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Abstract


To gain insights into the impacts of emission reduction measures on the characteristics and sources of trace elements during the 2014 Asia-Pacific Economic Cooperation (APEC) summit, PM2.5 samples were simultaneously collected from an urban site and a suburban site in Beijing from September 15th to November 12th, and fifteen metallic elements were analyzed, including five crustal elements (Mg, Al, K, Ca and Fe), nine trace metals (V, Cr, Mn, Co, Cu, Zn, Ag, Cd and Pb) and As. Most of the trace metals (V, Cr, Mn, As, Cd and Pb) decreased more than 40% due to the emission regulations during APEC, while the crustal elements decreased considerably (4–45%). Relative to the daytime, trace metals increased during the nighttime at both sites before the APEC summit, but no significant difference was observed during the APEC summit, suggesting suppressed emissions from anthropogenic activities. Five sources (dust, traffic exhaust, industrial sources, coal and oil combustion and biomass burning) were resolved using positive matrix factorization (PMF), which were collectively decreased by 30.7% at the urban site and 14.4% at the suburban site during the APEC summit. Coal and oil combustion regulations were the most effective for reducing the trace elements concentrations (urban site: 63.1%; suburban site: 52.0%), followed by measures to reduce traffic exhaust (52.8%) at the urban site and measures to reduce biomass burning (37.7%) at the suburban site. Our results signify that future control efforts of metallic elements in megacities like Beijing should prioritize coal and oil combustion, as well as traffic emissions.
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1. Introduction


PM2.5, also known as atmospheric fine particles, refers to particulate matter with an aerodynamic diameter of less than or equal to 2.5 μm. These particles not only endanger human health but also impact regional atmospheric visibility and environmental climate [1,2,3]. Because PM2.5 particles are small in size and have large specific surface areas, they easily adsorb large quantities of organic compounds, such as mutagens, pathogens and heavy metals. Trace elements are some of the most important components in PM2.5, as they are non-biodegradable, highly enriched and highly toxic. Previous studies have found that Mn, Ni, Cu, Zn, Se and Pb are potentially toxic to the human body, and that As, Cr and Ni are potent carcinogens that can seriously threaten human health [4,5,6,7]. Besides the effects on human health, trace metals could also damage ecological environments through dry and wet deposition to terrestrial and aquatic ecosystems [8].



The Asia-Pacific Economic Cooperation (APEC) summit that convened in November 2014, which is the transition period between autumn and winter, was held in Beijing. During this period, the air was dry, the wind speed was low, and the static inversion temperature was relatively stable. Beijing is surrounded by mountains on three sides (to the north, south and west), and thus the southerly airflow near the ground is weak and is consequently not conducive for the horizontal diffusion of pollutants. In addition, the strong sea level pressure and uniform pressure field that collectively result in the vertical stability of the atmospheric stratification over Beijing are not conducive for the vertical diffusion of pollutants. Moreover, the Beijing-Tianjin-Hebei region contains numerous highly polluting industries, including the steel, cement, oil refining, and petrochemical industries, which emit enormous quantities of air pollutants that are carried along southerly currents from Hebei, Tianjin, and Shandong toward Beijing. To ensure a desirable level of air quality during the APEC conference, Beijing, Tianjin, Hebei, Shanxi, and Shandong Provinces in addition to Inner Mongolia and other provinces and cities have adopted emission reduction measures of unprecedented intensity and scope, thereby generating the characteristic “APEC blue” sky over Beijing during the summit. These control measures include regulations permitting only even or odd license plate number vehicle use, air pollution supervision for air quality, vacation days off for the public, construction site restrictions to mitigate road dust, polluting company and industry restrictions, and regional controls by several provinces.



Several studies were performed within the Beijing-Tianjin-Hebei region regarding the air quality and impacts of emission regulations on PM2.5 during the APEC summit [9,10,11,12]. A previous study also examined the characteristics of PM2.5, including the concentrations, size distributions and sources of PM2.5, during the APEC summit in Beijing [13]. The relative impacts of emission regulations and meteorological properties on the mitigation of air pollution over Beijing during the APEC summit were also studied [14], as were the source apportionment of atmospheric ammonia before, during, and after the conference [15]. However, these previous studies have rarely considered the effects of control measures on the trace elements in fine particles, which was more associated with the human health. In addition, although the characteristics and sources of trace elements in PM2.5 have been studied at length [16,17,18], previous studies regarding the properties of trace elements had not been conducted under different emission scenarios, especially for the emission reduction scenario in the near future. The APEC summit provided a unique city-wide experiment to examine the response of various trace element sources to such comprehensive and intensive mitigation efforts.



In the present study, the pollution characteristics of metallic elements in PM2.5 before and after the 2014 APEC summit were analyzed by simultaneously measuring the mass concentrations of metallic elements in the urban and suburban areas of Beijing. An analysis of the enrichment factor (EF) and a positive matrix factorization (PMF) model were used to compare the sources of metal elements due to emissions reduction. The results of these analyses could be used to understand the effects of emission reduction measures on pollution levels and the pollution characteristics of metal elements and to provide suggestions for future air pollution regulations.




