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• Pollution release and pathways of PFOS/
PFOA in multiple media are studied in
China.

• Emission data and transport parameters
are used for PFOS/PFOA release estima-
tion.

• 70–80% of PFOS/PFOA in the Chinese
environment comes from industrial
wastewater.

• For PFOS the next most important pol-
lution sources are use of AFFF and pesti-
cides.

• For PFOA other main sources include air
emission, domestic wastewater and
landfill.
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China has gradually become themost importantmanufacturing and consumption centre for perfluorooctane sul-
fonate (PFOS) and perfluorooctanoic acid (PFOA) in theworld, and inadvertently become theworld'smajor con-
tamination hotspots. However, a systematic analysis of pollution pathways for PFOS/PFOA into the different
environmental compartments and their quantification in China has yet to be carried out. This study focused on
PFOS and PFOA release into the environment in the central and eastern region of China, which accounts for the
vast majority of national emission. About 80–90% of PFOS/PFOA contamination in the Chinese environment
was estimated to come directly from manufacturing and industrial sites mostly via wastewater discharge from
these facilities. The other major contamination sources for PFOS were identified as being linked to aqueous
fire-fighting foams (AFFFs), and pesticides including sulfluramid. For PFOA, following someway behind industri-
al wastewater, were industrial exhaust gas, domestic wastewater and landfill leachate as contamination sources.
For surface water contamination, the major pollution contributors after industrial wastewater were AFFF spill
runoff for PFOS, and domestic wastewater and precipitation-runoff for PFOA. The majority of PFOS that contam-
inated soil was considered to be linked with infiltration of AFFF and pesticides, while most PFOA in soil was at-
tributed to atmospheric deposition and landfill leachate. Where groundwater had become contaminated,
surface water seepage was estimated to contribute about 50% of PFOS and 40% of PFOA while the remainder
was mostly derived from soil leaching. A review of the available monitoring data for PFOS/PFOA in the literature
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supported the view that industrialwastewater, landfill leachate andAFFF applicationwere the dominant sources.
Higher concentrations of PFOA than PFOS found in precipitation also corroborated the prediction of more PFOA
release into air. To reduce PFOS/PFOA contamination of the Chinese environment the focus for control should
be on industrial wastewater emissions.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Having excellent chemical stability, high surface activity, with water
and oil repellence (Giesy and Kannan, 2001, 2002), perfluoroalkyl acids
(PFAAs) have been widely used as surfactants and surface protectors,
performance chemicals, lubricants and pesticides. However, concerns
have been raised due to their environmental persistence, toxicity,
long-range transport and bioaccumulation properties (Takagi et al.,
2011; Lescord et al., 2015; Liu et al., 2015a). These chemicals have
been detected in many components of the environment, and some of
PFAAs are believed to be ubiquitously present in both the natural envi-
ronment and biota (Post et al., 2013;Miralles-Marco and Harrad, 2015).
They are transported in surface water and air (Wang et al., 2015) lead-
ing to their deposition in oceans, soil and groundwater (Sharma et al.,
2015; Zhao et al., 2016; Armitage et al., 2006).

Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA)
are two of the most frequently detected PFAAs in the environment
(Wang et al., 2015). Due to their adverse environmental impacts and
potential health risks, PFOS have been listed in a series of national and
multilateral regulation agreements including the Stockholm Conven-
tion in 2009 (UNEP, 2009; USEPA, 2009); while 2010/2015 PFOA Stew-
ardship Program was implemented to reduce PFOA emission (USEPA,
2006). Although production and application of PFOS and PFOA have
been discontinued in Europe and America (USEPA, 2009), they have
continued to increase in China due to supply on-going domestic and in-
ternational demands (Wang et al., 2016a). After a decade of continuous
expansion, China's annual production capacity of PFOS and PFOA
plateaued at approximately 220–240 t/yr by 2011 and 150 t/yr by
2013, respectively (Liu et al., 2008; Li et al., 2015). The widespread con-
tamination and the associated risks to environment and human health
remain a concern for the scientific community and government
regulators.

PFOS and PFOA can be released to the surrounding environment
during manufacturing and use of PFOS/PFOA-containing products
(Wang et al., 2014a). Local PFOS contamination is usually associated
with discharge from industries such as PFOSmanufacturing, metal plat-
ing, textile treatment and the semi-conductor industry, while hot spots
of PFOA contamination are derived from production and fluoropolymer
(FP) manufacturing and processing (Lim et al., 2011; Prevedouros et al.,
2006; Wang et al., 2016b). The occurrence of PFOS/PFOA pollution
hotspots in soil, water and air associated with manufacturing facilities
have been increasingly reported in China (Chen et al., 2009; Wang et
al., 2015). However, the broader picture of pollution pathways for
PFOS/PFOA into different environmental compartments and their quan-
tification across China have not been established. The purpose of this
studywas to provide a comprehensive estimation of PFOS and PFOA re-
lease into the Chinese environment.

