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Abstract

:

PM2.5 was sampled in four seasons of 2021 in Nanchang. Organic carbon (OC), elemental carbon (EC), and water-soluble ions were the main chemical compositions in PM2.5. The annual average of OC/PM2.5 and EC/PM2.5 was 17.1% and 2.1%, respectively, while nine water-soluble ions were 56.7%. The order of each ion percentage in PM2.5 was NO3− > SO42− > K+ > Na+ > NH4+ > Cl− > NO2− > Ca2+ > Mg2+. The OC/EC (6.54, 13.17, 8.95, 7.99) and Char-EC/Soot-EC (0.88, 0.64, 1.32, 3.74) indicated that the carbon aerosols mainly originated from coal combustion, biomass combustion, and motor-vehicle emissions. High concentrations of Cl− and Ca2+ in spring were associated with dust sources. A good correlation between Na+, SO42−, and NO3− suggests the formation of Na2SO4 and NaNO3. The results of PM2.5 source apportionment by positive matrix factorisation (PMF) showed five main sources: motor-vehicle sources (18–33%), secondary sources (16–36%), coal combustion sources (16–30%), biomass-combustion sources (10–28%), and dust sources (5–7%). Backward trajectory clustering analysis showed PM2.5 in spring and autumn were more influenced by medium distance and local air but mainly influenced by local sources in winter.
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1. Introduction


PM2.5 and some of their chemical compositions have effects on solar radiative forcing [1,2], which affects the environment and climate adversely and are hazardous to human health due to the carcinogens and teratogens in PM2.5. Carbonaceous aerosols are an important component of PM2.5, mainly organic carbon (OC), elemental carbon (EC) and carbonate carbon (CC) [3,4]. Ji [5] studied the concentration levels and sources of carbon fractions in PM2.5 in Handan and their variation patterns and determined that the mass concentration of the carbon fractions in PM2.5 are high in autumn and winter and low in spring and summer; its sources were mainly biomass combustion, coal combustion emissions, and diesel-vehicle exhaust. Srinivas [6] collected PM2.5 samples in the Ganges Plain region and analysed their carbon fraction and the presence of secondary production of OCs. Water-soluble inorganic ions are also an important chemical component of PM2.5, mainly SO42−, NO3−, NH4+, Na+, Ca2+, Cl−, K+, and Mg2+ [7]. Regarding foreign studies, Katarzyna [8] collected PM2.5 in the Polish region throughout 2016 and showed that NO3− and secondary organic carbons (SOCs) dominated PM2.5 and that there were differences in seasonal variation between the different components. Liu [9] observed PM2.5 and its chemical components in the Taiyuan region and concluded that SO42−, NO3−, NH4+, and Cl− were the main chemical components of PM2.5 and that coal-fired sources contributed more to the atmospheric PM2.5 in the region.



The sources of PM2.5 were complex and diverse and the distribution characteristics were varied in different regions [10]. It is important to study the chemical composition of PM2.5 and quantitatively analyse its sources for regional air-pollution prevention and control. For the source analysis of carbonaceous aerosols, the main methods are ratio analysis, principal component analysis (PCA), positive matrix factorisation (PMF), and backward trajectory and potential source analysis. The ratio-analysis method can identify the main sources of carbonaceous aerosols. The PCA and PMF analyses allow quantification of the contribution of various potential sources to the concentration of carbon aerosols, while the backward trajectory method was mainly used to determine the influence of external transport on carbon aerosols [5]. Shen [11] used PCA and backward trajectory for source analysis in Beijing. The results showed that secondary pollution is more serious in summer, and the main sources of carbon aerosols are mixed motor-vehicle emissions, road dust, and combustion sources. Zhang [12] determined that the order of carbon fraction content and EC1 was higher in winter in Harbin, which indicated that coal combustion and vehicle exhaust were the main sources of air pollution, and the contribution of biomass-combustion sources increased in winter. Li [13] used PCA to analyse the eight carbon components of PM10 in Shenyang and concluded that the main sources of OC and EC were vehicle-exhaust sources and fossil-fuel combustion sources. In recent years, studies on the spatial and temporal distribution characteristics and source apportionment of PM2.5 and its chemical components have been a hot topic in the field of atmospheric science [14].



Nanchang, the capital city of the Jiangxi Province in the inland area of East China and one of the central cities in the middle and lower regions of the Yangtze River, is located in the subtropical humid monsoon climate zone with a humid and mild climate, high precipitation, strong solar radiation, active atmospheric photochemical reactions, and high frequency of acid rain [15]. Recently, with the rapid development of industry, energy consumption, fossil-fuel combustion, and the number of motor vehicles have been increasing. The situation of air quality deserves attention. We have carried out some previous studies on the chemical composition and source of PM2.5 in Nanchang and obtained some results [16]; however, with the gradual expansion of the Nanchang urban area, especially the rapid development of Honggutan district, it is still necessary to further study the distribution characteristics and source apportionment of PM2.5 in this region.



In this paper, PM2.5 in the atmosphere of Nanchang was focused on, and PM2.5 was sampled in the four seasons during March–December 2021. The carbon components and water-soluble ions in PM2.5 were determined by carbon analyser and ion chromatography, respectively [17]. The distribution characteristics and influencing factors of PM2.5, its carbon components, and water-soluble ions were analysed. Based on the distribution characteristics, two source apportionment methods/models (PMF and backward trajectory clustering analysis) were applied to further identify the sources of PM2.5. It is meaningful to scientifically assess and prevent and control the effects and hazards of PM2.5, which provide a scientific basis and data support for further prevention and control of particulate pollution in this study region.




