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Abstract—The removal of air pollutants containing nanoparticles with a wet-type plasma 
reactor is investigated by using a gas-liquid interfacial nonthermal plasma. This reactor can 
simultaneously remove nanoparticles and harmful gases such as nitrogen oxides (NOx) and 
sulfur oxides (SOx). In order to evaluate the performance of this reactor, a simulated exhaust 
gas is prepared using polystyrene latex particles having diameters of 29, 48, 100, 202, and 309 
nm, and NO / SO2 gas cylinders. A collection efficiency of more than 99% is achieved for na-
noparticles having diameters in the 27.9–216.7 nm range. Moreover, removal efficiencies of 
more than 99% and 77% are obtained for SO2 and NOx, respectively. From these results, it is 
confirmed that this wet-type pulsed corona discharge plasma reactor is useful for the simulta-
neous removal of nanoparticles, NOx, and SOx. 

Keywords: Air cleaner, nonthermal plasma, electrostatic precipitator, gas-liquid interface, 
nanoparticle, NOx, SOx. 

I. INTRODUCTION 
Particulate matter (PM), nitrogen oxides (NOx = NO + NO2), and sulfur oxide (SOx = SO2 

+ SO3) emitted from diesel engines, thermal power generation plants, and general factories 
of industries have bad effect for global environment and humans. Therefore, they become a 
great problem, and nonthermal plasma technology is one of the important treatment method 
attracting attentions [1–7]. Especially, in Asia region, recently, suspended nano-sized 
particles in the atmosphere among the harmful air pollutants have become an international 
problem. PM2.5 represents the particle having an aerodynamic diameter less than 2.5 μm. 
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Especially, smaller particles or nanoparticles having an aerodynamic diameter of ap-
proximately 100 nm are very harmful for health and induces respiratory diseases because 
they easily deposit and proceed to the inner cells in the respiratory tube and lung wall. 

Under these circumstances, various kinds of researches on indoor air cleaner the target of 
which is the removal of PM2.5 in the world, especially Asian contries. On the other hand, in 
the accident of the nuclear power plants in Japan in 2011, radioactive gaseous or particulate 
air pollutants are temporally released from the nuclear reactors and their removals were 
required. Generally, particulate matter suspended in the atmosphere can be collected by the 
air cleaner where polymer filters (HEPA or ULPA filters) combined with fan apparatus. 
These types of air cleaner were used in the nuclear power plant after the accidents occur. 
However, in the case with air cleaner with the filters radioactive matters inside the filters 
during filtering become a problem should be treated properly. Furthermore, it is difficult to 
achieve high-efficient removals of gaseous molecules air pollutants are difficult with 
polymer filters, and increased pressure loss with the deposition of particles in the filter 
induces the energy loss in the fan. On the other hand, most small indoor air cleaners for 
industries and home use developed and purchased in the market are air-filter type. There-
fore, for the removals of gaseous harmful radioactive air pollutants such as radioactive 
iodine, I 131 and cesium, Cs 137 which were emitted from the nuclear power plant during 
the accident and suspended in the atmosphere, and suspended nanoparticle connected with 
these harmful matter, a compact air-cleaner which does not use the filters should be newly 
developed and it is very meaningful. 

Under these backgrounds for the present research, we propose a system where a wet-type 
electrostatic precipitator [8, 9] is combined with an atmospheric-pressure nonthermal 
plasma (NTP) generator for the removal of nanoparticle pollutants suspended in the at-
mospheric environment. As used in our previous papers [10–12], we named this system 
“wet-type plasma reactor”. In the wet-type plasma reactor, there are merits that the decrease 
in the collection efficiency due to the re-entrainment observed in dry electrostatics precip-
itator does not occur, and high collection efficiency for nano meter sized particles is 
achieved. In the apparatus, pulsed high-voltage is applied between the electrodes and pos-
itive ions are induced. As a result, particulate matter in the channel is charged and collected 
inside the water film on the grounded electrode. After the collection, pollutants are cleaned 
with high efficiency by treating the waste water. 

In the present report, as a basic study for this type of actual-scale system, experimental 
model and principle of chemical reactions for nanoparticle collection performances of 
wet-type plasma reactor are described with experimental results. Furthermore, not only PM, 
but also NOx and SOx simultaneous removal which emits from factories is carried out using 
aqueous solution using reducing chemical agents [10, 11]. 

