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Abstract

:

To better understand the source and health risk of metal elements in PM2.5, a field study was conducted from May to December 2018 in the central region of the Liaoning province, China, including the cities of Shenyang, Anshan, Fushun, Benxi, Yingkou, Liaoyang, and Tieling. 24 metal elements (Na, K, V, Cr, Mn, Co, Ni, Cu, Zn, As, Mo, Cd, Sn, Sb, Pb, Bi, Al, Sr, Mg, Ti, Ca, Fe, Ba, and Si) in PM2.5 were measured by ICP-MS and ICP-OES. They presented obvious seasonal variations, with the highest levels in winter and lowest in summer for all seven cities. The sum of 24 elements were ranged from to in these cities. The element mass concentration ratio was the highest in Yingkou in the spring (26.15%), and the lowest in Tieling in winter (3.63%). The highest values of elements in PM2.5 were mostly found in Anshan and Fushun among the studied cities. Positive matrix factorization (PMF) modelling revealed that coal combustion, industry, traffic emission, soil dust, biomass burning, and road dust were the main sources of measured elements in all cities except for Yingkou. In Yingkou, the primary sources were identified as coal combustion, metal smelting, traffic emission, soil dust, and sea salt. Health risk assessment suggested that Mn had non-carcinogenic risks for both adults and children. As for Cr, As, and Cd, there was carcinogenic risks for adults and children in most cities. This study provides a clearer understanding of the regional pollution status of industrial urban agglomeration.
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1. Introduction


With the rapid development of China’s economy and the gradual increase of urban population density and the successful progress of industrialization, the use of coal and the number of motor vehicles has increased rapidly, and the continuous industrial emissions and motor vehicle exhaust has led to serious particulate pollution. Atmospheric particulates can cause harm to human health, and studies have found that air pollution ranks fourth among the health risk factors in China, after poor dietary habits, high blood pressure, and smoking [1]. Atmospheric particulates are likely to cause respiratory and cardiovascular diseases. Studies have found that, on average, atmospheric particulates cause 3.1 million deaths globally every year [2]. Therefore, atmospheric particulate pollution has had a considerable impact on restricting the development of the country and harming human health.



Atmospheric fine particles (PM2.5), with many inorganic and organic constituents, are the primary pollutant in China [3]. They have a large surface area and act as a carrier of crustal elements and trace elements, including heavy metals (e.g., V, Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb) [4]. The early stage mechanistic pathways in cells are oxidative stress and inflammation, and some of their health effects, such as alteration of acute cardiac function, are partly linked to the presence of trace metals in PM2.5 [3]. Pb can cause changes in the circulatory and nervous systems, leading to motor and cognitive impairment in newborns [5]. Higher compositions of Ni and V in PM2.5 was associated with higher cardiovascular or respiratory hospital admissions for persons 65 years and older [6]. Excessive As can affect wound repair, cause damage to lung tissue, and lead to cancer [7]. Therefore, it is of great significance to study the characteristics of heavy metal components in PM2.5 in order to evaluate the sources and health risks of atmospheric particulates.



Source apportionment and health risk assessment are often used to study particulate matter. Source analysis is essential for developing control strategies to improve air quality, with several models having been designed and widely used for this purpose, such as chemical mass balance [8,9], positive matrix factorization (PMF) [10], and principal component analysis (PCA) [11,12]. PMF is considered the most suitable tool for resource allocation. The reason is that less prior knowledge of the sources is required as compared to CMB, and PMF can limit factors such as missing data at the time of processing and the load to non-negative values as compared to PCA [8,9,11]. Source resolution has been used in many cities and regions. For example, Zhao et al. [13] analyzed 18 elements in PM2.5 samples collected in Beijing from 22 August 2018 to 21 August 2019. Based on the obtained data set, they performed PMF analyses and identified five main sources: soil and dust, vehicle non-exhaust emissions, biomass, industrial processes, and fuel combustion. Yao et al. [14] found that secondary sulfate and nitrate (54.3%), biomass combustion (15.8%), industry (10.7%), crustal materials (8.3%), vehicles (5.2%), and copper smelting (4.9%) were the major sources of PM2.5 in the Yellow River Delta National Nature Reserve of the North China Plain from January to November 2011. Health risk assessments, which consider the toxicity of heavy metals and their different exposure pathways, provide a preliminary assessment of potential health effects in humans and are widely used in current research. Some studies have integrated source apportionment with health risk evaluations to estimate source-specific health risks [4,15,16]. Peng et al. [17] assessed the contribution of sources to bound heavy metals (i.e., Cr, Co, Ni, As, Cd, and Pb) in PM2.5 in Huzhou, China, and ranked the contribution of sources to cancer risk in the following order: soil dust, coal burning, cement dust, vehicle sources, and secondary sources.



