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a b s t r a c t

To investigate the distribution, partitioning, and inhalation exposure risks of perfluoroalkyl acids (PFAAs),
gaseous and particulate samples were collected monthly between September 2013 and September 2015
in urban and rural areas near Lake Chaohu. Twelve PFAAs were determined by liquid chromatography-
mass spectrometry. The mean concentrations of PFAAs in the gaseous phase and the particulate phase
were 40.31± 31.47 pg/m3 and 63.26 ± 41.87 pg/m3, respectively. Perfluorobutanoic acid (PFBA) was the
predominant contaminant in the gaseous phase (32.56% ± 9.28%), while perfluorooctanoic acid (PFOA)
was the main contaminant in the particulate phase (33.21% ± 18.69%). The ratios of gaseous to particulate
distribution ranged from 0.01 to 16.75. The gaseous-particulate partitioning coefficients, ranging from
0.01 to 23.41± 10�2 m3/mg, were significantly correlated with PM10 concentrations and meteorological
conditions, such as temperature and air pressure. The inhalation exposures of PFOA and PFOS were 1.94
e60.2 pg/(kg$d) and 0.30e4.22 pg/(kg$d), respectively. The carcinogenic risk of PFOA for urban males
was the highest and that for rural females was the lowest; the risks were lower than the acceptable level
(10�6) defined by the US Environmental Protection Agency (USEPA). The non-carcinogenic risks of PFOA
and PFOS were far below one.

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

Typical perfluorinated compounds, perfluoroalkyl acids (PFAAs),
are a type of organic acid with all the hydrogen atoms in the carbon
chain replaced by fluorine atoms, including perfluorosulfonic acids
(PFSAs) and perfluoroalkyl carboxylic acids (PFCAs). They are
distributed in various environmental media, such as water, sus-
pended solids, sediments, air, and biota (Dreyer et al., 2009; Liu
et al., 2015b; Zhao et al., 2016; Liu et al., 2018). PFAAs have toxic-
ities and are susceptible to bioaccumulation and biomagnification
accumulated by biota (Wen et al., 2017; Xia et al., 2013). PFAAs are
almost dissociated in water and hardly volatilize into the atmo-
sphere. However, many studies have shown that PFAAs are widely
distributed in the atmosphere. Perfluoroaldehydes and fluo-
rotelomer aldehydes can be converted into PFCAs by atmospheric
photolysis (Chiappero et al., 2006). The atmospheric oxidation of
volatile hydrochlorofluorocarbons (HCFCs) and perfluorobutane
sulfonamidoethanol can produce perfluorobutane sulfonate (PFBS)
e by Xiaowei Zhang.
and short-chain PFCAs (D'eon et al., 2006). The degradation of
fluorotelomer alcohols (FTOHs) to a homologous series of PFCAs
can lead to a wide distribution of PFCAs in the atmosphere (Ellis
et al., 2004).

Due to the low volatility of PFAAs, studies on perfluorinated
compounds have focused on their volatile precursors, such as
FTOHs, alkyl fluorooctane sulfonamides (FOSAs), and alkyl fluo-
rooctane sulfonamidoethanols (FOSEs) (Shoeib et al., 2010; Ahrens
et al., 2011; Cai et al., 2012; Muller et al., 2012; Lai et al., 2016).
Compared to the investigations of atmospheric PFAAs in North
America and some European countries (Barber et al., 2007; Kim and
Kannan, 2007; Dreyer et al., 2009; Wang et al., 2014a), there are
relatively few studies on PFCAs or PFSAs in China, while only the
occurrence of atmospheric PFAAs in Tianjian and Shenzhen have
been reported (Liu et al., 2015a; Yao et al., 2016). There is still lack of
report on the PFAAs in the atmosphere over a freshwater lake.

The partition of contaminants between the gas phase and par-
ticle phase was considered an important factor in long-distance
transmission. The higher concentrations of PFAAs in atmospheric
particulates compared to those in the gaseous phase indicated that
PFAAs are easily adsorbed on atmospheric particulates (Barton
et al., 2006; Jahnke et al., 2007; Kim and Kannan, 2007), which
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Fig. 1. The air sampling sites at Lake Chaohu.
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can partially explain the long-distance transport of PFAAs. The gas-
particle partition coefficient of PFAAs was determined, and it
showed that the direct evaporation of PFAAs from the water to the
atmosphere was not the primary pathway (Arp and Goss, 2009).
Atmospheric PFAAs were more easily bound to particles, and the
proportion of PFCAs in the particle phase was positively related to
the carbon chain length (Vierke et al., 2011). In addition, the acid
dissociation equilibrium constant (pKa) of the compounds and the
pH of the water-soluble aerosol in the atmosphere were also
important factors of the gas-particle partition coefficient (Ahrens
et al., 2012). Previous studies showed that meteorological condi-
tions could influence the adsorption of PFAAs on glass fiber filters,
and relative humidity (RH) could promote the partition to atmo-
spheric aerosols (Arp and Goss, 2009). However, whether meteo-
rological conditions can influence the gas-particle partition of
PFAAs has not been reported.

