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of China. Totally 37 samples were collected. Mass concentrations of  16 PAHs for the Pre–
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CSF day (Pre–CSFD), during the CSF day (CSFD) and after the CSF day (Af–CSFD) are 33.78 ±
17.68 ng/m3 , 22.98 ± 6.49 ng/m3 , and 8.99 ± 4.44 ng/m3 , respectively. High resolution sam-
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ples showed that  16 PAHs are higher in the morning (06:00–11:00) or afternoon (11:30–16:30),

PAHs

than those in the evening (17:00–22:00) and at night (22:30–05:30), whereas the result is re-

Fireworks burning

versed during the CSFD. Fireworks burning can obviously increase the mass concentration

Air mass trajectory

of PAHs. Air mass trajectory indicated that Xiangyang is a sink area of pollutants for north-
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west and southeast, and the sources of the northeast and southwest. The air mass only can

Incremental lifetime cancer risk

be transmitted out through northeast and southwest. It is effective for improvement of air
quality in Wuhan and Hunan to control fireworks emission in Henan and local areas. Fireworks burning was an important source for PAHs during CSFD, biomass, coal combustion,
and traffic emission were the main sources of PAHs for Pre–CSFD and Af–CSFD periods. The
health risk on the CSFD was higher than the acceptable levels, especially during the intensive fireworks burning, the risk value far exceed 1.0 × 10−4 , controlling burning fireworks is
required.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Particulate matter (PM) is considered as one of the primary
pollutants that affects human health and causes air pollution
∗
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(Kim et al., 2015). Study shows that outdoor air pollution is
estimated to causes 3.3 million premature deaths annually
worldwide (Lelieveld et al., 2015); Thurston et al. (2016) confirmed that PM in the air can increase the risk of death, especially for fine particulate matter (PM2.5 ). China is a country
with high concentrations of PM2.5 (Cheng et al., 2016). Due to
the specific surface area is larger, PM2.5 has a stronger ability
to enter the lungs and more harmful to human health than
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Fig. 1 – Sampling sites for PM2.5 . (a) Location of Hubei province; (b) Map of Xiangyang city; (c) The sampling site (Five-point
star); (d) The photo of firework and firecracker burning.

PM10 (Boldo et al., 2011); a large area can absorb considerable
toxic compounds. Extremely serious atmospheric haze events
have constantly been reported in the central region of China
in winter, over the years (Kong et al., 2015).
Recently, short-term pollution caused by large-scale national activities and holidays, especially the temporary heavy
pollution caused by fireworks burning during the Chinese
Spring Festival (CSF) (generally in January or February) has attracted continuous attention. Fireworks and firecrackers can
release substantial gaseous pollutants such as ozone, sulfur
dioxide, nitrogen oxides (Attri et al., 2001; Huang et al., 2012),
and suspended PM. These PMs contain various pollutants,
including metallic elements, element carbon, and secondary
pollutants (e.g., nitrate and organic matters) (Feng et al., 2012;
Jing et al., 2014; Wang et al., 2007). Previous studies have reported that New Year fireworks in Beijing (Jing et al., 2014)
and Shanghai (Feng et al., 2012) New Year fireworks influence
ambient air. Meanwhile, it has been reported that the firework and firecracker burning have an additive effect on PAHs
(Feng et al., 2012; Kong et al., 2015; Li et al., 2009), and changed
the source configuration of PAHs obviously (Kong et al., 2015;
Wu et al., 2014). PAHs are one class of the organic compositions bounded to PM2.5 with recognized carcinogenic and mutagenic potentials (Nisbet and LaGoy, 1992; Sofowote et al.,
2011). PAHs in the atmosphere are characterized by complex
influencing factors, long exposure period, and easy secondary
transformation, and can be transported for long-distance (Lee
et al., 1998; Shrivastava et al., 2017). PAHs have carcinogenic,
teratogenic and mutagenic effects (Dong and Lee, 2009); PAHs
are fat-soluble and can be absorbed and long-term accumulated into the lungs, intestines and skin of mammals (Sulong
et al., 2019).
Xiangyang City is in the northwest part of Hubei province,
is an important member of the urban agglomeration in the
middle reaches of the Yangtze River. Xiangyang is a multiple pollution transportation path of the Beijing–Tianjin–Hebei
and Fen–Wei plains to Henan province, Cheng–Yu area in the

west, and the transportation path of Beijing–Tianjin–Hebei to
Anhui province in the east. Xiangyang is the most important
transportation channel of pollution from north and east of
China, there by directly affecting Hubei and Hunan provinces.
Air pollution in Xiangyang has been serious in recently, especially during the Spring Festival period. Air quality is often
listed in the top 10 terrible cities. Thus, research on PM2.5 PAHs, especially short-term heavy pollution in a connecting
link city Xiangyang, is of great significance to the diffusion of
pollutants in the north and the prevention and control of pollution in the south.
The aims of this article are: (1) obtain the characteristics
of PAHs in PM2.5 during the 2018 Chinese Spring Festival at a
rural site in Xiangyang, central China; (2) identify whether Xiangyang is a sink or source; (3) analyze the characteristics of
individual PAH after emitted from intensive fireworks burning during CSFD’s eve; (4) calculate the incremental lifetime
cancer risks of PAHs before, during and after CSFD.

1.

Materials and methods

1.1.

