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ABSTRACT: The environmental risks and health impacts
associated with particulate organophosphate flame retardants
(OPFRs), which are ubiquitous in the global atmosphere,
have not been adequately assessed due to the lack of data on
the reaction kinetics, products, and toxicity associated with
their atmospheric transformations. Here, the importance of
such transformations for OPFRs are explored by investigating
the reaction kinetics, degradation chemical mechanisms, and
toxicological evolution of two OPFRs (2-ethylhexyl diphenyl
phosphate (EHDP) and diphenyl phosphate (DPhP)) coated
on (NH4)2SO4 particles upon heterogeneous OH oxidation.
The derived reaction rate constants for the heterogeneous loss
of EHDP and DPhP are (1.12 ± 0.22) × 10−12 and (2.33 ±
0.14) × 10−12 cm3 molecules−1 s−1, respectively. Using recently developed real-time particle chemical composition
measurements, particulate products from heterogeneous photooxidation and the associated degradation mechanisms for
particulate OPFRs are reported for the first time. Subsequent cytotoxicity analysis of the unreacted and oxidized OPFR particles
indicated that the overall particle cytotoxicity was reduced by up to 94% with heterogeneous photooxidation, likely due to a
significantly lower cytotoxicity associated with the oxidized OPFR products relative to the parent OPFRs. The present work not
only provides guidance for future field sampling for the detection of transformation products of OPFRs, but also strongly
supports the ongoing risk assessment of these emerging chemicals and most critically, their products.

■ INTRODUCTION

Organophosphate flame retardants (OPFRs) are synthetic
chemicals frequently utilized as plasticizers, additives, and
antifoaming agents in building materials, electronics, and
household products.1,2 The estimated global market volume of
OPFRs is 620 kilotons in 2013 and is expected to increase into
the foreseeable future.3 As OPFRs are not chemically bonded to
the materials within commercial products, they are easily
emitted into the environment through volatilization, abrasion,
and leaching processes.2 As a result, OPFRs have been
frequently detected in various environmental matrices such as
surface water,4 seawater,5 sediments,6 snow,7 soil,8 household
dust,9 indoor air,10 and ambient airborne particles11 over the
past decade. Previously measured OPFRs include 2-ethylhexyl
diphenyl phosphate (EHDP), diphenyl phosphate (DPhP),
tricresyl phosphate (TCP), tris(2-butoxyethyl) phosphate
(TBEP), triphenyl phosphate (TPhP), tris(2-ethylhexyl)-
phosphate (TEHP), tris-1,3-dichloroisopropyl phosphate
(TDCPP), tris-2-chloroethyl phosphate (TCEP), and tris(2-
chloroisopropyl) phosphate (TCPP). In the atmosphere,
OPFRs have been measured in the global background, in

agricultural, urban, rural, and polar regions, with the sum of all
measured OPFRs ranging from 69 to 19000 pg m−3.8,11−16 The
ubiquitous presence of OPFRs in the global environment, as well
as their potential to induce toxic effects in humans17−19 have
stimulated serious public concerns over their environmental and
health risks.20,21 However, such risks are usually associated with
OPFR emissions, with minimal consideration for those
associated with the potential secondary atmospheric chemistry.
In the atmosphere, OH radicals are expected to govern the

fate of gaseous OPFRs through OH-initiated oxidation
reactions, as demonstrated by numerous chemical kinetics
studies experimentally22−24 and modeling.25−27 However, many
atmospheric OPFRs such as EHDP, TCP, TBEP, TPhP,
TDCPP, and TCEP are predominantly associated with airborne
particles due to their low volatility,28−30 with chemical fates
likely determined by OH-initiated heterogeneous oxidation
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reactions. During their residence time in the atmosphere,
unreacted particulate OPFRs (p-OPFRs) are likely to be
gradually transformed to oxidized products through continued
photooxidation. The oxidation reactions will form trans-
formation products with the potential to be more toxic than
their parent compounds such as the case for polycyclic aromatic
hydrocarbons and diesel exhaust.31,32 Consequently, a complete
understanding of the risks associated with many atmospheric p-
OPFRs can only be achieved through a comprehensive
investigation of the transformation process. This includes
knowledge of not only the heterogeneous OH oxidation
kinetics, but also the oxidation products, as well as the toxicity
profiles of both the parent OPFR and its oxidation products. The
incorporation of all of these factors into the risk modeling for
these species is of critical importance for an accurate evaluation
of their persistence and corresponding health impacts.
Recently, several studies have investigated the heterogeneous