2. Materials and Methods


2.1. Sites and Sampling


The PM2.5 sampling was conducted simultaneously at the urban and suburban sites in Beijing, with two PM2.5 samplers (TH-150C, Tianhong, Wuhan) at an airflow rate of 100 L min−1 from 15 September to 12 November 2014. The urban site (JDM) was established in the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences (39.97° N, 116.38° E), which is located between the North Third Ring Road and Fourth Ring Road in Beijing. This site is approximately 1 km from the Third Ring Road, 200 m away from the north-south highway, and 50 m north of East-West Beitucheng West Road. The sampler was situated on the rooftop of a two-floor building, approximately 10 m above the ground. The suburban site (HR) was established on the campus of the University of Chinese Academy of Sciences (40.41° N, 116.68° E), approximately 55 km northeast of the urban site (JDM). This site is located at the foot of the Great Wall adjacent to Yanqi Lake. The sampler was placed on rooftop of a four- floor building approximately 15 m above the ground. Two PM2.5 samples were collected each day at both sites, one from 08:00 to 19:30 (daytime measurement) and one from 20:00 to 07:30 the next day (nighttime measurement). In total, 116 samples were acquired at each site. After sampling, all the filters were sealed and stored in a refrigerator (−20 °C) until subsequent analysis. An automatic meteorological observation instrument (Vaisala Company, Finland) was used to observe various meteorological factors at the same site, including the sea level pressure, ambient temperature, relative humidity, wind speed and wind direction.




2.2. Chemical Analysis


The quartz fiber filters packaged with aluminum foil were pre-fired in a Muffle furnace at 500 °C for 4 h to remove a small amount of organic matter. To reduce the influences of volatilization and water vapor during the weighing process, the filters were balanced within a chamber at constant temperature and constant humidity (temperature: 20 °C ± 1 °C; humidity: 40% ± 5%) for more than 48 h both before and after sampling. Then, these filters were weighed using a microelectronic balance with a reading precision of 10 μg. To guarantee the accuracy of the weights, the weighing was repeated until a difference of less than 0.10 mg between the two measured weights was achieved. The net increase in the quality of the filter from before sampling to after sampling was used to represent the quality of the particulate matter. The mass of the particles was divided by the volume of the sample to obtain the atmospheric PM2.5 masses.



In this study, microwave acid digestion was used to digest the filter samples into a liquid solution for elemental analysis. One-quarter of each filter sample was placed in the digestion vessel with a mixture of 6mL HNO3, 2mL H2O2, and 0.6mL HF and was then exposed to a three-stage microwave digestion procedure from a microwave-accelerated reaction system (MARS; CEM Corporation, USA). After that, the digestion solution was transferred to polyethylene terephthalate (PET) bottles and diluted to 50 mL with deionized water (with a conductivity: 18.2 MΩ/cm). Inductively coupled plasma mass spectrometry (ICP-MS 7500a; Agilent Technologies, Japan subsidiary) was used to determine the concentrations of 15 trace elements in the digestion solution, including Mg, Al, K, Ca, V, Cr, Mn, Fe, Co, Cu, Zn, As, Ag, Cd and Pb. The concentrations of the trace elements were quantified using a multi-element external standard, and the external standard liquid was diluted into four concentration gradients with 5% HNO3. The correlation coefficient of the standard curve exceeded 0.9999. The internal standard elements solutions (45Sc, 72Ge, 103Rh, 115In, 159Tb, 175Lu and 209Bi) were simultaneously placed into the instrument with the samples during the analyses. Each sample was determined 3 times. The relative standard deviation (RSD) of the internal standard element was less than 3%, indicating that the instrument was stable. When the RSD was greater than 3%, the sample was analyzed again. The concentrations of the elements in PM2.5 were calculated by measuring the concentrations of the elements and the sampling volume. More detailed information, such as instrument optimization, calibration, and quality control, is given in [19].




2.3. Data Analysis


2.3.1. Enrichment Factor (EF)


The EF is often used to measure the enrichment of elements in atmospheric particulate matter and to determine and estimate the natural and anthropogenic sources of those metallic elements. The EF is calculated as follows:


  E F =     (  C α  /  C β  )   a e r o s o l       (  C α  /  C β  )   c r u s t      



(1)




where Cα is the mass concentration of the investigated element α, Cβ is the mass concentration of a comparable element β, (Cα/Cβ)aerosol is the ratio of comparable elements to reference elements in the aerosol, and (Cα/Cβ)crust is the ratio of research elements to comparable elements in the crust. Usually, the elements that are relatively more stable, more volatile, less anthropogenic and ubiquitous throughout the crust are selected as comparable elements (Al, Fe, Ti, Sc, and Si are commonly chosen). In this study, Al was chosen as the comparable element. In addition, the concentrations of the crustal elements were derived from a previous investigation [20]. When the EF is less than 10, the element is mainly derived from the crust, while EF values between 10 and 100 indicate that the element originated from both natural and anthropogenic sources. When the EF is greater than 100, the element mainly originated from anthropogenic sources [21].