2. Identification of sources and pollution pathways

There are two major sources for PFOS/PFOA pollution in China, that
from the domestic source and that from the industrial source (a major
component in China) (Fig. 1). The initial recipients for this release are
soil and surface water. Industrial emission of PFOS/PFOA mainly in-
cludes two pollution pathways: (i) PFOS/PFOA discharged into surface
waters via industrial wastewater (Wang et al., 2012, 2014c and (ii)
PFOS/PFOA emission to air followed by deposition to surface water
and terrestrial surfaces. Given their mobile characteristics, those depos-
ited into the terrestrial environment will ultimately run off into surface
water or infiltrate deeper into soil (Xiao et al., 2012a; Shan et al., 2015).
The PFOS/PFOA in domestic products can be released into surfacewater
through municipal wastewater treatment plants (MWWTPs) (Zhang et
al., 2013). In certain cases, the concentrations of PFAAs especially for
PFOA, increase from the influent to the effluent ofMWWTPs, suggesting
the partial biodegradation of precursors during the biological treatment
(Xiao et al., 2012b). Those that do not escape directly may be trapped in
biosolids in theMWWTPs or enter landfill with the disposal of unwant-
ed products. In both cases further leaching into soils and surface/
groundwater are possible. Other sources include the dispersion of aque-
ous fire-fighting foam (AFFF), and the natural breakdown of the pesti-
cides in agriculture including sulfluramid both of which can be
released into soil (Chen et al., 2012; Zhang et al., 2013; Löfstedt
Gilljam et al., 2015; Yan et al., 2015). Both PFOS and PFOA can enter
into groundwater mainly through surface water seepage and soil
leaching (Xiao et al., 2015; Liu et al., 2016).

3. Estimation methods of environmental releases

The production process commonly used by Chinese PFOS and PFOA
manufacturers is electrochemical fluorination (ECF), which was previ-
ously used by global producers. The ratio of linear to branched
perfluorinated C chains is roughly 70% to 80% linear and 20% to 30%
branched in the case of the synthesis of PFOS and PFOA (Buck et al.,
2011). Considering a large part of PFOS/PFOA produced in China
meets the domestic demands, the release estimation took into account
both the linear and branched isomers of PFOS/PFOA as possible. After
a decade of substantial increase in production and use of PFOS and
PFOA in China this has plateaued over the period of 2010 to 2013
(Wang et al., 2015; Li et al., 2015). The vast majority of PFOS and
PFOA were emitted in the central and eastern region of China, where
the developed industrial and commercial areas are centred. The first
step in the study was to collect and examine emission data for PFOS
and PFOA from the central and eastern region of China in 2010–2013.
Industrial emission data of PFOS are derived frommajor sources includ-
ing PFOSmanufacturing, metal plating, textile treatment and semi-con-
ductor industry, while those for PFOA come from PFOA production, FP
manufacturing and processing, use of aqueous fluoropolymer disper-
sions (AFDs) and industrial processes of perfluorooctane sulfonyl fluo-
ride (POSF)- and fluorotelomer (FT)-based products. Domestic
emission data of PFOS/PFOA were mainly collected on domestic waste-
water, landfill leachate and application of AFFF, pesticide, and biosolids.
The next step was to estimate transport processes such as atmospheric
deposition, runoff, soil leaching and surface water seepage. The pres-
ence of PFOS/PFOA in different environmental compartments, following
the release from different routes was then calculated.

When collecting and further processing the emission data for PFOS
and PFOA, PFOS precursors included perfluorooctane sulfonamides
(FOSAs) and perfluorooctane sulfonamidoethanols (FOSEs), while
PFOA precursors primarily refered to fluorotelomer alcohols (FTOHs),
FOSAs and FOSEs (Buck et al., 2011). Some precursors such as FTOHs,
FOSAs and FOSEs are industrial products, andmay be released to the en-
vironment during the process of manufacturing and use. Both FOSAs
and FOSEs are produced from POSF, while FTOHs is manufactured
from FT (Prevedouros et al., 2006). In addition, these precursors were



Fig. 1. Schematic diagram of sources and pollution pathways for PFOS/PFOA.
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also released as impurities or by-products when manufacturing other
FT-based or POSF-based products including PFOS and PFOA (Lim et al.,
2011;Wang et al., 2014a). Environmental release data for these precur-
sorswere collected or calculated based on their production/use and cor-
responding emission factors as well as their presence as impurities in
different industrial processes and products (Xie et al., 2013a; Li et al.,
2015). These precursors were assumed to be ultimately converted to
PFOS/PFOA equivalents.

