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a b s t r a c t

Perfluorooctane sulfonate (PFOS) and related substances are widely used in various industrial and
commercial applications in China that ultimately discharge sufficient quantities of PFOS to the envi-
ronment. It remains unclear how emissions of PFOS ultimately affect its concentrations as well as its fate
in the environment. In this study, an improved Berkeley-Trent (BETR) multimedia model is developed to
predict the PFOS levels with spatial and temporal distributions on unsteady state mode from 1981 to
2050, by taking the Bohai Rim of China as a case. The results showed that the modeled concentrations
agreed well with the measured data. According to the model, PFOS concentrations in fresh water peaked
in some months after the peak emission (2008 or 2009), whereas in urban soil the concentrations
increased to peak slightly later (around 2014). Among the selected regions, Beijing and Tianjin were
simulated with higher PFOS levels in the past and present because of their higher urbanization and
industrialization since the 1980s, while in the future, Shandong and Liaoning are expected to have higher
concentrations of PFOS than those in Beijing. The water system including coastal water, fresh water and
sediment was the biggest sink for PFOS for coastal regions. Among the chemical inputs, direct primary
emissions played a more important role, whereas for chemical removal processes, inter-regional
advection and background outflow were the predominant pathways. The results would be useful to
control the PFOS releases in China and will help the management agencies to implement the “Stockholm
Convention” effectively.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Perfluorooctane sulfonate (PFOS) is a major type of Per-
fluoroalkyl acids (PFAAs) known for its desirable properties of high
surface tension/leveling, hydrophobicity, lipophobicity, chemical
and thermal stability (Giesy and Kannan, 2001; Su et al., 2017). Due
to these properties, PFOS and related substances have been widely
used in varieties of industrial and consumer (cosmetics, carpets,
leather, metal plating, waxes, semiconductor, pesticides, paper,
textile and fire-fighting foams, to name a few) applications since
the last six decades (Jogsten et al., 2012; OECD, 2002; Su et al., 2016;
rban and Regional Ecology,
ese Academy of Sciences, 18
Xie et al., 2013a).
The PFAAs were first put in production in 1949 by 3M Company,

one of the biggest producers in the world. The global production
rate of total PFOS equivalents had grown enormously with time,
and the total historical global production was estimated to be
96000 t (excluding unusable wastes) between 1970 and 2002, and
the global historical releases of PFOS into wastewater were
450e2700 t (Paul et al., 2008). Because of its persistence, potential
toxicity, bioaccumulation, and long-range transport, 3M phased out
the production of PFOS related substances in 2002, since then there
were some small manufacturers in Asia and Europe. Later PFOS and
its related substances were listed in the Stockholm Convention in
2009 (UNEP, 2009).

Even so, PFOS and related substances are still massively pro-
duced and commercially used in China due to the lack of effective
and better alternatives (Mei, 2008). To meet the increasing do-
mestic and overseas export demands, China extensively began the
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PFOS-related chemicals production in the year 2003 with approx-
imately 50 t/a, which reached to 250 t/a in the year 2008 (Ministry
of Environmental Protection of China, 2008; Liu et al., 2008; Xie
et al., 2013b). From 2001 to 2011, the overall cumulative produc-
tion of PFOS-related chemicals in China was about 1800 t, and the
industrial and domestic emissions were estimated to be 70 t and
381 kg in 2010, respectively (Xie et al., 2013a, 2013b).

Additionally, PFOS has been widely detected in various media
including soil, freshwater, sediment, and dusts in China (Liu et al.,
2016; Su et al., 2016, 2017; Wang et al., 2014, 2016a, 2015). It was
also found in home produced eggs and crops around a mega fluo-
rochemical industrial park in Shandong province, posing potential
health risks to local residents (Liu et al., 2017; Su et al., 2017).
However, it remains unclear what levels of PFOS present in the
environment in the past and future. Therefore, it is necessary to
understand the overall dynamic trends of PFOS release, fate and
transport for proper environmental management.

