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Abstract

:

PM2.5 level has decreased significantly in Beijing in recent years due to the strict air quality control measures taken in Jingjinji Region and the surrounding areas. However, the variation characteristics of the concentrations of PM2.5-bound polycyclic aromatic hydrocarbons (PAHs) in Beijing in recent years are still not so clear. In order to understand the pollution status of PM2.5-bound PAHs in Beijing, fifteen PAHs were measured in a typical urban area of Beijing from 1 March to 20 March 2018. The average mass concentration of the 15 PAHs was 21 ng/m3 and higher in the nighttime than that in the daytime. The proportion of 4-ring PAHs in 15 PAHs was highest (43%), while 6-ring PAHs was lowest (10%). The levels of PAHs were higher during heavy pollution episodes than those in non-heavy pollution episodes, and the proportions of 5- and 6-ring PAHs were increased during a heavy pollution episode. PAHs posed obvious carcinogenic risks to the exposed populations, and the risk was higher during heavy pollution episodes than the average value of the whole monitoring period. The main sources of PAHs were traffic emissions and coal/biomass burning. Air masses from the south-southeast had a great influence on the PM2.5 levels during a heavy pollution episode. It is recommended that not only the PM2.5 levels but also the PAHs levels bounded in PM2.5 should be controlled to protect human health in Beijing.
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1. Introduction


Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds composed of two or more fused benzene rings and widely found in air, soil, and water [1,2,3]. They also are teratogenic, mutagenic, and persistent organic pollutants which can be bio-enriched and transported over long distances and cause great harm to human health [4,5]. According to the International Agency for Research on Cancer (IARC), some PAHs (like benzo(a)pyrene) are carcinogenic to humans. Both natural sources (like geological dust and forest fire) and anthropogenic sources could release PAHs into the environment. Anthropogenic sources include industrial-related sources, traffic-related sources, and domestic-related sources [2,6]. PAHs in ambient air exist in the gas phase and particulate phase. PAHs with 2–3 aromatic rings are mainly gaseous, and harmful PAHs with 4 or more aromatic rings are mainly particulate (especially PM2.5) [6,7]. PM2.5, with a small particle size, can penetrate into bronchioles and alveoli of the human body and can migrate a long distance in the atmosphere. Therefore, the harm of PM2.5-bound PAHs to human health cannot be ignored. In addition, due to global distillation and grasshopper effects, PAHs can gradually migrate to the polar regions of the earth, thus causing global pollution [6,8]. Therefore, sources and environmental fate of PM2.5-bound PAHs have become a research focus in the field of environmental science [9].



Studies on the pollution characteristics and health risk assessments of PAHs in urban and rural areas have been carried on since the 1980s and 1990s internationally [10,11,12]. The distribution of PAHs in gas and aerosol phases has been analyzed [13,14], and qualitative and quantitative methods for source analysis have also been established [15,16]. In the past twenty years, researchers have conducted studies on the concentrations, composition characteristics, sources, and human health risks of PAHs in PM2.5 in Beijing [1,17,18,19,20,21,22]. The results showed that the concentration of PM2.5-bound PAHs in Beijing was high and had obvious seasonal variation characteristics, which was usually highest in winter, followed by autumn, spring and summer. In addition, the concentration of PM2.5-bound PAHs was significantly higher during the heating period than that in the non-heating period [2,5,17]. The PM2.5-bound PAHs in Beijing were mainly 3–6 ring PAHs. Wang et al. [1] found that PAHs with more than 4 rings accounted for 79% of the PM2.5 in Beijing. Duan et al. [5] found that PAHs with more than 4 rings accounted for 96% of the PM2.5 during the heating period in Beijing. The human health risk of PAHs in PM2.5 in Beijing cannot be ignored. Wang et al. [23] found that the incremental lifetime cancer risk (ILCR) of adults and children exposed to PAHs exceeded the acceptable risk for humans, and the ILCR of adults was higher than that of children. Source apportionment results showed that PM2.5-bound PAHs in Beijing mainly came from vehicle exhaust emissions, coal combustion, and biomass burning such as plant burning, among which, the concentration of PAHs in the heating period was greatly affected by coal combustion [2,18,23].



With the development of society and economy and the acceleration of urbanization, regional heavy air pollution with PM2.5 as the primary pollutant occurred frequently in autumn and winter in the early 2010s, especially in the Beijing–Tianjin–Hebei region and its surrounding areas. In order to improve the ambient air quality, the Air Pollution Prevention and Control Action Plan was issued in 2013 in China, which clearly required Beijing to control its annual mean concentration of PM2.5 at around 60 μg/m3 in 2017. The Beijing–Tianjin–Hebei and Surrounding Area Air Pollution Prevention and Control Work Plan in 2017 [24] identified the Beijing–Tianjin–Hebei air pollution transport channel (“2 + 26” cities). The plan focuses on improving regional ambient air quality and implements joint regional air pollution prevention and control. The Beijing Municipal Environmental Status Bulletin [25] showed that the annual mean concentration of PM2.5 in Beijing in 2018 was 51 μg/m3, 46% higher than the national standard value. The number of days with heavy pollution and severe pollution was 15, with an incidence of 4.1%, which was 43 days less than that of 2013. The target in the Air Pollution Prevention and Control Action Plan was successfully achieved.



