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g r a p h i c a l a b s t r a c t
� 42 per- and polyfluoroalkyl sub-
stances (PFASs) were analyzed in
childcare samples.

� Two short-chain fluorotelomer-based
PFASs dominated both carpets and
dust.

� Strong associations were found be-
tween PFAS levels in carpet and dust
pairs.

� PFASs of emerging concern signifi-
cantly contributed to children
exposure.
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Carpets can be a significant source of per- and polyfluoroalkyl substances (PFASs) in the indoor envi-
ronment and may be an especially important source of exposure for children and toddlers. Most previous
studies focused on measuring indoor dust only. In this study, we measured PFAS concentrations in paired
carpet and dust samples from 18 California childcare centers in 2018 to investigate carpet as a
contributor to PFASs in dust. Median total PFAS concentrations (

P
PFASs) in carpets and dust were

471 ng/g and 523 ng/g, respectively. 6:2 FTOH and 6:2 FTSA were the two dominant PFASs, collectively
accounting for over 50% of the

P
PFASs in both media. Other frequently detected PFASs included C4eC14

perfluoroalkylcarboxylic acids, C4eC8 perfluoroalkylsulfonic acids, PFDS, 4:2 FTSA, 8:2 FTSA, FOSA,
MeFOSE, EtFOSE, 8:2 FTOH, and 10:2 FTOH. We found strong associations between PFAS levels in carpet
and dust pairs, suggesting that carpets can be a source and a sink for PFASs. The estimated total per-
fluoroalkyl acids (PFAA) intake via dust ingestion for children was 0.023, 0.096, and 1.9 ng/kg body
weight/day in the low-, intermediate-, and high-exposure scenarios, respectively. Our data suggest that
PFASs of emerging concern are playing an increasingly important role in indoor exposure to PFASs.

© 2020 Published by Elsevier Ltd.
1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a large family of
man-made chemicals consisting of aliphatic chain(s) inwhich all or
.

most carbons are fluorinated, excluding the terminal functional
group, like carboxylate, sulfonate, or alcohol (Buck et al., 2011).
They have been used in industrial and commercial applications
since the 1950s due to their useful hydrophobic and lipophobic
properties, as well as their high chemical and thermal stability (Jian
et al., 2017). Prior to 2003, PFAS production primarily consisted of
C8 compounds such as perfluorooctanesulfonic acid (PFOS),
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perfluorooctanoic acid (PFOA), and related chemistries. However,
increasing concern about the toxicity and bioaccumulative poten-
tial of long-chain PFASs resulted in the phase-out of C8 compounds
by 3M during 2000e2002 (USEPA, 2000) and by DuPont and seven
other major manufacturers by 2015 (USEPA, 2006). PFOS and its
salts and precursors were added to Annex B of the Stockholm
Convention 2009 (Stockholm Convention). Additionally, a stew-
ardship agreement was reached between the US Environmental
Protection Agency (USEPA) and eight major PFAS manufacturers to
reduce production of PFOA and related compounds by 95% by 2010,
followed by their elimination after 2015 (USEPA, 2006). In the 2014
company progress reports, all participating companies stated that
they successfully met the PFOA Stewardship Program goals (USEPA,
2014). As a result, manufacturers shifted towards short-chain
(number of fluorinated carbons � 6) and ether-based PFASs.
These alternative PFASs share the extreme persistence of the long-
chain compounds but are more mobile in surface water and
groundwater. Knowledge of their toxicity is emerging.

Food, drinking water, indoor air and dust are the main routes of
human exposure to PFAS (D’Eon and Mabury, 2011; Gebbink et al.,
2015), and the relative contribution of each route depends on the
exposure scenario being considered. Indoor dust, due to its abun-
dance, accessibility, and capacity to sorb contaminants from sur-
rounding media (e.g., flooring, consumer products, and indoor air),
has been widely used as a representative medium for assessing
human exposure to various contaminants indoors, including PFASs
(Watkins et al., 2011; Kara0skova0 et al., 2016). Carpeted floors have
been previously linked to higher PFAS contamination in indoor
environments (Kubwabo et al., 2005; Gewurtz et al., 2009; Harris
et al., 2017; Winkens et al., 2018). The application (during
manufacturing or use) of stain- and soil-repellents containing
PFASs and carpets acting as a sink for PFASs from other sources can
result in the presence of PFASs in carpets (Kubwabo et al., 2005;
Knobeloch et al., 2012; Kar�askov�a et al., 2016). Either way, carpets
may cause direct consumer exposure to PFOA, PFOS, and other PFAS
via hand-to-mouth behavior, which is particularly important for
infants, toddlers, and children (Trudel et al., 2008).

Vestergren et al. reported that, although human exposure to
PFOA and PFOS through household dust was modest compared to
that via food intake, for other PFAS, including perfluorohexanoic
acid (PFHxA), perfluoroheptanoic acid (PFHpA), perfluorotetra
decanoic acid (PFTeDA), perfluorononanoic acid (PFNA), and per-
fluorotridecanoic acid (PFTrDA), dust ingestion contributed to
27e49% of the total exposure (Vestergren et al., 2012). An exposure
assessment for children demonstrated that ingestion of settled dust
constituted 36% of their total PFOS exposure, comparable to the
dietary intake (42%) (Egeghy and Lorber, 2011). Epidemiological
research identified adverse health effects on immunity, cardio-
metabolism, neurodevelopment, thyroid, kidney and puberty
onset caused by children’s exposure to PFASs (Braun, 2017;
Rappazzo et al., 2017), and hence it is important to evaluate PFAS
exposure for children via dust ingestion in the indoor environment.
Then major source(s) of PFASs in indoor dust should be identified
and children’s exposure reduced.

