage V, current /, and power V' X [ are measured using a voltage probe (P6015A,
conversion factor = 1 V/kV, Sony Tektronix Inc.), a current probe (P6021, conversion
factor = 10 A/V, Sony Tektronix Inc.), and a digital oscilloscope (DLM2054, 500 MHz
and 2.5 GS/s, Yokogawa Electric Co.), respectively. The concentrations of the NOx, SOx,
and O are measured with a gaseous analyzer (PG-350, Chemiluminescence detection for
NOx, Infrared absorption for SOx, Zirconia type measurement for O, Horiba Ltd.), and
N2O is measured using appropriate analyzers (VIA-510, Infrared absorption, Horiba Ltd.).
The ozone is measured using a gas-detection tube (18M, Gastec Co.) placed between the
heater and reactor. Because the ozone is generated by plasma when a voltage is applied,
the ozone is removed by the heater (KRO-14K, Isuzu Seisakusho Co., Ltd) set to 250 °C
downstream of the reactor. The PM is analyzed using a scanning mobility particle sizer
(SMPS) (differential mobility analyzer (DMA): Model 3080 + condensation particle
counter (CPC): Model 3787, measurement range of particle size: 10 to 414 nm, TSI Inc.).
The concentrations of NO; and NO, in water are measured with a visible
spectrophotometer (Colorimeter CO7500, Biochrom Ltd.) with color reagents (Nitrite
and Nitrate, Kyoritsu Chemical-Check Lab., Co.). The pH and conductivity of water are
measured using a compact water quality meter (MM-43X, Toadkk, Co. Ltd.), pH
electrode (GST-5841C, Toadkk Co. Ltd.), and conductivity electrode (CT-58101B,
Toadkk Co. Ltd.). The temperature of ground electrode wall is measured using an infrared
thermometer (73036, Shinwa Rules Co. Ltd.).

Experimental results and discussion
Voltage and current waveforms

Fig. 3 shows the typical waveforms of the voltage v, current i, and instantaneous power
v x i for the plasma reactor. The discharge mode is pulsed dielectric barrier discharge
(DBD). In the time region where the voltage increases rapidly, a local streamer with a
very strong electric field originates from the discharge electrode and reaches the ground
electrode, causing the current to increase with oscillation. After that, the current decreases
with the voltage decreases. The time-averaged discharge power P is calculated as an
integral of the instantaneous power v X i of the positive area over a single period by
multiplying the conversion factors of the voltage and current probes as well as pulse
frequency /. When the applied peak voltage is set to 28 kV, as shown in the figure, the
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time-averaged discharge power of the air plasma is equal to 31 W. For the wet-type NTP
reactor, the flowing current is relatively large, exceeding 20 A, whereas for the dry-type
NTP reactor, it is usually less than 15 A. Fig. 4 shows the relationship between the
discharge power and applied voltage at different flow rates of the water film ¢ = 50, 100,
and 200 mL/min. The pulse frequency is set to =210 Hz, and the gas flow rate is set to
O =4 L/min. In this experiment, the applied voltage ranges from 26 to 32 V, and the
discharge power ranges from 12 to 32 W. At ¢ = 100 mL/min, the discharge power for V
=27 kV is almost the same as that for /=26 kV because the amount of ions absorbed by
the water film is lower when the applied voltage is lower. In such case, the discharge
becomes unstable and the variation of the power becomes larger.

Partial collection efficiency

Fig. 5 shows the typical particle size distribution of nanoparticles introduced into the
reactor when the flow rate of the water film is ¢ = 100 mL/min. The vertical axis
represents the normalized concentration (dNV/dlogDy), where Dy, is the electrical mobility
or Stokes diameter of particle. From Fig. 5, it is confirmed that the particle size
distribution corresponds to the diameters of the six different polystyrene particles.

