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Abstract

:

As a carcinogenic pollutant, hexavalent chromium (Cr(VI)) in the ambient air has serious influences on public health. Due to its instability and difficulty in chemical analysis, few studies have been conducted on the regional concentration level of environmental Cr(VI), especially in China. The pollution levels of Cr(VI) in ambient PM2.5 were determined in two sampling sites of Beijing and Qingdao from September to December 2020. The concentrations of Cr(VI) were determined using Ion Chromatography-inductively coupled plasma mass spectrometry(IC-ICP-MS), and the Cr concentrations were simultaneously analyzed by Inductively Coupled Plasma-atomic emission spectrometry(ICP-AES). The main results are as follows: (1) Based on the analysis of samples collected at the sampling sites of Beijing and Qingdao, the concentrations of Cr(VI) in PM2.5 were (0.140 ± 0.065) ng/m3 and (0.091 ± 0.073) ng/m3, respectively; (2) During the sampling period, the mean ratio of Cr(VI) to Cr was (0.0623 ± 0.0969). The ratio of Cr(VI)/Cr in Beijing and Qingdao were 0.076 ± 0.104 and 0.041 ± 0.039, respectively. In conclusion, compared with other countries, the concentration of Cr(VI) at the sampling sites of Beijing and Qingdao showed lower values. The average concentration of Cr(VI) estimated by the ratio of this research in China is lower than that in South Korea and similar to those in Canada and Australia.
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1. Introduction


Chromium exists in the atmosphere, solid waste, water and soil, and presents mainly in trivalent (Cr(III)) and hexavalent oxidation states (Cr(VI)). Trivalent chromium (Cr(III)) is a trace element that the human body needs [1,2]. However, hexavalent chromium (Cr(VI)) is a carcinogenic heavy metal which has been enlisted as one of the 187 hazardous air pollutants in Clean Air Act Amendments, and is recognized as a very strong epithelial stimulant and carcinogen [3].



Most toxic airborne Cr(VI) is from anthropogenic sources (60–70%), including the metallurgical industry, the refractory production industry, chemical processes, etc. [4,5,6,7,8]. In addition, compared with coarse particles, Cr(VI) is more widely enriched in fine particles [9,10]. The fine particles can be transported over long distances. Thus, it is important to research the characteristics of Cr(VI) in fine particles [11,12,13,14]. Due to the toxicity of Cr(VI), many countries and organizations have issued limits on it. The World Health Organization (WHO) recommended the baseline limit of hexavalent chromium with an excess lifetime risk (RR values) of 1:10,000, 1:100,000 and 1:100,000 to be 2.5, 0.25, 0.0025 ng/m3, respectively [15], and the standard limit of China is 0.025 ng/m3 [16]. However, the studies on Cr(VI) in the atmosphere are limited. In addition, Cr(VI) is more unstable than Cr(III), as oxidants and reducing agents will promote its internal conversion [17,18,19,20].



Cr(VI) is a global toxic pollutant that threatens human health and the ecological environment. As early as the 1960s, many researchers began to focus on the toxicity of Cr(VI) [21,22,23]. Countries around the world have begun to monitor Cr(VI), but the monitoring started late in China, and few studies were conducted on the distribution characteristics of Cr(VI) concentration [24,25,26,27]. In order to get information on airborne Cr(VI) in China, some studies estimated the concentration of Cr(VI) by multiplying the average ratio of Cr(VI) and Cr in dust, 0.13. The studies indicated that the range of the Cr concentration in China is 3.90–321 ng/m3, and the average concentration of Cr(VI) might be as high as 10.5 ng/m3, using the average ratio of Cr(VI) to total Cr (0.13) from references to estimate, which is much higher than the suggested values of national ambient air quality standards (GB3095-2012) of 0.025 ng/m3 [28,29,30]. However, few studies have investigated the accuracy of this estimation method or the concentration of airborne Cr(VI) in China. Due to the special properties of Cr(VI) in ambient air, the accurate measurement of Cr(VI) in ambient air has the following challenges: (1) the concentration of Cr(VI) in ambient air is low; (2) the stability of Cr(VI) samples is low; (3) Cr(III) and Cr(VI) conversion may occur during the sampling and extraction of Cr(VI) [31]. Therefore, measuring Cr(VI) in ambient air requires a sensitive and reliable method with a low detection limit. The ion chromatography-inductively coupled plasma mass spectrometry (IC-ICP-MS) method is widely used in food, toys and other detection fields because of its low detection limit and stable detection performance [32]. In this study, airborne PM2.5 was collected in Beijing and Qingdao. The concentrations of total chromium and Cr(VI) in the samples were determined using Inductively Coupled Plasma-atomic emission spectrometry (ICP-AES) and Ion Chromatography-inductively coupled plasma mass spectrometry (IC-ICP-MS), respectively.




