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Abstract:



An electrostatic apparatus was constructed to capture tobacco sidestream smoke. This apparatus consisted of a perforated polypropylene plate with metal spikes and a grounded metal net arrayed in parallel at a defined interval. Spikes were negatively charged to positively polarize the net and an electric field was formed between the opposite charges of the spike tips and the grounded net. Discharge from the spike tips occurred, which depended on the pole distance and the voltage applied to the spikes. At lower voltages (<12.1 kV) that do not cause arc discharge from the tips, a corona discharge occurred with the generation of an ionic wind from the spiked plate to the net. This discharge increased in direct proportion to the applied voltage and relative humidity, while a larger corona discharge generated a stronger ionic wind. The ionic wind involved negative ions and the number of negative ions in the wind increased with increasing applied voltage. The optimal voltage (10 kV) generated sufficient negative ions to ionize smoke particles in the electric field, before the ionized smoke particles were successfully captured by the oppositely charged metal net. Thus, this study provides an experimental basis for the practical application of an electrostatic-based method to prevent the production of tobacco sidestream smoke that leads to passive smoking by non-smokers.
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1. Introduction


Passive smoking is the inhalation of environmental tobacco smoke (i.e., of second-hand smoke by persons that do not intend to smoke). Tobacco sidestream smoke permeates the environment, which is inhaled by people within that environment. Exposure to second-hand tobacco smoke can cause disease, disability and death [1]. The health risks of second-hand smoke are a matter of scientific consensus. In fact, second-hand smoke causes many of the same diseases as direct smoking, including cardiovascular diseases, lung cancer and respiratory diseases [2]. In particular, pregnant females who are exposed to environmental tobacco smoke have a higher risk of delivering children with congenital abnormalities, longer lengths, smaller head circumferences and low birth weights [3]. In addition, there is a sufficient evidence to infer a causal relationship between exposure to second-hand smoke and sudden infant death syndrome [4]. Thus, second-hand smoke is the most significant indoor pollutant for humans. These risks have served as a major motivation for smoke-free laws in workplaces and indoor public places. In this present study, we aimed to physically eliminate tobacco smoke in order to keep indoor air as clean as possible. We achieved this by developing an electrostatic air purification device that prevents tobacco sidestream smoke from entering public spaces and thus, affecting non-smokers.



Applied electrostatic engineering has served as the academic and technical basis for various methods that have been implemented to successfully manage pathogens and insect pests affecting agricultural crops during various stages of crop production and preservation. There are diverse ways in which electrostatic principles have been applied, which include the following: capturing spores and insects by exploiting the attractive forces generated in a static electric field (without electric discharge) [5,6,7,8,9,10]; repelling insects according to their aversion to the electric field [5,6,11,12]; disinfecting bacterial and fungal pathogens using ozone produced through streamer discharge [13]; and instantaneously dislodging fungal pathogens from plants through exposure to a plasma stream produced via a corona discharge in the electric field [14]. Based on these successful applications, we propose an electrostatic apparatus to ionize fine smoke particles with negative ions produced within an electric field.



The main purpose of our research was to present a practical apparatus with a simple structure, which can be constructed easily at a low cost and functions according to electrostatic principles. Our apparatus consists of a pair of perforated polypropylene plates (PPs) with negatively charged spikes and a positively polarized grounded metal net. The opposite surface charges of the spikes and metal net form an electric field that generates an ionic wind, which negatively ionizes smoke particles. We optimized its configuration by determining the most appropriate voltage at a definite pole distance for optimal capture of the fine tobacco sidestream particles blown inside the electric field.




