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ABSTRACT: PFAS are persistent and toxic chemicals used in many
commercial and industrial applications that are often added to consumer
products, including those used by children and adolescents, to impart water
and stain resistance. Since product labels rarely list chemical additives,
including PFAS, we evaluated whether other information on product labels can
be used by consumers to select products without PFAS. We selected 93 items
marketed to or often used by children and adolescents across three product
types (furnishings, apparel, bedding) and five labeling groups representing
different combinations of water and/or stain resistance and “green” (including
“nontoxic”) assurances. We screened all products for total fluorine (F) and
analyzed solvent extracts from a subset (n = 61) for 36 targeted PFAS and from
a smaller subset (n = 30) for perfluoroalkyl acids (PFAAs) generated by
precursor oxidation using the total oxidizable precursor (TOP) assay. Products
advertised as water- and/or stain-resistant had more frequent detections and
higher concentrations of total F than those without such claims, and targeted PFAS were detected only in products labeled as water-
and/or stain-resistant. Concentrations of PFAAs generated by precursor oxidation using the TOP assay often exceeded pre-oxidation
concentrations, suggesting that PFAA precursors contribute to solvent-extractable PFAS from products. Among products advertised
as water- and/or stain-resistant, detection frequencies and concentrations of targeted PFAS were similar regardless of green
assurances. This study illustrates many nonessential uses of PFAS in products used by children and adolescents and suggests that
while water- and stain-resistant assurances can identify products likely to contain PFAS, current green assurances do not consistently
indicate the absence of PFAS.
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■ INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a class of over
9000 compounds,1 many of which are used globally in
industrial and commercial applications, including firefighting
foams, paints, food packaging, cookware, textiles, medical
devices, and electronic devices.2 PFAS have been detected in
drinking water supplies serving millions of Americans3,4 and in
blood samples from over 99% of the U.S. population,5

consistent with the widespread use, persistence, mobility, and
long half-lives in the human body of some PFAS. While
biomonitoring studies have shown that blood levels of some
long-chain PFAS are declining in countries that have phased
out their production,6,7 recent evidence of increasing
concentrations of short-chain PFAS in breast milk suggests
that exposures to short-chain PFAS are increasing.8

Widespread exposures to PFAS raise public health concerns
because some PFAS have been linked to numerous adverse
health outcomes, including cancer, thyroid disease, elevated
cholesterol, decreased birth weight, developmental toxicity,
ulcerative colitis, preeclampsia, and immunotoxicity.9,10 More-

over, a 2017 review concluded that children may be especially
vulnerable to harmful effects of some PFAS, with the strongest
evidence for dyslipidemia, reduced vaccine response, changes
in renal function, asthma, and delayed age at menarche.11

The presence of PFAS in everyday consumer products is
likely an important source of exposure among the general
population, although the extent of exposure and contribution
relative to drinking water and diet are not well understood and
may vary by individual. PFAS added to consumer products can
contribute to exposure via multiple pathways, including
inhalation and ingestion of dust, inhalation of volatile PFAS,
hand-to-mouth transfer, and potentially, dermal absorption.12

PFAS are frequently found in dust,13 and consumer products
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can be a source of PFAS into dust via fibers that are shed from
PFAS-treated products and PFAS that volatilize from products
and then partition from air into dust.14 A case study found
elevated levels of perfluorohexane sulfonic acid (PFHxS) in the
blood of members of a household that was traced to frequent
application of stain-resistant carpet treatment,15 and the
presence of stain-resistant furniture or carpets in homes has
been associated with serum PFAS in cohorts in North America
and Europe.16−20 Children may have relatively elevated
exposures due to frequent hand-to-mouth contact and more
direct contact with PFAS in carpets and dust.21

PFAS are most commonly applied to textiles as fluorinated
polymers to impart stain and water resistance. However,
nonpolymer PFAS can also be present in textiles, either as a
result of impurities, processing aids from fluorinated polymer
production, or degradation products of side-chain fluorinated
polymers.22−25 The types of PFAS that have typically been
measured in household items such as carpets, furniture, and
clothing include perfluoroalkane sulfonic acids (PFSAs) and
perfluoroalkyl carboxylic acids (PFCAs), which are both types
of perfluoroalkyl acids (PFAAs), as well as fluorotelomer
alcohols (FTOHs) and perfluoroalkane sulfonamides (FASAs),
which are PFAA precursors.26,27 PFAA precursors released
from products can be transformed within the human body or
in the environment into highly stable terminal PFCAs and
PFSAs that are frequently detected in blood or tissues.28,29

Several studies of consumer products have found greater
concentrations of PFAAs in sample extracts after oxidation
with the total oxidizable precursor (TOP) assay compared to
pre-oxidation concentrations, attributable to generation from
oxidizable precursors.30,31

