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a b s t r a c t

The concentration distributions, compositional profiles and seasonal variations of 17 perfluoroalkyl acids
(PFAAs) in PM10 (particles with aerodynamic diameters< 10 mm) were determined in seven coastal cities
of the Bohai and Yellow Seas. The detection rates of perfluorooctanoic acid (PFOA) and short-chain
components (perfluoroalkyl carboxylic acids (PFCAs) with �7 carbon atoms and perfluoroalkane sul-
fonic acids (PFSAs) with �5 carbon atoms) were much higher than those of other long-chain PFAA
species. The annual average concentration of total PFAAs in PM10 ranged from 23.6 pg/m3 to 94.5 pg/m3

for the sampling cities. The monthly mean concentrations of PFAAs in PM10 in some sampling cities
reached a peak value in winter, while no significant seasonal differences presented in other cities. High
concentrations of PFAAs in the northern cities generally occurred during the local heating period (from
November to March). Generally, the dominant components of PFAAs were PFOA and perfluorobutyric
acid (PFBA). Some significantly positive correlations (p< 0.01) between the 10 dominant components
were revealed in the sampling cities, which implied similar sources and fate behaviors. Based on the
simulated 72-hr backward trajectory tracking of air masses, the clustering results demonstrated the
sampling cities were affected mainly by the atmospheric transport in sequence from the northwest, the
southwest and the open seas, and many transport trajectories of air masses passed by the local fluorine
chemical manufacturers in Liaoning, Shandong, Jiangsu, and Hubei Provinces. The estimated average
daily intake (ADI) corresponding to the residents in different age groups indicated insignificant contri-
butions to PFOA and perfluorooctane sulfonate (PFOS) exposures by inhalation of PM10 compared to
ingestion by daily diet, while the higher ADI of PFOA than the reported levels for adults should be a
concern. The calculated hazard ratios (HR) exhibited low noncancer risks by inhalation exposure to PFOA
and PFOS in PM10.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Perfluoroalkyl acids (PFAAs) have beenwidely applied in various
products, e.g., textiles, paints, anti-fouling agents, plastics, pack-
aging, and fire-fighting foam (Buck et al., 2011; Wang et al., 2015a).
Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate
(PFOS), the main components with global distributions, were found
to be persistent, bioaccumulative and toxic (PBT) in 2000 and
e by Dr. Chen Da.
incorporated therefore into the control lists of the Stockholm
Convention in 2009 (Wang et al., 2015b; Wang et al., 2016b) or
controlled by many countries and regions (USEPA, 2013). Recently,
the industrial development of short-chain PFAAs, as alternatives,
has been implemented, while the emissions of the substitutes have
increased significantly and are a focus of great concern (Wang et al.,
2015b; Wang et al., 2016b). For example, the monitoring results of
perfluoroalkyl substances (PFAS) in airborne particulate matter
(PM) in Japan (Ge et al., 2017) indicated PFOA, perfluorononanoic
acid (PFNA), and perfluorodecanoic acid (PFDA) as the dominant
species, regardless of particle size and sampling period, and rainfall
caused the significant seasonal variations in total PFAS
concentrations.
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Under ambient conditions, PFAAs with lower pKa (Ka: acid
dissociation constant) values were readily decomposed into anions
(Barber et al., 2007) and thus showed different physicochemical
properties from protonated species (Buck et al., 2011). PFAAs in the
anionic state were less volatile, and therefore, their coacervates,
such as atmospheric particles, may play an important role in long-
distance transport (MacInnis et al., 2016). Because their vapor
pressure decreases as the chain length increases, airborne PFAAs
were more likely to adsorb onto atmospheric particles rather than
be in the gaseous phase (Barton et al., 2006; Barton et al., 2007;
Weinberg et al., 2011), and thus, most airborne PFAAs occurred in
the particulate phase, except for a small number of precursors
(Barton et al., 2006) characterized by a dominant conversion in the
gaseous phase (Johansson et al., 2017).

Numerous reports indicated that PFAAs were apt to accumulate
in the liver and blood and exhibited hepatotoxicity (Darrow et al.,
2016), nephrotoxicity (Steenland and Woskie, 2012; Vieira et al.,
2013), immunotoxicity (Dong et al., 2013), neurotoxicity
(Johansson et al., 2009), and reproductive toxicity (Li et al., 2017).
Many epidemiological studies have focused on PFOS and PFOA; for
instance, PFOS and PFOA were found to be associated with preg-
nancy, thyroid hormone secretion, allergies, asthma, metabolism,
and cardiovascular diseases (Crinnion, 2012; Kirkley and Sargis,
2014; Goudarzi et al., 2017; Li et al., 2017). Other studies have
demonstrated that PFAA species with longer carbon chains
possessed higher environmental stability and stronger bio-
accumulation effects (Wen et al., 2017). In addition, human expo-
sure to PFAAs originates mainly from the daily diet (Zhang et al.,
2010; Bao et al., 2011), with seafood and fish responsible for PFOS
intake and terrestrial meat responsible for PFOA ingestion (Wu
et al., 2012; Yang et al., 2012). Inhalation, skin absorption, and
dust intake were also important pathways of human exposure to
PFAAs, especially for the occupational exposure by employees in
fluorine chemical enterprises and neighboring residents
(Heydebreck et al., 2016; Liu et al., 2017a).

