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Abstract
Long-term atmospheric quality monitoring of fine particulate matter  (PM2.5) and  PM2.5-bound polycyclic aromatic hydro-
carbons (PAHs) was performed in Wuxi from 2016 to 2021. In total, 504 atmospheric  PM2.5 samples were collected, and 
 PM2.5-bound 16 PAHs were detected. The  PM2.5 and ∑PAHs level decreased annually from 2016 to 2021, from 64.3 to 
34.0 μg/m3 and 5.27 to 4.22 ng/m3, respectively. The benzo[a]pyrene (BaP) levels of 42% of the monitoring days in 2017 
exceeded the recommended European Union (EU) health-based standard of 1 ng/m3. Five- and six-ring PAHs were found, 
including benz[a]anthracene, benzo[k]fluoranthene (Bkf), BaP, and benzo[g,h,i]perylene, which were the dominant com-
ponents (indicating a prominent petroleum, biomass, and coal combustion contribution) using molecular diagnostic ratios 
and positive matrix factorization analysis. Moreover,  PM2.5 and PAHs were significantly negatively associated with local 
precipitation over a period of six years. Statistically significant temporal and spatial distribution differences of  PM2.5, and 
∑PAHs were also found. The toxicity equivalent quotient (TEQ) of total PAHs was 0.70, and the TEQ of BaP (0.178) was 
the highest, followed by that of Bkf (0.090), dibenz[a,h]anthracene (Dah) (0.048), and indeno[1,2,3-cd]pyrene (0.034). The 
medians of the incremental lifetime cancer risk for long-term exposure to PAHs were 2.74E−8, 1.98E−8, and 1.71E−7 for 
children, teenagers, and adults, respectively, indicating that the carcinogenic risk of PAHs pollution in air was acceptable 
to local residents in this area. Sensitivity analysis revealed that BaP, Bkf, and Dah significantly contributed to carcinogenic 
toxicity. This research provides comprehensive statistics on the local air persistent organic pollutants profile, helps to identify 
the principal pollution source and compounds, and contributes to the prevention of regional air pollution.
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Introduction

Air pollution causes millions of deaths annually and is 
attributed to multiple adverse birth outcomes, such as obe-
sity, lung malfunction, and asthma (Hsu et al. 2020; Toriba 
and Hayakawa 2021). The Global Burden of Diseases in 
2019 indicated that particulate matter pollution was the 
second-leading level 3 risk factor for disability-adjusted life 
years (DALYs) among all risks. In 2019, it caused approxi-
mately 210 million DALYs and 6.45 million deaths world-
wide. Statistics show that deaths resulting from outdoor air 
pollution are conservatively estimated at between 350,000 
and 500,000 in China annually. The economic losses caused 
by related health costs have accounted for 1.16–3.8% of the 
gross domestic product (Ma et al. 2021). A 1% increase in 
population density causes a 0.214% increase in daily fine 
particulate matter  (PM2.5); however, industrialization, energy 
consumption, and traffic pollution also significantly increase 
the  PM2.5 accumulation rate (Lou et al. 2016).

Polycyclic aromatic hydrocarbons (PAHs), such as 
benzo[a]pyrene (BaP), comprise two or more fused aromatic 
rings arranged in various configurations (Nagato 2018). 
PAHs are released into the environment from natural and 

anthropogenic sources (WHO 2003). Anthropogenic activi-
ties, such as automobile exhaust emissions and industrial 
emissions, are reportedly the main sources of emissions 
(Yang et al. 2019; Fang et al. 2020). Epidemiological stud-
ies have found that workers exposed to multiple PAHs have a 
higher chance of developing skin, lung, bladder, and gastro-
intestinal cancers (Diggs et al. 2011). Similar outcomes have 
been observed in laboratory animal experiments (Le Goff 
et al. 2019; Yazdani 2020). PAHs carcinogens, including 
benzo[a]anthracene (Baa), BaP, and dibenz[ah]anthracene 
(Dah), have been identified (U.S. EPA 2017; Idowu et al. 
2019). Based on their toxicity to humans, the U.S. Environ-
mental Protection Agency (EPA) has designated 16 priority 
PAHs, which have been continuously monitored worldwide 
for decades (Andersson and Achten 2015).  PM2.5-bound 
PAHs formed through incomplete combustion of organic 
materials are the primary organic components in  PM2.5. 
PAHs are widely distributed in the air and can be carried 
over long distances (Ravindra et al. 2008). Moreover, PAHs 
combined with  PM2.5, can persistently exist in the environ-
ment longer than those in the unbound state (Stanišić et al. 
2021). Therefore, PAH exposure is closely correlated to the 
condition of  PM2.5, particularly in winter when PAH levels 
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could increase with the change in air temperature, reduction 
in photolysis, decomposition of radicals, and decreases in 
particle deposition (Rezaei et al. 2018).  PM2.5-bound PAHs 
can penetrate lungs deeply and even enter the bloodstream, 
causing cardiorespiratory diseases, which have been found 
in brick-kiln workers and chronic obstructive pulmonary dis-
ease (COPD) patients (Berumen-Rodríguez et al. 2021; Che 
et al. 2020). PAHs were among the first atmospheric pollut-
ants to be designated as suspected carcinogens (Kim et al. 
2013). The European Union (EU) has established a health-
based standard for PAHs, with the concentration of target 
PAHs, BaP in ambient air limited to 1 ng/m3 (European 
Commission 2019). China has also formulated a standard 
of toxic equivalent quotient (TEQ) for BaP, and the BaP-
TEQ must be controlled at less than 2.5 ng/m3 for daily and 
1.0 ng/m3 for annual average. However, current researches 
have revealed that the BaP-TEQ in several urban cities in 
China and other countries were higher than the prescribed 
limits (Fan et al. 2019; Kang et al. 2020; Yu et al. 2022).