3.1. Contamination of surface water and soil

3.1.1. Wastewater and sewage sludge discharge
For industrial wastewater, the release estimation of PFOS/PFOA was

based on the quantity of PFOS/PFOA-related chemicals produced or
used and the emission factors to water for a relevant industry. Using
this approach, the release of PFOS and PFOA through industrial waste-
water discharge was estimated to be 58 t/yr and 27.3 t/yr, respectively
(Xie et al., 2013a; Li et al., 2015). The starting point for an estimation
of PFOS/PFOA release through domestic wastewater discharge was the
assumption that PFOS, PFOA and precursors would enter the drain/
sewer system and further MWWTPs following cleaning, wiping and
washing of the products in the domestic environment. Regional emis-
sions of PFOS/PFOA from local MWWTPs can be estimated from corre-
sponding statistical data on population density (PD) and per capita
disposable income (PCDI) (Xie et al., 2013b; Li et al., 2015). Based on
the estimation equations and regional statistical data, release of PFOS/
PFOA via MWWTP emission (EMWWTP) was calculated in this study (de-
tailed description and data in Supplementary material and Table S1).
Total discharge amount of FOSA and N-ethyl perfluorooctane
sulfonamidoacetic acid (EtFOSAA), which passed through theMWWTPs
without degradation, were ~5% of those for PFOS and ~2% of those for
PFOA on average, based onmonitoring data from 28MWWTPs in 11 cit-
ies of central and eastern China (Zhang et al., 2013). The predicted re-
leases of these precursors from MWWTPs were then further
converted to PFOS and PFOA equivalents through respective transfor-
mation factors (detailed description in Supplementary Material). The
mass flow of PFOS/PFOA in wastewater and sewage sludge from 43
MWWTPs in these regions was also collected to calculate emission pro-
portion through domestic wastewater (PMWWTP water) and through sew-
age sludge (PMWWTP sludge) (reviewed in Table S2). Eq. (1) was used to
estimate the release of PFOS/PFOA (WMWWTP) in domestic wastewater
to surface water.

WMWWTP ¼ EMWWTP � PMWWTP water ð1Þ

In China, approximately 8.5 million ton dry weight of municipal
sewage sludge (biosolid) are generated each year (Zhang et al., 2013).
It is calculated that the biosolids would contain average concentrations
of 18 ng/g for PFOS and 8.3 ng/g for PFOA. About 48% of these biosolids
were applied to land via agriculture and urban greening (PBiosolid applica-

tion ) as a soil amendment while 35% of them were disposed as landfill
(PBiosolid landfill) (Chen et al., 2012). No further treatment occurs for
these PFOS/PFOA in biosolids in landfill or when applied to the local
soil compartment (Lindstrom et al., 2011). Eqs. (2) and (3) were used
to estimate the release and leaching of PFOS/PFOA into soil from biosol-
id application to the land (Sbiosolid application) and landfill (Sbiosolid landfill).

Sbiosolid application ¼ EMWWTP � PMWWTP biosolid � Pbiosolid application ð2Þ

Sbiosolid landfill ¼ EMWWTP � PMWWTP biosolid � Pbiosolid landfill ð3Þ

3.1.2. Aqueous fire-fighting foam (AFFF) runoff and infiltration
Perfluorooctane sulfonyl fluoride (POSF)-based AFFF, is mainly pro-

duced by consuming the PFOS-salts, and is the predominant type of fire
fighting foam in China, a product also known to contain PFOA impurities
(Lim et al., 2011; Andreas and Leo, 2009). During the application of
AFFF, PFOS is directly released to the environment as amajor ingredient,
while PFOA is released as an impurity. Unfortunately, since there is a
lack of information on PFOS/PFOA precursor contents, these substances
were not taken into account in the calculation. The concentration ratio
of PFOS:PFOA in POSF-based AFFF, produced by a similar process to
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those in China, has been estimated to be 10:1 or even lower (Andreas
and Leo, 2009). The emission of PFOS in AFFF application to the environ-
ment was estimated to be 7 t/yr (Xie et al., 2013a). According to the
PFOS:PFOA ratio (10:1) in POSF-based AFFF, a more modest emission
of PFOA was estimated at 0.7 t/yr. When estimating the environmental
release of PFOS/PFOA in AFFF, fire training and fire intervention are both
considered in the present study (Zhang et al., 2012). The environmental
release of PFOS/PFOA during AFFF applicationwas estimated based on a
commonly used scenario (Brooke et al., 2004), in which there is no con-
tainment of this fire-fighting foam after discharge, which is the case in
China, so that 50% of the release goes to surface water without treat-
ment and 50% to soil which could ultimately leach to groundwater.
Therefore, the release of PFOS in AFFF application to both surface
water and soil were considered to be 3.5 t/yr respectively, while those
of PFOA were 0.35 t/yr respectively.

