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• The graphene-like carbonaceous compo-
nents might release PBDE at the urban
site.

• The PBDEs-buried OM from non-local
sources increased PBDEs at the rural site.

• OM facilitated the atmospheric PBDEs'
gas-particle partitioning equilibrium.

• OM's properties are required when
predicting theoretic partitioning
coefficient.
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We extended our knowledge of the impact of organic matter (OM) and meteorological factors on the long-term
trend, seasonality and gas/particle partitioning behavior of polybrominated diphenyl ethers (PBDEs). In Lake
Chaohu, PBDEs had an increasing trend, with a doubling time of 13.4 years at the urban site, and a decreasing
trend, with a halving time of 6.1 years at the rural site. At the urban site, the negative association of OM with
most congeners indicated that the graphene-like carbonaceous components might carry or release PBDEs, and
the negative association of long-term rain fall and wind speed with most congeners was suggested to dilute or
increase the transport speed of PBDEs in the atmosphere. At the rural site, the negative association with PM10

and positive association with OM indicated that the PBDEs-buried OM was mainly from non-local sources. Re-
stricted to the temperature seasonality, the frequency of PBDE congeners decreased with seasonality from 64%
and 43% to 50% and 43% at the urban and rural sites, respectively. The slope of the simplified Pankow adsorption
model in sampleswith larger absolute OM content (N10 μgCm−3) was steeper than thatwith lower absolute OM
content (b5 μgC m−3), indicating that OM facilitated the gas-particle partitioning equilibrium. Interestingly, the
theoretic partitioning coefficients were much lower than the measured ones for less brominated BDEs, whereas
the highly brominated BDEs did the opposite. The theoretic partitioning coefficient should be furthermodified by
considering themolecular weight distribution of the OM and the corresponding activity coefficients of the target
compound in a specific type of OM phase.
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1. Introduction

Polybrominated diphenyl ethers (PBDEs), a type of conventional
brominated flame retardant (BFR), have been listed in the persistent or-
ganic pollutants (POPs) inventory because of their bioaccumulation
(Letcher et al., 2010), long degradative time (Covaci et al., 2011), and
long-distant transport (Wania and Dugani, 2003) characteristics. Addi-
tionally, their developmental neurotoxicity in humans has raised great
concerns (Schreiber et al., 2010). Currently, decabromodiphenyl ether
(deca-BDE, BDE-209) is widely used because of its relative low toxicity.
Nevertheless, its solar-photo-decomposed chemicals, including penta-
BDEs and tetra-BDEs (Bezares-Cruz et al., 2004), are listed in the
Stockholm Convention on POPs because of their persistence, toxicity,
and long-distant transport characteristics (SCPOP, 2018). In addition
to the many anthropogenic sources, including uncontrolled treatment
of e-waste from daily life, e-waste from treatment plants, and landfills
in waste water treatment plants (WWTP) that are discharging PBDEs
into the air (Deng et al., 2007; Tian et al., 2011; Weinberg et al., 2011;
Wang et al., 2012), re-volatilization of PBDEs from ice, soil, and other
natural sorbents due to global warming will cause the amount of
PBDEs in the atmosphere to increase (Ma et al., 2011).

Owing to the significant role that the atmosphereplays in transporting
PBDEs fromemission sources to uncontaminated areas, numerous studies
of atmospheric PBDEs have beenperformedworldwide (Strandberg et al.,
2001; Lee et al., 2004;Mandalakis et al., 2009). To determine the tendency
and seasonality of POPs in the Canadian Arctic, the Northern Contami-
nants Program (NCP) baseline monitoring project was established in
1992 by the Canadian government (Hung et al., 2001; Hung et al., 2002;
Hung et al., 2005; Hung et al., 2010). Hung's groups carried out long-
termmonitoring and employed temperature normalization, multiple lin-
ear regression (MLR), an improvedMann-Kendall test (iMKT), and digital
filtration (DF) to decompose the trends of POPs (Hung et al., 2002; Kong
et al., 2014). In their studies, polycyclic aromatic hydrocarbon (PAHs),
polychlorinated biphenyls (PCBs) and some of the organochlorine pesti-
cides (OCPs) had decreasing trends, which is in accordance with the de-
cline in industrial activity, as indicated by the sulfate concentration in
the air (Hung et al., 2005). However, in the Arctic, most PBDEs had an in-
creasing trend, which was attributed to their re-volatilization and long-
distant transport (Su et al., 2007; Ma et al., 2011). Hites' group at
Indiana University in the US also directed a group to decipher the long-
termmonitoring data of POPs in the Great Lakes based on Integrated At-
mospheric Deposition Network data since 1990 (Hoh and Hites, 2005;
Venier and Hites, 2008; Salamova et al., 2013). They also employed
many time series models, including a MLR, the Clausius-Clapeyron equa-
tion, DF, and dynamic harmonic regression (DHR), and tested their appli-
cability using the judgement indicators of goodness-of-fit, long-term
trends, and the halving/doubling times (Hoh and Hites, 2005; Venier
and Hites, 2008; Venier et al., 2012). In their studies, most POPs had a de-
clining tendency, similar to that of the POPs in the Artic (Strandberg et al.,
2001; Salamova et al., 2013; Salamova et al., 2015). However, the trend of
PBDEs varied with the location because the replacement of the deca-BDE
commercial product by other novel BFRs was not conducted as planned
(Ma et al., 2013). A recent study also documented the association be-
tween the long-term trend of POPs and climate change, such as the
North Atlantic Oscillation and EI Niño-Southern Oscillation in the Great
lakes and Arctic (Zhao et al., 2017). In China, a long-term plan for moni-
toring persistent toxic substances was conducted by Ma and Li's group
in Northeast China (Li et al., 2016a; Li et al., 2016b). The concentrations
of pent-BDE in the gas phase andocta-BDE in the particle phases had ade-
creasing tendency, whereas BDE-209 significantly increased during the
period from 2008 to 2013 (Li et al., 2016a). Although the temperature
was compared with the original PBDE concentration data in a previous
study (Su et al., 2007), few studies have investigated the association be-
tween PBDEs and influencing factors based on long-term trends and
seasonality, which might give different conclusions from an extended
perspective.
The gas/particle partitioning behavior is often of concern in the
investigation of the environmental fate of PBDEs because PBDEs conge-
ners have various partitioning properties that change with the increase
of bromine (Br). Less brominated BDEs tend to accumulate in the gas
phase, whereas highly brominated BDEs dominate the particle phase
in most current studies (Strandberg et al., 2001; Tittlemier et al., 2002;
Teil et al., 2016). Assuming that the equilibrium state was approached,
the Junge-Pankow adsorption (J-P) model was typically employed to
describe the partitioning behavior of PBDEs; however, equilibrium
was seldom approached in most studies (Chen et al., 2006; Li et al.,
2008; An et al., 2011; Cincinelli et al., 2014). For comparison, the linear
free energy relationship (LFER)models based on subcooled liquid vapor
pressure (PL0) and the octanol-air partitioning coefficient (KOA) become
alternative ways to calculate the predicted gas/particle partition coeffi-
cient (KP) (Mandalakis and Stephanou, 2002; Xie et al., 2014; Besis et al.,
2016). Nevertheless, the LEFR model might misestimate the particulate
fractions; however, its performance was better than that of J-P model
(Chen et al., 2006). All in all, a combination of those model can explain
whether there are potential sources that affect the equilibrium
(Cincinelli et al., 2014), the partitioning mechanisms of absorption
onto the particles' surface or into the aerosol organic matters (Pankow,
1994), and the dissimilarity from octanol (Cetin and Odabasi, 2008).

