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Abstract

In this study, pine needles were used as biomonitors to investigate the levels, spatial distributions, and possible sources of
polybrominated diphenyl ethers (PBDEs) and four emerging halogenated flame retardants (HFRs) in the atmosphere of
Shanghai, China. The four emerging HFRs were hexabromocyclododecane (HBCD), decabromodiphenylethane (DBDPE),
1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE), and dechlorane plus (DP), with the first 3 HFRs being non-polybrominated
diphenyl ether brominated flame retardants (non-PBDE BFRs). The total concentrations ranged from 3.71 to 4020 ng g ' dry
weight (dw) for 52 PBDE congeners (35,BDEs), < MDL (method detection limit) to 15.2 ng g_l dw for three non-PBDE BFRs
(23non-PBDE BFRs), and 0.815 to 1090 pg g~ dw for two DP isomers (XDP), respectively. High levels of PBDEs, three non-
PBDE BFRs, and DP were found in pine needles from suburbs and Pudong, which was a consequence of industrial activities. The
fraction of anti-DP isomer (f;,;) in pine needles ranged from 0.515 to 0.939 with a mean value of 0.721, and most of the f;.;
values were consistent with those of technical DP formulations. Principal component analysis-multiple linear regression (PCA-
MLR) model identified four sources of PBDEs in pine needles with the quantified contributions: degradation of technical PBDE
formulations (49.5%), technical deca-BDE (6.9%), technical penta-BDE (25.1%), and technical octa-BDE (18.5%). These
findings are expected to help understand the pollution level, fate, and possible sources of HFRs in the atmosphere of Shanghai
and provide a basis for air pollution control and management in Shanghai.
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Introduction

Polybrominated diphenyl ethers (PBDEs) are a group of ha-
logenated flame retardants (HFRs) that are widely used in
commercial products such as furniture, textiles, plastics,

Responsible editor: Constantini Samara

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-019-04558-8) contains supplementary
material, which is available to authorized users.

P4 Xue-Tong Wang
wangxt@shu.edu.cn

P< Hang-Xin Cheng
hangxin@vip.sina.com

! TInstitute of Environmental Pollution and Health, School of

Environmental and Chemical Engineering, Shanghai University,
Shanghai 200444, China

electrical and electronic appliances, building materials, and
vehicles (UNEP 2015). PBDEs have been produced and
marketed as three technical formulations: penta-, octa-, and
deca-BDE. The global production of technical PBDE formu-
lations from 1970 to 2005 were estimated at around 91,000~

Key Laboratory of Organic Compound Pollution Control
Engineering, Ministry of Education, Shanghai University,
Shanghai 200444, China

Key Laboratory of Geochemical Cycling of Carbon and Mercury in
the Earth’s Critical Zone, Institute of Geophysical and Geochemical
Exploration, Chinese Academy of Geological Sciences,

Langfang 065000, China

Institute of Geophysical and Geochemical Exploration, Chinese
Academy of Geoscience, Langfang 065000, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-04558-8&domain=pdf
https://doi.org/10.1007/s11356-019-04558-8
mailto:wangxt@shu.edu.cn
mailto:hangxin@vip.sina.com

12172

Environ Sci Pollut Res (2019) 26:12171-12180

105,000 t for penta-BDE; 102,700-118,500 t for octa-BDE;
and 1,100,000-1,250,000 t for deca-BDE, respectively
(UNEP 2015). In China, the dominant technical PBDE prod-
uct is deca-BDE formulation, with a production of 30,000 t in
2005 (Zou etal. 2007; Li etal. 2015). Because of their massive
production, extensive use, and tendency to bioaccumulate, the
concerns for potential toxicities of PBDEs to ecosystem and
human beings have been increased (UNEP 2015, 2017).
Animal studies suggested that PBDEs can disrupt endocrine
functions and adversely affect nervous and reproductive sys-
tems (Linares et al. 2015; Lyche et al. 2015). Due to their
persistence, bioaccumulation, potential toxicities, and long-
range transport potential, the production and usage of penta-,
octa-, and deca-BDE formulations have been banned by the
Stockholm Convention (UNEP 2015, 2017).