Only a few studies measured indoor dust from children’ bed-
rooms and schools (Strynar and Lindstrom, 2008; Bjorklund et al.,
2009; Goosey and Harrad, 2011; California Environmental
Protection Agency, 2012; Winkens et al., 2018; Giovanoulis et al.,
2019). To our knowledge, only two of those focused on PFASs in
dust from U.S. childcare centers. For example, Strynar and Lind-
strom measured perfluoroalkylcarboxylic acids (PFCAs), per-
fluoroalkylsulfonic acids (PFSAs) and fluorotelomer alcohols
(FTOHs) in dust samples from 10 Ohio and North Carolina daycares
in 2000e2001, and they found that PFOA and PFOS dominated
(Strynar and Lindstrom, 2008). A report by the California EPA
demonstrated that PFOA, perfluorodecanoic acid, and PFOS were
the most commonly detected perfluoroalkyl acids in dust samples
collected from California childcare centers in 2010e2011 (California
Environmental Protection Agency, 2012). These two studies tar-
geted a limited number of individual PFASs, mostly legacy com-
pounds (e.g., long-chain perfluoroalkyl acids) and samples were
collected ~10 or 20 years ago.

Recently, as a result of manufacturers utilizing telomerization
processes to synthesize PFAS products, the presence of
fluorotelomer-based PFASs in the environment has increased. In
addition, it became clear in the last few years that some of these
compounds (e.g. FTOHs and fluorotelomer acids) may undergo
biotransformation and environmental degradation to form per-
fluoroalkyl acids (PFAAs) (Buck et al., 2011). None of the studies on
childcare centers mentioned above applied recently-established
PFASs’ uptake and biotransformation factors (Gebbink et al., 2015)
into their estimations of PFAS intakes via dust ingestion.

Given the rapidmarket shifts and large number of PFASs present
in the market and the limited information on the environmental
fate of PFASs of emerging concern, we are revisiting the question of
children’s exposures to PFAS via indoor dust with a broader list of
target analytes. In this study, we measured PFAS concentrations in
paired carpet and dust samples collected from 18 California child-
care centers in 2018. To our knowledge, this is the first time that
PFAS have been analyzed in carpet and dust samples collected
simultaneously. We targeted 42 individual chemicals, including
PFCAs, PFSAs, and PFAA precursors. Our objectives were to measure
emerging and legacy PFASs in indoor dust and carpets from child-
care centers, investigate the association of PFASs in carpet with
those in indoor dust, and estimate PFAA exposure risks via dust
ingestion for children at ages 2e6.

2. Materials and methods

2.1. Chemicals and reagents

The detailed list of targeted PFAS analytes and the mass-labelled
PFASs used as surrogate and internal standards is provided in
Tables S1 and S2. The authentic standards, including 12 PFCAs, 10
PFSAs, 3 fluoroalkylsulfonamides (FASAs), 2 fluoroalkylsulfo
namidoethanols (FASEs), 3 fluorotelomer carboxylic acids (FTCAs),
3 fluorotelomer sulfonic acids (FTSAs), 4 FTOHs, 3 fluorotelomer
acrylates (FTAcrs), and 2 fluorotelomermethacrylates (FTMAcrs), as
well as their the isotopically labelled PFASs were purchased from
Wellington Laboratories (Guelph, ON, Canada), Sigma-Aldrich (St.
Louis, MO), or Matrix Scientific (Columbia, SC). All individual
standards were �95% purity (�98% for mass-labelled standards).
Envi-Carb (graphitized non-porous carbon) and centrifugal filters
(nylon membrane, 0.2 mm) were obtained from Sigma-Aldrich and
VWR International (Radnor, PA), respectively. All solvents were
HPLC grade or higher and they were purchased from Fisher Sci-
entific (Hanover Park, IL).

2.2. Sample collection

A total of 29 carpet and 28 dust samples were collected from 18
California childcare centers in the summer of 2018. All instruments
used during sample collection were pre-cleaned with water and
isopropanol. Indoor dust was collected using a Eureka Mighty Mite
(Model 3670) vacuum cleaner equipped with nylon socks (25 mm
pore size, Allied Filter Fabrics, Australia) mounted on the attach-
ment tube. An area of 2 m � 2 m (4 m2) in the center of each
classroom was vacuumed for 5 min. The dust collected was then
weighed and kept in the sock, which was tied with a rubber band
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and wrapped in aluminum foil. Carpet fibers were sampled along
with dust collection. The top fibers (visually dust-free) of a corner of
the selected carpet were snipped off using scissors. If the carpet did
not have plush fibers, a corner of the carpet including its backing
was cut using scissors. The carpet collected was then weighed and
kept in a Ziploc bag. Both dust and carpet samples were stored
at �20 �C until analysis.
2.3. Sample analysis

The sample treatment procedures used in this study followed
previously established methodologies with slight modifications
(Reiner et al., 2015; Kar�askov�a et al., 2016; Winkens et al., 2018).
Dust (sieved through a 150 mmsieve to remove coarsematerials [i.e.
fibers and debris] that are less likely to be ingested by children in
the same manner as dust) and carpet (fibers) samples were treated
using the same protocol. A 50e100 mg sample was spiked with
20 ng each of surrogate standard (used for assessing method per-
formance), and extracted with 3 mL of 4:1 hexane/isopropanol
twice and then with 2 � 3 mL of 1:1 methanol/acetonitrile. A pre-
weighed whole nylon sock was extracted for the dust field blanks
using ten times the volume of solvent used for real samples, since a
nylon sock was approximately 10 times heavier than the dust or
carpet samples (approximate weight of socks was 850 mg). Each
extraction step was performed using sonication for 30 min fol-
lowed by centrifuge at 3000 rpm for 5 min. The supernatants were
combined and concentrated under nitrogen till ~5 mL. The sample
was cleaned-up by adding 100 mg of Envi-Carb to the extract,
which was vortexed for 1 min and centrifuged for 5 min. The
resulting sample was reduced to 500 mL with nitrogen blowdown,
and then filtered using a centrifuge filter. The filtrate was trans-
ferred into a 1-mL polypropylene vial and spiked with 50 ng each of
the internal standards used for quantitation.