2. Materials and Methods


2.1. Sample Collection


The sampling site (115°47′33″ E, 28°39′47″ N) was located in Nanchang City, in the inland area of East China, about 25 m above ground level with no typical industrial pollution sources nearby and no natural or artificial objects higher than the sampling site within 500 m. It was a mixed receptor site influenced by a mixture of road-traffic exhaust, industrial and domestic emission sources, construction dust, and other urban sources.



From March to December 2021, PM2.5 was collected using a MiniVol portable airborne particulate sampler (flow rate 5 L/min) with a British Whatman quartz fibre filter (diameter 47 mm) for three consecutive days per month, with a collection time of 24 h for each sample. Before sampling, the filter membranes were pre-treated by wrapping them in aluminium foil and placing them in a muffle furnace (at 500 °C) for 6 h. After drying, the membrane is placed in a transparent shell, washed with distilled water, placed together in a drying dish at constant temperature and humidity for 24 h, and then stored in a freezer for sampling.




2.2. Determination of PM2.5 and Its Chemical Components


PM2.5 mass concentration was determined by the weight method. The determination of OC and EC in PM2.5 was performed using a DRI2015 thermo-optical carbon analyser [18] and the pyrolysis warming process was set to gradient warming to determine the eight carbon fractions of OC1, OC2, OC3, OC4, EC1, EC2, EC3, and optical pyrolysed carbon (OPC). The pyrolysis process is based on the IMPROVE A procedure.



The thermal-optical carbon analysis [19] is based on the different order of oxidation of OC and EC at different temperatures and atmospheres. The function relies on the fact that organic compounds can be volatilised from the sample membrane in a nonoxidising helium (He) environment, whereas EC must be burned with the oxidising agent. In an oxygen-free pure helium environment, the OC on the sample filter is released by four pyrolysis passes. The pyrolysis ramp-up process is set to a gradient of 70–100 °C at a time with a final ramp-up to 900 °C. During this ramp-up process, the eight carbon fractions OC1–OC4, EC1–EC3, and OPC are measured separately. OC1, OC2, OC3, and OC4 are the carbons produced from atmospheric conditions (−25 °C) to 140 °C, 140 °C to 280 °C, 280 °C to 480 °C, and 480 °C to 580 °C in the presence of He, respectively; OPC is the carbon produced by returning the reflected or transmitted light from the laser measurement filter to its initial value in the presence of 98% He and 2% O2 at a temperature of 580 °C. EC1, EC2, EC3, and EC4 are the carbons produced at 580 °C, 580–740 °C, and 740–840 °C in the presence of 98% He and 98% HeO2, respectively. The principle is that the carbon-containing material in the membrane is pyrolysed to produce CO2, then the CO2 is converted to CH4 by a catalyst (MnO2), and the carbon content is converted by the CH4 detected by a hydrogen flame ionisation detector (FID). The content of OC is equal to the sum of the masses of OC1, OC2, OC3, OC4, and OPC, while the content of EC is equal to the sum of the masses of EC1, EC2, and EC3 minus the mass of OPC. These values are explained by Equations (1) and (2):


   OC   =      OC   1    +    OC   2    +    OC    3       +    OC   4    + OPC   



(1)






   EC =       EC    1    +       EC    2    +       EC    3   − OPC  



(2)







Half of the filter sample was cut with ceramic scissors and placed in an ultrasonic cleaner with ice water for 1 h. The sample was filtered with a disposable syringe and transferred to a clean centrifuge tube for testing. The water-soluble inorganic cations (Na+, NH4+, K+, Mg2+, Ca2+) in an ultrapure water extract of PM2.5 were determined by ICS-1100 (Dionex Inc., Sunnyvale, CA, USA) ion chromatography with a CS12A column, CG12A guard column, and ASRS-300 suppressor, using 20 mmol/L methane sulfonic acid as the eluent. The water-soluble inorganic anions (Cl−, NO2−, NO3−, SO42−) in an ultrapure water extract of PM2.5 were determined by ICS-5000 + SP (Dionex Inc., USA) with an AS18 column, AG18 guard column, and ASRS-300 suppressor, using a 40 mmol/L NaOH solution with a flow rate of 1.0 mL/min.




2.3. Date of Meteorological Factors


Meteorological factors were observed by weather stations installed beside the PM2.5 sampling site. Rainfall amount, rainfall intensity, and atmospheric visibility were obtained from OTT laser raindrop spectra installed beside the PM2.5 sampling site.





3. Results and Discussion


3.1. Distribution Characteristics of Different Components of PM2.5


3.1.1. Proportion of Components of PM2.5 and Its Seasonal Distribution


Figure 1 shows the proportions of OC, EC, and water-soluble ions in PM2.5 of this study. The average proportion of OC in PM2.5 in the four seasons ranged from 13.2% to 18.9% and the annual average proportion was 17.1%. The average proportion of EC in PM2.5 in the four seasons ranged from 1.7% to 2.5%, with a mean of 2.1%. The average annual proportion of total carbon (TC) to PM2.5 was 19.2%, indicating that OC and EC were important components of PM2.5.



The variation of OC/PM2.5 in different seasons was greater than that of EC/PM2.5. Since part of OC is volatile organic compounds, under some conditions this part of OC may volatilise. Differences in seasonal meteorological conditions (such as temperature, humidity, etc.) lead to differences in the gas–solid distribution of semivolatile organic compounds [20]. EC is inert, non-volatile, and difficult to decompose. The above were all the reasons why OC/PM2.5 fluctuated more than EC/PM2.5 did.



