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ABSTRACT: We analyzed 72 children’s textile products marketed
as stain-resistant from US and Canadian stores, particularly school
uniforms, to assess if clothing represents a significant route of
exposure to per- and polyfluoroalkyl substances (PFAS). Products
were first screened for total fluorine (total F) using particle-
induced γ-ray emission (PIGE) spectroscopy (n = 72), followed by
targeted analysis of 49 neutral and ionic PFAS (n = 57). PFAS were
detected in all products from both markets, with the most
abundant compound being 6:2 fluorotelomer alcohol (6:2 FTOH).
Total targeted PFAS concentrations for all products collected from
both countries ranged from 0.250 to 153 000 ng/g with a median
of 117 ng/g (0.0281−38 100 μg/m2, median: 24.0 μg/m2). Total
targeted PFAS levels in school uniforms were significantly higher
than in other items such as bibs, hats, stroller covers, and
swimsuits, but comparable to outdoor wear. Higher total targeted PFAS concentrations were found in school uniforms made of
100% cotton than synthetic blends. Perfluoroalkyl acids (PFAAs) precursors were abundant in school uniforms based on the results
of hydrolysis and total oxidizable precursor assay. The estimated median potential children’s exposure to PFAS via dermal exposure
through school uniforms was 1.03 ng/kg bw/day. Substance flow analysis estimated that ∼3 tonnes/year (ranging from 0.05 to 33
tonnes/year) of PFAS are used in US children’s uniforms, mostly of polymeric PFAS but with ∼0.1 tonne/year of mobile,
nonpolymeric PFAS.
KEYWORDS: school uniforms, children’s products, PFAS, fluorotelomer alcohols (FTOHs), fluorotelomer methacrylates (FTMAcs),
PFAS dermal exposure, PFAS substance flow analysis, PFAS hydrolysis, total oxidizable precursor (TOP) assay

■ INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) are anthropogenic
chemicals that have been used in industrial and consumer
products such as fire-fighting foams, food packaging materials,
and textiles for decades.1−3 Numerous studies have reported
the presence of PFAS in environmental and biological
matrices,4−7 with consumer products being one source.
Recently, Glüge et al.8 summarized the uses of over 1400
PFAS, and their function in each application or specific type of
products (where available). The extensive list included
consumer products like textiles, cookware, personal care
products, and sports articles.8

PFAS-treated goods such as clothing may be an important
source of direct human exposure, especially for children, as
well as a source of PFAS to the environment (and hence
indirect human exposure). The Danish Environmental
Protection Agency9 in 2015 tested children’s textile products
and assessed children’s health risk associated with PFAS
released from these products. The study identified that items

most often containing PFAS were weather-proof items
including snowsuits, skiwear, and matching items such as
mittens, hoods, and hats, where PFAS are added to confer
water resistance.9 The report concluded that the major routes
of exposure for children wearing these clothes are dermal
contact (mainly of ionic PFAS), air inhalation and dust
ingestion (mainly of neutral/volatile PFAS), and direct oral
exposure due to frequent hand-to-mouth behaviors.9−11

Because the report focused mostly on outdoor wear items,
the authors estimated that dermal exposure would be limited
to hands touching the outer body of the clothing. Several other
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studies, primarily focused on adult products available in the
European market, have focused on PFAS in outdoor wear
clothing.12−20 Several studies have examined children’s
clothing, with most focused on outdoor wear items (ND−
10791 μg/m2);12,15,19−23 five studies have measured PFAS
concentrations in clothing that comes into direct contact with
the skin, including infant apparel (ND−203 ng/g) like bibs
(ND−16 ng/g)17,21,22 and uniforms (ND−976 ng/g).24−26

PFAS have also been analyzed in daycare carpets (32.2−8500
ng/g), dust (8.1−6470 ng/g) and nap-mats (1.6−600 ng/
g),27,28 and children’s car seats (ND−268 ng/g).29 In the
European Union, there are limits only for perfluorooctanoic
acid (PFOA) (<25 ng/g) and perfluorooctyl sulfonate (PFOS)
(<1 μg/m2) in textiles; PFOS and PFOA concentration in
some of the aforementioned products exceeded these
limits.30,31 PFAS are not regulated in textiles products in
Canada. In these applications, PFAS are used to impart stain
resistance, making them particularly useful for school uniforms.
The previous studies that measured PFAS in textile items

focused on the following eight groups of PFAS: perfluoroalkyl
carboxylic acids (PFCAs), perfluoroalkyl sulfonic acids
(PFSAs), perfluoroalkyl sulfon-amides and -amidoethanols
(FASAs and FASEs), and fluorotelomer carboxylic acids
(FTCAs), sulfonic acids (FTSAs), alcohols (FTOHs), and
acrylates and methacrylates (FTAcs/FTMAcs), for a total of
about 20−60 individual compounds.12,15,20−22 However, it is
challenging to measure the unknown PFAS that may be used
in consumer products due to a lack of information related to
production and use, and a lack of analytical standards.21,29,32

These PFAS include side-chain fluorinated polymers, which are
used extensively for antiwetting and antistain surface
protection in, notably, the textile industry,3 with highly
uncertain estimates of the release over time of nonpolymeric
PFAS.33−37 The total oxidizable precursor (TOP) assay was
developed38 to address the issue of unknown PFAS that are
precursors to perfluoroalkyl acids (PFAAs). This assay has
been used to analyze car seats fabric,29 textiles,20,21,39

water,38,40 and biota,41 finding concentrations of unknown
PFAA precursors of up to 97 mol %.42 Although the assay does
not represent releases under environmental conditions, it
allows for an “upper bound limit” for exposure assessment and
also, for the ultimate release of mobile PFAS to the
environment.39 In addition to the total oxidizable precursor
(TOP) assay, hydrolysis was recently suggested as a simple and
feasible method to detect additional unknown PFAS, e.g.,
overall presence of side-chain fluorinated polymers, in
textiles.43 For example, Nikiforov reported that the FTOH
content increased by up to 500−1300 times after hydrolysis of
textile samples.43 The presence of large amounts of PFAS that
usually go undetected with targeted analyses carries the
potential for release during use, including releases to
wastewater during laundering,9,14,17,22,44,45 and the end-of-life
stage and hence for exposure.
Children’s exposure to PFAS is of particular concern. Due to

their lower body weight and sensitive developmental period,
children’s exposure may result in a greater body burden and
higher health risks compared to adults.4,10 Prenatal and/or
postnatal exposure to several well-studied PFAS, especially
perfluorooctanoic acid (PFOA), was associated with over-
weight and obesity, neurodevelopmental and behavioral
problems, dyslipidemia, immunity including vaccine response
and asthma, renal function, and age at menarche in
children.10,46−50 A recent update from the United States

