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Between 2018 and 2022, a total of 231 PM2.5 samples were collected in Nantong, China, and analyzed online for 16 US EPA PAHs utilizing a variety of analytical methodologies, including high-performance liquid chromatography data analysis, principal component analysis, and characteristic ratio analysis. The seasonal variation and pollution characteristics of 16 PAHs in PM2.5 over a long period in Nantong, China, were analyzed, and correlations and traceability changes with a variety of emission sources were established. Additionally, health assessment models for BaP equivalent concentration, daily exposure dose, lifetime excess risk of cancer, and life expectancy loss were constructed for various ages and genders. The results indicated that the total number of days with BaP concentrations less than the national limit standard of 1.0 ng/m3 was 60.17% (139/231), with rates of 25.40%, 35.71%, and 94.05% from 2019 to 2021, respectively; the total concentration range of 16 PAHs demonstrated a downward trend, but pollution was relatively severe in winter. The seasonal variation showed winter > autumn > spring > summer. The detection rates of 4 and 5 rings were generally high and fluctuated between dropping and increasing. Principal factor analysis and characteristic ratio traceability analysis indicated that PAH pollution is primarily caused by local coal-fired sources and traffic emissions, with a new trend of biomass combustion. Furthermore, BaP remains the primary contributor to carcinogenic factors, and the health risk is higher in females than in males, and in adults than in children. A low level of PAHs in the air may have health benefits. Traffic control and flow restrictions, as well as production restrictions, are all part of Nantong’s COVID-19 pandemic prevention and control policies. These policies contributed to PAH risk prevention and control, as well as pollution reduction.
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HIGHLIGHTS

1. A five-year longitudinal case study was conducted to investigate the seasonal variation law, environmental traceability analysis, and PAH pollution identification.
2. The concentration of Σ16 PAHs is decreasing, and pollution is primarily caused by local coal-fired and vehicular emission sources, with a growing tendency for biomass combustion.
3. Four indicators are used to build and compare health evaluation models for individuals of various ages and genders.
4. BaP remains the primary source of carcinogenic factors, which are more prevalent in females than males, and adults than in children.
5. Traffic control and work and production restrictions are beneficial for risk prevention and control, as well as pollution reduction of PAHs.
1 INTRODUCTION
In China, air pollution is a significant environmental problem. Fine particulate matter (PM2.5) is a significant source of air pollution in cities. PM2.5 pollution is one of the most serious public health issues today (Jia et al., 2017; Maji et al., 2017; Zhao H. et al., 2020). A PM2.5 index is a critical tool for quantifying and controlling air pollution. Due to the small aerodynamic equivalent diameter (≤2.5 μm) of fine particles, they easily penetrate the bronchioles and alveoli, posing a threat to human health. Numerous epidemiological studies have demonstrated that high PM2.5 exposure significantly increases the risk of the immune system, nervous system, cardiopulmonary, cardiovascular, and cerebrovascular diseases, as well as the probability of carcinogenesis, teratogenesis, and mutation (Rotko et al., 2002; Chen et al., 2015; Saini and Sharma, 2019). Meanwhile, because PM2.5 is a persistent aerosol, it readily transports chemical compounds such as organic compounds and heavy metals. Polycyclic aromatic hydrocarbons (PAHs), a significant class of toxic organic pollutants in the atmosphere (Masih et al., 2014; Tchórzewska-Cieślaka et al., 2017), are extremely easily adsorbed on fine atmospheric particles with small particle sizes and are found in high concentrations in the atmosphere (Ma et al., 2019), water (Fehmi et al., 2015), soil (Niu et al., 2020), crops (Oleszczuk and Baran, 2005), and food (Vichi et al., 2007), where they exhibit persistence, toxicity, and bioaccumulation. Since organic pollutants such as PAHs are associated with PM2.5 in the air, their adverse effects on human health cannot be ignored, and they represent a significant health burden for Chinese citizens (Xu et al., 2015; Ying et al., 2018; Zhang et al., 2019).
International scholars have generally researched exposure models and health prediction using atmospheric emission reduction as a means of assessing human risk from PAHs in recent years (Bootdee et al., 2016; Iwegbue et al., 2019; Azimi-Yancheshmeh et al., 2021). While governments from various countries have long been committed to PAH emission reduction and control, recent observations indicate that the atmospheric concentration of PAHs is not declining (Yu et al., 2019). Given the pessimistic outlook for global PAH pollution, it is necessary to conduct long-term monitoring and control. Since China promulgated the ambient air quality standard (GB 3095-2012) in 2012, over 200 stations in the country have been monitoring the atmospheric environment, releasing real-time data, and managing environmental normalization as per the new national environmental standard (Jiang et al., 2018; Wang et al., 2019; Han et al., 2020). China, on the other hand, has a large population base, a densely populated population, and a highly mobile population. Transportation is used by 376 million of the floating population (26.6% of the Chinese population) to migrate and work. It has, however, been harmed by the 2019 novel coronavirus (COVID-19) outbreak that has swept the globe since December 2019. The government has enacted stringent traffic control and stoppage measures, which have had a significant impact on human activity at the local level. Additionally, it enables a greater number of citizens to pay attention to environmental quality and health issues. It is well established that the majority of PAH emission sources are natural (biosynthesis and plant volatilization, etc.) or man-made (incomplete combustion of petroleum fuel and pyrolysis of high molecular organic matter, etc.) (Akyüz and Çabuk, 2010; Yang et al., 2010). Throughout the period of epidemic prevention and control, the primary response mechanism for public health emergencies was quickly established in all parts of China. To accurately prevent and control the epidemic, the Chinese government has collaborated at all levels and adopted a control policy that includes regional closure cycles with Chinese characteristics, travel restrictions, and healthy travel at specific time points and special areas, all of which demonstrate a “China action” against COVID-19. Among them, traffic control and government enterprise renovation policies have had a limited effect on the air pollution emission laws and source changes, which may result in a significant reduction in the frequency of human activities and the intensity of pollution emissions (Chen et al., 2020; Fan et al., 2020; Ye et al., 2021).