2. Materials and Methods


2.1. Construction of Electrostatic Smoke Eliminator


A perforated PP (insulator; 40 × 35 cm, 2-mm thick) with octagonal holes at constant intervals and a stainless net (SN) (conductor; 40 × 35 cm, 1.5 mm-mesh) were used to construct an electrostatic smoke eliminator (ESE; Figure 1A). Fifty copper pins (conductor; pinhead with a diameter of 10 mm and needle with a length of 8 mm) were stuck to the PP with conductive double-side adhesive tape (CT) to construct a spiked PP (see Figure 2A). The CT was connected to a direct-current voltage generator (current limit of 10 mA; AMA-20K10NKBX1, Max-Electronics, Tokyo, Japan) and negatively charged with different voltages. The SN was arranged in parallel with the spiked PP at a defined interval (10 mm) and linked to a ground line. The SN and spiked PP were secured in a polyvinyl chloride frame. The negative surface charges on the spikes caused electrostatic induction in the SN, creating an opposite surface charge on the PP-side surface of the SN. As a result, an electric field formed between these opposite charges (Figure 1B). The transfer of free electrons from the PP-side to the SN-side ground was measured using two galvanometers (PC7000; Sanwa Electric Instrument, Tokyo, Japan) integrated into the grounded lines.


Figure 1. Structure (A) and cross-sectional view (B) of the spiked perforated polypropylene plate and stainless net of the electrostatic smoke eliminator (ESE). A transparent acrylic cubic box (test box) furnished with the ESE (C). The test box placed in a temperature- and humidity-controlled chamber for a particle-capturing assay (D). Dashed (B) and solid (D) arrows show the direction of ionic wind and the airflow, respectively.
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Figure 2. Pin-spikes adhered to the perforated PP (A) and corona discharge glow from the tips of the pin-spikes photographed in a dark field (B).
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2.2. Smoke Capturing Assay


Prior to the smoke capturing assay, the pin-spikes of the ESE were negatively charged with 1–15 kV to determine the voltage range that would cause a mechanical discharge in the electric field. Namely, this mechanical discharge is an arc discharge from the pin tips of the PP to the SN. In the smoke capturing assay, the spikes of the PP were negatively charged with different voltages (1–12 kV) that caused no mechanical discharge. This allows us to examine the ability of the ESE to capture fine particles in smoke. In this assay, cigarettes (Japan Tobacco, Tokyo, Japan) were used to generate smoke, with the cigarettes having emitted smoke particles with a diameter of 0.01–0.5 μm when burned. A transparent acrylic cubic box (side length of 35 cm) was furnished with the ESE on one side and an axial-flow fan (blade length of 8 cm) on the other side (Figure 1C). This test box was placed inside a closed chamber controlled at 25 °C and 60% relative humidity (RH; Figure 1D). Burning cigarettes were placed inside the chamber and the internal air was circulated at a particular wind speed (equivalent to the speed of the ionic wind generated by each applied voltage) by operating the axial-flow fan of the test box to achieve constant production of smoke. The airflow speed was measured at the surface of the ESE using a sensitive anemometer (Climomaster 6533; Kanomax, Tokyo, Japan). The particle density in the circulated air was measured using an air quality monitor (DC1100 PRO; Sato Shouji Inc., Kawasaki, Japan; detectable particle range: 0.5–2.5 μm in diameter) placed inside the test box. In this monitor, scattered light was generated when the particles passed through the light in the detector cell, which were detected by the photo detector and converted to electrical signals (light-scattering method). The size of the electrical signals represented the particle size and the frequency of scattered-light detection represented the particle count. When the particle density reached a certain level (4.0 × 108 particles/m3), we removed the smoke source, before charging the ESE for 120 s with negative voltages in order to determine the voltage range required for capturing all of the particles passing through the ESE. The non-charged box was used as a negative control. The number of particles in the charged box was expressed as a percentage relative to that of the non-charged control. Smoke attraction was also recorded using a digital electro-optical system (EOS) camera (Canon, Tokyo, Japan).