2.3.2. Positive Matrix Factorization (PMF)


The PMF model, which is based on the factor analysis method, was first developed in 1993 by Paatero [22], after which it was quickly popularized and broadly applied. Compared with chemical mass balance (CMB) models, PMF models do not need to analyze information regarding the pollution source. In addition, it is not necessary to establish the pollution source composition spectrum; rather, the various factors can be obtained by using the standard deviation of the data [23]. The basic principle of this model is to assume that X is an n × m matrix, where n is the number of samples and m is the number of chemical components.




     x   i j   =   ∑  k = 1  p     g   i k     f   k j     +   e   i j         (  i = 1 , 2 … n ; j =   1 , 2 … m ; k =   1 , 2 … p  )    



(2)





The goal of the optimization is that the objective function Q will tend toward the value of the degrees of freedom.


  Q ( E ) =   ∑  i = 1  n      ∑  j = 1  m      (     e   i j    /    u   i j     )   2     



(3)




where xij is the concentration of a substance j in the receptor on day i, gik is the contribution of a factor k to the receptor on day i, fkj is the fraction of the chemical composition of a substance j of the factor k, eij is the residual of the chemical composition of a substance j on day i, and uij is the uncertainty of X.



Missing data values were substituted with median concentrations. The uncertainty (Unc) is calculated according to the method recommended by the U.S. Environmental Protection Agency (EPA) PMF Fundamentals [24,25,26,27].



When the concentration of the chemical composition is lower than the method detection limit (MDL) of the instrument, the uncertainty is as follows:


  U n c =  5 6  M D L  



(4)







When the concentration of the chemical composition is higher than the MDL of the instrument, the uncertainty is as follows:


  U n c =      ( E r r o r F r a c t i o n + C o n c e n t r a t i o n )   2  +    ( M D L )   2     



(5)







In this study, we uses the multivariate EPA PMF 5.0 model to resolve the sources of metallic elements. The daily PM2.5 elemental composition datasets obtained at the two sites during the entire observation period (15 September to 12 November) were applied to PMF 5.0 to determine sources and their contributions to the total metallic element mass. The identification of the sources was based on certain chemical tracers that are generally presumed to be emitted by specific sources and are present in significant amounts in the samples collected. After testing the PMF results between 4 and 9 factors, the five factors solution was chosen by comparing PMF factor profiles with reference source profiles and tracers from previous studies. For the selected 5-factor case, the G-space plot pairings showed that the points were distributed across the solution space between the axes. Based on the Displacement (DISP) and Bootstrap-Displacement (BS-DISP) results, the FPEAK value set at 0.1 (JDM) and −0.1 (HR).






3. Results and Discussion


3.1. PM2.5 Mass Concentration and Meteorological Conditions


The meteorological conditions and PM2.5 mass concentrations obtained from the observation period are given in Figure 1. The average PM2.5 mass concentrations before the APEC summit (BAPEC period, from 15 September to 2 November) were 127.6 μg/m3 (JDM) and 87.7 μg/m3 (HR), both of which exceed the second level of the National Ambient Air Quality Standard (75 μg/m3). The numbers of days with average mass concentrations that surpassed the standard level of 75 μg/m3 were 30 and 20 days at JDM and HR, respectively, accounting for 63.8% and 42.6% of the total number of sampling days. If the mass concentration of PM2.5 exceeds 75 for two consecutive days, it is classified as a pollution event in this study. During the BAPEC period, 7 (JDM) and 5 (HR) pollution events were observed. Prior to each pollution event, southerly wind flows with short durations were usually observed. In addition, stagnant weather is usually accompanied by faint southern and southeastern winds [28], which would benefit the transportation of atmospheric pollutants to Beijing from its adjacent southern areas where the intensive industrial zone were located. As showed in Figure 1, a 6-day pollution event was observed from 6 October to 11 October at the urban and suburban sites. At the urban site (JDM), a continuous southerly wind with a mean wind speed of 1.4 m/s was observed from 12:00 to 24:00 on October 6th. Then, the wind speed largely decreased, and the average wind speed decreased to 0.3 m/s in the following 4 days. In addition, the average relative humidity increased to 71.2%. These conditions were not conducive to the dispersal of pollutants; thus, the PM2.5 concentration reached a maximum of 428 μg/m3 on 9 October. On the afternoon of 11 October, a northerly wind with an average wind speed of 2.2 m/s was observed, following which the pollution gradually dissipated. During the same pollution event, the average PM2.5 mass concentration at the suburban area (HR) was 195.8 μg/m3 with a maximum value of 271.3 μg/m3, much lower than that at the urban area (JDM). Apart from the lower anthropogenic emissions in the suburban site, the higher average wind speed (1.1 m/s) at HR suggest a better diffusion condition and leading to the lower PM2.5.



As shown in Table 1, the average PM2.5 mass concentrations at sites JDM and HR during the APEC summit were 48.4 μg/m3 and 33.1 μg/m3, respectively, both of which were significantly lower than those during the BAPEC period (p < 0.05). The numbers of days with pollution levels that exceeded 75 μg/m3 were only 2 and 1 at JDM and HR, respectively, accounting for 16.7% and 8.3% of the total number of sampling days. In addition, no heavy pollution days were observed at either site. Compared with the BAPEC period, the wind speeds increased and the relative humidity decreased during the APEC summit in the urban site, which suggested the meteorological conditions were conducive to the dispersal of pollutants, and the favorable meteorological conditions also played an important role in maintaining good air quality during the APEC summit. However, it should be noted that the wind speeds was comparable during BAPEC and APEC periods in the suburban site, which may suggest a similar meteorological conditions and the control measures would be more important that contributed to the good air quality.




