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Abstract: Nanjing, an important city in the Yangtze River Delta region, faces serious air pollution problems, especially 

particulate pollution. PM2.5 can reduce atmospheric visibility and affect climate change, as well as adversely affect human health. 

Therefore, it is very necessary to monitor the components of PM2.5. In order to study the component characteristics and sources of 

PM2.5 in the northern suburbs of Nanjing, 191 PM2.5 samples were collected and quantitatively analyzed for water-soluble ions 

(WSI), organic carbon (OC), elemental carbon (EC) and water-soluble organic carbon (WSOC). The annual average mass 

concentrations of OC, EC, and WSOC were 5.30 µg m
-3

, 0.96 µg m
-3

, and 3.09 µg m
-3

, respectively. The variation characteristics 

of their seasonal abundance were basically the same, which reached the maximum in winter and the lowest in summer. Based on 

the ratio of organic carbon to elemental carbon, we find that the air in the northern suburbs of Nanjing is affected by coal burning, 

exhaust emissions and biomass combustion. The annual mean mass concentration of WSI in PM2.5 was 23.00 µg m
-3

, and the 

order of seasonal concentration was winter > autumn > spring > summer. The WSI in PM2.5 are mainly SO4
2-

, NO3
-
, and NH4

+
. 

Through the concentration ratio of NO3
-
/SO4

2-
, we found that mobile sources were the main sources of pollution in autumn and 

winter, while stationary sources were the main sources of pollution in summer. Through the iterative calculation of PMF, five 

sources of PM2.5 are determined, which are second generation (37.5%), traffic-related source (36.7%), combustion source (9.6%), 

marine source (8.5%), and industrial emissions (7.7%). In different seasons, PM2.5 is significantly correlated with SO4
2-

, NO3
-
, 

and NH4
+
, indicating that PM2.5 mainly comes from secondary generation. 
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1. Introduction 

In recent years, China often appears haze weathers, severe 

haze will reduce atmospheric visibility, affect climate change 

and even affect human health [1-4]. PM2.5 was the main 

monitoring index, and secondary inorganic aerosols (SO4
2-

, 

NH4
+
, and NO3

-
), organic carbon (OC), elemental carbon (EC) 

and other trace organic compounds were the main components 

[5-7]. 

Carbon aerosol is an important part of atmospheric aerosol, 

accounting for 10-70% of PM2.5 [8, 9]. It is mainly divided 

into organic carbon (OC), elemental carbon (EC) and 

inorganic carbon (IC) [1, 10]. OC is mainly generated from 

biomass and coal combustion, direct emissions from tail gas 

and industrial emissions, or through photochemical oxidation 

of organic gas [11]. The former is usually defined as primary 

organic carbon and the latter as secondary organic carbon 

according to the mode of source [9, 12]. It can also affect 

cloud condensation nuclei (CCN) which then impacts earth 

radiation balance and global climate change [13, 14]. When 

biomass and fossil fuels are burned incompletely, large 

amounts of EC are produced. Because of its good adsorption 
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activity, it can adsorb secondary pollutants and have a 

negative impact on the environment [15, 16]. 

Water-soluble ions (WSI), as important components, 

account for about 50% of PM2.5 [17]. They are often used to 

identify the source of PM2.5. For example, K
+
 can be used as a 

tracer to evaluate biomass combustion; SO4
2-

, NH4
+
, and NO3

-
 

are related to secondary generation; high abundances of Na
+
 

and Cl
-
 are generally found in marine aerosols, which can be 

transported to coastal and inland areas due to air mass 

transport [18, 19]. Previous studies have shown that 

water-soluble ions are hygroscopic and can affect aerosol 

composition, size and pH [17, 20]. 

The Yangtze River Delta region, China's largest economic 

zone, has a large population and dense cities. This area is not 

only an important agricultural production base in China, but 

also a large number of chemical enterprises. A large number 

of gaseous pollutants are discharged in the process of 

industrial production and vehicle driving, which makes the air 

pollution situation increasingly serious and seriously affects 

people's health and daily life. The Yangtze River Delta is 

faced with serious air pollution due to a large number of 

human activities. As a megalopolis in the Yangtze River Delta 

region and the capital city of Jiangsu Province, Nanjing also 

faces serious air pollution problems. Therefore, it is necessary 

to monitor carbon components and water-soluble ions in the 

atmosphere of Nanjing. 

Therefore, this study conducted one-year sampling in the 

northern suburbs of Nanjing from March 2017 to February 

2018, and analyzed PM2.5 samples by ion chromatography. 

