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Abstract

:

The pollution characteristics of multi-size atmospheric particulates in Xinxiang, which was one of the most polluted cities across China, are still unclear even through air quality in Xinxiang has been improved in recent years. PM10, PM2.5, and PM1 samples were synchronously collected from 21 December 2019 to 17 January 2020 to explore pollution levels and reveal sources of PM in Xinxiang. The average mass concentrations of PM10, PM2.5, and PM1 were as high as 155.53 μg m−3, 120.07 μg m−3, and 85.64 μg m−3 during the observation period, respectively. Almost all of the chemical compositions in PM10, PM2.5 and PM1 increased continuously and obviously with the aggravation of the pollution level. Compared with the clean period, the enhancement of sulfate (23–27%) in PM was obvious higher than nitrate (19–22%) during the pollution period, which demonstrated that sulfate was the main contributor to the high concentration of PM in this study. Similar source distributions for PM10, PM2.5, and PM1 were also found, including traffic source, combustion source, secondary aerosols, industrial source, and fugitive dust, by using the positive matrix factorization (PMF) model. Furthermore, the contributions of the combustion source and secondary aerosol were found to be higher in smaller particles (PM2.5 and PM1), while the contribution of fugitive dust was higher in PM10. Moreover, dust and sand were entrained by air masses from the northwest that increased the contribution of dust in PM at the observation site. The potential source contribution function (PSCF) analysis illustrated that regional emission sources in northern and eastern Xinxiang might be important potential contributors to PM pollution in Xinxiang.
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1. Introduction


Due to sharply increasing energy consumption, rapid economic development, and urbanization, persistent heavy haze pollution processes featuring high PM concentrations occur frequently in China, especially in North China in recent years, which has gained widespread attention [1,2,3,4]. Fine particulate (PM2.5, with an aerodynamic diameter smaller than 2.5 μm; Abbreviations were summarized in Table S1) and inhalable particle (PM10, particulate matter with aerodynamic diameter smaller than 10 μm) matter have dominated pollution episodes [5] in winter and attracted extensive attention due to their adverse effects on health [4,6,7], atmospheric quality [8], climate change [9], and visibility degradation [10]. The North China region, which contains the Beijing–Tianjin–Hebei region (BTH) and its surrounding provinces (e.g., Henan, Shanxi, Shandong), has a high population density, and a high presence of motor vehicles, and energy intensive and heavily polluted industries in China. According to the Ministry of Ecology and Environment Protection of China (MEEP), the top ten most polluted cities in China in 2021 were all located in the North China region. Therefore, pollution characteristics, source apportionment, formation mechanism, and risk assessment of PM2.5 and PM10 were conducted over the past several years [4,11,12,13,14,15]. Submicron aerosols (PM1, particulate matter with an aerodynamic diameter of smaller than 1 μm), as the smaller diameter airborne particles, played more important roles on haze formation, exposure risk, and climate change. However, studies on pollution level, source, and the transport pattern of PM1 as well as distributions characteristics of chemical species in multi-size airborne particles (PM10, PM2.5 and PM1) in North China are scarce.



Multiple studies have been conducted covering the characteristics of PM1 in some cities based on online continuous observation. Wang et al. [16] studied the non–refractory submicron aerosol (NR–PM1) in 2016 winter in Beijing and explored fast aqueous–phase transformation of primary organic aerosol (POA) emitted by fossil combustion to secondary organic aerosol (SOA) by an aerodyne SP–AMS. Non fossil sources were an important contributor to SOA in NR–PM1 as reported by Zhang et al. [17]. The characteristics and source of organic aerosol in NR–PM1 at high altitudes (260 m) were clarified by Zhou et al. [18]. Similar findings were also found in Atlanta, that is OA dominated NR–PM1 in all seasons, reported by Rattanavaraha et al. (2017) [19]. Such measurements based on online equipment provide high temporal resolution observation data [20,21], but the species covered were organic matter, nitrate, ammonium, sulfate, and chloride, while the variation of other crucial compositions (e.g., element carbon and heavy metals) was not exhibited. Further studies on the source identification of PM1 as well as the distribution patterns of chemical species in various size particles are limited. Furthermore, the pollution evolution in multi–size airborne particles during heavy pollution episodes in winter is also lacking.



Xinxiang, a medium–sized industrial city, is located in the northern area of Henan province. It is situated on the North China Plain and is adjacent to Taihang Mountain on the west, with a population of 6.3 million in 2020 (Henan Statistical Yearbook, 2021), covering an area of 8249 km2. Xinxiang has experienced serious atmospheric pollution, which was characterized by high PM concentration in recent years [2,22]. Fossil fuel and bio-fuel combustion, motor vehicles, fugitive dust and industrial process were identified as major contributors to PM pollution [2,22,23]. Research on the pollution pattern of multi-size particles and their source identification in Xinxiang is not available as far as we are aware.



Based on the results of previous studies, in this work, multi-size atmospheric particulate (PM10, PM2.5 and PM1) were simultaneously collected during the winter of 2019–2020. Their chemical species, including organic carbon (OC), element carbon (EC), water soluble ions and elements were determined. The primary research aimed to explore the following: (1) demonstrate the variation patterns of chemical species in PM10, PM2.5, and PM1 during observation periods; (2) explore the evolution and driving force of different pollution episodes; (3) reveal the major contribution sources and explore the region-transport influences of multi-size atmospheric particles.




