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SCIENCE FOR SOCIETY Organophosphate esters (OPEs), a group of synthetic chemicals widely used as
flame retardants, are ubiquitously present in the global environment, including urban, rural, and polar re-
gions. Recent studies indicate that OPEs can harm ecosystems and human health, including increased can-
cer risks. In response to the potential environmental and health risks posed by OPEs, seven states in the
United States and the European Union have issued regulations on OPEs, including limiting or prohibiting
their use in commercial products. Our results suggest that OPEs are not only emitted from known sources
such as flame retardants but can also be produced when other commercial chemicals are transformed in
the air. This implies that existing OPE regulations designed to limit OPE pollution may not be sufficient.
Our study emphasizes the need for more comprehensive policies to control environmental OPEs.
SUMMARY
Organophosphate esters (OPEs) are chemicals of global concern due to their adverse effects on humans and
the environment. Environmental OPEs are thought to originate via direct emissions; therefore, existing OPE
regulations focus on limiting the use of certain OPEs in commercial products. Here, we present experimental
and field evidence that OPEs can also be formed from reactions between atmospheric ozone and organo-
phosphite antioxidants (OPAs; a group of mass-produced chemicals), representing an important indirect
source of environmental OPEs. We demonstrate that tris(2,4-di-tert-butylphenyl) phosphate (TDtBPP), a
novel OPE formed fromOPA chemical transformation, is globally distributed frommegacities to the Antarctic
and Arctic, with concentrations in Arctic air significantly increasing since 1994. Furthermore, TDtBPP is
substantially more persistent in the environment and may pose a higher risk relative to the traditional
OPEs. These results highlight the importance to consider chemical transformations of contaminants in
developing environmental regulations to protect environmental health.
1
INTRODUCTION

Commercial chemicals play a fundamental role in daily life, but

some can cause adverse impacts on the environment and
1202 One Earth 6, 1202–1212, September 15, 2023 ª 2023 Elsevier I
humans, making regulation of harmful chemicals an essential

step in achieving the United Nations’ Sustainable Development

Goals.2 Therefore, chemicals of concern should be minimized

and replaced as much as possible, as noted in the ‘‘Chemicals
nc.
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Strategy for Sustainability’’ recently adopted by the European

Union (EU).3 Organophosphate esters (OPEs) are chemicals of

emerging concern (CECs) that have gained significant interna-

tional attention.4 They are extensively used as flame retardants

and plasticizers in consumer products and building materials.4

The global production of OPEs has increased substantially in

recent years as a result of the phase-out of traditionally used

brominated flame retardants.5 However, recent evidence indi-

cates that OPEs may exert negative effects on ecosystems

(e.g., destabilize the ecological balance) and human health

(e.g., increase the risk of cancer).5,6 The ubiquitous presence

of OPEs in the global environment emphasizes their potential

for widespread environmental and human health risks,6,7 sug-

gesting that OPEs are not necessarily an appropriate substitute

for brominated flame retardants.5

In response to increasing public concerns over OPE expo-

sures, authorities in the United States, Europe, and Canada

have begun to evaluate and regulate certain OPEs. For example,

under the Toxic Substances Control Act, in 2019, the United

States Environmental Protection Agency proposed two widely

used OPEs (TCEP [tris(2-chloroethyl) phosphate] and TPHP [tri-

phenyl phosphate]) as high-priority chemicals that need to be

scrutinized.8 Although OPEs are presently at the risk evaluation

stage at the federal level, seven states in the United States

(e.g., California, Maryland, and Minnesota) have issued their

own regulations, such as limiting the use of some OPEs in chil-

dren’s products and residential furniture (Figure S1; Table S1).

Similarly, EU has banned the use of halogenated OPEs in elec-

tronic display enclosures and stands,9 effective March 2021.

Recently, the Government of Canada proposed the implementa-

tion of regulatory measures to minimize the use of aryl OPEs in

consumer products.10

The existing OPE regulations point to the prohibition or restric-

tion on the use of OPEs in commercial products. This is because

environmental OPEs are believed to originate only from the vola-

tilization, abrasion, and leaching of OPE-containing products,

representing a direct emission source.11 Recent studies found

that a novel OPE [tris(2,4-di-tert-butylphenyl) phosphate
(TDtBPP)] was present in indoor dust and ambient particles in

megacities,12–14 which was proposed as a possible transforma-

tion product of tris(2,4-di-tert-butylphenyl) phosphite (TDtBPPi;

a widely used organophosphite antioxidant [OPA] in the

manufacturing of plastics).13,14 Although few studies observed

the OPA-derived OPEs in urban regions, no information is avail-

able regarding their occurrence and temporal trends in remote

areas (Arctic and Antarctic). Note that Arctic contaminant moni-

toring is of critical importance for chemical regulation. First, the

observation of a contaminant in the remote Arctic serves as ev-

idence for its potential for long-range environmental transport,

which warrants its nomination as a candidate for listing under

the Stockholm Convention on Persistent Organic Pollutants

(POPs) deemed for global control.15,16 Second, long-term anal-

ysis of contaminants in the Arctic provides a critical approach

to evaluating the effectiveness of international chemical control

strategies.17,18 For example, the declining trends of some

POPs in the Arctic air reflect the successful efforts of the Stock-

holm Convention in supporting existing regulations and further

reducing the presence of POPs in the environment since its

implementation in 2004.18

In addition to the knowledge gap in environmental monitoring,

the transformation pathway fromOPAs to OPEs and the environ-

mental hazards (persistent, biotransformation, and toxic

properties) of novel OPEs remain largely unknown. Given that

environmental monitoring and risk assessment play key roles

in policymaking related to contaminants control, these two

knowledge gaps hinder a comprehensive assessment of the

global impact of OPA transformation on environmental OPEs,

which is essential for the ongoing OPE regulatory development

in the United States, EU, and Canada.