The objective of this study is to simulate the dynamic pattern of
emission, transport, and fate of PFOS in the environment of the
Bohai Rim of China from 1981 to 2050 using the Berkeley-Trent-
Urban-Rural (BETR-Urban-Rural) model. The BETR model is based
on the concept of fugacity, which has been effectively applied to
simulate the transport behavior of various chemicals such as HCHs,
PCBs, PAHs, PBDE, PFOS on global and regional scales (Liu et al.,
2014, 2015; MacLeod et al., 2001; Prevedouros et al., 2004a,
2004b; Toose et al., 2004). The BETR-Urban-Rural model was an
improved BETR model, taking the urbanization and urban-rural
difference into account, which has been proved to model the
transport and fate of POPs in China more applicably and success-
fully (Song et al., 2016; Su et al., 2018). The results of this study will
provide some valuable guidance for PFOS control and environ-
mental management.
2. Methods and materials

2.1. Model structure and parameterization

The BETR model is based on the concept of fugacity, whereby a
system linked with several discrete and homogeneous compart-
ments is seen as one segmentation (or grid) (Mackay, 2001;
MacLeod et al., 2001). Four transfer processes of POPs behavior
are included in this model: emission to each compartment, trans-
port between compartments, advection, and degradation. The pa-
rameters of the model include POPs emissions, properties of
chemicals, and environmental parameters of the study area such as
temperature, soil properties, and precipitation. The sub-grids are
linked by advection of air and water, as well as fresh water runoff to
coastal water between connected grids.

The BETR-Urban-Rural model improved the structure and
parameterization of BETR model considering the impacts of ur-
banization on POPs emissions, distribution and disposition. The
division of urban and rural areas is based on land cover informa-
tion. The cultivated land, forest land, grassland, bare land, wetland,
rural villages, and rural residential areas are defined as rural areas,
whereas the built-up land, like urban residential areas, commercial
districts, and municipal land for public facilities are included in the
urban areas (Song et al., 2016). In the BETR-Urban-Rural model,
each grid contains 9 compartments, namely upper air, lower rural
air, vegetation, fresh water, coastal water, rural soil, fresh water
sediment, lower urban air, and urban soil (Fig. 1 (a)). It has been
successfully used to simulate the fate of PAHs and PFOS with a high
accuracy. The detailed information of the BETR-Urban-Rural model
could be found in Song et al., (2016).
2.2. Case study area

The case study area, Bohai coastal region, is the most econom-
ically developed area in the northern China with a wide range of
industrial distribution. Our research group has focused on the Bohai
coastal region for many years. The area is facing many environ-
mental problems and challenges, like increasing energy con-
sumption, metal contamination (Feng et al., 2011; Xu et al., 2013),
POPs occurrences (Wang et al., 2014, 2015; Zhang et al., 2016),
ecological degradation (Wang and Li, 2005), and high human
health risk (Liu et al., 2016, 2017; Su et al., 2016; Su et al., 2017)
caused by rapid industrialization and urbanization. Both the PFOS
emissions from industrial source and domestic source are expected
to be considerable (Xie et al., 2013a, 2013b).

In this study, the Bohai Rim geographically stretches between
116�E to 124�E longitude and 36�N to 43�N latitude, including parts
of the Bohai Sea, Liaoning, Hebei, Shandong, and Inner Mongolia
provinces, Beijing and Tianjin cities, among which Beijing and
Tianjin are two highly developed cities in China. Beijing, Tianjin and
their surrounding areas are highly urbanized (Fig. 1 (b)). The study
area is divided into 56 segments by 1� � 1� (Fig. 1 (b)) inwhich each
segment contains 8 compartments excluding upper air on which
the effects are limited within this area. In our previous studies,
parameterization of the BETR model (and BETR-Urban-Rural
model) in the study area has already been illustrated (Liu et al.,
2014, 2015; Song et al., 2016).
2.3. Physical-chemical properties of PFOS

The physical-chemical properties of PFOS considered in the
model are listed in Table S1.
2.4. Temporal distribution of PFOS emissions

The dynamic model is run on unsteady state from 1981 to 2050
to predict the temporal pattern of PFOS concentrations and fate.
According to the estimation methodology and emission inventory
developed by our research group, it is estimated that PFOS is mainly
released to fresh water, rural soil and urban soil (Meng, 2017; Xie
et al., 2013a, 2013b).