3.2. Concentrations of Metallic Elements


Table 2 presents the average mass concentrations of metallic elements in PM2.5 in each site during the BAPEC and APEC periods. In both the urban and suburban sites, the concentrations of K, Fe, Ca, Al and Mg were the highest among the metallic elements examined herein. These 5 elements are all naturally occurring within the crust, and their total concentration accounted for more than 85% of the total concentration of all of the measured metallic elements. The concentration of Cd was less than 5 ng/m3, which is the reference concentration limit provided by the standard GB3095-2012 and the World Health Organization (WHO). The concentration of As during the BAPEC period exceeded the reference limit (6 ng/m3) provided by the GB3095-2012 and WHO standards, while that during APEC was less than 6 ng/m3. The concentration of Pb was less than the seasonal concentration limit (1100 ng/m3) specified by GB3095-2012 and was also less than the mean annual concentration limit (500 ng/m3). The concentrations of crustal elements in Beijing decreased after 2010 relative to those prior to 2010; the concentrations of Mg, Al and Ca decreased by approximately 30% while those of K, Fe and Mn decreased by approximately 60% (Table S1). Likely as a result of the growth in car ownership throughout Beijing in recent years, the Cu concentration rose by 67.1%, especially since a large quantity of Cu is produced during car manufacturing and braking. The concentration of Pb decreased by 34.4% due to the increased usage of unleaded gasoline during recent years; interestingly, the Pb concentration decreased in spite of the aforementioned increase in car ownership. The concentrations of V, As, Cd and Cr, which are related to industrial sources and coal-fired fuel sources, decreased by more than 70%. These decreases may have been related to the relocation of the Capital Steel Corporation Limited in 2010.



During the BAPEC period, the majority of the observed metallic elements were significantly higher (p < 0.05) in the urban site than in the suburban site, except for the Mg and Ag (Table 2). The same phenomenon was also observed during APEC, however, the difference in concentration of Al, Mn, Cd and Pb were insignificant. In addition, another two more element (As and Zn) showed higher concentrations at the suburban site during APEC. The concentration of each element was greater during the BAPEC period than during the APEC, and the metallic element concentrations were greater at JDM than at HR, regardless of the date. The total concentrations of metallic elements during the BAPEC period were 5028.1 ng/m3 and 2851 ng/m3 at JDM and HR, respectively, which were approximately 1.4 times the total site concentrations during the APEC. Compared with the BAPEC period, all the metallic elements in PM2.5 decreased, and a significant reduction (p < 0.05) was observed for Mg, K, V, Co, Zn, As, Ag, Cd and Pb at the urban site. For the suburban site, although higher reductions of Ca, Cr, Fe, Co, Cu, Cd and Pb were observed compared with the urban site, the other elements showed insignificant reduction, especially for the Ag and Cu, which may suggested the different effects of control measures present in the urban and suburban areas in Beijing.




3.3. Day/Night Variations in Metallic Elements


Figure 2 and Figure 3 display the daytime and nighttime concentrations and EFs, respectively, of metallic elements during the BAPEC period and during the APEC. Compared with that during the daytime, the total concentration of metallic elements at night increased at JDM and declined at HR, regardless of the date. During the BAPEC period at JDM, the concentration of each crustal element (except K) decreased at night; the concentration and EF of K respectively increased by 24.7% and from 12.1 in the daytime to 13.7 at night, which suggests that K could be influenced by human activities like biomass burning that usually conducted in the south area of Beijing after the autumn harvest. The concentrations and EFs of the crustal elements at HR were generally reduced at night; their EFs were all less than 10, suggesting that the crustal elements at HR were not affected by anthropogenic factors. During the APEC, the variations in the crustal element concentrations at the two sites were similar to those during the BAPEC period.



During the BAPEC period, the total concentration of trace metal elements increased from 422.0 ng/m3 during the daytime to 608.9 ng/m3, during the nighttime at JDM, representing an increase of 44.3%. The concentrations of Cr, Cu, Zn and Pb increased by 58.6%, 32%, 72.4% and 10%, respectively. Moreover, the EFs of Cu and Zn rose from 266.3 and 306.4 (daytime) to 320.1 and 481.0 (nighttime), respectively. The EFs of Cu and Zn increased significantly at night. The daytime and nighttime concentrations of metallic elements within the PM2.5 pollution at JDM during the BAPEC period were significantly different. This shows that the Cr, Cu, Zn and Pb detected at JDM were heavily affected by anthropogenic factors during the nighttime. A previous study found that the nighttime concentrations of organic carbon (OC) and elemental carbon (EC) were higher than those during the daytime, which was primarily due to lower temperatures and increased carbon emissions at night [29]. In this study, the concentrations of Cu, Zn and Pb increased significantly at night, reflecting enhanced levels of traffic activity. Moreover, the atmospheric boundary layer was generally lower and the wind speed was reduced (from 1.0 m/s to 0.6 m/s) at night, which could have worsened diffusion conditions and increased the concentrations of metallic elements. During the APEC summit, the total concentration of trace metal elements at JDM at night was 242 ng/m3, which was 6.9% lower than that during the daytime; the variation in the concentration and EFs of each element was not obvious, however, as their differences were minor. This suggests that the regional emission control measures played a dominant role in driving these diurnal variations in urban area in Beijing.



