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A B S T R A C T

Human exposure to perfluorochemicals (PFCs) has attracted mounting attention due to their potential harmful
effects. Breathing, dietary intake, and drinking are believed to be the main routes for PFC entering into human
body. Thus, we profiled PFC compositions and concentrations in indoor air and dust, food, and drinking water
with detailed analysis of literature data published after 2010. Concentrations of PFCs in air and dust samples
collected from home, office, and vehicle were outlined. The results showed that neutral PFCs (e.g., fluorotelomer
alcohols (FTOHs) and perfluorooctane sulfonamide ethanols (FOSEs)) should be given attention in addition to
PFOS and PFOA. We summarized PFC concentrations in various food items, including vegetables, dairy products,
beverages, eggs, meat products, fish, and shellfish. We showed that humans are subject to the dietary PFC
exposure mostly through fish and shellfish consumption. Concentrations of PFCs in different drinking water
samples collected from various countries were analyzed. Well water and tap water contained relatively higher
PFC concentrations than other types of drinking water. Furthermore, PFC contamination in drinking water was
influenced by the techniques for drinking water treatment and bottle-originating pollution.

1. Introduction

Perfluorochemicals (PFCs) are a family of man-made compounds
with strong CeF bonds. Due to their unique properties, they are com-
monly used in consumer products and industrial processes, such as
protective coatings of carpets and furniture, paper and cloth coatings,
Polytetrafluoroethylene products, and fire-fighting foams (Ahrens and
Bundschuh 2014; Clara et al. 2008; Paul et al. 2009; Route et al. 2014).
They have been widely detected in drinking water (Hoffman et al.
2011; Post et al. 2009; Thompson et al. 2011), air (Fromme et al. 2015;
Goosey and Harrad 2012; Karaskova et al. 2016; Piekarz et al. 2007),
and human blood (Bjerregaard-Olesen et al. 2016; Ehresman et al.
2007; Karrman et al. 2007; Wu et al. 2017; Yeung et al. 2006), urine
(Genuis et al. 2013; Jurado-Sanchez et al. 2014), breast milk
(Barbarossa et al. 2013; So et al. 2006; Tao et al. 2008a; Tao et al.
2008b; Thomsen et al. 2010), nails(Li et al. 2012; Li et al. 2013; Liu
et al. 2011) and hairs (Alves et al. 2015; Krol et al. 2013; Martin et al.
2016; Rodriguez-Gomez et al. 2017). Many studies also have reported
that PFCs may be associated with human diseases, such as urine acid,

thyroid diseases, peroxisome proliferation, asthmatic, liver tumor, hy-
peruricemia, pediatric atopy, chronic kidney disease, behavioral dis-
orders, and immune toxicity (Bloom et al. 2010; Dong et al. 2013;
Gump et al. 2011; Lopez-Espinosa et al. 2011; Wang et al. 2011a). As a
result, the production and regulation of PFCs have attracted public
attention. In 2000, 3M first announced a global phase-out of its pro-
ducts containing C6, C8, and C10 PFCs and replaced them with shorter
C4 PFC (e.g., perfluorobutane sulfonic acid or PFBS) products. Eight
major PFC manufacturers joined the United States Environmental Pro-
tection Agency (USEPA) 2010/15 PFOA Stewardship Program in 2006
to work towards the elimination of long-chain perfluoroalkyl carboxylic
acids (PFCAs) and their potential precursors by 2015. In addition,
perfluorooctane sulfonate (PFOS) and perfluorooctane sulfonyl fluoride
(POSF) related compounds were listed under Annex B of the Stockholm
Convention in 2009 (Wang et al. 2009). C11–C14 PFCAs, per-
fluorooctanoic acid (PFOA) and ammonium perfluorooctanoate (APFO)
were recognized as vPvB chemicals (very persistent and very bioaccu-
mulative), and included in the Candidate List of Substances of Very
High Concern under the European chemicals regulation in 2012–2013.
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The different regulations of PFCs have led to varieties in production and
time or region-dependent environmental distributions of PFCs.

