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ABSTRACT
64 pairs of air samples (gas and particle phases) were collected using a high volume air sampler from March 2012 to
March 2013 at Jinsha (JSH), a regional background China Atmosphere Watch Network (CAWNET) site in central China.
Sixteen halogenated flame retardants (HFRs) were investigated, viz., eight polybrominated diphenyl ethers (PBDEs), six
alternative brominated flame retardants (ABFRs), and two Dechlorane Plus congeners (DPs). The average atmospheric
concentrations of the PBDEs, ABFRs, and DPs were 5.57 ± 3.08, 60.94 ± 44.24, and 2.54 ± 2.55 pg m–3, respectively.
BDE-209 and DBDPE were the dominant HFRs, which is consistent with their wide use in China. The atmospheric
concentrations of the other HFRs were low, reflecting that these compounds are not widespread in China. The average
ratio of the syn-DP to the total DP was 0.54 ± 0.10, which is higher than that of the commercial products. This implies DPs
are residual compounds that were released during the historic use of commercial products. The gaseous concentration and
temperature dependence displayed negative and steep slopes for BDE-28, BDE-47, and PBEB, which suggests a
significant influence from local re-evaporation. The positive and steep slopes for BDE-99, BDE-183, and TBB indicate
that long-range atmospheric transport controls their gaseous concentrations. The elevated concentrations of particle-bound
HFRs observed during winter at JSH may be due to the low temperatures, and air masses from northern China. The gasparticle distribution of BDE-209 and DBDPE showed that these compounds mainly exist in the particulate phase. Their
particular concentrations were not sensitive to changes in temperature but were influenced by air masses or local
advection. It was discovered that the sources of BDE-209 may be related to e-waste emissions in the upwind area during
summer and autumn.
Keywords: HFRs; Seasonal variation; Background site; Central China.