FASAs and ionic PFASs, i.e., PFCAs, PFSAs, FTSAs, and FTCAs, were
analyzed by ultrahigh performance liquid chromatography coupled
to a triple quadrupole mass spectrometer (Agilent 1290 Infinity II
UPLC e 6470 QQQ-MS), operated in the negative electrospray
ionization mode (ESI�). A gas chromatographic mass spectrometer,
operated in the positive chemical ionization mode (Agilent
7890 GCe5977 B PCI-MS), was used to determine FASEs, FTOHs,
FTAcrs, and FTMAcrs. Detailed compound-dependent parameters
are included in Tables S1 and S2.
2.4. Quality assurance and control

Twenty dust field blanks were prepared following the same
sampling protocol applied for the dust collection except that no
dust was vacuumed. Also, a procedural blank and a matrix spike
were processed along with every 9e12 samples. PFAS compounds
detected in procedural blanks and dust field blanks were included
in Table S3. Repeatability of the method was evaluated by analyzing
10% of our samples twice. The relative standard deviations of in-
dividual PFAS levels between the duplicate measurements were all
<25%. The method detection limits (MDLs) for carpet were defined
as the average procedural blank level þ 3 � standard deviation
(n ¼ 6) or the amount of chemicals generating a signal-to-noise
ratio of 5 if compound was not detected in the procedural blanks.
The MDLs for dust were defined as the average dust field blank
level þ3 � standard deviation (n ¼ 20) or the PFAS amount
generating a signal-to-noise ratio of 5 if a PFAS was not detected in
the dust field blanks (See Table S3). Given the relatively high 6:2
FTSA residue in dust field blanks, probably from the sampling de-
vices (e.g. the vacuum cleaner and nylon socks) or plastic items
used during processing, the 6:2 FTSA concentrations in these dust
samples should be interpreted cautiously. The recoveries of surro-
gate standards (average ± standard deviation) were 87 ± 12%,
83 ± 12%, 84 ± 22%, 83 ± 5.2%, 87 ± 4.5%, 93 ± 6.1%, 159 ± 47%,
146 ± 45%, 81 ± 5.2%, 51 ± 16%, 82 ± 33%, 61 ± 15%, 81 ± 13%, and
99 ± 24% for M3PFBA, M3PFBS, MPFHxA, MPFHxS, MPFOA, MPFOS,
M2-8:2 FTCA, M2-8:2 FTSA, MPFUnDA, dMeFOSA, M2PFTeDA, M4-
4:2 FTOH, M2-8:2 FTOH, and dMeFOSE, respectively. Matrix spike
recoveries for individual PFASs were in the range 54e169%
(Table S3). To compensate for possible losses of analytes during our
experimental procedures and for potential matrix effects on
instrumental analyses, a surrogate standard was assigned to each
PFAS based on their similarity in chemical structure and their
chromatographic retention time (Table S4). These surrogate stan-
dard spike recoveries were in the range 73.4e111%. Given that all of
these relative recoveries were more rational than those for the
absolute recoveries (Table S3), the concentration reported in this
study were surrogate adjusted.
2.5. Data analysis and exposure assessment

Statistical analyses and plotting were performed using Sigma-
Plot 14.0 (Systat Software Inc.), SPSS 20 (IBM Corporation), or Ori-
ginPro 2017 (OriginLab Corporation). Cells containing values below
MDLs (considered not-detected) were substituted with MDL/sqrt
(2) for all statistical analyses (i.e., median, Mann-Whitney test for
comparison of group means, Kendall’s tau correlation test, and
linear regression model) and for exposure estimates. Previous
studies showed that this substitution provides acceptable results
both for summary statistics and group comparisons (Antweiler and
Taylor, 2008; Antweiler, 2015). Only PFASs detected in �50% of the
samples were included in exposure estimation (Gebbink et al.,
2015; Winkens et al., 2018), while a detection frequency cutoff of
68% was used for the linear regression model to make sure that all
the values in the medium- and high-tertiles were greater than the
corresponding MDLs (Stapleton et al., 2014; Hoffman et al., 2015).
Prior to data analyses, all values were logarithmically transformed
to ensure normal distribution and homogenous variance across
groups, which were confirmed by the Shapiro-Wilk test and the
Brown-Forsythe test, respectively. The level of significance was set
at a ¼ 0.05.

