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1 Introduction

Perfluorinated compounds (PFCs) are ubiquitous environmental contaminants,
which persist and may bioaccumulate through the food chain (Haukås et al. 2007;
Martin et al. 2004b; Taniyasu et al. 2003). As a consequence, several PFCs have
been detected in different biota worldwide. In recent years, an increasing number
of papers report high levels of PFCs in blood, tissues, and breast milk from both
occupationally and non-occupationally exposed human populations (Kannan et al.
2004; Kärrman et al. 2007; Olsen et al. 2007). The most important exposure path-
ways of perfluorinated compounds for humans are thought to be intake of drinking
water and food and inhalation of dust (Björklund et al. 2009; Ericson et al. 2008a).
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Due to the widespread distribution, environmental degradation, and metabolism of
the PFCs released into the environment, a very complex exposure situation exists
(Fromme et al. 2007a). As a result, the relative contribution to human exposure from
different routes or from a single source (e.g., diet) is not yet known. More specifi-
cally, it is currently unknown as to what extent exposure to drinking water, food, or
dust contributes to the PFCs measured in human breast milk and blood. Moreover,
data on levels of PFCs in the human diet are rather scarce (Kärrman et al. 2009;
Tittlemier et al. 2006, 2007). Only PFC levels in fish appear to be well documented
(Houde et al. 2006). Few studies, however, report the levels of PFCs in drinking
water or human food such as vegetables, meat, and eggs (FSA 2006; United States
Environmental Protection Agency (US EPA) 2001). Food processing such as cook-
ing (boiling, baking, or grilling) could alter the concentration of PFCs in food and
as a consequence affect the risk for humans.

In this review, we summarize the existing data on the levels of perfluorinated
compounds that appear in the human diet and in drinking water. Additionally, an
overview will be given on what data are available in the literature on PFCs in
indoor (house) dust. These overviews are designed to provide a current picture of
the contributions PFCs make to human residue burdens by major routes of exposure.

Data were mainly obtained from peer-reviewed articles published up to March
2009. The literature search was performed through use of the web databases ISI
Web of Knowledge and Science Direct. Furthermore, data from reports (FSA 2006;
US EPA 2001; Schrap et al. 2004; Van den Heuvel-Greve et al. 2006) are included
in the review. The collected data consisted mainly of PFC levels expressed as mean
concentrations or data ranges.

This chapter will be divided into four parts. In the first part, concentrations of
PFCs in edible aquatic species are listed. In the second part the data on PFCs in
composite food samples, vegetables, meat, and other food are reviewed. Part three
gives the data on levels in drinking water, and finally, in part four the levels in indoor
dust are reported.

2 PFCs in Edible Fish and Seafood

It has been well documented that perfluorooctanoic acid (PFOA) and perfluorooc-
tane sulfonate (PFOS) may bioaccumulate in fish and that accumulation of PFCs
with chain lengths of C8–C15 in fish tends to increase with increasing chain length
(Martin et al. 2003b, 2004b; de Vos et al. 2008). Therefore, fish are potentially an
important dietary source of PFCs for humans. In general, muscle is the main part of
the fish body that is consumed by humans. Considering the fact that humans prefer
muscle tissue, we mainly focus in this chapter on levels of perfluorinated compounds
in such fish tissue. A summary of perfluorinated compounds, especially PFOS,
PFOA, perfluorononanoic acid (PFNA) and perfluorooctanesulfonamide (PFOSA),
that have been found in fish muscle and/or in whole fish homogenates of edible
species is illustrated in Table 1. Among PFC fish contaminants, PFOS is the most
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crucial and prominent compound found. Reports suggest no considerable differ-
ences in PFC concentrations among freshwater and marine fish species. However,
the highest mean PFOS concentration (170 ng/g wet weight (wwt)) was detected
in lake trout, collected from Lake Ontario (Martin et al. 2004b). Other PFOS con-
centrations in lake trout from the Great Lakes ranged from 16 (Lake Michigan) to
121 ng/g wwt (Lake Erie) (Furdui et al. 2007).

The PFOS concentration in lake trout from Lake Ontario increased significantly
from 43 to 180 ng/g wwt in the period 1980–2001 (Martin et al. 2004b). This tempo-
ral trend was not confirmed by the study of Furdui et al. (2007), wherein an average
PFOS concentration of 46 ng/g wwt was measured in lake trout collected from Lake
Ontario, in 2001.

Hitherto, only limited data were available from the same species collected at the
same site in different periods; therefore, it is very difficult to draw conclusions on
temporal changes of PFC contaminants in fish tissue.

PFOA is the second most perfluorinated compound that is most often subjected
to analysis in fish. It has been shown that PFOA is detected at much lower con-
centrations than is PFOS. As a consequence, in most studies the concentrations of
PFOA recorded in fish tissue remained below the detection limit. However, quan-
tifiable concentrations were detected in lake trout (Martin et al. 2004b; Furdui et al.
2007), rainbow smelt (Martin et al. 2004b), and alewife, with concentrations rang-
ing from 0.16 to 6.8 ng/g wwt. The difference between the observed PFOS and
PFOA concentrations in fish suggests a lower potential of PFOA to bioaccumulate
in fish as compared to PFOS. This observation was further confirmed by laboratory
experiments, which revealed a 1,000-fold lower bioconcentration factor for PFOA
compared to PFOS (Martin et al. 2003b; Gruber et al. 2007).

A restricted number of studies also reported perfluorohexane sulfonate (PFHxS),
perfluoroundecanoic acid (PFUnA), perfluorodecanoic acid (PFDA), perfluorohep-
tanoic acid (PFHpA), and perfluorohexanoic acid (PFHxA) in fish muscle (Giesy
and Kannan 2001; Kannan et al. 2005; Gulkowska et al. 2006; Nakata et al. 2006;
Furdui et al. 2007; Ye et al. 2008), but these compounds were found above the detec-
tion limit in only a few cases. For example, Ye et al. (2008) detected PFHxS at a
maximum concentration of 1.89 ng/g wwt in a mixture of whole fish in the Missouri
River, USA. Concentrations of the other PFCs analyzed in this study were all gen-
erally at least one order of magnitude lower than PFOS levels and had an overall
median concentration of 3.71 (PFHxA), 0.82 (PFDA), and 0.36 ng/g (PFHxS) wwt.
Notably, high concentrations of the other PFCs in fish were also broadly dispersed
among the rivers investigated, including PFHxS at 8.14 ng/g (Missouri), PFUnA at
48.0 ng/g (Mississippi), and PFDA at 9.01 ng/g and PFHxA at 18.4 ng/g wwt, both
from the Ohio River (Ye et al. 2008). In whole body homogenates of lake trout col-
lected from the Great Lakes in 2001, the highest values found were 4.9 ng/g wwt for
PFDA, 3.5 ng/g wwt each for PFUnA and perfluorotridecanoic acid (PFTrA), and
9.8 ng/g wwt for perfluorodecane sulfonate (PFDS). An overview of analyses from
long-chain perfluorinated acids (= C >10) in fish is given in Table 2.

Martin et al. (2004b) detected relatively high mean concentrations of the longer-
chain PFCs in fish collected from Lake Ontario, Canada. The highest concentration



Perfluorinated Substances in Human Food 187

Ta
bl

e
2

M
ea

n
co

nc
en

tr
at

io
ns

(n
g/

g
w

w
t)

of
lo

ng
-c

ha
in

pe
rfl

uo
ri

na
te

d
su

bs
ta

nc
es

in
ed

ib
le

fis
h

sp
ec

ie
s

Sp
ec

ie
s

(n
)

(c
om

m
on

na
m

e)
Sa

m
pl

e
lo

ca
tio

n,
ye

ar
co

lle
ct

io
n

PF
D

A
∗

PF
U

nA
PF

D
oA

PF
T

rA
PF

Te
A

PF
PA

R
ef

er
en

ce
s

Sa
lv

el
in

us
na

m
ay

cu
sh

(5
6)

(l
ak

e
tr

ou
t)

L
ak

e
O

nt
ar

io
,

C
an

ad
a,

19
80

–2
00

1
6.

1
8.

3
3.

9
4.

6
1.

3
<

0.
5

M
ar

tin
et

al
.(

20
04

b)

Sa
lv

el
in

us
na

m
ay

cu
sh

(5
0)

(l
ak

e
tr

ou
t)

G
re

at
L

ak
es

a ,C
an

ad
a,

19
80

–2
00

1
2.

