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ABSTRACT: The study of the fate of organophosphate esters (OPEs) in the interior 33 

environment is vital because of the growing use of OPEs. Organic films on glass are 34 

both sink and sources of indoor pollutants. Indoor window films have been employed as 35 

passive air samplers to collect OPEs in the indoor air. Nevertheless, little is known about 36 

the development and equilibrium condition of OPEs on indoor window films during the 37 

film formation process. In this study, the concentrations of twelve OPEs in indoor 38 

window films from different buildings on a university campus and the growth thickness 39 

of the films as a function of sampling time were investigated in different seasons. Ten 40 

out of the 12 OPEs were detected in window film with >50% frequency. Tris (2-41 

chloroethyl) phosphate (TCEP) and tris (1-chloro-2-propyl) phosphate (TCPP), which 42 

are chlorinated and toxic OPEs, were the dominant OPEs found in the winter. The 43 

majority of OPEs in window films exhibited linear growth patterns within 77 days. 44 

Temperature, humidity, ventilation, and seasonality all affected the concentrations of 45 

various OPEs in the window films. Low molecular weight OPEs, such as tri-n-butyl 46 

phosphate and TCEP, attained equilibrium between indoor air and window films within 47 

49 or 77 days. The indoor air concentrations of OPEs were estimated from their film 48 

concentrations based on the theoretical approach for the passive air sampler. In winter, 49 

the predicted gas-phase air concentrations of OPEs (3.7 ng/m3 for TECP) were 50 

significantly lower than or comparable to summer (11 ng/m3, p < 0.05). To the best of 51 

our knowledge, this is the first attempt to combine uncertainty and sensitivity analysis 52 

to understand the behaviors of OPEs in indoor film and air. 53 

Keywords: Indoor Film, OPEs, Equilibrium Time, Passive Air Sampler 54 

55 
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1. Introduction 56 

Organophosphate esters (OPEs) are a group of flame retardants and plasticizers 57 

widely used in polyurethane foam (PUF), furniture, plastics, textiles, electronic 58 

equipment, and food-wrapping film (Wei et al., 2015, Shoeib et al., 2019). With the 59 

phasing out of polybrominated diphenyl ethers (PBDEs), the production of OPEs has 60 

increased and accounted for 30% of the total global flame retardant demands in 2013 61 

(Shoeib et al., 2019). OPEs can leach into the environment through abrasion, dissolution, 62 

and volatilization (Kemmlein et al., 2003). OPEs were widely found in the atmosphere 63 

(Zhang et al., 2019), seawater (Hu et al., 2014), sediment (Zhong et al., 2018), indoor air 64 

(Kim et al., 2019), dust (Shoeib et al., 2019), window film (Vykoukalova et al., 2017, 65 

Persson et al., 2018), biota (Hallanger et al., 2015), human breast milk (Kim et al., 2014), 66 

and remote regions including the North Atlantic and Arctic (Suhring et al., 2016, Li et 67 

al., 2017). 68 

On a regular basis, humans are exposed to OPEs through inhalation, ingestion, and 69 

dermal contact. Recent risk assessments of OPEs confirmed their harmful impacts on 70 

human health, including carcinogenic, teratogenic, neurotoxic, and metabolic toxicity 71 

(Greaves and Letcher 2017). There are significant concerns regarding chlorinated OPEs, 72 

of which tris (1-chloro-2-propyl) phosphate (TCPP) and tris (1,3-dichloro-2-propyl) 73 

phosphate (TDCPP) have been linked to carcinogenic effects (Ni et al., 2007); and tris 74 

(2-chloroethyl) phosphate (TCEP) has been linked to adverse health effects of hemolysis 75 

and reproduction (Zhang et al., 2019). Non-chlorinated OPEs such as triphenyl 76 
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phosphate (TPHP) have been demonstrated to disrupt hormone levels and lower male 77 

sperm quality (Meeker and Stapleton 2010).  78 

Pollution in the indoor environment is an important factor affecting human health 79 

because humans usually spend around 90% of their time indoors (Mitra and Ray 1995). 80 

The window film can be considered a dynamic absorption model to collect both gas-81 

phase and particle-phase air pollutants for a given period. Window films being 82 

oily/sticky in nature, especially on the floor-to-ceiling windows, would also capture fine 83 

particles that could be suspended in the indoor air with walking or other indoor activities. 84 

The window film accumulates various types of organic contaminants, including 85 

polycyclic aromatic hydrocarbons (PAHs) (Terzaghi et al., 2015), phthalates (PAEs) 86 

(Huo et al., 2016), polychlorinated biphenyls (PCBs) (Wu et al., 2008), PBDEs (Cetin 87 

and Odabasi 2011), and OPEs (Vykoukalova et al., 2017).  88 

Window films are typically quite a relevant part of indoor fate models, which can 89 

provide a valuable understanding that can help better parameterize models. Recently 90 

published articles on the equilibration time of Semi-Volatile Organic Compounds 91 

(SVOCs) in window film mainly focused on the influence of octanol-air partition 92 

coefficients (KOA). Weschler et al. established a model which predicted that SVOCs with 93 

lower log KOA values (in the range of 10-13) would equilibrate between the gas phase 94 

and the surface film more quickly (Weschler and Nazaroff 2017). Li et al. proposed that 95 

SVOCs with log KOA less than eight or greater than 11 were not at the equilibrium state 96 

between air and window films (Li et al., 2019). Vykoukalova et al. suggested that OPEs 97 
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with log KOA less than 12 can reach equilibrium between air and window films 98 