With the continuous strengthening of the prevention and control of air pollution in Beijing, the concentration of PM2.5 in Beijing has shown a downward trend [23,26]. However, heavy air pollution episode with PM2.5 as the primary pollutant still occurs in Beijing in autumn and winter. Studies have shown that atmospheric particulates, such as PM2.5, in urban areas of China often contain relatively high concentrations of PAHs [27] when heavy air pollution occurs. In order to understand the pollution status of PAHs in PM2.5 during heavy air pollution episodes when the concentration of PM2.5 is generally decreasing in Beijing, a 20-day continuous monitoring of PM2.5 was carried out in an urban area of Beijing in March 2018. The concentration, composition, and variation characteristics of PM2.5-bound PAHs during the heavy air pollution episodes were analyzed. The human health risk of toxic PAHs was assessed, and the sources of PAHs were identified. Based on the backward trajectory analysis, the impact of long-distance air mass transport on PM2.5 was analyzed. The results can provide a scientific basis for accurately understanding the pollution characteristics of PM2.5-bound PAHs during heavy air pollution episodes in Beijing, correctly evaluating the impact of PM2.5 on human health and developing effective PM2.5 prevention and control measures.




2. Materials and Methods


2.1. Sample Collection


The sampling site was located at the Supersite for Urban Air Comprehensive Observation and Research at the Chinese Research Academy of Environmental Sciences in Chaoyang District of Beijing (40°02′28″ N, 116°24′46″ E) (Figure 1). It is about 15 m above the ground and surrounded by residential areas and commercial–residential areas. There are no obvious local industrial pollution sources. Therefore, it is representative for studying the ambient air pollution status of typical urban areas in Beijing.



PM2.5 samples were collected by a high-volume PM2.5 sampler (TE-6070VFC- PM2.5, Thermo Fisher, USA) with an airflow rate of 1.13 m3/min. The sampling filters were quartz filters (203 mm × 254 mm, Whatman Company, UK). The PM2.5 sampler was installed on the roof of Supersite for Urban Air Comprehensive Observation, and the distance between the sampling port and the platform ground in accordance with the related standards (HJ 618-2011). The samples were collected from 1 March to 20 March 2018. Samples were collected in the daytime and nighttime every day for 10 h (daytime: 9:00–19:00; nighttime: 21:00–07:00 of the next day). A lab blank (i.e., a filter was sealed and stored frozen directly) and a program blank (i.e., a filter was placed in the PM2.5 sampler for 10 min without turning on the instrument) were collected during the sampling period. A total of 40 PM2.5 samples were collected during this monitoring, and there were 20 samples in both daytime and nighttime. Moreover, a total of 2 blank samples were collected. After collection, the PM2.5 samples were wrapped with roasted aluminum foil, sealed with a plastic bag, and frozen at −18 °C until analysis.



During the monitoring period, the monitoring data of conventional pollutants were obtained from the site of Beijing Olympic Sports Center in the National Ambient Air Quality Monitoring Network [28]. The site is located in Chaoyang District of Beijing. Its building configuration and pollutant analysis methods strictly comply with the national technical regulations. Furthermore, the ambient air quality monitoring data can reflect the air quality around the monitoring site. PM10 data are missing on 13 and 14 March 2018. Meteorological data such as temperature (T), relative humidity (RH), and wind speed during the monitoring period were obtained from Beijing Nanyuan Airport Station in the Global Weather Precise Forecast Network [29].




2.2. Sample Pre-Treatment and Analysis


The mass concentration of particulate matters was analyzed by gravimetric analysis (HJ 618-2011). The PM2.5 filters were weighed before and after sampling using an analytical balance (CPA225D, 0.01 mg), and the weights were recorded. The blank and sampling filters were equilibrated in a chamber with constant temperature and humidity for at least 24 h before weighing (T: 25 °C, RH: 50%). The same filters were re-equilibrated in the chamber for 1 h under the same conditions and re-weighed.



Method for PAHs analysis was described in detail in previous studies [30,31]. In brief, the filters were cut and then extracted with dichloromethane/methanol (2:1, v/v) under ultrasonication for three times. The extracts were concentrated with a rotary evaporator (RE-2000A) under vacuum and dried with pure nitrogen. Then, N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) was added into the concentrated extracts for derivatization (temperature: 70 °C, duration: 3 h). After derivatization, n-tridecane was added as internal standards. Then, the derivatives were analyzed by GC-MS (GC, 7890A; MS, 5975C, Agilent Co., USA). DB-5MS fused silica capillary column (Agilent Co., USA) was used in the gas chromatograph. GC heating procedure was as follows: the temperature rose from 50 °C to 120 °C at a rate of 15 °C/min, and then rose to 300 °C at a rate of 5 °C/min and kept at 300 °C for 16 min. For the mass spectrometer, it was selected the electron impact mode at 70 eV and a scanning range of 50–650 Da.



Due to the high volatility of some compounds such as naphthalene (Nap), acenaphthene (Ace), acenaphthylene (Acy), and fluorene (Flu), they were not accurately quantitatively analyzed. In this study, 15 PAHs were analyzed, including phenanthrene (Phe) and anthracene (Ant) with 3 rings; fluoranthene (Flt), pyrene (Pyr), benzo[a]anthracene (BaA) and chrysene (Chr) with 4 rings; benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a] fluoranthene (BaF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), perylene (Per), and dibenz[a,h]anthracene (DBA) with 5 rings; and indeno [1,2,3-cd] pyrene (IP) and benzo[ghi]perylene (Bghip) with 6 rings (Figure S1). Except for BaF, BeP, and Per with 5 rings, the other 12 PAHs were contained in the 16 priority control PAHs stipulated by the US EPA. The major ions of PAHs for identification were shown in Table S1.




2.3. Quality Assurance and Quality Control


Samples were collected and analyzed under strict quality control. Before sampling, the filters were wrapped with aluminum foil and then burned for 6 h at 450 °C in a muffle furnace (SX3-8-10ASP, China) to remove the organic compounds on the filters. All glass instruments used in sample pretreatment were washed, wrapped with aluminum foil respectively, and then burned for 6 h at 450 °C in the muffle furnace to prevent cross-contamination. The ratios of the limit of detection (LOD) and the detection quantification (LOQ) of the target compounds to the signal-to-noise ratio were 3:1 and 10:1, respectively, and the LOD and LOQ of the target compounds were obtained by calculating the signal-to-noise ratio of the target compounds separately according to previous studies [32,33,34]. In the present work, the LOD and LOQ of PAHs were in the range of 0.003–0.008 and 0.01–0.027 ng/μL (Table S1). Blank samples analysis showed no serious contamination (<5% of real samples). Before each injection, the injection needles were clean with n-hexane to prevent cross-contamination among samples. The Recoveries of all target compounds were between 80% and 120%. The data reported here are all corrected for the blanks.