Moreover, there are some studies on the distribution of PFOA
and PFOS in indoor and outdoor dust and air, due to their potential
health risks (Moriwaki et al., 2003; Murakami and Takada, 2008;
Strynar and Lindstrom, 2008; Zhang et al., 2010; Fraser et al., 2013).
There are also studies on their estimated daily intake (EDI) in the
indoor dust in Chinese cities (Zhang et al., 2010; Liu et al., 2015a).
The parameters for the EDI calculation were mainly cited from
other references and a survey conducted by the Chinese Centers for
Disease Control and Prevention; however, these parameters were
mean values for Chinese people. In this study, the parameters from
urban and rural adults in Anhui Province were cited and weremore
suitable. Because only the reference dose (RfD) of PFOA and PFOS is
available and because of the lack of dose-response data on other
PFAAs, there are few studies on the carcinogenic risk assessment of
PFOA and PFOS through inhalation exposure.

Lake Chaohu in central Anhui Province is the fifth largest
freshwater lake in China. In recent decades, along with the rapid
population growth and the rapid development of industry and
agriculture, the surrounding cities, especially Hefei, the capital of
Anhui Province, emitted large amounts of waste gas and water,
which contained the PFAAs. This emission threatened the health of
10.2 million people in the Lake Chaohu basin. Lake Chaohu is
located in the rapidly developed Yangtze River Delta region in
eastern China. There is a large-scale fluorine industrial park in
Changshu City in this region. The study on the atmospheric PFAAs
in this region has not yet been reported. However, in the Pearl River
Delta region and in the Bohai Rim region, which are equally rapidly
developing regions in the eastern region of China, there have been
reports of relevant studies. Therefore, this study has important
implications for understanding the distribution, partitioning and
health risks of atmospheric PFAAs in the Yangtze River Delta region.
Together with existing studies in the Pearl River Delta region (Liu
et al., 2015a) and in the Bohai Rim region (Yao et al., 2016), we
can understand the overall pollution characteristics of atmospheric
PFAAs in the rapidly developing areas in eastern China. The main
purposes of this article are to investigate the following: 1) The re-
sidual levels and seasonal variations of PFAAs in Lake Chaohu; 2)
The gas-particle partition of PFAAs in the atmosphere and its
influencing factors; and 3) The potential health risks of PFOA and
PFOS through inhalation exposure.

2. Material and methods

2.1. Sample collection

The gaseous and particulate PFAAs from Lake Chaohu were
collected by using an active sampler (PM10-PUF-300, Guangzhou,
China) from September 2013 to September 2015 during the 23rd to
25th of each month. The sampling frequency was once a month for
48 h. The sampling sites are shown in Fig. 1. Site HB was located in
the Chaohu Environmental Protection Agency in Chaohu City (city
site), in which the sampling duration was from September 2013 to
June 2014. Site MS was located on Mushan Island in Lake Chaohu
(rural site), in which the sampling duration was from September
2013 to September 2015. Due to objective factors, such as weather
and sampler malfunction, the sampling data for somemonths were
missing.

A published method with some modifications was used to
collect the atmospheric samples (Kim and Kannan, 2007). A glass
fiber filter membrane (200mm� 150mm) and polyurethane foam
(PUF) sandwich sampling tube (6 cm diameter� 5 cm length PUF/
10 g XAD-2/6 cm diameter� 2.5 cm length PUF) were used to
collect the gaseous and particle samples, respectively. Before use,
the membrane was ashed at 450 �C for 4 h and weighed to a con-
stant weight for 24 h. The sampling tube was cleaned ultrasonically
(KQ-500DE, Kunshan Ultrasonic Instruments Co., Ltd., China) with
methanol. The sampling time and volume are provided in Table S1
in the supplementary material.
2.2. Extraction and cleanup