(Vykoukalova et al., 2017). In our previous study, the time required to reach equilibrium 99 

was calculated for PAH, which showed that when the window film is thinner (4 nm), a 100 

shorter equilibration time (<7 days) was required for PAHs with a lower log KOA of less 101 

than 10.6 (Huo et al., 2019).  102 

Based on the passive air sampler (PAS) theory, Terzaghi et al. converted PAH 103 

concentrations in the outdoor window films into atmospheric concentrations, with the 104 

equilibration times calculated using measured temperature, wind speed, and other 105 

parameters (Terzaghi et al., 2015). However, there is a lack of sensitivity and uncertainty 106 

analyses on modeling the equilibrium time of SVOCs in window film. The equilibrium 107 

conditions of OPEs in the indoor window film and the utility of the window film as a 108 

passive sampler for OPEs are not well studied. As with other SVOCs, the role of the 109 

indoor window film in the distribution of OPEs could be crucial. Therefore, the 110 

objectives of this study are (a) to investigate the accumulative characteristics of OPEs in 111 

window films; (b) to estimate the equilibrium time between window film and air; (c) to 112 

explore the sensitivity and uncertainty of estimating the equilibrium time which was 113 

related to film thickness, log KOA, and wind speeds; (d) to convert the gas-phase air 114 

concentrations of OPEs from window film; and (e) to understand the suitability of 115 

window film as a PAS for OPEs. 116 

2. Materials and methods 117 

2.1. Sample collection and analysis  118 
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The collection and extraction of film samples have been described in previously 119 

published articles (Huo et al., 2016, Huo et al., 2019). A detailed description of the 120 

sampling site can be found in Supporting Information (SI) Table S1. The sampling 121 

campaign was performed weekly in winter (N = 26) and summer (N = 38) at a gym 122 

(Building A) and teaching building (Building B) of a university campus in Harbin, China. 123 

These buildings were centrally heated, which had fewer window opening periods, hence 124 

less influence from outdoor OPEs on indoor levels. All window glasses were pre-cleaned 125 

prior to the sampling campaign. The samples were collected with the film growth of 126 

7~77 days in the two buildings. The sampling windows are located in the lobby, and 127 

they consist of a row of floor-to-ceiling windows that cannot be opened. When the door 128 

is open, air circulates, and the frequency of opening the door in the summer is more than 129 

in the winter. Before sampling, Kimwipes (Kimberly Clark, Rosewell, GA) were cleaned 130 

by Soxhlet extraction with a mixture solution (1:1, v/v) of acetone and hexane (J.T. 131 

Baker, Phillipsburg, NJ). The pre-cleaned Kimwipes were placed in a desiccator for 48 132 

hours and weighed before and after sampling. To avoid contamination, the sampling area 133 

(0.5 to 1.5 m2) was 10 cm away from the window frame. The pre-cleaned Kimwipes 134 

were wetted with ethanol and wiped three times over the sampling area. The collected 135 

sample was placed in a glass jar and kept at –20 ℃ until analysis. Measurements of 136 

indoor temperature and humidity were listed in Table S1. 137 

A known amount of the surrogate standards comprising tri-n-butyl phosphate-D27 138 

(TNBP-D27) and TPHP-D15 (Chiron AS, Norway) was injected into the film sample 139 
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before extraction. The sample was extracted three times with a mixture of 40 mL acetone 140 

and dichloromethane (1:1 v.v., J.T. Baker, Phillipsburg, NJ) by shaking, then 141 

concentrated to 1 mL using a rotary evaporator and nitrogen blowdown. Finally, 142 

isooctane (1.0 mL) (J.T. Baker, Phillipsburg, NJ) was added as a keeper solvent.  143 

The instrument method was described in the previous literature (Sun et al., 2019). 144 

Details of the 12 target compounds are provided in Table S2. In summary, the target 145 

OPEs in the indoor window film samples were separated on a DB-5MS column (30 m × 146 

0.25 mm × 0.25 um, J&W Scientific) employing split-less injection using an Agilent 147 

6890 series gas chromatography system with a model 5975B mass selective detector. 148 

The oven program started at 90 ℃, held for 1.25 min, then escalated by 10 ℃/min to 149 

240 ℃, then 20 ℃/min to 310 ℃, held for 16 min.  150 

2.2. Quality assurance and quality control  151 

Eight indoor window film samples were treated in batches, along with two procedural 152 

blanks and two procedure spikes. Procedural blanks were brought to the sampling site, 153 

exposed to air during sampling, and treated as actual samples. tri-iso-propyl phosphate 154 

(TIPP), tripropyl phosphate (TPrP), tripentyl phosphate (TPeP), and TDCPP were not 155 

detected in procedural blanks (n = 16), whereas the other OPEs were found at low levels 156 