Since PFCs are extremely persistent and associated with some
human diseases (Costa et al. 2009; Dallaire et al. 2009; Gallo et al.
2012; Sakr et al. 2007; Stein et al. 2009), the biomonitoring of human
exposure to PFCs has become increasingly important. It has been sug-
gested that food sources, drinking water, and airborne sources are main
PFC exposure routes for humans (D'Eon and Mabury 2011; D'Hollander
et al. 2010a; Enault et al. 2015; Harada et al. 2005; Tittlemier et al.
2007), although the contribution from each source remains unclear.
Thus, it is critical to profile PFC concentrations in these potential ex-
posure sources from time to time, which will be useful for evaluation of
health effects induced by PFCs. Although numerous studies have been
published on the monitoring and exposure of PFCs (Butenhoff et al.
2006; De Felip et al. 2015; Hoelzer et al. 2008; Landsteiner et al. 2014),
only a limited number of reviews have been done to outline these re-
search data, especially within the recent five years. Earlier reviews
included Houde et al. (2006) and Lau et al. (2007), which summarized
the biological monitoring of PFCs in wildlife and humans, discussed
possible sources, and identified knowledge gaps. Trudel et al. (2008)
assessed and modeled consumer exposure to PFOS and PFOA from a
variety of environmental and product-related sources. Fromme et al.
(2009) published a review on PFC monitoring data in environmental
media relevant to human exposure. They outlined PFC concentrations
in indoor and ambient air, house dust, drinking water, and food, as well
as human biomonitoring data in blood, breast milk, and human tissues,
and proposed that the consumption of highly contaminated fish pro-
ducts may substantially increase PFC body burdens. Kantiani et al.
(2010) reviewed PFCs and other emerging contaminants in food, but
focused more on methods used for detecting and quantifying PFCs. The
review by D'Hollander et al. (2010a) suggested that PFC data in human
diet and indoor dust were relatively scarce compared to those published
in fish and drinking water. Domingo (2012) summarized PFC con-
centrations in foodstuffs and human dietary exposure to these com-
pounds, as well as human biomarkers from different countries. How-
ever, PFC concentrations in different foodstuffs were only added in the
discussion without detailed analysis. Wang et al. (2015) reviewed the
sources, multimedia distribution and health risks of PFCs in China and
suggested that terrestrial food (meat) contributed 93.2% of PFOA to
human exposure, while seafood contributed 78.9% of PFOS. Several
articles reviewed human exposure to PFOS, especially PFOS isomers,
and provided definitive insights into the role of “precursor exposure”
(Chen et al. 2009; Houde et al. 2006; Kovarova and Svobodova 2008;
Lau et al. 2007; Lindstrom et al. 2011; Mercier et al. 2011; MiraIles-
Marco and Harrad 2015). All these reviews are valuable for the estab-
lishment of biomonitoring and human exposure profiles for PFCs. As
mentioned previously, the regulations on PFC production may lead to
spatial and temporal changes of PFC concentrations and compositions
in environmental media. Furthermore, journal articles related to human
exposure to PFCs and health effects have increasingly emerged in recent
six years. Thus, a systematic analysis of PFC concentrations in food,
drinking water, and indoor air and dust is critically needed.

In this study, we reviewed recent studies on PFCs in potential
sources (e.g. air, food and drinking water) related to human exposure.
We outlined the occurrences of different PFC congeners/isomers in
indoor air and dust, foodstuffs (e.g., vegetables, dairy products, bev-
erages, eggs, meat and meat products, fish, and shellfish), and drinking
water. Based on these data, we aimed to profile spatial distributions of
PFCs in our surrounding environment and establish a good baseline for
human exposure risk assessment.

2. Environmental monitoring

2.1. Indoor air

Concentrations of PFCs in indoor air in different countries are

summarized in the Supporting Information (Table S1). According to the
sampling locations, data are generally divided into two groups: homes
and offices. The results reveal that neutral PFCs, mainly FTOHs, FOSA,
and FOSEs, were the dominant compounds in indoor air due to their
low water solubility and high vapor pressure. We calculated total mean
concentrations of ΣFTOH, ΣFOSA, ΣFOSE, and ΣFTA in indoor air in the
U.K., Germany, and Norway (Fig. 1). It is clear that FOSE compounds
were the most frequently detected PFCs in indoor air. FTOHs were
frequently used for impregnation treatment of furniture and floor and
as intermediates in manufacturing various household consumer pro-
ducts (e.g., paints, carpet, and cleaning agents). FTOHs were also found
with much higher concentrations than other neutral PFCs, although
they were not analyzed in the U.K. indoor air (Fig. 1). For example, data
from Vestergren et al. (2015) indicated that concentrations of FTOHs
were 2–3 orders of magnitude higher than those of PFCAs. Fluor-
otelomer acrylates (FTAs) were also an important group of PFCs with
high concentrations in indoor air, although only one article analyzed
their concentrations (Vestergren et al. 2015). Overall, concentrations of
FTOHs, FOSAs, and FOSEs in indoor air were substantially lower in
offices than in homes.

Haug et al. (2011) reported that the median concentrations of 8:2
FTOHs, 10:2 FTOH, and 6:2 FTOH in indoor air (n = 40) from houses in
Oslo (Norway) were 5200, 2800, and 930 pg/m3, respectively (Table
S1). By contrast, 4:2 FTOH was only detected in 7 samples with a lower
median concentration (4.8 pg/m3), while 12:2 FTOH was not detected
at all (Haug et al. 2011). Huber et al. (2011) reported greater con-
centrations of 8:2 FTOH and 10:2 FTOH than other substances in indoor
air (n= 6) from Tromsø (another city in Norway) and the concentra-
tions were generally higher than those from Oslo. For example, the
median concentration of 8:2 FTOH in Tromsø was 10,000 pg/m3, which
was approximately twice higher than the Olso data (Table S1). How-
ever, a much lower median concentration (42 pg/m3) of 6:2 FTOH was
observed in Tromsø (Haug et al. 2011; Huber et al. 2011). Even greater
concentrations of FTOHs and FOSA/Es in indoor air were reported in
Hamburg (German) (Langer et al. 2010). For example, the concentra-
tions of MeFOSA, EtFOSA, MeFOSE, and EtFOSE in Hamburg homes
were 1100, 1400, 2900, and 2150 pg/m3, respectively, much higher
than the concentrations (0.5–760 pg/m3) in Olso and Birmingham (the
U.K.) homes (Table S1) (Goosey and Harrad 2012; Haug et al. 2011;
Huber et al. 2011; Langer et al. 2010). Particularly, three types of FTAs
(6:2 FTA, 8:2FTA, and 10:2FTA) were detected in samples from Ham-
burg homes. FTAs were generally used in the production of FTOH-based
polymers. Except for neutral PFCs, several PFSAs and PFCAs, including
PFOS, PFHxS, and PFOA, were also detected in 20 air samples from
Birmingham (the U.K.) homes, with median concentrations of 11, 23,
and 24 pg/m3, respectively (Table S1) (Goosey and Harrad 2012).