2.4. Data Processing


The daily mean concentrations of conventional pollutants and Ambient Air Quality Index (AQI) were calculated using the air quality sub-index calculation method in the Ambient Air Quality Index Technical Regulations (Trial) (HJ 633-2012), which issued by the Ministry of Ecology and Environment of China. In this study, the daily mean concentrations of PM2.5 and PAHs were the average of the daytime value and nighttime value of the day. If the daytime and/or nighttime values were missing, the daily mean values were not calculated.



2.4.1. Human Health Risk Assessment


BaP equivalent concentration (BaPeq) is an index of toxicity associated with PAHs exposure. It is calculated as following [35]:


    BaP   eq   =  ∑   C i  ×   TEF  i   



(1)




where BaPeq is BaP equivalent concentration in the ambient air (ng/m3); Ci is the mass concentration of the ith PAH (ng/m3); TEFi is the toxic equivalent factor of the ith PAH (dimensionless) (Table 1).



Excessive cancer risk (ECR) via inhaling PAHs is calculated as following:


  ECR =   BaP   eq   ×   UR   BaP    



(2)




where ECR is lifetime excessive cancer risk (dimensionless); BaPeq is BaP equivalent concentration in the ambient air and is from Equation (1), (ng/m3); URBaP is unit cancer risk. According to World Health Organization (WHO), lifetime (70 years) exposure to an environment with a BaP mass concentration of 1 ng/m3 results in 8.7 × 10−5 (ng/m3)−1 of cancer risk through inhalation, for every 1,000,000 people exposed to an environment with a BaP mass concentration of 1 ng/m3, there are 87 cases of cancer caused by chronic BaP inhalation [36,37].




2.4.2. Source Identification of PAHs


In this study, the sources of PAHs in PM2.5 were identified using the characteristic ratio method, principal component analysis (PCA), and backward trajectory analysis.



PAHs emitted from different fuels or under different combustion conditions are different, and the physical properties and gas/solid phase distribution of PAHs are different with different molecular weights. Therefore, the source of PAHs can be preliminarily identified according to the range of specific species ratio [35]. In this study, BaA/(Chr + BaA), Flt/(Pyr + Flt), BaP/BghiP, and IP/(IP + BghiP) were selected to identify the sources of PAHs (Table 2). PCA is a multivariate statistical analysis method for qualitatively analyzing the pollution source types of target pollutants [38]. In this study, the sources of PAHs in PM2.5 were identified using PCA (SPSS Statistics 17, USA). The component matrix was rotated by varimax rotation. Furthermore, the pollution sources represented by the obtained principal component were determined according to the contribution variance of the characteristic PAHs. Generally, Phe and Ant are from biomass burning [39], BaA is a specific pollutant from coal combustion [40], and BghiP, DBA, IP, and Per are specific pollutants from vehicle exhaust emissions [41,42].



The lagrangian backward trajectory model (HYSPLIT–4) was used for traceability analysis. The model is developed by the Air Resources Laboratory of the US National Oceanic and Atmospheric Administration (NOAA) (http://www.arl.noaa, accessed on 17 December 2020). The meteorological data were from the Global Data Assimilation System (GDAS) dataset [45]. In order to understand the impact of air masses from different regions and transmission paths on PAHs concentration at the monitoring site, a 48 h backward trajectory analysis of air masses at 500 m of the monitoring site was performed at different periods based on the relevant meteorological data of latitude and longitude and the simulation period of the monitoring site.






3. Results and Discussions


3.1. Overview of Ambient Air Quality and Meteorological Conditions


The daily mean temperature ranged from 0.5 to 11 °C with an average of 4.7 °C (Figure 2). The daily mean relative humidity ranged from 19% to 75% with an average of 47% (Figure 2). Moreover, the daily mean wind speed ranged from 1.1 to 4.2 m/s with an average of 2.1 m/s (Figure 2 and Figure S2). It was mainly cloudy during the monitoring period, and there was a short snowfall from 8:00 am to 2:00 pm on 17 March. Central heating in Beijing ended on 20 March, and the monitoring ended on the same day.



During the monitoring period, the daily concentrations of the SO2, NO2, CO, O3, PM10, and PM2.5 were 2.6–22 μg/m3 (average: 11 μg/m3), 16–118 μg/m3 (average: 57 μg/m3), 0.34–2.7 mg/m3 (average: 1.1 mg/m3), 31–135 μg/m3 (average: 74 μg/m3), 38–202 μg/m3 (average: 90 μg/m3), and 16–244 μg/m3 (average: 87 μg/m3), respectively (Figure 2). All daily concentrations of SO2, CO, and daily maximum 8 h average of ozone (O3 MDA-8) at the site were lower than the secondary standard 24 h limits set in the National Ambient Air Quality Standards of China (GB3095-2012). The daily concentrations of NO2, PM10, and PM2.5 were above the secondary standard 24 h limits in 2, 3, and 9 days, respectively. The PM2.5 pollution was serious in the study area during the monitoring period. There were two obvious heavy PM2.5 pollution episodes, which were 1–6 March (episode 1) and 8–15 March (episode 2).



