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ABSTRACT: The study of the fate of organophosphate esters (OPEs) in the interior
environment is vital because of the growing use of OPEs. Organic films on glass are
both sink and sources of indoor pollutants. Indoor window films have been employed as
passive air samplers to collect OPEs in the indoor air. Nevertheless, little is known about
the development and equilibrium condition of OPEs on indoor window films during the
film formation process. In this study, the concentrations of twelve OPEs in indoor
window films from different buildings on a university campus and the growth thickness
of the films as a function of sampling time were investigated in different seasons. Ten
out of the 12 OPEs were detected in window film with >50% frequency. Tris (2-
chloroethyl) phosphate (TCEP) and tris (1-chloro-2-propyl) phosphate (TCPP), which
are chlorinated and toxic OPEs, were the dominant OPEs found in the winter. The
majority of OPEs in window films exhibited linear growth patterns within 77 days.
Temperature, humidity, ventilation, and seasonality all affected the concentrations of
various OPEs in the window films. Low molecular weight OPEs, such as tri-n-butyl
phosphate and TCEP, attained equilibrium between indoor air and window films within
49 or 77 days. The indoor air concentrations of OPEs were estimated from their film
concentrations based on the theoretical approach for the passive air sampler. In winter,
the predicted gas-phase air concentrations of OPEs (3.7 ng/m® for TECP) were
significantly lower than or comparable to summer (11 ng/m3, p < 0.05). To the best of
our knowledge, this is the first attempt to combine uncertainty and sensitivity analysis

to understand the behaviors of OPEs in indoor film and air.

Keywords: Indoor Film, OPEs, Equilibrium Time, Passive Air Sampler
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1. Introduction

Organophosphate esters (OPEs) are a group of flame retardants and plasticizers
widely used in polyurethane foam (PUF), furniture, plastics, textiles, electronic
equipment, and food-wrapping film (Wei et al., 2015, Shoeib et al., 2019). With the
phasing out of polybrominated diphenyl ethers (PBDEs), the production of OPEs has
increased and accounted for 30% of the total global flame retardant demands in 2013
(Shoeib et al., 2019). OPEs can leach into the environment through abrasion, dissolution,
and volatilization (Kemmlein et al., 2003). OPEs were widely found in the atmosphere
(Zhang et al., 2019), seawater (Hu et al., 2014), sediment (Zhong et al., 2018), indoor air
(Kim et al., 2019), dust (Shoeib et al., 2019), window film (Vykoukalova et al., 2017,
Persson et al., 2018), biota (Hallanger et al., 2015), human breast milk (Kim et al., 2014),
and remote regions including the North Atlantic and Arctic (Suhring et al., 2016, Li et
al., 2017).

On a regular basis, humans are exposed to OPEs through inhalation, ingestion, and
dermal contact. Recent risk assessments of OPEs confirmed their harmful impacts on
human health, including carcinogenic, teratogenic, neurotoxic, and metabolic toxicity
(Greaves and Letcher 2017). There are significant concerns regarding chlorinated OPEs,
of which tris (1-chloro-2-propyl) phosphate (TCPP) and tris (1,3-dichloro-2-propyl)
phosphate (TDCPP) have been linked to carcinogenic effects (Ni et al., 2007); and tris
(2-chloroethyl) phosphate (TCEP) has been linked to adverse health effects of hemolysis

and reproduction (Zhang et al., 2019). Non-chlorinated OPEs such as triphenyl



7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

phosphate (TPHP) have been demonstrated to disrupt hormone levels and lower male
sperm quality (Meeker and Stapleton 2010).

Pollution in the indoor environment is an important factor affecting human health
because humans usually spend around 90% of their time indoors (Mitra and Ray 1995).
The window film can be considered a dynamic absorption model to collect both gas-
phase and particle-phase air pollutants for a given period. Window films being
oily/sticky in nature, especially on the floor-to-ceiling windows, would also capture fine
particles that could be suspended in the indoor air with walking or other indoor activities.
The window film accumulates various types of organic contaminants, including
polycyclic aromatic hydrocarbons (PAHs) (Terzaghi et al., 2015), phthalates (PAEs)
(Huo et al., 2016), polychlorinated biphenyls (PCBs) (Wu et al., 2008), PBDEs (Cetin
and Odabasi 2011), and OPEs (Vykoukalova et al., 2017).

Window films are typically quite a relevant part of indoor fate models, which can
provide a valuable understanding that can help better parameterize models. Recently
published articles on the equilibration time of Semi-Volatile Organic Compounds
(SVOCs) in window film mainly focused on the influence of octanol-air partition
coefficients (Ko4). Weschler et al. established a model which predicted that SVOCs with
lower log Ko4 values (in the range of 10-13) would equilibrate between the gas phase
and the surface film more quickly (Weschler and Nazaroff 2017). Li et al. proposed that
SVOCs with log Koa less than eight or greater than 11 were not at the equilibrium state

between air and window films (Li et al., 2019). Vykoukalova et al. suggested that OPEs
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with log Koa less than 12 can reach equilibrium between air and window films
(Vykoukalova et al., 2017). In our previous study, the time required to reach equilibrium
was calculated for PAH, which showed that when the window film is thinner (4 nm), a
shorter equilibration time (<7 days) was required for PAHs with a lower log Ko of less
than 10.6 (Huo et al., 2019).