Since PBDEs were phased out worldwide, several non-
polybrominated diphenyl ether brominated flame retardants
(non-PBDE BFRs), including hexabromocyclododecanes
(HBCD), 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE),
and decabromodiphenyl ethane (DBDPE) have been intro-
duced to the market. The production of HBCD and DBDPE
in China in 2006 were about 4500 t and 12,000 t, respectively
(Xiao 2006). These non-PBDE BFRs also showed similar
characteristics to PBDEs in the aspect of persistence, bioac-
cumulation, and long-range transport potential (Covaci et al.
2011; Kuramochi et al. 2014). HBCD and DBDPE can induce
hepatic damage and alter thyroid hormone homeostasis in
mice, posing a potential health risk (Darnerud 2003; Sun
et al. 2018). Dechlorane plus (DP) is an emerging chlorinated
flame retardant used as substitute to deca-BDE formulation.
The annual production of DP was about 300 t in China since
2005 (Wang et al. 2010). DP has a similar structure to the
mirex, and its conformation contains two isomers, i.e., syn-
DP and anti-DP (Zeng et al. 2014). Toxicological experiments
demonstrated that DP can cause hepatotoxicity in mice (Wu
et al. 2012a) and neurodevelopmental toxicity in zebrafish
(Chen et al. 2017). HBCD, DBDPE, BTBPE, and DP have
been found in China in various environmental media, such as
air, dust, soil, sediment, plant, biota, and human samples
(Covaci et al. 2011; Tian et al. 2012; Wu et al. 2012b; Li
et al. 2015; Shi et al. 2016, 2018; Wang et al. 2016a; Wong
etal. 2017; Zhu et al. 2017a; Cao et al. 2018). Therefore, it is
essential to investigate the occurrence, sources, and environ-
mental risk of these HFR pollutants.

Atmosphere-plant exchange has been considered as an im-
portant transfer pathway for semivolatile organic compounds
(SVOCs) from atmospheric environment to terrestrial ecosys-
tem. Pine needles were excellent in trapping SVOCs due to
their high specific surface area and lipid content. Previous
studies successfully used pine needles as biomonitors to in-
vestigate atmospheric SVOCs, such as polycyclic aromatic
hydrocarbons (Sun et al. 2010; Odabasi et al. 2015, 2016),
polychlorinated biphenyls (Tian et al. 2008; Odabasi et al.
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2015, 2016), polychlorinated naphthalenes (Odabasi et al.
2015, 2016), perfluorinated alkylated substances
(Chropenova et al. 2016a), organochlorine pesticides (Ratola
et al. 2014), short- and medium-chain chlorinated paraffins
(Wang et al. 2016b), and PBDEs (Ratola et al. 2011).
However, the comprehensive researches on atmospheric
PBDEs, HBCD, DBDPE, BTBPE, and DP using pine needles
are not available yet.

Located in the eastern China, Shanghai, is an international
metropolis and also a large production center for textiles, rub-
bers, plastics, electrical and electronic appliances, and chem-
ical industries (SMSB and SONBS 2016). With the rapid in-
crease of human and industrial activities in the past decades,
Shanghai is facing various environmental pollution problems.
Previous studies on atmospheric pollution of HFRs in
Shanghai were mainly focused on PBDEs in outdoor air (Yu
etal. 2011; Lietal. 2012; Han et al. 2016; Liu et al. 2016; Lyu
et al. 2016; Zhu et al. 2017b; Su et al. 2018). Only a few
studies about emerging HFRs including HBCD, DBDPE,
BTBPE, and DP in outdoor air were reported in Shanghai
(Yu et al. 2011; Li et al. 2012; Liu et al. 2016). Moreover,
detailed data about the pollution of PBDEs, HBCD, DBDPE,
BTBPE, and DP in plant from Shanghai are not available to
date. Pine needles were employed in Shanghai to investigate
these atmospheric HFRs for the first time. The objectives in
this study were to investigate the levels and spatial distribu-
tions of PBDEs, three non-PBDE BFRs including HBCD,
DBDPE, and BTBPE, and DP in pine needles from
Shanghai, to determine the compositional patterns of PBDEs
and isomer ratios of DP, and to identify and quantitatively
assess source contributions to the PBDE burden in pine
needles.

Materials and methods
Sampling site and sample collection

The sampling sites, collection, and pretreatment of pine
needles from Shanghai were described elsewhere (Wang
et al. 2016b). In brief, the whole sampling region was
divided into four units: Puxi (old industrial urban area),
Pudong (new industrial urban area), suburbs (new indus-
trial and agricultural mixed area), and Chongming Island
(ecological protection area). The locations of sampling
sites are shown in Fig. S1. One hundred thirty-one pine
needle samples were taken from Puxi (1-36), Pudong
(37-46), suburbs (47—-106), and Chongming Island (107—
131) in April 2015. For each sampling site, pine needles
were collected from three to five trees at an equivalent
height of ~1.6 m above ground, pooled together to form
one composite sample, and subsequently wrapped in alu-
minum foil, sealed into zipper bags. Prior to chemical
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analysis, pine needles were rinsed sequentially with tap
water and distilled water, air-dried in an individual room,
and ground into powder using a high-speed pulverizer,
then kept at —20 °C until extraction.