(Table S3). The average procedure blanks values were used to blank-correct the final 157 

concentrations of OPEs in window film samples. Spike recovery rates ranged from 71% 158 

to 113% on average. The average surrogate recovery varied from 74% to 94%, which 159 

was considered acceptable. Hence the OPE concentrations were not modified for 160 
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recovery. The method detection limit (MDL) was calculated using the mean blank value 161 

plus three times the standard deviation (Table S3). If no OPE was found in the blanks, 162 

the MDL was substituted with the instrument detection limit (IDL), which was specified 163 

as the signal-to-noise ratio of 10:1. If the concentrations were lower than MDL, a value 164 

of half MDL was applied. The data was statistically analyzed using the SPSS statistical 165 

program (version 22.0). Furthermore, the statistical analysis was performed on the 166 

analytes with a detection frequency > 50%.  167 

Concentrations of OPEs can be calculated by dividing the mass of OPEs by the 168 

sampling area (ng/m2 film), the weight of window film (μg/g film), and the volume of 169 

window films (g/m3 film), respectively. The mass of the window film sample was 170 

calculated by weighing the mass of the Kimwipe before and after sampling conditioned 171 

at constant temperature and humidity. The volume of the film was calculated by 172 

multiplying the sample area by the thickness of the film, which is estimated using 173 

equation S6 in Text S2 in SI.   174 

2.3. Calculation of the equilibrium time between window film and air 175 

Terzaghi et al. converted outdoor window film to atmospheric PAH concentrations 176 

(Terzaghi et al., 2015). Here, a similar procedure is applied to estimate the indoor air 177 

concentrations of OPEs by using the film concentrations. In general, a chemical (such 178 

as OPE) uptake by a PAS (such as indoor window film) is initially linear, then enters 179 

the curve phase, and finally reaches equilibrium between sorbing medium and air 180 

(Shoeib and Harner 2002). The sampling times (t) taken to achieve 25% (t25) and 95% 181 
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(t95) of the conditions of equilibrium between window film and indoor air indicate 182 

different stages of uptake for the chemical, i.e., the equilibrium phase when t ≥ t95, the 183 

curvilinear stage when t25 < t < t95, and the linear uptake region if t ≤ t25. Values of t25 184 

and t95 can be further calculated by 0.29/kU and 3/kU, respectively, where kU is the rate 185 

constant for uptake (h-1). The value of kU was calculated using the following equation 186 

(Shoeib and Harner 2002, Csiszar et al., 2012, Wang et al., 2017, Yang et al., 2018),   187 

/ ( )U A F A bulkk k K −=                       (1) 188 

where kA is the air-side mass transfer coefficient (m/h) which varies with wind speeds 189 

(Diamond et al., 2001), the length of the surface in the direction of the wind (Diamond 190 

et al., 2001), and chemical molecular weight (MW) (Terzaghi et al., 2015) (For more 191 

details see SI, Text S1), δbulk is the thickness of the window film (m), and KF-A is the 192 

partition coefficient of film-air (dimensionless) which was derived from partition 193 

coefficient of octanol-air (KOA) as follows (Csiszar et al., 2012), 194 

   log𝐾𝐹−𝐴 = 1.1 × log𝐾𝑂𝐴 − 0.54                  (2) 195 

and log KOA can be calculated as (Wang et al., 2017), 196 

  log𝐾𝑂𝐴 = 𝐴 + 𝐵 𝑇⁄                        (3) 197 

where the value of intercepts (A) and slope (B) are listed in Table S2, T is the 198 

temperature (K) at the time of sampling.  199 

2.4. Conversion of gas-phase OPE concentration  200 

When the airborne phase and film phase has reached equilibrium conditions, the 201 
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concentrations of gas-phase OPEs can be estimated using the following equation 202 

(Genualdi and Harner 2012, Terzaghi et al., 2015): 203 

/A F F AC C K −=                           (4) 204 

where CA is the concentration of OPEs in gas phase air (ng/m3 air), CF is the 205 

concentration of OPEs in the window film (ng/m3 film), and KF-A is given by 206 

Equation (2).  207 

When equilibrium was not reached, the concentration of gas-phase OPEs was 208 

estimated using the following equation (Genualdi and Harner 2012, Terzaghi et al., 209 

2015), 210 

/ (1  exp )A F F A A bulk F AC C K k K t− −=  - - ( / )             (5) 211 

where t is the sampling time (h). 212 

3. Results and discussion 213 

3.1. The concentrations of OPEs in the indoor window films  214 

There are three expressions of the concentrations of OPEs in window film, including 215 

mass per unit area (ng/m2 film), mass per unit volume (g/m3 film), and mass per unit 216 

film mass (µg/g film). The mass per unit area reflects the total amount of OPEs 217 

accumulated on the film throughout the exposure time. In contrast, the mass per unit film 218 

mass reflects the concentrations of OPEs associated with available window film. The 219 

concentrations of OPEs in window films are summarized in Table 1 (ng/m2), Table S4a 220 

(µg/g), and Table S4b (g/m3). The area-normalized concentration and fraction of OPEs 221 
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are shown in Fig. S1 and Fig. S2, respectively. Except for TIPP and TPeP, which were 222 

not found in any samples and are thus removed from the following discussion, most 223 

OPEs showed high detection frequencies ranging between 71% and 100%.  224 

In winter, the dominant OPEs was TCEP, with median value of 18.1 ng/m2 (4.31 µg/g), 225 

accounting for 15% of OPEs, followed by TPHP (14.8 ng/m2, 3.16 µg/g, 13%) and TCPP 226 

(14.2 ng/m2, 3.16 µg/g, 12%). TCEP and TCPP are widely used as flame retardants in 227 

industrial and household products, such as automobile accessories, electronic devices, 228 

upholstery foam, bed mattresses, and toys (Zhang et al., 2016, Chen et al., 2019). TCEP 229 

and TCPP are chlorinated OPEs that were proposed to be more persistent than non-230 

chlorinated OPEs (Suhring et al., 2016). The winter compositional profile of OPEs is 231 

comparable to that of skin wipes (Liu et al., 2017), suspended particulate matter (Yang 232 

et al., 2014), and dormitory dust (Sun et al., 2019).  233 

In summer, the composition of OPEs differed from that of winter (Fig. S2), showing 234 

that TNBP was the most abundant OPEs with a median value of 18.9 ng/m2 (3.81 µg/g, 235 

