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matic hydrocarbons (oPAHs) in fine particulate matter (PM2.5 ) samples from Mount Tai were
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analyzed during summer (June to August), 2015. During the observation campaign, the mean
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concentration of total nPAHs and oPAHs was 31.62 pg/m3 and 0.15 ng/m3 , respectively.
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Two of the monitored compounds, namely 9-nitro-anthracene (9N-ANT) (6.86 pg/m3 ) and
9-fluorenone (9FO) (0.05 ng/m3 ) were the predominant compounds of nPAHs and oPAHs, re-
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spectively. The potential source and long-range transportation of nPAHs and oPAHs were

Nitro-PAHs

investigated by the positive matrix factorization (PMF) method and the potential source

oxy-PAHs

contribution function (PSCF) methods. The results revealed that biomass/coal burning, gaso-

PMF

line vehicle emission, diesel vehicle emission and secondary formation were the dominant

PSCF

sources of nPAHs and oPAHs, which were mainly from Henan province and Beijing-Tianjin-

Risk assessment

Hebei region and Bohai sea. The incremental life cancer risk (ILCR) values were calculated
to evaluate the exposure risk of nPAHs and oPAHs for three group people (infant, children
and adult), and the values of ILCR were 7.02 × 10−10 , 3.49 × 10−9 and 1.41 × 10−8 for infant, children and adults, respectively. All these values were lower than the standard of EPA
(Environmental Protection Agency) (<10−6 ), indicating acceptable health risk of nPAHs and
oPAHs.
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Introduction
With the rapid development of China, the industrialization
and urbanization resulted in an increasing level of fine particular matter (PM2.5 ), of which the diameter is less than 2.5 μm.
Numerous studies found that the PM2.5 pollution could cause
harm to human due to many chemical components adhering to it, such as polycyclic aromatic hydrocarbons (PAHs)
and their derivatives (Feng et al., 2016; Kim et al., 2015). PAHs
are known as a persistent organic pollutant, with many characteristics such as mutagenic, genotoxic and carcinogenic,
and PAHs are mainly released from incomplete combustion,
such as coal/biomass burning, vehicle emissions and industrial processes (Xu et al., 2020; Zhang et al., 2018a). Furthermore, natural process, such as volcanic eruptions and diagenesis, can also release substantial quantity of PAHs. To date,
China is the country with the largest emissions of PAHs in
the world, and a number of studies have been focused on
the PAHs in China. For example, in Liu’s study, the concentration of PAHs in an industrial district of Shanghai was reported ranging from 2.58 to 123.62 ng/m3 , and the main source
came from vehicles emission (Liu et al., 2018b). Chao et al. reported the main contributor of PAHs in rural Beijing was the
residential coal combustion using positive matrix factorization (PMF) method (Chao et al., 2019). Huang et al. estimated
the concentration of PAHs in Pearl River Delta region, which
were 91.50 ± 36.10 ng/m3 , and the dominant contributors were
coal combustion and biomass burning (Huang et al., 2014).
Over the last years, the derivatives of PAHs, such as nitrated PAHs (nPAHs) and oxygenated PAHs (oPAHs) have been
redirected special concern since they are more hazard than
PAHs due to the direct-acting characteristic of mutagenicity
and carcinogenicity (Albinet et al., 2008; Pedersen et al., 2005).
Both nPAHs and oPAHs can be formed from primary emissions
or secondary formation. Zhao et al. reported that vehicle emission was one of the primary sources of nPAHs and oPAHs. After
the traffic policy was implemented, nPAHs and oPAHs concentration were reduced to 22.49 pg/m3 and 31.80 ng/m3 in Langfang, Hebei province (Zhao et al., 2018). Albinet et al. pointed
out that incomplete combustion of coal/biomass would release nPAHs and oPAHs as well (Albinet et al., 2008). Shen
et al. reported nitro-naphthalene was the most abundant
compound through incomplete combustion (Shen et al., 2012).
And several studies have reported another formation pattern
of nPAHs and oPAHs, which was through gas phase reactions between parent-PAHs and oxidants radicals, such as OH,
NO3 − and O3 (Zimmermann et al., 2013).
So far, most studies conducted in China focused on the
concentration and health risk of PAHs derivatives in metropolis areas, such as Xi’an (Wei et al., 2015), Beijing (Wu et al., 2014)
and Guangzhou (Tan et al., 2011). However, because of various pollution sources, the concentrations and certain characteristics of pollutants present in these cities were inconsistent (Xu et al., 2017). Wang et al. have conducted a measurement of the concentration of nPAHs and oPAHs in Beijing, which were 792.10 ± 552.40 pg/m3 and 1032.30 ± 466.90
pg/m3 , respectively, and the most dominant compounds of
nPAHs and oPAHs was 2-nitro-fluoranthene (2N-FLA) and 9,10anthraquinone (Wang et al., 2011). In another study conducted

