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Abstract

Background/Objective: Polyurethane foam (PUF), a proven sampling medium for measuring
air concentrations of organic compounds, is widely used in upholstered home furniture. We
evaluated the potential utility of couch PUF as a passive sampler and as a reservoir for non-flame
retardant semivolatile organic compounds (SVOCs).

Methods: We collected PUF samples from 13 California home couches, measured concentrations
(Cpyp) of 64 SVOCs at three different depths (i.e., top, top-middle, and middle from couch
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calculating the fugacity capacity for indoor compartments (Table S3), properties of particles used for calculating the fugacity capacity
for air and carpet compartments (Table S4), equations used to compute the fugacity capacity for air and carpet compartment (Table
S5), two key chemical properties related to the partitioning between PUF and air, and calculated log Kpy/£-ajr values from this current
study and those estimated in other studies (Table S6), calculated fugacity capacity (mol/m3-Pa) of five indoor compartments for
studied compounds (Table S7), distributions of the measured PUF concentrations at each depth (Figure S1), distributions of the
measured PUF concentrations at each depth between two different couches in the same home (Figure S2), median log KpyfF-ajr
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surfaces facing outward), and examined concentration changes with depth. To calculate the PUF-
air partition coefficient (Kpyr.air= Crue/Cair= Cryr* Kayst-airCaust), We used the calculated
dust-air partition coefficient (Kyysrai) With the octanol-air partition coefficient (K,z) and dust
concentrations (Cgysp) Simultaneously collected and measured. We used Kpyr.4irt0 compute
fugacity capacity of PUF and chemical mass distribution among various indoor compartments and
PUF.

Results: Among 29 detected compounds, 11 compounds were detected in more than 50% of the
samples at all depths. Among the 11 compounds, concentrations of phenanthrene, 2-
benzylideneoctanal, galaxolide, tonalide, and homosalate decreased with depth. Among the
studied SVOCs, more than 20% of the total mass was distributed to couch PUF for phenol and
compounds in skin-applied products (i.e., 2-benzylideoneoctanal, galaxolide, and homosalate).

Conclusions: Our results showed that couch PUF can absorb many SVOCs and may be an
important reservoir for some SVOCs. However, it may not be an effective passive sampling
medium for those that have relatively high K, values. Direct dermal contact with couch seats may
be an important exposure route for non-users of skin-applied compounds.

Graphical Abstract
Graphical Abstract
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1. Introduction

Reliable sampling methods for assessing exposure to semivolatile organic compounds
(SVOCs) in indoor environments are being demanded in environmental health studies
(Dodson et al., 2019). Exposure to SVOCs released indoors is of concern because their
levels are typically several orders of magnitude higher indoors than outdoors (Bennett et al.,
2002; Shin et al., 2012) and SVOCs have been shown to be toxic or to be associated with
adverse health effects such as neurotoxicity (Kamel and Hoppin, 2004; Colt et al., 2005;
Colt, 2006; Colt et al., 2009; Munoz-Quezada et al., 2013; Viel et al., 2015), carcinogenicity
(Knafla et al., 2006; Shi et al., 2018), and endocrine disrupting potential (Jacobson and
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Jacobson, 1996; Howdeshell, 2002; Iwasaki et al., 2002; Birnbaum and Staskal, 2004;
Sharpe, 2005). Polyurethane foam (PUF), a class of lightweight porous materials (Gama et
al., 2018), has been widely used as a sampling medium for SVOCs in both active (Gouin et
al., 2005; Moeckel et al., 2009; Hayward et al., 2010; Newton et al., 2016) and passive
(Shoeib and Harner, 2002a; Jaward et al., 2004; Strandberg et al., 2018) air sampling
systems due to its high sorption capacity for organic compounds (Zhao et al., 2004; Tromp
etal., 2019). PUF-based active or passive samplers are used to measure concentrations of
SVOC:s in indoor air (Shoeib and Harner, 2002b; Newton et al., 2016). However, deploying
purposeful active or passive samplers for SVOCs can add significant cost to studies in terms
of extra trips to homes and may also create burdens for residents living in the homes. In
addition, passive air samplers utilizing PUF material need to be deployed for a long period
of time for SVOCs because of slow equilibrium of SVOCs in PUF disk (Shoeib and Harner,
2002a).

PUF is also widely used in pillows, beds, and chair and sofa cushions in office and home
environments. There is evidence that PUF in the home furniture can absorb other SVOCs
commonly detected indoors. For example, PUF in an infant crib mattress is not known as a
source of plasticizers, but among the ten used infant crib mattresses that were in contact with
mattress covers with detectable plasticizers, at least one plasticizer was detected in nine
mattress PUF samples (Boor et al., 2015). This shows that mattress PUF can absorb
plasticizers from its cover. Moreover, because PUF in upholstered home furniture is treated
with flame retardants (FRs) to lower its flammability (Blum and Ames, 1977; Hale et al.,
2002; Alaee et al., 2003; Stapleton et al., 2009; Hammel et al., 2017), PUF in the home
furniture is an emission source of FRs in indoor environments (Keimowitz et al., 2016;
Stubbings et al., 2018) and PUF-based couch cushions are one of the flame-retarded home
furniture items with frequent skin contact. Thus, if couch PUF can be sampled, it may
provide a simple way to assess chemical exposure with minimal cost (i.e., no extra trips to
deploy and collect samplers).

The partitioning relationship between PUF and air can be used to compute the chemical
distribution between air and PUF for unmeasured SVOCs with known chemical properties.
To date, SVOC partitioning between PUF and air was determined in chamber studies under
the controlled laboratory conditions or outdoor field studies using purposefully-designed
PUF samplers (Kamprad and Goss, 2007; Bidleman et al., 2016; Parnis et al., 2016;
Abdollahi et al., 2017; Francisco et al., 2017; Saini et al., 2019; Tromp et al., 2019).
Chamber studies can control environmental conditions (e.g., temperature, humidity) and
various indoor human activities that could disturb chemical equilibrium between PUF and
air, such as ventilation, cooking, walking, sitting, and cleaning. However, because chamber
studies typically use bare PUF disks, the PUF-air partition coefficient (Kpye.zj) from
chamber studies may not represent common conditions of home furniture PUF such as
upholstery. Morever, because Kpyr.air Values vary with environmental conditions (Zhao et
al., 2004; Francisco et al., 2017), those derived from outdoor field studies may not represent
relatively invariant indoor temperature and humidity. Thus, Kpyg i With direct
concentration measurements in upholstered home furniture PUF may improve our
understanding of home furniture PUF’s actual holding capacity for indoor SVOCs.
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The objective of this study was to assess the potential utility of couch PUF as a passive
sampling medium and as a reservoir for indoor non-FR SVOCs. Specifically, we collected
couch PUF samples at three different depths inside couch cushions, measured SVOC
concentrations (Cpyg), and examined concentration changes with depth. Because we
previously measured SVOC concentrations in dust (C,sp) collected in the same home when
PUF was collected (Kim et al., 2020) and the dust-air partition coefficient (K szair=
Coust’Cair Where Cyjris the air concentration) is a function of the octanol-air partition
coefficient (K,y), we calculated Kpyr.air (5 Crue/Cair= Crur* Kaust-airCaus) Using direct
measurements of Cpyrand Cgyysr Then, we explored predictive relationships of Kpyr.zjr
with K or vapor pressure (VP). Lastly, we used Kpr.4to compute fugacity capacity of
PUF and chemical mass distribution among air, carpet, vinyl flooring, walls, and couch PUF.

