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Abstract Several regulations on exhaust gases have been introduced to curb hazardous 

exhaust of volatile organic compounds (VOCs) and particulate matter (PM) from the paint 

and printing industries. VOCs produce photochemical oxidants and suspended PM such 

as PM2.5, which is now recognized as a global environmental problem. We assess a 

nonthermal plasma (NTP) technique for controlling VOC emissions, especially, propose 

a wet-type packed-bed plasma reactor to extend the treatment of water-non-soluble VOCs. 

This paper proposes a wet-type packed-bed plasma reactor to extend the treatment of 

water-non-soluble VOCs. The proposed technique is evaluated through the simultaneous 

removal of nanoparticles and toluene at a relatively high flow rate. Simultaneous 

treatment of the VOCs and nanoparticles using the reactor indicates that the average 

particle collection efficiency is 94%, and the removal efficiency of 60 ppm toluene is 73% 

with a gas flow rate of 10 L/min. The resultant byproducts are benzaldehyde (C6H5CHO), 

benzyl alcohol (C6H5CH2OH), phenol (C6H5OH), ozone, formic acid, and acetic acid, and 

some are easily dissolved and removed by the sodium hydroxide solution film. A smaller 

pellet diameter leads to more efficient toluene removal at lower specific energy values, 

while the ozone concentration does not change. However, the ozone concentration can be 

greatly suppressed by dissolving the ozone in the alkali solution film. 
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Introduction 

Air contaminants, such as volatile organic compounds (VOCs) and tiny airborne 

particles, have become societal concerns. Rules concerning emission controls, including 

those for ships, have been established. The paint and printing sectors release exhaust 

fumes that contain VOCs, which lead to the creation of photochemical pollutants and 

particulate matter (PM), such as PM2.5, posing a worldwide environmental threat. 

Furthermore, VOCs pose health risks because of their potential to cause cancer. 

Specifically, they have been identified as the factor causing sick building syndrome. 

Hence, innovative methods are required to prevent their release into the air [1]. 

Traditional methods to capture VOCs include techniques based on photo- and 

thermal catalytic removal [2–4], adsorbent usage [5], and biofiltering [6]. Thermo 

catalytic combustion is noteworthy because it occurs at low temperatures. However, this 

needs the use of valuable metals such as Pt and Pd, raising the overall expense. In addition, 

standard methods face challenges in minimizing and eliminating VOCs owing to their 

significant energy consumption and incapacity to handle shifts in gas flow speeds. 

Therefore, there is a need for efficient and affordable solutions for removing VOCs gases. 

The nonthermal plasma (NTP) method [7–13] eliminates many harmful air contaminants 

more effectively than traditional methods. This approach offers unique benefits, such as 



5 

 

no maintenance, reduced operation expenses, and extensive usability under ambient 

temperature and pressure conditions. Nevertheless, the use of NTP in managing VOCs is 

constrained by its inferior energy productivity and the generation of unwanted byproducts 

such as ozone (O3), nitrogen oxides (NOx), and VOC agglomerated nanoparticles. 

Therefore, the present study focuses on the efficient removal of VOCs and suppressing 

the undesirable byproducts by combining NTP with chemicals, materials, and the sodium 

hydroxide (NaOH) solution as a system. 

Packed-bed plasma reactors are used for odor and VOC removal [14–21]. The most 

widely known effect of packing materials is electric-field augmentation at the contact 

point between the pellets [21]. Additionally, scientists have investigated the elimination 

of VOCs using nonthermal plasma reactors containing pellets [22]. The wet variant 

demonstrated superior efficiency compared to the dry variant. Moreover, VOCs are 

converted into by-products that are soluble in water, which enhances the effectiveness of 

these methods for treating gases. Ozone emission from plasma air cleaners has become a 

problem because they are harmful to humans. It is reported that the ozone is decomposed 

by an NaOH solution. The autolysis reaction of the ozone is initiated by hydroxide ion 

(OH−) when the aqueous solution is alkaline [23]. Manganese oxide is used to control 

ozone in a packed-bed plasma reactor, which requires maintenance, such as replacing 
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manganese oxide because of its limited lifetime [1]. Moreover, if the catalyst is placed 

after the plasma reactor, more of it is required to eliminate ozone when the gas flow rate 

is higher. Thus, the NaOH solution film can be used to reduce ozone without a catalyst, 

which facilitates maintenance. Furthermore, it has been reported that NOx and nitric acid 

(HNO3) in the plasma can be neutralized by the NaOH solution film [11]. Additionally, 

Carbon dioxide (CO2) produced by the decomposition of toluene (C6H5CH3) can also be 

absorbed by the NaOH solution film under alkaline conditions [11]. One of the properties 

of packing materials that affects the discharge is the pellet size [24, 25]. By reducing the 

diameter of the pellets in the filling layer, the number of contact points and the total 

surface area of the pellets are increased. Thus, the energy efficiency of the discharge on 

the sphere surface is increased, and the efficiency of VOC removal is considered to 

increase [25]. 