in Langfang which belongs to Beijing-Tianjin-Hebei region
(BTH region), the concentration of nPAHs and oPAHs were one
magnitude higher than Beijing, which were 1344.45 ± 345.26
pg/m3 and 34.01 ± 13.74 ng/m3 , respectively, and 3-nitrobenzanthrone (3N-BA) and benzanthrone (BZO) were the most
abundant nPAHs and oPAHs (Zhao et al., 2018). The inconsistent dominant pollutants in Langfang and Beijing could be
attributed to different emission sources. Langfang is one of
the areas has the most railways and highways in China, thus
the vehicle emission was the major contributor to nPAHs and
oPAHs (Zhao et al., 2018). Limited information of the nPAHs
and oPAHs baseline concentration can be obtained in urban
cities due to the great effect of local emissions. Therefore, further studies should be conducted in background site with less
anthropogenic pollution effect and local pollution sources to
evaluate potential regional sources and regional transportation of nPAHs and oPAHs.
In this study, Mount Tai was chosen as the sampling
site, which is located between atmospheric boundary layer
and free troposphere, the effect of anthropogenic pollution
and other pollution sources can be eliminated in this area
(Zhang et al., 2018b). It is therefore an ideal site to investigate
the concentration, source identification, long-range transportation and health risk assessment of the regional background value of nPAHs and oPAHs.
This study aimed at: (1) estimating nPAHs and oPAHs concentrations in fine particle at regional background site of the
North China; (2) identifying the emission source and potential
regional source of nPAHs and oPAHs through the positive matrix factorization (PMF) method and potential source contribution function (PSCF) method; (3) estimating the cancer risk
for general public health according to the standard of EPA (U.S.
Environment Protection Agency).

1.

Methods

1.1.

Sampling sites

Mount Tai (36°11 N-36°31 N, 116°50 E-117°12 E) is located in
Taian city, Shandong Province, north plain of China (Fig. 1).
Shandong province is surrounded by BTH region and Henan
province. The samples were collected in Mount Tai meteorological station, which is situated in 1532 m height, this station
was distant from the commonly visited zones. Due to the altitude of this sampling site, anthropogenic emissions and the
effect of local pollutant source can be eliminated effectively.
Hence, Mount Tai has been chosen as a background site by
many researchers to investigate the baseline level and transportation of air pollutants in northern China (Liu et al., 2017;
Wang et al., 2012; Zhang et al., 2018b).

1.2.

Sample collection

Forty-eight PM2.5 samples were collected during summer,
2015. The samples were collected continuously using highvolume samplers (HI-Q 7386, Environmental Products Company, USA) for 24 hr, with a flow rate of 1000 L/min. Before sampling, the filters were pre-baked in a muffle furnace for 6 hr at
450 °C to eliminate the organic interference, then equilibrated
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Fig. 1 – Location of Mount Tai and nearby geographical settings.

under constant temperature (25 °C) and humidity (55 °C) for 24
hr. The filters were weighed before and after the equilibration
under same conditions in 1 hr. If the discrepancy of the two
weight above was less than 0.01 mg, the mean value of two
weight was chosen to be the weight of the filter. After weighing, the filters were put into a box, and sealed by aluminum
foil and preserved at −20 °C. After sampling, the filters were
equilibrated for 24 hr again with the same conditions above.

1.3.

