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Abstract: According to a few reports recently published, cold atmospheric pressure plasma (CAP) is a state-of-the-art 

technique in the field of environmental science. Studies reported the performance of CAP in the removal of particulate matter 

(PM) and microorganisms, including fungi, bacteria, and viruses. The CAP also effectively removed the odor, volatile organic 

compounds (VOCs), and numerous chemicals, including formaldehyde. However, studies on the control of PM and carbon 

dioxide (CO2) in sports facilities are limited. This study was conducted in two parts. In Part 1, the levels of indoor PM10, 

PM2.5, PM1.0, and CO2 were measured in two sports facilities, including a table tennis center and a fitness center, to 

determine the occupants’ exposure levels to the pollutants. In part 2, the performance of the CAP technique in the reduction of 

airborne concentrations of PM10 and CO2 was investigated. The PM10 concentrations were significantly higher in the fitness 

center than in the table tennis center. The concentration ratios of PM10, PM2.5, and PM1.0 to PM10 concentrations were 1.00, 

0.95, and 0.81, respectively. The CO2 concentrations were significantly higher in table tennis centers where aerobic exercise 

was predominant. The performance of CAP on the removal of PM10 and CO2 was highly promising. The average reduction 

rates against PM10 and CO2 concentrations were 69% and 35%, respectively. Further studies on the performance of CAP 

against other pollutants, such as total volatile organic compounds and microorganisms in sports facilities are needed. 
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1. Introduction 

Small particles less than 10 µm in diameter pose the 

greatest problems to public health because they can get deep 

into human lungs, and some may even get into the 

bloodstream. [1] Recent research has indicated that aerosol 

particles carry pathogens, such as coronaviruses and bacteria. 

[2] In sports facilities, such as fitness centers, users are often 

breathing more heavily, which causes an increased release of 

CO2, aerosol particulates, and airborne microorganisms. 

Generally, the ventilation in the sports facilities is very poor 

or depends on natural ventilation through windows and doors. 

There is mounting evidence that SARS-CoV-2 can be 

transmitted by inhalation of infected saliva aerosol particles. 

These particles are generated when breathing, talking, 

laughing, coughing, or sneezing. To minimize the potential 

risk of airborne virus transmission, aerosol particle 

concentrations should be kept as low as possible. [3] A study 

reported that deep exhalation resulted in a 4-6-fold increase 

in aerosol particles, and rapid inhalation produced a further 

2-3-fold increase in particles. [4] 

Viruses can be transmitted via contaminated intermediates, 

such as aerosols and surfaces. Transmission via contaminated 

aerosols has been demonstrated to be critical in the COVID-

19 pandemic. Recently, CAP has been called a new hope in 
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the field of virus inactivation. [5] Recent developments in the 

application of CAP have led to applications for chemical and 

biological decontamination in indoor air environments. The 

removal of very fine particulates is also enhanced by CAP. 

The process of CAP involves the electronically induced 

formation of small air ions, including reactive oxygen species, 

such as superoxide, which react rapidly with airborne VOC 

and PM. [6] Coronavirus 2 (SARS-CoV-2) is viable on 

various surfaces (e.g., plastic, metal, and cardboard) for 

several hours. A study was performed by employing CAP to 

inactivate SARS-CoV-2 on various surfaces, including 

plastic, metal, cardboard, and baseball leather. 

The results demonstrate the great potential of CAP as a 

safe and effective means to prevent virus transmission and 

infections on a wide range of surfaces that experience 

frequent human contact. Since this is the first-ever 

demonstration of cold plasma inactivation of SARS-CoV-2, 

it is a significant milestone in the prevention and treatment of 

coronavirus disease 2019 (COVID-19) and presents a new 

opportunity for the scientific, engineering, and medical 

communities. [7] The aims of this study are: first, to evaluate 

the airborne concentrations of PM10, PM2.5, PM1.0, and 

CO2 in two sports facilities, and two, to apply a new state-of-

the-art technique, CAP, to reduce particulates and CO2. 

2. Materials and Methods 

Two facilities, including Fitness Center A and Table 

Tennis Center B, were selected for this study. Both facilities 

are located near Seoul, South Korea. The dimensions of 

Fitness Center A were 14 m long, 10 m wide, and 6.5 m high. 