According to previous global investigations of the long-term trend,
seasonality and gas/particles partitioning behavior of PBDEs (Cetin
and Odabasi, 2008; An et al., 2011; Tian et al., 2011; Yang et al., 2013;
Cincinelli et al., 2014; Besis et al., 2016; Li et al., 2016b), temperature, or-
ganic matter, urbanization, and industrialization were documented as
the major influencing factors. Nevertheless, the role of particulate or-
ganic matter was seldom comprehensively discussed by constructing
an association between PBDE variations and absolute organic matter
content and a correlation between the slope values of LFER and themo-
lecular distribution of the organic matter as well as determining the im-
pact of organic matters on the application of the Pankow absorption
model, among others. In addition, few studies have investigated how
the organic matter in particles results in the different long-term tempo-
ral variation and partitioning behaviors of PBDEs that occur between
urban and rural sites. Thus, according to the previous atmospheric
PBDEs dataset from 2010 to 2013 (He et al., 2014), the present study
will extend our knowledge of the gas/particle partitioning behavior of
PBDEs near a large shallow lake (Lake Chaohu) in central China,
where large electronicwaste recycling plants andmanufactories are ab-
sent. The objectives of this study were to (1) identify the long-term
trend and seasonality of PBDEs as well as their gas/particle partitioning
and to (2) unravel the influence of particulate organicmatter andmete-
orological factors on the tendency, seasonality, and partitioning of
PBDEs.
2. Materials and methods

2.1. Sample sites, collection, preparation, instrument analysis

The sampling sites are shown in the Supplementary materials (SM)
Fig. S1. The details of the sampling technology included in the SM Text
S1 have been reported elsewhere (He et al., 2014). Briefly, the monthly
atmospheric collection of the particulate and gaseous samples was con-
ducted in urban and rural sites from May 2010 to July 2013. Following
the analytical methods in He et al. (2014), gaseous PBDEs in polyure-
thane foam (PUF) and particulate PBDEs in glass-fiber filters (GFF)
were extracted by Soxhlet extraction and microware assistant extrac-
tion, respectively. The PUF and GFF extracts were transferred to cleanup
columns packed with neutral aluminum oxide, neutral silica gel, alka-
line silica gel, neutral silica gel, acidic silica gel, and anhydrous sodium
sulfate. The eluate was collected, added with an internal standard, and
concentrated to 0.1 mL before performing the GC–MS analysis (SM
Text S2). The total organic carbon (TOC) of the particles was analyzed
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using a TOC 5000A coupled with an SSM-5000A sampler (Shimadzu
Corp., Japan). The QA/QC also refers to SM Text S2.

2.2. Data handling

2.2.1. Time-series analysis by the DHR model
In the present study, we eventually employed the DHR model be-

cause this method is the general style of DF and offeredmore stochastic
processes, which are allowed to evolve over time. In otherwords, no ad-
ditional data are added to the beginning and end of the data set to min-
imize the end effects, like DF (Venier et al., 2012). DHR's basic model is
as follows:

yt ¼ Tt þ Ct þ St þ et ð1Þ

where yt, Tt, Ct, St, and et are natural-logarithmic-transformed time se-
ries data set, longer term trend, cyclical component, seasonal compo-
nent, and “noise” component, respectively. The details regarding those
items can be found in an introduction literature (Young et al., 1999).
The seasonality (St), trend (Tt), and slope of trend (Spt) will be discussed
in the following text. The DHR code was slightly modified from Venier
et al. (2012). The performance of the model is evaluated by the coeffi-
cient of determination, R2. To calculate the halving (t1/2) or doubling
(t2) times, the trend data set was further fitted by a linear regression
(y = ax + b) to obtain the slope (Spm). Then, refer to Eqs. (2) and (3).

t1=2 ¼ −ln2=Spm Spmb0ð Þ ð2Þ

t2 ¼ ln2=Spm SpmN0ð Þ ð3Þ

According to Eqs. (2) and (3), we can also calculate the real-time
halving/doubling time when Spm is replaced by Spt.

2.2.2. The gas/particle partitioning models
The partitioning coefficient KP (m3 μg−1) of atmospheric PBDEs be-

tween gas (CG, pgm−3) and particles (CP, pgm−3) is typically calculated
by the following:

KP ¼ CP=PMð Þ=CG ð4Þ

where PM is the concentration of PM10 (μg m−3). In the original style of
the adsorptive and absorptive partitioning model (Eq. (20) in Pankow
(1994)), Eq. (5) is given when partitioning is assumed to be simple
physical adsorption on the surface of particles, whereas Eq. (6) is
given when PBDEs are assumed to be absorbed into the organic matter
of particles. Actually, due to anthropogenic activities, more organics are
detected in the particles, which causes the combination of both mecha-
nisms.

log KP ¼ mP log pL
0 þ bP ð5Þ

log KP ¼ mP0 log pL
0 þmT log T þm f log f om þ bP0 ð6Þ

where mP, mP′, mT, mf, bP, and bP′ are the fitting parameters; pL0 is sub-
cooled vapor pressure (Pa), which is calculated at an actual temperature
using a classic approach (Wong et al., 2001). (1) mP ~ −1 denotes ad-
sorption; (2) mP N −0.6 denotes absorption; (3) −1 b mP b −0.6 de-
notes the coexistence of both mechanisms (Goss and Schwarzenbach,
1998). If mP was far away from −1, Eq. (6) will be further employed
by considering the organic matter content (fom) and temperature (T,
K). Eq. (6) is slightmodified because both fom and Tmight not contribute
equally to KP, like pL

0 in our non-ideal environment. We also attempt to
calculate the theoretic absorptive partitioning coefficient (KP,OM,t) and
to compare it with the measured organic-matter-normalized
partitioning coefficient (KP,OM,m) following Eqs. (7) and (8).

KP;OM;m ¼ KP= f om ð7Þ
KP;OM;t ¼ RT= 106 MWomξompL
0

� �
ð8Þ

where R, MWom, and ξom are the ideal gas constant (8.2 × 10−5 m3 atm
K−1 mol−1), mean molecular weight of the organic matter
(100–300 gmol−1), and activity coefficient of a compound in the organic
matter phase on the mole fraction scale (1–5), which is unified because
the target chemicals belong to the same congener (Pankow, 1994; Xie
et al., 2014).

Finally, we employed the Junge-Pankow adsorption and KOA-based
absorption models to further evaluate the specific surface area of the
particles and to predict the particle-bound percentage Φcal,Koa based
on the KOA, TSP (or PM10), and TOC of the particles. In the Junge-
Pankow model, Φ is related to the PL

0 as follows:

Φ ¼ A0= A0 þ PL
0

� �
; ð9Þ

A0 ¼ cST; ð10Þ

where A′ is a fitting parameter, which is related to the particle surface
area per unit volume ST (1.1 × 10−5 cm2/cm3 for urban sites and
4.2–35 × 10−7 cm2/cm3 for rural sites) and a constant c = 17.2 and
13.3 Pa cm for various compounds (Bidleman, 1988).