Fig. 6 shows the measured results for the size-dependent or partial collection efficiency
of particles in the diameter range of 22—-334 nm. The pulse frequency is again set to =
210 Hz, and the gas flow rate is set to Q = 4 L/min. The voltage V" and flow rate of the
water film ¢ are varied, and the SMPS measurements are started 4 min after the plasma
is turned on, for a duration of 2 min; these procedures are repeated three times. Thus, a
total of 6 min of measurements are obtained, with further gaseous component
measurements later, as shown in Figs. 8—10. The error bars in the figures correspond to
t0, where o is the standard deviation of the three measurements. In the figure, the
collection efficiency is observed to decrease for smaller (< 30 nm) and larger particle
(>300 nm) diameter ranges. There are three possible reasons for this: 1) the number of
particles is low, 2) the measurement accuracy slightly decreases in these ranges, and 3)
the plasma reactor generates other aerosols. Discussion regarding reason 3) is presented
later in this section using the explanation for Fig. 7. It is seen from Fig. 6(a) that the
average collection efficiencies in the measured diameter range are high and equal to 97,
98, and 98% at voltages of 26, 27, and 28 kV, respectively, when the water-film flow rate
is ¢ =200 mL/min. In particular, the collection efficiencies for particle sizes ranging from
25 to 150 nm are maintained at approximately 95% or higher when the voltage is equal
to or greater than 26 kV. It is seen from Fig. 6(b) that the average collection efficiencies
in the measured diameter ranges are high and almost equal at 98, 98, and 97% for voltages
of 26, 27, and 31 kV, respectively, when the flow rate of the water film ¢ is 100 mL/min.
Specifically, the collection efficiencies for particle sizes ranging from 25 to 220 nm are
maintained at approximately 95% or higher when the voltage is equal to or greater than
26 kV. It is seen from Fig. 6(c) that the average collection efficiencies in the measured
diameter ranges are high and almost equal at 95, 98, and 98% for voltages of 29, 31, and
32 kV, respectively, when the water-film flow rate is 50 mL/min. Here, the collection
efficiencies for particle sizes ranging from 30—200 nm are maintained at approximately
95% or higher when the voltage is equal to or greater than 29 kV. As seen in Fig. 6(a)—(c),
the collection efficiency tends to decrease for diameters less than 20 nm and greater than
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200 nm, which is attributable to the decrease in the initial number of particles or
measurement accuracy.

To evaluate the influence of NOx and SOx inclusion in the gas on PM collection
efficiency, the PM collection efficiency in the present study, including NOy and SOy, is
compared with that in a previous study [23] without NOx and SOx inclusion. The result
for ¢ = 100 mL/min is shown in Fig. 7, and the partial collection efficiencies for
representative particle sizes of 30, 50, 102, 202, and 300 nm are compared. As shown in
the figure, at particle sizes less than 200 nm, the differences in the collection efficiencies
are small and more than 98%. However, at 202 and 300 nm, the collection efficiency is
decreasing owing to the formation of nitric acid and sulfuric acid mists [27], which could
be generated by the discharge in the downstream region of the plasma reactor.

NOx and SOx removal efficiencies

Fig. 8 shows the time-dependent gaseous concentrations of the components NOx, NO,
NOz, N20O, SO, and Oz when plasma is generated for a higher water-film flow rate of 200
mL/min. The measurements for the particle collection in Fig. 6(a) and gaseous
components in Fig. 8 are performed simultaneously. When distilled water with a low
electrical conductivity (=30 puS/cm) is used as the water film, the discharge between the
electrodes becomes unstable. Therefore, SO, is dissolved in the water film at a flow rate
of 200 mL/min at time # = —10 min before the plasma is turned on so that the electrical
conductivity of the water film is increased. After the dissolution of SO, for 10 min, the
plasma is turned on at # = 0 min, and the treatment is performed for 10 min. As shown in
Fig. 8(a), owing to the effects of NO oxidization by plasma, followed by the absorption
of NO; and SO, by the water film, NO decreases from 96 ppm to 0 ppm, NOx decreases
from 97 ppm to 8 ppm, and SO> decreases from 98 ppm to 1 ppm at an applied voltage
of 28 kV and discharge power of 31 W. Consequently, NOx removal efficiency of 92% or
higher and SOx removal efficiency of 98% are achieved. As shown in Fig. 8(b), NO
decreases from 98 ppm to 1 ppm, NOx decreases from 101 ppm to 17 ppm, and SO>
decreases from 92 ppm to 1 ppm at an applied voltage of 27 kV and discharge power of
26 W. Hence, the system achieves NOx removal efficiency of 83% or higher and SOx
removal efficiency of 98% or higher. Furthermore, as shown in Fig. 8(c), NO decreases
from 96 ppm to 1 ppm, NOx decreases from 100 ppm to 1 ppm, and SO, decreases from
90 ppm to 0 ppm at an applied voltage of 26 kV and discharge power of 12 W.
Consequently, the system achieves NOx removal efficiency of 96% or higher and SOx
removal efficiency of 99%. Despite the lower applied voltage of V=26 kV, NOx removal
efficiency is higher than that on other voltage conditions. This is because pH value at ¢ =
0 was higher than that on the other voltage conditions at the applied voltage of 26 kV, as
shown in Fig. 12(a), which is presented later in this session. Because the water film can
absorb NO; more efficiently with higher pH, NOx removal efficiency is higher. In Fig.
8(a) and (b), the concentrations of NO; and NOx slightly increase with time after the
plasma treatment. This phenomenon could be attributed to the desorption of NO»
absorbed in the water film. It is known that as the pH of the solution decreases with
increase in the elapsed time, NO; is induced by conversion of nitrite ions, resulting in the
generation of NO and NO; at the gas—liquid interface. Therefore, it is essential to maintain
a higher pH in the solution. Fig. 8(a)—(c) show that N>O is generated by the reaction
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between NO» and N radicals or by the reaction between N> and O radicals. However, N>O
concentrations are less than 10 ppm in all cases and much lower than that of the removed
NOx.