Nantong, located at 31°41′–32°43′N, 120°12′–121°55′E, is in Jiangsu Province’s southeast region, northeast of the Yangtze River Delta, relatively close to the Yellow Sea on the east, the Yangtze River on the south, and close to Shanghai on the north. It has a large terrain and an advantageous geographical location, and overall air pollution is low. Nantong, according to China’s National Development and Reform Commission (CNDRC), will be classified as a type II city. However, as one of the China’s fastest growing city clusters, Nantong’s workers’ mobility and transportation volumes are enormous, and the city’s rapid industrialization and urban agglomeration have exacerbated regional air pollution problems. At the end of 2019, Nantong began experiencing the “COVID-19 urban effect” concurrently, and the composition of air pollution, its traceability, and the health risks posed by PAHs also changed significantly. At the moment, domestic scholars’ research on PAHs is primarily focused on the pollution characteristics, source analysis, and health effects of spatial background sites in major cities (Wang et al., 2010; Wang et al., 2020) and the Pearl River Delta (Wang et al., 2011; Yu and Jian, 2012), with a small amount of PM2.5 in the outbreak and blocking stage of COVID-19 research on short-term quality change and health effects (Zhao N. et al., 2020), but there is little research on adjacent cities within the economic radiation circle of major cities. The relevant research on Jiangsu Province’s Yangtze River Delta is primarily concentrated in the two typical regions of Southern Jiangsu and Northern Jiangsu (Xin et al., 2021; Yuan et al., 2021), with Nantong receiving little attention. Previous research directions have concentrated on the environmental fate and pollution sources of PAHs, but there are no reports on comprehensive research on the environmental behavior, seasonal distribution, and population exposure risk of PAHs in gaseous and particulate states, as well as environmental traceability during the COVID-19 epidemic’s special period.
Based on the aforementioned research status, this study is based on 231 monitoring samples and quantitative detection of PAHs in PM2.5 in Nantong City over 5 years (2018–2021). The pollution status, seasonal characteristics, and environmental traceability of 16 PAHs controlled preferentially by the US EPA were investigated during and after the COVID-19 outbreak. The human health status of six different ages and genders in Nantong City was evaluated using four indicators: benzo[a]pyrene equivalent concentration, per capita daily exposure dose, lifetime excess carcinogenic risk, and life expectancy loss. This is to provide a theoretical foundation and data support for the control of atmospheric polycyclic aromatic hydrocarbon pollution in Nantong, as well as to assist decision-making departments in formulating typical air toxic emission reduction measures and assessing regional human health risks.
2 MATERIALS AND METHODS
2.1 Instruments and reagents
PM2.5-ADS-2062 intelligent integrated atmospheric sampler (AMAE international instruments Group Co., Ltd.), PM2.5-JCH-1603 TSP Integrated Sampler (China Shandong Qingdao Group Co., Ltd.), Agilent 1260 Infinity high-performance liquid chromatography system (HPLC, Agilent Technologies, United States), HN10-300D Ultrasonic Thermostatic Cleaner (Shanghai Hanno Instrument Co., Ltd.), mixed standard solution of 16 PAHs (Agilent, 500 mg/L, United States; o2si, 2,000 mg/L, United States), and 1-fluoronaphthalene (1-FN, 100 mg/L, Shanghai ANPEL Laboratory Technologies Co., Ltd.) were used for this study.
2.2 Sampling site and sample collection
The samples were collected from 10 October 2018 to 16 March 2022. The National Treasury site (32°043′N, 120°828′E) has been selected for the simultaneous sampling of PM2.5 in the atmosphere for 7 days in every fixed month. A glass fiber filter membrane (Φ 90 mm or 47 mm) is used for PAH collection. Before use, the filter membrane is wrapped with aluminum foil and heated in a muffle furnace at 400°C for 5 h and then balanced in a constant temperature and humidity box at 25 ± 1°C for 24 h and humidity 50 ± 5% RH. Then, the membrane is weighed and recorded using an analytical balance. The outdoor monitoring height of the sampler is 10–15 m, the sampling time is ≥ 20 h every day, the sampling flow is ≥ 100 l/min, and the measurement error of the flow is ≤ 2%. After sampling is finished, the sampler is weighed again and recorded. The samples to be tested were stored at 4°C under airtight conditions, protected from light, and tested within 24 h. The seasons are divided into spring from March to May, summer from June to August, autumn from September to November, and winter from December to February. A total of 231 samples were collected. PM2.5 sampling period and sampling date are shown in Supplementary Table S1.
