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Abstract

:

Indoor air quality (IAQ) directly affects human health. The increase in PM and CO2 concentration indoors caused an increase in the prevalence of sick building syndrome (SBS) symptoms. Plants could contribute to reducing particulate matter (PM) and CO2. This study identifies the most efficient evergreen plant species for improving indoor air quality by assessing the ability of five different indigenous Korean evergreen plant species to reduce PM and CO2 and regulate humidity and temperature under indoor environmental conditions in acrylic chambers. The clean air delivery rates (CADR) were calculated to evaluate the efficacy of plants in reducing PM and CO2. We assessed the performance of removing the five study plants on PM1 (~0.68–3.01 m3/h/leaf area), PM2.5 (~0.73–3.08 m3/h/leaf area), PM10 (~0.67–3.04 m3/h/leaf area), and CO2 (~0.48–1.04 m3/h/leaf area). The species Ilex pedunculosa, Pittosporum tobira, and Gardenia jasminoides were the most effective at reducing PM. The CADR of CO2 also differed among the five plant species and corresponded to their photosynthetic rate. Viburnum odoratissimum var. awabuki, which had the high photosynthetic rate, was most effective at reducing CO2. By contrast, PM reduction was correlated with plant leaf structure. Plants with a high leaf density can accumulate more PM. The plants were also able to control temperature and humidity. The average temperature of the control chamber was higher, and the humidity was lower than that of the plant chambers. In this study, the five evergreen species effectively reduced air pollutants and can be used to improve IAQ.
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1. Introduction


Numerous studies have confirmed that urban residents spend more than 80% of their time indoors [1]. Therefore, indoor air quality (IAQ) is important. IAQ has a significant influence on human health, representing one of the greatest threats to well-being [2]. In some metropolitan areas, the indoor air is more polluted than the outdoor air. Poor IAQ can lead to sick building syndrome (SBS), which is characterized by symptoms for example headaches, nausea, lightheadedness, eye irritation, mucous membranes, and respiratory systems [3]. The SBS influenced people’s well-being, health, and productivity in indoor environments. High CO2 levels and low humidity contribute to sicknesses, such as eye dryness, migraines, and decreased academic performance. SBS has proven to be complex to understand, while symptom frequencies tend to be higher in women because of historical reasons, social position, lack of knowledge of female physiology, and chemical hypersensitivity [4]. Moreover, poor IAQ also results in increased absenteeism and negative emotions [5]. IAQ needs to be monitored and controlled to limit detrimental effects on human health.