Fig. 9 shows the time-dependent gaseous concentrations of the components NOx, NO,
NO2, N20, SO, and O2 when plasma is generated for a medium water-film flow rate of
100 mL/min. The measurements for particle collection shown in Fig. 6(b) and gaseous
components as shown in Fig. 9 are performed simultaneously. As shown in Fig. 9(a), NO
decreases from 95 ppm to 0 ppm, NOx decreases from 97 ppm to 2 ppm, and SO,
decreases from 88 ppm to 0 ppm when the applied voltage is 31 kV and discharge power
is 32 W. The system achieves NOx removal efficiency of 98% or higher and SOx removal
efficiency of 100%. As shown in Fig. 9(b), NO decreases from 97 ppm to 0 ppm, NOx
decreases from 99 ppm to 6 ppm, and SOz decreases from 97 ppm to 0 ppm when the
applied voltage is 27 kV and discharge power is 12 W. The system achieves NOx removal
efficiency of 86% or higher and SOx removal efficiency of 100%. As shown in Fig. 9(c),
NO decreases from 97 ppm to 0 ppm, NOx decreases from 99 ppm to 21 ppm, and SO>
decreases from 90 ppm to 3 ppm when the applied voltage is 26 kV and discharge power
is 12 W. Consequently, the system achieves NOx removal efficiency of 78% or higher and
SOx removal efficiency of 97% or higher. At ¢ = 100 mL/min, the NOx removal efficiency
increases with increase the applied voltage or the discharge power. In Fig. 9(a)—(c), N.O
concentrations are less than 7 ppm in all cases, which is much lower than that of the
removed NOx.

Fig. 10 shows the time-dependent concentrations of the gas components NOx, NO, NO»,
N20, SO, and O> when plasma is generated for a lower water-film flow rate of 50 mL/min.
The measurements for the particle collection shown in Fig. 6(c) and gaseous components
as shown in Fig. 10 are performed simultaneously. As shown in Fig. 10(a), NO decreases
from 96 ppm to 0 ppm, NOx decreases from 98 ppm to 4 ppm, and SO» decreases from
93 ppm to 2 ppm when the applied voltage is 32 kV and discharge power is 31 W.
Consequently, the system achieves NOx removal efficiency of 93% or higher and SOx
removal efficiency of 98% or higher. As shown in Fig. 10(b), NO decreases from 95 ppm
to 0 ppm, NOy decreases from 97 ppm to 13 ppm, and SO, decreases from 98 ppm to 3
ppm when the applied voltage is 30 kV and discharge power is 19 W. Thus, the system
achieves NOx removal efficiency of 84% or higher and SOx removal efficiency of 96%
or higher. NOx removal efficiency becomes lower than those at /'=29 and 32 kV because
the variation of the discharge power was large, 25% in maximum during the experiment.
As shown in Fig. 10(c), NO decreases from 98 ppm to 0 ppm, NOy decreases from 99
ppm to 11 ppm, and SO2 decreases from 92 ppm to 3 ppm when the applied voltage is 29
kV and discharge power is 17 W. Consequently, the system achieves NOx removal
efficiency of 89% or higher and SOx removal efficiency of 94% or higher. In Fig.
10(a)—(c), the N>O concentrations are less than 13 ppm in all cases, which is much lower
than that of the removed NOx. The Oz concentration is 10—12% in these experiments, as
seen in Figs. 8—10. This concentration range is set to be equivalent to the concentration
in the combustion exhaust gas, such as that by a diesel engine.