Fig. 1. The total mean concentrations of neutral PFCs in air collected from the U.K.,
Germany, and Norway.
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In addition to indoor air in homes, office air was also dominated by
FTOHs and FOSA/Es (Fig. 1), among which 8:2 FTOH appeared to be
the most abundant PFC (Table S1). Goosey and Harrad (2012) reported
that the average concentration of PFHxS in offices was 2–3 times
greater than that in homes from Birmingham (the U.K.), while FTAs in
Hamburg exhibited higher concentrations in offices than in homes
(Langer et al. 2010). The reason for high concentrations of FTAs in
Humburg offices may be attributed to paint additives, as air samples
were collected from only two offices and one of them was freshly
painted prior to sampling.

2.2. Indoor dust

Detailed information on sampling background and PFC concentra-
tions in dust from different countries are summarized in Table S2.
Overall, PFC concentrations in indoor dust were generally at the levels
of ng/g. Indoor dust can be grouped into three types: household, office,
and vehicle dust. Most available studies have focused on household
dust.

PFOS, PFOA, PFHxS, FOSAs, and FOSEs exhibited elevated con-
centrations and detection frequencies in household dust among all PFCs
(Table S2). Thus, we focused on these compounds and analyzed their
spatial distribution patterns (Fig. 2). Relatively higher concentrations of
these five PFCs were detected in indoor dust collected from the U.K.
(Birmingham), Germany (Augsberg and Michelstadt), Australia (Bris-
bane, Newcastle, and Sydney), France (Annecy), Canada (Toronto), and
the U.S. (Boulder), compared to other studied countries (Fig. 2). This
may indicate that PFC concentrations in indoor dust are associated with
the economic level of a country, as PFCs are widely used in household
products. Furthermore, different cities within the same country (e.g.,
Bavaria and Augsberg in Germany and Boston and Boulder in the U.S.)
also differed greatly in PFC concentrations, indicating that PFCs were
not evenly distributed even in the same country. PFOS and PFOA were
the dominant and most frequently detected PFCs in home dust.
D'Hollander et al. (2010b) also frequently detected PFHxA at relatively
high levels in addition to PFOS and PFOA. Haug et al. (2011) explored
for the first time the relationship between neutral PFCs and ionic PFCs
in house dust sampled from the same residence in Norway. Ellis et al.
(2004) reported the degradation of FTOHs to PFCAs in the atmosphere,
while Tomy et al. (2004) observed biodegradation of EtFOSA to PFOS
and predicted the transformation of FOSA/FOSEs to PFSAs in the at-
mosphere. Such findings may indicate a positive association between
FTOHs (or FOSA/Es) in indoor air and PFCAs (or PFSAs) in indoor dust.
Significant associations between FOSA/Es in indoor air and PFOS in

house dust (Haug et al. 2011) and between 8:2/10:2 FTOH and PFOA in
dust (Xu et al. 2013) may strongly support this hypothesis. Haug et al.
(2011) and Jogsten et al. (2012) detected FTUCAs and FTOHs in the
same home dust. Since FTUCAs were intermediate degradation pro-
ducts of FTOHs (Butt et al. 2010), this is also a proof of FTOH de-
gradation in dust. Jogsten et al. (2012) reported that concentrations of
ionic PFCs in home dust from Catalonia (Spain) were comparable to or
lower than those in Belgium (D'Hollander et al. 2010b) and Norway
(Haug et al. 2011; Huber et al. 2011), and evidently lower than those in
Germany (Xu et al. 2013), Central America (Knobeloch et al. 2012), and
Sweden (Bjorklund et al. 2009). The reason was that Catalan homes
generally did not use carpets, while it has been demonstrated that the
percentage of home carpeting was positively related to indoor PFC
contamination (Gewurtz et al. 2009; Haug et al. 2011; Kubwabo et al.
2005).

Four studies have examined PFCs in office dust from Belgium
(n = 10) (D'Hollander et al. 2010b), Boston (U.S., n= 31) (Fraser et al.
2013), Sweden (n = 10) (Bjorklund et al. 2009), and Norway (n = 1)
(Huber et al. 2011). In all four studies except for Fraser et al. (2013),
PFOA and PFOS were the dominant chemicals and were detected with
the highest frequencies in office dust (Bjorklund et al. 2009;
D'Hollander et al. 2010b; Huber et al. 2011). In addition, positive
correlations were determined between PFOS and PFOA (Bjorklund et al.
2009; D'Hollander et al. 2010b; Fraser et al. 2013), between PFOS and
PFHxS (D'Hollander et al. 2010b), and between 8:2 FTOH and 10:2
FTOH (Huber et al. 2011). The significant associations between these
PFCs may indicate a common source or the same precursors. The
median concentrations of PFOA (2.9 ng/g) and PFOS (2.2 ng/g) in
Belgian offices (Fig. S1) were at least one order of magnitude lower
than those in Boston, Sweden, and Norway (D'Hollander et al. 2010b).
Fraser et al. (2013) investigated PFCs in North American office dust and
8:2 FTOH was detected with the highest geometric mean concentration
(309 ng/g) followed by 10:2 FTOH (210 ng/g) (Fig. S1). The high
concentrations of FTOHs in indoor air may be a potential source of
carboxylate PFCs to indoor dust, as FTOHs are their most important
precursors (Fromme et al. 2015; Haug et al. 2011; Huber et al. 2011;
Langer et al. 2010). FTOHs in office dust were proposed as a significant
indicator of PFOA in workers' serum (Fraser et al. 2012). However,
Fraser et al. (2013) demonstrated that FTOHs were no longer a sig-
nificant predictor of PFOA in workers' serum when assessed in-
dividually. Such findings may suggest that dust is a minor pathway for
human exposure to PFCs. Particularly, FTSs were reported in office dust
for the first time, where 8:2 FTS and 6:2 FTS were detected at con-
centrations of 177 and 114 ng/g, respectively (Fig. S1) (Huber et al.