Common indoor air pollutants include particulate matter (PM), total volatile organic compounds, and CO2. Indoor PM sources include outdoor infiltration and indoor origins. Meanwhile, the outdoor infiltration PM was created through the migration of the PM, which has an outdoor origin from the outdoor into the indoor environment [3]. The indoor origins of PM were set through people’s daily activities such as cooking and combustion (burning mosquito coils, candles, fireplaces, kerosene heaters, and cigarette smoking) [6]. Traditional buildings have used natural or mechanical ventilation to replace stale indoor air with fresh outdoor air. Natural ventilation uses pressure from wind or indoor–outdoor temperature differences to make natural airflow, while mechanical ventilation uses a fan input or output vents created for ventilation consumption to make an airflow [7]. However, these systems often lead to increased pollution due to outdoor-sourced pollutants such as PM or ozone [8,9,10]. Although ventilation systems and air conditioning are the most effective solutions for reducing air pollutants, they result in significant heat loss and energy consumption, particularly in winter [11]. Increasing ventilation rates and decreasing indoor air pollution may be the best solution to limit the detrimental effects of poor IAQ on human health. Using ventilation, isolation, and air cleaning to remove air pollution needs high energy and substantial capital investment [12]. To address these limitations, more effective methods must be developed to reduce air pollution and save energy. Using plants to reduce indoor air pollution can contribute to reducing ventilation requirements and helps reduce energy consumption for improving IAQ. By removing CO2, plants help reduce indoor ventilation requirements by about 6% under certain conditions [13]. Cummings and Waring [14] demonstrated that using plants to reduce indoor air pollution can save up to 10–20% of the energy loads from ventilation and air conditioning. Plants act as bio-purifiers by accumulating PM from the environment. Many studies have demonstrated the positive effects of plants on indoor and outdoor air quality [15,16,17,18]. Moreover, plants play a crucial role in balancing CO2 concentration, temperature, and humidity [19]. They utilize CO2, water, and light via photosynthesis, which is essential for their growth and survival [20]. During photosynthesis, plants can reduce the CO2 levels in the environment [21]. In addition, photosynthesis in plants generates negative air ions that are beneficial to human health [22]. However, studies on the correlation between CO2 levels and plants’ capability to remove CO2 are limited. Plants’ ability to mitigate PM and CO2 differs among plant species and environmental conditions [14]. Leaf characteristics, such as leaf area and hair, influence the amount of PM accumulated by plants [14,17,23]. Moreover, the accumulation of PM by plants is influenced by the PM concentration in the environment [24]. Under the same environmental conditions, the amount of PM accumulated on plant leaves varies depending on the adaptability of plants to air pollution [24,25]. Plants with leaf hair showed the more effective accumulation of PM than plants without hair. The presence of hair on leaves increased the surface area available for PM accumulation [26]. Przybysz et al. [27] found that plants with rough surfaces accumulated more PM compared to smoother plants. Additionally, the quantity and composition of leaf wax were influenced by PM accumulation [24]. Conversely, PM also affected the growth and development of plants. PM deposition on the leaf surface can block the stomata, leading to a reduction in light absorption and stomatal conductance, leading to a decrease in the photosynthetic rate of plants [28]. However, the extent of damage varied among plant species in response to environmental stress [29]. The tolerance level is affected by the damage level of the plant under stress from the environment. Similarly, the ability of plants to reduce CO2 is related to their photosynthetic rate [8]. However, the effectiveness of plants in reducing CO2 concentrations in indoor environments is affected by light conditions [11]. To maintain human comfort during occupancy, light intensities are often set between 500 and 1000 lx (photosynthetic photon flux densities of 10–50 μmol m−2 s−1). This is lower than the photosynthetic demand of numerous plant species [30]. Light intensity, temperature, and humidity can affect the photosynthetic rate of plants, thereby influencing their ability to reduce air pollution [19]. The density of CO2 ranged from 635 ppm to 650 ppm in the room without plants, while it could be decreased to 400 ppm in the room with plants within 6 h under light [10]. Therefore, selecting effective plants to reduce indoor air pollution under specific environmental conditions can enhance their ability to improve IAQ. The clean air delivery rate (CADR) indicates the clean air volume the treatment system delivers. Within construction engineering, the indoor air-cleaning capacity of the equipment is expressed by the clean air delivery rate (CADR) [31]. The CADR serves as a measure of the indoor air-cleaning potential of a standalone device. It represents the effective volumetric flow rate at which ‘clean’ air is supplied to the environment, thereby facilitating the removal of pollutants [14]. In the case of plants, the CADR can be used to reflect their air-cleaning ability.



The objective of this study was to determine the air-cleaning performance and ability to control the humidity and temperature of five Korean indigenous evergreen plants that can grow in indoor environments: Ilex × wandoensis C.F.Mill. & M.Kim, Ilex pedunculosa Miq., Gardenia jasminoides J.Ellis, Pittosporum tobira (Thunb.) W.T.Aiton, and Viburnum odoratissimum Ker Gawl. ex Rümpler var. awabuki (K.Koch) Zabel ex Rümpler. Additionally, the photosynthetic rate of these plants was examined to analyze its correlation with their capacity to mitigate atmospheric pollution. The analysis of air filtration was predicated on the clean air delivery rate (CADR) of PM and CO2. Five evergreen plant species were selected, and their effectiveness in reducing air pollution was assessed. By comparing these plant species, this study aimed to identify the most efficient evergreen plant species for optimizing air quality in an indoor environment. The results of this study provide information on the effectiveness of Korean indigenous evergreen plants in controlling IAQ under the state of the indoor environment.