The extraction of particle samples followed a published method
with some modifications (Nakata et al., 2006; Barber et al., 2007;
Taniyasu et al., 2003; Wang et al., 2014a). The GFF membrane was
placed in a 50-mL centrifuge tube, and 5 ng of internal standards
(including [1,2,3-13C3]PFHxS, [1,2,3,4-13C4]PFOS, [1,2,3,4-13C4]PFBA,
[1,2,3,4-13C4]PFOA, and [1,2-13C2]PFDoA, Wellington Labs, Canada)
was added. Then, 30mL of methanol was added as a solvent, and
the sample was placed in an ultrasonic bath and sonicated for
20min. This procedure was repeated three times, and the extracts
were combined and concentrated to 1mL using a vacuum rotary
evaporator (R-201; Shanghai Shen Sheng Technology Co., Ltd.,
Shanghai, China). The sandwich sampling tube was sonicated with
200mL of methanol two times after 5 ng of internal standard was
added. Then, the extracts were combined and concentrated to 1mL
using a vacuum rotary evaporator.

An ENVI-CARB solid phase extraction (SPE) cartridge (250mg,
3mL, Supelco, USA) and an OASIS WAX cartridge (150mg, 6mL,
Waters Co., USA) were used for cleanup and extraction. The former
was conditioned with 1mL of methanol three times, and the latter
was conditioned with 4mL of 0.1% NH4OH in methanol, 4mL of
methanol, and 4mL of ultrapure water sequentially before use. The
concentrated samples (both gaseous and particle samples) were
cleaned through the ENVI-CARB cartridge and washed with 1mL of
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methanol three times. Then, the eluates were diluted with 100mL
of ultrapure water and loaded in the OASIS WAX cartridge. It was
washed with 4mL of ammonium acetate (pH 4.0, 25mM) and
elutedwith 4mL of 0.1% NH4OH inmethanol and 4mL ofmethanol.
Each extract was concentrated to 1mL under high purity nitrogen
and filtered with a polypropylene (PP) filter (13mm, 0.2 mm, Pall
Corp., USA) into a 2-mL brown glass vial with a 200-mL insert and
polyethylene (PE) septum.
2.3. Instrument analysis and quality assurance

A published method was used to analyze the concentrations of
PFAAs (Wang et al., 2014b). The samples were analyzed using an
Agilent 1290 Infinity HPLC System coupled with an Agilent 6460
triple quadrupole LC/MS System (Agilent Technologies, USA). A
Zorbax Eclipse Plus C18 column (2.1� 100mm, 3.5mm, Agilent
Technologies, USA) was used at 40 �C. Ammonium acetate solution
at 2mM (solvent A) and acetonitrile (solvent B) were used as mo-
bile phases. Gradient conditions were as follows: a 5-mL samplewas
injected at a flow rate of 0.3mL/min, starting with 80% A and 20% B,
and the condition was held for 13min, then increased to 90% B at
14min. The MS/MS was operated under negative ESI modes, and
the capillary voltage was 500 V. The source gas (N2) flow rate and
temperature were maintained at 9 L/min and 350 �C.

Polytetrafluoroethylene (PTFE) and other fluorinated materials
were avoided during sampling, extraction and analysis. To ensure
the reliability of the data, the field blank, solvent blank, and pro-
cedure blank were analyzed. Tests for the recovery of the method
and the limit of detection were performed, and the results are
shown in Table S2.
Table 1
The concentrations of PFAAs in the atmosphere at Lake Chaohu (pg/m3).

Gaseous samples Particle samples

Mean Std Min Max Mean Std Min Max

PFBA 12.61 10.40 4.10 58.91 17.98 11.64 3.28 44.60
PFPeA 4.00 3.24 0.97 15.11 3.60 6.78 0.11 35.72
PFHxA 3.33 2.69 0.69 12.10 9.00 7.21 0.00 32.52
PFHpA 1.33 1.21 0.13 5.05 1.06 0.85 0.00 3.82
PFOA 12.04 13.97 1.25 64.28 26.19 39.73 2.76 205.54
PFNA 1.45 2.09 0.21 11.36 0.88 0.55 0.00 2.04
PFDA 0.60 0.67 0.04 3.43 0.70 0.40 0.00 1.44
PFUdA 0.49 0.86 0.00 4.68 0.50 0.29 0.10 1.23
PFDoA 0.16 0.18 0.00 0.78 0.35 0.21 0.12 0.84
PFBS 1.35 1.06 0.18 5.28 0.20 0.23 0.00 0.84
PFHxS 0.42 0.39 0.09 1.91 0.88 1.11 0.06 5.24
PFOS 2.52 2.68 0.00 14.71 1.92 1.62 0.52 8.21
Total 40.31 31.47 11.29 178.93 63.26 41.87 21.08 238.52
2.4. Exposure and health risk assessment