Methods

Participant recruitment and couch PUF sample collection

As part of an effort to examine the overall decrease of FR concentrations in household dust
after replacing old couches (assumed to be the primary sources of FRs in participating
homes) with new ones, we recruited 14 homes in San Jose, California in July 2016. On the
day of couch replacement, the study team removed samples from 11 of the old couches by
cutting the foam with pre-cleaned scissors and removing the foam segment with pre-cleaned
forceps. Samples were wrapped in pre-cleaned foil and placed in a zip-top bag (polyethylene
sample bag). The samples were placed in a cooler and then stored in a —20 °C freezer. The
new furniture items were delivered after the foam samples were removed. The study team
collected samples from the top to the bottom of the whole cushion of the old couch and
labeled top and bottom on it. In the laboratory, we further cut it to obtain individual samples
at each depth (i.e., top, top-middle, and middle from couch cushion surfaces facing
outward). Because two different couches were removed in two homes, we collected samples
from both, bringing the total number of sample sets (top, top-middle, and middle) to 13.

All recruitment and data collection protocols were approved by the Institutional Review
Board for the University of California at Davis (UC Davis). Participants provided informed
consent before collection of any data.

2.2 Target compounds

We analyzed both FRs and non-FRs in our samples. However, in this current study, we
focused on SVOCs that are assumed not to originate from couch PUF but rather be absorbed
by the PUF and included the results of FRs in the Supporting Information. We used a
compound list developed through a previous project searching for widely-detected
compounds in household dust (Moschet et al., 2018; Shin et al., 2020) and then analyzed for
the compounds detected in our previous studies as described below. The selected compounds
included ultraviolet (UV) filters, fragrance ingredients, and other ingredients of personal
care products (PCPs); insecticide ingredients; and a variety of other compounds widely
detected in homes (phenols, phthalates, other plasticizers, polycyclic aromatic hydrocarbons
(PAHSs), and squalene found in the skin). The selected compounds represent a range of
chemical properties, ranging from relatively volatile compounds (e.g., phenol) to those with
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a high affinity to dust (e.g., di(2-ethylhexyl) phthalate [DEHP]). Chemical properties and
use categories of the studied compounds were listed in Table S1.

2.3. Sample analysis

At UC Davis, we quantified concentrations of 64 compounds in three sections (top, top-
middle, and middle) of each couch PUF sample. The PUF samples were cut using a pre-
cleaned cutter and subsections (approximately 100 mg) were sonication-extracted using
hexane:acetone (3:1 v:v) followed by acetone (100%). The supernatant was collected and
combined into an evaporation tube and evaporated to 1 mL under nitrogen using a Turbovap
(Biotage). The extract was then filtered through a polytetrafluoroethylene filter (0.2 pm).
Half of the 1 mL extract was spiked with internal standard dibromooctafluorobisphenol
(DBOFB) and 1 pL was injected for analysis. An Agilent 7890B gas chromatograph using a
HP-5MS (30 m x 0.25 m, 0.25 pm) column coupled to an Agilent 7200B gas
chromatography quadrupole time-of-flight mass spectrometry (GC-QTOF-MS) was used to
acquire samples in electron ionization (EI) mode. Samples were acquired using a 78-minute
method with a linear temperature gradient from 35 °C to 325 °C. A 13-point calibration
curve was used to quantify target analytes using the Agilent MassHunter Quantitative
Analysis (version B.09).

A method blank was prepared by conducting an extraction with no foam in identical
containers to those used during foam extractions, with the extract subsequently processed in
the same manner as for foam samples. For any target chemicals that also appeared in the
method blank, the LOD was adjusted so that it is at least 3 times the response in blank. To
determine recoveries during the extractions, a surrogate solution containing labeled
pesticides, a labeled phthalate, and selected labeled polybrominated diphenyl ether
(PBDE)’s was added to samples prior to extraction. A few of the labeled pesticides had
somewhat lower recoveries, ranging from 40% to 150%. Recovery of the labeled phthalate
ranged from 60% to 121%. For the labeled PBDE’s, there was an overloading of a co-eluting
compound that prevented calculation of recoveries for those samples.

2.4. Statistical analysis

We performed all statistical analyses using R version 3.6.1. For all analyzed compounds, we
provided summary statistics of measured concentrations in PUF samples for each depth
(Table S2). For concentrations below the limit of detection (LOD), we assigned a value of
the LOD divided by the square root of 2 (Hornung, 1990; Antweiler, 2015). For
concentrations between the LOD and the limit of quantification (LOQ), we assigned a value
of the LOQ divided by 2.

For compounds detected in more than 50% of the PUF samples at all three depths, we used
natural logarithm (In)-transformed concentrations in all statistical analyses because
distributions of concentrations were right-skewed for these compounds. We normalized the
top-middle and middle concentrations to the top concentrations and then examined
concentration changes with depth. We also performed a paired t-test to compare mean PUF
concentrations between two depths (i.e., top versus top-middle, top-middle versus middle,
top versus middle). For compounds detected in more than 50% of the top PUF samples and
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dust samples collected in the same home (Kim et al., 2020), we computed the Pearson
correlation coefficients (/) between PUF (Cpyye) and dust concentrations (Cgys) and also
computed the ratio of Cpyrto Cyysr FOr two couches that were removed in two homes, we
compared distributions of the measured PUF concentrations (ng/g of PUF) at each depth
(i.e., top, top-middle, middle) to examine the effect of upholstery materials (e.g., leather,
microfiber, velvet) on PUF concentrations. Couch age may affect PUF concentrations, but
age information was not available for those couches in the two homes.

2.5. Calculation of PUF-air partition coefficients (Kpyr.air)

To calculate Kpe_zi» We used the compounds detected in more than 50% of both the top
PUF samples and dust samples. Because Kpyr.air (= Crur/Cair= Crur* Kaust-air Causd) 1S @
function of Kysz.zir (M3 of air/mg of dust), we calculated Kpsz-4i-using the following
relationship (Weschler and Nazaroff, 2010; Little et al., 2012).