The development of urbanization in China has meant that more and more city clusters are gradually forming. Due to mutual influence, the regional transportation of air pollutants between cities makes air quality even worse [18]. Therefore, understanding the characteristics of regional pollution plays an important role in its control and minimization. At present, some research exists of cities in urban agglomeration, such as Beijing-Tianjin-Hebei, the Yangtze River Delta, and the Pearl River Delta [19,20,21,22]. However, these studies are mainly based on observations performed in single cities during single seasons [12,23,24,25], instead of being a comprehensive multi-city analysis. In order to better understand the relationship between urban clusters and the pollution situation of cities in urban agglomerations, the urban agglomeration of central Liaoning (hereafter referred to simply as “urban agglomerations”) was chosen as a case study. Liaoning Province is the most important industrial base in northeastern China. There are seven cities in central Liaoning, which is typical of an industrialized zone [26].



In this study, airborne PM2.5 aerosol sampling was carried out in central Liaoning’s urban agglomeration during the year 2018. The concentrations of 24 metal elements in aerosol samples were determined, in order to characterize the metals in PM2.5 across the four seasons. Furthermore, a positive matrix factorization (PMF) receptor model was also used to quantify the sources of these elements. Finally, the health risks induced by PM-bound metals and pollution sources were assessed separately.




2. Materials and Methods


2.1. Sampling Method


In this study, PM2.5 samples were collected on Teflon filters (Φ = 47mm, Whatman, USA) by PM2.5 samplers (16.7 L/min, Comde-Derenda, Germany). Samples were taken from May 2 to 16 (spring), July 23 to August 6 (summer), October 8 to 22 (fall), and December 7 to 21 (winter), for 23 h a day. To ensure the samples were representative, sampling was avoided during rainy or windy weather. According to the population distribution, scale, industrial layout, and other factors of each city, a total of 10 sampling sites were set up for simultaneous sampling in 7 cities, including 3 in Shenyang, 2 in Anshan, and 1 in each of the other cities (Figure 1). A total of 600 samples (60 for each site) were generated for analysis. Before sampling, the Teflon filters were pre-heated to 60 °C for 4 h and conditioned in a desiccator at 20 ± 0.1 °C and 50 ± 1% relative humidity for 48h. The filters were weighed with a Comde-Derenda AWS-1 automatic weighing system (±1 μg sensitivity, Comde-Derenda, Germany) before and after sampling. Additionally, the blank filters were concurrently collected in four sampling periods for the purpose of eliminating errors. After weighing, the filters were kept in filter boxes and stored in the refrigerator at −20 °C until chemical analysis was performed.



To understand the divergence of PM2.5 and its chemical composition between different sampling sites in the same city, the coefficient of divergence (COD) was calculated.


    COD   j k   =    1 p    ∑   i = 1  p     (     X  i j   −  X  i k      X  i j   +  X  i k      )   2      ,  



(1)




where CODjk is the coefficient of divergence, p is the number of element components participating in the calculation, and    X  i j     and    X  i k     represent the average concentration for an element component, i, at sites j and k, respectively. It has been reported that if COD approaches 0, concentrations can be considered to be spatially homogeneous; if COD approaches 1, the difference is more significant [27,28]. As shown in Table S1, the COD value in (a) ranged from 0.12 to 0.16, and in (b) ranged from 0.12 to 0.13. Therefore, the spatial variation of the elements of PM2.5 in the same city is not significant. The average value of the sites is used to represent the concentration in Shenyang and Anshan, respectively, in subsequent discussions.




2.2. Chemical Analysis


24 metal elements were analyzed in this study. A total of 16 metallic elements (Na, K, As, Mo, Cd, Sn, Sb, V, Cr, Mn, Co, Ni, Cu, Zn, Pb, and Bi) were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) (7500a, Agilent Technologies, USA). Half of each Teflon filter carrying PM was placed in a Teflon dissolution vessel for acid treatment. Each sample was heated and refluxed with 5 mL extract (pH = 5.4) and 1 mL HF at 120 °C for 2 h and then rose to 130 °C to completely evaporate the solution. Then 10 mL 12% HCl was added and reflux was heated for 20 min. The remaining eight elements (Al, Sr, Mg, Ti, Ca, Fe, Ba, and Si) were analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Vista-MPX, Agilent Technologies, USA). Another half of each Teflon filter was placed in a nickel crucible for alkali treatment. The sample was treated with 300 °C in muffle furnace, and kept at the constant temperature for 40 min, and then gradually rose to 550 °C. The filter after ashing was humidified with absolute ethanol, and added 0.2 g solid sodium hydroxide. The mixture melted at 500 °C for 40 min in muffle furnace. The molten sample was transferred to a volumetric flask containing 2 mL HCl, and diluted to 10 mL with ultra-pure water [28,29]. The ICP-MS detection limits of Na, K, As, Mo, Cd, Sn, Sb, V, Cr, Mn, Co, Ni, Cu, Zn, Pb, and Bi were 0.7639, 1.0271, 0.0143, 0.0012, 0.0003, 0.0011, 0.0007, 0.0017, 0.0168, 0.0094, 0.0004, 0.0091, 0.026, 0.1144, 0.0054, and 0.0001 µg L−1. And the ICP-OES detection limits of Al, Sr, Mg, Ti, Ca, Fe, Ba, and Si were 0.45, 0.004, 0.47, 0.24, 0.39, 1.81, 0.02, and 0.69 µg L−1.