2. Data and Methodology


2.1. Description of Station and Airborne Particles Sampling


Multi-size airborne particles (PM10, PM2.5 and PM1) sampling was simultaneously conducted from 21 December 2019 to 17 January 2020 on the roof of the South Building of Chemistry in Henan Normal University (113.91° E, 35.33° N, 72 m a.s.l) at a height of approximately 20 m from the ground (Figure 1). The location of the sampling site was surrounded by residential zones, commercial areas, and without a nearby industrial source, which represented a typical urban site in the central zone of Xinxiang. Xinxiang is a typical industrial city, and the consumption of coal and nitrogenous fertilizer, pollutants and other characteristics are summarized in Table S2. The samples of PM were simultaneously collected on 90 mm quartz membrane filters (Pallflex TissuquartzTM, Pall Corporation, Port Washington, NY, USA) every day from 9:00 a.m. to 8:00 a.m. of the next day (23 h) using TH–150F medium volume air particulate matter samplers (Wuhan Tianhong Instruments Co., Ltd., Wuhan, China) at a flow rate of 100 L min−1, according to the sampling methodology of previous studies [2,24] and technical specification (HJ 656–2013). During the entire sampling campaign, a total of 82 effective samples loaded with PM were obtained (28, 27 and 27 samples were collected for PM10, PM2.5 and PM1, respectively). In addition, six field blanks at each site were analyzed in the same way to evaluate the background value. Strict quality assurance and quality control (QA/QC) procedures were performed to ensure the collection of reliable data.




2.2. Sample Analysis


All the quartz filters, which were packaged with tin paper, were baked at 450 °C for 4 h in a muffle furnace to remove organic components prior to sampling [2]. After sampling, the aerosol-loads filters with PM were individually placed in Petri slides in the dark and stored at –20 °C prior to weighing and their subsequent analysis to prevent the evaporation of volatile components [25]. Before and after sampling, all filters were conditioned under a clean room under controlled conditions (constant temperature: 25 ± 1 °C; relative humidity: 50 ± 2%) for at least 24 h in order to minimize the influence of water adsorption and then weighed by using a microbalance tool (Mettler Toledo, XPE205, Columbus, OH, USA) with a reading precision of ± 10 μg. One quarter of each sample membrane was ultrasonically extracted using 15 mL ultrapure water (with a specific resistivity of 18.2 MΩ cm; Millipore, MA, USA) for 40 min at room temperature (20–25 °C). The extracted solutions were then filtered through a 0.45 μm PTFE (Polytetrafluoroethylene) microporous membrane using syringe filters. Eight of the water-soluble inorganic ions (WSII, including Na+, NH4+, K+, Mg2+, Ca2+, Cl−, NO3−, and SO42−) were analyzed by performing ion chromatography (IC, Dionex 600, Sunnyvale, CA, USA). For the analysis of carbonaceous components, a 0.53 cm2 fraction from another quarter of each sample was determined by performing the thermal–optical reflectance (TOR) method using a Multi-wavelength Carbon Analyzer (DRI model 2015, Desert Research Institute, Reno, NV, USA) following the Interagency Monitoring of Protected Visual Environments_A (IMPROVE_A) protocol. The microwave digestion system (MARS Xpress, CEM, Matthews, NC, USA) was used to digest the filter samples with an acid mixture (3 mL HF + 5 mL HNO3) for elemental analysis. Inductively coupled plasma atomic emission spectrometry (ICP–AES, SPECTRO Analytical Instruments GmbH, SPECTRO ACROS EOP, Kleve, Germany) was used to detect 19 trace elements in the digestion solution, including Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Ni, Pb, Sb, Se, Ti, V, and Zn [25]. Reagent blanks and field sample blanks were also simultaneously analyzed with PM-loaded filters for quality assurance and quality control (QA/QC). Other QA/QC procedures and detailed operation methods on chemical analysis were described in our previous studies [2,24,25].




2.3. Data Analysis Method


The chemical mass closure method was used to evaluate the chemical composition of PM (PMchem: the chemically reconstructed PM mass), which was as follows:


PMchem = OM + EC + MD + HMs + Sulfate + Nitrate + Ammonium + Chloride + Potassium



(1)







Organic matter (OM) can be estimated by multiplying organic carbon (OC) by a factor (ƒ) to explain non-carbon atoms (H, O, N, S) in organic components. The conversion factor ƒ can range from 1.3 to 2.2 at different sites around the world [2,26,27]. A previous study calculated the conversion factor ƒ in winter in Beijing by using an aerosol mass spectrometer (AMS), and the average value was 1.64 ± 0.13 using the Improved–Ambient (I–A) method and 1.53 ± 0.11 with the Aiken–Ambient (A–A) method [28]. Although the conversion factor ƒ varied by sites, seasons, and time of the day [29,30], we adopted a constant value of 1.6 in this study to estimate the content of OM in multi-size airborne particles. Therefore,


OM = ƒ × OC, ƒ = 1.6



(2)







Mineral dust (MD) was estimated by using the following equations [31]:


MD = Al2O3 + SiO2 + CaO + MnO2 + Fe2O3 + K2O

= 1.89 × Al + 2.14 × Si + 1.4 × Ca + 1.58 × Mn + 1.43 × Fe + 1.21 × K



(3)







Heavy metals (HMs) contents were calculated by taking the sum of 13 metal components and were expressed as:


HMs = As + Cd + Co + Cr + Cu + Mn + Ni + Pb + Sb + Se + Ti + V + Zn



(4)







Figure S1 depicts the comparison of the gravimetric PM10, PM2.5, and PM1 (PMgrav) mass and reconstructed mass (PMchem). It illustrates that PMchem was associated with PMgrav (coefficient of determination, R2 > 0.96; two–sample t test were conducted, p < 0.05 with a 95% confidence level), demonstrating that these reconstruction approaches exhibited strong reliability. Meanwhile, the chemical reconstructed mass concentrations of multi-size airborne particles were all less than those of PMgrav, which can be attributed to the unidentified components in samples or moisture in particulate matter. Furthermore, the decomposition of NH4NO3 in PM and the volatilization of organic components may occur especially at a high temperature. The discrepancy between chemical reconstructed mass and gravimetric mass was defined as “others” in our results.