Given the aforementioned context, we propose using a wet-type packed-bed NTP 

method for removing VOCs. The benefits of this method include superior energy 

efficiency, use of highly chemically active agents such as oxygen and hydroxyl radicals 

(•O and •OH), transformation to water-soluble products, and gathering of nanoparticles. 

In the present study, we evaluated the performance of the proposed plasma reactor 

through the simultaneous removal of nanoparticles and one of the typical VOCs, e.g., 
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toluene, at a relatively high gas flow rate of 10 L/min. A detailed analysis of reaction 

byproducts is performed compared with the dry-type packed-bed NTP reactor. 

 

Principle of Simultaneous Removal 

Wet-type Packed-bed NTP Reactor 

Figure 1 shows a schematic of the wet-type packed-bed NTP reactor used in the 

experiment. An overview of the reactor is displayed on the right side of the figure, and a 

detailed depiction of the plasma region is shown on the left. The reactor consists of a 

quartz tube, stainless-steel wire (serving as the discharge electrode), silver paste (acting 

as the grounded electrode), glass pellets, tank for overflow, bottom tank, storage tank, 

pump for the liquid, and a flow meter device. The quartz tube, positioned vertically, is a 

round tube with an inner diameter of 20 mm, an outer diameter of 25 mm, and a length 

of 646 mm; its exterior is coated with a silver paste adhesive up to 260 mm high and is 

0.05 mm thick. The discharge electrode strand measuring 2.0 mm in diameter is 

positioned along the center of the quartz tube. The glass pellets with diameters of 2.0  

0.5 mm are packed in the quartz tube in the section painted with the silver paste. Glass is 

used as a typical dielectric pellet. Subsequently, NaOH solution passed from an overflow 

tank above the quartz tube flows along the tube’s inner wall to create a solution film. NTP 
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is produced by delivering a high-voltage pulse to the discharge electrode. Owing to the 

hydrophilic inner surface established by NTP, the solution film moves consistently along 

the inner lining of the tube and pellets. This mechanism increases the contact area between 

the gas and liquid. Because the gas and the solution film are more likely to come into 

contact with each other, the ozone dissolves in the solution film, and the ozone 

concentration is reduced compared with a wet-type NTP reactor without pellets. 

The close-up perspective of the plasma region in Fig. 1 reveals that the PM acquires 

a positive charge when it encounters the electric field created by the discharge electrode 

and then moves towards the ground electrode. The interior surface of the tube along with 

the ground electrode neutralizes the charged particles, and the nanoparticles are 

transported downstream inside the solution film. Subsequently, the gaseous air 

contaminants traveling through the channel are isolated for further processing. The fluid 

that traversed the quartz tube is collected in the bottom tank which is then moved to the 

overflow tank for circulation during the tests. 

 

Chemical Reactions for Toluene Decomposition 

Toluene decomposition using the wet-type nonthermal plasma reactor occurs owing 

to two processes: ring-opening reactions by high-speed electrons and oxidative 
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decomposition reactions by active species and radicals. For oxidative decomposition, the 

possible chemical reactions that produce active species such as oxygen, hydroxyl, 

hydroperoxyl radicals, superoxide anion, and ozone are mainly shown in reactions (1)–

(17) [26–35]. 

 

H2O + e− → e− + •OH+ •H (1) 

O2 + e− → •O + •O + e− (2) 

•O + H2O → •OH + •OH (3) 

O2 + •O +M → O3 +M (4) 

O3 + H2O → O2 + •OH + •OH (5) 

•OH + •OH ⇔ H2O2 (6) 

H2O2 + 2OH− → •O2
− + 2H2O + e− (for high pH) (7) 

H2O2 + •O2
− → O2 + •OH + OH− (8) 

O3 + •O2
− →•O3

− + O2 (9) 

•O2
− + H+ → HO2• (10) 

HO2•→ •OH + O2 (11) 

H2O2 ⇔ H+ + HO2
− (12) 

O3 +HO2
− → •OH + O2 + •O2

− (13) 
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C6H5CH3 + •O, •OH, •O2
−, HO2• → Intermediates (14) 

Intermediates + •O, •OH, •O2
−, HO2• → CO2 + H2O (15) 

C6H5CH3 + e− → Intermediates (16) 

Intermediates + e− → CO2 + H2O (17) 

 