OH reactivity of p-OPFRs such as TCP, TBEP, TPhP, and
TDCPP.33−35 However, the heterogeneous oxidation kinetics
and thus atmospheric persistence of other commonly used
OPFRs such as EHDP and DPhP,36,37 remain unknown.
Furthermore, these previous studies focused only on the
heterogeneousOHoxidation kinetics of those species, providing
no information on the oxidation products nor the oxidation
mechanism. Currently, nontargeted analysis, a promising
analytical technique that allows the detection of a broad range
of unknown chemicals without specifically targeting individual
compounds, is widely used in the detection of pollutants
(including OPFRs) in various environmental matrices.38−40

However, the interpretation of such complex nontargeted data
sets is very challenging, as the nature of the identified species
(product vs parent molecule) is typically unknown. Given this, it
is essential to obtain the transformation product information so
that the efficiency of the nontargeted analysis process can be
significantly improved through the screening of potential
identifiable products in the environmental samples. In addition,
the effect of photooxidation (OH oxidation) on the toxicity of p-
OPFRs during oxidative aging also remains unclear, despite
some limited evidence that exist for aquatic systems (i.e., the
toxicity of TCEP in water was significantly reduced upon
photooxidation).41 The potential for causal links between the
OH heterogeneous degradation of p-OPFRs, the chemical
nature of formed products and the subsequent changes in
toxicity, highlights the importance of improved understanding of
the interplay between these processes.
In this work, the OH-initiated heterogeneous reactions of

EHDP and DPhP coated on (NH4)2SO4 particles (used as a
proxy for preexisting ambient aerosol) were investigated. Based
upon the measured heterogeneous rate constants (k), the
degradation lifetimes for these compounds were determined.
Concurrently, the particulate OPFR oxidation products were
detected using a recently developed extractive electrospray
ionization time-of-flight mass spectrometer (EESI-
TOFMS),42,43 capable of determining the heterogeneous
oxidation products in real-time, from which a photooxidation
mechanism for OPFRs is proposed. In addition, changes in the
cytotoxicity of OPFRs as a result of photooxidation were also
examined. The results here will further advance the kinetic and
mechanistic understanding of the atmospheric transformation
for OPFRs, provide new information in support of associated
environmental and health risk assessment efforts, and open up a
potentially new area of study with advanced instrumentation for

the particulate product characterization of existing and future
regulated chemicals.

■ METHODS
Heterogeneous OH Oxidation Experiments. The

heterogeneous reactions between OH radicals and OPFRs
(EHDP and DPhP) coated onto (NH4)2SO4 particles (denoted
OPFR@AS) were studied using a photochemical oxidation flow
tube reactor described previously33 and in the Supporting
Information (SI; Figure S1). The (NH4)2SO4 particles were
generated via atomization (TSI, model 3706) of 5.3 mM
(NH4)2SO4 solution (pH= 6.24), dried through a diffusion drier
(TSI, model 3062), and size-selected with a differential mobility
analyzer (TSI, model 3081) to obtain a monodispersed
(NH4)2SO4 particle population with a mode mobility diameter
of approximately 95 nm. These dried, monodispersed
(NH4)2SO4 particles then passed through the headspace of a
temperature-controlled Pyrex tube (335−363 K) containing
either pure EHDP or DPhP, to generate coated particles with a
mode mobility diameter of 125 nm. The coated particles were
introduced into a mixing vessel after having passed through an
activated carbon denuder to remove volatile organics vapors
from the flow.
Upon achieving a steady-state concentration of particulate

OPFR (EHDP 10.3 μg m−3; DPhP 12.1 μg m−3) under 254 nm
UV light irradiation (Jelight, #82−3309−9) at 298 K in each
experiment, O3 (Ozone Solutions, model TG-10; 0−2 ppm)was
introduced into the flow tube reactor. The relative humidity
(RH) in the reactor was constantly maintained at 35% by
controlling the flow of dry and wet zero air into the reactor. OH
radicals were generated by photolysis of O3 at 254 nm followed
by reaction with this water vapor. The O3 concentration, RH,
OPFR concentration, and size distribution of particles exiting
the reactor were measured using an O3 analyzer (2B
Technologies, model 202), an RH sensor (Vaisala Inc., model
HMP60), an Aerodyne high-resolution time-of-flight aerosol
mass spectrometer (HR-TOF-AMS),44 and a scanning mobility
particle sizer (TSI, model 3936), respectively. In offline
calibrations, the OH exposure was calculated through the loss
of CO due to its reaction with OH,45 and was in the range of 1.5
× 1011−2.0× 1012 molecules cm−3 s (see SI). The unreacted and
oxidized OPFR@AS particle samples (formed at photochemical
ages of 7−9 days; assuming an average atmospheric OH
concentration of 1.5 × 106 molecules cm−3)46 were collected on
47 mmTeflon filters (Savillex Inc., #950−450−1192) at the exit
of the reactor for subsequent cytotoxicity analysis (see SI).
Control experiments demonstrated that O3 had no effect on the
degradation of OPFRs (Figure S2). Further details regarding the
chemicals utilized in this study, the flow tube reactor, the OH
exposure measurements, and the evaporation of particulate
OPFRs are given in the SI. The physicochemical properties of
EHDP and DPhP are provided in Table S1.