2. Materials and Methods


2.1. Sampling Collection


With the development of rapid urbanization and industrialization, the anthropogenic emission sources of airborne heavy metals include metal smelting in the iron and steel industry, vehicle exhaust, and the combustion of fossil fuels, etc., in Beijing and surrounding areas. Qingdao is an important port city and tourist city along the coast of China. The main sources of heavy metals in ambient PM2.5 are the combustion of fossil fuels, emissions from process production and vehicle exhausts in Qingdao.



Two sampling sites were selected in this research. One site (Beijing) was located at the Chinese Research Academy of Environmental Sciences in the northeast of Beijing (40.04° N, 116.41° E). Another site (Qingdao) was located at Qingdao University in the eastern sea area of Qingdao (36.04° N, 120.42° E). There were no obvious pollution sources around the two sites, which may represent the concentration levels of hexavalent chromium in the ambient air of Qingdao and Beijing.



Cellulose filters (90 mm diameter, Whatman 541, Whatman plc, USA) were selected for sampling due to their hydrophilic and tough properties [33,34,35]. Cr(VI) is relatively stable in alkaline solutions, but it is easy to transform in acidic solutions by using organic compounds and metal elements such as ferrous ions [36]. Thus, it is essential to reduce the Cr background value and maintain the alkaline state of the filters.



The following methods was used to pretreat the filters. Firstly, the filters were soaked in 10% nitric acid and then rinsed thoroughly with deionized water (pH = 6–6.5) and dried completely. The dried filters were then soaked in 0.12 M sodium bicarbonate solution and dried completely [3]. The pretreatment of the filters not only reduced the blank value of Cr, but also decreased the inter-conversion between Cr(III) and Cr(VI) during sampling [5]. Therefore, the pretreated filters can better capture and preserve airborne Cr(VI). In this research, the pretreated filters significantly lowered the filter background levels of Cr from 22.6 ng (no pretreated filters) to 0.061 ng. These filters should be kept in the freezer below −15 °C until they are needed in the field sampling.



The airborne PM2.5 were collected at both sites using medium volume air samplers (TH-150A, Wuhan Tianhong Instruments Co., Ltd., China) at a flow rate of 100 L/min. The sampling period was from September to December 2020. The PM2.5 filters were collected for 20 h, i.e., from 8:00 am to 6:00 pm (daytime sampling), and 7:00 pm to 6:00 am next day (night sampling), to determine concentration of Cr and Cr(VI) in atmospheric PM2.5.



To investigate the stability of the Cr(VI) during storage, Swift et al. spiked the Cr(VI) standard solution on a clean filter without sampling [17]. The results showed that the Cr(VI) could be kept stable for more than 11 days, and the recoveries were 102–110% during this period. However, knowledge on the field measurements of stability in Cr(VI) samples was still limited. In this research, the filters spiked with 5 ng Cr(VI) standard solutions were sampled in the ambient air, and the samples were stored at −18 °C after sampling. The results are shown in Table 1. The storage time ranged from 1 to 34 days after being sampled. For Cr(VI), almost all samples had recovery rates of Cr(VI) above 87% from Day 1 to Day 29. However, the recovery rate of Cr(VI) reduced rapidly after that, i.e., from 38% on Day 30 to 19% on Day 34. This showed that Cr(VI) samples were relatively stable at −18 °C, but should be chemically analyzed within 3 weeks.