3.1.3. Atmospheric deposition, runoff and infiltration
The air emission of PFOS from production and metal plating was es-

timated to be 1.3 t/yr. For PFOA emissions to the atmosphere thesewere
estimated at 7.3 t/yr according to previous calculations of total environ-
mental emission (40 t) (Xie et al., 2013a; Li et al., 2015). Except for a
small amount of PFOS/PFOA precursors, most airborne PFOS/PFOA
were believed to combine with particulates, which were deposited to
land and ocean (Harada et al., 2006; Barton et al., 2006; Young et al.,
2007). In the Bohai Rim, located in the eastern coastal region of China,
Liu et al. (2015b) estimated that ~65% of PFOS generated from air emis-
sion can be deposited on the local land and the remaining transported
over a longer distance. Although a higher proportion of airborne PFOS/
PFOAwould be deposited to land in some inland regions, the proportion
(65%) was selected but some caution is required as there is as yet no
large amount of research on atmospheric transport available for them.
The air emission of PFOS/PFOA was assumed to be evenly deposited to
a large surrounding expanse of terrestrial surface and surface water.
Themaximummass fractions of airborne PFOA and PFOS have been ob-
served in particulate matter of b0.3 μm and b10 μm, respectively, most
of which would ultimately be deposited by wet precipitation (Barton et
al., 2006; Harada et al., 2006; Liu et al., 2015b). Removal by precipitation
was also expected to take out both the smallest size particles (b1 μm)
and the coarser size particles (b10 μm) (Taniyasu et al., 2013; Dreyer
et al., 2015). In general, 80%–90% of atmospheric particulate matter
were presumed to be captured in wet deposition while dry deposition
would only account for 10%–20% (Dai, 2006; Shan et al., 2015). In this
study, proportions of wet deposition (Pwet depostion) was conservatively
estimated to be 80% and the remaining 20% (Pdry depostion)were attribut-
ed to dry deposition. The proportion of exposed surface water, both riv-
ers and lakes, in the provinces of central and eastern China were
calculated to be 5.7% for average percentage of surface water area
(Psurface water) (IGSNNR, 2014). Eq. (4) can be used to calculate the con-
tamination of surface water by PFOS/PFOA (Wdeposition) via air emission
and subsequent direct deposition, where Eair represented air emission
of PFOS/PFOA and Pland represented the proportion of airborne PFOS/
PFOA deposited to the land.

Wdeposition ¼ Eair � Pland � Psurface water ð4Þ

What is the fate of the PFOS/PFOA that is deposited on the terrestrial
environment?With the exception of direct deposition to surface water,
most PFOS/PFOA arriving through dry deposition would reach soil and
vegetation, and those present in vegetation would also reach the soil
through litter fall and washout. Both the EU system for the evaluation
of substances model and the Berkeley-Trent model estimate that
b0.3% of PFOS in soil would be entrained in runoff and be transported
to surface water, which is a negligible proportion (Brooke et al., 2004;
Liu et al., 2015a). Due to broadly similar physicochemical properties
(e.g. logKoc) between PFOS and PFOA, this study assumed that PFOS
and PFOA in soil entrained by runoff to surface water could be negligi-
ble. Based on annual precipitation and runoff, an average runoff coeffi-
cient (Crunoff) in eastern and central China was calculated to be 0.34,
which was approximate to the median of runoff coefficients (0–0.8)
for natural surface (IGSNNR, 2014). The PFOS/PFOAnot captured in run-
off, would enter deeper within soil through infiltration. Eqs. (5) and (6)
can be used to calculate the release of PFOS/PFOA through runoff to sur-
face water (Wrunoff) and through atmosphere deposition to soil
(Sprecipitation).