According to reaction (1), hydroxyl radical (•OH) is generated via the collisions of 

electrons with water molecules induced by discharge. Reaction (2) indicates that oxygen 

radicals (•O) are generated as a result of electron collisions with oxygen molecules, and 

reaction (3) illustrates that hydroxyl radicals are generated when oxygen radicals react 

with water molecules. The plasma generates O3 by reaction (4). As shown in reaction (5), 

•OH is generated by the reactions between plasma-generated O3 in the gas phase, UV 

radiation, and water molecules. As shown in reaction (6), hydrogen peroxide (H2O2) is 

generated when excess hydroxyl radicals are present, but it is again degraded to hydroxyl 

radicals such as by the plasma-based UV rays. Furthermore, as shown in Reactions (7)–

(13), oxygen, hydroxyl, and hydroperoxyl (HO2•) radicals and superoxide anion (•O2
−) 

are generated from various reactions related to H2O2 and O3. As shown in reactions (14) 

and (15), toluene (C6H5CH3) reacts with the radicals to generate intermediates such as 

benzyl radical (C6H5CH2•) benzaldehyde (C6H5CHO), benzyl alcohol (C6H5CH2OH), 



11 

 

phenol (C6H5OH), formic acid (HCOOH), acetic acid (CH3COOH), etc., which 

ultimately degrade to carbon dioxide and water. Toluene is also decomposed by a ring-

opening reaction with high-speed electrons e− induced by the plasma in reaction (16). 

Toluene ultimately degrades to carbon dioxide and water in reaction (17). Water-soluble 

gas phase byproducts of HCOOH and CH3COOH react with NaOH in the solution film. 

 

HCOOH + NaOH → HCOONa + H2O (18) 

CH3COOH + NaOH → CH3COONa + H2O (19) 

 

It is noted that nitric oxide (NO), nitrogen dioxide (NO2), nitrous acid (HNO2), 

HNO3, and nitrous oxide (N2O) are induced in the wet-type NTP reactor [12]. However, 

the concentrations of them are too low to be detected in the present experiment. When a 

small amount of NO2, HNO2, and HNO3 is induced, it can be absorbed and neutralized 

by the NaOH solution film in the wet-type NTP reactor. 

 

Experimental Apparatus and Method 

Figure 2 shows a schematic of the experimental setup. Gas generators and tanks are 

employed to create synthetic exhaust gases at rates of either 8 or 10 L/min with toluene. 
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Toluene with a purity of 99.5% is vaporized in two of these devices, and a mixture of air 

(O2 at 21% and N2 at 79%) is introduced to simulate exhaust gases with VOCs. 

Concurrent PM processing is initiated using an aerosol made by directing air at a flow 

rate of 2 L/min through an aerosol generator (Model 3076, TSI Inc.). This device holds a 

mixture of polystyrene latex (PSL) particles with six different mean diameters: 29, 47, 61, 

100, 202, and 303 nm (SC-0030-A, SC-0051-D, SC-0060-D, and SC-024-S for sizes 29, 

47, 61, and 202 nm from JSR Co.; and 3100A and 3300A for 100 and 303 nm from 

Thermo Fisher Scientific Co., Ltd.). Toluene is vaporized through gas generators 

(PERMEATER PD-1B-2, Gastec Co.) and mixed with the aerosol. The mixed gas is then 

transferred to the reactor at a flow rate of 10 L/min. The output of the extraction air pump 

located after the reactor is modified to achieve an inlet pressure of approximately 0.01 

MPa. Furthermore, when measuring the concentration of particles with a diameter of 400 

nm or larger, toluene is generated at a flow rate of 0.5 L/min using a gas generator and a 

gas cylinder and mixed with 9.5 L/min of the synthesized air for a total of 10 L/min of 

mixed gas pumped into the reactor. We feed the gas mixture in the wet-type packed-bed 

reactor through an inlet at the top and release it through an outlet at the bottom. Tap water 

forming at the bottom tank is funneled back to the top of the reactor for circulation. A 

high-voltage pulse with a pulse frequency of 210 or 840 Hz is applied to the discharge 
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electrode in the reactor to generate NTP. The instant patterns of the applied voltage, 

current, and time-dependent power are recorded using a voltage V probe (P6015A, 

conversion ratio = 1 kV/V, Tektronix Inc.), current I probe (P6021, conversion ratio = 10 

A/V, Tektronix Inc.), and a digital scope (DLM2054, Yokogawa Electric Co.), 

respectively. The packed-bed plasma reactor is filled with spherical glass pellets. The gas 

is sampled before and after the reactor and stored in a gas-sampling bag for later 

examination. The concentrations of toluene and ozone are determined using a gas 

detection tube (122 L for toluene and 18M for ozone, Gastec Co.), gas analysis machine 