There was only natural ventilation with one door and two 

windows. The dimensions of Table Tennis Center B were 25 

m long, 11.5 m wide, and 4.5 m high. There was only one 

door without a window. Although there was a central 

ventilation system in Table Tennis Center B, the owner did 

not operate it. The registered number of users at each of the 

two facilities was 99-105. 
In both facilities, airborne concentrations of carbon 

dioxide (CO2) and particulate matter, including PM10, 

PM2.5, and PM1.0 were measured from 10 am to 10 pm 

from Monday to Saturday for two weeks. Temperature and 

humidity were also measured simultaneously. 
According to the World Health Organization, PM10 refers 

to particulate matter, which has an aerodynamic diameter 

equal to or less than 10 µm. Similarly, PM2.5 and PM1.0 

refer to particulate matter, which has an aerodynamic 

diameter equal to or less than 2.5 µm and 1.0 µm, 

respectively. [8] The measurement was conducted using a 

PRIO A100, an indoor air central management system, made 

by WISECONN in South Korea. This equipment was 

calibrated in 2022 by Korea Conformity Laboratories, 

Korea’s leading testing, and certification organization. The 

distribution of the data was statistically analyzed using the 

Industrial Hygiene Statistics tool developed by the American 

Industrial Hygiene Association (AIHA). [9] The two-way 

ANOVA test was performed in Excel. [10] 

3. Results and Discussion 

3.1. CO2 Concentration 

 
Figure 1. Airborne CO2 Concentrations by Type of Sports Centers and Day 

of the Week. 

Table 1 and Figure 1 present the indoor airborne CO2 

concentrations in two facilities by day of the week. Since 

there are two factors, such as the day of the week and the 

type of sports facilities, we performed the two-way ANOVA 

test. As shown in Table 2, the CO2 concentration was 

significantly affected by the type of facility (p<0.01). 

However, the day of the week did not affect the CO2 

concentration significantly. (p>0.01). The average CO2 

concentrations in the table tennis center and fitness center 

were 2,899 (ranging from 1,656 ppm to 4,348 ppm) and 823 

ppm (ranging from 544 ppm to 1,096 ppm). Thus, the CO2 

concentration in the table tennis center exceeded 1,000 ppm, 

the guideline recommended by ASHRAE. [11, 12] 

Generally, there are two types of respiration exercises. One is 

aerobic oxidative respiration, which increases the breathing rate 

to compensate for the increased need for oxygen required by 

muscles and produces CO2 and H2O as end products. [13] 

According to researchers, the majority of energy contribution in 

table tennis is aerobic (approximately 96%), with anaerobic 

accounting for the remaining 4%. [14] The other type of exercise 

is anaerobic respiration, which means "without oxygen." In the 

fitness center of this study, there were 16 machines and a few 

treadmills and cycles. Therefore, anaerobic exercises might 

predominate in the fitness center. In Brazil, three fitness centers 

(A, B, and C) were investigated. The average CO2 

concentrations in the fitness centers A, B, and C were 3,752 ppm, 

1,000 ppm, and 1,361 ppm, respectively. [15] 

Table 1. Airborne CO2 Concentrations by Type of Sports Centers and Day of 

the Week. 

 
Table Tennis Fitness 

Day N CO2 ppm N CO2 ppm 

Mon. 12 4,348 12 1,096 

Tue. 12 3,943 12 1,014 

Wed. 12 2,614 12 816 

Thu. 12 1,973 12 768 

Fri. 12 1,656 12 698 

Sat. 12 2,863 12 544 

Total 72 2,899 72 823 
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Table 2. Two-Way ANOVA Summary of CO2 Data. 

Factors SS DF MS P-Value 

Day of the Week 3754391.417 5 750878.283 p>0.01 

Type of Facility 12939710.08 1 12939710.1 P<0.01 

Residuals 2127739.417 5 425547.883  

Total 18821840.92 11  

3.2. PM Concentrations 

Table 3 and Figure 2 present the PM10 concentrations by 

sports facility and day of the week. The particle concentrations 

were significantly different depending on the type of sports 

facility. (p<0.01). The average concentration in the fitness center 

was 5.13 µg/m
3
 (ranging from 1.6 µg/m

3
 to 7.7 µg/m

3
), and the 

concentration in the table tennis center was 2.35 µg/m
3
 (ranging 

from 1.0 µg/m
3
 to 4.0 µg/m

3
). Although the concentrations in 

fitness centers were twice as high as those in table tennis centers, 

they were still below the WHO guidelines. The WHO AQGs for 

2021 recommend annual mean concentrations of PM10 not 

exceeding 15 µg/m
3
 and eight-hour mean concentrations not 

exceeding 45 µg/m
3
. The WHO also recommends annual mean 

concentrations of PM2.5 not exceeding 5 µg/m
3
 and eight-hour 

mean concentrations not exceeding 15 µg/m
3
. [8] One of the 

sources of particulates in the fitness centers was the powder 

being used on people’s hands. Table 4 and Figure 3 present PM 

concentrations by particle size. The ratios of PM10, PM2.5, and 

PM1.0 concentrations to PM10 concentration were 1.00, 0.95, 

and 0.81, respectively. 