PM2.5 collection

The PM2.5 sampler was located at the rooftop of a four-floor
residential building (approximately 12 m above the ground)
in a rural area in Xiangyang (Fig. 1) from Feb. 12th to Feb. 20th.
2018. This period included the whole CSF holidays. PM2.5 samples were collected daily from 6:00–11.00, 11:30–16:30, 17:00–
22:00 and 22:30–05:30; in addition, quartz fiber filters (Whatman, UK, Ø 90 mm) were baked at 550 °C for 4 hr before
use; moreover, one sample was added at the most frequent
time for fireworks display on CSF eve (Table S1 bold label).
Specific sampling time listed in Table S1. Using a TH–150F
(Tianhong Ltd., Wuhan, China) PM2.5 air sampler at a flow
rate of 100 L/min. Total of 37 samples were collected. PM2.5
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masses were weighted using a micro accurate electronic balance (AUW120D Shimadzu, Japan) with a sensitivity of ±
0.010 mg. Before and after weighing, the samples were balanced under the constant temperature (Tem.) at 25 ± 3 °C and
relative humidity (R.H.) at 55% ± 5%. We would clean each
part of the sampler with alcohol every day, the quartz fiber filters were placed in a special membrane clip, before and after
sampling, and then stored in sealed polythene bags to avoid
contamination. Then the samples were stored at −20 °C until chemical analysis. Field blanks were collected to eliminate
passive adsorption of gas-phase organic compounds onto the
filter during and/or after sampling. Meteorological data (ambient temperature, relative humidity, wind speed, and direction)
were recorded during sampling time.

trajectories each 1-hr UTC daily were applied for cluster analysis.

ILCR = IURBaP × BaPeq

(1)

1.2.

BaPeq = PAHconc × PAHTEF

(2)

Analysis of PAHs

Half of the filter sample was spiked with 5 μL (200 μg/mL)
mixed-recovery surrogates (napthalence-d8 , acenapthened10 , phenanthrene-d10 , chrysene-d12 and perylene-d12 ), and
the spiked sample was then extracted with dichloromethane
(DCM) using soxhlet apparatus for 24-h. Elemental sulfur was
removed by adding activated copper granules to the collection flasks. The sample extract was concentrated, and the solvent exchanged with hexane and further reduced to 2–3 mL
with rotary evaporator (Heidolph 4000, Germany). A 1:2 (v/v)
alumina/silica gel column (48 hr extraction with DCM, then
180 °C and 240 °C muffle drying for 12 hr, both deactivated 3%
with H2 O before use) was used to clean-up the extract; then
the PAHs were eluted with 30 mL of DCM/hexane (v/v=2:3).
The eluate was concentrated to 0.2 mL under a gentle nitrogen stream. Prior to analysis, a known quantity (1000 ng) of
hexamethylbenzene was added to the eluates as an internal
standard.
Sixteen USEPA priority PAHs were analyzed with the use of
a gas chromatograph-mass spectrometer (GC–MS, 6890 N/5975
MSD, Agilent Technologies, USA) equipped with a DB-5 capillary column (30 m × 0.25 mm i.d × 0.25 μm film thickness). The
instrument was operated using electron impact (EI) ionization
at 70 Ev and in the selected ion monitoring (SIM) mode. The
chromatographic conditions were as follows: injector temperature 270 °C and detector temperature 280 °C. The oven temperature program was kept at 60 °C for 5 min and increased
to 290 °C at a rate of 5 °C/min and kept at 290 °C for 20 min.
The high-purity He gas was delivered at a constant flow rate
of 1.0 mL/min.

1.3.

Quality assurance and quality control

Procedural blanks, spiked blanks, field blanks and sample duplicates (analyzed at a rate of 10% of the total samples) were
analyzed to evaluate the precision of the analyses. No target PAHs were detected in any of the procedural blanks and
field blanks. The variations of PAH concentrations in duplicate samples were less than 15%. LMD of the 16 PAHs were
in the range of 0.17−8.49 ng (Table S2). Representative average percentage recoveries (mean ± standard deviation, SD)
were 58% ± 8%, 78% ± 6%, 85% ± 9%, 95% ± 11% and 108% ±
13% for napthalence-d8 , acenapthene-d10 , phenanthrene-d10 ,
chrysene-d12 and perylene-d12 , respectively.

1.4.

Air mass trajectory

Twenty-four hours air mass back trajectories were calculated using NOAA Air Resource Lab HYSPLIT model, and the
GDAS meteorological data (1° × 1°) (ftp.//arlftp.arlhq.noaa.gov/
pub/archives/gdas1/) were combined. Meanwhile, 24-hr, 48-hr
and 72-hr forward trajectories were calculated. The starting
height of 500 m above ground level was used, and sub-sets of

1.5.

Incremental lifetime cancer risk assessment

Incremental lifetime cancer risk (ILCR) of PM2.5 -bound PAHs
was assessed based on the relative carcinogenicity of individual PAH equivalent to BaP (Singh and Agarwal, 2018). Therefore, incremental lifetime cancer risk was computed by multiplying BaPeq values by the inhalation unit risk (IURBaP ) as
Eq. (1), and the BaPeq is the BaP based toxic equivalency factor calculated by Eq. (2):

IURBaP is the unit cancer risk for inhalation (8.7 × 10−5
(ng/m3 ) −1 ) (Zhang et al., 2019), PAHconc is the concentration
of individual PAH and PAHTEF is the toxic equivalent factor
(TEF) (Nisbet and LaGoy, 1992) of individual PAH as listed in
Table S3.

2.

Results and discussion

2.1.

