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ABSTRACT: An increasing number of alternative flame retardants (FRs)
are being introduced, following the international bans on the use of
polybrominated diphenyl ether (PBDE) commercial mixtures. FRs’
production capacity has shifted from developed countries to developing
countries, with China being the world’s largest producer and consumer of
FRs. These chemicals are also imported with e-waste to China. Therefore,
it is important to understand the current status of regulated brominated
FRs, their phase-out in China, and their replacement by alternatives. In
this study, a broad suite of legacy and alternative FRs, including eight
PBDEs, six novel brominated FRs (NBFRs), two dechlorane plus variants
(DPS), and 12 organophosphate FRs (OPFRs) were evaluated in the air of
10 large Chinese cities in 2018. OPFRs are the most prevalent FRs in
China, exhibiting a wide range of 1−612 ng/m3, which is several orders of
magnitude higher than PBDEs (1−1827 pg/m3) and NBFRs (1−1428 pg/m3). BDE 209 and DBDPE are the most abundant
compounds in brominated FRs (>80%). The North China Plain (NCP, excluding Beijing), Guangzhou, and Lanzhou appear to be
three hotspots, although with different FR patterns. From 2013/2014 to 2018, levels of PBDEs, NBFRs, and DPs have significantly
decreased, while that of OPFRs has increased by 1 order of magnitude. Gas-particle partitioning analysis showed that FRs could have
not reached equilibrium, and the steady-state model is better suited for FRs with a higher log KOA (>13). To facilitate a more
accurate FR assessment in fine particles, we suggest that, in addition to the conventional volumetric concentration (pg/m3), the
mass-normalized concentration (pg/g PM2.5) could also be used.

■ INTRODUCTION

Polybrominated diphenyl ethers (PBDEs) are an important class
of flame retardants (FRs), widely used in commercial products
since the 1970s. During the past decades, they have been a focus
of concern due to their high persistence, bioaccumulation, and
potential health effects.1 Three primary PBDE commercial
mixtures were gradually banned from use or voluntarily phased
out of manufacturing. Penta and octa-BDE mixtures were listed
in Stockholm Convection in 2008, and deca-BDE was added in
2017.2 These regulations facilitated a significant shift from
PBDE use toward alternative FRs, such as novel brominated and
organophosphate flame retardants (NBFRs and OPFRs).3

However, these phase-outs and restrictions have been only
applied to the newly manufactured products but not to PBDE-
containing products and materials already in use.4

Many alternative FRs are also halogenated with chemical
structures similar to PBDEs. For instance, decabromodiphenyl
ethane (DBDPE) is similar to BDE 209.5 Though little is known
about their use or production, they have been widely detected in
remote places with an increasing trend, such as the Arctic6 and
Antarctica,7,8 reflecting their strong long-range atmospheric
transport (LRAT) potential.1 Several studies have revealed that

NBFRs are bioaccumulative in aquatic and terrestrial food
chains and that adverse effects have been observed in
humans.9,10 In 2019, DBDPE and dechlorane plus (DPs) were
added to Schedule 1 of the toxic substances list published by the
Canadian government.
OPFRs are organic esters of phosphoric-acid-containing alkyl

chains or aryl groups and function as another important
replacement for PBDEs. They are categorized as either
halogenated or nonhalogenated.11 Currently, OPFRs are the
most frequently detected FRs in the environment, typically
observed at much higher levels than PBDEs’ and NBFRs’ peaks
because of market demand.12,13 Toxicity testing, epidemio-
logical studies, and risk assessment results indicate that there are
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significant health concerns associated with OPFRs exposure,1,11

leading it to be criticized as a “regrettable substitution.”11

Air is an ideal sampling matrix for monitoring chemical
pollution in the ambient environment, because it is well-mixed
and economically viable for analysis. In the past decade, several
national air sampling campaigns have been launched to monitor
PBDEs in China, notably in 2008−200914 and 2013−2014.12
Since then, however, policies related to chemical regulation have
been updated internationally and in China. Excluding the later
inclusion of BDE 209 to the Stockholm list, the import of e-
waste has been strictly banned in China since January 1, 2018,
which was previously an important pathway by which FRs
entered the country. Moreover, following the successful
implementation of the “Air Pollution Prevention and Control
Action Plan” (APPCAP) in 2013, air quality across China has
greatly improved within the past five years, specifically exhibiting
a significant reduction in PM2.5.