Here, we combine global (Arctic, Antarctic, and megacities)

field measurement, laboratory experiments (OPA/OPE chemi-

cal transformation experiments and OPE biotransformation

experiments), and in silicomodeling (persistence and toxic prop-

erties of novel OPEs formed from OPA transformation) to study

the global impact of OPA transformation chemistry on environ-

mental OPEs. This work provides an improved fundamental
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Figure 1. Global distribution of TDtBPPi and TDtBPP

Shown are median concentrations (ng g�1 or pg m�3) in indoor dust and ambient particles. Source of data: ambient particle in Chicago, Illinois, USA, and indoor

dust in Ontario, Canada12; indoor dust in Toronto, Ontario, Canada13; indoor dust and ambient particle in six cities (Guangzhou, Shenzhen, Zhuhai, Foshan,

Zhongshan, and Maoming) in South China19; indoor dust (from e-waste dismantling workshops) in Central China20; production volume of the OPA TDtBPPi and

the OPE TDtBPP in the United States (Table S2). The ambient particle data in the Arctic (samples collected in January�December 2018), Antarctic (samples

collected in January 2020�January 2021), and Toronto (samples collected in January�February 2018) and indoor dust data in Guangzhou, China (samples

collected in July�August 2021) are obtained from this work (shown in red dots in the map). The indoor dust results for Central China and Toronto are given in log

scale. TDtBPP, tris(2,4-di-tert-butylphenyl) phosphate; TDtBPPi, tris(2,4-di-tert-butylphenyl) phosphite.
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understanding of the source and environmental and human

health impacts of OPEs, particularly for those formed from

OPA transformation. These results have significant implications

for OPE regulatory development, as discussed below.

RESULTS AND DISCUSSION

Global (Arctic, Antarctic, and megacities) field
measurements
To investigate the potential for the presence of OPA-derived

OPEs in polar regions, we analyzed ambient particle samples

collected in the Arctic and Antarctic. Note that it is difficult to

evaluate the impact of OPA transformation on environmental

OPEs if the investigated OPEs are high-production volume

chemicals themselves (i.e., likely having a strong, direct emission

source). For that reason, the analysis is focused on TDtBPPi and

TDtBPP given their large difference in production volumes, i.e.,

the production volume of the OPA TDtBPPi in the United States

(up to 2.33 104 tons year�1) is 530 times higher than that of OPE
1204 One Earth 6, 1202–1212, September 15, 2023
TDtBPP (43 tons year�1; Table S2). Despite having such a high

production volume, TDtBPPi is not detected in the Arctic and

Antarctic (Figure 1). Conversely, TDtBPP, which has a much

lower production volume than TDtBPPi, was detected in both re-

gions in 2018–2021, with median concentrations of 21 and 13 pg

m�3, respectively, in the Arctic and Antarctic.

In addition to the Arctic and Antarctic measurements, to give a

full picture of the presence of TDtBPPi and TDtBPP in the out-

door and indoor environment, we also analyzed ambient particle

and indoor dust samples collected in various megacities across

the globe. The analyzed data include our TDtBPPi and TDtBPP

measurement data from Canada and China and literature data

from the United States, Canada, and China.12,13,19,20 Similar to

the scenario in the Arctic and Antarctic, TDtBPPi is detected in

only 37%of thesemegacity samples, with concentrations orders

of magnitudes lower than TDtBPP. As shown in Figure 1 and

Table S3, TDtBPP is globally distributed in both the urban out-

door air (e.g., Chicago and Toronto, ON, Canada; 126–149 pg

m�3) and the indoor dust collected across nine cities (e.g.,



Figure 2. Increased concentration of the OPE TDtBPP in the Arctic

air over the past 24 years (1994–2018)

Samples from summer (June�August) were collected from the Alert Global

Atmosphere Watch Observatory, Nunavut, Canada.21 The concentrations of

TCEP, TCPP, and TPHP in the Arctic air over the past 24 years are shown in

Figure S3. CP, median concentration in the ambient particle (pg m�3).
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Toronto and Guangzhou, China; up to 1.1 3 104 ng g�1) world-

wide, with detection frequencies of 95%–100%.

The striking inconsistency between the production volumes

and the measured concentrations of TDtBPPi and TDtBPP

around the world provides potential evidence for the transfor-

mation of TDtBPPi to TDtBPP in the global environment.

Furthermore, among all the environmental samples (ambient

air and indoor dust samples) collected from different sampling

sites (polar regions and megacities), the concentration of

TDtBPP (a novel OPE that is not monitored in routine atmo-

spheric monitoring networks7) is higher than or comparable

with that of well-studied, traditional OPEs (including TCEP; Fig-

ure S2), despite its significantly lower production volume

compared with the traditional OPEs (Table S2). In summary,

the TDtBPPi/TDtBPP example illustrates the potential impor-

tance of OPA transformation in the formation of environ-

mental OPEs.
Increasing levels of TDtBPP in Arctic air
As the first report of the presence of TDtBPP in the Arctic and

Antarctic environments, our work suggests that environmental

pollution arising from OPA transformation is a global issue. To

assess whether the OPA-transformation-induced pollution is

an emerging or long-lasting environmental issue, we analyzed

the archived extracts from Arctic air samples collected over

the past 24 years, from 1994 to 2018, under Canada’s Northern

Contaminants Program.21 TDtBPP was detected in all the Arctic

samples, with median concentrations increasing from 1.4 pg

m�3 in the summer of 1994 to 33 pg m�3 in the summer of

2018 (Figure 2). The dramatic increase of TDtBPP concentration

in the Arctic air is likely related to the rapid growth of plastics pro-

duction (leading to the increasing use of antioxidants) over the

past two decades,22 reflecting a strong impact of chemical emis-

sions from plastics on the Arctic environment.

Further analysis reveals a seasonality associated with the for-

mation of TDtBPP. In particular, among the Arctic air samples,

the TDtBPP concentrations were two times higher in summer
than in winter (Figure S3A). The observed seasonal contrast

can be explained by the ‘‘transformation chemistry’’ hypothesis

for OPAs (including TDtBPPi), as discussed below.