2.3. PMF Model


PMF is a receptor source resolution model which has been widely used in the study of atmospheric particulate matter source resolution. It operates by using the least squares method to determine the main source of pollutants and calculates the contribution rate of each non-negative factor to the pollution source and the time change sequence [23,30]. The spectrum matrix of the receptor component can be divided into two non-negative sub-matrices, which respectively represent the factor contribution matrix and the factor component spectrum matrix. This is demonstrated by the following formula:


X = GF + E,



(2)




where X is an n × m matrix, representing the spectrum of the receptor components, G is an n × p matrix, representing factor contribution; F is a p × m matrix, representing the factor component spectrum; n is the number of samples; m is the number of chemical components; p is the number of factors; and E is the residual matrix.



E is expressed by the coefficient in the matrix, as shown in the following formula:


   X  i j   =   ∑   i = 1  p   g  i k    f  k i   +  e  i j   ,  



(3)




where    X  i j     is the concentration of component j in sample i; P is the number of factors; fkj is the concentration of component j in the component spectrum of factor k;    g  i k     is the relative contribution of k factor to i sample; and eij is the residual of j component on i sample during PMF calculation.



When the PMF model runs, the factor contribution matrix and factor component spectrum matrix are limited to non-negative results, and thus each element in G and F will not have negative values. The optimal result is obtained when “   X 2   ” is the smallest, represented by Q, as shown in the following formula:


  Q =   ∑   i = 1  n    ∑   i = 1  m     (     e  i j      σ  i j      )   2  ,  



(4)




where eij is the residual of component j in sample i, and σij is the uncertainty of component j in sample i.



In this study, the PMF 5.0 model (USEPA) was used for source apportionment of 24 measured elements in PM2.5. Firstly, the concentrations and uncertainty were input, and a series of data checks (signal-to-noise (S/N) ratio, concentration relation, time series, etc.) were conducted. If the S/N ratio was greater than 1, the species was marked “Strong”. If the S/N ratio was between 0.5 and 1, it was categorized as “Weak”. If the S/N ratio was less than 0.5, it was categorized as “Bad”. In addition, based on the concentration relation and time series, if some species were modelled poorly, they were additionally categorized as “Bad”. Following this, the run times and the number of factors were selected to run on Basic settings, and the minimum Q (Robust) was selected from the results. Finally, the feasibility of the solution was investigated via comparison between the simulated value and the observed value and residual analysis, and the pollution source category was determined according to the factor spectrogram. Combined with the factor contribution, the preliminary source analysis results of annual PM2.5 in the urban agglomeration were given.




2.4. Health Risk Assessment


Health risk assessment is a model recommended by the United States Environmental Protection Agency (EPA) to evaluate the population exposure level and health risk of ambient particle-bound heavy metals [31]. Generally, there are three ways for heavy metals to enter the human body: via the respiratory system, skin contact, and hand-oral intake [15,32]. Due to incomplete data on skin contact and hand-oral intake, only carcinogenic and non-carcinogenic risks were considered as they related to the respiratory pathway. Therefore, this study investigated non-carcinogenic and carcinogenic risks of nine heavy metal elements (V, Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb) entering the human body through respiratory channels. Different age groups have different sensitivities to air pollutants, so we divided the exposed population in the study area into two age groups: children and adults. In this study, the average daily exposure (ADD) of 9 heavy metal elements and the lifetime average daily exposure (LADD) of Cr, Ni, As, and Cd were calculated by the following formulae:


  ADD =  C  UCL   ×   EF × ED   AT × BW   × InhR ,  



(5)






  LADD =  C  UCL   ×   EF   AT   ×  (      InhR   child   ×   ED   child       BW   child     +     InhR   adult   ×   ED   adult       BW   adult      )  ,  