The mass concentrations of five kinds of cations (Na
+
, NH4

+
, 

K
+
, Mg

2+
, Ca

2+
) and four kinds of anions (F

-
, Cl

-
, SO4

2-
, NO3

-
) 

were obtained, and the concentration level and correlation of 

water-soluble ions as well as the ratio of NO3
-
/SO4

2-
 were 

analyzed. In order to comprehensively understand the 

pollution characteristics of PM2.5 in the northern suburbs of 

Nanjing, the OC, EC and WSOC in the samples were 

measured by the elemental carbon organic carbon analyzer 

and total organic carbon analyzer, and the values of POC and 

SOC were estimated, so as to comprehensively understand the 

pollution characteristics and sources of carbon components in 

PM2.5 in the northern suburbs of Nanjing. 

2. Experimental Methods 

2.1. Sampling Location and Time 

The sampling site is set on the roof of the library of Nanjing 

University of Information Science and Technology 

(32°12′9′′N, 118°42′49′′E, Figure 1), about 20 m from the 

ground, located in the northern suburbs of Nanjing, 23 km 

from the urban area. There are no obstructing objects around 

him, so the air flows well. It is Jiangbei Avenue Expressway 1 

km to the east, and the traffic flow is large. The sampling time 

is from March 2017 to February 2018, 24 hours continuous 

sampling from 12:00 to 12:00 the next day. The PM2.5 large 

flow sampler (TISCH, USA) is used, and the flow rate is 1.13 

m
3
/min. The sampling period is mainly sunny and cloudy. In 

case of rain and snow, the sampler will be turned off. 

Periodically clean the sampler and calibrate the flow. 

2.2. Sample Collection and Storage 

The sampling membrane was quartz filter membrane 

(QM/A; Whatman; Middlesex, UK), 20.30 cm × 25.40 cm. 

Before sampling, the quartz filter membrane was placed in a 

Muffle furnace and roasted at 450°C for 4 h to remove residual 

organic matter, and then balanced in a constant temperature 

tank for 24 h. The quartz filter film before and after sampling 

was weighed by 1/100,000th electronic balance, which was 

weighed three times, and the average value of the three times 

was recorded as the weight of the filter film. The quality 

difference between quartz filter film before and after sampling 

is the quality of collected particles. After sample collection, 

the filter film was wrapped with tin foil and stored in a 

refrigerator at -20°C for subsequent sample analysis. 

2.3. OC and EC Analysis 

The OC and EC in the sample were determined by the 

elemental carbon organic carbon analyzer (Sunset Model, 

United States), which consists of organic carbon/elemental 

carbon analyzer host, vacuum pump and computer. Before 

injection and analysis, the filter membrane and blank filter 

membrane with a diameter of 17 mm collected PM2.5 samples 

were cut with a punch. Also, the instrument should be turned 

on for an hour to stabilize and calibrated with a 99.9% sucrose 

solution. The main calibration uses sucrose solution, which 

can be used for online monitoring or offline monitoring, and 

can analyze and measure elemental carbon and organic carbon 

at the same time. Its detection limit was 0.2 µg/cm
2
 and the 

detection range was 0.2-1000 µg/cm
2
. In addition, during the 

determination of aerosol samples, a blank sample analysis was 

performed for every ten samples. 

2.4. Water-Soluble Inorganic Ions Analysis 

Anions (F
-
, Cl

-
, NO3

-
, SO4

2-
) were analyzed by using the Ion 

chromatograph (ICS-2000) produced by Diane Company in 

the United States, and cations (NH4
+
, Ca

2+
, Na

+
, Mg

2+
, K

+
) 

were analyzed by using the ion chromatograph (ICS-3000). 

First analyze the standard sample solution prepared with 

chromatographically pure pharmaceutical grade, then create a 

standard curve, and finally inject the sample for analysis. The 

sample pretreatment steps are: take a filter membrane with a 

diameter of 3.6 cm, cut it into pieces with ceramic scissors, put 

it into a 50 mL centrifuge tube, add 45 mL of ultrapure water, 

tighten the cap, seal it with tin foil, and add an ice pack for 

sonication. Extraction was carried out for 60 min, during 

which the water temperature could not exceed 20°C. After 

sonication, a 0.22 µm PTFE syringe-type microporous 

membrane was used to filter the samples for analysis. The 

correlation coefficient of the configured standard curve is 

above 0.999. In order to reduce the error of the blank sample 

and make the result more reliable, a blank control experiment 

is set up. Quantitative standard solution was added to two 

blank samples and five tested samples. The recoveries were all 
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between 90% and 110% after instrument determination. 