2.2. Extraction and Analysis of Total Chromium and Hexavalent Chromium


The extraction of Cr from PM2.5 samples was carried out following the method recommended in the national standards (HJ 777-2015). The extraction solution of Cr was analyzed by ICP-AES (SPECTROARCOS EOP, SPECTRO Analytical Instruments GmbH, Germany), and the instrumental parameters are shown in Table 2. The analysis line of Cr was selected as 267.716 nm, which has high sensitivity, low background, and no interference from other elements.



The extraction of Cr(VI) was carried out under alkaline status. The samples were added with 10 mL of NaHCO3 solution (20 mmol/L, pH = 9) and extracted in an ultrasonic cleaning machine (KQ-500, Kunshan Ultrasonic Instruments Co., Ltd., Shanghai, China) for 1 h. As higher temperatures may promote the inter-conversion between Cr(III) and Cr(VI) [37,38], the ultrasonic temperature was maintained below 25 °C in this study [39].



The Cr(VI) was analyzed by IC-ICP-MS (iCAP RQ, Thermo Fisher Scientific Inc., USA; Dionex ICS-200, Thermo Fisher Scientific Inc., USA), which has high sensitivity and a wide linear detection range. A chromatographic column was needed to separate Cr(III) and Cr(VI) ions before measuring the Cr(VI). In this study, the AG7 (50 mm × 4 mm) chromatographic column was selected to quickly and effectively separate the chromium species and to meet the determination requirements. Furthermore, some key operating conditions, including the ionic concentration of the mobile phase for IC, dwell time, retention time and measurement mode for ICP-MS, were optimized. The ammonium nitrate solution (4 mL nitric acid, 5 mL concentrated ammonia water, 0.2233 g Na2EDTA, add ultrapure water to make the volume to 1 L) was used to be the IC mobile phase. The instrumental parameters are presented in Table 3.



Before determining the Cr(VI) samples, a standard working curve was established, as shown in Figure 1. The result shows that the equation is y = 9573.4x + 763.19, R2 = 0.9999, which indicates good linear correlation.




2.3. Quality Control and Quality Assurance


The quality control of the sampling process, extraction and analysis method complies with the relevant standards [40,41,42]. The precision and accuracy of the extraction and analysis methods of total chromium and hexavalent chromium were evaluated by examining the relative standard deviation (RSD), the recovery of Cr and Cr(VI), and the method detection limit (MDL) of Cr and Cr(VI). As there are no standard values of Cr(VI) and Cr in ambient air, the standard soil samples and standard solutions were used to examine the method accuracy for Cr and Cr(VI) detection. A total of 25 samples with two types were used, including 10 ng Cr standard solution and 0.1 mg standard soil, to calculate the RSD and recovery of the Cr method. At the same time, there were also 25 samples spiked with 5 ng Cr(VI) standard solution to obtain the RSD and recovery of Cr(VI) method. Table 4 summarizes the RSD and recovery of the two methods mentioned above. The MDL was estimated according to the national standards of HJ 168-2010 [40]. In this study, the MDL of Cr and Cr(VI) are 0.13 and 0.0015 ng/m3, respectively. The MDL of Cr(VI) in this study is lower than that found by Meng et al. (0.08 ng/m3) and the EPA method (0.19 ng/m3) [3,43].



The IC-ICP-MS method for the determination of Cr(VI) was optimized with a spiked recovery of 92.78% and an accuracy of 7.8%. Compared with the method of ion chromatography, the method used in this study had a shorter detection time and lower detection limit, which can accurately determine the concentration of Cr(VI) in atmospheric PM2.5.




2.4. Backward Trajectory Potential Source Contribution Functions(PSCF) and Concentration Weight Trajectory(CWT) Analysis


The air mass backward trajectories were calculated by HYSPIT-4 model in this study. This model was run with the meteorological data of the Global Data Assimilation System (GDAS) provided by the National Center for Environmental Prediction (NCEP).



In this study, the backward trajectories were calculated every 1 h at a height of 500 m above ground level (AGL) during the sampling time from September to December, 2020. The spatial range extends from 110° E to 130° E and 30° N to 55° N at 0.1° × 0.1° resolution.