Sample extraction and analysis

The filters were cut into tiny pieces (1 cm × 1 cm) and
transferred into a glass tube. Before the extraction, the
mixture (100 ng) of 9-nitroanthracene-d9, 1-nitropyrene-d9
were added into tube as surrogate standards. Then, 150 mL
dichloromethane (DCM) were added. Ultrasonic extraction
was used to extract the target compounds for 45 min. Then,
the samples were concentrated to about 0.5 mL under gentle nitrogen at 40 °C. Hexane (5 mL) was added to redissolve
the samples, and the volume was concentrated to 0.5 mL
under nitrogen flow again. Concentrated samples were purified through columns filled with silica gel/alumina (0.5 g,
3 mL), which were pre-baked for 16 hr before use. After sample loaded, each column was eluted by 6 mL mixture of hexane and DCM (1:1, v/v), and the elutes were concentrated
to 0.2 mL under nitrogen flow. Finally, internal standards (2nitrofluorene-d9 and 3-nitrofluorene-d9) were spiked before
the instrument analysis.
All samples were analyzed using GC–MS (Agilent
6890 N/5973i, Agilent Technologies, USA) with electron
impact ionization (EI) (70 eV) source in selected ion monitoring (SIM) mode. A DB-5MS (30 m × 0.25 mm × 0.25 μm,
Agilent) was equipped for separation. The parameters of
gas chromatography were: injector temperature, 270 °C; ion
source temperature, 230 °C; temperature program: 65 °C
(0.5 min), 65–130 °C at a rate of 15 °C/min, and hold for
0.5 min; 130–220 °C at a rate of 9 °C/min, and hold for 1 min,
and 7 °C/min to 240 °C and hold for 1 min, 240–320 °C at a rate
of 15 °C/min and hold for 5 min.

1.4.

Quality control and assurance

All used glassware during sample extraction procedure were
soaked in special lotion for glassware cleaning (Decon 90,
Decon Laboratories Limited), rinsed by ultra-pure water, and
then baked at 120 °C to dryness. During the sampling period, the blanks were collected to evaluate the contamination
of background, and the results showed that PAHs derivatives
were not detected in these blanks. In this study, 10 nPAHs
and 4 oPAHs were detected, which were 5-nitro-acenaphthene
(5N-ACE), 2-nitro-fluorene (2N-FLO), 9-nitro-anthracene (9NANT), 9-nitro-phenanthrene (9N-PHE), 3-nitro-phenanthrene
(3N-PHE), 2 + 3-nitro-fluoranthene (2 + 3N-FLA), 1-nitropyrene (1N-PYR), 7-nitro-benzo[a]anthracene (7N-BaA), 6nitro-chrysene (6N-CHR), 6-nitro-benzo[a]pyrene (6N-BaP), 1naphthaldehyde (1-NALD), 9-fluorenone (9FO), benzanthrone
(BZO), and benzo[a]anthracene-7,12–dione (7,12-BaAQ). Due to
the similar elution times, 2N-FLA and 3N-FLA were quantified together as the total concentrations of 2 + 3N-FLA. The
recoveries were evaluated according to the surrogate standard. The recoveries of 9-nitroanthracene-d9, 1-nitropyrened9 were 87% ± 12% and 92% ± 15%, respectively. The limit
of detections (LODs) and method detection limits (MDLs) of
nPAHs and oPAHs are listed in Table S1.

1.5.

Positive matrix factorization (PMF)

The PMF model can be employed to identified the sources of
pollutants and assessed contributions of sources to individual
PAHs derivatives. Detail information about the PMF model was
put in SI. In this study, the EPA PMF model software (Version
5.0.14) was employed to analyze the various emission sources
of PAHs derivatives. To perform the PMF model analysis, two
input files were needed, the concentration data and the uncertainty of individual PAHs derivatives. For uncertainty data,
the error fraction was set as 10% of the individual species
concentration (B. Liu et al., 2018). In PMF model, the signal to
noise ratio (S/N) is used to classify the individual PAHs derivatives. When S/N < 0.5, the species is classified as “bad”, if 0.5
< S/N < 1, the species is classified as “weak”, if S/N > 1, the
species is considered as “strong”. In this study, the S/N ratio for
most species were larger than 1, while 5N-ACE and 6N-BaP is
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classified as “bad”, thus all the species can be further analysis
except 5N-ACE and 6N-BaP. At first, 3 to 5 factors set to perform the PMF model, a smaller decrease of Q (robust) /Q (expected)
is observed when moving from four factors to five factors than
moving three factors to four factors, and that indicate four factors is the optimal solution (Brown et al., 2015). The residual of
all species is consistent with normal distribution in the range
from −3 to 3, and the PMF predicated concentrations of individual nPAHs and oPAHs fit the observed concentrations very
well with an R2 larger than 0.88.

1.6.