2.3. Detection of Corona Discharge, Ionic Wind and Negative Ions in the Electric Field


A corona discharge (continuous corona current) [15], which was constantly generated from the spike tips, was measured in the voltage range of 6–10 kV and exerted an attractive force on the smoke particles. The electric current from the corona discharge was recorded with a built-in galvanometer, while the glow of the corona discharge was photographed during a long exposure in a dark field. The speed of the airflow (ionic wind) from the PP spike tips to the SN generated by the corona discharge was measured at the outside surface of the SN using a high-sensitivity anemometer (Climomaster 6533; Kanomax, Tokyo, Japan) and the volumetric flow rate (m3/min) was calculated using the equation Q (m3/min) = V (m2) × A (m/s) × 60 (s). The number of negative ions involved in the airflow was estimated with a Gerdien atmospheric ion counter (NKMH-103; Hokuto Electronic, Hyogo, Japan) [16] placed in the test box. Experiments were conducted under the conditions described earlier.




2.4. Assay of Effect of Humidity Change on the Trapping of Smoke Particles


Different temperature and RH conditions were applied to achieve different values (0.002–0.032 kg/m3) of volumetric humidity (VH; absolute humidity). VH was calculated according to three parameters (temperature, RH and barometric pressure) using an online RH to VH converter (https://planetcalc.com/2167/). The ESE was negatively charged with different voltages under different humidity conditions, before the electric current from the corona discharge was recorded using the method mentioned earlier.




2.5. Statistical Analysis


All experiments were repeated five times and the data are presented as means ± standard deviation (SD). Significant differences were analyzed using Tukey’s method, with a p-value < 0.05 considered to be statistically significant. We analyzed the correlation between the applied voltage and the corona discharge, the volumetric flow rate of the ionic wind, or number of negative ions; and between the negative ion generation and smoke particle capture. The regression line of these correlations was provided from the plots of values obtained by measurements.





3. Results and Discussion


In our previous research, we developed an electric field between insulated conductor wires (ICWs) and a grounded non-insulated metal net, or between ICW(−) and ICW(+), to trap insect pests. In these systems, ICW(–) pushed free electrons from the surface cuticle layers (conductor) of the insects released near ICW(–) to give insects a net positive charge [8,9,17], while insects near ICW(+) gained a net negative charge with the addition of free electrons to the cuticle layer [7]. Ultimately, the negatively and positively electrified insects were attracted to oppositely charged electrodes. In a subsequent study [18], we presented an additional explanation of the fungal spore attraction, stating that this was due to the dielectrophoretic movement of spores subjected to a non-uniform electric field between ICW(−) and ICW(+). Dielectrophoresis is a phenomenon in which a force is exerted on a dielectric particle (oppositely polarized particle) in a non-uniform electric field [19]. This force does not require the particle to be charged because all particles exhibit dielectrophoretic activity in the presence of a non-uniform electric field. According to the dielectrophoresis theory, the polarization of the particle (spore) relative to the surrounding electric field changes along the gradient of the electric field strength. This variable polarization enables the particle to move toward the electrodes. In the present study, we paid special attention to the electric field that was produced between the two non-insulated conductor poles, in which the electrostatic attractive force between the negatively ionized particles in smoke and the oppositely electrified pole can effectively capture tobacco smoke particles.



3.1. Capture of Fine Particles of Cigarette Smoke by ESE


Figure 3 shows the percentage of fine tobacco smoke particles trapped by the ESE that were charged at different voltages (1–12 kV) and causing no mechanical discharge. The number of detector-recorded fine particles decreased with applied voltage. In the electric field, a particle was subjected to an electrostatic attractive force and a force produced by the airflow, with the direction of the particle’s motion being determined by the combined vector of these two forces. The ESE trapped all smoke particles in the electric field when the voltage applied to the electrodes exceeded 10 kV. However, at lower voltages, the particles passed through the SN. Under these conditions, the attractive force produced by the ESE was weaker than the airflow force. These findings indicate that a reduction in trapping force increased as the voltage decreased. To demonstrate this visually, Video S1 in Supplementary Material shows that the ground net of the ESE can capture the fine particles in smoke blown toward the ESE. In the video, the electrostatic barrier completely prevents the smoke from passing through the ESE at a sufficient charge (10 kV).