PAHs concentrations and compositions

2.1.1. Concentration and composition of PAHs before, during
and after CSFD
The variations in mass concentrations of  16 PAHs and individual PAH in PM2.5 during the sampling periods are shown
in Fig. 2. The concentrations of  16 PAHs and 2–, 3–, 4–, 5–,
and 6– ring PAHs ranged from 3.19 ng/m3 to 76.83 ng/m3
and 0.31–3.66 ng/m3 , 0.49–8.63 ng/m3 , 1.74–54.23 ng/m3 , 0.21–
12.36 ng/m3 , respectively. The ratio of 2–, 3–, 4–, 5– and 6–
ring PAHs was approximately 1.76:3.81:18.67:3.08:1, which indicated that combustion emission was an important source
in the rural. Mass concentrations of  16 PAHs for Pre–CSFD,
CSFD, and Af–CSFD were 33.78 ± 17.68, 22.98 ± 6.49, and 8.99 ±
4.44 ng/m3 , respectively (Table S3). The average mass concentrations were approximately 0.68 and 2.56 times in  16 PAHs
for CSFD than in Pre-CSFD, and Af-CSFD. It indicated that the
“holiday effect” can remarkably reduce the concentration of
PAHs. Different sampling time periods showed that PAH concentrations are generally higher in the morning (06:00–11:00)
and afternoon (11:30–16:30), than those in the evening (17:00–
22:00) and at night (22:30–05:30), except that during the CSFD,
stagnant atmospheric condition was the main reason for high
PAH levels in the morning during winter (Delhomme and Millet, 2012). That is higher mass concentrations of PAHs during
daytime than nighttime, except for the CSFD (Fig.S1). And on
the CSFD, higher mass concentrations of PAHs during nighttime than daytime, this result might be related to fireworks
intensive burning on CSFD’s eve.
High values of PAHs concentrations were found during
the first 3 days, and the highest concentration of  16 PAHs
was found on the morning of Feb. 14th (one day before the
CSFD), when serious pollution occurred, with a wind speed
of 1.67 m/s, R.H. of 70% and PM2.5 of 228 μg/m3 , respectively.
Whereas, the lowest values of PAHs concentrations were in
the last sample on Feb. 17th, with a rainfall of 6 mm and
R.H. of 98%. During Pre–CSF, the Chinese would buy New Year
goods; and prepare food. Thus, during these days, substantial amounts of fuel were consumed. Especially in rural areas, abundant biomass was burned for heat, thus leading to
considerable PAH emissions. Moreover, numerous people return home for CSF reunion, thereby resulting in heavy traffic activities. BkF, BbF, BaP, DBA and IcdP considered as trac-
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Fig. 2 – Time series of 16 PAHs and individual PAH during sampling period. 02–15 (Feb. 15th) was the CSFD.

ers of vehicle emissions (Di Vaio et al., 2016; Hanedar et
al., 2014; Kong et al., 2015). In these 3 days, those tracers
accounted for 10.01%–21.00% of  16 PAHs, especially, on the
morning of Feb. 14th, accounted for 21.00%; this amount was
the highest proportion during the sampling period, indicated
that traffic activities may be an important source during the
Pre-CSFD.

2.1.2.

Impact of fireworks burning

Fig. 3 depicts that the mass concentrations of PAHs increase
significantly during the intensive fireworks burning, especially
for the molecular weight of PAH that higher than Flu. Those
four samples named XF–16 (Dur-FB01) and XF–17 (Dur-FB02)
were collected during the intensive fireworks burning period,
XF–15 (Pre-FB) and XF–18 (Af-FB) were collected before and after the intensive fireworks burning period. Mass concentrations of individual PAH in the two samples Dur-FB01 and DurFB02 were distinctly higher than those in the Bf-FB and Af-FB.
As expected, 2-, 3-, 4-, 5-, and 6-ring PAHs in Dur-FB01 were
1.66, 1.19, 1.51, 2.36 and 0.98 times as high as those in the PreFB sample, while those in Dur-FB02 were 1.86, 1.44, 1.86, 2.40
and 1.78 times as high as those in Pre-FB, respectively. The
chemical composition and chemically resolved size distributions of fine aerosol particles were measured at high time res-

olution (5 min) with a time-of-flight aerosol mass spectrometer (TOF-AMS) found that the main nonrefractory components
of the firework aerosol were potassium, sulfate, total organics and chloride. And during the fireworks display, the highest
absolute concentrations of organics were increased about 16
times compared with the period before fireworks display, and
then approximately decreased by 98% after fireworks display
(Table S4) (Drewnick et al., 2006). These proved that fireworks
burning can release abundant of organic pollutants.
Simultaneously, for the higher molecular weight PAH, not
only did the mass concentration increase, but also the percentage rates increased. For example, BaA, Chr and BbF the
percentage rate increased by 2.07%, 1.85%, 3.77% for Dur-FB01,
correspondingly, and 4.49%, 2.60%, and 1.78% for Dur-FB02, respectively (Fig. S2), manifested that a large number of fireworks burning during CSF’s eve can lead to a significantly increase in PAHs, especially for high molecular weight PAH. The
C–PAHs were 2.04 and 2.29 times more abundant in Dur-FB01
and Dur-FB02 than those in Pre-FB. The percentage rate of BaP
increased by 0.43% and 0.80%. Given that BaP was the most
studied carcinogenic PAHs and one of the most potent (Collins
et al., 1991; Weyand and Bevan, 1986), suggested that fireworks
burning can increase the risk of cancer, and controlling burning fireworks and firecrackers should be required.
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Fig. 3 – Differences of individual PAH in PM2.5 before, during and after intensive fireworks burning. Pre-FB, Dur-FB01,
Dur-FB02, and Af-FB were collected from 17:00 to 22:00 (Feb. 15th the CSFD), 22:05 (Feb. 15th the CSFD) to 02:30 (Feb. 16th the
first day of the Chinese Lunar New Year), 02:35 to 06:00 (Feb. 16th the first day of the Chinese Lunar New Year) and 06:00 to
11:00 (Feb. 16th the first day of the Chinese Lunar New Year).

Table 1 – Pearson correlations between meteorological parameters and individual PAH.

Temp
R. H.
2–ring
3–ring
4–ring
5–ring
6–ring
 16 PAHs

Temp

R H.