2.3 Sample processing
The glass filter membrane was cut and weighed according to the weighing method or the equipartition method. A batch of filter film is cut up and placed in a glass tube; 3.0 ml acetonitrile and 20 μl 50 μg/L 1-fluoronaphthalene standard substitute were added to the glass tube, vortex mixed, ultrasonicated at 20°C for 30 min, and cooled to room temperature. The treatment solution was filtered using a 0.22-μm organic membrane and bottled for testing.
2.4 Sample determination and quality control
Analysis of 16 PAHs was performed using an Agilent 1260 high-performance liquid chromatography apparatus equipped with ultraviolet-visible and fluorescence detectors (HPLC-UV-FLD) and equipped with an Agilent C18 column (4.6 mm × 25 cm, 5 μm), referring to our previous work (Guo et al., 2021). The constituents include naphthalene (NAP), acenaphthylene (ACE), acenaphthene (ACP), fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA), pyrene (PYR), benzo[a]anthracene (BaA), chrysene (CHR), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DahA), benzo[g,h,i]perylene (BghiP), and indeno[1,2,3-c,d]pyrene (IP). The gradient elution program was: 0–19 min, A/B = 60%:40%; 19–25 min, A/B = 0%:100%; and 25–30 min, A/B = 60%:40%. The wavelength excitement and emission (Ex/Em) settings were: 0–11 min, 280/340 nm; 11–13 min, 254/350 nm; 13–19 min, 270/390 nm; 19–25 min, 290/410 nm; and 25–30 min, 305/500 nm. The detection limit of the method is the signal-to-noise ratio ≥ 3, and the quantitative limit of the method is the signal-to-noise ratio ≥ 10. The linear ranges were 0–500 ng/ml, r ≥ 0.999, and the detection limits were 0.002–0.039 ng/m3. The relative standard deviations were 0.09%–3.78%, and the average recoveries ranged 75.61%–114.72%. Sample intra-day relative standard deviation was 0.91%–2.97%. The internal standard substitute 1-fluoronaphthalene (1-FN) was used to carry out the standard addition recovery test, and the whole process recovery rates were in the range of 97.1%–99.6%.
2.5 Source identification
Characteristic ratios based on different components are commonly used as an important tool for pollution traceability. Pollution source identification of PAHs generally includes petroleum combustion, fossil fuel combustion, vegetation or coal combustion, and biomass combustion (Alves et al., 2001; Yunker et al., 2002). In this study, principal factor analysis and six characteristic ratios of ANT/(ANT + PHE), FLU/(FLU + PYR), BaA/(BaA + CHR), BaP/(BaP + CHR), IP/(IP + BghiP), and BaP/BghiP were jointly established to trace and identify different PAH proportions and components.
2.6 Health risk assessment for polycyclic aromatic hydrocarbons
The population of Nantong is divided into male and female according to gender, and six subgroups according to age (infants aged 2–3 years, children aged 4–10 years, immaturity aged 11–17 years, youth aged 18–44 years, middle-aged people 45–59 years, and old-aged people ≥ 60 years). The health risk assessment of 16 PAHs was carried out based on four indicators. Supplementary Table S2 shows related parameters of population classification and risk assessment.
2.6.1 Total carcinogenic equivalent concentration and mutagenic equivalent concentration of benzo[a]pyrene
The toxicity of benzo[a]pyrene is an international evaluation model used as a reference to measure the toxicity of other PAHs. Benzo[a]pyrene equivalent concentration includes the total carcinogenic equivalent concentration (TEQ) and total mutagenic equivalent concentration (MEQ) that were calculated using the evaluation parameters of the United States Environmental Protection Agency and the research data (Nisbet and Lagoy, 1992; Collins et al., 1998; Madill et al., 1999) as the reference carcinogenic equivalent coefficient (TEF) and mutagenic equivalent coefficient (MEF). The calculation adopts the following two equations:
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where TEQ is the total carcinogenic equivalent concentration of PAHs, ng/m3; MEQ is the total mutagenic equivalent concentration of PAHs, ng/m3; Ci represents the ith PAHs in PM2.5, ng/m3; TEFi represents the carcinogenic equivalent coefficient of the ith PAH; and MEFi means the mutagenic equivalent coefficient of the ith PAH.
2.6.2 Average daily exposure dose
The respiratory exposure parameter is one of the key parameters in human exposure and health risk assessment. The average daily exposure dose (ADD) refers to the amount of substances that individuals or crowds are exposed during environmental exposure every day.
In the case of accurately quantifying compound concentrations in environmental media, the closer the selection of exposure parameter values to the actual exposure status of the evaluated target population, the more accurate the assessment of exposure dose will be, and the corresponding health risk assessment results will be more accurate. The ADD of benzo[a]pyrene through respiratory exposure is calculated as follows:
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where ADD means daily average exposure dose, mg·kg−1·d−1; TEQi represents the ith PAH carcinogenic equivalent concentration, ng/m3; IR represents the respiratory rate, m3/d; ET represents exposure time, h/d; EF represents exposure frequency, d/a; ED represents exposure duration, a; BW represents body weight, kg; and AT represents average contact time, d.