Fig. 2. The mean concentrations of typical PFCs in house dust from
different locations.
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2011).
Only two articles reported PFCs in vehicle dust. Bjorklund et al.

(2009) detected PFOS (geometric mean: 15.8 ng/g) and PFOA
(11.4 ng/g) in car dust (n = 5) from Sweden, where the concentrations
were comparably low with those (12 and 33 ng/g, respectively) in
Boston (Fraser et al. 2013). The source of PFOS and PFOA in vehicle
dust was proposed to be the accessories and interiors in cars, as these
chemicals are widely used in surface treatment for protection. PFOS and
PFOA were detected with a significant correlation (r = 0.90) in vehicle
dust from Boston, whereas no correlation was found in car dust from
Sweden, probably due to a small sample size (Table S2). The strong
correlation between PFOS and PFOA in vehicle dust may suggest the
same source of these compounds. Fraser et al. (2013) found that the
length of time period people spent in vehicle was negatively associated
with PFOA and PFOS concentrations in dust, while the age of vehicle
was positively correlated with PFOA and PFOS in vehicle dust.

Overall, the variability of PFC concentrations in different countries
may be attributed to diversified lifestyles in different cultures (e.g.,
using carpets or not), building and decorating characteristics, residents'
habits of buying clothes or consumer products, sample quantity and
sampling sites, sample collection and analysis procedures, and the
economic status of a region. Although various PFCs in dust were ob-
served in offices, homes, and vehicles, indoor dust ingestion may not be
a significant pathway for human exposure when compared with other
pathways (i.e., food and drinking water).

2.3. Vegetables

Vegetables are rich in vitamins, minerals, and crude fibers essential
for the digestive system, thus irreplaceable in human diet. Because PFCs
have been found in soil, irrigation water, and air, vegetables may as-
similate/absorb PFCs from these media. Thus, vegetables are potential
PFC sources to humans. Noorlander et al. (2011) reported that vege-
tables/fruits were important food contributors to PFOA intake (19%)
following drinking water. However, they showed that PFOS was not
detected in vegetables and fruits. Detected PFCs varied in vegetables
and the concentrations were not high. Four out of 14 PFCs were de-
tected in vegetable samples from the Netherlands (Noorlander et al.
2011), while 7 out of 18 and 9 out of 16 PFCs were found in samples of
Spain and Korea, respectively (Domingo et al. 2012b; Heo et al. 2014).
As shown in Table 1, PFHxA, PFHpA, PFOA and PFOS were the most
frequently detected compounds in vegetables (Domingo et al. 2012b;
Haug et al. 2010; Vestergren et al. 2012). It was reported that the
sorption of PFCs to organic matter was positively correlated with the
chain length of PFCs, stronger for sulfonates than carboxylates (Higgins
and Luthy 2006). Thus, PFCs of short chain lengths with carboxylic
groups (PFHxA, PFHpA, and PFOA) are easily assimilated by vegetable
roots, leading to widespread occurrence in vegetables (Table 1). Al-
though PFOS was usually the dominant compound in the environment,
its concentrations in vegetables were generally lower than PFOA. This
also indicates that PFOS may be strongly associated with soil instead of
being assimilated by vegetables.

It was reported that short-chain PFCAs were prone to retain in plant
leaves rather than roots, while long-chain PFCAs were likely to accu-
mulate in soil-contacting roots (Blaine et al. 2013; Felizeter et al. 2012;
Felizeter et al. 2014; Lechner and Knapp 2011; Stahl et al. 2009; Yoo
et al. 2011; Zhang et al. 2011a). Heo et al. (2014) reported that high
concentrations of short-chain PFCAs (e.g., PFBA, PFPeA, and PFHxA)
were frequently detected in vegetables and fruits, which is in ac-
cordance with higher uptake and bioaccumulation factors of short-
chain PFCs in plant leaves. In addition, potatoes and potato fast food
were related to human PFAS and PFOA serum concentrations (Fraser
et al. 2012; Ji et al. 2012). Cornelis et al. (2012) reported the con-
tributions of potatoes to dietary exposure of children and adults to
PFOS were 48% and 28%, respectively. Herzke et al. (2013) also
showed that potatoes contributed to dietary exposure to PFCs more