15 These findings indicate scope
for further investigation regarding the combined impact of such
regulations on the current FR profiles in the air of China.
In this study, we investigated a broad suite of FRs, including

eight PBDEs, six NBFRs, two DPs, and 12 OPFRs in air samples
from 10 large cities across China.We aimed to (i) investigate the
level, pattern, spatial distribution, and temporal trend of typical
FRs in the air of Chinese cities; (ii) explore the main factors
affecting their distribution in China; and (iii) understand the
effectiveness of the current regulation of legacy PBDEs and
provide guidance for developing a more effective policy for
controlling emerging contaminants in the future. To our
knowledge, this is the first comprehensive national-scale FR
data set, covering both gaseous and particulate phases, with the
most updated information on the current status of legacy FRs,
their phase-out from the Chinese market, and their replacement
by alternatives.

■ MATERIALS AND METHODS

Nationwide Sampling Campaign. Ten provincial capital
cities were selected for analysis across China: Beijing, Shanghai,
Guangzhou, Wuhan, Guiyang, Shijiazhuang, Lanzhou, Jinan,
Chengdu, and Zhengzhou. An urban site and a rural site were set
up in each city, based on the network of official air monitoring
stations and following the suggested criteria,16 which are
representative of the city-level air pollution characteristics. In
general, the urban site is in the central urban area of the city,
while the suburban site is in the peripheral region outside the
central city. At each site, a high-volume active air sampler at a
sampling rate of 1 m3/min (Minya Instruments Co.,
Guangzhou, China) was fitted with a polyurethane foam plug
(PUF, 6.2 cm in diameter, 7.8 cm in thickness, and 0.030 g/cm3

in density) and a quartz fiber filter (QFF, Whatman, 203 mm ×
254 mm), to capture FRs in gaseous and PM2.5 phases. Air
samples were collected continuously every 24 h for 1 week in
winter (January 2018) and summer (July 2018). A total of 280
paired samples were retrieved. Detailed sampling information is
presented in Table S1. Before sampling, QFFs were baked at 450
°C overnight, and PUFs were precleaned separately with
acetone and dichloromethane. All samples were delivered in
ice bags to the lab and stored at −20 °C before analysis.

Sample Pretreatment and Analysis. Sample treatment
and instrumental analysis were conducted as described in our
previous studies12,17 as shown in Text S1. The 28 target FRs
evaluated in this study are detailed in Table S2. Briefly, QFFs
and PUFs were spiked with recovery surrogates (13C12−PCB
155/206, TnBP-d27, and TDCPP-d15) and Soxhlet extraction.
The extracts were then concentrated and purified via multilayer
silica gel column chromatography, and the internal standards
were added before instrumental analysis. The selected

Figure 1. Atmospheric profiles (QFF + PUF) of ∑8 PBDEs, ∑6 NBFRs, ∑2 DPs, and ∑12 OPFRs from 10 cities in China (n = 274). IQR is the
interquartile range.
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monitoring ions and retention times are shown in Tables S3 and
S4.
Quality Assurance and Quality Control (QA/QC). QA/

QC was conducted using field blanks, procedural blanks, and
surrogate spiked recoveries. The average recovery rates were 75
± 13% for 13C12−PCB 155, 85± 22% for 13C12−PCB 206, 86±
21% for TnBP-d27, and 51 ± 11% for TDCPP-d15. The reported
concentrations were corrected for blanks and surrogate
recoveries. The method detection limits (MDLs) and
instrumental detection limits (IDLs) of the target compounds
are listed in Tables S5 and S6.
Gas-Particle Partitioning. Organic compounds’ distribu-

tion between gas-particle (G/P) phases in the air is generally
explained by using the G/P partition coefficient.18 We employed
three widely used approaches, the steady-state Li-Ma-Yang
model,19 the KOA-based model assuming equilibrium con-
ditions,18 and its corresponding empirical model19 to predict the
G/P partition quotient of FRs,20 as detailed in Text S2. Only FRs
detected in both phases of a given sample were included.

■ RESULTS AND DISCUSSION
General Profiles. The minimum, maximum, and median

concentrations of selected FRs are summarized in Tables S7 and
S8 and Figure 1. The atmospheric levels of ∑8 PBDEs, ∑6
NBFRs, ∑2 DPs, and ∑12 OPFRs in air samples (n = 274)
ranged widely between 1 and 1826 pg/m3, 1 and 1428 pg/m3, <
MDL-53 pg/m3, and 1 and 612 ng/m3. The median level ranked
as ∑12 OPFRs (9 ng/m3) ≫ ∑6 NBFRs (14 pg/m3) > ∑8
PBDEs (10 pg/m3) > ∑2 DPs (1 pg/m