II. EXPERIMENTAL APPARATUS AND PRINCIPLE OF CLEANING REACTIONS 

A. Experimental apparatus 
Figure 1 shows schematics of the wet-type plasma reactor used in the experiment. In the 

research, this type of apparatus where electrostatic precipitator for particulate removal are 
combined with wet-chemical reactor for solution scrubbing. This system is superior to the 
ordinary air cleaner because the polymer filter is not used. This reactor is a laboratory-scale 
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model with cylindrical channel of 20 mm and length of the grounded electrode of 260 mm. 
This apparatus consists of a pair of discharge electrodes and water film on the wall in the 
channel. The air pollutants are introduced to the channel and cleaned up. By applying the 
pulsed high-voltage between the electrodes ions are induced to charge the particulate matter 
flowing in the channel. As a result, PM is collected inside the water film near the grounded 
electrode. More than 95% of nanoparticles can be collected and it is superior performance. 
On the other hand, gaseous air pollutants flowing in the channel is treated by the NTP. 
Further, electrostatic wind induced by the moving ions stirs the flow to absorb into the 
aqueous solution film. Waste water solution should be treated and vaporized, condensed, 
and treated in the case of radioactive particle chemically and finally becomes solid. 
However, for low-level harmful pollutant, it can be drained to sewage as it is. As an aqueous 
solution, the following reducing agents are suitable for NOx and SOx simultaneous removal. 

 
 

 
 
 

Fig. 1. Schematics of wet-type plasma reactor 
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B. Principle of cleaning reactions  
A mechanism and principle of simultaneous removal of PM, NOx, and SOx in the system is 

described. As an aqueous solution, NaOH solution, Na2SO3 solution and their mixtures are 
used [10–16]. NO gaseous component passing through the wet-type reactor reacts with N2 
and O2 in the and partially reduce to nitrogen, but mostly oxidized air by the NTP to NO2. 

 
        N2 + e → •N + •N + e                                                                      (1) 
        NO + •N → N2 + •O                                                                         (2) 
        NO + •O + M → NO2 + M                                                                    (3) 

 
where •N and •O means nitrogen and oxygen radicals, e denotes electron, and M represents 
third materials (N2 and O2). The reaction (3) progresses by NTP under the existence of 
oxygen radical •O. NO2 obtained by the oxidation reaction (3) is water-soluble and re-
moved by the reaction on Na2SO3 aqueous solution, the NO2 is converted and reduced to N2 
and non-toxic water soluble Na2SO3 according to the chemical reaction. 

 
        2NO2 + 4Na2SO3 → N2 + 4Na2SO4                                                 (4) 
 

When the aqueous solution is NaOH, Na2SO3 is generated according to the chemical 
reaction (5) between SO2 included in the exhaust and NaOH to remove SO2 and enhance the 
reducing reaction (3) for NO2 

 
        SO2 + 2NaOH → Na2SO3 + H2O                                                        (5) 

 
On the other hand, SO2, SO3, and NO2 are water-soluble and as a result, H2SO4, HSO3, 

HNO2, and HNO3 are induced in the solution. 
 

        SO2 + H2O → H2SO3                                                                          (6) 
        SO3 + H2O → H2SO4                                                                             (7) 
        2NO2 + H2O → HNO3 + HNO4                                                                   (8) 

 
The pH in the solution decreases as reaction (6) – (8) progresses. However, NaOH added 

in the solution contributes the neutralization. On the other hand, when pH of the aqueous 
solution is more than eight or strong alkaline solution, carbon dioxide (CO2) is also ab-
sorbed to the solution film. Generally, because CO2 concentration in the exhaust gas is high, 
in % order the solution becomes slightly acid. However, when NaOH is added to the so-
lution, Potassium hydrogen carbon trioxides NaHCO3 and Na2CO3 are generated and the 
solution becomes pH buffer one to keep it slightly alkaline. Furthermore, it is known that 
denitration based on the reaction (4) is effective for alkali solution of pH ~ 8.  

It is known from these explanations that simultaneous removal of NOx and SOx based on 
the reactions (1) – (8) is highly consistent technique. Next, some laboratory-scale experi-
mental results on PM, NOx, and SOx simultaneous removal are reported based on the 
principle and the experimental model. 
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III. EXPERIMENTAL APPARATUS AND METHOD 
Figure 2 shows a layout of the experimental apparatus. Cylinders of synthesized air and 