2. Materials and Methods


2.1. Study Plant Species


Almost all the indoor plants used for indoor air phytoremediation are shrubs and herbs. This plant is limited to a small number of model species. In Korea, using diversified plant species for indoor landscapes is encouraging, especially using evergreens. Five indigenous Korean evergreen plants were selected for this study (Table 1, Figure 1). This study obtained and used the plants for the experiment from the Korea National Arboretum. Ilex × wandoensis is a hybrid formed by the natural crossbreeding of I. cornuta and I. integra. This hybrid exhibits intermediate characteristics between the two parent species, including spine on the leaf margin and leaf curvature, typical of both horned holly and elegance female holly. Ilex pedunculosa is native to Central China, Central Japan, and Taiwan. It primarily grows as a shrub or small tree in temperate ecosystems. This species is a hardy evergreen with red berries, small pleasantly scented flowers, and showy foliage. It lacks spines and resembles mountain laurel. Gardenia jasminoides is distributed from Indo-China to South, Central, and Southwestern Japan. It grows as a shrub mainly in subtropical ecosystems. It is used as a medicine and also for environmental purposes and as food. Pittosporum tobira is native to South Korea and South Central Japan, and it primarily grows as a shrub in subtropical ecosystems. It is utilized for medicinal and environmental purposes. Viburnum odoratissimum var. awabuki is distributed from Korea and Central and Southwestern Japan to Taiwan. It grows as a shrub or tree mainly in subtropical ecosystems.



Horticultural substrates (Wonjomix, Nongkyung Agroindustrial Co., Ltd., Jincheon, Korea) were used for this study. The study plants were planted in 15 cm diameter plastic pots and kept in a greenhouse for three months. Before the experiment, all plants for the experiment were cultivated in a laboratory with the same light intensity (50 μmol m−2 s−1) and temperature (25 °C) for three months indoors. For each plant species, 20 potted plants with relatively uniform growth were selected for the PM and CO2 experiments. The photosynthetic rate of each plant species was determined using a portable photosynthesis system (LCpro+, ADC BioScientific Ltd., Hoddesdon, UK). The leaf area meter (LI-3000A, LI-COR, Nebraska, USA) was used to evaluate the leaf area of each plant species after the study.




2.2. The PM and CO2 Reduction Study


Six acrylic chambers (800 mm × 800 mm × 1000 mm, L × W × H) were constructed as a model for the indoor environment. During the tests, an LED white light source panel was activated and placed on the top of the test chamber to provide light for the plants (50 μmol m−2 s−1). All test chambers were located in a controlled laboratory with a temperature of 25 °C, achieved using air conditioning. Two experimental chambers were prepared for the experiments: a treatment chamber (with plants) and a control chamber (without plants). Each set of experiments was repeated five times to evaluate the experimental conditions consistently. Five randomly selected potted plants were placed in the treatment chamber. A mosquito coil was used as the PM source. The coil was burned in a closed chamber connected to the treatment chamber by a valve to channel the smoke into the chamber as a PM source. After burning the mosquito coil for 10 min, PM was injected into the chamber until the initial concentration of PM was 300 µgm−3. A PM counter (GT-531S, MET One Instruments, Inc., Grants Pass, OR, USA) was put on in the middle of the chamber to record the concentrations of PM1, PM2.5, and PM10 inside the chamber every minute for 7 h. The same method was performed for the chamber without plants to determine the concentration of PM in the control chamber (Figure 2).



The same chamber configuration was used for the CO2 removal experiments. Indoor Air Quality Meters (IAQ-CALC Indoor Air Quality Meter model 7545, TSI Inc., Shoreview, MN, USA) were placed at the center of the chamber to determine the CO2 concentration every minute for 7 h. Two experimental chambers were prepared for the experiments: a treatment chamber (with plants) and a control chamber (without plants). In this experiment, a CO2 cylinder was used to inject CO2 into the chamber until the initial concentration of CO2 reached 1000 ppm. Each set of experiments for both the treatment and control chambers were conducted five times to ensure consistency. Simultaneously, the temperature and humidity were recorded every 30 minutes to determine the effectiveness of the plant in controlling these parameters during the PM and CO2 testing (Figure 2).




2.3. Clean Air Delivery Rate (CADR) Analysis


A modified method of Armijos-Moya et al. [8] was used to analyze the CADR of PM and CO2 of the five plant species in this study. The amounts of PM and CO2 depleted inside the chamber were evaluated using the following formula:


  − λ =   l n ⁡ (   N t   N 0   )   t   ,  



(1)




where λ = disintegration rate (h−1), N(t) = mass of pollutant after time t (µg/m3) or (mg/m3), and N(0) = starting mass of pollutant at t = 0 h (µg/m3) or (mg/m3).



The following formula was used to determine the CADR of the experiment chamber:


CADR = [(λe − λn) × V]/A,



(2)




where λe = total disintegration rate (h−1); λn = natural disintegration rate, which indicates the decrease in the pollutants in the control chamber (h−1); V = volume of the chamber (m3); and A = leaf area (m2).