(6)




where EF is exposure frequency in days per year; ED is the exposure duration in years; AT is the risk averaging exposure time, where AT = ED × 365 (days) for non-carcinogenic risk and AT = 70 × 365 (days) for carcinogenic risk; BW is the body weight (kg); and InhR is the inhalation rate (m3/day). The parameters involved in the exposure assessment are described in Table S2 [33,34,35]. CUCL is the concentration of heavy metal elements, mg/m3. In order to improve the accuracy of evaluation results and obtain a reasonable maximum exposure, the upper limit of 95% confidence interval is used to estimate the reasonable maximum exposure, and the calculation formula is as follows:


   C  UCL   =   X ¯   +  [   Z α  +  β  6  n    ×  (  1 + 2 ×  Z α    2   )   ]  ×   STD    n    ,  



(7)




where    X ¯    is the arithmetic mean, STD is the standard deviation, β is the skewness coefficient, α is the error probability, Zα is the quantile of the standard normal distribution of (1-α), and n is the number of samples.



The health risk of every evaluated element was divided into the non-carcinogenic risk (HQ) of a single metal, the total non-carcinogenic risk (HI), and the carcinogenic risk (Risk), which were calculated by the following equations:


    HQ  i  =   ADD  i  /   Rfd  i  ,  



(8)






  HI = ∑   HQ  i  ,  



(9)






  Risk = LADD × SF ,  



(10)




where ADDi is the average daily exposure to metal i entering the human body through respiratory channels (mg/kg·d), RfDi is the reference value of daily exposure health risk of i metal entering the human body through respiratory channels (mg/kg·d), LADD is the lifetime daily exposure of carcinogenic heavy metals through respiratory channels (mg/kg·d), and SF is the carcinogenic slope factor of heavy metal elements (kg·d/mg). When HI(HQ) ≤ 1, there is no health hazard, whereas when HI (HQ) > 1, there is a possible health hazard. When Risk is between 10−6 and 10−4, risk management measures should be taken [15,32]. Table S3 shows the RfD and SF values of heavy metal elements entering the human body through respiration [36].





3. Results and Discussion


3.1. General Element Concentrations in PM2.5


Figure 2a shows the seasonal mean concentrations of PM2.5 measured at the seven cites. In the measurement, the annual mean concentrations of PM2.5 within the urban agglomeration is 48.10 µg/m3, which was much higher than the limit of annual average PM2.5 in ambient air quality standards in China (Grade II, 35 μg/m3, GB 3095-2012). There was little difference in annual average concentrations of PM2.5 in the seven cities. The highest annual concentration was 52.62 μg/m3 in Fushun and the lowest was 44.67 μg/m3 in Benxi. However, the annual mean concentration of PM2.5 is lower than that in Xinxiang (112 µg/m3), Agra (190 µg/m3), and Delhi (131 µg/m3) [35,36,37], and close to that in Shanghai (47 µg/m3) and Chifeng (36.2 µg/m3) [38,39]. PM2.5 concentrations presented obvious seasonal variations throughout the year, with an order of winter > autumn > spring > summer at all sites in the urban agglomeration. In Fushun, the average concentrations of PM2.5 in winter was 83.63 μg/m3, nearly three times its concentration in summer (27.95 μg/m3). The seasonal patterns, which showed maximum levels in winter and minimum levels in summer, were similar to those observed at many urban cites in China, e.g., Beijing, Wuhan, and Shandong [24,25,32]. The concentrations peak in winter partially due to the reduced height of the atmospheric mixing layer, the stable inversion layer that frequently forms, which inhibits the diffusion of pollutants. This is further amplified by relatively low precipitation [40]. In addition, extra coal consumption for heating resulted in high particle emissions and further exacerbated the decrease in air quality during the cold season [41].



Figure 2b is the seasonal mean concentrations of the sum of elements in PM2.5 measured at the seven sites. The sum of 24 elements was ranged from to in these cities. The element concentration ratio was much higher in spring than it was during the other three seasons. This is due to the higher concentrations of crustal elements in spring, and the mass of crustal elements was far greater than that of man-made elements. In spring, the element mass concentration ratio of Yingkou was the highest at 26.15%. This corresponds to the high proportion of soil dust (30.47%) in the sources of pollution identified in Yingkou, as demonstrated by the PMF results (see Section 3.3). In winter, the element mass concentration ratio of Tieling was the lowest at 3.63%. This is due to the overall high mass concentration of PM2.5 in Tieling.