Figure 3. Purification of fine particles of tobacco smoke by the ESE charged with different voltages. The experiment was conducted at 25 °C and 60% relative humidity (RH). The mean and standard deviation were calculated from five replicates. The different letters (a–c) on the plots indicate significant differences (p < 0.05) according to Tukey’s method.
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3.2. Involvement of Negative Ions in Smoke Attraction in the Electric Field


In the electrostatic configuration of the present apparatus, high voltages produced through a Cockcroft circuit [20] in the voltage generator were used to channel electricity from the ground to the spike tips of the PP, while their negative surface charge pushed the free electrons of the SN to the ground to create an opposite pole (see Figure 1B). In this study, we formed an electric circuit in which the electricity (free electrons) moved from ground to ground when the discharge of the negative poles (spike tips) occurred. The pole distance was fixed, while the voltage was changed to determine the voltage ranges causing mechanical and corona discharge in the electric field.



In the preliminary experiment, we determined the voltage that would cause mechanical discharge in the electric field. The spike tips on the PP generated mechanical discharge (arc discharge). As the voltage applied to the spikes was increased, the apparatus eventually caused a mechanical discharge at >12 kV, which occurred regardless of the changes in temperature and RH. This result implied that at ≤12 kV, the ESE could be operated without causing a mechanical discharge, even with any changes in environmental conditions.



A corona discharge will occur when the strength (potential gradient) of the electric field around a pointed metal conductor is high enough to form a conductive region but not high enough to cause electrical breakdown or arcing to nearby objects [15]. The present electrostatic device was configured so that the two non-insulated conductor nets and spikes faced each other to produce an electric field. In this electric field, a corona discharge constantly occurred from the spike tips of the PP to the SN within the voltage range causing no arc discharge (Figure 2A,B). Figure 4A shows the relationship between the applied voltage and the corona discharge generation. In the present apparatus, the electric current produced by this discharge became greater in direct proportion to increases in the applied voltage in the range of 6–10 kV, which allowed us to capture 0.1–100% of smoke particles (see Figure 3).


Figure 4. Relationship between the applied voltage and corona discharge (A), volumetric flow rate of ionic wind (B) and negative ion generation (C) in the electric field of the ESE. The experiment was conducted at 25 °C and 60% RH.
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An ionic wind is defined as the airflow induced by electrostatic forces linked to corona discharge, which arises at the tips of some sharp conductors (such as points or blades) that are subjected to high voltage relative to the ground [15]. The present study showed a clear correlation between the applied voltage and generation of ionic wind as the generation increased in direct proportion to the applied voltage (Figure 4B). Measurements with an ion detector confirmed that larger voltages produced a stronger ionic wind involving more ions (Figure 4C). The ionic wind was directed from the pointed tip of the PP toward the SN (see Figure 1B) as reported in previous work [21]. The ionic wind produced by the present apparatus was sufficiently strong (1.5–2.0 m/s) to bring outside air into the electric field of the ESE. Figure 5 shows the positive correlation between negative ion generation and the trapping of fine smoke particles in the electric field of the ESE. These results strongly support the involvement of negative ions in the electrostatic attraction of smoke particles in the electric field of the ESE. Thus, the results met our expectation that negative ions can ionize smoke particles to generate an attractive force toward the opposite charge on the metal net.


