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a b s t r a c t

The occurrence of eight phosphorus flame retardants (PFRs) was investigated in 53 composite food
samples from 12 food categories, collected in 2015 for a Swedish food market basket study. 2-ethylhexyl
diphenyl phosphate (EHDPHP), detected in most food categories, had the highest median concentrations
(9 ng/g ww, pastries). It was followed by triphenyl phosphate (TPHP) (2.6 ng/g ww, fats/oils), tris(1,3-
(TCIPP) (0.80 ng/g ww, pastries). Tris(2-ethylhexyl) phosphate (TEHP), tri-n-butyl phosphate (TNBP), and
tris(2-butoxyethyl) phosphate (TBOEP) were not detected in the analyzed food samples. The major
contributor to the total dietary intake was EHDPHP (57%), and the food categories which contributed the
most to the total intake of PFRs were processed food, such as cereals (26%), pastries (10%), sugar/sweets
(11%), and beverages (17%). The daily per capita intake of PFRs (TCEP, TPHP, EHDPHP, TDCIPP, TCIPP) from
food ranged from 406 to 3266 ng/day (or 6e49 ng/kg bw/day), lower than the health-based reference
doses. This is the first study reporting PFR intakes from other food categories than fish (here accounting
for 3%). Our results suggest that the estimated human dietary exposure to PFRs may be equally important
to the ingestion of dust.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Because of the gradual restriction in use and phasing out of
some brominated flame retardants (BFRs), such as polybrominated
diphenyl ethers (PBDEs) and hexabromocyclododecane (HBCD),
there is an urgent demand for alternative flame retardants (Wei
et al., 2015). Due to their technical characteristics, phosphorus
flame retardants (PFRs) are suitable alternatives for BFRs and are
gaining an increasing interest, although they have been extensively
used worldwide for several decades in a wide variety of consumer
products (Wei et al., 2015; Van der Veen and De Boer, 2012). These
chemicals are mostly used as flame retardants, plasticizers, and
anti-foaming agents in industries, including plastics, furniture,
textile, electronics, construction, vehicle, and petroleum industries
(Marklund et al., 2003). In these applications, PFRs are additively
(G. Poma), adrian.covaci@
.O. Darnerud).
used in the structure of host materials, but are not chemically
bound to the product and thus they can reach the environment as a
result of volatilization, leaching, and/or abrasion processes
(Campone et al., 2010). Consequently, PFRs have already been
detected worldwide in various environmental compartments,
including sediments and soils (Zeng et al., 2014; Cao et al., 2012;
Green et al., 2008), water (Rodil et al., 2012; Bollmann et al.,
2012; Martínez-Carballo et al., 2007), air (Yang et al., 2014; Bi
et al., 2010; Makinen et al., 2009; Green et al., 2008), indoor dust
(Araki et al., 2014; Ali et al., 2013; Kim et al., 2013; Dodson et al.,
2012; Stapleton et al., 2009), fish and biota (Brandsma et al.,
2015; Malarvannan et al., 2015; Wang et al., 2014; Ma et al., 2013;
Chen et al., 2012; Kim et al., 2011; Sundkvist et al., 2010), and
humans (Kim et al., 2014; Marklund et al., 2010).

Data on the environmental persistence and toxicity of PFRs are,
however, still limited and only a few reports on adverse effects have
been published (Wei et al., 2015). For instance, tris-2-
chloroisopropylphosphate (TCIPP), tris-1,3-dichloro-2-
propylphosphate (TDCIPP), tris-2-butoxyethylphosphate (TBOEP),
and tris-(2-chloroethyl) phosphate (TCEP) are suspected to be
carcinogenic (Bollmann et al., 2012; Van der Veen and De Boer,
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2012; Meyer and Bester, 2004; WHO, 2000, 1998). Another poten-
tial effect of PFRs is neurotoxicity, based on their similarities with
organophosphate pesticides that exert many neurodevelopmental
effects through mechanisms that are unrelated to acute toxicity via
cholinesterase inhibition (Dishaw et al., 2011). In addition, TDCIPP
has been associated with altered hormone levels and decreased
semen quality in humans (Stapleton et al., 2009), while 2-
ethylhexyldiphenylphosphate (EHDPHP) is considered highly
toxic to fish and aquatic plants and has potential to bioaccumulate
(Malarvannan et al., 2015; Bolgar et al., 2008). Therefore, the
ubiquitous occurrence of PFRs in the environment and biota may
pose a threat to human health through diverse routes, including
dermal contact, dust ingestion/inhalation, and dietary intake.
Foodstuffs, in fact, could be contaminated by bioaccumulation of
PRFs in food of animal origin and during the food treatment pro-
cesses and packaging (Campone et al., 2010). However, information
on the worldwide presence of PFRs in foodstuffs is still scarce.