Health risk assessment

In the present study, the incremental life cancer risk (ILCR)
of PAHs derivatives is applied to assess cancer risk, and the
value of ILCR can be expressed by the Eqs. (1)-(3). In this study,
people are divided into three groups by ages (0–1 years as infants; 2–18 years as children; 17–70 years as adults). The lifetime average daily dose (LADD) and ILCR equations are as follows (Wang et al., 2014):
LADD =

PAHs derivate

Species

Concentration

nPAHs
(pg/m3 )

5N-ACE
2N-FLO
9N-ANT
9N-PHE
3N-PHE
2 + 3N-FLA
1N-PYR
7N-BaA
6N-CHR
6N-BaP
nPAHs
1-NALD
9FO
BZO
7,12-BaAQ
oPAHs

3.94
2.12
6.86
2.32
1.99
1.55
2.21
2.39
2.64
5.59
31.62
0.01
0.05
0.04
0.04
0.15

Potential source contribution function (PSCF) analysis

To identify the potential source regions of nPAHs and oPAHs,
the contribution of emission sources was calculated by PSCF
method. PSCF can estimate the distinctive potential regional
sources of target pollutants using backward trajectories, and
it was commonly used in previous study (J. Li et al., 2019;
Liu et al., 2017; Zheng et al., 2019). The calculation process
and related equations was put in SI, in this study, PSCF analysis was performed by TrajStat software (Version 1.2.2.6), the
meteorological data used in TrajStat software were obtained
from NOAA ARL (https: //www.ready.noaa.gov/archives.php),
and the 75th percentile concentration of individual species
was set as pre-defined threshold.

1.7.

Table 1 – Mean concentrations of nPAHs and oPAHs in
PM2.5 .

C × IR × EF × ED
× cf
BW × AT


ILCR = LADD ×


CSF ×

BW
70

(1)

1 
3

oPAHs
(ng/m3 )

(Conversion Factor, 10−6 for three groups); CSF (Cancer Slope
Factor, 3.14 mg/(kg•day) for three groups) (Collins et al., 1991;
Hoseini et al., 2016).
To calculate the cumulative probability distribution of ILCR
values for three groups more precisely, the Monte Carlo simulation is employed, which can combine the distributions to
deal with the uncertainty in the process of risk assessment.
The Oracle Crystal ball software (Version 7.2) is used to implement the Monte Carlo simulation. The parameters of Eq. (1) are
set as assumption, and the cell of ILCR set as forecast, the
times of simulation are 1000 in this study.

2.

Results and discussion

2.1.

nPAHs, oPAHs concentration

(2)

where C represents the BaP equivalent concentration, which is
calculated through individual compound concentration multiplying the corresponding toxicity equivalency factor (TEFi ),
and the formula is as follow:

C = TEQ =
(3)
(Ci × TEFi )
Ci represents the concentration of individual compound,
and the value of TEFi for each individual nPAHs were achieved
from Nisbet and LaGoy’s study which reported the toxic potency of nPAHs relative to BaP (Nisbet and LaGoy, 1992). Since
the TEF value of oPAHs were unavailable, the cancer risk of
oPAHs were not assessed. The meanings of other parameters
were presented as follow: BW (Body Weight, 9.10 ± 1.25 kg
for infants; 29.70 ± 5.62 kg for children; 71.05 ± 13.60 kg
for adults); IR (Inhalation Rate, 5.36 m3 /day for infants; 11.41
m3 /day for children; 15.73 m3 /day for adults); EF (Exposure
Frequency, 350 day/year for three groups); ED (Exposure Duration, 0–1 year for infants; 0–17 year for children; 0–52 year for
adults); AT (Averaging Time, 25,550 days for three groups); cf

As shown in Table 1, 10 nPAHs were detected in this study,
and the total nPAHs concentrations ranged from 8.31 to 99.94
pg/m3 during sampling period (Fig. 2), with a mean of 31.62
pg/m3 . Table 1 showed the mean concentration of other individual nPAHs and oPAHs during sampling period, and the
concentration of 5N-ACE, 2N-FLO, 9N-PHE, 9N-ANT, 3N-PHE,
2 + 3N-FLA, 1N-PYR, 7N-BaA, 6N-CHR, 6N-BaP ranged from
1.55 to 6.86 pg/m3 . Among these compounds, 9N-ANT (6.86
pg/m3 ) and 6N-BaP (5.59 pg/m3 ) were the most dominant
compounds of nPAHs at Mount Tai. The nPAHs concentration measured in this study were compared to other studies
reported previously in Table 2. The concentration of nPAHs
in the Mount Tai was relatively lower than other background
sites in China, such as marine background site in the Tuoji
Island (42.60 pg/m3 ) (Zhang et al., 2018a), some rural village
background sites (near to Pearl River Delta, 3.17 × 103 pg/m3 )
and Wuwei suburban background site (5.55 × 102 pg/m3 )
(Huang et al., 2014; Li et al., 2015; Yang et al., 2006). Additionally, it was also lower than background sites in other countries, including Rwanda Africa (2.89 × 102 pg/m3 ), coast area
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Fig. 2 – Total concentration of nPAHs and oPAHs bound to PM2.5 during sampling period.