2.5. WSOC Analysis 

The total organic carbon/total nitrogen analyzer (TOC/TN 

instrument, TOC-L type, Shimadzu Corporation, Japan) was 

used to analyze the content of WSOC in the sample, and the 

oxidative combustion infrared analysis method was used to 

measure the Total carbon (TC) and Inorganic carbon (IC), the 

value of WSOC is obtained by subtracting the two. The 

operation was as follows: 3.6 cm diameter sample filter 

membrane and blank filter membrane were cut with a hole 

punch, 45 mL ultrapure water was added, ultrasonic extraction 

was carried out for 3 times, 20 minutes each time, then 

filtration was carried out, and finally 30 mL sample was taken 

for analysis. Before WSOC analysis, ensure that the 

correlation coefficient required by the standard curve reaches 

99.9%, and analyze 30 mL of ultrapure water before analyzing 

the atmospheric sample, and do blank sample analysis for 

every ten samples. 

 

Figure 1. The location of sampling site. 

2.6. Data Analysis 

SPSS software was used to analyze the correlation between 

carbon components, water-soluble ions and PM2.5, so as to 

further explore the source of PM2.5. 

In this study, OC, EC and water-soluble ions were used to 

determine the source of PM2.5. A detailed description of the 

PMF software and a user’s guide can be found on this website: 

www.epa.gov/air-research/positive-matrix-factorizationmodel-

environmental-data-analyes. Two data files are required to run 

the PMF model: concentration files and uncertainty files. The 

error rate was set at 15%. For the uncertainty value, if the 

concentration is less than or equal to the method detection 

limit: 

Unc =5/6MDL 
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If the concentration is greater than the method detection 

limit: 

Unc =�(ErrorFraction + concentration)� + (0.5 × ���)� 

3. Results and Discussion 

3.1. Ambient Concentrations of Carbonaceous Aerosols in 

PM2.5 During 2017 

3.1.1. Overview of Carbon Components Concentrations 

The concentrations of OC, EC and WSOC in atmospheric 

PM2.5 samples from the northern suburbs of Nanjing were 

obtained, as well as the mean, maximum and minimum values 

of each season from March 2017 to February 2018. Total 

carbon aerosol (TCA) can be estimated by the mass 

concentration of OC and EC, the specific formula is 

TCA=1.6×OC+EC. 

As can be seen from Table 1, the average concentrations of 

OC, EC and WSOC in PM2.5 in the northern suburbs of 

Nanjing in 2017 were 5.30 µg m
-3

, 0.96 µg m
-3

, and 3.09 µg 

m
-3

, respectively. The maximum value of OC (20.71 µg m
-3

) 

appeared on November 23, while the minimum value (1.08 µg 

m
-3

) appeared on October 17. The maximum peak value of EC 

(3.46 µg m
-3

) also occurred on October 17, but the minimum 

peak value (0.22 µg m
-3

) occurred on October 15. It could be 

seen from Table 1 that the annual average mass concentration 

of TCA was 9.31 µg m
-3

. The maximum concentration was 

36.6 µg m
-3

 on November 23 in autumn, which was consistent 

with the maximum value of OC and EC. The minimum value 

also appeared in autumn, and the mass concentration was 1.96 

µg m
-3

. 

Table 1. The concentrations of carbon components and water-soluble ions of PM2.5 in Nanjing, 2017. 

Components 
Concentrations (µg m-3) 

Annual Spring (n=37) Summer (n=53) Autumn (n=60) Winter (n=41) 

Na+ 0.99 (0.46-1.94) 0.67 (0.48-1.08) 1.20 (0.91-1.71) 0.97 (0.46-1.94) 1.02 (0.48-1.66) 

NH4
+ 4.39 (0.57-16.67) 3.10 (0.77-8.48) 2.25 (0.57-6.91) 4.72 (0.58-11.72) 7.85 (2.20-16.67) 

K+ 0.75 (0.33-2.60) 0.74 (0.38-3.80) 0.51 (0.33-0.85) 0.79 (0.33-2.60) 1.02 (0.44-2.08) 

Mg2+ 0.35 (0.26-0.83) 0.37 (0.28-0.83) 0.33 (0.26-0.43) 0.34 (0.27-0.48) 0.36 (0.27-0.46) 

Ca2+ 1.36 (0.37-4.53) 1.75 (0.37-4.53) 0.99 (0.64-1.92) 1.24 (0.46-4.11) 1.67 (0.60-3.60) 