(GC-14B, Shimadzu Corporation), and ozone analysis machine (PG-621MA-G, Ebara 

Jitsugyo Co., Ltd.). Aerosol is examined with a scanning mobility particle sizer (SMPS) 

(differential mobility analyzer (DMA): Model 3080 + condensation particle counter 

(CPC): Model 3787, particle size measurement span:10 to 414 nm, TSI Inc.) and laser 

particle counter (LPC, light scattering method, false count = 1 or less per 5 min, accidental 

counting error = 10% or less, 140,000,000 counts per m3, Met One particle counter 

HHPC3+, Beckman Coulter, Inc.) after ozone elimination with a tubular heater (KRO-

14K, Isuzu Seisakusho Co., Ltd.) set at 250 °C located after the reactor. Byproducts are 

analyzed using Fourier transform infrared spectroscopy (FTIR, IRTracer-100, Shimadzu 

Corporation). The FTIR measurement conditions are as follows: box-car apodization 
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function, 20 integrations, a resolution of 0.5 cm−1, and a wavenumber range of 1000–

4000 cm−1. A gas cell (PIKE Technologies, Inc.) with an optical path length of 2.4 m, a 

volume of 0.1 L, a window material of CaF2, a window diameter of 25 mm, and a 

thickness of 4 mm is used. The gas cell is heated at 100 °C and passed through a drain 

pot and polytetrafluoroethylene (PTFE) filter (AS ONE Co., FPT502020Y, diameter = 50 

mm, pore size = 0.2 μm) installed downstream of the reactor to remove water and particles. 

Byproducts are determined using the National Institute of Advanced Industrial Science 

and Technology (NIST) database [36] and the Spectral Database of Organic Compounds 

[37]. 

 

Experimental Results and Discussion 

Voltage and Current Waveforms 

Figure 3 shows the typical waveforms of the voltage V, current I, and instantaneous 

power V × I for the plasma reactor. A pulse dielectric barrier discharge (DBD) is induced 

in the reactor. The power P averaged over time is determined by integrating the 

instantaneous power of the positive region throughout a single cycle and then multiplying 

it by the pulse frequency f and the conversion factors of the current and voltage probes. 

As shown in the figure, the time-averaged discharge power of the air plasma is 41 W at 
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an applied peak voltage of 23 kV, pulse frequency of f = 840 Hz, and NaOH solution 

concentration of 2.5 mmol/L. The wet-type packed-bed NTP reactor exhibits a relatively 

large peak current exceeding 17 A, whereas the dry-type NTP reactor usually exhibits less 

than 10 A peak. 

 

Particle Concentration and Partial Collection Efficiency 

Figure 4 shows the typical particle-size distribution of nanoparticles introduced into 

the reactor at the inlet without solution flow and plasma application. The measurement is 

performed for 10 min. The result corresponds to the case without solution flow and 

plasma application. The vertical axis shows the adjusted concentration dN/dlogDp, with 

units in #/cm3. In the figure, # signifies the particle count and Dp represents the electrical 

mobility or Stokes diameter of an individual particle. The error bars shown in the figure 

are based on the standard deviation of three measurements. To evaluate the normalized 

particle number concentration using SMPS, a blend of air with PSL particles (sizes 

ranging from 20 to 334 nm) and toluene is used. For larger particle sizes, LPC is used to 

measure the concentration of particles at 300, 500, 1000, 2000, and 5000 nm in a mixture 

of room air and toluene. The normalized particle number concentrations at 400, 750, 1500, 

and 3500 nm are then determined using the following formula: 
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where Da and Db represent two particle sizes (nm) and Na and Nb represent the 

concentrations (#/cm3) of particles larger than Da and Db, respectively, as measured using 

LPC. The combinations of Da and Db (nm) are (Da, Db) = (300, 500), (500, 1000), (1000, 

2000), and (2000, 5000). This figure confirms that the particle size distribution matches 

the diameters of the six distinct polystyrene particles. 

Figure 5 shows the size-dependent partial collection efficiency for nanoparticles in 

the diameter range of 20–3500 nm and at an NaOH solution flow rate of q = 75 mL/min 

with plasma application. The pulse frequency is set to f = 840 Hz with a solution flow rate 

of q = 75 mL/min, NaOH solution concentration of 2.5 mmol/L, pH of 11, conductivity 

of 59 mS/m, and gas flow rate of Q = 10 L/min. The applied peak voltage is varied. The 

concentrations are measured using SMPS three times, each lasting for 2 min. The figure 

shows the average particle collection efficiencies at each of the three applied peak 

voltages of 18, 20, and 22 kV. The average collection efficiency in the particle-size range 

is 83% at 18 kV, 92% at 20 kV, and 94% at 22 kV. The collection efficiency increases 

with the applied peak voltage. However, in the measurement range of the SMPS, the 
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collection efficiency decreases with an increase in the particle size, owing to a 

measurement error caused by the lower inlet particle number concentration. The 

collection efficiency for room air and toluene stream with the LPC measurement is the 

highest at 400 nm because the calculated particle number concentration at 400 nm for 

room air and toluene stream is 230 #/cm3, which is approximately 100 #/cm3 higher than 

that at 333.8 nm with PSL particles and toluene stream with the SMPS measurement. 