The presence of PFAS ingredients in consumer products,
including those used by children and adolescents, is not
typically disclosed to consumers on product labels. The
primary goal of this study was to investigate the extent to
which other product information available to consumers, such
as labeling for stain or water resistance and “green” (including
“nontoxic”) assurances and certifications, can be used by
consumers to identify products likely to contain PFAS. To
accomplish this, we purchased a range of household items
(bedding, furnishings, apparel) that children and adolescents
may frequently come into contact with, using product label
information to select and categorize products. We used
measurements of total fluorine as a screening tool to select
products for analysis of targeted PFAS analytes and oxidizable
PFAA precursors using the TOP assay. To our knowledge, this

is the first study to evaluate whether marketing language on
product labels is indicative of the presence of PFAS in
consumer products. The results from this study can inform
exposure assessment efforts, particularly for children and
adolescents, and support implementation of the essential use
concept,32 which aims to reduce the use of these toxic and
persistent chemicals by helping manufacturers, retailers, and
regulators identify and avoid noncritical uses of PFAS.

■ METHODS

Product Selection.We selected products that children and
adolescents are likely to have frequent contact with on a
regular basis. When selecting products, we reviewed online
product descriptions for specific keywords to classify products
within five product label categories (Table 1): (1) trademarked
water and/or stain resistance (e.g., Teflon, Scotchgard) (WS-
T); (2) water and/or stain resistance with no trademark (WS);
(3) water and/or stain resistance and green assurances,
including nontoxic terms or green certification (e.g., Green-
guard Gold, Oeko-Tex 100) (WS-G); (4) green assurances
with no water- or stain-resistance claims (G); and (5) no
claims of water or stain resistance or green assurances (N-WS-
G). Several products were classified as WS based on online
descriptions but were reclassified as WS-G based on green
language on product packaging.
We conducted our searches using Google and major retailer

websites and purchased products online from major retailers
and retailers specializing in products for children and
adolescents in March−September 2020. We selected a total
of 93 products from eight product types among three primary
product categories (apparel, bedding, furnishings). Apparel
included clothing (school uniform shirts and pants, casual
wear, infant wear) (n = 14), face masks (n = 6), and menstrual
underwear (n = 6). Bedding included sheets (twin, crib-sized)
(n = 12), mattress protectors (twin, crib-sized) (n = 15), and
pillow protectors (n = 10). Furnishings included area rugs (n =
16) and upholstered chairs (n = 14). When available, rug and
upholstery swatches were purchased to reduce material waste
and expense. Most products were marketed specifically for
children, while some bedding and menstrual underwear were
selected because of presumed use by children or adolescents,
even if they were not explicitly marketed for their use.
For each of the eight product types, we aimed to purchase at

least three products within each of the five label groups. In
some cases, we could not find products for each label group
because of the nature of the product; for example, all menstrual

Table 1. Descriptions and Keywords Associated with Five Label Groups for Study Products

label
group description

trademark (e.g., Teflon,
Scotchgard, Protekt,

Stainmaster, Carpet Guard)

water- and/or stain-resistant (e.g.,
waterproof, water-resistant, stainproof,

stain-resistant, leak-proof)

green (e.g., nontoxic, toxics free, PFC-free, eco-friendly,
chemical-free, Oeko-Tex 100, organic cotton, Green Label

Plus, GOTS, Bluesign, Greenguard Gold)

WS-T trademarked water and/or
stain resistance

√ √

WS water- and/or stain-resist-
ance claims with no
trademark

√

WS-G water- and/or stain-resist-
ance claims plus green
language/certification

√ √

G green language/certifica-
tion with no water- or
stain-resistance claims

√

N-WS-G no language regarding
water or stain resistance
or green assurances
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underwear had leak-proof (coded as water-resistant) claims.
We noted the country of origin for each product, indicated in
online product descriptions or product labels, although this
information was not considered when selecting products.
Product and label descriptions are provided in Table S1.
Sample Processing. All products remained in their

original packaging until processing, typically within 2 weeks
of receipt. All products were handled using nitrile gloves, and
gloves were either changed or wiped with isopropyl alcohol
between products. Swatches of approximately uniform areas
were cut using stainless steel dissecting scissors from
upholstery, bedding, and clothing items, and dimensions of
individual swatches were recorded. Scissors were cleaned after
each use with isopropyl alcohol wipes. Rug fibers were
collected by cutting fibers from rug backings, which were not
included in the analyses. Forty-nine of the 93 products arrived
folded or rolled in their packaging, which allowed us to cut
samples from areas of these products that had not been in
contact with packaging.
For total fluorine (F) analysis, approximately 200 mg

samples (an individual swatch or equivalent weight of carpet
fibers) were cut from products and placed in 5 mL
polypropylene screw-top centrifuge tubes. For analyses of
targeted PFAS analytes and oxidizable precursors, approx-
imately 4.0−4.5 g samples, comprising individual swatches
each weighing 0.5−1.0 g or equivalent weight of carpet fibers,
were cut from each product and placed in 50 mL
polypropylene screw-top centrifuge tubes. Samples were stored
at room temperature before shipping to laboratories, and
sample analyses commenced within 4 months.
Total Fluorine Analyses. A total of 122 samples from 93