Chemicals and materials

PBDEs calibration standards including BDE-AAP-A-15X
(containing 39 PBDE congeners: BDE1-3, 7, 8, 10-13,
15, 17, 25, 28, 30, 32, 33, 35, 37, 47, 49, 66, 71, 75, 77,
85,99, 100, 116, 118, 119, 126, 138, 153-155, 166, 181,
183, and 190) and BDE-OND (containing BDE 194-209)
were obtained from AccuStandard Inc. (New Haven, CT,
USA) and Wellington Laboratories Inc. (Guelph, Ontario,
Canada), respectively. Standard solutions of HBCD,
BTBPE, and DBDPE were purchased from
AccuStandard Inc. (New Haven, CT, USA). Individual
solutions of anti- and syn-DP were supplied by
Wellington Laboratories Inc. (Guelph, Ontario, Canada).
13C,,-BDE139 and '*C,,-BDE209 (surrogate standards)
and '3C,,-PCB138 (injection internal standard) were all
obtained from Cambridge Isotope Laboratories Inc.
(Andover, MA, USA). Silica gel (100-200 mesh)
(Qingdao Haiyang Chemical Co., Shandong, China), neu-
tral alumina (100-200 mesh) (Sinopharm Chemical
Reagent Co., Shanghai, China) were activated at 130 °C
for 16 h, then neutral alumina was deactivated by Milli-Q
water (6%, w/w), and acid silica gel (30%, w/w) was pre-
pared by mixing 100 g of silica gel with 44 g of concen-
trated sulfuric acid, and kept in a desiccator for later use.
Granular anhydrous sodium sulfate (Sinopharm Chemical
Reagent Co., Shanghai, China) was baked at 450 °C for
5 h before use. All organic solvents were of analytical
grade and redistilled using a glass system prior to use.

Extraction, cleanup, and instrumental analysis

The procedures employed in extraction, cleanup, and analysis
of PBDEs, HBCD, BTBPE, DBDPE, and DP in pine needles
were described previously (Wang et al. 2015). Briefly, about
5 g of pulverized pine needles were mixed with 20 g of anhy-
drous Na,SO,, spiked with 6 ng of 13C,,-BDE139 and 15 ng
of 13C,,-BDE209, and then Soxhlet extracted with 120 mL of
1:1 (v/v) mixed solvent of n-hexane and acetone for 24 h. Ten
percent of the extract was used to determine the lipid content
of pine needles. The remaining extract (90%) was further pu-
rified in a deactivated neutral alumina/acid silica gel column,
then concentrated by a K-D concentrator, and reduced to al-
most dryness under a gentle N, stream, and finally redissolved
in 50 uL of isooctane containing 6 ng of '>C,-PCB138 prior
to GC/MS analysis.

Analysis of PBDEs, HBCD, BTBPE, DBDPE, and DP
were performed on an Agilent 6890 N gas

chromatograph-5975 mass selective detector system in
the electron capture negative ionization mode (GC-
ECNI/MS). The target compounds were separated using
two fused-silica capillary columns (J&W Scientific,
Folsom, USA): DB-5 (30 m x 0.25 mm i.d., 0.25-um film
thickness) for di- to hepta-BDEs, HBCD, BTBPE and DP,
and DB-5HT (15 m x 0.25 mm i.d., 0.25-um film thick-
ness) for octa- to deca-BDEs and DBDPE. The com-
pounds were monitored at m/z 79 and 81 for di- through
hepta-BDE, HBCD, DBDPE, and BTBPE; m/z of 79, 81,
407, 409, 486, and 488 for octa-BDE; m/z of 79, 81, 486,
and 488 for nona- and deca-BDE; and m/z 654 and 652
for DP isomers. PBDEs, HBCD, BTBPE, DBDPE, and
DP were quantified using 5-point calibration curves
(*>0.99). BDE1-3 were not analyzed in this work due
to their low sensitivity in GC-ECNI/MS.