1
1.

9
0.

7
2.

2
1.

1
0.

6
Fu

rd
ui

et
al

.(
20

07
)

M
ix

tu
re

of
w

ho
le

fis
hc

(2
0)

R
iv

er
sb

,U
SA

,2
00

5
1.

79
3.

5
0.

8
/

/
/

Y
e

et
al

.(
20

08
)

O
sm

er
us

m
or

da
x

(3
0)

(r
ai

nb
ow

sm
el

t)
L

ak
e

O
nt

ar
io

,C
an

ad
a,

20
02

6.
1

7.
0

3.
9

3.
8

0.
6

<
0.

5
M

ar
tin

et
al

.(
20

04
b)

A
lo

sa
ps

eu
do

ha
re

ng
us

(1
2)

(a
le

w
if

e)
L

ak
e

O
nt

ar
io

,C
an

ad
a,

20
02

1.
4

1.
3

2.
1

1.
5

<
0.

5
<

0.
5

M
ar

tin
et

al
.(

20
04

b)

/:
no

ta
na

ly
ze

d;
<

x:
x

=
de

te
ct

io
n

lim
it

∗ P
FD

A
:

pe
rfl

uo
ro

de
ca

no
ic

ac
id

;
PF

U
nA

:
pe

rfl
uo

ro
un

de
ca

no
ic

ac
id

;
PF

D
oA

:
pe

rfl
uo

ro
do

de
ca

no
ic

ac
id

;
PF

T
rA

:
pe

rfl
uo

ro
tr

id
ec

an
oi

c
ac

id
;

PF
Te

A
:

pe
rfl

uo
ro

te
tr

ad
ec

an
oi

c
ac

id
;P

FP
A

:p
er

flu
or

op
en

ta
de

ca
no

ic
ac

id
a M

ea
n

of
al

li
nv

es
tig

at
ed

la
ke

s:
L

ak
e

Su
pe

ri
or

,L
ak

e
M

ic
hi

ga
n,

L
ak

e
H

ur
on

,L
ak

e
E

ri
e,

an
d

L
ak

e
O

nt
ar

io
b
M

ea
n

va
lu

es
of

al
li

nv
es

tig
at

ed
ri

ve
rs

:M
is

so
ur

iR
iv

er
,M

is
si

ss
ip

pi
R

iv
er

,O
hi

o
R

iv
er

c M
ix

tu
re

of
sm

al
la

nd
la

rg
e

fis
h.

Sm
al

lfi
sh

sa
m

pl
e

w
as

a
co

m
po

si
te

of
20

–2
00

in
di

vi
du

al
s

of
on

e
sp

ec
ie

s
w

ho
se

ad
ul

ts
ar

e
sm

al
l.

L
ar

ge
fis

h
sa

m
pl

e
in

cl
ud

ed
3–

5
in

di
vi

du
al

s.
Fo

r
m

or
e

de
ta

ils
on

th
e

sp
ec

ie
s

co
m

po
si

tio
n

se
e

Y
e

et
al

.(
20

08
)



188 W. D’Hollander

of these PFCs was 8.3 ng/g wwt for PFUnA. These authors concluded that individual
PFCs were generally detected at lower concentrations than were PFOS, and total
PFOS equivalents (PFOS and PFOSA) exceeded the sum of all PFCs by a factor of
between 1.8 and 12 within each species analyzed. This pattern was similar to the
relative abundance of both fluorochemical classes in Arctic animals (Martin et al.
2004a) and in lake trout collected from the Great Lakes (Furdui et al. 2007).

Tomy et al. (2004b) detected a relatively high mean concentration (92.8 ng/g
wwt) of N-ethyl perfluorooctane sulfonamide (N-EtPFOSA) in Arctic cod, ranging
between 9.6 and 144.6 ng/g wwt. Since transformation of N-EtPFOSA to PFOS
and PFOSA by rainbow trout microsomes has been reported (Tomy et al. 2004a),
N-EtPFOSA is an important compound to measure in biota and in human samples.
However, up to now, the available data on N-EtPFOSA levels in living biota have
been limited.

Although several authorities recommend not eating fish liver because of the risk
associated with high intake of persistent organic pollutants (POPs), fish liver (and
oil) is still consumed in a limited number of countries (e.g., Norway, Japan, and
Iceland). Therefore, it is interesting to note that PFC levels in liver are at least two
orders of magnitude higher than exists in muscle tissue (Nania et al. 2009). In liver
of tuna from the Mediterranean Sea, PFOS concentrations up to 87 ng/g wwt were
detected (Kannan et al. 2002). In Japan, concentrations of total PFCs in skipjack
tuna livers ranged from <1 to 83 ng/g wwt (Hart et al. 2008). PFOS and PFUnA
were the prominent compounds found.

Similar to fish, PFOS is the dominant PFC found in edible aquatic invertebrates
such as shrimp, mussels, clams, and oysters (Table 3). Extremely high values were
measured in shrimp collected in 2001 from the North Sea and the Western Scheldt
(Belgium), which had mean PFOS concentrations of 139 and 215 ng/g wwt, respec-
tively (Van de Vijver et al. 2003). However, in 2005, in samples collected from the
same sites, the mean PFOS concentration had decreased to 29 ng/g wwt in shrimp
from the Western Scheldt and was below the detection limit in shrimp from the
North Sea (Schrap et al. 2004; Van den Heuvel-Greve et al. 2006). It is worth noting
that, in the latter study, peeled rather than unpeeled shrimp were analyzed; how-
ever, it seems unlikely that this is the reason for the observed difference. Levels of
PFOS in shrimp from the Western Scheldt were much higher compared to levels in
shrimp collected from the Arctic Ocean and in China (i.e., 0.35 and 7.42 ng/g wwt,
respectively (Tomy et al. 2004b; Gulkowska et al. 2006)).

A few papers report on PFC levels in bivalves. Kannan et al. (2002) measured
PFOS concentrations up to 1,225 ng/g dry weight (dwt) in oysters collected in the
Gulf of Mexico and in the Chesapeake Bay in the USA. Other studies on oysters
reported much lower concentrations (6.0 and <1 ng/g wwt) from the Ariake Sea
(Nakata et al. 2006) and China (Gulkowska et al. 2006), respectively. Cunha et al.
(2005) measured PFOS in mussels from several estuaries in the North of Portugal.
They detected high concentrations in all the investigated estuaries; the minimum
level found was 36.8 and the maximum was 126.0 ng/g wwt. With the exception of
the PFOS concentration measured in Portugal (Cunha et al. 2005), the average con-
centration (0.54 ng/g wwt) in mussels from this location was similar to that found
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in oysters collected in China and Japan. The PFOA values in mussels were gener-
ally in the same range as was PFOS, except for the mussels from the Ariake Sea in
Japan, in which the PFOA concentration was 10 times higher (9.5 ng/g wwt; Nakata
et al. 2006). In the Nania et al. (2009) study, higher PFOA than PFOS levels were
found in clam but comparable levels were found in mussels, which was attributed
to differences in habitat and feeding behavior. In contrast, Gulkowska et al. (2006)
reported lower PFOA than PFOS concentrations in clams (Venus sp.).

Generally, the concentrations in the other molluscs follow the same trend as
observed for mussels and oysters, i.e., PFC concentrations are lower than 1 ng/g
wwt. This is consistent with the observations made in China, Belgium, Japan, and
in the Artic Ocean. Only in Venus sp., collected from the Mediterranean Sea, was
the mean PFOA concentration higher (15 ng/g wwt). In squid and cuttlefish, the
measured PFOS and PFOA concentrations were slightly higher than those observed
in bivalves; the observed range was between 0.31 and 3 ng/g wwt (Gulkowska et al.
2006; Nania et al. 2009).

Unfortunately, data on other PFCs in edible invertebrates are rare. Gulkowska
et al. (2006) did find the following PFC components: PFHxS, PFUnA, PFDA,
PFHpA, and PFHxA. Among perfluorocarboxylic acids, residues of PFOA and
PFUnA were the most prominent compounds found in seafood. Quantifiable con-
centrations of PFOA were found in all crab and mollusc tissues and two shrimp
species at a mean concentration of 0.48 ng/g wwt. PFUnA was found at a slightly
greater mean concentration of 0.52 ng/g wwt (Gulkowska et al. 2006). This trend
was in accord with the bioaccumulation potential (BCP) of perfluoroalkyl carboxy-
lates (PFCAs), whereby bioaccumulation increases with increasing perfluoroalkyl
chain length (Martin et al. 2003a, b). The widespread occurrence of long-chain
PFCAs has been examined in the Canadian Artic (Martin et al. 2004a). The con-
tamination profile for fish was similar to that observed by Gulkowska et al. (2006);
the dominant PFCA in all fish was PFUnA, but lower concentrations were recorded
for both longer- and shorter-chain homologs. Tomy et al. (2004b) detected relatively
high mean concentrations of N-EtPFOSA in clams and in shrimp of, respectively,
20.1 and 10.4 ng/g wwt.