3). Their concentration
distributions were all highly skewed, varying by several orders of
magnitude, suggesting emission variability. Most Spearman
correlations between different pairwise FRs were significantly
positive, as shown in Table S9, suggesting the continued
emission of phasing-out substances and similar environmental
behavior of replacement substances.17

PBDEs. The sum of BDE 28, 47, 99, 100, 153, 154, and 183 is
expressed as ∑7 PBDEs. The detection frequencies of ∑7
PBDEs and BDE 209 were 86−96% and 74% in the PM2.5
phase, respectively, while they were 32−98% and 36% in the
gaseous phase, respectively. This indicated that ∑7 PBDEs
remain ubiquitous in ambient air, despite having been banned
for over 10 years. ∑7 PBDEs in the gaseous phase ranged from
<MDL to 23 pg/m3 (3 ± 4 pg/m3), while that in the PM2.5
ranged from 1 to 62 pg/m3 (3± 6 pg/m3). BDE 209 dominated
the atmospheric ∑8 PBDEs with an average of 47 ± 32%, and
BDE 28 ranked second (25 ± 22%). BDE 28 exhibited the
highest level comprising ∼60% of ∑7 PBDEs in the gaseous
phase followed by BDE 183 (11%) and BDE 47 (10%), whereas
BDE 183 prevailed (30%) in the PM2.5 phase followed by BDE
28 (15%). The PBDE levels in our study are comparable to those
of studies in Dalian21 and Beijing,22 1−2 orders of magnitude
lower than those reported in eight cities of Pakistan averaged at
172 pg/m,3,23 and 20 big cities globally averaged at 42 pg/m3,16

as summarized in Table S10.
The BDE 209 concentrations in PM2.5 were between <MDL

and 1820 pg/m3 (32 ± 135 pg/m3) and were at a lower level of
<MDL-34 pg/m3 (1± 3 pg/m3) in the gaseous phase. In Figure
S1, winter samples showed a much higher BDE 209 level (63 ±
146 pg/m3) than those in summer (15 ± 27 pg/m3). BDE 209
levels in our study are similar to those of the 10-city study in
China (31 ± 150 pg/m3)19 and the global study (28 pg/m3)16

but higher compared to those in Chicago (11 ± 2 pg/m3).24

China began producing deca-PBDEs in the 1980s and became

the major global manufacturer by the 2000s.25 As the stock of
commercial penta-and octa-BDE in existing products gradually
declines, BDE-209 is becoming more important as a continuous
source of PBDEs in China. In the United States and Canada, it
was estimated that approximately 60% of the BDE-209 stock in
2014 could be in use until 2020.4 However, in China, the
accurate remaining stock of PBDEs remains unknown.

Novel Brominated Flame Retardants (NBFRs). The
detection frequencies of six NBFRs ranged at 57−92% in the
particulate phase and 10−85% in the gaseous phase.∑6 NBFR
concentration in the gaseous phase ranged from 1 to 406 pg/m3

(8± 27 pg/m3), while it ranged from 1 to 1412 pg/m3 (38± 108
pg/m3) in PM2.5. The dominant compounds in the particulate
phase were DBDPE (71± 22%) and hexabromobenzene (HBB,
12 ± 16%), whereas DBDPE (61 ± 20%) and 1,2-bis(2,4,6-
tribromophenoxy)ethane (TBE) dominated (12 ± 16%) in the
gaseous phase. A higher level of ∑6 NBFRs (72 ± 150 pg/m3)
was observed in winter compared to summer (19 ± 30 pg/m3).
DBDPE was the most abundant compound in ∑6 NBFRs in
both phases, with a wide range of 1−1141 pg/m3 (39± 108 pg/
m3). Significant seasonality was observed for DBDPE
concentrations, which was high during winter (63 ± 146 pg/
m3) and lower in summer (5 ± 27 pg/m3). Their levels were
double those in Dalian21 and Pakistan23 but comparable to the
global study,16 as shown in Table S11.
DBDPE is widely used as an alternative to BDE-209 in various

polymeric materials,1 such as manufacturing electrical and
electronic equipment (EEE).26 DBDPE production capacity
could have been transferred to China because of its restriction in
developed countries.26 China contributed >50% of total global
DBDPE production in 2012.27 In 2014, the annual DBDPE
production was double that of deca-BDE in China.26 As one of
the world’s largest EEE importers, a large volume of DBDPE is
expected to enter China via DBDPE-containing EEE from
developed countries.26 In this study, DBDPE (42%) contributed
double of what BDE 209 (20%) contributed to the total
halogenated FRs. In contrast, the DBPDE level was much lower
than that of BDE 209 in Pakistan,23 indicating varied usage
patterns.
The total∑5 NBFRs concentration (excluding DBDPE) was