Quality assurance and quality control

Strict quality assurance and control measures were per-
formed to ensure the identification and quantification of
the target analytes. Glassware were heated at 450 °C for
12 h to minimize the risk of contamination before use.
One procedural blank, one solvent blank, one spike blank,
and duplicate samples were processed within every batch
of 12 samples to monitor background levels and possible
carryover between samples. The spike blanks were pre-
pared using anhydrous Na,SO, spiked with known con-
centrations of target analytes to monitor the precision and
accuracy of the analytical method. Target compounds in
procedural blanks were below the method detection limits
(MDLs). The variation coefficients of target compounds
in duplicate samples were less than 15%. Method recov-
eries were determined by analyzing clean pine needles
(uncontaminated pine needles collected from a site away
from anthropogenic activities) spiked with standard solu-
tions of PBDEs, HBCD, BTBPE, DBDPE, and anti- and
syn-DP. The recoveries of target compounds spiked in
pine needles ranged from 81.5% to 104%, and the relative
standard deviations (n=7) were less than 15%. The re-
coveries of '*C,,-BDE139 and '*C,,-BDE209 spiked in
pine needles varied from 86.6% to 98.5%. The MDLs of
target compounds were defined as the mean blank values
plus three times the standard deviations. The MDLs of di-
to nona-BDEs, BDE209, HBCD, DBDPE, BTBPE, and
anti- and syn-DP were 0.01-0.02 ng g ' dw, 0.06 ng g '
dw, 0.02 ng g ' dw, 0.06 ng g ' dw, 0.02 ng g ' dw,
0.2 pg g ' dw, and 0.2 pg g ' dw, respectively. Lipid
contents of pine needles were determined by the gravimet-
ric method. All concentrations of target compounds in
pine needles were expressed on a dry weight basis with-
out recovery correction.
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Statistical analysis

Statistical analyses, including descriptive statistics,
Shapiro-Wilk test, Spearman correlation analysis, hierar-
chical cluster analysis (HCA), and principal component
analysis (PCA) were performed using IBM SPSS statistics
software version 19 (SPSS Inc., USA). PCA was conduct-
ed using the standardized PBDE concentration dataset by
factor extraction after varimax rotation. Values of HFR
concentrations below MDLs were considered as zero for
statistical analysis. Extreme and outlier values of PBDEs,
three non-PBDE BFRs and DP concentrations were
checked with box-and-whisker plot procedure. Spatial dis-
tributions of these HFRs in pine needles were depicted
using Surfer 8.0 (Golden Software, Inc., USA).

Results and discussion
Levels of HFRs in pine needles

Descriptive statistics for the concentrations of individual
PBDE congeners, sum of 51 PBDE congeners without
BDE209 (X5,BDEs), sum of 52 PBDE congeners
(25,BDEs), individual non-PBDE BFRs, sum of 3 non-
PBDE BFRs (33non-PBDE BFRs), individual DP isomers,
and sum of 2 DP isomers (XDP) in pine needles from
Shanghai are given in Table 1. PBDEs, three non-PBDE
BFRs, and DP were detected in pine needles at most sampling
sites, indicating that these HFRs are widespread contaminants
in the atmospheric environment of Shanghai. Obviously,
PBDEs were the main HFRs in pine needles from Shanghai.

Table 1 Concentrations of

PBDESs, three non-PBDE BFRs Min Max Mean Median SD DF%

(ng g ' dw), and DP (pg g~' dw)

in pine needles from Shanghai BDE7 <MDL 114 16.7 5.16 24.4 763
BDEI5 <MDL 3360 119 289 322 83.2
BDE30 <MDL 351 16.6 <MDL 51.9 42.0
BDE75 <MDL 273 21.9 1.74 414 63.4
BDE49/71 <MDL 213 19.6 5.43 30.8 78.6
BDE47 <MDL 109 9.87 0.758 21.0 61.1
BDEG66 <MDL 414 20.9 2.46 58.6 77.9
BDEL00 <MDL 55.5 6.26 0.396 10.7 63.4
BDE99 <MDL 408 232 0.661 476 69.5
BDE154 <MDL 326 0.933 <MDL 3.34 39.7
BDE153 <MDL 29.6 231 0.032 4.52 53.4
BDE138/166 <MDL 427 17.7 0.099 52.0 64.9
BDEI83 <MDL 3.55 0.413 0.100 0.718 64.9
BDE201 <MDL 12.4 0272 <MDL 1.14 40.5
BDE204/197 <MDL 5.02 0.297 0.119 0.609 77.1
BDE208 <MDL 6.10 0.649 0.141 1.12 51.9
BDE207 <MDL 6.51 0.856 0.447 1.23 763
BDE206 <MDL 11.6 1.15 0.343 1.91 62.6
BDE-209 <MDL 324 139 1.69 382 71.0
¥5:BDEs 3.20 3990 363 235 495 100
¥5,BDEs 3.71 4020 377 237 382 100
HBCD <MDL 11.4 0.957 0.040 2.12 51.9
BTBPE <MDL 12.5 0.145 <MDL 0.366 489
DBDPE <MDL 2.81 0.862 0.074 2.24 55.7
¥;non-PBDE BFRs <MDL 15.2 1.96 0.714 3.50 92.4
anti-DP 0.647 856 103 64.4 131 100
syn-DP 0.154 237 33.8 223 38.8 100
YDP 0.815 1090 137 86.3 169 100
Sonti 0.515 0.939 0.721 0.733 0.088
Lipid (%) 3.21 114 6.54 6.35 1.35