In general, concentrations of PFCs are expected to increase with increasing
trophic level. This trend has been observed in the Great Lakes food chain (Kannan
et al. 2005). However, higher concentrations of perfluoroalkyl contaminants were
reported in lower trophic levels in seafood from China (Gulkowska et al. 2006) and
in invertebrate species from Lake Ontario (Martin et al. 2004b). Several literature
findings suggest that benthic organisms do not biomagnify PFCs to the extent that
pelagic ones do, but so far, the overall picture is still inconclusive. Martin et al.
(2004b) observed strong associations between PFC levels in pelagic species (Mysis,
alewife, smelt, and lake trout) and trophic level, if benthic species (Diporeia and
sculpin) were excluded from the regression analysis. Kidd et al. (2001) previously
demonstrated that there is a divergence between pelagic and benthic-source bio-
magnification for persistent organochlorines due to the higher carbon turnover rate
of benthic species. Martin et al. (2004b) observed statistically significant trends in
the pelagic food web, whereby PFOS, PFDA, PFUnA, and PFTrA concentrations
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increased with increasing trophic level, suggesting that biomagnification occurred.
In the benthic macroinvertebrate Diporeia, however, which occupied the lowest
trophic level of all the organisms analyzed, the highest mean concentration of each
perfluorinated contaminant was detected. This suggests that the major source of
PFCs was the sediment, not the water (Martin et al. 2004b). This may be a result of
the sorption of perfluorinated acids or neutral perfluoroalkyl substances to organic
matter, followed by sedimentation and subsequent uptake by benthic invertebrates.
Sorption coefficients of PFCs are relatively low for C4–C8-carboxylic acids and
increase with increasing chain length (de Voogt et al. 2006). On the other hand,
Tomy et al. (2004b) suggested that exposure concentrations are greater in the water
column, because they observed higher concentrations in zooplankton compared to
benthic invertebrates in an Arctic marine food web.

Biomagnification of PFOS in the estuarine food chain of the Western Scheldt
estuary was observed by de Vos et al. (2008). The magnification ratios increase
in primary and primary–secondary carnivores (carnivores that feed on both herbi-
detritivores and primary carnivores), with the exception of primary–secondary
carnivores to Sterna hirundo.

It is not clear if there is a difference between the concentrations of PFCs in
edible fish from remote versus highly industrialized or urbanized areas or not.
However, Gulkowska et al. (2006) observed slightly higher PFOS concentrations
in fish from the highly urbanized and industrialized Guangzhou region compared to
the concentration found in the more remote Zhoushan region.

In a few studies, positive correlations were found between PFC body burdens
and self-reported fish consumption. In Poland, blood samples from 45 donors living
near the Baltic Sea were analyzed in 2004 (Falandysz et al. 2006). Groups of people
with a high consumption of regionally captured fish showed statistically higher
PFC blood levels than the groups who consumed less regionally captured fish. The
authors concluded that the consumption of seafood was an important determinant
for internal PFC exposure. Results of another study, carried out in North Rhine-
Westphalia area, also indicated a positive association between PFOS concentrations
in plasma and consumption of locally caught fish, indicating that fish intake can be
an important pathway for internal PFC exposures (Hölzer et al. 2008).

In recognition of the potential for human exposure to PFCs via fish consumption,
the Minnesota Department of Health has recently issued fish consumption advisories
for contaminated sections of the Mississippi River (Minnesota Department of Health
2007). This advisory suggests that people limit their intake of fish to no more than
one meal a week, if PFOS levels in fillet exceed 38 ng/g. It is therefore interesting
to note that 78.6% of the whole fish homogenates given in Table 1 had PFOS levels
that exceeded that threshold. Of the muscle samples, at least five mean concentra-
tion values exceeded 38 ng/g. The relationship between measurements made with
homogenates and fillets has not been examined, but the portion of all the analyzed
samples that exceeded the advisory limit indicates that consumption of fish may be
a route of PFC exposure that needs further evaluation.

Assuming a daily intake for fish of 50 g/d with a PFOS concentration at the advi-
sory limit of 38 ng/g, we can calculate that humans would obtain a daily intake
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of 1.9 μg/d just for fish. The provisional tolerable daily intake (TDI) values pro-
posed by the European Food Safety Authority (EFSA 2008) and Health Protection
Agency (HPA 2009) amount to 150 ng/kg body weight (bwt)/d and 300 ng/kg bwt/d,
respectively. For a person of 60 kg weight, this would mean a TDI of 9 and 18 μg/d,
which is almost 10 times more than the estimated PFOS intake of fish (1.9 μg/d),
based on the advisory limit. As this estimation is only based on fish, it is clear that
the daily intake will be higher if other food and beverages are taken into account.
Furthermore, the intake via non-dietary routes (e.g., dust) should also be included
and would add to the total intake value.

3 Contamination of Food

Very few reports in the literature focus on concentrations of PFCs in food items.
Nevertheless, it is likely that diet is an important source of human exposure to PFCs.
The widespread occurrence of PFOS and PFOA in children and adults suggests that
exposure results from a common source for all age groups. A wide variety of indus-
trial and consumer applications for PFCs exist and lead to numerous possibilities
for release into the environment, with subsequent human exposure via environ-
mental routes. However, there are also more direct routes, e.g., dietary exposure,
by which humans may be exposed to perfluorinated compounds (Tittlemier et al.
2007; Vestergren et al. 2008; Fromme et al. 2009; Nania et al. 2009). Vestergren
et al. (2008) concluded that consumption of contaminated food and drinking water
constitutes the major pathway for humans.

3.1 Indirect Contamination of PFCs in Food Items

PFCs are widely used in food-packaging coatings. Some formulations are
utilized in food packaging to form grease- and water-repellent coatings for
papers and paperboards. In such coatings, the mixtures of perfluorooctylsulfonyl
phosphate esters used include heptadecafluoro-1-octanesulfonamide (PFOSA),
N-ethyl-heptadecafluoro-1-octanesulfonamide (N-EtPFOSA) and N,N-diethyl-
heptadecafluoro-1-octanesulfonamide (N,N-Et2PFOSA). Perfluorooctylsulfonyl
compounds may be present as manufacturing residuals in coatings and may migrate
into food upon contact. Laboratory studies also indicate that some perfluorooctyl-
sulfonyl compounds can be metabolized to PFOS (Tomy et al. 2004a; Xu et al.
2004).

Begley et al. (2005) investigated several potential sources of migration from food
packaging. The most recognizable products to consumers are the uses of perfluoro-
chemicals in non-stick coatings (polytetrafluoroethylene or PTFE) for cookware and
also their use in paper coatings for oil and moisture resistance. PFOS is a residual
impurity in some paper coatings used for food contact and PFOA is a processing
aid in the manufacture of PTFE. Results from these authors showed that the largest
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potential source of PFCs from food contact materials appears to be paper with flu-
orochemical coatings/additives. Migration of 4,000 mg/kg to food oil was observed
from popcorn bags. This amount of migration was hundreds of times more than
the amount of fluorochemical that was calculated to migrate at 175◦C from PTFE
cookware.

Tittlemier et al. (2006) measured the concentrations of N-EtPFOSA, PFOSA;
N,N-Et2PFOSA; N-methylperfluorooctane sulfonamide (N-MePFOSA), and N,N-
dimethyl perfluorooctane sulfonamide (N,N-Me2PFOSA) in food items collected
over a 12-year period (1992–2004) through the Canadian Total Diet Study to esti-
mate dietary exposure of Canadians over 12 years of age. The most frequently
detected analyte was N-EtPFOSA, found in 78 out of 151 composites, followed
by N-MePFOSA (in 25 of 51). The highest concentrations and frequency of detec-
tion of analytes occurred in the fast food composites, particularly French fries, egg
breakfast sandwiches, and pizza. Maximum concentrations of total perfluorooctane
sulfonamides analyzed in fast foods ranged from 9.7 for French fries to 27.3 ng/g
for pizza. Relatively high concentrations were also detected in cookies, Danish pas-
tries, microwave popcorn, and wieners. Data generated from the study of Tittlemier
et al. (2006) suggest that migration from food packaging had occurred.