2–ring

3–ring

4–ring

5–ring

6–ring

 16 PAHs

1.00
-0.336
-0.85∗∗
-0.83∗∗
-0.78∗∗
-0.34∗
-0.12
-0.61∗∗

1.00
-0.09
-0.53∗∗
-0.39∗
-0.25
-0.28
-0.39∗

1.00
0.62∗∗
-0.015
-0.17
-0.16
-0.11

1.00
0.86∗∗
0.77∗∗
0.75∗∗
0.87∗∗

1.00
0.97∗∗
0.96∗∗
0.99∗∗

1.00
0.98∗∗
0.97∗∗

1.00
0.97∗∗

1.00

Note:
∗∗
Correlation is significant at the 0.01 level (2–tailed).
∗
Correlation is significant at the 0.05 level (2–tailed).

2.2.

Meteorological factors

The meteorological factors (as, Tem., R.H, wind and rain) varied greatly during the sampling period. It is necessary to discuss meteorological factors influence on PAHs in PM2.5 . A statistically significant negative correlation was found between
 16 PAHs and Tem. (r = -0.61, p < 0.01) (Table 1), which may
primarily relate to the following two factors: Firstly, effects of
gas-particle distribution, 2-ring PAHs (r = -0.85, p < 0.01) and
3-ring PAHs (r = -0.83, p < 0.01) (Table 1) showed statistically
significant negative correlations with Tem., followed by 4-ring
PAHs (r = -0.78, p < 0.01), 5-ring PAHs (r = -0.34, p < 0.05), and
6-ring PAHs (no correlation, r = -0.12) (Table 1), indicating that
with the increase in temperature, PAHs will increase vaporization from particle to gas phase; secondly, photochemical
degradation was reduced given the cold weather (Zhang et al.,
2019).
Fig. 4a shows the difference in  16 PAHs under various wind
speed and direction. High levels of PAHs (defined as the mass
concentration of  16 PAHs > 25 ng/m3 , the 75th percentiles)
were observed from NNE to NEE when the wind speed was

greater than 2 m/s. Under calm wind speed (< 1.5 m/s), high
levels of PAHs were found from S, SE and N. The PAHs with different molecular weights showed similar transport patterns,
details in Fig. S3 a, b, c, d, and e indicated that PAHs in PM2.5
had similar spatial origins. Rainfall is an effective means of removing PAHs from the atmosphere (Jamhari et al., 2014; Kong
et al., 2015; Yang et al., 2018). In Fig. 4b, sixteen individual PAH
decreased by 25%−67% during rainfall, especially the 4–ring
PAHs, which decreased by more than 47%. LMW–PAHs, such
as, Nap, Ace, Acy and Flu were not observed and even increase.
This phenomenon may be related to the gas and particle distribution patterns. The LMW-PAHs are mainly distributed in
the gas phase, which may be difficult to remove by rainfall.
Meanwhile, PAHs with high molecular weight are likely to be
adsorbed on PM and easy to be removed by rainfall.

2.3.

Source identification

2.3.1.

Molecular diagnostic ratios

Molecular diagnostic ratios were extensively used to identify the PAH sources, for example, ratios of BaP/BghiP,
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Fig. 4 – (a) Mass concentrations of PAHs under different wind directions and speed. (b) Individual PAH mass concentrations
for the samples before and after the rain.

Fig. 5 – Scatterplot of molecular indices used to identify PAH sources: (a) BaP/BghiP and Fla/(Fla+Pyr) and (b) BaA/(BaA+Chr)
and IcdP/(IcdP+BghiP).

Ant/(Ant+Phe),
Fla/(Fla+Pyr),
IcdP/(IcdP+BghiP),
and
BaA/(BaA+Chr) (Callén et al., 2014; Di Vaio et al., 2016; Vinas et
al., 2010; Yunker et al., 2002; Zhang et al., 2019). Ant adsorbed
on particles reacted rapidly with NO2 , while Phe-reacted
rapidly with OH radicals (Tobiszewski and Namiesnik, 2012),
a high saturation vapor pressure of Ant and Phe, may result
in an inaccurate ratio of Ant/(Ant+Phe). Therefore, the ratios
of IcdP/(IcdP+BghiP), BaA/(BaA+Chr) and Fla/(Fla+Pyr) and
BaP/BghiP were used to identify sources of PAHs in this study.
Fig. 5 illustrates a scatterplot of the ratios. Ratios of
Fla/(Fla+Pyr) between 0.47 and 0.57 manifested predominance
of biomass or coal combustion in the sampling areas, the ratio exhibited an increasing trend while Pre–CSFD (0.51 ± 0.03),
Af–CSFD (0.53 ± 0.03) and CSFD (0.56 ± 0.02), suggested the
relative abundance of combustion sources during CSFD. For
the ratio of BaP/BghiP results were determined in the range of
0.46–2.08 and similar to the values for a motor vehicle (0.30–
0.78) and biomass or coal combustion (0.80–6.6) emissions (Shi
et al., 2014; Simcik et al., 1999). Particularly, during the Af–
CSFD period, most ratios were scattered between 0.30 and
0.78, thus suggesting that the traffic emissions are increasing,
while, during the Pre–CSFD and CSFD period, values were all
greater than 0.8, suggesting biomass or coal combustion.

