UNIVERSITYOF
BIRMINGHAM

iversit}/]of iIrmingham
esearch at Birmingham

Vehicles as outdoor BFR sources:

Cao, Zhiguo; Zhao, Leicheng; Kuang, Jiangmeng; Chen, Qiaoying; Zhu, Guifen; Zhang,
Kunlun; Wang, Shihua; Wu, Peipei; Zhang, Xin; Wang, Xuefeng; Harrad, Stuart; Sun, Jianhui

DOI:
10.1016/j.chemosphere.2017.03.095

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version _
Peer reviewed version

Citation for published version (Harvard):

Cao, Z, Zhao, L, Kuang, J, Chen, Q, Zhu, G, Zhang, K, Wang, S, Wu, P, Zhang, X, Wang, X, Harrad, S & Sun, J
2017, 'Vehicles as outdoor BFR sources: Evidence from an investigation of BFR occurrence in road dust',
Chemosphere, vol. 179, pp. 29-36. https://doi.org/10.1016/j.chemosphere.2017.03.095

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Eligibility for repository: Checked on 10/4/2017

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 13. May. 2024


https://doi.org/10.1016/j.chemosphere.2017.03.095
https://doi.org/10.1016/j.chemosphere.2017.03.095
https://birmingham.elsevierpure.com/en/publications/9dc2f1de-0637-4271-9ee4-3454c2340224

Accepted Manuscript %

Chemosphere

Vehicles as outdoor BFR sources: Evidence from an investigation of BFR occurrence
in road dust

Zhiguo Cao, Leicheng Zhao, Jiangmeng Kuang, Qiaoying Chen, Guifen Zhu, Kunlun
Zhang, Shihua Wang, Peipei Wu, Xin Zhang, Xuefeng Wang, Stuart Harrad, Jianhui
Sun

PII: S0045-6535(17)30466-6
DOI: 10.1016/j.chemosphere.2017.03.095
Reference: CHEM 19013

To appearin: ECSN

Received Date: 9 January 2017
Revised Date: 22 March 2017
Accepted Date: 23 March 2017

Please cite this article as: Cao, Z., Zhao, L., Kuang, J., Chen, Q., Zhu, G., Zhang, K., Wang, S.,
Wu, P., Zhang, X., Wang, X., Harrad, S., Sun, J., Vehicles as outdoor BFR sources: Evidence
from an investigation of BFR occurrence in road dust, Chemosphere (2017), doi: 10.1016/
j-chemosphere.2017.03.095.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.chemosphere.2017.03.095

Graphical Abstract

-
1
6
=
c

.0
]
&
]
=
@
o
£
]
[¥ )
e
[T
==}

N




10

11

12

13

14

15

16

17

Vehicles as outdoor BFR sources. evidence from an

investigation of BFR occurrencein road dust

Zhiguo Cad™® Leicheng Zhad Jiangmeng Kuan®j ¢ Qiaoying Cherf, Guifen Zhu?, Kunlun
Zhang® ¢, Shihua Wang, Peipei Wi, Xin Zhang?, Xuefeng Wand, Stuart Harrad ", Jianhui

a *

Sun

#School of Environment, Henan Normal University, Kaporatory for Yellow River and Huai
River Water Environment and Pollution Control, Mimy of Education, Henan Key Laboratory
for Environmental Pollution Control, Xinxiang 45300China

bBeijing Key Laboratory for Emerging Organic Contawaunts Control, School of Environment,
Tsinghua University, Beijing 100084, China

¢ School of Geography, Earth and Environmental S&encUniversity of Birmingham,

Birmingham B152TT, United Kingdom

*Corresponding authors:
Fax: +44 121 414 307&-mail addressS.J.Harrad@bham.ac.uk (Stuart Harrad)

Fax: +86 373 332 597 E—mail addresssunjh@htu.cn (Jianhui Sun)