gaseous cylinders (N2 : 79% + O2 : 21%) are prepared. Aerosol flows of polystyrene latex 
nanoparticle are generated by passing the air through the spray-type aerosol generator 
(Model 3076, TSI Co.,). The flow rate of the air is controlled by a mass flow controller 
(SFC280E, Hitachi Metal Co.). Generated aerosol flow passes through the gaseous dryer 
and becomes in charge equilibrium state using an americium neutralizer. The whole aerosol 
becomes electrically neutral. The gas including the particles is mixed with the bypassed air 
flow for dilution, and introduced to the wet-type plasma reactor. As already shown in Fig. 
1, the plasma reactor has an overflow reservoir of aqueous solution upper region of it. The 
solution overflowed from this reservoir flows on the inner surface of the reactor to generate 
the solution film the thickness of which is typically 0.5 mm. As a high voltage power supply, 
IGBT (Insulated Gate Bipolar Transistor) driven a pulsed high voltage power supply 
(PPCP Pulsar, SMC-30/1000, 500 W, Masuda Research Inc.,) is used. The NTP is in 
induced between the discharge wire and the grounded electrode which is located on the 
outside surface of insulated (quartz) tube made with liquid silver paste, by applying the 
high voltage pulse (half value width ~ 400 ns) between the electrode. The applied voltage, 
current, and instantaneous power waveforms are measured with a digital oscilloscope 
(DL1740, Yokogawa Electric) through the voltage probe (P6015A, Sony Tektronix) and 
the current probe (P6021, Sony Tektronix). In order to evaluate the collection efficiency 
for each particle diameter or the partial collection efficiency of the wet-type plasma reactor, 
SMPS (scanning mobility particle sizer, CPC Model 3776 + DMA Model 3081, TSI Inc.) 
is used for measuring the partial collection efficiency before and after the treatment. For the 
experiment of NOx and SOx simultaneous removal. the concentrations of NOx and SOx are 
adjusted to NO = 200 ppm and SOx = 200 ppm at the inlet of the plasma reactor. During the 
wet-type plasma reactor is working and simultaneous removal of NOx and SOx is carried 
out, the removal efficiencies of various gaseous components and byproducts are measured 
and evaluated. NOx is measured by a NOx analyzer (PG-240. Chemiluminacense, Horiba 
Ltd.), N2O is measured by a N2O analyzer (VIA-510, Horiba Ltd.), and SO2 H2SO4, HNO3, 
and ozone are measured using gas detection tubes (Gastec Co.). During the plasma is 
turned on, ozone is induced and damages the measurement apparatus, especially, rubber 
parts. Therefore, an electrical tubular type heater (KRO-14K, Isuzu Co.) is put on the 
upstream of the measuring apparatus. The temperature is set at 250°C to increase the 
exhaust gas temperature and remove ozone. 
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Fig. 2. Experimental setup for simultaneous removal of nanoparticle, NOx, and SOx 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Electrostatic precipitation for nanoparticle removal 
Figure 3 shows an example of measured voltage, current, and power waveforms. The 

plasma power is calculated by integrating the VI over a period with time. The power is used 
for both electrostatic precipitation and gaseous components decomposition. Figure 4 
shows the measurement results on the collection efficiency for a total flow rate of 4 L/min 
and the grounded electrode length of 260 mm with different solution flow rates of 100 
mL/min. In the figure, when the applied voltage is greater than 26 kV, more than 99 % 
particles are collected in the range of the particle diameter of 15 ~ 414 nm. For the solution 
flow rate of 50 mL/min, similar result to that of Fig. 4 is obtained. However, for the smaller 
solution flow rate of 25 mL/min, the collection efficiency obviously decreases overall 
range of particle size. This is caused by the unstable solution film due to the decrease in the 
solution flow rate. Especially, the collection efficiency decreases greatly in the diameter 
ranges of 15 ~ 40 nm and 100 ~ 200 nm because the particle concentration in the range is 
approximately one-tenth than that in the range of 40 ~ 100 nm and the effect of the removal 
number on the removal efficiency becomes larger.  
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Fig. 3. Voltage, current, and instantaneous power waveforms. 
 
 

 
 
 

Fig. 4. Effect of solution flow rate on nanoparticle collection efficiency (gaseous flow rate = 4 L/min and the 
ground electrode length = 260 mm, pulse frequency = 210 Hz, solution flow rate = 100 mL/min, and dp = 15.1 ~ 
414.2 nm). 
 
 

Next, the length of the grounded electrode is changed to 200 mm, while the other con-
ditions are the same as those in Fig. 4. The result is shown in Fig. 5. It is known from the 
figure that the collection efficiency reaches more than 99% for all range of the particle 
diameter only at the applied voltage of 30 kV, and it decreases at lower applied voltage for 
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the larger diameter range. Especially, at the applied voltage of 26 kV it decreased down to 
80% near the diameter of 200 nm. This may be caused by the following reasons: The 
residence time of the gas at the reactor decreased from 1.2 s to 0.94 s with decrease in the 
length of the reactor. The particle charging efficiency decreases with decrease in the ap-
plied voltage, and the settling velocity of the particles decreases as a result. Furthermore, it 
is known [17] that the settling velocity becomes in minimum at the submicron range of the 
diameter near 200 nm. 

 
 

 
 
 

Fig. 5. Nanoparticle collection efficiency for the ground electrode length of 200 mm (the total flow rate = 4 
L/min, the solution flow rate = 100 mL/min, pulse frequency = 210 Hz, and dp = 15.1 ~ 461.4 nm). 