Detection of Particulate Products. The particulate
products of OPFR formed from OH heterogeneous reactions
were measured using an EESI-TOFMS previously described42,43

and in the SI. Unlike the HR-TOF-AMS which utilizes the high
energy of electron impact ionization (70 eV; resulting in extreme
molecular fragmentation), the EESI-TOFMS uses soft ioniza-
tion to detect the chemical composition of organic particles in
real-time at the molecular level. Briefly, the particle-containing
flow exiting the flow tube reactor passed through a multichannel
extruded carbon denuder at the inlet of the EESI-TOFMSwhich
removed most of the gaseous species with high efficiency (e.g., >
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99.6% for pinonic acid).42 The oxidized OPFR particles then
collide with electrospray droplets generated at the end of an
electrospray capillary (New Objective; #TT360−50−50−N−
5) at a flow rate of 1 μL min−1. Soluble components of the
particles were extracted, ionized through a Coulomb explosion
of the charged droplets, and detected by a Tofwerk APi-
TOFMS. The electrospray working solution was a water−
acetonitrile mixture (H2O−CH3CN; 1:1 by volume) with 110
ppm of sodium iodide (NaI) as a charge carrier. The potential
difference between the ESI probe and APi-TOFMS was set to
+2.5 kV. As a result, the mass spectra were recorded in positive
ion mode (i.e., Na+ adducts). For m/z calibration, a series of
[(NaI)x(CH3CN)y(H2O)z]Na

+ (x = 0−3, y = 0−2, z = 0−2)
clusters which range from m/z 23 to 491 (Table S2) were
utilized.
Sample Preparation for Cytotoxicity Analysis. The

unreacted and oxidized particulate OPFR samples collected on
the Teflon filters were extracted using an accelerated solvent
extractor (Dionex Corporation, ASE 350) with a combination of
petroleum ether and acetone solvents (83/17, v/v), followed by
reducing the sample to incipient dryness using rotary
evaporation and nitrogen blow down, as described previ-
ously.11,12 Dimethyl sulfoxide (DMSO; 1 mL) was then added
to reconstitute the volume of the extracted sample for
subsequent cytotoxicity analysis.47 The concentration of
OPFR in the DMSO solution is calculated based upon a
recovery of 50% for the OPFR collected on the Teflon filter.
This analytical method (recovery experiment) was previously
validated using spiked/fortified samples, which had been used to
measure OPFRs in ambient air samples.11,12 The recovery of an
oxidized OPFR is assumed to be the same as the OPFR
precursor since most detected products have similar chemical
structures as the OPFR precursor (see below).
Cell Culture and LDH (Lactate Dehydrogenase)

Cytotoxicity Assay. Adenocarcinomic human alveolar basal
epithelial cells (A549) were maintained as previously
described.47 Briefly, 24 h before exposure, A549 cells (4 ×
104) were seeded in 96 well plates at a low confluence and
incubated in an incubator in a humidified atmosphere of 5%
CO2 with temperature maintained at 335 K. The following day,
cells (grown to 90% confluence) were exposed to 7, 14, or 28 mg
L−1 (n = 3) of unreacted and oxidized OPFR samples. Control
cells were exposed to blank filter extracts (n = 3). Cell
supernatants were collected at 24 h postexposure for the LDH
assay.
A LDH assay kit (Abcam, Toronto, ON, Canada) was used to

measure membrane integrity and release of cytoplasmic LDH

into the medium.47 In brief, following the exposure, the 96 well
plates were centrifuged at 600 x g for 10 min. The culture
supernatants (10 μL) were collected and reacted with 100 μL of
LDH Reaction Mix for 30 min at room temperature. The
absorbance was measured at 450 nm. The reference wavelength
was measured at 650 nm. Changes in the absorbance reflect the
degree of cellular permeability, which is indicative of
cytotoxicity.