As a result of measuring the temperature of the ground electrode wall for 15 minutes
under the discharge at g = 50, 100, and 200 mL/min, the temperature increased by up to
3°C from 19°C to 22°C under all flow rate conditions. However, the temperature was
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stable because the heat is removed by the water film. Therefore, the proposed technology
is capable of treating NOy at low temperatures.

Characteristics of Solution

Fig. 11 shows the results for the time variations of nitrate ion (NO3) and nitrite ion
(NO,) concentrations in the water film. The voltage V" and flow rate ¢ are varied. In all
conditions, NO; and NO, are initially detected at # = —10 min owing to the slight
dissolution of NO3 and NO, in distilled water. As shown in Fig 11(a)—(c), the NO3
concentrations increase during the air plasma process. However, the increase rate of NO,
is much lower than that of NOjs; the reason for this is considered to be the ability of self-
decomposition of NO,. Further, as the flow rate of the water film increases, the NO3
concentrations increase slightly; this is attributable to the increases in current and
discharge power as the flow rate of water increases, thus shifting the reaction from the
gas phase to the liquid phase.

Fig. 12 shows the pH and conductivity of the water film. In Fig. 12(b), the pH of the
initial distilled water ranges from 4 to 7 for ¢ = 100 mL/min. During the water film
circulation, SO, is absorbed, which decreases the pH and increases conductivity. For three
applied voltage conditions, the pH decreases and conductivity increases at ¢ = 10 min
owing to the absorption of SO2, NO2, HNO,, and HNOs. These trends in the pH and
conductivity of the water film are also similar for other water-film flow rates, as shown
in Fig. 12(a) and (b).

Effect of PM collection on energy yield for NOx removal

Next, the removal energy efficiency or energy yield for NOx removal is considered
based on the results in Figs. 7-9. It is observed that NTP has little effect on the energy
yield for SOx removal. Therefore, it is enough to evaluate the energy yield for NOx
removal. To identify the effect of PM precipitation or collection on the energy yield for
NOx removal, the simultaneous PM removal performance in the present study is
compared with a previous report for energy yield. The energy yield is calculated by the
following equation [24]:

Tno, = [(ANO) + (ANO)] x 1076 x My, X % X =X 60 (9)
where ANO and ANO: are the removed NO and NO> concentrations (ppm), Myg, is the
molecular mass of NO> (g/mol), p is the pressure (kPa), QO is the gas flow rate (L/min), R
is the gas constant (kPa/(mol-K)), T is the temperature (K), and P is the discharge power
(W).

Fig. 13 shows the energy yield of NO», which has the unit g(NO2)/kWh, against specific
energy (SE), which is measured in units of (Wh/m?). The compared data are from
experiments conducted under the following conditions: air plasma treatment, gas flow
rate of 4 L/min, and initial NO and SO> concentrations of about 100 ppm each. In the
previous report [24], the experimental data for NOx and SOy treatment with PM were
obtained under the same conditions as the present experiments. The experimental data for
NOx and SOy treatment without PM were given in another study [25]. It is observed from
Fig. 13 that the energy yield for NO> removal is almost inversely proportional to SE, as
seen from the solid curve, because the average NOy removal efficiency is high and more
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than 80%. It is seen from the graph that the present results are similar to those reported
previously [24], which included the particles quantitatively. Further, the previous data
[25] that did not consider the particles showed similar results. Moreover, the results in the
present and previous [24] studies show that the average collection efficiency is more than
95% in the 22—-334 nm particle size range with simultaneous removal of NOx and SOx.
Therefore, it can be concluded that the electrostatic PM precipitation has little effect on
the removal of NOyx and SOy in the simultaneous removal because the energy required for
electrostatic PM precipitation is lower.