Transformation mechanism and kinetics for OPAs upon
ozone oxidation
A full understanding of the environmental behavior of OPA-

derived OPEs (including TDtBPP) requires knowledge of the

chemical transformation mechanism of OPAs. Previous studies

suggest that OPEs can be formed through photo-transformation

and O2 oxidation of OPAs.14,23,24 In addition to these two trans-

formation mechanisms, here we propose a new mechanism:

transformation of OPAs can lead to the formation of OPEs via

heterogeneous interactions with atmospheric ozone (O3) in

the dark.

The importance of such transformations for OPAs was stud-

ied by exploring the heterogeneous reaction kinetics and

chemical mechanisms of OPAs coated on glass slides (esti-

mated average coating thickness, �1 nm) upon exposure to

gas-phase O3 (Figure S4). The OPAs investigated include

tris(2-chloroethyl) phosphite (TCEPi), triphenyl phosphite

(TPHPi), and TDtBPPi, representing chlorinated, aryl, and the

most frequently used OPAs, respectively. As shown in Fig-

ure 3A, the amount of TCEPi decreased by 56% when exposed

to 260 ppb of O3 for 150 min, indicating that the chemical trans-

formation of TECPi occurred. A similar chemical change was

observed for TPHPi and TDtBPPi (Figures 3B and 3C). The

decrease of the mass of OPAs was solely caused by O3 reac-

tion (and not by O2 or water reaction), because control experi-

ments demonstrated that the presence of O2 and water vapor

had no impact on the decay of OPAs within the experimental

period (Figure S5). Interestingly, the heterogeneous reaction

rate constant (k) for the loss of TDtBPPi ([3.3 ± 0.2] 3 10�15

cm3 molecule�1 s�1) is orders of magnitude higher than those

of TCEPi and TPHPi ([1.5 ± 0.1] 3 10�17 and [2.3 ± 0.1] 3

10�16 cm3 molecule�1 s�1, respectively; Figure 3D; Table S4).

The difference in the reactivity of OPAs is due to their structural

differences, whereas all OPAs may undergo O3 reaction to form

OPEs (see the next paragraph).

Although the amount of OPAs decreased considerably with

increasing O3 exposure time, the corresponding OPEs were

simultaneously formed (Figure S6), with formation yields of up

to 92% ± 4% (Figure 3E). The high formation yield of OPEs is

consistent with a previous study on O3–triphenylphosphine

(R3P) reactions in 2,4-dimethylhexane solution, which found

that only triphenylphosphine oxide (R3P = O) was formed,

with no side reactions.25 The OPA oxidation mechanism likely

begins with O3 addition to the phosphorous center of an OPA

molecule, producing an ‘‘OPA–O3 intermediate,’’ which subse-

quently transforms to OPE with the loss of O2 (Figure 3F). In this

case, O3 favors phosphorous centers that have a high density

of polarizable electrons. Given the electron-donating effect of

butylphenyl and phenyl groups, and the electron-withdrawing

effect of chlorine, it is expected that TDtBPPi and TPHPi

possess higher reactivity compared with TCEPi (having a rela-

tively lower electron density at the phosphorous center; Fig-

ure S7), explaining the kinetic results in Figure 3D. Together,

these results imply that all OPAs may undergo O3 reactions

to form OPEs.
One Earth 6, 1202–1212, September 15, 2023 1205



Figure 3. Experimental results for heterogeneous O3–organophosphite antioxidant (OPA) reactions
(A–C) Mass fractions of (A) TCEPi [tris(2-chloroethyl) phosphite], (B) TPHPi (triphenyl phosphite), and (C) TDtBPPi coated on cover glasses (coating thickness

�1 nm) as a function of O3 exposure time at 298 K and 0%–53% relative humidity (RH). [OPA]0 and [OPA]t represent the initial mass of OPA and themass of OPA at

a given O3 exposure time, respectively. Different O3 concentrations were used for different OPA experiments because of their different reactivities.

(D) Heterogeneous second-order reaction rate constants k (cm3 molecule�1 s�1) of OPAs.

(E) Formation yields (%; by mol) of organophosphate esters (OPEs) during O3–OPAs reactions. O3 concentrations are shown in (A)–(C). Error bars represent the

standard deviation of formation yields obtained from O3 oxidation experiments.

(F) ProposedO3 oxidationmechanism for OPAs. The kinetic results indicate that for a givenOPA, its reactivity is independent of the RH conditions (0%or 50%RH)

and air conditions (similar kinetics for O3 in zero air or O3 in genuine indoor air; Table S4).
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To our knowledge, this is the first study that demonstrates the

fast heterogeneous reactivity of OPAs toward O3. The newly

recognized heterogeneous O3 oxidation mechanism provides

important insights into the transformation of OPAs to OPEs in

the environment, as outlined below.

1. With themeasuredO3 reaction rate constants in Figure 3D,

a picture of the atmospheric lifetime for the free, surface-

bound OPA molecules emerges. The estimated lifetimes

for the three OPAs investigated here are exceedingly short

(0.1–77 h; Figure S8) upon exposure to indoor and outdoor

O3 (10–30 ppb).26,27 Consequently, most surface-bound

OPAs will transform to OPEs around their emission sour-

ces (e.g., megacities). This is consistent with the

TDtBPPi results shown in Figure 1. Given the rapid O3

oxidation kinetics, the rate-determining step for the trans-

formation of OPAs to OPEs will likely be the rate of release

of OPAs within plastics to the environment, via either plas-

tics abrasion (emission of OPA-containing microplastics)

or molecular diffusion (OPAs diffuse to the surface of

plastics).

2. Our findings may help to better illustrate previous experi-

mental data. As mentioned above, a previous study sug-

gested that O2 was the key oxidant to oxidize OPA based

upon open-air experiments.14 However, the current re-
1206 One Earth 6, 1202–1212, September 15, 2023
sults clearly indicate that O2 has no impact on OPA trans-

formation, and O3 is the key oxidant to induce the oxida-

tion process. This suggests that the oxidant in the

previous open-air (containing both O2 and O3) experi-

ments should be O3 and not O2.
13,14

3. Indoors, O3 oxidation chemistry is likely to be the dominant

process, given the ubiquitous presence of O3 in indoor air

and the low level of light intensity indoors (compared with

outdoors).28 Outdoors, in the daytime, environmental

OPAs can convert to OPEs through photo-transformation

and O3 oxidation. Although, in the nighttime outdoors, the

‘‘O3 oxidation’’ pathway may play an essential role in the

OPA transformation process.