 
Figure 2. Airborne PM10 Concentrations by Type of Sports Facility and 

Day of the Week. 

 
Figure 3. Airborne PM Concentrations by Size of Particles. 

Table 3. Airborne PM10 Concentrations by Type of Sports Facility and Day 

of the Week. 

Day 
Table Tennis Fitness 

N PM10, µg/m3 N PM10, µg/m3 

Mon. 12 2.8 12 6.7 

Tue. 12 1.2 12 1.6 

Wed. 12 4.0 12 4.0 

Thu. 12 3.5 12 7.7 

Fri. 12 1.6 12 5.0 

Sat. 12 1.0 12 4.9 

Total 72 2.35 72 5.13 

Table 4. Airborne Particle Concentrations by Size of Particles. 

 
Particle Concentration, µg/m3 

PM10 PM2.5 PM1.0 

Number of Measurements 50 50 50 

Mean 9.57 9.06 7.75 

SD 3.02 3.01 2.47 

3.3. Performance of Cold Atmospheric Plasma (CAP) 

Against PM10 

Another set of airborne PM10 concentrations was 

measured during a period of August 26-September 8 before 

and after applying the CAP generator. As presented in Table 

5 and Figure 4, there was a significant difference between 

PM10 concentrations before and after applying the CAP 

generator. (p<0.01) The average PM10 concentration before 

applying the CAP generator was 15.59 µg/m
3
 (ranging from 

12.69 µg/m
3
 to 18.99 µg/m

3
). And the average PM10 

concentration after applying the CAP generator was 4.90 

µg/m
3 

(ranging from 2.47 µg/m
3
 to 8.00 µg/m

3
). Thus, the 

average reduction rate was 68.6% (ranging from 50.9% to 

83.5%). One of a few studies on the performance of negative 

air ion (or CAP) generators estimated that nearly 71.47% of 

PM10, 79.86% of PM2.5, and 61.25% of PM1.0 in indoor 

residential buildings can be removed by negative air ions. [16] 

Table 5. Performance of CAP for Reducing Airborne Particulates. 

Hour 
PM10 Concentration, µg/m3 Reduction 

Rate, % Plasma Off Plasma On 

1000~1200 18.99 4.12 78.0 

1200~1400 12.69 4.72 62.8 

1400~1600 16.00 4.55 71.6 

1600~1800 14.95 2.47 83.5 

1800~2000 14.61 5.55 62.0 

2000~2200 16.29 8.00 50.9 

Average 15.59 4.90 68.6 

3.4. Performance of CAP Against Carbon Dioxide 

A set of tests was conducted to evaluate the performance 

of the CAP against carbon dioxide during a period of 

September 16-September 29 before and after applying the 

CAP generator. As presented in Figure 5, there was a 

significant difference between CO2 concentrations before and 

after applying the CAP generator. (p<0.01) The average CO2 

concentrations before and after applying the CAP generator 

were 2,428 ppm (ranging from 504 ppm to 5,000 ppm) and 

1,578 ppm (ranging from 498 ppm to 3,687 ppm), 

respectively. The number of tests before and after applying 
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the CAP generator was 78 measurements, respectively. The 

average reduction rate was 35%. 

 
Figure 4. PM10 concentrations before and after applying CAP generator. 

 
Figure 5. Airborne CO2 Concentrations before and after Applying CAP 

Generator. 

4. Conclusions 

The most important two pollutants in sports facilities are fine 

particles and carbon dioxide. It has been reported that COVID-

19 is mainly spread from person to person through aerosols 

exhaled by an infected person. Therefore, the concentrations of 

fine particles or aerosols should be as low as possible. In this 

study, we determined fine particles and CO2 concentrations in 

two sports facilities, including a fitness center and a table tennis 

center. The PM10 concentrations were higher in the fitness 

center than in the table tennis center. The CO2 concentrations 

were higher in the table tennis center, where aerobic exercises 

are predominant. The performance of cold atmospheric plasma 

in reducing concentrations of particles and CO2 was determined. 

The average reduction rates against PM10 and CO2 

concentrations were 69% and 35%, respectively. It is concluded 

that the performance of CAP in reducing air pollutants is 

excellent. Further studies on the performance of CAP against 

other pollutants, such as total volatile organic compounds and 

microorganisms in sports facilities are needed. 
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