3.2. Element Composition


24 elements in PM2.5 (Na, K, V, Cr, Mn, Co, Ni, Cu, Zn, As, Mo, Cd, Sn, Sb, Pb, Bi, Al, Sr, Mg, Ti, Ca, Fe, Ba, and Si) were measured in this study. As shown in Figure 3, the measured crustal element (Na, K, Al, Mg, Ti, Ca, Fe, and Si) accounted for 91.95% of the make-up of PM2.5 in the study area, while the proportion of man-made elements in PM2.5 was 8.05%. Among them, the highest concentration was seen for Zn at 211.18 ng/m3. The high concentrations of Mg in Anshan and Yingkou were due to the relatively developed magnesite clinker industries present in these cities. The reserves of magnesite deposits in Anshan are 2.76 billion tons, accounting for 79% of those in China and 20% of those worldwide [42]. The reserves of magnesite in Yingkou are 1.48 billion tons, and the industrial added value of the magnesite clinker industry accounts for 14.5% of the whole industry in 2018 [43]. The concentration of K was highest in Fushun due to the presence of biomass combustion [14,32], while Zn, Co, and Sn concentration were high due to the large amount of traffic emissions [19,44,45]. The highest concentrations of Si were seen in Anshan and Tieling at 1207.18 ng/m3 and 1038.72 ng/m3, respectively. Since Si is the marker element of soil dust [28], the contribution of dust in these two places may be relatively high. In Anshan, the highest concentration of As and Cr was due to coal combustion [46,47,48]. Overall, the highest concentrations of individual elements were mostly found in Anshan and Fushun. Compared to other cities in China, concentrations of Si, Ca, and Ti, are higher in this study. Frequent dust weather and intensive construction activities were the important reasons [49]. Intense open burning of biomass straws lead to a higher concentration of K observed in southeastern area of Inner Mongolia (Chifeng) [39]. Previous studies have shown that V and Ni are mainly originated from diesel and fuel oil combustion, and their concentrations in this study are significantly lower than those in Shanghai [38]. Compared with cities of developed countries, such as Hamilton, Canada [50], content of metal elements in PM2.5 in Liaoning is significantly higher, and concentration is 10–100 times higher than that in these areas. In New Delhi, India, a developing country, most of its elements are one or two orders of magnitude higher than Liaoning’s urban agglomeration [37].



The concentrations of different elements vary across different seasons. Figure 4 shows the changes in concentration of 24 elements over time and space. The concentration of K was relatively high in autumn and winter in all cities except Shenyang; this is because K is identified as a marker element of biomass combustion [32], which mostly occurs in autumn and winter in this area. The concentration of K was highest overall in Anshan, Fushun, and Liaoyang, which is the same as the results indicated by the PMF. The concentration of Ca was high in spring, which is due to the sand blown into the air by the heavy spring winds and the pollution caused by soil dust [19]. The concentration of Ca was the highest in Yingkou, which corresponds to soil dust’s large contribution (30.47%) in the PMF results. The concentrations of Mg are explained by the same mechanisms as Ca, as the crustal elements had higher concentrations in spring. The concentrations of Mg were highest in Anshan due to the presence of the magnesite clinker industry. The concentration of As is the highest in winter, as it is an indicator element of coal combustion, and coal combustion increases in the cold months. Due to the high As concentration in Anshan and Liaoyang, the contribution of coal combustion as a pollution source is also high. The concentration changes of Cd and Pb were the same as those of As, both of which were higher in winter, which was also demonstrated by research conducted in Xianlin, Nanjing [30]. The highest concentrations of all three elements were seen in Anshan. In general, the concentrations of most crustal elements were higher in spring, while the concentrations of man-made elements were higher in winter.




3.3. Source Identification


PMF analysis was conducted to investigate the sources of PM2.5 pollution in the urban agglomeration. Because Yingkou is close to the sea, whereas the industrial structure of the other six cities is similar, the PMF source analysis of the other six cities is done together, excluding Yingkou. Three, four, five, six, and seven sources were separately tested in the PMF analysis for optimum results. Based on the PMF simulation results, combined with regional and local emissions, different pollutant factors for different cities were identified.