Figure 5. Correlation between negative ion generation and trapping of fine smoke particles in the electric field of the ESE.
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3.3. Effect of Air Conductivity on the Current Generation by Corona Discharge


In addition to the voltage applied to the electrode and the electrode distance (pole distance), the air conductivity between the electrodes can affect the flow (electric current) of the accumulated electricity [15]. Air conductivity changes in response to changes in water–vapor concentration in the air as the air conductivity increases (i.e., higher electrical transfer) as VH (absolute humidity) increases [22]. In the present study, we examined the effect of humidity changes on current generation by corona discharge in the electric field of the ESE that was negatively charged with different voltages (Table 1). At all voltages, the electric current increased with increasing humidity. At ≥8 kV, the increase in current was insignificant. In fact, the ESE exhibited 100% capture of smoke particles at 10 kV, which occurred regardless of the change in humidity. These results imply that the smoke-capturing function of the ESE works in all humidity conditions under the several specific voltages tested.


Table 1. Effect of humidity changes on current generation by corona discharge in the electric field of the ESE that was negatively charged with different voltages.





	
Volumetric Humidity (g/m3)

	
Temperature (˚C)

	
Relative Humidity (%)

	
Electric Current (µA)




	
4

	
6

	
8

	
10

	
12 (kV)






	
0.004

	
15

	
30

	
0.1

	
a

	
60.6 ± 3.8

	
a

	
796.8 ± 3.3

	
a

	
2195.2 ± 5.8

	
a

	
3996.4 ± 5.7

	
a




	
0.008

	
15

	
60

	
8.2 ± 1.9

	
b

	
101.8 ± 12.4

	
b

	
802.6 ± 4.3

	
a

	
2202.6 ± 7.2

	
a

	
4004.2 ± 5.8

	
a




	
0.014

	
25

	
60

	
8.6 ± 1.7

	
b

	
106.4 ± 13.7

	
b

	
803.2 ± 4.6

	
a

	
2204.4 ± 6.1

	
a

	
4004.6 ± 6.3

	
a




	
0.018

	
25

	
80

	
40.0 ± 9.3

	
c

	
185.4 ± 19.6

	
c

	
804.6 ± 6.5

	
a

	
2207.8 ± 10.7

	
a

	
4006.6 ± 9.1

	
a




	
0.024

	
30

	
80

	
42.2 ± 13.0

	
c

	
188.2 ± 28.1

	
c

	
805.6 ± 6.5

	
a

	
2211.8 ± 12.6

	
a

	
4008.4 ± 8.4

	
a




	
0.032

	
35

	
80

	
42.8 ± 14.7

	
c

	
191.6 ± 24.9

	
c

	
806.4 ± 8.6

	
a

	
2217.2 ± 12.7

	
a

	
4012.6 ± 13.6

	
a








Means and standard deviations were calculated from five replicates. Letters (a–c) indicate significant differences within each column (p < 0.05) according to Tukey’s method.








In summary, our novel ESE is a promising device for creating a smoke-free space for non-smokers and preventing passive smoking. The device can be constructed at a low cost due to its very simple structure and operates in a stable manner regardless of changes in environmental conditions, such as temperature and humidity.





4. Conclusions


The primary contribution of this work was the use of basic electrostatics for improving the human environment. The ESE is a unique product developed for this purpose. The structure of the ESE is simple and no special technique is required for its construction. The ESE can be operated easily to capture fine particles in tobacco smoke by the use of an attractive force between the negatively ionized particles and the oppositely charged mechanical pole. Another advantage of the ESE is its structural safety. An electric field was produced inside the ESE, while the outer surfaces of the spiked plate and grounded net possessed no charge so the net surface can be safely touched. An additional safeguard was the current limiter (maximum limit of 10 mA) integrated into the electric circuit of the voltage generator, which automatically switched off the generator if excess current was generated by an unexpected event. This work demonstrates that the proposed ESE can easily eliminate fine PM from living spaces in order to improve the comfort of occupants and minimize the likelihood of air quality-related health problems.








Supplementary Materials


The following are available online at http://www.mdpi.com/2410-390X/2/3/13/s1, Video S1: Trapping of tobacco smoke by the ESE. In this video, the voltage generators were switched on and off repeatedly, as indicated by the switching sound. Note that the smoke was completely prevented from passing through the ESE when a voltage of 10 kV was applied.
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