SD standard deviation; DF detection frequencies; CV coefficient of variation; <MDL below the method detection
limit; X3non-PBDE BFRs the sum of HBCD, BTBPE, DBDPE analyzed in sample; f;,,,; anti-DP/(anti- + syn-DP)
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Most of the PBDE congeners were frequently detected in pine
needle samples, with the detection frequencies of 39.7%—
83.2% for 52 PBDE congeners. The concentrations varied
from 3.71 to 4020 ng g ' dry weight (dw) with a mean value
of 377 ng gfl dw for X5,BDEs, of which ¥5;BDEs concen-
trations ranged from 3.20 to 3990 ng g~ dw and BDE209
concentrations varied from <MDL (method detection limit)
to 324 ng g ' dw, with mean values of 363 and 13.9 ng g
dw, respectively. The compositional profiles of PBDE homo-
logues in pine needles from Shanghai are shown in Table S1.
Di-, tri-, tetra-, and penta-BDE had the higher relative contri-
butions to >5,BDEs in pine needles, with median values of
40.6%, 14.0%, 22.1%, and 9.96%, respectively. As presented
in Table 2, some pairs of the lower brominated PBDE homo-
logues exhibited significant correlation (p < 0.01), which im-
plied that they might share common sources and behave sim-
ilarly in the environment. Moreover, neither the concentra-
tions of individual PBDE homologues nor >5,BDEs were
significantly correlated with the lipid content of pine needles
(p > 0.05), indicating that lipid contents had little influence on
accumulation of PBDEs in pine needles in the studied area.
Similar results were also observed in pine needles from Aliaga
and Iskenderun, Turkey (Odabasi et al. 2015, 2016).

As for the three non-PBDE BFRs, the detection frequen-
cies were 51.9% for HBCD, 48.9% for BTBPE, and 55.7% for
DBDPE, respectively. The total concentrations of the three
non-PBDE BFRs in pine needles ranged from <MDL to
152 ng g ' dw, with a mean value of 1.96 ng g ' dw. For
individual non-PBDE BFRs, the concentrations ranged from
<MDL to 11.4 ng g ' dw for HBCD (mean=0.957 ng g
dw), from <MDL to 2.81 ng g ' dw for DBDPE (mean =
0.862 ng g ' dw), and from <MDL to 12.5 ng g ' dw for
BTBPE (mean=0.145 ng g dw), respectively. HBCD and
DBDPE were the major components of the three non-PBDE
BFRs, accounting for, on average, 38.9% and 37.8% of

>3non-PBDE BFRs, respectively (Table S2). Compared with
the lower detection frequencies of three non-PBDE BFRs,
both anti- and syn-DP isomers had the higher detection fre-
quencies of 100%. The concentrations varied from 0.815 to
1090 pg g ' dw with a mean value of 137 pg g~' dw for ©DP,
of which anti-DP concentrations ranged from 0.647 to
856 pg g ' dw and syn-DP concentrations varied from 0.154
t0237pgg ' dw, with mean values of 103 and 33.8 pg g ' dw,
respectively. Anti-DP was the predominant isomer for DP.
The concentrations of 23non-PBDE BFRs and XDP were also
not significantly correlated with lipid contents of pine needles
(p>0.05) (Table S3), suggesting that the effect of lipid con-
tents on accumulation of these non-PBDE BFRs and DP in
pine needles was similar to that of PBDEs mentioned above.

Spatial distributions of HFRs in pine needles

The spatial distributions of ¥5,BDEs, ¥.3non-PBDE BFRs,
and XDP in pine needles from Shanghai are depicted in
Figs. 1 and 2, respectively. For the four sampling areas, the
mean concentrations of X5,BDEs, ¥3non-PBDE BFRs, and
YDP in pine needles were 228 ng g ' dw, 0.816 ng g ' dw,
and 92.2 pg g ' dw in Puxi; 509 ng g ' dw, 1.12 ng g ' dw,
and 251 pg g ' dw in Pudong; 540 ng g ' dw, 3.43 ngg ' dw,
and 183 pg g ' dw in suburbs; and 148 ng g ' dw,
0.445 ng g ' dw, and 43.9 pg g ' dw in Chongming, respec-
tively (Fig. 3). The pollution levels for 35,BDEs, ¥3non-
PBDE BFRs, and XDP in pine needles in suburbs and
Pudong were higher than those in Puxi and Chongming,
which may be due to the fact that various industrial parks were
mainly located in suburbs and Pudong. Spearman correlation
analysis results showed that the concentrations of >3non-
PBDE BFRs and XDP were significantly correlated with
those of ¥5,BDEs (p<0.01) (Table S3), indicating that
>5,BDEs, ¥;non-PBDE BFRs, and ¥DP in pine needles