Generally, dynamic emission trends are described by continuous
mathematical functions, among which linear function, exponential
function, logistic function, non-symmetrical logistic function, and
linear-exponential function are commonly used. As the actual
emission curve does not follow a mathematical function exactly, an
approximating function is selected to estimate the emission trend
as the model input. As no one has ever estimated the historical
consumption or emissions of PFOS and its related substances in
China, we are inclined to look for the best function to estimate the
dynamic emission curve based on the Chinese historical production
from 2001 to 2011, as well as the estimated global historical re-
leases of PFOS. Finally, a non-symmetrical logistic function is cho-
sen to represent the historical and future emission curve of PFOS
(Et), similarly to the dynamic global release trend of PFOS (Paul
et al., 2008). If t < tmax,

Et ¼ 4� Emax � exp
h
ð � ðt � tmaxÞ=aÞ

� = ð1þ expð � ðt � tmaxÞ=aÞÞ2
i

(1)

if t >¼ tmax,



Fig. 1. (a) Model structure of Berkeley-Trent-Urban-Rural (BETR-Urban-Rural) model; (b) Study area and model segmentation.
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Et ¼ 4� Emax � exp
h
ð � ðt � tmaxÞ=bÞ

�
.
ð1þ expð � ðt � tmaxÞ=bÞÞ2

i
(2)

where t represents the year, Emax is the peak emission (kg/year),
tmax is the peak emission year, a and b are the coefficients of in-
crease and decrease respectively, before and after tmax. According to
the historical production trend of PFOS-related chemicals from
2001 to 2011 in China, and the condition that China has made some
control policies after PFOS was listed in the Stockholm Convention,
PFOS emission was assumed to peak in 2008 in China. That is, tmax
was assumed as 28 relative to the base year 1981. Emax varies for
each grid and each compartment, which is estimated based on the
production of PFOS-related chemicals and the methodology
developed by Meng (2017), who analyzed the life cycle of PFOS-
related chemicals in China. The total Emax for each compartment
of the study area can be seen in Table S2. The values of a and b also
vary from one compartment to another, for lower rural air, fresh
water, rural soil, lower urban air, urban soil, respectively (Table S2).
Additionally, we assume that initial background concentrations of
PFOS in all compartments before 1981 are zero.
2.5. Temporal trend of environmental parameters

According to the results of sensitivity analysis, environmental
parameters in the model are sensitive for the simulation of POPs
fate and disposition, such as temperature, and precipitation (Liu,
2014). In the long term, climate change is having significant ef-
fects on the environment, direct changes such as temperature rise,
and those driven by it (ocean temperature rise, sea-level rise), and
altered precipitation patterns. Rapid urbanization is one of the
outstanding features in the study area, which has resulted in
intensive land use change, particularly for coastal cities (Liu et al.,
2011). As Chinese precipitation pattern showed a fluctuating
annual variation and about 3,10, and 30 years prominent oscillation
periods in recent 100 years, as well as for the North China (Han
et al., 2010; Yuan et al., 2016; Zhang et al., 2004), we take the im-
pacts of temporal change in temperature, sea-level rise, and land
use change on PFOS fate into account. Furthermore, there are
different warming trends in urban areas and rural areas (Li and
Zhao, 2011). Their temporal variation relationships are con-
structed according to published papers and reports (China Sea Level
Communique, 2014; Das Gupta et al., 2014; Li and Zhao, 2011).For
rural winter temperature,