One should realize, of course, that perfluorooctane sulfonamides can enter human
food as a result of exposure of food-producing animals or plants to these compounds
via environmental routes, such as inhalation or adsorption from air or intake of
contaminated food. Perfluorooctane sulfonamides have indeed been detected in air
(Martin et al. 2002; Stock et al. 2004; Shoeib et al. 2005) and water (Boulanger et al.
2005).

3.2 Direct Contamination of PFCs in Commercial Food Items

Tittlemier et al. (2007) analyzed 54 solid food composite samples for perfluo-
rocarboxylates and perfluorooctane sulfonate. Forty-nine composite food samples
originated from the Canadian Total Diet Study (TDS). Just over one half of the
composites were from the 2004 TDS, the remaining composites were collected
as the TDS was organized from 1992 to 2001. The latter ones were selected for
analysis because they consisted of meat or other animal-derived food items or
could have been stored in packaging treated with grease-resistant coatings. The
food items originated from four different grocery stores and fast food restaurants.
The food items were prepared for consumption and replicate food items from the
various grocery stores or restaurants are combined and homogenized to form a
composite sample. The composite items were analyzed for PFHpA, PFOA, PFNA,
PFOS, PFDA, PFUnA, perfluorododecanoic acid (PFDoA), and perfluorotetrade-
canoic acid (PFTA). PFCs were detected in 9 out of 54 composites analyzed. PFOS
was the dominant compound, followed by PFOA. PFHpA and PFNA were also
detected. All the other investigated PFCs were below the detection limit, which var-
ied between 0.4 and 5 ng/g wwt. Detected PFC concentrations ranged from 0.5 to
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6 ng/g wwt. The highest PFOS concentration of 2.7 ng/g wwt was detected in beef
steak, followed by a concentration of 2.6 ng/g wwt measured in a marine fish com-
posite sample. The other PFOS concentrations ranged between 0.5 and 2.1 ng/g
wwt, detected in ground beef, freshwater fish, microwave popcorn, and luncheon
meats (cold cuts). Microwave popcorn contained the highest PFOA concentration
of 3.6 ng/g wwt, followed by roast beef (2.6 ng/g wwt). Traceable PFOA levels
were found in pizza. Only one composite contained a quantifiable PFNA concentra-
tion of 4.5 ng/g wwt. This concentration value was detected in beef steak and was
the highest PFC concentration measured in this study. In two composites (pizza and
microwave popcorn), low concentrations of PFHpA were found.

Researchers, in a study carried out by the UK Food Standards Agency (FSA
2006), analyzed 20 composites from the 2004 TDS for PFCs. Detectable levels of
PFOS were found in canned vegetables, eggs and sugars, and in preserved food
groups. PFOA was only detected in the potatoes group which included potato
chips, French fries, instant mash, and other potato products. These results may have
been due to analytical artifacts (Mortimer DN, personal communication). Other
fluorinated chemicals PFOSA, perfluorobutane sulfonate (PFBS), PFHxS, PFHxA,
PFNA, PFDA, PFUnA, PFDoA, perfluorotetradecanoic acid (PFTA) were detected
only occasionally, although 10 different fluorinated compounds were found in the
potatoes food group. PFHpA, perfluorohexadecanoic acid (PFHdA), and perfluo-
rooctadecanoic acid (PFOdA) were not found. Bread, cereals, carcass meats, offal,
meat products, poultry, fish, green vegetables, fresh fruit, beverages, milk, and nuts
did not contain quantifiable concentrations of PFCs.

In a study conducted for 3 M Environmental Technology and Safety Services by
the Battelle Memorial Institute (Columbus, OH, USA) (US EPA 2001), preliminary
data about the presence of fluorochemicals in foods and in drinking water were col-
lected and analyzed on PFOS, PFOA, and perfluorooctane sulfonamide (PFOSA).
Each of three cities having manufacturing or commercial use of fluorochemical
products (test cities) were paired with three cities that did not (control cities). A
total of 12 samples were found to contain levels of PFCs above the limit of quan-
tification. Of the 12 samples with measurable fluorochemical residue levels, 8 were
samples collected in test cities. Measurable quantities of PFOS were found in five
samples: four whole milk samples (three from test cities) and a ground beef sample
(test city). PFOS residues found in the food samples ranged from non-quantifiable
levels to 0.852 ng/g wwt. Measurable quantities of PFOA were found in seven sam-
ples: two ground beef samples (neither from test cities); two bread samples (one
from a test city); two apple samples (both from test cities); and one green bean
sample (from a test city). PFOA residue levels ranged from non-quantifiable levels
to 2.35 ng/g wwt. A value of 14.7 ng/g wwt was found for PFOA in a bread sam-
ple from a control city, but was considered “suspect.” An important remark on these
results is that only for the ground beef sample were these concentrations found in the
replicates. The remaining values above the quantification limit were not detected in
the duplicates. In general, the distributions of the PFOS, PFOA, and PFOSA residue
data by food and city category reveal similar patterns of residue concentrations in
the control and test cities for each type of food.
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Ericson et al. (2008a) determined PFC levels in 36 composite samples of food-
stuffs randomly purchased in various locations to determine the dietary intake of
PFCs by the population of Tarragona County (Spain). PFOS, PFOA, and PFHpA
were the only detected PFCs in the composite food samples. Fish, followed by dairy
products and meats, were the main contributors to PFOS intake. The authors esti-
mated the exposure to PFCs through the diet for various age and gender groups.
Their results did not justify dietary intake as being the main route of exposure
governing blood concentrations of other PFCs (Ericson et al. 2008a).

Fromme et al. (2007b) quantified the dietary intake of PFOS, PFOA, PFHxS,
PFHxA, and PFOSA using 214 duplicate diet samples for an adult study popula-
tion in Germany. The participants collected daily duplicate diet samples over seven
consecutive days in 2005.

Overall, they detected PFOS, PFOA, PFHxS, and PFHxA in 33, 45, 3, and 9%
of the 214 single duplicate samples, with concentrations ranging from <LOD (limit
of detection) to 1.03 ng/g wwt, <LOD to 118.3 ng/g wwt, <LOD to 3.03 ng/g wwt,
and <LOD to 3.2 ng/g wwt, respectively. PFOSA could not be detected above the
LOD. Including only values above the detection limit (n = 47), a significant correla-
tion was observed between PFOS and PFOA concentrations. The calculated median
daily intake of PFOS and PFOA was 1.4 ng/kg bwt and 2.9 ng/kg, respectively. The
median daily intake of PFHxS and PFHxA was 2.0 and 4.3 ng/kg bwt, respectively.
The authors remarked that for the interpretation of this data, it has to be kept in
mind that these analytes were detected only in few samples. In this study, gender
differences were not observed for the target analytes.

Kärrman et al. (2009) investigated the relationship between dietary exposure and
serum PFC levels in two Japanese cities. Therefore, 1-day composite diet samples
from 20 women in Japan were collected in 2004 and were analyzed for PFBS,
PFHxS, PFOS, PFHxA, PFHpA, PFOA, PFNA, PFDA, and PFUnA. This was done
in a remote area and in an urban area so that the possible influence of industrial-
ization could be investigated. Only PFOS and PFOA could be detected in the diet
samples (within a range of 0.008–0.087 and 0.008–0.040 ng/g fresh wt, respec-
tively). The levels of PFOA were relatively close to the method detection limit.
PFOS and PFOA were detected in all diet samples and no difference was observed
between the remote and the urban area. However, the importance of the diet for
the body burden seems to vary between regions. The authors concluded that the
dietary intake of PFOS and PFOA accounted for 22.4 and 23.7% of serum levels in
females from the urban area and, in contrast, for 92.5 and 110.6% in females from
the non-industrialized area, respectively.

Dietary exposure to PFCs has also been indirectly examined by Falandysz et al.
(2006), who observed a correlation between PFC concentrations in blood sampled
from adults in Poland and self-reported consumption of Baltic fish. However, no
estimation of dietary exposure to PFCs could be made from this study.