The results showed that OC/PM2.5 and EC/PM2.5 in winter were not the highest of the four seasons, although the concentrations of OC and EC were the highest in winter. It indicated that the primary emission sources in winter contributed more to the inorganic components in PM2.5 but less to the carbon components compared with other seasons. In addition, the proportions of OC in PM2.5 in summer and autumn (19% and 18.9%, respectively) were significantly higher than those in spring and winter (15% and 13.2%, respectively), reflecting the meteorological conditions. High temperature and humidity in summer and high temperature in autumn were conducive to the formation of secondary organic aerosols, which increased the proportion of OC in PM2.5 in summer and autumn.



The proportion of the nine water-soluble ions in PM2.5 was 56.7% throughout the year, and 63.6%, 48.2%, 57%, and 55.3% in spring, summer, autumn, and winter, respectively, indicating that water-soluble ions were the most important chemical components in PM2.5 in the study area. The order of annual average proportion of water-soluble ions in PM2.5 was: NO3− > SO42− > K+ > Na+ > NH4+ > Cl− > NO2− > Ca2+ > Mg2+.



NO3−, SO42−, K+, Na+, and NH4+ accounted for 83.4% of the total water-soluble ions. The secondary ions NO3−, SO42−, and NH4+ (collectively referred to as secondary inorganic aerosol; SNA) accounted for 55.6% of the total water-soluble ions, indicating that SNA were the important components of water-soluble inorganic ions in PM2.5, and PM2.5 in this area was greatly affected by anthropogenic sources.



The proportion of NO3− was the highest (the annual average = 14.5%; 13.1%, 13.8%, 15.5%, and 16.6% in spring, summer, autumn, and winter, respectively), which was attributed to the fact that the primary source emitted more NO2, and NO2 generated more NO3− after a photochemical reaction. The seasonal difference of the NO3− proportion in PM2.5 (higher in winter than in summer) was attributed to the fact that nitrate was easy to decompose in summer, while low temperatures in winter were not conducive to nitrate decomposition. SO42− accounted for the second largest proportion (annual average = 12.4%; 12.8%, 13.9%, 11.4%, and 10.5% in spring, summer, autumn, and winter, respectively). The highest proportion of SO42− in summer was attributed to the fact that the high temperature and strong radiation make SO2 easier to be photochemically oxidised to SO42−. NH4+ mainly came from the transformation of NH3 in the atmosphere, including the neutralisation of NH3 with acidic substances, such as SO2 and NO2, in the atmosphere. NH4+ was jointly affected by NO3− and SO42−. The proportion of NH4+ was higher in spring and winter (6.3% and 5.4%, respectively) and the lowest in summer (2.2%). The main reason may be that the emissions of primary gaseous precursors increased in spring and winter; the meteorological conditions in winter were not conducive to the diffusion of atmospheric pollutants and ammonium salts were unstable and easy to decompose in summer. K+ in PM2.5 in the study area accounted for a relatively high proportion (annual average = 7.9%; 11.4%, 4.1%, 8.5%, and 5.6% in spring, summer, autumn, and winter, respectively), reflecting the contribution of biomass combustion to PM2.5.




3.1.2. Distribution of OC and EC


Distribution of OC


Figure 2 shows the mass concentrations of OC and its fractions (OC1–4, OPC) in PM2.5 of Nanchang in the four seasons.



The concentrations of OC ranged from 1.9 to 31.1 μg·m−3 with a mean of 12.6 μg·m−3. The highest OC concentration (30.08 μg·m−3) occurred in November and the lowest (1.94 μg·m−3) occurred in April.



The seasonal distribution of OC concentrations in Nanchang was characterised by a descending order of its concentration in winter (20.9 μg·m−3), autumn (14.4 μg·m−3), spring (10.6 μg·m−3), and summer (10.2 μg·m−3). The main fractions of OC were OC1–4, accounting for about 84–95% of TOC, and their seasonal distribution of concentration was characterised by a descending order of their concentration in winter (18.9 μg·m−3), autumn (13.1 μg·m−3), spring (9.6 μg·m−3), and summer (9.5 μg·m−3). OPC accounted for about 4–15% of TOC and its seasonal distribution was similar to that of OC, with the concentration in winter (2.0 μg·m−3), autumn (1.3 μg·m−3), spring (1.2 μg·m−3), and summer (1.1 μg·m−3) ranked in descending order.



The concentrations of OC, OC1–4, and OPC were higher in winter and autumn than those in summer and spring, mainly due to lower temperatures and more emissions sources in winter, and increased vehicle start-up times in winter led to increased traffic emissions [21]. In addition, weaker solar radiation and weaker near-surface turbulence in winter promoted the continued accumulation of air pollutants and autumn was often the peak period of biomass-combustion emissions. Stable weather systems in autumn also facilitated pollutant accumulation. Relatively lower emissions intensity of pollution sources, strong solar radiation, and high wind speed in summer, together with frequent summer rainfall, were conducive to the diffusion and removal of pollutants in the atmosphere. Generally, high-temperature and humidity conditions in summer promote the formation of SOC. After carefully comparing the seasonal distribution of OC fractions and OC in Figure 2, it was found that the seasonal distributions of OC2 and OC3 were different from that of OC, while the seasonal distributions of OC1, OC4, and OPC were the same as that of OC. The concentration difference of OC2 and OC3 between summer and winter was not as large as that of OC between summer and winter, indicating that OC2 and OC3 were the main fractions of SOC.




