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Abstract

:

Oxidative stress induced by fine particulate matter 2.5 (PM2.5) is a potential cause of adverse health effects owing to the production of reactive oxygen species (ROS). Air filtration is a key technology for preventing exposure to particulate contaminations; however, particulate matter trapped by filters has the potential risk of human contact with condensed PM2.5. Thus, this study aims to reduce the hydroxyl radical (·OH) production potential of PM2.5 collected on such TiO2-supporting quartz filters. The ·OH production potential was evaluated for PM2.5, which was collected in Kanagawa, Japan, using a terephthalate assay coupled with flow injection analysis. Although the PM2.5 levels at the sampling site were not severe, the PM2.5 samples exhibited ·OH production potential, which was mostly attributed to organic aerosols. The effect was verified using a TiO2-supporting quartz filter for the collection and subsequent degradation of PM2.5. The ·OH production potential was significantly reduced from 0.58 ± 0.40 pmol/(min m3) to 0.22 ± 0.13 pmol/(min m3) through ultraviolet irradiation for 24 h. This suggests that the photocatalytic reaction of the TiO2 filter is effective in reducing the ·OH production potential of PM2.5.
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1. Introduction


Various epidemiological studies on pulmonary and cardiovascular diseases have reported increased mortality associated with exposure to particulate matter 2.5 (PM2.5) [1,2,3,4,5,6,7]. The toxicity of PM2.5 is presumably due to the oxidative stress induced by reactive oxygen species (ROS), such as superoxide anion radicals (O2−·), hydrogen peroxide (H2O2), and hydroxyl radicals (·OH). ROS are a group of oxygen-containing free radicals and reactive molecules with strong oxidizing abilities in the human body. Generally, redox-active substances such as quinoid polycyclic aromatic hydrocarbons (PAH quinones) promote ROS production when taken into cells [8,9,10]. Excessive oxidative stress induced by such redox-active substances may cause DNA damage and protein oxidation, and it is considered one of the factors that causes various disorders in the human body, including cancer, diabetes, and aging [11,12,13]. Several epidemiological studies have evaluated the ROS production potential of PM2.5 samples in vitro, and the dithiothreitol (DTT) assay has been widely used to evaluate the oxidative potential of O2−· [14,15,16]. As illustrated in Figure 1, when certain redox-active substances in a PM2.5 sample are applied to DTT, O2−· is formed from triplet oxygen (3O2) via the redox cycle, and DTT is converted to its disulfide form. Figure 1 shows 9,10-phenanthrenequinone as an example of PAH quinones. The linear rate of DTT loss is used as a measure of the O2−· production potential of a PM2.5 sample.



Air filtration used for filtration masks and air-cleaning devices is a key technology for preventing personal exposure to particulate contamination. However, owing to their potentially toxic constituents, the particulate matter trapped on the surface of filters can still be hazardous if not subsequently treated. Therefore, there is a potential risk of human contact with condensed PM2.5 when replacing or cleaning filter units [17,18,19]. Photocatalysis has been receiving considerable attention worldwide for its diverse potential applications to solve the global energy crisis and environmental problems in a sustainable and ecologically friendly manner [20,21,22]. Titanium dioxide (TiO2) is by far the most studied photocatalytic material for the decomposition of organic pollutants [23,24], removal of heavy metal ions [25,26], and production of hydrogen [27]. In our previous study, a TiO2-supporting quartz filter (TiO2 filter) was developed for the collection of PM2.5 and the subsequent photo-induced degradation of carbonaceous components in PM2.5 [28,29,30]. The carbonaceous components in PM2.5 were successfully converted to CO2 by irradiating ultraviolet (UV) rays on the surface of PM2.5 collected on the TiO2 filter [28]. The TiO2 filter also degraded the polycyclic aromatic hydrocarbons in PM2.5, which are potential precursors of PAH quinones [29] and reduced the O2−·production potential of PM2.5 [30].