The PSCF analysis is based on the results of the backward trajectory HYSPLIT model and combined with Cr(VI) concentrations at the sampling sites to obtain the possible distribution of pollution sources [44]. The PSCF area of the sampling sites was set to a rectangular grid (i, j) at a resolution of 0.1° × 0.1°, and the PSCF model is defined as:


    PSCF   ij   =    m  ij      n  ij      



(1)




where        n    ij     represents the total number of end points falling in the grid (i, j);    m  ij     is designated as the number of “polluted” end points in the same grid.



Since PSCF analysis is conditional on probability estimation, the results may have higher uncertainty when the    n  ij     is small. In order to reduce the influence of the error of PSCF due to the    n  ij    , the weighting function    W  ij     is introduced [45]:


   W  ij   =  {      1.00 ,   3  n  ave   <  n  ij         0.70 , 1.5  n  ave   <  n  ij   ≤ 3  n  ave         0.40 ,  n  ave   <  n  ij   ≤ 1.5  n  ave         0.17 ,  n  ij   ≤  n  ave          



(2)




where    n  ave     is the average number of trajectory end points.



In order to reflect the contribution of the grids to the pollution levels of the sampling site, the CWT model was used. It could calculate the grid trajectories corresponding to the pollutant concentration and the trajectory residence time. The CWT model is defined as:


   C  ij   =    ∑  l = 1  M   C l  ×  τ  ijl      ∑  l = 1  M   τ  ijl     ·  W  ij    



(3)




where    C  ij     is the average weight concentration of the grid (i, j), l is the trajectory,    C l    is the pollutant concentration, when the trajectory l through the grid (i, j) at the sampling site,    τ  ijl     is the residence time of trajectory l in the grid. The weighting function    W  ij     is the same as that of the PSCF model.





3. Results


3.1. Ambient Cr(VI) Concentrations in Sampling Sites


The concentrations of Cr(VI) at the two sampling sites from September to December 2020 are shown in (Figure 2a). The concentration of Cr(VI) in PM2.5 in Beijing ranged from 0.006 ng/m3 to 0.266 ng/m3, with a median value of 0.146 ng/m3. During the sampling period, the Cr(VI) in Beijing was similar to the average level (0.2 ng/m3) in Beijing determined by Di et al. [46]. The average concentration of Cr at the observation point was close to that of 3.6 ng/m3 measured by Cui et al. [47] in Beijing in 2017. The range of Cr(VI) concentration in ambient PM2.5 in Qingdao was 0.002–0.303 ng/m3, and the median and average concentrations were 0.074 ng/m3 and (0.091 ± 0.073) ng/m3, respectively.



Due to the weather as well as the COVID-19 pandemic, there were less observation data in September in Qingdao that may not be valid for Cr(VI) concentrations for September in Qingdao. Therefore, only observation data for October, November, and December in Qingdao are shown in Figure 2b. The concentration of Cr(VI) in December at the Beijing and Qingdao sampling sites were both highest during the sampling period, as shown in (Figure 2b). The Cr(VI) concentrations in Beijing and Qingdao in December were 0.177, 0.157 ng/m3, respectively. The reason for the higher concentration in December in the Beijing and Qingdao sampling sites may the adverse meteorological conditions in winter, the coal-fired heating influence and the transportation from surrounding areas [48]. In the meantime, the stable meteorological conditions in December make it difficult for the local accumulation of air pollutants to spread.



During the observation period, the total and monthly average concentration of Cr(VI) in Beijing were higher than those in Qingdao, indicating that the contribution of Cr(VI) in PM2.5 between these two cities is different.