During the whole monitoring period, the daily mean mass concentrations of PM2.5 in ambient air in the study area ranged from 40 to 241 μg/m3, with an average of 106 μg/m3 (Figure 3). The daily mean concentrations of PM2.5 were less than the limit (75 μg/m3, 24 h, GB 3095-2012) in only 6 days. The mass concentration of PM2.5 ranged from 25 to 234 μg/m3 with an average of 109 μg/m3 in the daytime, while it ranged from 46 to 248 μg/m3 with an average of 103 μg/m3 in the nighttime (Figure 3). The mass concentrations of PM2.5 in the daytime were obviously higher than those in the nighttime in 8 days and significantly lower than those in the nighttime in 11 days (Figure 3).




3.2. Levels and Compositions of PAHs


During the monitoring period, the daily mean mass concentrations of 15 PM2.5-bound PAHs ranged from 11 to 34 ng/m3, with an average of 21 ng/m3 and accounting for 0.22‰ of the daily mean mass concentrations of PM2.5 (Table 3). Flt was the most abundant species (4.7 ng/m3), followed by Phe (4.6 ng/m3) and BbF (2.4 ng/m3), accounting for 22%, 22%, and 11% of the daily mean mass concentration of 15 PM2.5-bound PAHs, respectively, with a cumulative proportion of 55%.



In the daytime, the levels of 15 PAHs ranged from 5.9 to 27 ng/m3, with an average of 16 ng/m3 (Table 3). The levels of Phe, Flt, and Pyr were higher than others, accounting for 65% of the total 15 PAHs. In the nighttime, the levels of 15 PAHs ranged from 13 to 50 ng/m3, with an average of 26 ng/m3 (Table 3). Flt, Phe, and Pyr were also higher than others, accounting for 48% of the total 15 PAHs. The level of 15 PAHs was lower in the daytime than that in the nighttime, but the proportions of the Phe, Flt, and Pyr, three PAHs with higher individual concentrations, in the total PAHs were higher in the daytime than those in the nighttime.



During episode 1, the levels of 15 PM2.5-bound PAHs ranged from 20 to 28 ng/m3, with an average of 23 ng/m3 (Table 3). Phe was the most abundant species, followed by Flt and Pyr, accounting for 57% of the totals. During episode 2, the levels of 15 PAHs ranged from 17 to 34 ng/m3, with an average of 24 ng/m3 (Table 3). Flt was the most abundant species, followed by Phe and BbF, accounting for 53 of the totals. The average levels of 15 PM2.5-bound PAHs were higher in the two heavy air pollution episodes than that in the whole monitoring period. The three individual PAHs with higher mass concentrations were Phe, Flt, and Pyr in episode 1, while they were Flt, Phe, and BbF in episode 2 (Table 3).



In recent years, the levels of PM2.5-bound PAHs in Beijing during the heating period showed a downward trend. In 1997, 2003, 2005, 2006, 2013, 2014, and 2015, they were 272 ng/m3, 268 ng/m3, 326 ng/m3, 338 ng/m3, 250 ng/m3, 89 ng/m3, and 73 ng/m3, respectively [1,17,18,19,20,21,22]. The average daily mean mass concentration of 15 PM2.5-bound PAHs was 21 ng/m3 in this study, higher than that of developed countries such as Spain (1.1 ng/m3), Greece (7.0 ng/m3), Japan (0.53 ng/m3), and New Zealand (0.31 ng/m3) [46,47,48]. In summary, although the level of PM2.5-bound PAHs in Beijing has a significant downward trend, the pollution status is still serious. In this study, the variation of the total PAHs mass concentrations in PM2.5 was similar to that of the BaP mass concentrations, and their Pearson correlation coefficient R2 was 0.85 (Figure 4). Therefore, BaP can reflect the pollution level of total PM2.5-bound PAHs in the study area.



During the monitoring period, the proportions of daily mean mass concentrations of PAHs with different ring numbers in the study area were: 4-ring PAHs (43%) > 3-ring PAHs (24%) > 5-ring PAHs (23%) > 6-ring PAHs (10%) (Figure 5). There was a significant difference in the composition of PAHs between daytime and nighttime. In the nighttime, the proportion of 5-ring and 6-ring PAHs increased significantly by 8.8% and 3.3% on average, respectively, while the proportion of 3-ring and 4-ring PAHs decreased by 8.0% and 4.1% on average, respectively. During the two heavy air pollution episodes, the proportions of daily mean mass concentrations of PAHs with different ring numbers did not change significantly. When AQI < 50 (1 and 20 March) and AQI > 200 (3, 13, and 14 March), there was a significant difference in the composition of PAHs in PM2.5. When AQI > 200, the proportion of 5-ring and 6-ring PAHs increased significantly by 12% and 4.5%, respectively; the proportion of 3-ring and 4-ring PAHs decreased by 7.8% and 8.2%, respectively.



The average value of daily mean BaP mass concentration in PM2.5 during the monitoring period was 0.82 ng/m3, significantly lower than that during the heating periods of Beijing in 2003 [49], 2008, and 2009 [50], 2015 and 2016 [27], and 2017 [51] (Figure 6), lower than that observed at the monitoring site of Jiangsu Academy of Environmental Sciences in the winter of 2014, higher than that observed at the monitoring site of Jiangsu Environmental Monitoring Center in the winter of 2015 [52], and significantly higher than that observed in Atlanta, USA, in the winter of 2004 [6]. The results show that the BaP mass concentration in PM2.5 in this study is decreasing, but still relatively high.




3.3. Variations of PAHs


There were five variation circles in the mass concentration of 15 PAHs (Figure 7). Before March 15 (except for 2, 9, and 13 March), the mass concentrations of 15 PAHs were relatively stable and most were lower than the average value of 21 ng/m3. On 2, 9, 12, and 13 March, the predominant wind direction was south wind or southeast, and the relative humidity was high, which was not conducive to pollutant diffusion. Therefore, the mass concentrations of 15 PAHs in these days were significantly higher than the average value and reached the highest (34 ng/m3) on 12 March. After 15 March, there was no heavy air pollution episode, and heating was about to end. The mass concentrations of 15 PAHs were significantly lower than the average value of the whole monitoring period. As the concentrations of PM2.5 were higher, the concentrations of 15 PAHs became higher too, while the proportions of 15 PAHs in PM2.5 became lower.