(US) Center for Disease Control and Prevention reported
geometric mean concentrations of 3.38 and 4.15 μg/L of
perfluorooctanesulfonic acid (PFOS), and 2.00 and 1.89 μg/L
of PFOA, in serum samples collected in 2013−2014 in the
United States for children ages 3−5 and 6−11 years,
respectively.51 These geometric means were similar to those
reported for the general population (4.99 and 1.94 μg/L for
PFOS and PFOA, respectively), and suggest that children
might be exposed to higher levels of PFAS, but sources and
pathways are not well understood.
To test the hypothesis that children’s products, in particular

products marketed as stain-resistant or waterproof, contain
high levels of PFAS and as such, be a source of exposure to
children and the ecosystem at large, we purchased children’s
clothing items in the US and Canada (n = 72), ranging from
school uniforms and outdoor wear, to infant products like bibs.
Following our previous work on PFAS in cosmetics,52

children’s clothing items were first screened for total fluorine
using particle-included γ-ray emission spectroscopy (PIGE); (n
= 72), and then a subset (n = 57) was selected for targeted
PFAS analysis using mass spectrometry. A further subset of
products (n = 5) was subjected to both the TOP assay and
hydrolysis to assess unknown PFAA precursors in textiles. Data
obtained from PIGE and targeted analyses were used for
calculating dermal exposure from clothing and for a simplified
substance flow analysis to model the mass use, pathways, and
final sinks of PFAS in children’s clothing items.

■ MATERIALS AND METHODS
Samples. Thirty-four children’s products were purchased

online in the US in March 2021 and 38 were purchased from
the Canadian market in November 2020 and February 2021,
for a total of 72 products. Products were selected if they were
labeled waterproof/water-resistant/durable water-repellent,
stain-proof/stain-resistant/easy care stain release, windproof,
or wrinkle resistant. Information regarding products, e.g., fabric
composition, country of manufacture, brand, product type and
functionality were obtained from the label and from online
descriptions. Products selected included school uniforms,
weather-resistant outdoor wear such as rainsuits, snowsuits,
snowshoes, and mittens, and miscellaneous children’s products
such as bibs, hats, stroller covers, swim wear, sweatshirts, and
baby shoes. Layers were sampled from products comprised of
different parts or composite fibers (e.g., mittens have a
waterproof exterior and a fleece interior layer), yielding a total
of 134 fabric subsamples (n = 51 from the US products and n =
83 from the Canadian products). Results for different
subsamples from the same product were averaged for all
subsequent analyses, and the concentrations after averaging
decreased but not by much. Subsamples were cut (2 × 2 cm)
from products using scissors precleaned with dichloromethane
and methanol, placed in resealable Ziploc bags, and shipped to
the University of Notre Dame for PIGE analysis and an
additional set of samples was sent to Indiana University for
targeted PFAS analyses. Detailed information on individual
products and subsamples is listed in Table S1, and a summary
of the sampling scheme is presented in Figure S1.

PIGE Sample Preparation and Analysis. The PIGE
technique can measure the surface concentrations of total
fluorine (both inorganic and organic); the contribution of
inorganic fluoride is considered negligible in textiles.53 All
samples (n = 134) were measured directly via PIGE without
any additional treatment or preparation.53 Total fluorine
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analysis and quantification via PIGE was based on a previously
published approach that utilized a thin (180 μm) fluorine-free
qualitative filter paper spiked with known concentrations of
inorganic fluoride.35,52 This method was modified to account
for the thickness of samples, especially for thicknesses larger
than the expected penetration depth of the proton beam (200
μm). In the modified approach, four fabric samples purchased
from Fabric Wholesale Direct and papers of varying
composition and thickness (Tables S2 and S3) were spiked
with known concentrations of inorganic fluoride, and a
calibration curve of the total F concentration vs PIGE response
was generated in units of both μg F/cm2. Data were fitted
using linear equations with forced y-intercepts. All curves had
R2 > 0.99, and deviation for replicates (n = 7) was below 10%
for all four fabrics. The limit of detection for each material was
estimated using the LINEST function to measure standard
error and slope which were plotted against measured thickness
to determine relationships between material thickness and
response. To quantify the amount of fluorine present in
samples, each sample’s thickness was measured, and this value
was inputted into the fit equation to relate sample thickness to
a predicted slope which was used to convert total fluorine
signals into concentrations. A similar approach was used to
determine thickness-dependent limits of detection for total
fluorine concentrations.

Sample Preparation. Procedures for liquid chromatog-
raphy with tandem mass spectrometry (LC-MS/MS)- and gas
chromatography mass spectrometry (GC-MS)-based targeted
analysis of a subset of samples (n = 74) followed the previously
reported methods.20,54 In brief, a 4 cm2 textile sample was
further cut into 2 × 2 mm pieces for better extraction
efficiency, then weighed into a 15 mL polypropylene tube,
spiked with 20 ng each of the surrogate standards and
extracted twice with 3 mL of 4:1 hexane/isopropyl alcohol,
followed by 3 mL of 1:1 methanol/acetonitrile. For each
extraction step, the sample was sonicated for 30 min and then
centrifuged at 3000g for 5 min. The supernatants were
combined, reduced in volume to ∼5 mL, and cleaned-up with
∼100 mg Envi-Carb activated carbon by vortexing for 1 min
and centrifuging at 3000g for 5 min. The resulting sample was
concentrated to 500 μL under nitrogen, filtered using a
centrifugal filter, transferred into a 1 mL polypropylene vial,
and spiked with 50 ng each of the internal standards (1 mg/L
in MeOH/IPA (80:20)) for a final sample volume of 1 mL.
(See Table S4 for details on standards.) Concentrations
obtained from mass spectrometry measurements (ng/g) were
converted to μg/m2 using the sample surface area (2 × 2 cm)
and weight (mg) to compare results from this study with those
from the literature.
To investigate the presence of PFAA precursors, five samples