INTRODUCTION
Halogenated flame retardants (HFRs), which contain
bromine or chlorine bonded to carbon, have been used in
commercial and industrial products, such as textiles,
electronics, vehicles, and coatings. HFRs are classified
into two types, reactive HFRs and additive HFRs. Reactive
HFRs are bound to the manufactured materials with
chemical bonds while the additive HFRs are an additive to
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the products (de Wit, 2002). Due to the lack of chemical
bonds, additive HFRs are more easily released to the
atmosphere during their production, use, disposal and
recycling (Redfern et al., 2017). Polybrominated diphenyl
ethers (PBDEs), a type of additive HFRs, have three
commercial products, penta-, octa-, and deca-BDE (Lin et
al., 2012; Tu et al., 2012; Shy, 2015). These compounds
used to be the prevalent products, but given their adverse
effects on human health, penta-, and octa-BDE were
banned in China in 2007 and 2004, respectively (Liu et al.,
2016). Deca-BDE is still used in China although it was
banned in the European Union (EU) in 2008 (Xiao et al.,
2012). Except for PBDEs, other flame retardants including
1,2-bis(pentabromodiphenyl)
ethane
(DBDPE),
hexabromobenzene (HBB), 2,3,4,5-tetrabromobenzoate
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(TBB), pentabromoethylbenzene (PBEB), 1,2-bis (2,4,6tribromophenoxy) ethane (TBE), bis(2-ethylhexyl)-3,4,5,6tetrabromophthalate (TBPH) and Dechlorane Plus (DPs),
have been produced consistently by many companies and
introduced to the market. The above-mentioned compounds
are persistent, toxic and bio-accumulative. HFRs have
been widely found throughout the environment, in places
like water, sediment, biota, wildlife and even in tree bark
samples (McKinney et al., 2010; Salamova and Hites,
2013; Shi et al., 2014; Lee et al., 2016; Chou et al., 2017;
Giulivo et al., 2017). Additionally, some HFRs have a high
production volume, such as DBDPE, which had a production
volume of 12,000 tons in China in 2006 (Covaci et al.,
2011). With the large-scale use of HFRs and a greater
understanding of their harmful effects to both humans and
the environment, more research is needed to investigate
their concentrations, behavior and fate in the atmosphere.
Most HFRs are a class of semi-volatile organic
compounds (SVOCs), which can be released from their
products or contaminated surfaces, undergo long-range
atmospheric transport (LRAT), and be deposited in remote
locations. Many studies have showed that HFRs have been
measured in remote sites, like the Arctic, Waliguan, the
Tibetan Plateau, and both the Atlantic and Southern Ocean
(Cheng et al., 2007; Xiao et al., 2012; Yang et al., 2013; Li
et al., 2015). As the local emission can be negligible in
these remote places, the atmospheric transport and removal
processes play an important role in the input and abundance
of HFRs at these remote sites. Iacovidou et al. (2009)
reported that the air masses from regions of the former
Soviet Union were an important contributor to elevate
concentrations of polychlorinated biphenyls (PCBs) and
PBDEs in the remote southeastern Mediterranean. Air
masses from the Mediterranean carried a relatively low
level of pollutants, which diluted and cleaned the atmosphere.
Obtaining samples from remote areas is an effective way to
assess the influence of different sources and investigate the
environmental fate of HFRs. Xu et al. (2011a) demonstrated
that a monsoon over Tengchong Mountain was a significant
pathway for air pollutants. Temperature is also an important
factor on the atmospheric concentrations of HFRs due to
their semi-volatility. As the temperature rises, HFRs volatilize
out of contaminated environmental media such as water,
soil, and plants, into atmosphere. This process elevates the
HFRs’ concentration (Sofuoglu et al., 2004). Quantifying the
background area measurement of HFRs during different
seasons is important to help understand the main sources and
pathways for contaminants into the environment. Research
on the location of background contamination furthers
understanding the level of pollution at the larger regional
scale. This can add to global oversight like the Stockholm
Convention on persistent organic pollutants (POPs) and can
provide data for further pollution management.
Jinsha (JSH) is one of six regional background Chinese
Meteorological Administration (CMA) Atmosphere Watch
Network (CAWNET) sites, which are used to monitor the
background concentration of different pollutants in central
China. Some studies have been conducted to monitor the
pollutants at other CAWNET sites, such as ozone in Lin’an
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(Cui et al., 2004), hydrofluorocarbons and perfluorocarbons
in Shangdianzi (Yao et al., 2012), and aerosol in Akdala
(Qu et al., 2010). There has been limited research focused
on PBDEs concentration characteristics in the remote areas
in China. Li et al. (2011) investigated the concentrations of
PBDEs over the East and South China Sea. Pan et al. (2010)
studied the levels and distribution of PBDEs in sediments
of Bohai Sea, North China. Yang et al. (2013) reported the
atmospheric occurrence of PBDEs at Mt. Waliguan, which
is the only global background atmospheric station in China.
Nevertheless, data on the concentration level of HFRs,
except for PBDEs, in the remote regions of central China
are not available so far. We believe, this to be the first
year-long sampling campaign measuring the concentration
of PBDEs and other HFRs at the background site in central
China. The goals of the study are to:
1) report the concentrations and profiles of PBDEs,
alternative BFRs and DPs;
2) investigate their seasonal variation and the potential
factors;
3) analyze their gas-particle distribution and the possible
influence factors.
MATERIALS AND METHODS
Sampling Sites and Collection
The sampling site is shown in Fig. 1. JSH (29°38′N,
114°12′E, 750 m a.s.l.) is one of six regional background
CAWNET sites, located at the border of Hubei Province in
central China, adjacent to Hunan and Jiangxi Provinces.
The JSH site is located on mountaintop with few inhabitants
and a large amount of vegetation. This allows the station to
take highly accurate measurements of background pollutants
for central China. During the sampling period, the
temperature varied from –6.4 to 27.4°C with an average of
16.3°C. The relative humidity ranged from 32.0 to 100.0%
with a mean of 78.6%. The wind speed was from 1.1 to
8.2 m s–1 with a mean of 3.7 m s–1 and the predominant
wind directions were NNW, ESE, NW and SE.
The sampling period was from March 2012 to March
2013. The sampling site was approximately 1.5 m above
ground level. Particulate and gaseous samples were collected
at the same time by a high-volume sampler for 24 h using a
flow rate of 0.3 m3 min–1. The particulate samples were
collected on 20.3 × 25.4 cm (Grade F/A) quartz fiber filters
(QFFs), while the gaseous samples were collected with
8.0 cm (length) × 6.25 cm (diameter) × 0.035 g cm–3 (density)
polyurethane foam (PUF) plug. We took samples over four
seasonal periods; March 14, 2012, to May 26, 2012; June
2, 2012, to August 29, 2012; September 4, 2012, to
November 24, 2012; and December 3, 2012, to February
22, 2013, representing spring, summer, autumn, winter,
respectively. A pair of samples (gas and particle) was
collected about every six days, with 64 pairs of samples in
total. Prior to sampling, the QFFs were baked at the
temperature of 450°C for 4 h in muffle furnace removing
organic impurities. PUF was extracted with a solution of
acetone and dichloromethane (DCM) (V:V = 1:1) using an
Accelerated Solvent Extraction (ASE) system. The detailed
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Fig. 1. Location and sampling site of JSH.
pretreatment and preservation methods are found in Zhan
et al. (2017).
Extraction and Analysis
PUF and QFF samples were treated separately. All samples
were extracted for 24 h with DCM using the Soxhlet
extraction. In advance of the extraction, 10 ng surrogate
standards (2, 4, 5, 6-tetrachloro m-xylene (TCmX), PCB-30
and PCB-198, PCB-209) were added to each of the samples.
As one of the HFRs and surrogate standards, PCBs have
the similar chemical properties with the target compounds
but different retention times (Alaee et al., 2001; ManchesterNeesvig et al., 2001). The extracts were collected and
concentrated to a volume of 1 mL by a rotary evaporation.
To purify the eluted solution, samples were run through
alumina/silica columns filled with neutral alumina (3 cm,
3% deactivated), neutral silica gel (3 g, 3% deactivated), 50%
(on a weight basis) sulfuric acid silica (2 cm), and anhydrous
sodium sulfate (1 cm) layered from bottom to top. Next, the
15 mL eluant, which contained hexane and dichloromethane
at equal volumes, was prepared to elute the PBDE fractions.
This mixed solution was further concentrated by rotary
evaporation and reduced under a gentle stream of nitrogen
to 0.2 mL. Finally, 10 ng 13C-PCB141 was added to the
concentrated solution as the internal standard. The mixtures
were stored in the brown chromatography vials at a
temperature of –18°C prior to the gas chromatograph-mass
spectrometry analysis.
An Agilent 7890 gas chromatograph combined with an
Agilent 5975C mass selective detector gas chromatographmass spectrometer was used to analyze all samples using
the electrochemical negative ionization (ECNI) mode. An
HP-5MS chromatographic column (15 m length × 0.25 mm
i.d. × 0.1 µm film thickness) was used for all samples. The
1 µL injection volume of the sample was set with the mode
of the spectrometer. The carrier gas was high purity helium
with a column flow rate of 1.2 mL min–1, and methane as
the chemical ionization moderating gas. The temperature
of the line was set to be 280°C, while the ion source