3.2. Regional Transport


The results of seasonal backward trajectory potential source contribution functions (PSCF) distribution of Beijing and Qingdao are shown in Figure 3. Due to the effects of monsoons, the temporal variation of Cr(VI) in Beijing and Qingdao were influenced significantly by different wind directions. Through computerized models, in autumn, the high-value areas of WPSCF in Beijing were in northern Beijing, northern Hebei province, central Inner Mongolia, and northern Tianjin (Figure 3a). The potential source areas of PSCF in winter were larger than those in autumn, and distribution of the main potential sources has also changed (Figure 3b). The high-values of WPSCF observed in Beijing are mainly due to local and surrounding area emissions, especially in Hebei province. The coal-fired power plants and cement production enterprises are concentrated in the southern part of Hebei province, which made a great contribution to Cr(VI) in Beijing [49].



The main potential sources of PSCF in Qingdao in autumn came from the south and northeast of the Yellow Sea, the northern area of Shandong province, and the Bohai Sea (Figure 3c). In winter, the potential source of PSCF was significantly different from those in autumn. The high-value areas of WPSCF were primarily from most of the inland Shandong province and the southern part of Jiangsu province (Figure 3d).



As the PSCF method can only analyze the proportion of pollution trajectories in a certain grid, it cannot indicate the contribution of the grid to the pollution of sampling sites. The concentration-weighted trajectory (CWT) analysis was calculated based on the backward trajectory data during the sampling period. The results of Beijing and Qingdao are presented in Figure 4. The darker the color was, the higher the level of the grid concentration was.



In autumn, the WCWT area in Beijing included central and northern Beijing, northern Hebei province, central Inner Mongolia, and northern Tianjin (Figure 4a). Among them, the WCWT value for Cr(VI) exceeds 0.21 ng/m3 in some parts of northern and central Beijing. In winter, the high-value areas of WCWT and PSCF were notably different (Figure 4b). Southern Beijing and northern Tianjin have a primary contribution to the Cr(VI) pollution. In addition, the distribution areas of local medium contribution in Beijing had sharply increased. The results indicate that the conditions of the stable boundary layer and the influence of fossil fuel burning led to a crucial contribution of Cr(VI) pollution in local sources in winter [50].



The WCWT area in autumn in Qingdao demonstrated that the Cr(VI) showed higher levels in northern Shandong province and the southern Bohai Sea (Figure 4c). The ocean air masses from the south and northeast with the WCWT value for Cr(VI) exceeding 0.09 ng/m3 were deemed as the major contributors in autumn. In winter, the WCWT contribution area was similar to the potential source area of PSCF, mainly in most areas of Shandong province (Figure 4d). The central part of Shandong province had the highest WCWT value (>0.16 ng/m3). Zibo and Jinan, which are located in the central part of Shandong Province, have many petrochemical and steel industries, which may have contributed to the Cr(VI) pollution in Qingdao; meanwhile, the emission of local petrochemical enterprises in Qingdao also contributes to some pollution [51].




3.3. The Ratio of Cr(VI)/Cr in Ambient PM2.5


Many studies showed that the ratio of Cr(VI)/Cr in ambient air varied from 10% to 70% [52,53,54]. Many domestic studies on the regional pollution concentrations of airborne Cr(VI) are estimated by referring to the ratio of Cr(VI) to total Cr in dust (0.13) in China [30]. However, the estimation of this method needs to be verified by the on-site observation experiments.



In this study, the ratio of Cr(VI)/Cr in atmospheric PM2.5 was calculated by measuring both Cr(VI) and total Cr in Beijing and Qingdao simultaneously. During the sampling period, the daily variation of the ratio of Cr(VI)/Cr are shown in Figure 5. The average value of Cr(VI)/Cr is (0.0623 ± 0.0969), which is about one half of the ratio (0.13) in dust cited in other studies [55,56]. In Beijing, the ratio of Cr(VI)/Cr was (0.076 ± 0.104), with the range of (0.004–0.506) during the sampling periods. In Qingdao, the average values were (0.041 ± 0.039), with the range of (0.0003–0.244). The ratio in the above two cities were about 41.53% lower than the ratio in dust. The results indicate that the percentage of Cr(VI) in the total Cr in atmospheric PM2.5 is lower than that in dust. Thus, the main oxidation state of Cr in atmospheric fine particles may be Cr(III), as the concentration of Cr(III) is significantly higher than Cr(VI).