4. As mentioned earlier, the TDtBPP concentrations in the

Arctic are higher in summer than in winter. Atmospheric

O3 concentrations in summer are generally higher than

those in winter, as observed in many sites on the conti-

nent.29–31 The seasonality for TDtBPP may be caused by

the higher levels of O3 and strong light intensity in summer

(in cities), which facilitate the transformation reactions of

TDtBPPi. Another possible reason is that higher tempera-

tures in summer (relative to winter) promote the release of

TDtBPPi into the air fromcommercial products. Also, the re-

action rateof TDtBPPimay increasewith increased temper-

ature. These factors can enhance the formation of TDtBPP.



Figure 4. Comparisons of TDtBPP with tradi-

tional OPEs for their persistence and relative

risks

Novel OPE (dark color bars): TDtBPP. Traditional

OPEs (light color bars): TCEP, TCPP (tris(2-chlor-

oisopropyl) phosphate), TDCPP (tris(1,3-dichloro-2-

propyl) phosphate), TPHP (triphenyl phosphate),

EHDP (2-ethylhexyl diphenyl phosphate), TEHP

(tris(2-ethylhexyl) phosphate), TCP (tricresyl phos-

phate), and TBEP (tris(2-butoxyethyl) phosphate).

(A) The overall environmental persistence (days)

estimated using the OECD screening model.32

(B) In vitro biotransformation results for TDtBPP and

TPHP in rat liver S9. C0 and Ct represent the initial

OPE concentration and the measured OPE con-

centration at a given incubation time, respectively.

(C) The relative risk associatedwith human exposure

to indoor dust.

(D) The relative risk associated with terrestrial envi-

ronmental exposures. The relative risks were

calculated as the exposure-to-toxicity ratios scaled

to the highest values among all the OPEs. The indoor

exposures were calculated with measured OPE

concentrations in indoor dust from Toronto (Fig-

ure S2). The terrestrial food web exposures were

calculated with the PROTEX model33 constrained

with measured OPE concentrations in the air of

Chicago (Figure S2).
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Hazard and risk assessment
Environmental persistence

The ubiquitous global occurrence of TDtBPP and its long-term

observation record in the Arctic (Figures 1 and 2) are particularly

concerning given the in silico and experimental evidence of haz-

ards and risks illustrated in Figure 4. Figure 4A shows the overall

environmental persistence (the total resistance to degradation

across all environmental media, including air, water, and soil)

of the novel TDtBPP and eight traditional OPEs estimated using

the OECD (Organization for Economic Co-operation and Devel-

opment) screening model.32 TDtBPP is estimated to be 22–92

times more persistent in the environment than the traditional

OPEs. Similarly, the estimated characteristic travel distance in

air for TDtBPP is also higher than the traditional OPEs (Fig-

ure S9C). The greater persistence of TDtBPP is due to a higher

fraction present in the water and soil wherein TDtBPP degrades

more slowly than the traditional OPEs (see Figure S9 and

Note S1).

Biotransformation of OPEs

In addition to the higher resistance to environmental degrada-

tion, TDtBPP is also more resistant to biotransformation than

the traditional OPEs. Figure 4B presents our in vitro biotransfor-

mation experimental results for TDtBPP and TPHP. After 2 h of

incubation with the rat liver S9 (supernatant fraction of rat liver

homogenate widely used for metabolism studies), 55% of

TPHP had been metabolized. By contrast, no significant

decrease in the TDtBPP concentration was observed within

the experimental period. This is likely attributed to the hindrance

effect of the butyl substituents on each aryl group of TDtBPP.

The distinct fate of TDtBPP was further confirmed with in vivo

rat studies. TPHP can be significantly metabolized, with high

concentrations of diphenyl phosphate (DPHP; a biotransforma-

tion product) detected in both rat urine and feces (up to 4.3 3
104 ng mL�1 and 1.6 3 104 ng g�1, respectively; see Figure S10

and Note S2). However, after TDtBPP administration, very low

levels of bis(2,4-di-tert-butylphenyl) phosphate (BDtBPP) were

detected in rat feces (%14 ng g�1; Figure S10), whereas no

BDtBPP was detected in rat urine. The ratio of DPHP/TPHP

was 1.1 in liver, whereas the ratio of BDtBPP/TDtBPP was only

0.001 in rat liver, clearly demonstrating the high resistance to

biotransformation of TDtBPP. The high stability of TDtBPP will

contribute to its accumulation in rats, as verified by analyzing

the rat livers 24 h after chemical administration. The concentra-

tion ratio of liver/blood was 19 and 590 for TPHP and TDtBPP,

respectively, indicating that TDtBPP is more liable to deposit in

liver (Figure S10). The high deposition of TDtBPP in liver may

cause potential toxic effects.

The high persistence of TDtBPP in the environment and organ-

isms is concerning. As proposed by a recent study, high persis-

tence alone should be a major cause of concern for chemical

management.34 This is because the environmental concentra-

tions of persistent chemicals may eventually reach thresholds

for toxic effects to occur, thus posing risks to the global environ-

ment and human health. More importantly, once negative effects

are identified for these chemicals, it may take decades to reverse

contamination because of their persistent nature, as with chloro-

fluorocarbons (CFCs) and dichloro-diphenyl-trichloroethane

(DDT).35,36

Risk evaluation

Figure S11 illustrates that the toxicity (median lethal dose of rat

oral exposure) of TDtBPP is not lower than that of traditional

OPEs such as TCEP. Based upon the toxicity of OPEs and their

exposure estimated from environmental concentrations, we

further evaluated the risks of OPEs under two different exposure

scenarios. The first scenario considers human exposure to in-

door dust based on data from Toronto (Figure S2). The results
One Earth 6, 1202–1212, September 15, 2023 1207