Based on the passive air sampler (PAS) theory, Terzaghi et al. converted PAH
concentrations in the outdoor window films into atmospheric concentrations, with the
equilibration times calculated using measured temperature, wind speed, and other
parameters (Terzaghi et al., 2015). However, there is a lack of sensitivity and uncertainty
analyses on modeling the equilibrium time of SVOCs in window film. The equilibrium
conditions of OPEs in the indoor window film and the utility of the window film as a
passive sampler for OPEs are not well studied. As with other SVOC:s, the role of the
indoor window film in the distribution of OPEs could be crucial. Therefore, the
objectives of this study are (a) to investigate the accumulative characteristics of OPEs in
window films; (b) to estimate the equilibrium time between window film and air; (c) to
explore the sensitivity and uncertainty of estimating the equilibrium time which was
related to film thickness, log Koa, and wind speeds; (d) to convert the gas-phase air
concentrations of OPEs from window film; and (e) to understand the suitability of

window film as a PAS for OPEs.

2. Materials and methods

2.1. Sample collection and analysis
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The collection and extraction of film samples have been described in previously
published articles (Huo et al., 2016, Huo et al., 2019). A detailed description of the
sampling site can be found in Supporting Information (SI) Table S1. The sampling
campaign was performed weekly in winter (N = 26) and summer (N = 38) at a gym
(Building A) and teaching building (Building B) of a university campus in Harbin, China.
These buildings were centrally heated, which had fewer window opening periods, hence
less influence from outdoor OPEs on indoor levels. All window glasses were pre-cleaned
prior to the sampling campaign. The samples were collected with the film growth of
7~77 days in the two buildings. The sampling windows are located in the lobby, and
they consist of a row of floor-to-ceiling windows that cannot be opened. When the door
is open, air circulates, and the frequency of opening the door in the summer is more than
in the winter. Before sampling, Kimwipes (Kimberly Clark, Rosewell, GA) were cleaned
by Soxhlet extraction with a mixture solution (1:1, v/v) of acetone and hexane (J.T.
Baker, Phillipsburg, NJ). The pre-cleaned Kimwipes were placed in a desiccator for 48
hours and weighed before and after sampling. To avoid contamination, the sampling area
(0.5 to 1.5 m?) was 10 cm away from the window frame. The pre-cleaned Kimwipes
were wetted with ethanol and wiped three times over the sampling area. The collected
sample was placed in a glass jar and kept at —20 °C until analysis. Measurements of

indoor temperature and humidity were listed in Table S1.

A known amount of the surrogate standards comprising tri-n-butyl phosphate-D27

(TNBP-D27) and TPHP-D1s (Chiron AS, Norway) was injected into the film sample
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before extraction. The sample was extracted three times with a mixture of 40 mL acetone
and dichloromethane (1:1 v.v., J.T. Baker, Phillipsburg, NJ) by shaking, then
concentrated to 1 mL using a rotary evaporator and nitrogen blowdown. Finally,

isooctane (1.0 mL) (J.T. Baker, Phillipsburg, NJ) was added as a keeper solvent.

The instrument method was described in the previous literature (Sun et al., 2019).
Details of the 12 target compounds are provided in Table S2. In summary, the target
OPEs in the indoor window film samples were separated on a DB-5MS column (30 m x
0.25 mm x 0.25 um, J&W Scientific) employing split-less injection using an Agilent
6890 series gas chromatography system with a model 5975B mass selective detector.
The oven program started at 90 °C, held for 1.25 min, then escalated by 10 °C/min to

240 °C, then 20 °C/min to 310 °C, held for 16 min.

2.2. Quality assurance and quality control

Eight indoor window film samples were treated in batches, along with two procedural
blanks and two procedure spikes. Procedural blanks were brought to the sampling site,
exposed to air during sampling, and treated as actual samples. tri-iso-propyl phosphate
(TIPP), tripropyl phosphate (TPrP), tripentyl phosphate (TPeP), and TDCPP were not
detected in procedural blanks (n = 16), whereas the other OPEs were found at low levels
(Table S3). The average procedure blanks values were used to blank-correct the final
concentrations of OPEs in window film samples. Spike recovery rates ranged from 71%
to 113% on average. The average surrogate recovery varied from 74% to 94%, which

was considered acceptable. Hence the OPE concentrations were not modified for
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recovery. The method detection limit (MDL) was calculated using the mean blank value
plus three times the standard deviation (Table S3). If no OPE was found in the blanks,
the MDL was substituted with the instrument detection limit (IDL), which was specified
as the signal-to-noise ratio of 10:1. If the concentrations were lower than MDL, a value
of half MDL was applied. The data was statistically analyzed using the SPSS statistical
program (version 22.0). Furthermore, the statistical analysis was performed on the

analytes with a detection frequency > 50%.