2.6.3 Lifetime excess risk of carcinogenesis
The health risk assessment model is based on the international general evaluation model—the lifetime excess risk of carcinogenesis of non-threshold chemical pollutants caused by non-threshold carcinogenic compound benzo[a]pyrene entering the human body through the respiratory system. The health risk model established using the data of the EPA comprehensive risk information database (IRIS) and the classification system compiled by the World Health Organization (WHO) to evaluate the carcinogenicity of chemical substances was used as the parameters of the population respiratory exposure evaluation model. The calculation basis of lifetime excess risk of carcinogenesis (ILCR) is shown as follows:
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where ILCR means lifetime excess risk of carcinogenesis, dimensionless, and q is the carcinogenic intensity coefficient of inhaled benzo[a]pyrene, according to the IRIS information database, q = 3.1 kg d mg−1.
2.6.4 Loss of life expectancy
The loss of life expectancy of the Nantong population was evaluated with reference to the loss of life expectancy of adults under the exposure of unit carcinogenic risk (10−5) pollutants in the ideal state (Gamo et al., 1995; Micheline et al., 2019). The loss of life expectancy caused by carcinogenesis of PAHs in the air is shown as follows:
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where LLE means expected life loss, min, and R is the lifetime excess risk of cancer in the population, dimensionless.
3 RESULTS AND DISCUSSION
3.1 Evolutionary trends of polycyclic aromatic hydrocarbon levels
The total concentration range of Σ16 PAHs during the study period from 10 October 2018 to 16 March 2022 is 1.07–35.23 ng/m3, and the average concentration range is 0.07–2.20 ng/m3. The overall pollution level of PAHs showed a gradual decline, as shown in Figure 1. From 2018 to 2022, the average annual concentration of PAHs ranges from 0.30 to 0.96 ng/m3, which is at a low level. From the annual situation, compared with 2019, the decrease range of ΣPAH concentration from 2020 to 2021 is 20.85%–24.61%. Box line statistics of different PAH concentrations in PM2.5 during the study period are shown in Figure 2. Among the 16 PAHs determined, the content range of BbF was the highest, followed by BaP, CHR, and BghiP. The overall mass concentration and average mass concentration range of 16 PAHs are shown in Tables 1, 2, respectively. In contrast, PAHs with relatively high molecular weight (H-PAHs, 4–6 rings) have a higher content of PAHs than those with low molecular weight (L-PAHs, 2–3 rings), which may be because L-PAHs with a high Henry constant and vapor pressure are mainly in the form of gas, which is difficult to capture and collect, whereas H-PAHs with a low Henry constant and vapor pressure are mainly in the form of solid (Khalili et al., 1995).
[image: Figure 1]FIGURE 1 | Mass concentration of 16 PAHs (ng/m3) during the study period from 2018 to 2022.
[image: Figure 2]FIGURE 2 | Box line statistics of different PAH concentrations in PM2.5 during the study period from 2018 to 2022.
TABLE 1 | Total concentration range of PAHs in PM2.5 during the study period from 2018 to 2022 (ng/m3).
[image: Table 1]TABLE 2 | Average mass concentration (ng/m3) of 16 PAHs in PM2.5 from 2018 to 2022.
[image: Table 2]BaP is an important pollution detection index of PAHs. It is found that the BaP concentration range during the five-year study period is ND∼4.09 ng/m3, and the average annual concentration of BaP in 2021 is 0.29 ng/m3, which is far lower than 1.50 ng/m3 in 2019 and 1.28 ng/m3 in 2020. During the year 2018–2022, the total number of days lower than 1.0 ng/m3 of China’s national air quality standard accounted for 60.2% (139/231), of which the number of days lower than the limit before the outbreak of the epidemic (before December 2019) accounted for 25.40%–38.10% of the pollution days in the whole year, 35.71% in the year when the outbreak occurred (the year 2020), and 94.05%–95.24% in the year after the outbreak (2021–2022). In total, 60 days were not detected during the study period, of which the number of undetected days from 2019 to 2021 accounted for 3.17%, 21.43%, and 50.00%, respectively. The sharp increase of undetected days of BaP may be related to the improvement of air quality, and the higher detection limit adopted in the BaP test may be another reason. The proportion of undetected days showed an upward trend year by year. The average annual variation trend of concentration of 16 PAHs with BaP as the characteristic index is shown in Supplementary Figure S1. Overall, the pollution level of BaP showed an obvious downward trend during the study period, especially after the outbreak.
The results of classifying PAHs according to the number of rings show that the composition distribution of 16 PAHs from 2018 to 2022 is mainly 4–5 rings, followed by 6 rings, as shown in Supplementary Figure S2B. Among them, the detection rates of 4–6 rings ranged from 30.36% to 78.57%, 41.52% to 67.26%, and 27.78 to 45.24%, respectively. The ratio of PAHs with different ring numbers to the total concentration is as follows: 5 rings (33.07%–45.91%) > 4 rings (32.07%–45.67%) > 6 rings (10.51%–21.39%) > 3 rings (0.63%–15.46%) > 2 rings (0%–1.57%), as shown in Supplementary Figure S3B. The concentration of PAHs with 2–3 rings accounts for only 0.63%–15.96% for a low proportion of Σ16 PAHs. The total detection rate (%) and average detection rate (%) of 16 PAHs during the study period 2018–2022 are shown in Table 3. However, the detection rate and percentage of PAHs with 2–3 rings and other low rings increased significantly during the epidemic prevention and control period and after the outbreak, as shown in Table 4. The reasons for these complex results are not only due to the difference in pollution source emission caused by seasonal changes, sampling frequency, and the influence of meteorological conditions and air mass transportation caused by wind mass dispersion, rainfall, temperature, and humidity changes during the sampling period; it is also related to the epidemic prevention and control policies in the region, such as temporary traffic control. The rainfall and humidity in the summer and autumn of 2021 were higher than those in 2020. Data changes showed that the overall detection rate of PAHs and the detection rate of H-PAHs in 2021, as well as the mean value of PAHs (0.24 ng/m3 in 2019, 0.19 ng/m3 in 2020, and 0.09 ng/m3 in 2021) decreased significantly. This phenomenon is particularly prominent during major holidays such as the National Day in September–October, when temporary traffic control seems to be more effective for PAH pollution. A series of pollution data shows that the air pollution in Nantong has received important attention from relevant local administrative departments. The pollution control measures taken by the local government in recent years, especially the response strategies after the outbreak, are effective for the mitigation of PAHs.