Tempð1Þ ¼ c1 � t þ d1 (3)

For rural summer temperature,

Tempð2Þ ¼ c2 � t þ d2 (4)

For urban winter temperature,

Tempð3Þ ¼ c3 � t þ d3 (5)

For urban summer temperature,

Tempð4Þ ¼ c4 � t þ d4 (6)

For coastal water depth,

CWD ¼ e� t þ f (7)

For urban land coverage proportion,
UP ¼ s� ð1þ rÞt (8)

where t is the year, di (i¼ 1, 2, 3, 4), f, s represent the values of
environmental parameters in base year 1981, which vary from
grids, and are calculated from the 2010 environmental data using
equations (3)e(8). The data of 2010 used in the model were
collected from National Geomatics Center of China (http://ngcc.
sbsm.gov.cn/), The Natural Environment Research Council (NERC)
Earth Observation Data Center (NEODC) (http://www.nerc.ac.uk/),
National Aeronautics and Space Administration (NASA, https://
www.nasa.gov/), China National Marine Data & Information Ser-
vice (http://wdc-d.coi.gov.cn/nmdis/). Where, ci (i¼ 1, 2, 3, 4), e, r
are the rates of change for parameters shown in Table S3 (China Sea
Level Communique, 2014; Das Gupta et al., 2014; Li and Zhao, 2011).

3. Results and discussion

3.1. Dynamic trend of PFOS concentrations

3.1.1. Model validation: predicted and measured PFOS
concentrations in fresh water

It took 4e5 days (for 70 years) to perform the unsteady state
simulation compared to several minutes for the steady state. In this
section, we will first check if the predicted and measured values fit
well, although the model validity of steady state runs has been
tested in previous published papers (Song et al., 2016; Su et al.,
2018). The comparison of modeled and measured concentrations
of PFOS in compartments is shown in Table 1. In most cases, the
mean values of modeled concentrations of PFOS were generally
within the range of measured data, and the differences between
them fell within a factor of 4 (from 1/4 to 4).

Due to lack of measured time series data of PFOS, we took fresh
water in grid 46 as a case to examine the temporal trend. Measured
concentrations of PFOS in fresh water from 2011 to 2014 were
available from literatures for grid 46. The differences between the
modeled and measured concentrations for corresponding years fell
within a factor of 2 (1.18, 4.51, 0.79, 1.18) except for the year 2012
when the sampling was conducted in the autumn (Fig. 2). Gener-
ally, the modeled concentrations of PFOS represented the annual
mean value in one grid, while the measured concentrations were
varied in sampling locations and time. For example, the overall
PFOS concentrations were significantly varied in four seasons in
Xihe River of Daling River basin during the year 2013 (grid 54). The
highest concentrations were detected in spring (mean value
88.9 ng/L) and winter (mean value 25.7 ng/L), while the lowest in
summer (mean value 1.44 ng/L) and autumn (mean value 0.21 ng/L)
(Wang et al., 2016b). Actually, fluctuating demand for PFOS-related
products from the market, seasonal precipitation and hence river
dilution, and varying river discharge could have important in-
fluences on the concentration distribution and disposition of PFOS
(Wang et al., 2016b).

3.1.2. Dynamic trend of PFOS concentrations in fresh water and
urban soil

The dynamic trends of PFOS concentrations in two predominant
sinks, fresh water and urban soil, were analyzed (Liu et al., 2015; Su
et al., 2018). The modeled temporal trends of PFOS concentrations
in fresh water and urban soil for grid 46 (Daling River basin,
Liaoning province, Northeast of China) are presented in Fig. 2. The
two trends mirrored very well with the emission curves. Before
2000, the concentrations of PFOS in both fresh water and urban soil
were very low, approximately equal to zero. After 2000, they
increased with emission and then decreased. However, the occur-
rence of the minimal levels in urban soil was much later than fresh
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https://www.nasa.gov/
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Table 1
Comparison of simulated PFOS concentrations with measured data in fresh water, fresh water sediment, urban soil, and rural soil in the Bohai Rim.