than any other vegetables. However, the PFC concentrations in potatoes
were generally low (Eriksson et al. 2013; Haug et al. 2010; Vestergren
et al. 2012). For example, no PFAS was found in any potato sample
from Faroe Islands (Eriksson et al. 2013), and only one PFC (PFBS) was
detected in potatoes from the U.K. (Clarke et al. 2010). These findings
may indicate that potato itself is not the significant source; rather, the
food packaging materials of potato products (e.g., chips) may be an
important source (Begley et al. 2008; Domingo et al. 2012b; Fromme
et al. 2009; Lorber and Egeghy 2011; Trier et al. 2011). Herzke et al.
(2013) detected a variety of PFCs in vegetables from four European
countries (Norway, Czech Republic, Belgium, and Italy). Broad con-
tamination was found in vegetables from Norway, including brassica,
beans, leafs, roots, and stem. This may be because vegetables in Norway
are mainly imported from other countries, which may increase the
likelihood for vegetables to contact with various contaminant sources,
including food packages.

2.4. Dairy products and beverages

Dairy products and beverages are also potential PFC sources to
humans, especially in western countries due to high consumption of
these products. However, only selected types of PFCs have been de-
tected in dairy products and beverages, generally with low concentra-
tions and low detection frequencies. The distribution profiles of PFCs in
milk, yogurt, butter/cheese, and beverage indicate that milk contained
more PFCs than yogurt, butter/cheese, and beverage (Fig. 3). This was
contrary to the traditional view that PFC contamination would increase
along with industrial processes. It indicates that the loading of different
regions and different packaging materials may be the key factors af-
fecting PFC concentrations in milk products and beverages.

Food packaging has been reported as a possible PFC source to
foodstuffs (Begley et al. 2008; Fromme et al. 2009). Wang et al. (2010a)
found that significant differences in PFHpA, PFNA, and total PFC con-
centrations were observed in three types of milk packaging. Eriksson
et al. (2013) measured PFCs in raw milk collected from manufacturing
procedures and packaged milk and found that all samples contained
PFCs in the approximately same concentration range. The variation
between dairy categories was smaller than that between samples. Wang
et al. (2010a) analyzed milk, milk powder, and yogurt samples from
three cities in China (Beijing, Tianjin, and Wuhan). The concentrations
of PFNA and PFHpA (67 and 54 pg/g, respectively) were higher than
those of other substances and had the highest contributions (37% and
29%, respectively) to the total PFC contamination in milk samples
(Table S3). The proportion of PFOA was higher in milk powder (46 pg/
g) than in milk (26 pg/g) and yogurt (32 pg/g). By contrast, PFNA,
PFBA, PFUnDA, and PFDoDA were rarely detected in milk and dairy
products. Eriksson et al. (2013) found abundant PFUnDA in milk
samples from Faroe Islands, but PFDoDA was detected with low con-
centrations and frequencies. As PFUnDA was reported to be a de-
gradation end-product of volatile fluorotelomer alcohols (FTOHs) (Ellis
et al. 2004), this may indicate that long-range atmospheric transfer is
an important pathway for the distribution of long-chain PFCs (Eriksson
et al. 2013). Milk and dairy products from Catalonia (Spain) had low
PFUnDA concentrations (46 and 22 pg/g), but elevated concentrations
of PFOA (390 and 190 pg/g) and PFHpA (240 and 170 pg/g) (Table S3)
(Domingo et al. 2012b). PFBA and PFOS were reported at the highest
concentrations (43 and 10 pg/g) in milk from Netherlands, while PFOS,
PFHxA, PFOA, and PFHxS were most abundant in butter samples (33,
20, 16, and16 pg/g) (Noorlander et al. 2011). Small amounts of PFBA,
PFOA, PFNA, PFDA, PFOS, PFNA, and PFDA were reported in milk and
yogurt samples, with concentrations lower than those in cheese (Still
et al. 2013). PFOA, PFOS and PFDA were also found at low con-
centrations in milk and cheese samples collected from a grocery store in
Norway (Haug et al. 2010).

Data on PFC contamination in beverages have remained limited.
Vestergren et al. (2012) determined PFC concentrations in lemonade
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collected in different years (1999, 2005, and 2010). The results showed
that PFHxA and PFOA were the main PFCs observed in all samples, and
their concentrations ranged from 1.4 to 6.0 pg/g (Table S3) (Vestergren
et al. 2012). Heo et al. (2014) reported that beverages were dominated
by short-chain PFCs, such as PFBA and PFPeA. Compared with long-
chain PFCs, short-chain PFCs were more likely to be detected in food-
stuffs with high moisture contents (Felizeter et al. 2014; Yoo et al.
2011). This may be due to higher solubility of short-chain PFCs in
foodstuffs with high moisture contents or their higher plant uptake
potential from soil and lower sorption abilities in roots when compared
with long-chain PFCs.