The EC-tracer method was widely adopted to estimate the SOC content in PM2.5. This method assumes element carbon (EC) has good correlations with primary organic carbon (POC). The SOC estimated method can be expressed as follows [2]:


SOC = OC − POC



(5)






POC = EC × (OC/EC) prim



(6)




where, OC, POC, and SOC represent the observed ambient total OC, estimated primary OC, and secondary OC, respectively. The (OC/EC) prim was calculated by using the lowest OC/EC ratios in this study. The adopted OC/EC values were 1.23, 1.46, and 1.07 for PM10, PM2.5, and PM1, respectively.




2.4. Source Apportionment of Airborne Particles


The PMF model has been widely applied in the source apportionment of airborne particles in the world [16,32,33]. The EPA PMF 5.0 model was adopted to identify and quantify major sources of multi-size PM in this study.



In addition to the concentration of aerosol components, the uncertainties of chemical species were calculated based on the method detection limit (MDL) and error fraction according to the PMF 5.0 user guide [34]. The uncertainty (Unc) was calculated as follows [35,36]:


  Unc =  5 6  MDL        ( con ≤ MDL )      



(7)






  U n c =     ( e r r o  r   f r a c t i o n × c o n )  2  +   ( 0.5 × M D L )  2           ( c o n > M D L )      



(8)




where the error fraction was set as 10% in this study. The MDL used in calculating the uncertainties of chemical species by PMF is illustrated in Table S3. More details are provided in Supplementary Materials.




2.5. Geographical Origins


The 48 h air mass back trajectories at a height of 100 m above ground level were calculated by using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed by the US National Oceanic and Atmospheric Administration Air Resources Laboratory (NOAA ARL) and Bureau of Meteorology Australia (BOM), as has been adopted in related works [8,37,38]. The trajectories were calculated every hour using the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalyzed meteorological data (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/, accessed on 25 June 2022) during the entire sampling period. A total of 672 trajectories were used to perform a cluster analysis based on the similarity of spatial distribution and five clusters were obtained in this study.



The Potential Source Contribution Function (PSCF) method describes the conditional possibility of trajectories with a concentration of larger than a given threshold through a grid, and is widely used to identify source locations and likely transport pathways [39]. More detailed descriptions can be found in previous studies [2]. In brief, the PSCF method is expressed as follows [40]:


  P S C  F  i j   =  W  i j   ×  (   M  i j   /  N  i j    )   



(9)






   W  i j   =  {    1.00     3  N  a v e   <  N  i j       0.70     1.5  N  a v e   <  N  i j   ≤ 3  N  a v e       0.42      N  a v e   <  N  i j   1.5 ≤  N  a v e       0.05      N  i j   ≤  N  a v e        



(10)




where Nij is the total number of trajectories endpoints that fall into the grid (i, j) during the study period, Mij represent the number of endpoints in (i, j) with the concentration at the observation site higher than the threshold value (the 75th percentile for carbonaceous aerosols were adopt in this study), and Wij represent an empirical weighting function in order to understand the PSCF uncertainty resulting from Nij during the observation period [2,41]. Nave is the average number of endpoints in each grid cell. In this study, the air mass trajectories covered domain for PSCF analysis was set in the range of (30–49° N, 90–121° E) with a horizontal resolution of 0.5° × 0.5°.