In this study, a USEPA-recommended exposure model was used
to estimate the intake of PFOA and PFOS through inhalation. Due to
the lack of data on toxicity and exposure in children, only the adult
chronic daily intake (CDI) was estimated. The exposure parameters
were collected from the Exposure Factors Handbook of Chinese
Population (Adults) (MEP, 2013). Considering the difference in air
quality between the urban and rural areas around Lake Chaohu, the
intakes of PFOA and PFOS for adults were calculated for the
following four groups: urbanmales, urban females, rural males, and
rural females. The CDI was calculated by the following equation:

CDI ¼ C � IR� EF � ED
BW � AT

(1)

where C is the concentration of PFAAs in the atmosphere (pg/m3);
IR is the inhalation rate (m3/d); EF is the exposure frequency (day/
year, d/a); ED is the exposure duration (year); BW is the average
body weight (kg); and AT is the average exposure time (day). In this
study, EF was 365 d/a, and ED was the life expectancy. In Anhui
Province, the average life expectancies of male and female adults
were 72.65 (a) and 77.84 (a), respectively. In the urban areas of
Chaohu City, the average inhalation rates and body weights were as
follows: males, 18.3m3/d, 67.3 kg; females 14.8m3/d, 58.2 kg. In the
rural areas, the inhalation rates and body weights were as follows:
males, 17.8m3/d, 64 kg; females, 14.3m3/d, 55 kg (MEP, 2013).

Due to the lack of dose-response relationships and reference
doses (RfD) for other PFAAs, only the risks of PFOA and PFOS were
calculated and discussed. The health risks are generally classified as
non-carcinogenic and carcinogenic risks. The potential carcino-
genic risks were calculated using the USEP- recommended method
(USEPA, 1989, 2006):
Risk ¼ CDI � SF (2)

where CDI is the chronic daily intake (mg/(kg$d)) and SF is the slope
factor (1/(mg/(kg$d))). The SF value of PFOA is 0.07(1/(mg/
(kg$d)))(USEPA, 2016b).

The non-carcinogenic risks were calculated by the following
equation:

HQ ¼ E
RfD

(3)

where HQ is the hazard quotient, and E is the exposure level, CDI.
The RfDs of PFOA and PFOS are both 0.00002 mg/(kg$d)(USEPA,
2016a, 2016b).

3. Results and discussion

3.1. The residual levels and the seasonal variations of PFAAs in the
atmosphere at Lake Chaohu

The concentrations of PFAAs in the atmosphere at Lake Chaohu
are shown in Table 1. In the gas phase, twelve PFAAs were detected,
including nine PFCAs and three PFSAs. The mean concentration of
total PFAAs was 40.31± 31.47 pg/m3, and the concentrations ranged
from 11.29 to 178.93 pg/m3. PFBA and PFOA were the predominant
contaminants, with mean concentrations of 12.61± 10.40 and
12.04± 13.97 pg/m3, respectively, and PFPeA and PFHxA followed.
Similar to the gaseous samples, twelve PFAAs were detected in the
particle phase. The mean concentration of total PFAAs was
63.26± 41.87 pg/m3, and the concentrations ranged from 21.08 to
238.52 pg/m3. PFOA and PFBAwere the predominant contaminants,
with mean concentrations of 26.19± 39.73 pg/m3 and
17.98± 11.64 pg/m3, respectively.

The mean concentration of total PFAAs in both the gaseous
phase and the particle phase was 105.12 pg/m3. Compared with
other studies (Fig. S1), the levels of PFAAs at Lake Chaohu were
lower than those in Hazelrigg (574 pg/m3) and Manchester (414 pg/
m3) in the UK (Barber et al., 2007), but theywere greater than those
in Tromsø (5 pg/m3), Mace Head (18 pg/m3) (Barber et al., 2007),
Hamburg (2.5 pg/m3) in Germany (Dreyer et al., 2009), Washington
Park Lake (11.32 pg/m3) (Kim and Kannan, 2007), Tianjin City in
China (44.2 pg/m3) (Yao et al., 2016), and Shenzhen City (15 pg/m3)
(Liu et al., 2015a). These greater PFAA levels in Lake Chaohu might
be due to the point source pollution of PFAAs in Lake Chaohu, which
were emitted from a fluorine industrial park in Changshu, while
there was less point source pollution in Tianjin and Shenzhen.