Cdust
Kaust — air = Cair = fom_dust X Koa / Pdust

where £, qustis the fraction of organic matter associated with settled dust (unitless), Ky, is
the octanol-air partition coefficient (unitless), and o5+ is the density of settled dust (mg/
m3). We used 0.2 and 2 x 109 mg/m3 for fom_austand pqysy respectively, reported elsewhere
(Weschler and Nazaroff, 2010; Little et al., 2012) and chemical-specific K, values available
in the U.S. Environmental Protection Agency (EPA)’s CompTox Chemistry Dashboard
(Williams et al., 2017). The unit of PUF concentration was converted from ng/g of PUF to
ng/m3 of PUF using the bulk density of PUF (2.2 x 103 g/m3) (Zhao et al., 2004) before
calculating Kpye.air (M3 of air/m3 of PUF). In addition, we regressed our calculated Kpyz.zir
on Kyzor VP(in Pa) to formulate predictive equations for Kpyr.air

Predictive equations of Kpyr.airWith Ky, 0r VP were developed in two chamber studies
(Zhao et al., 2004; Francisco et al., 2017) and another indoor field study with purposefully-
designed PUF samplers (Shoeib and Harner, 2002b). The Kpyr.4irvalues in those three
studies are considered to be “true” partition coefficients, because they were calculated after
“effective” (or 95% of) equilibrium was established between concentrations in air and PUF
under the tight control on sampling conditions. On the other hand, those values calculated in
the current study are considered to be “apparent” partition coefficients, because we could not
confirm whether our system was at equilibrium at the time of sampling. Although the
Kpyr.airvalues in the current study may not be directly comparable to those in those three
studies, we compared them each other to observe potential differences in PUF’s holding
capacity between upholstered couch PUF and bare PUF.

2.6. Calculation of holding capacity for SVOCs

The fugacity capacity is defined as the holding capacity of a material for a chemical
substance based on the properties of both the material and the chemical (Bennett and Furtaw,
2004). Because little is known for holding capacity of couch PUF for SVOCs, we used the
following relationship to calculate the fugacity capacity of couch PUF.

Chemosphere. Author manuscript; available in PMC 2022 May 01.
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KpUF - air
ZPUF=—FQRxT

where Zpris the fugacity capacity of couch PUF (mol/m3.Pa), R is the ideal gas constant
(8.314 Pa-m3/mol-K), and T is the ambient temperature (298 K). Then, we calculated the
amount of SVOCs sorbed in couch PUF by multiplying the fugacity capacity and the volume
(m?3) of couch PUF. To compare chemical mass in couch PUF with that in other indoor
compartments (i.e., air, carpet, vinyl flooring, and walls), we also multiplied the fugacity
capacity and the representative volume of each compartment. Equations and parameters used
in calculating the fugacity capacity and the amount of SVOCs for other indoor
compartments are available in Tables S3, S4, and S5.

3. Results

3.1

Measured PUF concentrations

Among 64 studied compounds, 29 compounds were detected in at least one of the 39 PUF
samples (Table 1 and Table S2). Among the 29 detected compounds, 15, 13, and 11
compounds were detected in more than 50% of the samples in the top, top-middle, and
middle sections, respectively, and 11 compounds were detected in more than 50% of the
samples at all three depths. For 26 out of the 29 detected compounds, detection frequency
(%) was the highest at the top section. The highest geometric mean (GM) concentration at
the top section was observed in acetyl tributyl citrate (7.9x10% ng/g of PUF), followed by
phenol (3.3x10% ng/g of PUF), homosalate (1.2x10% ng/g of PUF), 2-benzylideneoctanal
(9.9x10% ng/g of PUF), and galaxolide (7.7x103 ng/g of PUF).

Among 64 studied compounds, 35 compounds were not detected in any samples and 18
compounds were detected in less than 50% of the samples at least from one depth (Table
S2). Most of the non-detected compounds were insecticide ingredients (i.e., 16 out of 20),
phenols (i.e., 13 out of 18), and PAHs (i.e., 5 out of 10). Among those detected in less than
50% of the dust samples in the same home (Kim et al., 2020), all were not detected or
detected in less than 50% of the PUF samples as well, except for phenol and 4-chloro-3-
methylphenol. Among those detected in more than 50% of the dust samples, 7 compounds
(i.e., benzyl butyl phthalate, di-n-octyl phthalate, acetyl tributyl citrate, bifenthrin,
permethrin, octocrylene, squalene) were not detected or detected in less than 50% of the
PUF samples.

3.2. Changes in PUF concentrations inside couch cushions

Among the 11 compounds detected in more than 50% of the samples at all three depths, the
GM PUF concentrations of 6 compounds (i.e., diethyl phthalate (DEP), phenanthrene, 2-
benzylideneoctanal, galaxolide, tonalide and homosalate) decreased from top to middle,
whereas those of ortho-cresol + meta-cresol [cresol (0, m)] increased from top to middle
(Figure 1). The GM concentrations of the other 4 compounds did not appear to decrease or
increase with depth. Similarly, the mean concentrations of 5 compounds (i.e., phenanthrene,
2-benzylideneoctanal, galaxolide, tonalide, and homosalate) were different between two

Chemosphere. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 8

depths (p-value < 0.05) and decreased from top to middle (Figure S1). Cresol (0, m) had
lower mean PUF concentrations in the top section than in the middle section, and its
difference between two depths was borderline significant (p-value = 0.06).

For PUF concentrations measured in two different couches in the same home, differences of
the measured PUF concentrations were within one order of magnitude between two couches
in the top section for most compounds (Figure S2). Compared to the top section, the
differences of the measured PUF concentrations between two couches were higher in the
top-middle and middle sections for most compounds. In one of the two homes (Home B in
Figure S2), concentrations were higher in a velvet-upholstered couch than a microfiber-
upholstered couch for most compounds.

3.3. Association between PUF and dust concentrations

Among the 13 compounds detected in more than 50% of both the top PUF samples and dust
samples, 4 compounds (i.e., di-isobutyl phthalate [DiBP], dimethyl phthalate [DMP],
galaxolide, homosalate) showed statistically significant positive correlations between
concentrations in the two media (r= 0.66-0.91, p-value < 0.05, Table 1). Except for phenol
and pyrene, correlation coefficients for the other compounds (i.e., DEHP, di-n-butyl
phthalate [DBP], diethyl phthalate [DEP], acetyl tributyl phthalate, phenanthrene, 2-
benzylideneoctanal, tonalide) were generally positive, but not statistically significant (r=
0.05-0.51, p-value > 0.05). For the same 13 compounds above, the ratios of Cpyrto Cyysr
varied by use category or chemical class. The ratios ranged from 0.004 to 0.30 for 5
phthalates and 1 other plasticizer and ranged from 3.4 to 5.7 for four skin applied
compounds (3 fragrance ingredients and 1 UV filter). Phenol and 4-chloro-3-methylphenol
had the highest ratio (= 36.1) and the second highest ratio (= 10.2), respectively, among all
detected compounds.