products were analyzed for total F (Galbraith Laboratories,
Knoxville, TN). For products with multiple layers (face masks,
menstrual underwear, mattress protectors), each layer was
analyzed for total F. Total F was analyzed using an ion-
selective electrode (Orion) coupled to a digital meter (Fisher
Accumet AR25) following combustion in an oxygen flask
containing a known volume of buffer solution as the absorbing
medium. Standard solutions made with sodium fluoride (NaF)
were used to calibrate the electrode, and a potassium fluoride
(KF) standard solution was run at the beginning, end, and after
every tenth sample of each batch (generally 25−35 samples per
batch) to monitor calibration drift (99.0−100.6% consistency
observed). A method blank (reagent grade sucrose) was run
with each batch. Buffer solution concentrations were converted
to mg F/kg product using the weight of the material
combusted. The LOD was 10 ppm for almost all products.
Additional information is provided in the Supporting
Information (SI). This method produces a low bias on heavily
fluorinated organic materials, such as PFAS, because the
oxygen flask combustion preparation may not separate all
tightly bound carbon−fluorine bonds. A diagram outlining our
criteria for additional analyses is shown in Figure S1.
Targeted PFAS Analysis. All products with total F ≥ 10

ppm (n = 54) were analyzed for 36 targeted PFAS via
methanol extraction followed by liquid chromatography/
tandem mass spectrometry (LC/MS/MS) with isotope
dilution (Alpha Analytical, Mansfield, MA) (Table S2). If
multiple layers of a product had detectable total F, only one
layer (typically the layer in contact with skin) was selected for
PFAS analysis. Targeted PFAS analysis was also performed on
seven products with no detectable total F, including at least

two products from each of the three primary product
categories and one product from each of the five label groups.
Full details of the analysis are provided in the Supporting

Information. Approximately 1−4 g of the sample (depending
on the density of the sample material) was removed from the
initial storage tube, weighed, and placed into another 50 mL
polypropylene centrifuge tube. Ottawa sand was used as a solid
matrix substitute for the procedural blanks because it had been
documented by the laboratory as being free of any target
analyte interference. Each sample and associated quality
control sample were spiked with a suite of extracted internal
standard (EIS) primary dilution standards (Table S5). Tubes
were capped, inverted for mixing, and vortexed for 25 s at 2500
RPM after adding 10 mL of methanol with 2% ammonium
hydroxide. Additional methanol was required for some fabric
samples. Samples were sonicated for 30 min, allowed to sit
overnight, and then centrifuged at 3500 RPM for 10 min. Half
of the supernatant was processed and analyzed for targeted
PFAS, and the other half was stored for possible analysis with
the TOP assay.
Clean-up procedures for sample extracts are described in the

Supporting Information, and LC/MS/MS operating con-
ditions are summarized in Tables S3−S5. In short, sample
clean-up was performed using solid-phase extraction (SPE)
and weak anion exchange (WAX) reverse-phase stacked on a
carbon black cartridge. For targeted PFAS analysis, a 3 μL
extract was injected into the LC equipped with the C18-
column and interfaced to the MS/MS. Thirty-six PFAS (Table
S2) were quantified by separating and identifying analytes by
comparing the acquired mass spectra and retention times to
reference spectra and retention times for calibration standards
acquired under identical LC/MS/MS conditions (Table S5).
Targeted analytes were quantified using the isotope dilution
technique. Extracted Internal Standards (EISs) were used to
monitor the extraction efficiency of method analytes. All native
and isotopically labeled standards for LC/MS/MS analyses
were purchased from Wellington Laboratories (Guelph, ON,
Canada) (Table S5). Derivation of the limit of detection
(LOD) and limit of quantitation (LOQ) is provided in the SI.
Estimated values, or values between the LOD and LOQ, are
provided in Table S1 but are not presented in the main results.

Oxidizable Precursor Analysis. Aliquots of methanol
extracts from 30 products, all of which had at least one
detection of a targeted PFAS analyte in the LC/MS/MS
analysis or total F ≥ 100 ppm (Figure S1), were analyzed using
a commercialized method for the total oxidizable precursor
(TOP) assay. This method measures PFAAs derived from
precursors that undergo oxidation by hydroxyl radicals.33 In
this oxidation procedure modified from Houtz and Sedlak,33

