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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) and melamine (MEL)-
based compounds are used in textile finishing as grease, stain, and water repellents.
Here, we investigated the occurrence of a large suite of PFAS and MEL
compounds in 86 infant clothing items. The ∑MEL concentrations ranged from
below the method detection limit to 250,000 ng/g with a median concentration of
78.2 ng/g, significantly higher (p < 0.05) than the ∑PFAS levels (1.22−203 ng/g;
median 3.62 ng/g). MEL and its derivatives were most abundant in nylon clothes
(median 32,800 ng/g), followed by organic cotton (median 6120 ng/g). In a
simulated laundering experiment, the ∑MEL concentrations in clothing decreased
on an average by ∼60 and 90% when washed in cool (20 °C) and warm (50 °C)
water, respectively. This removal rate increased to 97% when the samples were
washed with a detergent. The estimated daily intakes of MEL and PFAS through dermal absorption from nylon clothes were three
orders of magnitude higher than those from the non-nylon clothes and decreased by more than half for washed clothes. Our findings
demonstrate that MEL-based compounds are abundant in infant clothing and suggest that this group of compounds could be used as
potential PFAS replacements in textile finishing.

■ INTRODUCTION

Fabric finishing is an important process in textile manufactur-
ing and includes a variety of treatment applications used to
impart specific functional properties to the material. More than
2500 chemicals are currently used in fabric finishing treat-
ments,1 including dyes, antioxidants, flame retardants, fiber
purifiers, UV light absorbers, and grease, stain, and water
repellents.2,3 The latter are essential for oil-, stain-, and
waterproofing fibers and fabrics and have been in use since the
1950s when textiles with enhanced water resistance and grease-
proof properties were first introduced to the market.4 The
majority of these applications are fluoropolymer-based and
contain per- and polyfluoroalkyl substances (PFAS) that are
applied as surface coatings to fabrics or fibers, followed by
polymerization and curing.5 A number of PFAS-based textile
coating agents are marketed under trade names such as Teflon,
Stainmaster, NanoTex, GoreTex, and Unidyne. The two major
PFAS compounds, perfluorooctanesulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA), have been found in various
textiles, including carpets, rain jackets, gloves, and back-
packs.6−11 In addition, because of global restrictions on the
production and use of persistent and toxic PFOS and PFOA,
textile treatments using PFAS with shorter (<C8) carbon
chains and nonionic (neutral) molecules, generally considered
less environmentally persistent and bioaccumulative, have been
increasingly used.12,13 For example, surface coating finishes
such as Scotchgard PM-3622, PM-490, and PM-930 use side-

chain fluorinated polymers based on the derivatives of
perfluorobutane sulfonyl fluoride,14 which can degrade to
perfluoro-1-butanesulfonic acid (PFBS, C4).15 Neutral PFAS,
such as fluorotelomer alcohols (FTOHs), especially those with
six perfluorinated carbons, are used as cross-linking agents for
textiles.16 Both short-chain and neutral PFAS were found in
textile impregnating treatments with levels reaching 13.2 mg/
L.17 As a result, dermal exposure from clothes and other
textiles has been recognized as an important human exposure
pathway to many PFAS.3,18

Considering the growing concerns regarding the toxicity of
the entire PFAS family,19 the textile industry has been working
on implementing “green” strategies for textile finishing.5 The
results of a 2015 survey of 17 textile manufacturing companies
indicate that 4 of these companies eliminated fluorine-based
technologies in waterproof textiles and switched to a PFAS-free
polymer technology to achieve water-repellent properties.5 The
Roadmap to Zero Discharge of Hazardous Chemicals
(ZDHC) was launched in 2011 by a group of major apparel
and footwear brands and retailers, aimed to lead the industry
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toward zero discharge of hazardous chemicals by 2020.20

According to the ZDHC report on durable water repellents,
melamine (MEL) and its derivatives are the major group of
nonfluorinated chemicals being increasingly used in water-
proofed fabrics instead of PFAS.20

MEL has received global attention after a series of pet food
and infant formula adulteration incidences that resulted in
renal damage, and in some cases, renal failure and death of
infants and pets.21−23 However, it is less known that, in
addition to food adulteration, MEL and its derivatives are also
widely used as textile additives. MEL-based polymers were first
introduced in the 1930s and have been used since then as
fabric surface coating resins.24 MEL-based polymers comprise
a large group that includes MEL−formaldehyde, methylated
MEL−formaldehyde, MEL−urea−formaldehyde, MEL−urea−
phenol−formaldehyde, and other resins. Similar to PFAS, these
MEL-based resins are used to enhance water-repellent and
wrinkle-resistant properties of textiles11,25 but are generally
considered less toxic. In addition, MEL-based fibers can be
used in flame-resistant protective clothing because of their low
thermal conductivity, high flame resistance, and self-
extinguishing properties.26 Other MEL-based compounds,
such as cyanuric acid (CYA), ammeline (AMN), and
ammelide (AMD), are byproducts or impurities in the
manufacturing of MEL25 and can be used together with
MEL to produce MEL-based resins. In addition, CYA is used
as a disinfectant, bleaching agent, and fertilizer on its own.27