ll
Article
indicate that the relative risk (RR) associated with indoor dust

exposure to TDtBPP is higher or comparable with those of the

eight traditional OPEs (Figure 4C). Due to the lack of experi-

mental data to derive exposures of TDtBPP via other pathways

(inhalation and dermal absorption), we estimated the RRs of

OPEs associated with total indoor exposure (including dust

intake, inhalation, and dermal absorption) using a modeling

approach, and we found that the risk of TDtBPP is higher than

most OPEs (Figure S12). The second scenario considers terres-

trial exposure from food intake of herbivores, which was

quantified using a comprehensive fate and exposure model

called PROTEX (PROduction-To-EXposure), together with the

measured concentrations of OPEs in outdoor air from Chicago

(Figure S2).33 In this scenario, the RR of TDtBPP is lower than

that of TCEP but is 7–340 times higher than those of other tradi-

tional OPEs (Figure 4D). These relatively high risks associated

with TDtBPP are driven by its higher toxicity and higher environ-

mental concentrations in both indoor and outdoor environments.

Given the persistent nature of TDtBPP (TDtBPP is more resistant

to degradation across all environmental media and is more resis-

tant to biotransformation compared with traditional OPEs) and

the relatively high risks of TDtBPP, we propose that TDtBPP

be considered by jurisdictions around the world to be a CEC.

Implication for policymaking
The increasing concentrations of TDtBPP in Arctic air over the

past two decades suggest that the pollution caused by the atmo-

spheric transformations of non-persistent OPAs is a global issue

not previously recognized by environmental protection agencies

and chemical manufacturers. Combining the current (the Arctic,

Antarctic, and megacities) and previously reported field mea-

surement data, laboratory experiments (OPA chemical transfor-

mation and OPE biotransformation experiments), and in silico

modeling, the results demonstrate the limitations of existing

OPE regulations which focus on the OPEs used in commercial

products but not considering those indirectly formed from the at-

mospheric transformation of OPAs. Given the high production

volume of OPAs (up to 8.73104 and 9.6 3 104 tons year�1 in

the United States and China, respectively; see Figure S13), it is

likely that a substantial fraction of the OPAs will be transformed

to OPEs through O3 oxidation and photochemical reactions dur-

ing their residence time in the environment and/or in the

manufacturing of plastics. The O3 oxidation mechanism

described in this work represents an important indirect source

of environmental OPEs, particularly indoors. The indirect source

is especially important for someOPEs such as TPHPwhose anti-

oxidant precursor TPHPi is produced in the United States at

levels five times higher than that for TPHP (Figure S14). This im-

plies that the contribution of TPHPi chemical transformations to

environmental TPHP needs to be assessed. Including OPA

transformations in the assessment of environmental OPEs is

essential for achieving effective control of OPEs.

It should be noted that a fraction of OPAs within commercial

products may have already been transformed to OPEs upon

O3 oxidation or photo-transformation during manufacturing

and storage. In this case, new commercial products may contain

both unreacted and oxidized OPAs. For example, high levels of

TDtBPPi and TDtBPP were detected in new face masks,37

both of which can be emitted into the environment. Therefore,
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environmental OPEs may arise from two different processes.

First, OPAs in commercial products are emitted to the environ-

ment and then oxidized by oxidants (e.g., O3), producing envi-

ronmental OPEs. Second, OPAs are oxidized to OPEs during

manufacturing and storage, and the resulting OPEs can be

further released to the environment, producing environmental

OPEs. Regardless, both processes highlight the key role of

OPA transformation in the formation of environmental OPEs.

Further study is warranted to illustrate the life cycle of OPA-con-

taining commercial products; only then can an accurate assess-

ment for the contribution of different transformation pathways to

environmental OPEs be achieved.

In addition to the implication for OPE regulations, the OPA

transformation chemistry emphasizes additional monitoring

needs. For example, the novel TDtBPP is not measured in exist-

ing environmental contaminants monitoring networks,7 despite

their intent to track global and regional distributions of contami-

nants (including OPEs). The global environmental ubiquity of

TDtBPP shown here, combined with its propensity to possess

higher risks relative to the traditional OPEs, underscores the

need to further investigate its environmental prevalence and toxi-

cological properties. This study also highlights the value of sam-

ple banks such as the one used here for Arctic air monitoring

dating back to 1994, which allows for retrospective analysis of

environmental trends for CECs.

One potential limitation of this study is that we use the concen-

trations of an OPA-novel OPE pair to demonstrate the importance

of OPA transformation chemistry. Note that the measured con-

centrations of novel OPEs are related to many factors, including

OPA transformation chemistry, the emission sources, and the

physiochemical properties of OPEs. Further study is needed to

illustrate the impact of these factors on environmental OPEs.

Finally, we note that limited consideration is given to atmo-

spheric chemical transformation within existing contaminant

assessment frameworks.38 However, there is historical prece-

dent for the importance of atmospheric transformations in the

case of perfluoroalkyl substances, i.e., atmospheric transforma-

tion of fluorotelomer alcohols can lead to the formation of per-

fluorocarboxylic acids,39 a class of chemical that is currently

regulated because of its health effect.16 Together with the cur-

rent OPA study, this highlights the need to include atmospheric

transformations in the development of regulations for chemicals

of concern.
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Arctic air measurement