3.4. Calculated Kpyg.air

Among the 13 compounds detected in more than 50% of both the top PUF samples and dust
samples, calculated log Kpy ez values varied from 2.46 (DMP) and 7.80 (homosalate)
(Table S6). The calculated log Kpyr4ir Values increased with increasing log K, values (log
Koyp.air= 0.64 log K, + 0.01, 2= 0.62) (Figure 2). The slopes of the regression equations
and 72 values increased when regressing by individual use categories (e.g., /= 0.92 for 6
phthalates/plasticizers and /2= 0.99 for 4 skin-applied compounds such as fragrance
ingredients and UV filters) (Figure S3). Our regression slope for all 13 compounds was
similar to those obtained in two previous studies: 0.64 for the current study, 0.64 for Shoeib
and Harner (2002), and 0.66 for Francisco et al. (2017). Our calculated log Kpyr4ir values
were on the same magnitude of those of other studies for 4 skin-applied compounds (3
fragrance ingredients and 1 UV filter) but were approximately 1 to 3 orders of magnitude
smaller than those of the other studies for other compounds (Table S6). On the other hand,
the calculated log Kpyr.4ir Values decreased with increasing log VP values (log Kpyr.air=
-0.60 log VP+ 3.98, 2= 0.47) (Figure 2). Our calculated log Kpyz.4ir values were
approximately 1 to 3 orders of magnitude lower than those of Zhao et al. (2004), except for
phenol, 2-benzylideneoctanal, galaxolide, and homosalate.
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3.5. Holding capacity of indoor compartments for SVOCs

Among the 13 compounds for which Kp £z values were calculated in this study, the
fugacity capacity of couch PUF (mol/m3.Pa) ranged from 1.2 x 10~ (DMP) to 2.6 x 10*
mol/m3.Pa (Homosalate) (Table S7). The fugacity capacity of couch PUF was relatively high
for 4 skin-applied compounds (3 fragrance ingredients and 1 UV filter), compared to other
chemical classes or use categories. The fugacity capacity of couch PUF was 3 to 8 orders of
magnitude higher than that of air for all compounds and was up to 3 orders of magnitude
lower than that of carpet and vinyl flooring for most compounds, except for galaxolide and
homosalate. However, when comparing chemical mass distribution among five indoor
compartments (i.e., couch PUF, air, carpet, walls, vinyl flooring), more than 20% of the total
mass was distributed to couch PUF for phenol, 2-benzylideoneoctanal, galaxolide, and
homosalate while less than 10% of the total mass was distributed to couch PUF for the other
compounds (Figure 3).

4. Discussion

To examine the potential utility of couch PUF as a passive sampling medium and as a
reservoir for indoor non-FR SVOCs commonly detected in the home, we measured
concentrations of 64 non-FR SVOCs in couch PUF samples at varying depths and examined
concentration changes with depth. Among the studied non-FR compounds, 29 compounds
were detected in at least one of the 39 samples, and 11 compounds were detected in more
than 50% of the samples at all three depths. In addition, detection frequency (%) was the
highest at the top section for 26 out of the 29 detected compounds and the geometric mean
PUF concentrations decreased from top to middle for 6 compounds, supporting that couch
PUF can absorb many SVOCs from air. We observed that our calculated Kp ez increased
with K, and decreased with V2, which is consistent with previous studies, and that K, (72
= 0.62) was a stronger predictor of Ky z.;-than VP (2= 0.47). For compounds whose our
calculated Kpyr.4irare comparable to those in chamber studies, we observed that more than
20% of the total mass can be distributed to couch PUF, indicating that couch PUF may be an
important reservoir for these compounds.

We evaluated the potential utility of couch PUF as a passive sampling medium for indoor
SVOCs by comparing our Kpyr.4ir values calculated with direct concentration
measurements in couch PUF with those measured or calculated in two chamber studies
under controlled laboratory conditions (Zhao et al., 2004; Francisco et al., 2017) or in an
indoor field study with purposefully-designed PUF air samplers (Shoeib and Harner, 2002b).
We observed that for most compounds, our calculated Kpyr4r values were approximately 1
to 3 orders of magnitude smaller than those estimated using predictive relationships
developed in the other three studies. One potential reason for these discrepancies is that
equilibrium might not be reached between couch PUF and air in our system. The increasing
or decreasing concentration profiles in the cushion (Figure 1) are a sign that for many of the
compounds, equilibrium was not reached between PUF and air or inside the cushion.
Interestingly, for four compounds (3 fragrance ingredients and 1 UV filter) that people
“wear” or apply on the skin, our calculated Kp ez values were on the same order of
magnitude of those of the other three studies (Figure 2). Skin-applied compounds can be
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transferred by both dermal contact and diffusive mass-transfer from air, whereas phthalates
and PAHSs that people mostly do not wear or apply on the skin are transferred to couch PUF
mostly by diffusive mass-transfer from air. Thus, it is likely that these skin-applied
compounds had higher mass-transfer rates to couch PUF than phthalates or PAHs with
similar K, values. Other possible reasons include the effect of upholstery and other indoor
sinks or removals. For example, mass-transfer of SVOCs from indoor air to couch PUF may
be limited by couch upholstery because it acts as resistance to mass-transfer between air and
PUF (Klopffer and Flaconneche, 2001). In addition, compared to chamber studies where
PUF competes for SVOCs primarily with air, couch PUF in our study competes with other
indoor sinks (e.g., airborne particles, dust, surface film, and other indoor surfaces) (Weschler
and Nazaroff, 2008, 2010; Little et al., 2012; Weschler and Nazaroff, 2017) and removal
processes (e.g., ventilation, vacuuming and surface cleaning) (Shin et al., 2012; Shin et al.,
2013). Lastly, as people continuously sit on couches, air pockets inside couch PUF are likely
to be pushed out, resulting in lower concentrations of gas-phase chemicals in couch PUF
than in the PUF of chamber studies. Thus, physically altered PUF in our study may partly
contribute to the discrepancies in Kpyr.4ir Values between our study and previous chamber
studies.

Among the 13 non-FR compounds detected in more than 50% of both the top PUF samples
and dust samples, we observed positive correlation coefficients between the two media for
DMP, DiBP, galaxolide, and homosalate (p-value < 0.05). DMP, with the lowest log K,
value (= 5.68) among the five phthalates (i.e., DEHP, DiBP, di-n-butyl phthalate, DEP,
DMP), had the highest correlation coefficient (r= 0.78). Its low K, value may accelerate
mass-transfer between air and dust and between air and PUF (Schripp et al., 2010; Dodson
et al., 2015). Because two fragrance ingredients (galaxolide and homosalate) are likely to be
transferred (1) to couch PUF via direct skin contact with couch surfaces and (2) to carpet
dust via skin flaking (Weschler et al., 2011), it is likely that we observed positive correlation
coefficients of these two compounds. For four skin applied compounds (3 fragrance
ingredients and 1 UV filter), we observed relatively high ratios of Cpyrto Cpyysfrom 3.4 to
5.7, implying high transfer rates of these compounds from skin to couch PUF. On the other
hand, the other 9 compounds did not show statistically significant correlation coefficients,
potentially due to high within-home variability of dust concentrations of these compounds or
a small sample size. For example, the correlation coefficients were relatively small for
phenanthrene and pyrene (r=0.05, -0.10, respectively), presumably because of the seasonal
variations in source rates of indoor PAHs including increased infiltration of outdoor air
during summer and increased residential heating such as wood burning during winter.