Clothing has been recognized as an important source of
chemical exposures through dermal absorption from direct
contact of clothes with skin.28 Infants wearing clothing items
that are in direct contact with skin, such as cloth diapers and
onesies, may be at a higher risk from nearly constant
exposure.29 Even low-dose environmental exposures are of
concern in the early-life period and can result in health effects
resonating across the entire life span.30 However, the number
of studies on chemical exposures from infant clothes is
limited.31,32

Here, we simultaneously measured two major groups of
chemicals used as textile surface treatments, PFAS and MEL
compounds, in a wide selection of infant clothing. We
investigated the occurrence and distribution of 11 MEL
derivatives and 40 ionic and neutral PFAS in infant clothing
items purchased from local and online stores in the United
States and assessed infants’ dermal exposure to these chemicals
from clothes. In addition, we conducted simulated laundering
experiments to assess the release of MEL and PFAS
compounds from clothing to the environment.

■ MATERIALS AND METHODS

Samples. Eighty-six pieces of new finished infant clothing
(sizes 0−12 months) from nine national brands were
purchased from local stores in Bloomington and Indianapolis,
Indiana, United States, and online in June 2019. The clothes
were manufactured during 2017−2019 and included various
categories such as shirts (n = 13), pants (n = 12), socks (n =
12), cloth diapers (n = 20), dresses (n = 2), onesies (n = 24),
and outerwear (n = 3) made of conventional and organic
cotton, polyester, spandex, and nylon. The clothes were
manufactured in nine countries, including Cambodia (n = 6),
China (n = 38), India (n = 6), Indonesia (n = 5), Nicaragua (n
= 5), El Salvador (n = 4), Thailand (n = 2), the United States
(n = 10), and Vietnam (n = 9). Table S3 includes the details of

samples analyzed in this study, including fabric composition,
clothing type, manufacturing origin, and year of production.

Sample Treatment. Three pieces of fabric (3 × 3 cm)
were randomly cut out of each garment, finely cut, and mixed,
and 100 mg of this sample was transferred into a 15 mL
polypropylene tube and spiked with 50 ng of surrogate
standards (Tables S1 and S2). The samples were then
sonicated three times (1 h each) with 4 mL of methanol at
room temperature. The supernatants were combined, solvent-
exchanged to 500 μL acetonitrile with 5 mM ammonium
formate buffer (95:5, v/v, pH = 4.0), filtered through a 0.2 μm
nylon syringe filter, and spiked with 50 ng of internal standards
(Tables S1 and S2).

Simulated Laundering Experiments. Laundering experi-
ments consisted of a simulated washing process that included
either washing without detergent in water at 20 and 50 °C or
washing with detergent in water at 20 and 50 °C. Clothing
items (n = 4, all made of nylon) with the highest ∑PFAS and
∑MEL concentrations detected were included in these
experiments. Fabric pieces (approximately 5 × 5 cm) cut
from these selected clothing items were added to 400 mL of
preheated high-performance liquid chromatography water at
20 and 50 °C, each in a separate beaker, and shaken in an
incubator shaker at 150 rpm for 1 h. The clothing pieces were
then squeezed to remove excess water and air-dried at room
temperature covered with an aluminum foil in a fume hood.
The experiment using a detergent was conducted in a similar
way, but one drop of concentrated liquid laundry detergent
was added to the water. The concentrations of MEL derivatives
and PFAS were determined in washed fabric samples using the
methods described above.