The following formula was used to determine the removal capability under various study conditions:


  ŋ =   ( N 0 − N t   )   N 0   × 100  



(3)




where ŋ = efficiency (%), N(t) = mass of pollutant after time t (µg/m3) or (mg/m3), and N(0) = starting mass of pollutant at t = 0 h (µg/m3) or (mg/m3).





3. Statistical Analysis


The difference in the concentration of PM1, PM2.5, and PM10 between before and after the treatment of each plant species was converted to the initial value of mass concentration to the m3/h/leaf area using the CADR analyses method. The concentration of CO2 (ppm) was converted to the mass concentration based on the molecular weight of CO2 and then converted to m3/h/leaf area by the valued CADR. For the temperature and humidity, the average of their value during the seven hours was valued and used to analyze. All data were expressed as mean ± standard error for all parameters in each experiment with n = 5. The SAS software version 9.4 (SAS Institute, NC, USA) was used with analyses of variance (ANOVA) and Duncan’s Multiple Range Test (DMRT) to determine the data of this study. The significance level was set at 5%.




4. Results and Discussion


4.1. The Effect of Reducing PM of Plants


In this study, the result showed that the CADR of the five plant species was significantly different between plant species (p < 0.0001). The CADR of PM1 ranged from 0.68 to 3.01 m3/h/leaf area (Table 2). Among the five plants, I. pedunculosa showed the highest PM1 CADR, followed by P. tobira and G. jasminoides. The plant with the lowest PM1 CADR was V. odoratissimum var. awabuki. The CADR of PM2.5 and PM10 ranged from 0.73 to 3.08 m3/h/leaf area and 0.67 to 3.04 m3/h/leaf area, respectively. The CADR of PM2.5 and PM10 showed the same tendency as that of PM1, with I. pedunculosa showing the highest CADR, followed by P. tobira and G. jasminoides. V. odoratissimum var. awabuki had the lowest PM2.5 and PM10 CADR (Table 2).



In this study, the result showed that the CADR of the five plant species was significantly different between plant species (p < 0.0001). The CADR of PM1 ranged from 0.68 to 3.01 m3/h/leaf area (Table 2). Among the five plants, I. pedunculosa showed the highest PM1 CADR, followed by P. tobira and G. jasminoides. The plant with the lowest PM1 CADR was V. odoratissimum var. awabuki The CADR of PM2.5 and PM10 ranged from 0.73 to 3.08 m3/h/leaf area and 0.67 to 3.04 m3/h/leaf area, respectively. The CADR of PM2.5 and PM10 showed the same tendency as that of PM1, with I. pedunculosa showing the highest CADR, followed by P. tobira and G. jasminoides. V. odoratissimum var. awabuki had the lowest PM2.5 and PM10 CADR (Table 2).



Many different treatment technologies, such as physicochemical and biological technologies, can be used to maintain contaminants [31]. Using plants is one of the methods of biological technology. Plants reduce PM by two mechanisms, including physical processes or chemical processes, to minimize air pollution [32]. Plants can absorb and metabolize toxic compounds from air pollution [33]. Plants can absorb PM on the leaf surface and wax layer [24]. Conversely, PM with a smaller diameter can go through the stomata and inside plants. This study indicated that five plant species effectively reduced PM, while the effective removal of PM differed significantly between the five plant species and by PM particle sizes. Jang et al. [30] indicated that plants can reduce more than 80% PM2.5 concentrations and more than 90% PM10 concentrations inside the testing chamber after 8 h. Another study showed that the most effective plant (Epipremnum aureum) removal was about 74.46% PM2.5 concentration after 3 h [34]. Notably, the reduction rates of PM1, PM2.5, and PM10 showed similar tendencies, with PM2.5 and PM10 exhibiting higher reduction rates due to the impact of gravitational sedimentation [35]. Plants removed air pollution through stomatal uptake (absorption) and deposition on the leaf. PM has a small diameter that can go inside the stomata of plants. In this study, the CARD PM1 of the I. pedunculosa and the V. odoratissimum var. awabuki is lower than their CARD PM2.5. The differences in stomatal structures between various plant species can be the reason for the difference in the CARD PM1 of these plant species. The difference in the CADR between plant species is due to their ability to accumulate PM on plant leaves [35].