20%) in summer, followed by TCEP (10.5 ng/m2, 3.33 µg/g, 18%) and tris(2-236 

butoxyethyl) phosphate (TBEP) (10.1 ng/m2, 2.30 µg/g, 12%). As most non-halogenated 237 

OPEs, TNBP and TBEP are employed as plasticizers and lubricants, as well as flame 238 

retardants for plastics, rubber, and foam (Salamova et al., 2013). Chlorinated OPEs 239 

(TCEP, TCPP, TDCPP) account for 36% and 30% of the total OPEs in winter and 240 

summer, respectively. TCEP was the most prevalent chlorinated OPEs, accounting for 241 

almost 48% and 44% of the total chlorinated OPEs in winter and summer, respectively. 242 
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Since these are indoor samples, this seasonal difference could be due to the differentiated 243 

evaporation (from sources) and partition of the window films at different temperatures. 244 

An overview of the recently published literature on OPEs is presented in Table S5. 245 

The extremely high concentrations of TCEP, TCPP, and TDCPP (927 ng/m2, 1740 ng/m2, 246 

and 25300 ng/m2, respectively) were found in gymnastics studios before removing foam 247 

blocks (Ceballos et al., 2018). Compared to the profile of this study, TDCPP was 248 

generally the dominating chlorinated OPEs in gymnastics studios (Ceballos et al., 2018), 249 

and in homes from the USA and the Czech Republic, and Canada (Vykoukalova et al., 250 

2017). The concentration of TDCPP in gymnastics studios was higher than in this study, 251 

which could be due to TDCPP being used in PUF (La Guardia and Hale, 2015). In 252 

addition, TCPP was the most abundant compound in the home in the Czech Republic 253 

(Vykoukalova et al., 2017) and Beijing (Lv et al., 2022), and preschool in Sweden 254 

(Persson et al., 2018). Furthermore, in the current investigation, the total amounts of all 255 

chlorinated OPEs (37.7 and 23.8 ng/m2 in winter and summer, respectively) were lower 256 

than those from households in China (112 ng/m2) (Li et al., 2019), USA (181 ng/m2), 257 

Canada (153 ng/m2) and Czech Republic (626 ng/m2) (Vykoukalova et al., 2017) but 258 

higher than preschools in Sweden (9.4 ng/m2) (Persson et al., 2018). This disparity could 259 

be attributed to room type and differences in usage patterns between countries. For non-260 

chlorinated OPEs, concentrations of tri-iso-butyl phosphate (TiBP) (12.7 and 8.76 ng/m2 261 

in winter and summer, respectively) in the current study were almost ten times lower 262 

than the results from the home samples (108 ng/m2) in the same city (Li et al., 2019), 263 
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which might be attributed to more furniture and electronics in homes than in campus 264 

buildings. The concentrations of TBEP in winter and summer (7.77 and 10.1 ng/m2, 265 

respectively) were up to 300 and 200 times lower than those reported in Li et al (Li et 266 

al., 2019). TBEP is typically used for floor polishing and waxing, which were not used 267 

in our sampling site. The levels of TNBP in winter and summer (10.9 and 18.9 ng/m2, 268 

respectively) were higher than those observed in Sweden (< 1.4 ng/m2) and the USA 269 

(8.65 ng/m2), but lower than in Canada (29.8 ng/m2) and the Czech Republic (72.6 270 

ng/m2). Therefore, the majority of the OPEs determined in this research from campus 271 

buildings could be considered lower than those reported in previous studies. 272 

Indoor mass-normalized concentrations have been reported for some compounds, 273 

such as PBDEs (Li et al., 2010), PAHs (Pan et al., 2012), and polar organic compounds 274 

(such as n-alkane and terpene) (Liu et al., 2003). However, as we are aware, data on the 275 

mass-normalized concentrations for OPEs in indoor window films have not been 276 

reported in the literature. Except for TCPP and TPHP, the mass-normalized 277 

concentrations in winter and summer were comparable in this study. The concentrations 278 

of OPEs in inner windowsill dust in Guangzhou, China (Tang et al., 2020) were also 279 

listed in Table S5, which showed lower concentrations than in this study. 280 

3.2. Accumulation of OPEs in window film 281 

The total area-normalized concentrations of OPEs (ng/m2) were plotted against the 282 

growth day, as shown in Fig. 1A and Fig. 1C. Significant correlations (Pearson 283 

correlation p < 0.05) were found between the OPE concentrations and the film growth 284 
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day, with the correlation coefficients (r) of 0.88 and 0.72 for winter and summer, 285 

respectively. The increasing linear trends of OPE mass in the sampling area were 286 

consistent with that of other classes of chemicals such as PCBs (Wu et al., 2008), PAHs 287 

(Pan et al., 2012, Huo et al., 2019), and PAEs (Huo et al., 2016), except for PBDEs (Li 288 

et al., 2010).  289 

There was limited information about the temporal trends of the mass-normalized 290 

concentrations of OPEs in the window film. Fig. 1B and Fig. 1D, for winter and summer, 291 

respectively, showed that the mass-normalized concentrations of OPEs (µg/g) decreased 292 

over time, but the trends were not significant (p > 0.05). This phenomenon occurred 293 

because the accumulation of OPEs in the film could be slower than the growth of the 294 

window film. In this study, the doubling times of the weight of the window film were 295 

estimated at 16-18 days, lower than that of OPE concentrations (ng/m2) with values of 296 