From the aforementioned results, it is obvious that the wet-type NTP reactor can
simultaneously remove NOy, SOx, and nanoparticles. Actual exhaust gas, such as diesel
one, has various PM components and concentrations of NOx and SOx, so it is necessary
to study actual exhaust gas treatment with actual diesel engines in order to put this
technology to practical use in the future. All the physical and chemical interactions will
vary in real industry. These experiments were conducted on the laboratory scale with a
gas flow rate of 4 L/min; however, it is expected that treatment of large flow rates of
exhaust gases, including NOy, SOy, and nanoparticles, can be achieved under practical
scenarios by the parallel arrangement of the multiple wet-type NTP reactors. The
arrangement could enable simultaneous removal of PM, NO, and SOy with larger flow
rate and high efficiency of over 90%, which is confirmed from the result of this study.

Conclusions

In this study, we conducted laboratory-scale experiments for the simultaneous removal
of PM, NOy, and SOy using the wet-type NTP reactor without any chemical agents.
Furthermore, we obtained the partial collection efficiency for nanoparticles by measuring
the particle number concentration using the SMPS. In the experiments, we collected 98%
of the particles with diameters in the range of 22—334 nm at an applied voltage of 28 kV
when the gas flow rate, frequency of high-voltage pulse, and solution flow rate were 4
L/min, 210 Hz, and 200 mL/min, respectively. The water film flow rate had no effect on
the particle collection efficiency in the 50—200 mL/min flow rate range because the SOx
was sufficiently absorbed by the water film, and electrical conductivity of water was
increased to stabilize the electrical discharge. Further, the simultaneous removal of 92%
of NOx and 98% of SO; was achieved at an applied voltage of 28 kV for a gas flow rate,
frequency of high-voltage pulse, and solution flow rate of 4 L/min, 210 Hz, and 200
mL/min, respectively. The electrostatic PM precipitation has little effect on the removal
of NOy and SOx in the simultaneous removal because the energy required for electrostatic
PM precipitation is lower. Based on these results, we demonstrated the feasibility of
simultaneous removal of PM, NOy, and SOx. For industrial applications, several of the
proposed plasma reactors should be placed in parallel and tested for a real-sizes system.
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Figure and Table captions

Fig.1 Schematic of the wet-type plasma reactor.

Fig. 2 Experimental setup for simultaneous PM, NO, and SOx removal.

Fig. 3 Waveforms of the voltage v (kV), current i (A), and instantaneous power (VA)
(V=28 kV, g =200 mL/min, average discharge power =31 W).

Fig. 4 Relationship between discharge power and applied peak voltage for various flow
rates.

Fig. 5 Particle size distribution of nanoparticles.

Fig. 6 Partial collection efficiencies for nanoparticles for various flow rates of the water
film with frequency /=210 Hz, gas flow rate Q =4 L/min, and L =260 mm: (a) g = 200
mL/min, (b) ¢ = 100 mL/min, and (c) ¢ = 50 mL/min.

Fig. 7 Partial collection efficiencies for particles with specified diameters in the present
work and a previous study [23].

Fig. 8 Gaseous concentrations at the outlet of the reactor for various applied peak
voltages with frequency, gas flow rate, and water flow rate of 210 Hz, 4 L/min, and 200
mL/min, respectively, for L =260 mm: (a) V=28 kV, (b) V=27 kV, and (¢) V"'=26 kV.
Fig. 9 Gaseous concentrations at the outlet of the reactor for various applied peak
voltages with frequency, gas flow rate, and water flow rate of 210 Hz, 4 L/min, and 100
mL/min, respectively, for L =260 mm: (a) V=31 kV, (b) V=27 kV, and (¢) V=26 kV.
Fig. 10 Gaseous concentrations at the outlet of the reactor for various applied peak
voltages with frequency, gas flow rate, and water flow rate of 210 Hz, 4 L/min, and 50
mL/min, respectively, for L =260 mm: (a) V=32 kV, (b) V=30 kV, and (¢) V"'=29 kV.
Fig. 11 Nitrate and nitrite ion concentrations in water for various flow rates of the water
film q with frequency and gas flow rate of 210 Hz and 4 L/min, respectively: (a) g = 200
mL/min, (b) ¢ = 100 mL/min, and (¢) ¢ = 50 mL/min.

Fig. 12 pH and conductivity of the water film for various flow rates of the liquid film q
with frequency and gas flow rate of 210 Hz and 4 L/min, respectively: (a) ¢ =200 mL/min,
(b) ¢ = 100 mL/min, and (¢) ¢ = 50 mL/min.

Table 1 Relationships between energy yields for NO reduction and discharge power for
the present work and previous studies [24], [25].
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