Fig. 2 illustrates the seasonal variations of PFAAs in the



Fig. 2. The seasonal variations of PFAAs in a rural site (MS) and in a city site (HB) in the gaseous phase and particle phase.
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atmosphere at both a rural site (MS) and a city site (HB) at Lake
Chaohu. For the gaseous PFAAs, the concentration ranged from
16.84 to 57.09 pg/m3 and 16.34e178.93 pg/m3 in MS and HB,
respectively. In MS, the highest level of PFAAs was observed in
October 2013, followed by that in March 2014, and the lowest was
in May 2014. In HB, the highest level of PFAAs was observed in
March 2014, followed by August 2014, and the lowest in March
2015. However, the trend of PFAA levels was similar over the
common sampling duration in both sites; the PFAA levels were
higher in October 2013 and March 2014, and they were lower in
December 2013. A decreasing trend was observed from October to
December 2013 and from March to May 2014.

For particle PFAAs, the concentrations ranged from 42.53 to
96.79 pg/m3 and 21.08e238.52 pg/m3 in MS and HB, respectively.
In MS, the level of total PFAAs was the highest in March 2014,
followed by November 2013, and lowest in January 2014. In HB,
the highest level was observed in January 2015, followed by
January 2014, and the lowest level was observed in August 2015.
After January 2015, the fluctuation of the concentrations from
February 2015 to September 2015 was small, and its mean con-
centration was lower than that in 2013 and 2014. However, no
similar seasonal variation of PFAAs was observed during the
common sampling duration.
In December 2013 and in March and April 2014, the particle
PFAA concentrations in the rural areawere greater than those in the
urban area, suggesting that the concentrations of PFAAs in the rural
area were influenced by external inputs, while those in the urban
area were more affected by local emission. In previous studies, no
seasonal variation patterns were reported. The distributions of
PFAAs in the air could be influenced by many factors while sam-
pling, such as the weather and the emissions from domestic and
industrial activities. Therefore, the seasonal variations have greater
uncertainty. In further studies, if the sampling frequency is
increased and meteorological conditions are considered, then the
seasonal variations of PFAAs might be found.

3.2. The composition and seasonal variation of PFAAs in
atmospheric samples at Lake Chaohu

Fig. 3 shows the composition and the seasonal variation of
PFAAs in the atmosphere at Lake Chaohu. In the gaseous phase, the
predominant contaminant PFBA accounted for 16.30%e48.90% of
the total PFAAs, followed by PFOA and PFPeA with proportions of
5.51%e55.06% and 3.28%e22.54%, respectively. The components
from PFBA to PFOA (C4 to C8) accounted for 41.98%e93.48% of the
total PFAAs, whereas the mean proportion of PFSAs (PFBS, PFHxS,



Fig. 3. The composition of PFAAs in both the gaseous phase and the particulate phase in a rural site and in a city site at Lake Chaohu.
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and PFOS) was only 14.57%. This finding indicated that the PFAAs in
the gaseous phase were composed of low carbon chain PFCAs.

In MS, the composition of PFAAs differed from September 2013
to June 2014. The proportion of themain contaminant PFBAwas the
highest in October 2013, followed by June and May 2014, whereas
the variation in PFOA was the opposite. The relative contents of
PFSAs were higher in December and January. In HB, the proportion
of PFBA increased from September 2013 to January 2014, then
decreased until August and remained at a high level in the year
2015. The variations of PFOA and PFSAs in HB were similar to those
in MS.

In the particle phase, the predominant contaminant was PFOA,
which accounted for 11.21%e86.17% of the total PFAAs. PFBA fol-
lowed with a proportion of 3.35%e66.15%. The relative content of
PFHxA was 16.19%± 11.49%, which was higher than that in the
gaseous phase. The proportion of PFBA to PFOA (C4 to C8) of
74.70%e96.93% was similar to that in the gaseous phase, which was
mainly composed of low carbon chain PFCAs. The PFSAs accounted
for less than 5%.

In MS, the proportions of the main contaminant PFOA were
higher in September 2013 and January 2014. Then, the PFOA con-
tent decreased, followed by a peak in June 2014. The PFBA content
remained a high proportion of the total contaminants except for the
lowest value in December 2013. The variation in PFOA in HB
differed from that in MS. The relative contents were higher in
January 2014, November 2014, and January 2015 and maintained
lower proportions in other months. The proportion of PFBA in
March 2015 was the highest in HB, followed by that in October 2013
and December 2014, whereas the lowest was in January 2014 and
January 2015.