IcdP/(IcdP+BghiP) ratios greater than 0.5 indicated biomass
or coal combustion source, less than 0.2 for petroleum source,
and between 0.2 and 0.5 for petroleum combustion source
(Davis et al., 2019; Hanedar et al., 2014). The ratios during the
sampling period were between 0.40 and 0.55, confirmed that
PAHs came from the mixture of coal combustion and motor
vehicles. During CSFD, the ratios exceeded 0.50. For Af-CSFD,
the ratios were mostly less than 0.50 but greater than 0.40, especially after the second day of Af-CSFD, thus denoting that
the traffic emissions increased again. BaA/(BaA+Chr) ratios
in the range of 0.35–0.5 imply combustion source, values exceeding 0.5 indicate biomass or coal combustion, values below 0.2 denote petroleum source, and values between 0.2 and
0.35 imply petroleum combustion source (Dickhut et al., 2000;
Yunker et al., 2002). The results were in the range of 0.49–
0.55 and were in the range of the values for biomass combustion. In summary, biomass, coal combustion, and traffic
emissions were the major sources of PM2.5 -bound PAHs during the sampling period except the CSFD. And it was obvious
that the change of PAHs source, which were gradually changed
from biomass and coal combustion Bf-CSFD and CSFD to
petroleum combustion and motor vehicle emission during
Af-CSFD.
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Table 2 – Factor loadings of PCA for PAHs in PM2.5 during Pre–CSFD, CSFD and Af–CSFD period.
Pre–CSFD

Nap
Acy
Ace
Flu
Phe
Ant
Fla
Pyr
BaA
Chr
BbF
BkF
BaP
DBA
IcdP
BghiP
% of variance

CSFD

Af–CSFD

Factor1

Factor2

Factor1

Factor2

Factor3

Factor1

Factor2

0.525
0.674
0.212
0.298
0.191
-0.051
0.937
0.917
0.981
0.971
0.960
0.961
0.984
0.912
0.958
0.988
68.939

0.539
0.363
0.892
0.625
0.818
0.919
0.291
0.302
0.041
0.069
0.075
-0.003
0.094
-0.069
0.121
0.050
23.850

0.205
-0.271
0.268
0.354
0.122
0.248
0.951
0.839
0.932
0.870
0.708
0.748
0.438
0.703
0.353
0.709
48.95

-0.086
-0.196
0.784
0.821
0.745
0.935
0.692
0.248
0.326
0.308
0.297
0.324
0.717
0.323
0.767
0.329
26.032

0.871
0.938
-0.304
0.523
0.215
0.251
-0.145
0.437
0.286
0.233
0.051
0.029
0.153
0.163
0.103
0.024
14.267

-0.077
0.575
-0.015
0.295
0.623
0.450
0.930
0.931
0.981
0.978
0.924
0.904
0.975
0.952
0.975
0.957
65.388

0.731
0.652
0.927
0.808
0.691
0.669
0.244
0.207
0.163
0.162
0.082
0.139
0.070
0.150
0.107
0.120
20.498

Note: Factor loadings higher than 0.80 were shown in bold.

The proportion of combustion markers (Jamhari et al.,
2014) (denoted as COM-PAHs and the sum of Phe, Fla, Pyr, Chr,
BbF, BkF, BaA, BaP, IcdP, and BghiP) can confirm this conclusion, which covered 64.20%−97.11% of  16 PAHs in PM2.5 , with
93.97% ± 2.36%, 93.33% ± 2.15%, and 78.84% ± 8.12% for PreCSFD, CSFD, and Af-CSFD, correspondingly, thereby indicating strong pyrogenic source contribution. And, PAHs mainly
come from biomass and coal combustion during Pre-CSFD and
CSFD, but sources of motor vehicles are gradually becoming
dominant during Af-CSFD.

2.3.2.

to an industrial emission source. Considering that industrial
production stopped during the CSF, Factor 2 (accounted for
26.03%) for the CSFD was interpreted as coal-fired power plant
emission. Factor 2 (accounted for 20.45%) for Af-CSFD was
interpreted as waste incineration plant emission. Lai et al.
(2013) attributed the factor with high loads of NaP and Acy
to the combustion emission of incense paper; Kong et al.
(2015) analyzed the source of PAHs in PM2.5 during the Spring
Festival and attributed the factor with high loads of NaP and
Acy from fireworks emission. Therefore, Factor 3 (accounted
for 14.27%) for the CSFD was interpreted as fireworks burning.

Principal component analysis (PCA)

Table 2 summarized the PCA factor loadings for Pre-CSFD,
CSFD, and Af-CSFD with two, three, and two factors accounting for 91%, 89%, and 85% of the total variance, respectively.
For the Pre-CSFD period, Factor 1 was highly loaded with Fla,
Pyr, BaA, Chr, BbF, BkF, BaP, IcdP, and BghiP, whose molecular weights were higher than Fla and explained 68.94% of the
total variance. Higher molecular weight PAHs were often reported as the tracers of combustion sources (Hu et al., 2017;
Sofowote et al., 2008). And BkF, BbF, BaP, IcdP, DBA, and BghiP,
have been extensively as vehicle emissions tracers according
to previous reported (Di Vaio et al., 2016; Jamhari et al., 2014;
Sulong et al., 2019). Combined with the surrounding environmental conditions of the sampling area, Factor 1 was known
as a mix of biomass combustion and vehicle emission sources.
For Af-CSFD periods, Factor 1 was interpreted as the mixed
source and accounted for 65.39% of the total variance. For the
CSFD period, factor 1 was attributed to natural gas, coal, and
biomass combustion source, which were highly loaded with
Fla, Pyr, BaA, and Chr, and accounted for 48.95% of the total
variance. Fla, Pyr, BaA, and Chr were the tracers for natural
gas and coal combustion (Di Vaio et al., 2016; Hanedar et al.,
2014; Simcik et al., 1999; Taghvaee et al., 2018). The holiday effect decreased industrial and vehicle activities, which could
explain their contributions as lowest during the CSFD.
Ace, Flu, Phe, and Ant were the tracers of stationary emission sources, such as cement, coke production, or waste incineration plant (Khalili et al., 1995; Khan et al., 2015; Lee et
al., 2002). Flu and Ant were the good markers of coal-fired
power plant (Lee et al., 2002). Therefore, Factor 2 (accounted
for 23.85% of the total variance) for Pre-CSFD was attributed

2.4.