Six factors were identified by PMF analysis in the six cities excluding Yingkou. The factor profiles are shown in Figure S1. The Q(true)/Q(exp) value of PM2.5 was 0.97, indicating that the analytical result was reasonable. These six sources were identified as (1) coal combustion, (2) industry, (3) traffic emission, (4) soil dust, (5) biomass burning, and (6) road dust. Coal combustion is characterized by the high loadings of the crustal elements As (36.80%), Cr (26.40%), and Na (23.23%). A study in Taiwan [46] discovered that high concentrations of As and Cr were attributed to coal combustion. Many other studies have also verified a connection between high levels of As and Cr and coal combustion [40]. Zhang et al. [44] stated that the presence of Na in airborne PM2.5 in Beijing was another element associated with coal combustion. These elements have commonly been identified as tracers for coal combustion [44,45,46]. The second factor, industry emissions, is characterized by high loadings of V (63.88%) and Ni (30.55%). Ni and V are elements known to come from oil combustion [46]. V is a tracer for any oil combustion process that uses raw materials in an industrial setting [46]. Ni is released from the burning of fuels (coal and oil combustion) and by electroplating units [35]. The third factor, traffic emission, is characterized by elevated levels of Zn (25.60%), Mo (53.83%), and Sn (30.82%). Zn can originate from tire abrasion, brake linings, lubricants, and corrosion of vehicular parts [30]. Mo comes from gasoline/diesel engine emissions [46]. Sn likely results from the abrasion of tires and brake linings [51]. Soil dust, the fourth factor, is characterized by high concentrations of crustal elements including Si (78.79%), Ti (63.67%), Al (53.22%), and Fe (46.15%). The reason this source contribution peaked in spring is probably due to the occurrence of dust storms, which occur frequently in the dry climate of spring [14]. Si, Al, Ti, and Fe were the dominant chemical components in soil dust profiles [19]. Factor five was notably characterized by high levels of K (48.58%) and was determined to be related to the burning of biomass [14,32]. Finally, the sixth factor contained a high proportion of Ca (48.92%), Ba (60.34%) Mg (30.13%), and Fe (24.50%). Mg, Ca, and Fe are mainly crustal elements, and Fe may come from the wear of tires and metal parts [13]. In addition, Ba is significantly linked to car brake linings and emissions from wearing [3]. As a result, factor six was identified as road dust.



Five factors were identified by PMF analysis in Yingkou, and the factor profiles are shown in Figure S2. The Q(true)/Q(exp) value of PM2.5 was 0.85, indicating that the analytical result was reasonable. These five sources were identified as (1) coal combustion, (2) metal smelting, (3) traffic emission, (4) soil dust, and (5) sea salt. The first factor, coal combustion, is characterized by the high loading of the crustal elements As (58.67%), Ni (64.24%), and Zn (47.33%). The make-up of this factor differed slightly from that of the urban sites above. Coal combustion is also an important source of carbonaceous aerosols in north China. As and Zn are the identifying elements of coal combustion, and V comes from coal burning [35]. These elements have commonly been distinguished as tracers for coal combustion [3]. The second factor, metal smelting, was notably characterized by V (44.30%), Fe (63.38%), Al (55.03%), and Ti (45.39%). Fe in ambient aerosols can be categorized as steel-related, but other metals such as V, Al, and Ti are also associated with iron and steel processing [30]. Factor three, traffic emission, displays high loadings for Zn (39.92%), Cu (45.21%), Mo (68.67%), and Sn (32.39%). These aerosol species are all enriched in vehicular emissions. Factor four, soil dust, was characterized by Si (41.59%), Ca (37.20%), and Mg (52.13%). Si, Ca, and Mg are crustal elements mostly originating in soil. Factor five was identified as sea salt due to high Na (73.78%) and median Mg (34.55%). Na is commonly found near the ocean, mainly depending on sea waves and evaporation [32]. This is due to Yingkou being a coastal city.



The contributions of each source to each city are shown in Figure 5. Except Yingkou, the contribution values of the six factors in the other six cities have little difference, indicating that the difference of pollution sources among cities is small. The contributions of coal combustion in Anshan, Benxi, and Liaoyang were 22.76%, 19.80%, and 22.91%, respectively, indicating that there was more coal-burning in these cities. Shenyang had the largest contribution of industrial sources at 18.6%, which was due to its large number of industries. In Fushun, road dust contributed 19.71%. This may be because there is a road around the site used for sampling and more vehicles pass by, which produces a considerable amount of dust. The contribution of soil dust in Tieling was up to 30%. As for Yingkou, soil dust and metal smelting contributed 30.47% and 29.63%, respectively. The contribution of traffic emissions was the least as 6.64%. Metal smelting was steady across the four seasons. In the spring and summer, the contribution of soil dust was relatively high because of agricultural activity. Coal combustion sources increased significantly in the autumn and winter.




3.4. Health Risk Assessment


Exposure to PM2.5 bound metals may pose serious carcinogenic or non-carcinogenic risks to humans, depending on various factors such as exposure concentration, duration, and frequency [28,52]. Moreover, the level of toxicity affecting the human population caused by specific metals may depend on the persistent emission of these metals from one or more sources [32].