TABLE 3 | Total and average detection rates (%) of 16 PAHs during the study period from 2018 to 2022.
[image: Table 3]TABLE 4 | Percentage of detection rate of 16 PAHs in the study period from 2018 to 2022 (calculated as ∑PAHs accounting for 100%).
[image: Table 4]3.2 Seasonality of polycyclic aromatic hydrocarbons
During the study period, the average concentration ranges of PAHs in spring, summer, autumn, and winter are 0.09–0.45 ng/m3, 0.08–0.15 ng/m3, 0.25–0.78 ng/m3, and 0.42–0.82 ng/m3, respectively. The pollution is heavy in winter and light in summer, showing the seasonal pattern of winter > autumn > spring > summer. The mass concentration of 16 PAHs in PM2.5 showed obvious seasonal variation. The four seasons’ concentration range after the outbreak for the year 2021–2022 is 0.08–0.50 ng/m3, and the four seasons’ concentration range in the year of the outbreak in 2020 is 0.06–1.49 ng/m3, which also shows an obvious downward trend compared with 0.95–2.76 ng/m3 in 2019. The seasonal characteristics of PAH distribution may be caused by some objective factors. For example, the high-temperature weather in summer is more conducive to the vertical diffusion of PAHs and the transformation of semi-volatile particles in solid–gas, while the additional emission of heating coal from power plants and road traffic tail gas in winter exacerbates the pollution level of PAHs. The outbreak of an epidemic will probably not only affect the objective laws of PAHs in seasonal characteristics but also have a certain impact on the mass concentration in the four seasons.
The pollution level of BaP is significantly different, especially in winter. The average concentration range in the winter for 2018 and 2019 before the epidemic is 1.67 and 2.76 ng/m3, respectively. After the outbreak, the average concentration range in the winter for 2020–2021 decreased to 0.91 ng/m3 and 0.50 ng/m3, with a significant decrease, respectively. The ternary phase diagrams of different ring numbers in different years and seasons are shown in Figure 3. Components from high rings (H-PAHs) play an important role in the pollution level of PAHs, especially 5–6 rings always dominate in the year and four seasons. From the detection of components, the overall detection rate of 4–5 rings is always relatively high. The average detection rates of 4 rings in spring, summer, autumn, and winter are 23.22%–64.29%, 0%–46.43%, 33.33%–76.79%, and 35.72%–100%, respectively. The average detection rates of 5 rings in four seasons are 23.22%–39.88%, 18.45%–36.61%, 45.83%–75.00%, and 33.33%–66.67%, respectively, as shown in Supplementary Figure S2A. The percentages of 4 rings in four seasons were 31.71%–100%, 0%–68.44%, 31.64%–39.81%, and 28.16%–48.57%, and the percentages of 5 rings in four seasons were 0%–48.79%, 23.82%–100%, 28.00%–53.45%, and 33.56%–53.52%, respectively. The percentages of detection rates in different seasons are shown in Supplementary Figure S3A. It is worth mentioning that the first outbreak of COVID-19 was in winter with severe pollution. There were still pollution days in Nantong, and BaP concentration > 2.5 ng/m3 was still observed for 4 days in January 2020 within 7 days of regular monitoring. This aspect may be caused by adverse meteorological conditions, such as low wind speeds and increased relative humidity. In addition, the sampling period is close to the Spring Festival, an important national statutory holiday, and the traffic pressure is still huge (Efe, 2022). In addition, the overall pollution level in 2021 showed a slight upward trend. The pollution level seemed to rebound in the spring of 2021, which may be due to the temporary travel restriction policy. After the relaxation of the May Day holiday policy, the traffic flow picked up. The total detection rate increased slightly in the summer of 2021, which may be because there was a significant increase in summer precipitation during the sampling period of 2021, especially in July. The increase in relative humidity may limit the dispersion of particulate matter and lead to an increase in concentration.
[image: Figure 3]FIGURE 3 | Ternary phase diagram of different ring numbers in different years (A) and seasons (B) from 2018 to 2022.