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36
37
38
39
40
41
42
43

ABSTRACT

The distribution of brominated flame retardants RBJ including} sPBDEs, DBDPE, BTBPE,
EH-TBB, BEH-TEBP and PBEB in road dust (RD) colegttin Xinxiang, China was
characterized. Analysis of RD samples indicated tha BFR abundance declined as traffic
density decreased, with total mean levels of 282, 163, 104 and 70 ng'glust at sites from
traffic intersections, main roads, collector stsedtypasses and parks, respectively. A possible
explanation for this phenomenon is that the majaritBFRs may be emitted from the interior of
vehicles via their ventilation systems. Of the 1algzed substances, BDE-209 and BEH-TEBP
were the most abundant components in RD from XmgiaSimilar amounts ofy BDEs
excluding BDE-209 were found at different types saimpling sites, and thus, atmospheric
deposition is also a probable source of BFRs invRRlich can be subject to air transportation.
The main PBDE sources were traced to commercialyats including DE-71, Bromkal 79-8DE,
Saytex 201E and Bromkal 82 DE mixtures. Our resotisfirm that the use of deca-BDE
commercial mixture is a major source of PBDE comtation in RD. Risk assessment indicated
the concentrations of BFRs in RD in this study @¢ constitute a non-cancer or cancer risk to
humans through ingestion. Annual emission fluxeshef commonly detected BFRs via RD in
China were estimated to be up to 4980 kg year

Keywords: BFRs; road dust; source; exposure; fate
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1. Introduction

Brominated flame retardants (BFRs), mainly consgstdf polybrominated diphenyl ethers
(PBDEs), hexabromocyclododecane (HBCD), tetrabraospbienol A  (TBBPA),
decabromodiphenylethane  (DBDPE), 1,2-bis-(2,4/&-dophenoxy)ethane  (BTBPE),
2-ethyl-1-hexyl-2,3,4,5-tetrabromobenzoate (EH-TB®$(2-ethyl-1-hexyl) tetrabromophthalate
(BEH-TEBP) and pentabromoethylbenzene (PBEB) adarge group of additives used in
numerous products to reduce fire risks. MeanwhiBksRs are ubiquitous in various
environmental media, foods, and biota including hosh(Harrad et al., 2010; Fromme et al.,
2016). Because of their toxicity and intensive &alon in urban environments, BFR
occurrence, fate, behavior and consequent humdthhesk have caused increasing concern in
recent years (de Boer et al., 2016; Liu et al. 820 et al., 2016).

Road dust (RD) is formed through sedimentary poadsparticulate matter which mainly
originates from atmospheric precipitation, urbaaffic, construction and industrial activities
under the action of wind, water and gravity in reagface. RD is simultaneously an important
environmental reservoir and source of many contantd (semi-volatile organic compounds,
heavy metals etc.) in urban environments, anddatkeose contaminants is closely related to that
of RD (Offenberg et al., 2003). RD can enter urdeminage networks, aquatic environment and
waste incineration system, as well as undergoingpspheric transport over a range of spatial
scales. Moreover, RD has been identified as comistif potentially over 10% of PM in urban
atmospheres (Yu et al., 2013). RD can pose serisks to human health, especially for street
sweepers, pedestrians, street vendors and traficepnen. Because of rapid urbanization, urban
RD is becoming an increasingly serious environmegmablem (Zhao and Li, 2013a, b; Zhao et

al., 2014).
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Evidence suggests that FRs can be released frowciaesl materials and enter the
environment through multiple pathways (Cao et 2013; Cao et al., 2014; Schreder and La
Guardia, 2014; Cao et al., 2015). Although ventlatof indoor air is believed to be the
dominant source of PBDEs in urban ambient air (leaval., 2014), it is plausible that vehicles
may constitute significant FR emission sources ightl of studies reporting substantial
concentrations of FRs in vehicle air and dust (&ret al., 2006; Hazrati et al., 2010; Harrad
and Abdallah, 2011; Brommer and Harrad, 2015). H@neo our knowledge, to date very few
studies have investigated FR concentrations in ROo (et al., 2009; Tang et al., 2016).
Moreover, there is a dearth of evidence about tBesinificance of vehicles as a source of
BFRs to RD.

To fill those knowledge gaps, the major objectieéshe present study were to (1) determine
the concentrations and distribution of BFRs in RE®);identify important factors influencing the
occurrence of BFRs in RD; and (3) examine the prtogo of the environmental burden of BFRs

associated with RD, and its associated risk.