lower, ranging from 2 to 134 pg/m3 (12± 14 pg/m3), because of
their minimal production and use in China (Figure 1). In this
study, the ratios of 2-ethylhexyl-2,3,4,5-tetrabromo-benzoate
(TBB) and bis(2-ethylhexyl)-tetrabromophthalate (TBPH)
averaged at 5 ± 6, which are higher than that in the Firemaster
550 commercial mixture (4:1 by mass),5 and previous report on
American indoor dust averaged at 4.4,5 suggesting diverse
sources with different chemical compositions, fates, and
transport mechanisms from emission products. Limited
information on their production and usage is available in
China, although this is considered insignificant due to their low
concentrations.
A mixture of TBPH and TBB, TBE, and DBDPE are used as

alternatives to penta-BDE, octa-BDE, and deca-BDE mix
formulations, respectively.17 Strong positive correlations were
observed between legacy FRs and their replacements in the air of
China, including pairs of DBDPE and BDE 209, TBB and
TBPH, and a (TBPH + TBB) and penta-BDEmix (Spearman r2

= 0.30−0.51, p < 0.001), as shown in Figure S2, suggesting
similar drivers controlling their spatial distribution. This is
consistent with previous studies on Chinese forest soils17 and
the air over the Great Lakes.28
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Dechlorane Plus (DPs). DPs are highly chlorinated and
composed of two stereoisomers (syn-DP and anti-DP) in
commercial products, as a substitute for Dechlorane (also called
Mirex) since the 1970s.29 In our study, low levels of atmospheric
DPs ranged between 0.1 and 53 pg/m3 (1.5 ± 3.8 pg/m3) and
mainly existed in the PM2.5 phase (66% ± 25%), dominated by
anti-DP (∼60%). The total anti-DP concentration averaged at
0.4 ± 1.0 pg/m3, while that of syn-DP was 1.1 ± 2.9 pg/m3.
Winter exhibited significantly higher concentrations of both syn-
DP and anti-DP than summer (Mann−Whitney t test, p <
0.001). In the past decade, a significantly decreasing DP trend
has been observed (Table S12). Our measured DPs were an
order of magnitude lower than those in a national air study (∼15
pg/m3) sampled in 2005,30 and in northeast China (∼7 pg/
m3)31 between 2008 and 2013. However, it was comparable to
those in the global atmosphere during 2005−2006 (∼1 pg/
m3).32,33 Apparently, the current DP levels in Chinese cities are
in a low range.
The isomeric DP composition is a useful tool for tracking their

source and environmental processes. The fractional abundance
(Fanti) is defined as the anti-isomer concentration divided by the
summed DP concentrations. The Fanti value calculated from the
total concentration was 0.69 ± 0.10 (0.30−0.99) without
seasonality. The ratio was 0.72 ± 0.11 and 0.61 ± 0.16 in
particulate and gaseous phases, respectively, which reflects those
of commercial DP products, such as Anpon (0.60) and
OxyChem (0.80−0.64).34 The Fanti value from our study is
higher than the previously reported value of 0.54 ± 0.07 in the
particulate phase,12 similar to the result of a national study in
2005 (∼0.67).30 Syn-DP was highly correlated to the anti-DP
(Spearmen r = 0.874, p < 0.001), indicating similar sources. The
high Fanti from this study could indicate that measured DPs are
mainly from local emissions instead of LRAT.
Organophosphate Flame Retardants (OPFRs).∑12 OPFRs

showed variable detection frequencies between 38 and 93% in
the gaseous phase and 43 and 99% in the particulate phase,
indicating their ubiquity in ambient air. ∑12 OPFRs’
concentration widely ranged between 1 and 612 ng/m3 (17 ±
51 ng/m3), predominantly owing to halo-OPFRs (77%, sum of

tris(2-chloroethyl) phosphate (TCEP), tris(2-chloroisopropyl)
phosphate (TCPP), tris(1,3-dichloro-2-propyl) phosphate
(TDCPP) and tris(2,3-dibromopropyl) phosphate (TDBPP))
and followed by aryl-OPFRs (20%). TDBPP dominated in both
phases (27%), followed by TCPP (24%) and TCEP (23%). Our
result was 1−2 orders of magnitude higher than those in the
Beijing−Tianjin−Hebei region of China,35 Izmir of Turkey,36

and Stockholm of Sweden37 but similar to Pakistan (∼25 ng/
m3),23 as summarized in Table S13.
In this study, a high atmospheric TDBPP level ranging from