Compared with previous studies, the composition of PFAAs in
Lake Chaohu was similar to that in Shenzhen and Tianjin, which
were both composed of low carbon chain PFAAs, and PFOA, PFPeA,
and PFBA were predominant. However, the composition of PFOS in
Shenzhen was subdominant (~22%), while PFOS accounted for less
than 10% in Lake Chaohu. The composition of PFOS in Tianjin varied,
ranging from less than 5% tomore than 45%. This variationmight be
due to differences in sampling sites because the sampling sites in
Tianjin were distributed across the city center, the rural area and
over wastewater treatment plants (Yao et al., 2016; Liu et al.,
2015a).

3.3. The gas-particle partitioning of PFAAs and its effect factors

The Spearman test was employed to analyze the relationship
between the PFAA concentrations in the gaseous phase and particle
phase (shown in Table S3). Significant positive correlations were
observed between the concentrations of PFNA, PFUdA, and PFDoA
in the gaseous phase and in the particle phase. However, therewere
no significant correlations between the concentrations of short-
chain contaminants between the two phases. This result sug-
gested that for the long-chain PFAAs, the concentration in the
particle phase was affected by that in the gaseous phase. For short-
chain PFAAs, the concentration in the particle phase was affected
not only by that in the gaseous phase but also potentially by various
factors, such as temperature, wind, and water vapor.



Table 2
The P/G ratios and Kp values of PFAA in the atmosphere at Lake Chaohu.

Compounds G/P Kp (�10�2m3/mg)

Mean±Std Min-Max Mean±Std Min-Max

PFBA 2.01± 1.71 0.16e6.37 2.48± 3.26 0.04e16.39
PFPeA 1.30± 2.54 0.01e12.67 1.01± 1.48 0.01e7.51
PFHxA 3.84± 3.77 0e16.15 3.63± 3.00 0e12.53
PFHpA 2.02± 2.44 0e7.94 2.16± 3.59 0e18.26
PFOA 4.92± 5.14 0.16e16.75 4.60± 5.13 0.05e19.95
PFNA 1.09± 0.80 0e2.65 1.29± 1.60 0e7.77
PFDA 1.89± 1.51 0e7.28 2.63± 4.44 0e23.41
PFUdA 2.01± 1.77 0.26e9.46 2.27± 2.35 0.07e9.59
PFDoA 3.05± 2.10 0.65e10.41 3.21± 2.34 0.28e8.46
PFBS 0.24± 0.35 0e1.42 0.30± 0.68 0e3.30
PFHxS 3.09± 3.73 0.13e13.67 2.55± 2.48 0.10e9.57
PFOS 1.41± 2.04 0.06e9.90 1.22± 1.34 0.03e5.44
Total PFAAs 2.07± 1.48 0.34e6.69 2.22± 2.31 0.09e12.12
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The particle-gas partition ratio (P/G) and gas-particle parti-
tioning coefficient (Kp) are usually used to describe the partitioning
of PFAAs between the gaseous phase and the particle phase (Simcik
et al., 1999; Odabasi et al., 2006; Ma et al., 2011; Qin, 2013)., as
calculated below:

P
G
¼ Cparticle

Cgas
(4)

Kp ¼ Cparticle
Cgas

(5)

where Cparticle and Cgas (pg/m3) are the PFAA concentrations in the
particle phase and in the gaseous phase, respectively. PM10 (mg/m3)
is the concentration of suspended particulate matter.

The P/G ratios and Kp values are shown in Table 2. The P/G ratios
ranged from 0.00 to 16.75. The ratio of PFOAwas the highest with a
mean value of 4.92± 5.14, followed by that of PFHxA with a mean
value of 3.84± 3.77. Except for PFBS, the ratios of the other PFAAs
were all above 1. For the short-chain PFAAs, there was no obvious
trend in the P/G ratio variation. However, the ratio increased with
the carbon number for the long-chain PFAAs.

Fig. 4 shows the seasonal variation of the P/G ratios of the total
PFAAs in MS and HB. From September 2013 to June 2014, the ratios
in MS were slightly higher than those in HB, but no variation
tendency of the P/G ratio was observed. In HB, the peak value of
Fig. 4. The seasonal variation of the P/G ratios of t
the ratio was observed in January 2015, and the lowest was
observed in March 2014. Overall, the P/G ratio in HB increased
from March 2014 to January 2015; then, it kept decreasing during
the year 2015.