 
 
Next, the result is shown in Fig. 6 on the same condition as those in Fig. 4 except for the 

increased gas flow rate of 8 L/min. The collection efficiency is almost higher than 99%. 
However, for 25 kV, it decreases down to 74% for the particle diameter near 200 nm. 

Next, the voltage is fixed at 30 kV and the frequency of the pulse high voltage is changed 
from 10 ~ 210 Hz. The result is shown in Fig. 7 when the gas flow rate is set at 4 L/min. 
More than 99% of removal efficiency can be kept when the frequency is decreased down to 
50 Hz. It is known from the result that the operation at 105 Hz can be reduced energy by 
50% than that at 210 Hz because the power consumption is proportional to the frequency. 
Next, for the gas flow rate of 8 L/min, and the applied voltage of 30 kV, more than 99% 
collect on efficiency is achieved when the frequency is equal to or more than 105 Hz. 
However, for the frequency is equal to or less than 50 Hz, it decreases, for example, it 
decreases down to 96% for the frequency of 30 Hz and at the particle diameter of 195 nm. 
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Fig. 6. Effect of total gaseous flow rate on nanoparticle collection efficiency (gaseous flow rate = 8 L/min, the 
ground electrode length = 260 mm, the solution flow rate = 100 mL/min, pulse frequency = 210 Hz, and dp = 15.1 
~ 478.3 nm). 

 
 

 
 
 

Fig. 7. Effect of pulse frequency on nanoparticle collection efficiency (gaseous flow rate = 4 L/min, the ground 
electrode length = 260 mm, the solution flow rate = 100 mL/min, applied voltage = 30 kV, and dp = 15.1 ~ 478.3 
nm). 
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Figure 8 shows the relation between collection efficiency for 101.8 nm particle and the 
discharge power for different operational conditions. It is known from the figure that for 
more than 99% collection efficiency the power becomes lowest for the conditions of L = 
260 mm, f = 105 Hz, and V = 26 kV.  

Based on the experimental results on particles above, further experiment on simulta-
neous removal of NOx, SOx, and PM are carried out. Main experimental results are re-
ported in the next section. 

 
 

 
 

Fig. 8. Evaluation of collection efficiency for 101.8 nm particle 
 
 

B. Experiment on the simultaneous removal of NOx, SOx, and PM 
Figure 9 shows an experimental result for the conditions of L = 260 mm and f = 105 Hz 

when the reducing agent solution of 95 mg/L Na2SO3 + 30 mg/L NaOH is used as a solution 
film on the inner wall of the reactor [8]. NOx is reduced by the plasma reaction; however, 
the concentration only decreases down to 87 ppm at the applied voltage of 30 kV. Because 
SO2 is water-soluble, the concentration of SO2 decreases down to 2 ppm with the solution 
flow only, not applying the plasma. The SO2 removal efficiency is 99%. It is very effective 
to use the reducing agent solution. 

Figure 10shows the results of NOx concentration when the pulse frequency is set at 210 
Hz and the concentration of Na2SO3 increases up to ten-times higher. By increasing the 
pulse frequency, NOx is reduced by the plasma reaction and the concentration decreases 
down to 46 ppm at the applied voltage of 30 kV and the NOx removal efficiency of 77% is 
obtained. With increased Na2SO3 concentration in the solution, the electrical conductivity 
is increased. As a result, it is difficult to increase the voltage up to more than 28 kV. When 
the peak voltage is 28 kV (power = 24 W), NOx concentration is decreased down to 39 ppm. 
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The removal efficiency is 82% which is slightly increased compared with the case with 
lower Na2SO3 concentration. 

 
 

 
 

Fig. 9. Simultaneous removal of NOx and SOx under coexisting with nanoparticle for the pulse frequency of 
105 Hz (total flow rate = 4 L/min, the ground electrode length = 260 mm). 

 
 
 

 
 

Fig. 10. Effect of Na2SO3 concentration on NOx removal for the pulse frequency of 210 Hz (total flow rate = 4 
L/min, the ground electrode length = 260 mm). 
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V. CONCLUSION 
A new-type wet type plasma reactor and laboratory-scale model experiment is carried 

out on the simultaneous removal of PM, NOx, and SOx using the reactor. In the experiment, 
99% of the particles are collected at the applied voltage of 26 kV when the length of the 
electrode is 260 mm. when the length of the electrode is 200 mm, the collection efficiency 
decreases down to 80% at the particle diameter of 200 nm. Further, in the test of simul-
taneous removal of NOx, SOx, and PM, 77% of NOx and 99% of SO2 removals are obtained 
on the condition that the exhaust gas flow rate of 4 L/min, initial NOx and SOx concentra-
tions of 200 ppm, and NTP power of 20 W. In these results, simultaneous removal of NOx, 
SOx, and PM is achieved. Based on this fundamental result, farther study toward the de-
velopment of the actual-scale system for industries will be carried out in the future re-
search. 
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