aliquots of the original extracts containing EIS were treated by
adding potassium persulfate until reaching a concentration of
60 mM (approx. 4 g). Sodium hydroxide was added to achieve
125 mM (approx. 1.25 g), and sample pH was monitored to
ensure it remained >12. Samples were placed in a water bath at
85 °C for 6 h, removed, and pH was adjusted to 6−8 with
hydrochloric acid to stop the oxidation reaction. Samples were
then cleaned up, processed, and analyzed in the same manner
as unoxidized samples, targeting 18 terminal PFCA and PFSA
analytes (Table S2). Net generation of PFAA precursors
(ΔPFAA) was calculated as the difference between corre-
sponding pairs of PFAA concentrations after oxidation and
before oxidation. ΔPFAA values were only calculated in
instances where post-oxidation concentrations were above the
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corresponding LOQ. Five of 73 (7%) post-oxidation
concentrations (≥LOQ) were less than their respective pre-
oxidation concentrations, shown as “not calculated” (rather
than a negative value) in Table S1.
Quality Control. Total F analyses were conducted in eight

batches and included 4−5 replicates for six products, two
products from each of the three primary product categories
and 1−2 products from each of the five label groups. Six of
eight batches included at least one replicate. Among two of six
replicate samples with ≥10 ppm total F, the relative standard
deviation (RSD) was <8.7% for one product and 26% for the
other (Table S6).
Targeted PFAS analyses were conducted in four batches,

and matrix spike recoveries and surrogate recoveries were
determined for each analyte in each batch. Of the 36 target
analytes, 27 had acceptable (50−150%) lab control sample
(i.e., matrix spike) recoveries and extracted internal standard
recoveries (Table S7). Of the nine target analytes outside that
range, N-ethyl perfluorooctane sulfonamidoethanol (NEt-
FOSE) and N-methyl perfluorooctane sulfonamidoethanol
(NMeFOSE) were the only two detected in at least one
sample; measurements for these two analytes were not
included in the presented results, but all measurements,
including estimated concentrations, are reported in Table S1.
No product samples exhibited consistently low or high
recoveries among the suite of targeted PFAS, suggesting that
product-specific matrix effects did not affect analyte recoveries.
All results for an empty centrifuge tube extracted and analyzed
in the same manner as samples were <LOD, and their
corresponding surrogate recoveries were consistent with
surrogate recoveries for product samples.
Duplicate samples were analyzed for five products, and each

duplicate was analyzed in a different batch. For each chemical
detected among each duplicate pair, the relative percent
difference (RPD) was below 20%, except for perfluorotride-
canoic acid (PFTrA), perfluoropentanesulfonic acid (PFPeS),
and NMeFOSE (Table S7).

■ RESULTS
Total Fluorine. Total F was detected above 10 ppm in 54

of 93 products (58%; Table 2). Total F ranged from 10 to
3660 ppm, with the highest concentration in a WS school
uniform shirt (product ID C4). Twenty-eight of these 54
products had total F concentrations >100 ppm and 13
products had concentrations >1000 ppm (Figure 1).
Total F concentrations and detection frequencies were

similar for WS-T, WS, and WS-G products. Detection
frequencies for total F were somewhat higher among WS-T
products (10/13; 77%) compared to WS (19/32; 59%) and
WS-G (18/27; 67%) products (Table 2), but the proportion of
samples with total F > 1000 ppm was similar among these
three groups (WS-T, 15%; WS, 16%; WS-G, 19%). The
detection frequency for total F was substantially lower (7/22;
32%) for products with no water- or stain-resistance language
(G or N-WS-G) (Table 2). When detected, total F
concentrations in G and N-WS-G products were relatively
low, with six of seven total F detections <50 ppm; the one
exception was the outer layer of an N-WS-G face mask (F5-O)
with 1250 ppm total F (Figure 1).
Among the product types tested, clothing and upholstery

had the highest detection frequencies, both overall (both 79%)
and among WS items (both 100%). Rugs and sheets had the
lowest detection frequencies overall (both 25%), while among T
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WS items, masks and pillow protectors had the lowest
detection frequency (both 33%). It is important to note,
however, that comparisons among product types should be
interpreted with caution given the small sample sizes. Further,
comparisons among product types are complicated by the fact
that different product types had different distributions among
product labels. For instance, some product types were only
available with water and/or stain resistance, and other product
types were not available with trademark treatments. Only the
WS label group is represented in all eight product types, with
3−5 items per product type.
Targeted PFAS Analytes. Eighteen of 61 products (30%)

analyzed for targeted PFAS had measured concentrations
above the LOQ for at least one of 27 target analytes with
acceptable surrogate recoveries (Table 2). PFAS detection
frequencies were 2−3 times higher for WS-T products (7/11;
64%) than for WS (7/21; 33%) and WS-G products (4/19;
21%). None of the G (n = 4) or N-WS-G (n = 6) products
tested for targeted PFAS had any detections. Clothing and
pillow protectors had the highest detection frequencies for at
least one PFAS (7/12; 58% and 4/7; 57%, respectively), while
face masks and sheets had no target PFAS detections (Table
2). Among products with at least one target PFAS analyte
detected, the average number of detections was three, and one

product (a WS-G pillow protector, P7) contained seven target
analytes (Table S1).
Eleven PFAS target analytes with acceptable surrogate