As one of the most developed areas, the Yangtze River 
Delta region plays an essential role in the economic devel-
opment of China. Moreover, with the rapid expansion of 
industrialization and urbanization, numerous issues associ-
ated with the carrying capacity of resources, environment 
and population have recently emerged (Zhao et al. 2020). 
The rising energy consumption and remarkable increase 
in private cars have caused more severe pollution in this 
region than in other cities (Wang et al. 2017; Mao et al. 
2020). Wuxi is located in the south of Jiangsu Province, 
in the middle of the Yangtze River Delta, with an area of 
4650  km2 and a population of 7.46 million as of 2021. Stud-
ies have reported that the air quality in Wuxi is worse than 
that in other cities such as Ningbo and Shaoxing (Yu et al. 
2020). However, most previous studies have concentrated 
on particulate matter with aerodynamic diameters of < 2.5 
and < 10 μm, sulfur dioxide  (SO2), nitrogen dioxide  (NO2), 
and several metals (Zhu et al. 2017; Chen et al. 2020; Wang 
et al. 2020).

In this study, we conducted long-term monitoring of 
 PM2.5-bound 16 PAHs, recommended by the US EPA in 
Wuxi for six consecutive years from 2016 to 2021. The tem-
poral distribution characteristics, including seasonal varia-
tions, compositions, annual trends, and source appointments, 
which were analyzed by molecular diagnostic ratio (MDR) 
and positive matrix factorization (PMF), were comprehen-
sively described. Moreover, spatial distribution character-
istics of this study were compared with those of existing 
studies. Subsequently, dynamic 10,000 simulations of the 
toxicity assessment and incremental lifetime cancer risk 
(ILCR) were then performed using Crystal Ball. Sensitiv-
ity analysis was also performed to further understand the 
risk factors. Through long-term surveillance, our study can 
provide detailed statistics on the adverse health effects of 

 PM2.5-bound PAHs on local humans, help identify potential 
pollution sources, and promote optimal regional air quality.

Materials and Methods

Sample Collection

The  PM2.5 sampling site was set in the Binhu District, the 
central urban area within the state-controlled environmental 
air quality monitoring station coverage in Wuxi (31°07′ to 
32°02′, 119°31′ to 120°36′), as shown in Fig. 1. The dis-
tance between the sampling site and the main traffic road 
is approximately 30 m. There is no pollution source such a 
chemical or processing plant nearby. The nearest hospital 
is approximately 600 m away, and the nearest gas station 
is approximately 900 m away. Detailed sampling methods 
have been described in our previous study (Wu et al. 2022). 
A ZR3920 intelligent medium-flow ambient air particulate 
matter sampler (Qingdao Zhongrui, China) equipped with 
a 90-mm glass fiber filter membrane (Waterman, UK) was 
used to collect the air samples. Before and after sampling, 
the filter membrane was equilibrated for 24 h in a constant 
temperature and humidity box before being weighed. The 
sampling flow rate was 100L/min, and the sampling vol-
ume was set to  120m3. After collection, glass fiber filters 
were stored in a plastic filter box. The temperature, humid-
ity, and air pressure were recorded to calculate the volume 
under standard conditions. The sampling period for each 
sample was 20 h per day. The seven samples were collected 
from the10th to the 16th of each month since January, 2016 
to December, 2021. One field sample to be used for blank 
correction, was collected without the filter film connected 
to the sampler, and was analyzed using the same analysis 
procedure as the samples.

Chemicals and Reagents

Analytical standards for EPA priority 16 PAHs were pur-
chased from Sigma-Aldrich Inc. (North Charleston, SC, 
USA). The structures and details of the 16 PAHs are shown 
in Fig. S1. Chromatography-grade acetonitrile and methanol 
were purchased from Merck (New Jersey, USA). Deionized 
water was purified using the ELGA Purelab Ultra system 
(Vivendi Water Systems, Buckinghamshire, UK).