Air mass trajectory analysis

2.4.1.

Backward trajectory

The 24-hr air mass backward trajectory clusters for Pre–
CSFD, CSFD and Af–CSFD were presented in Fig. 6a, b and
c, correspondingly. During Pre–CSFD, four air masses trajectories were observed in the study area, trajectory 1 came
from Shiyan to Xiangyang, which is the shortest, and occupied 39.58%; trajectory 2, which occupied most part at
42.71%, came from Hunan in the south; trajectory 3 came
from the northeast, and trajectory 4 from the northwest occupied 6.25% and 11.46%, both pass through Henan and enter Xiangyang. On the CSFD, the largest contribution of transmitted air mass is the local air mass (trajectory 1), originated
from Xiangyang and traveled some distance south then back
to Xiangyang, occupied 45.84%; the remaining two trajectories
were all passed through Henan to Xiangyang, and accounted
for 20.83%, 33.33%, whereas the two trajectories are originated
from Henan and Shandong, respectively. For Af–CSFD, four air
masses trajectories are clustered. Three of the air masses (trajectory 1, 3, and 4) originated from Henan and entered Xiangyang, accounted for 25.00% (Southeast of Henan province),
50.00% (North of Henan province), and 10.00% (West of Henan
province); the last is the trajectory 4, originated in northwest
of Anhui province via Henan province, occupied 15.00%.
Overall, most of the air mass trajectories in the three periods are transported to Xiangyang via Henan province, confirmed that Xiangyang was the transport channel of pollutants
from east and north China. 24-h air mass backward trajectory
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Fig. 6 – Cluster analysis for 24-h backward trajectory of air mass for Pre–SCFD (a), CSFD (b), and Af–CSFD (c). Cluster analysis
for 24-h, 48-h, and 72-h forward trajectory of air mass for Pre–SCFD (d), CSFD (e), and Af–CSFD (f). The Red Cross marks the
location of the sampling site.

Fig. 7 – BaPeq (a) and ILCR (b) of PAHs during whole sampling period. c, The impact of fireworks burning on BaPeq and ILCR.

clusters for Pre–CSFD and CSFD indicated that most serious
air pollution occurred when air masses transported from the
proximal transmit. This suggested that Xiangyang may act as
a source of pollution.

2.4.2.

Forward trajectory

To further confirm the existence of Xiangyang as a source area,
the 24-h, 48-h, and 72-h forward trajectories were used. Fig. 6 d,
e, and f displayed the 24-h, 48-h, and 72-h forward trajectories clustered for Pre–CSFD, CSFD and Af–CSFD. During Pre–

CSFD, air masses were mainly transmitted to the southwest
and southeast, mainly affected Wuhan, and Jianghan Plain in
central China. After 48-h of transmission, all heading south
air masses began to turn back, and after 72-h of transmission,
the turning direction of southeast air mass was in the direction of Xiangyang, while the southwest air mass was transmitted out through Enshi (where is a mountainous area with
clean air); then a small amount of air masses was transported
out through the northeast. On CSFD, air masses were mainly
transmitted to the northwest, less than 30.00% was transmit-

journal of environmental sciences 97 (2020) 1–10

ted to south. After 48-h of transmission, all heading north air
masses began to turn back, and after 72-h of transmission, the
air masses were back to Xiangyang. Then the south air masses
were transported out through the Enshi. During Af–CSFD, air
masses were mainly transmitted to the southwest, less than
3.00% was transmitted to northeast. Similarly, after 48-h and
72-h of transmission, heading southwest air masses turned
back.
Therefore, Xiangyang maybe a sink area of pollutants for
northwest and southeast, and the sources of the northeast
and southwest, the air mass only can be transmitted out
through northeast and southwest. Pollutants do not dissipate
easily. However, on CSFD and the first day of the New Year,
when the fireworks intensive burning, and the short period
of heavy pollution produced, the polluted air mass is mainly
transferred between local areas and Henan province in the
north, while less than 33.00% of air mass transported to the
south, indicated that the role of sink is even more significant.
It is urgent to control fireworks emission in Henan and local
areas.

2.5.

Incremental lifetime cancer risk assessments

Sixteen individual PAH were converted to BaP equivalent concentration, as depicted in Fig. 7a. The BaPeq results were in
the range of 0.08–6.51 ng/m3 , with an average of 1.05 ng/m3 ,
during the sampling period. These results were lower than
the lowest value of Kong et al. (2015) observed during the
Spring Festival in Nanjing city. Values of BaPeq during Pre–
CSFD were highest (2.32 ± 3.25 ng/m3 ), followed by during
CSFD (1.11 ± 0.35 ng/m3 ), and were least during Af–CSFD (0.28
± 0.06 ng/m3 ). These results were slightly higher than the air
quality standard (1.0 ng/m3 ) set by the World Health Organization during CSFD, outclass 1.0 ng/m3 during Pre–CSFD, and
lower than 1.0 ng/m3 during Af-CSFD. The BaPeq was reduced
by 52% and 88% during the CSFD and Af–CSFD, respectively, in
comparison with the values for Pre-CSFD, suggested that PAHs
source varied with the reduction of coal, biomass consumption and vehicle emission. The ILCR calculated based on BaPeq
was exhibited in Fig. 7b. The estimated probably ILCR for Pre–
CSFD was reached to 3.46–56.9 × 10−5 , CSFD in the range of
5.3 × 10−5 to 16.9 × 10−5 , and Af–CSFD between 0.72 × 10−5 and
9.46 × 10−5 . It indicates that the potential inhalation cancer
risk caused by PM2.5 –bound PAHs for people in the study areas during Pre–CSFD and CSFD are higher than the acceptable
levels (1.0 × 10−6 – 1.0 × 10−4 ) recommended by the USEPA (Hu
et al., 2018; Jamhari et al., 2014). Especially, the highest value of
ILCR was found on the day before CSFD, reached to 5.69 × 10−4
(Fig. S4). These suggested that changes in source caused by the
holiday effect can reduce the ILCR, but before CSF, the ILCR
arising from people preparing for the New Year celebration
which consumed large amounts of fuel and biomass and vehicle emission PAH was even higher.
During the intensive fireworks burning, the ILCR values exceed 1.0 × 10−4 (Fig. 7c), which suggested high cancer risks
to humans due to intensive fireworks burning on the CSFD’s
eve and prohibiting fireworks burning is required. Pre-FB and
Af-FB the ILCR values were much the same (approximately
8.00 × 10−5 ). Although the holiday effect can significantly decrease the PAH emission and health risk, but intensive fireworks burning on CSFD could significantly increase the risk of
cancer.