3. Results and Discussion


3.1. Characteristics of PM10, PM2.5 and PM1


3.1.1. Mass Concentration and Chemical Species


The average mass concentrations of PM10, PM2.5 and PM1, and their chemical components during the observation period are shown in Table 1. The mass concentrations of PM2.5 ranged from 19.37 to 161.01 μg m−3, with an average value of 120.07 ± 52.86 μg m−3. The observational average concentration of PM2.5 was about 1.6 times the National Ambient Air Standard (NAAQS) (GB3095–2012) daily average limit (75 μg m−3), demonstrating the seriousness of airborne particle pollution in winter in Xinxiang. Accordingly, the daily concentrations of PM10 and PM1 were 45.84–292.62 μg m−3 and 19.37–161.01 μg m−3, with average values of 155.53 ± 66.22 and 85.64 ± 41.49 μg m−3, respectively. These observed concentrations of airborne particles in urban Xinxiang were found to be higher or lower than in other cities, such as Zhengzhou (109.9 μg m−3, 2017–2018 winter) [2], Lanzhou (70.4 μg m−3, 2019–2020 winter) [42], and Yuncheng (83.7 μg m−3, 2020 winter) [43] of PM2.5, Beijing (258.7 μg m−3, 2016–2017 winter) [24], Xinxiang (212.0 μg m−3, 2017–2018 winter) [22], and Xi’an (149.4 μg m−3, 2014–2015) [27] of PM10, and Handan (189.2 μg m−3, December 2015) [32], Beijing (78.2 μg m−3, 2016 autumn) [37], Lanzhou (45.7 μg m−3, 2019–2020 winter) [42], and Xinxiang (63.2, μg m−3, 2017–2018 winter) [22] of PM1. The average mass ratio of PM1 to PM2.5 was 71.3%, which was found to be higher than that in Xinxiang (52.8%, 2017–2018 winter) [22], Lanzhou (64.9%, 2019–2020 winter) [42], and Beijing (41.3%, 2016–2017 winter) [24], but lower than that observed in Handan (75.0% December 2015) [32]. The contribution of PM2.5 to PM10, 77.2%, was higher than that in previous studies, for example at urban sites of Xinxiang (56.3%, 2017–2018 winter) [22] and Lanzhou (61.8%, 2019–2020 winter) [42], but lower than that in Beijing (80.7%, 2016–2017 winter) [24]. These results illustrate that there were obvious temporal and spatial variations of the ratios of PM with different sizes across China. In addition, the impact of meteorological parameters on the PM1/PM2.5 ratio and PM2.5/PM10 ratio were further investigated. As shown in Figure S2, the ratios of PM1/PM2.5 and PM2.5/PM10 were correlated with RH (r = 0.47 and 0.47, two–sample t test was conducted, p < 0.05 with a 95% confidence level) and negatively correlated with WS to a certain extent (r = −0.37 and −0.33; two–sample t test was conducted, p = 0.06 and 0.09, respectively), demonstrating that low WS and high RH can facilitate the secondary transformation of aerosols and lead to a higher ratio of PM1/PM2.5 and PM2.5/PM10.



In this study, according to the daily average concentration limits of PM2.5 regulated by NAAQS (GB3095–2012), the heavy pollution period (HPP), moderate pollution period (MPP), and the clean period (CLP) were defined as daily average mass concentrations of PM2.5 ≥ 150 μg m−3, 75 ≤ PM2.5 concentration < 150 μg m−3, and PM2.5 concentration < 75 μg m−3, respectively. As shown in Figure 2, nearly all of the chemical compositions in PM10, PM2.5 and PM1 increased continuously and obviously with the aggravation of PM2.5 mass concentrations. The corresponding concentrations of OM and EC during heavy pollution days were 38.5, 36.0 and 24.4 μg m−3 and 10.3, 10.2 and 7.2 μg m−3, respectively, which were 2.3–2.6 and 2.1–2.6 times higher than those in the clean period, respectively. The results implied the local primary combustion source emissions were enhanced during heavy pollution days, revealing the necessity to further strengthen the reduction in combustion sources [2]. Besides, the contribution of SNA (sulfate, nitrate, and ammonium) to PM mass during pollution days commonly increased in previous studies [28,32,43]. In this study, the contribution of SNA increased by 48%, 41%, and 16%, for PM10, PM2.5 and PM1 from the clean period to the slightly polluted period, respectively. Therein, the contribution of nitrate, which was dominated by local emissions [44], was more evident with the aggravation of pollution than that of sulfate in multi-size particles. From the clean period to the presence of moderate pollution, the proportion of nitrate increased by 7%, 8% and 4% for PM10, PM2.5 and PM1, respectively, while the contribution of sulfate increased only by 4%, 4%, and 1%, respectively. This demonstrated that moderate pollution in Xinxiang was mainly dominated by the secondary conversion of NOX which generally originated from local traffic emissions. However, the increase in nitrate was lower than for sulfate from moderate pollution to heavy pollution for multi-size particles in this study, illustrating that sulfate formation was the main contributor under heavy pollution. These results were consistent with those reported in previous studies [45,46].




3.1.2. Preliminary Source Identification


Enrichment factor (EF) was often used to identify the primary source of elements, with the EF value greater than 10 for anthropogenic sources and EF lower than 10 for nature crustal sources [47]. In this study, aluminum (Al) was selected for calculated the EF values of elements in PM10, PM2.5, and PM1 as shown in Figure 3. The EF values in PM1 were found higher than that in PM2.5 and PM10 except Ca, illustrating the elements were more likely to be enriched in smaller diameter particles. The EF values of Mg, Ti, and V were found to be lower than 10 in all size particles matters, demonstrating that they were mainly from nature sources. Cd, Se, Sb, Pb, Cu, and As, which were mainly come from coal combustion and industry process [48,49,50], had higher EF values in all three size particles and could be attributed to anthropogenic sources. It should be noted that, the EF values of Cd in particulate matter in this study were much higher than that reported in previous studies [24,47]. As reported in Liu et al. [51], a significant Cd–related emission source was found in the research region and the lead acid battery and nickel cadmium battery manufacturing were the potential Cd emission sources. Figure 4 showed size distribution characteristics of various chemical components in PM. Remarkably, SNA, OC, EC and some elements (e.g., As, Se, Zn) were more likely to be enriched in PM1 other than course particles, demonstrating that their concentration level were more vulnerable to anthropogenic emissions. In comparison, some crust elements, such as Ca, Mg, Fe, and Al, were more highly enriched in course particles (PM2.5–10). These results were consistent with those reported in previous studies [24,25,37,47].