Table 2 – Comparison of nPAHs and oPAHs concentrations in particulate matter in different areas.
Location

Time

PM

Number
of nPAHs

nPAHs concentration
(pg/m3 )

Mount Tai, China
Tuoji island, China
Rural village, southern China
Rural village, northern China
Rwanda, Africa
Florence, Italy
Southern Aegean Sea
plain area, Hungary
Birmingham, UK

2015.06–08
2015.06
2010.10–12
2010.04–2011.03
2017.04–06
2013.01–2014.02
2012.06
2013.08
2013.06

PM2.5
PM2.5
TSP
PM10
PM2.5
PM2.5
PM10
PM10
PM10

13
12
29
12
7
12
11
11
12

31.624
42.60
3.17 × 103
5.55 × 102
2.89 × 102
–
4.10
24.30
–

in South of Aegean Sea (4.10 pg/m3 ) and plain area in Hungary (24.30 pg/m3 ) (Lammel et al., 2017).
The total concentration of four measured oPAHs ranged
from 0.04 to 0.41 ng/m3 (Fig. 2), with a mean value of
0.15 ng/m3 . The concentrations of 1-NALD, 9FO, BZO and 7,12BaAQ ranged from 0.01 to 0.05 ng/m3 (Table 1), and 9FO
was found to be the dominant compound of oPAHs, contributing to 33% of oPAHs. These results were lower than marine background site (0.22 ng/m3 ), southern rural village site
(8.85 ng/m3 ) (Huang et al., 2014) and northern rural village site
(27.50 ng/m3 ) in China (Li et al., 2015), and also lower than
Birmingham in UK (0.9 ng/m3 ) (Keyte et al., 2016), Florence city
in Italy (3.10–11.30 pg/m3 ) (Alves et al., 2017).
In conclusion, nPAHs and oPAHs concentrations at Mount
Tai were lower than other background sites in both China
and foreign countries, which might be caused by two reasons. Firstly, the samples were collected during summer in
this study. According to previous studies, the concentration
of nPAHs and oPAHs in summer was the lowest compared to
other seasons due to the less pollutant emission in summer
(Li et al., 2019a). Secondly, the East Asia monsoon circulation

4
6
6
4
–
15
–
–
4

Number of
oPAHs

oPAHs
concentration (ng/m3 )
0.145
0.22
8.85
27.5
–
3.10–11.3
–
–
0.90

could make a great influence to Mount Tai and it was effective
to the diffusion of pollutants, especially in summer (Li et al.,
2019a).

2.2.
Source identification using diagnostic ratios, PMF
method and PSCF method
Diagnostic ratios are frequently used to identify the sources
of nPAHs since the distributions of the homologues have similar characteristics (Kavouras et al., 2001). For instance, 2NFLA is produced from Flu reacting with OH and NO3 radicals (Ringuet et al., 2012; Wang et al., 2011). During daytime,
the reaction is initiated by OH radicals, while NO3 initiates it
during nighttime (Huang et al., 2014), and 1N-PYR is mainly
caused by the emission of vehicles. Therefore, 2N-FLA/1NPYR is widely used as one of the most efficient methods to
assess the vehicles emission versus secondary formation of
nPAHs (Marino et al., 2000). The value of 2N-FLA/1N-PYR lower
than 5 implies the primary emission is the main source, and
if the value larger than 5, the secondary formation is more
important (Bamford and Baker, 2003). In some prior studies,
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Fig. 3 – Ratio of distribution of 2 + 3N-FLA/1N-PYR of nPAHs
at Mount Tai.