Wrunoff ¼ Eair � Pland � Pwet depostion � 1−Psurface waterð Þ � Crunoff ð5Þ

Sdeposition ¼ Eair � Pland � 1−Psurface waterð Þ
� Pdry depostion þ Pwet depostion � 1−Crunoffð Þ� � ð6Þ

3.1.4. Landfill leachate infiltration
In China, most landfills are not adequately lined to prevent leachate

migration. The total leakage of PFAAs from landfill leachate (Elandfill) to
local soil and groundwater in China was estimated to be 3.1 t/yr with
approximately 81% of the national leakage coming from the central
and eastern regions (NBS, 2014). Based on the concentrations of indi-
vidual PFAA found in landfill leachate (Yan et al., 2015), the percentage
of PFOS and PFOA in landfill that could enter the leachate (Plandfill) were
estimated to be 3.3% and 60%, respectively. Eq. (7) can be used to esti-
mate the amount of PFOS/PFOA released from landfill to soil (Slandfill).
As landfill in China mainly consists of biosolids and municipal solid
waste (MSW), PFOS/PFOA (SMSW) derived fromMSW can be estimated
by total release in landfill leachate (Slandfill) and those derived from bio-
solid landfill (Sbiosolid landfill) (Eq. (8)).

Slandfill ¼ Elandfill � Plandfill;central and eastern China � Plandfill ð7Þ

SMSW ¼ Slandfill−Sbiosolid landfill ð8Þ

3.1.5. Pesticide infiltration
In China, sulfluramid is the predominant PFOS/PFOA-related pesti-

cide, which was used to estimate PFOS/PFOA release from pesticide in
this study (Zhang et al., 2012). Themain active ingredient in sulfluramid
is N-ethyl perfluorooctane sulphonamide (Et-FOSA) (Löfstedt Gilljam et
al., 2015), whichwould ultimately transform to PFOS and PFOA through
photolysis, oxidation, and biotransformation (Tomy et al., 2004; Martin
et al., 2006; Plumlee et al., 2009). Furthermore, PFOS and PFOA were
also released to the environment as impurities in sulfluramid. For
sulfluramid containing pesticides, the vast majority are released into
the terrestrial environment during application. The environmental re-
lease of PFOS has been estimated to be 2.6 t/a by Zhang et al. (2012),
while the release of PFOA from this source was calculated to be 1.4 t/a
based on the annual consumption of Et-FOSA for sulfluramid, and the
transformation rate to PFOA and PFOA content as impurities in
sulfluramid (detailed description in Supplementary Material). The
amount of sulfluramid in applied in the central and eastern region of
Chinaaccounted for96%of the total national use(Ppesticide,central and eastern

China) (Zhang et al., 2012). According to emission factors for pesticides
used in personal/domestic situations from the Technical Guidance Doc-
uments (TGDs) (European Commission, 2003), 90% of sulfluramid
(Psoil) would release to local soil during use. The release of PFOS/PFOA
(Spesticide) from pesticide application to soil can be estimated by Eq. (9).

Spesticide ¼ Epesticide � Ppesticide;central and eastern China � Psoil ð9Þ
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3.2. Groundwater contamination

3.2.1. Surface water seepage
Contaminated surface water seepage is a major pollution pathway

for PFOS/PFOA in groundwater (Lin et al., 2015; Liu et al., 2016). Official
data concerning total groundwater recharge (Vtotal recharge), recharge
from surface water (Psurface water recharge) and total surface water volume
(Vsurface water) in central and eastern region of Chinawere used to calcu-
late seepage rates of PFOS/PFOA from surface waters (SRsurface water)
(Table S4) (MWR, 2011, 2013) [Eq. (10)]. Using a multimedia fate
model for PFOS in the Bohai Rim of China, the proportion adsorbed by
sediment was calculated to be about 5% of the total release in surface
water (Psediment absorption) (Liu et al., 2015a). Due to a similar logKoc be-
tween PFOS (2.4–4.7) and PFOA (1.3–4.5), this proportion was used to
estimate the amount adsorbed by sediment (Higgins and Luthy, 2006;
Johnson et al., 2007; Ferrey et al., 2009; Ahrens et al., 2011; Li et al.,
2012). Eq. (11) was used to estimate the release of PFOS/PFOA through
surface water seepage to groundwater (Gseepage).