Our study showed that PUF in upholstered home couches can absorb SVOCs because a wide
range of SVOCs which are not known to be added to couch PUF were detected in our
samples, including phthalates, other plasticizers, insecticide ingredients, PAHSs, fragrance
ingredients, UV filters, and skin oils (Table 1). We observed the highest detection frequency
in the top section for most compounds, supporting that home couches absorb SVOCs from
air. Among the 11 compounds detected in more than 50% of the samples at all depths,
concentrations of phenanthrene, 2-benzylideneoctanal, galaxolide, tonalide, and homosalate
decreased with depth (Figure 1 and S1), showing potential inward diffusion of these
compounds from air to couch PUF. We also observed that phenol and three skin-applied

Chemosphere. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 11

compounds were distributed to couch PUF with relatively high percentage (21.2 — 60.5%) of
the total mass among five indoor compartments (Figure 3). These compounds were
measured in relatively high concentrations in couch PUF (Table 1) and our predicted
Kpyr-air values of these compounds were similar to those in other chamber studies. Thus,
couch PUF may act as an important holding reservoir for these compounds. Moreover, we
found that SVOC concentrations in PUF were higher in a velvet-upholstered couch than a
microfiber-upholstered couch for most compounds (Figure S2). The reason for this
difference is less clear but may include the differences in age of couches or materials of
upholstery (Boor et al., 2015; Keimowitz et al., 2016). The age of couches in the home was
not available for this study. We also observed that seven compounds, detected in more than
50% of the dust samples collected in the same home, were not detected or detected in less
than 50% of the PUF samples. Because these seven compounds have relatively high Kg,
values (e.g., log Kga > 9.5), it is likely that compounds with high K, values may not be
absorbed by the PUF well enough to be detected in the PUF.

Our study also showed that PUF in home couches may release some phenolic compounds
including phenol, 4-chloro-3-methylphenol, and cresol (o, m). For example, among the same
11 compounds above, phenol had the highest geometric mean PUF concentration (32,832
ng/g of foam) and a relatively low geometric mean dust concentration (910 ng/g of dust)
(Table 1), resulting in the highest ratio of Cpyrto Cyysr (= 36.1). The geometric mean PUF
concentration of 4-chloro-3-methylphenol (7,186 ng/g of foam) was the fifth highest,
whereas it was detected in none of our dust samples. Furthermore, we observed a decreasing
trend in PUF concentrations of cresol (o, m) from the middle section to the top section (p-
value = 0.06, Figure S1). Based on the U.S. EPA’s CompTox Chemistry Dashboard
(Williams et al. 2017), phenol has a product or use category of “furniture and furnishings’,
and 4-chloro-3-methylphenol has a chemical functional use of ‘flame retardants’. Those
couches with relatively high phenol concentrations tended to decrease from middle to top
sections. These showed potential outward diffusion of these phenolic compounds from
couch PUF to indoor air, suggesting that cresol (o, m) may have been present in the foam as
manufactured.

We noted two major strengths of this study. Because upholstery may act as resistance of
mass-transfer between air and couch PUF, direct concentration measurements in upholstered
couch PUF allowed us to observe differences in PUF’s holding capacity between
upholstered couch PUF and a bare PUF disk. In addition, because a wide range of SVOCs
are detected in indoor environmental media (e.g., airborne particles, dust, indoor surface),
our novel sampling of upholstered couch PUF with different depths and subsequent
chemical analysis helped understand its role on the absorption and release of SVOCs.
However, some limitations should be noted. First, we did not differentiate the effect of
different upholstery materials (e.g., leather, fabric) on couch PUF’s holding capacity due to
the limited sample size. Second, our predictive equations for Kpyr.4ir versus K,z may not be
applicable to all SVOCs, because when regressing by individual use categories or chemical
classes, the slope of Kpyr.ziragainst K,, was approximately 30% steeper for skin-applied
compounds than plasticizers. It is likely that these skin-applied compounds were primarily
transferred to couch PUF via direct skin contact or skin flaking rather than molecular
diffusion or deposition from air to couch PUF. Third, because only 4 out of the 11
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compounds were correlated between the top PUF concentrations and dust concentrations,
our calculated Kpye.airusing Cpyrand Cyysrmay not be valid for those that were not
correlated each other. Fourth, because of a small sample size and low detections in the
current study, our predictive equations should be interpreted with caution. Fifth, we also
analyzed 16 FRs in our samples. However, the results are difficult to interpret, and thus are
presented and discussed in the Supporting Information. We were not always able to ascertain
whether the couch PUF was manufactured with each particular FR or if the FR was initially
in the fabric. For example, we observed four FRs that had generally low concentrations in all
three sections and very high concentrations in the top section (Figure S4). In addition, we
could not decisively determine if the couches may have absorbed these compounds or if they
may have these compounds in upholstery fabric. For example, they were not frequently
detected in fabric (i.e., less than 15%), limiting interpretation and confirmation of our
results. Lastly, we did not measure the density of the couch PUF samples in this study,
although different densities of PUF are known to affect its chemical uptake (Chaemfa et al.,
2008; Chaemfa et al., 2009).

5. Conclusions

Our study showed that couch PUF can absorb many SVOCs. However, because most SVOCs
were less frequently detected in couch PUF and had low correlation coefficients between
concentrations in dust and couch PUF, couch PUF may not be an effective passive sampling
medium for SVOCs. We observed that phenolic compounds and skin-applied compounds
were detected higher in couch PUF than in dust (i.e., a ratio of Cpye/CgsrWas larger than
3.0), implying that direct skin contact with couch surfaces or inhalation while sitting on
couches might be an important exposure route of these compounds, particularly for infants
and young children who did not apply the compound to their skin. We also found that more
than 20% of the total mass was distributed to couch PUF for phenol and three skin-applied
compounds, implying that couch PUF is an important holding reservoir for these
compounds. As different upholstery materials may have different degrees of resistance of
mass-transfer between air and PUF, additional studies are needed to examine the effect of
various materials on couch PUF’s holding capacity and to analyze for SVOCs on the
surfaces of home furniture with frequent skin contact.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We would like to acknowledge the participants for helping make this research possible and Rebecca Moran at UC
Davis for study coordination and collection of PUF samples in couch cushions.

Funding

Research reported in this publication was supported by the U.S. Environmental Protection Agency (EPA-G2013-
STAR-K1), UC Davis Environmental Health Sciences Core Center (P30-ES023513), and the UC Davis Superfund
Research Center, National Institutes of Health, NIEHS award (P42-ES004699). This research was also supported by
the Healthy Babies Bright Futures Foundation and the Healthy Affordable Materials Project (HAMP) funded by
The JPB Foundation.