F- 0.06 (0.01-0.34) 0.04 (0.01-0.19) 0.04 (0.01-0.07) 0.05 (0.01-0.16) 0.12 (0.01-0.34) 

Cl- 0.95 (0.08-7.02) 0.66 (0.17-2.52) 0.32 (0.11-7.02) 0.74 (0.08-2.22) 2.33 (0.60-3.60) 

SO4
2- 6.68 (0.03-20.82) 5.67 (1.79-11.22) 6.06 (0.29-20.82) 6.99 (1.77-14.28) 7.92 (0.03-0.34) 

NO3
- 7.47 (0.25-21.23) 5.58 (0.80-19.07) 2.37 (0.45-6.22) 8.23 (0.51-21.23) 14.68 (0.25-5.45) 

NO3
-/ SO4

2- 1.18 (0.04-15.00) 1.00 (0.17-1.42) 0.70 (0.04-15.00) 1.19 (0.22-0.57) 1.97 (0.81-5.37) 

OC 5.30 (1.08-20.71) 6.45 (1.77-16.95) 3.47 (1.30-6.05) 4.42 (1.08-20.71) 8.29 (2.59-18.33) 

EC 0.96 (0.22-3.64) 0.68 (0.28-2.47) 0.70 (0.22-3.46) 1.18 (0.45-2.57) 0.84 (0.22-3.64) 

TCA 9.31 (1.96-36.60) 11.28 (3.36-30.7) 6.23 (2.36-12.11) 7.77 (1.96-36.60) 14.43 (4.87-31.1) 

 

Table 2 shows the comparison of the mass concentrations 

and ratios of OC and EC in the atmospheric PM2.5 in the 

northern suburbs of Nanjing and others cities. It can be seen 

that compared with the northern cities such as Handan and 

Beijing, the atmospheric concentration level of OC and EC in 

Nanjing is lower. Among them, the mass concentrations of 

OC and EC in Handan were higher than those in major cities 

in China, which were 3 times and 10 times higher than those in 

the northern suburbs of Nanjing in this study, respectively. 

This may be due to the industrial structure of resource-based 

heavy industry in the region and the use of coal for heating in 

winter. The concentrations of OC and EC in the Shanghai area 

were significantly higher than those in the inland areas, which 

may be caused by the oceanic airflow. The mass concentration 

of OC in Shanghai is slightly higher than that of this sampling 

point, and the mass concentration of EC is about 3.5 times that 

of this sampling point, and the source of EC is related to 

vehicle exhaust emissions [21]. This may be due to the 

developed traffic in Shanghai and the large number of motor 

vehicles, resulting in increased exhaust emissions. 

3.1.2. Seasonal Characteristics of Carbon Components 

In the northern suburbs of Nanjing, the concentration of OC 

was the highest in winter (8.29 µg m
-3

), followed by spring 

(6.45 µg m
-3

) and autumn (4.42 µg m
-3

), and the lowest in 

summer (3.47 µg m
-3

). The average mass concentration of OC 

in winter was 2.4 times that of summer. OC showed obvious 

seasonal variation, which may be closely related to seasonal 

climate change. Because the sampling site is close to the 

industrial zone, there is a large number of industrial 

combustion phenomenon, and residents also burn wood for 

heating. In winter, the mixed layer height is low, and PM2.5 

tends to gather to a higher concentration, resulting in the 

highest OC concentration in winter. The average mass 

concentration of OC was the lowest in summer, which may be 

due to the influence of East Asian monsoon in Nanjing, which 

resulted in more atmospheric precipitation, which was 

conducive to the diffusion and removal of pollutants. 

The average mass concentration of EC in PM2.5 in spring, 

summer, autumn and winter were 0.96 µg m
-3

, 0.68 µg m
-3

, 

0.70 µg m
-3

, and 1.18 µg m
-3

, respectively. It can be seen that 

the average mass concentration of EC is the highest in winter 

and the lowest in summer, of which the average mass 

concentration of EC in winter is 1.7 times that in summer. This 

may be due to the fact that the sampling site is close to 

Jiangbei Expressway, and the large traffic flow in winter leads 

to larger automobile exhaust emissions. In addition, under 

cold meteorological conditions, it is not conducive to the 

diffusion of pollutants, so the concentration of EC is higher in 

winter. In contrast, the average mass concentration of EC in 
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summer is the lowest, which may be because of more rainfall 

in summer, which can remove pollutants in the atmosphere to 

some extent. The seasonal variation trend of TCA and WSOC 

was the same as that of OC and EC, with the highest average 

mass concentration in winter and the lowest in summer. In 

addition, the average mass concentration of TCA in winter 

was 4.2 times that in summer. 