Once O2−· is produced, it triggers a rapid cascade of events generating other ROS and eventually terminating them during the formation of H2O (Figure 1). The DTT assay does not capture the most important step of the ROS cascade, that is, the generation of ·OH [31], which is the most damaging ROS to nearly all types of macromolecules. Although ·OH is produced from O2−·, no significant correlation between the O2−· production potential of PM2.5 evaluated by the DTT assay and the ·OH production potential of PM2.5 evaluated by disodium terephthalate (TPT) assay has been reported [31]. This could be due to the contribution of other co-existing species to the ROS cascade. When TPT is added to the reaction vial to scavenge the ·OH generated in the DTT assay, it forms 2-hydroxyterephthalic acid (2-OHTA) as a fluorescent probe (Figure 1). Since the formation of 2-OHTA is proportional to the generation of ·OH, the linear increase in 2-OHTA can be used as a measure of the ·OH production potential of PM2.5 samples [31,32,33]. In this study, we aimed to investigate the effect of a photocatalytic reaction on the ·OH production potential of PM2.5 collected on a TiO2 filter, using the TPT assay coupled with flow injection analysis (FIA). The result showed the photocatalytic reaction of the TiO2 filter is effective in reducing the ·OH production potential of PM2.5 and will be useful for controlling environmental pollution caused by PM2.5.



Various abbreviations frequently used in the manuscript are listed in Table 1 along with their full forms for quick reference.




2. Results and Discussion


2.1. ·OH Production Potential of PM2.5


First, the ·OH production potential was evaluated in PM2.5 samples collected for 24 h in Kanagawa, Japan. The mean atmospheric concentration of PM2.5 was 14 ± 6.9 µg/m3 (n = 9), which was less than the environmental quality standard of Japan for PM2.5 (35 µg/m3). Therefore, air pollution due to PM2.5 at the study site was not severe. Subsequently, the TPT assay with FIA was used on these samples. Figure 2 shows the changes in the amount of produced 2-OHTA (pmol) for the PM2.5 samples over time. Since the formation rate of 2-OHTA is proportional to the generation of ·OH, the ·OH production potential can be obtained from the slope of the linear fitting through the points in Figure 2. For all samples, the produced 2-OHTA increased linearly with time (R2 ≥ 0.98). The slope was then normalized by the total sampling volume (m3) of air for easy comparison with other PM2.5 samples collected under different sampling conditions. The ·OH production potential of the Kanagawa samples ranged from 0.35 to 1.3 pmol/(min m3) with an average of 0.82 ± 0.29 pmol/(min m3). As a reference, the ·OH production potential was compared with previously reported values. This level of ·OH production potential is greater than that observed in Illinois, United States (<0.25 pmol/(min m3)) [31]; slightly less than that observed in Hong Kong, China (2.1 ± 1.4 pmol/(min m3)) [32]; and significantly less than that in Beijing, China (64 ± 91 pmol/(min m3)) [33].




2.2. Attribution of ·OH Production Potential


Figure 3 shows the scattered diagram of the ·OH production potentials and PM2.5 concentrations in Kanagawa. The diagram suggests no apparent relationship between the two variables (Pearson’s correlation coefficient, r = 0.42, p = 0.26); thus, the ·OH production potential does not depend on the level of PM2.5. We then focused on the carbonaceous components of PM2.5, which mainly consist of organic carbon (OC) and elemental carbon (EC) [34,35]. The constituents of OC mostly consist of organic compounds, including PAH quinones, which volatilize under heating in an inert atmosphere. On the other hand, EC contains graphitic carbon, which can only be converted into gas by oxidation at high temperatures. Thus, OC/EC analysis was performed for nine PM2.5. The results showed that the mean OC and EC concentrations were 2.6 ± 0.93 µg/m3 and 0.39 ± 0.18 µg/m3, respectively. Cheng et al. [32] reported that the ·OH production potential of PM2.5 in Hong Kong significantly correlates with OC concentrations but not with EC concentrations. In contrast, the ·OH production potential in this study showed significant correlations with both OC (r = 0.68, p < 0.05) and EC (r = 0.69, p < 0.05) concentrations. However, the mean OC concentration was seven times higher than that of EC. This indicates that the ·OH production potential of PM2.5 at the Kanagawa site was mostly attributed to organic aerosols.