3.3 Pollution traceability analysis
3.3.1 Principal factor analysis
The principal component analysis of PAHs in PM2.5 can identify pollution emission sources through characteristic markers. Factor analysis scores following varimax rotation for single PAH are shown in Supplementary Table S7. Among them, BbF, BkF, BaP, and BghiP are principal component factor 1 accounting for a variance percentage of 43.37%. BbF, BghiP, and IP are used to indicate vehicle emissions such as gasoline and diesel vehicles (Larsen and Baker, 2003; Mabilia et al., 2004; Alkurdi and Dimashki, 2013). Transportation vehicles have a considerable impact on PAH pollution, and the impact intensity is the highest in winter. According to the comprehensive data of motor vehicles released by the Statistical Bulletin of National Economic and Social Development of Nantong City, the number of motor vehicles in Nantong City was 2.1704 million and the number of individual vehicles was 1.3902 million by the end of 2021, with an increase of 22.12% and 15.46%, respectively, compared with 5 years ago, which undoubtedly led to the excess environmental load caused by motor vehicle exhaust emission.
In principal component factor 2, indicators such as PYR, CHR, and BaA in four rings, with its proportion of cumulative variance of 63.94%, are used to indicate coal combustion; so principal component 2 represents the coal-fired emission source (Kulkarni and Venkataraman, 2000; Park et al., 2002; Bragato et al., 2012). The mass concentration of four-ring PAHs continued to rise and even increased year by year, especially in winter. Considering that the four rings represent PAHs with medium molecular weight, semi-volatile, and widely distributed in the gas phase and particle phase and that they will show state transition with temperature, they are the main coal-burning pollution source worthy of major attention.
The indicators in principal component factor 3 are ACE and PHE in 2–3 rings with a proportion of cumulative variance of 74.76%. Previous studies have shown that ACE, PHE, and ANT are used as emission source markers such as wood combustion (Khalili et al., 1995). It may be because of the grain output of rice and wheat in Nantong being relatively high. It should be noted that straw burning in the open air is prohibited in the summer and autumn harvest seasons from 2018 to 2019 so as to prevent the PAH pollution source generated by biomass combustion in the study area. This phenomenon has weakened and showed an improvement after 2020.
However, it is gratifying that from the statistics of the pollution level at the sampling points during the recent five-year study period, the concentration of PAHs from vehicle emission sources shows a downward trend year by year, especially from 9.59 to 2.66 ng/m3 in winter from 2019 to 2021 because the traffic control measures in Nantong are more and more strict during and after the epidemic; the national implementation of new emission standards for heavy-duty diesel engines and the upgrading management measures of oil price and product quality have jointly led to this good result.
3.3.2 Characteristic ratio traceability identification
The composition and proportion of PAHs produced by different fuels and combustion conditions will vary with varying degrees, but the content of several PAHs is relatively stable. Therefore, its pollution source can be judged by the characteristic ratio method (Yunker et al., 2002; De La Torre Roche et al., 2009). In this study, six typical characteristic ratios were selected to judge the pollution source of PAHs. The distribution of characteristic ratios from 2018 to 2022 is shown in Figure 4. The ratio of ANT/(ANT + PHE) is basically between 0.02 and 0.22, indicating that the sources of pollution are petroleum oil and coal combustion. The ratio of FLU/(FLU + PYR) ranges from 0.02 to 0.85, indicating that the pollution sources are related to petroleum oil and the combustion of biomass and coal, but the pollution sources corresponding to each year are different, such as coal combustion in 2019 and mixed pollution sources in 2018 and 2021. The BaA/(BaA + CHR) ratio ranges from 0.01 to 0.97, with the characteristics of petroleum oil and coal-fired sources. Among them, 2021 and 2022 are mainly petroleum sources, 2018 is mainly coal combustion, and 2019–2020 is mixed pollution sources. The ratio of BaP/(BaP + CHR) ranges from 0.02 to 0.98, which has the comprehensive pollution characteristics of oil source, coal source, and biomass combustion. Among them, 2021 and 2022 are mainly the source of oil volatilization, 2018 is mainly the source of petroleum oil and coal combustion, and 2019–2020 is mixed pollution sources. The ratio of IP/(IP + BghiP) ranges from 0.02 to 0.89, indicating that the sources are combustion and motor vehicle emissions, of which 2020 and 2021 are mixed pollution sources, and the rest years are mainly coal combustion sources; the BaP/BghiP ratio ranges from 0.02 to 1.98, indicating that the source is diesel vehicle emission and coal combustion. In brief, PAHs in Nantong mainly come from coal-fired sources and vehicle exhaust emissions and have the characteristics of biomass combustion. Coal combustion has occupied a place before 2020, but the source of pollution from vehicle diesel emissions looks more pronounced during and after 2020.
[image: Figure 4]FIGURE 4 | Cross plot distribution of PAH characteristic ratios from 2018 to 2022. 2018, black square; 2019, red circle; 2020, blue triangle; 2021, orange pentagon; and 2022, green diamond. (A) FLU/(FLU + PYR) vs. ANT/(ANT + PHE); (B) BaP/(BaP + CHR) vs. BaA/(BaA + CHR); (C) BaP/BghiP vs. IP/(IP + BghiP).
Since the characteristic ratio of PAH components is considered to be a marker of some pollution sources, the high contribution rate of 4–5 rings of PAHs in PM2.5 samples is considered to be directly related to coal combustion and vehicle emissions (Guarieiro et al., 2014; Dat and Chang, 2017). The results show that due to effective epidemic prevention and control policies and pollution prevention measures adapted to local conditions, the pollution degree of PAHs has decreased, and the air has been positively improved. However, with the rapid increase in the number of motor vehicles, we still need to face great challenges in order to achieve significant pollution reduction, especially vehicle exhaust emission reduction.