SRsurface water ¼
Vtotal recharge � Psurface water recharge

Vsurface water
ð10Þ

Gseepage ¼ Esurface water � 1−Psediment absorption
� �� SRsurface water ð11Þ

3.2.2. Soil leaching into groundwater
Due to their relatively high solubility in water and low logKoc (logKoc

of 3.0 and 2.8), the potential for PFOS/PFOA in soil (Esoil) to be leached
into groundwater by precipitation or irrigation is found to be high
(Zareitalabad et al., 2013; Xiao et al., 2015). In the present study, the
high leaching potential wasmainly attributed to the relatively high irriga-
tion intensity and precipitation in central and eastern China (NBS, 2014).
The leaching percentage of PFOS/PFOA (Pleaching) in soil was estimated to
be 90%, which was based on results reported from leaching experiments
(Gellrich et al., 2012; Zareitalabad et al., 2013). According to a long-term
Fig. 2. Environmental release of PFOS and PFOA throughdifferent pollution pathways on an annu
were calculated by Eqs. (4), (5), (6) and data fromXie et al. (2013b), Li et al. (2015), Dai (2006),
(S2), (S3), (S4) and data from Zhang et al. (2013), Chen et al. (2012) and references listed in Tab
Brooke et al. (2004); i was calculated by Eqs. (7), (8) and data from Yan et al. (2015) and (NBS,
Commission (2003).
pilot study, only 0.001% of PFOA and 0.004% of PFOS in soil could be accu-
mulated by vegetation (winter rye, canola, winter wheat and winter bar-
ley), which was negligible in this estimation (Stahl et al., 2013). As the
main grain producing areas in China, large areas of the land contain
crops requiring irrigation in the central and eastern regions (NBS, 2014).
Therefore, Eq. (12) was used to estimate release of PFOS/PFOA through
soil leaching into groundwater (Gsoil leaching).

Gsoil leaching ¼ Esoil � Pleaching ð12Þ

4. Results and discussion

4.1. Major sources screening and release comparison

Overall about 70 t/yr of PFOS and 40 t/yr of PFOAwere estimated to
be released into the environment in central and eastern China (Fig. 2).
The most important observation here is that this contamination was
dominated by industrial emissions which contributed 86% of PFOS and
87% of PFOA to this environmental release. This clearly shows the
unique challenge faced by China. The vast majority of this industrial
emission was in wastewater discharged to surface water. Although
not important in terms of quantity of release, it can be observed that
the release of PFOS to the air compartment from industrial emission
(1.3 t/yr and 1.9% of the total environmental emission)was significantly
lower than for PFOA (7.3 t/yr and 18% of the total emission). The low
PFOS air emission is due to their being only two PFOS-related industrial
processes, PFOS production andmetal plating (Paul et al., 2008). In con-
trast, each main PFOA-related industrial process, including PFOA pro-
duction, FP manufacturing and processing, use of aqueous
fluoropolymer dispersions (AFDs) and production of POSF- and FT-
based products, contributed air emission of PFOA, and the total release
is considerable (Wang et al., 2014a, 2014b).

Overall, domestic emissions are a much less important source of con-
tamination in central and eastern China in terms of quantity (Fig. 2).
al basis. Note: awas calculated by data fromXie et al. (2013b) and Li et al. (2015); b, c and j
IGSNNR (2014) and Liu et al. (2015b); d, g and hwere calculated by Eqs. (1), (2), (3), (S1),
le S1; e and f were calculated by data from Xie et al. (2013b), Andreas and Leo (2009) and
2014); k was calculated by Eqs. (9), (S5) and data from Zhang et al. (2012) and European
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The higher emissions of PFOS compared to PFOAwere linked to its use in
AFFF and in pesticides. The release of PFOA in domestic wastewater was
about 4 times of those of PFOS. However, the emission proportion of
PFOA (3.2%) derived from sewage sludge (biosolid) was much lower
than those for PFOS (21%). This is linked to the slightly higher logKoc of
PFOS compared to PFOA (Higgins and Luthy, 2006). Release of PFOA in
landfill leachate derived from municipal solid waste (mainly consisting
of domestic garbage) was two orders of magnitude higher than that of
PFOS. The higher PFOA releases from domestic wastewater and garbage
were considered to be linked to its higher relative use in the home
following the gradual phase-out of PFOS-based chemicals by the Chinese
government (Wang et al., 2009).
Fig. 3. Importance of different pathways leading to environmental contamination in China for
(2015); b and j were calculated by Eqs. (1), (2), (S1), (S2), (S3), (S4) and data from Zhang et al.
fromXie et al. (2013b), Andreas and Leo (2009) and Brooke et al. (2004); d, e and fwere calculat
(2014) and Liu et al. (2015b); hwas calculated by Eqs. (9), (S5) and data from Zhang et al. (2012
al. (2015) and (NBS, 2014); kwas calculated by Eqs. (10), (11) and data fromMWR (2011, 2013
Zareitalabad et al. (2013).
4.2. Contribution estimation of PFOS and PFOA in different pathways

In China, from all sources about 62 t/yr of PFOSwere estimated to be
released into surface water. Industrial wastewater was the dominant
pollution pathway of PFOS in surface water and contributed about 93%
(Fig. 3). Due to the relatively high content of PFOS (0.4–0.6% byweight)
in AFFF, this was the secondmost important source. The release of PFOS
to soil was estimated at 7 t/yr in central and eastern China. Themajority
of soil contamination came from the use of AFFF and pesticide. Total
contribution from other pollution pathways was b11%.