3.2. Heavy Pollution Periods Evaluation


The temporal variations of chemical compositions in PM10, PM2.5, and PM1 are presented in Figure 5. The concentrations of PM represented periodic “clean–polluted–clean” cyclical patterns throughout the sampling period, which were consistent with previous studies [5,13,52,53,54]. According NAAQS (GB3095–2012), the pollution period was defined as two successive days with daily average mass concentrations of PM2.5 ≥ 75 μg m−3. During the entire observation period, three pollution periods were found on 21–25 December 2019 (PP1, 5 days), 2–4 January 2020 (PP2, 3 days), and 12–17 January 2020 (PP3, 6 days). These results illustrated that PM pollutions levels were still high though they decreased during the past several years, due to the implementation of the Clean Air Action Plan (CAAP) since 2013 [2,55].



For the pollution period, the mass concentrations of PM10, PM2.5, and PM1 were 2.5, 2.7, and 2.8 times compared with those in clean periods, respectively (Table S4). Secondary inorganic aerosols (SNA) were the major compositions in airborne particles, increasing 3.0, 3.1, and 2.1 times for PM10, PM2.5, and PM1, respectively. The enhancement of sulfate (27%, 25%, and 23% for PM10, PM2.5, and PM1, respectively) during the pollution period was higher than that of nitrate (22%, 23%, and 19%). An obvious contradictory variation trend of sulfate and nitrate from the clean period to a pollution episode was detected in the work of Liu et al. [2], demonstrating that sulfate, as opposed to nitrate, was the main contributor to pollution in this study. In addition, the rapid formation of sulfate which dominated the extreme haze episode in this study was also described in previous studies [45,46,56].



The sulfur oxidation ratio (SOR = [SO42−]/([SO42−] + [SO2]) and nitrogen oxidation ratio (NOR = [NO3−]/([NO3−] + [NO2]) were adopted to explore the conversion degree of gaseous pollutants [57,58]. The values of SOR increased from 0.26 during the clean period to 0.55 at a pollution episode for PM10, while it increased from 0.22 to 0.50 for PM2.5 and from 0.18 to 0.38 for PM1, representing an increase of 1.1, 1.3, and 1.1 times, respectively. Correspondingly, the NOR increased by 0.8, 0.9, and 0.6 times for PM10, PM2.5, and PM1, respectively. Different from a previous study [2], the enhancement of NOR at a greater level than SOR in this study illustrated the stronger sulfate formation from gaseous precursors to PM during the haze episode than nitrate in this study.



As shown in Table S4, the most serious pollution was found in PP1 with the average mass concentrations of 217.39, 171.34, and 139.28 μg m−3 for PM10, PM2.5 and PM1, respectively. Higher concentrations of SO42−, NO3−, NH4+, K, As, Se, Pb, Ni and Zn were found in PP1 (Table S4), which were highly associated with fossil fuel/biomass combustion and vehicle exhausts [49,59]. Among the three pollution periods, the largest value of SOR was also found in PP1, showing that the rapid transformation of sulfate dominated the formation of haze pollution. Generally, sulfate formation can occur via homogeneous gas-phase oxidation with OH oxidants [60,61,62]. The heterogeneous chemical reaction of SO2 associated with H2O2 and O3 under the catalysis of transition metals was another important formation pathway [62]. In addition, NO2 oxidized SO2 to form sulfate under high RH conditions, which could be an important formation pathway [45]. In PP1, the highest RH value was also found, supporting the conclusion that heterogeneous reaction played a major role in sulfate formation [2].



The PP2 episode was characterized by high concentrations of Cl−, OC, EC, POC, SOC, MD, Al, Ca, Fe, Mg, K, Pb, Cd, and Cr in airborne particles, which were highly associated with dust and the combustion source [2,24,25]. Liu et al. [2] concluded that air-mass-carried dust from northwest China could be transported to the same research area. As shown in Table S4, the concentrations of MD in PP2 (6.63–52.29 μg m−3) were significantly higher than that in the PP1 and PP3 episodes. There is no doubt that the mass ratio of MD to PM in PM10 (26%) was much higher than that in PM2.5 (10%) and PM1 (7%). In addition, secondary generations of sulfate and nitrate were weaker during PP2 for low levels of O3 and low RH, as shown by the lowest SOR and NOR values compared with PP1 and PP3. However, the mass concentrations of OC, EC, and Cl− were also higher than that in PP1 and PP3; therefore, the haze in the PP2 episode was dominated by dust and local combustion sources.



For PP3, relatively high mass concentrations of SO42−, NO3−, NH4+, Cr, Se, Pb and Zn were observed, which were similar to PP1. The significant secondary formation of sulfate under high RH (77%) and low wind speed (0.22 m s−1) (Figure 5) was the major contributor to this haze episode. However, different from PP1, the highest NOR value (0.24–0.34) was found in this episode, demonstrating that the secondary formation of nitrate was also the important contributor to a high concentration of PM in this pollution episode. Furthermore, the proportion of nitrate in PP3 (31.3%, 34.1%, and 36.0% for PM10, PM2.5, and PM1, respectively) was higher than that in other pollution periods, suggesting the enhanced role of nitrate formation during PP3. The above results clearly demonstrate that there was strong secondary formation of SNA from gaseous precursor to particles, especially ultrafine particle, during the PP3 episode.