To estimate children’s daily intake of PFAAs and precursors via
oral dust ingestion, we used the concentrations of PFAAs (CPFAA)
and their precursors (Cprecursor) in childcare center dust and fol-
lowed the equation suggested by Gebbink et al. (2015):

Total estimated daily PFAA intake via dust ingestion

¼
X�

CPFAA � qdust � ftimein
mbw

� Fuptake

�
þ

X�
Cprecrsor � qdust � ftimein

mbw
� Fuptake

� Fbiotransf :

�

¼
X

Direct PFAA intakeþ
X

Indirect PFAA intake

where qdust is quantity of ingested dust (g/d); mbw is body weight
(kg); ftime_in is fraction of time spent indoors; Fuptake is gastroin-
testinal uptake fraction; Fbiotransf. is biotransformation factor of
precursor compounds. The total PFAA intake via dust ingestion
equals the sum of direct intake of PFAAs and indirect PFAA intake
from biotransformation of precursors. To simulate three typical
exposure scenarios, i.e., low-, intermediate-, and high-exposure,
different values were applied. Fuptake and Fbiotransf. assigned to in-
dividual PFCAs, PFSAs, FTOHs, and FASEs were based on their
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number of fluorinated carbons. Though no parameters were avail-
able for FTSAs, it has been reported that FTSAs can undergo
biotransformation via unsaturated telomer carboxylic acids (FTU-
CAs) (Wang et al., 2011). Therefore, to assess the contributions of
FTSAs to the total PFAA intake, we used the Fuptake and Fbiotransf.
proposed for FTUCAs (Gebbink et al., 2015). Detailed information on
the parameters used for individual PFASs for exposure assessment
are provided in Table S5.
3. Results and discussion

3.1. PFASs in carpets and dust

Forty out of 42 targeted PFAS compounds were detected in
carpet samples (See Table 1 for summary statistics and Table S6 for
individual PFAS levels in each carpet sample), and 24 were
observed in more than half of the samples. The total PFAS con-
centrations (

P
PFASs, the sum of 42 target compounds) ranged

between 32.2 ng/g and 8500 ng/g. PFASs may be added to carpets
not only during manufacturing in the form of stain- and soil-
repellents but also during use (e.g., carpet cleaning), and some-
times the latter is the more important source for PFASs in carpets.
No significant differences in PFAS concentrations were detected
between fibers and carpets with backing (all p > 0.05).

PFASs were also detected in all the dust samples, with total
concentrations ranging between 46.9 ng/g and 6470 ng/g (see
Tables 2 and S7). Only 10:2 FTCA, 4:2 FTOH, 8:2 FTMAcr were not
detected in any of the dust samples. Several studies have measured
PFASs in residential or office indoor dust, while data on PFASs in
daycare dust remain scarce.
3.2. PFCAs and PFSAs

In carpet samples, the range of total PFCA concentrations
(
P

PFCAs, sum of 13 compounds) was 5.13e884 ng/g and the
Table 1
Detection frequencies (DF, %), median and range for PFAS concentrations (ng/g) in carpet sa
Values in parentheses represent the number of fluorinated carbons. Non-detect values we
individual samples are presented in Table S6.

DF Median Range

PFSAs

PFPrS (3) 31 0.05 NDa - 13.7
PFBS (4) 100 0.53 0.06e280
PFPeS (5) 48 0.05 ND - 3.73
PFHxS (6) 90 1.31 ND - 18.1
PFHpS (7) 55 0.07 ND - 2.74
PFOS (8) 100 2.32 0.18e298
PFNS (9) 21 0.06 ND - 0.35
PFDS (10) 69 0.24 ND - 30.0
PFECHS (8) 3 0.02 ND - 0.04
Cl-PFOS (8) 14 0.04 ND - 1.10

Neutral PFASs
FOSA (8) 59 0.04 ND - 1.63
MeFOSA (8) 24 0.11 ND - 2.37
EtFOSA (8) 3 0.14 ND - 0.51
4:2 FTOH (4) 3 3.61 ND - 12.0
6:2 FTOH (6) 100 69.0 7.78e2410
8:2 FTOH (8) 100 18.8 12.5e2140
10:2 FTOH (10) 66 7.29 ND - 3520
MeFOSE (8) 24 2.26 ND - 122
EtFOSE (8) 7 2.47 ND - 28.9
6:2 FTAcr (6) 10 0.23 ND - 67.1
8:2 FTAcr (8) 10 0.28 ND - 1.27
8:2 FTMAcr (8) 17 0.24 ND - 1.11

a ND ¼ not-detected.
median 37.1 ng/g. The most frequently detected PFCAs were PFNA
(100%), PFOA (100%), PFPeA (100%), PFTrDA (100%), PFBA (97%),
PFHxA (97%), PFHpA (93%), and PFTeDA (90%). Outstanding PFBA
concentrations observed in some carpet samples are noteworthy
(Table S6). Some studies suggest that since short-chain PFASs are
inferior to their long-chain counterparts in terms of technical per-
formance, much larger amounts are needed to guarantee similar
performances (Lindstrom et al., 2011). The total PFSA concentra-
tions (

P
PFSAs, sum of 10 compounds) were in the range

0.76e339 ng/g and the median, at 8.25 ng/g, was lower than that
for

P
PFCAs. PFBS, PFHxS, PFOS, and PFDSwere themore frequently

detected (DF � 60%) (Table 1).
The carpet PFOA concentrations reported here, with a median of

6.13 ng/g, were generally lower than those reported for carpets
collected in the United States (U.S.) during 2007e2011, with a
median of 15.2 ng/g, and for Canadian composite carpet (all man-
ufactured before 2005) (USEPA, 2009; Liu et al., 2014; Kim et al.,
2015). This decline is likely the result of the phase-out of PFOA by
2015 as well as differences in type of samples (USEPA, 2006, 2014).
In contrast, lower levels of PFOA and PFOS were found in carpets
purchased in Norway during 2012e2013 than in our study (Herzke
et al., 2012; Vestergren et al., 2015), perhaps due to their lesser
historical use of fluorinated stain- and soil-repellents in Europe.