2.5. Eggs, meat and meat products

Only a few studies have published PFC data in egg samples.
Vestergren et al. (2012) measured PFCs concentrations in diverse food
basket samples collected in 1999, 2005, and 2010 from Sweden. Eggs
and meat had relatively larger inter-year variations for some com-
pounds. For example, several PFCAs (PFOS, PFNA, PFDA, and PFUnDA)
and PFASs (PFHxS and PFOS) were determined at higher levels in egg
samples collected in 1999 than in 2005 and 2010. Concentration of
PFOS in egg samples from 1999 (1280 pg/g) was 30 to 100 times
greater than that from 2005 (13 pg/g) and 2010 (39 pg/g) (Table 2). A
similar trend was also reported by Gebbink et al. (2015) that PFOS
concentrations in Norwegian egg samples decreased from 1999 to 2010.
The temporal pattern should be attributed to the limitation of PFOS use
and sales in the US and European countries (e.g., the phase-out of PFOS
by 3M in 2002). However, some other countries (e.g., China) have not
ceased the production and use of PFC-containing products, although the
production volume has been declining (Li et al. 2015; Wang et al.
2014). Zhang et al. (2010) reported that PFOS, PFOA, PFDA, PFUnDA,
and PFDS occurred in tens to hundreds of pg/g levels in eggs from
China. The concentrations were generally greater than the con-
temporary data from other countries and suggested that the production
of some PFC products has been continuing in China.

In general, PFOA and PFOS have been reported to be the dominant
PFCs in meat and meat products, although some other common PFCs
were also found (Haug et al. 2010; Noorlander et al. 2011; Vestergren
et al. 2012; Zhang et al. 2010). However, the decrease of PFOS con-
centrations (190 pg/g to 25 pg/g) in meat samples was also observed
from 1999 to 2010 (Table 2) (Vestergren et al. 2012). Similar to the egg
study, PFOA, PFNA, PFDA, PFUnDA, PFHxS, and PFOS were detected in
meat and meat products in Sweden. Particularly, small amounts of
PFHpA and PFDoDA were found in meat samples (Vestergren et al.
2012). Domingo et al. (2012b) reported that PFHpA had the highest
concentration (280 pg/g) among PFCs in meat samples from Catalonia,
Spain (Table 2). In meat and meat products from Korea (Heo et al.

2014), PFHxA had a higher detection frequency (51%) than that of
PFOS (13%). It also had the highest concentration (515 pg/g), followed
by PFOS (353 pg/g) and PFDoDA (325 pg/g) (Table 2). This was dif-
ferent from some other studies, where PFOS was usually found with
high concentrations and detection frequencies (Vestergren et al. 2012;
Zhang et al. 2010). Some PFCs (e.g., PFHpA and PFHxA) with un-
commonly high concentrations in meat samples indicated different re-
gions may have different types of PFC-containing products in use.
Zhang et al. (2010) collected 20 meat samples (pork, beef, chicken, and
goat meat) from 17 Chinese cities, in which PFOA concentrations were
generally> 1 ng/g (up to 12.5 ng/g) and much higher than those re-
ported in other countries mentioned above (Table 2). However, con-
centrations of PFOS were much lower than those of PFOA in the same
Chinese study, similar to the pattern reported by other studies.

2.6. Fish and shellfish

Fish and shellfish generally exhibited the highest PFC concentra-
tions and detection frequencies among all types of foodstuffs (Domingo
et al. 2012a; Domingo et al. 2012b; Guerranti et al. 2013; Haug et al.
2010; Heo et al. 2014). A number of studies investigated PFC con-
centrations and human dietary exposure via fish and shellfish con-
sumption around the world. The results suggested PFOS was the pre-
dominant PFC in fish and shellfish (Table S4). Other PFCs, such as
PFOA, PFNA, PFNA, PFUnDA and PFHxS, were also frequently found at
considerable concentrations in fish and shellfish (Fig. 4). PFOS was
detected in all fish and shellfish except mussels from Catalonia, Spain at
concentrations up to 2.7 ng/g ww (Table S4) (Domingo et al. 2012b).
PFOA had a mean concentration of 2.6 ng/g ww in the same samples
(Table S4) (Domingo et al. 2012a). Fish samples collected in Norwegian
grocery stores contained lower PFC concentrations than those reported
in other countries (Haug et al. 2010), such as Greece (Vassiliadou et al.
2015), Korea (Heo et al. 2014; Naile et al. 2013), China (Wu et al. 2012;
Zhang et al. 2011b), and Italy (Guerranti et al. 2013). Zhang et al.
(2011b) analyzed 72 fish and seafood samples collected from markets
and supermarkets in 13 Chinese provinces and municipalities, where
PFOS had the highest mean concentration (0.92 ng/g ww) (Table S4).
PFOS was also detected as the predominant PFC chemical in all fish
samples collected from the coastal areas of north Bohai Sea, China
(Wang et al. 2011b), consistent with the finding from other previous
studies that PFOS has the higher bioaccumulation potential than other
PFCs (Domingo et al. 2012a; Guerranti et al. 2013; Heo et al. 2014;
Naile et al. 2013; Zhang et al. 2011b). However, PFOA appeared to be
most abundant in mollusks collected from the Bohai Sea in another
study (Pan et al. 2010), likely suggesting additional PFOA discharges
from manufacturing industries in that area. Nania et al. (2009) ob-
served high PFOS and PFOA concentrations (3.0–53 ng/g ww) in edible
fish from the Mediterranean Sea (Table S4), although it is located in a
semi-closed basin with scare water exchange. Similarly, several PFCs
(e.g., PFOS, PFDA, and PFUnDA) were found in fish samples collected
from Qinghai-Tibetan Plateau in China, although this region is far away
from modern industrial or commercial activities (Shi et al. 2010). A few
studies also evaluated the correlations between different types of PFCs
in shellfish (Pan et al. 2010; Wang et al. 2011b; Wu et al. 2012). For
example, concentrations of PFHpA, PFOA and PFOS in mollusks from
coastal water in Bohai Sea were significantly correlated between each
other (Pan et al. 2010). In addition, PFOA, PFNA, PFNA and PFUnDA in
shellfish and PFOS and PFUnDA in fatty fish samples from Chinese
coastal areas also showed significant correlations (p < 0.01) (Wu et al.
2012). These findings may indicate similar sources and accumulation
pathways of these PFC compounds in the same region.