Analyses of PAHs

A quarter of the sample filter film was cut into pieces with 
ceramic scissors, and 4.5 mL acetonitrile was added into 
a 15 mL centrifuge tube. Ultrasonography was performed 
at 35 °C for 30 min, following which the supernatant was 
removed and cooled to room temperature (approximately at 
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25 °C). The filtrate was filtered through a 0.45 μm micropo-
rous membrane and subjected to sampling liquid chromato-
graphic determination. A liquid chromatograph with a diode 
array tandem fluorescence detector (Agilent Technologies 
Inc., Santa Clara, CA, USA) was used for PAH determi-
nation. The chromatographic column was a CNW Athena 
PAHs C18 column (250 mm × 4.6 mm, 5 μm, Shanghai 
Ampo Experimental Technology). The injection volume 
was 20μL. Details of the instrument parameter settings can 
be found in our previous study (Yao et al. 2021). The results 
of the PAH analysis are summarized in Table S1. The same 
methodology and technical personnel were employed for 
all observations during the entire study period to maintain 
consistency and accuracy of data. Quality control samples 
were added by inserting low, medium and high levels of a 
standard mixture per 10 samples and the variation was less 
than 10%.

Source Apportionment

MDRs have been used for PAHs source identification for 
decades. The MDRs are based on the assumption that each 
PAH emitting source releases PAH at the same ratio and 
are calculated using the ratios of specific pair-PAHs. PMF 
is a frequently used receptor model for multivariate factor 
analysis (Paatero and Tapper 1994; Paatero 1997). The U.S. 

EPA PMF5.0 was used to conduct source apportionment. 
The details of PMF overview and operation can be found in 
the Fundamentals and User Guide (https:// www. epa. gov). In 
total, five factors were applied and the percentages of each 
PAH contributing to the factors were calculated to find the 
feature components of each factor.

Health Risk Assessment

The US EPA describes human health risk assessment in four 
steps: hazard identification, exposure assessment, toxicity 
assessment, and risk characterization. The PAH exposure 
assessment was calculated using TEQ, which is the sum of 
the estimated cancer risk of all PAHs relative to BaP. The 
TEQ can be calculated using the following equation:

Ci is the concentration of PAH and  TEFi is the toxicity 
equivalency factor. The value of TEF is 1 for BaP and Dah; 
0.1 for Baa, Bkf, and Ind; 0.01 for Chr, Ant, and Bghi; and 
0.001 for Nap, Acy, Ace, Flu, Phe, Fla, and Pyr (Nisbet and 
LaGoy 1992; Froehner et al. 2010).

The carcinogenic value is quantitatively represented by 
the ILCR using the following equation:

(1)TEQ =
∑

Ci × TEFi

Fig. 1  PM2.5 sampling site in Wuxi city

https://www.epa.gov
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CSF is the inhalation cancer slope factor of BaP 
with a value of 3.14 per mg·kg−1·day−1, IR is the inha-
lation rate  (m3·day−1), EF is the exposure frequency 
(days·year−1), ED is the exposure duration (years), CF 
is the conversion factor with a value of  10–6, BW is the 
body weight (kg), and AT is the average lifespan of car-
cinogens (25,550 days). The population was divided into 
three groups by age: children (4–10 years), teenagers 
(11–17 years), and adults (18–70 years). The parameters 
for each group are listed in Table S2 (Yan et al. 2019).

Crystal ball 7.3 (Informer Technologies Inc., Los 
Angeles, CA USA) was used to conduct Monte Carlo 
simulations of forecast and risk analysis. For uncertain 
variables, such as concentration of PAHs or body weight, 
the simulations calculate numerous scenarios of a model 
by repeatedly picking values from the probability distri-
bution. The Spider chart describes sensitivity using the 
slope of all variables, where a steep slope means a greater 
impact on the prediction. While the variables at the upper 
part have a greater impact on the prediction, those at the 
bottom generate smaller oscillation amplitudes for predic-
tion with the tornado tool.