2 + 3N-FLA/1N-PYR were suggested as a proxy of 2N-FLA/1NPYR for better characterizing the emission apportionment,
since the DB-5MS column could not separate the isomer of
2N-FLA and 3N-FLA (Ringuet et al., 2012; Zhang et al., 2018b).
In this study, the value of 2 + 3N-FLA/1N-PYR during the sampling period ranged from 0.40 to 1.93 with a mean value at
0.71 (Fig. 3), which indicated that the dominant source of
nPAHs was primary emission at Mount Tai. Similar results
were found at a rural background site during summer in Jinan in 2016 (J. Li et al., 2019), and the results suggested that

secondary formation of nPAHs was less active than primary
sources of nPAHs during summer at background sites.
To further analyze the main source and long-range transportation of nPAHs and oPAHs, PMF (US EPA PMF 5.0) method
and PSCF methods were employed. In brief, the main emission sources of pollutants and the contribution of compounds
to different sources were identified using PMF method. PSCF
method was employed to estimate the distinctive potential regional sources of target pollutants using backward trajectories.
Results of PMF and PSCF analysis showed that source 1 was
dominated by 7N-BaA (53.5%) and 9-FO (46.8%) (Fig. 4, Fig. 5),
which were identified as biomass/coal burning (Shen et al.,
2011). The PSCF result revealed that significant potential regional source was identified in Henan province and BTH region (Fig. 5a, Fig. 5b). Henan and Hebei provinces were two
of the most populated provinces in China, and their residents
mainly used biomass/coal burning for heating and cooking.
Li has reported that the BTH region was the main source region of biomass/coal burning (J. Li et al., 2019). According to the
national statistics data, Henan province had consumed 23,720
million tons of coal, and BTH region had consumed 34,647 million tons of coal in 2015 (National Bureau of Statistics of China,
NBS). The total of consumption in these regions contributed to
15.0% of national coal consumption.
Source 2 was identified as gasoline vehicle emission because the dominant contributions were 3N-PHE (56.6%) and
9N-PHE (54.0%), which were associated with gasoline vehicle emission (Albinet et al., 2007; Zhao et al., 2018). The PSCF
analysis revealed that Henan province and BTH region were
the main potential regional source of 3N-PHE (Fig. 5c) and

Fig. 4 – Main emission sources and the contribution of compounds to different sources of nPAHs and oPAHs at Mount Tai.
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Fig. 5 – Potential source regions of (a) 7N-BaA, (b) 9FO, (c) 9N-PHE, (d) 3N-PHE, (e) 2N-FLO, (f) 2 + 3N-FLA, (g) 7,12-BaAQ
identified via PSCF.
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Table 3 – TEFi and TEQi values of nPAHs.

nPAHs

5N-ACE
2N-FLO
9N-ANT
2 + 3N-FLA
1N-PYR
6N-CHR

TEQ

Fig. 6 – Correlation relationship between BaA and
7,12-BaAQ.

9N-PHE (Fig. 5d). The number of vehicles in BTH region and
Henan province were the largest in China, exceeded 20 million (Li et al., 2017). Beijing was the most developed city with
heavy traffic in China and the emission of vehicle could be one
of the main contributors for nPAHs.
Source 3 was assumed to be diesel vehicle emission because 2N-FLO (51.0%) was a common tracer of diesel vehicle emission sources (Albinet et al., 2007; Wada et al., 2001).
In Zhao’s study, the concentration of 2N-FLO in fine particulate matter had decreased by 35.5% in Langfang, Hebei
province after diesel vehicle was restricted to travel in downtown (Zhao et al., 2018). PSCF analysis also indicated that
Henan province, BTH region and Bohai Sea were the dominant source regions of 2N-FLO (Fig. 5e). In China, BTH region
was one of the most important transportation junctions, the
number of diesel vehicles in BTH region accounts for 12.4%
in China (NBS). Besides the diesel vehicles in Henan province
and BTH region, ports were another potential source of 2NFLO. There are many ports along Shandong province, and the
diesel fuel consumed by ships resulted in an increase of diesel
vehicle emission (J. Li et al., 2019).
Source 4 was characterized by 7,12-BaAQ and 2 + 3N-FLA,
which accounted for 64.7% and 45.5%. Albinet has reported
that the secondary formation was the main source of 7,12BaAQ and 2 + 3N-FLA (Albinet et al., 2007). The result of PSCF
analysis revealed that 2 + 3N-FLA mainly came from Henan,
Hebei, and Hubei provinces (Fig. 5f), whereas 7,12-BaAQ
mainly came from Hebei province (Fig. 5g). To further analyze
the secondary formation of 7,12-BaAQ, the correlations between 7,12-BaAQ and BaAQ, SO2 , O3 and CO were investigated.
In Fig. 6, the concentration level of 7,12-BaAQ had a positive
correlation (r = 0.52, p<0.05) with BaA. Wang reported that
the positive correlation between oPAHs and corresponding
pPAHs (parent PAHs) might suggest the contribution of secondary formation by radical reactions with pPAHs (Wang et al.,
2016). Though no significant correlation was observed among
7,12-BaAQ, O3 , SO2 and CO, the source apportionment can
be distinguished by emission factor experiment. According
to previous studies, the oxygenation rate (Ro) for BaAQ/BaA,