Location Sampling
Year

Sample
Size

Corresponding Grids Rang of
Concentrations

mean concentration
of measured data

mean value of
modeled
concentration

References

Fresh water (ng/L)
Liaohe River 2009 20 39, 46e48, 55 n.d.-6.6 0.33 1.55 (Yang et al., 2011)
Haihe River 2010 16 26 2.02e7.62 3.70 10.49 (Li et al., 2011)
Dagu Drainage Canal 2010 8 18 1.19e72.5 22.00 19.86 (Li et al., 2011)
Rivers in South Bohai Coastal Region 2011 35 3, 4, 10e13, 18, 19 0.40e12.78 3.09 6.59 (Wang et al., 2014)
Daling River 2011 26 38, 45, 46, 54 n.d.-12.58 2.97 3.28 (Wang et al., 2015)
Xiaoqing River basin 2013 30 1-4, 10-12 0.68e39.2 9.67 4.31 (Wang et al., 2016a)
Daliao River system 2014 16 38, 46, 54-56 n.d.-13.0 1.83 (Gong et al., 2016)
Fresh water sediment (ng/g)
Rivers around Laizhou Bay 2009 24 4, 11-13 0.02e1.6 0.21 0.11 (Zhao et al., 2013)
Liaohe River 2009 14 39, 46e48, 55 0.04e0.48 0.15 0.09 (Yang et al., 2011)
Haihe River 2010 16 26 1.76e7.32 5.20 1.24 (Li et al., 2011)
Dagu Drainage Canal 2010 8 18 0.09e2.25 0.67 0.21 (Li et al., 2011)
Haihe River 2010 12 18, 26 0.29e7.39 1.70 0.73 (Zhao et al., 2014)
Rivers in South Bohai Coastal Region 2011 35 3, 4, 10e13, 18, 19 0.027e0.435 0.16 0.16 (Zhu et al., 2014)
Daling River 2011 26 38, 45, 46, 54 0.35e9.85 2.22 0.22 (Wang et al., 2015)
Xiaoqing River basin 2013 25 1-4, 10-12 0.11e10.6 1.44 0.44 (Wang et al., 2016a)
Daliao River system 2014 16 38, 46, 54-56 n.d.-0.84 0.08 (Gong et al., 2016)
Urban soil (ng/g)
North Bohai Coastal Region 2008 13 18, 26e28, 36e39, 46 n.d.-9.37 1.14 0.18 (Meng et al., 2015)
South Bohai Coastal Region 2011 7 3-5, 10, 11, 13, 14 0.05e0.18 0.11 0.08 (Meng et al., 2015)
Rural soil (ng/g)
North Bohai Coastal Region 2008 23 18, 26e27, 30e32, 36e39, 46 n.d.-0.7 0.10 0.05 (Meng et al., 2015)
South Bohai Coastal Region 2011 33 4-6, 10e13, 15 n.d.-0.24 0.13 0.10 (Meng et al., 2015)

Fig. 2. Modeled PFOS concentration trends in fresh water and urban soil of the Daling River basin (grid 46), and measured PFOS concentrations in fresh water from 2011 to 2014.
Note: the units for fresh water and urban soil are ng/L and ng/g, respectively.
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water, which was likely owing to a rather longer half-life in soil
than in fresh water.

The model results revealed that the modeled fresh water con-
centrations of PFOS peaked in 2009 with a maximum value of
5.33 ng/L (mean value¼ 0.78, median value¼ 0.07 ng/L), whereas,
in urban soil the concentrations reached the highest value of
0.12 ng/g slightly later in 2014 (mean value¼ 0.04, median
value¼ 0.03 ng/g), although both of their peak emissions were
assumed in 2008.