Instrumental Analysis. The complete list of the target
compounds and surrogate and internal standards is given in
Tables S1 and S2. The instrumental method for PFAS was
previously reported7 and is briefly described in the Supporting
Information (Tables S1 and S2, and Figure S1). MEL and its
derivatives were analyzed using an ultraperformance liquid
chromatograph coupled with a triple-quadrupole mass
spectrometer (Agilent 1290 Infinity II UPLC-6470 QQQ-
MS). Chromatographic separation of MEL, CYA, AMN, and
AMD was achieved on an Acquity UPLC HILIC column (50,
2.1 mm i.d., 1.7 μm thickness, Waters, Milford, MA).
Ammonium formate buffer (mobile phase A) (5 mM, adjusted
to pH 4.0 using formic acid) and acetonitrile (mobile phase B)
were used as the mobile phases. The column temperature and
the flow rate were 40 °C and 0.4 mL/min, respectively. The
mobile-phase gradient was as follows: 0 min, 95% B; 5.6 min,
65% B; 9 min, 65% B; 9.1 min, 95% B; and 15.1 min, 95% B.
The instrument was equilibrated for 4 min after every run, and
the nebulizer, gas flow, gas temperature, capillary voltage,
sheath gas temperature, and sheath gas flow were set to be 20
psi, 11 L/min, 260 °C, 3500 V, 300 °C, and 12 L/min,
respectively. An Acquity UPLC BEH C18 column (50, 2.1 mm
i.d., 1.7 μm thickness, Waters, Milford, MA) was used for the
separation of other MEL derivatives (Tables S1 and S2) at 40
°C. Mobile phases included 0.1% formic acid in water (mobile
phase A) and 0.1% formic acid in methanol (mobile phase B),
and the flow rate was 0.4 mL/min. The gradient was as
follows: 0 min, 30% B; 0.5 min, 30% B; 3.5 min, 70% B; 8 min,
74% B; 14 min, 100% B; and 15.5 min, 100% B. The nebulizer,
gas flow, gas temperature, capillary voltage, sheath gas
temperature, and sheath gas flow were set to be 40 psi, 10
L/min, 260 °C, 3500 V, 375 °C, and 12 L/min, respectively.
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The injection volume was 5 μL. The details of multiple
reaction ion monitoring transitions, fragmentors, and collision
energies for all analytes are provided in Tables S1 and S2.
Quality Assurance and Control. Procedural blanks (n =

7) and matrix spike recovery samples (n = 7) were analyzed
with every batch of 12 samples. The average absolute matrix
spike recoveries were 94 ± 18, 85 ± 19, and 65 ± 20% (mean
± standard deviation) for MEL, ionic, and neutral PFAS
compounds, respectively. The average recoveries for MEL and
PFAS surrogate standards in different fabrics are provided in
Table S4. Blank levels of target compounds constituted less
than 1% of the respective levels in samples, on an average. All
data were blank-corrected by subtracting blank concentrations
from sample concentrations. Method detection limits (MDLs)
were set as 3 times the standard deviation of the target analyte
levels detected in the blanks and ranged from 0.01 to 0.35 ng/
g. For compounds not detected in the blanks, MDLs were
based on a signal-to-noise ratio of three. Quantification of
target analytes was performed by isotope dilution using
calibration curves with concentration ranges of 1−500 ng/
mL. Correlation coefficients in linearity tests were all >0.99,
and samples with concentrations exceeding the linearity ranges
were diluted to achieve the levels within the concentration
ranges of the calibration curves.
Data Analysis. The removal rate of a chemical after the

laundering experiment was calculated using eq 1

=
− ×C C

C
Removal rate (%)

( ) 100%before after

before (1)

where Cbefore is the concentration of a chemical in the fabric
before laundering (ng/g) and Cafter is the concentration of a
chemical in the fabric after laundering (ng/g).
Estimated daily intakes (EDIs, pg/kg body weight [bw]/day

[d]) via dermal absorption of target chemicals from non-
washed and washed clothing were calculated using eqs 2 and 3,
respectively

=
× × × × × × ×

‐
C D F F F N T

EDI
( SA )

BWnon washed
mig contact pen

(2)

=
× − × × × × × × ×C D F F F N T

EDI
( (1 CC/100) SA )

BWwashed
mig contact pen

(3)

where C is the median concentration of a chemical in the fabric
(ng/g), D is the density of the fabric (23.4 mg/cm2), SA is the
skin contact surface area (2040, 2310, 2660, and 3160 cm2 for
<1, 1−3, 3−6, and 6−12 month old infants, respectively),33

Fmig is the migration rate of a chemical to the skin per day
(0.005/day),34 Fcontact is the fraction of contact skin area (1,
unitless),34 Fpen is the penetration rate of a chemical (0.01,
unitless),34 T is the contact time between the fabric and skin
(assumed to be 1 day),18 N is the average number of events per
day (assumed to be 1/day),18 BW is the body weight (4.8, 5.9,
7.4, and 9.2 kg for <1, 1−3, 3−6, and 6−12 month old infants,
respectively33), and CC is the change in the concentration
after laundering (%).
Basic and descriptive statistics were calculated using Minitab

19. Plots were generated using SigmaPlot 13 (Systat Software
Inc.). Analysis of variance (ANOVA) was performed on log-
transformed concentrations. The results of ANOVA are shown
as letters; the concentrations of analytes sharing the same
letters are not significantly different at p < 0.05.