temperature was 230°C. The temperature of the column
oven was cycled as follows: 1) The initial temperature was
110°C and kept for 5 minutes; 2) the temperature then
increased at a rate of 20°C per minute until 200°C and
stayed at that temperature for 4.5 minutes; 3) the temperature
continued to rise at a rate of 10°C per minute, until it
reached 310°C where it was held for 12 minutes. The
internal standard method was used to quantify a five point
calibration curve with correlation coefficient of greater
than 0.999.
Quality Assurance/Control
To obtain more precise results, a field blank and a
laboratory blank were performed after every ten samples
for both gaseous and particulate samples. The results showed
that there were no objective contaminants in any blank
samples. During the process of extraction and analysis, the
TCmX, PCB-30, PCB-198 and PCB-209 were added to the
extracts as a surrogate standard for monitoring the recovery
efficiency of the objectives. The recoveries of TCmX,
PCB-30, PCB-198, and PCB-209 were 76.8 ± 4.3%, 71.3 ±
4.3%, 79.5 ± 6.2%, and 89.3 ± 8.1%, respectively. The
final concentrations of pollutants were not corrected by the
surrogate standard. The instrumental detection limits
(IDLs) of given compounds were defined by the lowest
concentrations that could be detected by the instrument
when the signal to noise ratio reached to three. As the
compounds were not detected in the field and laboratory
blanks, the method detection limits (MDLs) were
calculated as three times the mean value of the IDLs. The
IDLs and MDLs ranged from 0.12 to 0.33 ng and 0.035 to
0.103 pg m–3, respectively. Detail information for IDL and
MDL of each HFRs is shown in Table 1.
Clausius-Clapeyron (C-C) Equation
The concentrations of HFRs in the gaseous phase are
often influenced by temperature (Hoff et al., 1998; Ma et
al., 2017). Investigating the temperature dependence of HFRs
was also a good way to learn about the potential sources.
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Table 1. The IDL (ng) and MDL (pg m–3) of tested HFRs.
BDE-28
BDE-47
BDE-100
BDE-99
BDE-154
BDE-153
BDE-183
BDE-209
PBEB
HBB
TBB
TBE
TBPH
DBDPE
syn-DP
anti-DP

IDL
0.21
0.14
0.12
0.15
0.18
0.18
0.21
0.26
0.12
0.15
0.15
0.21
0.25
0.33
0.15
0.15

MDL
0.063
0.042
0.035
0.045
0.053
0.054
0.062
0.080
0.036
0.044
0.047
0.063
0.076
0.103
0.045
0.045

shallow slopes or low temperature dependence indicate the
advection of regional air masses or LRAT (Wania et al.,
1998).
RESULTS AND DISCUSSION

The C-C equation was used to analyze the temperature
dependence (Hoff et al., 1998), which can be described as
Eq. (1):
lnP = m/T + b
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(1)

where P represents the partial pressure (atm), T is the
atmospheric temperature (K), m stands for the slope and b
stands for the intercept of the fitting line. The partial pressure
can be calculated using the gaseous concentration and the
molecular weight of the corresponding substance through
the ideal gas law. The slope is often used to estimate the
predominant factors influencing the gaseous concentration.
Negative steep slopes or significant temperature dependence
often indicate evaporation from local surfaces, while