Applying the interagency monitoring of protected visual environments (IMPROVE) protocol as described in Section 3.3, OC and EC were further fractioned into seven categories: OC1, OC2, OC3, OC4, EC1, EC2, and EC3. Table 2 shows atmospheric concentration and Pearson’s correlation coefficient between the concentration and ·OH production potential of each fraction in PM2.5. The average weight percentage of total carbon (OC + EC) in these fractions was in the following order: EC1 (40%) > OC2 (23%) ≒ OC3 (22%) > EC2 (5.7%) ≒ OC4 (5.4%) > OC1 (2.1%) ≒ EC3 (0.94%). According to Misawa et al. [28], the photocatalysis of TiO2 filters under UV irradiation (365 nm, 1.1 mW/cm2) is effective for the degradation of OC1, OC2, OC3, OC4, and EC1. Moreover, the irradiation is inert for EC2 and EC3. The fractions OC3, OC4, and EC1, accounting for 68% of the total carbon content, have significant correlation coefficients (Table 2); thus, the ·OH production potential of PM2.5 can be attributed to these fractions. Therefore, under UV irradiation, the TiO2 filter was expected to reduce the ·OH production potential of PM2.5 collected at the Kanagawa site.




2.3. Reducing the ·OH Production Potential of PM2.5 through UV Irradiation on the TiO2 Filter


Figure 4 shows images of the quartz filter before and after depositing TiO2, observed by a field-emission scanning electron microscope (FE-SEM). The TiO2 layer was formed on the surface of the quartz fiber without constant morphology, and its crystalline structure was identified as anatase using an X-ray diffraction (XRD) analysis as shown in Figure 5. The amount of TiO2 supported on the quartz filter was 0.049 ± 0.0011 g (n = 5). Simultaneous sampling of PM2.5 was conducted using two co-located high-volume air samplers with TiO2 and quartz (non-TiO2 coated) filters. Concentrations of PM2.5 collected on the TiO2 and quartz filters were 7.9 ± 4.0 µg/m3 (n = 5) and 8.0 ± 4.2 µg/m3 (n = 5), respectively, and no significant difference in the collection amount of PM2.5 between the two filters was found.



As shown in Figure 6, the color of the collection filters was originally white, with a relative luminance (L) of 0.48 for the quartz filter and 0.47 for the TiO2 filter. After trapping PM2.5, the color turned black with a relative luminance of 0.20, partly owing to the carbonaceous components in PM2.5. Subsequently, UV irradiation was performed for both the PM2.5 samples. After UV irradiation for 24 h, no remarkable change in the color was observed for PM2.5 collected on the quartz filter. In contrast, a remarkable color degradation from black to gray with increased relative luminance was observed for PM2.5 collected on the TiO2 filter. This visual change suggests the successful degradation of carbonaceous components in PM2.5 by this photocatalytic reaction.



The FIA-TPP assay was applied to five pairs of the PM2.5 samples collected on the quartz and TiO2 filters before and after UV irradiation for 24 h. Since the concentration of 2-OHTA increased with time and good linearity was found for every sample with R2 ≥ 0.95, the ·OH production potentials were obtained from the slopes of the curves and air sampling volume, and the results are shown in Figure 7. No significant changes in the ·OH production potential of PM2.5 collected on the quartz filter were observed before or after UV irradiation. On the other hand, the ·OH production potential of PM2.5 on the TiO2 filter significantly reduced from 0.58 ± 0.40 pmol/(min m3) to 0.22 ± 0.13 pmol/(min m3) with a rate of 62% upon UV irradiation for 24 h (p = 0.032, paired t-test). This shows that the photocatalytic reaction of the TiO2 filter is effective in reducing the ·OH production potential of PM2.5.