■ RESULTS AND DISCUSSION

Melamine (MEL) and Its Derivatives. Five out of 11
targeted MEL-based compounds were detected in clothing
items analyzed in this study. The other six analytes (Table S1)
were not detected and are not included in the further
discussion. MEL was detected in 85% of the samples, while the
rest of the compounds were detected in up to 47%. The
∑MEL concentrations ranged from <MDL to 250,000 ng/g
with a median concentration of 78.2 ng/g (Table 1).
Ammeline (AMN) was the most abundant chemical with a
median concentration of 1530 ng/g [calculated for concen-
trations above the MDL], although it was detected only in 21%
of the samples. AMN-based resins, such as the AMN−
formaldehyde resin, can be used in textiles along with MEL-
based resins, which can be a possible explanation for this
finding.35 The concentrations of cyanuric acid (CYA), MEL,
and ammelide (AMD) (medians 77.6, 35.7, and 28.2 ng/g,
respectively) were lower than those of AMN, but the
concentrations of these MEL-based compounds were not
statistically different from one another (Figure 1). 2,4,6-
Tris[bis(methoxymethyl)amino]-1,3,5-triazine (TBMMAT)
was detected in 37% of the samples and was the least
abundant compound among MEL derivatives (median 0.451
ng/g).

MEL concentrations in this study were comparable to those
previously reported in textiles and infant clothes from the
United States (Table S5, median 53 ng/g)31 and benzothia-
zoles in unfinished textiles and infant clothing (median 51.1
ng/g).36 These concentrations were higher than the concen-
trations of bisphenol-A (BPA) and bisphenol-S (BPS) in
clothes from China (medians 26.9 and 7.38 ng/g, respec-
tively)37 but lower than the BPA levels detected in children’s
socks (median 396 ng/g),29 BPS levels in pantyhose (median

Figure 1. Concentrations of MEL and its derivatives, ∑ionic PFAS,
and ∑neutral PFAS in infant clothes (ng/g). Concentrations are
shown as boxplots representing the 25th and 75th percentiles; black
lines represent the median; and the whiskers represent the 10th and
90th percentiles. The letters represent the results of ANOVA;
concentrations are ranked from the highest to the lowest in alphabetic
order, and boxes sharing the same letters are not significantly different
at p < 0.05.
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1430 ng/g),38 and phthalates in cotton infant clothing (690−
2740 ng/g).39

When grouped based on the fabric type, the highest ∑MEL
concentrations were found in clothing made of nylon (n = 8)
ranging from 6150 to 250,000 ng/g with a median
concentration of 32,800 ng/g (Table 1). The ∑MEL levels
in nylon and organic cotton were significantly higher (p < 0.05;
Figure 2) than those in other fabric types including cotton,
cotton mixed with polyester (cotton/polyester), cotton mixed
with spandex (cotton/spandex), and polyester. The ∑MEL
concentrations in other fabric types were statistically
indistinguishable from one another. MEL and AMN were
the most abundant chemicals found in nylon (medians 17,300
and 14,900 ng/g, respectively). The concentrations of these
compounds in nylon were 2−4 orders of magnitude higher
than those in other fabric types (Table 1), suggesting that
MEL and its derivatives may be used in the manufacturing of
nylon clothing to enhance water-repellent properties and
thermal stability.40−42 In fact, the process of using MEL−
formaldehyde resins in nylon finishing for imparting water-
repellent properties has been patented,43 and the amount of
MEL in nylon as a result of these treatments can reach up to
50% of a fabric’s dry weight.43 Hence, the high levels of MEL
found in nylon samples may be due to the intentional use of
MEL in this type of fabric.
Interestingly, organic cotton also had high ∑MEL

concentrations ranging from 96.2 to 9220 ng/g (median
6120 ng/g). These ∑MEL concentrations mostly comprised
of CYA with concentrations of up to 9120 ng/g, which was
more than 2 orders of magnitude higher than that in
conventional cotton (<MDL471 ng/g). Commercial nitro-
gen-based fertilizers, such as urea, nitrolime, and ammonia-

based natural fertilizers, contain high levels of CYA (up to
250,000 ng/g) relative to MEL (up to 90,400 ng/g)44 and are
used in growing organic cotton, which must meet strict federal
regulations on the use of less toxic pesticides and fertilizers.45