A cross-study comparison revealed several characteristics of PFC
contamination in fish and shellfish. Firstly, the types and concentrations
of PFCs differed between fish (or shellfish) species or regions (Fig. 4).
Naile et al. (2013) reported that the bioconcentration factors (BCFs) of
PFCs varied significantly in species even from the same region (i.e.,

Fig. 3. The mean concentrations of PFCs in dairy products and beverages.
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west coast of Korea). PFBS and PFOS had the highest BCFs in crab,
whereas the BCFs were the greatest for PFOS and PFDA in fish and for
PFHxS in shellfish (Naile et al. 2013). Wu et al. (2012) reported that
concentrations PFOA, PFNA, and PFOS differed significantly between
fatty fish and shellfish in six coastal provinces of China. The detection
frequency of PFOA also differed significantly between these two types
of fish (i.e., 55% vs. 96%). Furthermore, the factors of age, weight and
size of fish and shellfish may also lead to cross-study differences in PFC
concentrations (Haug et al. 2010). It has been suggested that higher
trophic level species generally contained greater PFC concentrations
than lower trophic level organisms (Kannan et al. 2005; Li et al. 2008).
Zhang et al. (2011b) found levels of PFOS, PFOA, PFDA and PFUnDA in
carnivorous fish such as crucian carp (Carassius carassius) were con-
siderably higher than in herbivorous fish (e.g., silver carp (Hy-
pophthalmichthys molitrix)). These results suggest that PFC concentra-
tions increased along with trophic levels through food chain transfer
(Sinclair et al. 2006).

In addition, environmental media (such as water and sediment)
would be another important factor influencing PFC concentrations in
fish and shellfish. So et al. (2007) reported that PFOA or PFOS was the
most abundant PFC in water samples from Yangtze River or Pearl River
(China), respectively. Wu et al. (2012) revealed that PFOA was the
dominant PFC substance in shellfish collected from the coast areas of
Jiangsu and Zhejiang Provinces which receive water from Yangtze
River, whereas PFOS dominated in shellfish collected from Guangdong
located in the Pearl River Delta. This clearly indicated that PFC con-
tamination profiles in aquatic organisms were substantially affected by
their living environment (e.g., water and sediment).

Finally, PFC contamination in fish or shellfish was greatly affected
by industrial emission, the most important discharge source.
Vassiliadou et al. (2015) reported that high concentrations of PFOS in
picarel samples were attributed to the dense human population and
prosperous industries nearby the sampling site. As Wuhan is the main
PFOS production region in China, where several PFOS and related
chemical factories were located, high concentrations of PFOS were
observed in wastewater from that area (Wang et al. 2010b). Fish and
river foodstuffs in Wuhan also showed the highest mean concentration
of PFOS (3.13 ng/g ww) among Chinese studies (Zhang et al. 2011b).
Substantial PFOS contamination was also reported in aquatic food from
Shenyang (0.46 ng/g ww), where the largest PFCA manufacturing fa-
cility in China was located (Bao et al. 2011). In the study by Wu et al.
(2012), the maximum concentration of PFOA in shellfish (i.e., briny
clam at 7.5 ng/g ww) and the highest concentrations of PFNA and
PFOA in fatty fish (i.e. blue scad at 0.31 and 0.26 pg/g ww, respec-
tively) were both detected in Jiangsu compared with other five pro-
vinces (Table S4), which may be a result of highly active industrial

activities in the Yangtze River Delta where Jiangsu is located.

2.7. Drinking water

Drinking water is another common source of PFCs to humans. A
variety of PFCs have been detected in different drinking water samples
collected from various countries (Table S5) (Boiteux et al. 2012;
Domingo et al. 2012a; Haug et al. 2010; Heo et al. 2014; Llorca et al.
2012). PFOS, PFHxA, PFHpA, PFNA, PFDA, and PFOA appeared to be
the main PFCs with the highest concentrations and detection fre-
quencies in drinking water. Their spatial distribution profiles are shown
in Fig. 5. The top two PFOA concentrations were found in tap and well
water samples collected from Japan and Ghana respectively, and their
concentrations were approximately 100 ng/L and 800 ng/L (Essumang
et al. 2017; Shiwaku et al. 2016). The concentrations of PFOA ranged
from 0 to 20 ng/L in other countries, which may represent the general
range of PFOA contamination in drinking water (Table S5). The top two
PFOS concentrations were found in tap water collected from Ghana and
Spain, and their concentrations were approximately 100 ng/L and
40 ng/L, respectively (Table S5) (Essumang et al. 2017; Schwanz et al.
2016).