were selected for the TOP assay, following the protocol
developed by Houtz and Sedlak38 with slight modifications.
Briefly, the extracts of the original sample, not spiked with
surrogate standards, were completely dried under a gentle
nitrogen flow to avoid oxidant consumption by the solvent. A
fixed volume (15 mL) of a freshly prepared oxidation solution
(60 mM K2S2O8, 125 mM NaOH in water) was added to the
sample tube and incubated for reaction at 85−90 °C for 6 h.
The sample was then cooled to room temperature, adjusted to
pH = 4.0 using formic acid, spiked with surrogate standards,
and cleaned up on an Oasis WAX cartridge following a
protocol described in previous studies.55−57

Additional samples from the same five products analyzed
with the TOP assay were subjected to hydrolysis using the
approach developed by Nikiforov with minor modifications.43

In brief, 0.5 mL of a 1 M NaOH solution in methanol/water
(90:10) was added to a 15 mL glass vial containing ∼30 mg
small-pieces of textile samples, and spiked with 20 ng each of
the surrogate standards. The vial was vortexed for 1 min and
placed in an oven at 60 °C for 16 h. After the vial was cooled
to room temperature, the solution was transferred to a new
clean vial, and 0.6 mL of a 1:1 mixture of methyl tert-butyl
ether/n-hexane and 2 mL of LC-MS grade water was added.
Samples were shaken for 30 min, and the top aqueous layer
was removed with a glass pipette. Anhydrous Na2SO4 was
added to remove the water in the sample until the organic layer
became clear. Finally, the extracts were transferred into a 1 mL
PP vial and analyzed using GC-MS.

LC-MS/MS and GC-MS Analysis. For the targeted analysis
of 74 samples from the original extraction procedure plus the
five extracts from the TOP assay, 49 PFAS with 15 surrogates
and 7 internal standards were measured (see Table S4). FASAs
and ionic PFAS, namely PFCAs, PFSAs, FTCAs, FTSAs, and
fluorotelomer phosphate esters (PAPs), were analyzed by
ultrahigh-performance liquid chromatography interfaced with a
triple quadrupole MS in the negative ionization mode (Agilent
1290 Infinity II UPLC−6470 ESI�QQQ-MS). A gas
chromatograph mass spectrometer operated in the positive
chemical ionization mode (Agilent 7890 GC − 5977B PCI-
MS) was used to measure neutral PFAS (i.e., FASEs, FTOHs,
FTAcs, and FTMAcs). For extracts of the five samples from
the hydrolysis assay, only neutral PFAS were measured.
Detailed instrumental parameters were provided elsewhere,39

and are also summarized in Tables S5−S11.
Quality Assurance and Quality Control. Field blanks

consisting of Kimwipes were shipped with the samples and
processed using the same procedures as actual samples. Five
lab duplicates and two field duplicates were also measured
(Table S1). For the LC-MS and GC-MS analyses, a procedural
blank and a matrix spike consisting of 20 ng for each of
targeted PFAS were processed along with every batch of 7
samples to evaluate background contamination from laboratory
operations (see Table S12) and the performance of our
methods. Samples were quantitated using the internal
standards except for hydrolysis samples where the surrogate
standards were used for quantitation following the method
from Nikiforov.43 Recoveries of surrogate standards were
generally in the range of 60−140% (Table S13). The results
for field blanks and procedural blanks were similar to one
another, so they were averaged for blank analysis. Results were
blank corrected by subtracting the corresponding average
blank on a mass basis. If the mass of a detected compound was
below the method detection limit (MDL), it was considered a
nondetect, otherwise the value present in blanks was
subtracted. The MDLs (ng/g) were defined as 3 times the
standard deviation of the blank level or the amount of chemical
generating a signal-to-noise ratio of 5 if the compound was not
detected in procedural blanks divided by the average sample
weight (Table S12). The results of five lab duplicates and two
field duplicates showed a relative standard deviation generally
lower than 20% both for total targeted PFAS and for individual
target compounds (Table S14). Concentrations from dupli-
cates were averaged for each product for reporting purposes.
A 7-point calibration curve was prepared over a concen-

tration range of 0.25−25 ng/mL. The regression coefficients of
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calibration curves were all >0.99. To test the impact of the
TOP assay on PFCAs and PFSAs (C3−C9), we spiked 5 ng
each of our analytes into empty tubes and treated them in the
same manner as samples. The recoveries of PFAAs in matrix
spikes after TOP were in the range of 64.3−144% (Table S12),
which meant that there was no significant effect on PFAAs
(C3−C9) during TOP.29 Detailed QA/QC procedures for the
PIGE analysis are provided elsewhere.52,53

Data Analysis. Since not all our data fit the normal
distribution, a nonparametric Kruskal−Wallis ANOVA test was
used for comparison of group means. Plotting and statistical
analyses, including calculation of medians and Kruskal−Wallis
ANOVA, were performed using OriginPro 2021 (OriginLab
Corp.). Cells containing values below MDLs were replaced
with 1/2 MDL only for individual PFAS (not for totals) and
only for median calculations. At least one ionic PFAS was
detected in each product before 1/2 MDL replacement. The
statistical significance was set at p < 0.05 for all analyses.