Owing to the higher particle number concentration at 400 nm, the particle collection 

efficiency is highest at 400 nm. The concentration at 750 nm is 13.2 #/cm3, that at 1500 

nm is 1.83 #/cm3, and that at 3500 nm is 0.424 #/cm3. These results indicate that during 

the experiment, more particles with sizes of approximately 400 nm exist in the room air: 

therefore, the removal efficiency becomes highest at 400 nm. 

 

Toluene Removal Efficiencies and Ozone Concentration 

Figure 6 shows the relationship between the toluene removal efficiency and the 

specific energy (SE) with various solution flow rates, NaOH solution concentrations, and 

initial concentrations at a pulse frequency of f = 840 Hz with a gas flow rate of Q = 10 

L/min. The inlet concentration of toluene ranges from 20 to 36 ppm. The toluene removal 

efficiency decreases by 13% when the NaOH solution concentration is increased from 2.5 
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to 6.25 mmol/L, because the amount of power required for plasma generation increases 

as the NaOH solution concentration increases. In addition, the increase in the NaOH 

solution concentration increases the current value and decreases the electric-field strength, 

which suppresses the decomposition of toluene by electron collision. Conversely, the 

toluene removal efficiency is increased when the NaOH solution concentration is 

increased from 0.31 to 0.63 mmol/L. This is possible because the conductivity increases 

from 7 to 14 mS/m, and the discharge stabilizes. Furthermore, for the same NaOH 

solution concentration, the average toluene removal efficiency increases slightly with an 

increase in the solution film flow rate. The toluene removal efficiency at SE = 0 increases 

with an increase in the initial toluene concentration. This is possibly due to the reason that 

toluene gas flows into the NaOH solution film, and inducing a gas-liquid two-phase flow. 

As a result, the toluene is transported, and its concentration is reduced upon exiting the 

reactor. In a wet-type packed-bed plasma reactor, a maximum toluene removal efficiency 

of 73% is achieved at an NaOH solution concentration of 2.5 mmol/L and a solution film 

flow rate of 75 mL/min. The maximum toluene removal efficiency is 10% higher than the 

toluene removal efficiency of 63% with an NaOH solution concentration of 0 mmol/L 

and a solution film flow rate of 100 mL/min. Furthermore, the maximum toluene removal 

efficiency is similar to the toluene removal efficiency of 74% at a solution film flow rate 
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of 0 mL/min. In these results, the best toluene removal efficiency for lower SE is obtained 

in the case without water solution film. This is caused by the increase in discharge current 

due to the flow of the solution. Consequently, both the discharge power and SE become 

larger for the removal efficiency in the case with water solution film. In Fig. 6, to achieve 

a removal efficiency of approximately 73%, the discharge power is 14 W at q = 0 mL/min 

while it is 47 W at NaOH concentration = 0.63 mmol/L and q = 100 mL/min. SE becomes 

approximately 3.4 times larger with the flow of the water solution. 

Figure 7 shows the relationship between the concentration of ozone at the reactor 

outlet and SE with various solution flow rates, NaOH solution concentrations, and initial 

toluene concentrations at a pulse frequency of f = 840 Hz and a gas flow rate of Q = 10 

L/min. Compared with a solution film flow rate of q = 0 mL/min, the ozone concentration 

is reduced by 97 ppm to 76 ppm at a solution film flow rate of q = 100 mL/min and NaOH 

solution concentration of 0 mmol/L. Furthermore, when the solution film flow rate is q = 

100 mL/min, and the NaOH solution concentration is 2.5 mmol/L, the ozone 

concentration is reduced by 42 ppm to 34 ppm. For the same NaOH solution concentration, 

the ozone concentration decreases as the solution film flow rate increases. As an example, 

when the NaOH solution concentration is 2.5 mmol/L, and the solution film flow rate is 

increased from q = 50 mL/min to q = 100 mL/min, the ozone concentration decreases by 
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26 ppm. For the same solution film flow rate, the ozone concentration decreases with an 

increase in the NaOH solution concentration. As an example, when the solution film flow 

rate increases to q = 100 mL/min and the NaOH solution concentration increases from 

0.31 to 6.25 mmol/L, the ozone concentration decreases by approximately 100 ppm, 

because ozone not only dissolves in the water film but also reacts with OH− in the 

following reaction, and the ozone can be reduced [23, 38]. 