In the present study, eight PFRs, namely triphenyl phosphate
(TPHP), TDCIPP, TCIPP, TCEP, tris(2-ethylhexyl) phosphate (TEHP),
tri-n-butyl phosphate (TNBP), TBOEP, and EHDPHP, were analyzed
in 53 composite food samples, belonging to 12 different food cat-
egories (including cereals, pastries, meat, fish, dairy products (fluid
and solid), eggs, fats/oils, vegetables, fruit, potatoes, sugar/sweets,
and beverages), from a recent Swedish food market basket study
(2015). Based on the analysis results, the human per capita exposure
to PFRs from food was then estimated and discussed.
2. Materials and methods

2.1. Sample collection

The Swedish Board of Agriculture (SBA) produces regularly
updated reports of per capita consumption data based on produc-
tion and trade statistics, providing information on annual market
availability of food categories and foodstuff. In the present study,
data for the calendar year 2013 has been used as basis for food
purchase and in the following calculations (SBA, 2013). A shopping
list was made by selecting different food items for each food
category, considering the food groups consumed on average more
than 0.5 kg per person per year (i.e. 1.5 g per person per day). This
list covers approximately 90% of the total annual consumption
expressed in kg/person.

In the present study, all food items were purchased in Uppsala,
in MayeJune 2015, from five major grocery chains, with different
distribution channels, and each food basket consisted of about 250
Table 1
Food groups and major food items within each group (Swedish food market basket stud
removal of inedible parts.

Group Food groups Description of food items/categories

1 Cereal products Flour, grain, corn flakes, pasta, bread
2 Pastries Biscuits, buns, cakes, pizza, pirogue
3 Meat Beef, pork, lamb, game, poultry, cured and processed meats
4 Fish Fresh and frozen, canned, shellfish (including fish products)
5A Dairy products,

fluids
Milk, sour milk, yoghurt

5B Dairy products,
solids

Cheese (hard, processed, cottage), cream and sour cream

6 Eggs Fresh eggs
7 Fats/oils Butter, margarine, cooking oil, mayonnaise
8 Vegetables Fresh and frozen, incl. root vegetables, canned products
9 Fruits Fresh and frozen, canned products, juice, nuts, cordials, jam
10 Potatoes Fresh, French fries, potato crisps, potato pur�ee (ready-made
11 Sugar/Sweets Sugar, honey, chocolate, sugar sweets, dairy and vegetable fat

mustard, ketchup,
12 Beverages Soft drinks, mineral water, beer (up to 3.5 vol % alcohol)
food items. The nationally largest selling brand/product and the
grocery chain's own brand (if present) were used as criteria for
selecting the food items. At the day of purchase, the food items
were kept cold and/or frozen during transport. From each pur-
chased food basket, the food items were sorted in 12 main food
categories (Table 1), and the dairy products were split in two sub-
groups (5A and 5B) for sample homogeneity reasons. From each
food item, one percent (by weight) of the yearly per capita con-
sumption was taken out for homogenate preparation and subse-
quent analysis (Fig. S1). For food items where wastage could be
supposed, inedible parts such as bone, skin, etc. were removed
prior to homogenization. The weighed amount of sample from
every food itemwithin a food group (e.g. meat/meat products) was
subsequently mixed and carefully blended (by using a household
mixer). From these food group homogenates, samples were taken
for analyses of PFR compounds.