Concentrations and Composition Profile
PBDEs
The concentrations and seasonal variations of PBDEs,
alternative BFRs and DPs are shown in Table 2 and Fig. 2.
Total (gas and particle) concentrations in the atmosphere of
JSH of eight targeted PBDEs (–28, –47, –99, –100, –153,
–154, –183, and –209) ranged from 2.09 to 15.15 pg m–3,
with a mean value of 5.57 ± 3.08 pg m–3. There was limited
research on PBDEs at rural/background sites around the
world. The average concentration of total PBDEs was
15.9 pg m–3 (∑5PBDEs) at Tengchong Mountain, a remote
site in southwestern China (Xu et al., 2011b); 8.3 pg m–3 at
Waliguan, China (Cheng et al., 2007); 1.8 pg m–3 (∑12PBDEs)
at Nam Co, Tibet, China; and 8.0 pg m–3 (∑12PBDEs) at Alert,
Arctic (Xiao et al., 2012); 2.6 pg m–3 (∑21PBDEs) at Mace
Head, UK (Lee et al., 2004); and 3.9 pg m–3 (∑14PBDEs) at a
background location of the eastern Mediterranean (Iacovidou
et al., 2009). The total concentration of PBDEs measured
at JSH exhibited similar concentration levels as compared
with the other rural/background sites. As expected, the
concentration of PBDEs at JSH was much lower than those
observed at other urban sites in China. The average
concentration of total PBDEs was 69 pg m–3 (∑13PBDEs)
at Harbin, China (Qi et al., 2014), 65 pg m–3 in Chicago
and 87 pg m–3 in Cleveland (Venier and Hites, 2008).
Among the eight PBDEs, BDE-209 was the most abundant
congener with a contribution of 46.49% to ∑8PBDEs.
Many studies have shown that BDE-209 was the most
dominant in the PBDE profiles in China. Chen et al. (2006)

Table 2. Summary of total concentrations (pg m–3) of PBDEs and other flame retardants in the atmosphere (gas + particle)
at JSH.
G+P
BDE-28
BDE-47
BDE-100
BDE-99
BDE-154
BDE-153
BDE-183
BDE-209
∑PBDEs
PBEB
HBB
TBB
TBE
TBPH
DBDPE
∑non-PBDEs
syn-DP
anti-DP
Total DPs

minimum
0.24
0.06
0.01
0.06
0.01
0.03
0.05
0.37
2.09
0.02
0.24
0.02
0.01
0.00
10.49
11.78
0.05
0.03
0.09

maximum
3.76
0.85
1.14
2.59
0.61
0.86
1.86
12.62
15.15
0.24
4.67
4.91
2.51
0.66
210.08
213.57
5.61
5.90
11.32

median
1.20
0.27
0.07
0.24
0.13
0.12
0.32
1.23
4.44
0.08
0.76
0.15
0.16
0.07
41.85
42.83
0.95
0.69
1.37

mean
1.28
0.33
0.15
0.47
0.16
0.21
0.39
2.59
5.57
0.09
1.16
0.70
0.24
0.10
58.65
60.94
1.31
1.24
2.54

SD
0.67
0.19
0.21
0.54
0.12
0.20
0.34
2.86
3.08
0.04
0.97
1.16
0.37
0.11
43.33
44.24
1.24
1.32
2.55
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Fig. 2. The seasonal variation of PBDEs, alternative BFRs and DPs.
reported that BDE-209 was the most dominant congener in
China with an abundance of 40–99%. Qiu et al. (2010)
indicated that BDE-209 contributed an average of 41% to
the total PBDEs in Taihu Lake in East China. A study by
Wang et al. found that BDE-209 contributed 64 ± 14% of
the total PBDEs in northern China (Wang et al., 2012).
BDE-209 was the main component of the commercial
deca-PBDEs used in China. Deca-BDE accounted for
83.3% of the total PBDEs consumption demand in global
PBDE market in the last decade and it was estimated that
the historical production of commercial deca-BDE was
358,180 metric tons in China by the end of 2011 (Li et al.,
2015; Deng et al., 2016). These abundances resulted in the
high percentages of BDE-209 detected in the environment
nationwide, including JSH in central China.
The contribution of BDE-28 to the total PBDEs was
high, up to 22.9% on average. In the penta-BDE and octaBDE commercial products, BDE-99 and BDE-47 were the