Table2  Spearman’s rank correlation coefficients among PBDE homologue concentrations in pine needles from Shanghai
Lipid%  Di- Tri- Tetra- Penta- Hexa- Hepta- Octa- Nona- Deca-
BDE BDE BDE BDE BDE BDE BDE BDE BDE
Di-BDE 0.056
Tri-BDE 0.045  0.618**
Tetra-BDE 0.093  0.730%*  0.586%**
Penta-BDE 0.080  0.763*%*  0.658**  0.777**
Hexa-BDE 0.082  0.479%*  0.480%*  0.49]1%* 0.6427%*
Hepta-BDE ~ —0.012  0.514%*  0.491%*%  0477*%* 0.505%* 0.385%*
Octa-BDE 0.115  0.330%*  0.263%%  0.414%* 0.4397%* 0.302%* 0.3327%*
Nona-BDE 0.147  0.642%*  0.568**  0.615%* 0.6897%* 0.456%* 0.425%* 0.530%*
Deca-BDE 0.107  0.446%*  0362%%  0.402%* 0.584#* 0.427%** 0.400%* 0.308%* 0.566%**
Y¥52BDEs 0.121  0.893**  0.745%%  0.846%* 0.8997%* 0.631%+* 0.568%** 0.432%* 0.744%** 0.558%#*

*p<0.05; **p<0.01
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Fig. 1 Spatial distributions of
>5,BDEs (a) and >3non-PBDE
BFRs (b) in pine needles from
Shanghai

from Shanghai might share similar sources. Shapiro-Wilk test
results indicated that none of the concentrations of ¥5,BDEs,
33non-PBDE BFRs, and ¥DP in pine needles was normally
distributed (p <0.05). The frequency distribution histograms
for the concentrations of ¥5,BDEs, >;non-PBDE BFRs, and
>DP in pine needles from Shanghai are shown in Fig. S2. The
data displayed a positively skewed distribution, suggesting
that the concentrations of ¥5,BDEs, Y;non-PBDE BFRs,
and XDP were at lower levels in most pine needle samples.

Zhejiang

Fig. 2 Spatial distributions of XDP in pine needles from Shanghai
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,non-PBDE BFR

Zhejiang

The higher concentrations of ¥5,BDEs were observed at
sites 46, 69 (outliers), 102, and 59 (extremes) (Fig. 1a), which
might be due to the reason that these sites were located closely
to textile plants and plastics plants. The higher concentrations
of Y3non-PBDE BFRs were observed at sites 63, 54 (outliers),
87, 102, 76, 80, 62, 66, 95, 75, 60, and 106 (extremes)
(Fig. 1b). The non-PBDE BFRs at sites 63, 87, 102, 66, 75,
60, and 106 might be influenced by plastics plants, and non-
PBDE BFRs at sites 76, 80, 62, and 95 may be related to
electric wire and cable plants. Iron and steel plant might be
the main source of non-PBDE BFRs at site 54. The higher
concentrations of XDP were observed at sites 76, 84, 5, 2, 83,
82 (outliers), and 81 (extreme) (Fig. 2). DP at sites 76, 84, 83,
82, and 81 might be ascribed to electric wire and cable plants
and plastics plants. Site 2 was located to a metal processing
plant and site 5 was near an aquatic product processing plant,
implying that metal processing plant and aquatic product pro-
cessing plant might be the potential source of DP. Therefore,
these findings indicated that industrial activities have a signif-
icant influence on the spatial distributions of these HFRs in
pine needles from Shanghai.

Comparison with other studies

In order to assess the pollution levels of these HFRs in pine
needles from Shanghai, the concentrations of HFRs in pine
needles reported around the world are given in Table S4. The
concentrations of ¥PBDEs in pine needles from Shanghai
were comparable to those in mainland China (Zhu et al.
2018) and were higher than those in Ottawa, Canada (St-
Amand et al. 2008); Spain inland (Ratola et al. 2011); Foia,
Benlhevai, and Porto, Portugal (Silva et al. 2015); Aliaga and
Iskenderun, Turkey (Odabasi et al. 2015, 2016); Little Fatra,
Great Fatra, and Tatra mountains, Slovakia (Chropenova et al.
2016b); and an e-waste site and its neighboring rural
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agricultural region in south China (Tian et al. 2012, 2013).
The concentrations of BDE209 in pine needles from
Shanghai were similar to those in mainland China (Zhu et al.
2018) and were higher than those measured in Ottawa,
Canada (St-Amand et al. 2008), and Spain inland (Ratola
et al. 2011), but lower than those reported in an e-waste site
and its neighboring rural agricultural area in south China (Tian
etal. 2012, 2013).