3.

Conclusions

PAHs in PM2.5 were measured before, during and after the
CSF in Xiangyang city from Feb. 12th 2018 to Feb. 20th 2018,
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to check the influence of Spring Festival holiday effect and
fireworks burning on their levels, compositions and sources,
health risks as well. During CSFD, source emission pattern
might be different from usually period: intensive firework display and less traffic, industrial activity. We found that holiday
effect can remarkably reduce air pollution, but serious pollution could be caused by intensive fireworks burning. Diagnostic ratios and PCA were used to identify the possible sources
for PAHs: the sources of PAHs changed with the arrival and end
of the festival, which were gradually changed from biomass
and coal combustion Bf-CSFD and CSFD to petroleum combustion and motor vehicle emission during Af-CSFD. And PAHs
can be influenced by fireworks burning, mass concentrations
of  16 PAHs during Pre-FB and Af-FB was significantly lower
than that Dur-FB period. Additionally, according to the BaPep
and ILCR, it can be found that PAH emissions from fireworks
burning were carcinogenic. Therefore, controlling fireworks
burning during the CSF period must be controlled because the
practice has caused serious regional pollution.
In addition, we also found an interesting result: combined
with backward and forward trajectory cluster analysis, Xiangyang may be a sink area of pollutants for northwest and
southeast, and the sources of the northeast and southwest.
But its roles as sink more than as source. The pollutants inputted from Henan provinces has greatly influence on research area. We think that the finding of this work can provide
useful information to develop the effective air control strategies in the special short-term anthropogenic activity event in
the countries over the world, especially for the transmission
channel city.
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Hanedar, A., Alp, K., Kaynak, B., Avşar, E., 2014. Toxicity evaluation and source
apportionment of polycyclic aromatic hydrocarbons (PAHs) at three stations
in Istanbul, Turkey. Sci. Total Environ. 488–489, 437–446.
Hu, T.P., Zhang, J.Q., Ye, C., Zhang, L., Xing, X.L., Zhang, Y., et al., 2017. Status,
source and health risk assessment of polycyclic aromatic hydrocarbons
(PAHs) in soil from the water-level-fluctuation zone of the three gorges
reservoir, China. J. Geochem. Explor. 172, 20–28.
Huang, K., Zhuang, G., Lin, Y., Wang, Q., Fu, J.S., Zhang, R., et al., 2012. Impact of
anthropogenic emission on air-quality over a megacity - revealed from an
intensive atmospheric campaign during the Chinese spring festival. Atmos.
Chem. Phys. 12, 17151–17185.
Jamhari, A.A., Sahani, M., Latif, M.T., Chan, K.M., Tan, H.S., Khan, M.F., et al., 2014.
Concentration and source identification of polycyclic aromatic hydrocarbons
(PAHs) in PM10 of urban, industrial and semi-urban areas in Malaysia. Atmos.
Environ. 86, 16–27.
Jing, H., Li, Y.F., Zhao, J.T., Li, B., Sun, J.L., Chen, R., et al., 2014. Wide-range particle
characterization and elemental concentration in Beijing aerosol during the
2013 Spring Festival. Environ. Pollut. 192, 204–211.
Khalili, N.R., Scheff, P.A., Holsen, T.M., 1995. PAH source fingerprints for coke
ovens, diesel and, gasoline engines, highway tunnels, and wood combustion
emissions. Atmos. Environ. 29, 533–542.
Khan, M.F., Latif, M.T., Lim, C.H., Amil, N., Jaafar, S.A., Dominick, D., et al., 2015.
Seasonal effect and source apportionment of polycyclic aromatic
hydrocarbons in PM2.5. Atmos. Environ. 106, 178–190.
Kim, K.H., Kabir, E., Kabir, S., 2015. A review on the human health impact of
airborne particulate matter. Environ. Int. 74, 136–143.
Kong, S.F., Li, X.X., Li, L., Yin, Y., Chen, K., Yuan, L., et al., 2015. Variation of polycyclic
aromatic hydrocarbons in atmospheric PM2.5 during winter haze period
around 2014 Chinese spring festival at Nanjing: Insights of source changes,
air mass direction and firework particle injection. Sci. Total Environ. 520,
59–72.
Lai, I.C., Chang, Y.C., Lee, C.L., Chiou, G.Y., Huang, H.C., 2013. Source identification
and characterization of atmospheric polycyclic aromatic hydrocarbons along
the southwestern coastal area of Taiwan – with a GMDH approach. J. Environ.
Manag. 115, 60–68.
Lee, R.G.M., Hung, H., Mackay, D., Jones, K.C., 1998. Measurement and modeling of
the diurnal cycling of atmospheric PCBs and PAHs. Environ. Sci. Technol. 32,
2172–2179.
Lee, W.J., Liow, M.C., Tsai, P.J., Hsieh, L.T., 2002. Emission of polycyclic aromatic
hydrocarbons from medical waste incinerators. Atmos. Environ. 36, 781–790.