most abundant congeners while the contribution of BDE28 was minimal, accounting for only 0.11% (Sjodin et al.,
1998). These commercial products, which were banned
from production in 2007, had a very small market within
China (Qi et al., 2014). However, some literatures also
reported that high BDE-28 was observed in China, similar
to this study. Qi et al. (2014) reported that BDE-28 was the
dominant substance for the low brominated PBDEs in
Harbin. Yang et al. (2013) found that the contribution of
tri-BDE (both BDE-28 and BDE-17) was 25.6% at three
rural or background sites (Waliguan, Wudalianchi, and
Xuancheng) in the gas phase. Qiu et al. (2010) showed that
BDE-28 was the second highest substance in the gas phase
at Taihu Lake. Some studies have demonstrated that high
brominated PBDEs can be photolyzed (Bezares-Cruz et al.,
2004). Given the physicochemical properties of PBDEs, the
source of BDE-28 may derive from the potential
decomposition of higher brominated congeners under
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sunlight. Compared to other highly brominated PBDEs,
BDE-28 has a higher saturated vapor pressure and greater
volatility, which can allow it to travel longer distances to
remote areas.
Compared to BDE-209 and BDE-28, BDE-99, BDE-183,
and BDE-47 had the relatively low concentrations in the
atmosphere. The contributions of BDE-99, BDE-183 and
BDE-47 were 8.47%, 7.08% and 5.87% to total PBDEs,
respectively. BDE-99 and BDE-47 (accounting for more
than 70% of penta-BDE) were the main components of
penta-BDE commercial products, while BDE-183 (more
than 40% of octa-BDE) was dominant in the octa-BDE
commercial products (La Guardia et al., 2006). The result
was consistent with the past high usage of penta-BDE and
octa-BDE in China. The presence of these congeners in
large quantities in the atmosphere demonstrated that residual
PBDEs released from penta-BDE and octa-BDE had a
significant impact on the current environment although
they were banned a dozen years ago.
Alternative BFRs
Six alternative BFRs (PBEB, HBB, TBB, TBE, TBPH,
and DBDPE) were observed in the atmosphere of JSH
(Table 2). The average concentrations of the six alternative
BFRs combined were 60.94 ± 44.24 pg m–3, ranging from
11.78 to 213.57 pg m–3. The most dominant compounds
were DBDPE, HBB, and TBB, accounting for 96.2%, 1.9%,
and 1.2% of the total alternative BFRs, respectively.
DBDPE has been used as a replacement for BDE-209,
which is also an additive flame retardant for products such
as plastics and textiles (Kierkegaard et al., 2004). The
average concentration of DBDPE was 58.65 ± 43.33 pg m–3,
varying from 10.49 to 210.1 pg m–3 in the atmosphere of
JSH, with the average contribution of DBDPE to the
alternative BFRs of more than 90%, illustrating the
substantial use and emission of DBDPE in China. It should
be noted that DBDPE concentrations were 19 times higher
than BDE-209 in this study. A report showed that DBDPE
is the second highest currently used additive BFR in China,
with production increasing at 80% per year in the last
decade (http://www.polymer.cn/). Liu et al. (2016) reported
that the highest DBDPE values (0.24–1000 pg m–3) were
observed in the PM2.5 samples in Chinese cities, and Tian et
al. (2011) indicated that the arithmetic mean concentration
was 158 pg m–3, with a range from 3.97 to 1370 pg m–3 in
southern China. However, Qi et al. (2014) reported that the
average concentration of DBDPE was 11 pg m–3 in the
atmosphere of Harbin, northeast China. The difference
may be attributed to the substantial manufactures such as
electronic products (Zhang et al., 2009), e-waste recycling
and disposal operations (Liu et al., 2016) in southern China.
HBB has been used in paper, textiles, electronic and
plastic goods (Covaci et al., 2011). The average concentration
of HBB was 1.16 ± 0.97 pg m–3, with a range from 0.24 to
4.67 pg m–3 in the atmosphere of JSH. There was limited
HBB data to give comparisons. Previous studies showed
that the average concentration of HBB was 3.5 pg m–3 in
the PM2.5 samples in Chinese cities. HBB concentration was
measured in the remote atmospheric sites of the East China