Concentrations observed in all the studies conducted to date were in the sub- to
low-ng/g range. It is worth noting that concentrations of PFCs in individual food
items used to prepare the composite samples will be higher than those reported for
the composite ones, since PFC-free food items in the same composite can effectively
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dilute PFC concentrations in individual food items (Tittlemier et al. 2007). Cooking
practices may also lead to additional contamination of the prepared meal, e.g., by
transfer of PFCs from frying pans or from contaminated water used for cooking
(Begley et al. 2005). On the other hand, Del Gobbo et al. (2008) suggested that
cooking methods (baking, boiling, and frying) can reduce PFC concentrations in
fish.

The PFC levels found in food reflect both the environmental exposure and the
food-packaging sources of entry into prepared foods, since both animal-derived and
vegetable-based foods were found to contain PFCs.

4 PFCs in Drinking Water

In this section, an overview of existing data on PFCs in drinking or tap water is
given. To the best of our knowledge, studies on other drinks like soda, coffee, tea,
or juices have not been reported in the literature.

Results for PFCs found in drinking water are summarized in Table 4. Fromme
et al. (2009) summarized existing data on PFCs in drinking water. In potable tap
water of Japan, PFOS concentrations between 0.1 and 51 ng/L were detected. The
majority of the results for individual samples did not exceed 4 ng/L (Harada et al.
2003). Saito et al. (2004) reported concentrations of PFCs in drinking water from
areas with known PFC sources; their results ranged between 5.4 and 40.0 ng/L for
PFOS. For PFOA, the concentrations ranged between 1.1 and 1.6 ng/L, while in
areas with no known sources, concentrations ranged from <0.1 to 0.2 ng/L for PFOS
and from 0.1 to 0.7 ng/L for PFOA.

In a study in which tap water that originated from Italy’s Lake Maggiore was
examined (Loos et al. 2007), all investigated PFCs (PFHpA, PFOA, PFOS, PFNA,
PFDA, PFUnA, and PFDoA) were detected, with concentrations ranging from 0.1
to 9.7 ng/L. The highest values were 9.7 ng/L for PFOS, 2.9 ng/L for PFOA, and
2.8 ng/L for PFDoA.

Skutlarek et al. (2006) analyzed drinking water samples in a contaminated
area of the Ruhr and Moehne catchment (Germany). The highest values found
were at Neheim, and the PFOA levels found were 519 ng/L, followed by PFHpA
(23 ng/L) and PFHxA (22 ng/L). Measured PFC levels in the tap water (

∑
PFC =

767 ng/L) were comparable to the levels in water from the Moehne river (
∑

PFC =
598 ng/L) that served as a water supply. The sum of PFCs in drinking water from
Ruhr waterway supplies ranged between 54 and 301 ng/L. In drinking water from
the northern part of Duisburg, all the PFCs were below the LOD. In the south-
ern district of Duisburg, however, PFBS was determined at 26 ng/L. The observed
variation in concentrations in Duisburg indicates that samples were collected from
different water supplies. Perfluorinated chemicals at other selected drinking water
sampling sites outside the Ruhr and Moehne were sporadically detected, with the
highest observed concentration of PFBS in Koblenz (20 ng/L). The sum of PFCs for
those sites varied between non-detected and 27 ng/L (Skutlarek et al. 2006).
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Ericson et al. (2008b) analyzed 14 PFCs in drinking water (tap and bottled) from
Tarragona Province (Catalonia, Spain). In 2007, municipal drinking (tap) water
was obtained in public fountains of the three most populated towns in Tarragona
Province. The bottled water samples from four commercial companies, whose water
spring has different origins, were purchased from a supermarket. This is, to the best
of our knowledge, the first study in which bottled water was analyzed. The PFC lev-
els in tap water varied among the four places. In the Valls sample, the highest PFC
levels were found; PFHpA (3.02 ng/L), PFOS (0.44 ng/L), and PFOA (6.28 ng/L).
In the sample of tap water from Reus, PFHxS (0.28 ng/L), PFOA (0.98 ng/L),
PFNA (0.52 ng/L), and PFOS (0.73 ng/L) were detected, while in that of Tarragona,
PFHpA (0.64 ng/L) PFHxS (0.28 ng/L), PFOA (0.98 ng/L), PFNA (0.22 ng/L), and
PFOS (0.87 ng/L) were found. The lowest contamination in tap water corresponded
to the sample collected in Tortosa, in which only PFOA (0.32 ng/L) and PFOS
(0.39 ng/L) were detected. The samples of bottled water contained some PFCs at
levels that corresponded to the lowest values observed in tap water. In one sam-
ple (Veri) all the PFCs were below the respective limits of detections, whereas
in those of Cardo and Caprabo only PFNA (0.13 ng/L) and PFOA (0.67 ng/L)
could be detected. In the fourth sample (the Font Vella) PFHpA (0.40 ng/L), PFOA
(0.34 ng/L), and PFNA (0.20 ng/L) were detected. Overall, the PFC levels were
notably lower in bottled water, whereas PFOS could not be detected in any sam-
ple. The authors also determined the levels of daily intake of PFOS through tap
water, assuming an intake of 2 L tap water/d for the four different sampling towns.
The result varied between 0.78 and 1.74 ng/d (absolute). Ericson et al. (2008b) esti-
mated, in a previous study, a dietary intake of PFOS at 62.5 or 74.2 ng/d (assuming
ND = 0 or ND = 1/2 LOD, respectively) for an adult of 70 kg bwt living in the
Tarragona Province.

In 2006–2007, tap water was collected from 14 water treatment plants in Osaka,
one of the largest industrial cities of Japan. PFOS was detected in 25 tap water sam-
ples and PFOA was detected in all of the tap water samples analyzed. Concentrations
of PFOS and PFOA in tap water were 0.16–22 and 2.3–84 ng/L, respectively (Takagi
et al. 2008).

Dutch drinking water resources are known to contain PFCs, from non-detect
to 43 ng/L (Mons et al. 2007), and little is known about the behavior of these
compounds in the Dutch drinking water preparation cycle.

The Bureau of Safe Drinking Water (BSDW) initiated a preliminary occur-
rence study in July 2006 to determine whether PFOS and PFOA could be found
in detectable concentrations in raw and treated public water systems through-
out the state of New Jersey (USA). Five out of 23 public water samples showed
non-detectable levels of PFOA. Detected and quantifiable levels were found in
15 samples with values ranged from 4.5 to 39 ng/L. Additionally, three samples
showed levels of PFOA that were detected but not quantified (<4 ng/L). Ten out
of 23 water samples collected from public water systems showed non-detectable
levels of PFOS. In seven samples PFOS concentration could be quantified and var-
ied between 4.2 and 19 ng/L. Six samples showed levels of PFOS but could not be
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quantified (<4 ng/L) (New Jersey Department of Environmental Protection Division
of Water Supply 2007).

Hölzer et al. (2008) analyzed drinking water (tap) to investigate the correlation
between the PFC concentration in water and serum of the local people in Arnsberg
(Germany). As previously mentioned, Skutlarek et al. (2006) observed remarkably
high PFC concentrations in surface waters in this area (Moehne and Ruhr catch-
ment). Tap water samples were collected from the kitchen in the homes of all
residents. Of the various analyzed PFCs, PFOA was the main compound found
in drinking water (500–640 ng/L). In the drinking water samples from reference
areas, Siegen and Brilon, PFOS and PFOA were not detected. After installation
of activated charcoal filters in the waterworks, PFOA concentrations in Arnsberg
were significantly reduced. However, during the study period, filtration performance
declined and PFOA concentrations in tap water samples increased from below
the LOD to 71 ng/L. As the detected blood concentrations of residents living in
Arnsberg were 4.5–8.3 times higher than those for the reference populations, the
authors concluded that the consumption of tap water at home was a significant
predictor of PFOA blood concentrations in Arnsberg.

5 Safety Limits and Tolerable Daily Intakes

It must be noted that the international regulatory organizations (World Health
Organization (WHO), European Union (EU)/EFSA, US EPA, etc.) have not estab-
lished safety limits yet for PFCs in drinking water. However, for guidance purposes,
the 3 M Company developed a lifetime Drinking Water Health Advisory (DWHA),
which was estimated to be 0.1 μg/PFOS/L (assuming a consumption of 2 L/day
of contaminated water; 3 M 2001). Recently, Schriks et al. (2010) derived provi-
sional drinking water guideline values for PFOS and PFOA of 0.5 and 5.3 μg/L,
respectively, on the basis of the TDI values proposed by EFSA (2008).