Table 2. Comparison of OC and EC concentrations (µg m−3) measured in worldwide. 

Sampling locations Sampling date PM2.5 (µg m-3) OC (µg m-3) EC (µg m-3) OC/EC Reference 

Nanjing March 2017-February 2018 84.08 5.30 0.84 6.80 In this study 

Handan, China 2017 101.88 25.16 2.87 10.33 [16] 

Mount Tai, North China June 2015-August 2015 - 4.42 1.58 2.98 [9] 

Beijing, China Jul 2012-Apr 2013 95.6 13.3 3.3 3.7 [10] 

Shanghai, China October 2011-August 2012 90.3 7.6 2.9 2.8 [22] 

Chongqing, China November 2019-October 2020 38.50 9.03 2.45 - [23] 

Inchon, Korea Jun 2009–May 2010 - 41.9 10.9 1.8 [24] 

Madrid, Spain Feb 2006–Jun 2008 - 3.7 1.3 4.3 [12] 

Western Taiwan Strait Region 
November 2010, January, 

April and August 2011 
- 12.7 2.3 5.8 [25] 

 

3.1.3. OC/EC 

OC/EC ratio is not only related to the source of carbon 

aerosols, but also can be used to judge the existence of 

secondary organic aerosols [26]. If the ratio of OC/EC is 

greater than 2, it indicates the presence of SOC in the 

atmosphere [27]. As can be seen from Table 3, the average 

annual ratio of OC/EC in PM2.5 in the northern suburbs of 

Nanjing in this study is 6.79, and the ratios of OC/EC in spring, 

summer, autumn and winter are 7.65, 5.71, 6.67 and 7.74, 

respectively. Compared with major cities in China, the OC/EC 

ratio in the northern suburbs of Nanjing is higher than that in 

Beijing and Shanghai (Table 2). 

Table 3. The concentrations of SOC, POC and OC/EC ratio in different seasons. 

 OC/EC SOC (µg m-3) POC (µg m-3) SOC/OC POC/OC WSOC (µg m-3) 

Spring 7.65 3.72 2.73 57.20% 42.80% 2.85 

Summer 5.71 2.26 1.21 64.99% 35.01% 2.25 

Autumn 6.67 2.62 1.80 55.54% 44.46% 3.07 

Winter 7.74 4.67 3.62 55.88% 44.12% 4.56 

Annual 6.79 3.13 2.16 58.76% 41.24% 3.09 

 

Studies have shown that the OC/EC ratio of gasoline and 

diesel vehicle exhaust is 1.0-4.2, and the OC/EC ratio of coal 

is 2.5-10.5. In addition, the OC/EC ratio is between 8.1-12.7, 

indicating the existence of biomass combustion emissions. As 

can be seen from Table 3, during the sampling period, the 

annual mean value of OC/EC in the northern suburbs of 

Nanjing was 6.79. The ratio of OC/EC in spring, summer, 

autumn and winter was 7.65, 5.71, 6.67 and 7.74, respectively, 

with the highest value in winter, followed by spring and 

autumn, and the lowest value in summer. In addition, the 

minimum OC/EC ratio was 1.79 and the maximum was 12.92 

in the whole year. Therefore, Nanjing may be affected by 

vehicle exhaust, coal burning and biomass combustion. 

3.1.4. SOC Estimation 

OC includes primary organic carbon (POC) and secondary 

organic carbon (SOC). SOC is mainly generated by the 

photochemical reaction of volatile organic compounds (VOCs) 

in the atmosphere. In this study, the following formula is used 

to calculate SOC and POC [28]: 