3073

Sea and the Arctic (0.10–5.9 pg m–3), as well as the Atlantic
and Southern Oceans (0.92 pg m–3) (Liu et al., 2016). Using
this data, we found that the concentration of HBB in JSH
was similar to those observed at the remote sites. Qiu et al.
(2010) found a significant correlation between PBDEs and
HBB, which was inconsistent with our study.
TBB was used as a replacement for penta-BDE in
polyurethane foam products (Stapleton et al., 2008). The
average concentration of TBB was 0.70 ± 1.16 pg m–3,
ranging from 0.02 to 4.91 pg m–3 in the atmosphere of
JSH. The result was comparable to some remote areas like
the Arctic (0.9 pg m–3). But it was much lower than the
urban sites, the concentrations of TBB were 3.6 pg m–3 in
Chicago and 3.3 pg m–3 in Cleveland (Shoeib et al., 2014).
A study reported that the ratio of TBB and TBPH was
about 4:1 in some commercial products (Stapleton et al.,
2008). In our study, the ratio was range from 0.14 to 111.69
with a mean value of 14.35 and a median value of 2.95,
which indicated the two substances may undergo different
environmental fates in the atmosphere.
DPs
DPs are highly chlorinated flame retardants with two
stereoisomers (syn-DP and anti-DP) used in commercial
products. DPs were used as a replacement for Dechlorane.
The average concentrations of syn-DP and anti-DP were
1.23 ± 1.24 and 1.16 ± 1.33 pg m–3 in the atmosphere of
JSH, respectively. When compared with observations in
rural/background locations, the average concentration for
total DPs in this study was higher than those measured at
Alert (0.75 pg m–3) (Xiao et al., 2012), and lower than those
measured at the rural sites in China (3.5 ± 5.6 pg m–3) (Ren
et al., 2008).
The ratio of syn-DP divided by the total DPs (fsyn =
syn-DP/(syn-DP + anti-DP)) has been used to track the
source and degradation of these chemicals. The average
fsyn value was 0.54 ± 0.10, ranging from 0.32 to 0.88 in the
atmosphere of JSH, which was higher than those reported
for Oxychem’s commercial DP products (fsyn = 0.35).
Moller et al. (2010) found that the average fsyn value was
0.67 in East Greenland Sea atmosphere. Ren et al. (2008)
reported that the fsyn showed similar values in urban (0.32 ±
0.08) and rural (0.34 ± 0.11) sites in China. High fsyn values
were observed at two sites in central China, which were
0.56 at an urban site and 0.67 at a rural site. Recent studies
reported that an increase of fsyn value was observed due to
the degradation of the anti-isomer during the atmospheric
transport, as well as the conversion of syn-isomer from the
isomerization of anti-isomer (Moller et al., 2010, 2011; Liu
et al., 2016), which was consistent with results from this
study. Higher fsyn values implied DPs from the past use of
commercial products and LRAT to JSH.
Seasonal Variation of Gaseous HFRs and Temperature
Dependence
The gaseous concentrations of all compounds in different
seasons are shown in Fig. 3. The gaseous concentration of
HFRs varied with temperature change, and most compounds
had seasonal characteristics.
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Fig. 3. The composition profiles of HFRs in gaseous phase and particulate phase varied in different seasons:
(a) represented PBDEs in gaseous phase, (b) represented alternative BRFs in gaseous phase, (c) represented DPs in
gaseous phase, (d) represented PBDEs in particulate phase, (e) represented alternative BRFs in particulate phase, and
(f) represented DPs in particulate phase.
For gas-phase PBDEs, BDE-28 was the most abundant
substance. The highest concentration of BDE-28 appeared
in summer with a mean value of 1.86 pg m–3, which
accounted for 60.62% of total gaseous PBDEs. The lowest
BDE-28 concentration was observed in winter with an
average value of 0.45 pg m–3, accounting for 22.98% of total
gaseous PBDEs. The significant difference between summer
and winter may be due to both temperature and photolysis.
Higher temperature promotes the BDE-28 to gaseous phase,
and the greater intensity of sunlight during summer can
accelerate the photolysis of high brominated diphenyl ethers.
Both of the processes enhanced the gaseous concentration
of BDE-28 in summer. In contrast, the lower temperature
and the less intense sunlight during winter contributed to
an opposite effect. Due to the similar physicochemical
properties, BDE-47 in the gaseous phase had a relatively
consistent variation with BDE-28. The presence of BDE47 might come from historic usage of commercial pentaBDE products, but a long period of prohibition made the
gaseous BDE-47 levels in the atmosphere mainly influenced
by the environmental parameters rather than sources
emissions. BDE-99 reached peak levels during winter, with
an average concentration of 0.75 pg m–3, accounting for
38.58% and surpassing BDE-28 (22.98%), and approached
the lowest levels in summer, with an average concentration
of 0.12 pg m–3, accounting for 4.03% of the total. We found
that BDE-99 and BDE-28 had a converse seasonal variation.
There was a significant correlation (R2 = 0.71) between
BDE-99 and BDE-100 during winter. It appeared that
BDE-99 was being released from abandoned penta-BDE
products. The highest and lowest concentrations of BDE-209
appeared in summer and spring with a mean concentration

of 0.50 and 0.20 pg m–3, respectively. BDE-209 had its
biggest gaseous contribution during autumn with a value
of 19.65%. The high contribution of BDE-209 appeared
during autumn mostly due to the low concentration of the
other gaseous PBDEs.
For alternative BFRs, the concentration of DBDPE was
at higher level than other substances with the proportion
more than 83% and the peak value appeared during autumn
with an average concentration of 17.22 pg m–3, accounting
for 94.85% of the total. As an alternative to deca-BDE,
DBDPE had similar physicochemical properties as BDE209. In order to make a further comparison of their fates in
the atmosphere, we investigated the ratio of DBDPE to
BDE-209 (Fig. 4). The result showed that the value of
DBDPE/BDE-209 ranged from 5.62 to 201.90 with an
average of 65.27. This implied that notable seasonal changes
in emission sources for DBDPE rather than BDE-209
might exist. The correlation analysis showed there was no
significant correlation between BDE-209 and DBDPE (R2
= 0.03, P > 0.05). This indicated that different emissions or
sources were from multiple areas. The highest and lowest
average values appeared in autumn and summer with ratios
of 97.54 and 38.13. The lowest value during summer
indicated that BDE-209 had a relatively higher emission
during this season, which may have been related to the reevaporation of residual BDE-209 in soil during the summer.
The C-C equation was used to analyze the influence of
temperature on the concentrations of gaseous HFRs. The
result of temperature dependence is shown in Table 3.
BDE-28 had significant correlation (P < 0.01, R2 = 0.70)
with temperature and the slope value was negative and steep
which confirmed a strong temperature dependence for