Chemosphere. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al. Page 13

References

Abdollahi A, Eng A, Jantunen LM, Ahrens L, Shoeib M, Parnis JM, Harner T, 2017. Characterization
of polyurethane foam (PUF) and sorbent impregnated PUF (SIP) disk passive air samplers for
measuring organophosphate flame retardants. Chemosphere 167, 212-219. [PubMed: 27723477]

Alaee M, Arias P, Sjodin A, Bergman A, 2003. An overview of commercially used brominated flame
retardants, their applications, their use patterns in different countries/regions and possible modes of
release. Environ Int 29, 683-689. [PubMed: 12850087]

Antweiler RC, 2015. Evaluation of Statistical Treatments of Left-Censored Environmental Data Using
Coincident Uncensored Data Sets. 1. Group Comparisons. Environ Sci Technol 49, 13439-13446.
[PubMed: 26490190]

Bennett DH, Furtaw EJ, 2004. Fugacity-based indoor residential pesticide fate model. Environmental
Science & Technology 38, 2142-2152. [PubMed: 15112818]

Bennett DH, Margni MD, McKone TE, Jolliet O, 2002. Intake fraction for multimedia pollutants: a
tool for life cycle analysis and comparative risk assessment. Risk Anal 22, 905-918. [PubMed:
12442988]

Bidleman TF, Nygren O, Tysklind M, 2016. Field estimates of polyurethane foam - air partition
coefficients for hexachlorobenzene, alpha-hexachlorocyclohexane and bromoanisoles. Chemosphere
159, 126-131. [PubMed: 27285381]

Birnbaum LS, Staskal DF, 2004. Brominated flame retardants: cause for concern? Environ Health
Perspect 112, 9-17. [PubMed: 14698924]

Blum A, Ames BN, 1977. Flame-Retardant Additives as Possible Cancer Hazards. Science 195, 17—
23. [PubMed: 831254]

Boor BE, Liang Y, Crain NE, Jarnstrom H, Novoselac A, Xu Y, 2015. Identification of Phthalate and
Alternative Plasticizers, Flame Retardants, and Unreacted Isocyanates in Infant Crib Mattress
Covers and Foam. Environmental Science & Technology Letters 2, 89-94.

Chaemfa C, Barber JL, Gocht T, Harner T, Holoubek I, Klanova J, Jones KC, 2008. Field calibration of
polyurethane foam (PUF) disk passive air samplers for PCBs and OC pesticides. Environ Pollut
156, 1290-1297. [PubMed: 18474408]

Chaemfa C, Wild E, Davison B, Barber JL, Jones KC, 2009. A study of aerosol entrapment and the
influence of wind speed, chamber design and foam density on polyurethane foam passive air
samplers used for persistent organic pollutants. J Environ Monit 11, 1135-1139. [PubMed:
19513443]

Colt JS, 2006. Residential Insecticide Use and Risk of Non-Hodgkin's Lymphoma. Cancer
Epidemiology Biomarkers & Prevention 15, 251-257.

Colt JS, Rothman N, Severson RK, Hartge P, Cerhan JR, Chatterjee N, Cozen W, Morton LM, De
Roos AJ, Davis S, Chanock S, Wang SS, 2009. Organochlorine exposure, immune gene variation,
and risk of non-Hodgkin lymphoma. Blood 113, 1899-1905. [PubMed: 19066394]

Colt JS, Severson RK, Lubin J, Rothman N, Camann D, Davis S, Cerhan JR, Cozen W, Hartge P, 2005.
Organochlorines in carpet dust and non-Hodgkin lymphoma. Epidemiology 16, 516-525.
[PubMed: 15951670]

Dodson RE, Bessonneau V, Udesky JO, Nishioka M, McCauley M, Rudel RA, 2019. Passive indoor
air sampling for consumer product chemicals: a field evaluation study. J Expo Sci Environ
Epidemiol 29, 95-108. [PubMed: 30237551]

Dodson RE, Camann DE, Morello-Frosch R, Brody JG, Rudel RA, 2015. Semivolatile organic
compounds in homes: strategies for efficient and systematic exposure measurement based on
empirical and theoretical factors. Environ Sci Technol 49, 113-122. [PubMed: 25488487]

Francisco AP, Harner T, Eng A, 2017. Measurement of polyurethane foam-air partition coefficients for
semivolatile organic compounds as a function of temperature: Application to passive air sampler
monitoring. Chemosphere 174, 638-642. [PubMed: 28199940]

Gama NV, Ferreira A, Barros-Timmons A, 2018. Polyurethane Foams: Past, Present, and Future.
Materials (Basel) 11.

Chemosphere. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 14

Gouin T, Harner T, Blanchard P, Mackay D, 2005. Passive and active air samplers as complementary
methods for investigating persistent organic pollutants in the Great Lakes Basin. Environ Sci
Technol 39, 9115-9122. [PubMed: 16382932]

Hale RC, La Guardia MJ, Harvey E, Mainor TM, 2002. Potential role of fire retardant-treated
polyurethane foam as a source of brominated dipheny! ethers to the US environment.
Chemosphere 46, 729-735. [PubMed: 11999796]

Hammel SC, Hoffman K, Lorenzo AM, Chen A, Phillips AL, Butt CM, Sosa JA, Webster TF,
Stapleton HM, 2017. Associations between flame retardant applications in furniture foam, house
dust levels, and residents' serum levels. Environ Int 107, 181-189. [PubMed: 28750223]

Hayward SJ, Gouin T, Wania F, 2010. Comparison of four active and passive sampling techniques for
pesticides in air. Environ Sci Technol 44, 3410-3416. [PubMed: 20369874]

Hornung RWe.a., 1990. Estimation of average concentrations in the presence of nondetectable values.
Applied Occupational and Environmental Hygiene 5, 46-51.

Howdeshell KL, 2002. A model of the development of the brain as a construct of the thyroid system.
Environ Health Persp 110, 337-348.

lwasaki T, Miyazaki W, Takeshita A, Kuroda Y, Koibuchi N, 2002. Polychlorinated biphenyls suppress
thyroid hormone-induced transactivation. Biochem Biophys Res Commun 299, 384-388.
[PubMed: 12445811]

Jacobson JL, Jacobson SW, 1996. Intellectual impairment in children exposed to polychlorinated
biphenyls in utero. N Engl J Med 335, 783-789. [PubMed: 8703183]

Jaward FM, Farrar NJ, Harner T, Sweetman AJ, Jones KC, 2004. Passive air sampling of PCBs,
PBDEs, and organochlorine pesticides across Europe. Environ Sci Technol 38, 34-41. [PubMed:
14740714]

Kamel F, Hoppin JA, 2004. Association of pesticide exposure with neurologic dysfunction and disease.
Environ Health Persp 112, 950-958.

Kamprad I, Goss KU, 2007. Systematic investigation of the sorption properties of polyurethane foams
for organic vapors. Anal Chem 79, 4222-4227. [PubMed: 17458938]

Keimowitz AR, Strunsky N, Wovkulich K, 2016. Organophosphate flame retardants in household dust
before and after introduction of new furniture. Chemosphere 148, 467-472. [PubMed: 26841288]

Kim K, Shin HM, Wong L, Young TM, Bennett DH, 2020. Temporal variability of indoor dust
concentrations of semivolatile organic compounds. Indoor Air. DOI: 10.1111/ina.12759.

Klopffer MH, Flaconneche B, 2001. Transport properties of gases in polymers: Bibliographic review.
Oil Gas Sci Technol 56, 223-244.