At a PFC works facility, near Washington, West Virginia, the action level
of PFOA in drinking water agreed to between the US EPA and E.I Dupont
de Nemours was 0.50 μg/L. If the PFOA level in water supplies reaches 0.5
μg/L the local producer of PFCs must take certain actions (such as provid-
ing residents with bottled water). When the PFOA level in drinking water is
measured at 150 μg/L, the producer has to install water treatment equipment
(http://www.epa.gov/region03//enforcement/dupont_factsheet.html). In 2006, EPA
and the eight major PFC manufacturing companies in the industry launched the
2010/15 PFOA Stewardship Program, in which companies committed to reduce
global facility emissions and product content of PFOA and related chemicals by
95% by 2010 and to work toward eliminating emissions and product content by
2015 (http://www.epa.gov/oppt/pfoa/pubs/stewardship/index.html).

Recently, in New Jersey, the Department of Environmental Protection devel-
oped preliminary health-based drinking water guidance for PFOA of 40 ng/L
(http://www.defendinscience.org/case_studies/upload/pfoa_dwguidance.pdf).
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Guidelines have also been developed in Europe, more specifically in Germany.
The occurrence of PFCs in surface and drinking waters of the Ruhr and Moehne
area (Skutlarek et al. 2006) caused considerable concern, in view of the possible
effects on humans and the ecosphere. Therefore, German authorities have recom-
mended guide values for PFOA and PFOS in drinking water. Immediately after
the increased PFOA levels were observed, German Drinking Water Commission
(DWC) of the German Ministry of Health at the Federal Environment Agency estab-
lished guide values for human health protection. Precautionary actions for infants
will be taken if PFOA and PFOS concentrations in drinking water reach 0.5 μg/L.
If additional PFCs are present, the health-based precautionary value (long-term
minimum quality goal) becomes 0.1 μg/L. As a result, local health authorities rec-
ommended that residents in parts of Arnsberg to not use the drinking water for
preparation of baby food and advised pregnant women to avoid regular intake of
such water (http://www.umweltbundesamt.de/uba-info-presse-e/hintergrund/pft-in-
drinking-water.pdf).

Most monitoring studies have focused only on PFOS and PFOA, but a few also
reported on other PFCs that appear at rather high concentrations in potable water
such as PFBS, PFDoA, perfluoropentanoic acid (PFPeA), and PFHxA (Skutlarek
et al. 2006; Loos et al. 2007, Ericson et al. 2008b). Therefore, it is important to
increase monitoring efforts with a view to setting more comprehensive safety limits
for PFCs in potable water.

The relatively high concentrations of PFCs that have been observed in drinking
water samples indicate that the common water treatment steps used do not effec-
tively eliminate perfluorinated compounds. It should be noted that the washing of
food samples with tap water may introduce an additional source of PFCs (Ericson
et al. 2008b).

Recently, several scientific institutions have derived TDIs from toxicological end
points by applying an uncertainty factor. The Scientific Panel on Contaminants in
the Food Chain (CONTAM) established a TDI for PFOS of 150 ng/kg bwt/d and
for PFOA of 1.5 μg/kg bwt/d (EFSA 2008). The UK Committee on Toxicity of
Chemicals in Food, Consumer Products and the Environment (COT) proposed a
TDI for PFOS and PFOA of, respectively, 300 and 3,000 ng/kg bwt/d (COT 2006a,
b). Furthermore, the German Federal Institute for Risk Assessment proposed a TDI
of 100 ng/kg bwt/d for both PFOS and PFOA (BfR 2006).

These intake values are notably higher than those derived from actual human
exposure via diet and beverages. For example, Fromme et al. (2007b) estimated a
median dietary intake of 1.4 ng PFOS/kg bwt/d and of 2.9 ng/PFOA kg bwt/d. The
results were similar to those calculated in the study of Kärrman et al. (2009) for
two regions in Japan. They calculated a median daily intake of PFOS and PFOA,
respectively, from 1.1 to 1.5 ng/kg bwt/d and from 0.72 to 1.3 ng/g bwt/d. In other
studies, estimates of the daily intake were derived through market-basket surveys of
food items instead of duplicate diet samples. In Canada, the average dietary intake
of total PFCs and PFOS for individuals between the ages of 12 and those over 65
was estimated to be 250 ng/d (Tittlemier et al. 2007). This estimate was based upon
results from 25 food composite samples, which did not represent the whole diet.



204 W. D’Hollander

These results represented only food that could have been environmentally exposed
through bioaccumulation of PFCs or may have come into contact with food packag-
ing treated with PFCs. The UK Food Standards Agency calculates average dietary
intakes from the whole diet; these calculations give intake values of 100 ng/kg bwt/d
for PFOS and 70 ng/kg bwt/d for PFOA. The UK dietary intake estimate is notably
higher than that derived from other studies, probably due to the relatively high con-
centrations found in the potato composite samples. Finally, a food market study
conducted in Spain (Tarragona County) resulted in a PFOS daily intake estimate of
1.07 ng/kg bwt/d for adult men (Ericson et al. 2008a). The EFSA (2008) study esti-
mates indicated actual daily intakes of 60 ng/kg bwt/d of PFOS and 2 ng/kg bwt/d
of PFOA.

Although diet and drinking water are thought to be two of the major exposure
sources for humans, one should remember that all of these daily intake values,
including the (provisional) TDIs cited above, are derived solely from food and/or
beverage PFC levels (mainly PFOS and PFOA). Non-dietary exposure routes were
not included and neither were the contributions of precursor compounds. As men-
tioned before, the calculated daily intake values are lower than the TDIs proposed.
Nevertheless, these estimates were calculated for adults and the intake for infants,
toddlers, and children may be much higher. As Trudel et al. (2008) have shown,
the youngest among the consumer groups tend to experience higher total intake
doses (on a body weight basis) than do teenagers and adults; this higher uptake
results from the higher relative intake via food consumption and also hand-to-mouth
transfer of PFCs from treated carpets and ingestion of dust.

6 Perfluorinated Compounds in House Dust and Air

In a few studies, the presence of perfluorinated compounds has been documented to
occur in the indoor environment (Table 5). Given the wide range of consumer and
residential products that contain or have been treated with PFCs, it is reasonable
to hypothesize that as these products age and degrade their debris will accumulate
indoors. Perhaps the most obvious potential source of PFCs in indoor dust would
be the anti-stain agents used on carpets and upholstery (Strynar and Lindstorm
2008).

Moriwaki et al. (2003) analyzed dust for PFOS and PFOA in 16 Japanese houses.
They collected bags from vacuum cleaners that were voluntarily donated. Hair and
plastic garbage were removed from the samples using forceps and a loupe. In each
sample, both analytes were found at levels above the limit of determination. The
concentrations ranged from 11 to 2,500 ng/g for PFOS and from 69 to 3,700 ng/g
for PFOA. In one sample, extremely high concentrations of 2,500 (PFOS) and 3,700
(PFOA) ng/g were found. Without this sample, the maximum concentrations were
120 ng/g for PFOS and 380 ng/g for PFOA. For all the dust samples analyzed in
this study, the concentrations of PFOA were higher than those for PFOS (Moriwaki
et al. 2003).
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Table 5 Median, minimum, and maximum concentrations (ng/g) of PFOS, PFOA, and PFHxS
detected in indoor house dust

References,
sample location, (n) PFOS PFOA PFHxS

Moriwaki et al. (2003)
Japan (16)

Median 24.5 165 /
Min 11 69 /
Max 2,500 3,700 /

Kubwabo et al. (2005)
Canada (67)

Median 37.8 19.7 23.1
Min 2.3 1.2 2.3
Max 5,065 1,234 4,305

Nakata et al. (2007)
Japan (7)

Median /
Min 7 18 /
Max 41 89 /

Strynar and Lindstorm
(2008) North America
(102, 10a)

Median 201 142 45.5
Min <8.9 <10.2 12.9
Max 12,100 1,960 35,700

Fromme et al. (2008)
Germany (12)

Median 16 11 /
Min 3 2 /
Max 342 141 /

Björklund et al. (2009)
Sweden (10 houses)

Median 39 54 /
Min 15 15 /
Max 120 98 /

Björklund et al. (2009)
Sweden (38 apartments)

Median 85 93 /
Min 8b 17 /
Max 1,100 850 /

Björklund et al. (2009)
Sweden (10 offices)

Median 110 70 /
Min 29 14 /
Max 490 510 /

Björklund et al. (2009)
Sweden (5 cars)

Median 12 33 /
Min 8b 12 /
Max 33 96 /

Goosey et al. 2008
UK (unknown)c

Median 1,200 220 /
Min 85 42 /
Max 3,700 640 /

aDay-care centers
bLimit of quantitation/2
cPrimary school and nursery classrooms; /: not analyzed

In dust samples (particle size of 75 μm to 1 mm) from seven Japanese houses,
PFOA and PFOS were detected; their levels ranged from 18 to 89 ng/g and 7 to
41 ng/g, respectively (Nakata et al. 2007).