In dust samples,
P

PFCAs ranged between 8.37 and 386 ng/g.
C4eC14 PFCAs were detected in �80% of the dust, while PFHxDA
(C16) was only quantifiable in five samples (Table 2). PFBA, PFHxA,
PFOA, and PFNA were detected in virtually all of the dust samples,
and they were the predominant PFCAs.

P
PFSAs, in the range of

1.29e190 ng/g, were less abundant than
P

PFCAs. The most
frequently-detected PFSAs in dust were PFBS (DF: 100%), PFOS
(100%), and PFDS (89%), with median concentrations of 0.53, 4.64,
and 1.35 ng/g, respectively. The production of PFOS and its related
compounds has been discontinued since 2000e2002 by major U.S.
manufacturer, but legacy PFSAs are still continuously released from
consumer products still in use, manufactured prior to the phase-
mples from childcare centers (n¼ 29).10:2 FTAcr and 6:2 FTMAcrwere not detected.
re replaced by MDL/sqrt (2) for median calculations but not for the range. Results for

DF Median Range

PFCAs

PFBA (3) 97 8.09 ND - 858
PFPeA (4) 100 4.62 0.14e115
PFHxA (5) 97 10.0 ND - 91.0
PFHpA (6) 93 2.22 ND - 79.9
PFOA (7) 100 6.13 1.32e178
PFNA (8) 100 2.70 0.26e85.6
PFDA (9) 79 0.96 ND - 53.0
PFUnDA (10) 66 1.48 ND - 40.2
PFDoDA (11) 72 0.59 ND - 22.4
PFTrDA (12) 100 0.57 0.26e11.0
PFTeDA (13) 90 0.97 ND - 13.0
PFHxDA (15) 14 1.61 ND - 3.51

Fluorotelomer acids
4:2 FTSA (4) 72 0.28 ND - 10.4
6:2 FTSA (6) 52 42.7 ND - 2800
8:2 FTSA (8) 90 0.78 ND - 14.4
6:2 FTCA (6) 52 1.87 ND - 81.7
8:2 FTCA (8) 38 2.08 ND - 44.2
10:2 FTCA (10) 7 0.52 ND - 10.3

P
PFCAs 100 37.1 5.13e884P
PFSAs 100 8.25 0.76e339P
PFASs 100 505 32.2e8500



Table 2
Detection frequencies (DF, %), median and range for PFAS concentrations (ng/g) in indoor dust from childcare centers (n ¼ 28). 10:2 FTCA, 4:2 FTOH, and 8:2 FTMAcr were not
detected. Non-detect values were replaced by MDL/sqrt (2) for median calculations but not for the range. Results for individual samples are presented in Table S7.

DF Median Range DF Median Range

PFSAs PFCAs

PFPrS (3) 11 0.05 NDa - 0.24 PFBA (3) 96 4.54 ND - 326
PFBS (4) 100 0.53 0.19e185 PFPeA (4) 100 1.38 0.28e5.89
PFPeS (5) 50 0.06 ND - 0.58 PFHxA (5) 100 4.57 1.10e39.3
PFHxS (6) 75 1.35 ND - 11.9 PFHpA (6) 100 2.07 0.47e21.2
PFHpS (7) 75 0.08 ND - 0.60 PFOA (7) 100 4.92 1.40e26.6
PFOS (8) 100 4.64 0.38e44.2 PFNA (8) 100 3.19 0.87e17.2
PFNS (9) 11 0.09 ND - 0.49 PFDA (9) 93 1.07 ND - 20.1
PFDS (10) 89 1.35 ND - 56.7 PFUnDA (10) 86 2.20 ND - 10.9
PFECHS (8) 11 0.02 ND - 2.53 PFDoDA (11) 93 1.30 ND - 17.1
Cl-PFOS (8) 7 0.04 ND - 0.46 PFTrDA (12) 100 1.00 0.38e5.72

PFTeDA (13) 100 1.62 0.62e12.2
Neutral PFASs PFHxDA (15) 18 2.02 ND - 9.66
FOSA (8) 68 0.05 ND - 0.40
MeFOSA (8) 4 0.11 ND - 0.72
EtFOSA (8) 4 0.14 ND - 0.34 Fluorotelomer acids
6:2 FTOH (6) 100 88.2 21.6e571 4:2 FTSA (4) 57 1.12 ND - 39.6
8:2 FTOH (8) 100 32.1 13.6e297 6:2 FTSA (6) 54 203 ND - 5230
10:2 FTOH (10) 89 28.0 ND - 356 8:2 FTSA (8) 96 1.36 ND - 10.7
MeFOSE (8) 50 3.03 ND - 123 6:2 FTCA (6) 36 1.99 ND - 189
EtFOSE (8) 54 4.14 ND - 98.0 8:2 FTCA (8) 14 3.23 ND - 37.6
6:2 FTAcr (6) 11 0.23 ND - 7.34
8:2 FTAcr (8) 11 0.28 ND - 22.8

P
PFCAs 100 35.7 8.37e386

10:2 FTAcr (10) 4 0.29 ND - 5.57
P

PFSAs 100 9.35 1.29e190
6:2 FTMAcr (6) 7 0.22 ND - 0.40

P
PFASs 100 572 46.9e6470

a ND ¼ not-detected.
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out, or imported from countries where they are still produced (Xie
et al., 2013; Kim et al., 2015; Gewurtz et al., 2018).