3.3. PM Source Appointment


The US EPA 5.0 model was used to apportion the contribution sources of airborne particles based on the dataset of 82 effective samples from 21 December 2019 to 17 January 2020. Because the source profiles of PM10, PM2.5 and PM1 were quite similar [32,37,63,64,65], the PM data from different size particulates (PM10, PM2.5 and PM1) were combined and imputed into PMF in this study as was the case in other previous studies [38,63,64,65]. The contribution of apportioned sources calculated by evaluating the annual average concentrations are presented in Figure 6. The source apportionment results of PM are shown in Figure S3 in the Supplementary Materials. The apportioned sources and their contributions are summarized as follows:



Factor 1 represents traffic sources with high loadings of OC, EC, and the heavy metals of Zn, Cu, Mn, and Pb (Figure S3) [66]. The annual average concentration of traffic sources contributed to 23.0–24.4% of the PM mass. In addition, secondary aerosols can be transformed by the precursors SO2, NOX, VOCs and NH3, and motor vehicle exhaust was one of the most important NOX and VOCs emission sources in urban areas [67,68,69]. Consequently, the contribution of this factor to PM would be much higher when considering the secondary transformation of gaseous precursors. Factor 2 and Factor 6 explained 2.4%, 0.7%, 0.8% and 3.6%, 3.2%, 1.9% of the total variance of PM10, PM2.5, and PM1, respectively. The characteristics of these factors included high loadings of typical elements which were associated with industrial sources, including Co, Ni, Cr, and Cd. Xinxiang is known as the capital of the battery industry and produces various types of batteries including nickel–cadmium batteries, Ternary lithium batteries, lithium iron phosphate batteries, and lead batteries [51]. Cement production, and a non-ferrous smelter were also located around observation site. Consequently, pollutants emissions for industrial processes slightly increased the PM concentration.



Factor 3 was identified as combustion sources, which mainly included coal combustion and biomass burning. Coal combustion was characterized by a high content of chloride, OC, and EC [18,70]. Biomass burning contained a significant amount of K+, which was generally considered as a good tracer of biomasses [71]. Combustion source were found to have a significantly lower contribution to the PM10 (12.8%) in Xinxiang than those in smaller particles (22.7% for PM2.5 and 25.4% for PM1), demonstrating that much smaller sized airborne particles were emissions from combustion processes. The findings were in accordance with the results reported in previous studies [32,37].



The fourth factor was identified as dust featured with abundant concentrations of Ca2+, Mg2+, Al, Fe, Mn, and Ti. The elements of Fe and Mn were partly derived from soil dust released by urban subways and ground vehicles as proposed in previous studies [72,73]. The chemical species Mg2+, Ca2+ can be regarded as good tracers of construction dust, soil dust and road dust according to previous studies [8]. Therefore, this source was apportioned as dust, which included soil dust, construction dust and transportation dust. The average contribution of dust to PM10 (19.1%) was higher than that in PM2.5 (3.9%) and PM1 (2.2%). These results demonstrated that fugitive dust was more likely to be enriched in course particles, which is consistent with the above discussion.



The fifth factor was associated with secondary aerosols because of the high loadings of nitrate, sulfate, and ammonium as only minor OC mass (Figure S3), which can be classified as a secondary inorganic aerosol (SNA) source [74,75]. The secondary aerosol (SA) was identified as the dominant source of multi-size particles, and their contributions to PM mass ranged from 37.8% to 46.7% (Figure 6). Similar to the variation characteristics in combustion sources, a higher concentration was found in terms of smaller-size particles, which is consistent with many studies conducted previously in North China [32,37].




3.4. Geographical Origins of PM


The 48 h air mass backward trajectories analysis from Xinxiang during the whole observation period is shown in Figure 7. Five clusters were found in this study named C1, C2, C3, C4, and C5, which accounted for 44.49%, 9.38%, 36.46%, 4.17%, and 5.51% of the overall trajectories, respectively. Cluster 1 (blue line) primarily originated from the west of Shandong province, travelling over some heavily polluted cities in the east of Henan province [5,76]. The cluster C2 (green line) mainly derived from Mongolia and moved at relatively great speeds and height, while cluster C3 (claybank line) originated from the north, began in Hebei province and crossed over several heavy polluted cities covering Handan, Xingtai, Anyang, which are typical heavily polluted areas [3,13,32]. The cluster C4 (Blank line) moved at the fastest wind speeds and highest height, and was mainly derived from Xinjiang, Gansu, and Inner Mongolia and passed over the Shaanxi and Shanxi provinces before arriving at the research area. The cluster C5 (red line) came from the south and crossed over Hubei province and several cities in the South and Central Henan province.



As shown in Figure 7 and Figure 8, the pollutant concentrations in cluster C1 were higher than the other clusters, and the average mass concentrations of PM10, PM2.5, and PM1 were 183.59, 141.89, and 97.93 μg m−3, respectively. The chemical compositions in multi-size particles exhibited varying trajectory-dependence characteristics. Cluster C1 featured a high concentration and proportion of sulfate, nitration, and ammonium. Similar chemical species variation patterns were also found in high concentration air masses associated with cluster C3 (95.52–157.73 μg m−3) and C5 (67.03–138.33 μg m−3) (Figure 7 and Figure 8). The entrained particulate matter of cluster 1, cluster 3, and cluster 5, with eastern, northern and southern sources combined with the secondary formation by gaseous precursors elevated the PM concentration at the sampling cities [2,8]. Compared with cluster C1 and C5, the concentrations and proportion of sulfate in cluster C3 were significantly higher (Figure 8). In comparison, the lowest concentrations of PM10 (63.45 μg m−3), PM2.5 (44.96 μg m−3), and PM1 (28.81 μg m−3) were found in trajectories associated with cluster C2. PM associated with cluster C1 was characterized by a high concentration and proportion of MD (Figure 8), demonstrating that dust and sand from Inner Mongolia elevated the PM concentration in Xinxiang [2]. Similar variation patterns of species were also observed in PM with C4. Among the five clusters, the common features of species were that MD was mainly enriched in PM10, and OC and SNA were mainly distributed in small–size particles. These results were consistent with previous studies [24,27,32,37].