SOC＝OC－POC 

POC＝EC×(OC/EC)min 

Where, (OC/EC)min is the minimum value of OC/EC during 

the sampling period. Table 3 shows that the annual mean 

concentration of POC is 2.16 µg m
-3

. The average 

concentration of POC was 3.62 µg m
-3

, 2.73 µg m
-3

, 1.80 µg 

m
-3

, and 1.21 µg m
-3

 in the four seasons from high to low, 

which was consistent with the seasonal trend of EC. In 

addition, the annual average proportion of POC in OC was 

41.24%, less than 50%, indicating that OC was less affected 

by direct discharge of pollution sources. As can be seen from 

Table 3, the annual average mass concentration of SOC is 3.13 

µg m
-3

, and the average mass concentration in spring, summer, 

autumn and winter is 3.72 µg m
-3

, 2.26 µg m
-3

, 2.62 µg m
-3

, 

and 4.67 µg m
-3

, respectively. Meanwhile, the annual average 

SOC/OC ratio was 58.76%, and the SOC/OC ratio was 

57.20%, 64.99%, 55.54%, and 55.88% in spring, summer, 

autumn and winter, respectively. The concentration of SOC 

was the highest in winter, about twice that in summer. This 

may be because the atmosphere is relatively stable in winter, 

which is not conducive to the diffusion of pollutants, and 

because of the increase of coal and biomass burning for winter 

heating, which leads to the highest concentration of SOC in 

winter. In summer, Nanjing is affected by monsoon, and 

precipitation weather increases. Precipitation can play a 

certain role in cleaning suspended particulate matter and 

gaseous pollution in the atmosphere, so the concentration of 

SOC in summer is the lowest. 
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3.2. Ambient Concentrations of Water-Soluble Ions in PM2.5 

During 2017 

3.2.1. Overall Pollution Levels of Water-Soluble Ions 

In this study, PM2.5 samples were collected in the northern 

suburbs of Nanjing from March 2017 to February 2018, and 

WSI was measured and analyzed. The annual average mass 

concentration of total water-soluble ions is 23.00 µg m
-3

, the 

minimum value is 5.55 µg m
-3

 in autumn, and the maximum 

value is 71.52 µg m
-3

 in winter. It can be found that during the 

sampling period from February 2017 to March 2018, the 

maximum value of total water-soluble ions was 12.8 times the 

minimum value, indicating that the mass concentration of 

water-soluble ions in the atmospheric PM2.5 in the northern 

suburbs of Nanjing changed greatly. The annual average mass 

concentration of WSI is in the order of NO3
-
 > SO4

2-
 > NH4

+
 > 

Ca
2+

 > Na
+
 > Cl

-
 > K

+
 > Mg

2+
 > F

-
. The average mass 

concentrations were 7.47 µg m
-3

, 6.68 µg m
-3

, 4.39 µg m
-3

, 

1.36 µg m
-3

, 0.99 µg m
-3

, 0.95 µg m
-3

, 0.75 µg m
-3

, 0.35 µg m
-3

, 

and 0.06 µg m
-3

, respectively. 

 

Figure 2. The proportion of water-soluble ions in different seasons. (a) spring, (b) summer, (c) autumn, (d) winter. 

3.2.2. Seasonal Characteristics of Water-Soluble Ions 

The average mass concentrations of WSI in PM2.5 in the 

northern suburbs of Nanjing in spring, summer, autumn and 

winter were 18.60 µg m
-3

, 14.06 µg m
-3

, 24.08 µg m
-3

, and 36.95 

µg m
-3

, respectively. In terms of seasons, the mass 

concentration of WSI was the highest in winter, and decreased 

in order of autumn, spring and summer. It can be seen from 

Figure 2 that the proportion of WSI is arranged in different 

order in each season. The proportion of different ions to total 

ions in spring is SO4
2-

 > NO3
-
 > NH4

+
 > Ca

2+
 > K

+
 > Na

+
 > Cl

-
 > 

Mg
2+

 > F
-
. The proportion of WSI in summer is SO4

2-
 > NO3

-
 > 

NH4
+
 > Na

+
 > Ca

2+
 > K

+
 > Mg

2+
 > Cl

-
 > F

-
. The ratio of Na

+
 was 

higher in summer than in spring. The proportion of WSI in 

autumn is in the order of NO3
-
 > SO4

2-
 > NH4

+
 > Ca

2+
 > Na

+
 > 

K
+
 > Cl

-
 > Mg

2+
 > F

-
. The proportion of different ions to total 

ions in winter is NO
3-

 > SO4
2-

 > NH4
+
 > Cl

-
 > Ca

2+
 > Na

+
 > K

+
 > 

F
-
. It can be seen that although the contributions of different 

ions are different in the four seasons, secondary inorganic ions 

(SO4
2-

, NO3
-
, and NH4

+
) occupy more than 70% of all ions in 

any season, which further indicates that secondary pollution 

occurs in the northern suburbs of Nanjing. 