The variation in the CADR between plant species can be attributed to their ability to accumulate particles in their leaves. Leaf structure, area, shape, and density influence the PM reduction ability of plants [27]. Additionally, the ability of plants to accumulate PM is influenced by various factors, including surface roughness, leaf size, stomata density, and trichome length [36]. The leaf traits that could help to maximize PM accumulation are coniferous needle leaves, small, rough, and textured broad leaves, extended oval shapes, waxy coatings, and high-density trichomes [15]. Sæbø et al. [37] demonstrated that plants with a higher leaf density also contribute to increased PM accumulation. Plants with larger leaf areas demonstrate more capable PM reduction than others with smaller leaf areas [38]. Furthermore, PM does not only accumulate on the leaf surface but also on the wax layer [39]. Relative humidity has also been found to be correlated with PM reduction, whereas pH affects the deposition velocity of fine particles [30]. In a humid environment, the deposition velocity of particles increased compared to dry conditions due to the size increment of particles in humid conditions [40]. Kim et al. [41] demonstrated that the removal efficiency and deposition constant of PM were higher in humid conditions than in dry conditions. In a closed-chamber experiment, Pettit et al. [42] found that relative humidity, influenced by plant evapotranspiration, served as a governing parameter for the PM removal performance of plants. Panyametheekul et al. [43] indicated that the characteristics of the leaf surface and plant transpiration impacted plants’ ability to accumulate PM. Jang et al. [30] indicated that the potential reduction pollutants of plants increased with the increase in humidity in the environment. In the present study, the average humidity of the testing chamber with P. tobira exhibited lower relative humidity, but it showed higher PM accumulation than plant species with higher average humidity (Figure 3). This indicated that humidity might not be the critical factor that impacted the PM accumulation of plant species in this study. The difference in the leaf characteristics of plants could more effectively influence the ability to accumulate the PM of plants. The structure of the wax layer also plays a significant role in PM reduction. PM accumulation increased with the increasing amount of wax in plants [44]. The PM deposition and capture per unit leaf area were strongly impacted by leaf microstructure and the characteristics of the cuticle [35]. The wettability of leaves has an important influence on the ability of leaves to capture PM. For plants with a smooth leaf surface, the contact area between the particles and the leaf surface decreased because of epicuticular wax’s hydrophobic properties [45]. Kwon et al. [46] indicated that V. odoratissimum var. awabuki was the lowest effective reduction in PM due to the leaf structure. The same result has been reported previously. In this study, the structure of the wax layer also plays a significant role in PM reduction. Ilex × wandoensis exhibited the lowest CADR, primarily because of the structure of its wax layer, which resulted in a high contact angle and decreased its CADR. In addition, the concentration of PM in the environment affects the effective reduction in PM by plants [47]. In the indoor environment, many factors, such as light, humidity, and temperature, impact the growth of plants. So, the complex correlation between PM accumulation and the environment needs to be studied to optimize plants’ effect on improving air pollution. There are many factors that could impact the ability to reduce the PM of plants. In addition, the factor environment (humidity and PM concentration), leaf structure, and stomatal also need to be studied to more exactly understand the ability of specific plant species to induce a reduction in PM.




4.2. The Effectiveness of Plants at Reducing CO2 and Controlling Temperature and Humidity


The CO2 CADR was significantly different between the five plant species, ranging from 0.48 to 1.04 m3/h (p < 0.002), as shown in Table 3. Viburnum odoratissimum var. awabuki exhibited the highest CADR, followed by I. × wandoensis and I. pedunculosa. P. tobira had the lowest CADR. Additionally, the average temperature in the control chamber was 27.6 °C, while the temperature of the treatment chamber ranged from 25.6 to 26.1 °C. The temperature in the control chamber was significantly higher than that in the treatment chamber (p < 0.0001). Gardenia jasminoides exhibited the lowest temperature in the test chamber, whereas the chamber temperatures of the other plant species did not differ significantly. Moreover, there were not any significant differences in humidity among the five species, which ranged from 92.84 to 94.20%. However, the humidity in the control chamber was significantly lower, with an average of 62.01% (p < 0.0001) (Table 3, Figure 3).