China is currently the largest regional source of PFAA emissions,
where cumulative emissions of PFOA reached 250 tons from 2004
to 2012 (Li et al., 2015). An earlier study (Xie et al., 2013b) estimated
that the annual atmospheric emissions of PFOS and PFOA in China
during industrial production were 1.3 tons and 7.3 tons, respec-
tively. Most of the environmental emissions could be attributed to
the various production activities of the fluorine chemical industry
(94.0%) compared to the residential household consumption of
related goods (6.0%) (Li et al., 2015). The domestic fluorine chemical
enterprises were mainly situated in eastern China, where PFOA
emissions accounted for 74.3% of the total national emissions (Xie
et al., 2013b; Li et al., 2015). To date, few studies have focused on
monitoring atmospheric PFAAs in China and have focused mainly
on individual cities (Liu et al., 2015; Zhang et al., 2016) or specific
small areas (Lai et al., 2016). The wide coastal regions of the Bohai
and Yellow Seas are important economic zones in eastern China
and have undergone rapid socioeconomic development during the
last several decades while suffering from frequent heavy haze;
furthermore, intensive fluorine chemical industries may lead to
large emissions of PFAAs (Xie et al., 2013a; Liu et al., 2017b; Xu et al.,
2017). Therefore, monitoring PFAAs in ambient air is of great
importance for human health and pollutant abatement measures
taken by policy-makers, but studies focusing on PFAAs in ambient
PM in the coastal regions of the Bohai and Yellow Seas in northern
China are still inadequate.

In this study, we selected seven typical cities with different
population sizes and socioeconomic development levels in which
to sample air particles. Beijing (BJ) and Tianjin (TJ) are megacities
with residential populations greater than 10 million in urban areas;
Qingdao (QD), Yancheng (YC) and Yantai (YT) are large cities with
residential populations of 5e10 million in urban areas; and Lia-
nyungang (LYG) and Jinzhou (JZ) are medium-sized cities with
residential populations between 1 and 5 million (Bureau of
Statistics of Jiangsu Province, 2016a; Bureau of Statistics of
Liaoning Province, 2016b; Bureau of Statistics of Shandong
Province, 2016c; National Bureau of Statistics of China, 2016). The
sampling period spanned an entire year, and the total and indi-
vidual concentrations of 17 PFAA species in PM10 were determined,
including the spatiotemporal distribution of the dominant com-
ponents and backward trajectory tracking; furthermore, human
health risks through inhalation exposure to PFOA and PFOS in PM10
were explored.

2. Materials and methods

2.1. Sample collection

The sampling sites were assigned in the seven cities, as detailed
in Table S1 and Fig. S1 in the Supplementary Data. The sampling
sites were in the centers of the urban areas. The sampling period
spanned an entire year, from May 2015 to April 2016. Regular
sampling occurred each month, with two atmospheric PM10 sam-
ples, on average, collected approximately every two weeks. The
duration of each regular sampling was 48 h; the January particle
samples were not collected in YC due to equipment failure. The
specially developed active air sampler (PM10-PUF-300, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences), with a
constant flow rate at 300 L/min, was calibrated with a Defender
510-M (Mesa Laboratories, USA). Before sampling, all the glass fiber
filters (GFF, 200mm� 150mm, Type 49, Shanghai Hongguang In-
dustrial Co., Ltd.) were calcined for 4 h in a muffle furnace at 450 �C,
then wrapped with aluminum foil, and stored in a desiccator. After
sampling, they were wrapped in aluminum foil and preserved in a
refrigerator at �20 �C for further analysis.

2.2. Sample pretreatment and instrumental measurements

The 17 target PFAA species included PFBA, PFPeA, PFHxA, PFBS,
PFHpA, PFOA, PFHxS, PFNA, PFDA, PFOS, PFUnDA, PFDoDA, PFDS,
PFTrDA, PFTeDA, PFHxDA, and PFODA. Their corresponding physi-
cochemical properties are summarized in Table S2. Each sampled
GFF was cut into pieces to fit in a 50-mL centrifuge tube and mixed
with 5 ng of a mixed internal standard (mass-labeled linear PFAAs
(MPFAC-MXA), including PFBA [1,2,3,4 13C], PFHxA [1,2,3,4 13C],
PFOA [1,2,3,4 13C], PFNA [1,2,3,4 13C], PFDA [1,2,3,4 13C], PFUnDA
[1,2,3,4 13C], PFDoDA [1,2 13C], PFHxS [1,2 18O], and PFOS [1,2,3,4
13C], which was purchased from Wellington Laboratories (Guelph,
Ontario, Canada; specification: 1.2mL, 2 mg/mL, purity>98%). All
the GFF samples were sealed and placed in a refrigerator overnight
to simulate the attachment of target substances over the surface of
the filter. Then, usingmethanol (Optima, Fisher Science, USA) as the
solvent, ultrasonic extraction of each GFF was accomplished three
times for 30min each. Each extracted samplewas filtered through a
sand core funnel, then the filtrate was collected and distilled to
approximately 1mL with a rotary evaporator before being passed
over a pretreated Envi-Carb SPE cartridge (Supelco, USA), pre-
conditioned with 1mL methanol 3 times. After sample loading, the
sample container and cartridge were each rinsed with 1mL
methanol 3 times. Finally, the sample was concentrated via
nitrogen-blowing to approximately 1mL, then filtrated using a
0.22-mm filter (Pall Corporation, USA) into a 1.5-mL brown vial and
sealed for preservation.

The studied PFAAs were analyzed by an Agilent 1290 Infinity
HPLC System coupled with an Agilent 6460 Triple Quadrupole LC/
MS System (Agilent Technologies, Palo Alto, CA) and operated in the
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negative electrospray ionization (ESI) mode. The separation column
was an Agilent ZORBAX Eclipse plus C18 (2.1mm inner diam-
eter� 100mm length, 1.8 mm packing particle size); a column
temperature of 40 �C and an injection volume of 5 mL were used.
The operational conditions of other analytical instruments are
presented in Tables S3 and S4.