Giovanoulis et al. reported PFOA, PFNA, and PFOS concentrations
in the Swedish daycare dust collected in 2018, comparable to those
reported here (Giovanoulis et al., 2019). However, concentrations
for long-chain PFASs (fluorinated C � 7) were higher in daycare
dust from the U.S. (2000e2001), United Kingdom (2007e2009),
and Sweden (2006e2007) (Strynar and Lindstrom, 2008; Bjorklund
et al., 2009; Goosey and Harrad, 2011), probably because samples
were collected 10e20 years ago. Additionally, compared to carpet
dust samples from California childcare centers from 2010 to 2011
(California Environmental Protection Agency, 2012), we found
higher concentrations for C4eC6 PFAAs, but lower or comparable
concentrations for C8eC10 PFAAs, indicative of a market shift from
long-chain to short-chain PFASs in the last decade.
3.3. Fluorotelomer acids

All FTSAs and FTCAs were found in our carpet samples with
detection frequencies greater than 50%, except for 8:2 FTCA (DF:
38%) and 10:2 FTCA (7%) (Table 1). 6:2 FTSA was detected in these
samples with a median concentration of 42.7 ng/g. Herzke et al.
also observed 6:2 FTSA at a concentration of 1.35 mg/m2 in a Nor-
wegian carpet sample (Herzke et al., 2012). This is the first report of
FTCAs in carpet samples. The abundance of fluorotelomer acids
observed in our carpet samples is consistent with the fact that,
following the phase-out of PFOA and PFOS production by electro-
chemical fluorination, themajority of manufacturers have switched
to telomerization processes to synthesize PFAS products (Buck
et al., 2011; Washington State Departments of Ecology and
Health, 2019).

All three FTSAs were detected in �50% of dust samples, while
FTCAs detection frequencies were lower than 40% (Table 2). 6:2
FTSA was the most abundant fluorotelomer acid, followed by 8:2
FTSA and 4:2 FTSA. In contrast to our study, 6:2 FTSA was rarely
detected in two recent studies of dust from children’s bedrooms in
Finland and daycare facilities in Sweden (Winkens et al., 2018;
Giovanoulis et al., 2019), and lower 6:2 FTSA levels were reported
for house dust from Canada, and some European and Asian coun-
tries (Eriksson and K€arrman, 2015). The compositional differences
in samples between Europe and North America and the influence of
flooring materials on indoor PFAS contamination have been well-
documented by numerous studies (Jian et al., 2017). Additionally,
the outstanding 6:2 FTSA concentrations in dust are not completely
unexpected considering that 6:2 FTSA has been recently employed
as a PFOS alternative (Buck et al., 2011; National Associaton for
Surface Finishing, 2019) and that indoor dust levels for PFOS were
historically high (Strynar and Lindstrom, 2008). This compound
should be included in the list of target chemicals in the future.
3.4. Neutral PFASs

Neutral PFASs were generally detected in �40% of carpet sam-
ples, except for FOSA and three FTOHs (i.e., 6:2 FTOH, 8:2 FTOH, and
10:2 FTOH), which had higher detection frequencies (see Table 1).
FTOHs, and in particular 6:2 FTOH, were the most abundant PFAS in
the carpets. 6:2 FTOH median concentration of 69.0 ng/g was
higher than those of

P
PFCAs and

P
PFSAs. Previous studies

confirmed the use of FTOHs in carpet protection products
(Dinglasan-Panlilio and Mabury, 2006), and also observed the
prevalence of FTOHs in carpets (Herzke et al., 2012; Kotthoff et al.,
2015; Liu et al., 2015; Vestergren et al., 2015). Our FTOH results
were comparable to those reported for several US carpets (Liu et al.,
2015), but higher than the 6:2 FTOH and 8:2 FTOH levels in Nor-
wegian carpets (Herzke et al., 2012; Vestergren et al., 2015). Herzke
et al. reported an average 6:2 FTOH/8:2 FTOH ratio of 0.68 in car-
pets purchased in Norway during 2006e2009 (Herzke et al., 2012),
which is significantly lower than ours (median ratio ¼ 3.9). This
difference suggests that current carpet stain- and soil-repellents
tend to contain higher levels of shorter-chain FTOH and/or that
there are regional differences in the composition of products.

The most frequently detected neutral PFASs in dust samples
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were 6:2 FTOH (median: 88.2 ng/g), 8:2 FTOH (32.1 ng/g), and 10:2
FTOH (28.0 ng/g) (Table 2). As expected, the median concentrations
of neutral PFASs with 8e10 fluorinated carbons, e.g. 8:2 FTOH, 10:2
FTOH, EtFOSE, and FOSA, in dust samples were generally lower than
those reported for daycare dust collected before 2010, while the
median dust concentration for 6:2 FTOH was higher than in pre-
vious studies (Strynar and Lindstrom, 2008; Goosey and Harrad,
2011). This trend is consistent with the shift from long-chain
PFASs to short-chain alternatives. Giovanoulis et al. measured
FTOHs in Swedish daycare dust in 2018 and reported medians for
6:2 FTOH, 8:2 FTOH, and 10:2 FTOH of 4.1, 18.3, and 12.4 ng/g,
respectively, which are lower than our measurements (Giovanoulis
et al., 2019).
3.5. Associations between carpet and dust

The PFAS compositional patterns were generally similar be-
tween carpets and the dust, except carpets had significantly greater
contributions of C5eC8 PFCAs than dust (all p < 0.05), while 6:2
FTSA, 8:2 FTSA, MeFOSE, and EtFOSE were more abundant in dust
(Fig. 1 and Table S8). These differences suggest that the C5eC8
PFCAsmay be present in carpet as a result of PFAS-containing stain-
and soil-repellents, while FTSAs and the FOSEs in dust may be
originating from other indoor sources (Kar�askov�a et al., 2016).
Additionally, chemical-specific variations in sorption to carpet and/
or dust may also play a role in these differences.