Nearly all indoor plant species are able to remove CO2 if provided with satisfactory lighting. Jung and Awad [48] showed that plants contributed to reduced CO2 concentrations in the classroom, while the CO2 concentration in the classroom with plants (642 ppm) was lower than in the classroom without plants (1205 ppm). However, the effectiveness of CO2 reduction depends on the photosynthetic rate of plants [8]. Plants with high photosynthetic rates reduce CO2 more effectively than those with low photosynthetic rates. In this study, the photosynthetic rate of plants ranged from 1.40 to 3.20 µmol CO2 m−2 s−1. The plants with the highest photosynthetic rates were V. odoratissimum var. awabuki and I. × wandoensis. These plants also exhibited the highest CO2 CADR values. The I. × wandoensis have the highest photosynthesis, but the CADR of this plant was lower than V. odoratissimum var. awabuki, which had the second highest photosynthetic rate among five plant species. The difference in the response of each plant under high CO2 can impact the ability to reduce CO2 [49]. These plants also exhibited the highest CO2 CADR values. In a closed environment, an increase of more than 90% could impact the activity of the stomatal plants [50]. Under specific environments, the stomatal movement could be disturbed [47]. Some stomata developed at high RH closed, whereas others closed partly. This may have an impact on the CARD CO2 of plants. Notably, P. tobira had a high photosynthetic rate but showed the lowest CADR. Many studies have shown that the effective reduction in CO2 in plants depends not only on their photosynthetic rate but also on other environmental factors [38,39,40,41,42,43,44,45,46,47]. For example, the effective reduction in CO2 is also influenced by environmental conditions such as humidity and temperature [14]. Over time, changes in the temperature and humidity in the test chamber can affect stomatal sensitivity, leading to decreased CO2 removal by plants [14,51,52]. Additionally, CO2 concentrations in the environment can affect the ability of plants to reduce CO2. Some plants showed more effective CO2 removal, whereas others showed less CO2 removal at high CO2 concentrations. Moreover, many studies have demonstrated that plants can regulate indoor relative humidity [14,51,52,53,54]. Additionally, the light condition also impacted the ability to reduce the concentration of CO2 in plants. In the indoor environment, adjusting light conditions based on the day can affect metabolic activities, directly impacting plants’ potential removal of CO2 [55]. Suhaimi et al. [56] showed that the absorbed CO2 of plants was affected by the light intensity. The absorption of CO2 in plants increased with the increase in the light intensity. Weerasinghe et al. [48] indicated that elevated light intensity to 1500 and 2000 lux led to an increasing reduction in CO2 in a few plant species. Dominici et al. [21] showed that plants showed the highest CO2 removal in 200 μmol m−2s−1 with the 15° light inclinations. Other plants showed the ability to reduce their concentrations of CO2 even when the intensity of light was low [57]. Through transpiration, water is transported from the roots to the leaves, where it is released into the atmosphere as water vapor, leading to an increase in the humidity of the chamber containing the plant. Bandehali et al. [12] showed that plants raise humidity by about 40 to 80%. In this study, the humidity increased by more than 50% for all of the treatment chambers. Plants also possess the potential for thermal regulation [11]. They can absorb up to 70% of radiation, and the absorption of radiant energy is lower than the demanded energy for transpiration, causing the plants’ temperature to decrease and cooling the ambient temperature [10]. Through transpiration, plants helped raise humidity, which led to decreasing ambient temperature. In this study, the result indicated that the temperature of the control chamber (without plants) was higher than that of the treatment chambers (with plants) by approximately 1 °C. Among the five plant species, P. tobira, which has the smallest leaf area, had the highest average chamber air temperature. The small leaf area may be the main reason for increased temperatures in the plant chambers. High humidity and low light intensity are stresses for plants that affect their growth. More studies about the response of plants to the environment, such as CO2 concentration and humidity, need to be considered to find the key factors impacting the CO2 reduction ability of the same plant species.