Substance Flow Analysis. Substance Flow Analysis
(SFA) is a useful tool in modeling the sources, life stages,
and final sinks of chemical substances.58,59 A substance flow
analysis was conducted to quantify the annual flow of PFAS in
the purchased children’s school uniform. Full details are
provided in the Supporting Information. The analysis
considered the annual flow of both polymeric and non-
polymeric PFAS for a given year between 2019 and 2021 for
children and adolescents 5−19 years of age (Flow 1 in Figure
S3). This flow provides a numerical estimate of the input of
PFAS to the entire downstream network of flows and sinks,
which were described qualitatively due to uncertainties and
data gaps.
The flow of PFAS in children’s school uniforms purchased

(Flow 1) was calculated as

F M C C( % % )1 school uniform functional functional no PFAS no PFAS= +
(1)

where Mschool uniform is the mass of children’s school uniforms
purchased in a given year; Cfunctional is the PFAS concentration
in school uniforms that were intentionally treated with PFAS;
values for Cfunctional for polymeric PFAS were taken from
literature recommendations of polymeric PFAS deposition to
fabrics (0.1, 0.3, and 0.45% for low, middle, and high values,
respectively),60−62 whereas values for nonpolymeric PFAS
were taken from the results after the TOP assay presented here
(0.00352, 0.011, and 0.013%; Table S16). CnoPFAS was assumed
to be zero for polymeric and nonpolymeric PFAS in untreated
school uniforms,%functional is the percentage of school uniforms
that were intentionally treated with PFAS (1.3, 5.84, and
16.2%) taken from estimates of school uniforms marketed as
stain-resistant but corrected for those marketed as such that
were found to have total F < 0.1% (Table S19), and %noPFAS is
the percentage of school uniforms that were not treated with
PFAS.
We compiled four SFAs, one for each of the US and Canada,

for polymeric PFAS (notably side-chain fluorinated polymers)
and for nonpolymeric PFAS (i.e., sum of FASAs, FASEs,
PFCAs, PFSAs, n:2 FTCAs, n:2 FTSAs, n:2 FTOHs, n:2
FTAcs, and/or n:2 FTMAcs). Low, middle, and high estimates
were calculated for each parameter in eq 1 to account for
uncertainties (a Monte Carlo analysis was not conducted due
to uncertain distributions of input parameters). Estimates of
the mass of school uniforms marketed as “stain-resistant”
(%functional) were taken from websites of major retailers of
school uniforms (Table S15). The total estimated number of
such uniforms was corrected for the percentage likely to
contain PFAS using total fluorine data presented here (Table
S1), since some uniforms could either achieve stain-repellency
using other textile surface treatments60 or were mislabeled. A

Figure 1. Box and whisker plots of concentrations of total fluorine (left; μg F/m2; n = 134) by PIGE (excluding nondetects) and total fluorine
calculated from total targeted PFAS (right, μg F/m2; n = 57) in the three categories of tested products. Shown are the medians (black lines inside
the box), the 25th to 75th percentiles (box), the 10th and 90th percentiles (whiskers), the outliers (circles), and the Kruskal−Wallis ANOVA
results (letters at the top of each box). Compounds sharing the same letter do not have statistically different concentrations (p > 0.05).
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Table 1. Detection Frequencies (DF, %), Median and Range of Concentration (ng/g) and Contributions (%) of the Most
Abundant PFAS in Children’S Products Samplesa

School uniform (n = 25) Outdoor wear (n = 16) Miscellaneous (n = 16)

DF Median Range
% of Σ
PFAS DF Median Range

% of Σ
PFAS DF Median Range

% of Σ
PFAS

PFCAs
PFPrA 4.00 0.651b ND−0.651 0.000 37.5 1.84 ND−45.9 0.618 18.8 1.68 ND−2.24 0.373
PFBA 20.0 2.61 ND−22.6 0.012 18.8 4.09 ND−6.05 0.150 6.25 3.87 ND−3.87 0.311
PFPeA 4.00 0.0441 ND−1.68 0.001 6.25 0.0719 ND−5.77 0.464
PFHxA 84.0 1.60 ND−6.47 0.018 81.3 0.502 ND−3.38 0.153 62.5 0.213 ND−6.42 0.767
PFHpA 72.0 0.0706 ND−1.13 0.001 87.5 0.263 ND−0.635 0.045 75.0 0.0845 ND−0.719 0.191
PFOA 20.0 0.161 ND−0.986 0.001 75.0 0.802 ND−4.32 0.237 56.3 0.431 ND−3.53 0.969
PFNA 16.0 0.0806 ND−0.293 0.000 56.3 0.168 ND−1.25 0.043 37.5 0.104 ND−0.532 0.131
PFDA 24.0 0.0514 ND−0.397 0.001 87.5 0.277 ND−1.79 0.072 43.8 0.0988 ND−0.967 0.203
PFUdA 24.0 0.0345 ND−0.090 0.000 43.8 0.134 ND−0.298 0.010 37.5 0.119 ND−0.862 0.105
PFDoA 12.0 0.0443 ND−0.213 0.000 50.0 0.106 ND−0.495 0.022 43.8 0.0882 ND−0.596 0.139
PFTrDA 20.0 0.0428 ND−0.274 0.000 31.3 0.0676 ND−0.865 0.015 37.5 0.0834 ND−2.76 0.452
PFTeDA 4.00 0.0342 ND−0.101 0.000 43.8 0.0806 ND−0.512 0.016 31.3 0.0686 ND−0.632 0.081
PFSAs
PFBS 24.0 0.0109 ND−6.47 0.002 37.5 0.0134 ND−2.44 0.028 6.25 0.0108 ND−0.021 0.002
PFHxS 20.0 0.0643 ND−0.258 0.000 50.0 0.0915 ND−1.33 0.025 43.8 0.0865 ND−0.260 0.064
PFOS 24.0 0.0247 ND−0.225 0.000 75.0 0.0719 ND−0.308 0.015 43.8 0.0521 ND−0.338 0.088
PFNS 12.0 0.0098 ND−0.080 0.000 50.0 0.0233 ND−0.298 0.006 43.8 0.0239 ND−0.244 0.059
PFDS 20.0 0.0392 ND−0.733 0.001
8Cl-PFOS 12.0 0.0247 ND−0.078 0.000 12.5 0.0364 ND−0.325 0.005
FTSs
4:2 FTS 8.00 0.0162 ND−0.038 0.000 6.25 0.0226 ND−0.028 0.000
6:2 FTS 20.0 0.505 ND−2.93 0.003 6.25 0.746 ND�-1.00 0.011
8:2 FTS 8.00 0.0148 ND−0.049 0.000 50.0 0.0355 ND−1.27 0.023 25.0 0.0221 ND−0.120 0.029
PAPs
6−2_PAP 20.0 0.242 ND−0.576 0.001 25.0 0.335 ND−1.78 0.035 18.8 0.278 ND−2.12 0.401
8−2_PAP 12.5 0.506 ND−2.79 0.300
6−2_diPAP 4.00 0.0506 ND−1.12 0.000 12.5 0.128 ND−11.8 0.130
Neutral
PFAS