2.2. Chemicals and materials

Standards of TCEP, TDCIPP, TEHP, EHDPHP, TCIPP (mixture of 2
isomers), and TPHP were purchased from Chiron AS (Trondheim,
Norway). Triamyl phosphate (TAP) (IS) was purchased from TCI
Europe (Zwijndrecht, Belgium). Labeled internal standards, TPHP-
d15, TDCIPP-d15, TBOEP-d6, and TCEP-d12 (IS) were custom syn-
thesized. Recovery standard (RS) chlorobiphenyl CB-207 was pur-
chased from Dr. Ehrenstorfer Laboratories (Augsburg, Germany).
Polypropylene syringes were purchased by Sigma-Aldrich (St.
Louis, MO, USA). QuE Z-Sep sorbent powder and Florisil® cartridges
(500 mg, 3 mL) were purchased from Supelco (Bellefonte, PA, USA).
All solvents were chromatography grade: n-hexane (n-Hex) was
purchased from Acros Organics (Belgium); ethyl acetate (ETAC),
dichloromethane (DCM), iso-octane, and acetonitrile (ACN) were
purchased from Merck (Darmstadt, Germany). All chemicals were
analytical reagent grade or equivalent analytical purity.

2.3. Sample preparation and instrumental analysis

The method used for the analysis of PFRs in the food samples
was based on the method described previously by Xu et al. (2015)
with minor modifications. For the analysis of target compounds,
0.50 g of dry sample (equivalent to 0.70e5.0 g of wet weight,
depending on the food group) or 0.10 g of fats/oils was added into a
25 mL polypropylene syringe with frit and cap at the bottom. Each
sample was spiked with 50 mL of IS mixture (TAP, TPHP-d15,
TDCIPP-d15, TBOEP-d6, and TCEP-d12) and added with 5 mL of
y, 2015). The food group weights represent 1% of the annual per capita weight, after

Wt. of food group
homogenate (g)

836
177

(including meat products) 774
167
1180

290

101
164
721
851

) 461
-based ice-cream, ready-made sauces and dressings, 459

1150
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ACN, vortexed 1 min, and placed overnight at þ4 �C. The following
day, the samplewas vortexed 1min and the solvent was transferred
in a pre-cleaned glass tube. The extract was concentrated to 2 mL
and added with 160 mg QuE Z-Sep sorbent powder. After per-
forming the dispersive solid phase extraction (d-SPE), the extract
was centrifuged and the supernatant was first transferred in a pre-
cleaned glass tube, concentrated to nearly dryness and finally
reconstituted with 0.50 mL of n-Hex. The solution was then loaded
on a Florisil® cartridge (pre-conditioned with 6 mL of ETAC and
6 mL of n-Hex). The fractionation was achieved with 12 mL of n-
Hex:DCM (1:1 v/v) (F1) and 10 mL ETAC (F2). F1 (including
analytical interferences, such as lipids and pigments) was dis-
carded, while F2, containing the target analytes, was concentrated
to nearly dryness and reconstituted with 50 mL of RS (in iso-
octane:toluene, 9:1 v/v) and 50 mL of iso-octane:ETAC (8:2 v/v)
solvent mixture. The sample was then transferred to injection vial
and stored under �20 �C for at least 30 min before analysis on GC-
EI/MS to precipitate residual lipids (if present, only the clear top
layer was transferred to a new injection vial and injected).

PFRs were analyzed using an Agilent 6890 GC coupled to an
Agilent 5973 MS operated in electron-impact (EI) mode. The GC
system was equipped with a HT-8 column (25 m � 0.22 mm,
0.25 mm), electronic pressure control and a programmable-
temperature vaporizer (PTV) inlet. The injection temperature was
set at 80 �C, held 0.03 min, ramped at 700 �C/min to 300 �C, held
40 min. Injection (1 mL) was performed under a pressure of 13.65
psi until 1.25 min and purge flow to split vent of 50 mL/min after
1.25 min. The GC temperature ramp started from 80 �C, held
1.25 min, ramped at 15 �C/min to 200 �C, held 3 min, ramped at
5 �C/min to 270 �C, ramped at 20 �C/min to 310 �C, held 12 min.
Heliumwas used as a carrier gas with a flow rate of 1.0mL/min until
28 min, then increased to 1.5 mL/min. The mass spectrometer was
run in SIM mode with 2 or 3 characteristic ions acquired for each
analyte and the corresponding IS. TEHP, TCEP, TCIPP (2 isomers),
EHDPHP, TPHP, TDCIPP, TNBP, and TBOEP were analyzed. TAP was
used as IS for TEHP, TNBP; TCEP-d12 was used for TCEP and TCIPP (2
isomers); TBOEP-d6 was used for TBOEP; TPHP-d15 was used for
TPHP and EHDPHP; TDCIPP-d15 was used for TDCIPP.