There were limited data to compare with the three non-PBDE
BFRs and DP concentrations in pine needles in this study. The
concentrations of HBCD in pine needles from Shanghai were
much lower than those in the inner leaf of pine needles sampled
in the vicinity of an expanded polystyrene material manufactur-
ing plant in Tianjin, China, and pine needles from mainland
China (Zhu et al. 2017a, 2018). The concentrations of DBDPE
and BTBPE in pine needles from Shanghai were all lower than
those in an e-waste site and its neighboring rural agricultural
region in south China (Tian et al. 2012, 2013) and mainland
China (Zhu et al. 2018), and the concentration of >DP in pine
needles in Shanghai was much lower than that in an e-waste
recycling site of Qingyuan, China (Chen et al. 2011). These
results suggested that the concentrations were at higher level
for PBDEs and lower level for the other HFRs in pine needles
from Shanghai when compared with those in other regions
around the world.

Compositional patterns of PBDEs and isomer ratios
of DP

To better understand the compositional patterns of PBDEs in
pine needles from Shanghai, hierarchical cluster analysis
(HCA) was performed to group the similar pine needle samples
based on the analysis for mass fractions of the nine PBDE ho-
mologues (di- to deca-BDE). Four major groups were obtained
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and visualized by dendrogram in Fig. S3, which distinguished
131 pine needle samples and 6 technical PBDE formulations
(La Guardia et al. 2006) (Table S5). The relative abundances
of the PBDE homologues in pine needles of each group are
plotted in Fig. 4.

Group 1 included 48 pine needle samples, which was fea-
tured with di-, tri-, and tetra-BDE, accounting for 41.2%—-86.8%,
<MDL-23.6%, and 0.445%—30.6%, respectively. This group
was not associated with any technical PBDE formulations.
These lower brominated PBDEs might be the debromination
products of higher brominated PBDEs under the effects of mi-
crobes or sunlight (Lee and He 2010; Wei et al. 2013; Stiborova
et al. 2015). Group 2 was composed of three pine needle sam-
ples and was characterized by nona- and deca-BDE, accounting
for 0.893%—12.1% and 35.6%—63.6%, respectively. This group
was correlated with Saytex 102E, Bromkal 82-0DE and
Bromkal 79-8DE. Therefore, the pine needle samples in this
group might be influenced by technical octa- and deca-BDE
formulations. Group 3 was comprised of 30 pine needle sam-
ples, which was predominated by di-, tri-, and octa-BDE, ac-
counting for 5.99%-51.5%, 6.60%—64.7%, and 0.106%—
33.6%, respectively. This group was linked with DE-79 formu-
lation. Thus, the PBDEs in pine needle samples of this group
might be ascribed to technical octa-BDE formulation. Group 4
consisted of 50 pine needle samples, which was dominated by
di-, tetra-, and penta-BDE, accounting for <MDL-46.1%),
1.68%—59.6%, and 0.460%—51.4%, respectively. This group
was related to technical DE-71 and Bromkal 70-5DE.
Consequently, the PBDEs in pine needle samples of group 4
might be attributed to technical Penta-BDE formulations.

The fractions of anti-DP (f,;: the ratio of anti-DP concen-
tration to >DP concentration) in pine needle samples ranged
from 0.515 to 0.939, with a mean value of 0.721. The frequen-
cy distribution of f,,; values showed that most of the f;.;

100
! ! M DiBDE
' l Legend: TyBDE
! ! —: Median M TeBDE
g0 |zehore ) F— K Whisker: Min-Max e
: : Box: 25%-75% M HpBDE
] 1 M OcBDE
f L NoBDE
—~ : : 1 DeBDE
® 60 —-f--- e S e e e ot iR
' i i
8 : : :
- ] ] ]
o 1 ] 1
© 1 1 i
E 40 [--c--- ERLLEERTERE 8| ALRCEEED
a I i i
v ) ! 1
T 1 1
: o J
20 b---IQ-4------- I ML .| || WA N | 1 1 ———
I E i 5
o0 F---ll1daaad . J.?.Lﬁ.-L:__
1 1
| |
Group 1 Group 2 Group 3 Group 4

Pine needle samples

Fig.4 Box-and-whisker plot of relative abundance of PBDE homologs in
pine needles calculated for groups 1, 2, 3, and 4
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values were consistent with those in technical DP formula-
tions (0.65-0.80) (Hoh et al. 2006; Tomy et al. 2007; Ben
et al. 2013) (Fig. S4). The f,,; values of DP in pine needles
were also comparable to those in the ambient air of Shanghai
(Yu et al. 2011), indicating that there was no obviously
isomer-specific uptake of DP from the air by pine needles.
The mean f,,; value of DP in pine needles in the studied area
was higher than that in an e-waste recycling site in Qingyuan,
South China (Chen et al. 2011), which might be ascribed to
the vulnerability of anti-DP to photolytic or thermal degrada-
tion (Zheng et al. 2010; Wang et al. 2011).