3.4. The Regional Concentration of Cr(VI) in Ambient PM2.5 in China


As we know, there are few studies on the observation monitoring of atmospheric Cr(VI) due to the complexity of sampling and chemical analysis. Most studies reported the concentration of atmospheric Cr directly. In order to estimate the regional concentration of Cr(VI) by Cr in different cities, the ratio of Cr(VI)/Cr was calculated following different levels of Cr in this research, as shown in Table 5. The results showed that the higher the Cr concentration, the lower the percentage of Cr(VI) in total chromium.



According to the classification of Cr(VI)/Cr and Cr in different cities of China [31], the Cr(VI) concentration (ρ) for different cities was estimated using the following two formulas:


  ρ =  r i  ×  ρ   (  Cr  )     



(4)






  ρ = 0.13 ×  ρ   (  Cr  )     



(5)




where,    r i    is the ratio of Cr(VI)/Cr, when the concentration level of Cr is  i , as shown in Table 5;    ρ   (  Cr  )      is the Cr concentration in each city [31]; and 0.13 is the ratio of Cr(VI)/Cr in dust [30].



Following the formulas above, the concentration of Cr(VI) in 48 cities were estimated, as shown in Figure 6. The sampling data of Cr concentration in 48 cities were analyzed by ICP-MS, ICP-AES and fluorescence spectroscopy. The significance test of the above data shows that the homogeneity of variance test value p is 0.279, which is greater than 0.05, which shows that the data difference is small and the results are reliable [31].The nationwide average value of Cr(VI) was (0.52 ± 1.04) ng/m3 and (4.04 ± 8.51) ng/m3, by using Equations (4) and (5), respectively. As we know, different industrial emissions may produce different valences of chromium compounds. For example, industrial waste and cement production mainly accompany the generation of Cr(VI) compounds, including chromate (CrO42−) and dichromate (Cr2O72−), while Cr(III) is mainly emitted from the mining (FeCr2O4) [57,58]. Therefore, further studies are needed to work on the Cr(VI) emissions.



As shown in Figure 6, the highest Cr(VI) concentration of 5.14 ng/m3 was in Shijiazhuang city, and the lowest was in Guilin city (0.07 ng/m3). Shijiazhuang city is well known as having many industrial activities, including steel smelting, coking, construction, the chemical industry, etc. In addition, it has intensive road networks and huge transport capacity in it. Thus, the industrial emissions and mobile exhaust may contribute to the high Cr(VI) concentrations in Shijiazhuang [59].



The spatial variation of Cr(VI) concentration was discussed in seven regions, i.e., North China, East China, South China, Central China, and the northwest, southwest, and northeast regions. The highest Cr(VI) concentration was shown in North China (1.13 ± 1.58 ng/m3), the second was in East China (0.85 ± 1.89 ng/m3), and the lowest was in South China (0.19 ± 0.12 ng/m3). In North China, industrial coal emissions from Shanxi, Hebei and Shandong provinces may be the important contribution to the high concentration of Cr(VI). In East China, the Cr mines in abundance [29] may contribute the high Cr(VI) concentration. In addition, the large amount of Cr(VI) emitted from leather production in Zhejiang province also contributes to the content of Cr(VI) in the ambient air of East China. According to China’s anthropogenic chromium emission inventory, the provinces with more chromium emissions in China were Hebei Province, Shandong Province, and Jiangsu Province, while the chromium emissions were lower in the Tibet Autonomous Region, Qinghai Province, and the Ningxia Autonomous Region in western China. That was mainly due to the smaller populations and lower economic strength in these regions [48].