Distribution of EC


Figure 3 shows the mass concentration distribution of EC, Char-EC (Char-EC = EC1 − OPC), and Soot-EC (Soot-EC = EC2 + EC3).



The concentrations of EC ranged from 0.01 to 3.35 μg·m−3, with a mean of 1.56 μg·m−3. The highest EC concentration (3.35 μg·m−3) occurred in December and the lowest (0.01 μg·m−3) occurred in August. The seasonal distribution of EC concentrations in Nanchang was in a descending order in winter (2.6 μg·m−3), autumn (1.7 μg·m−3), spring (1.7 μg·m−3), and summer (0.9 μg·m−3). The seasonal distribution of Char-EC was in a descending order in winter (2.1 μg·m−3), autumn (0.9 μg·m−3), spring (0.6 μg·m−3), and summer (0.1 μg·m−3); the same as the seasonal distribution of EC, indicating that Char-EC was the main fraction of EC. The concentrations of EC and Char-EC were higher in winter and autumn than those in spring and summer, and their seasonal distribution characteristics were similar to that of OC, which was due to the combination of enhanced emissions of pollution sources and the static meteorological conditions in winter and autumn that favoured the accumulation of air pollutants. Different from the seasonal distribution characteristics of EC and Char-EC, the average concentrations of Soot-EC in spring, summer, and autumn were almost the same. In winter, Soot-EC was not as much higher than that of the other seasons as EC and Char-EC but lower than that of the other three seasons, reflecting that the emission source of Soot-EC was relatively stable in different seasons. In addition, Soot-EC is a particulate carbon fraction formed by organic solids or liquids through gas-particle phase transformation at a high temperature (>600 °C) [22]. Low-temperature conditions in winter were not conducive to the generation and emission of Soot-EC, which was also the reason for the lower concentration of Soot-EC in winter.




Comparison of OC and EC in This Study with Those in Other Cities


Table 1 shows the concentrations of OC and EC in PM2.5 in Nanchang and other cities around the world, where the sampling of PM2.5 lasted for one year or nearly one year.



The concentrations of carbon aerosol in Nanchang were at a moderate level compared with those in other cities listed in Table 1. Nanchang is a typical inland city and the sampling site was located in a densely populated area, close to the urban expressway (the nearest direct distance was about 100 m), representing the urban mixed receptor site. The source of particulate matter in the study area was complex and frequent human activities had significant effects on the emission and formation of carbon aerosols. The difference in OC and EC concentrations between Nanchang and other urban areas around the world also showed that the carbon components of PM2.5 in this study were related to emission sources, the regional environment, and meteorological factors.





3.1.3. Distribution of SOC


Research showed a commonly used method for indirectly evaluating SOC in atmospheric particulate is the minimum OC/EC ratio method [11]. When the observed OC/EC reaches a minimum value, the SOC in the environment is largely negligible. The minimum OC/EC ratio method is simple compared to the minimum R-squared (RMS) method, but as pollutants enter the atmosphere further away from the emission source and undergo the ageing process, the minimum value of ρ(OC)/ρ(EC) observed is sometimes not a good representation of the r(OC/EC)pri, resulting in a large difference between the actual SOC values; however, the MRS method is not a simple empirical assumption for calculating r(OC/EC)pri, so the SOC calculated by the MRS method is closer to the actual value. In the study, the MRS method was used to determine the r(OC/EC)pri for each season. Figure 4 shows the estimated curve of r(OC/EC)pri in four seasons and Figure 5 shows the seasonal average values of SOC and primary organic carbon (POC). POCs are direct emissions, while SOCs are produced by photochemical reactions under favourable meteorological conditions [5].



The r(OC/EC)pri values fitted by the MRS method were 3.46, 6.96, 5.45, and 5.90 in spring, summer, autumn, and winter, respectively, when the correlation between SOC and EC was the weakest. The value of r(OC/EC)pri determined by the MRS method represented the ratio of OC/EC in the primary emission source of regional particulate matter. The OC/EC ratio was often used to judge the existence of SOC and to calculate SOC [35]. In this study, the r(OC/EC)pri value exceeded two in four seasons. Therefore, it was thought that the primary emission sources of regional particulate matter included a large part of the contribution of biomass-combustion sources. The OC/EC ratio of biomass-combustion sources is far greater than two, and the OC/EC ratio of primary emission sources of motor-vehicle exhaust and coal combustion is lower than two [36].



The seasonal distribution of SOC concentration was characterised by a descending order of its concentration in winter (5.3 μg·m−3), autumn (5.0 μg·m−3), summer (4.0 μg·m−3), and spring (2.6 μg·m−3). Higher concentrations of SOC in winter and autumn were mainly due to more primary emission sources in winter and autumn (including particulate POC and gaseous pollutants that will generate SOC under certain conditions). SOC/OC was the highest in summer (38%) and the lowest in winter (25%), reflecting that the higher relative humidity, higher temperature, and stronger solar radiation in summer provided favourable conditions for photochemical reactions, resulting in the easier oxidation of gaseous precursors (such as VOCs) to SOC.




3.1.4. Distribution of Eight Carbon Fractions


Figure 6 shows the proportions of the eight carbon fractions in total carbon (TC) throughout the year.