3.4.1. Non-Carcinogenic Risks


The non-carcinogenic risks of nine heavy metal elements via respiratory pathways at the seven sites are shown in Figure 6. Detailed information for each element can be seen in Figure S3. For adults, the HQ values of V, Cr, Ni, As, Cd, and Pb ranged from 1.57 × 10−4 to 5.34 × 10−4, 1.03 × 10−1 to 2.38 × 10−1, 3.19 × 10−5 to 7.45 × 10−5, 3.38 × 10−3 to 5.02 × 10−3, 2.19 × 10−4 to 4.93 × 10−4, and 2.16 × 10−3 to 4.41 × 10−3 for the agglomeration, respectively. The HQ of these six elements were lower than the maximum safe level (HQ = 1) for adults at the seven sites. Therefore, their potential non-carcinogenic risk can be ignored. The HQ of Cu and Zn in Anshan is much higher than in other cities; however, the HQ of Cu and Zn were <1 in the urban agglomeration overall, so their non-carcinogenic risks can also be ignored. For Mn, the HQ in Anshan and Tieling were 1.76 and 1.4, respectively, indicating the risk for adults cannot be ignored. Compared with adults, the HQ of the 9 elements were higher for children; however, except for Mn, the HQ of these other elements was less than 1 for children as well. Therefore, only the source of Mn in urban agglomeration is a cause for concern.



The HI values for children were higher than the safe level (HI = 1) at each site, while the HI values for adults were higher than the safe level at Anshan, Fushun, and Tieling. The accumulative non-carcinogenic risks for the human body were mainly caused by Cr and Mn, especially Mn. According to the PMF results of each city, the main sources of Mn are coal burning and biomass combustion, while the main sources of Cr are coal burning and traffic emission.



A detailed health risk assessment of pollutant sources can help to illustrate the importance of controlling the emission sources. In order to further explore the sources of heavy metal elements with severe non-carcinogenic risk, the PMF results were used to study the source allocation of these elements in detail. Figure 7 shows the accumulative risks of these elements. From the figure, the trends observed in children and adults are similar, and the total risk value is the highest in Anshan, followed by Tieling. For adults, the HI values in Anshan, Fushun, and Tieling were 2.01, 1.03, and 1.64, respectively, exceeding the safety level (HI = 1) and requiring attention. In the six cities other than Yingkou, the total risks for children were much higher than the acceptable level, which were mainly contributions of biomass burning and traffic emission. In Yingkou, the non-carcinogenic risks from sea salt and coal sources were high. The total HI values for children were much greater than for adults, implying that children were subject to higher carcinogenic risks in the urban agglomeration.




3.4.2. Carcinogenic Risks


As shown in Table 1, the Risk values of Cr and As at the seven sites ranged from 10−6 to 10−4, which requires attention. The Risk posed by Cd in Anshan, Fushun, and Liaoyang also exceeded the acceptable limit, implying that the carcinogenic risk posed by Cd to the human body was not negligible. Cr had the highest carcinogenic risk value in Anshan. According to the PMF results, coal burning contributed up to 22.76% among the six pollution sources. As had the highest carcinogenic risk value in Liaoyang, and the PMF results showed that the contribution of coal burning was up to 21.91%. Therefore, coal burning in Anshan and Liaoyang needs to be addressed. The carcinogenic risk value of Cd was highest in Fushun, and the contribution of biomass combustion according to PMF results was the highest at 17.73%. Biomass combustion in Fushun must also be concerned.



Figure 8 shows the carcinogenic risks of each source in the seven cities. From the figure, Anshan had the highest carcinogenic risk at 1.54 × 10−4, while Shenyang had the lowest risk at 7.12 × 10−5. In the six cities other than Yingkou, only road dust had a combined single-factor risk value of less than 10−6, below the level of causing a cancer risk. The carcinogenic risks of the other five pollution sources were between 10−4 and 10−6. Traffic emission and coal combustion both cause a high risk of cancer. In Yingkou, sea salt and coal combustion pose the highest cancer risks. Therefore, the cumulative carcinogenic risks caused by coal sources should be paid close attention to in urban agglomerations.






4. Conclusions


The spatiotemporal characteristics, sources, and health risk assessments of 24 metal elements in PM2.5 in central Liaoning’s urban agglomeration were investigated in this study.



The average PM2.5 concentrations appeared to have significant seasonality. Comparatively higher concentrations of PM2.5 occurred in winter, whereas the lowest concentrations were recorded in summer in all seven cities. The high concentrations of Mg in Anshan and Yingkou were due to the relatively developed magnesite clinker industry in these cities. The concentration of K was highest in Fushun due to abundant biomass combustion. The highest concentrations of Si were seen in Anshan and Tieling, at 1207.18 ng/m3 and 1038.72 ng/m3, respectively. In Anshan, the high concentrations of As and Cr were due to coal combustion. In general, the concentrations of most crustal elements were higher in spring, while the concentrations of man-made elements were higher in winter.