3. Materials and Methods


3.1. Reagents


All reagents were obtained from commercial sources: K2HPO4 (Kanto Chemical, Tokyo, Japan; Cica-reagent), KH2PO4 (Kanto Chemical; Cica-reagent), DTT (Tokyo Chemical Industrial, Tokyo, Japan; Guaranteed reagent), TPT (Tokyo Chemical Industrial; Extra pure reagent), 2-OHTA (Tokyo Chemical Industrial; >98.0%), 9,10-phenanthrenequinone (Tokyo Chemical Industrial; Guaranteed reagent), tris(hydroxymethyl)aminomethane (Tokyo Chemical Industrial; Guaranteed reagent), titanium tetraisopropoxide (Kanto Chemical; Cica-reagent), and 2-propanol (Fujifilm Wako Pure Chemical, Osaka, Japan; Guaranteed reagent). The 0.1 M phosphate buffer (pH = 7.4) was prepared from 0.1 M K2HPO4 and 0.1 M KH2PO4 (8:2).




3.2. Measurement of the ·OH Production Potential of PM2.5


3.2.1. Sampling PM2.5 on the Quartz Filter


PM2.5 in the air was collected on a quartz filter (Advantec Toyo; diameter = 110 mmφ, thickness = 0.38 mm, SiO2 > 99%) using a high-volume air sampler (Shibata, Tokyo, Japan; HV-500R attached with a particle size selector for PM2.5). It was collected at a flow rate of 500 L/min for 24 h at the roof of the school building of Tokai University, Kanagawa, Japan (35°21′42.4″ N, 139°16′29.0″ E, approximately 20 m above the ground). Figure 8 shows the high-volume air samplers used and the typical appearance of PM2.5 collected on the quartz filter. Sampling was conducted from August to November 2021. Before and after sampling, the filters were conditioned for more than 24 h under constant temperature (21 °C) and relative humidity (40 ± 4%), and, thereafter, the weight of the filter was measured using a microbalance (Shimadzu, Kyoto, Japan; ATX224). The concentration of PM2.5 was determined from the weight difference and total sampling volume of air.




3.2.2. FIA-TPT Assay


The TPT assay described by Xiong et al. [31] was used for the evaluation of the ·OH production potential of PM2.5 with a minor modification; that is, FIA was applied to the assay. In our previous study [30], FIA was successfully applied to the DTT assay for the easy handling of photodegradable reagents and rapid measurement. The FIA system for the TPP assay was established based on a previous study, as shown in Figure 9. The system consisted of a reservoir of carrier solution, an L-6000 isocratic pump (Hitachi, Tokyo, Japan), an injector (IDEX Health & Science, Rohnert Park, CA, United States; 7725 Sample Injector), an RF-20A fluorescence detector, a C-R6A recorder (Shimadzu), and a waste bottle.



For the measurement of the ·OH production potential of PM2.5, two pieces of 25 mmφ aliquot of the filters were cut into small fragments and transferred into a centrifuge tube. The chemical components were extracted in 10 mL of Milli-Q water for 30 min using an ultrasonic bath to ensure their extraction from the filter fragments. The extracts were filtered using a disposable cellulose acetate membrane filter (Advantec Toyo; DISMIC-25CS, pore size = 0.20 µm). Then, 3.2 mL of the extract was mixed with 1 mL of 0.1 M-phosphate buffer, 0.6 mL of 1 mM DTT in phosphate buffer, and 1.2 mL of 50 mM TPT in phosphate buffer in a shading vial stored in an incubator at 37 °C. Furthermore, 20 µL of the sample solution was immediately injected into the FIA system for the measurement of 2-OHTA. The following analytical conditions were set for the FIA system: carrier solution: 0.4 M-tris buffer (pH = 8.9), flow rate: 1 mL/min (isocratic), injection volume: 20 µL, excitation wavelength: 310 nm, and emission wavelength: 425 nm. The detection wavelength of 2-OHTA was referred to in Page et al. [36]. Five repeated injections were conducted for each analysis, and 2-OHTA was measured for 60 min at 15 min intervals. Each sample was analyzed using the corresponding blank filter extracts, and the blank reading was subtracted from the sample readings. Five-point calibration was conducted using a dilution series of 2-OHTA in phosphate buffer. The correlation coefficient (r) for linear regressions of the calibration curve was >0.99. The analysis was performed in a dark room, and the shading vial was covered with aluminum foil because of the photodegradable property of DTT [37]. Typical chromatograms are shown in Figure 10.