In Canada, dust samples were investigated for PFCs from 67 randomly selected
homes during the winter of 2002/2003 (Kubwabo et al. 2005). The dust was col-
lected from vacuum cleaners and sieved (opening 1.18 mm) before analysis of
the samples for PFBS, PFHxS, PFOA, PFOS, and PFOSA. Results indicate that
PFOA, PFHxS, and PFOS had much higher detection frequencies (63, 85, and 67%,
respectively) than did PFOSA, which was detected in 10% of the samples. PFBS
was not detected in any of the samples, possibly because this compound had just
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been introduced to the market at the time of these analyses. The concentrations of
PFOA, PFOS, and PFHxS varied between 1.2 and 1,234, between 2.4 and 5,065,
and between 2.3 and 4,305 ng/g, respectively.

In 2000–2001, dust samples from 102 homes and 10 day-care centers in North
Carolina and Ohio were collected (Strynar and Lindstrom 2008). The samples were
taken from vacuum cleaning bags and sieved to remove particles of diameters
>150 μm. Quantifiable levels of PFOA, PFOS, and PFHxA were detected in 96.4;
94.6, and 92.9% of the samples, respectively. This is, to our knowledge, the first
study in which PFHxA, PFHpA, PFNA, PFDA, PFUnA, and PFDoA were analyzed
in dust samples. These analytes were, respectively, detected in 93, 74, 43, 30, 37, and
19% of the analyzed samples. PFBS was detected in 33% of the samples. The high-
est concentration observed among the samples analyzed amounted to 35,700 ng/g
for PFOS. Generally, the fluorotelomer alcohols or FTOHs (6:2, 8:2, and 10:2
FTOHs) were detected in 50% of the samples and had median concentrations that
ranged between 24 and 33 ng/g (Strynar and Lindstrom 2008).

Additionally, in a pilot study in Germany, 12 dust samples were collected using
a vacuum cleaner. Median (range) PFOS and PFOA concentrations in the sieved
fraction (particles < 630 μm) were 0.016 and 0.011 μg/g, respectively. Significantly
lower median concentrations were observed in the unsieved samples, indicating that
PFCs were mainly associated with smaller particles (Fromme et al. 2008).

Shoeib et al. (2005) were the first to analyze N-methylperfluorooctane sulfon-
amidoethanol (MeFOSE), N-ethylperfluorooctane sulfonamidoethanol (EtFOSE),
N-ethylperfluorooctane sulfonamide (EtFOSA), and N-methylperfluorooctane sul-
fonamidethylacrylate (MeFOSEA) in indoor dust samples. During the winter of
2002/2003, dust was collected from 66 randomly selected homes in the city of
Ottawa, Canada. The dust used for analysis came from the occupants’ vacuum bags
or central vacuum containers. MeFOSEA was detected in ∼30% of dust samples
and had a geometric mean value of ∼8 ng/g. The highest concentrations in dust
were observed for MeFOSE and EtFOSE, which had geometric means of 113 and
138 ng/g, respectively (Shoeib et al. 2005).

During the winter of 2007 and spring of 2008, dust samples were collected from
primary school and nursery classrooms in the West Midlands of the UK using a
portable vacuum cleaner to which a sock with a 25-μm mesh size was inserted.
After filtration through a 500-μm mesh the samples were analyzed for PFOA and
PFOS. The concentrations of PFOA and PFOS found varied between 42 and 640
and between 85 and 3,700 ng/g, respectively (Goosey et al. 2008). Recently, a study
was published in which the dust samples collected in Stockholm city (Sweden) from
10 houses, 38 apartments, 10 day-care centers, 10 offices, and 5 cars were investi-
gated (Björklund et al. 2009). The dust samples were collected during 2006/2007
on pre-weighed cellulose filters in styrene–acrylonitrile holders that were inserted
into a polypropylene nozzle; the nozzle was then attached to the intake nozzle of
an industrial strength vacuum cleaner. Sampling of surfaces was performed at least
one meter above the floor; sampled surfaces included bookshelves, moldings, coun-
ters, and lampshades. For cars, plastic surfaces and seat covers were vacuumed.
Analysis of the samples from the 38 apartments disclosed PFOS and PFOA residues
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in 79 and 100% of the samples, respectively. PFOS was detected in 3 out of 5 car
samples, whereas PFOA was detected in all of the car samples. PFOA concentra-
tions were higher than those of PFOS in 60% of all the samples. Although offices
had the highest median PFOS concentrations, the highest individual concentrations
were found in apartments. The highest individual PFOA concentrations were also
found in some apartments. The highest variation for both compounds was seen in
apartments. Houses and day-care centers had much lower concentration variability.
The median concentrations found in the different microenvironments were within
one order of magnitude of each other. The highest median PFOS concentrations
were seen in offices (110 ng/g dwt); similar but lower concentrations were seen
in apartments (85 ng/g dwt), houses (39 ng/g dwt), and day-care centers (31 ng/g
dwt); and lowest concentrations were seen in cars (12 ng/g dwt). For PFOA, the
concentrations were more similar than was PFOS, between different microenviron-
ments, with highest median concentrations found in apartments (93 ng/g dwt) and
offices (70 ng/g dwt). Offices had higher median PFOS than PFOA concentrations,
whereas the opposite was found for the other microenvironments (Björklund et al.
2009).

In Norway, PFOS levels were found in May 2005 in the particulate phase of one
indoor air location. The concentrations were below the limit of determination (=
0.0474 ng/m3). For PFOA levels ranged between 0.0034 and 0.0069 ng/m3 (Barber
et al. 2007).

Concentrations of PFOS and PFOA in the particulate phase of European air were
also reported (Barber et al. 2007). Air samples were collected in 2005 at two loca-
tions in the UK and two locations in Norway. PFOS levels in an urban area ranged
from 0.041 to 0.051 ng/m3 in the UK in March and from 0.0009 to 0.0071 ng/m3

in the UK in November. In southern Norway, PFOS levels ranged from 0.0009 to
0.0011 ng/m3 in November. The levels of PFOS in the particulate phase of air in the
UK were the highest reported anywhere to date. Levels of PFOA in the particulate
phase of UK air varied from 0.226 to 0.828 ng/m3 in March 2005, and from 0.006
to 0.222 ng/m3 in November. Differences in PFOA levels between the rural and the
urban site in the UK were less clear than for PFOS. The levels of PFOA at the rural
Norwegian site were significantly lower than those found in the UK. In southern
Norway (data from November), levels varied between 0.0014 and 0.0017 ng/m3.

7 Correlation Between PFCs

In some studies, the correlation between the analyzed PFCs was investigated to
determine any potential associations. A significant positive relationship between
the concentrations of PFOS and PFOA was observed in dust from Japanese houses
(Moriwaki et al. 2003). This relationship was confirmed by Kubwabo et al. (2005),
Goosey et al. (2008), and Björklund et al. (2009). The significant correlation
between PFOS and PFOA, observed in these studies, suggests that these compounds
may be from a common source or may originate from the same precursor compound.
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Kubwabo et al. (2005) observed a significant and positive relation between PFOS,
PFOA, and PFHxS in the dust samples of homes in Ottawa. A strong correlation
between PFOS and PFHxS (Spearman’s rank-order correlation coefficient (r s) of
0.868, p < 0.0001) suggests that these compounds originated from the same sources
in house dust (Kubwabo et al. 2005).