There were a few variations for grids in peak year of the
modeled concentrations. For most of the grids, the modeled con-
centrations of PFOS in fresh water peaked some months (2008 or
2009) after the peak emission, suggesting that fresh water levels of
PFOS were primarily driven by direct emissions. This driving force
was also found for BDE-209 in Europe (Earnshaw et al., 2015). For
urban soil, the concentrations of PFOS in most grids peaked around
2014, being about 5 years after peak emissions. This relatively later
peak level might be possible because of the rather longer half-life in
soil.
3.2. Spatial distributions of modeled peak concentrations

According to the emission curves, the peak emissions could
result in peak concentrations in different years for compartments.
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Spatial variation at peak concentrations for fresh water, coastal
water, urban soil, and rural soil is shown in Fig. 3. The spatial var-
iations of PFOS peak concentrations in compartments were almost
similar to that of the emission distributions, particularly for fresh
water. PFOS concentrations in fresh water were much higher in big
cities and some coastal cities, such as Beijing (grid number 25),
Tianjin (grid number 18), Dalian (grid numbers 22, 30), Weihai
(grid number 7), and Qinhuangdao (grid number 36), with levels of
11.07e20.12 ng/L. For urban soils, PFOS concentrations of Chengde
(grids 41, 50), Qinhuangdao (grids 28, 36), Tianjin (grids 18, 26),
Tangshan (grid 27), Dalian (grids 30, 31), and Huludao (grid 37)
were higher than other cities. Besides higher domestic releases like
usage and disposition of daily necessities in these big cities, solid
waste landfill, incineration, dump, and sewage disposal might
make big contribution.

Generally, PFOS concentrations in rural soils were relatively
lower than those in urban soils except for grids 7, 12, 19, 22, 32, and
38 with smaller area of rural soils. Higher levels of PFOS were in
Tianjin, Cangzhou, Yantai and Weihai, which might be credited to
the solid waste landfill, and the large usage of fire-fighting foam,
and pesticides. However, along with the industry shift from urban
areas to rural areas, we might underestimate the PFOS releases to
the rural environment. In addition, there was bigger rural soil area
for most of the grids which would make the average concentration
Fig. 3. Spatial distribution of peak concentration for each compartm
lower. The spatial distribution characteristics of PFOS levels in
coastal water were almost consistent with that of fresh water, and
the highest concentrations were modeled in coastal water near the
land in Dongying, Yingkou, Tianjin, and Qinhuangdao, which sug-
gested that river runoff was a main driving force for PFOS transport
and fate. Additionally, the dilution of seawater might lead to
decrease in the concentrations of PFOS. Although the inter-
compartmental transport and inter-regional flow played an
important role in PFOS fate, the higher risk regions were primarily
distributed around the emission sources.

3.3. Temporal trends of modeled PFOS concentrations in fresh water
on a regional scale

In this section, we discussed the characteristics of modeled PFOS
concentrations in fresh water in the past (1981e2005), present
(2006e2025), and future (2026e2050) on a regional scale, for fresh
water was the predominant sink of PFOS. Shandong (grids 1, 2, 3, 4,
5, 6, 7, 9, 10, 11, 12, 13, 14, 15, 19), Hebei (grids 17, 18, 25, 27, 28, 34,
35, 36, 41, 42, 43, 50), Beijing (grids 25, 33), Tianjin (grid 18, 26), and
Liaoning (grids 22, 30, 31, 32, 36, 37, 38, 39, 40, 44, 45, 46, 47, 48, 54,
55, 56) are selected for comparison.