recoveries were detected at least once among the analyzed
products (Table 3). Among these 11, nine were PFCAs (C4-
C10, C12-C13) and two were PFSAs (C4, C8). The most
frequently detected were perfluorohexanoic acid (PFHxA)
(14/18 products; 78%), perfluorobutanoic acid (PFBA) (8/
18; 44%), perfluorooctanoic acid (PFOA) (7/18; 39%),
perfluorobutane sulfonic acid (PFBS) (5/18; 28%), and
perfluorodecanoic acid (PFDA) and perfluoropentanoic acid
(PFPeA) (each 3/18; 17%) (Table 3). Maximum concen-
trations measured for these analytes ranged from 10.2 to 36.6
ng/g (0.108 to 0.872 ng/cm2) (Table 3). Perfluoroheptanoic
acid (PFHpA), perfluorooctane sulfonic acid (PFOS),
perfluorononanoic acid (PFNA), perfluorododecanoic acid
(PFDoA), and perfluorotetradecanoic acid (PFTA) were each
detected once or twice. PFOA and PFOS were detected
despite the phase-out of their production in the U.S., with
seven products containing PFOA and one containing PFOS.
The maximum detected PFOA concentration (22.5 ng/g) was
found in a WS-G pillow protector (P7) and 2.1 ng/g PFOS
was measured in a WS cover fabric of a children’s upholstered
chair (U2). The maximum PFOA concentration was close to
the highest compound-specific maximum concentrations,
which ranged from 28.9 to 36.6 ng/g for four short-chain
compounds (PFBA, PFHxA, PFHpA, PFBS) (Figure 2, Tables
3 and S1). Three of the five highest PFAS concentrations were
found in WS-G products even though only 30% of samples
were WS-G.

Precursor-Derived PFAAs. Concentrations of PFAAs in
extracts from 19 of 30 products oxidized according to the TOP
assay were greater than pre-oxidation concentrations, indicat-
ing the presence of oxidizable PFAA precursors in those
samples (Table 2). Net generation of individual PFAAs
(ΔPFAA) was observed most frequently in WS-T products
(7 of 8; 88%), which also had the highest pre-oxidation
detection frequencies. Frequencies of positive ΔPFAA values
were lower, but similar, for WS and WS-G products (55%; 6/
11 and 60%; 6/10, respectively). No PFAAs were detected
after oxidation in the one N-WS-G product (a face mask, F5-

Figure 1. Total fluorine for 93 products arranged by label groups. The
detection limit is 10 ppm. Label group abbreviations are defined in
Table 1. Filled circles indicate samples at or above the detection limit
and open circles indicate samples below the detection limit.

Table 3. Detection Frequency (Number of Samples in Parentheses) and Maximum Concentrations of PFAS Measured in 61
Products and PFAAs Generated from Oxidizable Precursors in 30 Products Using the TOP Assay

number of detections maximum concentration (ng/g) maximum concentration (ng/cm2)

chemical PFASa ΔPFAAb PFAS ΔPFAAc PFAS ΔPFAAc

PFBA 13% (8/61) 30% (9/30) 36.6 48.2 0.664 0.689
PFBS 8.2% (5/61) 17% (5/30) 34.4 227 0.872 5.75
PFPeA 4.9% (3/61) 57% (17/30) 10.2 271 0.210 4.67
PFHxA 23% (14/61) 47% (14/30) 35.7 42.1 0.736 0.442
PFHpA 3.3% (2/61) 10% (3/30) 28.9 5.53 0.596 0.100
PFOA 11% (7/61) 37% (11/30) 22.5 11.2 0.207 0.123
PFOS 1.6% (1/61) 3.3% (1/30) 2.15 0.780 0.051 0.033
PFNA 1.6% (1/61) 6.7% (2/30) 1.62 1.91 0.015 0.020
PFDA 4.9% (3/61) 6.7% (2/30) 11.8 5.20 0.108 0.048
PFUnA n.d.d 3.3% (1/30) n.d. 0.636 n.d. 0.006
PFDoA 3.3% (2/61) 6.7% (2/30) 3.99 4.47 0.037 0.041
PFTA 1.6% (1/61) 3.3% (1/30) 2.59 0.690 0.024 0.006

aNumber of detections among 61 samples. LOQ range: 1.11−26.6 ng/g. bNumber of detections among 30 samples. Δ = post-oxidation minus pre-
oxidation PFAA concentration. LOQ range: 1.11−18.7 ng/g. cAfter subtracting pre-oxidation PFAA concentration. Only net positive PFAA
concentrations are included. dn.d., not detected.
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O) included in the TOP analysis, despite having 1250 ppm
total F. The number of PFAAs generated from oxidizable
precursors per product ranged from 0 to 9 (Table S1), with a
median number of detections per product of 1 and an average
of 2.3. WS-T, WS, and WS-G products all had similar average
numbers of PFAAs generated from oxidizable precursors (2−3
per product), although two WS-G products (a pillow
protector, P7, and a crib mattress protector, M12-O) had the
highest number of PFAAs generated from oxidizable
precursors (9 and 7, respectively) (Table S1).
Individual PFAA concentrations were often substantially