■ RESULTS AND DISCUSSION

Heterogeneous Oxidation Kinetics. The rate constant of
heterogeneous oxidation is quantified by measuring the loss of
the particulate OPFR, as estimated by a selected marker ion
from the HR-TOF-AMS spectrum.33 In the current study, the
molecular-ion peaks at m/z 362 and m/z 250 were selected as
marker ions for EHDP and DPhP, respectively. The changes in
the intensities of these two molecular ions as a function of OH
exposure from EHDP and DPhP experiments are shown in
Figure S3, from which the observed rate constant kobs (cm

3

molecule−1 s−1) for the heterogeneous OH oxidation of OPFR
can be determined using eq 1:33,48

[ ]
[ ]

= = − [ ]I
I

k tln
OPFR
OPFR

ln OH
0 0

obs
(1)

where [OPFR]0, [OPFR], and [OH]t are the initial OPFR
concentration (molecules cm−3), the measured OPFR concen-
tration (molecules cm−3) at a given OH exposure, and the OH
exposure (molecules cm−3 s), respectively. The terms I0 and I
represent the HR-TOF-AMS signal intensities for the selected
marker ions (proportional to the OPFR concentration) in the
absence and presence of OH radicals. By fitting the data in
Figure S3 (I/I0 vs OH exposure) to an exponential function, kobs
can be determined (Table S3). The value of kobs was further
corrected for OH gas-phase diffusion using a previously
developed empirical formula49,50 to obtain a true rate constant
(k). The values of k for EHDP and DPhP are calculated to be
(1.12± 0.22)× 10−12 and (2.33± 0.14)× 10−12 cm3molecule−1

s−1, respectively (Table 1). The AOPWIN modeled rate
constants (estimated based upon the structure−activity relation-
ship method)51 for EHDP and DPhP are also calculated for
comparison as given in Table 1 and would clearly overestimate
the k for these two compounds in the particle phase by at least a
factor of 3. Such a large deviation between predicted and
measured k for these two OPFRs in the particle phase have
important implications for their fate in the atmosphere, as
discussed below.

Table 1. Summary of Measured and AOPWIN Modeled Rate Constant (k) and Lifetimes (τ) for Seven OPFRs in the Currently
Available Literature

k (×10−12 cm3 molecule−1 s−1) τ_low OH(days)
a τ_high OH(days)

b

OPFR particle phasec aqueous phased AOPWIN particle phase AOPWIN particle phase AOPWIN

EHDP 1.12 ± 0.22e 39.9 15.9 0.5 6.5 0.2
DPhP 2.33 ± 0.14e 20.8 ± 0.33 7.4 7.6 2.4 3.1 1.0
TCP 2.75 ± 0.38f 6.30 ± 0.48 13.7 6.5 1.3 2.6 0.5
TBEP 3.06 ± 0.40f 13.7 ± 1.03 128.7 5.8 0.1 2.4 0.1
TPhP 2.10 ± 0.19g 14.7 ± 0.50 10.8 8.5 1.7 3.4 0.7
TEHP 2.70 ± 0.63g 97.9 6.6 0.2 2.7 0.1
TDCPP 0.92 ± 0.09g 0.59 ± 0.06 18.1 19.4 1.0 7.9 0.4

aAssuming a global mean OH concentration of 6.5 × 105 molecules cm−3.66 bAssuming a global mean OH concentration of 1.6 × 106 molecules
cm−3.66 cReaction conditions: OPFR coated on (NH4)2SO4 particle, 298 K, and 35−38% RH. All values are presented as average k ± standard
error (n = 5 experiments). dAt 298 K, taken from ref 67. eThis work. fTaken from ref 33. gTaken from ref 34.
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OxidationMechanism. As noted above, the molecular ions
of most particulate products formed from the heterogeneous
OH oxidation of OPFRs cannot be detected with the HR-TOF-
AMS due to the high energy of electron impact ionization
(Figure S4). However, such molecular level information can be
clearly provided by the EESI-TOFMS during an experi-
ment.42,43 The difference aerosol mass spectra between the
oxidized and unreacted EHDP andDPhP (oxidized−unreacted)
as measured by the EESI-TOFMS are shown in Figure 1A, and
1B, respectively, from which the oxidation products of these two
OPFRs can be identified.
When particulate EHDP was exposed to OH radicals, the

signal intensity atm/z 385 which corresponded to [M+Na+] (M
= EHDP molecule) decreased substantially, indicating the
degradation of EHDP (Figure 1A). Simultaneously, a series of
m/z peaks (ranging from m/z 127 to 433) increased due to the
Na+ adducts with oxidation products, with likely chemical
structures for these products given in Table S4. We note that the
H2O−CH3CN working fluid can also yield clusters of EHDP
molecules with H2O ([M(H2O)]Na