In contrast, the concentrations of the trace metal elements at night decreased during the BAPEC period at HR. The concentrations of V, Cr, Cu, Zn and As decreased by 10.3–34.8% during the nighttime, indicating that biomass burning, motor vehicle activity and coal burning decreased during the nighttime at HR. In addition, increased wind speeds at night would have accelerated the diffusion of pollution, thereby reducing the impact of human factors on the pollution at HR at night. Interestingly, the concentrations of Cu, Zn and Ag increased at night by 20.5%, 16% and 21.5%, respectively, during the APEC at HR, and the EFs of Cu and Zn also increased slightly. This indicates that the effects of anthropogenic factors on Cu and Zn were enhanced at night during the APEC summit in contrast to the diurnal trends during the BAPEC period. Therefore, the control measures during daytime are more effective than those at the night in the suburban area of Beijing during the APEC summit.




3.4. Characteristics of Metallic Elements under Different Pollution Levels


The air quality was classified into three categories based on the second level of the National Ambient Air Quality Standard (GB3095-2012): when the concentration was less than 75 μg/m3, the air quality was classified as clean days (C); when the mass concentration was between 75 and 150 μg/m3, the air quality was classified as light polluted days (L); and when the concentration exceeded 150 μg/m3, the air quality was classified as heavy polluted days (H).



The concentrations and EFs of the metallic elements in different pollution levels both during the BAPEC period and during the APEC summit are shown in Figure 4 and Figure 5, respectively. Generally, the total concentration of metallic elements increased with an increase in the pollution at either site. The proportion of each metallic element in PM2.5 decreased, indicating that the main source of the increase in PM2.5 was not the growth of metallic elements, which is consistent with the findings of a previous study [30]. The concentration of the majority metallic elements was increased with relatively aggravated pollution levels during the BAPEC in the urban site, and the significant increase (p < 0.05) was observed for K, Cr, Mn, Fe, Co, Cu, Zn, As, Ag, Cd and Pb when pollution level changed from clean days to heavily polluted days and there no significant difference for all the 15 elements when pollution level changed from clean days to lightly polluted days. Interestingly, the concentrations of Mg, Al and Ca varied insignificantly and irregularly during the BAPEC period, coincident with relatively aggravated pollution levels. Similar variation of the metallic elements under different pollution levels was also observed in the suburban site. The majority of trace metal elements were significantly increased when the pollution level changed from clean days to heavily polluted days, while the crustal elements like Mg, Al and Ca showed an inconspicuous increase. Meanwhile, the EFs of the majority metallic elements was increased with relatively aggravated pollution levels, except for the Co and Ag in the suburban site. For example, the EF of K was less than 10 on clear days and higher than 10 on pollution days, indicating that K is more affected by human factors on pollution days. The concentration of As on severely polluted days was 3.6 times higher than that on clear days and 1.9 times higher than that on light pollution days. The concentrations, EFs and proportions of V, Co, Ag and Pb to the total metallic elements all exhibited their maximum values on light pollution days at HR. The concentrations of other trace metal elements, such as As and Cd, increased sharply with an increase in the pollution severity; their concentrations were 3.5 times higher on heavy pollution days than on clear days.



During APEC, there were only two and one lightly polluted days at the urban and suburban sites respect tively, and no heavily polluted day at either site was observed. The total metallic element concentration on pollution days was 2.3 times higher than that on clear days at HR and 1.1 times higher at JDM. With the exception of Ca, the crustal elements at JDM exhibited magnitudes of increase; for example, the concentration of K rose from 925.4 ng/m3 to 1344.9 ng/m3. The concentrations of the crustal elements Mg, Al and Ca on lightly polluted days were 1~1.7 times those on clear days at HR. The elements K, Mn and Fe showed broader ranges of increases ranging from 2.8 to 6.3 times greater concentrations on pollution days. Among them, the EF of Mn increased from 3.8 to 22.7, indicating that anthropogenic emissions of Mn was largely enhanced on pollution days. With an increase in the pollution, the concentrations and EFs of trace metal elements at the two sites increased, and the range in the increased concentrations at HR was broader than that at JDM. The concentrations of As, Cd and Pb on lightly polluted days were 1.5~2.3 and 6.9~8 times higher than those on clear days at JDM and HR, respectively. Furthermore, the EFs of Mn, Fe, Cu, Zn, As, Cd and Pb on polluted days were 1.3~2.2 and 2.7~7.8 times higher than those on clear days at JDM and HR, respectively. These results indicates that traffic exhaust, industrial sources and coal combustion may be the main sources of trace metal elements, which is consistent with the findings of previous research [31]. Therefore, trace metal elements are more easily enriched on pollution days.