Concentrations of OPEs can be calculated by dividing the mass of OPEs by the
sampling area (ng/m? film), the weight of window film (ug/g film), and the volume of
window films (g/m?® film), respectively. The mass of the window film sample was
calculated by weighing the mass of the Kimwipe before and after sampling conditioned
at constant temperature and humidity. The volume of the film was calculated by
multiplying the sample area by the thickness of the film, which is estimated using

equation S6 in Text S2 in SI.
2.3. Calculation of the equilibrium time between window film and air

Terzaghi et al. converted outdoor window film to atmospheric PAH concentrations
(Terzaghi et al., 2015). Here, a similar procedure is applied to estimate the indoor air
concentrations of OPEs by using the film concentrations. In general, a chemical (such
as OPE) uptake by a PAS (such as indoor window film) is initially linear, then enters
the curve phase, and finally reaches equilibrium between sorbing medium and air

(Shoeib and Harner 2002). The sampling times (t) taken to achieve 25% (t2s) and 95%

-9-
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(tos) of the conditions of equilibrium between window film and indoor air indicate
different stages of uptake for the chemical, i.e., the equilibrium phase when t > tgs, the
curvilinear stage when tos < t < tgs, and the linear uptake region if t < tos. Values of t2s
and tos can be further calculated by 0.29/ky and 3/ku, respectively, where ku is the rate
constant for uptake (h™?). The value of ku was calculated using the following equation

(Shoeib and Harner 2002, Csiszar et al., 2012, Wang et al., 2017, Yang et al., 2018),

Ky =Ka ! (Ke_a X ) (1
where k4 is the air-side mass transfer coefficient (m/h) which varies with wind speeds
(Diamond et al., 2001), the length of the surface in the direction of the wind (Diamond
et al., 2001), and chemical molecular weight (MW) (Terzaghi et al., 2015) (For more
details see SI, Text S1), dpu is the thickness of the window film (m), and Kr.4 is the
partition coefficient of film-air (dimensionless) which was derived from partition
coefficient of octanol-air (Koa) as follows (Csiszar et al., 2012),

logKrp_4 = 1.1 X log Kp4 — 0.54 2)
and log Koa can be calculated as (Wang et al., 2017),

logKpy = A+ B/T 3)
where the value of intercepts (4) and slope (B) are listed in Table S2, T is the
temperature (K) at the time of sampling.

2.4. Conversion of gas-phase OPE concentration

When the airborne phase and film phase has reached equilibrium conditions, the

-10-
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concentrations of gas-phase OPEs can be estimated using the following equation

(Genualdi and Harner 2012, Terzaghi et al., 2015):

C,=C./K._, )

where Cy is the concentration of OPEs in gas phase air (ng/m’ air), Cr is the
concentration of OPEs in the window film (ng/m’ film), and Kr.4 is given by

Equation (2).

When equilibrium was not reached, the concentration of gas-phase OPEs was
estimated using the following equation (Genualdi and Harner 2012, Terzaghi et al.,

2015),

Cp=Cr TKe_y x(I- exp- (Ku/ Gy Ke_p)x1) ©)

where ¢ is the sampling time (h).

3. Results and discussion

3.1. The concentrations of OPEs in the indoor window films

There are three expressions of the concentrations of OPEs in window film, including
mass per unit area (ng/m? film), mass per unit volume (g/m® film), and mass per unit
film mass (ug/g film). The mass per unit area reflects the total amount of OPEs
accumulated on the film throughout the exposure time. In contrast, the mass per unit film
mass reflects the concentrations of OPEs associated with available window film. The
concentrations of OPEs in window films are summarized in Table 1 (ng/m?), Table S4a

(ug/g), and Table S4b (g/m®). The area-normalized concentration and fraction of OPEs
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are shown in Fig. S1 and Fig. S2, respectively. Except for TIPP and TPeP, which were
not found in any samples and are thus removed from the following discussion, most

OPEs showed high detection frequencies ranging between 71% and 100%.

In winter, the dominant OPEs was TCEP, with median value of 18.1 ng/m? (4.31 pg/g),
accounting for 15% of OPEs, followed by TPHP (14.8 ng/m?, 3.16 ug/g, 13%) and TCPP
(14.2 ng/m?, 3.16 ug/g, 12%). TCEP and TCPP are widely used as flame retardants in
industrial and household products, such as automobile accessories, electronic devices,
upholstery foam, bed mattresses, and toys (Zhang et al., 2016, Chen et al., 2019). TCEP
and TCPP are chlorinated OPEs that were proposed to be more persistent than non-
chlorinated OPEs (Suhring et al., 2016). The winter compositional profile of OPEs is
comparable to that of skin wipes (Liu et al., 2017), suspended particulate matter (Yang

et al., 2014), and dormitory dust (Sun et al., 2019).