2.4. QA/QC

The quality assurance and control check was performed using
the menhaden fish oil used in the first worldwide interlaboratory
study (ILS) on PFRs (Brandsma et al., 2013). The measured values
were within the range of the reference concentration (±15%), while
the mean recoveries of the spiked IS standards ranged between 53
and 71%, except for TBOEP-d6 (33%). A procedural blank was
analyzed every ten samples to check for laboratory contamination.
Themean blank concentrations (Table S1) were subtracted from the
values found in the samples. The limits of quantification (LOQs)
were based on a signal noise ratio of 10 for compounds not present
in the blanks or were calculated as three times of standard devia-
tion of the blanks plus average blank values for compounds present
in the blanks. Due to the different weights of the analyzed samples
and to the various sensitivities of the analytes on the GC-EI/MS,
LOQs differed per matrix and per compounds and ranged from
0.05 to 3 ng/g ww (Table S2).

2.5. Estimation of per capita intake

The per capita exposure concept derives from the Swedish Board
of Agriculture data on food production and trade statistics (SBA,
2013). The calculation is based on the per capita consumption,
which represents the calculated mean population consumption of
various food groups derived from Swedish sales and production
statistics. The per capita intake of the respective PFRs can then be
derived by multiplying the per capita consumption amount of a
specific food category by the concentration of the actual compound
found in the food homogenate. Since this homogenate represent
one percent of the whole annual consumption, the amount in the
homogenate is multiplied by a factor 100. This gives the yearly
consumption of the actual compound, which subsequently could be
expressed on a daily basis by dividing by 365, as was earlier done
e.g. in case of persistent organic pollutants in the 1999 Swedish
food market basket study (Darnerud et al., 2006). To present the
data also on a body weight basis, the average body weight of the
Swedish population (67.2 kg), from estimations in the previous
marked basket survey from 2010 (NFA, 2012), was used in the
calculations. When calculating the mean and median concentra-
tions of PFRs in food homogenates and the average per capita in-
takes, the non-detects were substituted with half the quantification
levels (<LOQ ¼ 1/2 LOQ, i.e. medium bound, MB).

3. Results and discussion

3.1. Levels of PFRs

The PFR concentrations measured in the different food groups,
based on medium bound levels (MB), are presented in Table 2. Per
each food group, the mean, median, and range of the PFRs
measured in the food homogenates belonging to that specific food
group were reported, while the total dataset of PFR concentrations
is shown in Table S3. The percentage of non-detects varied between
55 and 100%, depending on the compound. TEHP, TNBP, and TBOEP
were not detected in any of the analyzed food samples and,
therefore, they were not shown in the tables or included in the
subsequent estimation of the per capita intake. The high percentage
of non-detects could be due to a lowaccumulation/concentration of
these compounds in biota and consequently in the human food
chain (Greaves and Letcher, 2016; Van der Veen and De Boer, 2012).
This lower accumulation/concentration of PFRs, when compared to
e.g. PBDEs and PCBs, may be due to their rapid metabolism/excre-
tion (Su et al., 2014). Although toxicokinetic information on PFRs is
still limited, recent studies on the in vitrometabolism of PFRs (using
rat, herring gull, and human liver microsomes) and on the analysis
of PFR metabolites in human urine suggested that PFRs are likely
metabolized and excreted rapidly and that the half-lives of the PFR
parent compounds in blood, and of their metabolites in urine, are
relatively short, on the order of several hours (Greaves et al., 2016;
Meeker et al., 2013; Cooper and Stapleton, 2012).

Among the analyzed PFRs, EHDPHP had the highest median
concentrations (9 ng/g ww) and was detected in most food groups,
possibly due to the use of EHDPHP in food packaging materials
(FDA, 2006). It was followed by TPHP (2.6 ng/g ww), TDCIPP (1.0 ng/
g ww), TCEP (1.0 ng/g ww), and TCIPP (0.80 ng/g ww). Literature
data reporting PFR levels in biota and foodstuffs are still limited and
mainly focused on fish (marine and freshwater species) and, to a
lesser extent, on meat and egg contamination (Malarvannan et al.,
2015; Xu et al., 2015). From a comparisonwith the existing data, the
PFR levels measured in fish homogenates from our study (mean:
3.50 ng/g ww for the sum of considered PFRs) are in the same range
as those observed in smoked salmon by Xu et al. (2015) (mean:
1.23 ng/g ww). Our data are lower than those measured in aquatic
biota from Western Scheldt estuary, The Netherlands (median of
4.6 and 2.0 ng/g ww for TCIPP and TPHP, respectively) (Brandsma
et al., 2015), in wild European eels from Belgian freshwater
bodies (median of 8.4 ng/g ww) (Malarvannan et al., 2015), and in
samples of fish and mussels from Swedish lakes and coastal areas
(contamination pattern dominated by TCIPP, with levels between
170 and 770 ng/g lw) (Sundkvist et al., 2010). Also, the mean PFR