+; m/z 403) and with
CH3CN ([M(CH3CN)]Na

+;m/z 426), with abundances of 2%
and 12% of the parent ion ([M+Na+]; m/z 385), respectively.
Similarly, for DPhP molecules, the abundances of [M(H2O)]-
Na+ (m/z 291) and [M(CH3CN)]Na

+ (m/z 314) clusters are
3% and 9% of the parent ion ([M+Na+]; m/z 273), respectively
(Figure 1B). Such findings are consistent with a recent study of
α-pinene secondary organic aerosol (SOA) which similarly
demonstrated that the abundance of [M(CH3CN)]Na

+ is on
the order of 10% of [M+Na+] (M = SOA components).42 These
results clearly indicate that organic molecules mainly formed [M
+Na+] adducts during the EESI-TOFMS measurements.
Upon the basis of the identified particulate products ([M

+Na+] adducts) from EHDP experiments (Table S4), a
chemical mechanism for the heterogeneous OH oxidation of
EHDP is proposed in Figure 2 where solid boxes denote
molecular formulas that have been detected in these experi-
ments. The reaction channels can be broadly divided into three
main categories: OH addition to the phenyl ring (channel 1),
OH addition to the phosphate center (channel 2), and OH
reactions with the alkyl group (channel 3). In channel 1,
products E1 and E2 are formed (Figure 2), which are indicative of
OH-addition to the phenyl ring and are consistent with the
chemical mechanism of OH oxidation of benzene.52 Channel 2
involves a two-step reaction, i.e., OH addition to the central
phosphorus atom, followed by the cleavage of an alkoxy or a
phenoxy group from the phosphoric center to generate product
E3 and E4 (accompanied by the formation of phenol),
respectively. Such a transformation pathway has also been
reported in the OH oxidation of other OPFRs (TPhP and
TCEP) in water.53−55 Further oxidation of phenol (ring opening
reactions) would result in the formation of product a and b
(Figure S5), which have been frequently detected in the OH
oxidation of aqueous-phase phenol process.56,57

In channel 3, oxidation begins withH-abstraction byOH from
the alkyl group of EHDP, producing an alkylperoxy radical,
which further reacts withHO2 to yield a hydroperoxide (product
E5). E5 can then undergo three different reaction pathways. First,
E5 reacts with OH to generate a dihydroperoxide, which then
transforms to a carbonyl hydroperoxide (E6) through the well-
established Russell mechanism.58 The second pathway involves
the formation of an alkoxy radical through the photolysis of E5,
which subsequently transforms to a 1,4-hydroxy hydroperoxide
(product E7) via a 1,4-isomerization mechanism. With

continued photolysis and isomerization processes, E7 would be
converted to a hydroxy carbonyl (product E8). In the third
pathway, E5 is converted to a carbonyl (product E9) according to
the above-mentioned Russell mechanism,58 which can further
react with OH to form a carboxylic acid (product E10), and a
peracid (product E11). Such a complex mechanism presented
above (channel 3) is in good agreement with a previously
proposed mechanism for the photooxidation of alkanes.59,60

Channel 3 presented here represents a general mechanism for
the photooxidation of EHDP as OH can attack various carbon

Figure 1. Difference aerosol mass spectra for OPFRs (oxidized−
unreacted) as measured by the EESI-TOF-MS: (A) EHDP at an OH
exposure of 1.1 × 1012 molecules cm−3 s; (B) DPhP at an OH exposure
of 7.5 × 1011 molecules cm−3 s; (C) TCP at an OH exposure of 7.7 ×
1011 molecules cm−3 s. Positive and negative values indicate the mass
peaks that are enhanced and reduced for OPFRs upon OH exposure,
respectively. The [(NaI)x(CH3CN)y(H2O)z]Na

+ clusters (x = 0−3, y =
0−2, z = 0−2), labeled as (*), are summarized in Table S2. In theory,
the intensities of these clusters should be close to zero in the difference
aerosol mass spectra, but the difference of two high intensity signals
would remain large relative to most ions in the mass spectra.
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atoms of the alkyl group, with the potential for other isomers to
form. For example, several carbonyl hydroperoxides, which are

isomers of E11 (see the dashed box in Figure 2), can also be
formed through channel 3. Such isomers can undergo photolysis