TEFi

TEQi (ng/m3 )

0.01
0.01
0.0032
0.0026
0.1
10

3.94 × 10−5
2.12 × 10−5
2.20 × 10−5
4.03 × 10−6
2.21 × 10−4
2.64 × 10−2
2.67 × 10−2

was 0.16 ± 0.05 from crop residue burning, 0.03 ± 0.02 from
coal combustion and 6.60 ± 0.08 × 10−2 from residential fuel
wood and brushwood combustions (Shen et al., 2012). It has
been proved by Li et al. and Wang et al. that higher Ro value
than those from primary sources was associated with secondary formation (Li et al., 2019b; Wang et al., 2016). The Ro
of BaAQ/BaA in present study is 1.2, similar with the results
observed in Beijing (1.28) and Xi’ an (1.3), indicating the secondary formation contribution of oPAHs at Mount Tai.

2.3.

Risk assessment

Due to the higher mutagenicity and carcinogenicity of PAHs
derivatives than pPAHs, their health risks have obtained great
attention in urban cities recently (Alves et al., 2017; Li et al.,
2015; B. Liu et al., 2018). However, the baseline of inhalation
exposure values is still scarce. Based on the background level
of pollutants from Mount Tai, the baseline of health risk of
PAHs derivatives for general population is investigated. Since
the TEF data of oPAHs are unavailable, we only discussed the
health risk of nPAHs in this study. And the TEFi values of
nPAHs are listed in Table 3.
According to the Eq. (1), the LADD values of the three
groups were calculated. The values of LADD decreased
in the order of adults (4.46 × 10−9 ng/(kg.day)), children
(2.64 × 10−9 ng/(kg.day) ) and infant (4.42 × 10−10 ng/(kg.day)).
The results showed that the daily exposure dose of adults was
1.68 times higher than children and 10 times higher than infant, indicating that adults have suffered a higher cancer risk
than children and infant. In Fig. 7, the means are the average value of 1000 times simulation of ILCR value using the
Monte Carlo model. The ILCR value of 1 × 10−6 was considered as acceptable risk according to the U.S. Environment Protection Agency (EPA)’s standard, and 1 × 10−6 to 1 × 10−4 represented potential risk; and larger than 1 × 10−4 was taken
as serious risk (Peng et al., 2011). The mean ILCR values of
nPAHs were 7.02 × 10−10 , 3.49 × 10−9 , and 1.41 × 10−8 for infant, children and adults, respectively (Fig. 7). The values of
ILCR in this study were all less than 1 × 10−6 , suggesting exposure to nPAHs in regional background posed an acceptable
cancer risk. However, in urban cities, people were more easily exposed to various emission sources, resulting in the increasing lung cancer risk. Wei et al. have estimated the total cancer risk of PAH, nPAHs and other pollutants in an area
with a mixture of urban, industrial, commercial and traffic
use in Xi’an where the value of ILCR exceeded the acceptable risk guideline (10−6 ), and nPAHs contribute 17% of total
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Fig. 7 – The value of cumulative probability of ILCR from inhalation exposure to nPAHs for three groups (Infants, Children
and Adults).

carcinogenic risk (Wei et al., 2015). Therefore, long-term research of nPAHs health risk assessment should be paid more
concern in the future.

3.

seasons should be noted. For instance, the emission of residential heating is a major contributor to nPAHs and oPAHs
in winter, which means the baseline of inhalation exposure for general population may be underestimated in this
study.

Conclusions

In the present study, the concentrations, sources, long-range
transportation and cancer risk of nPAHs and oPAHs were investigated from June to August of 2015 at a mountain background site of north China. The results revealed that 9N-ANT
(6.86 pg/m3 ) and 9FO (0.048 ng/m3 ) were the dominant compound of nPAHs and oPAHs, respectively. During the sampling period, primary sources were main source of nPAHs,
and the results of PSCF suggested that Henan province, Hubei
province, BTH region and Bohai sea were main potential regional sources of pollutants. Furthermore, the value of ILCR
was below the guideline of EPA, which means the cancer risk
of nPAHs was acceptable in Mount Tai.
However, the uncertainty caused by effect of emission
sources and meteorological condition variation in different

Acknowledgments
This work was supported by the China Postdoctoral Science
Foundation (No. 2020M670667), the Tianjin Municipal Education Commission Research Project (No. 2017KJ244), the Key Research and Development Plan of Tianjin (No. 18YFZCSF01400),
the National Natural Science Foundation of China (Nos.
41701579, 21806158).