FBSA 4.00 0.000978 ND−0.284 0.000 6.25 0.0145 ND−0.033 0.000
FHxSA 12.5 0.0145 ND−0.025 0.000
FOSA 25.0 0.0411 ND−0.247 0.004 6.25 0.0357 ND−0.035 0.003
MeFOSA 8.00 0.0147 ND−0.215 0.000 6.25 0.0218 ND−0.083 0.001 12.5 0.0240 ND−0.314 0.045
EtFOSA 4.00 0.0196 ND−0.186 0.000 6.25 0.0291 ND−0.023 0.000 18.8 0.0348 ND−0.493 0.046
4:2 FTOH 4.00 1.81 ND−5.25 0.002
6:2 FTOH 76.0 445 ND−153000 97.8 68.8 30.4 ND−931 30.4 37.5 6.74 ND−510 65.0
8:2 FTOH 20.0 9.50 ND−202 0.09 56.3 16.8 ND−2070 25.8 43.8 13.8 ND−50.0 12.3
10:2 FTOH 8.00 1.08 ND−90.6 0.04 62.5 3.79 ND−1630 19.4 50.0 2.16 ND−19.5 5.64
6:2 FTAcr 28.0 0.160 ND−39.6 0.04 12.5 0.213 ND−20.7 0.38
8:2 FTAcr 12.0 0.192 ND−41.4 0.02 25.0 0.375 ND−5.28 0.13 6.25 0.312 ND−25.5 2.05
10:2 FTAcr 8.00 0.383 ND−26.7 0.01 50.0 0.644 ND−4.71 0.18 6.25 0.392 ND−18.8 1.51
6:2 FTMAcr 76.0 132 ND−1020 1.95 56.3 0.844 ND−748 22.0 18.8 0.270 ND−58.3 8.23
8:2 FTMAcr 6.25 0.226 ND−0.255 0.003
Σ Ionic
PFAS

100 2.30 0.10−34.6 0.04 100 7.49 0.214−48.8 1.50 100 2.63 0.021−9.40 4.41

Σ PAPs 24.0 1.27 ND−1.12 0.00 37.5 1.624 ND−11.8 0.167 18.8 1.36 ND−4.30 0.706
Σ FASAs 16.0 0.0934 ND−0.284 0.00 50.0 0.131 ND−0.247 0.006 31.3 0.135 ND−0.807 0.093
Σ FTAc 36.0 0.741 ND−68.1 0.07 62.5 2.84 ND−20.7 0.690 6.25 0.937 ND−44.3 3.56
Σ FTOHs 76.0 456 ND−153000 97.9 87.5 102 ND−4140 75.6 68.8 42.5 ND−510 83.0
Σ FTMAc 84.0 134 ND−1020 2.02 87.5 6.46 ND−762 22.7 25.0 1.71 ND−53.3 11.8
Σ Neutral
PFAS

92.0 740 ND−153000 100 93.8 111 ND−4180 98.3 68.8 49.9 ND−543 94.9

Σ PFAS 100 728 0.283−153000 100 100 111 0.296−4190 100 100 35.5 0.250−547 100

aPFAS that were not detected in any sample were not included here. The data in this table are the targeted PFAS analysis from original extraction
before TOP assay and hydrolysis. Non-detect (ND) values were replaced by 1/2 MDLs for median calculations. bFor compounds with DF < 50%,
the median actually corresponds to 1/2MDL.
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detailed description of individual estimates used in the
equations and data sources are provided in the Supporting
Information.

Dermal Absorption. Since school uniforms are worn for
extended periods of time and adhere to children’s bodies, we
estimated the daily intake via dermal absorption (EDIderm, ng/
kg bw/day) using the following equation

C F F F T N
EDI

SA

BWderm
contact mig pen=

× × × × × ×

(2)

where C is the total extractable concentration of PFAS in
school uniforms based on the original solvent extraction
(before the TOP assay or hydrolysis) (ng/m2), SA is the total
body surface area (1.08 m2 for 6−11 years children),40 Fcontact
is the fraction of the skin contact area (unitless; 0.824),63 Fmig
is the daily migration rate of nonpolymeric PFAS from textile
to skin (days−1; 0.001),64 Fpen is the fraction of PFAS
penetrated into the skin (unitless; 0.5),64,65 T is the contact
duration (days; 0.42 corresponding to a wearing time of 10 h
in a day), N is the mean daily number of events (days−1, 1),
BW is the body weight (kg; 31.8 kg for 6−11 years children).63

Values for Fmig and Fpen are estimates for reasonable maximum
exposure (RME) scenario since measurements are unavail-
able.21,22,64 The number of events in a day was set to 1 since
uniforms are worn continuously, as opposed to outdoor wear
that is often removed several times in a day. The dermal
absorption calculated by eq 2 is a RME scenario as 50%
extractable PFAS are assumed to penetrate the skin. As such,
these values are likely overestimates of the true dermal
absorption capacity of PFAS since they account for volatile
FTOHs, and nonuniform PFAS concentration in textile.66 It is
likely that the PFAS concentration in school uniforms will
decrease over time due to laundering since some PFAS is likely
washed out and then released to surface waters via wastewater
treatment plant (WWTP) or septic field discharges; however,
mass loss is anticipated to be minimal relative to the total
amount added.44

■ RESULTS AND DISCUSSION
Screening of Children’s Products. Using PIGE, fluorine

was detected in 65% of the tested products (n = 72) with a
range of ND−5 020 000 μg F/m2, and a median of 67200 μg
F/m2; see Table S1 for individual concentrations. PIGE
analyses showed that the highest levels of total fluorine were
measured in school uniforms, followed by weather-resistant
outdoor wear and then miscellaneous products (p < 0.001, see
Figure 1). The same concentration trend was also observed for
total targeted PFAS measured with targeted mass spectrometry
analysis in a subset of the products (n = 57; Figure 1).
Total targeted PFAS concentrations in school uniforms

ranged from 0.283 to 153 000 ng/g with a median of 728 ng/g
(on surface-based units, these concentrations correspond to a
range of 0.041−38100 μg/m2 and a median of 178 μg/m2)
(Table 1). These levels were similar to those measured in
outdoor wear with a median of 111 ng/g (a range of 0.032−
376 μg/m2 and a median of 19.8 μg/m2), but significantly
higher than those reported in the miscellaneous category, for
which the median was 35.5 ng/g (a range of 0.028−71.5 μg/
m2 and a median of 3.9 μg/m2; p = 0.0014).
Total targeted PFAS concentrations in all three products’

categories were dominated by FTOHs and FTMAcs, although
their contributions were different within the three categories