In summer, the composition of OPEs differed from that of winter (Fig. S2), showing
that TNBP was the most abundant OPEs with a median value of 18.9 ng/m? (3.81 pg/g,
20%) in summer, followed by TCEP (10.5 ng/m? 3.33 pg/g, 18%) and tris(2-
butoxyethyl) phosphate (TBEP) (10.1 ng/m?, 2.30 pug/g, 12%). As most non-halogenated
OPEs, TNBP and TBEP are employed as plasticizers and lubricants, as well as flame
retardants for plastics, rubber, and foam (Salamova et al., 2013). Chlorinated OPEs
(TCEP, TCPP, TDCPP) account for 36% and 30% of the total OPEs in winter and
summer, respectively. TCEP was the most prevalent chlorinated OPEs, accounting for
almost 48% and 44% of the total chlorinated OPEs in winter and summer, respectively.

-12-



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

Since these are indoor samples, this seasonal difference could be due to the differentiated

evaporation (from sources) and partition of the window films at different temperatures.

An overview of the recently published literature on OPEs is presented in Table S5.
The extremely high concentrations of TCEP, TCPP, and TDCPP (927 ng/m?, 1740 ng/m?,
and 25300 ng/m?, respectively) were found in gymnastics studios before removing foam
blocks (Ceballos et al., 2018). Compared to the profile of this study, TDCPP was
generally the dominating chlorinated OPEs in gymnastics studios (Ceballos et al., 2018),
and in homes from the USA and the Czech Republic, and Canada (VVykoukalova et al.,
2017). The concentration of TDCPP in gymnastics studios was higher than in this study,
which could be due to TDCPP being used in PUF (La Guardia and Hale, 2015). In
addition, TCPP was the most abundant compound in the home in the Czech Republic
(Vykoukalova et al., 2017) and Beijing (Lv et al., 2022), and preschool in Sweden
(Persson et al., 2018). Furthermore, in the current investigation, the total amounts of all
chlorinated OPEs (37.7 and 23.8 ng/m? in winter and summer, respectively) were lower
than those from households in China (112 ng/m?) (Li et al., 2019), USA (181 ng/m?),
Canada (153 ng/m?) and Czech Republic (626 ng/m?) (VVykoukalova et al., 2017) but
higher than preschools in Sweden (9.4 ng/m?) (Persson et al., 2018). This disparity could
be attributed to room type and differences in usage patterns between countries. For non-
chlorinated OPEs, concentrations of tri-iso-butyl phosphate (TiBP) (12.7 and 8.76 ng/m?
in winter and summer, respectively) in the current study were almost ten times lower

than the results from the home samples (108 ng/m?) in the same city (Li et al., 2019),
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which might be attributed to more furniture and electronics in homes than in campus
buildings. The concentrations of TBEP in winter and summer (7.77 and 10.1 ng/m?,
respectively) were up to 300 and 200 times lower than those reported in Li et al (Li et
al., 2019). TBEP is typically used for floor polishing and waxing, which were not used
in our sampling site. The levels of TNBP in winter and summer (10.9 and 18.9 ng/m?,
respectively) were higher than those observed in Sweden (< 1.4 ng/m?) and the USA
(8.65 ng/m?), but lower than in Canada (29.8 ng/m?) and the Czech Republic (72.6
ng/m?). Therefore, the majority of the OPEs determined in this research from campus

buildings could be considered lower than those reported in previous studies.

Indoor mass-normalized concentrations have been reported for some compounds,
such as PBDEs (Li et al., 2010), PAHs (Pan et al., 2012), and polar organic compounds
(such as n-alkane and terpene) (Liu et al., 2003). However, as we are aware, data on the
mass-normalized concentrations for OPEs in indoor window films have not been
reported in the literature. Except for TCPP and TPHP, the mass-normalized
concentrations in winter and summer were comparable in this study. The concentrations
of OPEs in inner windowsill dust in Guangzhou, China (Tang et al., 2020) were also

listed in Table S5, which showed lower concentrations than in this study.

3.2. Accumulation of OPEs in window film

The total area-normalized concentrations of OPEs (ng/m?) were plotted against the
growth day, as shown in Fig. 1A and Fig. 1C. Significant correlations (Pearson

correlation p < 0.05) were found between the OPE concentrations and the film growth
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day, with the correlation coefficients () of 0.88 and 0.72 for winter and summer,
respectively. The increasing linear trends of OPE mass in the sampling area were
consistent with that of other classes of chemicals such as PCBs (Wu et al., 2008), PAHs
(Pan et al., 2012, Huo et al., 2019), and PAEs (Huo et al., 2016), except for PBDEs (Li

et al., 2010).