 

O3 + OH− → HO2
− + O2 (21) 

 

The NaOH solution film can absorb ozone far better than the water film under pH > 8 or 

an alkali condition [23, 38]. Note that the following reaction (22) is a fast process and is 

important for waters with low scavenger concentrations or low alkalinity, it leads to the 

consumption of ozone and •OH and lowers the oxidation capacity in the system [23]. 

 

O3 + •OH →HO2• + O2 (22) 

 

Byproduct Analysis and Toluene Removal Efficiency 

Figure 8 shows the FTIR spectra of the byproducts with various NaOH solution 
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concentrations at a pulse frequency of f = 840 Hz with a solution flow rate of q = 100 

mL/min and gas flow rate of Q = 10 L/min. The inlet concentration of toluene is 60 ppm. 

When the inlet toluene concentration was 20 ppm, small decomposition byproduct peaks 

appeared in the FTIR spectra, and they were too small, indicating an increase in the 

toluene inlet concentration. In Figs. 8(a)–(d), the peaks of C6H5CHO (1703 cm−1), 

C6H5CH2OH (1020 cm−1), and C6H5OH (1530 cm−1), which are organic intermediates in 

reactions (14)–(17) byproducts that are not very soluble in the water film, are detected at 

NaOH solution concentrations of 0–6.25 mmol/L. Other peaks of C6H5CH3 (2035 cm−1, 

3041 cm−1), H2O (1300–2000 cm−1, 3400–4000 cm−1), CO2 (2337cm−1, 2360 cm−1), CO 

(2106 cm−1, 2180 cm−1), and O3 (1050 cm−1) are detected. In a dry-type packed-bed NTP 

reactor, organic intermediates or byproducts such as HCOOH, CH3COOH, and C6H5CHO 

are generated [32–34]. In the wet-type packed-bed NTP reactor, HCOOH and CH3COOH 

are water-soluble and are absorbed by the solution film. In addition, NO, NO2, and N2O 

peaks are not detected under any of the conditions. In the figure, the negative absorbance 

by water, etc., indicates that the absorbance of the sample gas is lower than that of the 

background gas. It is known that negative absorbance tends to appear when the optical 

path length of the gas cell in the FTIR system is long (2.4 m) and the N2 purge is 

incomplete during measurement. 
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Figure 8(a) depicts the results for NaOH = 0, where toluene removal efficiency is 

71%, the ozone concentration is 83 ppm, the CO2 concentration is 36 ppm, the CO 

concentration is 27 ppm, the CO2 selectivity is 12%, and the COx selectivity is 21%. Fig. 

8(b) depicts the results for NaOH = 0.31 mmol/L, where toluene removal efficiency is 

74%, the ozone concentration is 87 ppm, the CO2 concentration is 18 ppm, the CO 

concentration is 20 ppm, the CO2 selectivity is 6%, and the COx selectivity is 12%. Fig. 

8(c) depicts the results for NaOH = 2.5 mmol/L, where toluene removal efficiency is 64%, 

the ozone concentration is 28 ppm, the CO2 concentration is 13 ppm, the CO 

concentration is 0 ppm, and the CO2 selectivity is 5%. Fig. 8(d) depicts the results for 

NaOH = 6.25 mmol/L, where toluene removal efficiency is 70%, the ozone concentration 

is 16 ppm, the CO2 concentration is 15 ppm, the CO concentration is 0 ppm, and the CO2 

selectivity is 5%. 

From these results, the CO2 concentration decreases when the NaOH solution 

concentration is increased from 0 to 2.5 mmol/L. The CO2 concentration is the lowest at 

the NaOH solution concentration of 2.5 mmol/L. The differences in the CO2 

concentrations for NaOH solution concentrations of 2.5 and 6.25 mmol/L are small and 

within the measurement error. The maximum CO2 selectivity is as low as 12% at the 

NaOH solution concentration of 0 mmol/L because CO2 is dissolved in the water film. In 
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addition, the CO2 selectivity decreases with an increase in the NaOH solution 

concentration, because CO2 is more soluble in the solution film. CO2 absorption 

efficiency is calculated as 50–65% for NaOH concentration of 0.31–6.25 mmol/L. The 

CO concentration decreases when the NaOH solution concentration is increased from 0 

to 2.5 mmol/L. Notably, the CO is completely removed at the NaOH solution 

concentrations of 2.5 and 6.25 mmol/L. This is because the CO dissolves in the NaOH 

solution film and does not dissolve in the water film. Therefore, the CO2, CO, and ozone 

concentrations can be reduced by increasing the NaOH solution concentration. It is noted 

that NOx absorption efficiency is 100% for NaOH concentration of 0.31–6.25 mmol/L. 