Like PFOS, the major release to surface water from PFOA came from
industry (Fig. 3). However, a larger proportion of PFOA emission came
PFOS (a) and PFOA (b). Note: a was calculated by data from Xie et al. (2013b) and Li et al.
(2013), Chen et al. (2012) and references listed in Table S1; c and gwere calculated by data
ed by Eqs. (4), (5), (6) anddata fromXie et al. (2013b), Li et al. (2015), Dai (2006), IGSNNR
) and European Commission (2003); i was calculated by Eqs. (3), (7) and data from Yan et
) and Liu et al. (2015b); lwas calculated by Eq. (12) and data fromGellrich et al. (2012) and
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from MWWTP discharge (5.8%) and precipitation-runoff (4%). About
6 t/yr of PFOA was released into soil and much of this was attributed
to atmospheric deposition. Landfill leachate and pesticide application
were next in proportion as sources of soil contamination.

Because of their persistence and mobility, groundwater and ocean
were the predominant ultimate sinks of PFOS/PFOA. The majority of
PFOS/PFOA in surface water will eventually flow into the ocean (Liu et
al., 2015a). Surface water seepage and soil leaching contributed almost
all of the PFOS/PFOA in groundwater. Due to absorption and retardation
by soil particles, the leaching of PFOS/PFOA would occur over a relatively
long and slow process of several years depending on groundwater depth
(Xiao et al., 2015). Therefore, transport of PFOS/PFOA through surface
water seepage was transient and fast, while the movement of PFOS/
PFOA through soil leaching was expected to be long lasting and slow.

4.3. Uncertainty analysis and study limitation

In this study, release estimations of PFOS/PFOA via industrial waste-
water and exhaust gas may be conservative compared to the actual
values. This is because industrial emission data of PFOS/PFOA were cal-
culated based on emission factors and impurity content for developed
countries, where stricter emission regulations have been enforced.
Due to a shortage of sufficient detailed emission data in China, only
major sources of PFOS/PFOA were considered for release estimations.
Since some sources such as paper making, oil exploitation and traffic,
in which PFOS/PFOA-related chemicals are used in very small quanti-
ties, were not considered an underestimation is expected of PFOS/
Fig. 4.Reported occurrence of PFOS and PFOA in surfacewater (a), precipitation (b) and landfill l
Yi et al. (2012), Yan et al. (2015), Zhang et al. (2014), Wu et al. (2012) and other references lis
PFOA release to different environment media. In addition, except for
themain pollution pathways discussed in the study, plant bioaccumula-
tion, runoff scouring, and diffusion between environmental media are
also potential pollution pathways in the environment, although the con-
tribution of PFOS/PFOA through these pathways are very small.

To the best of our knowledge, degradation rates on the precursors
are not yet available, or the extent to which PFOS/PFOA may be pro-
duced, so the estimated release in this study could tend to reflect the
worst case in which all precursors would transform to PFOS/PFOA in-
stantly. In reality, the transformation process of some precursors may
be very slow,whichmay lead to an overestimation of PFOS/PFOAgener-
ated by precursors in the different studiedmedia. Although degradation
of∑FOSAwas considered in release estimation fromMWWTP, there is
a shortage of information on the other precursors such as FTOHs acting
as sources for PFOS/PFOA in MWWTP emission. There remains a lack of
data on the discharge of PFOS/PFOA precursors in landfill leachate and
AFFF, which may be another underestimation of PFOS/PFOA release to
the environment.