higher in extracts following oxidation using the TOP assay
compared to pre-oxidation PFAA concentrations. In products
with targeted PFAS detection before oxidation and positive
ΔPFAA values for those same analytes after oxidation (n = 14),
individual ΔPFAA concentrations were 39 times greater on
average (range: 0.27−558) compared to pre-oxidation
concentrations (Table S1). The largest multiple was measured
in a WS-T mattress protector (M1) for which ΔPFPeA was
108 ng/g and the pre-oxidation PFPeA concentration was 0.19
ng/g (Table S1). The highest ΔPFAA concentration, 271 ng/g
ΔPFPeA, was measured in a WS school uniform shirt (C2).
Note that in some cases, ΔPFAA values were within the
variability of pre-oxidation measurements (median RPD; Table
S7) and may not always indicate the presence of precursors.
Net generation was observed at least once for 12 of the 18

PFAAs targeted in the TOP analysis, with ΔPFPeA detected
most frequently (17/30 products), followed by ΔPFHxA (14
products) and ΔPFOA (11 products) (Table 3). The
proportion of products with ΔPFOA was similar among the
WS-T (3/8), WS (4/11), and WS-G (4/10) label groups,
although the two highest ΔPFOA concentrations (11.2 and
6.78 ng/g) were found in the same two WS-G products (a
pillow protector, P7, and crib mattress protector, M12-O,
respectively) with the two highest pre-oxidation PFOA
concentrations (Figure 2; Table S1). These two WS-G
products were also the only products subjected to the TOP
assay for which net generation of PFAAs with a carbon chain
length ≥9 was observed. The identity of the specific precursors
present in the samples is not known since the TOP assay does

not provide information about the chemical structures of
PFAA precursors and each precursor can be oxidized to form a
mixture of PFAA products with varying chain lengths.

■ DISCUSSION

In this study, we found that many water- and/or stain-resistant
products that may be frequently used by children and
adolescents contained total F, as well as methanol-extractable
long- and short-chain targeted PFAS and oxidizable PFAA
precursors. Products labeled as water- and/or stain-resistant
had more frequent detections and higher concentrations of
methanol-extractable targeted PFAS than products not labeled
that way; in fact, of the products analyzed for 36 target PFAS,
methanol-extractable targeted PFAS were detected only in
those labeled as water- and/or stain-resistant. Total F and
targeted PFAS were also frequently detected in water- and/or
stain-resistant products with green assurances or certifications
(WS-G), with concentrations similar to those in water- and/or
stain-resistant products without these assurances (WS-T, WS).
We found that targeted long-chain PFAS, including PFOA,
were detected across multiple product categories, even in green
products. Notably, three of the seven products with detectable
PFOA concentrations were WS-G items, and two of those
products, a pillow protector (P7) and crib mattress protector
(M12), had the highest concentrations of PFOA and PFOA
generated from oxidizable PFAA precursors.
The range of total F and PFAS concentrations detected in

the consumer products analyzed in this study overlaps with
values observed in other studies of similar consumer
products26,30 and is consistent with what would be expected
from the treatment of products with fluorinated polymers.34

Products without detectable total fluorine (<10 ppm) did not
contain PFAS detections above the LOQ (n = 7), although of
the 54 products with detectable total F (≥10 ppm), only 18
(33%) had detections above the LOQ for any of the 36 target
PFAS. Consistent with prior studies, the total amount of
fluorine attributable to methanol-extractable target PFAS
analytes and to PFAAs generated from oxidizable precursors
in our samples never exceeded 0.1% of the total F measured in
these products, and total F concentrations were not correlated

Figure 2. (a) Targeted PFAS analyte concentrations in 61 products prior to oxidation with TOP. (b) ΔPFAA concentrations in 30 samples
generated from oxidizable precursors during TOP analysis. PFOS, PFNA, and PFTA concentrations are not shown because they were detected in
only one sample. Nondetects are plotted at each sample’s LOQ. Label group abbreviations are provided in Table 1.
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with the sum of methanol-extractable PFAS.30 For example, in
five of the water- and/or stain-resistant products we tested with
total F > 100 ppm (including two products with >1000 ppm
total F), we measured no extractable targeted PFAS either
before oxidation or after the TOP procedure. These results
may be due to several factors. First, our targeted PFAS and
TOP assay analyses did not capture fluorinated polymers that
may have been present in products. Furthermore, our analyses
included only a limited number of targeted PFAS, and our
methods were not optimized for volatile PFAS, which have
been shown to represent a substantial pool of extractable PFAS
in some children’s fabrics and other consumer products.30 It
may also be possible that there are PFAS present in these
recently purchased products that are not readily extractable at
present but may become more readily mobilized as products
age with exposure to sunlight or repeated washing.22,35 Finally,
we cannot rule out the presence of inorganic fluorine
contributing to total F measurements.
Nevertheless, the frequency of targeted PFAS detections was