The KOA-based absorption model was as follows:

Φ ¼ KPPM10= 1þ KPPM10ð Þ; ð11Þ

lg KP ¼ lg KOA þ lg f om−11:9; ð12Þ

where KOA is temperature-corrected by a classic method (Harner and
Shoeib, 2002).

3. Results and discussion

3.1. Original monitoring data and DHR modeling performance

Based on monthly monitoring data from 2010 to 2013, the mean
values of atmospheric Σ13BDE (excluding BDE-209) and BDE-209 at
the urban site were 27.6 (3.5–201.0) pg m−3 and 58.5 (3.9–262.3)
pg m−3, whereas the rural areas had relatively lower concentrations.
The Σ13BDE and BDE-209 ranged from 2.2 to 72.0 pg m−3 with a
mean of 15.4 pg m−3 and from not detectable to 233.9 pg m−3 with
mean of 34.2 pg m−3, respectively (He et al., 2014).

The observed and DHR modeling concentrations of atmospheric
PBDE congeners are shown in Figs. 1 and S2–S7, and the modeling per-
formance is summarized in Table 1. Most modeling had good perfor-
mance, as indicated by the determination coefficient larger than 0.90,
except for gaseous BDE-183 at the urban site (R2 = 0.17). Unlike
other time-seriesmodels, such asMLR, the Clausius-Clapeyron equation
(CC), and DF, the seasonality module of DHR was more flexible, which
reduced the overall fitting errors (Venier et al., 2012). In the present
study or other studies, when many samples had concentrations ap-
proaching the detection limit, the MLR and CC models would fail to fit
those data because of their fixed seasonality. Those model can fit one
or two valley values easily but are incapable of fitting several low values
continuously. Still, DHR cannot handle all time series well, especially
when most of the data in the time series were close to or under the de-
tection limits.

3.2. Long-term trend

After excluding the seasonality, the long-term trend of PBDEs in
Figs. 1 and S8–S14 revealed whether PBDE congeners in gaseous and
particulate phases at the urban and rural sites were increasing or de-
creasing. The doubling and halving times calculated using Eqs. (2) and
(3) are shown in Tables S1–S4 and 1. In the present study, the DHR-



Fig. 1. Overall modeling and long-term trend of gaseous, particulate, and gaseous + particulate (total) BDE-28 (#28) and BDE-153 (#153) at the urban and rural sites generated by
dynamic harmonic regression.
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derived trend curve (e.g., BDE-28 in total atmosphere (abbr., T.) at the
urban site (abbr., U.), shortly, BDE-28@T.U. in Fig. 1 and others in
Fig. S8–S14) was different from those decomposed by the MLR and
CC, whose trend module obeyed the linear equation (Cortes et al.,
1998; Hung et al., 2001). Therefore, we also fitted the DHR-derived
trend curve using the linear regression to attain the overall trend. The
fitted trend curves were overlapping with the DHR-derived trend
curves when the latter was intrinsically a straight line. In addition, the
halving/doubling time calculated using the single slope of the fitted
trend curves and the mean values of the real-time slopes of the DHR-
derived trend curve are also close when the DHR-derived trend curve
is a straight line (Table 1). Although the halving/doubling times be-
tween the fitted and the DHR-derived curves might differ greatly from
each other and they sometimes had opposite results, we proposed the
fitted to illustrate the long-term trend of PBDEs and retained the DHR-
derived as the reference.

According to Σ14BDEs@T.U. and Σ14BDEs@T.R. in Table 1, the PBDEs
had an increasing tendency with a doubling time of 13.4 years at the
urban site and a decreasing tendency with a halving time of 6.1 years
at the rural site. Nevertheless, the PBDEs had opposite results to the
fitted trend based on the mean values of the DHR-derived doubling/
halving times, which was mainly caused by the variation of the BDE-
209's DHR-derived trend. After excluding BDE-209, we found that
Σ13BDEs had accordant results. Both the overall trend and real-time
trend showed that the Σ13BDEs increased at the urban site and de-
creased at the rural site. The gaseous phase of Σ14BDEs had a decreasing
trend whereas the particulate phase had an increasing trend at the
urban site. The opposite phenomena were observed at the rural site.
However, the ratio of gaseous to particulate Σ14BDEs accordantly in-
creased at both sites.

As for PBDEs@T.U., most congeners had increasing trends with dou-
bling times of 3.9 (BDE-153) to 24.0 (BDE-99) years, indicating that the
emission effect of local sources, such as e-waste, e-waste treatment
plant, and landfills in WWTP, were larger than the degradation effect
(Bezares-Cruz et al., 2004; Tian et al., 2011; Weinberg et al., 2011).
The declining PBDEs, including BDE-71, BDE-66, and BDE-138, actually
accounted for a minor fraction of the PBDEs. Their halving times are
also very long (12.2–20.2 years). On the contrary, most PBDE congeners
@T.R. had decreasing trendswith halving times of 4.3 (BDE-209) to 21.3
(BDE-154) years. The increasing PBDEs with doubling times of 4.8 to
27.1 years, including BDE-17, BDE-28, BDE-66, and BDE-85, all had
less bromines (Br), which might be caused by the photo-degradation
of PBDEs with higher Br or transported from an urban site, PBDEmanu-
factory plant or e-waste treatment (Bezares-Cruz et al., 2004; Deng
et al., 2007; Tian et al., 2011; Weinberg et al., 2011; He et al., 2014). At
the urban site, most gaseous PBDE congeners had increasing trends



Table 1
The dynamic harmonic regression (DHR)'smodeling performance, the halving or doubling time calculated by the linear regression slope of the trend andmean of the real-time slopes, and
the seasonality in the gaseous phase (G), particulate phase (P), and total atmosphere (gaseous + particulate phases, T) at the urban and rural sites near Lake Chaohu.