Heavy use of nitrogen-based fertilizers containing large
amounts of CYA may result in plant uptake44,46,47 and possibly
contribute to CYA levels in organic cotton.
The ∑MEL concentrations in clothing labeled as 100%

cotton ranged from 2.51 to 1770 ng/g with a median
concentration of 81.4 ng/g. It has been reported that textiles
labeled as “100% cotton” usually contain 77% cotton, 10%
shrink-resistance resins, and 4% dyes and other additives.1 The
median concentrations of ∑MEL were 61.1, 23.9, and 6.20
ng/g for cotton/polyester, cotton/spandex, and polyester
clothes, respectively. The ∑MEL concentrations in polyester
and spandex clothing were statistically indistinguishable from
each other, perhaps because of the limited sample size of each
group.
When grouped based on clothing type (outerwear, diapers,

dresses, onesies, pants, shirts, and socks), the highest ∑MEL
concentrations were found in outerwear (median 70,800 ng/g;
Figure 3 and Table S6). The outerwear items were made of
nylon, which may be coated with MEL−urea−formaldehyde
resins to increase the water-repellency and heat resistance of
the fabric.41,48 Cloth diapers were the second category that had
high ∑MEL concentrations (median 4570 ng/g, Table S6),
which is concerning considering that diapers are in close
contact with skin and worn almost constantly during the first
12−24 months of life.
The ∑MEL concentrations in clothes manufactured in the

United States (median 6120 ng/g) were significantly higher
than those from other countries (p < 0.05; Figure S2 and Table

Figure 2. Median concentrations of (A) MEL-based compounds and (B) PFAS in different fabrics (ng/g).
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S7). However, it should be noted that because of the difficulty
of finding clothes manufactured in the United States, these
samples only included cloth diapers made of organic cotton.
No significant differences in ∑MEL concentrations were
found among clothing items manufactured in other countries.
Overall, our findings suggest that fabric composition was the
major factor affecting the concentrations of MEL-based
compounds in infant clothing.
PFAS. Among 40 targeted PFAS, 17 were detected (Table

1). These included five short-chain (C4−C7) and nine long-
chain (C8−C16) ionic PFAS. In addition, three neutral
FTOHs were also detected (Table 1). Detection frequencies
for these PFAS ranged from 2 to 100%, and at least, one PFAS
was detected in each sample. The ∑PFAS concentrations (the
sum of all 17 detected PFAS concentrations) ranged from 1.22
to 203 ng/g with a median concentration of 3.62 ng/g (Table
1), which was up to 3 orders of magnitude lower than the
levels previously reported in performance clothes (2400−
219,000 ng/g).11,49 While FTOHs were detected at the highest
levels among the measured PFAS (median 41.9 ng/g), they
were found in only 2−9% of the samples. The FTOH
concentrations in this study were up to 3 orders of magnitude
lower than those reported for outdoor adult clothing (2380−
219,000 ng/g).11,32,49 Interestingly, perfluorooctane sulfona-
mides and perfluorooctane sulfonamidoethanols, the two PFAS
groups that used to be applied in electrochemical fluorination
textile treatment techniques before the 2000s,50 were not
detected in these samples.
In contrast, ionic PFAS were detected in most of the

samples, but at lower concentrations. Overall, the median
∑ionic PFAS (3.42 ng/g) was up to 10 times lower than the
median ∑neutral PFAS concentration (41.9 ng/g). Concen-
trations of ionic PFAS ranged from 1.22 to 6.45 ng/g and were

similar to previous reports.50,51 Long-chain (C11−C15) PFAS
were frequently detected, also similar to previous stud-
ies.5,10,52,53 The C16 homologue was the most abundant
ionic PFAS at a median concentration of 1.17 ng/g. PFOS was
detected in only 3% of the samples at a median concentration
of 0.432 ng/g, while PFOA was found in 67% of the samples at
a higher median of 0.614 ng/g. Short-chain ionic PFAS with
4−7 carbons were found in 11−71% of the samples, but at low
concentrations (medians 0.0765−0.707 ng/g). The concen-
trations of long-chain ionic PFAS were significantly higher than
the levels of the short-chain PFAS compounds (Figure S3, p <
0.05).
The highest ∑PFAS concentrations were found in clothing

made of nylon (Figure 2, p < 0.05) and ranged from 4.23 to
203 ng/g with a median concentration of 86.9 ng/g (Table 1
and Figure 2). The ∑PFAS concentrations in nylon were
dominated by FTOHs. Among FTOHs, 6:2 FTOH was the
most abundant with a median concentration of 149 ng/g. In
studies from the early 2000s, high FTOH levels (200,000−
9,000,000 μg/L) were found in textile impregnating fluids17