Table 1 presents toluene removal efficiencies and O3, CO, and CO2 concentrations 

for various experimental conditions for the results in Figs. 8(a)–(d). The toluene removal 

efficiency increases when the NaOH solution concentration is increased from 0 to 2.5 

mmol/L. The toluene removal efficiency is the highest at the NaOH solution 

concentration of 2.5 mmol/L. The ozone concentration decreases with an increase in the 

NaOH solution concentration. The ozone concentration is best suppressed at the NaOH 

concentration of 6.25 mmol/L. It was targeted for the system that the ozone concentration 

is below 50 ppm. The ozone concentration is less than 50 ppm at the NaOH solution 

concentrations of 2.5 and 6.25 mmol/L. The optimum condition in this study is the NaOH 
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solution concentration of 2.5 mmol/L, which maximizes the toluene removal efficiency 

and minimizes the CO and CO2 concentrations. Energy efficiency of toluene removal is 

estimated based on discharge power, pump power consumption (= 2.3 W for q = 100 

mL/min), and NaOH power equivalent value (= 0.010 kWh/g [39]). The highest energy 

efficiency is calculated as 0.93 g/kWh when NaOH concentration = 2.5 mmol/L, q = 100 

mL/min, removal efficiency = 72%, and discharge power = 53 W. 

 

Effect of Pellet Size on Removal Efficiency and Ozone Concentration 

Figure 9 shows the relationship between the toluene removal efficiency and SE with 

various pellet sizes at a pulse frequency of f = 210 Hz with gas flow rates of Q = 4 and 

10 L/min and tap water flow rates of q = 0 and 100 mL/min. The toluene removal 

efficiency increases by 10% when the pellet diameter is reduced from 6.1 to 2.0 mm. The 

smaller pellet diameter leads to more efficient toluene removal at lower SE values. This 

is due to the increased surface area of the pellets, which increases the energy efficiency 

of the discharge. Additionally, the number of contact points of the pellets increases, and 

the strong electric field at the contact points between the pellets increases the toluene 

removal efficiency. In the NTP reactor without pellets, a toluene removal efficiency of 

100% is achieved for water flow rates of q = 0 and 100 mL/min. However, the toluene 
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removal efficiency is reduced in the packed-bed NTP reactor. This is because the 

residence time of the gas is reduced compared with the case without pellets. The residence 

time or space velocity in the reactor determines the reactor efficiency. The volume of 

discharge without pellets is 81.7 cm3, and filling ratio of packed pellets is assumed to be 

60%. In Fig. 9, when 100% removal is achieved under the condition of Q = 4 L/min and 

q = 100 mL/min without pellets, the residence time is calculated as 1.22 s. On the other 

hand, under the condition of Q = 10 L/min and q = 100 mL/min with pellets, the residence 

time is calculated as 0.196 s. Therefore, 100% removal efficiency would be obtained if 

the length of the plasma reactor is made approximately 1.22/0.196 = 6.2 times longer. 

Figure 10 shows the relationship between the ozone concentration and SE at the 

reactor outlet at a pulse frequency of f = 210 Hz with gas flow rates of Q = 4 and 10 L/min 

and tap water flow rates of q = 0 and 100 mL/min. The ozone concentration is suppressed 

in the presence of the water film because the ozone dissolves in the water film. The wet-

type packed-bed NTP reactor can decrease 270 ppm of the ozone concentration less than 

the wet NTP reactor without pellets can do. In the packed-bed NTP reactor, the ozone 

concentration is suppressed. In addition, the ozone concentration decreases because the 

residence time decreases. The ozone concentration does not change when the pellet 

diameter is reduced from 6.1 to 2.0 mm. The contact points of the pellets increase, and 
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the ozone concentration increases owing to the strong electric field at the contact points 

between the pellets. However, the ozone concentration is suppressed by the dissolution 

of the ozone in the water film because the contact area between the gas and the liquid 

increases. Thus, the increase in the ozone concentration is offset, and the ozone 

concentration does not change. 

 

Conclusions 

In this study, we demonstrated the use of a wet-type packed-bed NTP reactor to 

simultaneously remove nanoparticles and VOCs, such as toluene. Toluene decomposition 

using the wet-type nonthermal plasma reactor occurs owing to two processes: ring-

opening reactions by high-speed electrons and oxidative decomposition reactions by 

active species and radicals. The partial collection efficiency for nanoparticles is 

determined from the particle number concentration obtained using the SMPS and LPC. 