(see Figure 2 and Table 1). School uniforms were almost
entirely dominated by 6:2 FTOH, which represented 98% of

the total targeted PFAS concentration. For outdoor wear and
miscellaneous items, the compositions were more diverse with
lower contributions from 6:2 FTOH (31% and 65%,
respectively) and higher contributions from 6:2 FTMAc
(22% and 7.9%, respectively) and 8:2 FTOH (26% and 12%,
respectively). The abundance of FTMAc and FTOH suggests
that these products were treated with side-chain fluorinated
polymers. Ionic PFAS, including PFCAs, PFSAs, or FTSAs,
were detected in all these products, but contributed less than
5% of the total targeted PFAS. The dominance of 6:2 FTOH is
consistent with the industry’s transition to 6:2 fluorotelomer-
based side-chain fluorinated polymers.16,19,67 In previous
studies, textile products purchased before 2011/2012 were
dominated by long-chain (C > 8) fluorotelomer alcohols,
mainly 8:2 FTOH (C8),

12,13,15,68 while in products purchased
after 2012, 6:2 FTOH (C6) was detected more frequently and
at higher concentrations than 8:2 FTOH.12,14,16,19,20,22 The
significance of these results is that 6:2 FTOH measured here
can be released from clothing via volatilization, with
implications for inhalation exposure and dermal transfer
(discussed below), and also it can be released to the
environment during laundering (to WWTP effluent and
biosolids during washing, and to the air via volatilization and
fiber loss during drying) (see Figure S3).44,69

Overall, the median total targeted PFAS concentration in the
tested products (n = 57 resulting from 74 subsamples) from
targeted analysis was 117 ng/g or 24.0 μg/m2 (Table S18),
comparable to values presented in earlier publications for
textiles (see Table S18).12−17,19−23,18−22 The median concen-
trations of ionic PFAS (2.99 ng/g or 0.67 μg/m2) (Table S18)
were comparable to the levels reported in earlier studies for
children’s clothing that did not include uniforms from North
America,16,20,21 but lower than the levels from two previous
studies that tested ionic PFAS (PFCAs and PFSAs) in US-
marketed children’s uniforms, noting differences in sample
analysis and target compounds measured.24,25 The median
concentration of 6:2 FTOH (355 ng/g or 55.3 μg/m2) (Table
S18) was higher than the previously reported levels.16,19,22,23

Only one study detected 6:2 FTMAc in outdoor clothes
(mostly adult) at a median concentration of 10 μg/m2,14

similar to the median of 28.2 μg/m2 reported here.
Although a systematic comparison of products from the US

and Canada was beyond the scope of this study, no significant

Figure 2. Average compounds’ contribution (%) to total targeted
PFAS for the three types of products tested (n = 57).
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differences were detected between comparable products in
each of the three categories purchased in each country (p =
0.13). This similarity suggests that the US and Canadian
markets can be considered as one entity, which has been
observed for other products like cosmetics.52 Below we further
discuss our findings regarding school uniforms.

The Role of Fabric Type. The total median targeted PFAS
concentration in school uniforms labeled as 100% cotton
(19 100 ng/g or 4620 μg/m2) and cotton Spandex (1240 ng/g
or 291 μg/m2) were similar, but higher than in uniforms made
of cotton/polyester (1.7 ng/g or 0.3 μg/m2) (p = 0.014; Figure
S4). It should be noted that the items labeled as cotton/
Spandex contained 97−98% of cotton and the items labeled as
cotton/polyester contained about 50% cotton (see Table S1
for composition details). Cotton likely requires additional
PFAS treatment to achieve the desired water-repellent or stain-
resistant qualities than cotton blends or synthetic fabrics due to
cotton’s greater hydrophilicity.70 Berger et al.15 also found that
cotton materials contained a higher amount of PFAS than
other fabric types. Zhu. et al. and Zheng and Salamova
observed an opposite trend in fabric, but these studies did not
select clothing items based on labeling of being “water-
resistant” or “stain-resistant”, and thus nontreated textile
samples may have been included and thus cause bias in the
data interpretation.21,22

What Is Missing? The Quest for Unknown PFAS. The
median concentrations from PIGE and MS analyses (97 200
and 15.9 μg F/m2, respectively) were significantly correlated
(r2 = 0.55, p < 0.05; Figure S5), but the PIGE results were at
least 2 orders of magnitude higher, similarly to prior studies
(Figure 1).20,52 This confirms, once more, the presence of
numerous unknown or unquantifiable PFAS in common
consumer products, due to a lack of analytical methods and
standards, as well as unextractable compounds such as
fluorinated polymers. These undetected compounds likely
included, for example, PFAA precursors such as unextractable
fluorotelomer-based side-chain fluorinated polymers, which are
widely used in textile finishing processes, and their degradation
products.
To attempt to quantify the contributions of unknown PFAS,

we applied the TOP assay and hydrolysis treatment, in
combination with targeted analysis of 49 PFAS, to five school
uniform samples that were selected to be representative of
fabric type, brands, and PFAS concentration range (low,
medium, and high). We note that our results are likely
underestimates of the total concentration and full range of
oxidizable precursors for three possible reasons: first, we
applied the TOP analysis to extracts and not the fabrics
themselves; second, there could be other untargeted oxidation
intermediates and terminal products generated by the TOP
assay that cannot be detected/quantitated; third, precursors
have not been completely oxidized.