Table 2 shows that the Kp values of PFAAs ranged from 0.00 to
23.41� 10�2 m3/mg. The Kp of PFOA, with a mean value of
4.06 ± 5.13� 10�2 m3/mg, was the highest among the twelve
PFAAs, followed by PFHxA. The order of Kp for twelve PFAAs was
similar to the order of P/G ratios, which increased with the carbon
number for the long-chain PFAAs, and it was consistent with the
order reported in a previous study (Vierke et al., 2011). Due to the
non-uniform units of the partitioning coefficient in the references,
the Kp values cannot be compared. However, the same trend was
observed in that the Kp of PFOA was greater than that of PFHxA
both in this study and in the results reported by Arp and Goss
(2009).

The partition of a contaminant between the gaseous and par-
ticle phases might be affected by the meteorological conditions.
Therefore, the Spearman test was employed to analyze the cor-
relations between Kp and meteorological conditions, including
average barometric pressure, average temperature, average wind
speed, average vapor pressure, and rainfall (Table 3). The meteo-
rological data for Lake Chaohu were collected from the China
Meteorological Administration. The average barometric pressure
showed a significant positive correlation with Kp for PFPeA and
PFOA, and the average temperature showed a significant negative
correlation. However, the opposite correlations were observed
between the Kp of PFBS and PFOS with these two meteorological
conditions, compared with the Kp of PFPeA and PFOA. The parti-
tioning mechanisms of PFCAs and PFSAs are still unclear. It is
suggested that there might be competition between PFOA and
PFOS while they are absorbed by the particles; therefore, the
pressure and temperature showed different influences on the
partition between PFCAs and PFSAs. The wind speed was signifi-
cantly positively correlated with Kp of PFHxA. The wind speed
could influence the transport of contaminant, which might indi-
rectly influence the gas-particle partition. The vapor pressure was
significantly negatively correlated with Kp of PFPeA and PFOA,
and the rainfall showed a positive correlation with Kp of PFOS.
This means that the water vapor in the atmosphere influenced the
partition of PFAAs. The studies on the effect factors of the gas-
particle partitioning coefficient are limited. However, similar in-
fluences were observed on the gas-particle partitioning coeffi-
cient for fluorotelomer alcohols (FTOHs). Xia et al. (2013) reported
otal PFAAs in the atmosphere at Lake Chaohu.



Table 3
The results of the Spearman test between Kp and meteorological conditions.

average barometric pressure average temperature Average wind speed average vapor pressure rainfall

PFBA 0.006 0.010 0.239 �0.004 �0.108
PFPeA 0.546** �0.582** 0.147 �0.572** �0.349
PFHxA 0.004 �0.085 0.435* �0.088 0.060
PFHpA 0.192 �0.185 �0.049 �0.190 �0.079
PFOA 0.443* �0.488** 0.064 �0.478* �0.234
PFNA �0.132 0.150 �0.082 0.207 0.209
PFDA �0.100 0.152 0.008 0.182 0.063
PFUdA �0.028 0.107 0.030 0.161 0.105
PFDoA �0.170 0.310 �0.024 0.315 0.089
PFBS �0.434* 0.376* 0.049 0.363 0.329
PFHxS �0.061 0.014 0.181 �0.005 0.166
PFOS �0.544** 0.524** 0.357 0.513** 0.499**
total 0.224 �0.273 0.232 �0.239 �0.053

Note: ** significant at 0.01 level, * significant at 0.05 level.
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a significant log-linear relationship between vapor pressure and
the gas-particle partitioning coefficient, while relative humidity
and temperature could also significantly influence the partition
perfluorinated alkyl substances (Arp and Goss, 2009; Muller et al.,
2012).

Furthermore, there are few studies on the influences of the
physical and chemical properties of PFAAs on the gas-particle
partition. For traditional, persistent organic pollutants (polycyclic
aromatic hydrocarbons or organochlorine pesticides), the octanol-
air partition coefficient (Koa) and subcooled liquid vapor pressure
(PL) could influence the gas-particle partition of the contaminants
(Qin, 2013). The carbon chain length is positively correlated with
the ratio of PFCAs in the particle phase (Vierke et al., 2011).
Therefore, the correlations and regression between Kp and these
three parameters (log Koa, log PL, and carbon chain length) are
shown in Fig. 5. The r squares were both less than 0.1 and are not
significant between Kp and Koa and PL. Due to the large differences
in the physicochemical properties of PFAAs and traditional organic
pollutants, neither the subcooled liquid vapor pressure nor the
octanol-air partition coefficient were important factors in the par-
titioning of PFAAs between the gas phase and the particle phase.
Fig. 5. The regression analysis of Kp of PFAAs an

Table 4
The mean CDI (pg/kg/d) and risk of PFOA and PFOS through inhalation.