The WPSCF analysis model is often used to identify the influence of regional transport and explore the potential source region [2]. Some studies evaluated the contribution of PM2.5 in North China, and the conclusions exhibited obvious regional transport contributions to PM2.5 [77,78]. Though PM1 has been confirmed as more susceptible to regional transport, the related studies in Xinxiang are scarce. Therefore, a WPSCF analysis of PM1 and its primary compositions was conducted and the results are shown in Figure 9. The WPSCF results showed that PM1 and its chemical species (except Ca2+) had similar spatial potential contribution areas. The patterns of regional transport of all species were found at the observed site, which coincided with previous studies [2,32,77]. The air masses from the east, northeast and southeast of the observed site had a major influence on the research region and the potential contribution areas included Jiangsu, Anhui, and Hebei province. The air masses from these regions entrained with a high concentration of PM and gaseous precursor can induce the persistent accumulation of PM1 and generate regional pollution episodes. For Ca2+, the relatively high WPSCF value was observed in the north and southeast of Xinxiang, covering the Hebei and Henan province. Overall, the results discussed above illustrated that PM1 was more strongly influenced by regional transport due to its finer aerodynamic diameter [37].





4. Conclusions


Xinxiang has experienced heavy particulate matter pollution during recent years. In this study, PM10, PM2.5, and PM1 samples were synchronously collected from 21 December 2019 to 17 January 2020 in Xinxiang. The average mass concentration of PM10, PM2.5, and PM1 were as high as 155.53 ± 66.22 μg m−3, 120.07 ± 52.86 μg m−3, and 85.64 ± 41.49 μg m−3 during the observation period, respectively. The observational average concentration of PM2.5 was about 1.6 times the National Ambient Air Standard (NAAQS) (GB3095—2012) daily average limit (75 μg m−3), demonstrating the seriousness of airborne particles pollution in winter in Xinxiang. The average PM1/PM2.5 ratio and PM2.5/PM10 were about 71.3% and 77.2%, respectively, and the ratios all correlated with RH and negatively correlated with WS to a certain extent.



Nearly all of the chemical compositions in PM10, PM2.5 and PM1 increased continuously and obviously with the aggravation of PM pollution. From the clean period to the slightly polluted period, the contribution of SNA increased by 16–48%; therein, the enhancement of nitrate was significantly larger than sulfate. However, the increase in nitrate was lower than sulfate from moderate pollution to heavy pollution.



Three pollution periods were found during the entire observation period. During pollution episode 1, the rapid transformation of sulfate dominated the formation of this haze pollution. High concentrations of PM in pollution period 2 could be caused by the dust and combustion sources. Pollution episode 3 was characterized by the common formation of sulfate and nitrate.



The results apportioned from the PMF model showed that the major PM sources were as follows: traffic source, combustion source, secondary aerosols, industrial source, and fugitive dust in Xinxiang. The contributions of combustion source and secondary aerosols were found to be higher in smaller particles (PM2.5 and PM1), while the contribution of fugitive dust was higher in PM10. The potential source regions were mainly distributed in Hebei, Jiangsu, Anhui and Hebei. This work offered first-hand details on PM10, PM2.5 and PM1 in a heavily polluted city in China, which can be helpful in elucidating components and sources of different size particles and assist in the alleviation of PM pollution in polluted areas around world. In future studies, high-temporal resolution (such as 1hour or several minutes), a long time scale and multi-size PM online observations can provided more information on the secondary formation mechanism, haze evolution, and size distribution characteristics.
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Figure 1. Map showing topographical conditions and locations of sampling site. 
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Figure 2. Variations of chemical components in PM10, PM2.5 and PM1 at different pollution levels through the entire sampling campaign. CP, SP, and HP represent clean period (PM2.5 concentration < 75 μg m−3), slightly pollution period (75 ≤ PM2.5 concentration < 150 μg m−3), and heavy pollution period (PM2.5 concentration ≥ 150 μg m−3), respectively. 
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Figure 3. Enrichment factor (EF) of elements in PM10, PM2.5 and PM1 during 2019–2020 winter sampling campaign. 
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Figure 4. Size distribution of water-soluble, carbonaceous species and elements in PM. 
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Figure 5. Temporal variations of chemical species in PM10 (a), PM2.5 (b), and PM1 (c). Pie charts show the average chemical compositions for each period. CP represent clean periods and PP is the entire pollution period in winter. 
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Figure 6. Annual average source contributions to PM10, PM2.5 and PM1 masses in Xinxiang. 
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Figure 7. Cluster analysis of 48 h backward trajectories of PM in 2019–2020 winter. 
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Figure 8. Corresponding cluster average mass concentrations and proportions of chemical compositions in PM10 (a,b), PM2.5 (c,d), and PM1 (e,f) during the observation period. 
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Figure 9. PSCF analysis for (a) PM1 and (b–f) its chemical species (Cl−, SO42−, NO3−, Ca2+, EC) in Xinxiang during the observation period. (The color bar represented the WPSCF value). 
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Table 1. Average concentrations of chemical species in PM10, PM2.5, and PM1 during the entire observation period.
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Species