Detailed information on PFOS/PFOA emissions at sub-regional levels
is not available. Thus, the study had to take a very broad overview of
losses and contamination which may under-represent some sub-re-
gional hot-spots. For example, theproportion of PFOS/PFOA air emission
from coastal regions deposited to the land was lower than those from
the inland regions. Therefore, there could have been a release underes-
timation (0–35%) of PFOS/PFOA through pollution pathways associated
with air emission. However, the release underestimation does not sig-
nificantly change the contribution structure of PFOS/PFOA from these
eachate (c). Note:Monitoring datawere reviewed fromLiu et al. (2009), Shan et al. (2015),
ted in Table S5.
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pathways in soil and surface water, for the total air emission of PFOS
was relatively smallwhile that of PFOAwas very large. Despite these un-
certainties, this study should provide a reasonable basis to estimate con-
tribution of air emission to PFOS/PFOA in soil and surface water.

4.4. Confirmation of field monitoring data for the release estimations

It has been demonstrated that the emissions from industry are the
most important for pollution in China (Figs. 2 and 3). Indeed evidence
already exists for industrial wastewater discharge leading to hotspots
of PFOS/PFOA in the most developed regions of China (Fig. 4a). Some
of these polluted sites have levels comparable to or even much higher
than health risk assessment thresholds for drinking water, such as the
provisional health advisory (PHA) set by the USEPA (2014) (Fig. 4a).
After receiving effluent from PFOS/PFOA-related facilities, the concen-
trations of PFOA in adjacent river and groundwater were up to
1.7 mg/L and 240 μg/L in Zibo City (Liu et al., 2016); while PFOS levels
were 5.4 μg/L and 61 ng/L respectively in nearby surface water and
groundwater in Taiwan (Lin et al., 2009). Wastewater discharge from
numerous PFOS and PFOA related facilities led to high concentrations
of these two substances in the surface water in Hubei Province (Wang
et al., 2013; Zhou et al., 2013).

Compared with industrial wastewater release, PFOS and PFOA levels
caused by domestic wastewater discharge were, as expected, generally
low. According to data from 43 MWWTPs in central and eastern China,
the average concentrations of PFOS and PFOA inMWWTP effluent were
9.7 ng/L and 33 ng/L, respectively (reviewed in Table S3). PFOS/PFOA
slightly increases in concentration through the MWWTP activated
sludge system, probably due to precursor degradation (Dinglasan et
al., 2004; Rhoads et al., 2008). In general, the baseline concentrations
of PFOS/PFOA in major rivers and lakes were far below assessment
threshold of aquatic ecological risk (Fig. S1) (Giesy et al., 2010).

Monitoring data of PFOS/PFOA inwet deposition support the release
estimations that weremade for the air compartment (Fig. 4b). In partic-
ular, inmostmonitoring sites, PFOA in precipitation showedhigher con-
centrations than PFOS. Due to the limited transport of particle-borne
PFOS/PFOA, somehigh concentrations of PFOS/PFOA in precipitation oc-
curred near industrial sources. The highest concentrations of PFOS and
PFOA in precipitation were up to 545 ng/L and 107 ng/L, respectively
(Liu et al., 2009; Shan et al., 2015).

AFFF application and landfill leachate were also prone to cause local
risk hotspots. In fire accidents or drills, instantaneous release of hun-
dreds or even thousands liters of AFFF caused 511 ng/g of PFOS and
418 ng/g of PFOA in local soil (Yi et al., 2012). In China, a landfill was re-
ported to lose average7.6×104m3/yr of leachate containinghigh concen-
trations of PFOS (1.2–6 μg/L) and PFOA (0.3–214 μg/L) to local soil and
groundwater (Fig. 4c) (Zhang et al., 2014; Yan et al., 2015). Some sites
of soil and landfill leachate in Guangzhou showed higher concentrations
of PFOS than PFOA, which may be due to waste from the local semicon-
ductor industry (Wu et al., 2012). Except for these hotspots, the concen-
trations of PFOS/PFOA in soil in most areas were at relatively low levels,
far below a residential soil screening level by the USEPA (2014) (Fig. S2).

5. Conclusion and observations

Overall, the results of this study indicated that:

• About 80–90% of PFOS/PFOA contamination in the Chinese environ-
ment was estimated to come from manufacturing and use facilities
mostly via industrial wastewater discharge.

• For PFOS the next most important contamination sources were the
use of AFFF and pesticides, while domestic wastewater and industrial
exhaust gas losses were much less important.

• For PFOA the most important losses after industrial wastewater were
deemed to be from domestic wastewater, industrial exhaust gas and
landfill.
• Industrial wastewater, landfill leachate and AFFF application often
cause local risk hotspots of PFOS/PFOA in the Chinese environment.

• The most beneficial way to reduce environmental contamination by
PFOS/PFOA in China would be to focus on controlling release from in-
dustrial wastewater. Local pollution hotspots caused by AFFF applica-
tion and landfill leachate should also receive attention.
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