From 1981 to 2050, the highest PFOS concentrations in fresh
waterweremodeled in Tianjin and Beijing cities, followed byHebei,
ent. a. Fresh water, b. Urban soil, c. Rural soil, d. Coastal water.
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Liaoning and Shandong provinces (Fig. 4). In the past, the highest
modeled level of PFOS was in Beijing city, with an average value of
0.31 ng/L, followed by Tianjin, Hebei, Shandong, and Liaoning (with
average values of 0.28, 0.21, 0.13, 0.12 ng/L, respectively), as Beijing
and Tianjin were highly urbanized and industrialized since the
1980s, and intensive urbanization and industrialization possibly led
to high releases of PFOS (Meng et al., 2015).

In the present, the levels of PFOS in all regions were modeled
much higher than the past, with average values of 7.59, 5.11, 3.75,
2.97, 2.90 ng/L for Tianjin, Beijing, Shandong, Hebei, Liaoning,
respectively, which was closely related to the massive production
and application of PFOS in China since 2003. Different from the
past, after the peak year, PFOS concentrations in Beijing decreased
more quickly than Tianjin. Here, the average concentrations of PFOS
in Hebei were higher than those of Shandong and Liaodong in the
past and present. One reason was that it was influenced by Beijing
and Tianjin through water advection. Another reason was that we
divided grids 18 and 25 for Hebei region which might make the
concentrations higher. However, the levels in Liaoning and Shan-
dong were a little higher than that of Hebei for several years after
the peak year. In the future, alongwith the accelerated urbanization
and industrialization in the coastal areas (Li et al., 2012), there will
be rather difference from the past and present. Shandong and
Liaoning will have higher concentrations than Beijing and Hebei. In
the future (2026e2050), PFOS concentrations will decrease in the
order of Tianjin, Liaoning, Shandong, Hebei, and Beijing, with
average values of 0.94, 0.65, 0.63, 0.21, 0.27 ng/L, respectively.
3.4. Compartmental distribution of PFOS on a regional scale

The final modeled compartmental inventories and distributions
of PFOS for selected regions are presented in Fig. 5. Generally, in all
Fig. 4. Modeled temporal trends of PFOS concentration
regions, rural air, urban air and vegetation accounted for less than
2% of the total distribution. For those regions where coastal water
occupied greater surface area such as Shandong and Liaoning,
coastal water was the dominant compartment (more than 50%),
followed by rural soil and urban soil (about 32e37%), fresh water
and sediment (9%e13%), indicating that coastal water was the final
sink of PFOS. For those regions where coastal water occupied
smaller surface area such as Tianjin and Hebei, water system was
also the important sink of PFOS including fresh water, sediment,
and coastal water, accounting for 37e80%. There were some dif-
ferences in the inland city Beijing, soil was the dominant
compartment, including rural soil (26.42%) and urban soil (37.06%),
followed by fresh water (22.58%) and sediment (32.48%). Also, rural
soil and urban soil were the important sinks for Hebei province due
to the larger land surface area, taking up 31.24% and 30.47%,
respectively. It was because of the properties of both hydrophilicity
and lipophilicity of PFOS. This was almost consistent with the fate
modeling of PFOS on steady state (Liu, 2014; Liu et al., 2015).
However, there are some limitations for this simulated results, for
the adsorption of PFOS on coastal sediment has not been consid-
ered in themodel. Additionally, this result was a little different with
the dynamic fate modeling of BDE-209, for which soil was the
dominant compartment (Earnshaw et al., 2015). It was reasonable
because of the different physical-chemical properties of PFOS and
BDE-209.
3.5. Regional dynamic mass balance

As in section 3.4, the dynamic mass balance was performed for
those selected regions (Table 2). Regarding the regional input,
primary direct emissions dominated the total input, particularly for
the inland city Beijing, and the inter-regional advection was also
s in fresh water in selected regions of Bohai Rim.



Fig. 5. Compartmental distribution of PFOS in selected regions.

Table 2
Regional dynamic mass balance in the BETR-Urban-Rural model.