There was limited information about the temporal trends of the mass-normalized
concentrations of OPEs in the window film. Fig. 1B and Fig. 1D, for winter and summer,
respectively, showed that the mass-normalized concentrations of OPEs (ug/g) decreased
over time, but the trends were not significant (p > 0.05). This phenomenon occurred
because the accumulation of OPEs in the film could be slower than the growth of the
window film. In this study, the doubling times of the weight of the window film were
estimated at 16-18 days, lower than that of OPE concentrations (ng/m?) with values of
27-28 days. A previous study reported the mass composition of urban window film in
downtown Toronto, in which inorganic compounds accounted for almost 94% and
organic carbon for approximately 5% (Lam et al., 2005). These urban window films
were collected from the outdoor windows, thus quite different from the indoor window
films, which have higher organic contents. The mass of OPEs merely occupied a small
percentage of the window films, and the disparity between organic contents and
inorganic contents increased over time, as shown in Fig. 1B and Fig. 1D. However, it is
possible that the mass-normalized concentrations of OPEs did not change much over

time.
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Spearman correlation analysis was carried out between the concentration (ng/m?) of
individual OPE compounds and the influencing parameters, such as the growth days of
window film, the film thickness, indoor temperature, and humidity (Table S6). Except
for TCEP (r = 0.25, p > 0.05), there were significant correlations between the log-
transformed concentration (ng/m?) of individual OPE and the growth days of window
film (> 0.50, p < 0.01). Other than TiBP, TNBP, and TCEP, the remaining OPEs have
shown positive associations between the concentrations and the thickness of the window
film (p < 0.05 or p < 0.01). There were positive and significant correlations between
indoor temperature and concentrations of two OPEs, i.e. TPrP (»r = 0.44, p < 0.05) and
TDCPP (r = 0.48, p < 0.05). Furthermore, negative and significant correlations between
indoor humidity and concentrations of three OPEs were discovered: TNBP (r=-0.42, p
<0.05), TDCPP (r =-0.53, p < 0.01) and 2-ethylhexyl diphenyl phosphate (EHDPP)(r
=-0.53, p <0.01). This phenomenon suggests that moisture in the film may impact the
equilibrium behaviors of OPEs. In general, the area-normalized concentrations of the
majority of OPEs in window film exhibited linear growth patterns that were strongly

influenced by the film growth time, followed by the film thickness.

Significant differences were found when the concentrations of TNBP, TCPP, and
TPHP were compared between winter and summer (Mann-Whitney test, p < 0.01).
Accordingly, the studied OPEs can be classified into two groups. The first group
includes TCPP and TPHP with significantly higher (p < 0.05) concentrations (14.2 and

14.8 ng/m?) in winter than those in summer (4.60 and 3.74 ng/m?). This significant

-16 -



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

difference could be attributed to the higher concentrations of TCPP and TPHP in the
indoor environment due to poorly ventilated circumstances during the cold winter period
in Northeast China. All other OPEs are in the second group, which had lower
concentrations in winter than in summer. For example, TNBP had a significantly lower
concentration in winter (10.9 ng/m?) than in summer (18.9 ng/m?). According to Wong
et al., several OPEs, including TNBP, in outdoor air have seasonal features, with
concentrations increasing with ambient temperature (\Wong et al., 2018). Therefore, it is
reasonable to conclude that more frequent ventilation and higher temperatures in
summer than in winter have made outdoor air a significant source of some OPESs to the

indoor window film, resulting in higher TNBP concentrations in summer than in winter.

EHDPP was the only compound that significantly differed between the two buildings.
The concentration of EHDPP with the median value of 10.5 ng/m?was higher in building
A than that in building B (6.12 ng/m?). EHDPP is widely utilized as a plasticizer and
flame retardant in a variety of products, including Polyvinyl chloride (PVVC), rubber, and
food packaging (Shen et al., 2019). Therefore, we speculated that the emissions from
numerous fitness equipment which were made of PVC materials in building A were the
primary reasons for this variation. The upper and bottom window film samples did not
differ significantly. Furthermore, a significant difference in TCEP and TPHP
concentrations and temperature during wintertime was identified in different
orientations of the windows in building B, which may be related to photodegradation

(Bollmann et al., 2012). In conclusion, indoor temperature, humidity, ventilation,
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photodegradation, the presence of fitness equipment, and seasonal fluctuations all

influenced the levels of the majority of OPEs in the window films.