3.3. OC/EC Analysis


To determine the ·OH production potential of PM2.5, the OC/EC concentrations in the PM2.5 samples collected on the quartz filters were determined using Carbon Aerosol Analyzer Model 5 (Sunset Laboratory, Portland, OR, United States) following the IMPROVE protocol [38]. An aliquot of the sample filter (1.5 cm × 1.0 cm) was heated stepwise at temperatures 120 °C (OC1), 240 °C (OC2), 450 °C (OC3), and 550 °C (OC4) in a pure helium atmosphere, which was converted to carbon dioxide in an oxidizing oven. Furthermore, carbon dioxide evaporated at each temperature was reduced to methane for quantification using a flame ionization detector. Thereafter, EC was desorbed in an oxygen blend carrier gas (98% He + 2% O2) at temperatures 550 °C (EC1), 700 °C (EC2), and 800 °C (EC3) and quantified in the same way as OC. When the temperature in inert helium increased, some of the OC was pyrolyzed into black carbon. The pyrolyzed OC, Pyro, was determined separately to correct the OC/EC content. Consequently, OC1, OC2, OC3, OC4, EC1, EC2, EC3, and Pyro were obtained separately. The IMPROVE protocol defines OC as OC1 + OC2 + OC3 + OC4 + Pyro and EC as EC1 + EC2 + EC3 – Pyro. A correlation analysis was conducted for the atmospheric concentrations and the ·OH production potentials of the seven fractions.




3.4. Reducing the ·OH Production Potential of PM2.5


The TiO2 filter was prepared according to the method described by Misawa et al. [28]. Briefly, a piece of quartz filter (Advantec Toyo; diameter = 110 mmφ, thickness = 0.38 mm, SiO2 > 99%) was dipped into 2% titanium tetraisopropoxide in 2-propanol for 1 h. After drying in ambient air, the filter was calcined at 500 °C for 2 h in an electronic furnace (Thermo Scientific, Waltham, MA, United States; FB1400) to obtain a TiO2 layer supported on a quartz filter. The morphology of TiO2 on the quartz fiber was observed using FE-SEM (Hitachi, S-4800) after being coated with a thin Au/Pt film to achieve higher quality secondary electron images. The crystalline structure of TiO2 was observed using XRD (Rigaku Denki, Tokyo, Japan, Geiger Flex RAD-C). After PM was collected on the TiO2 filter, the filter was subjected to photocatalytic degradation.



Simultaneous samplings were conducted five times using two collocated high-volume air samplers with the TiO2 and quartz filters because the concentration and chemical composition of PM2.5 may vary from day to day. All samplings were conducted at a flow rate of 500 L/min for 24 h on the roof of the school building of Tokai University, Kanagawa, Japan, from September to November 2021. The photocatalytic degradation of PM2.5 was performed under ambient air at room temperature (~20 °C). UV light from three black lights (Toshiba Lighting & Technology, Kanagawa, Japan; FL15BLB; peak wavelength of 365 nm) lined up in parallel was uniformly irradiated onto PM2.5 collected on the TiO2 or quartz filter 10 cm above the surface. The UV intensity measured using a UVA-365 monitor (Custom, Tokyo, Japan) at the surface of the filters was 1.1 mW/cm2.



To quantify the color change of PM2.5, the color was converted to a relative luminance according to the red (R), green (G), and blue (B) color model. A digital image of the PM2.5 samples was taken using a digital camera (Richo, Tokyo, Japan; Caplio R5) positioned 40 cm above the sample under constant light, and the relative luminance was obtained from the color values of R, G, and B to yield a range from 0 (black) to 1 (white) by editing the image.



The ·OH production potential was measured using the FIA-TPT assay before and after UV irradiation for 24 h. Furthermore, a paired t-test was applied to test the differences.