PMF modelling results showed that coal combustion, industry, traffic emission, soil dust, biomass burning, and road dust were the main sources of measured elements in six cities except Yingkou. In Yingkou, the five major sources were identified as coal combustion, metal smelting, traffic emission, soil dust, and sea salt.



The health risk assessment suggested that at Anshan and Tieling for adults, and at five of the cites (except Benxi and Yingkou) for children, the concentrations of Mn were higher than the maximum safe level. Compared to adults, the HQ of the nine heavy metal elements for children were higher. The Risk values of Cr and As at the seven cites were all between 10−6 and 10−4, which requires attention. The Risk of Cd in Anshan, Fushun, and Liaoyang also exceeded the acceptable maximum. In six of the cities other than Yingkou, contributions to non-carcinogenic risks were primarily made by biomass burning and traffic emission. In Yingkou, the non-carcinogenic risks from sea salt and coal sources were high. The cumulative carcinogenic risks caused by coal sources should be paid close attention to in urban agglomerations. This paper addresses the shortage of research into regional air pollution in industrial urban agglomerations and lays a foundation for further research on industrial urban agglomerations.
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Figure 1. Location of sampling sites (n = 10) in the seven cities of the urban agglomeration. 
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Figure 2. (a) The seasonal mean concentrations of PM2.5 measured at the seven cities. (b) The seasonal mean concentrations of the sum of elements in PM2.5 measured at the seven cities. Shown in each subfigure are the mean (dot symbol), the median (horizontal line), the central 50% data (25th–75th percentiles; box), and the central 90% data (5th–95th percentiles; whiskers). 






Figure 2. (a) The seasonal mean concentrations of PM2.5 measured at the seven cities. (b) The seasonal mean concentrations of the sum of elements in PM2.5 measured at the seven cities. Shown in each subfigure are the mean (dot symbol), the median (horizontal line), the central 50% data (25th–75th percentiles; box), and the central 90% data (5th–95th percentiles; whiskers).



[image: Atmosphere 12 00667 g002]







[image: Atmosphere 12 00667 g003 550] 





Figure 3. (a) Annual average concentrations of 24 elements in PM2.5 at seven cities, (b) The average annual concentration of each element as a percentage of the total element concentration in PM2.5 at seven cities. 
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Figure 4. The mean concentrations of total 24 PM2.5 elemental components in different seasons at seven cities, the y-coordinate is the logarithmic coordinate. 
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Figure 5. Contribution percentage of the identified sources to PM2.5 at seven cities; while the first six cities share the same source, Yingkou is different from them. 
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Figure 6. The non-carcinogenic risks (sum HI) of total nine metal elements to adults and children at seven cities. The y-coordinate is the logarithmic coordinate. 
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Figure 7. Non-carcinogenic risks (sum HI) to adults and children from the PMF-identified sources of PM2.5 in seven cities ((a) non-carcinogenic risks to adults and (b) non-carcinogenic risks to children). While the first six cities share the same sources, Yingkou is different from them. 
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Figure 8. Carcinogenic risks from the PMF-identified sources to PM2.5 in seven cities. While the first six cities share the same source, Yingkou is different from them. 






Figure 8. Carcinogenic risks from the PMF-identified sources to PM2.5 in seven cities. While the first six cities share the same source, Yingkou is different from them.



[image: Atmosphere 12 00667 g008]







[image: Table] 





Table 1. Carcinogenic risks of metal elements at seven cities.
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	Species
	Shenyang
	Anshan
	Funshun
	Bengxi
	Yingkou
	Liaoyang
	Tieling





	Cr
	6.09 × 10−5
	1.41 × 10−4
	1.06 × 10−4
	9.00 × 10−5
	1.19 × 10−4
	9.74 × 10−5
	1.18 × 10−4



	Ni
	3.87 × 10−7
	6.26 × 10−7
	6.38 × 10−7
	5.81 × 10−7
	5.81 × 10−7
	4.33 × 10−7
	2.73 × 10−7



	As
	9.01 × 10−6
	1.09 × 10−5
	8.19 × 10−6
	9.83 × 10−6
	1.06 × 10−5
	1.13 × 10−5
	7.57 × 10−6



	Cd
	8.54 × 10−7
	1.28 × 10−6
	1.54 × 10−6
	6.83 × 10−7
	9.40 × 10−7
	1.11 × 10−6
	6.83 × 10−7
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