and in waterproofing products (up to 3.8% by weight).54 The
levels in our study were much lower compared to these earlier
studies and suggest that PFAS in clothing items in this study
were either added at much lower levels or due to the impurities
in manufacturing processes or atmospheric deposition.
When grouped based on clothing type, the highest ∑PFAS

concentrations were found in pants (median 140 ng/g; Figure
3 and Table S6), followed by outerwear (median 93.8 ng/g).
No significant differences in PFAS levels were found based on
the clothing type and manufacturing origin (Figures 3 and S2).
A recent study from Zhu and Kannan measured ionic PFAS

in infant clothing from the United States and reported a
median concentration of ionic PFAS at 0.953 ng/g.32 While

Figure 3. Median concentrations of (A) MEL-based compounds and (B) PFAS in different clothing categories (ng/g).
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neutral PFAS were not directly measured in the latter study,
the total oxidizable precursor (TOP) assay was applied to test
for possible PFAS precursors,32 resulting in a 10-fold increase
in the concentrations of the ionic PFAS after the TOP assay
and suggesting that PFAS precursors were present in the
analyzed clothing samples. Our study further supports these
findings and suggests that these precursors may include
FTOHs, which were found at high levels in several clothing
items analyzed in this study.
Overall, both MEL derivatives and PFAS were found in all of

the clothing items analyzed in this study. However, the
detection frequencies and concentrations of MEL derivatives
were significantly higher than those of PFAS (p < 0.05),
suggesting potential higher use of MEL derivatives in textile
production. There is a general trend in the textile industry to
move away from using fluorine-based applications for grease-,
stain-, and waterproof fabric finishing, while still achieving
desired end results.5 According to U.S. EPA’s Chemview
database, more than 30 companies have reported the use of
MEL as a textile surface coating.55 Interestingly, more than
15,000 patents on textile finishing using MEL-based
compounds can be found as a result of a Google Patent
search. The production volumes of MEL resins are not openly
available, but the production amounts of individual MEL-based
compounds that are used as components of these mixtures
range from 23,000 to 120,000 tons/year in the United States.55

Our findings suggest that textiles can be a significant source
of human exposure to MEL-based compounds. MEL has
generally been recognized as a less toxic alternative for many
textile finishing agents and specifically for long-chain PFAS.20

However, the European Chemical Agency is currently
considering classifying MEL as a bladder toxin and

carcinogen.56 In 2019, the International Cancer Research
Agency (IARC) classified MEL as a possible carcinogen to
humans.57 The German Chemical Society considers MEL as a
persistent, mobile, and toxic (PMT) compound similar to
tris(2-chloro-1-methylethyl)phosphate and 1,4-dioxane.58,59

When combined, MEL and CYA can crystalize in kidneys
and induce renal damage and failure.60−62 Recent studies
found MEL and CYA in breast milk63 and children’s urine,64

suggesting widespread exposure in early life. The urinary levels
of MEL and CYA in children were higher than those in adults,
indicating higher exposures in children,64,65 and were
suggestive of kidney damage at current exposure levels.64

Simulated Laundering. Clothing items with the highest
∑MEL and ∑PFAS concentrations were included in a
simulated laundering experiment in order to evaluate the
release of MEL and PFAS during the laundry process under
different conditions, including washing with and without
detergent in cool (20 °C) and warm (50 °C) water. ∑MEL
and ∑PFAS concentrations in fabric decreased significantly
after washing, especially when washed in warm water (Table
2). When washed in cool water, the average ∑MEL
concentrations decreased on an average by ∼60%, from
42,000 ± 9410 to 27,000 ± 23,200 ng/g (Table 2 and Figure
4), while when washed in warm water, the ∑MEL
concentrations decreased on an average by ∼95% to 3090 ±
2960 ng/g, which was significantly lower than the concen-
trations before laundering (p < 0.05). The ∑MEL
concentrations decreased by an additional 30% when washed
in cool water with detergent (7400 ± 4900 ng/g; Table 2 and
Figure 4), indicating that the application of laundry detergent
facilitates the release of MEL-based compounds from clothes
into water. ∑MEL further decreased by only ∼2% when

Table 2. ∑MEL and ∑PFAS Concentrations (Mean ± Standard Error, ng/g) before and after Laundering and the Removal
Rate (%) as a Result of Washinga

conditions ∑MEL removal rate ∑PFAS removal rate

before washing 42,000 ± 9410 119 ± 30.1
washing, 20 °C 27,000 ± 23,200 56.6 ± 31.6 <MDL 100
washing, 20 °C, detergent 7400 ± 4900 86.2 ± 6.46 <MDL 100
washing, 50 °C 3090 ± 2960 95.4 ± 4.17 <MDL 100
washing, 50 °C, detergent 1800 ± 1610 97.2 ± 2.23 <MDL 100

a∑MEL represents the sum of MEL and AMN concentrations as these two compounds were the most abundant in samples used for this
experiment. MDL: method detection limit.