The order of the annual average proportion of carbon fraction in TC was: OC2 > OC3 > OC4 > OC1 > OPC > EC2 > Char-EC. The proportion of EC3 in TC was approximately zero. According to Cao et al. [37], the contribution of aerosol pollution sources can be judged by the carbon fraction content. OC1 has the highest content in biomass-combustion samples, OC2, OC3, OC4, and EC1 have higher content in coal-combustion emissions and motor-vehicle exhaust, and EC2 and EC3 have higher content in diesel-vehicle exhaust. The proportion of OC2 was the highest proportion (30.91%) of the eight carbon fractions, indicating that coal combustion and motor-vehicle exhaust were important sources of carbon components in the atmosphere of Nanchang. The dominant carbon fractions in PM2.5 in the study area were OC1, OC2, OC3, OC4, and EC2, indicating that the main sources of regional carbon aerosols included coal combustion, biomass combustion, and gasoline and diesel-vehicle exhaust emissions. The seasonal distribution of the eight carbon fractions was different. The most obvious difference was that the ratios of OC2 and OC3 to TC in summer were significantly higher than that in winter. The high temperature and high humidity in summer were more conducive to the generation of SOC, reflecting that OC2 and OC3 were the main fractions of SOC.




3.1.5. Distribution of Water-Soluble Ions


Table 2 shows the annual average concentrations of water-soluble ions in PM2.5 and those in four seasons.



For water-soluble anions, the seasonal distribution of NO2−, NO3−, and SO42− concentrations were in a descending order in winter, autumn, summer, and spring, while the seasonal distribution characteristics of Cl− were in a descending order in winter, spring, autumn, and summer. The lower concentration of NO3− in summer may be due to the fact that NO3− in the form of ammonium nitrate was more volatile when the temperature was higher in summer. The highest concentration of SO42− in winter was related to the increase of SO2 emission caused by heavy coal burning in winter. Although the meteorological conditions, such as a stable boundary layer and low wind, in winter, were not conducive to the secondary conversion of SO2 to SO42−, the liquid phase reaction and sufficient sources of SO2 may also lead to a large amount of SO42− formation [38]. High Cl− concentrations in winter may be influenced by coal emissions or biomass burning, while high Cl− concentrations in spring may be associated with high winds and dust.



For water-soluble cations, NH4+ concentration was the highest in winter, mainly because the increase of coal burning in winter led to the increase of SO2 emissions and the SO2 reacted with NH3 in the atmosphere to produce a large amount of (NH4)2SO4. The lower temperature in winter helped to stabilise the volatile components in particulate matter, resulting in the highest concentration of NH4+ in winter. Ca2+ mainly came from soil, sand, and construction dust. The high concentration of Ca2+ in the spring of this study was related to the source of spring aeolian sand. The highest K+ concentration in winter may be related to coal and biomass combustion.





3.2. Source Apportionment of PM2.5


3.2.1. Source-Analysis Based on the Correlations between Chemical Compositions


Correlations between OC and EC


Figure 7 shows the correlation between OC and EC in different seasons. The source of PM2.5 can be traced generally by the correlations between OC and EC [39].



A good correlation between OC and EC indicates that they share similar pollution sources and atmospheric diffusion processes and the poor correlation between OC and EC indicates the difference in sources, generally due to the secondary generation of SOC. The correlation coefficient of OC and EC was the highest in winter (R2 = 0.76), indicating that most of the OC and all of the EC mainly originated from primary emission sources in winter. The correlation coefficient of OC and EC in summer was the weakest (R2 = 0.18), indicating that the influence of secondary aerosols was the most prominent in summer.




Correlations between Water-Soluble Ions


By analysing the relationships between water-soluble ions in PM2.5, their combinations and possible sources can be determined. The relationship of water-soluble ions over the whole year was shown in Figure 8.



The correlation coefficients between secondary ions NO3−, SO42−, and NH4+ were 0.43–0.66 (p ≤ 0.01), with good correlations, indicating the sources and production mechanisms of secondary ions had common parts and high similarity in their evolution and deposition in the atmosphere. SO42− and NO3− showed an extremely significant positive correlation (R2 = 0.66, p ≤ 0.01), and SO42− and NO3− were mainly derived from the photochemical transformation of gaseous precursors SO2 and NO2 released by fossil-fuel combustion. The strong correlation between SO42− and NO3− indicated their homology, which meant that SO42− and NO3− may be secondarily generated by the same gas-particle transformation mechanism. Among the correlations between NH4+ and other ions, the correlation coefficient with SO42− was the highest (R2 = 0.48, p < 0.01), followed by that with NO3− (R2 = 0.44, p ≤ 0.01). It was indicated that NH4+ combined most easily with SO42− to form (NH4)2SO4, followed by NO3− to form NH4NO3, and the reactivity of SO42− was significantly higher than that of NO3−. SO42− and NO3− in the water-soluble ions of PM2.5 mainly exist in the form of (NH4)2SO4 and NH4NO3. (NH4)2SO4 exists stably in the atmosphere once formed. It was also indicated that NH3 was the main substance to neutralise H2SO4 and HNO3.



Cl− showed a good correlation with five cations, indicating that Cl− was more likely to exist in various forms, such as potassium chloride (KCl), ammonium chloride (NH4Cl), calcium chloride (CaCl2), magnesium chloride (MgCl2), etc. Ca2+ from soil sources and construction-dust markers showed a good correlation with Cl− (R2 = 0.26, p ≤ 0.05), suggesting that Cl− may be partially influenced by soil dust. Cl− correlated relatively well with Na+ (R2 = 0.37, p ≤ 0.01), indicating some homology between the two. Na+ and Cl− are considered to be characteristic ions of marine origin, with the ocean contributing high concentrations of Na+ and Cl− in coastal areas; but here in an inland city, both may also come from combustion sources, such as fossil-fuel combustion or food-industry emissions.