greater for products with total F concentrations greater than
100 ppm compared to products with lower total F
concentrations. Targeted PFAS were detected in 16 of 28
products with total F > 100 ppm, with WS-T products more
likely to have extractable PFAS (6 of 7) compared to WS (6 of
10) and WS-G (4 of 10) (Figure 3). By contrast, targeted
PFAS were detected in only 2 of 26 products (R1, U12) with
total F in the range of 10−100 ppm (Figure 3; Table S1).
These results suggest that while total F concentrations may not
be linearly correlated with the amount of extractable PFAS we
targeted for analysis in these products, products with total F
concentrations >100 ppm, especially WS-T products, were

more likely to contain extractable targeted PFAS. Although the
TOP assay was only performed on a subset of products, we
note that consideration of ΔPFAA results increased the overall
PFAS detection frequency among the 28 products with total F
> 100 ppm, from 16 to 22 products.
Only a few other studies have tested for PFAS in everyday

apparel items, such as shorts, shirts, school uniforms, and other
clothes regularly worn by children, and most prior analyses
have focused on outerwear, which is less likely to contribute to
year-round everyday exposures.30,31,35−39 To our knowledge,
only one other study has included face masks in analyses for
PFAS.37 Similar to the results of Tokronov et al.,37 the four
mask samples analyzed for targeted PFAS analytes in the
current study had no PFAS detections above the LOQ. Our
school uniform results were most similar to those of Liu et al.,
who also frequently detected PFHxA at similar concentrations
in school uniforms purchased in 2011.36 However, in addition
to PFHxA, Liu et al. also detected PFOA frequently in their
2011 school uniforms, whereas we did not detect PFOA in any
of the school uniform items we analyzed for targeted PFAS (n
= 5), and we detected PFOA derived from oxidization of
precursors in only two of those five school uniform items. In
those two school uniform items subjected to the TOP assay,
the resulting ΔPFOA concentrations (4.24 and 2.81 ng/g; C1
and C4, respectively) were within the range of PFOA
concentrations measured by Liu et al.36 Considering the
2011 purchase date for the Liu et al.’s samples, their results
may already reflect global efforts to reduce PFOA manufactur-
ing and intentional use.40

We observed substantial variability in PFAS detections
among the different types of bedding items analyzed. Four out

Figure 3. (a) Total F (μg/g) and (b) ∑(targeted PFAS analytes) and ∑(oxidizable precursors) (μg/g as F) for 61 products that underwent
targeted analysis for 36 PFAS. Only 30 of the 61 products were analyzed for oxidizable precursors. Products with no target PFAS detected are
blank, and products with no net precursor formation are noted with an asterisk. Only concentrations ≥LOQ are plotted. Product IDs correspond to
Table S1. The inner and outer layers of a sample are indicated by “-I” and “-O” in the product ID.
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of the seven pillowcases and pillow protectors we analyzed had
at least one detection of a targeted PFAS, and one WS-G
pillow protector (P7) had seven individual PFAS detected,
higher than any other product in this study. Robel et al. also
detected a similar range of targeted PFAS, including PFOA, in
one pillowcase included in their study (collected in 2015), at
concentrations similar to those we found in the P7 pillow
protector.30 By contrast, none of the bedsheets analyzed in our
study (n = 5) had any targeted PFAS detections above our
reporting limits, regardless of the label category. Vestergren et
al. detected PFHxA and PFOA in the one bedsheet included in
their study (collected in 2012/2013), at lower concentrations
than many other textiles in their study39 and within the range
of estimated PFHxA detections observed in two of our
bedsheets. These results suggest that particular bedding items,
such as pillow protectors, are more likely to contain PFAS than
other types of bedding, such as bedsheets.
Detection frequencies for PFAS and the diversity of

individual PFAS detected among the rugs included in our
study are substantially lower than observed in other recent
studies,21,37,41 although the ages of the rugs analyzed in those
studies are mostly unknown. Of the six rugs we analyzed for
PFAS, only one had any targeted PFAS detections (R1), while
PFAAs generated from oxidizable precursors were measured in
two rugs (R1 and R2). The four PFAS (PFBA, PFBS, PFHxA,
PFOA) detected in rug item R1 prior to oxidation were,
however, each within the ranges previously reported for
childcare nap mats21 and childcare carpets.41 The less frequent
detections and lower concentrations of PFAS in rugs in our
study may reflect recent retailer actions and policy and
regulatory changes in the U.S., such as phase-out campaigns for
PFAS in residential carpeting42,43 and the focus of California’s
Safer Consumer Products program on PFAS in carpeting.44