Nineteen days of complete monitoring were conducted in the study area. The mass concentrations of 15 PAHs were higher in the nighttime than those in the daytime for 15 days (Figure 7). On 1–4, 7–9, 11–13, 16–20 March, the relative humidity was higher in the nighttime than that in the daytime, and the temperature was slightly lower than that in the daytime. Therefore, PAHs were more likely to adsorb on the surface of PM2.5 in the nighttime. As a result, the mass concentration of 15 PAHs was higher in the nighttime than that in the daytime. On 5 and 10 March, it was cloudy, with southerly or southwesterly winds dominating in the daytime. The meteorological conditions were relatively stable, which was not conducive to the diffusion of pollutants. As a result, the mass concentration of PAHs during the daytime was higher than that in the nighttime in these two days. On 6 and 14 March, the mass concentration of PAHs showed little diurnal difference, with a difference of less than 1 ng/m3; and the diurnal difference of mean temperatures was not obvious. The south wind or southeast wind was dominant on 6 March and the east wind or northeast wind was dominant on 14 March. The relative humidity during the same period of the two days was higher than that in other monitoring days (except for heavy atmospheric pollution days), and PAHs were more likely to adsorb on the surface of PM2.5, which affected the mass concentration of 15 PAHs in PM2.5.



Both heavy air pollution episodes occurred before 15 March. During the two heavy air pollution episodes, the average daily mean mass concentrations of 15 PAHs were 23 ± 2.6 ng/m3 and 24 ± 6.4 ng/m3, respectively. In episode 1, the mass concentration of 15 PAHs in PM2.5 accumulated to the highest value, and then gradually decreased to a lower level due to the favorable meteorological conditions for PAHs diffusion. In episode 2, however, the mass concentration of 15 PAHs in PM2.5 increased and then decreased transiently, then gradually accumulated until it reached the highest value, then dropped to the lowest level. In general, the change of daily mean mass concentration of 15 PAHs in PM2.5 during episode 2 was greater than that in episode 1.




3.4. Health Risk Assessment of PAHs


The daily mean value of the total BaPeq mass concentration of PAHs in the study area during the monitoring period ranged from 0.60 to 3.5 ng/m3, with a mean of 1.5 ng/m3 (Figure 8). Among them, BaP, BbF, and DBA had a greater contribution to the BaPeq mass concentration of PAHs, with a cumulative contribution of 79%. The contribution of 5- and 6-ring PAHs to the mass concentration of BaPeq reached 92%, which was consistent with the results of Chen et al. [36] (94%). The total BaPeq mass concentrations of PAHs in the daytime and nighttime were 0.11–1.7 ng/m3 and 0.60–3.5 ng/m3, respectively, with an average of 0.79 ng/m3 and 2.2 ng/m3, respectively. The total BaPeq mass concentration was significantly higher in the nighttime than that in the daytime, which might be because PAHs are easily decomposed under light conditions [18]. The total BaPeq mass concentrations of PAHs in episode 1 and episode 2 were 0.93–2.5 ng/m3 and 0.60–3.5 ng/m3, respectively, with an average of 1.5 ng/m3 and 1.8 ng/m3. The range of the total BaPeq mass concentration was larger in episode 2 than that in episode 1, and the mean value was also higher in episode 2 than that in episode 1.



The ECRs of 15 PAHs in the study area ranged from 5.3 × 10−5 to 3.1 × 10−4, with a mean of 1.3 × 10−4, which was higher than the acceptable risk value (1 × 10−6) (Figure 9). Although this value was lower than that of northern Chinese cities such as Taiyuan (2.0 × 10−3) [53], it was higher than those of southern Chinese cities such as Nanjing (1.07 × 10−5) [52], New Zealand (2.1 × 10−5), and Japan (4.6 × 10−5) [46]. As the concentrations of PM2.5 and BaPeq became higher, the ECR became higher too (Figure 9). The ECRs of PAHs in the daytime and nighttime were 6.9 × 10−5 and 1.9 × 10−4, respectively (Figure 10). Although the daytime value was low, it was still greater than 10−6 (Figure 10). During the two heavy air pollution episodes, the ECRs of PAHs were 1.3 × 10−4 and 1.6 × 10−4, respectively. The ECRs of PAHs were higher in heavy air pollution episodes than that in non-heavy air pollution episodes, and significantly higher than the acceptable risk. Effective measures should be taken in Beijing to protect human health.




3.5. Source Identification of PAHs


3.5.1. Ratio Method


During the monitoring period, the ratios of Flt/(Pyr + Flt) and IP/(IP + BghiP) were 0.63–0.70 and 0.47–0.51, respectively, with an average of 0.67 and 0.50 (Figure 11a). All Flt/(Pyr + Flt) ratios were greater than 0.50, indicating that biomass and coal combustion influenced PAHs in the study area during the monitoring period. All IP/(IP+ BghiP) ratios were close to 0.50, indicating that motor vehicle exhaust emissions influenced PAHs in PM2.5 in the study area, but the PAHs in PM2.5 were also affected by diesel and gasoline combustion emissions. Therefore, the main sources of PAHs during the monitoring period were coal and biomass combustion and motor vehicle exhaust emission. The ratios of Flt/(Pyr+Flt) and IP/(IP+BghiP) were 0.66–0.72 and 0.43–0.56 in the daytime and 0.60–0.70 and 0.47–0.51 in the nighttime, indicating that PAHs in PM2.5 were affected by biomass and coal combustion emission sources in the daytime and by motor vehicle exhaust emission sources in the nighttime (Figure 11a). The ratios of Flt/(Pyr + Flt) and IP/(IP + BghiP) were 0.63–0.69 and 0.49–0.51 in episode 1, 0.65–0.70 and 0.47–0.51 in episode 1, respectively (Figure 11b). The difference was slight, indicating that there was no significant difference in sources of PAHs in the two pollution episodes, both biomass and coal combustion and motor vehicle exhaust emission influenced PAHs in PM2.5 in the study area.