<MDL to 61 ng/m3 (11± 52 ng/m3) was observed. It is a widely
used flame retardant additive for textiles. After it was reported to
be carcinogenic and genotoxic, it became obsolete in markets in
the United States and many countries in Europe and has been
considered unused since 1970.38 Therefore, the TDBPP
occurrence in the environment has rarely been reported.
Recently, it was observed to have a high concentration of a
maximum of 9 mg/g in the dust collected from California
homes.39 TDBPP (∼48%) is the most abundant OPFR
compound in the legacy site of Michigan Chemical, which
produced this chemical 40 years ago.40 It has also been widely
detected at 100−200 pg/L in Arctic rivers,41 indicating its LRAT
potential.
Three chlorinated OFPRs (Cl-OPFRs), TCEP, TCPP, and

TDCPP, are mainly used in polyurethane foams, as replace-
ments for the penta-BDE mix.39 TECP and TCPP had similar
atmospheric levels with an average of 3 ng/m3, while TDCPP
was an order of magnitude lower at <MDL-0.2 ng/m3 (0.2± 0.3
ng/m3). Although TCPP has recently become a worldwide
alternative for the more toxic TCEP,42 they both had
comparable levels in our data set. We also observed significant
positive correlations among TCEP, TCPP, and TDCPP in
Table S9 (Spearman r = 0.486−0.796, p < 0.001), as their
extensive usage and similar sources across China reveal. Three
Cl-OPFRs were restricted and regulated in several developed
countries. For instance, TDCPPwas voluntarily withdrawn from
the manufacturing of children’s pajamas in the United States and
Canada after its metabolites were found to be mutagenic.43 Both
TCEP and TCPP have been listed as carcinogens under

Figure 2. Spatial distribution of∑8 PBDEs (a),∑6 NBFRs (b),∑2 DPs (c), and∑12 OPFRs (d) across 10 Chinese cities. This figure was modified
from the output of ArcGIS 10.3 software, and the base map of China was from http://www.arcgisonline.cn.
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California’s Proposition 65.39 Thus, far, China still lacks policy
and regulation controlling these halo-OPFRs.
Spatial Distribution. In this study, the intraurban variability

of FR patterns was very similar, suggesting similar usage and/or
emission patterns on an intraurban scale. This also indicated that
selected sampling sites for each city were representative.
Therefore, the average level of urban and suburban sites of
each city was presented and further discussed on a national scale,
as shown in Figure 2. Diverse patterns observed in the Chinese
cities and three “hotspots” were identified: the North China
Plain (NCP, excluding Beijing), Guangzhou, and Lanzhou. The
NCP is one of the most polluted regions in China characterized
by high levels of fine particles (e.g., PM2.5) in the atmosphere,
because of the large amount of emitted pollutants and the
occurrence of unfavorable meteorological situations.44 The
average BDE 209 level in NCP cities (Shijiazhuang, Tianjin,
Zhengzhou, and Jinan), was an order of magnitude higher than
that in other cities (annual average: 97 vs 7 pg/m3). BDE 209
contributed more than 90% to PBDEs in the NCP cities. Beijing
is also an NCP city but had lower BDE-209 concentrations. This
could be attributed to the APPCAP implementation, by which
most heavy industries were moved out of Beijing. The highest
BDE 209 level in the rural site of Shijiazhuang, the capital city of
Hebei province, where most industries from Beijing were
moved, was during winter at 1820 pg/m3 and averaged at 478
pg/m3. In southern cities, BDE 28 and BDE 183 were the
dominant PBDE congeners.
Guangzhou appeared to be the hotspot for NBFRs, featuring

the highest DBDPE level among urban sites with an average of
384 pg/m3 during winter, which is 1−2 orders of magnitude
higher than that in other cities. Guangzhou also exhibited a high
DP concentration of 52 pg/m3, which reflects that Guangdong
province is the world’s largest electronic manufacturing base
with a long history of e-waste recycling.45,46 There was a more
consistent pattern observed across all sites for NBFRs, which
was dominated by DBDPE (>80%).
OPFRs in this study were dominated by halo-OPFRs (>70%)

with a more diverse intercity pattern. TDBPP was more
prevalent in the northern sites, while TCPP and TCEP were
more dominant in southern China. Lanzhou showed the highest
OPFR concentrations. The Lanzhou “hotspot” for OPFRs could
be a result of industrial transfer from east to west in China,
accompanied by the movement of potential sources. For
instance, industries such as textiles, manufacturing, electricity,
etc. are the key FR emission sources. A shift-share analysis study
indicated that the relocation of the pollution-intensive
manufacturing industry in China was characterized by spatial
movement from the east moving toward the west.47