Region Tianjin Beijing Shandong Liaoning Hebei

Primary direct emissions 41.20% 76.97% 56.43% 46.42% 57.33%
Inter-regional advection 58.80% 23.03% 43.57% 53.58% 42.67%
Total input 100.00% 100.00% 100.00% 100.00% 100.00%

Reaction in rural air 0.00% 0.00% 0.00% 0.00% 0.00%
Reaction in vegetation 0.07% 0.09% 0.04% 0.11% 0.16%
Reaction in fresh water 0.16% 0.05% 0.02% 0.05% 0.05%
Reaction in coastal water 0.18% 0.00% 0.22% 0.62% 0.12%
Reaction in rural soil 0.00% 0.01% 0.00% 0.02% 0.01%
Reaction in sediment 0.07% 0.02% 0.02% 0.02% 0.02%
Reaction in urban air 0.00% 0.00% 0.00% 0.00% 0.00%
Reaction in urban soil 0.00% 0.01% 0.00% 0.01% 0.02%
Total reactions 0.64% 0.18% 0.30% 0.83% 0.38%

Inter-regional advection 85.60% 71.63% 67.66% 62.85% 66.65%
Outflow to background 10.58% 26.03% 30.02% 30.76% 29.22%
Remaining 3.18% 2.16% 2.02% 5.56% 3.75%
Total removal 100.00% 100.00% 100.00% 100.00% 100.00%
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very important. For Beijing city, fresh water was the predominant
driver for inter-regional advection. For other regions, both fresh
water and coastal water made contributions to the advection.

The chemical removal processes mainly consisted of inter-
regional advection, outflow to background and reaction losses.
The inter-regional advection was the main contaminant removal,
accounting for 62%e86% in these regions. In addition, the propor-
tion of the outflow to backgroundwas relatively large, especially for
Beijing, Shandong, Liaoning, and Hebei near the border, in which
the outflow to background took about 30% of the total removal.
Overall, losses through reactions mainly occurred in vegetation,
fresh water, and coastal water. Losses via reactions accounted for a
fairly small proportion (less than 1%), which was likely due to the
longer half-lives of PFOS in compartments. Additionally, a very low
proportion of PFOS remained in the environment (less than 6%).
Compared to BDE-209, this simulation result of PFOS was much
different. For BDE-209, reactions in compartments because of
shorter half-lives, and advection by air were the predominant
removal ways (Earnshaw et al., 2015).

4. Conclusions

This study applied the BETR-Urban-Rural model, using an esti-
mated dynamic emission curve, to explore the dynamic charac-
teristics of PFOS fate in the environment of the Bohai Rim of China
from 1981 to 2050. The simulation results gave a reasonable
agreement between modeled concentrations and measured data.
The main conclusions were as follows:

1) The modeled dynamic trends of PFOS concentrations in fresh
water and urban soil fit well with the emission curves. However,
there was a slight difference in the peak year of the modeled
concentrations in the two compartments.

2) The spatial distributions of PFOS peak concentrations in com-
partments were similar to that of emissions. Generally, PFOS
concentrations were much higher in big cities as Beijing, Tianjin
and some coastal cities, where both domestic usage and solid
waste disposition played an important role.

3) In the past and present, the highest modeled levels of PFOS in
fresh water were observed in Beijing and Tianjin cities. How-
ever, in the future, Shandong and Liaoning would be expected to
have higher concentrations of PFOS than Beijing due to accel-
erated urbanization and industrialization.

4) Coastal water, soil, and fresh water were the final sinks of PFOS
for all selected regions. Rural air, urban air and vegetation
accounted for less than 2% of the total amount.

5) Regarding the regional input, both primary direct emissions and
inter-regional advection driven by fresh water were important
processes. For chemical removal processes, inter-regional
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advection and outflow to background were the predominant
ways.

This study demonstrated the significance of PFOS emission in-
ventory for simulating the transport and fate of PFOS, and the re-
sults could provide valuable guidance for future control and
management of PFOS. However, more long-term monitoring data
on PFOS are needed, especially in the soils because of the serious
shortage of measured data for this important sink.
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