In general, close associations existed among PFASs within each
sub-category in both carpets and dust (see Tables S9 and S10). For
example, in carpets, all individual PFCAs were strongly correlated
with each other with few exceptions (all p < 0.05), indicating that
they may originate from similar technical mixtures of different
chain lengths (Buck et al., 2011; Winkens et al., 2018). Significant
associations of PFCAs with FTOHs and FTSAs were frequently
observed in both media, consistent with the fact that FTOHs and
Fig. 1. Compositional profile of PFASs in carpets and dust collected from childcare centers. Th
represent the numbers of fluorinated carbons.
FTSAs can degrade to PFCAs (Ellis et al., 2004; Wang et al., 2011,
2014; Yang et al., 2014). Moreover, MeFOSE and EtFOSE, both PFOS
precursors, were strongly correlated with PFOS in dust (both
p < 0.01).

The relationship between PFASs in paired carpet and dust
samples was further explored using a generalized linear regression
model (Hoffman et al., 2015). For this analysis, carpet concentra-
tions were categorized into tertiles [i.e., low or reference (n ¼ 9),
medium (n¼ 10), and high (n¼ 9)], and tested as predictors of dust
PFASs. In general, PFASs levels in carpets were closely associated
with their concentrations in dust (Table 3). The concentration of
PFAS in dust from childcare centers with high

P
PFASs in their

carpets was on average 5.21 times (95% CI: 1.98, 13.7) greater than
dust from centers with the low PFAS carpet levels. These results
agree well with the highly significant correlation for

P
PFASs in

carpets and dust (Kendall’s tau ¼ 0.38, p ¼ 0.004), suggesting that
carpets can be both a source and a sink for PFASs. An in depth
analysis of the composition of dust using techniques like scanning
electronmicroscope (SEM)would be helpful in shedding some light
on this issue but theywere beyond the scope of this study. The PFAS
partitioning between carpets and dust potentially involves trans-
fers in both directions, although our data can’t identify which
transfer direction is of higher relative importance. The partitioning
processes can also changewith time and environmental conditions,
including human activities, making the concentrations of PFAS in
carpets not at steady state. Future studies should look further to
determine if the presence of PFASs in carpets is driven by their
addition during manufacturing or their accumulation from various
indoor sources.

Although dust and carpet pairs were not studied together
before, carpeted floors were suspected to be associated with
elevated PFAS contamination in indoor environment (Gewurtz
et al., 2009; Beesoon et al., 2012; Fraser et al., 2012; Kar�askov�a
et al., 2016). For example, PFOS, PFOA and PFHxS levels in
e data represent the mean composition of each PFAS compound. Values in parentheses



Table 3
Regression analyses for carpet PFAS levels as predictors of dust PFAS concentrations. Analyses were restricted to PFAS compounds with detection frequencies �68% in both
media. Values in bold indicate a significant difference from the reference group. Dust levels for carpets in the lowest of the three tertiles (low carpet levels, n ¼ 9) were treated
as reference.

Low carpet levels (n ¼ 9) Mid carpet levels (n ¼ 10) High carpet levels (n ¼ 9)

Coefficient (95% CI) p-Value Coefficient (95% CI) p-Value

PFBA Reference 0.86 (0.30, 2.42) 0.765 3.27 (1.13, 9.47) 0.031
PFPeA Reference 1.77 (0.90, 3.45) 0.092 2.44 (1.23, 4.85) 0.013
PFHxA Reference 2.91 (1.30, 6.51) 0.011 2.54 (1.11, 5.80) 0.028
PFHpA Reference 0.94 (0.42, 2.11) 0.877 3.05 (1.33, 7.00) 0.010
PFOA Reference 1.42 (0.76, 2.63) 0.258 3.88 (2.06, 7.34) < 0.001
PFNA Reference 2.14 (1.08, 4.25) 0.031 2.84 (1.40, 5.73) 0.005
PFDA Reference 1.01 (0.29, 3.47) 0.988 1.57 (0.44, 5.56) 0.472
PFDoDA Reference 1.28 (0.53, 3.08) 0.572 4.07 (1.65, 10.1) 0.004
PFTrDA Reference 0.90 (0.55, 1.47) 0.659 2.79 (1.68, 4.64) < 0.001
PFTeDA Reference 1.60 (0.92, 2.76) 0.092 3.75 (2.13, 6.58) < 0.001
PFBS Reference 1.44 (0.35, 5.86) 0.602 5.46 (1.29, 23.1) 0.023
PFHxS Reference 0.92 (0.49, 1.74) 0.791 1.83 (0.95, 3.53) 0.068
PFOS Reference 2.81 (1.16, 6.81) 0.024 6.22 (2.51, 15.4) < 0.001
PFDS Reference 2.85 (0.76, 10.8) 0.116 11.8 (3.04, 46.2) 0.001
8:2 FTSA Reference 1.04 (0.44, 2.44) 0.925 3.59 (1.50, 8.60) 0.006
6:2 FTOH Reference 1.56 (0.93, 2.61) 0.090 6.33 (3.73, 10.8) < 0.001
8:2 FTOH Reference 1.16 (0.58, 2.31) 0.658 2.77 (1.37, 5.61) 0.006P

PFASs Reference 1.95 (0.76, 5.01) 0.158 5.21 (1.98, 13.7) 0.002
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Canadian residential dust exhibited significant correlations to the
percent carpeting (all p < 0.01) (Kubwabo et al., 2005). Further
research is needed to determine the contribution of fluorinated
carpet stain- and soil-repellents to PFAS levels in carpet and dust.