To quantify trace levels of chemicals in the Arctic air, we deployed a super high

volume sampler (SHVS; �13,500 m3) and a high-volume active air sampler

(HVAAS; �2000 m3) from 1992 (SHVS) or 2015 (HVAAS) to the present.21,40

This large air volume enables us to quantify many chemicals that occurred

at low levels (pg m�3). Each air sample was collected during a 7-day sampling

period from the Alert Global Atmosphere Watch Observatory, Nunavut, Can-

ada (82�30’01"N, 62�19’48"W, 200 m above sea level [a.s.l.]), and measure-

ments are continuous and ongoing.21 In the SHVS, a 20-cm glass fiber filter

(GFF) and two polyurethane foam (PUF) plugs (20-cm diameter, 4-cm thick-

ness) were used to collect the particle-phase and gas-phase chemicals sepa-

rately. For HVAAS, each sampling was composed of a GFF and a cartridge

containing two PUFs (2.5-inch diameter) and 5 g of XAD-2 (Supelpak-2; Sigma

Aldrich) inside the two PUFs. The particle-bound target compounds in the GFF

were extracted by AirZone One Ltd (Mississauga, Canada) as described pre-

viously.21 The extracts were split into two equal portions: one was archived,

and the other was used for routine analysis. The impact of OPE degradation

in the archived extracts is negligible, given that the extracts were stored at

�20�C. The analytes were analyzed using an ultra-performance liquid chroma-

tography coupled with a Xevo TQ-S triple-quadrupole mass spectrometer

(Waters, Boston, MA, USA) using the optimized multiple reaction monitoring

(MRM; see Table S5) mode.

The quality assurance measures included the analysis of representative

samples of unused samplingmaterials (GFFs) from the field and the laboratory,

repeat analysis of 1 in 10 samples, inclusion of cleanup recovery and internal

standards in each sample extract, analysis of standard reference materials

from the EPA repository, as well as routine participation in inter-laboratory

round-robin testing programs and specialized inter-laboratory comparisons.

For a chemical to be detectable, the sample must have exceeded the method

quantification limit (MQL; pg m�3), defined as MQL = mean blank + 3 3 stan-

dard deviation (SD) of the blanks (Table S6). For chemicals not detected in the

blank samples, the MQL was defined as the amount of chemical (pg) in the

lowest standard, which gives a signal-to-noise ratio of 10 divided by the

average sampling volume. Values belowMQLwere considered as non-detects

andwere replaced with 1/2MQLwhen performing statistical analysis. The field

measurement results of novel OPEs are shown in Table S7 and Note S3.
Antarctic air measurement

Air particle samples were collected at the Antarctic Great Wall Station of China

(62�1205900S, 58�5705200W), using a total suspended particulate sampler (TSP;

flow rate, 1.05 m3 min�1; TH-1000H; Wuhan Tianhong) with GFF filters (23 3

18 cm2). Air samples (n = 8) were collected from January 11, 2020, to March

21, 2020, and from November 28, 2020, to January 23, 2021. The collected

samples were wrapped in aluminum foil and stored at �20�C until analyzed.

Eight 1.8-cm2 filter punches from each GFF filter were used to conduct the

OPE and OPA analysis. Each filter was added to a pre-cleaned glass vial, ex-

tracted with 30 mL of acetonitrile containing 20 ng of internal standards (tris(2-

chloroisopropyl) phosphate [TCPP]-d18, TCEP-d12, and tricresyl phosphate

[TCP]-d21) in an ultrasonication bath for 30 min and centrifuged at

5,000 rpm for 5 min; the supernatant was transferred to another glass vial.

The above extraction procedures were carried out three times for each sam-

ple. The extract was then dried under nitrogen gas and dissolved in 0.5 mL

of methanol. Finally, the extract was vortexed for 2 min and filtered with a

0.22-mm membrane to remove insoluble materials. OPEs and OPAs were

analyzed using an ultra-high-performance liquid chromatograph coupled to

a triple-quadrupole mass spectrometer (UPLC-MS/MS; AB Sciex).
Toronto air measurement

Samples were collected at Highway 401W, 125 Resources Road, Toronto,

Ontario, Canada (43�42’40"N, 79�32’35"W) from January to February

2018, under Canada’s National Air Pollution Surveillance (NAPS) program.

A modified HVAAS built by Environment and Climate Change Canada was

used to collect particle-phase (PM30) and gas-phase chemicals. Ambient

air (�720 m3) was drawn, over a period of 24 h, through a cartridge contain-

ing a Teflon-coated borosilicate GFF (20.323 25.40 cm) followed by a pair of

PUF sorbent plugs (8.26 3 7.62 cm). Samples were collected once every

6 days with the cartridge remaining in the high-volume sampler between
collection events. The filters and PUFs were wrapped in aluminum foil and

stored at �10�C prior to extraction.

A Soxhlet apparatus was used to extract the samples using 350mL of a 10:1

dichloromethane/acetone mixture for a period of 20–24 h. The resulting ex-

tracts were roto-evaporated to 5 mL and split into two equal portions. One

portion was used for routine analysis, and the other portion was stored at

�4�C. The sample extracts were dried under a blow of nitrogen and dissolved

in methanol, which was then analyzed by an UPLC-MS/MS (Waters, Boston,

MA, USA).

Guangzhou indoor dust measurement

Indoor dust samples (n = 25) were collected in Guangzhou, China, from July to

August 2021. Indoor dust samples were obtained by a vacuum cleaner

(ZMO1550; Electrolux, Stockholm, Sweden) with a paper collector bag in-

serted into the nozzle. After vacuuming the floors of each dwelling’s living

room and bedrooms, each paper bag was detached and wrapped with pre-

cleaned aluminum foil. Then the dust samples were sieved with a particle

size <150 mm and were stored at �20�C in an amber glass jar prior to sample

analysis.

The indoor dust samples were prepared by ultrasonic extraction with aceto-

nitrile. In brief, a 50-mg sample was spiked with 50 ng of internal standards

(TCEP-d12, TCPP-d18, tris(1,3-dichloro-2-propyl) phosphate [TDCPP]-d15,

TPHP-d15, tris(2-ethylhexyl) phosphate [TEHP]-d51, TCP-d21, and tris(2-bu-

toxyethyl) phosphate [TBEP]-d27) and transferred into a 10-mL glass centri-

fuge tube. Samples were extracted with 3 mL of acetonitrile by vortexing for

10 min and ultrasonication for 10 min. Following centrifugation at 4,500 rpm

(2,081 3 g) for 10 min, the supernatant was transferred to another glass

tube. The extraction operation was repeated thrice, and the combined super-

natants were concentrated to 5 mL under gentle nitrogen. Then, an aliquot of

1 mL of the extract was taken and filtered through a 0.22-mm filter member

before instrumental analysis. OPEs and OPAs were analyzed using an

UPLC-MS/MS (AB Sciex).