Knafla A, Phillipps KA, Brecher RW, Petrovic S, Richardson M, 2006. Development of a dermal
cancer slope factor for benzo[a]pyrene. Regul Toxicol Pharmacol 45, 159-168. [PubMed:
16632147]

Little JC, Weschler CJ, Nazaroff WW, Liu Z, Hubal EAC, 2012. Rapid Methods to Estimate Potential
Exposure to Semivolatile Organic Compounds in the Indoor Environment. Environmental Science
& Technology 46, 11171-11178. [PubMed: 22856628]

Moeckel C, Harner T, Nizzetto L, Strandberg B, Lindroth A, Jones KC, 2009. Use of depuration
compounds in passive air samplers: results from active sampling-supported field deployment,
potential uses, and recommendations. Environ Sci Technol 43, 3227-3232. [PubMed: 19534139]

Moschet C, Anumol T, Lew BM, Bennett DH, Young TM, 2018. Household Dust as a Repository of
Chemical Accumulation: New Insights from a Comprehensive High-Resolution Mass
Spectrometric Study. Environmental Science & Technology 52, 2878-2887. [PubMed: 29437387]

Munoz-Quezada MT, Lucero BA, Barr DB, Steenland K, Levy K, Ryan B, Iglesias V, Alvarado S,
Concha C, Rojas E, Vega C, 2013. Neurodevelopmental effects in children associated with
exposure to organophosphate pesticides: A systematic review. Neurotoxicology 39, 158-168.
[PubMed: 24121005]

Newton S, Sellstréom U, Harrad S, Yu G, de Wit CA, 2016. Comparisons of indoor active and passive
air sampling methods for emerging and legacy halogenated flame retardants in Beijing, China
offices. Emerging Contaminants 2, 80-88.

Chemosphere. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 15

Parnis JM, Eng A, Mackay D, Harner T, 2016. Characterizing PUF disk passive air samplers for alkyl-
substituted PAHs: Measured and modelled PUF-AIR partition coefficients with COSMO-RS.
Chemosphere 145, 360-364. [PubMed: 26692513]

Saini A, Clarke J, Harner T, 2019. Direct measurements of polyurethane foam (PUF) - air partitioning
coefficients for chemicals of emerging concern capable of equilibrating in PUF disk samplers.
Chemosphere 234, 925-930. [PubMed: 31519101]

Schripp T, Fauck C, Salthammer T, 2010. Chamber studies on mass-transfer of di(2-
ethylhexyl)phthalate (DEHP) and di-n-butylphthalate (DnBP) from emission sources into house
dust. Atmos Environ 44, 2840-2845.

Sharpe RM, 2005. Phthalate exposure during pregnancy and lower anogenital index in boys: wider
implications for the general population? Environ Health Perspect 113, A504-505. [PubMed:
16079047]

Shi S, Zhao B, Zhang J, 2018. Effect of residential air cleaning interventions on risk of cancer
associated with indoor semi-volatile organic compounds: a comprehensive simulation study. The
Lancet Planetary Health 2, e532-e539. [PubMed: 30526939]

Shin HM, McKone TE, Bennett DH, 2012. Intake Fraction for the Indoor Environment: A Tool for
Prioritizing Indoor Chemical Sources. Environmental Science & Technology 46, 10063-10072.
[PubMed: 22920860]

Shin HM, McKone TE, Tulve NS, Clifton MS, Bennett DH, 2013. Indoor Residence Times of
Semivolatile Organic Compounds: Model Estimation and Field Evaluation. Environmental Science
& Technology 47, 859-867. [PubMed: 23244175]

Shin HM, Moschet C, Young TM, Bennett DH, 2020. Measured concentrations of consumer product
chemicals in California house dust: Implications for sources, exposure, and toxicity potential.
Indoor Air 30, 60-75. [PubMed: 31587372]

Shoeib M, Harner T, 2002. Characterization and comparison of three passive air samplers for persistent
organic pollutants. Environ Sci Technol 36, 4142-4151. [PubMed: 12380087]

Stapleton HM, Klosterhaus S, Eagle S, Fuh J, Meeker JD, Blum A, Webster TF, 2009. Detection of
Organophosphate Flame Retardants in Furniture Foam and US House Dust. Environmental
Science & Technology 43, 7490-7495. [PubMed: 19848166]

Strandberg B, Julander A, Sjostrom M, Lewne M, Koca Akdeva H, Bigert C, 2018. Evaluation of
polyurethane foam passive air sampler (PUF) as a tool for occupational PAH measurements.
Chemosphere 190, 35-42. [PubMed: 28985535]

Stubbings WA, Schreder ED, Thomas MB, Romanak K, Venier M, Salamova A, 2018. Exposure to
brominated and organophosphate ester flame retardants in U.S. childcare environments: Effect of
removal of flame-retarded nap mats on indoor levels. Environ Pollut 238, 1056-1068. [PubMed:
29703676]

Tromp PC, Beeltje H, Okeme JO, Vermeulen R, Pronk A, Diamond ML, 2019. Calibration of
polydimethylsiloxane and polyurethane foam passive air samplers for measuring semi volatile
organic compounds using a novel exposure chamber design. Chemosphere 227, 435-443.
[PubMed: 31003128]

Viel JF, Warembourg C, Le Maner-Idrissi G, Lacroix A, Limon G, Rouget F, Monfort C, Durand G,
Cordier S, Chevrier C, 2015. Pyrethroid insecticide exposure and cognitive developmental
disabilities in children: The PELAGIE mother-child cohort. Environ Int 82, 69-75. [PubMed:
26057254]

Weschler CJ, Langer S, Fischer A, Beko G, Toftum J, Clausen G, 2011. Squalene and Cholesterol in
Dust from Danish Homes and Daycare Centers. Environmental Science & Technology 45, 3872—
3879. [PubMed: 21476540]

Weschler CJ, Nazaroff WW, 2008. Semivolatile organic compounds in indoor environments.
Atmospheric Environment 42, 9018-9040.

Weschler CJ, Nazaroff WW, 2010. SVOC partitioning between the gas phase and settled dust indoors.
Atmos Environ 44, 3609-3620.

Weschler CJ, Nazaroff WW, 2017. Growth of organic films on indoor surfaces. Indoor Air 27, 1101-
1112. [PubMed: 28556424]

Chemosphere. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al. Page 16

Williams AJ, Grulke CM, Edwards J, McEachran AD, Mansouri K, Baker NC, Patlewicz G, Shah |,
Wambaugh JF, Judson RS, Richard AM, 2017. The CompTox Chemistry Dashboard: a community
data resource for environmental chemistry. J Cheminform 9, 61. [PubMed: 29185060]

Zhao DY, Little JC, Cox SS, 2004. Characterizing polyurethane foam as a sink for or source of volatile
organic compounds in indoor air. Journal of Environmental Engineering-Asce 130, 983-989.

Chemosphere. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Page 17

Measured concentrations of 64 SVOCs in couch PUF samples at varying
depths.

Detection frequency was the highest at the top section for most detected
compounds.

Observed difference and similarity in Kpyg_sir between upholstered PUF and
bare PUF.

Couch PUF may be an important reservoir for some compounds.