TOP Assay. Overall, after the TOP assay, the mean
concentration of total targeted PFAS increased from 21600
ng/g to 126,000 ng/g. In particular, concentrations of PFPrA,
PFBA, PFPeA, PFHxA, and PFHpA increased by at least 1000
times, while the concentrations of 6:2 FTOH, 6:2 FTAc, and
6:2 FTMAc decreased by 70 times or were < MDL (see Figure
3 and Tables S16 and S17). This is consistent with results from
previous studies20,21,29 that showed similar increases in PFCA
concentrations, indicating the presence of extractable, non-
volatile, and oxidizable precursors as a significant source of
human exposure to and environmental releases of PFAS.

In one uniform sample (US-16), we observed an increase of
PFBS and PFBA after the TOP assay, which was surprising
since PFSAs generally have lower yields with this treatment.
Based on the results from Liagkouridis et al.,39 we speculate
that this specific sample was also treated with a perfluoro-
butanesulfonamido ethanol-based side-chain fluorinated poly-
mer. Interestingly, in at least two samples, 6:2 and 10:2
FTOHs were detected after the TOP assay, even though they
were not present in the original analysis. These results
indicates that school uniforms contained unknown precursors
that can be converted to FTOHs, which in turn can be
converted into PFCAs, noting that the TOP assay does not
deliver 100% conversion (see mass balance in Table 2).

Hydrolysis. The hydrolysis treatment can free the chemi-
cally bound FTOHs and other volatile PFAS from impurities
or other precursors, e.g., side-chain fluorinated polymers in
textiles.29 Summary statistics and full data of pre- and post-
hydrolysis for five samples are presented in Tables S16 and
S17, and the median concentrations are plotted in Figure 4.
Consistent with the results of Nikiforov,43 after hydrolysis, the
concentrations of 6:2 FTOH increased on average 42 times,

Figure 3. Median concentrations (ng/g) of detected PFAS in selected
school uniform samples (n = 5) before and after TOP assay on
original extracts.

Table 2. Mass Balance of Total Fluorine for Five School
Uniform Samples (Total F Concentration, μg F/m2)

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c02111
Environ. Sci. Technol. 2022, 56, 13845−13857

13851

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c02111/suppl_file/es2c02111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c02111/suppl_file/es2c02111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c02111/suppl_file/es2c02111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c02111/suppl_file/es2c02111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c02111/suppl_file/es2c02111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c02111/suppl_file/es2c02111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c02111/suppl_file/es2c02111_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02111?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02111?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02111?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02111?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02111?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02111?fig=tbl3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c02111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that of 10:2 FTOH by 7 times, and those of 4:2 FTOH, 8:2
FTOH, N-MeFOSE, and 8:2 FTMAc by smaller amounts. 8:2
FTMAc was detected in only two samples with a median of
0.93 ng/g. Overall, these findings suggest that school uniforms
contain even more unknown precursors (e.g., precursors that
can release N-MeFOSE) than the TOP assay revealed; the
PFAS freed up by hydrolysis likely came from side-chain
fluorinated polymers. The hydrolysis treatment and TOP assay
applied here provide a reasonable “upper-bound” estimate, but
not a maximum, since both the TOP assay and hydrolysis do
not provide a 100% conversion of numerous precursors that
are of concern in school uniforms (Table 2).71

In the mass balance calculations, unknown precursors from
the TOP assay accounted for 0.04−13.3% of the total fluorine
determined by PIGE, similarly to what was reported by Robel
et al.20 Compared to the TOP assay, unknown precursors from
hydrolysis accounted for 2.49−96.7% of the total fluorine
determined by PIGE for all samples except US-16, indicating
that hydrolysis could be an additional useful tool other than
the TOP assay to assess the amount of precursors in textiles.
The sample US-16, with the smallest increase from the
targeted analysis, was likely treated with perfluorobutanesulfo-
namido ethanol-based side-chain fluorinated polymers, which
cannot be hydrolyzed, nor readily extracted by the TOP assay.
There is still a large gap between concentrations of fluorine

from PIGE and from the targeted analysis after additional
treatments (either TOP assay or hydrolysis) in all samples,
with the exception of US-27. This persistent gap suggests that
there are other fluorinated polymers that cannot be completely
converted to PFAA by the TOP assay or hydrolysis, or that
untargeted intermediates are generated during these two
processes. It could also be that some volatile FTOHs,
especially the shorter ones, could be lost during the TOP
assay due to heat and mixing. For US-27, total fluorine
analyzed by MS after hydrolysis accounted for 99% of the total
fluorine determined by PIGE.

Substance Flow Analysis. We estimated that, in a given
year between 2019 and 2021, a midrange value for the mass of
children’s (aged 5−19 years) school uniforms purchased per
year was approximately 16 200 and 1600 tonnes/year for the
US and Canada, respectively (Table S19). Based on this

estimate and assumptions explained in the Supporting
Information, we estimated that 2.8 (0.05−33 for the low and
high estimates, respectively) and 0.3 (0.005−3.3) tonnes of
polymeric PFAS, and 0.1 (0.0014−0.92) and 0.01 (1.4 ×
10−4−0.092) tonnes of nonpolymeric PFAS, were used in
school uniforms purchased annually in the US and Canada,
respectively (Table 3). Thus, the usage of polymeric PFAS
surpassed that of nonpolymeric PFAS by about 30 times.

To put these values in perspective, global consumption of all
fluoropolymers was 297 000 tonnes, with the US market72

taking up to 22%, which equates to roughly 65 000 tonnes per
year (with the consideration that fluoropolymer production
volumes are much higher than many other PFAS production
volumes). Given the myriad list of PFAS applications, our
estimate of US polymeric PFAS use in school uniforms
constitutes much less than 0.1% of total fluoropolymer use in
the US.73