Chemicals DHR's R2 Trend, year Seasonality

Urban Rural Urban Rural Urban Rural

T G P T G P T G P T G P T G P T G P

BDE-17 0.93 0.92 0.93 0.90 0.91 0.88 31.2(31.6)↑ 7.0(7.4)↑ NS(2.3↑)↓ 27.1(27.8)↑ 4.6(5.0)↑ 19.0(19.8)↓ − − − − − −
BDE-28 0.95 0.96 0.96 0.97 0.97 0.93 5.3(1.8↓)↑ 2.6(2.6)↑ 73.1(74.0)↓ 4.8(4.9)↑ 3.3(3.4)↑ 13.8(14.0)↑ − − + − − +
BDE-71 0.95 0.97 0.89 0.96 0.95 0.91 12.2(12.4)↓ 4.4(4.5)↓ 15.6(15.8)↑ 20.2(20.5)↓ 50.8(51.7)↓ 23.7(24.1)↓ − − − − − −
BDE-47 0.91 0.90 0.96 0.94 0.95 0.93 6.2(6.3)↑ 4.3(4.3)↑ 23.9(24.2)↑ 5.8(5.9)↓ NS(31.5↑)↓ 3.5(3.6)↓ − − − − − −
BDE-66 0.94 0.93 0.90 0.96 0.95 0.92 20.2(20.5)↓ 3.7(3.8)↑ 4.4(5.2)↓ 17.8(18.0)↑ 2.6(2.6)↑ 15.1(1.1)↓ − − + − − +
BDE-100 0.90 0.91 0.91 0.97 0.95 0.95 10.3(10.5)↑ 9.9(5.9)↑ 38.9(39.4)↑ 10.3(13.3)↓ NS(6.5↓)↑ 6.5(8.9)↓ + − + − − −
BDE-99 0.90 0.92 0.88 0.94 0.97 0.95 24.0(24.4)↑ 29.3(29.7)↑ 40.6(41.2)↑ 14.1(14.3)↓ 41.3(42.1)↑ 8.1(8.5)↓ + − + + + +
BDE-85 0.89 0.92 0.85 0.93 0.94 0.91 12.6(365.3)↑ 4.8(5.4)↑ 55.6(10.1↓)↑ 6.4(6.5)↑ 3.2(3.2)↑ NS(4.8↓)↑ − − − + + −
BDE-154 0.92 0.92 0.89 0.95 0.87 0.94 14.1(14.3)↑ NS(5.1)↑ 29.6(30.0)↑ 21.3(21.8)↓ NS(14.2)↑ 12.5(13.2)↓ + − + − − +
BDE-153 0.96 0.95 0.95 0.96 0.97 0.96 3.9(4.0)↑ 20.1(20.4)↑ 3.2(3.2)↑ NS(7.3)↓ 6.1(6.2)↑ 15.0(15.2)↓ + + + + + +
BDE-138 0.96 0.95 0.96 0.98 0.93 0.98 17.8(18.1)↓ 2.8(0.9↑)↓ 7820.9(7621.4)↓ 5.3(5.4)↓ 2.9(0.5)↓ 10.7(10.8)↓ − − − − − −
BDE-183 0.94 0.17 0.93 0.94 0.82 0.93 5.0(5.1)↑ 45.0(1.5↑)↓ 4.7(4.8)↑ 11.4(11.6)↓ NS(2.1↓)↑ 12.0(12.5)↓ + − + + − +
BDE-190 0.94 0.95 0.94 0.87 0.85 0.87 4.7(4.8)↑ 27.4(10.2↑)↓ 4.2(4.2)↑ 8.6(8.7)↓ 17.8(47.8)↓ 11.1(4.4↑)↓ + − + − − −
BDE-209 0.93 0.89 0.93 0.94 0.91 0.95 NS(1.2↓)↑ 4.3(4.4)↑ NS(0.1↓)↑ 4.3(1.5)↓ 6.7(6.8)↑ 2.9(0.1)↓ + − + − − −
Σ13BDEs 0.91 0.94 0.92 0.92 0.91 0.95 16.9(33.9)↑ 15.0(5.3)↓ 9.7(11.3↓)↑ 18.6(18.6)↓ NS(6.0↑)↓ 13.2(13.2)↓ + + + − − +
Σ14BDEs 0.92 0.91 0.93 0.94 0.92 0.95 13.4(2.2↓)↑ NS(6.0)↓ NS(0.6↓)↑ 6.1(4.8↑)↓ NS(1.1↓)↑ 3.9(3.3)↓ + + + − − −
FΣ13BDEs 0.93 0.93 0.95 0.95 ↓ ↑ ↑ ↓ + + + +
FΣ14BDEs 0.94 0.94 0.96 0.96 NS↓ NS↑ ↑ ↓ + + − −
G/P ratio 0.96 0.96 ↑ ↑ + −

Notes: FΣ13BDEs and FΣ14BDEs were fraction of gaseous or particulate phase to total PBDEs; G/P ration was ratio of gaseous Σ14BDEs to particulate Σ14BDEs. The determination coefficient R2

was calculated using the expression: 1− var(residuals)/var(observations), where var is the variance estimate of the analyzed series; the numerals outside and inside the bracket are halv-
ing or doubling time calculated using Eqs. (2)–(3) with the single slope of fitted trend curves andmean values of real-time slopes of DHR-derived trend curve, respectively; the arrows ↑
and ↓ outside the bracket denote increasing and decreasing trend of PBDE congeners based on the fitted trend curves, respectively, whereas arrows inside the bracket denote trend based
on the DHR-derived curve; If no arrows were shown inside the bracket, it denoted that they shared the same trend. The arrows ↑ and ↓ also tell that the numerals before is doubling time
and halving time, respectively; the symbols + and − denote existence and inexistence of seasonality, respectively. NS denote the fitted trend curve is not significant at the p-level of
b0.001.
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with doubling times of 2.6 to 29.3 years, except BDE-71, BDE-138, BDE-
183, and BDE-190, but the long-term trend of Σ14BDEs was decreasing.
As for the particulate PBDE congeners, only BDE-28, BDE-66, and BDE-
138 had decreasing trends, and the long-term trend of Σ14BDEs was in-
creasing. At the rural site, most gaseous PBDE congeners had increasing
trends with doubling times of 3.2 to 41.3 years, whereas the particulate
PBDE congeners decreased with halving times of 2.9 to 23.7 years.

During the 2003–2006 period, the PBDEs in the atmosphere (gas +
particle) of the Great Lake had a decreasing trend with a half-time of
3.7 years (Venier and Hites, 2008). During the 2005–2012 period, the
dominant BDE-47 had a decreasing trend with a halving time of
5–7 years in the gaseous and particulate phases in Chicago and Cleve-
land (Ma et al., 2013). Unlike the atmospheric (gas+ particle) observa-
tion during the period from 2005 to 2006, the opposite trend between
gas and particle in some places (e.g., Sturgeon Point and Sleeping Bear
Dunes) indicated that both the gaseous and particulate phases should
be investigated in the future time series analysis of atmospheric POPs
(Ma et al., 2013). In the Arctic atmosphere, PBDE congeners had dou-
bling times of 2.0 (BDE-153) to 6.2 (BDE-209) years, suggesting that
the potential re-volatilization of PBDEs from soil and their long-distant
transport were threating the Arctic (Su et al., 2007; Ma et al., 2011). In
Harbin, Northeast China, BDE-209 was the dominant PBDEs, with dou-
bling time of 9.95 years in the particulate phase (Li et al., 2016a). In
our study, the dominant BDE-28 in the gaseous phase had increasing
trends at both urban and rural sites with doubling times of
2–2.6 years, which was close to Su et al. (2007)'s study. The dominant
BDE-209 in the particulate phase decreased after increasing based on
the DHR-derived trend at both the urban and rural sites (He et al.,
2014). The mean value of the real-time halving time for BDE-209 was
0.1 years, which was opposite to the previous studies (Su et al., 2007;
Ma et al., 2013; Li et al., 2016a). In addition, the overall trend indicated
that BDE-209 increasedwith an insignificant doubling time at the urban
site and decreased with a halving time of 2.9 years at the rural site.

Typically, the long apparent halving time of Σ14BDEs in the present
study and other previous studieswasmuch larger than the natural halv-
ing time (b1 year, Table S5) of all PBDE congeners through atmospheric
oxidation. The trend curves of the PBDE congener with significantly
larger values of halving/doubling times were actually parallel lines
with the x-axis, indicating that the increasing factors (combination of
emission from industry or soil, long-distant transport, and degradation)
and decreasing factors (sinking into soil or water, long-distant trans-
port, and degradation) made up a slight balance (Hung et al., 2001;
Tian et al., 2011; Weinberg et al., 2011; Ma et al., 2013). For the domi-
nant BDE-209, that balance could easily be broken if the usage of
PBDE products increased or measures were taken to control the emis-
sion of PBDEs.