2.3. Quality assurance and quality control

All the experimental materials used in the sample collection
procedure and pretreatment steps were nonfluorinated to avoid
possible interference. Both blank experiment and recovery exper-
iment procedures were precisely performed. For every 10 samples,
a corresponding blank experiment was carried out simultaneously,
with the same extraction and purification processes as the actual
samples. The PFAAs were not detected in all the blank samples. The
standard solution of PFAAs for spike recovery experiments was the
mixture of the 17 target compounds mentioned earlier (Table S2).
The recovery rates of all the components fell in the range of 80%e
120%, as listed in Table S5. Target substances were quantified using
the internal standard method. The limits of detection (LODs) and
the limits of quantitation (LOQs) were defined by the chromato-
graphic peaks of the target components with signal-to-noise ratios
(S/N) of 3:1 and 10:1, respectively. The LODs of the 17 PFAAs ranged
from 0.01 ng/L to 0.10 ng/L, and the related LOQs ranged from
0.04 ng/L to 0.50 ng/L.

2.4. Statistical analysis

The concentration values below the LOQ were set at LOQ/2, and
below the LOD were set at LOD/

ffiffiffi
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p

for this study (Wang et al.,
2016a). The related statistical analyses of the measured data, such
as the Spearman correlation analysis and principal component
analysis (PCA), were implemented using the SPSS software (Version
23, IBM). The sketch map of the spatial distributions of the sam-
pling sites and target PFAAs species were illustrated using the
ArcGIS (Version 10.2, ESRI).

2.5. Trajectory tracking for source apportionment

To explore the potential sources of atmospheric PFAAs detected
in PM10, the hybrid single-particle Lagrangian integrated trajectory
model (HYSPLIT, Version 4, Air Resources Laboratory) developed by
the US National Oceanic and Atmospheric Administration & Air
Resources Laboratory (NOAA/ARL) was used to conduct a backward
trajectory analysis (Stein et al., 2015). Themeteorological input data
were obtained from the global data assimilation system (GDAS).
Following previous studies (Davis et al., 2010;Wang et al., 2017), we
simulated a 72-h interval backward trajectory of the air mass
reaching 500 m above the ground starting at four time nodes
(UTCþ00, þ06, þ18 and þ 24) each day from May 2015 to April
2016 at each sampling site in order to perform a further clustering
analysis. In total, there were 368, 368, 364 and 364 trajectories
corresponding to each sampling site during the local spring (March,
April, and May), summer (June, July, and August), autumn
(September, October, and November) and winter (December,
January, and February), respectively. The clustering analysis
considered the direction and velocity of the wind for individual
trajectories and grouped them into clusters based on the geometric
distance (lower cluster spatial variance, SPVAR). In the clustering
analysis, each trajectory was considered as a cluster individually at
the beginning. Then, the trajectories were paired, and the total
spatial variance (TSV) was calculated at each stage. The large vari-
ations present in the TSV indicated that the trajectories with sig-
nificant differences were grouped into the same cluster, so the
number before the large variation was regarded as the number of
trajectory clusters (Wang et al., 2017).

2.6. Human health risk assessment

Based on the measured concentrations of PFAAs in PM10 and
currently available reference doses, the average daily intake of
PFOA and PFOS by inhalation of PM10 to toddlers (3e5 years old, yr
for short), children and adolescents (6e18 yr), adults (19e64 yr),
and the elderly (�65 yr) in Chinawere estimated by (Xu et al., 2013;
Liu et al., 2015; Tian et al., 2016):

ADIi ¼
Ci � IRair � EF � ED

BW � AT

where ADIi [ng/(kg∙d)] is the average daily intake of the ith target
PFAA; Ci (ng/m3) is the measured concentration of the ith PFAA
species concentration in PM10; IRair (m3/d) is the air inhalation rate;
EF is the exposure frequency (d/a); ED is the exposure duration (a);
and BW and AT are the body weight (kg) and the average time (d),
respectively.

Using the ADI calculated above, the hazard ratios (HR) of inha-
lation exposure to PFOA and PFOS in PM10 by the local residents at
the sampling sites were calculated to assess the potential human
noncancer health risks as follows:

HR ¼ ADI
RfD

where RfD indicates the available reference doses of 20 ng/(kg∙d)
for both PFOS and PFOA (ATSDR, 2018).

3. Results and discussion

3.1. Spatial distribution and seasonal variation of PFAAs in PM10

Based on Table S2, perfluoroalkyl carboxylic acids (PFCAs) with
more than 7 carbon atoms and perfluoroalkane sulfonic acids
(PFSAs) with more than 5 carbon atoms were considered the long-
chain PFAAs; the other components were defined as short-chain
PFAAs in this study (Buck et al., 2011). Among all the samples, the
detection rates of PFBA, PFPeA, PFHxA, PFBS, PFHpA, and PFOA
reached 90%, all of which belonged to short-chain species except for
PFOA (C8), while the detection rates of many long-chain PFAAs
were less than 45% in the collected samples, even below the LOQ
(e.g., PFDS). These results may be attributed to the recent wide-
spread use of short-chain PFAAs in industry rather than long-chain
PFAAs, and some short-chain PFAAs, such as PFBA and PFBS, are
substitutes for long-chain components in the perfluorochemical
industry (Wang et al., 2015b; Wang et al., 2016b). Some recent re-
ports also indicated that short-chain PFAAswere dominant inwater
samples from the rivers in the studied regions (Wang et al., 2016a;
Wang et al., 2016b). For a succinct purpose, the following aspects of
the dominant species with higher detection rates (namely, PFBA,
PFPeA, PFHxA, PFBS, PFHpA, PFOA, PFHxS, PFNA, PFDA, and PFOS)
were focused on.