4. Conclusions


The production potential of the most damaging ROS, ·OH, was evaluated in PM2.5 samples collected in Kanagawa, Japan. The ·OH production potential was mostly attributed to organic aerosols, which were found to be degradable by the photocatalytic reaction with a TiO2 layer. This effect was verified using a TiO2-supporting quartz filter for the collection and subsequent degradation of PM2.5. The ·OH production potential of PM2.5 collected on the TiO2 filter was significantly reduced from 0.58 ± 0.40 pmol/(min m3) to 0.22 ± 0.13 pmol/(min m3) through UV irradiation for 24 h. This shows that the photocatalytic reaction of the TiO2 filter is effective in reducing the ·OH production potential of PM2.5 and will be useful for reducing the potential risk of human contact with PM2.5 condensed on the filter units. Moreover, the composition and toxicity of PM2.5 vary by sampling sites. Therefore, as for the scope of future studies, PM2.5 sampling will be carried out in many sites to verify the effect of photocatalytic reaction of the ·OH production potential.
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Figure 1. Production of O2−· by the reaction of certain redox-active substances with DTT and the measurement of ·OH production potential using TPT. Herein, 9,10-phenanthrenequine is shown as an example of a typical redox-active substance in PM2.5. 
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Figure 2. Changes in the amount of produced 2-OHTA with time upon applying the FIA-TPT assay to the PM2.5 samples collected in Kanagawa, Japan, from August to November 2021 (chart legend: sampling date). 
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Figure 3. Relationship between concentration and ·OH production potential of PM2.5. The samples were collected in Kanagawa, Japan, from August to November 2021. 
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Figure 4. SEM images of a piece of fiber of the quartz and TiO2 filters. 
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Figure 5. XRD pattern of the TiO2 filter prepared in this study. 
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Figure 6. Changes in the relative luminance (L) of the PM2.5 samples collected on the (a) quartz and (b) TiO2 filters before sampling, after sampling/before UV irradiation, and after UV irradiation for 24 h. 
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Figure 7. Comparison of the ·OH production potential of PM2.5 collected on the (a) quartz and (b) TiO2 filters before and after UV irradiation (paired t-test). 
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Figure 8. (a) High-volume air sampler and (b) a typical PM2.5 sample collected on the quartz filter. 
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Figure 9. Schematic illustration of the FIA system for the TPT assay. 
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Figure 10. Linear increase in the peak response of 2-OHTA produced in the PM2.5 sample (Sampling date: 6–7 October 2021). For one analysis, five repeated injections were performed within 90 s. 
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Table 1. List of abbreviations used in the manuscript.
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	Abbreviation
	Definition





	2-OHTA
	2-hydroxyterephtalic acid



	DTT
	Dithiothreitol



	EC
	Elemental carbon



	FE-SEM
	Field-emission scanning electron microscope



	FIA
	Flow injection analysis



	IMPROVE
	Interagency monitoring of protected visual environments



	OC
	Organic carbon



	PAH quinones
	Quinoid polycyclic aromatic hydrocarbons



	PM2.5
	Particulate matter 2.5



	ROS
	Reactive oxygen species



	TPT
	Disodium terephthalate



	TiO2 filter
	TiO2-supporting quartz filter



	UV
	Ultraviolet



	XRD
	X-ray diffraction
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Table 2. Concentrations of the carbonaceous components collected on the quartz filter (µg/m3) and Pearson’s correlation coefficient (r) between atmospheric concentrations and ·OH production potentials of the seven fractions. * p < 0.01, ** p < 0.05.
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	Fraction
	Concentration (µg/m3)
	Pearson’s Correlation Coefficient between

Concentration and ·OH Production Potential (r)





	OC1
	0.063 ± 0.014
	−0.41



	OC2
	0.68 ± 0.26
	0.60



	OC3
	0.67 ± 0.22
	0.81 *



	OC4
	0.16 ± 0.047
	0.78 **



	EC1
	1.2 ± 0.50
	0.72 **



	EC2
	0.17 ± 0.051
	0.48



	EC3
	0.028 ± 0.0076
	0.75 **
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