(2)ILCR =
CSF × TEQ × IR × EF × ED × CF

BW × AT

Result and Discussion

Temporal Distribution of  PM2.5 and  PM2.5‑PAHs

In total, 504 air samples were collected at the monitoring 
site in Wuxi, and Table 1 summarizes the annual concentra-
tions of  PM2.5 and 16 PAHs. The median  PM2.5 concentra-
tion decreased annually from 2016 (64.3 μg/m3) to 2021 
(34.0 μg/m3), accompanied by a decrease in ∑PAHs levels. 
According to the PRC National Standard, the average 24-h 
ambient  PM2.5 concentration limit is 75 μg/m3. The viola-
tion rates were 33.3% (2016), 19.0% (2017), 31.0% (2018), 
15.5% (2019), 14.3% (2020), and 10.7% (2021). The median 
concentration of  PM2.5 in Wuxi was 64.3 μg/m3 in 2016. 
This was 6.4 times higher than the  PM2.5 exposure limit 
of 10 μg/m3 stipulated by WHO air quality guideline. Fur-
thermore, 33.3% of the samples were higher than the PRC 
National Standard. A series of stringent emission control 
measures imposed in Wuxi are remarkable. An annual 
decrease in the concentration of  PM2.5, with a median of 
34.0 μg/m3 in 2021, reached the annual mean concentration 
limit of 35 μg/m3. The  PM2.5-bound PAHs also showed a 
decreasing trend from 2016 to 2021. With the improvements 
and amendments of Air Pollution Prevention and Control 
Law of the People's Republic of China in 2018, several 
related regulations were put into practice in Wuxi. Indus-
trial restructuring and energy structure reformation were 
implemented over time. Total industrial coal consumption 

Table 1  Annual concentrations of 16 PAHs in  PM2.5 at sampling site

2016 2017 2018 2019 2020 2021

PM2.5 (μg/m3) 64.3 (34.9–86.2) 50.6 (33.2–70.4) 57.9 (39.3–80.8) 44.4 (31.7–62.8) 38.9 (27.5–50.8) 34.0 (21.3–54.7)
Nap (ng/m3) 0.13 (0.13–0.13) 0.13 (0.13–0.13) 0.13 (0.13–0.13) 0.13 (0.13–0.13) 0.13 (0.13–0.13) 0.13 (0.13–0.13)
Acy (ng/m3) 0.08 (0.08–0.08) 0.08 (0.08–0.08) 0.08 (0.08–0.08) 0.08 (0.08–0.08) 0.08 (0.08–0.08) 0.08 (0.08–0.08)
Flu (ng/m3) 0.03 (0.03–0.03) 0.03 (0.03–0.03) 0.03 (0.03–0.03) 0.03 (0.03–0.03) 0.03 (0.03–0.03) 0.03 (0.03–0.03)
Ace (ng/m3) 0.23 (0.05–0.41) 0.22 (0.17–0.35) 0.17 (0.05–0.31) 0.05 (0.05–0.13) 0.05 (0.05–0.05) 0.05 (0.05–0.05)
Phe (ng/m3) 0.06 (0.06–1.49) 0.88 (0.17–1.28) 1.00 (0.67–1.28) 0.42 (0.06–1.10) 0.06 (0.06–0.31) 0.84 (0.44–1.51)
Ant (ng/m3) 0.05 (0.05–0.23) 0.05 (0.05–0.39) 0.05 (0.05–0.51) 0.05 (0.05–0.05) 0.09 (0.05–0.55) 0.24 (0.07–0.43)
Fla (ng/m3) 0.05 (0.05–0.05) 0.05 (0.05–0.05) 0.05 (0.05–0.05) 0.05 (0.05–0.05) 0.05 (0.05–0.05) 0.05 (0.05–05)
Pyr (ng/m3) 0.03 (0.03–1.59) 0.03 (0.03–0.03) 0.03 (0.03–0.03) 0.03 (0.03–0.03) 0.03 (0.03–0.03) 0.03 (0.03–1.02)
Chr (ng/m3) 0.04 (0.04–0.97) 0.70 (0.04–1.42) 0.49 (0.04–0.78) 0.04 (0.04–0.09) 0.04 (0.04–0.09) 0.04 (0.04–0.04)
Baa (ng/m3) 0.03 (0.03–1.67) 1.15 (0.03–2.04) 0.46 (0.03–0.98) 0.03 (0.03–0.36) 0.03 (0.03–0.22) 0.03 (0.03–0.03)
Bbf (ng/m3) 0.03 (0.03–0.03) 0.03 (0.03–0.64) 0.03 (0.03–1.37) 1.11 (0.69–2.03) 0.36 (0.18–1.59) 0.28 (0.14–0.72)
Bkf (ng/m3) 3.35 (3.35–4.62) 2.27 (0.89–2.99) 2.21 (1.45–2.80) 1.33 (0.82–3.07) 0.13 (0.07–1.26) 0.10 (0.06–0.26)
BaP (ng/m3) 0.03 (0.03–0.73) 0.37 (0.03–1.69) 0.27 (0.21–0.65) 0.16 (0.09–0.30) 0.15 (0.07–0.29) 0.08 (0.03–0.29)
Dah (ng/m3) 0.03 (0.03–0.35) 0.03 (0.03–0.73) 0.03 (0.03–0.03) 0.03 (0.03–0.03) 0.03 (0.03–0.03) 0.03 (0.03–0.05)
Bghi (ng/m3) 1.27 (1.27–3.13) 1.63 (0.13–3.03) 1.23 (0.83–1.58) 0.54 (0.31–1.00) 0.36 (0.21–0.84) 0.58 (0.30–1.45)
Ind (ng/m3) 0.04 (0.04–0.04) 0.04 (0.04–2.34) 0.04 (0.04–0.04) 0.04 (0.04–0.04) 0.04 (0.04–0.04) 0.04 (0.04–0.04)
∑PAHs (ng/m3) 5.27 (5.27–14.4) 8.39 (0.43–17.8) 7.06 (5.90–12.43) 5.05 (3.33–9.18) 3.14 (1.70–5.26) 4.22 (2.70–5.12)
Rainfall (mm/h) 0.02 (0.00–3.10) 0.01 (0.00–1.67) 0.00 (0.00–1.50) 0.01 (0.00–4.20) 0.02 (0.00–2.60) 0.05 (0.00–1.68)
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is decreasing year by year, and new energy vehicles achieve 
greater penetration (Shang et al. 2022). The substantial air 
quality optimization in 2020 and 2021 could be attributed 
to the COVID-19 pandemic (Qiu et al. 2023). The measures 
employed during the epidemic period, such as household 
isolation, shutdown and production stoppage, objectively 
improved the air quality of the city.