Figure 4. Mean (with standard errors) ∑MEL (A) and ∑PFAS concentrations (B) in clothes washed in different conditions (ng/g). The letters
represent the results of ANOVA; the concentrations are ranked from the highest to the lowest in alphabetic order; and the bars sharing the same
letters are not significantly different at p < 0.05.
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washed in warm water with detergent (1800 ± 1610 ng/g).
Similar levels of MEL released into wastewater were reported
for MEL-based tableware66−68 and may be attributed to high
solubilities of MEL and its derivatives (3.24−1000 mg/L).54

In contrast, PFAS were completely washed out after
laundering in cool water without detergent and were not
detected in any of the samples after washing (Table 2 and
Figure 4). Strong migration of PFAS has also been reported in
previous studies.9,52 Leaking of chemicals from clothing to
water during laundry is significantly correlated with a
chemical’s Kow.

69 For example, as much as 80% of organo-
phosphate esters with log Kow < 4 leaked from clothing to
water in a simulated laundry experiment, while the leakage rate
was only 10% for brominated flame retardants with log Kow >
6.69 The high release rates for both MEL and PFAS suggest
that treated clothes and other textiles can be an important
source of these chemicals to wastewater treatment plants and
eventually to surface waters.
Exposure Assessment. EDIs of ∑PFAS, MEL, and CYA

via dermal absorption from clothes for 0−1, 1−3, 3−6, and 6−
12 month old infants are presented in Table 3. The ∑PFAS
EDI from non-nylon clothes ranged from 1.33 to 1.64 pg/kg
bw/d, which was 10−20 times lower than that for MEL and
CYA. For nylon clothes, these EDIs increased to 36.0−44.5
pg/kg bw/d. The MEL EDI from nylon clothes was about 3
orders of magnitude higher than that from non-nylon clothing.
The highest PFAS, MEL, and CYA EDIs were estimated for
0−1 month old infants, suggesting that newborns are the
highest exposure risk group. The EDIs from infant clothing for
BPA were estimated as 201−248 pg/kg bw/d29 and were
similar to the EDI for MEL from non-nylon clothes in this
study (12.1−15.0 pg/kg bw/d) and much lower than the MEL
EDI from nylon clothes (6940−8590 pg/kg bw/d). The EDIs
for MEL and CYA via dermal absorption were up to 4−100
times lower than those from breastfeeding, consumption of
infant formula, and dust ingestion (Table S8).63,70,71 The EDIs
calculated using concentrations in clothes after washing
decreased by more than half for MEL and CYA and 100%
for ∑PFAS. Lowest EDIs were determined in samples washed
with detergent at 50 °C, suggesting that laundering in warm
water using a detergent could be a suitable way to reduce
dermal exposure to chemicals in clothes, but it raises concerns
about the fate of these chemicals in wastewater treatment
processes.
Limitations and Implications. This study has several

limitations. The sample size of each fabric and clothing type
was limited, especially for clothes made of nylon. Further
studies on different categories of nylon clothing are needed to

verify our findings of high levels of MEL in this fabric type.
The absorption of PFAS and MEL-based compounds from the
indoor environment onto textiles cannot be ruled out but was
not evaluated in this study. In addition, the laundering
experiment was performed using nonverified simulators, and
no repeat washes were performed. The extraction methods
used in this study did not include different exhaustive
extraction methods (e.g., TOP assay), which may result in
underestimation of the nonextractable MEL and PFAS
compounds.
Nevertheless, this is the first comprehensive study that

reports two groups of textile additives, MEL and PFAS
compounds, in infant clothing. All clothing items analyzed in
this study had significantly higher levels of MEL-based
compounds than PFAS, suggesting a potential use of MEL
and its derivatives in infant clothes and possibly other textiles.
Although MEL-based formulations are considered as safe
PFAS alternatives by the textile industry, the European
Chemical Agency56 and the International Cancer Research
Agency have recently listed MEL as a possible human
carcinogen.57 Clearly, further research is needed on risks
associated with existing environmental exposures to this group
of chemicals.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c03035.