27-28 days. A previous study reported the mass composition of urban window film in 297 

downtown Toronto, in which inorganic compounds accounted for almost 94% and 298 

organic carbon for approximately 5% (Lam et al., 2005). These urban window films 299 

were collected from the outdoor windows, thus quite different from the indoor window 300 

films, which have higher organic contents. The mass of OPEs merely occupied a small 301 

percentage of the window films, and the disparity between organic contents and 302 

inorganic contents increased over time, as shown in Fig. 1B and Fig. 1D. However, it is 303 

possible that the mass-normalized concentrations of OPEs did not change much over 304 

time. 305 
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Spearman correlation analysis was carried out between the concentration (ng/m2) of 306 

individual OPE compounds and the influencing parameters, such as the growth days of 307 

window film, the film thickness, indoor temperature, and humidity (Table S6). Except 308 

for TCEP (r = 0.25, p > 0.05), there were significant correlations between the log-309 

transformed concentration (ng/m2) of individual OPE and the growth days of window 310 

film (r > 0.50, p < 0.01). Other than TiBP, TNBP, and TCEP, the remaining OPEs have 311 

shown positive associations between the concentrations and the thickness of the window 312 

film (p < 0.05 or p < 0.01). There were positive and significant correlations between 313 

indoor temperature and concentrations of two OPEs, i.e. TPrP (r = 0.44, p < 0.05) and 314 

TDCPP (r = 0.48, p < 0.05). Furthermore, negative and significant correlations between 315 

indoor humidity and concentrations of three OPEs were discovered: TNBP (r = -0.42, p 316 

< 0.05), TDCPP (r = -0.53, p < 0.01) and 2-ethylhexyl diphenyl phosphate (EHDPP)(r 317 

= -0.53, p < 0.01). This phenomenon suggests that moisture in the film may impact the 318 

equilibrium behaviors of OPEs. In general, the area-normalized concentrations of the 319 

majority of OPEs in window film exhibited linear growth patterns that were strongly 320 

influenced by the film growth time, followed by the film thickness. 321 

Significant differences were found when the concentrations of TNBP, TCPP, and 322 

TPHP were compared between winter and summer (Mann-Whitney test, p < 0.01). 323 

Accordingly, the studied OPEs can be classified into two groups. The first group 324 

includes TCPP and TPHP with significantly higher (p < 0.05) concentrations (14.2 and 325 

14.8 ng/m2) in winter than those in summer (4.60 and 3.74 ng/m2). This significant 326 
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difference could be attributed to the higher concentrations of TCPP and TPHP in the 327 

indoor environment due to poorly ventilated circumstances during the cold winter period 328 

in Northeast China. All other OPEs are in the second group, which had lower 329 

concentrations in winter than in summer. For example, TNBP had a significantly lower 330 

concentration in winter (10.9 ng/m2) than in summer (18.9 ng/m2). According to Wong 331 

et al., several OPEs, including TNBP, in outdoor air have seasonal features, with 332 

concentrations increasing with ambient temperature (Wong et al., 2018). Therefore, it is 333 

reasonable to conclude that more frequent ventilation and higher temperatures in 334 

summer than in winter have made outdoor air a significant source of some OPEs to the 335 

indoor window film, resulting in higher TNBP concentrations in summer than in winter.  336 

EHDPP was the only compound that significantly differed between the two buildings. 337 

The concentration of EHDPP with the median value of 10.5 ng/m2 was higher in building 338 

A than that in building B (6.12 ng/m2). EHDPP is widely utilized as a plasticizer and 339 

flame retardant in a variety of products, including Polyvinyl chloride (PVC), rubber, and 340 

food packaging (Shen et al., 2019). Therefore, we speculated that the emissions from 341 

numerous fitness equipment which were made of PVC materials in building A were the 342 

primary reasons for this variation. The upper and bottom window film samples did not 343 

differ significantly. Furthermore, a significant difference in TCEP and TPHP 344 

concentrations and temperature during wintertime was identified in different 345 

orientations of the windows in building B, which may be related to photodegradation 346 

(Bollmann et al., 2012). In conclusion, indoor temperature, humidity, ventilation, 347 
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photodegradation, the presence of fitness equipment, and seasonal fluctuations all 348 

influenced the levels of the majority of OPEs in the window films. 349 

3.3. Equilibrium time between window film and air  350 

Based on equation (1) - (3), t95 of each OPE under each sampling event in winter (7 351 

sampling times) and summer (11 sampling times) are shown in Fig. 2 and Table S7. If 352 

t95 is lower than sample time (t), OPE levels in window film have reached equilibrium 353 

within the sampling time. TPrP, TiBP, TNBP, and TCEP levels reached equilibrium 354 

during each sampling event in winter (Fig. 2a and Table S7). On the other hand, the t95 355 

values of TBEP, EHDPP, and TEHP were higher than all sample times, indicating that 356 

these compounds remained in the active uptake phase throughout the sampling periods. 357 

TDCPP and TPHP can only reach equilibrium in building A during the fifth week 358 

(sample ID: W-A-L05), with t95 values of 523 hours and 747 hours, respectively, shorter 359 

than the sampling time (5 weeks = 840 hours). It is worth noting that the sample W-A-360 