Yang et al., Aerosol Air Qual. Res., 18: 3068–3080, 2018

3075

Fig. 4. The seasonal variations of DBDPE/BDE209.
Table 3. The regression results of C-C equation for different substances.
m
R2
BDE-28
–5594.19
0.70
BDE-47
–6382.52
0.46
BDE-100
–1242.79
0.01
BDE-99
5273.34
0.24
BDE-154
513.55
0.01
BDE-153
2538.77
0.07
BDE-183
5224.76
0.33
BDE-209
–989.87
0.02
PBEB
–2105.29
0.21
HBB
–1486.68
0.06
TBB
11974.48
0.52
TBE
2968.89
0.10
TBPH
–1796.18
0.04
DBDPE
1151.47
0.06
syn-DP
–1102.49
0.01
anti-DP
–434.51
0.00
R is the person correlation coefficient and P represents the value of significant testing.
BDE-28. This steep slope value suggested that re-evaporation
from local sources controlled gaseous concentrations. Similar
to BDE-28, the temperature dependences for BDE-47 and
PBEB were highly significant (P < 0.001), but the correlation
coefficients were weak (R2 = 0.46 for BDE-47 and 0.21 for
PBEB) which indicated that temperature contributed 46%
and 21% to variation of the gaseous concentration,
respectively. The result indicated there were other factors
that influenced the concentrations in the gas phase such as
LRAT or advection. In contrast, some substances had a
significant temperature dependence (P < 0.001) but a positive
and steep slope. For example, the correlation coefficient of
TBB exceeded 0.7 and the slope was more than 10,000.
Sofuoglu et al. (2004) described that the appearance of a
positive slope might represent the influence of LRAT,
which was also appropriate for TBB in our study. Similarly,
BDE-99 and BDE-183 all had a positive and steep slope,
and their peak values were found during winter while their

P
< 0.001
< 0.001
> 0.05
< 0.001
> 0.05
> 0.05
< 0.001
> 0.05
< 0.001
> 0.05
< 0.001
< 0.05
> 0.05
> 0.05
> 0.05
> 0.05

lowest values appeared during summer. These results showed
the significance of LRAT on the gaseous concentrations. In
addition, the Pearson correlation coefficients for these
substances (TBB, BDE-99 and BDE-183) were higher than
0.64 (P < 0.001), implying that they had common sources
and were mainly controlled by air masses. As for BDE-209
and DBDPE, there was low correlation with temperature
(P > 0.05), as was the same for most HFRs. Therefore, the
variations of gaseous concentrations for most HFRs were
influenced by many factors rather than only controlled by
temperature.
As mentioned above, BDE-99, BDE-209, and DBDPE
were typical HFRs, and the concentrations of these
compounds may be controlled by LRAT. To identify the
long-range transport of air masses from different potential
source regions, the back trajectory analysis in different
seasons was executed by using trajectory statistics. Threeday air parcel back trajectories from 100 m above ground
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level were calculated four times a day (0, 6, 12, 18 UTC).
The result of back trajectory analysis is shown in Fig. 5.
During winter, the air masses mainly came from the northern
inland areas of China, where large amount of commercial
penta-BDE products had been used. As reported above,
gaseous BDE-99 showed the highest concentration during
winter, which was mainly due to the air masses from the
northern inland region. During summer, northeast and
southeast wind prevailed and the air parcels mainly passed
through coastal provinces of China. The high gaseous
concentrations of BDE-209 during summer indicated the
potential emission sources of BDE-209 in coastal
provinces. For DBDPE, the elevated gaseous concentrations
were observed during autumn when the air mass mainly
from north China.
Seasonal Variation of Particulate HFRs and Gas-particle
Distribution
The particulate concentrations of all compounds in
different seasons were shown in Fig. 3. For PBDEs, BDE209, BDE-183, and BDE-28 were the predominant
compounds in the particulate phase. The average
concentration of BDE-209 was higher during autumn, with a
value of 4.97 pg m–3, accounting for 85.43%, while it was
much lower during winter, with an average concentration
of 0.92 pg m–3, accounting for 33.60%. BDE-183 and

BDE-28 had similar seasonal variations. Both compounds
had the highest concentration during winter with an average
concentration of 0.54 and 0.30 pg m–3, accounting for
19.50% and 10.75% of the total particulate PBDEs,
respectively. The lowest concentrations appeared in summer
with average concentrations of 0.17 and 0.08 pg m–3,
accounting for 7.36% and 3.61%, respectively. We found
with alternative BFRs, DBDPE was also the most abundant
compound, and its highest concentration appeared in winter
with an average value of 66.75 pg m–3 and a contribution
of 97.88% of all the alternative BFRs. For other alternative
BFRs, their maximum concentration levels appeared during
winter, except for HBB and TBPH. HBB had its highest
concentration during autumn with an average value of
0.9 pg m–3, accounting for 1.66%. TBPH showed the
highest concentration in summer, with an average value of
0.08 pg m–3. The maximum concentration for DPs also
appeared during winter. In the particulate phase, the
concentrations of syn-DP and anti-DP were equal, and
presented similar seasonal variations. Results showed that
the highest concentrations in particulate phase for most
flame retardants (except for BDE-209, HBB and TBPH)
were observed during winter. Zhang et al. (2014) reported
that seasonal fine particulate concentrations at JSH were
observed in the following order: winter > autumn > spring >
summer. This finding was similar to the seasonal variations of