In addition, Strynar and Lindstorm (2008) observed that, generally, almost all
of the investigated compounds (PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnA,
PFDoA, PFOS, and PFHxS) had significant correlations with each other except
PFBS. The FTOHs, detected in the dust samples, were highly correlated with each
other (rs > 0.82, p < 0.0001) suggesting a common source of these compounds
(Strynar and Lindstorm 2008). No significant correlation between the perfluorinated
sulfonamides, MeFOSE, and EtFOSE was observed (Shoeib et al. 2005). Kubwabo
et al. (2005) also investigated the relationship between the analyzed PFCs and the
characteristics of the house. Their results indicated that lower levels of PFOA and
PFOS were found in older homes. Furthermore, PFOA, PFOS, and PFHxS and the
total of these PFCs were significantly and positively correlated with the percentage
of carpeting found in the house. The authors noticed that in addition to carpet, other
multiple sources of perfluorinated compounds in homes may exist (Kubwabo et al.
2005).

Generally, in the Japanese studies, the PFOA concentrations were higher than
those for PFOS (Moriwaki et al. 2003; Nakata et al. 2007). A similar trend was
observed in Sweden, except for the levels found in offices (Björklund et al. 2009).
The opposite was observed for the studies carried out in the USA (Strynar and
Lindstorm 2008), Canada (Kubwabo et al. 2005), UK, and Germany (Fromme et al.
2008), where the PFOS concentrations were higher than PFOA. This observation
could suggest a difference in PFC sources. The median PFOS concentration mea-
sured in the American study were 5–12 times higher than in the other studies. The
median PFOA concentration in the USA was roughly comparable with one study in
Japan and also 7–13 times higher than the median concentration found in the other
Japanese study. Nevertheless, the ranges were similar between the studies except
for the studies from Nakata et al. (2007) and Fromme et al. (2008), who measured
much lower maximum values. A possible reason for the observed differences is that
Strynar and Lindstorm (2008) included dust from day-care centers, where possi-
bly, more PFC-containing waxes and cleaning products were used. Possibly, this
can also explain the high median concentrations of PFOS (1,200 ng/g) and PFOA
(220 ng/g) that were detected in the primary schools and nursery classrooms in
the UK. More data are necessary to draw conclusions on the possible differences
between geographic regions. Further research is also required to understand the dif-
ferent parameters contributing to the presence of perfluorinated compounds in house
dust and in the indoor environment, in general (Strynar and Lindstorm 2008).

The concentrations summarized in Table 5 indicate that dust is a potential reser-
voir of different PFCs in homes, and these may be available for human exposures.
Given that human exposure routes remain poorly characterized, the potential role of
house dust needs to be more completely evaluated (Strynar and Lindstorm 2008).
Additional studies are also needed to address the correlation between the levels of
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PFCs in blood of humans occupying the house being tested and the concentration
of PFCs in house dust (Kubwabo et al. 2005).

8 Outlook

From the discussion above it is obvious that it is imperative to further assess the
origin of PFCs in the human diet and the diet’s contribution to total human PFC
exposure. Several initiatives have been taken recently to that end; these include
the development of more robust and reliable analytical tools for the determina-
tion of PFCs, which will enable the qualification and quantification of PFCs in
our diet, and the understanding of how PFCs are transferred from the environment
into dietary items. In Europe, several recently launched scientific projects (e.g., EU
projects Perfood; Confidence; Safefoodera; Norman network, and some national
programs, e.g., in Norway, UK, and Belgium) deal with or emphasize the human
exposure to PFCs and related compounds. These projects involve method develop-
ment, source apportionment, exposure modeling, risk assessment, migration from
packaging materials and food preparation methods, etc. Newly gained knowledge
from these completed projects will enable us to evaluate the possible routes, includ-
ing their relative importance, of human exposure to PFCs via our diet, to assess
the role of the technosphere in the contamination of our food, help identify ways to
reduce PFC contamination of dietary articles, and will help to establish relevant safe
guideline values for dietary items.

Meanwhile, the steady, almost exponential increase of literature published illus-
trates the huge efforts taken to elucidate PFOS levels in the environment and
the possible effects of PFCs and their mechanisms of action. The awareness of
the current PFC issue by all stakeholders is reflected in joint efforts, such as
the Stewardship Program in the USA, cited above, and joint initiatives in Europe
between academic researchers and industry (e.g., PERFORCE 1 and 2 projects (see
www.science.uva.nl/perforce)). The European Union, USA, Canada, Japan, UK,
Norway, Sweden, and Australia, as well as several international groups, such as
the OECD, are developing strategies to reduce PFC emissions and find safer alter-
natives to their use. Bans on use of PFOS in consumer products have been issued
(EU 2006) and PFOS has been listed as a POP under the Stockholm Convention.
The next decade of investigations will tell us whether or not the initiatives taken
will lead to a substantial decrease in environmental and dietary exposure levels and
if the recent reports of decreasing levels observed in human blood and in wildlife
are a sign that the measures taken are indeed effective.

9 Summary

The widespread distribution and the degradation of PFCs in the environment results
in a very complex exposure pattern, which makes it difficult to define the rela-
tive contribution to human exposure from different exposure pathways. The present
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review is designed to provide an overview of the existing data on levels of PFCs
measured in the human diet and in drinking water. Data on levels of PFCs in the
human diet are rather scarce, but the levels in fish appear to be well documented.
Among PFCs, PFOS and PFOA are the best studied compounds in fish from both
experimental and monitoring studies. Recently, the number of publications that
address other PFCs has increased, but the total number available is still limited.
In general, we discovered that care should be exercised when using the reviewed
data, because, in the majority of the publications, quality control and/or details on
analyses are, at least partly, lacking.

It has been well documented that PFOA and PFOS have the potential to accu-
mulate in fish and concentrations up to 7 and 170 ng/g wwt, respectively, in edible
fish species have been found. PFOS is the most crucial and prominent compound
identified, followed by PFOA. Also, in aquatic invertebrates such as shrimps, mus-
sels, clams, and oysters, high PFOS values have been reported (up to 387 ng/g
wwt). However, in most publications PFC levels reported in molluscs were less
than 1 ng/g wwt. Positive correlations were found between PFC body burdens and
self-reported fish consumption. In recognition of the potential for human exposure
to PFCs via fish consumption, the Minnesota Department of Health has recently
issued fish consumption advisories for contaminated sections of the Mississippi
River. It is interesting to note that 79% of the reviewed publications on PFCs in
whole fish homogenates exceed that threshold. Moreover, five of the PFC concen-
trations reported in muscle tissue exceeded the advisory level of 38 ng/g wwt. Even
though several authors concluded that consumption of contaminated food and drink-
ing water constitutes the major exposure pathway for humans, only a few reports on
PFCs in composite food exist. Food can be contaminated in an indirect way, because
PFCs are widely used in food-packaging coatings and cooking materials. On the
other hand, PFCs can also enter food organisms via environmental routes such as
inhalation or adsorption from air. In a few studies, composite samples, duplicate
diet samples, or other food items were analyzed for several PFCs. PFOS, PFOA,
PFHpA, PFHxA, and PFHxS were measured and displayed concentrations ranging
from non-detected up to 15 ng/g wwt. In one study, a very high PFOA concentra-
tion of 118 ng/g wwt was reported, but overall, PFC levels are below 10 ng/g wwt.
It is important to note that, among all studies reviewed, PFCs were found in a maxi-
mum of 50% of the analyzed samples and generally only in 10% or less of samples
analyzed.

In contrast to what is observed in fish and other food items, PFOA levels in
drinking water (ND – 50 ng/L) usually exceed levels of PFOS (ND – 51 ng/L)
and other PFCs (1–3 ng/L). In one study, extremely high values (519 ng/L) were
measured in drinking water of a contaminated area in the Ruhr region. In Spain,
bottled water was analyzed and four PFCs (PFOA, PFNA, PFDA and PFHpA) were
found at low levels (<1 ng/L). Because of higher levels found in drinking water at
several locations, some provisional drinking water guideline values for PFOS and
PFOA have already been established, e.g., in the UK, Bavaria, and Minnesota. Since
PFCs are present both in food and drinking water, Tolerable Daily Intake values for
PFOS and PFOA have also been proposed by several institutes in Europe and in
the USA.
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The ingestion of dust through hand-to-mouth transfer from indoor house dust
can also be a potential source of PFC exposure, especially for toddlers and children.
In publications on PFCs in indoor dust, the mean PFOS and PFOA levels varied
between 39 and 1,200 ng/g and between 11 and 220 ng/g, respectively.

Overall, it is clear that there is still a lack of PFC exposure data for food and bev-
erages, which renders the assessment of the contribution of the diet to total human
PFC exposure uncertain. It is, therefore, appropriate that several scientific projects
have recently been launched that addresses the assessment of human exposure to
PFCs and related compounds from dietary sources.
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