The histograms, from left to right, represent monthly mean
concentrations of SPFAAs from January to December, and an annual
average.

Fig. 1 illustrates the distribution and seasonal variation of total
PFAA concentrations in ambient PM10 from the sampling sites. The
monthly average concentrations of SPFAAs (i.e., all the 17 species
mentioned previously) in ambient PM10 at the sampling sites were
8.5e272.4 pg/m3, with a median value of 43.3 pg/m3. The concen-
trations of SPFAAs in PM10 from TJ and QD were relatively higher,



Fig. 1. Monthly mean concentrations (pg/m3) of SPFAAs in PM10 from the sampling cities.

Fig. 2. Seasonal and annual average concentrations of SPFAAs (pg/m3) in PM10 in the
coastal cities of the Bohai and Yellow Seas Spring (from March to May), Summer (from
June to August), Autumn (from September to November) and Winter (from December
to February).
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especially during the local winter (December and January), and QD
also showed high levels in May and June. Five northern sampling
cities (JZ, BJ, TJ, YT, and QD) were considerably influenced by the
local winter heating activity from November to March, which
consumed a large amount of coal and biomass and led to a signif-
icant increase in PM10 concentrations (Xu et al., 2017). Therefore,
the resulting concentrations of major PFAAs in PM10 were generally
higher during heating across the studied regions. Similar charac-
teristics of seasonal variations occurred in the neighboring areas,
such as in BJ vs. TJ and LYG vs. YC. In winter, the lower concentra-
tions of SPFAAs in PM10 in JZ may be affected by the locally heavy
snowfall, which could scavenge particle-bound PFAAs out of the
atmosphere (Xie et al., 2015). LYG and YC, in the southern studied
regions, exhibited lower concentrations of PFAAs in PM10 and
insignificant seasonal variations.

Regarding the sea area division (see Table S1), the mean con-
centrations of SPFAAs in PM10 spanning the two sea areas are
depicted in Fig. 2. Considerably higher levels of SPFAAs in PM10
appeared inwinter for both sea areas, with no significant difference
among other seasons. The significant increase in PM10 concentra-
tions during wintertime, characterized by the local extensive
heating activity and unfavorable meteorological conditions for
pollutant diffusion, accounts for this situation (Xu et al., 2017).
Overall, the annual average concentrations of SPFAAs in PM10 in the
coastal areas of the Bohai Sea (63.3 pg/m3) was slightly greater than
that in the coastal areas of the Yellow Sea (58.6 pg/m3). Moreover,
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the annual and seasonal mean levels of PFAAs in the coastal areas of
the Yellow Sea were markedly influenced by those at the QD site.
3.2. Compositional profiles of PFAAs in PM10

Fig. 3 provides the relative contributions of the dominant PFAA
components in PM10 at each sampling site as seasonal and annual
averages, and the detailed statistical results of all the collected
samples are summarized in Table 1. PFOA and PFBA were the
dominant species at all the sampling sites in terms of both the
annual average and seasonal variation, except at the YC site, where
PFHxA also contributed a high proportion, especially in autumn
(see Fig. 3). Shan et al. (2014) found that PFOA and PFHxAwere the
prevailing components in water samples near a fluorine chemical
plant in Jiangsu Province that was adjacent to the YC site, as shown
in Fig. S1. The annual average contribution of PFBA to total PFAAs at
the JZ site was substantially larger than that of PFOA. Wang et al.
(2016a) also found higher concentrations of PFBA present in the
Fig. 3. Compositional profiles of the 10 dominant PFAA species in PM10 at the sampling sites
Summer (June, July, and August); SON: Autumn (September, October, and November); DJF:
Daling River near the JZ site, with the dominant emissions being
short-chain PFAAs from the neighboring fluoropolymer facilities.
The distribution pattern of PFBA and PFOA fractions to the SPFAAs
were approximate at most sampling sites, and the main difference
lay in the relative contribution of the two primary components. In
general, the seasonal variations in the fractions of the principal
species were insignificant at the QD and LYG sites, while seasonal
fluctuations appeared at other sampling sites, particularly in
wintertime.

In the current study, the detected concentrations of PFOS in
PM10 were similar to those in previous studies implemented in
some European countries, while the measured concentrations of
PFOA in PM10 were up to an order of magnitude higher than those
in Germany (Barber et al., 2007; Jahnke et al., 2007; Dreyer et al.,
2009; Beser et al., 2011; Ericson Jogsten et al., 2012). This phe-
nomenon may be attributed mainly to the large quantities of PFOA
released from fluorine chemical factories in China (Liu et al., 2017b;
Meng et al., 2017). As revealed in Table 1, the highest and lowest
in different seasons and the annual average MAM: Spring (March, April, and May); JJA:
Winter (December, January, and February), and Avg: Annual average.



Table 1
Mean, standard deviation (SD), range and median (pg/m3) of the dominant PFAA component concentrations in PM10 in all the samples collected at the sampling cities*.