3.5. Source Apportionment of Metallic Elements


The source profiles and the time series of the factors are displayed in Figure 6 and Figure 7. The percentages of each source are shown in Figure 8. The PMF source factors for the metallic elements for the entire study and during the BAPEC and APEC periods, in addition to the changes in their percentages during the APEC summit are provided in Table 3. The five sources of metallic elements, that is, dust, traffic exhaust, industrial sources, coal and oil combustion and biomass burning, were identified. Secondary aerosols is not identified by this study, which was different from the previous source appointment studies conducted in Beijing (Table S2). It should be note that previous source appointment studies were mainly concerned with the total PM2.5 mass, while this study was concerned about the metallic elements, which may lead to the different source contribution results between this study and the prior ones.



The first factor was identified as dust considering the abundance of the typical crustal elements (Mg, Al and Ca) [32,33,34]. Ca and Mg are the particular elements from cement and lime which mainly comes from construction dust. Besides, the Al and Mg take larger proportion among the yellow dust. Furthermore, the EFs of Ca and Mg were much lower than 10 in this study, indicating the nature of their origins. Therefore, this factor possibly mixed among construction dust and yellow dust. The average amounts of metallic elements from dust were approximately 162.0ng/m3 (33.1%) during the BAPEC period and 148.1ng/m3 (43.6%) during the APEC summit. Same monitoring values at HR were 95.5ng/m3 (34.2%) and 122.7ng/m3 (51.4%) respectively. The increased dust concentration at HR was possibly related to decreasing humidity levels (nearly 20%) during the APEC. The overall contribution from construction dust and soil dust was approximately 40% in 2007~2013 in Beijing [35], which is similar to the contribution rate from dust at HR in this study.



The second factor, which contained Zn, Cu and Pb, was identified as traffic exhaust. In the past, smelters and metallurgical industries were considered as the main sources of Cu and Zn in Beijing. However, metal smelting is no longer the main reason to makes Cu and Zn after relocating of the Capital Steel Corporation Limited in 2010. Zn was used in lubricant oil as an additive. Both Zn and Cu had been used in brake linings and tire manufacturing [36]. The friction between a brake pad and a brake plate will release Cu, and friction between the tire and the ground will release Zn. In China, Pb has been used within gasoline as an antidetonator. Both Zn and Pb have also been used as indicators of gasoline combustion in Hong Kong particle apportionment [37]. The concentration of Pb is low in this study which might be related with the promotion of unleaded gasoline. During the BAPEC period, the average amounts of metallic elements from traffic exhaust at JDM and HR were 100.2 ng/m3 (20.5%) and 65.8 ng/m3 (23.6%), respectively. Meanwhile, those during the APEC summit at JDM and HR were 47.3 ng/m3 (13.9%) and 43.6 ng/m3 (18.3%), respectively. These results are similar to the previous findings [38], that traffic emissions accounted for 22.9% and 21.7% before heating and during heating, respectively.



The third factor was identified as industrial sources due to its association with industrial elements (Cr, Mn and Fe). These components may be transported from the adjacent area Hebei Province, where a large number of highly polluting industries are located. Cr is a characteristic element of metallurgy and chemical dust. Both Cr and its compounds are widely used in metallurgy, electroplating, pigment, leather and other industries [39]. Previous study found that ferrous metallurgy could emit Mn [40]. Furthermore, both Fe and Mn are characteristic components of iron and steel industry emissions. Therefore, this factor could be identified as industrial sources. The average mass concentration of industrial sources decreased by 27.9% at JDM (from 83.0 ng/m3 to 59.9 ng/m3) and by 32.4% at HR (from 46.8 ng/m3 to 31.6 ng/m3) from the BAPEC period to during the APEC summit.



The fourth factor is identified as coal and oil combustion, which is suggested by the presence of V, Co, As and Cd. Coal is the dominant fuel in China. Its combustion is the predominant source of fine particulate matter over China [41]. The element As is characteristic of coal-fired dust [42], and coal combustion will also release some Co and Cd. V mainly originates from the combustion of petroleum (primarily heavy oil) and is easily discharged into the atmosphere in the form of particulate matter [43]. The contribution of coal and oil combustion in the BAPEC period were around 8% at both sites, while the contribution of this source decreased by 63.1% at JDM (from 43.7 ng/m3 to 16.1 ng/m3) and by 52.0% at HR (from 23.5 ng/m3 to 11.3 ng/m3) during APEC (Table 3). The contributions of coal and oil combustion in this study were much lower than the previous studies (11–38% in [18] and 26.1% in [44]), which may be attributed to the implementation of a coal-to-gas switch in recent years of Beijing.



The last factor was assigned to biomass burning because it contained a significant majority of K, which was a known biomass burning tracer [45]. K is a typical marker of biomass burning. Farming in Beijing’s suburban districts has still been extensive in recent years. The farmers sometimes fertilize the soil and cooking by burning the crop remnants and the fallen leave in autumn and winter, which enhance the emission of K [46]. Besides, the several barbecue restaurants around the site JDM, which burning the carbon used in the barbecue may be enhance the biomass burning. During the BAPEC, the average mass concentrations of biomass combustion were 101.0 ng/m3 (accounted for 20.6%) at JDM and 47.3 ng/m3 (16.9%) at HR, while those same concentrations at JDM and HR were 68.4 ng/m3 (20.1%) and 29.5 ng/m3 (12.3%), respectively, during the APEC. These results are larger than the yearly average contribution of biomass burning in the year of 2010 (11.2%) [47], possibly because the sampling period of this study was consistent with the harvest period in Beijing and surrounding areas.