3.3. Equilibrium time between window film and air

Based on equation (1) - (3), to5 of each OPE under each sampling event in winter (7
sampling times) and summer (11 sampling times) are shown in Fig. 2 and Table S7. If
to5 1S lower than sample time (t), OPE levels in window film have reached equilibrium
within the sampling time. TPrP, TiBP, TNBP, and TCEP levels reached equilibrium
during each sampling event in winter (Fig. 2a and Table S7). On the other hand, the zos
values of TBEP, EHDPP, and TEHP were higher than all sample times, indicating that
these compounds remained in the active uptake phase throughout the sampling periods.
TDCPP and TPHP can only reach equilibrium in building A during the fifth week
(sample ID: W-A-L05), with tos values of 523 hours and 747 hours, respectively, shorter
than the sampling time (5 weeks = 840 hours). It is worth noting that the sample W-A-
LO5 had a film thickness of 1.8 nm and an indoor temperature of 298.15 k (25°C). When
all other factors remained constant, thinner film thickness and higher temperature for
this sample resulted in a small value of o5, according to equations (1) to (3). For TCPP,

some occasional equilibrium can be observed with different sampling times.

For summer samples, TPrP, TiBP, TNBP, and TCEP had reached equilibrium within
each sampling time which was consistent with that of winter. Levels of TCPP had
reached equilibrium at all sampling sites (Fig. 2b and Table S7), which were slightly

inconsistent with that of winter. TDCPP, TBEP, TPHP, EHDPP, and TEHP reminded at
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equilibrium conditions for a few sampling points during the summer, which may be
attributed to the lower film thickness and higher temperature during those sampling
events. For TPrP, TiBP, TNBP, and TCEP in both winter and summer, the log Koa
values were less than 9.28 (TCEP at 276.15K), which was one of the key parameters
impacting the equilibrium conditions. In comparison, our findings were consistent with
previous studies. It was proposed, for example, that OPEs with log Koa < 8 would have
reached equilibrium (\VVykoukalova et al., 2017). The log Koa of PAHs < 12 reached
equilibrium by 11 weeks (Huo et al., 2019). PCB28 (log Koa = 7.86) and PCB180 (log
Koa = 10.2) approached equilibrium within hours and days, respectively (Csiszar et al.,
2012). The compound with log Koa < 8 in 100 nm ethylene vinyl acetate (EVA) synthetic

film practically soon reaches equilibrate conditions (Genualdi and Harner 2012).

Because the equilibrium times of OPEs were significantly influenced by the film
thickness, it is essential to model the growth of film thickness and to understand the
relationship between the equilibrium times of OPEs and the film thickness, as described
in Text S2. Generally, the film thickness obtained in this study was comparable with that
obtained from the multicomponent partitioning model (Weschler and Nazaroff, 2017)
and other studies (Liu et al., 2003, Li et al., 2010). Fig. 3 depicts log Koa of OPEs as a
function of film growth rate when the equilibrium conditions are reached based on
equations 1-2, which suggests that the equilibrium can be reached for higher log Koa
OPEs at a slower film growth rate. As the film growth rate increased, a lower log Koa

value would be required to reach equilibrium. For a compound to reach equilibrium
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would require the log Koa to be less than 10.85 for a higher film growth rate (> 0.50
nm/day). For the lower film growth rate (0.01 nm/day), the log Koa should be less than
12.39 to reach equilibrium. Mann—Whitney test suggested that no significant difference
was observed in film growth rate during winter and summer with the values of 0.13 +
0.07 and 0.12 £+ 0.06 nm/day, respectively (p = 0.85). Under this circumstance, OPEs

with log Koa less than 11.5 can reach equilibrium between indoor window film and air.

3.4. Uncertainty and sensitivity analysis of equilibrium time

Based on the foregoing discussion, it was concluded that the equilibrium condition
between window film and indoor air was strongly affected by the film thickness and log
Koa of the OPEs. When predicting the equilibrium time for specific OPEs, there were
uncertainties related to film thickness growth and changes in the indoor environment,
such as temperature. To the best of our knowledge, no studies had evaluated the
uncertainty and sensitivity of these parameters on the equilibrium time of OPEs in the

window film based on the Monto Carlo simulation.

From equation (1)-(3) and equation (S1)-(S3), the equilibrium time was associated
with temperature and film thickness. These data were used as the inputs to perform the
Monto Carlo simulation (Fig. S3 to Fig. S5). Briefly, all targeted OPEs were divided into
two groups. Group 1 includes TPrP, TiBP, TNBP, and TCEP which have lower MW and
low log Koa [224 (TPrP) < MW < 286 (TCEP) and 6.5 (TPrP, calculated at 26°C) < log
Koa < 9.3 (TCEP, at 3°C)], while Group 2 contains the remain compounds (TCPP,