3.2.3. Ratio Analysis of NO3
-
/SO4

2-
 

At present, the mass concentration ratio of NO3
-
/SO4

2-
 is 

used to judge the contribution of mobile sources and fixed 

sources to relative atmospheric pollution. If the mass 

concentration ratio of NO3
-
/SO4

2-
 is greater than 1, it indicates 

that the contribution of mobile sources is greater; if the mass 

concentration ratio of NO3
-
/SO4

2-
 is less than 1, it indicates 

that the contribution of fixed sources is greater [29]. From 

Table 1, NO3
-
/SO4

2-
-ratios in all seasons and throughout the 
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year, it can be concluded that the annual average NO3
-
/SO4

2-
 

ratio in PM2.5 in the northern suburbs of Nanjing is 1.18. The 

average NO3
-
/SO4

2-
 ratios in autumn and winter are all greater 

than 1, which are 1.19 and 1.97, respectively. This indicates 

that the contribution of mobile sources is greater than that of 

fixed sources in autumn and winter. Mobile sources are the 

main source of pollution, and mobile source pollution in 

winter is more serious than that in autumn. In summer, the 

average NO3
-
/SO4

2-
 ratio is less than 1, indicating that the 

contribution of mobile sources is smaller than that of fixed 

sources in summer, and fixed sources are the main sources of 

pollution. 

3.3. Possible Sources of PM2.5 

3.3.1. PMF Analysis 

Using EPA PMF5.0 model and obtained data (191 samples 

× 11 species), the source contribution of PM2.5 was explored. 

The exploration of PMF optimal scheme is determined by the 

number of factors of the change scheme. We simulated the 

schemes with 4-6 factors in turn, and each scheme was run 

and calculated 20 times. Finally, the scheme of 5 factors is 

determined as the best scheme, because it has more physical 

significance than others. Their source profiles and percentage 

contributions are depicted in Figure 3. 

 

Figure 3. (a) The profile of each factor by PMF analyses. (b) The source contribution of the five factors to the total components in PM2.5 of Nanjing in 2019. 
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We can see from Figure 3(a) that Na
+
 (77.3%) has a high 

proportion in factor 1, and high abundances of Na
+
 is 

generally found in marine aerosols. So factor 1 is defined as 

marine source. Factor 2 is defined as secondary generation, 

in which the contribution ratio of SO4
2-

 (85.3%), NH4
+
 

(37.5%), and NO3
-
 (22%) is higher, and these ions are related 

to secondary generation. The proportion of OC and EC in 

factor 3 was 79.8% and 68.9%, respectively. In addition, 

Ca
2+

 (46.9%) also made certain contribution. Because OC 

and EC mostly come from biomass combustion and coal 

combustion, factor 4 is defined as the combustion source. 

Factor 4 is characterized by a high proportion of 

contributions from F
-
 (83.2%), Cl

-
 (36.2%), and Ca

2+
 (27.8%), 

which may come from industrial emissions. Factor 5 is 

defined as a traffic-related source, because NO3
-
 (60.8%) and 

NH4
+
 (54.5%) have high contributions in this factor, because 

the exhaust emissions of vehicles such as cars will release 

pollutants such as nitrogen oxides. Figure 3(b) presents the 

contributions of five sources to mass PM2.5, where second 

generation, traffic-related source, combustion sources, 

marine source, and industrial emissions are seen to account 

for 37.5%, 36.7%, 9.6%, 8.5%, and 7.7% of the total PM2.5 

mass in the suburban region. In Nanjing, secondary 

generation and traffic emissions are the main sources of 

PM2.5 pollution, which together contribute 74.2%. 

3.3.2. The Dominant Sources of PM2.5 in Different Seasons 

In order to better understand the dominant sources of PM2.5 

in different seasons, we conducted correlation analysis 

between PM2.5 and characteristic components. It can be seen 

from Figure 4 that PM2.5 has a good correlation with Ca
2+

 

(r=0.670, p＜0.01), Cl
-
 (r=0.666, p＜0.01), and F

-
 (r=0.657, p

＜0.01), which means that most of PM2.5 in Nanjing in spring 

may come from industrial emissions. At the same time, 

secondary ions (SO4
2-

, NH4
+
, and NO3

-
) also show a good 

correlation with PM2.5, and the contribution of secondary 

generation to PM2.5 can not be ignored. The correlation 

between NH4
+
 and NO3

-
 was the highest with a correlation 

coefficient of 0.895, followed by NO3
-
 and Cl

-
 with a 

correlation coefficient of 0.668. NH4
+
 is likely to exist in the 

form of NH4NO3, NH4Cl, and (NH4)2SO4. It can be seen from 

Figure 4 that PM2.5 is significantly correlated with NO3
-
, SO4

2-
, 

and NH4
+
 at 0.01 level, with correlation coefficients of 0.460, 

0.499, and 0.590, respectively, indicating that PM2.5 and SNA 

(NO3
-
, SO4

2-
, and NH4

+
) have the same source in summer. 