Target analytes; sample details; summary of previously
published data on emerging contaminants in textiles;
representative chromatograms of FTOHs; concentra-
tions of MEL-based compounds and PFAS in different
categories of clothing items; details of exposure
assessment; and PFAS composition in clothes (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Amina Salamova − Paul H. O’Neill School of Public and
Environmental Affairs, Indiana University, Bloomington,
Indiana 47405, Unites States; orcid.org/0000-0003-2174-
030X; Email: asalamov@indiana.edu

Author
Guomao Zheng − Paul H. O’Neill School of Public and
Environmental Affairs, Indiana University, Bloomington,
Indiana 47405, Unites States

Complete contact information is available at:

Table 3. EDIs (pg/kg bw/day) of ∑PFAS, MEL, and CYA via Dermal Absorption from Clothing (Not Washed and Washed at
Different Temperatures with Detergent) for 0−1, 1−3, 3−6, and 6−12 Month Old Infants (Based on Median Concentrations)

age (months)

not washed washed, 20 °C, detergent washed, 50 °C, detergent

0−1 1−3 3−6 6−12 0−1 1−3 3−6 6−12 0−1 1−3 3−6 6−12
Non-Nylon

∑PFAS 1.64 1.51 1.39 1.33 0 0 0 0 0 0 0 0
MEL 15.0 13.8 12.7 12.1 2.07 1.91 1.75 1.67 0.0580 0.0534 0.0491 0.0469
CYA 29.2 26.9 24.7 23.6 4.02 3.71 3.40 3.25 0.113 0.104 0.0953 0.0911

Nylon
∑PFAS 44.5 41.0 37.6 36.0 0 0 0 0 0 0 0 0
MEL 8.590 7.910 7.260 6.940 1.190 1.090 1.000 958 33.2 30.6 28.1 26.8
CYA 85.1 78.4 72.0 68.8 11.7 10.8 9.93 9.49 0.329 0.303 0.278 0.266

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

https://dx.doi.org/10.1021/acs.est.0c03035
Environ. Sci. Technol. 2020, 54, 10207−10216

10214

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03035/suppl_file/es0c03035_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c03035?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03035/suppl_file/es0c03035_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amina+Salamova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2174-030X
http://orcid.org/0000-0003-2174-030X
mailto:asalamov@indiana.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guomao+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c03035?ref=pdf


https://pubs.acs.org/10.1021/acs.est.0c03035

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Christina Gu and Emma-Li Kissinger for help with
sample collection and processing.

■ REFERENCES
(1) Lacasse, K.; Baumann, W. Textile Chemicals: Environmental Data
and Facts; Springer Berlin Heidelberg: New York, 2004.
(2) O Ecotextiles. Choosing a Fabric for Your New Sofa. https://
oecotextiles.wordpress.com/tag/bisphenol-a/ (accessed Sept 23,
2019).
(3) Rovira, J.; Domingo, J. L. Human health risks due to exposure to
inorganic and organic chemicals from textiles: A review. Environ. Res.
2019, 168, 62−69.
(4) Schellenberger, S.; Hill, P. J.; Levenstam, O.; Gillgard, P.;
Cousins, I. T.; Taylor, M.; Blackburn, R. S. Highly fluorinated
chemicals in functional textiles can be replaced by re-evaluating liquid
repellency and end-user requirements. J. Cleaner Prod. 2019, 217,
134−143.
(5) The Danish Environmental Protection Agency. Polyfluoroalkyl
Substances (PFASs) in Textiles for Children, Survey of Chemical
Substances in Consumer Products No. 136, 2015.
(6) Supreeyasunthorn, P.; Boontanon, S. K.; Boontanon, N.
Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA) contamination from textiles. J. Environ. Sci. Health, Part A:
Toxic/Hazard. Subst. Environ. Eng. 2016, 51, 472−477.
(7) Zheng, G.; Boor, B. E.; Schreder, E.; Salamova, A. Indoor
exposure to per- and polyfluoroalkyl substances (PFAS) in the
childcare environment. Environ. Pollut. 2020, 258, 113714.
(8) Beesoon, S.; Genuis, S. J.; Benskin, J. P.; Martin, J. W.
Exceptionally high serum concentrations of perfluorohexanesulfonate
in a canadian family are linked to home carpet treatment applications.
Environ. Sci. Technol. 2012, 46, 12960−12967.
(9) Hill, P. J.; Taylor, M.; Goswami, P.; Blackburn, R. S. Substitution
of PFAS chemistry in outdoor apparel and the impact on repellency
performance. Chemosphere 2017, 181, 500−507.
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