The mean contributions from the five sources decreased during the APEC summit. Generally, the five source contributions collectively diminished by 30.7% at JDM and 14.4% at HR during APEC relative to BAPEC, indicating that the air pollution regulations implemented during the APEC summit were effective, and the decline at JDM is more obvious than that at HR. These results are different to those from the prior study [14] stating that the contributions from seven sources (road dust, soil dust, traffic exhaust, secondary aerosols, industrial sources, biomass burning and residual oil combustion) collectively were reduced by 73.3% during the APEC summit at HR relative to the BAPEC period. It should be noted that secondary aerosol was not resolved in this study, which was the dominant factor attributed to the decline of PM2.5 during the APEC summit [13]. In the present study, coal and oil combustion regulations were the most effective for reducing the pollution concentrations (JDM:63.1%; HR:52.0%), followed by measures to reduce traffic exhaust (52.8%), biomass burning (32.2%) and industrial sources (27.9%) at JDM and measures to reduce biomass burning (37.7%), traffic exhaust (33.7%) and industrial sources (32.4%) at HR. The variations in pollution from traffic sources during the BAPEC period and during the APEC summit at JDM were both greater than those at HR, while the variation in pollution from biomass combustion was the opposite.





4. Conclusions


Significant reductions in the PM2.5 mass concentrations were observed both in the urban and suburban areas of Beijing during the APEC summit. The air quality evidently improved during APEC, during which period the mass concentrations at the urban site (JDM) and the suburban site (HR) were 48.4 μg/m3 and 33.1 μg/m3, which were 62.1% and 62.3% lower than those during the BAPEC period, respectively. Most of the trace metals (V, Cr, Mn, As, Cd and Pb) decreased more than 40% due to the emission regulations during APEC, while the crustal elements decreased considerably (4–45%). Relative to the daytime, trace metals increased during the nighttime at both sites before the APEC summit, but no significant difference was observed during the APEC summit, suggesting the suppressed emissions from anthropogenic activities. The concentration of the majority metallic elements increased with relatively aggravated pollution levels during the BAPEC period, and a significant increase (p < 0.05) was observed for K, Cr, Mn, Fe, Co, Cu, Zn, As, Ag, Cd and Pb when pollution levels changed from clean days to heavily polluted days. There was no significant difference for all the 15 elements when the pollution level changed from clean days to lightly polluted days. The EF results suggest trace metal elements are more easily enriched on pollution days. Five sources (dust, traffic exhaust, industrial sources, coal and oil combustion and biomass burning) were resolved using positive matrix factorization (PMF), which collectively decreased by 30.7% at the urban site and 14.4% at the suburban site during the APEC summit. Coal and oil combustion regulations were the most effective for reducing the trace element concentrations (urban site: 63.1%; suburban site: 52.0%), followed by measures to reduce traffic exhaust (52.8%) at the urban site and measures to reduce biomass burning (37.7%) at the suburban site. Our results suggest future control efforts for metallic elements in megacities like Beijing should prioritize coal and oil combustion as well as traffic emissions.
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Figure 1. (a,b) Meteorological conditions and (c) PM2.5 mass concentration during the sampling period at the Beijing urban site (JDM) and suburban site (HR). 






Figure 1. (a,b) Meteorological conditions and (c) PM2.5 mass concentration during the sampling period at the Beijing urban site (JDM) and suburban site (HR).



[image: Atmosphere 10 00105 g001]







[image: Atmosphere 10 00105 g002] 





Figure 2. Daytime and nighttime concentrations of metallic elements before and during the APEC summit in Beijing urban site (JDM) and suburban site (HR). 
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Figure 3. Daytime and nighttime enrichment factors of metallic elements (a,b) before and (c,d) during the APEC summit in Beijing urban site (JDM) and suburban site (HR). 
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Figure 4. Concentrations of metallic elements at clean days (CD), light polluted days (LD) and heavy polluted days (HD) before and during the APEC summit in Beijing urban site (JDM) and suburban site (HR). 
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Figure 5. Enrichment factors of metallic elements on clean days, light polluted days and heavy polluted days (a,b) before and (c,d) during the APEC summit in Beijing urban site (JDM) and suburban site (HR). 
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Figure 6. Source profile of the five factors ((a) dust, (b) traffic exhaust, (c) industrial sources, (d) coal and oil combustion and (e) biomass burning) of metallic elements in PM2.5 resolved by PMF in Beijing urban site (JDM) and suburban site (HR). 
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Figure 7. Time series of source contributions of the five factors ((a) dust, (b) traffic exhaust, (c) industrial sources, (d) coal and oil combustion and (e) biomass burning) to metallic elements in PM2.5 resolved by PMF in Beijing urban site (JDM) and suburban site (HR). 
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Figure 8. Source contribution of the five factor to metallic elements in PM2.5 before and during the APEC summit in Beijing urban site (JDM) and suburban site (HR). 
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Table 1. PM2.5 mass concentrations and meteorological parameters before and during the Asia-Pacific Economic Cooperation (APEC) summit in Beijing urban site (JDM) and suburban site (HR).
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Parameters