2. Materials and methods

2.1. Sampling strategy and methods

Individual RD samples were obtained from 4 traffitersections, 14 sites on main roads, 11
sites on collector streets and 7 sites on bypaesEsixiang, China on sunny, windless days in
October, 2014. In addition, 4 RD samples were ctdié from paths in parks as reference “urban
background” sites. All sampling sites on roadstoeets were located between two crossings and
kept away from construction activities. At eacle sgampling was performed with bristle brushes
on an area of about 4°mlong road curbs. Between collecting each santpéebrushes were

cleaned with water and dried with a clean eleditawer. After collection, samples were sieved
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through a stainless steel mesh to < 25 pum, durihighwthe mesh were cleaned in ultrasonic
water bath and dried with a clean electric blonetineen each sample. All 40 RD samples were
packed with aluminum foil, sealed in clean polyd¢ine zip bags and stored in the dark at
—20 °C until analysis was performed.
2.2. Chemicals

BDE-77, BDE-128,"*C-BTBPE, *C-BDE-209 and PCB-129 purchased from Wellington
Laboratories Inc. were used as internal standd@)s All solvents used (acetone, n-hexane,
iso-octane (2,2,4-Trimethylpentane) and DCM (diohioethane)) were HPLC grade.
2.2. Analytical methods

In summary, a sample aliquot (~100 mg of dust om&p for SRM 2585) was accurately
weighed and spiked with known amounts of IS. Two aflsolvent mixture n-hexane/acetone
(3:1, v/v) was employed for the extraction. The gess consisted of consecutive steps of
vortexing (1 min), ultrasonication (5 min) and a&nogation (2 min, 2000 g) for one cycle
repeated three times. After each cycle, the supmmhavas transferred to a clean tube. All tubes
were baked at 42@ for 6 h before use. The extracts were then ew@orto 0.1~0.2 mL under
a gentle nitrogen stream and further purified aoriBil cartridges (Florisil ENVI, 500 mg, 3 mL,
Supleco, Bellefonte, PA, USA). Prior to use, alftedges were pre-cleaned and conditioned
with 10 mL n-hexane. BFRs were eluted with 10 mLndfiexane/DCM (1:1, v/v). The eluate
was concentrated to dryness and resolubilized i ll0isooctane with a known amount of
PCB-129 as a recovery determination standard rieadyC-NCI-MS analysis.

The analysis procedure is similar to a recent pabbn (Kuang et al., 2016). Analysis of eight
PBDEs (BDE-28, -47, -100, -99, -154, -153, -183 a2@P) and five NBFRs (novel brominated

flame retardants, EH-TBB, BEH-TEBP, BTBPE, DBDPERBHB) was performed. Under
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electron capture negative ionization (ECNI) modd&,h&rmo Trace 1310 GC coupled with an
ISQ single quadrupole MS equipped with a programeidmperature vaporizer (PTV) was
employed to conduct the analysis. Two pL of cleaeetract were injected on a Thermo
TG-SQC column (15 mx0.25 mmx0.25 mm). The injectemperature was set at 92 °C, hold
0.04 min, ramp 700 °C minto 295 °C. The GC temperature program was injtiall °C, hold
0.50 min, ramp 20 °C mihto 240 °C, hold 5 min, ramp 5 °C rifirio 270 °C and then ramp
20 °C min* to 305 °C, hold 16 min. Helium was used as a eagas with a flow rate of 1.5 mL
min* for the first 22.00 min, then ramp 1.0 mL ffito 2.5 mL mirt, hold 13.00 min. The mass
spectrometer was employed in selected ion mongqi®M) mode with measured ions for each
compound listed in Table SI-1. Dwell times for eamh were 30 ms. lon source and transfer line
temperatures were 300 and 320 °C, respectivelyttamelectron multiplier voltage was 1400 V.
Methane was used as moderating gas.
2.3. QA/QC

Average®,.1 recoveries of BDE-77, BDE-128 arldC-BDE-209 were 84+22%, 122+25%
and 121+19%, respectively. The results of all asedyin 6 replicates of SRM 2585 (NIST,
Gaithersburg, MD, US) demonstrated both good rejpdday and good agreement with the
certified values reported elsewhere (Van den Eedd.e2012). However, compared with the
literature data it's clear that uncertainty alsasted for the determination of BDE-209 and
BEH-TEBP because their concentrations in SRM 258&aled from different researches were

not precisely consistent (Table SlI-2).