City Species PFBA (S) PFPeA (S) PFHxA (S) PFBS (S) PFHpA (S) PFOA (L) PFHxS (L) PFNA (L) PFDA (L) PFOS (L) SPFAAs10 SPFAAs17

JZ Mean± SD 21.1± 21.8 1.9± 1.6 2.1± 2.6 0.8± 0.9 1.2± 1.2 10.3± 18.8 1.0± 2.4 0.8± 1.8 0.4± 0.4 1.0± 1.5 40.7± 37.2 41.9± 37.4
Range 1.3e83.1 0.2e5.3 0.1e11.5 0.1e3.0 0.1e4.0 0.1e90.0 0e12.2 N.D.~8.3 N.D.~1.3 N.D.~7.1 2.9e146.7 3.4e148.2
Median 12.5 1.5 1.7 0.5 0.7 3.6 0.3 0.1 0.2 0.5 29.2 29.5

BJ Mean± SD 24.3± 18.2 2.1± 2.1 2.4± 2.0 1.8± 2.0 1.3± 1.2 16.6± 29.2 1.3± 2.2 0.5± 0.7 0.7± 0.7 1.7± 2.2 52.7± 43.0 54.7± 44.5
Range 5.4e71.4 0.2e8.9 0.3e7.1 0.1e8.7 0.1e5.3 N.D.~118.9 0.1e10.7 N.D.~2.8 0.1e2.7 N.D.~10.2 11.5e169.6 11.7e171.7
Median 20.2 1.3 1.9 0.9 1.0 6.1 0.5 0.1 0.4 0.9 38.3 40.1

TJ Mean± SD 31.7± 23.1 1.8± 1.2 2.8± 2.1 1.4± 1.5 2.1± 1.9 47.2± 79.6 1.1± 1.3 1.1± 0.8 1.1± 1.2 3.4± 3.1 93.8± 93.0 95.9± 93.5
Range 7.4e97.4 0.3e4.4 0.2e8.8 0.1e6.0 0.2e7.1 3.4e329.3 0.1e5.4 N.D.~2.8 0.1e4.8 0.1e11.1 23.3e388.4 24.2e389.0
Median 25.9 1.6 2.5 0.7 1.3 20.3 0.8 0.9 0.7 2.3 54.4 55.7

YT Mean± SD 18.5± 24.3 1.5± 1.1 1.7± 1.2 0.6± 0.4 1.3± 1.1 30.7± 72.2 0.5± 0.4 0.7± 0.5 0.6± 0.4 1.0± 2.1 57.1± 77.0 58.6± 77.3
Range 2.8e112.2 0.3e5.0 0.4e5.5 0.1e1.4 0.1e5.1 0.8e362.9 0.1e1.3 0.1e1.6 0.1e1.7 N.D.~10.2 15.8e396.1 18.2e399.3
Median 11.1 1.1 1.5 0.5 1.0 13.8 0.4 0.7 0.5 0.5 35.1 35.7

QD Mean± SD 14.0± 7.3 2.1± 1.7 3.6± 3.0 0.5± 0.4 2.2± 2.0 73.8± 106.6 0.5± 0.5 0.6± 0.9 0.4± 0.5 0.9± 0.9 98.6± 111.8 100.1± 112.0
Range 2.4e31.5 0.2e6.7 0.2e12.0 0.1e1.5 0.1e7.2 2.4e524.8 N.D.~1.7 N.D.~4.6 N.D.~1.6 N.D.~4.1 7.8e561.5 8.5e563.4
Median 13.6 1.8 3.1 0.3 1.8 36.8 0.4 0.4 0.2 0.8 72.8 75.9

LYG Mean± SD 17.4± 14.1 1.6± 1.8 2.2± 2.2 0.7± 0.7 1.6± 1.1 18.3± 17.1 0.5± 0.4 1.3± 2.7 0.6± 0.5 2.2± 2.5 46.4± 28.3 48.2± 28.8
Range 1.1e53.2 0.2e8.0 0.2e8.9 0.1e3.0 0.1e3.9 0.6e65.6 N.D.~1.6 N.D.~13.3 0.1e2.2 0.1e8.6 11.6e133.2 11.9e135.9
Median 12.6 1.1 1.4 0.5 1.4 13.9 0.5 0.7 0.6 1.1 36.0 37.3

YC Mean± SD 7.7± 10.4 1.1± 1.0 3.4± 6.0 0.2± 0.2 0.5± 0.5 8.3± 7.8 0.2± 0.2 0.6± 0.9 0.3± 0.3 0.8± 1.2 23.3± 19.5 24.1± 19.3
Range 0.9e50.1 0.1e4.1 0.1e27.4 0.1e0.9 0.1e1.6 0.7e24.0 0.1e0.9 N.D.~4.0 N.D.~1.1 N.D.~5.1 3.9e89.0 4.3e89.4
Median 5.2 1.0 1.0 0.1 0.4 5.0 0.1 0.2 0.2 0.2 19.5 19.8

S: short-chain species; L: long-chain species. N.D.: not detected. SPFAAs10: total concentration of the dominant 10 species; SPFAAs17: total concentration of all 17 target
species. *: only the dominant species with higher detection rates are listed.
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average concentrations of the dominant PFBA occurred in TJ
(31.7 pg/m3) and in YC (7.7 pg/m3), respectively, and the maximum
value occurred in YT. Regarding prevailing PFOA, the highest and
lowest amounts appeared in QD (73.8 pg/m3) and in YC (8.3 pg/m3),
respectively, and the maximum value occurred in QD.