Moreover, the BaP concentration in 2017 was exceeded 
the recommended health-based standard of the EU at 1 ng/
m3; however, the annual concentration was consistent with 
China's National Standards at 1 ng/m3 specified by the 
Ambient Air Quality Standards GB3095-2012. BaP is one 
of the common PAHs that is used as a proxy to estimate 
the toxicity of overall PAH levels. The carcinogenic, tera-
togenic, and mutagenic properties of BaP metabolites were 
confirmed, and are classified as class I carcinogens by the 
International Agency for Research on Cancer. Epidemiology 
studies have reported that BaP exposure is associated with 
the occurrence of human tumors including breast cancer, 
skin cancer, and lung cancer (Amadou et al. 2021; Magee 
and Forsberg 2021; Zhang et al. 2023). When cytochrome 
P450 enzymatically converts BaP, its metabolites may form 
toxic adducts with guanine, resulting in the disruption of 
normal DNA replication (Moorthy et al. 2015).

Among the 16 PAHs, Nap, Acy, Flu, Fla, Pyr, Dah, and 
Ind were seldom detected, whereas Phe, Baa, Bkf, BaP, and 

Bghi accounted for a large proportion of the PAH composi-
tion. Bkf (five rings) had the highest concentration between 
2016 and 2019. Bbf (five rings) has increased since 2019, 
as shown in Fig. 2. Moreover, Bghi (six rings) was found 
to be a steady component, accounting for 11–19% during 
the observation period. Owing to semi-volatility, PAHs 
possessing 2–3 aromatic rings are predominant in the gase-
ous phase, while PAHs with four or more aromatic rings 
are dominant in the particulate phase (Wang et al. 2014). 
The dominant PAHs were 5–6 ring compounds, indicat-
ing a prominent contribution of vehicle exhaust. The 2–3 
ring PAHs are generated by the pyrolysis of unburned fossil 
fuels, and four-ring PAHs are produced via coal/biomass 
combustion (Feng et al. 2021). Recently, the composition of 
 PM2.5-bound PAHs has demonstrated a trend of diversifica-
tion, suggesting that pollution sources are also increasing 
in Wuxi.

Furthermore, the seasonal distribution variation of  PM2.5 
and 16 PAHs were remarkable, as shown in Fig. 3.  PM2.5 
concentrations in spring (63.3 ± 24.9 μg/m3) and winter 
(69.1 ± 34.9 μg/m3) were significantly higher than those 
in summer (43.3 ± 28.1 μg/m3) and fall (39.4 ± 24.2 μg/
m3), and total  PM2.5-bound 16 PAHs concentration was 
higher in winter (15.4 ± 10.5 ng/m3) than in other seasons 
(5.85 ± 3.95, 5.54 ± 4.05, and 5.97 ± 3.90 ng/m3 for spring, 
summer, and fall, respectively). China has the highest PAH 

Fig. 2  Annual proportion of 16 PAHs in  PM2.5 samples
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emissions globally and higher atmospheric PAH pollution is 
observed in winter than in other seasons (Shen et al. 2013) 
owing to its coal-dominant energy structure. The high PAH 
levels in winter can be attributed to the massive coal com-
bustion emissions due to heating and meteorology param-
eters, such as temperature and humidity (Sun et al. 2022). 
The energy consumption structure, which has given priority 
to coal, will not markedly change in the future, and severe 
PAH contamination in winter will continue to increase.

Source Apportionment

To reduce PAH emissions, it is necessary to specify the pri-
mary emission sources. MDRs have been widely applied 
for  PM2.5-bound PAHs source apportionment. Typically, 

the diagnostic ratios of Ant/ (Ant + Phe), Fla/ (Fla + Pyr), 
Baa/ (Baa + Chr), Ind/ (Ind + Bghi), and BaP/ Bghi are used 
to confirm the contributions of various atmospheric PAHs 
sources. The details of the MDRs in the different years and 
seasons are listed in Table 2.