Figure 2. Proposedmechanism for the heterogeneous OH oxidation of particulate EHDP. The particulate products specifically measured by the EESI-
TOFMS are indicated in the solid boxes. Note that these identified products could have isomers which are not shown in this figure and EESI-TOFMS is
unable to distinguish such isomers from each other.
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and decomposition reactions, resulting in the formation of
smaller-chain carbonyls (product E12−E14). Further oxidation of
these three carbonyls (E12−E14) would lead to the generation of
a carbonyl hydroperoxide (product E15), a short-chain carbonyl
(product E16), and carboxylic acids (product E17 and E18). All
these potential products formed from EHDP experiments
(product E1−E18) are summarized in Table S4. Among these
products, E2 and E5(m/z 417), E6, E11, and E11 isomers in the
dashed box (m/z 431), and E8 and E10 (m/z 415) have the same
molecular formula, and EESI-TOFMS is unable to distinguish
such isomers from each other.
In the case of DPhP, a decrease in the signals ofm/z 273, 291,

and 314 was observed with OH exposure (Figure 1B). These
three peaks correspond to [M+Na+], [M(H2O)]Na

+, and
[M(CH3CN)]Na+ (M = DPhP molecule), respectively.

Concurrently, oxidation of DPhP resulted in the appearance
of five mass peaks at m/z 127, 141, 197, 253, and 289 (Figure
1B), corresponding to the Na+ adducts with product a, b, D3, D2,
and D1, respectively (see Figure 3A and Table S5). The possible
oxidation mechanism for DPhP is shown in Figure 3A, which
follows a similar general mechanistic route as that of EHDP.
Briefly, DPhP is observed to react with OH via two different
reaction channels, i.e., OH addition to the phenyl ring (channel
1) and OH addition to the phosphate center (channel 2), to
form products D1, D3, and phenol. Subsequent reactions of OH
with D1 and phenol would produce D2, a, and b (Figure 3A).
To gain insight into the oxidation mechanism for other

OPFRs, the heterogeneous OH oxidation of TCP, an important
aryl OPFR,61 was also investigated (since the heterogeneous
oxidation kinetics of TCP has been reported in a previous

Figure 3. Proposed mechanism for the heterogeneous OH oxidation of (A) particulate DPhP, and (B) particulate TCP. The particulate products
specifically measured by the EESI-TOFMS are indicated in the solid box. Note that these identified products could have isomers which are not shown,
and EESI-TOFMS is unable to distinguish such isomers from each other.
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study,33 the current work only investigated the oxidation
mechanism). The difference aerosol mass spectra between the
oxidized and unreacted TCP (oxidized−unreacted) asmeasured
by the EESI-TOFMS is shown in Figure 1C, which clearly
demonstrated that the signals of m/z at 391, 409, and 432,
corresponding to [M+Na+], [M(H2O)]Na+, and [M-
(CH3CN)]Na

+ (M = TCP molecule), respectively, decreased
substantially with OH exposure. Concurrently, a series of m/z
peaks which ranged from m/z 127 to 407 increased as shown in
Figure 1C and were ascribed to the adducts of Na+ with
oxidation products T1−T7, a, and b (Table S6). The chemical
transformation mechanism of TCP as shown in Figure 3B is
proposed based upon the identified products fromTable S6, and
is similar to the proposed chemical transformation mechanisms
for EHDP and DPhP.
In summary, the three OPFRs investigated in this study

undergo similar OH oxidation channels, i.e., OH reacts with the
substituent groups of OPFRs (see channel 1 and 3 for EHDP,
and channel 1 for DPhP and TCP), and OH addition to the
phosphate center (see channel 2 for EHDP, DPhP, and TCP).
This suggests that other OPFRs would likely follow similar
oxidation channels during OH-initiated heterogeneous oxida-
tion reactions, and thus the products formed through such
channels may potentially be predicted.
It should be noted that the HR-TOF-AMS measurement

results also provide some limited information with respect to the
oxidation products of OPFRs, which are consistent with those
measured by the EESI-TOFMS (see SI for additional details). In
addition, for a given OPFR, the same EESI-TOFMS m/z peaks
were observed at low and highOH exposures (1.5× 1011 and 1.1
× 1012 molecules cm−3 s, respectively), suggesting that the OH
reactions would yield similar products over the investigated OH
exposure range. However, it is very challenging to quantify these
products due to the lack of product standards. Such quantitative
analysis may be possible in future studies through a recently
developed voltage scanning technique.62