Source identification and apportionment of PBDEs

Principal component analysis (PCA) was employed to further
identify possible sources of PBDEs in pine needles from
Shanghai, and identified four principal components (PCs) which
aggregately explained 60% of the total variances of the original
database. The fractions of variance explained by the four PCs
were as follows: 28%, 12%, 11%, and 9%, respectively
(Table 3). PCI1 had the high loadings of the lower brominated
PBDEs and might represent the degradation of technical PBDE
formulations. PC2 was strongly linked with nona-BDE and
BDE209, thus it was considered as the contribution of technical
Deca-BDE. PC3 showed the high loadings of BDE47, 49/71,
99, and 138/166 and might reflect the contribution of technical

Table 3  Principal component analysis on different PBDE homologues
Components
PC1 (28%) PC2(12%) PC3(11%) PC4 (9%)
BDE7 0.732 0.285 0.067 —0.005
BDE15 0.529 —0.149 0.108 0.227
BDE32 0.590 0.138 -0.012 0.020
BDE17/25 0.653 0.144 0.140 -0.122
BDE35 0.822 0.215 0.152 0.057
BDE37 0.832 0.173 0.084 —0.066
BDE49/71 0.238 0.116 0.768 -0.112
BDE47 -0.070 0.145 0.763 —0.061
BDE100 0.639 0.025 -0.134 0.437
BDE99 0.297 —0.068 0.772 0318
BDE138/166 0.079 -0.077 0.552 0.465
BDE183 0.393 0.141 0.255 0.116
BDE197/204 0.077 0.213 0.199 0.826
BDE195 0.084 0.180 -0.276 0.699
BDE196 —0.047 0.100 0.158 0.705
BDE208 0.107 0.735 0.166 0.046
BDE207 0.327 0.742 —0.044 0.255
BDE206 0.134 0.875 0.150 0.009
BDE209 0.202 0.700 —0.099 0.245
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penta-BDE. PC4 was highly correlated with BDE195, 196, and
197/204, indicating the contribution of technical octa-BDE.

The principal component analysis with multiple linear re-
gression (PCA-MLR) model was used to quantitatively assess
the source contributions of PBDEs in pine needles. The de-
tailed analysis procedure of PCA-MLR was described else-
where (Larsen and Baker 2003). Briefly, the factor scores were
regressed against the standard deviates of the total PBDEs.
The resulting equation was expressed as:

Y =0.709FS; + 0.099FS, + 0.359FS; + 0.265FS,

where Y are the standard deviates of the total PBDEs, and F'S;
are factor scores (i=1, 2, 3, 4). The fitting plot showed that
PCA-MLR model provided good correlations between the
measured and predicted total PBDEs values (R*=0.711,
p<0.001) (Fig. S5). Overall, the relative contributions of the
four factors were 49.5% for F1 (degradation of technical
PBDE formulations), 6.9% for F2 (technical Deca-BDE),
25.1% for F3 (technical Penta-BDE), and 18.5% for F4 (tech-
nical Octa-BDE). In addition, it should be noted that Deca-
BDE formulation was the predominant technical PBDE prod-
uct used in China (Zou et al. 2007) and deca-BDE has a lower
propensity for volatilization than the lower brominated
PBDEs (Environment Canada 2006). Therefore, the contribu-
tions of technical Deca-BDE formulation in pine needles
might be lower than those in soil (Jiang et al. 2010) and sed-
iment (Wang et al. 2015) reported in Shanghai.

Conclusions

PBDEs, three non-PBDE BFRs including HBCD, DBDPE
and BTBPE, and DP in pine needles from Shanghai were
investigated in the present work. These HFRs were wide-
spread pollutants and PBDEs were predominant HFRs in pine
needles. The concentrations were at higher level for PBDEs
and lower level for the other HFRs in pine needles from
Shanghai when compared with other studies in the world.
Di-, tri-, tetra-, and penta-BDE were the dominant PBDE ho-
mologues in pine needles, which might be related to the deg-
radation of higher brominated PBDEs. Most of the fractions of
anti-DP in pine needles were close to those of DP formula-
tions. Four sources of the PBDEs in pine needles were
identified by PCA-MLR model, and the primary source
was the degradation of technical PBDE formulations.
These results obtained in this study can help to understand
the pollution level, fate, and possible sources of atmo-
spheric PBDEs, HBCD, DBDPE, BTBPE, and DP in
Shanghai. The areas of pine needles with high level of
PBDEs should be paid more attention and further research
is needed to assess the potential risk of these HFRs to the
ecosystem near pine trees.
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