Furthermore, we grouped drinking water samples into bottled
water, tap water, raw water, drinking water, and well water (Fig. S2). It
is clear that PFC levels varied in an order of well water > tap
water > bottled water > drinking water > raw water. The highest
PFC contamination in well water indicated that point sources could be
the main cause. The greater PFC concentrations in tap and drinking
water than in raw water indicated the role of drinking water treatment
processes in PFC contamination. Domingo et al. (2012a) reported
concentrations of PFOA and PFOS in 30 water samples from Spanish
water purification plants were 2.40 and 1.81 ng/g, respectively (Table
S5). It is noteworthy that samples collected in Barcelona area (Spain)
were detected with the highest PFC concentration, likely due to active
industries in this area. Nakayama et al. (2010) also attributed high
PFBA concentrations in the Upper Mississippi River Basin to the pre-
sence of short-chain PFCs manufacturing industry. PFBA was detected
in all untreated and treated water samples from three out of four lakes
in Faroe Islands, where the highest concentration was 1.2 ng/g in un-
treated water from Kornvatn (Eriksson et al. 2013). Relatively high
PFBA concentrations were also found in tap water from Korea (2.02 ng/
L) and Spain (10 ng/L) (Table S5) (Heo et al. 2014; Llorca et al. 2012).
Domingo et al. (2012a) reported that drinking water treatment pro-
cesses decreased the levels of all PFCs in water except for PFBS.
Eschauzier et al. (2012) demonstrated that granular activated carbon
(GAC) could efficiently reduce long-chain PFCs, but have little effect on
shorter chain PFCs such as PFBA and PFBS. Taniyasu et al. (2013)

Fig. 4. The mean concentrations of typical PFCs in fish and shelfish
from different regions.
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reported that shorter chain PFCs have greater resistance to photolysis
than long-chain PFCs and degradation of long-chain PFCs may become
a potentially significant source for shorter chain PFCs. In the water
treatment plants of Kornvatn and Havnardal, PFAS concentrations were
found to decrease and increase after purification, respectively. It was
proposed that the degradation of precursor compounds and long-chain
chemicals could lead to PFAS increase in Havnardal (Eriksson et al.
2013). Boiteux et al. (2012) also observed both the elimination and
degradation of PFCs in the water treatment processes. Thus, purifica-
tion processes greatly influence PFC levels in post-treatment water,
while the carbon chain lengths of PFCs in untreated water also have
significant influence on the purification efficiency. Schwanz et al.
(2016) determined that PFAS concentrations in tap and bottled water
from Brazil, France and Spain were in the order of Brazil >
France > Spain. It should be noticed that PFHxA was detected at
elevated frequencies and concentrations in both tap and bottled water
from three countries. PFOS was not found in bottled water in Brazil and
Spain, but was the most abundant in tap water in these two countries
with the detection frequency of 100% and 38%, respectively. Llorca
et al. (2012) also reported the non-detection of PFASs in four Spanish
mineral bottled water samples. However, a mean PFHpA concentration
of 12 ng/L was reported in mineral bottled water from Germany and the
plastic bottle itself was suspected as the contamination source (Table
S5). Schwanz et al. (2016) also proposed that water bottles and label
ink were potential PFHpA sources to bottled water, although no direct
evidence has been obtained to support this hypothesis.

3. Conclusions

In this review, PFC concentrations in indoor air and dust, food, and
drinking water were profiled for human exposure risk assessment.
FTOHs, FOSAs, FOSEs, and FTAs were found to be the main PFC sub-
stances in indoor air and the total FTOH concentrations can reach up to
20,000 pg/m3. In contrast with indoor air, indoor dust was more
abundant in PFOS, PFOA, PFHxS, FOSAs, and FOSEs. The sources of
these PFCs were mostly from direct release of PFC-containing dust (such
as: fibers) while a few were from their partition on dust in air. PFC
concentrations in indoor air or dust exhibited spatial variations, con-
tributed by diversified lifestyles in different cultures, building char-
acteristics and decorating characteristics, resident habits in buying
clothes or consumer products, the quantities and locations of samples,
sample collection and analysis methods, and a region's economic status.
PFOS and PFOA were the dominant PFCs in vegetables with con-
centrations generally< 100 pg/g. Milk contained more PFCs than yo-
gurt, butter/cheese, and beverages, which was contrast with the

traditional understanding that PFC contamination would increase along
with industrial processing. On the other hand, the loading of different
regions and different packaging materials may critically affect PFC
concentrations in milk products and beverages. PFC concentrations in
eggs and meat products generally declined with time, likely resulting
from the phase-out of and strict regulation on PFCs. However, high
concentrations of PFCs were still detected in meat products from some
countries, due to continuous productions of PFC products in these
countries. Fish and shellfish generally exhibited the highest PFC con-
centrations and detection frequencies among all foodstuffs. PFC con-
centrations in fish and shellfish were affected by species, age, weight
and size, as well as environmental media (e.g., water and sediment),
and industrial emission. PFC levels in food items generally followed a
trend as: fish and shellfish > eggs and meat products > milk pro-
ducts and beverages > vegetables. The high bioaccumulation poten-
tial and bio-magnification effect of PFC is the main reason for higher
PFC contents in fish, shellfish, and meat products than other type of
foods. PFCs can be accumulated more by food chain in higher trophic
level species than lower trophic level ones. Drinking water is another
main PFC source to humans. PFOS, PFHxA, PFHpA, PFNA, PFDA, and
PFOA appeared to be the main PFCs in drinking water. The con-
tamination by PFCs in different types of water were in the order of well
water > tap water > bottled water > drinking water > raw water.
Overall, besides traditional ones (such as: fish and drinking water),
dust, eggs, and meat products are also needed to be attention for high
PFC exposure risks.
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