Although we were unable to quantify the fate of PFAS in
school uniforms due to a lack of data (for example PFAS
releases due to laundering, at end-of-life of the uniforms;
Tables S21 and S22), it is clear that a fraction of these PFAS
flows will enter the environment throughout the life cycle of a
school uniform and will contribute to human and environ-
mental exposures. For example, PFAS enter the environment
upon synthesis and use in textile manufacturing.74,75 During
use, PFAS are released into water, soil, and air, through clothes
washing (PFAS are released to the receiving waters from
wastewater treatment plant effluent and to agricultural soils
from biosolids application) and drying (release to indoor and
outdoor air).9,17,76 PFAS can also be released via fiber loss,
while processing, wearing, washing, and drying of treated
garments.77−80 In particular, side-chain fluorinated polymers
could be hydrolyzed to the related precursors and terminal
PFAAs during anaerobic and aerobic digestion treatments
(which are similar to hydrolysis and the TOP assay) in WWTP
and in the environment over time.36,37 Laundering PFAS-
containing school uniforms together with non-PFAS-contain-
ing clothes could also contaminate the latter, analogously to
suggested transfer of other textile additives.81 To our
knowledge, there are no data on the increases or decreases
in PFAS release over the lifetime of treated garments.
Minimal information is available on the disposition of school

uniforms at their end-of-life; however this represents
opportunities for further release of PFAS to the environment
(e.g., after first use, school uniforms may be sold or handed
down together with other clothing). Approximately 25% of
used clothing is exported or sold abroad, notably to some low-
income countries where most end up as unmanaged waste
dumped into the environment.82−84 Waste textiles comprise 1
to 5% of municipal solid waste,85 of which most is landfilled.

Figure 4. Median concentrations (ng/g) of detected PFAS in selected
school uniform samples (n = 5) before and after hydrolysis.

Table 3. Estimations for the Mass of PFAS in Children’s
School Uniforms (tonnes/year) Purchased Annually in US
and Canada in a Year Representative of 2019−2021,
Expressed in tonnes PFAS/year

Estimates

Country Description Low Middle High

US polymeric 0.05 2.8 33
nonpolymeric 0.0014 0.099 0.92

Canada polymeric 0.005 0.28 3.3
nonpolymeric 1.4 × 10−04 0.01 0.092
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The landfill results in PFAS release to leachates, from which
they are poorly removed and thus can enter the environ-
ment.86,87 Textile recycling is generally insignificant relative to
disposal in municipal solid waste. However, ∼20 and 30% of
recyclable textiles can be used to manufacture new products, or
be used in other applications such as industrial polishing and
wiping clothes, respectively,83,84 during which PFAS will be
released.
This analysis and the associated uncertainties point to the

lack of knowledge of the fate of PFAS from their use in school
uniforms. Such calculations require product-based inventories
of PFAS uses, and adequate information on where PFAS are
used and which PFAS are used for each individual application.
Until that information becomes available, quantification of
environmental releases of PFAS from children’s uniforms (and
other consumer products) will remain uncertain.

Implications for Exposure. Surprisingly, school uniforms
tested here contained PFAS levels similar to those measured in
outdoor wear, where a high amount of PFAS is known to be
used in order to impart stain- and water-repellency.14,16,19

However, the use of PFAS in school uniforms offers greater
potential for direct children’s exposure in comparison to uses
in outdoor wear. Uniforms are worn directly on the skin and
for extended periods of time (i.e., 8−10 h per day). Further,
this exposure route could pertain to about a quarter of US and
Canadian school-aged children, as estimates of children
wearing uniforms show for 2018.88 The calculated EDI values
ranged from 0.0002 to 222 ng/kg bw/day with a median of
1.03 ng/kg bw/day (see Table S23 for complete data). This
estimate may be both an under- and overestimate of the true
value given all the uncertainties in the values used in eq 2.
Furthermore, we did not include exposure due to mouthing
clothing.
Acceptable doses for dermal absorption have not been

published, and reference doses or acceptable daily intake levels
are available only for a few individual PFAS. For example, the
US EPA has established an oral noncancer reference dose of 20
ng/kg bw/day each for PFOA and PFOS,89 and has proposed
a draft chronic reference dose of 300 ng/kg bw/day for
PFBS.90 The Agency for Toxic Substances and Disease
Registry (ATSDR) uses minimal risk levels of 3, 2, 20, and 3
ng/kg bw/day for PFOA, PFOS, PFHxS, and PFNA,
respectively.91 The tolerable daily intake of the sum of four
PFAS (PFOA, FPNA, PFHxS, and PFOS) suggested by the
European Food Safety Authority (EFSA) is 0.63 ng/kg bw/day
for children.92 No reference doses exist for neutral PFAS,
which are the most abundant PFAS detected in children’s
uniforms, although an FDA study indicated that 6:2 FTOH is
more toxic than PFHxA.71

All these reference doses and daily intake values refer to
individual compounds with exposure from all routes, and they
also apply to adults. Conversely, our estimates consider 49
PFAS with exposure via dermal absorption for children. All
these caveats and limitations prevent a sound comparison
between the EDI estimated in this study with the few EDIs
available. Nevertheless, the following aspects are a cause for
concern: the high concentration of PFAS in school uniforms,
the potential for dermal absorption from garments treated with
PFAS, the possibility of metabolic transformation from
FTOHs into PFAAs.93 Further concern is warranted due to
the lack of information on EDIs and more importantly on
toxicity.

Limitations and Implications. We recognize that this
study has several limitations. First, the sample size of different
fabric and clothing types was limited. Further studies with a
more systematic approach targeting different fabric and
clothing types are required to confirm that cotton is generally
treated with higher amounts of PFAS compared with other
fibers.70 Laundering experiments could be useful to evaluate
the release of PFAS upon washing, and the impact of these
releases for intermediate and ultimate sinks of PFAS added to
children’s products.17,45 Finally, specific experiments on the
efficiency of dermal absorption of PFAS from children’s
clothing need to evaluate the extent of transfer from the fabric
to skin and the magnitude of dermal absorption, to ultimately
weigh the role of skin absorption from clothes as a source of
PFAS exposure for children. The potential of PFAS ingestion
from mouthing of clothing should also be considered for
younger children (i.e., toddlers).
This study has supported the hypothesis that many

children’s products that are marketed as “stain-resistant” or
“waterproof” do indeed contain PFAS. Further, we provide
support for the hypothesis that PFAS in school uniforms with
high levels of PFAS could be a source of exposure to these
harmful chemicals for millions of children each day via
inhalation, ingestion and possibly also via dermal absorption, as
well an important source of PFAS release to the environment
during laundering and at the end-of-life stages. The need for
children’s products to be stain-resistant should be re-evaluated
and if deemed necessary by consumers, non-PFAS safer
alternatives should be used.
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