Considering the detection rate of PAHs, samples above 
the detection limit were selected for MDR calculation. The 
Ant/ (Ant + Phe) ratio is indicative of pyrogenic and petro-
genic sources, and the Ant/ (Ant + Phe) ratio was higher 
than 0.1 from 2016 to 2021, indicating that pyrogenic 
sources were predominant. The Fla/ (Fla + Pyr) ratio is 
used as an indicator of petrogenic or unburned petroleum, 
fossil fuel, biomass, and coal combustion. Except for dur-
ing 2021, the Fla/ (Fla + Pyr) ratio was typically greater 
than 0.5, which suggests emission from biomass and coal 

Fig. 3  Seasonal distribution difference of 16 PAHs and  PM2.5.*** means p value was less than 0.001

Table 2  Details of MDRs values in temporal  PM2.5

Ant/(Ant + Phe) Fla/(Fla + Pyr) Baa/(Baa + Chr) Ind/(Ind + Bghi) BaP/Bghi

2016 0.23 ± 0.12 0.66 ± 0.18 0.62 ± 0.10 0.27 ± 0.14 0.45 ± 0.27
2017 0.32 ± 0.08 0.60 ± 0.02 0.57 ± 0.11 0.53 ± 0.14 0.75 ± 0.92
2018 0.35 ± 0.05 0.58 ± 0.08 0.55 ± 0.10 0.68 ± 0.05 0.51 ± 0.63
2019 0.36 ± 0.06 0.50 ± 0.01 0.75 ± 0.07 0.46 ± 0.18 0.33 ± 0.17
2020 0.27 ± 0.08 0.66 ± 0.12 0.69 ± 0.13 0.44 ± 0.08 0.47 ± 0.12
2021 0.31 ± 0.16 0.46 ± 0.08 0.79 ± 0.09 0.36 ± 0.06 0.20 ± 0.07
Spring 0.34 ± 0.12 0.74 ± 0.16 0.60 ± 0.11 0.70 ± 0.07 0.38 ± 0.43
Summer 0.33 ± 0.13 0.56 ± 0.20 0.51 ± 0.11 0.21 ± 0.13 0.26 ± 0.14
Fall 0.31 ± 0.12 0.62 ± 0.18 0.58 ± 0.10 0.42 ± 0.13 0.33 ± 0.49
Winter 0.29 ± 0.17 0.54 ± 0.09 0.66 ± 0.12 0.40 ± 0.15 0.75 ± 0.96

 < 0.1 = petrogenic
 > 0.1 = pyrogenic

 < 0.4 = petrogenic/unburned 
petroleum 0.4–0.5 = fossil 
fuel combustion

 > 0.5 = biomass and coal 
combustion

 < 0.2 = petrogenic 0.2–
0.35 = petroleum combus-
tion > 0.35 = biomass and 
coal combustion

 < 0.2 = petrogenic 0.2–
0.5 = petroleum combus-
tion > 0.5 = biomass and 
coal combustion

 < 0.6 = nontraf-
fic > 0.6 = traf-
fic
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combustion. Moreover, the Baa/ (Baa + Chr) ratio was 
higher than 0.35 which indicated emission from biomass 
and coal combustion. For the Ind/ (Ind + Bghi) ratio, the 
majority of the samples were between 0.2 and 0.5, which 
represent petroleum combustion emission. However, these 

ratios were higher than 0.5, in 2018 (0.68 ± 0.05) and in 
spring (0.70 ± 0.07) when they were grouped by season. 
The BaP/ Bghi ratios used to distinguish traffic sources 
indicated less traffic pollution emissions in this area.