Na+ correlated well with SO42− and NO3− (R2 = 0.37 and 0.42, respectively; p ≤ 0.01), and SO42− and NO3− can react nonhomogeneously on the surface of particles to form more stable sulphates and nitrates with alkaline metal ions, such as Na2SO4 and NaNO3. Na+ and Ca2+ showed a weak correlation, suggesting that they may partly originate from urban-debris dust in the city or from a distant input source.





3.2.2. Source-Analysis Based on OC/EC, EC/TC, and Char/Soot


The OC/EC ratio was used to trace the source and emission characteristics of carbon aerosols. Previous studies have shown that the characteristic OC/EC ratio of motor-vehicle exhaust emissions is 1.0–4.2 [40], the characteristic OC/EC ratio of biomass-combustion sources is 16.8–40 [41], and the characteristic OC/EC ratio of coal combustion is 2.5–10.5 [40]. Figure 9a shows the ratios of OC/EC in this study. Average OC/EC ratios were 6.54, 13.17, 8.95, and 7.99 in spring, summer, autumn, and winter, respectively. The OC/EC ratio values in this study were between the characteristic OC/EC ratios of the above primary sources, suggesting that the source of carbonaceous aerosols during the sampling period was complex and was contributed to by multiple sources (coal and biomass combustion, vehicle exhaust, etc.). Moreover, the OC/EC ratios in summer and autumn were higher than that in spring and winter, which may be attributed to the fact that the high temperature and strong radiation in summer and autumn promoted the formation of SOC. Also, more biofuels are available in the autumn harvest season, which increased the burning of agricultural residues.



EC/TC ratios can be used to trace the sources of carbon-containing aerosols. The high EC/TC ratio indicates that the contribution of vehicle-exhaust emissions is large; on the contrary, the contribution of biomass combustion or SOC is small [39]. Figure 9b shows the ratios of EC/TC in this study. Average EC/TC ratios were 0.14, 0.08, 0.12, and 0.11 in spring, summer, autumn, and winter, respectively. In general, the vehicle emissions in the study area were relatively stable. The average values of EC/TC in spring, autumn, and winter were close but the lowest value of EC/TC in summer was not due to the reduction of vehicle-emission contributions in summer but to the increase of SOC in summer, which led to the increase of TC and the decrease of EC/TC ratio.



The Char-EC/Soot-EC ratio can also be used for the source tracing of carbon aerosols [42]. When Char-EC/Soot-EC < 1, the carbon aerosols are considered to be mainly from the vehicle exhaust and when it was greater than 3, carbon aerosols were considered to be mainly from biomass and coal combustion [43]. Figure 9c showed the ratios of Char-EC/Soot-EC in this study. Average Char-EC/Soot-EC ratios were 0.88, 0.64, 1.32, and 3.74 in spring, summer, autumn, and winter, respectively. The Char/Soot average was the highest in winter (3.74), and the ratio was all greater than three for all samples, indicating that biomass combustion and coal combustion were the main contributors to EC in winter. The average value of Char/Soot in summer was less than one, and the Char/Soot of a small number of samples in summer was between one and three, reflecting that vehicle exhaust in summer was the main contributor to EC. The average values of Char/Soot in spring and autumn were slightly less than one, while half of the samples in spring and autumn were between one and three, reflecting that EC in spring and autumn consisted of motor-vehicle exhaust, biomass combustion, and coal combustion. The proportion of the Char/Soot ratio in autumn was slightly higher than that in spring, indicating that the contribution rate of biomass and coal combustion to EC in autumn was slightly higher than that in spring.




3.2.3. Source-Analysis Based on the PMF Method


PMF5.0 software was used to analyse the sources of the nine water-soluble ions and carbon components in PM2.5 in Nanchang. The source composition spectrum of PM2.5 resolved by PMF in four seasons is shown in Figure 10.



For the composition spectrum in four seasons by the PMF model, factor 1 shows the highest contribution of Cl−, which is considered mainly from coal combustion in the area far from the sea [43]. Factor 2 shows a larger contribution of K+, which is mainly from biomass combustion, so factor 2 can be judged to be a biomass-combustion source. Factor 3 shows the highest contribution of EC and OC, so factor 3 was thought to be a motor-vehicle exhaust source. Secondary ions NO3−, SO42−, and NH4+ contributed prominently in factor 4, so factor 4 was considered as a secondary source. Factor 4 represented the secondary pollution formed by photochemical reactions of gaseous pollutants from fossil-fuel combustion (motor-vehicle fuel, etc.) and biomass-combustion activities in and around the sampling area. The source-analysis results showed that the contribution of factor 4 to PM2.5 was highest in autumn, indicating that the weather conditions, such as a stable boundary layer and less rainfall, in autumn were more favourable to the formation of secondary pollution [44]. The increase of coal and biomass burning in winter stresses the contribution of emissions from coal-fired and biomass-burning sources, which reduces the influence of secondary sources on the sampling area.



In the PMF figures of spring, autumn, and winter, factor 5 shows a large contribution of Mg2+ as a crustal element, which is consistent with the source-spectrum characteristics of soil dust, so factor 5 in the three seasons was identified as the source of dust. In the PMF figure in summer, there were obvious source-spectrum characteristics of soil dust, which may be related to the wet removal process of particles due to the heavy and frequent rainfall in summer. Factor 5 in summer shows prominent NO2− contribution and relatively average contributions of other components, so it is judged to be other sources mainly from industrial pollution. In summary, the main sources of PM2.5 in the sampling area were coal-fired sources, biomass-combustion sources, motor-vehicle sources, secondary sources, and dust sources.