During the monitoring period, the ratios of BaA/(BaA + Chr) and BaP/BghiP were 0.29–0.47 and 0.58–0.89, respectively, with an average of 0.40 and 0.73 (Figure 12a), indicating that both traffic and non-traffic emission sources affected the PAHs in PM2.5 in the study area during the monitoring period. The ratios of BaA/(BaA+Chr) and BaP/BghiP were 0.25–0.37 and 0.49–0.67 in the daytime and 0.33–0.50 and 0.58–0.95 in the nighttime (Figure 12a), indicating that PAHs in PM2.5 were mainly from traffic emissions in the daytime and from non-traffic emissions in the nighttime. The ratios of BaA/(BaA + Chr) and BaP/BghiP were 0.35–0.47 and 0.59–0.89 in episode 1 and 0.29–0.45 and 0.64–0.86 in episode 2 (Figure 12b). The difference was slight, indicating that the PAHs in PM2.5 in the two heavy air pollution episodes were affected by both traffic and non-traffic emissions. In summary, there were two main sources of PAHs in PM2.5 in the study area during the monitoring period, namely, traffic emission sources (motor vehicle exhaust emission sources) and non-traffic emission sources (coal and biomass combustion emission sources). PAHs in PM2.5 were mainly affected by non-traffic emission sources in the daytime, which might be due to the PAHs emitted by biomass and coal combustion in residential buildings and restaurants surrounding the sampling site in the daytime. Residents and most restaurants were at rest at night surrounding the sampling site, therefore, traffic emission sources might be the main sources of PAHs in PM2.5 in the nighttime.




3.5.2. PCA Source Identification


Two main factors were extracted during the monitoring period. Factor 1 was characterized by high loadings of BghiP, IP, DBA, BbF, and BkF, so factor 1 represented fossil fuel combustion emission sources. Factor 2 was characterized by high loadings of Phe, Ant, Flt, and Pyr, so factor 2 represented biomass combustion emission sources. During the monitoring period, the explained variance contribution rates of factors 1 and 2 were about 72% and 24%, respectively, indicating that the concentration of PAHs in PM2.5 was affected by both vehicle exhaust emission sources and biomass burning emission sources (Table 4). Two main factors were also extracted for the daytime and nighttime. The explained variance contribution rates of factor 1, which represented fossil fuel combustion emission sources, were about 64% and 73%, respectively; and the explained variance contribution rates of factor 2, which represented biomass burning emission sources, were about 29% and 24%, respectively (Table 4). The explained variance contribution rate of biomass burning was higher in the daytime than that in the nighttime, indicating that the concentration of PAHs in PM2.5 was affected by biomass combustion emission from restaurants and residential buildings in the daytime. This was consistent with the results obtained from the characteristic ratio method.




3.5.3. Backward Trajectory Analysis


During the whole observation period, atmospheric air masses in the study area mainly came from three directions (Figure 13a), namely, north-northwest (Mongolia, the border of Russia and Inner Mongolia of China), west-southwest (Shanxi, western Hebei and Henan), and south-southeast (Tianjin, Shandong and eastern Hebei), the frequencies of air masses from the three directions were 65%, 17% and 18%, respectively (Figure 13a). In episode 1, the air masses that came from these three directions were 44%, 24%, and 32%, respectively (Figure 13b). In episode 2, the frequencies of air masses from these three directions were 31%, 36%, and 33%, respectively (Figure 13c). In summary, the PM2.5 levels in the study area were affected by long-distance transport of air masses from north-northwest, west-southwest, and south-southeast during the monitoring period, and the air mass transport from the south-southeast had a greater impact on the concentrations of PM2.5 during heavy pollution days. It is recommended that strengthened control policies for not only local sources but also sources from transport channels should be implemented to reduce PM2.5 levels in Beijing.






4. Conclusions


The mean daily mass concentration of PM2.5-bound PAHs was 21 ng/m3 in an urban area of Beijing, and obviously higher in the nighttime than that in the daytime. For PAHs with different ring numbers, 4-ring PAHs accounted for the highest proportion, 3- and 5-ring PAHs accounted for comparable proportions, and 6-ring PAHs accounted for the lowest proportion. The proportions of 5- and 6-ring PAHs were significantly higher in the nighttime than that in the daytime. The mass concentrations of PM2.5-bound PAHs were significantly higher during heavy air pollution episodes than that during non-heavy air pollution episodes, and the proportions of 5- and 6-ring PAHs were significantly higher than those non-heavy air pollution episodes. Although the concentration of PM2.5 has decreased significantly in Beijing in recent years, the pollution of PM2.5-bound is still serious in Beijing during the heavy air pollution episode with PM2.5 as the primary pollutant.