3.6. PFAA exposure for children via dust ingestion

Using our dust PFAS data and the parameters described in
Table S5 and in previous studies (USEPA, 2008; Gebbink et al.,
2015), we estimated the daily PFAA intake via dust ingestion by
children ages 2e6 who attend childcare centers. We developed
estimates for both direct intake and indirect intake (via biotrans-
formation of PFAA precursors).

The total estimated PFAA intakes via dust ingestion were 0.023,
0.096, and 1.9 ng/kg bw/day for the low-, intermediate-, and high-
exposure scenarios, respectively (Table S11). PFCAs and PFSAs with
significant contributions were PFBA, PFHxA, PFOA, PFOS, PFNA, and
PFBS. These data show that PFASs of emerging concern, particularly
short-chain PFCAs, are important contributors to children’s PFAS
exposure via dust ingestion (Fig. 2). Exposure to these alternative
Fig. 2. Percent of total PFAA intake via dust ingestion of PFCAs, PFSAs, as well as PFAAs gen
Short- and long-chain PFAAs, respectively, have �6 and � 7 fluorinated carbons.
PFASs is associated with a variety of adverse toxicological outcomes
including birth defect, impaired immunity, endocrine disruption,
transcriptional effects, hepatic and neurodevelopmental toxicities
(Gomis et al., 2018; Gao et al., 2019; Huang et al., 2019).

In addition to the direct route, PFAA precursors contribute to
total PFAA intake indirectly via in vivo biotransformation. For
example, FTOHs and fluorotelomer acids can undergo biodegra-
dation and form PFCAs (Wang et al., 2011; Butt et al., 2014; Rand
and Mabury, 2017). Fluorotelomer (meth)acrylates are subjected
to in vivo biotransformation, generating FTCAs and FTOHs, which
can be further biotransformed to PFCAs (Butt et al., 2010). Addi-
tionally, previous in vitro and in vivo studies have confirmed that
the FASAs and FASEs we targeted are precursors to PFOS (Tomy
et al., 2004; Xu et al., 2004; Xie et al., 2009).

The major contribution to indirect PFAA intake was from 6:2
FTSA, 6:2 FTOH, MeFOSE, and EtFOSE. MeFOSE and EtFOSE
contributed 24e54% of the total estimated PFOS exposure from
dust ingestion (Table S11). Winkens et al. reported that the
contribution by metabolism of EtFOSE (median percentage to total
PFOS intake: 56%) was greater than the direct exposure for PFOS via
erated via biotransformation of precursors, by children at ages 2e6 via dust ingestion.
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dust sampled from children’s bedrooms in Finland (Winkens et al.,
2018). 6:2 FTOH and 6:2 FTSA can both biodegrade to PFCAs (Wang
et al., 2011; Butt et al., 2014), and their aggregated contributions to
total intake of C4eC7 PFCAs in the intermediate and high-exposure
scenarios were 8.9% and 37% respectively. Though indirect routes
accounted for only 4.3% and 7.3% of total PFAA intake in the low-
and intermediate-exposure scenarios, respectively, their contribu-
tion reached 23% in the high-exposure scenario, mainly due to the
outstanding contributions by 6:2 FTSA and FOSEs (Table S11). We
suspect that these values are underestimated since other PFAA
precursors not monitored in the present study, e.g. polyfluoroalkyl
phosphate esters, can also contribute to the PFAA exposure (De
Silva et al., 2012; Eriksson and K€arrman, 2015).
4. Implications

In response to concerns about potential health risks associated
with PFAS exposure, government agencies have developed refer-
ence doses or acceptable daily intake levels for several PFASs. The
US EPA uses oral non-cancer reference doses of 20 ng/kg bw/day for
both PFOA and PFOS (USEPA, 2017) and has proposed a draft
chronic reference dose of 10,000 ng/kg bw/day for PFBS (USEPA,
2018). The minimal risk levels reported by the Agency for Toxic
Substances and Disease Registry were 3, 2, 20, and 3 ng/kg bw/day
for PFOA, PFOS, PFHxS, and PFNA, respectively (Agency for Toxic
Substances and Disease Registry, 2018). The tolerable daily intake
of PFOA and PFOS suggested by the European Food Safety Authority
were 0.8 and 1.8 ng/kg bw/day, respectively (European Food Safety
Authority, 2008; Knutsen et al., 2018). Though our results were
below these reference doses, dust ingestion represents only one of
the numerous PFAS exposure routes. Given the ubiquitous distri-
bution of PFASs around us, other exposure pathways, e.g. food and
drinking water intake, and air inhalation, will also contribute to
PFAS build-up in humans (Jian et al., 2017; Winkens et al., 2018; Hu
et al., 2019). For example, a previous study using air and dust from
children’s bedrooms reported that the PFAA intake from air inha-
lation was only slightly lower than that from the dust ingestion
(Winkens et al., 2018). For general adult population, the relative
contributions of dust ingestion to the total PFAA intake through
different exposure pathways (i.e. diet, water, air, and dust) ranged
from 4.8% to 40.3% (Gebbink et al., 2015). Additionally, other PFASs
that were not monitored in this study may increase the daily PFAA
intake.
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