3. Results and discussion

3.1 BFR concentrations and spatial distribution
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Except for BDE-28, PBEB, BTBPE and DBDPE, all sel®BDEs, EH-TBB and BEH-TEBP
were commonly detected in all 40 RD samples (T&b8). A summary of the concentrations of
BFRs in RD samples from each location categoryreviged in Table 1. Concentrations of
Y 6PBDESs (excluding BDE-209) and EH-TBB varied frorg2 & 15.5 ng g and from 0.7 to 19.1
ng g*, respectively. BEH-TEBP and BDE-209 concentraticrsged from 1.5 to 189 ng'@nd
from 5.7 to 261 ng § Concentrations oF sBFRs ranged from 17.0 to 458 nd,gwith a
geometric mean of 139 ng'gat levels 1-3 orders of magnitude lower than éhigle dust
reported elsewhere (Besis and Samara, 2012; Ce¢lab, 2014). PBDE concentrations in RD
in this study are comparable with those in urban fRIbn Suzhou, Wuxi and Nantong in the
Yangtze River Delta, China (geometric mean conediott of} sPBDESs including BDE-209 was
169 ng ) (Shi et al., 2014), but was much lower than ihatirban RD from Beijing, China

(concentration ofY oPBDEs including BDE-209 were 23700 ng ip a pooled sample) (Cao et

al., 2014), which indicates substantial variatieteen cities in China.

The mean concentrations PEBFRs in RD from different sampling areas decredsethe
following sequence: traffic intersections > maiade > collector streets > bypasses > parks (Fig.
1), revealing the significant influence of traffiensity on BFR abundance in RD. Moreover, for
all monitored BFRs, concentrations in RD from f@ffntersections and streets exceeded
significantly those in parks. Because previous istidhave identified high concentrations of
BFRs in air and dust samples inside vehicles (Basid Samara, 2012), and demonstrated
vehicle exhaust to be an important PBDE emissiamreso (Wang et al., 2010, 2011), it is
plausible that emissions from vehicles via venblator exhaust constitutes an important source
of BFRs in RD. Interestingly, while there were rignfficant differences in concentrations of

>sBDEs between trafficked locations and parks; cotre¢ions of less volatile BFRs including
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BDE-209 and BEH-TEBP at trafficked locations exaskdignificantly those at parks (Fig. 1).
This suggests that the influence of vehicle emission BFRs in RD is greater for these less
volatile BFRs.

As RD is a mixture of soil, sand, and depositedigas, the mean organic content of RD in
this study was 9.9+2.7%. By comparison, organicdeanin indoor dust generally exceeds 50%
(Morawska and Salthammer, 2003; Cao et al., 20IB)s, while dry mass concentrations of
BFRs were typically an order of magnitude lowemthlose in indoor settled dust from China
generally (Yu et al., 2012; Zhu et al., 2015); whemmalized to organic content of RD, BFR
concentrations in RD were comparable to those doon dust (Fig. SI-1). Normalized mean
YoBFR concentrations were 2670, 1830, 1420, 1140 356 ng ¢ in RD from traffic
intersections, main roads, collector streets, sg@and parks, respectively, which exceed BFR
concentrations in indoor dust from Germany (mediah:ng &) (Sjodin et al., 2008) and

Australia (median: 469 ng®y (Toms et al., 2015).

3.2 Component profiles and global comparison

The relative contributions of individual BFRs taabBFR concentrations in RD are presented
in Fig. 2 and Fig. SI-2. BDE-209 accounted for 588.5% (mean * standard deviation) of the
total BFR concentrations in all samples. The neasthimportant contributors were BEH-TEBP
at 31.9+18.4% 4BFRs, followed by BDE-183 (3.0+4.6%) and BDE-921.3%). Other BFRs
were present only at low abundances.

Several reports exist of elevated concentration®BDEs in air and dust samples from
vehicles (Betts, 2008; Batterman et al., 2009; Alatiaand Harrad, 2010; Kalachova et al., 2012),

that exceed those reported in houses (Besis an@r8a012; Coelho et al., 2014), indicating
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that vehicles are possible emission sources of RBDME contrast, data on the presence of
NBFRs in vehicles are scarce and we are aware lgftao such studies that have reported the
presence of DBDPE at much lower levels compard®BDEs (Harrad et al., 2008; Kalachova et
al., 2012).