3.3. Seasonality

Typically, the seasonality could be easily observed in the original
data, as shown in Fig. 1. We could find regular increases and decreases
of BDE-153 in gas, particle, and gas + particle of both the rural and
urban sites. Nevertheless, that seasonality was unclear for gaseous
BDE-28 and total BDE-28. Only a slight seasonality can be found for par-
ticulate BDE-28. Actually, we cannot observe the seasonality only based
on the original data. The DHR-derived seasonal curve with a slightly
smoothed modification offered clear periodicity, as shown in
Figs. S16–S22. We summarized the regular seasonality in Table 1. At
the urban site, 50%, 7%, and 64% of the congeners had clear seasonality
for the gaseous, particulate, and total PBDEs, respectively. At the rural
site, 29%, 21%, and 43% of the congeners had clear seasonality for the
gaseous, particulate, and total PBDEs, respectively. As for the G/P ration,
seasonalitywas only found at the urban site.We also calculated the sea-
sonality frequency of the six statuses (U.T., U.G., U.P., R.T., R.G., and R.P.)
for each of the PBDE congeners. BDE-154 was the only congeners that
had seasonality in all statuses, whereas BDE-17, -71, and -138 did not
have seasonality in all states. Interestingly, the tri-BDEs (17%), tetra-
BDEs (11%), Penta-BDEs (50%), Hexa-BDEs (50%), and Hepta-BDEs
(50%) had an increasing average seasonality frequencywith the amount
of Br. To our knowledge, PBDEswith less Br hadmore degradation path-
ways than PBDEs with high Br, which might cause more chaos for the
seasonality of PBDEs with low Br (Gerecke et al., 2005). In addition,
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PBDEs with less Br are much more easily degraded than those with
higher Br (Table S5) (Hung et al., 2005). Nevertheless, there might be
other factors, such as the overall concentration (Ma et al., 2013).
Hence, some work will be performed to verify that finding in the near
future.

3.4. Correlation among PBDEs and their associated factors

Following the handlingmethods of the PBDE time series data, the as-
sociated factors, including particle matter with size of b10 μm (PM10),
total organic carbon (fraction unit %, TOCf), total organic carbon (mass
unit μgC m−3, TOCm), temperature (T), relative humidity (RH), rain
fall (RF), wind speed (WS), and barometric pressure (P), were also ana-
lyzed using DHR (Figs. S23–S28 and Tables S4 and S6). Although the
urban and the rural site were not very far away from each other, their
temperature trends were opposite. The seasonality of TOCf and TOCm
only existed at the rural site. Then, we employed the extracted trend
and seasonal data to conduct the Spearman correlation analysis
among the PBDEs and their associated factors in Figs. 2, S29–S32.

Typically, the trends of total PBDEs at the rural site significantly cor-
related (p b 0.05)with each other, but the trend of total BDE 209 did not
Fig. 2. Spearman correlation analysis among atmospheric PBDE congeners and their environ
seasonality (D). The heat-maps were plotted using the p-value or significances (ns – no signifi
correlate (p N 0.05)with other PBDEs at the urban site. In the particulate
phase, Σ14BDEs was dominated by BDE-209 at the urban site and BDE-
85 was not correlated with the other PBDEs. In the gaseous phase,
more PBDE congeners' trends were not associated with other conge-
ners. Generally, the trend of a specific congener without correlation
with others did not havemonotonically increasing or decreasing curves.

At the urban site, BDE-209 was not associated with most factors, in-
cluding PM10, in both the particulate phase and the total phases, butwas
associated with all factors in the gaseous phases, as indicated by the
trend correlation (Fig. S29b, d, f). Most congeners' associations with
influencing factors were consistent, except BDE-71, -66, and -138 in
the total phases. Temperature was suggested to control the PBDEs be-
tween gas and particles in the summertime based on the original data
(Su et al., 2007). Although the long-term temperature varied slightly
(a 5.2 °C increase during the 2010–2013 period) compared to the an-
nual temperature differences, it was also positively associated with
most congeners in the gaseous, particulate, and total phases. The con-
curring increase of PBDEs and temperature might be caused by the ur-
banization. In Chaohu City, the urbanization area increased from
39.78 km2 to 47.60 km2 and population density increased from
2646 persons km−2 to 6708 persons km−2 (www.ahtjj.gov.cn/tjjweb/
mental factors for the urban trend (A) and seasonality (C) and the rural trend (B) and
cances, * – p b 0.05, ** – p b 0.01, and *** – p b 0.001).

http://www.ahtjj.gov.cn/tjjweb/web/tjnj_view.jsp
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web/tjnj_view.jsp), which would cause pollution discharge and urban
heat island effect. The negative association of long-term RF and WS
with most congeners was explained that the wind speed and rainfall
was suggested to dilute the PBDEs or increase the transport speed of
the PBDEs in the atmosphere (Li et al., 2016a). The particle matter also
affected the atmospheric PBDEs, as indicated by its positive correlation
with most congeners. The organic matter's negative association with
most congeners indicated that the other fractions, such as elemental
carbon, might carry or release PBDEs at the urban site. At the rural
site, the long-term influencing factors' association with most PBDEs
was greatly different from that of the urban site. The local PM10 was
negatively correlated with most PBDEs, indicating that the PBDEs
were not from local particles. The organic matter was proven to absorb
PBDEs in atmospheric particles (Qi et al., 2014). PBDE tended to distrib-
ute into organic matter when transporting from the sources to the rural
site. Thus, the positive correlation between organic matter and PBDEs
further proved that PBDEs were mainly from non-local sources. Of the
meteorological factors, only temperature and RF had significantly posi-
tive associations with most congeners in the particulate and total
phases.We deduced that the air mass, which caused the rainfall, carried
the PBDEs buried in the organic aerosol into the rural site.

According to the heat-maps in Fig. 2, the seasonality seemed to be
more complicated than the trend. At the urban site, the seasonality of
total PBDEs with high Br (BDE-183, -190, and -209, with seasonality,
Table 1) was not associated with that of PBDEs with low Br (BDE-17,
-28, -71, and -47, without seasonality). Significant correlation groups,
including BDE-100, -99, -154 -153, -183, -190, -209, and Σ14(13)BDEs,
could be found in the total phase (Fig. 2C) and particulate phase
(Fig. S31d and f), and those congeners all had seasonality. Compared
with the particulate phase, the significant correlation was found less
in the gaseous phase (Fig. S31b and d), and the particulate phase had
more PBDE congeners with seasonality. At the rural site, the total
PBDE congeners, including BDE-99, -85, and -153, had similar seasonal-
ity, as indicated by their significant correlation (Fig. 2D). Similar to the
urban site, a significant correlation was found less in the gaseous
phase (Fig. S32b and d). Thus, the correlation analysis seemed to be a
potential method of verifying the seasonality by comparison and
unraveling seasonality's similarity and difference among PBDE conge-
ners. Most PBDE congeners did not have similar seasonality with the
influencing factors (Fig. 2C and D). The temperature and barometric
pressure typically obeyed strict seasonality, as shown in Figs. S25–S26.
Highly brominated PBDEs, including BDE-153, -183, and -190, seemed
to have similar seasonality with the temperature and barometric pres-
sure in the total phases at both the urban and rural sites. The particulate
PBDEs were in accordance with the seasonality of TOCm (Fig. S32).
Given that the PBDEs should obey seasonality in accordance to temper-
ature, 50% of the congeners at theurban site and 36% at the rural site had
seasonality in the total atmosphere.