The ECR of PAHs was 1.3 × 10−4 in the typical urban areas of Beijing. The ECRs of PM2.5-bound PAHs were higher during the two heavy air pollution episodes than the average value of the whole monitoring period, and much higher than human acceptable risk (1 × 10−6), suggesting PAHs posed obvious carcinogenic risks to the exposed populations. During the monitoring period, PM2.5-bound PAHs were mainly from traffic emission sources and coal and biomass burning emission sources and were affected by coal and biomass burning emission sources in the daytime and by traffic emission sources in the nighttime. The influence of regional transport on PM2.5 could not be ignored in the study area during the monitoring period. During heavy air pollution episodes, the contribution of regional transport increased obviously. It is recommended that not only the PM2.5 levels but also the PAHs levels should be controlled to protect human health in Beijing.
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Figure 1. Sampling site location and its surrounding environment. 
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Figure 2. Daily variation of the concentration of PM10, PM2.5, SO2, NO2, CO, O3, ambient air quality index (AQI), and meteorological conditions in the study area during the monitoring period. 
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Figure 3. Daily and diurnal variation of PM2.5 mass concentrations in the study area during the monitoring period. 
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Figure 4. Linear relationship of 15 PAHs and benzo[a]pyrene (BaP) in the study area during the monitoring period. 
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Figure 5. Proportions of PAHs with different rings in the study area during the monitoring period. 
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Figure 6. Comparison of BaP mass concentrations in PM2.5 in the study area with other regions. 






Figure 6. Comparison of BaP mass concentrations in PM2.5 in the study area with other regions.



[image: Atmosphere 12 00323 g006]







[image: Atmosphere 12 00323 g007 550] 





Figure 7. Daily and diurnal variation of mass concentrations of 15 PAHs in the study area during the monitoring period. 
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Figure 8. Daily and diurnal variation of BaP equivalent concentration (BaPeq) mass concentrations in PAHs during the monitoring period. 
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Figure 9. Variation of BaPeq, PM2.5, and excessive cancer risk (ECR) in the study area during the monitoring period. 
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Figure 10. Comparison of excessive cancer risk of PAHs in the study area during the monitoring period. 
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Figure 11. Variation of fluoranthene (Flt)/(Flt + pyrene (Pyr)) and indeno [1,2,3-cd] pyrene (IP)/(IP + benzo[ghi]perylene (BghiP)) during the monitoring period: (a) Flt/(Flt + Pyr) VS. IP/(IP + BghiP), (b) Flt/(Flt + Pyr) VS. IP/(IP + BghiP). 
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Figure 12. Variation of BaP/BghiP and BaA(BaA + Chr) during the monitoring period: (a) BaP/BghiP VS. BaA/(BaA + Chr), (b) BaP/BghiP VS. BaA/(BaA + Chr). 
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Figure 13. Backward trajectory clustering analysis in the study area: (a) during the whole observation period, (b) episode 1, (c) episode 2. 
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Table 1. The toxic equivalent factors of polycyclic aromatic hydrocarbons (PAHs) [35].
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	Compounds of PAHs
	Abbreviation
	Rings
	TEF





	Phenanthrene
	Phe
	3
	0.001



	Anthracene
	Ant
	3
	0.01



	Fluoranthene
	Flt
	3
	0.001



	Pyrene
	Pyr
	4
	0.001



	Benzo[a]anthracene
	BaA
	4
	0.1



	Chrysene
	Chr
	4
	0.01



	Benzo[b]fluoranthene
	BbF
	5
	0.1



	Benzo[k]fluoranthene
	BkF
	5
	0.1



	Benzo[e]pyrene
	BeP
	5
	0.01



	Benzo[a]pyrene
	BaP
	5
	1



	Perylene
	Per
	5
	0.001



	Dibenz[a,h]anthracene
	DBA
	5
	1



	Indeno[1,2,3-cd]pyrene
	IP
	6
	0.1



	Benzo[ghi]perylene
	Bghip
	6
	0.01
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Table 2. PAHs diagnostic ratios used as a source indicator.
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Diagnostic Ratios

	
Value

	
Indicator Source

	
References






	
BaA/(Chr + BaA)

	
<0.20

	
petroleum sources

	
[19]




	
0.20–0.35

	
mixed combustion sources




	
>0.35

	
combustion sources




	
Flt/(Pyr + Flt)

	
<0.40

	
petroleum sources

	
[43]




	
0.40–0.50

	
petroleum combustion sources




	
>0.35

	
coal and biomass combustion sources




	
BaP/BghiP

	
<0.60

	
non-traffic emission sources

	
[19]




	
>0.60

	
traffic emission sources




	
IP/(IP + BghiP)

	
0.20–0.50

	
petroleum sources and gasoline combustion sources

	
[44]




	
0.40–0.50

	
diesel combustion sources
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Table 3. Mean and ranges of mass concentrations of PAHs in the study area during the monitoring period (ng/m3).
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	Species
	Daily Mean

(n = 38)
	Daytime

(n = 19)
	Nighttime

(n = 19)
	Episode 1

(n = 12)
	Episode 2

(n = 14)