Based on the source-analysis results shown in Figure 11, it can be seen that the contribution of each source was relatively average in spring, with a stronger joint influence from biomass combustion and motor-vehicle emissions [45]. PM2.5 in summer mainly came from motor-vehicle sources, which is consistent with the previous conclusion that meteorological conditions, such as high temperature and high humidity, in summer are favourable to the formation of secondary organic aerosols which increase the proportion of OC in PM2.5. The contribution of secondary sources was prominent in autumn, while coal-fired sources and biomass-combustion sources contributed more in winter. The order of the annual contribution rate of each source throughout the year was the motor-vehicle source (23.25%), secondary source (23.25%), coal-combustion source (20.75%), biomass-combustion source (20.75%), and dust source (7.25%). The motor-vehicle source was the largest contributor, which was caused by the increasing number of motor vehicles in recent years. Coal-fired sources and biomass-combustion sources were the second main contributors, which were closely related to the surge in coal used for heating in winter and the existence of more biomass burning for heating and cooking activities in rural areas in winter.




3.2.4. Source Analysis Based on the Backward Trajectory Method


In order to study the sources of PM2.5 in Nanchang, this study analyzed the atmospheric air-mass trajectories by the HYSPLIT backward trajectory model provided by NOAA, and the backward trajectory diagram is shown in Figure 12.



In spring, the backward trajectory simulation for 48 h obtained a total of 112 backward trajectories. After cluster analysis, the number of clusters was set to six, based on the total spatial variance (TSV), which showed a scattered distribution of the clustered trajectories. Cluster 1, accounting for 27% of the total air masses, mainly came from southwest Jiangsu Province, which arrived at the sampling site southward through the interior of Anhui Province with an initial height of about 500 m. It was a low- to medium-altitude air mass that changed little in height during the movement, similar to cluster 2 with the largest proportion (29%) from Hubei. Clusters 3 and 4 were long-range transport air masses from Hebei and Shanxi, China, which may transport coal-fired and industrial pollutants but the initial altitude of both masses was about 1000 m, belonging to the middle- and high-altitude air masses, with fast-moving speed and small proportions (7%, 9%). Cluster 5 accounted for 10% of the total air masses, from the south-eastern Jiangsu Province near the Yellow Sea region, and arrived at the study area via northeast Zhejiang Province. Cluster 5, cluster 1, and cluster 2 were medium-distance air masses with the greatest total share (66%), with airflow moving slowly in a curved path, easily causing the accumulation of pollutants. Cluster 6 was a local air mass accounting for 19%. In short, PM2.5 in spring were mainly related to the accumulation of local pollution under static weather.



In summer, a total of 120 backward trajectories were obtained, and the cluster number was determined to be three according to the TSV. Cluster 1 came from the junction of Jiangxi and southwest Anhui Province, accounting for the largest proportion (49%), with a trajectory that was short, slow moving, at about 100 m high, and with a small horizontal span, which is prone to pollutant aggregation and short-distance transport. Cluster 2 came from the East China Sea region and was imported into the study area via Shanghai and Anhui. It was about 500 m high and belonged to the middle- and low-altitude air masses. Cluster 3 came from southern Guangdong, accounting for 30%, and showed the characteristics of close transport in the near stratum, similar to cluster 1.



In autumn, a total of 112 backward trajectories were obtained and the number of clusters was determined to be four based on the total spatial TSV. Cluster 1 came from the border between Jiangxi and Anhui, accounting for the largest share of 46%. The trajectory movement time was short and slow and many curves existed during the trajectory, which made it difficult for particulates to diffuse. Cluster 2 came from the East China Sea, was transported to the sampling site from the southeast via Fujian Province, and accounted for a relatively small percentage (10%). Cluster 3 came from the junction of Shandong and Jiangsu near the Yellow Sea area, indicating that the sampling area may be affected by marine sources in autumn. Cluster 4 came from the border between Hebei and Inner Mongolia and was transported to the sampling site via the Shandong and Anhui regions, similar to cluster 3. Both cluster 2 and cluster 4 originated at an altitude of about 1500 m, sinking and settling transport from the southeast and northeast directions, respectively, with faster air-mass movement.



In winter, a total of 116 backward trajectories were obtained and the number of clusters was determined to be three based on the TSV, with concentrated sources of trajectories. Cluster 1 was transported to the sampling area via Anhui Province, a medium-distance transported air mass, accounting for 26% of the total, with an initial height of 500 m. It was a low- to medium-altitude air mass that changed slightly in height during the movement. Cluster 2 was a local air mass with curved airflow and short trajectory, accounting for the largest proportion (63%), which is the main path of pollution transport, indicating that the sampling site has greater influence from local sources in winter. Cluster 3 was a high-altitude long-range air mass transported from the north of China, with the smallest proportion (11%), an initial height higher than 1,500 m, a long transmission distance, and a fast transmission speed.






4. Conclusions


The annual average for OC/PM2.5 (17.1%) is higher than the annual average for EC/PM2.5 (2.1%). Nine water-soluble ions make up the highest proportion of PM2.5, with an annual average of 56.7%. The SNA accounted for 55.6% of the total water-soluble ions, indicating that PM2.5 is influenced by some anthropogenic factors.