3.4 Health risk assessment
3.4.1 Total carcinogenic equivalent concentration and mutagenic equivalent concentration of benzo[a]pyrene
The total carcinogenic equivalent concentration (TEQ) and mutagenic equivalent concentration (MEQ) of PAHs are based on the analysis of the carcinogenic toxicity equivalent factor (TEF) and mutagenic toxicity equivalent factor (MEF) of PAHs. The TEQ and MEQ of PAHs in PM2.5 have a downward trend year by year, from 2.20 and 2.86 ng/m3 in 2018 to 0.48 and 0.70 ng/m3 in 2021, according to Supplementary Figure S4. The average value range of TEQ and MEQ of PAHs during 2018–2022 is 0.03–0.15 ng/m3 and 0.09–0.37 ng/m3, respectively. The TEQ and MEQ of 5–6 high rings are significantly higher than those of 2–3 low rings, accounting for more than 91.58% of Σ16 PAHs. The approximate order of TEQ by season is winter (0.04–0.21 ng/m3) > autumn (0.03–0.12 ng/m3) > spring (0.01–0.10 ng/m3) > summer (0.01–0.06 ng/m3), and MEQ by season is winter (0.12–0.54 ng/m3) > autumn (0.09–0.33 ng/m3) > spring (0.02–0.23 ng/m3) > summer (0.03–0.14 ng/m3). The TEQ and MEQ of BaP in winter are 4.42 times and 4.97 times higher than those in summer, respectively. The TEQ and MEQ results of 16 PAHs in different years and seasons from 2018 to 2022 are shown in Supplementary Table S3.
3.4.2 Average daily doses
The average daily exposure dose is the main technical basic data in establishing health risk assessment based on the exposure level of non-threshold carcinogenic compounds in the human body. ADD depends on the PAHs in the environmental medium and the selection of exposure parameter values, so the threshold-free health model can be used to accurately evaluate the actual toxicity. The ADD of 16 PAHs obtained by respiratory exposure was obtained by classifying the ages and genders of different populations in Nantong. Supplementary Table S4 shows the daily average exposure dose of people in the PAH urban area of Nantong City. Among 16 PAHs, BaP was considered high risk, followed by BghiP and BbF. In terms of age, the ADD of youth, middle age, and old age (˃18 years old) was significantly higher than that of infants, children, and immaturity (˂18 years old), with an average range of 1.23 × 10−6–1.34 × 10−6 mg kg−1 d−1 and 2.98 × 10−7–5.50 × 10−7 mg kg−1 d−1, respectively. This may be because children’s air-breathing volume parameters are inherently lower than those of adults. In terms of gender, the ADD of females is generally higher than that of males, with an average range of 3.05 × 10−7–1.42 × 10−6 mg kg−1 d−1 and 2.92 × 10−7–1.26 × 10−6 mg kg−1 d−1, respectively. The slightly higher average daily exposure risk of females may be due to their relatively low body weight. In terms of years, the ADD from 2020 to 2021 is significantly lower than that from 2018 to 2019 by about 1.3–3.2 times, which is obviously due to the good result of the reduction of the concentration of 16 PAHs, especially carcinogenic PAHs. In terms of season, the ADD basically shows the trend of winter > autumn > spring > summer, which is almost six times higher in winter than in summer, indicating that the risk of human exposure in winter is the greatest. Supplementary Figure S5 shows the ADD chart of 16 PAHs in PM2.5 of different ages and genders in different years and seasons in Nantong City.
3.4.3 Lifetime excess risk of cancer
ILCR of PAH urban population in Nantong is shown in Supplementary Table S5. Among 16 PAHs, BaP is still at high risk, and the contribution rate in the recent 5 years is in the range of 6.62%–25.11%. There is little difference in the contribution rate from 2019 to 2020, but the contribution rate drops sharply in 2021, which is related to the low mass concentration of BaP in 2021. In terms of age, the ILCR of youth, middle age, and old age (˃18 years old) was significantly higher than that of infant, children, and immaturity (˂18 years old), with an average range of 3.86 × 10−6–4.21 × 10−6 mg kg−1 d−1 and 9.37 × 10−7–1.73 × 10−6 mg kg−1 d−1, respectively. This is consistent with the change trend of ADD at different ages. In terms of gender, the ILCR of females is generally higher than that of males, with an average range of 9.56 × 10−7–4.45 × 10−6 mg kg−1 d−1 and 9.17 × 10−7–3.97 × 10−6 mg kg−1 d−1, respectively. The slightly higher risk of cancer in females is also associated with relatively low body weight. From the perspective of years, the ILCR value from 2020 to 2021 is almost the same and is significantly 1–3 times lower than that from 2018 to 2019, which is consistent with the decreasing trend of the concentration of 16 PAHs, especially high ring carcinogenic PAHs. Seasonally, the change trend of ILCR is consistent with that of ADD, which also proves that the air quality in winter is poor and going out is appropriately reduced, especially for middle age and old age. Supplementary Figure S6 shows the ILCR comparison diagram of 16 PAHs in PM2.5 of different ages and genders in different years and seasons in Nantong City. It is known that the acceptable carcinogenic risk index of PAHs recommended by the US EPA is 10−4–10−6, and the maximum acceptable value recommended by the International Commission on Radiation Protection (ICRP) is 5.0 × 10−5. It can be seen that the lifetime excess risk of carcinogenesis caused by 16 PAHs in the air of Nantong by respiratory route in 2018–2022 is within the normal and acceptable range, not exceeding the maximum acceptable risk level, but higher than daily risk activities (10−6), which should be paid attention to. On the whole, the carcinogenic risk level of PAHs in Nantong is decreasing, especially after the outbreak, indicating that PAH air pollutants are properly controlled in the Nantong region during the special period.