TDCPP, TBEP, TPHP, EHDPP, and TEHP [328 (TCPP) < MW <435 (TEHP) and 9.6
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(TCPP, at 26°C) < log Koa < 13.0 (TEHP, at 3°C)]. According to Fig. S3, the degree of
uncertainty for temperature and thickness to the equilibrium time can be evaluated. For
example, the film thickness was the most sensitive parameter for Group 1, which
contributed to a variance between 52% and 60%. Differently, the most uncertain input
was the ambient temperature for Group 2, which contributed to 53—63% of the variance.
As shown in Fig. S4, the correlation coefficients between each input and the equilibrium
time were carried out by the Monte Carlo Simulation. For Group 1, the temperature was
the most influential input, with the correlation coefficients ranging between 0.61 and
0.67. However, the film thickness posed the most sensitive influence on the equilibrium
time in Group 2, with the correlation coefficients in the range of -0.47 to -0.50. The film
thickness positively correlated with the model output, while the temperature showed a
negative correlation. The uncertainty to the equilibrium time for temperature and
thickness with one standard deviation (= SD) change was shown in Fig. S5. Huge
changes in equilibrium time were observed for Group 2, suggesting that the equilibrium
time of the OPEs with higher log Koa and MW was strongly affected by small changes

in the film thickness and indoor temperature.

Furthermore, based on equations (1) - (3) and S1-S3, equilibrium time can also be
determined by the air-side mass transfer coefficient (ka, m/h), temperature, and window
film thickness. Meanwhile, k4 was calculated using wind speeds (Harner et al., 2003,
Cousins 2012, Pan et al., 2018) (the wind speed values from the published paper are

listed in Table S8), length of the passive sampler, and chemical MW. In other words,
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how the temperature, window film thickness, and wind speed affected the output and
contributed to variance can be evaluated through the Monto Carlo simulation (Fig. S6 to
Fig. S8). As shown in Fig. S6, the wind speed, thickness, and temperature almost each
accounted for one-third contribution to the whole output in Group 1. The wind speed
was the most sensitive variable among the three inputs, contributing to 40% of the total
variance, followed by indoor temperature (32% - 39%) and film thickness (30% - 33%)).
For Group 2, the most uncertain input was the temperature which contributed to 56— 64%
of the variance, followed by the wind speed and thickness. The correlation coefficients
among the three inputs and the equilibrium time are shown in Fig. S7. It should be
pointed out that the film thickness was the most sensitive input in Group 1, with the
correlation coefficients ranging from 0.38 to 0.42, followed by indoor temperature and

wind speed.

Meanwhile, the thickness showed positive correlations with the equilibrium time,
while temperature and wind speed showed negative correlations for the whole output.
The uncertainty for each input with one standard deviation (+SD) change to the
equilibrium time is shown in Fig. S8. A similar statement can be made that the
equilibrium time for OPEs with higher log Koa and MW was more sensitive to a slight

change in wind speed, thickness, and temperature.

3.5. Conversion of air concentration based on the theoretical approach

First, it was determined whether the targeted OPEs had reached the equilibrium stage

(t > tos, tos=3/ku) using Equations 1-3 and S1-S3. A detailed description of the
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equilibrium times is available in Table S7. And then, the gas-phase concentrations can
be calculated using Equation 4 (equilibrium) or 5 (non-equilibrium) from the volume-
normalized concentrations in the film (g/m3, see Fig. S4b). The predicted gas-phase
concentrations (PECs) of OPEs are listed in Table S9, along with the vapor-phase OPE
concentrations from other literature. The estimated concentrations of TPrP, TiBP, TNBP,
and TCEP were lower in winter than in summer, which is reasonable as levels of these
lower MW OPEs in the air are sensitive to ambient temperature (\Wong et al., 2018). For

the remaining OPEs, the concentrations in winter were comparable to those in summer.

Compared to the OPEs concentrations captured by PASs in other published literature,
the predicted concentrations of TnBP and TCEP in summer were consistent with those
measured in the United States, Canada, and the Czech Republic (\VVykoukalova et al.,
2017). The predicted values of TPHP, EHDPP, and TEHP in both winter and summer
were one order of magnitude lower than the measured concentrations from the United
States, Canada, and Czech Republic (Vykoukalova et al., 2017), and China (Li et al.,
2019). In comparison, EHDPP and TEHP were not detected in those papers which use
active samplers (Bergh et al., 2011, Bergh et al., 2011, Luongo and Ostman, 2016, Xu
et al., 2016, Tao et al., 2019). Concentrations of TiBP, TNBP, and TCEP in this study
were comparable with the values from Sweden (Bergh et al., 2011, Bergh et al., 2011,

Luongo and Ostman, 2016, Tao et al., 2019) and Norway (Xu et al., 2016).

Since the window film lacks the corresponding gas-phase OPE concentrations in this
study, paired data on window film and passive air from the previous study (\VVykoukalova
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494

et al., 2017) was selected to verify whether the theoretical approach is suitable for the
conversion of OPE concentrations from the window film to gas-phase air. Detailed
information about the concentrations, equilibrium time, film thickness, temperature, et
cetera is provided in Text S3. Briefly, passive air and indoor window film samples (63
paired) in the same room were collected simultaneously for OPEs for 28 days in the
Czech Republic, the United States, and Canada in 2013 (VVykoukalova et al., 2017). As
shown in Table S10, only TNBP, TCEP, and TCPP have reached the equilibrium state

within 28 days.