Lelieveld, J., Evans, J.S., Fnais, M., Giannadaki, D., Pozzer, A., 2015. The contribution
of outdoor air pollution sources to premature mortality on a global scale.
Nature 525, 367–371.
Li, X.R., Guo, X.Q., Liu, X.R., Liu, C.S., Mang, S.S., Wang, Y.S., 2009. Distribution and
sources of solvent extractable organic compounds in PM2.5 during 2007
Chinese Spring Festival in Beijing. J. Environ. Sci. 21, 142–149.
Nisbet, I.C.T., LaGoy, P.K., 1992. Toxic equivalency factors (TEFs) for polycyclic
aromatic hydrocarbons (PAHs). Regul. Toxicol. Pharm. 16, 290–300.
Shi, G.L., Liu, G.R., Tian, Y.Z., Zhou, X.Y., Peng, X., Feng, Y.C., 2014. Chemical
characteristic and toxicity assessment of particle associated PAHs for the
short-term anthropogenic activity event: during the Chinese New Year’s
festival in 2013. Sci. Total Environ. 482–483, 8–14.
Shrivastava, M., Lou, S., Zelenyuk, A., Easter, R.C., Corley, R.A., Thrall, B.D., et al.,
2017. Global long-range transport and lung cancer risk from polycyclic
aromatic hydrocarbons shielded by coatings of organic aerosol. Proc. Natl.
Acad. Sci. U. S. A. 114, 1246.
Simcik, M.F., Eisenreich, S.J., Lioy, P.J., 1999. Source apportionment and source/sink
relationships of PAHs in the coastal atmosphere of Chicago and Lake
Michigan. Atmos. Environ. 33, 5071–5079.
Singh, L., Agarwal, T., 2018. PAHs in Indian diet: assessing the cancer risk.
Chemosphere 202, 366–376.
Sofowote, U.M., Hung, H., Rastogi, A.K., Westgate, J.N., Deluca, P.F., Su, Y., et al.,
2011. Assessing the long-range transport of PAH to a sub-Arctic site using
positive matrix factorization and potential source contribution function.
Atmos. Environ. 45, 967–976.
Sofowote, U.M., McCarry, B.E., Marvin, C.H., 2008. Source apportionment of PAH in
hamilton harbour suspended sediments: comparison of two factor analysis
methods. Environ. Sci. Technol. 42, 6007.
Sulong, N.A., Latif, M.T., Sahani, M., Khan, M.F., Fadzil, M.F., Tahir, N.M., et al., 2019.
Distribution, sources and potential health risks of polycyclic aromatic
hydrocarbons (PAHs) in PM2.5 collected during different monsoon seasons
and haze episode in Kuala Lumpur. Chemosphere 219, 1–14.
Taghvaee, S., Sowlat, M.H., Hassanvand, M.S., Yunesian, M., Naddafi, K., Sioutas, C.,
2018. Source-specific lung cancer risk assessment of ambient PM2.5-bound
polycyclic aromatic hydrocarbons (PAHs) in central Tehran. Environ. Int. 120,
321–332.
Thurston, G.D., Ahn, J., Cromar, K.R., Shao, Y.Z., Reynolds, H.R., Jerrett, M., et al.,
2016. Ambient particulate matter air pollution exposure and mortality in the
NIH-AARP diet and health cohort. Environ. Health Perspect. 124, 484–490.
Tobiszewski, M., Namiesnik, J., 2012. PAH diagnostic ratios for the identification of
pollution emission sources. Environ. Pollut. 162, 110–119.
Vinas, L., Franco, M.A., Soriano, J.A., Gonzalez, J.J., Pon, J., Albaiges, J., 2010. Sources
and distribution of polycyclic aromatic hydrocarbons in sediments from the
Spanish northern continental shelf. Assessment of spatial and temporal
trends. Environ. Pollut. 158, 1551–1560.
Wang, Y., Zhuang, G., Xu, C., An, Z., 2007. The air pollution caused by the burning
of fireworks during the lantern festival in Beijing. Atmos. Environ. 41, 417–431.
Weyand, E.H., Bevan, D.R., 1986. Benzo(a)pyrene disposition and metabolism in
rats following intratracheal instillation. Cancer Res. 46, 5655–5661.
Wu, Y., Yang, L., Zheng, X., Zhang, S., Song, S., Li, J., et al., 2014. Characterization
and source apportionment of particulate PAHs in the roadside environment
in Beijing. Sci. Total Environ. 470–471, 76–83.
Yang, M., Wang, Y., Li, H., Li, T., Nie, X., Cao, F., et al., 2018. Polycyclic aromatic
hydrocarbons (PAHs) associated with PM2.5 within boundary layer: cloud/fog
and regional transport. Sci. Total Environ. 627, 613–621.
Yunker, M.B., Macdonald, R.W., Vingarzan, R., Mitchell, R.H., Goyette, D.,
Sylvestre, S., 2002. PAHs in the Fraser River basin: a critical appraisal of PAH
ratios as indicators of PAH source and composition. Org. Geochem. 33,
489–515.
Zhang, Y., Zheng, H., Zhang, L., Zhang, Z., Xing, X., Qi, S., 2019. Fine particle-bound
polycyclic aromatic hydrocarbons (PAHs) at an urban site of Wuhan, central
China: Characteristics, potential sources and cancer risks apportionment.
Environ. Pollut. 246, 319–327.