3.4.4 Loss of life expectancy
Loss of life expectancy (LLE) is the loss in expectation of life caused by carcinogenic risk, which is a new environmental health risk assessment technology that normalizes and compares the carcinogenic risk and non-carcinogenic risk caused by environmental pollution. This study applied this method to the loss of life expectancy of people of different ages and genders in Nantong under the carcinogenic risk of 16 PAHs, as shown in Supplementary Table S6. The results showed that with the increase in age, the LLE caused by respiratory exposure to atmospheric PAHs in Nantong increased gradually, and the LLE range was 4.79–21.53 min. LLE decreased significantly from 2019 to 2021, ranging from 4.74% to 20.85%. Affected by gender, LLE in females is slightly higher than that in males, which is not only related to females’ low weight but also affected by the risk of cancer in excess of unit influence of corresponding life loss parameters. Supplementary Figure S7 shows the LLE comparison diagram of 16 PAHs in PM2.5 of different ages and genders in different years and seasons in Nantong City. During the lockdown period of COVID-19 in China in early 2020 and the period after the outbreak of COVID-19, with the improvement of air quality of PAHs in PM2.5 caused by changes in external factors such as vehicle temporary traffic restriction, the LLE of the population has been reduced to a certain extent, and the cost related to human health may increase significantly (Le et al., 2020).
4 CONCLUSION
To combat the COVID-19 epidemic, all prefectures and cities in China have implemented strict traffic restrictions and self-isolation measures. Several external factors, such as temporary traffic restrictions on vehicles and closed management of some industrial enterprises, have created a unique window of opportunity to conduct the air pollution experiment in urban areas due to the reduction of PAHs and other pollutants, as well as the population health risk assessment model, particularly the change in the level of air carcinogenic organic pollutants represented by PAHs, pollution traceability, lifelong carcinogenic risk, and loss of life. Nantong is on the fast track to Shanghai’s “one-hour economic circle” and has been designated a type II big city by the National Development and Reform Commission in its urban agglomeration development plan for the Yangtze River Delta. This study not only provides theoretical support for the current state of local air quality pollution and pollution prevention and control but also contributes to the strengthening of research on the correlation between pollution levels and environmental traceability in the air circulation circle of large cities surrounding megacities. The research findings can be used by local governments and regulatory agencies to develop mitigation measures for PM2.5 pollution and as a guide for resolving PAH pollution. Additionally, the assessment results of the health risks posed by PAHs are critical for environmental management.
Compared to previous air pollution studies, this one spans the entire five-year pandemic period. The research findings confirm that temporary traffic control during epidemic prevention and control will result in some changes in air quality, which can be attributed to the positive health benefits associated with human activity restrictions and pollution emission intensity reductions during the epidemic prevention process. However, from the perspective of complex pollution traceability, reducing passive emissions caused by coal combustion and power transmission during the epidemic will not effectively reduce the concentrations of various pollutants; additionally, traffic control is not the only factor affecting the concentration of atmospheric PAHs. To continue improving the air quality of PAHs in medium-sized cities, in addition to uncontrollable factors such as high temperature, high humidity, and extreme meteorological conditions, one must also continue to focus on the emission reduction of PAHs and other organic pollutants in the context of the long-term air quality goal and the rationality of emission reduction management policies. Only by implementing multiple measures concurrently will maximize the enormous dividend of air pollution’s effect on the ecological environment and human health.
Of course, due to the single sampling point used in this study, the insufficient number of samples, the low representativeness of regional pollution, particularly the small number of samples in 2018 and 2022, and the mixed effect of resumption of work and production and weather conditions, the PAH research on Nantong requires further investigation using larger samples and multiple periods. As a result, applying the findings of this study directly to quantify the current state of Nantong air pollution and the effectiveness and accuracy of control measures is limited. For instance, routine monitoring data indicate an anomalous increase or decrease in average PAHs between 2018 and 2022. Direct comparison of pollution levels in these 2 years may result in misunderstandings, as the sampling period is not perfect, and the evaluation error in other sampling periods may also be due to the strong influence of air quality on meteorological conditions, particularly local adverse meteorological conditions. Furthermore, Nantong is a growing industrial city with few firms in critical industries, including metallurgy, building materials, and petrochemicals. Only coal, electricity, iron and steel firms, and other light industries provide a means of subsistence for people. Due to Nantong’s industrial nature, production technology, and commitment to ensuring people’s livelihoods, it cannot considerably reduce production, which means that even during an epidemic breakout, the winter heating work during the Spring Festival remains significant. Due to the unique market conditions, the research findings may differ from those obtained in other major industrial cities. However, the case analysis conducted in this study during the specific time of epidemic prevention and control reveals that motor vehicle pollution reduction will continue to be the top priority for continuous improvement of Nantong’s air quality in the future. It could be better for people’s health if they follow the government’s air pollution management plan, keep industrial and automobile exhaust emissions low, and try to travel as environmentally friendly as possible.
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