In a wet-type packed-bed plasma reactor, a maximum average collection efficiency of 

94% is achieved for particle diameters in the range of 20–3500 nm, at an applied voltage 

of 22 kV, a gas flow rate of 10 L/min, a high-voltage pulse frequency of 840 Hz, and 

solution flow rate of 75 mL/min. The toluene removal efficiency decreases with an 

increase in the NaOH solution concentration because the amount of power required for 
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plasma generation increases as the NaOH solution concentration increases. In addition, 

the increase in the NaOH solution concentration increases the current value and decreases 

the electric-field strength, which suppresses the decomposition of toluene by electron 

collision. The resultant byproducts are benzaldehyde (C6H5CHO), benzyl alcohol 

(C6H5CH2OH), phenol (C6H5OH), ozone (O3), formic acid (HCOOH), and acetic acid 

(CH3COOH), and some are easily dissolved and removed by the NaOH solution film. In 

a wet-type packed-bed plasma reactor, a maximum toluene removal efficiency of 73% is 

achieved at an NaOH solution concentration of 2.5 mmol/L, a solution film flow rate of 

75 mL/min, a gas flow rate of 10 L/min, and a high-voltage pulse frequency of 840 Hz. 

The ozone concentration decreases with an increase in the NaOH solution concentration 

because ozone not only dissolves in the solution film but also is consumed by the reaction 

with OH−. In a wet-type packed-bed plasma reactor, a minimum ozone concentration of 

34 ppm is achieved at an NaOH solution concentration of 2.5 mmol/L and a solution film 

flow rate of 100 mL/min, a gas flow rate of 10 L/min, and a high-voltage pulse frequency 

of 840 Hz. In the wet-type packed-bed NTP reactor, water-soluble VOCs are absorbed by 

the solution film. In addition, the CO2, CO, and ozone concentrations can be suppressed 

with an increase in the NaOH solution concentration. The CO2 and CO concentrations are 

13 and 0 ppm, respectively, at an NaOH solution concentration of 2.5 mmol/L, a solution 
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film flow rate of 100 mL/min, a gas flow rate of 10 L/min, and a high-voltage pulse 

frequency of 840 Hz. A smaller pellet diameter leads to more efficient toluene removal at 

lower SE values. This is due to the increased surface area of the pellets, which increases 

the energy efficiency of the discharge. The ozone concentration does not change when 

the pellet diameter is reduced. The ozone concentration is greatly suppressed by 

dissolving the ozone in the water film because the contact area between the gas and the 

liquid increases. Thus, the proposed wet-type NTP system addresses the global air 

pollution crisis by offering suppression of byproducts and cost-effective treatment for 

common pollutants. 
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Figure and Table Captions 

All color figures are preferably color on the Web only. 

 

Fig. 1 Schematic of the wet-type packed-bed nonthermal plasma reactor 

Fig. 2 Schematic of the experimental setup 

Fig. 3 Waveforms of the voltage V, current I, and instantaneous power V × I for the 

plasma reactor 

Fig. 4 Particle-size distribution of nanoparticles introduced into reactor at the inlet 

without solution flow and plasma application 

Fig. 5 Partial collection efficiency for nanoparticles at an NaOH solution flow rate of q 

= 75 mL/min with plasma application 

Fig. 6 Relationship between the toluene removal efficiency and SE with various 

solution flow rates, NaOH solution concentrations, and initial concentrations at a pulse 

frequency of f = 840 Hz with a gas flow rate of Q = 10 L/min 

Fig. 7 Relationship between the concentration of ozone at the reactor outlet and SE with 

various solution flow rates, NaOH solution concentrations, and initial toluene 

concentrations at a pulse frequency of f = 840 Hz with a gas flow rate of Q = 10 L/min 

Fig. 8 FTIR spectra of the byproducts with various NaOH solution concentrations at a 

pulse frequency of f = 840 Hz with a solution flow rate of q = 100 mL/min and a gas flow 
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rate of Q = 10 L/min; (a) NaOH = 0, (b) NaOH = 0.31 mmol/L, (c) NaOH = 2.5 mmol/L, 

(d) NaOH = 6.25 mmol/L 

Table 1 Toluene removal efficiencies, and O3, CO, and CO2 concentrations for various 

experimental conditions of NaOH solution concentrations 

Fig. 9 Relationship between the toluene removal efficiency and SE with various pellet 

sizes at a pulse frequency of f = 210 Hz with gas flow rates of Q = 4 and 10 L/min and 

tap water flow rates of q = 0 and 100 mL/min 

Fig. 10 Relationship between the ozone concentration and SE at the reactor outlet at a 

pulse frequency of f = 210 Hz with gas flow rates of Q = 4 and 10 L/min and tap water 

flow rates of q = 0 and 100 mL/min 
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