	
PM10

	
PM2.5

	
PM1




	
Average ± SD

	
Range

	
Average ± SD

	
Range

	
Average ± SD

	
Range






	
PM

	
155.53 ± 66.22

	
45.84–292.62

	
120.07 ± 52.86

	
30.53–197.08

	
85.64 ± 41.49

	
19.37–161.01




	
OM

	
28.14 ± 13.54

	
8.61–62.12

	
25.57 ± 13.12

	
7.22–52.09

	
17.22 ± 8.70

	
5.32–41.19




	
EC

	
7.72 ± 2.69

	
3.40–12.86

	
7.08 ± 3.22

	
1.54–13.96

	
5.17 ± 2.07

	
0.94–8.63




	
Cl−

	
4.25 ± 2.69

	
1.03–9.86

	
3.73 ± 2.37

	
0.72–8.08

	
2.64 ± 1.62

	
0.72–5.81




	
SO42−

	
23.03 ± 15.35

	
2.90–54.79

	
18.77 ± 12.41

	
2.35–39.35

	
11.05 ± 6.52

	
1.86–22.38




	
NO3−

	
35.49 ± 17.72

	
5.52–68.67

	
31.49 ± 16.06

	
4.06–57.59

	
22.61 ± 10.61

	
4.06–44.17




	
Na+

	
0.54 ± 0.24

	
0.18–1.07

	
0.34 ± 0.15

	
0.11–0.70

	
0.23 ± 0.08

	
0.09–0.37




	
NH4+

	
16.68 ± 9.72

	
1.63–30.43

	
15.64 ± 8.76

	
1.49–28.36

	
12.16 ± 6.01

	
1.85–23.43




	
K+

	
0.82 ± 0.42

	
0.13–1.62

	
0.73 ± 0.36

	
0.10–1.32

	
0.57 ± 0.25

	
0.10–0.91




	
Mg2+

	
0.25 ± 0.12

	
0.07–0.45

	
0.14 ± 0.06

	
0.04–0.25

	
0.08 ± 0.03

	
0.02–0.14




	
Ca2+

	
4.99 ± 2.49

	
0.95–10.49

	
1.36 ± 0.60

	
0.39 – 2.82

	
0.66 ± 0.18

	
0.40–1.14




	
Al

	
1.79 ± 0.89

	
0.29–3.52

	
0.45 ± 0.22

	
0.12–1.03

	
0.14 ± 0.16

	
0.02–0.86




	
Fe

	
2.09 ± 0.91

	
0.68–4.48

	
0.86 ± 0.48

	
0.30–2.47

	
0.38 ± 0.22

	
0.14–1.06




	
As

	
0.01 ± 0.01

	
0.004–0.031

	
0.009 ± 0.006

	
0.002–0.027

	
0.007 ± 0.004

	
0.002–0.015




	
Ba

	
0.05 ± 0.03

	
0.01–0.13

	
0.02 ± 0.01

	
0.003–0.039

	
0.007 ± 0.005

	
0.001–0.023




	
Cd

	
0.008 ± 0.007

	
0.001–0.038

	
0.005 ± 0.005

	
0.001–0.028

	
0.003 ± 0.003

	
0.001–0.017




	
Co

	
0.004 ± 0.005

	
0.001–0.025

	
0.001 ± 0.001

	
0.0002–0.0039

	
0.0004 ± 0.0002

	
0.0002–0.0014




	
Cr

	
0.02 ± 0.01

	
0.01–0.04

	
0.01 ± 0.01

	
0.001–0.041

	
0.005 ± 0.005

	
0.0002–0.0224




	
Cu

	
0.04 ± 0.03

	
0.01–0.14

	
0.02 ± 0.02

	
0.01–0.09

	
0.01 ± 0.01

	
0.004–0.044




	
Mn

	
0.09 ± 0.05

	
0.03–0.23

	
0.05 ± 0.03

	
0.02–0.14

	
0.03 ± 0.02

	
0.01–0.08




	
Ni

	
0.02 ± 0.02

	
0.004–0.076

	
0.01 ± 0.01

	
0.001–0.046

	
0.004 ± 0.003

	
0.0002–0.0117




	
Pb

	
0.10 ± 0.05

	
0.03–0.26

	
0.08 ± 0.04

	
0.02–0.19

	
0.05 ± 0.02

	
0.02–0.11




	
Sb

	
0.01 ± 0.01

	
0.002–0.025

	
0.008 ± 0.005

	
0.003–0.018

	
0.006 ± 0.003

	
0.002–0.011




	
Se

	
0.0012 ± 0.0003

	
0.001–0.002

	
0.0011 ± 0.0003

	
0.0007–0.0018

	
0.0010 ± 0.0001

	
0.0008–0.0013




	
Ti

	
0.13 ± 0.06

	
0.03–0.23

	
0.04 ± 0.02

	
0.02–0.09

	
0.01 ± 0.01

	
0.003–0.030




	
V

	
0.003 ± 0.001

	
0.001–0.006

	
0.001 ± 0.001

	
0.0003–0.0024

	
0.0004 ± 0.0003

	
0.0001–0.0015




	
Zn

	
0.26 ± 0.16

	
0.05–0.62

	
0.20 ± 0.11

	
0.03–0.47

	
0.13 ± 0.06

	
0.04–0.25




	
MD

	
28.80 ± 14.14

	
5.14–59.66

	
7.90 ± 3.69

	
2.31–17.62

	
2.93 ± 1.98

	
0.99–10.50




	
THMs

	
12.06 ± 6.00

	
2.39–25.68

	
3.80 ± 1.80

	
1.25–8.15

	
1.65 ± 0.75

	
0.76–3.61
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