As for sea area division (see Table S1), the concentrations of all
the individual PFAA species in PM10 across the coastal areas of the
Bohai and Yellow Seas are plotted in Fig. 4. The corresponding
concentrations of PFBA (short-chain species) and PFOA (long-chain
species) were noticeably higher than those of other components,
especially for the long-chain components, and the levels of PFBA
and PFOA showed the opposite situation in the coastal areas of the
Bohai and Yellow Seas. Moreover, the annual average concentration
of PFOA in the PM10 across the coastal areas of the Bohai and Yellow
Seas were 27.0 pg/m3 and 30.5 pg/m3, accounting for 42.7% and
Fig. 4. Annual average concentrations (pg/m3) of all the individual species in PM10

from the coastal areas of the Bohai and Yellow Seas.
56.1% of the total PFAAs, respectively. For PFBA, they were 23.7 pg/
m3 and 13.0 pg/m3, accounting for 37.5% and 23.8% of the total
PFAAs, respectively.
3.3. Component correlation and principal component analysis

The correlations between the different PFAA components in
ambient PM10 were further investigated and are summarized in
Table S6 using the monthly mean concentrations of the dominant
PFAA species. Significantly positive correlations (r> 0.800, p< 0.01)
existed between individual components, e.g., PFOA and PFHxA in JZ,
PFOA and PFHxS and PFOA and PFHpA in BJ, PFOA and PFHpA,
PFHxS and PFBS, and PFNA and PFBA in TJ, PFHpA and PFHxA in YT,
and PFHpA and PFHxA and PFOA and PFHpA in QD. A strong cor-
relation generally indicated similar sources, transport processes
and transformation processes for the two components (Lai et al.,
2016). For example, Jiang et al. (2015) found that PFOA was the
main impurity component in PFOS products from the fluorine
chemical plants, contributing to over 10% of the total impurities,
and the remaining included PFHxS, PFHxA, and PFHpA. In addition,
PFBS and PFHxS were the polyfluorinated compound (PFCs)
monomers most widely used to replace PFOS, which may lead to a
strong correlation (Lindstrom et al., 2011).

To preliminarily explore the potential sources of PFAAs in PM10
from the sampling regions, a principal component analysis (PCA)
was applied to the factor extraction using the monthly average
concentrations (see Table S7). In the dominant components, PFHpA,
PFHxA, and PFOA more frequently showed higher factor loading
(greater than 0.80) at most sampling sites. PFHpA is usually utilized
in stain- and grease-proof coatings on food packaging, furniture
and carpet (Harbison et al., 2015). PFOA is chiefly used in the
emulsification of plastics and rubber products, flame retardant
textiles, paper surface treatment and fire extinguishing agents
(Prevedouros et al., 2006). PFHxA, generally an alternative/substi-
tute for PFOA and PFOS, is the degradation product of the C6 fluoro-
telomer used to prepare the C6 fluoro-acrylate polymers. Addi-
tionally, the production of PFHxA and its derivatives may be related
to manufacturers using the oxidative and electrochemical fluori-
nation (ECF) of the fluoro-telomer (Wang et al., 2014; Klaunig et al.,
2015).



Table 2
ADI [ng/(kg∙d)] and HR for PFOA and PFOS in different age groups in all the sampling cities.

ADI Toddlers (3e5 yr) Children and adolescents (6
e18 yr)

Adults (19e64 yr) The elderly (�65 yr)

City PFOA PFOS PFOA PFOS PFOA PFOS PFOA PFOS

JZ 3.4� 10�4 3.3� 10�5 1.8� 10�4 1.8� 10�5 3.7� 10�4 3.6� 10�5 2.6� 10�4 2.6� 10�5

BJ 6.9� 10�4 5.4� 10�5 3.7� 10�4 2.9� 10�5 7.5� 10�4 5.9� 10�5 5.3� 10�4 4.2� 10�5

TJ 1.5� 10�3 1.2� 10�4 8.2� 10�4 6.2� 10�5 1.7� 10�3 1.3� 10�4 1.2� 10�3 8.9� 10�5

YT 1.0� 10�3 3.3� 10�5 5.4� 10�4 1.8� 10�5 1.1� 10�3 3.6� 10�5 7.8� 10�4 2.5� 10�5

QD 2.2� 10�3 3.2� 10�5 1.2� 10�3 1.7� 10�5 2.4� 10�3 3.4� 10�5 1.7� 10�3 2.4� 10�5

LYG 6.1� 10�4 7.4� 10�5 3.2� 10�4 3.9� 10�5 6.6� 10�4 8.0� 10�5 4.7� 10�4 5.7� 10�5

YC 2.6� 10�4 2.7� 10�5 1.4� 10�4 1.4� 10�5 2.9� 10�4 3.0� 10�5 2.0� 10�4 2.1� 10�5

HR Toddlers (3e5 yr) Children and adolescents (6
e18 yr)

Adults (19e64 yr) The elderly (�65 yr)

City PFOA PFOS PFOA PFOS PFOA PFOS PFOA PFOS

JZ 1.7� 10�5 1.7� 10�6 9.1� 10�6 8.9� 10�7 1.9� 10�5 1.8� 10�6 1.3� 10�5 1.3� 10�6

BJ 3.5� 10�5 2.7� 10�6 1.8� 10�5 1.4� 10�6 3.8� 10�5 2.9� 10�6 2.7� 10�5 2.1� 10�6

TJ 7.7� 10�5 5.8� 10�6 4.1� 10�5 3.1� 10�6 8.3� 10�5 6.3� 10�6 5.9� 10�5 4.5� 10�6

YT 5.1� 10�5 1.7� 10�6 2.7� 10�5 8.8� 10�7 5.5� 10�5 1.8� 10�6 3.9� 10�5 1.3� 10�6

QD 1.1� 10�4 1.6� 10�6 5.8� 10�5 8.4� 10�7 1.2� 10�4 1.7� 10�6 8.3� 10�5 1.2� 10�6

LYG 3.0� 10�5 3.7� 10�6 1.6� 10�5 2.0� 10�6 3.3� 10�5 4.0� 10�6 2.3� 10�5 2.8� 10�7

YC 1.3� 10�5 1.4� 10�6 7.0� 10�6 7.2� 10�7 1.4� 10�5 1.5� 10�6 1.0� 10�5 1.0� 10�6
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3.4. Air mass trajectory tracking

As described in the methodology (see section 2.5), the seasonal
average backward trajectory clusters for the studied sites during
the sampling period are portrayed in Fig. S2. Based on the national
and local statistical surveys, ten large-scale fluorine chemical
manufacturers were situated in the eastern and central regions of
China (see Fig. S1 and the attached table), and they could, to
different extents, account for the corresponding trajectory tracking
of air masses with PFAA pollutants (in the form of emissions and/or
proximity of the air). Furthermore, since the emissions of PFAAs
fromhousehold sources weremuch less significant than those from
industrial sources, the production and processing of fluoropol-
ymers became the primary sources of PFAA emissions (Xie et al.,
2013b; Li et al., 2015); therefore, the impacts of the PFAAs
emitted from the domestic (local) fluorine chemical industry were
the main focus of this study.