3.5. Comparison of Cr(VI) Content in China with Other Countries


The concentration levels of Cr(VI), Cr and the ratio of Cr(VI)/Cr in different countries are shown in Table 6. The concentration of Cr(VI) in atmospheric PM2.5 ranges from 0.002 to 0.303 ng/m3 in this research. As shown in Table 6, the highest Cr(VI) concentration was shown in Iran (6.88 ng/m3) [60], and the lowest was in the United States (0.024 ng/m3) [61]. In Asia, the Cr(VI) concentration in Korea was 0.381 ng/m3 [62], which was higher than that in Beijing and Qingdao in this research. In Europe, the Cr(VI) concentration varies greatly in different countries. The Cr(VI) concentration was 0.8 ng/m3 in Germany, higher (3.2 ng/m3) in Belgium, and the highest (6.24 ng/m3) in Poland [6,54,63]. The concentration at sampling sites in Beijing and Qingdao was at a relatively low level in the world, which was similar with those in Australia (0.08–0.87 ng/m3) and higher than those in the United States (0.024 ng/m3) [61,64]. The Cr(VI) concentration (0.52 ng/m3) calculated by Equations (4) and (5), based on the actual determination, was higher than that in Republic of Korea (0.381 ng/m3), and showed similar levels with those in Canada (0.55 ng/m3) and Australia (0.08–0.87 ng/m3) [52,62,64]. The ratio of Cr(VI) to Cr varies greatly in different countries. It was 0.763 in Germany, but only 0.008 in the United States. The ratio between Beijing and Qingdao in China was in the middle level, which was higher than Korea (0.028) and Belgium (0.044), but lower than Iran (0.241) and Germany (0.763) [54,60,61,62,63].





4. Conclusions


In order to determine the pollution levels of atmospheric Cr(VI), two sampling sites were studied in Beijing and Qingdao from September to December 2020. The concentrations of Cr(VI) were determined using Ion Chromatography-inductively coupled plasma mass spectrometry (IC-ICP-MS), and the Cr concentrations were simultaneously analyzed by Inductively Coupled Plasma-atomic emission spectrometry (ICP-AES). The results showed that the Cr(VI) concentrations in atmospheric PM2.5 in Beijing and Qingdao ranged from 0.006–0.266 ng/m3 and 0.002–0.303 ng/m3, and the mean levels of Cr(VI) in the two cities were (0.140 ± 0.065) ng/m3 and (0.091 ± 0.073) ng/m3, respectively. The results of a potential sources analysis of Beijing showed that Cr(VI) were mainly from emissions and transportation in the northern surrounding areas in autumn, while in winter it was affected more by the southern and the surrounding areas of Beijing. In Qingdao, Cr(VI) was more affected by the marine air mass in autumn, and the main potential source in winter was from surrounding areas in Shandong Province.



During the sampling period, the mean ratio of Cr(VI) to Cr was (0.0623 ± 0.0969). The ratio of Cr(VI)/Cr in Beijing and Qingdao were 0.076 ± 0.104 and 0.041 ± 0.039, respectively. Concentrations of Cr(VI) in 48 cities of China were estimated by the ratio of Cr(VI)/Cr obtained from this research. The average Cr(VI) concentration in 48 cities across the country was (0.52 ± 1.04) ng/m3, based on the ratio of Cr(VI) to Cr (0.0623 ± 0.0969) obtained from this research. Nationwide, the Cr(VI) concentrations were highest in North China ((1.13 ± 1.58) ng/m3), followed by East China ((0.85 ± 1.89) ng/m3), and the lowest Cr(VI) concentration was (0.19 ± 0.12) ng/m3 in South China. Industrial coal emissions, abundant Cr mines and leather production may be important contributions to the high concentration of Cr(VI). Compared with other countries, the concentration of Cr(VI) at the sampling sites of Beijing and Qingdao showed lower values. The average concentration of Cr(VI) estimated by the ratio of this research in China is lower than that in South Korea and similar with those in Canada and Australia.
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Figure 1. Standard curve for the determination of Cr(VI). 
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Figure 2. The diurnal variation (a) and monthly variation (b) of Cr(VI) Concentration in Beijing and Qingdao. 
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Figure 3. Distribution of potential source of PM2.5 in autumn (September, October, November) and winter (December) in Beijing (a,b) and Qingdao (c,d), respectively. 
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Figure 4. Distribution of concentration-weighted trajectory method analysis in autumn (September, October, November) and winter (December) in Beijing (a,b) and Qingdao (c,d), respectively. 






Figure 4. Distribution of concentration-weighted trajectory method analysis in autumn (September, October, November) and winter (December) in Beijing (a,b) and Qingdao (c,d), respectively.