L05 had a film thickness of 1.8 nm and an indoor temperature of 298.15 k (25°C). When 361 

all other factors remained constant, thinner film thickness and higher temperature for 362 

this sample resulted in a small value of t95, according to equations (1) to (3). For TCPP, 363 

some occasional equilibrium can be observed with different sampling times. 364 

For summer samples, TPrP, TiBP, TNBP, and TCEP had reached equilibrium within 365 

each sampling time which was consistent with that of winter. Levels of TCPP had 366 

reached equilibrium at all sampling sites (Fig. 2b and Table S7), which were slightly 367 

inconsistent with that of winter. TDCPP, TBEP, TPHP, EHDPP, and TEHP reminded at 368 
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equilibrium conditions for a few sampling points during the summer, which may be 369 

attributed to the lower film thickness and higher temperature during those sampling 370 

events. For TPrP, TiBP, TNBP, and TCEP in both winter and summer, the log KOA 371 

values were less than 9.28 (TCEP at 276.15K), which was one of the key parameters 372 

impacting the equilibrium conditions. In comparison, our findings were consistent with 373 

previous studies. It was proposed, for example, that OPEs with log KOA < 8 would have 374 

reached equilibrium (Vykoukalova et al., 2017). The log KOA of PAHs < 12 reached 375 

equilibrium by 11 weeks (Huo et al., 2019). PCB28 (log KOA = 7.86) and PCB180 (log 376 

KOA = 10.2) approached equilibrium within hours and days, respectively (Csiszar et al., 377 

2012). The compound with log KOA < 8 in 100 nm ethylene vinyl acetate (EVA) synthetic 378 

film practically soon reaches equilibrate conditions (Genualdi and Harner 2012).  379 

Because the equilibrium times of OPEs were significantly influenced by the film 380 

thickness, it is essential to model the growth of film thickness and to understand the 381 

relationship between the equilibrium times of OPEs and the film thickness, as described 382 

in Text S2. Generally, the film thickness obtained in this study was comparable with that 383 

obtained from the multicomponent partitioning model (Weschler and Nazaroff, 2017) 384 

and other studies (Liu et al., 2003, Li et al., 2010). Fig. 3 depicts log KOA of OPEs as a 385 

function of film growth rate when the equilibrium conditions are reached based on 386 

equations 1-2, which suggests that the equilibrium can be reached for higher log KOA 387 

OPEs at a slower film growth rate. As the film growth rate increased, a lower log KOA 388 

value would be required to reach equilibrium. For a compound to reach equilibrium 389 
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would require the log KOA to be less than 10.85 for a higher film growth rate (> 0.50 390 

nm/day). For the lower film growth rate (0.01 nm/day), the log KOA should be less than 391 

12.39 to reach equilibrium. Mann−Whitney test suggested that no significant difference 392 

was observed in film growth rate during winter and summer with the values of 0.13 ± 393 

0.07 and 0.12 ± 0.06 nm/day, respectively (p = 0.85). Under this circumstance, OPEs 394 

with log KOA less than 11.5 can reach equilibrium between indoor window film and air. 395 

3.4. Uncertainty and sensitivity analysis of equilibrium time  396 

Based on the foregoing discussion, it was concluded that the equilibrium condition 397 

between window film and indoor air was strongly affected by the film thickness and log 398 

KOA of the OPEs. When predicting the equilibrium time for specific OPEs, there were 399 

uncertainties related to film thickness growth and changes in the indoor environment, 400 

such as temperature. To the best of our knowledge, no studies had evaluated the 401 

uncertainty and sensitivity of these parameters on the equilibrium time of OPEs in the 402 

window film based on the Monto Carlo simulation. 403 

 From equation (1)-(3) and equation (S1)-(S3), the equilibrium time was associated 404 

with temperature and film thickness. These data were used as the inputs to perform the 405 

Monto Carlo simulation (Fig. S3 to Fig. S5). Briefly, all targeted OPEs were divided into 406 

two groups. Group 1 includes TPrP, TiBP, TNBP, and TCEP which have lower MW and 407 

low log KOA [224 (TPrP) < MW < 286 (TCEP) and 6.5 (TPrP, calculated at 26℃) < log 408 

KOA < 9.3 (TCEP, at 3℃)], while Group 2 contains the remain compounds (TCPP, 409 

TDCPP, TBEP, TPHP, EHDPP, and TEHP [328 (TCPP) < MW < 435 (TEHP) and  9.6 410 
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(TCPP, at 26℃) < log KOA < 13.0 (TEHP, at 3℃)]. According to Fig. S3, the degree of 411 

uncertainty for temperature and thickness to the equilibrium time can be evaluated. For 412 

example, the film thickness was the most sensitive parameter for Group 1, which 413 

contributed to a variance between 52% and 60%. Differently, the most uncertain input 414 

was the ambient temperature for Group 2, which contributed to 53–63% of the variance. 415 

As shown in Fig. S4, the correlation coefficients between each input and the equilibrium 416 

time were carried out by the Monte Carlo Simulation. For Group 1, the temperature was 417 

the most influential input, with the correlation coefficients ranging between 0.61 and 418 