Table 2
Mean, median, and range of PFR levels in Swedish market basket samples from 2015 (ng/g ww) based on medium bound levels (MB) in food groups with at least one sample
>LOQ.

Food groups TCEP TPHP EHDPHP TDCIPP TCIPPa

Cereals (n ¼ 5) mean 0.25 0.34 4.17 0.38 1.23
median 0.25 0.25 4.24 0.25 0.59
range <0.50 <0.50e0.67 <3.0e9.25 <0.50e0.89 0.40e2.80

Pastries (n ¼ 2) mean 0.25 0.75 9.25 0.25 0.81
median 0.25 0.75 9.25 0.25 0.81
range <0.50 <0.50e1.240 8.44e10.06 <0.50 0.70e0.91

Meat (n ¼ 5) mean 0.10 0.46 0.64 0.18 0.08
median 0.10 0.23 0.50 0.10 0.08
range <0.20 <0.20e1.54 <1.0e1.22 <0.20e0.52 <0.15

Fish (n ¼ 5) mean 0.10 0.63 2.46 0.29 0.08
median 0.10 0.43 1.75 0.10 0.08
range <0.2 <0.20e1.56 <1.0e5.80 <0.20e1.05 <0.15

Dairy, fluid (n ¼ 4) mean 0.13 0.08 0.43 0.18 0.06
median 0.12 0.08 0.43 0.08 0.06
range <0.10e0.22 <0.10e<0.20 <0.70e<1.0 <0.10e0.50 <0.10e<0.15

Dairy, solid (n ¼ 5) mean 0.15 0.15 1.00 0.15 0.10
median 0.15 0.15 1.00 0.15 0.10
range <0.3 <0.3 <2.0 <0.30 <0.20

Eggs (n ¼ 5) mean 0.08 0.08 0.91 0.18 0.13
median 0.08 0.08 0.89 0.12 0.11
range <0.15e<0.20 <0.15e<0.20 0.58e1.26 <0.15e0.39 <0.15e0.23

Fats/oils (n ¼ 4) mean 1.00 4.74 5.08 1.00 0.75
median 1.00 2.62 4.85 1.00 0.75
range <2.0 1.36e12.37 <6.0e7.61 <2.0 <1.5

Vegetables (n ¼ 5) mean 0.41 0.07 0.28 0.37 0.18
median 0.45 0.06 0.29 0.21 0.17
range 0.32e0.51 <0.05e0.13 <0.2e0.39 <0.05e1.06 <0.05e0.33

Fruits (n ¼ 5) mean 0.09 0.08 0.47 0.29 0.11
median 0.08 0.08 0.35 0.24 0.08
range <0.15e0.16 <0.15 <0.7e0.95 <0.15e0.57 <0.15e0.24

Potatoes (n ¼ 5) mean 0.11 0.18 0.35 0.29 0.17
median 0.08 0.08 0.35 0.29 0.18
range <0.15e0.26 <0.15e0.48 <0.70 0.18e0.49 <0.15e0.29

Sugar/sweets (n ¼ 2) mean 0.23 0.25 3.71 0.74 0.20
median 0.23 0.25 3.71 0.74 0.20
range <0.45 <0.50 <3.0e5.92 <0.5e1.23 <0.40

Beverages (n ¼ 2) mean 0.23 0.25 1.50 0.86 0.20
median 0.23 0.25 1.50 0.86 0.20
range <0.45 <0.50 <3.0 0.64e1.07 <0.40

a Sum of two isomers.
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levels measured in meat and eggs from the present study are
similar to those observed in lean pork (0.30 ng/g ww for EDHPHP)
and free range eggs (0.27 ng/g ww for TPHP) analyzed by Xu et al.
(2015).