Heterogeneous O3 reaction experiments

The heterogeneous reactions between gaseous O3 and OPAs (TCEPi, TPHPi,

and TDtBPPi) coated on circular microscope cover glasses (18-mm diameter)

were studied using a dark FlowTube reactor described previously41 and in Fig-

ure S4. A 100 mL aliquot of OPA solution (12.5, 9.6, and 6.4 mM for TCEPi,

TPHPi, and TDtBPPi in methanol, respectively) was pipetted onto a cover

glass, resulting in an average OPA coating thickness of �1 nm after the evap-

oration of methanol in zero air; it is unlikely that the coatings are uniform.

Fifteen OPA-coated cover glasses were aligned on a Teflon holder with an

approximately 1.5-cm distance separation. The Teflon holder was placed in-

side the FlowTube reactor.

The total flow rate through the FlowTube reactor was 2 L min�1. OPAs

were exposed to 12–260 ppb of O3 at 298 K. Different O3 concentrations

were used for different OPA experiments because of their different reac-

tivity. The RH in the FlowTube was constantly maintained at a selected

value (0% and 50% RH) by varying the ratio of dry to wet zero air. The

O3 concentration and RH were measured using an O3 analyzer (Thermo,

model 49i) and an RH sensor (VWR), respectively. To investigate the poten-

tial impact of air conditions (O3 in zero air vs. O3 in genuine indoor air) on

the oxidation reactions of OPAs, TPHPi was also exposed to the genuine

indoor air, which contained 25 ppb of O3. At a given time point, the

oxidized OPA samples were extracted with 1 mL of methanol containing

BES (1 mM, used as internal standard) and analyzed using a Waters ul-

tra-high-performance liquid chromatograph interfaced with a Xevo triple-

quadrupole mass spectrometer.

The heterogeneous second-order reaction rate constants (k; cm3 mole-

cule�1 s�1) were calculated by measuring the decay of OPAs (Figure 3). The

k can be determined using Equation 1:

ln
½OPA�t
½OPA�0

= � k½O3�t; (Equation 1)

where [OPA]0, [OPA]t, [O3], and t are the initial mass of OPA (ng), the measured

mass of OPA (ng) at a given O3 exposure time, O3 concentration (molecules

cm�3), and O3 exposure time (s), respectively.
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Although the mass of OPAs decreased considerably with increasing O3

exposure time, the corresponding OPEs were simultaneously formed. We

calculate the formation yields (%) of OPEs according to Equation 2:

Formation yield ð%Þ =
nOPE

DnOPA

3100%; (Equation 2)

where nOPE is the amount of formation product OPE (mol; measured with the

UPLC-MS), and DnOPA is the differential amount of reactant OPA (mol; initial

OPA � the remaining OPA).

Biotransformation experiments

Liver S9 incubation

In vitrometabolism of OPEs by Sprague Dawley rat liver S9 was conducted in

triplicates. TDtBPP (10 nmol) was added to a glass vial, after which phosphate

buffer (240 mL, 1 mol L�1, pH 7.4) and NADPH regeneration solution (A: 50 mL,

B: 10 mL) were added. The biodegradation was started by addition of rat liver

S9, with final protein concentration of 1mgmL�1. Biodegradation of TPHPwas

conducted under the same conditions, which was used as the positive control.

Negative control was conducted on OPEs in the above incubation system

without liver S9. Blank control was conducted without OPEs addition in the

S9 incubation system. The biodegradations were stopped by addition of

3.5 mL of methanol (containing TPHP-d15 and DPHP-d10). The mixture was

then vortexed and centrifuged with supernatant for instrumental analysis.

Rat metabolism study

The rat metabolism study of OPEs was conducted under the approval from the

Animal Care Committee at the University of Toronto. Seven-week-old male

Sprague Dawley rats (n = 11) were divided into three groups: TDtBPP group

(n = 5), TPHP group (positive control, n = 4), and blank control group (n = 2).

The rats were administrated with chemicals (20 mg mL�1 dissolved in corn

oil) via intraperitoneal (i.p.) injection at 2.5 mL kg�1. The final administration

level was 50 mg kg�1. The blank control rats were dosed with clean corn oil.

The chemical administration was conducted in two separate parts. In part

one, urine and feces were collected whenever found by housing the rats on

LabSand (Braintree Scientific) for 8 h a day. The urine and feces collected

from each rat on each single day were put together to generate a single pooled

urine and feces sample daily, respectively. In part two, we re-administrated the

rats 21 days after the last sampling in part one. All rats were then euthanized

24 h after re-administration, after which rat blood and liver were sampled.

Before sample extraction, internal standards (TPHP-d15 and DPHP-d10)

were added. Rat urine (0.2 mL) and blood samples (50 mL) were mixed with

0.8 and 0.45 mL of methanol, respectively, which were then sonicated and

centrifuged with supernatant for instrumental analysis. Feces samples (0.2 g)

were mixed with 4 mL of methanol and then sonicated. Acetone (4 mL) was

used to extract rat liver samples (0.4 g), after which 1 mL of the extract was

transferred and solvent exchanged to methanol. The sorbent of octadecyl

silane C18 (0.2 g) was then added to the sample dissolved in methanol to

absorb interferences prior to instrumental quantification.

Instrumental analysis

The target chemicals were analyzed using an ultra-high-performance liquid

chromatograph interfaced with a Xevo triple-quadrupole mass spectrometer

(Waters, Milford, MA, USA), with an ACQUITY BEH C18 (2.1 3 100 mm,

1.7 mm) as the separation column. Electrospray ionization (ESI) was performed

in positive mode for OPEs and BDtBPP. Methanol and H2O, both containing

0.1% of formic acid, were used as the mobile phases. Details can be found

in the previous study.42 For the analysis of DPHP, the ESI was performed in

negative mode, while ammonium acetate (10 mmol L�1) was used in the

mobile phases. TPHP and DPHP were corrected by their internal standards.