In general, as for all the sampling sites, north by northwest and
northwest were the prevailing directions of air mass transport
during the four seasons. In the coastal region of the Bohai Sea, in
addition to the prevalent direction, air masses, transported over a
short or moderate distance from the southwest (south by south-
west) and from the northeastern areas over a longer distance,
imposed some influence on all the sampling sites in this region
during summer. Air masses from the northeast or north during
autumn could be observed in BJ and TJ as well. In the coastal region
of the Yellow Sea, in addition to the situations similar to those in the
coastal region of the Bohai Sea, the transmission paths of air masses
mostly from the east indicated the potential sources with short
distances from the open seas during summer and autumn. Besides,
similar cases occurred in summer at JZ and YT in the coastal region
of the Bohai Sea.

Moreover, evident seasonal variations (i.e., relative contribu-
tions of individual trajectories with different directions) in the
transport trajectories of air masses appeared in the different coastal
regions. In local spring, air masses from the northwest (including
west-northwest and north-northwest) contributed over 50% of the
total calculated trajectories, and the fluorine chemical industry in
Liaoning Province and Shandong Province (see Fig. S1) likely
exerted an influence on most of the sampling sites. One notable
fraction was attributed to the relatively clean air masses a short
distance from the open seas, especially for the sites in the southern
parts of the coastal regions, e.g., YT, QD, LYG, and YC. Other air
masses from the south or southwest had a relatively high contri-
bution (38%) in TJ, inwhich the emissions of PFAAs from passing the
fluorine chemical plant in Shandong Province may affect the local
distribution of PFAAs during spring. Similar cases occurred at the
sampling sites of JZ (23%), LYG (25%) and YC (19%), in which the
former one and the latter two may be affected by the south or
southwest air masses passing by the fluorine chemical manufac-
turers in Shandong Province and Jiangsu Province, respectively, as
shown in Fig. S1. In local summer, the trajectory number and the
contributions of air masses transported from the northwest/north
direction decreased with respect to that in spring for all the sam-
pling sites, especially for JZ, LYG, and YC. Transportation of air
masses from the northeast and southwest/south directions became
the dominant contributors at most sites in the coastal region of the
Bohai Sea, thereby passing fluorine chemical works in Liaoning and
Shandong Provinces, and even involved those in central China, such
as Hubei Province (Zhang et al., 2017) in Fig. S1, may act as potential
emission sources. For the sampling sites in the coastal region of the
Yellow Sea (QD, LYG, and YC), in addition to the presence of a
southwestern trajectory via central China, the transport distance of
the air mass trajectory from the open sea (in the eastern direction)
increased more or less, reflected a higher velocity of air mass
transport, and the increasing number of trajectories from open seas
implied the enhanced influence of open seas, while in the case of
the YT site in the coastal region of the Bohai Sea, there was no
evident change in the trajectory distance of the air mass from the
open sea. In local autumn, the transport pathways of air masses at
the sampling sites in the coastal region of the Bohai Sea came
mainly from the northwest, and a minority came from the north-
east. An exception was in TJ, where a short-range transport tra-
jectory (28%) of air mass from the south may indicate the influence
of PFAAs from the fluorine chemical plants in Shandong Province.
On the other hand, at the QD, LYG, and YC sites, in addition to the
northwestern direction, 44%, 51% and 62% of the total trajectories
originated from the eastern or northeastern directions, respec-
tively. In local winter, the transport trajectories of air masses car-
rying PFAAs were more concentrated in the northwestern or
western directions, and only a short-distance transport from the
southwest occurred at the JZ and TJ sites.

Combining Fig. 1 with Fig. S1, the analytical results of the tra-
jectory tracking mentioned above showed that most sampling sites
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in the present study were frequently affected by the air masses
passing by Liaoning and Shandong Provinces, and secondarily by
those passing by coastal Jiangsu Province and Hubei Province in
central China. Therefore, the fluorine chemical plants in Shandong
and Liaoning Provinces may become the dominant industrial
sources of PFAAs in ambient PM10 at the sampling sites. Some
monitoring results of PFAAs performed adjacent to the fluorine
chemical plants in Shandong Province confirmed PFOA as the
dominant component of PFAAs in surface water and groundwater
nearby, followed by short-chain C4~C7 species, such as PFBA,
PFPeA, PFHxA, and PFHpA (Liu et al., 2016; Wang et al., 2016a).
Higher concentrations of PFBS, PFBA, and PFOA were also detected
in waters near the fluorine chemical plant in Shenyang of Liaoning
Province, and the serum of neighboring residents exhibited stron-
ger PFOA exposure (Bao et al., 2011).