0.67. However, the film thickness posed the most sensitive influence on the equilibrium 419 

time in Group 2, with the correlation coefficients in the range of -0.47 to -0.50. The film 420 

thickness positively correlated with the model output, while the temperature showed a 421 

negative correlation. The uncertainty to the equilibrium time for temperature and 422 

thickness with one standard deviation (± SD) change was shown in Fig. S5. Huge 423 

changes in equilibrium time were observed for Group 2, suggesting that the equilibrium 424 

time of the OPEs with higher log KOA and MW was strongly affected by small changes 425 

in the film thickness and indoor temperature. 426 

Furthermore, based on equations (1) - (3) and S1-S3, equilibrium time can also be 427 

determined by the air-side mass transfer coefficient (kA, m/h), temperature, and window 428 

film thickness. Meanwhile, kA was calculated using wind speeds (Harner et al., 2003, 429 

Cousins 2012, Pan et al., 2018) (the wind speed values from the published paper are 430 

listed in Table S8), length of the passive sampler, and chemical MW. In other words, 431 



 - 22 - 

how the temperature, window film thickness, and wind speed affected the output and 432 

contributed to variance can be evaluated through the Monto Carlo simulation (Fig. S6 to 433 

Fig. S8). As shown in Fig. S6, the wind speed, thickness, and temperature almost each 434 

accounted for one-third contribution to the whole output in Group 1. The wind speed 435 

was the most sensitive variable among the three inputs, contributing to 40% of the total 436 

variance, followed by indoor temperature (32% - 39%) and film thickness (30% - 33%). 437 

For Group 2, the most uncertain input was the temperature which contributed to 56– 64% 438 

of the variance, followed by the wind speed and thickness. The correlation coefficients 439 

among the three inputs and the equilibrium time are shown in Fig. S7. It should be 440 

pointed out that the film thickness was the most sensitive input in Group 1, with the 441 

correlation coefficients ranging from 0.38 to 0.42, followed by indoor temperature and 442 

wind speed. 443 

Meanwhile, the thickness showed positive correlations with the equilibrium time, 444 

while temperature and wind speed showed negative correlations for the whole output. 445 

The uncertainty for each input with one standard deviation (±SD) change to the 446 

equilibrium time is shown in Fig. S8. A similar statement can be made that the 447 

equilibrium time for OPEs with higher log KOA and MW was more sensitive to a slight 448 

change in wind speed, thickness, and temperature. 449 

3.5. Conversion of air concentration based on the theoretical approach  450 

First, it was determined whether the targeted OPEs had reached the equilibrium stage 451 

(t ≥ t95, t95=3/kU) using Equations 1-3 and S1-S3. A detailed description of the 452 
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equilibrium times is available in Table S7. And then, the gas-phase concentrations can 453 

be calculated using Equation 4 (equilibrium) or 5 (non-equilibrium) from the volume-454 

normalized concentrations in the film (g/m3, see Fig. S4b). The predicted gas-phase 455 

concentrations (PECs) of OPEs are listed in Table S9, along with the vapor-phase OPE 456 

concentrations from other literature. The estimated concentrations of TPrP, TiBP, TNBP, 457 

and TCEP were lower in winter than in summer, which is reasonable as levels of these 458 

lower MW OPEs in the air are sensitive to ambient temperature (Wong et al., 2018). For 459 

the remaining OPEs, the concentrations in winter were comparable to those in summer.  460 

Compared to the OPEs concentrations captured by PASs in other published literature, 461 

the predicted concentrations of TnBP and TCEP in summer were consistent with those 462 

measured in the United States, Canada, and the Czech Republic (Vykoukalova et al., 463 

2017). The predicted values of TPHP, EHDPP, and TEHP in both winter and summer 464 

were one order of magnitude lower than the measured concentrations from the United 465 

States, Canada, and Czech Republic (Vykoukalova et al., 2017), and China (Li et al., 466 

2019). In comparison, EHDPP and TEHP were not detected in those papers which use 467 

active samplers (Bergh et al., 2011, Bergh et al., 2011, Luongo and Ostman, 2016, Xu 468 

et al., 2016, Tao et al., 2019). Concentrations of TiBP, TNBP, and TCEP in this study 469 

were comparable with the values from Sweden (Bergh et al., 2011, Bergh et al., 2011, 470 

Luongo and Ostman, 2016, Tao et al., 2019) and Norway (Xu et al., 2016).  471 

Since the window film lacks the corresponding gas-phase OPE concentrations in this 472 

study, paired data on window film and passive air from the previous study (Vykoukalova 473 
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et al., 2017) was selected to verify whether the theoretical approach is suitable for the 474 

conversion of OPE concentrations from the window film to gas-phase air. Detailed 475 

information about the concentrations, equilibrium time, film thickness, temperature, et 476 

cetera is provided in Text S3. Briefly, passive air and indoor window film samples (63 477 

paired) in the same room were collected simultaneously for OPEs for 28 days in the 478 

Czech Republic, the United States, and Canada in 2013 (Vykoukalova et al., 2017). As 479 

shown in Table S10, only TNBP, TCEP, and TCPP have reached the equilibrium state 480 

within 28 days.  481 

The PEC was compared with the measured air concentration (MC) using PUF-PAS 482 

(Vykoukalova et al., 2017). As shown in Fig. S9, the PEC of TNBP and TCEP were 483 

nearly all higher than MC, with the ratio of PEC to EC ranging from 0.75 to 30. The 484 

PECs of the remaining OPEs were lower than the MC, with the ratio in the range of 0.01-485 

0.37. The relationship between PEC/MC, MW, and log KOA (Fig. S11) shows that the 486 

ratios of PEC to EC were greater than 1 when the log KOA ranged from 8 to 9 and MW 487 

ranged from 260 to 290. Nevertheless, when the log KOA is in the range of 9-12 and MW 488 

is in the range of 320-440, the ratio of PEC to EC is less than 1. 489 

To summarize, indoor window film could be a PAS for quantitative analysis of some 490 