3.5. Statistical analysis of partitioning coefficients

The partitioning behavior of previous PBDEs was generally observed
based on themonitoring of no longer than one year. The partitioning co-
efficients in the present study help to determine whether that behavior
still exists in long-term monitoring, especially when the local source is
much weaker than the e-waste plant or manufacturer (Tian et al.,
2011; Cincinelli et al., 2014; He et al., 2014). Because the field condition
is much more complicated than the lab or contaminant sites (e.g., e-
waste plant), statistical analysis was conducted to determine the aver-
age of the partitioning coefficients (log10 KP) in Tables S7–S8 and
Fig. 3. The log10 KP ranged from −2.37 to −1.22 at the urban site and
from −2.56 to −1.06 at the rural site. In anthropogenic areas of
Thessaloniki, northern Greece, the log10 KP had a range of −3.5 to
−0.5 (Besis et al., 2016). The log10 KP ranged from −2.9 to −0.5 in an-
thropogenic areas of Izmir, Turkey (Cetin and Odabasi, 2008). At the e-
waste site, the log10 KP had awider range (−5.0–0.0) than that (−3.5 to
−1.0) at the rural site in Southern China (Tian et al., 2011). In the unpol-
luted areas, the partitioning coefficients of a specific PBDE congener var-
iedwith the sites and sampling days because the detected trace amount
was not as accurate as the micro-amount in the polluted areas due to
the analytical methods (Tian et al., 2011). We also observed a large de-
viation of partitioning coefficients in Lake Chaohu (Fig. 3). Five of the
fourteen PBDEs, including BDE-28, -71, -47, -153, and -209, had enough
data to be divided into four seasons. The seasonal patterns were differ-
ent between less brominated BDEs (e.g., BDE-28 and -71) and higher
brominated BDEs (e.g., BDE-153 and -209). As for higher brominated
BDEs, the partitioning coefficients seemed larger in warmer seasons
(summer and autumn). Overall, the log10 KP had an increasing trend
with the amount of Br, indicating that the properties of PBDEs, such as
the log10 pL0 and log10 KOA, might decide its partitioning coefficient. In
addition, the less brominated BDEs tended to be distributed in the gas-
eous phases, whereas the highly brominated BDEs preferred to be dis-
tributed into the particles, which might precipitate onto the ground or
water and cause the pollution of soil, suspended particle matter, and
sediment (Strandberg et al., 2001; Tittlemier et al., 2002; He et al.,
2013; Teil et al., 2016).

3.6. Partitioning mechanism

Typically, thepartitioning coefficient (log10KP) negatively correlated
with the sub-cooled vapor pressure (log10 pL0) (Pankow, 1994). There
was a significantly negative correlation between log10 KP and log10 pL0

using the average data of each PBDE congener at the urban site near
Lake Chaohu, but not at the rural site (Fig. 4A and B). Based on the orig-
inal data during the sampling period, the linear regression was signifi-
cant for both the urban and rural sites. In addition, the slope valuesmP

were−0.200 and−0.109 (Table S9), which greatly deviated from −1,
at the urban and the rural sites, respectively, indicating that the gas-
particle partitioning equilibrium for PBDEs in the atmosphere was not
reached (Chen et al., 2006; Qi et al., 2014). Furthermore, the significant
slope with good fitting performance for a specific event ranged from
−0.603 to−0.300 at the urban site and from−0.452 to −0.393 at the
rural site (Table S10). In the e-waste site, the slope values were ap-
proaching to −1, indicating that adsorption was the main interaction
pathway between gaseous and particulate PBDEs (Tian et al., 2011).
Nevertheless, Tian et al. (2011) also found that the slope values at the
rural site (−0.80 to −0.24) were much larger than that at the e-water
site (−1.29 to −0.59). A smaller slope values was also found in indus-
trial areas (−0.224) than the urban areas (−0.201) in Florence, Italy
(Cincinelli et al., 2014). In Izmir, Turkey, the slope values were −0.33
to −0.21 and −0.20 in the industrial/urban areas and suburban areas,
respectively (Cetin and Odabasi, 2008). Furthermore, compared with
the park, the slope value in the electronic dismantling workshop was
much smaller during the nighttime (An et al., 2011). Most cases re-
vealed that the slope values were much smaller in the polluted areas
than in the unpolluted areas. A good-fit linear relationship between
the slope and concentration of PBDEs could be built using data from a
nationwide study in China, as shown in Fig. S34 (Yang et al., 2013). It
was very clear that the study sites could be divided into three groups,
as follows: unpolluted (e.g., Wudalianchi, Xuancheng), moderately pol-
luted (e.g., Kunming, Dalian, Nanchang), and seriously polluted
(e.g., Chengdu, Guangzhou) areas. In the present study, the rural site
belonged to the unpolluted group, whereas the urban site was in the
moderately polluted group. Accordingly, the concentration of atmo-
spheric PBDE's at the urban site in Lake Chaohu was at a moderate
level from a global perspective in our previous study (He et al., 2014).
Still, we found one or two counter-examples if the statistical analysis
was not employed. During the daytime, the slope values at thewaste in-
cineration plantwere larger than at the park site (An et al., 2011). Indus-
trial areas had a larger slope value than the background areas of urban
sites in Thessaloniki, northern Greece (Besis et al., 2016). Furthermore,
we found the seasonal pattern of the slope values; the smallest value

http://www.ahtjj.gov.cn/tjjweb/web/tjnj_view.jsp


Fig. 3. Average (symbols) and standard deviation (vertical lines) of the partitioning coefficients of PBDEs (log10 KP) at the urban and rural sites (A) during different seasons (B). The size of
the symbol denotes the number of log10 KP.
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occurred in autumn (−0.249) and the largest value occurred in spring
(−0.112). This pattern was observed at both urban and rural sites
(Fig. S33).

The slope values in the present study were very large, higher than
−0.6, indicating that absorption might be the main pathway of gas-
particle partitioning of PBDEs (Goss and Schwarzenbach, 1998). Then,
Eq. (6) was employed to fit the data and the results showed that the
fitting performance (R2) was better than the adsorption equation, espe-
cially at the rural site (Table S9). However, the slope values only slightly
changed and were far larger than −1, indicating that the absorptive
partitioning did not reach the equilibrium (Pankow, 1994). We
employed Eqs. (7) and (8) to compare the theoretic absorptive
partitioning coefficient (KP,OM,t) and the measured organic-matter-
normalized partitioning coefficient (KP,OM,m) in Figs. 5 and S35–S36.
The regression between KP,OM,m and KP,OM,t did not show good perfor-
mance for specific PBDEs except BDE-28 (R2= 0.185, p= 0.016). Inter-
estingly, the theoretic partitioning coefficients were much lower than
the measured ones for less brominated BDEs, including BDE-17, -28,
-71, and -47. The opposite results were found for the highly brominated
BDEs, such as BDE-99, -85, -154, -153, -138, -183, and -209. Because we
employed fixed values of MWom and ξom, which should have to vary
with the congeners, the theoretic values were far from the measured
values. As for the highly brominated BDEs, the expected MWom and
ξom might be lower than the assigned ones according to the Eq. (8).
Xie et al. (2014) explained that the deviations between KP,OM,m and KP,

OM,t for methyl-178-PAH were attributed to the vapor pressure predic-
tion, which was also a potential factor in theory. The seasonal and spa-
tial deviation between KP,OM,m and KP,OM,t in Figs. 5 and S36 showed
that the points were distributed on both sides of the ideal 1:1 line. The
regression analysis could partly unravel the distribution pattern. The
slope ranged from 0.828 to 2.064 and bad regression performance was
achieved in spring and summer at the rural site. In winter, the slope
values (1.107) at the urban site were identical with that (1.059) at the
rural site, whereas that discrimination was observable in other seasons.
Typically, the linear function, connecting the KP,OM,m and KP,OM,t, can be
used to calculate theKP,OM,m rangeswhenKP,OM,t N KP,OM,m orKP,OM,t b KP,

OM,m. Take Fig. 5E and F for example,KP,OM,mwould be larger than−14.0
ifKP,OM,t N KP,OM,m at the rural site andKP,OM,mwould be larger than−2.0
if KP,OM,t N KP,OM,m at the urban site. Actually, most measured KP,OM,m

values were larger than −2.0 in the present study, indicating that
using the KP,OM,t to evaluate the gas-particle partitioning of PBDEs in
Lake Chaohu would provide an overestimation.