PFOA

Urban Rural

Male Female Male Female

CDI 11.97± 13.89 11.19± 12.99 8.21± 2.96 7.68± 2.77
Carcinogenic risk 8.38E-10± 9.73E-

10
7.83E-10± 9.09E-
10

5.75E-10± 2.07E-
10

5.37E-10±
10

non-carcinogenic
risk

5.98E-04± 6.95E-
04

5.60E-04± 6.50E-
04

4.11E-04± 1.48E-
04

3.84E-04±
04
3.4. The health risk of PFOA and PFOS through inhalation

The exposure to PFOA and PFOS through inhalation in the four
subpopulations at Lake Chaohu is shown in Table 4. The highest
exposure level to PFOA was 11.97± 13.89 pg/(kg$d) in urban males,
followed by urban females, with an exposure level of
11.19± 12.99 pg/(kg$d), and the lowest exposure level was in rural
females. The exposure to PFOS was slightly different from that of
PFOA, with the highest exposure in rural males at 1.30± 0.75 pg/
(kg$d), followed by rural females at 1.22± 0.70 pg/(kg$d), and the
lowest exposurewas in urban females. Therewas a slight difference
between PFOA and PFOS exposures in all subpopulations. Men had
higher inhalation rates thanwomen, which led to greater exposure,
but the concentration of PFOAwas higher in the urban atmosphere
than it was in rural areas, whereas PFOS was the opposite, resulting
in higher inhalation exposure to PFOS in rural men.

According to equation (2), the carcinogenic risk of PFOA was
calculated and is shown in Table 4. Among the four subpopulations
in Chaohu City, the carcinogenic risk of PFOA in urban males was
the highest (8.38E-10± 9.73E-10), followed by urban females
(7.83E-10± 9.09E-10). However, the carcinogenic risk of PFOA in
d log Koa, log PL, and carbon chain length.

PFOS

Urban Rural

Male Female Male Female

1.17± 1.01 1.09± 0.94 8.21± 2.96 7.68± 2.77
1.94E-

1.38E- 5.85E-05± 5.05E-
05

5.47E-05± 4.72E-
05

6.50E-05± 3.74E-
05

6.08E-05± 3.50E-
05
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adults in Chaohu City was well below the threshold, compared with
the USEPA recommended maximum acceptable risk level (10�6).

The non-carcinogenic risks of PFOA and PFOS were calculated
and are shown in Table 4. Similar to the carcinogenic risk, the non-
carcinogenic risk of PFOA in urban males was the highest (5.98E-
04± 6.95E-04) among four subpopulations in Chaohu City, fol-
lowed by urban females (5.60E-04 ± 6.50E-04). For PFOS, the
highest risk was in rural males (6.50E-05 ± 3.74E-05), followed by
rural females (6.08E-05± 3.50E-05). However, at the present
exposure level, the RQ values of PFOA and PFOS were far less than 1,
indicating that PFOA and PFOS presented no health risk to the
adults in Chaohu City.

4. Conclusion

1) The mean concentrations of total PFAAs were 11.29e178.93 pg/
m3 and 21.08e238.52 pg/m3 in the gaseous and particulate
phases, respectively. PFOA and PFBA were the predominant
contaminants. The PFAAs were mainly composed of short-chain
PFCAs in both the gaseous and particle phases.

2) The gas-particle partitioning coefficients (Kp) of PFAAs at Lake
Chaohu were significantly correlated with the meteorological
conditions, such as air temperature and pressure. However, the
physicochemical properties showed no significant correlations
with Kp.

3) The carcinogenic risks of PFOA caused by inhalation ranged from
1.36� 10�10e4.22� 10�9 andwere far below the acceptable risk
value (10�6) recommended by the USEPA. The non-carcinogenic
health risks of PFOA and PFOS ranged from
9.69� 10�5~3.01� 10�3 and from 1.48� 10�5~2.11� 10�4,
respectively, and they were significantly less than one.
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