The presence of PFAS in green-certified products marketed
with water- and/or stain-resistance claims (WS-G products)
was not unexpected, since many green certifications either do
not consider PFAS or limit concentrations of individual PFAS
at levels higher than we found in this study. For example,
Oeko-Tex 100 has individual limits of 25−50 ng/g for a
number of PFAS,45 while Greenguard Gold certification
pertains to volatile organic compound emissions from
products, and no PFAS were included in its chemicals of
concern list as of June 2021.46 Of the 16 WS-G products with
certifications that we analyzed initially for targeted PFAS, only
two (C10, an Oeko-Tex 100 product, and M12, a Greenguard
Gold product) had detections above the LOQ, at levels either
below the certification criteria (for Oeko-Tex 100) or for
targeted PFAS not specifically prohibited for certification
(Greenguard Gold). However, of the subset of seven WS-G
products that were then subjected to the TOP assay, five had
positive ΔPFAA values, a much higher detection frequency
that illustrates that consideration of PFAA precursors may be
important when setting criteria.
To explore whether water- versus stain-resistant products

were more or less likely to contain our targeted PFAS, we
coded “water-resistant,” “stain-resistant,” and green labels
separately (with some products included in multiple groups).
Products labeled as stain-resistant had a higher total F
detection frequency (76.3%) compared to products labeled
as water-resistant (63.2%) or green (60%), and the detection
frequency was much lower (32%) for products that lacked any
stain- or water-resistant language (Figure S2). Products labeled
as stain-resistant also had a higher detection frequency for

target PFAS analytes (52%) compared to products labeled as
water-resistant (35%) or green (17%) (Figure S3). These
differences may be due to the fact that manufacturers can more
readily achieve water resistance without using PFAS than stain
resistance. Nine of the water-resistant products in our study
with product information indicating the use of a physical
barrier, such as a polyurethane (PU) or vinyl layer, were
analyzed for PFAS, and only two (a bib, C12, and a pair of
menstrual underwear, MU1-I) had targeted PFAS detections.
These were also the only two products of the nine with total F
>100 ppm (201 and 1456 ppm, respectively). While these
results might be anticipated for the bib, which was also
advertised as both stainproof and waterproof with a PU layer,
the menstrual underwear product information mentioned only
waterproofing with a PU layer, without any stain-resistance
language. These results suggest that products labeled as
waterproof may still contain PFAS even if a physical barrier
is used for water resistance.
Consistent with other studies,30,31 PFAA precursorsPFAS

that can be transformed to highly stable PFAAs in the body
and in the environmentare present in many children’s
products we tested, as indicated by results from the TOP assay.
In sample extracts subjected to TOP, individual PFAA
concentrations often exceeded their concentrations in pre-
oxidation samples. For example, we observed ΔPFOA in 6
products for which PFOA was not detected before oxidation:
baby jeggings (C14), two upholstery items (U8, U5), two
mattress protectors (M1, M3), and menstrual underwear
(MU1). Similarly, Zhu and Kannan et al. observed that
detection frequencies for PFOA were three times higher after
subjecting 160 apparel and apparel textile samples, including
infant items, to the TOP assay.31 However, the mean ΔPFOA
concentration observed by Zhu and Kannan was over 20 times
higher than in our products (1.48 ng/g),31 and unlike our
study, they detected PFCAs of chain lengths up to 12, both
before and after oxidation, which may reflect differences in
product formulations. Interestingly, net production of PFBS
was observed in five samples, one of which also showed
formation of PFOS, even though PFSA formation is not
expected to occur from oxidation of precursors by the hydroxyl
radical.33 Zhu and Kannan31 and Robel et al.30 both previously
observed PFBS and/or PFOS formation in consumer products
according to the TOP assay. These results could be
attributable to analytical error or to formation from
unidentified precursors present in consumer products.
When we evaluated the country of origin for products with

extractable PFAS, we found that products containing long-
chain PFAS disproportionately came from China (Figure S4).
This is not surprising, since long-chain PFAS are still being
manufactured in China.47 Approximately half of the products
we purchased in the study came from China, while 75% of the
products with long-chain detections (n = 8) came from China.
By contrast, products containing short-chain PFAS came from
a wider range of countries, including China and the U.S., and
more closely reflected the countries of origin among the
products in our study overall.
The ability of PFAS to migrate out of consumer products

used by children or adolescents raises concerns about
exposures to these toxic chemicals during sensitive devel-
opmental periods. Few studies have addressed the breadth of
PFAS exposures among children and adolescents from
consumer products, and future exposure assessments should
consider a broad range of PFAS in consumer products,
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including volatile PFAS and other PFAA precursors. Because
many PFAS have been shown to activate similar biological
pathways, they may impart toxicity in an additive manner.48−50

Further, PFAA precursors may be more toxic than the
corresponding PFAA degradation products, as illustrated by a
recent study that showed that 6:2 FTOH was more toxic than
PFHxA.51 The toxicity of many PFAS and the potential for
long-term exposures to children and adolescents from intimate
contact with these products support removing noncritical uses
of PFAS from products used by children or adolescents as a
way to protect their health.
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