Furthermore, Lanzhou owns large-scale petrochemical industry
and e-waste treatment sites were recently spotted there.48

Temporal Trends.The results of a 2013/2014 survey of FRs
in atmospheric particles in Chinese cities are available for
comparison.12 We used these data to investigate temporal trends
of selected FRs.∑7 PBDEs, excluding BDE 154, were observed
to drop, while BDE 209 increased slightly, as shown in Figure 3.
The BDE 209 percentage increased from 35% to 43%, while that
of BDE 28 decreased from 24% to 11% (Figure S7a). The
decrease in PBDEs occurred slowly, which may be due to the
continued emission into the atmosphere from numerous sources
as indicated.49 The increased levels of BDE 209 could be
because of the recent deca-BDE mix ban in 2018, but it is still
under the exemption period in China. A similar trend of
decreased PBDEs (excluding BDE 209) along with increased

BDE 209 has also been observed in the air of Chicago, which was
shown to be mainly driven by emission from the household
products used.49

Both DPs and NBFRs decreased by 50% and 20%,
respectively, while the OPFR compounds increased by a factor
of 5−10 between 2013/2014 and 2018, suggesting that they
could be a potential FR alternative in China. A similar decrease
in the NBFRs trend was also observed in the Antarctic
atmosphere.7 During these two sampling campaigns, the
OPFRs composition was all dominated by TCPP and TCEP
with total contributions >70%, as shown in Figure S7c.
However, the DBDPE contribution greatly increased from
56% to 84%, and the average ratio of NBFRs/PBDEs increased
from 3.5 to 5.1, which was largely due to the replacement of BDE
209.

Influencing Factors. Socioeconomic Parameters. In this
study, there were significant correlations between most FRs,
GDP, and the population living within a 20 km radius of the
sampling sites (Table S14), similar to previous observations.28,50

Notably, all PBDE congeners were not related to the disposal
volume of industrial solid waste (Spearman r =−0.335∼−0.197,
p < 0.001), while it was positively correlated with the storage
capacity of industrial solid waste (except for BDE 209 and BDE
100) because the PBDE-containing products could not have
reached the end of their lifecycles. Emissions from industrial and
consumer chemicals, especially PBDEs, are expected to continue
for decades beyond production termination because of their
presence in long-lived durable goods and waste,51 recently
defined as “temporal environment hysteresis.49”The exceptional
BDE 209 case could be because of the exportation of most BDE
209 manufactured in China abroad51 and possibly returned to
China via e-waste import. It is estimated that more than 70% of
PBDE emissions during waste disposal occurred before 2018 in
less industrialized regions, as in China.25

PM2.5 and FR Concentrations. The Spearman correlation
between PM2.5 and FR volumetric concentration is summarized
in Table S15. A significant positive correlation was found
between the volumetric concentration of FRs (pg/m3) and
particle concentration (μg/m3) for most FRs, indicating that the
particle level could affect the atmospheric concentration of FRs
in air, similar to observations in Beijing13 and Dalian.20

Figure 3. Temporal trends of selected FRs sampled between 2013/
2014 and 2018.
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Therefore, we hypothesized that a cobenefit was achieved by
PM2.5 reduction with an average rate of −5 μg/m3 per year
during 2013−2018 following the APPCAP implementation.52

Relative humidity (RH) and precipitation were significantly
negatively correlated to the FR volumetric concentration,
suggesting that RH and precipitation could trigger stronger
wet scavenging of particles in the atmosphere. The PM2.5-bound
fraction was also higher in winter than in summer, further
supporting this inference (Figure S8 and S9).
To better understand the chemical composition of fine

particles, we calculated the PM2.5-normalized mass concen-
tration of FRs (pg/g PM2.5) and investigated their relationship
with meteorological parameters, as shown in Table S16. A
significant negative correlation between PM2.5 mass-normalized
concentrations of most FRs and PM2.5 in the air was identified,
implying that more PM2.5 in the air may reduce the mass
concentration of FRs in a single particle. Aerosol particles are
emitted directly into the atmosphere (primary aerosol) and can
be formed in the atmosphere (secondary aerosol, SA) via the
chemical transformation of gaseous precursors.53 Therefore, the
negative correlation between PM2.5 mass-normalized concen-
trations of FRs and PM2.5 levels could be caused by the SA
dilution effect, of which even secondary organic aerosol (SOA)
could contribute between 30 and 77% of PM2.5 mass in the urban
location of China and the percentage could still increase.54 FRs,
as semivolatile organic compounds (SVOC), are typical
constituents of primary industrial and combustion sources.13,55