Interestingly, the distribution of PFRs in the analyzed food cat-
egories shows that cereals, pastries, fats/oils, and sugar/sweets
have the highest medium bound PFR contamination (Fig. 1). These
food categories are more industrially processed, compared to the
other food groups, possibly suggesting that their contamination
arises during food processing. The lower contamination with PFRs
in foods of animal origin, in addition, might be due to their rapid
metabolism and excretion though urine (Greaves et al., 2016; Su
et al., 2014; Meeker et al., 2013).
3.2. Estimation of per capita intake of PFRs via diet

The calculated per capita intakes of five PFRs from each food
category and the total intake of PFRs considering all the food groups
are reported in Table 3. For the average adult population, the
calculated daily medium-bound per capita intakes of PFRs from
food ranged from 406 to 3266 ng/day and from 6 to 49 ng/kg bw/
day for the five different compounds. The major contributor to the
total intake was in the order of EHDPHP (57%) > TDCIPP
(14%) > TPHP (11%) > TCIPP (10%) > TCEP (7%), whereas the food
categories contributing most to the total PFR intake were cereals
(26%), followed by beverages (17%), sugar/sweets (11%) and pastries
(10%). The specific contribution of all the analyzed food categories
to the intake of the five PFRs is represented in Fig. S2.

In a Swedish study, based on the levels of the sum of eight PFRs
in fish (with a consumption of 375 g/week), the resulting intake of
PFRs was calculated as up to 20 ng/kg bw/day (Sundkvist et al.,
2010). Malarvannan et al. (2015) determined the human intake of
PFRs based on levels in Belgian eels, and the median intake of
certain PFRs for high consumers (recreational fishermen and their
families) were at most 1 ng/kg bw/day for TCIPP. Kim et al. (2013)
determined the total dietary intake of seven PFRs (22 ng/kg bw/
day) in fish from Philippines. In an US market basket study
(Gunderson, 1988), the PFR intake was calculated as 0.3e4.4 ng/
kg bw/day for TPHP. The calculated PFR intake from food in the
present study are in the same order of magnitude of the previously
cited studies, but these were only based on fish intake, whereas the
intake estimations of the present Swedish foodmarket basket were
based on 12 food categories.

In addition, the estimated per capita dietary intake values of four
of the PFR compounds analyzed in this study (TCEP, TCIPP, TPHP,
and TDCIPP) were compared to the available reference doses (RfD)
for the target PFRs, obtained by dividing the chronic no-observed-
adverse-effect-levels (NOAELs) by a safety factor of 1000 (Ali et al.,
2012a). Daily intakes above 80,000 for TCIPP, 70,000 for TPHP,
15,000 for TDCIPP, and 22,000 ng/kg bw/day for TCEP are expected
to cause health risks. Our calculated daily per capita intakes of these
four PFRs from food (between 6 and 12 ng/kg bw/day, representing



Fig. 1. Mean distribution of the five PFR levels in the analyzed food categories.

Table 3
Estimation of per capita intake of individual PFRs from each food category based on
MB levels (ng/day) and total intake considering all the food groups (ng/day and ng/
kg bw/day). Reference dose (RfD) values (ng/kg bw/day) were calculated by dividing
chronic NOAEL by a factor of 1000 (Ali et al., 2012a).

TCEP TPHP EHDPHP TDCIPP TCIPPa

RfD values (ng/kg bw/day) 22,000 70,000 e 15,000 80,000
food groups
Cereals 57 77 955 87 282
Pastries 12 36 448 12 39
Meat 21 97 136 39 15
Fish 4 28 112 13 3
Dairy, fluid 41 24 137 56 20
Dairy, solid 11 11 79 11 7
Eggs 2 2 25 4 3
Fats/oils 44 213 228 44 33
Vegetables 81 13 55 72 36
Fruits 21 17 109 67 25
Potatoes 14 23 44 36 21
Sugar/sweets 28 31 466 92 25
Beverages 70 78 472 269 63

Total (ng/day) 406 650 3266 802 572
Totalb (ng/kg bw/day) 6.0 9.7 48.6 11.9 8.5

% of RfD 0.03 0.01 - 0.08 0.01

a Sum of two isomers.
b Using the per capita body weight of 67.2 kg.
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from 0.01 to 0.08% of the reported RfD) (Table 3) were several or-
ders of magnitude lower than the indicated reference dose values.
3.3. Considerations on exposure routes for PFRs in humans