Fig. 4  PMF species profiles of 16 PAHs which constitute the 5 factors
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The PMF species profiles are illustrated in Fig. 4. Fac-
tor 1 is dominated by Nap and Bkf. Considering that Nap 
is more likely to be detected in gaseous phases than  PM2.5, 
and Bkf is considered to originate from diesel combustion 
(Yancheshmeh et al. 2014; Shen et al. 2019). Factor 1 was 
defined as diesel combustion. Factor 2 is dominated by 
Acy, Flu, Ace, Phe, Ant, and Chr. Low molecular weight 
PAHs play a leading role here as they are primarily derived 
from low-temperature combustion (Wang et al. 2010), such 
as coal combustion. They are also likely to decrease with 
the decreasing diameter of PMs (Wang et al. 2018). There-
fore, Factor 2 was defined as coal combustion. Factor 3 
was dominated by Bghi and Ind, which are generated from 
incomplete gasoline combustion and are the markers of 
high traffic flow in cities (Zaragoza-Ojeda et al. 2022). 
Therefore, Factor 3 was defined as gasoline emissions. 
Factor 4 was dominated by Fla, Pyr, Chr, Baa, and BaP. 
Chr and Baa are good tracers of biomass burning. The 
detectable BaP is typically derived from the combustion 
of organic matter and natural sources, such as forest fires 
and volcanic eruptions (Ofori et al. 2020; Wu et al. 2022). 
Factor 4 is defined as biomass burning. Factor 5 was 
dominated by Bbf and Dah. Dah was seldom detected in 
the  PM2.5 samples. A remarkably high Bbf/ Bkf ratio was 
observed in snack-street boiling, which was attributed to 
cooking fumes (Liu et al., 2018). Furthermore, Bbf was 
selected by the EU Scientific Committee on Food as one of 
the most suitable indicators of carcinogenic PAHs in food 
(EU 2011). Hence, Factor 5 was defined as cooking. Cook-
ing emissions, known as the cooking-like organic aerosol 
factor, are an important source of organic aerosols. Cook-
ing emissions were found to account for 90% of PAHs on 
average, nine times higher than that of traffic (10%) (Lin 
et al. 2022).

The concentrations of  PM2.5 and  PM2.5-bound PAHs 
were significantly correlated to local precipitation. The 
relationship of  PM2.5 and 16  PM2.5-bound PAHs with local 
precipitation was also investigated. The precipitation data 
shown in Table 1 were obtained from the European Cen-
tre for Medium-Range Weather Forecasts (Global Mod-
eling and Assimilation Office 2015). Multilevel regres-
sion modeling tested the association between  PM2.5 and 
16  PM2.5-bound PAHs with precipitation. Both  PM2.5 and 
16  PM2.5-bound PAHs were significantly negatively asso-
ciated with local precipitation over a six years period: β 
coefficient: −18.029, 95% confidence interval: (−24.408, 
−11.652) with p < 0.001 for  PM2.5, and β coefficient: 
−2.880, 95% confidence interval: (−4.456, −1.305) with 
p < 0.001 for  PM2.5-bound PAHs. Our results were consist-
ent with those of previous studies that showed air pollut-
ants were reduced by rainfall scavenging, with the greatest 
reduction observed in  PM2.5 (Lv et al. 2021).

Spatial Distribution Variations of  PM2.5 and PAHs 
Levels

A literature review was conducted to understand the spatial 
distribution differences of the EPA priority 16 PAHs. Stud-
ies that reported data on 16 PAHs in atmospheric samples 
were included in the review. The exclusion criteria were as 
follows: (1) sampling dates earlier than 2016 or later than 
2021; (2) sampling sites that were contaminated areas; (3) 
mean, standard deviation, and sample sizes that were not 
found in the literature; and (4) the 16 PAH types that were 
not the same as those in the current study. Eleven studies met 
the criteria described above and the results are presented in 
Fig. 5. Individual t-tests were performed between relevant 
data and the present study according to the sampling time 
for  PM2.5 and ∑PAHs. The  PM2.5 concentration of the study 
area was significantly different from that of Jamshedpur City 
and Ranchi of India (more heavily polluted than Wuxi), 
Shanghai of China (superior to Wuxi), and six provinces 
of Thailand (superior to Wuxi). The ∑PAH distributions of 
Seoul, Korea, Arequipa of Peru, and six provinces of Thai-
land were not significantly different from that in the pre-
sent study. The ∑PAHs concentrations in other areas were 
higher than that in the present study, except for Shanghai, 
China (p < 0.01). The details of the  PM2.5-bound PAHs are 
listed in Table S3. Furthermore, PAH levels were not always 
associated with  PM2.5, and no significant differences were 
observed between Wuxi and Eastern India, Changchun, Teh-
ran, and Dalian; however, the distributions of  PM2.5, were 
distinctly different. PAHs are also regulated by meteoro-
logical processes, such as the size distribution of particles, 
particle diameter, and particle density (Wang et al. 2019).

Health Risk Assessment of Membrane‑Captured 
PAHs

Based on the health risk assessment model and toxicity 
parameters, the ILCR of children, teenagers, and adults 
exposed to PAHs  (PM2.5) in Wuxi City was calculated using 
Crystal Ball. The median TEQ was 0.70 for a total of 15 
PAHs and TEQ conformed to the lognormal distribution, 
as shown in Fig. S2(a). Fig. S2(b) illustrates the individual 
TEQ of each PAH. The TEQ of BaP (0.178) was the highest, 
followed by that of Bkf (0.090), Dah (0.048), Ind (0.034), 
and Baa (0.014).