We also observed a significant negative relationship between FR
mass concentration (pg/g PM2.5) and RH (Table S16). A similar
phenomenon was previously observed in Beijing, where FR
levels were reduced in foggy days with enhanced RH during
APEC.13 Because of an enhanced SA formation caused by
aqueous oxidation under higher RH conditions, the FR fractions
in the particulate phase were further diluted.56

Gas-Particle Fractions. Gas-particle partitioning is an
essential environmental process governing atmospheric fate,
wet/dry deposition, long-range transport, and their routes
entering the human body.57,58 In our results, the measured
particle-bound fractions largely varied among different FRs
(Figures S8 and S9). The particle-bound fraction of PBDEs
ranged from BDE 28 at 23 ± 22% to BDE 209 at 71 ± 34%, and
NBFRs ranged from pentabromoethylbenze (PBEB) at 35 ±
30% to TBPH at 70 ± 27%. OPFRs displayed a wider range of
particle-bound fractions from tripropyl phosphate (TPrP) at 35
± 23% to TEHP at 85 ± 19%, owing to its wider spectrum of
physicochemical properties. This particle-bound fraction is
similar to the recently reported profile in Dalian20,21 but
different from those in the Bohai and Yellow seas,59 Great
Lakes,60 and Antarctic.7,61 Variable sources, particle level/
composition, and environmental conditions could be respon-
sible for this difference.59 For example, it is reported that the
particle-bound fractions tend to be higher in populated regions
with higher particulate concentration compared to the remote
region with lower particle level.19 Significantly higher particle-
bound fractions were found in winter than in summer for all FRs
(except for triphenyl phosphate (TPhP) and TPrP), as
evidenced by the negative correlation between temperature
and particle-bound fraction (Table S17), indicating that there is
an effect of air temperature on SVOC gas-particle partition.
The measured G/P partition coefficient (log KPM) and log

KOA were positively correlated for most compounds (Table
S18), suggesting that KOA could be a predictor for the G/P
partition behavior as expected.60 At half of the urban sites, the

measured G/P coefficient (log KPR) regression significantly
correlated with logKOA (Figures 4 and S10). The predicted G/P

coefficients using the mechanistic equations (log KPP) worked
better than the G/P coefficients predicted by the KOA-based
model (logKPE) calculated byKOA. The slopes of logKPR and log
KPP varied among sites (Figure S10) but were all below unity,
suggesting that the G/P partitioning of target FRs in Chinese
cities could not have reached equilibrium. FRs in very fine and
ultrafine particles could be possibly sampled and analyzed as the
gas-phase fraction by high volume samplers, which has not been
fully evaluated and could contribute to the observed non-
equilibrium behavior.
The partitioning map was divided into three domains using

two threshold log KOA values (log KOA1 = 11.4 and log KOA2 =
13.0, defined as shown in Text S2) following the steady-state
modeling approach.58 The predicted G/P coefficient using the
steady-state model (log KPS) for compounds with a higher log
KOA (>13.0) was closer to the regression line of log KPR,
suggesting that the G/P fractions are better suited with the
steady-state model for chemicals with a higher log KOA, such as
BDE 209, TDBPP, and TBPH. The largest deviation occurred in
the EQ domain with log KOA < 11.4 (Figure 4). In this study, the
log KPP was closest to the log KPR, but the results calculated by
using three models deviated from the observations, indicating
that the FRs were far from equilibrium at the G/P interface.
However, the deviation was mainly caused by FRs with lower log
KOA values, such as triethyl phosphate (TEP, log KOA = 5.2) and
TCEP (log KOA = 8.3), which are also more water-soluble
(solubility 5 × 105 and 7000 mg/L).62 The sampling artifact
could explain this phenomenon, in which a water film could
form on quartz/glass filter fibers absorbing more hydrophilic
OPFRs from the gaseous phase, leading to a concentration
overestimation in the particulate phase.63 Although, the
hygroscopic nature of most SA constituents abundant in PM2.5
could also form an aqueous film on the particle, which could, in
turn, capture more hydrophilic compounds from the gaseous
phase, particularly under high RH conditions, as mentioned