	Phenanthrene

Phe
	4.6 ± 1.3

2.3–6.8
	4.4 ± 1.5

2.1–7.5
	4.7 ± 1.3

2.4–7.1
	5.3 ± 1.0

4.4–7.0
	4.8 ± 0.65

4.1–5.6



	Anthracene

Ant
	0.23 ± 0.06

0.12–0.33
	0.21 ± 0.07

0.11–0.35
	0.24 ± 0.06

0.13–0.36
	0.24 ± 0.05

0.18–0.31
	0.25 ± 0.03

0.22–0.28



	Fluoranthene

Flt
	4.7 ± 1.2

2.6–6.3
	4.3 ± 1.4

2.0–7.2
	5.0 ± 1.2

3.0–6.7
	5.2 ± 0.81

3.9–6.2
	5.2 ± 0.60

4.3–6.3



	Pyrene

Pyr
	2.3 ± 0.57

1.3–3.3
	1.9 ± 0.61

0.80–3.2
	2.6 ± 0.77

1.6–4.1
	2.5 ± 0.32

1.9–2.8
	2.6 ± 0.43

2.0–3.3



	Benzo[a]anthracene

BaA
	0.84 ± 0.48

0.32–2.1
	0.38 ± 0.20

0.07–0.79
	1.3 ± 0.94

0.36–3.9
	0.93 ± 0.43

0.57–1.7
	1.0 ± 0.61

0.32–2.1



	Chrysene

Chr
	1.2 ± 0.57

0.50–2.6
	0.81 ± 0.37

0.16–1.6
	1.6 ± 1.0

0.69–4.3
	1.3 ± 0.35

0.91–1.9
	1.6 ± 0.69

0.76–2.6



	Benzo[b]fluoranthene

BbF
	2.4 ± 1.1

1.0–5.0
	1.5 ± 0.77

0.19–3.0
	3.3 ±2.0

0.96–8.6
	2.5 ± 0.75

1.6–3.8
	2.9 ± 1.4

1.1–5.1



	Benzo[k]fluoranthene

BkF
	0.49 ± 0.24

0.19–1.1
	0.30 ± 0.14

0.04–0.58
	0.67 ± 0.42

0.26–1.8
	0.47 ± 0.13

0.31–0.70
	0.66 ± 0.28

0.28–1.1



	Benzo[a]fluoranthene

BaF
	0.23 ± 0.12

0.08–0.60
	0.10 ± 0.05

0.02–0.21
	0.36 ± 0.24

0.11–1.1
	0.24 ± 0.09

0.15–0.41
	0.28 ± 0.16

0.09–0.60



	Benzo[e]pyrene

BeP
	0.84 ± 0.42

0.32–1.9
	0.50 ± 0.26

0.07–1.0
	1.2 ± 0.77

0.39– 3.4
	0.87 ± 0.29

0.49–1.4
	1.1 ± 0.52

0.40–2.0



	Benzo[a]pyrene

BaP
	0.82 ± 0.44

0.31–2.1
	0.40 ± 0.21

0.06–0.82
	1.2 ± 0.85

0.35–3.7
	0.85 ± 0.33

0.12–1.5
	1.0 ± 0.56

0.32–2.1



	Perylene

Per
	0.18 ± 0.09

0.06–0.42
	0.07 ± 0.04

0.01–0.14
	0.28 ± 0.18

0.09–0.77
	0.18 ± 0.07

0.12–0.31
	0.22 ± 0.12

0.06–0.42



	Dibenz[a,h]anthracene

DBA
	0.14 ± 0.07

0.04–0.31
	0.09 ± 0.05

0.02–0.21
	0.20 ± 0.13

0.02–0.55
	0.14 ± 0.05

0.09–0.22
	0.17 ± 0.10

0.04–0.31



	Indeno[1,2,3-cd]pyrene

IP
	1.1 ± 0.50

0.44–2.2
	0.67 ± 0.37

0.09–1.6
	1.5 ± 0.91

0.40–3.8
	1.1 ± 0.37

0.67–1.7
	1.3 ± 0.64

0.45–2.2



	Benzo[ghi]perylene

Bghip
	1.1 ± 0.54

0.45–2.5
	0.67 ± 0.37

0.11–1.4
	1.6 ± 1.0

0.40–4.4
	1.1 ± 0.39

0.68–1.8
	1.3 ± 0.71

0.45–2.5



	15 PAHs
	21 ± 6.11

1–34
	16 ± 5.5

5.9–27
	26 ± 9.91

3–50
	23 ± 2.62

0–28
	24 ± 6.41

7–34



	15PAHs/PM2.5

(‰)
	0.22 ± 0.08

0.11–0.38
	0.17 ± 0.07

0.07–0.30
	0.28 ± 0.10

0.14–0. 53
	0.24 ± 0.10

0.14–0.38
	0.19 ± 0.07

0.11–0.32
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Table 4. Principal component analysis (PCA) results of PAHs in PM2.5 in the study area during the monitoring period.






Table 4. Principal component analysis (PCA) results of PAHs in PM2.5 in the study area during the monitoring period.





	
Compounds of PAHs

	
Rings

	
During the Monitoring Period

	
Daytime

	
Nighttime




	
Factor 1

	
Factor 2

	
Factor 1

	
Factor 2

	
Factor 1

	
Factor 2






	
Phe

	
3

	
−0.028

	
0.980

	
0.194

	
0.962

	
−0.062

	
0.977




	
Ant

	
3

	
0.086

	
0.975

	
0.146

	
0.967

	
0.067

	
0.969




	
Flt

	
3

	
0.301

	
0.940

	
0.280

	
0.951

	
0.344

	
0.926




	
Pyr

	
4

	
0.615

	
0.743

	
0.467

	
0.870

	
0.627

	
0.711




	
BaA

	
4

	
0.960

	
0.207

	
0.913

	
0.349

	
0.957

	
0.218




	
Chr

	
4

	
0.957

	
0.251

	
0.873

	
0.444

	
0.962

	
0.238




	
BbF

	
5

	
0.971

	
0.154

	
0.937

	
0.294

	
0.981

	
0.161




	
BkF

	
5

	
0.977

	
0.176

	
0.909

	
0.270

	
0.962

	
0.189




	
BaF

	
4

	
0.966

	
0.177

	
0.950

	
0.252

	
0.972

	
0.134




	
BeP

	
5

	
0.979

	
0.152

	
0.937

	
0.245

	
0.979

	
0.153




	
BaP

	
5

	
0.984

	
0.145

	
0.973

	
0.218

	
0.984

	
0.137




	
Per

	
5

	
0.972

	
0.178

	
0.934

	
0.204

	
0.976

	
0.191




	
DBA

	
5

	
0.945

	
0.135

	
0.734

	
0.176

	
0.960

	
0.103




	
IP

	
6

	
0.981

	
0.121

	
0.956

	
0.220

	
0.988

	
0.083




	
Bghip

	
6

	
0.988

	
0.105

	
0.976

	
0.117

	
0.990

	
0.085




	
% of variance

	
72

	
24

	
64

	
28

	
73

	
23








Bold numbers: PAHs with high loadings.
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