OPEs in the indoor air. Meanwhile, the use of window film to quantify gas-phase OPE 491 

concentrations can also lead to the overestimation of lower MW OPEs. There are 492 

probably several reasons for this result. The overestimation of gas-phase concentrations 493 

for lower MW OPEs could be because these lower MW OPEs can reach equilibrium 494 
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much faster than the sampling time of the PUF-PASs. As discussed in the above section, 495 

the equilibrium time varies by the selection of parameters, such as temperature, wind 496 

speed, log KF-A, and the window film thickness, which further affects the PECs. For 497 

example, from equation 5 (non-equilibrium state), temperature and film thickness both 498 

influence the predicted air concentrations. A universal (average) sampling rate was 499 

applied in the previous study for all OPEs because of the lack of sampling rates for 500 

certain OPEs (Vykoukalova et al., 2017). Therefore, using the same sampling rate 501 

without considering the equilibrium conditions creates uncertainty in determining the 502 

collected air volume for PUF-PAS, which affects the calculated OPE concentrations 503 

(MC) in the indoor air. 504 

4. Limitations and implications  505 

There were several limitations of this study. First, this study lacks sampling of gas-506 

phase concentrations to evaluate the theoretical approach; instead, previously published 507 

data were used, but a concurrent sampling of the gas phase with the indoor films would 508 

provide more accurate estimates of the concentrations. There were uncertainties 509 

associated with PASs as they capture both gas-phase and particle-phase compounds. 510 

Second, as the Monte Carlo analysis identified, there was uncertainty in determining the 511 

time to equilibrium for high MW OPEs for different temperatures and film thickness. 512 

Therefore, accurate measurements of temperature and film thickness are required to 513 

determine equilibrium conditions for high MW OPEs. Third, the equilibrium status of 514 

the chemicals depends on the film development and the physical-chemical properties of 515 
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OPEs. Therefore, the time to equilibrium was only calculated at the time of sampling 516 

with a specific film thickness, suggesting that equilibrium conditions were different at 517 

different sampling times.  518 

We used the theoretical approach to convert the levels of OPEs in the indoor window 519 

film into gas-phase concentrations. It is the first time that the equilibrium time of OPEs 520 

between indoor window film and air was estimated in combination with uncertainty and 521 

sensitivity analysis. Since indoor window film is very common, it could become a 522 

convenient and economical passive sampler for future studies. Under the circumstance 523 

of increasing usage and emissions of OPEs, most lower MW OPEs will stay in the indoor 524 

air because of their short equilibrium time. With the film growth rate of 0.10 nm/day, 525 

OPEs with log KOA greater than 11.5 would keep accumulating onto the indoor surfaces. 526 

The study of the equilibrium condition of OPEs reveals the different fates of OPEs in 527 

the indoor environment, which helps better understand the fate and transport of OPEs 528 

indoors. 529 
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Tables and figures 699 

Table 1. The area-normalized concentrations of OPEs (in ng/m2) in indoor window films. 700 

Compounds Median Geomean 25th 75th DF%   Median Geomean 25th 75th 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 1.14 6.35 71 

TiBP 12.6 10.0 5.32 16.8 96  8.76 11.4 4.89 17.9 97 

TNBP 10.9 11.5 7.08 21.1 100 
 

18.9 18.1 13.6 25.5 97 

TCEP 18.1 18.3 13.8 25.7 100 
 

10.5 14.0 6.91 22.2 97 

TCPP 14.2 13.3 9.48 21.4 100 
 

4.60 5.22 2.51 7.80 92 

TPeP nd nd nd nd 0 
 

nd nd nd nd 0 

TDCPP 5.34 6.04 4.10 9.43 100 
 

8.69 5.11 1.08 15.2 100 

TBEP 7.77 7.92 4.33 12.5 96  10.1 12.1 4.14 24.3 71 

TPHP 14.8 14.7 10.5 21.0 100 
 

3.74 4.53 2.42 6.92 100 

EHDPP 9.65 9.46 6.71 15.9 100 
 

6.09 7.74 3.90 12.7 92 

TEHP 6.95 5.23 3.57 10.8 100 
 

4.30 5.91 3.26 7.87 92 

∑OPEs 104 110 80.5 149 83 
 

78.8 103 56.1 181 76 

 701 

  702 

  703 
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 704 

 705 

 706 

Fig. 1. Correlations between concentrations of ∑OPEs (ng/m2 and μg/g) and the film 707 

growth days in winter (A, B) and summer (C, D).  708 

  709 

250

200

150

100

50

5040302010

80

60

40

20

0

Growth Days

Winter

R=0.88, P＜ 0.01

R=-0.39, P=0.08

A (ng/m2)

B (µg/g)

C
o

n
c
e
n
tr

a
ti

o
n

400

300

200

100

0

80706050403020100

200

150

100

50

0

Growth Days

Summer

R=0.72, P＜ 0.01

R=-0.27, P=0.21

C ( ng/m2)

D (µg/g)

C
o

n
ce

n
tr

at
io

n



 - 37 - 

 710 

Fig. 2. The time (hour) required to reach the equilibrium state for OPEs in indoor 711 

window films collected in winter (a) and summer (b). 712 

 713 
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 714 

Fig. 3. Modeling equilibrium regions for the log KOA of OPEs as a function of film 715 

growth rate. 716 
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