5. Conclusions


Under low light intensity, all five plant species in this study effectively reduced PM and CO2 levels. The decrease in temperature and increase in humidity were found in the plant’s testing chamber, indicating the plants’ capabilities to balance indoor relative humidity and temperature. The reduction rate of PM2.5 and PM10 was higher than that of PM1 in this study. Air pollution reduction effectiveness varies among plant species. The various leaf structures, such as density and area and the humidity of the environment, may be related to the ability of the plant to remove PM. Plants with larger leaf areas are more effective at reducing PM. Leaf structure could be one of the most important factors that decide the abilities of plants to reduce PM. Of the five plant species studied, I. pedunculosa, P. tobira, and G. jasminoides were the most effective at removing PM. Plants have also demonstrated the ability to remove CO2, and this ability is closely related to their photosynthetic rate. Plants with higher photosynthetic rates are more effective at reducing CO2 levels. Among the tested plant species, V. odoratissimum var. awabuki, I. × wandoensis, and I. pedunculosa were the most effective at reducing CO2. In indoor environments, plants can be used to remove air pollutants and regulate temperature and humidity. Utilizing plant species that are particularly effective can lead to improved air pollutant removal and energy savings in indoor air quality control. The analysis of the impact of the environment, such as humidity, differences in light intensity, CO2 concentrations, and leaf characteristics, needs to be studied to determine more exactly the ability of plants to remove air pollution. Various factors in the real environment, such as ventilation, temperature, and humidity, can impact plants’ abilities to remove air pollution. Assessing the removal capacity of indoor plants needs to be conducted with actual models, such as a house, office, or class, to fully clarify the real ability of plants to reduce indoor air pollution.
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Figure 1. Five evergreen woody plants were used in the present study. (a) Ilex × wandoensis, (b) Ilex pedunculosa, (c) Gardenia jasminoides, (d) Pittosporum tobira, and (e) Viburnum odoratissimum var. awabuki. 
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Figure 2. The acrylic chamber schematic diagram used for the PM and CO2 removal experiments. 
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Figure 3. The average humidity (columns) and temperature (line) of both the control chamber and the treatment chambers for five plant species during the 7 h CO2 reduction experiment. 
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Table 1. Mean ± standard deviation (n = 20) of the plant height, leaf area, and photosynthetic rate of the five plant species in this study.
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	Species
	Plant Height

(cm)
	Leaf Area

(cm−2)
	Photosynthetic Rate

(µmol CO2 m−2s−1)





	Ilex × wandoensis
	41.66 ± 3.23
	979.85 ± 235.46
	3.20 ± 0.09



	Ilex pedunculosa
	40.80 ± 5.56
	877.01 ± 103.71
	1.40 ± 0.03



	Gardenia jasminoides
	43.12 ± 4.60
	710.61 ± 126.52
	1.95 ± 0.02



	Pittosporum tobira
	42.32 ± 2.08
	443.89 ± 152.56
	2.63 ± 0.04



	Viburnum odoratissimum var. awabuki
	38.98 ± 5.40
	961.28 ± 168.71
	3.03 ± 0.01










 





Table 2. The effectiveness of five plants in reducing particulate matter (PM) of different particle sizes (PM1, PM2.5, and PM10) after 7 h. We used Duncan’s Multiple Range Test to determine the significance of the differences in PM’s clean air delivery rate (CADR) among the five plant species. All values indicate p < 0.0001. Data are mean ± SE, n = 5.
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Species

	
CADR (m3/h/Leaf Area)




	
PM1

	
PM2.5

	
PM10






	
Ilex × wandoensis

	
1.02 ± 0.39

	
0.99 ± 0.38

	
0.85 ± 0.18




	
Ilexpedunculosa

	
3.01 ± 0.94

	
3.08 ± 0.96

	
3.04 ± 0.97




	
Gardenia jasminoides

	
1.26 ± 0.47

	
1.18 ± 0.45

	
1.04 ± 0.41




	
Pittosporum tobira

	
1.37 ± 0.20

	
1.26 ± 0.36

	
1.13 ± 0.46




	
Viburnum odoratissimum var. awabuki

	
0.68 ± 0.09

	
0.73 ± 0.10

	
0.67 ± 0.11











 





Table 3. The effectiveness of five plants in reducing CO2 after 7 h. The following variables were measured, RH: relative humidity (%), T: Temperature (°C), N(0): starting mass of pollutant at t = 0 h (µg/m3) or (mg/m3), N(t): mass of pollutant after time t (µg/m3) or (mg/m3), λe: total disintegration rate (h−1), λn: natural disintegration rate (h−1), CADR: clean air delivery rate (m3/h/leaf area), and ŋ: efficiency (%).
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	Species
	Time (h)
	RH (%)
	T

(°C)
	N(0)
	N(t)
	λe
	λn
	CADR

(m3/h/Leaf Area)
	ŋ

(%)





	Control
	7
	6