The particulate fraction (Φ) of the PBDEs was predicted by the
Junge-Pankow adsorption model in different seasons and sites
(Figs. 6A and S37). Because the conventionally used c constant was
from 13.3 to 17.2 Pa cm and its deviation was much smaller than the
particle surface area per unit volume ST, the predicted curves depended
on ST and c could be clearly divided into three groups. Typically, the left
J-P curve had a lower predicted Φ than the right one. The urban J-P
curves offered good predictions for less brominated PBDEs, including
BDE-17, -28, 47, and -71, but overestimated other PBDEs (Fig. 6A). Pre-
vious studies showed that the predicted Φ of BDE-28 agreed well with
themeasured one and that the J-Pmodel overestimatedmost congeners
(Chen et al., 2006; Cetin and Odabasi, 2008; Li et al., 2008; Cincinelli
et al., 2014; Besis et al., 2016). In every season except winter, the
urban J-P curve underestimated some less brominated BDEs, but the
urban J-P curve overestimated most PBDEs except BDE-28. Overall,
compared with the urban J-P curves, the rural J-P curves had a wider
range, which consisted of J-P (3) to J-P (6), but most PBDEs, except
BDE-85, were out of the ranges. Even in a specific season, only BDE-66



Fig. 4. Plots of log10 KP versus log10 pL0 and fitting linear lines using the average and errors data of lg KP and lg pL
0 at the urban (A) and the rural (B) sites, the original values of log10 KP and

log10 pL0 at theurban (C) and the rural (D) sites, and theoriginal values of log10KP and log10 pL0 in spring (E), summer (F), autumn (G), andwinter (H) at the urban (○) and the rural (●) sites.
The vertical and horizontal lines, and the size of the symbol in Charts A and B are the error bars of log10 pL0 and log10 KP for specific PBDEs, and number of data used in statistical analysis,
respectively.
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in autumn and BDE-71 in winter were well estimated using the J-P ad-
sorption model. The large disagreement between the predicted and the
measured values was attributed to parameters ST and c with respect to
aerosol properties and the compound (Lee and Jones, 1999; Chen
et al., 2006; Li et al., 2008).

Previous studies showed that J-P model's prediction performance
was not as good as that of the KOA absorptionmodel because the former
did not consider the impact of organic matter (Chen et al., 2006; Cetin
and Odabasi, 2008; Cincinelli et al., 2014). To predict the particle frac-
tion, both PM10 and fom should be manually assigned. Most studies set
the PM10 as the average of all samples or a given value and selected
10% and 20% as the fom (Chen et al., 2006; Cincinelli et al., 2014; Besis
et al., 2016). In the present study, we use the minimum and maximum
of measured PM10 and fom values of the samples to draw four prediction
curves, as shown in Figs. S38 and 6B. Those curves offered a prediction
interval based on the particles' amount and organic matter content in
Lake Chaohu, which was much closer to the actual situation. Similar to
Li et al. (2008)'s study, the KOA absorption model offered good predic-
tion performance for PBDEs in relatively warmer seasons (spring, sum-
mer, and winter) at both the urban and rural sites. The less brominated
BDEs, includingBDE-17, -28, -47, -71, -66, and -85, located in the predic-
tion interval, indicating a good agreement between the measured and
the predicted values at both the urban and rural sites. On the contrary,
the highly brominated BDEs could be predicted only if smaller PM10

(e.g., one-six-hundredth of minimum, 0.048 μg m−3) and fom (e.g., six-
hundredth of minimum, 0.000032) values were assigned (Fig. S39).



Fig. 5. Plots of log10 KP,OM,t versus log10 KP,OM,m and the fitting lines in spring (A), summer (B), autumn (C), and winter (D) at the urban (○) and the rural (●) sites as well as the annual
correlation between log10 KP,OM,t versus log10 KP,OM,m at the urban (E) and the rural (F) sites. The maximum (the top of the vertical line), moderate (the symbol crossed by the vertical
lines), and minimum (the bottom of the vertical line) values of KP,OM,t were calculated by the following parameters: (1) MWom = 100, ξom = 1; (2) MWom = 200, ξom = 3;
(3) MWom = 300, ξom = 5, respectively.

Fig. 6.Measured particulate fractions (Φ, 100%) of PBDEs with theoretical prediction by the Junge-Pankow adsorption model (A) and KOA absorption model (B) at the urban and the rural
sites. J-P (1): ST=1.1× 10−5 cm2/cm3, c=17.2Pa cm; J-P (2): ST=1.1×10−5 cm2/cm3, c=13.3 Pa cm; J-P (3): ST=3.5× 10−6 cm2/cm3, c=17.2Pa cm; J-P (4): ST=3.5×10−6 cm2

/cm3,
c=13.3Pa cm; J-P (5): ST=4.2×10−7 cm2/cm3, c=17.2 Pa cm; J-P (6): ST=4.2×10−7 cm2/cm3, c=13.3Pa cm. KOA (1): PM10=29.0 μgm−3 (minimum PM10), fom=0.0192 (minimum
fom); KOA (2): PM10=288.8 μgm−3 (maximum PM10), fom=0.2447 (minimum fom); KOA (3): PM10=29.0 μgm−3 (minimum PM10), fom=0.2447 (maximum fom); KOA (4): PM10= 288.8
μg m−3 (maximum PM10), fom = 0.2447 (maximum fom).
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Actually, the PM10 and fom cannot be too small because that type of par-
ticle did not seem to exist in Lake Chaohu. Although low organic matter
content seemed to facilitate predicting the particle fraction of highly
brominated BDEs as proposed by other studies (Chen et al., 2006;
Cetin and Odabasi, 2008), we suggested that there might be some con-
fusion as to why such little organic matter can absorbmore organic pol-
lutants in particles. It seemed that the non-organic-matter facilitated
the absorption. Nevertheless, more work should be performed to un-
ravel that problem.