Because of the frequent occurrence of PFRs in the environment
and their possible accumulation in biota samples, humans are
exposed to PFRs via different exposure routes (Wei et al., 2015). One
of the most important exposure pathways is ingestion (and inha-
lation) of dust (van de Eede et al., 2011; Sundkvist et al., 2010), to
date considered more important than the food ingestion (Wei et al.,
2015). The PFR concentrations in indoor dust are usually in the mg/g
range, which is 1000-fold higher than the range of concentrations
measured in foodstuffs (ng/g range). However, the average esti-
mated ingestion rate of dust (20 mg/day for adults) (Jones-Otazo
et al., 2005) is 1000 to 100,000-fold lower than food consump-
tion, which is typically in the range of hundreds of g/day for adults.

The typical high-end ranges of PFR exposure via dust ingestion
(Fig. 2) were estimated at 6.6 ng/kg bw/day for Belgian adults
workers (Van de Eede et al., 2011), at 6.5 ng/kg bw/day for German
adults (Brommer et al., 2012), at 3.0 ng/kg bw/day for adults in New
Zealand (Ali et al., 2012a), at 9.7 ng/kg bw/day for adults in Stock-
holm (Luongo and Ostman, 2016), at 2.6 ng/kg bw/day for adults
living in urban areas of Romania (Dirtu et al., 2012), at 0.45 and
6.35 ng/kg bw/day in adults from Pakistan and Kuwait, respectively
(Ali et al., 2013), at 0.19 ng/kg bw/day for adults in Egypt (Abdallah
and Covaci, 2014), and at 0.22 ng/kg bw/day in adults from
Philippines (Kim et al., 2013). In the present study, a wide range of
food categories was included in the estimation of the human
exposure to PFRs via diet. Thus, the estimated per capita intakes by
adults of PFRs from food (total intake of 85 ng/kg bw/day for the



Fig. 2. Typical exposure to
P

PFRs via dust ingestion and maximum estimated exposure to
P

PFRs via food ingestion (ng/kg bw/day). a) Kim et al., 2013; b) Abdallah and Covaci,
2014; c) Ali et al., 2012b; d) Ali et al., 2013; e) Dirtu et al., 2012; f) Ali et al., 2012a; g) Brommer et al., 2012; h) Van de Eede et al., 2011; i) Luongo and Ostman, 2016; j) Sundkvist et al.,
2010; k) Gunderson, 1988; l) Malarvannan et al., 2015. Please note that

P
PFRs is composed of different PFRs in the mentioned studies.
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sum of 5 PFRs) (Fig. 2) were generally higher than those estimated
from dust, making the PFR exposure via diet equally or more
important.

3.4. Strengths and limitations of the study

The present study provides new information about the human
exposure to PFRs via food consumption, since very few papers have
earlier reported, and all relevant food categories were included in
the exposure estimation. However, many analytical results were
below the assessed limits of quantification (which could affect the
precision of the data), but enough QA/QC measures, including an
appropriate number of laboratory blanks and tests on reference
material, were performed to conclude that the analyses have been
conducted in optimal conditions. To show how much data <LOQ
affected our results, the estimation of the per capita intake of PFRs
was determined also on lower and upper bound basis (LB and UB),
and the influence of the <LOQ values, expressed as the ratio UB/LB,
was calculated (Table S4). In addition, no reference dose value (RfD)
for EHDPHP is available in literature. Therefore, it was not possible
to compare the estimated per capita dietary intake values of this
compound obtained from this study with a reference value. Finally,
due to the rapid metabolism and excretion of PFRs, the analysis of
PFR parent compounds in foods of animal origin (such as meat or
fish) could not reveal the actual accumulation in the animal body.
For this reason, a further investigation on the PFR metabolites in
food of animal origin will be of great interest.

4. Conclusions

In the present work, eight PFRs were analyzed in food com-
posites from a Swedish market basket in 2015. Measurable PFR
levels were found in several of the 12 studied food groups and the
categories cereals, pastries, fats/oils, and sugar/sweets showed the
highest levels of contamination. Based on the analysis results, the
human per capita exposure to PFRs from food was estimated and
found much lower than the health-based reference points. How-
ever, although lower levels of PFRs could be found in food than in
dust, our results suggest that the PFR exposure via diet is equally
important to the one via ingestion of indoor dust, as the food intake
is comparably much higher.
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