Fig. 5. Air mass back trajectories in different seasons at JSH during the sampling periods.
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most flame retardants that had high winter and low
summer concentrations. Elevated concentration of particlebound HFRs observed during the winter at JSH may be
due to the low temperature and air masses mainly from
north China (Fig. 5). The result agreed with Li et al. (2015)
which showed PBDEs in PM2.5 aerosols over the East China
Sea. Differently, for BDE-209, its highest concentrations
appeared during summer or autumn, and the concentrations
were lowest during winter or spring, which was similar to
the seasonal variation of gaseous BDE-209. This result
implied that there were potential emission sources during
summer and autumn that can possibly be attributed to the
discharge from electrical and electronic waste (e-waste)
treatment plants on the path of moving air masses in the
upwind coastal area. Gaseous concentration of BDE-209
had no direct correlation with temperature, which further
proved that a source existed.
The gas-particle partitioning of compounds in the
atmosphere has a significant effect on their LRAT and
deposition process. We used the ratio of gaseous
concentration to particulate concentration to assess the gasparticle distribution and identify possible influencing factors
within the atmosphere. The results of different compounds
were presented in Table 4 and the average values in different
seasons were shown in Fig. 6.
PBEB, TBB and BDE-28 had the highest average gasto-particle ratios with mean values of 32.71, 24.17 and
22.61, respectively. We inferred that PBEB, TBB, and
BDE-28 were more apt to partition in the gas phase. On
the contrary, anti-DP, syn-DP, DBDPE, BDE-183, and
BDE-209 had lower average gas-to-particle ratios, with a
mean value of 0.26, 0.52, 0.40, 0.41, and 0.32, respectively.
This result suggested that anti-DP, syn-DP, DBDPE, BDE183, and BDE-209 were more likely to be absorbed onto or
into particles. As the bromine atom number increased, the
ratios of PBDEs decreased. This result further confirmed
that high brominated PBDEs were more likely to exist in
the particulate phase.
As shown in Fig. 6, there were no significant seasonal
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variations for the gas-to-particle ratios of most HFRs,
except for BDE-28, PBEB and TBB. Pearson correlation
analysis showed there were no significant correlations with
temperature other than BDE-28 (R2 = 0.652, P < 0.01). It
seemed that compounds apt to partition into the gas phase
were more likely to be affected by seasonal variation. On
the contrary, compounds, like BDE-209 and DBDPE
which tend to be absorbed into the particulate phase, were
not sensitive to seasonal change.
CONCLUSION
In this study, we investigated the atmospheric (gas and
particle) concentrations and composition profiles of sixteen
HFRs (eight PBDEs, six alternative BFRs, and two DP
congeners), addressing the seasonal variation, temperature
dependence, and gas-particle distribution. The atmospheric
concentrations at JSH were comparable to those at other
background sites. BDE-209 and DBDPE were the
predominant pollutants, exhibiting a linear relationship
over time with their production and use in China. The large
quantities of BDE-47, -99, and -183 illustrated that pentaBDE and octa-BDE have a significant impact on the
current environment even after being banned a dozen years
ago. Distinct seasonal variations were discovered in the
gaseous phase of BDE-28 and BDE-47, while the air mass
analysis showed that BDE-99, BDE-209, and DBDPE were
largely affected by seasonal monsoons. The temperature
dependence analysis suggested that BDE-28, BDE-47, and
PBEB in the gaseous phase were greatly influenced by reevaporation from local sites. In the particulate phase, most
HFRs displayed a high concentration during winter and a
low concentration during summer, which was consistent
with the variation in the particulate matter concentration,
indicating that the concentration of particulate matter in
the atmosphere might affect the abundance of HFRs,
except for BDE-209 (whose sources may be connected
with e-waste emissions in the upwind area during summer
and autumn), in the particulate phase. In addition, the

Table 4. The ratio of gaseous concentration to particulate concentration for all compounds.
BDE-28
BDE-47
BDE-100
BDE-99
BDE-154
BDE-153
BDE-183
BDE-209
PBEB
HBB
TBB
TBE
TBPH
DBDPE
syn-DP
anti-DP

MIN
0.27
0.13
0.01
0.02
0.02
0.04
0.03
0.01
0.43
0.10
0.10
0.01
0.07
0.04
0.00
0.01

MAX
103.11
28.30
48.05
39.83
36.19
17.75
2.26
1.60
189.67
11.91
681.41
154.93
11.85
1.56
12.91
1.37

MEAN
22.61
7.64
6.42
5.76
2.05
2.46
0.41
0.32
32.71
2.99
24.17
4.35
1.50
0.40
0.52
0.26

SD
26.38
7.56
10.67
7.18
5.90
3.42
0.40
0.33
48.02
2.96
94.11
19.95
2.22
0.30
1.85
0.31

Yang et al., Aerosol Air Qual. Res., 18: 3068–3080, 2018

3078

Fig. 6. The gas-particle ratios for different compounds in four seasons.
gas-particle distribution revealed that whereas the tendency
of substances (BDE-28, PBEB and TBB) to exist in the
gaseous phase was more likely to be affected by seasonal
variation (temperature change), the tendency of compounds
(BDE-209 and DBDPE) were prone to adsorbed by
particles and were sensitive changes in air mass.
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