It should also be noted that previous studies on gas-phase
OPFRs (both experimentally and modeling) are not sufficient to
provide comprehensive information on the reaction products
and mechanisms for OPFRs.22,23,25,26 For example, previous
experimental studies on gas-phase OPFRs mainly focus on small
OPFR molecules (e.g., triethyl phosphate).22,23 The reported
mechanism for these small OPFRs cannot be used to predict the
mechanism for large OPFRs (e.g., EHDP) since the mechanism
for large OPFRs is expected to be more complex. Also, previous
theoretical studies on gas-phase OPFRs (e.g., TPhP) can only
predict limited first-generation products, and are unable to
predict later-generation products due to the complex secondary
chemistry of OPFRs.25,26 Consequently, these above-mentioned
limitations make a direct comparison between the current
results (in the particle phase) and previous results (in the gas
phase) very difficult. More research is required to investigate the
impact of particle phase (vs. gas phase) on the reactivity of
OPFRs.
Impact on Cytotoxicity. Extracts of particle samples of

unreacted and oxidized OPFR@AS (OPFR coated on
(NH4)2SO4) were subjected to an in vitro LDH cytotoxicity
assay (a measure of cell membrane permeability)47,63 to assess
the impact of photochemical oxidation on the toxicity of these
particulate OPFRs. The LDH activity (%) of these particle
samples, which is expressed as the percentage increase in the
LDH release in A549 cells treated with OPFR@AS extracts
relative to the control samples (blank filter extracts), are shown

graphically in Figures 4 and S6. Given the relatively non-
cytotoxic nature of pure (NH4)2SO4 particles (see SI), the

overall particle cytotoxicity of OPFR@AS (OPFR +
(NH4)2SO4) is likely caused mainly by the OPFR rather than
(NH4)2SO4. All of the three pure (unreacted) OPFRs
investigated in this study (EHDP, DPhP, and TCP; i.e., sample
Ea, Da, and Ta in Figure 4), produced overt cytotoxicity at 14 mg
L−1 dosage, as demonstrated by the strong LDH activity of Ea
((68 ± 15)%), Da ((22 ± 6)%), and Ta ((48 ± 9)%). This is
consistent with a previous toxicity study on other OPFRs (TBEP
and TCPP) which had similarly shown that exposure to OPFRs
at 200 μM dosage (∼80 mg L−1) would result in an up to 31%
increase in the LDH leakage in A549 cells.18

A clear difference between the LDH activity of unreacted and
oxidized OFPRs is also observed (Figure 4). As noted in the
Methods section and Table S7, EHDP, DPhP, and TCP were
oxidized to simulate photochemical ages of 9, 8, and 7 days,
respectively. Under such conditions, most OPFR precursors
would be transformed to oxidized products due to the OH-
initiated degradation process, with an estimated degradation
fraction of 73%, 91%, and 92% for EHDP, DPhP, and TCP,
respectively (calculated based upon the measured k in Table 1).
As a result, the particles was comprised mainly of oxidized
products rather than the OPFR precursors. Clearly, the
cytotoxic potencies of the three unreacted OPFR@AS particles
(Ea, Da, and Ta) are significantly reduced with increased
photochemical oxidation (Figure 4). For example, an estimated
photochemical oxidation of 9, 8, and 7 days resulted in a 94%,
28%, and 78% decrease in the LDH activity for EHDP, DPhP,
and TCP, respectively (see Ea vs Eb, Da vs Db, and Ta vs Tb in
Figure 4). These observations have been further verified via a
two-way ANOVA analysis with dose and photochemical age as
factors (Table S8), which indicate that the results presented
above are statistically significant (p-value < 0.05) except for
DPhP (likely due to the relatively low LDH activity of DPhP
across the investigated dose range; see Figure S6). Nevertheless,
the results here suggest that the overall toxicity of oxidized
OPFR particles is significantly reduced relative to their
corresponding precursors (unreacted OPFR particles). Such
an effect is consistent with a recent study, which has similarly

Figure 4. LDH cytotoxicity results from the exposure of A549 cells to
unreacted and oxidized EHDP, DPhP, and TCP (at 14 mg L−1 dosage).
LDH activity (%) is expressed as the percentage increase in the LDH
release in A549 cells treated with OPFR extracts relative to the control
samples (blank filter extracts). Ea: unreacted EHDP; Eb: oxidized
EHDP formed at a photochemical age of 9 days; Da: unreacted DPhP;
Db: oxidized DPhP formed at a photochemical age of 8 days; Ta:
unreacted TCP; and Tb: oxidized TCP formed at a photochemical age
of 7 days. The photochemical age is calculated assuming a global mean
concentration of 1.5 × 106 molecules cm−3 OH.46
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shown that the toxicity of TCEP in water is significantly reduced
upon photooxidation.41 It should be noted that, while having a
lower toxicity, the oxidized OPFR particles (sample Eb, Db, and
Tb in Figure 4) remain able to induce cell membrane damage in
A549 cells, as indicated by their low to moderate LDH activities
which range from (4 ± 1)% to (16 ± 2)%.
Atmospheric Fate. The atmospheric lifetimes τ (τ = 1/