3.7. Impact of organic matter and meteorological factors on partitioning
behaviors

According to the correlation analysis results between the
partitioning coefficient and the influencing factors presented in
Tables S11 and S12, BDE-28 was significantly susceptible to tempera-
ture at both the urban and rural sites. BDE-28 tended to distribute into
particles with an increase of temperature (Tian et al., 2011). The signif-
icantly negative correlation between BDE-47 and -66 at the urban site
indicated that larger wind caused fewer particles. The released BDEs
from sources might be easily transported to other place before
partitioning into particles (Li et al., 2016a). BDE-209's partitioning coef-
ficient was negatively associated with organic matter at the urban site,
whereas the correlationwas positive at the rural site. Those correlations
were in accordance with results of association between PBDEs and
influencing factors, i.e., inorganic matter, such as elemental carbon,
which contained some graphene-like carbonaceous components,
might adsorb BDE-209 at the urban site and BDE-209was carried by or-
ganic matter from non-local sources at the rural site (Ding et al., 2014).

Previous studies showed that there was a potential correlation be-
tween the slope values of Eq. (5) and temperature (Tian et al., 2011;
Yang et al., 2012). However, no significant associationwas observed be-
tween temperature and the slope (Fig. S40). The steeper slope was
found at the moderate temperature (in spring and autumn). Interest-
ingly, the slope for samples with TOCm ranges of N 10 μgC m−3 was
steeper than thatwith TOCm ranges of b 5 μgCm−3 (Fig. S41), indicating
that the absolute content of the organic matter facilitated the gas-
particle partitioning equilibrium.

In addition to the parameters pL0, MWom, and ξom, the influencing
factors also affect the deviation between KP,OM,m and KP,OM,t (Xie et al.,
2014). Thus, The theoretic-measured residual, calculated by subtracting
KP,OM,m from KP,OM,t, was employed to conduct the correlation analysis
with the influencing factors (Table S13). Eight PBDE congeners from
the less brominated (e.g., BDE-28) to the highly brominated
(e.g., BDE-209) had significantly positive correlationswith temperature,
indicating that the residuals were larger at the lower temperature,
which is clearly observed in Fig. 5. In winter, most KP,OM,t values were
much larger than KP,OM,m, whereas the deviation between KP,OM,m and
KP,OM,t was smaller in summer. In the particle with the larger amount
of organic matter, the residual was relatively larger, indicating that the
molecular weight of the organic matter might be larger than the given
value (100–300). Actually, the atmospheric organic matters had a
wide nominal molecular weight range of 120–10 kDa. Their molecular
composition was more complicated than aquatic organic matter
(Wang et al., 2013). In summary, the theory should be further modified
by considering the organic matters' molecular weight distribution and
the corresponding activity coefficients of the target compound in the
specific type of organic matter phase.

3.8. Environmental implications

China's rapid industrialization has led to unexpectedly complicated
gas-particle partitioning behaviors of persistent organic pollutants, es-
pecially in slightly polluted or unpolluted areas. On the one hand, the
large demand for industrial products and unintended POPs-containing
waste treatment resulted in a continuous increase of particle matter as
well as PBDEs (Tables 1 and S4) (Deng et al., 2007; Tian et al., 2011;
Weinberg et al., 2011). In addition, the dust derived from those particles
contains large amounts of PBDEs, which can potentially be accidentally
eaten by children (Wei et al., 2016). On the other hand, the regional cli-
mate variations, especially the warming effect caused by the urban city
island effect, might cause an increase in PBDEs in the gaseous phase
through re-volatilization from ice, soil, and other natural sorbents (Ma
et al., 2011).

Although people believed that PBDEswould had a declining trend in
the future due to their forbidden usage and some example also showed
a decreasing tendency in developed countries during the period from
2005 to 2012 (Venier and Hites, 2008; Ma et al., 2013), the increasing
trend cases kept growing up in China's urban and rural areas (He
et al., 2014; Li et al., 2016a). Fortunately, our study showed that both
the doubling time and halving time were very large in urban areas (t2,
Σ14BDEs = 13.4 years) and rural areas (t1/2, Σ14BDEs = 6.1 years). Never-
theless, the slight balance caused by increasing factors (e.g., emission,
long-distant transport from sources, and degradation of highly bromi-
nated BDEs) and decreasing factors (e.g., sinking, long-distant transport
to other places, and degradation) should be broken by controlling the
sources of PBDEs. Typically, seasonality was controlled by the periodic
functions (Young et al., 1999; Venier et al., 2012; Kong et al., 2014),
and the default year was one year. The present study proposed that
the seasonality of PBDEs should be restricted by the temperature's sea-
sonality because temperature is an instinctive seasonality indicator on
the earth. Due to traffic and industrial emissions, the urban particles'
carbonaceous components consisted of extractable organic matter,
non-extractable organic matter (NE-OM), and element carbon (EC)
(Chen et al., 2018). The NE-OM and EC were full of aromatic structures,
which had been proven to interact strongly with PBDEs through π–π
binding like graphene (Ding et al., 2014). Thus, the minor fraction of
NE-OM in organic matter might result in the negative association be-
tween the organicmatters between PBDEs at the urban site. On the con-
trary, PBDE-buried organic matter in rural particles was carried bywind
from other sources, supporting the positive correlation.

Temperature, organic matter and sources are the major factors that
affected the gas/particles partitioning behavior of PBDEs (Chen et al.,
2006; Deng et al., 2007; Cetin and Odabasi, 2008; Su et al., 2009; An
et al., 2011; Tian et al., 2011; Yang et al., 2013; Cincinelli et al., 2014;
Besis et al., 2016; Li et al., 2016a; Li et al., 2016b). Our study statistically
proved that the slope of Eq. (5) became steeper with the contamination
degree of PBDEs, which might be attributed to the accuracy of the mea-
surement, abundant adsorption surface offered by graphene-like sub-
stances, and amount of emission sources (Tian et al., 2011; Yang et al.,
2013; Ding et al., 2014). Although the KOA absorptionmodel offered bet-
ter prediction than the J-P adsorptionmodel, as proven in previous stud-
ies (Chen et al., 2006; Cincinelli et al., 2014), the large assigned organic
matter contents in the KOA model resulted in the contradiction that a
small amount of organic matter can absorb a large amount of organic
pollutants in particles. Thus, based on the residuals between KP,OM,m

and KP,OM,t, we propose future work to measure every organic molecule
and its corresponding activity coefficient with the target compound,
which will help to improve the theoretic gas/particle partitioning
coefficient.

4. Conclusions

In Lake Chaohu, PBDEs had an increasing trend,with a doubling time
of 13.4 years at the urban site, and a decreasing trend, with a halving
time of 6.1 years at the rural site. The large doubling or halving time
might be caused by combination of increasing and decreasing factors.
At the urban site, the graphene-like carbonaceous components might
carry or release PBDEs, and long-term rain fall andwind speed led to di-
lute or increase the transport speed of PBDEs in the atmosphere. At the
rural site, the PBDEs-buried OMwasmainly from non-local sources. Re-
stricted to the temperature seasonality, the frequency of PBDE
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congeners decreasedwith seasonality from 64% and 43% to 50% and 43%
at theurban and rural sites, respectively. The slope of the simplified Pan-
kow adsorption model was steeper in samples with larger absolute OM
content (N 10 μgC m−3) than that with relatively lower absoluate OM
content (b 5 μgC m−3), indicating that OM facilitated the gas-particle
partitioning equilibrium. The theoretic partitioning coefficients were
much lower than themeasured ones for less brominated BDEs, whereas
the highly brominated BDEs did the opposite. Themolecularweight dis-
tribution of the OM and the corresponding activity coefficients of the
target compound in a specific type of OM phase were urge to be
employed when predicting the theoretic partitioning coefficient.
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