Concentrations of TDtBPP and BDtBPP in rat samples were measured by

matrix-matched calibration. Recoveries of the TDtBPP, TPHP, and their me-

tabolites ranged from 53% to 115%. No contamination of OPEs or metabolites

was detected in the procedural blanks.

In silico modeling

The environmental persistence of OPEs was evaluated based on Pov (overall

persistence; days), a metric defined to characterize the average time that a

chemical resides in an environmental system with multiple environmental me-

dia (soil, water, and air). The Pov was estimated with the OECD persistence and
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long-range transport screening model (denoted OECD screening model).32 As

themodel input, partitioning properties were estimated using BIOVIACOSMO-

therm (version 21.0), COSMOconfX (version 21.0), and TmoleX (version

21.0.1), a well-established quantum chemistry and thermodynamics-based

software package following the COSMO-RS theory to calculate the octanol-

water partitioning coefficients (KOW), and Henry’s Law Constant (KH; Pa m3

mol�1), from which octanol-air (KOA), and air-water (KAW) partitioning coeffi-

cients were derived.43 The COSMOtherm-predicted partitioning properties

of OPEs are shown in Table S8. The estimated half-lives for the OPEs in air,

water, and soil are shown in Table S9.

The biotransformation half-lives (days) of OPEs were estimated using

the BCFBAF module of EPI Suite (Figure S15; Table S10).44 The

bioaccumulation model includes a quantitative structure-activity relationship

(QSAR) that estimates the biotransformation half-lives normalized for a 10-g

fish at 15�C based on experimental values of biotransformation half-

lives of 632 chemicals. The estimated biotransformation half-lives and

COSMOtherm-calculated KOW of OPEs were used as input to the bio-

accumulation model developed by Arnot and Gobas45 for bioaccumulation

factor (BAF; a metric used for quantifying the bioaccumulation potential of

chemicals) calculations. BAF is defined as the ratio between wet-weight-

based chemical concentrations in an organism and concentrations in water

under conditions involving all the primary chemical uptake and elimination

routes. We used the calculated BAF for the upper-trophic-level fish as end-

points for evaluating the bioaccumulation potentials of OPEs.

The toxicity of OPEs was evaluated using the Toxicity Estimation Software

Tool (TEST, version 5.1) that predicts the dose of OPEs that can cause 50%

of rats in a population to die after oral ingestion (LD50).
46 A lower LD50 corre-

sponds to a higher toxicity. As a suite of quantitative structure-activity relation-

ships (QSARs), TEST estimates oral rat LD50 based on experimental data of

7,400 chemicals, including 7 (TCEP, TCPP, TDCPP, TPHP, TEHP, TCP, and

TBEP) of the 12 OPEs evaluated in this study. For each of the 7,400 chemicals,

797 two-dimensional molecular descriptors were calculated from the chemical

structure. We used the hierarchical clustering-based QSAR to estimate the

oral rat LD50 for TDtBPP, TNPP, BBPDP, TiDeP, and EHDP. The uncertainty

analysis of the in silico predicted environmental hazards is shown in Note S4.

To compare the risks among the OPEs, we derive the RR via Equation 3 by

scaling Risk(x) (the risk of each OPE) to Riskmax (the highest risk among the 12

OPEs we evaluated).

RðxÞ =
RiskðxÞ
Riskmax

(Equation 3)

The risk of a chemical refers to a negative effect caused by a particular expo-

sure route to a chemical and can be quantified using Equation 4 as the quotient

of chemical exposure (chemical intake rate [CIR]; mol d�1] and the tolerable

daily intake (TDI; mol d�1):

RiskðxÞ =
CIRðxÞ
TDIðxÞ =

IR3CðxÞ
CF3 LD50ðxÞ : (Equation 4)

CIR can be calculated as the product of the intake rate (IR; kg d�1) of a medium

(e.g., dust or food) containing the chemical and the chemical’s concentration

(C; mol kg�1) in the exposed medium. TDI is a toxicological-effect-related

threshold above which the levels of exposure to humans or ecological organ-

isms would cause adverse effects. TDI can be derived with a conversion factor

(CF) applied to the toxicity endpoint (oral LD50). The CF is related to body

weight of the target organism and the uncertainty factor when extrapolating

the toxicity endpoint from one target organism to another. The CF is assumed

to be chemical independent. By combining Equations 3 and 4, the RR can be

determined using Equation 5, which is directly related to the concentrations of

OPEs in the exposed medium and LD50:

RRðxÞ =

IR

CF

CðxÞ
LD50ðxÞ

maxi

�
IR

CF

CðiÞ
LD50ðiÞ

� =

CðxÞ
LD50ðxÞ

maxi

�
CðiÞ

LD50ðiÞ
� : (Equation 5)

The RR of OPEs associated with indoor dust exposure was calculated with the

measured OPE concentrations in indoor dust from Toronto (Figure S2). This
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Toronto dataset was chosen because it is one of the most comprehensive in-

door dust datasets that included the concentrations of both the novel and the

traditional OPEs. Furthermore, we also calculated the risk associated with

terrestrial food web exposures. Due to the lack of measured concentration

data of both the novel and the traditional OPEs in the terrestrial food web,

we took the measured OPE concentrations in the ambient air of Chicago (Fig-

ure S2) to constrain the OPE emissions to air using the urban module of the

PROTEX model.33 With emissions of a chemical to the environmental media,

PROTEX is able to calculate the concentrations of the chemical in environ-

mental compartments (e.g., air, water, soil, sediment), as well as in organisms

in aquatic and terrestrial food webs. The input rate of emission of the OPEs to

urban air was scaled to ensure the predicted air concentrations match the

measurements. Then the model-predicted concentrations of OPEs in the

terrestrial food web were used to estimate their RRs based on Equation 5.

PROTEX is suited for defensible chemical assessments, given that it has

been thoroughly evaluated against monitoring and biomonitoring data for a

wide range of chemicals in various regional environments.47
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