3.5. Human health risk by inhalation exposure

According to the national investigation, the mean respiratory
rates for toddlers (from 3 to 5 yr), children and adolescents (from 6
to 18 yr), adults (from 19 to 64 yr) and the elderly (�65 yr) were 6.2,
10.6, 12.8, and 11.0m3/d, respectively (Wang et al., 2009). The
average body weights for the four age groups were 18.1, 42.3, 63.6,
and 62.9 kg, respectively (General Administration of Sport of China,
2015). The EF used in the methodology section denoted the time
intervals spent outdoors, whichwere 141,102, 259, and 211min d�1

for the different age groups, respectively (Duan, 2014; Duan, 2015),
and the AT represented ED in years� 365 d/a (USEPA, 2009). The
estimated ADI [ng/(kg∙d)] and HR values for PFOA and PFOS for all
the age groups at each sampling site are tabulated in Table 2.
Available reference doses for other PFAAs species could not be
found, except for the commonly reported components of PFOA and
PFOS, and to date, there is no available tolerable daily intake (TDI)
accounted for the in exposures of PFOA and PFOS by inhalation of
ambient PM10. Therefore, in this study, we roughly adopted the
daily intake guidelines on food safety of PFOA and PFOS recom-
mended by the European Food Safety Authority (EFSA) with the
corresponding TDI values of 1500 ng/(kg∙d) and 150 ng/(kg∙d),
respectively (EFSA, 2008), for comparison with the estimated ADI
results. Based on Table 2, the contributions of inhalation exposure
to PFOA and PFOS in ambient PM10 to local human health risks were
generally insignificant.

A previous study on the exposure to PFCs by different pathways
in China showed that the total daily intake amounts of PFOS and
PFOA for toddlers were 10.4 ng/(kg∙d) and 9.68 ng/(kg∙d),
respectively, inwhich breast milk was themain source of exposure;
for adults, the relevant values of PFOS and PFOAwere 1.19 ng/(kg∙d)
and 9.83 ng/(kg∙d), respectively (Zhang et al., 2010). Moreover, the
contribution of inhalational exposure was insignificant compared
with daily dietary intake. For example, the ingestion amounts of
PFOA and PFOS by the local residents in TJ through fish and seafood
were 1.02 ng/(kg∙d) and 0.28 ng/(kg∙d), and in Shenyang of
Liaoning Province, these were 0.24e0.38 ng/(kg∙d) and 0.23e0.37
ng/(kg∙d) (Zhang et al., 2011). In addition, Wu et al. (2012) esti-
mated that the ADIs of local residents in Liaoning, Shandong and
Jiangsu Provinces were 0.02, 0.01 and 0.91 for PFOA, and 0.04, 0.09
and 0.21 ng/(kg∙d) for PFOS, respectively. Similarly, our calculated
data on the portions of the two components were far below these
values.

The HR values greater than 1.0 indicated that the exposed
dosage exceeded the related RfD and probably resulted in a po-
tential risk (Zhang et al., 2011). Liu et al. (2015a) demonstrated that
the adults in Shenzhen (south of China) possessed lower values of
ADI and HR corresponding to inhalation of PFOA and PFOS in the
open air with no acute health risk. In view of the different RfD
values being used, we cannot compare the HR values with those by
Liu et al. (2015a). However, it should be noted that the estimated
highest ADI value of PFOA for the adults in the studied regions was
up to 18 times higher than that reported by Liu et al. (2015a),
despite the comparable values of PFOS in this study. Overall,
exposure to PFOA and PFOS via inhalation of PM10 at the sampling
sites should exert no significant impact on the noncancer health
risk of the local residents. Further detailed studies on atmospheric
PFAAs in finer particles (such as PM2.5, PM1.0, and etc.) with more
sampling sites or larger area coverage, and on the corresponding
health risks of the inhalation exposures to other dominant com-
ponents in addition to PFOA and PFOS, are urgently required.
4. Conclusions

The detection rates of short-chain species were higher than
those of long-chain species except for PFOA at the sampling sites.
The annual mean concentrations of PFAAs in PM10 in the northern
cities were generally higher than those in the southern cities. The
monthly average concentrations of PFAAs in PM10 at most of the
studied cities peaked in winter, during the local heating period
(from November to March), while relatively lower levels occurred
in other seasons, and no significant differences were found.

In terms of annual average and seasonal change, PFBA and PFOA
were the prevailing components of PFAAs in PM10 at the sampling
sites, except for the dominant fraction of PFHxA, especially in
autumn. The distribution pattern of PFBA and PFOA contributions to
the total PFAAs were approximate at most sampling sites, and the
main differencewas reflected in the relative contribution of the two
primary components. The significantly positive correlations
(r> 0.8, p< 0.01) between the dominant individual components
(e.g., PFOA, PFHpA, PFHxA and PFHxS) existed at some sampling
sites, using the monthly average concentrations.

The results of the clustering analysis of the backward trajectory
of air masses during four seasons suggested that the sampling sites
were mainly influenced by the air masses predominantly from the
northwest, especially inwinter. In addition, air masses coming from
the southwest, the northeast and open seas also contributed during
different seasons. Many trajectories of air masses passed by the
local fluorine chemical plants in Liaoning, Shandong, Jiangsu, and
Hubei Provinces. Therefore, passing fluorine chemical plants may
become important sources of industrial emissions of PFAAs in
ambient PM10 for the sampling sites.

The preliminary estimations on the corresponding ADI for the
human exposures to PFOA and PFOS by inhalation of PM10 indicated
that the calculated values of ADI were very low, and the relevant
contributions were insignificant compared to those from the daily
diet. Similarly, the related HR results showed that the noncancer
risks of PFOA and PFOS exposure by inhaling PM10 at the sampling
sites were low. However, the relatively high ADI estimates of PFOA
for local adults should be concerning. Lastly, in addition to the
inhalation exposure, attention should be given to the effects of daily
diet and other consumer products regarding the human health
risks of PFAAs in multimedia environments.
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