The PEC was compared with the measured air concentration (MC) using PUF-PAS
(Vykoukalova et al., 2017). As shown in Fig. S9, the PEC of TNBP and TCEP were
nearly all higher than MC, with the ratio of PEC to EC ranging from 0.75 to 30. The
PECs of the remaining OPEs were lower than the MC, with the ratio in the range of 0.01-
0.37. The relationship between PEC/MC, MW, and log Koa (Fig. S11) shows that the
ratios of PEC to EC were greater than 1 when the log Koa ranged from 8 to 9 and MW
ranged from 260 to 290. Nevertheless, when the log Koa is in the range of 9-12 and MW

is in the range of 320-440, the ratio of PEC to EC is less than 1.

To summarize, indoor window film could be a PAS for quantitative analysis of some
OPEs in the indoor air. Meanwhile, the use of window film to quantify gas-phase OPE
concentrations can also lead to the overestimation of lower MW OPEs. There are
probably several reasons for this result. The overestimation of gas-phase concentrations
for lower MW OPEs could be because these lower MW OPEs can reach equilibrium
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much faster than the sampling time of the PUF-PASs. As discussed in the above section,
the equilibrium time varies by the selection of parameters, such as temperature, wind
speed, log Kr.a, and the window film thickness, which further affects the PECs. For
example, from equation 5 (non-equilibrium state), temperature and film thickness both
influence the predicted air concentrations. A universal (average) sampling rate was
applied in the previous study for all OPEs because of the lack of sampling rates for
certain OPEs (Vykoukalova et al., 2017). Therefore, using the same sampling rate
without considering the equilibrium conditions creates uncertainty in determining the
collected air volume for PUF-PAS, which affects the calculated OPE concentrations

(MC) in the indoor air.

4. Limitations and implications

There were several limitations of this study. First, this study lacks sampling of gas-
phase concentrations to evaluate the theoretical approach; instead, previously published
data were used, but a concurrent sampling of the gas phase with the indoor films would
provide more accurate estimates of the concentrations. There were uncertainties
associated with PASs as they capture both gas-phase and particle-phase compounds.
Second, as the Monte Carlo analysis identified, there was uncertainty in determining the
time to equilibrium for high MW OPEs for different temperatures and film thickness.
Therefore, accurate measurements of temperature and film thickness are required to
determine equilibrium conditions for high MW OPEs. Third, the equilibrium status of
the chemicals depends on the film development and the physical-chemical properties of
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OPEs. Therefore, the time to equilibrium was only calculated at the time of sampling
with a specific film thickness, suggesting that equilibrium conditions were different at

different sampling times.

We used the theoretical approach to convert the levels of OPEs in the indoor window
film into gas-phase concentrations. It is the first time that the equilibrium time of OPEs
between indoor window film and air was estimated in combination with uncertainty and
sensitivity analysis. Since indoor window film is very common, it could become a
convenient and economical passive sampler for future studies. Under the circumstance
of increasing usage and emissions of OPEs, most lower MW OPEs will stay in the indoor
air because of their short equilibrium time. With the film growth rate of 0.10 nm/day,
OPEs with log Koa greater than 11.5 would keep accumulating onto the indoor surfaces.
The study of the equilibrium condition of OPEs reveals the different fates of OPEs in
the indoor environment, which helps better understand the fate and transport of OPEs

indoors.
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Tables and figures

Table 1. The area-normalized concentrations of OPEs (in ng/m?) in indoor window films.

Compounds  Median Geomean 25" 750  DF% Median Geomean 25" 75" DF%
Winter (n=26) Summer (n=38)
TIPP nd nd nd nd 0 nd nd nd nd 0
TPrP 4.58 3.69 2.16 5.98 100 4.71 3.06 114 635 71
TiBP 12.6 10.0 532 168 96 8.76 114 489 179 97
TNBP 10.9 115 7.08 211 100 18.9 18.1 136 255 97
TCEP 18.1 18.3 13.8 25.7 100 10.5 14.0 691 222 97
TCPP 14.2 13.3 948 214 100 4.60 5.22 251 7.80 92
TPeP nd nd nd nd 0 nd nd nd nd 0
TDCPP 5.34 6.04 410 9.43 100 8.69 5.11 1.08 152 100
TBEP 7.77 7.92 433 125 96 10.1 12.1 414 243 71
TPHP 14.8 14.7 105 21.0 100 3.74 4.53 242 6.92 100
EHDPP 9.65 9.46 6.71 159 100 6.09 1.74 3.90 127 92
TEHP 6.95 5.23 3.57 10.8 100 4.30 5.91 326 7.87 92
>'OPEs 104 110 80.5 149 83 78.8 103 56.1 181 76
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