	
JDM (n = 47)

	
HR (n = 12)

	
Reduction (%)




	
BAPEC

	
APEC

	
BAPEC

	
APEC

	
JDM

	
HR






	
PM2.5 (μg/m3)

	
127.6

	
48.4

	
87.7

	
33.1

	
62.1 *

	
62.3 *




	
Days of PM2.5 exceeding 75 μg/m3

	
30

	
2

	
20

	
1

	
93.3

	
95.0




	
Exceeding Rate (%)

	
63.8

	
16.7

	
42.6

	
8.3

	
73.8

	
80.5




	
Temperature (℃)

	
16.8

	
10.1

	
14.3

	
6.9

	
39.9 **

	
21.7 **




	
Relative Humidity (%)

	
56.3

	
34.1

	
69.5

	
43.9

	
39.4 **

	
36.8 **




	
Wind Speed (m/s)

	
0.82

	
1.58

	
1.44

	
1.36

	
−92.7 **

	
5.6








* denote the difference reach significance level (p < 0.05), and ** denote the significance level (p < 0.01).













 





Table 2. Average mass concentrations of metallic elements in PM2.5 and the differences between urban and suburban site and the reductions between before APEC (BAPEC) and APEC periods.
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BAPEC (n = 47)

	
APEC (n = 12)

	
Reduction (%) b




	
ng/m3

	
JDM

	
HR

	
Diff. (%) a

	
JDM

	
HR

	
Diff. (%) a

	
JDM

	
HR






	
Mg

	
160.7

	
167.6

	
−4.3

	
88.3

	
142.6

	
−61.5 *

	
45.1 **

	
14.9




	
Al

	
501

	
383.1

	
23.5 **c

	
416.2

	
365.2

	
12.3

	
16.9

	
4.7 *




	
K

	
1789.9

	
718.6

	
59.9 **

	
1125.3

	
460.3

	
59.1 **

	
37.1 *

	
35.9 *




	
Ca

	
641.9

	
456.3

	
28.9 **

	
616.5

	
369.9

	
40.0 **

	
4.0

	
18.9




	
V

	
2.6

	
1.2

	
53.8 **

	
0.76

	
0.36

	
52.6 **

	
70.8 **

	
70.0 **




	
Cr

	
9.5

	
4.0

	
57.9 **

	
6.5

	
2.6

	
60.0 **

	
31.6

	
35.0 **




	
Mn

	
59.3

	
37.4

	
36.9 **

	
31.3

	
20.6

	
34.2

	
47.2 **

	
44.9 **




	
Fe

	
1360.9

	
766.6

	
43.7 **

	
1139.1

	
455.4

	
60.0 **

	
16.3

	
40.6 **




	
Co

	
0.59

	
0.31

	
47.5 **

	
0.36

	
0.17

	
52.8 **

	
39.0 *

	
45.2




	
Cu

	
49.8

	
23.1

	
53.6 **

	
45.2

	
16.3

	
63.9 **

	
9.2

	
29.4




	
Zn

	
291.8

	
180.7

	
38.1 **

	
130.1

	
146.8

	
−12.8

	
55.4 **

	
18.8




	
As

	
10.0

	
9.5

	
5.0

	
4.0

	
4.7

	
−17.5

	
60.0 **

	
50.5 *




	
Ag

	
0.53

	
0.67

	
−26.4 *

	
0.35

	
0.67

	
−91.4 **

	
40.0 *

	
0.0




	
Cd

	
2.6

	
2.0

	
23.1 *

	
1.2

	
0.9

	
25.0

	
53.8 **

	
55.0 *




	
Pb

	
147.1

	
99.9

	
32.1 **

	
62.5

	
41.1

	
34.2

	
57.5 **

	
58.9 **








a The difference (Diff.) in metallic elements concentrations between urban (JDM) and suburban (HR) site; b The reduction in metallic elements concentrations between the BAPEC and APEC periods; c,* denote the difference reach significance level (p < 0.05) , and ** denote the significance level (p < 0.01).













 





Table 3. Averaged concentration of metallic elements in PM2.5 for the five factors for before and during the APEC summit in Beijing urban site (JDM) and suburban site (HR).






Table 3. Averaged concentration of metallic elements in PM2.5 for the five factors for before and during the APEC summit in Beijing urban site (JDM) and suburban site (HR).





	
Sources

	
JDM

	
HR




	
BAPEC

	
APEC

	
Reduction (%)

	
BAPEC

	
APEC

	
Reduction (%)






	
Dust (ng/m3)

	
162.0

	
148.1

	
−8.6

	
95.5

	
122.7

	
28.5




	
Traffic Exhaust (ng/m3)

	
100.2

	
47.3

	
−52.8

	
65.8

	
43.6

	
−33.7




	
Industrial Emissions (ng/m3)

	
83.0

	
59.9

	
−27.9

	
46.8

	
31.6

	
−32.4




	
Coal and Oil Combustion (ng/m3)

	
43.7

	
16.1

	
−63.1

	
23.5

	
11.3

	
−52.0




	
Biomass Burning (ng/m3)

	
101.0

	
68.4

	
−32.2

	
47.3

	
29.5

	
−37.7
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