Dermal contact with couch seats may be an important exposure route for skin-
applied compounds.
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Measured PUF concentrations at three depths of 13 couch cushions (i.e., top, top-middle,
middle) after normalizing the top-middle and middle concentrations to the top
concentrations. Phenol and 4-chloro-3-methylphenol had geometric mean (GM)
concentrations higher than 6,000 ng/g of PUF in at least two of three depths, while others
included in this figure had GM concentrations less than 6,000 ng/g of PUF in at least two of
three depths. Black lines in bold represent normalized GM concentrations.

Abbreviation: di(2-ethylhexyl) phthalate (DEHP), diethyl phthalate (DEP), dimethyl

phthalate (DMP), ortho-cresol + meta-cresol (Cresol (0, m))
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Figure 2.

Calculated median log Kpr.zir versus log Ky, (A) or vapor pressure (B) for 13 compounds
detected in more than 50% of both the top PUF samples and dust samples. Regression
equations from other three studies are shown in dotted lines. Compound names shown in the
plots are fragrance ingredients, UV filters or phenol. All Kpyr.4i-values are expressed in the

unit of m3 of air/m3 of PUF.
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Figure 3.

Mass distribution (%) of 13 compounds among five indoor compartments.

Chemosphere. Author manuscript; available in PMC 2022 May 01.



Page 21

Kim et al.

€L°0 0T'0- | 89T 00T | oS - - €zt T4 ] auaihd
80 500 | 892 00T | 00T 99 €eT 92z 0§ 01 auaJyIueUayd
- - - 6 00T - - - 0S 0T auaJon|d | suogJeaospAy arrewose 9119424104
- - - 9¢ 00T - - - 14 0T auadeiyue(R)OZURY
- - - 0 00T - - - 0S 0T EER N
1'9¢ 210~ | 016 16 | 000'T | zv9'ee | vil'ze | zes'ze | oSz 052 Jousyd
- - €99'T €. | oo0'T | - - - 000'T | 000'T [osa1D-ered
- - - 0 00§ €52 612 891 00T 001 (w o) j0sa1) sjouayd
- - - 0 000'T | esL'9 | ter's | 98Tl | oSz 00T lousyd|Ay1aw-g-0101yD-
- - - 0 000T | - - - 001 00T JousydoiN-g
- - - 6 00T - - - 00T 05 unyouayd
- - T€0'T 76 | 00T - - - 052 052 unylawled
- - - 0 00S - - - 0S¢ 00T 9Jelsjenusisy
- - - 0 00T - - - 005 00T unyeleolg
- - 880'cT | 5§ | oooot | - - - 000's | 000'T ajedipe (IAxaylAue-g)sig
s1azionseld Jaylo
000 0z0 | ,0TxTZz | 00T | 0000T | - - 620'6. | 000'sz | 000'0T R0 1Angu K100y
SZ0 x8L0 | 22T 00T | 0% 0¢ €e 0¢ 74 o1 o SFereLud Aawng
0€°0 0z0 | 068'T 00T | 00T sze 69 V.G 00T 05 arereuiyd 1Ayiela
- - ey €l 00T - - - 005 00T s arereyiyd |A100-u-1Q
010 ze0 | etz's 00T | 000'T | - T 058 000'T | oos o Serewyd 1ang-u-1g sajeleyiud
6T°0 «TL0 | €88'8 00T | 000'T | TOE 65 oTL'T | 000T | oSz 5 &¥ereuyd Aingosi-1a
200 0T'0 | 8.2'99 | 16 | 000°0T | Sev'l 69r'T | Lvv'T | 000'T | 000'T | srereynyd (IAxaulAue-gia
- - STL'L 00T | 000'T | - - - 000'T | 00S arereypyd 1Aing |Azueg
9 w
=9 | 9 | gon | o | )] aon
(asnp Jo B/6u) (3nd o B/6u)
q uoleJlusduod I1sna uo1eIIU3IU0D 4Nd YoNnoD

Author Manuscript

‘Tal1qeL

Author Manuscript

Author Manuscript

(1T =) sejdwies 1snp pue (€ = /) sajdwes 4Nd Ul pa1da1ap SOOAS 62 10) SUOITRIIUBIUOD painseaw Jo Arewwng

Author Manuscript

Chemosphere. Author manuscript; available in PMC 2022 May 01.



Page 22

Kim et al.

((w ‘0) 10S84D) [0S3ID-BIBW + |0S8ID-0UMO ‘(IND) ueaw d138woab ‘(4a) Aduanbaly uonasiap (OOT) uonedlnuenb Jo nwij {(@O) UOIIBIBP JO NWI| :UONBIASIqOY

'z Aq OO 8y Butpiap Aq wisyy painisans am ‘OO 8y pue 4O dYi Usamiag 40 OO dui Mojaq sajdues ._OH_mv

"(¢SN1P2) suoireIuadu0d 1Snp 03 (7/7dH) suoeIUAIU0D 4Nd YINoI J0 soney

D

“(x) YSUBISE YNIM paylew ale G0'0 > SanjeA-d
‘sajdwes isnp pue sajdwes 4Nd doi 8yl Yiog Jo 905 U} 10w Ul pa3dalep spunodwod €T 4oy ¢57709) 1snp pue (F/1dD) 4Nd UsamIag SUOITBIIUSIUOD PaWIOSUEI]-U| JO (/) SIUBIDIB0D UOLIR|a1I0d :oﬂmmn_u

(0202 “'e 10 W) " 18 Wiy Woly ejeq

q

‘sajdwes 4Nd €T woJy (appiw ‘ajppiw-do) ‘doy “a°1) yidap yoes e (6/6u) sueaw o_:wEomOw

- - 786'TL 00T 000‘T - - - 000‘T 000'T ausenbs S|I0 UMS
- - ¥29'9 00T 00T - - - 0S¢ 00T 3U8]A100100
sIal|1y 18]01ARI N
86’7 «16°0 | 9T¥'C 00T 0S¢ 9€2'T 9€6'€ 02T | 0S 14 dJejesowoH
LE'E 180 e 16 00T €8T 66¢ 260'T 0S 0T apljeuol
99'G %990 | €9€'T 00T 0S ¥er'e 0ET'v Tl 14 S 3pljoxeey sjusIpalbul sdueiBelq
8LV 9’0 290 00T 00S 8vi'T Svl'e 058'6 0S¢ 00T [eueloosuspl|Azuag-z
s|ppiw
_ BAPPIN | "o} doy.
Qw,_uws m\% ao1 do1 | aol
NP~ 4Nd 1 NSO SSe|d [edlwayd
p /e 5 ] aweu punodwo) 10 A1obareo asn
(asnp Jo 6/6u) (3Nd 3o 6/6u)

UOI1eIIUS0UOD 1SN

q

uo1.IIUOU0D 4N d YoNnoD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Chemosphere. Author manuscript; available in PMC 2022 May 01.



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Participant recruitment and couch PUF sample collection
	Target compounds
	Sample analysis
	Statistical analysis
	Calculation of PUF-air partition coefficients (KPUF-air)
	Calculation of holding capacity for SVOCs

	Results
	Measured PUF concentrations
	Changes in PUF concentrations inside couch cushions
	Association between PUF and dust concentrations
	Calculated KPUF-air
	Holding capacity of indoor compartments for SVOCs

	Discussion
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.