The annual average concentrations of OC and EC ranged from 1.9 to 31.1 μg·m−3 and from 0.01 to 3.35 μg·m−3, respectively. r(OC/EC)pri fitted by the MRS method exceeded two in all seasons, indicating that biomass combustion accounted for a large contribution. The order of average concentration of carbon fractions in TC was: OC2 > OC3 > OC4 > OC1 > OPC > EC2 > Char-EC, indicating the contribution of coal combustion, biomass combustion, and vehicle-exhaust emissions. OC2/TC and OC3/TC were significantly higher in summer than in winter, indicating that OC2 and OC3 were the main components of SOC. SNA concentrations were all highest in winter, related to the increasing coal combustion and weather conditions, while the high Cl− and Ca2+ concentrations in spring may be related to winds and dust.



SNA correlations were 0.43–0.66 (p ≤ 0.01), indicating the high similarity of sources, production, and evolution patterns. The OC-EC correlation was highest in winter (R2 = 0.76), indicating that OC and EC mainly originated from primary emissions in winter. The OC/EC ratio (6.54, 13.17, 8.95, and 7.99) indicated carbonaceous aerosols were formed from multiple sources. The EC/TC (0.14, 0.08, 0.12, and 0.11) and Char-EC/Soot-EC ratios (0.88, 0.64, 1.32, and 3.74) indicated the main contributions to be coal combustion, biomass combustion, and motor-vehicle emissions. The results of PMF showed that motor-vehicle sources (23.25%), secondary sources (23.25%), coal-combustion sources (20.75%), biomass-combustion sources (20.75%), and dust sources (7.25%) were the main sources of PM2.5. Backward trajectory analysis showed that PM2.5 in spring and autumn were more influenced by medium distance and local air masses. In summer, PM2.5 were mostly contributed to by near ground-level proximity transport, while in winter, they were mainly influenced by local sources.
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Figure 1. Distribution of OC, EC, and water-soluble ions in PM2.5 during the sampling period throughout the year and in spring, summer, autumn, and winter. 
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Figure 2. Seasonal distribution of OC and OC1, OC2, OC3, OC4, and OPC in PM2.5 of Nanchang. 
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Figure 3. Seasonal distribution of EC, Char-EC, and Soot-EC in PM2.5 of Nanchang. 
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Figure 4. Relationship between the correlation coefficient R2 of SOC and EC and the assumed r(OC/EC)pri. 
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Figure 5. SOC, POC, and r(SOC/POC), r(POC/OC), and r(SOC/OC) seasonal averages. 
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Figure 6. The proportion of eight carbon fractions in TC throughout the year and in four seasons. 
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Figure 7. Correlation between OC and EC in four seasons. 
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Figure 8. Relationship of water-soluble ions in PM2.5 (* p <= 0.05, ** p <= 0.01). 
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Figure 9. Seasonal distribution of (a) OC/EC, (b) EC/TC, and (c) Char-EC/Soot-EC in this study. 
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Figure 10. The component spectra by PMF model: (a) spring, (b) summer, (c) autumn, and (d) winter. 
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Figure 11. The source contribution rate by PMF model in four seasons. 
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Figure 12. Backward trajectories diagrams for spring (a), summer (b), autumn (c), and winter (d). 
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Table 1. Comparison of OC and EC in this study with those in other cities at home and abroad.
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	Sampling Site
	Sampling Time
	OC (μg·m−3)
	EC (μg·m−3)
	References





	Nanchang
	2021.3–2021.12
	12.6
	1.6
	This study



	Yangquan
	2018.7–2019.3
	8.0
	3.6
	[23]



	Beijing
	2017.12–2018.12
	11.2
	1.2
	[24]



	Guangzhou
	2015.6–2016.05
	8.2
	1.8
	[25]



	Shenyang
	2017.5–2017.8
	9.6
	2.3
	[26]



	Shanghai
	2011.11–2012.12
	10.7
	2.0
	[27]



	Nanjing
	2013.12–2014.10
	18.0
	6.7
	[28]



	Los Angeles, USA
	2012.7–2013.6
	4.5
	1.4
	[29]



	Vanderbilt Park, South Africa
	2009.3–2015.12
	9.3
	3.2
	[30]



	Toronto, Canada
	2014.6–2017.4
	1.2
	0.7
	[31]



	Saitama Prefecture, Japan
	2009.8–2010.4
	5.5
	3.3
	[32]



	Gwangju, Korea
	2013.11–2014.11
	4.1
	1.5
	[33]



	Srinagar, India
	2017.1–2017.12
	15.3
	5.2
	[34]
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Table 2. Concentrations of water-soluble ions in PM2.5 (μg·m−3).






Table 2. Concentrations of water-soluble ions in PM2.5 (μg·m−3).





	Projects
	Na+
	NH4+
	K+
	Mg2+
	Ca2+
	Cl−
	NO2−
	NO3−
	SO42−





	Annual average
	6.07
	3.41
	6.28
	0.24
	2.10
	3.17
	2.78
	11.88
	9.47



	Spring
	3.95
	4.33
	7.75
	0.37
	2.42
	5.58
	2.12
	2.12
	2.12



	Summer
	3.58
	1.20
	2.26
	0.14
	1.61
	1.95
	2.11
	8.07
	7.71



	Autumn
	8.29
	3.37
	6.47
	0.19
	2.09
	2.34
	3.25
	14.17
	10.59



	Winter
	14.04
	7.40
	8.64
	-
	2.67
	7.20
	4.20
	25.62
	13.64
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