k[OH]GM) of EHDP and DPhP can be determined from the
kinetic data obtained in this work (see Table 1 and Figure 5),

which are key parameters in the environmental risk assessment
for these species.36,61,64 On the basis of the true reaction rate
constant and a global mean OH concentration ([OH]GM) which
ranges from 6.5 × 105 to 1.6 × 106 molecules cm−3 (i.e., an
atmospherically relevant range in Figure 5),46,65,66 the τEHDP and
τDPhP are estimated to be 6.5−15.9 and 3.1−7.6 days,
respectively, depending upon the [OH]GM. They are at least
three times longer than the estimated τ based upon the
AOPWIN derived rate constants (Table 1). This is in agreement
with previous results for other particulate OPFRs such as TCP,
TBEP, TPhP, TEHP, and TDCPP which also demonstrated an
enhanced atmospheric persistence due to significant differences
between measured heterogeneous rate constants and those
modeled for the gas-phase.33,34

The atmospheric lifetimes derived for EHDP and DPhP here
can also be placed in context of other OPFRs. As shown in
Figure 5, the atmospheric lifetime of DPhP (3.1−7.6 days) is
slightly longer than the τ of TBEP (2.4−5.8 days), TCP (2.6−
6.5 days), and TEHP (2.7−6.6 days), and is slightly shorter than
the τ of TPhP (3.4−8.5 days), but is significantly shorter than
the τ of EHDP (6.5−15.9 days) and TDCPP (7.9−19.4 days).
The extended lifetime of TDCPP (i.e., lower reactivity) relative
to other OPFRs is consistent with its lower reactivity in water
relative to other aryl and alkyl phosphates (Table 1).67 The
estimate of atmospheric lifetime for DPhP here suggests that it is
sufficiently long to undergo medium-range transport in the
atmosphere even though it is less persistent than halogenated
OPFRs (TDCPP). However, EHDP is likely to have the
potential for long-range atmospheric transport given its longer
persistence (up to 15.9 days). This is consistent with a previous
field study which found a high concentration of EHDP (up to
298 pg m−3) in ambient particle samples collected in Arctic.16

The chemical structures of different OPFRs (EHDP, DPhP,
TBEP, TCP, TEHP, TPhP, and TDCPP) were provided in
Figure S7.

Implications. The current work, while providing new
heterogeneous kinetic data for several species, also presents
detailed information on the photooxidation mechanism and
cytotoxicity profiles for particulate OPFRs present in atmos-
phere. Given that no other oxidation product and toxicity
information is presently available with respect to atmospheri-
cally transformed particulate OPFRs, the present work not only
sheds light on field study data for OPFRs, but also strongly
supports the ongoing risk assessment of these emerging
chemicals. For example, the identified oxidation products from
the current laboratory experiments can be used to guide future
field measurements for OPFRs by screening for these products
in samples collected from ambient air in conjunction with
nontargeted analysis. In addition, on the basis of the methods
utilized in this work which provide product characterization, the
potential may also exist to ultimately rank the chemical products
formed in terms of toxicity, and may be expanded to include the
products from a variety of OPFRs and other chemicals of
emerging concern. In doing so, the risk assessment for
precursors and oxidation products can be more effectively
prioritized.
Considering that the toxicities of the OPFR-containing

particles investigated here (EHDP, DPhP, and TCP) are
reduced upon photochemical oxidation (see above), it is
possible that the toxicities of other OPFRs will be similarly
reduced upon atmospheric exposure, thus reducing the overall
risks associated with the OPFRs released into the atmosphere.
However, as only one cytotoxicity assay (LDH release) and one
cell type (A549 cell) were utilized in the current work, the
observed toxicity reduction here may not be the case for other
OPFRs using different toxicity assays and different cell types.
Further study is warranted to assess the impact of photo-
oxidation on the toxicity of other types of OPFRs (e.g.,
halogenated OPFRs) and using different toxicity assays (e.g., in
vivo and in vitro ATP and resazurin reduction assays) and
different cells (e.g., J774 cell). In addition, in the real
atmosphere, the heterogeneous oxidation of particulate
OPFRs is likely to be more complicated than the present
laboratory results indicate, given the complex mixing state of
ambient particles (i.e., the effect of other organic coatings)
which has been demonstrated to reduce OH reaction kinetics.34

Further experimental study is hence necessary to better
understand the impact of mixing state on the overall toxicity
of OPFR-containing particles. While further research is needed,
the experimental approach and observations outlined here open
up a new research avenue for the persistent organic pollutants
(POPs) research community to more deeply investigate the
complexity of the atmospheric transformations of POPs and
other chemicals and associated toxicity.
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