[image: Atmosphere 14 00209 g004a][image: Atmosphere 14 00209 g004b]







[image: Atmosphere 14 00209 g005 550] 





Figure 5. Frequency distribution of Cr(VI)/Cr (the purple line represents the ratio of Cr(VI) to total Cr in dust (0.13) in China). 
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Figure 6. Comparison of Cr(VI) Concentrations in Various Cities. 
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Table 1. Storage time of Cr(VI) in field sampling.
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	Storage Time/d
	Percent Recovery





	1
	97.75%



	2
	95.8%



	3
	96%



	4
	94.64%



	5
	90.03%



	…
	…



	21
	97.75%



	22
	93.85%



	23
	92.35%



	24
	87.15%



	25
	93.03%



	26
	103.7%



	27
	89.17%



	28
	92.71%



	29
	97.37%



	30
	38.53%



	31
	28.42%



	32
	29.55%



	33
	17.56%



	34
	19.03%
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Table 2. Operating parameters for ICP-AES.
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	Parameters
	Values





	Power
	1300



	Gas flow
	0.7 L/min



	Auxiliary gas flow
	0.2 L/min



	Cooling air flow
	15 L/min



	Dwell time
	10 s
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Table 3. Operating parameters for IC-ICP-MS.
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Parameters

	
Value






	
IC

	
Chromatographic column

	
IonPac AG7, Guard, 4 × 50 mm




	
Sample volume

	
25 μL




	
Eluent flow

	
1 min/L




	
Pump pressure

	
2.9 MPa




	
ICP-MS

	
RF power

	
1500 w




	
Cooling argon gas

	
14 L/min




	
Auxiliary argon gas

	
0.8 L/min




	
Nebulizer argon gas

	
1.0 L/min




	
Dwell time

	
0.1 s




	
Duration

	
180 s




	
Measurement mode

	
KED
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Table 4. The precision and recovery efficiency of Cr(VI).
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	Type
	Number of Spiked Samples
	Type of Spiked Samples
	Mean
	SD
	RSD(%)
	Percent Recovery





	Cr
	20
	10 ng Cr standard solution
	8.76 ng
	0.748 ng
	8.5
	87.63%



	Cr
	5
	0.1 mg standard soil
	0.09 mg
	0.733 mg
	8.1
	90.35%



	Cr(VI)
	25
	5 ng Cr(VI) standard solution
	4.64 ng
	0.367 ng
	7.8
	92.78%
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Table 5. Classification table of Cr(VI)/Cr.
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	Concentration Level of Cr (ng/m3)
	Cr(VI) (ng/m3)
	Cr(VI)/Cr





	8–14
	0.159
	0.0160



	6–7.9
	0.145
	0.0215



	4–5.9
	0.156
	0.0327



	2–3.9
	0.126
	0.0445



	1–1.9
	0.093
	0.0657



	<1
	0.069
	0.1416










[image: Table] 





Table 6. Comparison of Cr and Cr(VI) Concentrations in this study with those in other countries.
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	Location
	Cr(ng/m3)
	Cr(VI) (ng/m3)
	Cr(VI)/Cr
	Study





	Poland
	28.398
	6.240
	0.377
	Wietlik et al. [6]



	Germany
	1.047
	0.800
	0.763
	Nusko and Heumann [54]



	Egypt
	3.3876
	0.820
	0.240
	Borai and El-Sofany [65]



	America
	2.680
	0.024
	0.008
	EPA [61]



	Iran
	30.130
	6.880
	0.241
	Talebi et al. [60]



	Belgium
	65
	3.200
	0.044
	Tirez et al. [63]



	Republic of Korea
	13.244
	0.381
	0.028
	Kang et al. [62]



	Canada
	
	0.550
	
	Bell et al. [52]



	Australia
	
	0.080–0.870
	
	Li et al. [64]



	America
	
	0.500
	
	Khlystov et al. [66]



	Beijing, China
	3.831
	0.140
	0.076
	This study



	Qingdao, China
	3.707
	0.091
	0.041
	This study



	China
	20.300
	0.520
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