Figure 4. Log−log plots of KPR, KPP, and KPE and log KPS for all FRs in
urban Shijiazhuang. Log KPR, the regression of measured log KPM (blue
hollow triangle for OPFRs and circle for other FRs), is shown using a
blue dashed line. Log KPP (yellow solid line), log KPE (green solid line),
and log KPS (purple dots) were calculated using the corresponding G/P
models. For logKPS, the left vertical black dashed line is the first logKOA
threshold (log KOA1 = 11.4), dividing it into equilibrium domain (EQ)
and nonequilibrium domain (NE), while the right vertical black dash is
the second log KOA threshold (log KOA2 = 13.0) starting the maximum
portioning (MP) domain. LogKPSM =−1.53 (the horizontal red dashed
line) is the maximum constant value of log KPS.
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above. Similar studies have also observed much higher OPFR
fractions than expected in the particulate phase.59−61

Challenges and Implications. Our results demonstrated
that OPFRs are abundant in Chinese air, comprising more than
95% of measured FRs across all sampling sites, OPFRs were first
considered to be less persistent and bioaccumulative compared
to the traditional FRs. Given this high exposure level, should
they be reconsidered as a “regrettable substitution?11” Despite
adequate risk assessments being lacking, recent studies have
shown that these OPFRs can be degraded to more toxic mono-
and diester OPFRs,64,65 such as TPhP and diphenyl phosphate
(DPHP).66,67 The DPHP is generally used as an industrial
catalyst and chemical additive and is also the primary aryl-
OPFRs metabolite, whose sources have not been well-studied.66

It has been further demonstrated to induce toxicity during
embryonic development.66 While there is limited information
on the occurrence and behavior of OPFRs in ambient air, most
relevant studies of mono- and diester OPFRs have so far focused
on the indoor environment. Therefore, it is important to study
their environmental behaviors, exposure pathways and metab-
olite toxicity.
Besides the conventional volumetric concentration (pg/m3),

expressing chemical concentration using the unit of PM2.5 mass-
normalized concentration (pg/g PM2.5) could have several
advantages. When different units were used, various temporal
trends were observed. For instance, an increasing temporal trend
of PBDEs was observed between 2013/2014 and 2018 using
PM2.5 mass-normalized concentration, while it was reduced
when using volumetric concentration (Figure S11). First, the
PM2.5 mass-based concentration could normalize and remove
the effect of PM2.5 and atmospheric boundary layer height,
which could vary among cities throughout the sampling.
However, levels expressed using volumetric concentration
(pg/m3) frequently increased linearly with PM2.5 levels and
decreased as a power function of the atmospheric boundary layer
height.68 Second, when evaluating the effectiveness of the
Stockholm Convention, a scenario could occur in which a city
with better POPs control is found to have higher POPs in the air,
largely owing to its higher particle levels. Third, the volumetric
concentration of a target compound is often used to assess
human exposure to POPs, but this could lead to inadequate
health protection. The chemical level in a single particle,
measured using PM2.5 mass-normalized concentration, could
increase even if the volumetric concentration decreases, likely to
lead to increased in situ toxicity of aerosol particles, as inferred
from our data set. It was also reported that the PM2.5 mass-
normalized concentration could be more helpful in obtaining
results with the aim of protecting human health considering the
toxicity property of the particles.69

A large knowledge gap exists regarding the possible
interaction between highly particle-bound POPs (such as
PBDEs) and SAs. SAs, including SOA and secondary inorganic
aerosols (SIA), such as nitrates and sulfides, often dominate in
PM2.5 or finer particles.70 Therefore, we assume that the SA
dominance on the particulate phase could cause a dilution effect
on the POP concentrations because POPs are mainly from
primary emissions. Further studies should be conducted to
combine PM2.5, SA, and POPs. It remains unclear if and how
POPs and SOA/SIA interact with each other during G/P
partitioning processes. The dynamic uptake of particulate POPs
from the gaseous phase is very likely to happen because SA is
newly formed, like on the absorbent of a passive air sampler.

Given that the system is kinetic, a dynamic uptake model could
be more appropriate.
Most G/P partitioning measurement studies have so far

focused on nonpolar or semipolar SVOC, such as PCBs and
PBDEs.57,71 However, emerging POPs, such as OPFRs,
encompass a wide range of physicochemical properties.62

These compounds with relatively higher water solubility may
interact with SOA/SIA. For example, it was proposed that
SVOC uptake into ambient SOA could be consistent with a
kinetic condensation growth mechanism, indicating that the
adsorbed SVOCs become incorporated into bulk particles as
they are buried by the incoming gas molecules and do not re-
evaporate.72
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