NH4
+
 was significantly correlated with SO4

2-
 and NO3

-
, with 

correlation coefficients of 0.830 and 0.452, respectively. NH4
+
 

may exist in the form of NH4NO3 and (NH4)2SO4. In addition, 

PM2.5 has a certain correlation with K
+
 (r=0.448, p＜0.01) and 

Ca
2+

 (r=0.342, p＜ 0.05). This means that there may be 

biomass burning during the season because K
+
 is a tracer of 

biomass burning. As can be seen from Figure 4, PM2.5 is 

significantly correlated with K
+
, SO4

2-
, NO3

-
, NH4

+
, and Ca

2+
 

at the level of 0.01, with correlation coefficients of 0.566, 

0.602, 0.658, 0.620, and 0.566, respectively. Different from 

summer, the correlation between PM2.5 and K
+
, Ca

2+
, and 

Mg
2+

 increased in autumn, but the correlation between PM2.5 

and SNA did not change significantly. K
+
 generally comes 

from biomass combustion, while Ca
2+

 and Mg
2+

 come from 

natural sources such as road dust and soil, indicating that the 

influence of biomass combustion and natural sources is 

greater in autumn than in summer. In winter, PM2.5 is 

significantly correlated with SO4
2-

, NO3
-
, and NH4

+
 at 0.01 

level, with correlation coefficients of 0.556, 0.566 and 0.637, 

respectively. Unlike in other seasons, there is no good 

correlation between other ions and PM2.5, which means that 

PM2.5 mainly comes from secondary generation in this season. 

 

Figure 4. The correlation between PM2.5 and its water-soluble ions in different seasons. (a) spring, (b) summer, (c) autumn, (d) winter. 
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4. Conclusion 

In this study, carbon components (OC, EC, WSOC) and 

water-soluble ions in 191 PM2.5 samples were determined. In 

the PM2.5 samples collected in 2017, the average concentration 

of total carbon aerosol (TCA) was 9.31 µg m
-3

, and the 

average concentration of OC and EC were 5.30 and 0.96, 

respectively. The concentrations of OC and EC in Nanjing 

were lower than those in North China, but similar to those in 

Shanghai. This may be due to the industrial structure of 

resource-based heavy industries in North China and the use of 

coal for heating in winter. All carbon components have 

obvious seasonal variation characteristics, that is, the highest 

abundance in winter and the lowest in summer. The dominant 

carbon components in the other three seasons were different, 

which might be due to the different source contributions of 

different components. OC/EC ratios in different seasons were 

used to explore the source of PM2.5 in Nanjing, and it was 

found that may be affected by automobile exhaust, coal 

burning and biomass combustion. 

The annual average mass concentration of WSI in PM2.5 was 

23.00 µg m
-3

, and the average mass concentration of WSI in 

spring, summer, autumn and winter were 18.60 µg m
-3

, 14.06 µg 

m
-3

, 24.08 µg m
-3

 and 36.95 µg m
-3

, respectively. The WSI in 

PM2.5 are mainly SNA, which account for 80.62% of the total 

WSI. According to the analysis of NO3
-
/SO4

2-
 mass concentration 

ratio, the results show that mobile source is the main source of 

pollution in autumn and winter, and fixed source is the main 

source of pollution in summer. In order to further understand the 

source of PM2.5, the data of OC, EC and WSI were poured into 

PMF model to identify the source of PM2.5. PMF results show 

that PM2.5 mainly comes from five sources, namely 

transport-related sources, secondary generation, combustion 

sources, marine source, and industrial emissions, with 

contribution rates of 37.5%, 36.7%, 9.6%, 8.5%, and 7.7%, 

respectively. The correlation between PM2.5 and ions is used to 

judge the source of advantage in different seasons. PM2.5 was 

significantly correlated with SNA in different seasons, especially 

in autumn. Therefore, secondary generation was the main source 

of PM2.5 in the northern suburbs of Nanjing in 2017. 

5. Recommendations 

This study has determined the conventional components in 

PM2.5 and provided some information for air pollution research. 

In this study, it can be seen that carbonaceous component is an 

important component of PM2.5, and the pollution characteristics 

of carbonaceous aerosols can be more comprehensively 

explored in future work. In particular, the contribution of 

organics (nitroaromatic acids, humic acids) to the light 

absorption of carbonaceous aerosols can be further investigated. 

In addition, this study shows that the secondary generation is an 

important source of air pollution in Nanjing, so it is very 

meaningful to carry out research on secondary aerosols, such as 

the concentration characteristics of secondary aerosols, 

generation mechanism, and source analysis. 
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