The ILCR calculated using Eq. (2) was analyzed using 
a dynamic simulation. Monte Carlo analysis has been 
widely applied in uncertainty model. Through 10,000 
simulations, the medians of the ILCR for long-term expo-
sure to PAHs were 2.74E−8 (max: 2.00E−6), 1.98E−8 
(max: 3.64E−6), and 1.71E−7 (max: 2.21E−5) for chil-
dren, teenagers, and adults, respectively. According to the 
results, ILCR can be divided into four categories: very low 
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(ILCR < 1.0E−6), low (1.0E−6 < ILCR < 1.0E−4), medium 
(1.0E−4 < ILCR < 1.0E−3) and high carcinogenic risk 
(ILCR > 1.0E−3). This is a low carcinogenic risk of PAH 
air pollution in this area; however, the maximum ILCR for 
adults exceeded the EPA recommended limit in the winter. 
Other studies reported that adult ILCR exceeded 1.0E−6 
in industrial area of northern China, and high cancer risks 
exceeded EPA recommended limit in Jinan, located in the 
northern China (Jiang et al. 2022; Yu et al. 2022). In India, 
the TEQ ranged between 0.24 and 94.13 while the ILCR 
ranged between 1.0E−5 and 1.0E−3, representing a relative 
high cancer risk (Ekka et al. 2021). PAHs were also reported 
in soils and water which could accumulate and pose a threat 
to grain, fish, and vegetables (Sonego et al. 2022; Zhang 
et al. 2022). Considering the multiple exposure pathways, 
the risk of adult exposure to PAHs cannot be neglected.

Furthermore, the Spider chart and Tornado tool in Crystal 
Ball were employed for sensitivity analysis to identify promi-
nent contaminants, as shown in Fig. 6. Evidently, body weight 
had a greater negative effect on prediction, while ingestion rate 
and exposure duration had a positive effect. Among the 15 
PAHs, BaP, Bkf, and Dah significantly contributed to carci-
nogenic toxicity. The consequences for children and teenagers 
were consistent with those for adults, which can be found in 
the Supplementary Information. BaP is a well-known highly 
toxic and carcinogenic compound. Recent studies have also 

reported that Bkf also is the most important contributor to 
the aryl hydrocarbon receptor activation which participates 
in the mechanism of  PM2.5-induced cardiovascular disease, 
followed by Bbf and Dah (Ho et al. 2022; Ma et al. 2022). Bkf 
was found to adversely affect cell viability and necrosis in the 
placental cell line, indicating potential reproductive toxicity 
(Jo et al. 2022). Bkf was abundant in several environments, 
even in Arctic seas (Lakhmanov et al. 2022; Zonkpoedjre et al. 
2022). Therefore, it is worthwhile to focus on Bkf pollution.

To accurately evaluate the associations between the 
parameters and ILCR prediction, a scatter plot of the sensi-
tivity analysis was used to obtain the correlation coefficient, 
as shown in Fig. 7. The exposure duration, ingestion rate, 
BaP, Bkf, and Dah were positively correlated, with R values 
of 0.6312, 0.1353, 0.4573, 0.3043, and 0.1600, respectively. 
In contrast, body weight was inversely related to ILCR pre-
diction, with an R value of −0.1359. Scatter plots of the 
relationships for children and teenagers are provided in the 
Supplementary Information.

Conclusion

Long-term atmospheric surveillance of 16  PM2.5-bound 
PAHs was conducted from 2016 to 2021 in Wuxi City. 
Based on our monitoring data,  PM2.5 pollution was degraded 

Fig. 5  Spatial distribution variations of  PM2.5 and 16 PAHs. ** means p value was less than 0.01, *** means p value was less than 0.001
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annually, and violations were primarily observed in winter. 
BaP exceeded the EU-recommended health-based standard 
in 2017. Owing to the prior energy consumption structure 
using coal, 16 PAHs were three times higher in winter than 
in the other seasons. Moreover, there were significant spa-
tial distribution differences in PAHs. High-molecular-weight 
PAHs, including Bkf, BaP, and Bghi, were the dominant 

components, indicating diesel combustion, gasoline emis-
sions, and biomass burning when applying MDR and PMF 
analyses. The ILCR resulting from respiratory exposure to 
PAHs was acceptable to local citizens, with maximum value 
of 2.00E−6, 3.64E−6, and 2.21E−5 for children, teenagers, 
and adults, respectively. BaP, Bkf, and Dah had a positive 
impact on ILCR predictions. Our study provides a detailed 

Fig. 6  Sensitivity analysis for adults ILCR prediction. IR is the inhalation rate  (m3·day−1), ED is the exposure duration (years), BW is the body 
weight (kg)

Fig. 7  Scatter plot of sensitivity analysis for adults ILCR prediction. IR is the inhalation rate  (m3·day−1), ED is the exposure duration (years), 
BW is the body weight (kg)
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profile of  PM2.5-bound PAHs pollution and its health effects 
on local residents. However, air pollution during winter 
should not be neglected. The toxicities and carcinogenicity 
of long-term exposure to  PM2.5 and the dominant PAHs also 
require further clarification.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12403- 023- 00572-x.
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