Appendix A. Supplementary data
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2021.02.023.

86

journal of environmental sciences 109 (2021) 77–87

references

Albinet, A., Leoz-Garziandia, E., Budzinski, H., Viilenave, E., 2007.
Polycyclic aromatic hydrocarbons (PAHs), nitrated PAHs and
oxygenated PAHs in ambient air of the Marseilles area (South
of France): concentrations and sources. Sci. Total Environ. 384
(1–3), 280–292.
Albinet, A., Leoz-Garziandia, E., Budzinski, H., Villenave, E.,
Jaffrezo, J.L., 2008. Nitrated and oxygenated derivatives of
polycyclic aromatic hydrocarbons in the ambient air of two
French alpine valleys - part 1: concentrations, sources and
gas/particle partitioning. Atmos. Environ. 42 (1), 43–54.
Alves, C.A., Vicente, A.M., Custodio, D., Cerqueira, M., Nunes, T.,
Pio, C., et al., 2017. Polycyclic aromatic hydrocarbons and their
derivatives (nitro-PAHs, oxygenated PAHs, and azaarenes) in
PM2.5 from Southern European cities. Sci. Total Environ. 595,
494–504.
Bamford, H.A., Baker, J.E., 2003. Nitro-polycyclic aromatic
hydrocarbon concentrations and sources in urban and
suburban atmospheres of the Mid-Atlantic region. Atmos.
Environ. 37 (15), 2077–2091.
Brown, S.G., Eberly, S., Paatero, P., Norris, G.A., 2015. Methods for
estimating uncertainty in PMF solutions: examples with
ambient air and water quality data and guidance on reporting
PMF results. Sci. Total Environ. 518-519, 626–635.
Chao, S., Liu, J., Chen, Y., Cao, H., Zhang, A., 2019. Implications of
seasonal control of PM2.5-bound PAHs: an integrated
approach for source apportionment, source region
identification and health risk assessment. Environ. Pollut. 247,
685–695.
Collins, J.F., Brown, J.P., Dawson, S.V., Marty, M.A., 1991. Risk
assessment for benzo a pyrene. Regul. Toxicol. Pharm. 13 (2),
170–184.
Feng, S., Gao, D., Liao, F., Zhou, F., Wang, X., 2016. The health
effects of ambient PM2.5 and potential mechanisms.
Ecotoxicol. Environ. Saf. 128, 67–74.
Hoseini, M., Yunesian, M., Nabizadeh, R., Yaghmaeian, K.,
Ahmadkhaniha, R., Rastkari, N., et al., 2016. Characterization
and risk assessment of polycyclic aromatic hydrocarbons
(PAHs) in urban atmospheric Particulate of Tehran. Iran.
Environ. Sci. Pollut. Res. Int. 23 (2), 1820–1832.
Huang, B., Liu, M., Bi, X., Chaemfa, C., Ren, Z., Wang, X., et al., 2014.
Phase distribution, sources and risk assessment of PAHs,
NPAHs and OPAHs in a rural site of Pearl River Delta region.
China. Atmos. Pollut. Res. 5 (2), 210–218.
Kavouras, I.G., Koutrakis, P., Tsapakis, M., Lagoudaki, E.,
Stephanou, E.G., Von Baer, D., et al., 2001. Source
apportionment of urban particulate aliphatic and polynuclear
aromatic hydrocarbons (PAHs) using multivariate methods.
Environ. Sci. Technol. 35 (11), 2288–2294.
Keyte, I.J., Albinet, A., Harrison, R.M., 2016. On-road traffic
emissions of polycyclic aromatic hydrocarbons and their oxyand nitro- derivative compounds measured in road tunnel
environments. Sci. Total Environ. 566-567, 1131–1142.
Kim, K.H., Kabir, E., Kabir, S., 2015. A review on the human health
impact of airborne particulate matter. Environ. Int. 74,
136–143.
Lammel, G., Mulder, M.D., Shahpoury, P., Kukučka, P., Lišková, H.,
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