The spatial variation of BFRs in this study suggei$tat vehicle emissions constitute a
substantial source of BFRs in RD. The availabldglalatabase on concentrations of BFRs in
vehicle and road dust is summarized in Fig. 3 aigd §I-3. While absolute concentrations
display international variation (UK>US>other EU otues), PBDE congener patterns are
similar in vehicle dust from different countries.oiBbined, this suggests that while the
commercial PBDE mixtures used in vehicles are usale the amounts applied vary between
jurisdictions. Apparent dominance of BDE-209 (tygig showing present proportion higher
than 90%) are consistent in RD from China and \ehiust from abroad, indicating PBDE
application patterns might be similar in China wahroad. And only in some US vehicles,
penta-BDE congeners represented relatively highiepgstion than other countries/regions,
representing higher application amount of Penta-BDES. Meanwhile, compared to vehicle
dust abroad, PBDEs in RD from China showed remdaekaimher proportion of BDE-183,
possibly implicating Octa-BDE might be applied imi@a vehicle industry more widely than
abroad.

Similar to the former reported dominance of PBD&s/éhicle dust, this study verified the
dominance of PBDEs in RD, greater than other BFRgher, with BDE-209 as the dominant
congener, the PBDE congener profiles in gtigly are similar to previous results found for
urban RD (Cao et al., 2014; Shi et al., 2014) aatirsoils from e-waste (Luo et al., 2009) and

plastic waste (Tang et al., 2016) recycling rediamm China, probably due to more extensive



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

application of Deca-BDE than Penta- and Octa-BDEImna (Yu et al., 2016). Moreover, less
brominated BDEs are more volatile than BDE-209,chtenhanced the dominance of BDE-209
in RD.

In contrast to previous reports of the presencBBIDPE in vehicle dust (Stuart et al., 2008;
Kalachova et al., 2012), DBDPE and BTBPE were yamétected in RD in Xinxiang.
Nevertheless, this study firstly reported the comietion of EH-TBB and BEH-TEBP in RD,
suggesting that as vehicles containing PBDEs beadselete, more attention should be paid to
the occurrence of NBFRs in vehicle and road duss.demonstrated Deca-BDE and BEH-TEBP
might be the most important BFR components in JebicAnd this revealed that BFR
application patterns in vehicles were differentnirthat indoors in China because DBDPE and
BTBPE have been detected in considerable levetsdimor dust recently (Cao et al., 2014; Yu et

al., 2016).

3.3 Source appointment with diagnostic ratios

As specific PBDE commercial formula shows distimetcongener pattern (La Guardia et al.,
2006; Li et al., 2015), a diagnostic ratio modelpr®posed and performed on concentration
distribution of the 7 PBDE congeners to analyze ghssible sources of PBDEs. With similar
physical-chemical properties, two pairs of BDE cemgrs including BDE-100 and BDE-99,
BDE-154 and BDE-153 were employed as principleosatio conduct source apportionment,
with the ratio of BDE-183 and BDE-209 as auxiliary parameter. In this study, the geometric
mean ratio of BDE-100 to BDE-99 were 0.25, whicltlsser to that in the penta-BDE mixture
DE-71 (0.27) than Bromkal 70-5DE (0.17). The geoinehean ratio of BDE-154 to BDE-153

were 1.21, which is closer to that in the penta-BDEture DE-71 (0.83) than penta-BDE

10
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mixture Bromkal 70-5DE (0.50) and octa-BDE mixtup&-79 (0.12). Thus it's concluded
Bromkal 70-5DE and DE-79 could not be the posssnlarces of penta- and octa-BDEs, and
BDE-183 can only origin from octa-BDE mixture Broaik79-8DE probably. The geometric
mean ratio of BDE-183 to BDE-209 was 0.03, whictessentially different from that in the
octa-BDE mixture Bromkal 79-8DE (0.25) and DE-72.@3, indicating BDE-209 can primarily
origin from Saytex 201E or Bromkal 82 DE. Consedlyertomparison between the congeners
in RD and the PBDE pattern in commercial produaiggested the commercial formulas
including DE-71, Bromkal 79-8DE, Saytex 201E andBkal 82 DE were the possible origin of
PBDEs in these RD samples. According to limitedaddfH-TBB and BEH-TEBP were
produced as the replacements of Penta-BDE, possilginating from the commercial mixture
Firemaster 550 (Stapleton et al., 2008; Covacl.ep@11).

However, all these analysis is not deterministicaose: firstly, BFRs were applied in various
materials where BFRs own different migration patysyasecondly, different BFR components
have different volatility and partition charactéigs among environmental matrix, which result
in different environmental fates; thirdly, the @ifént compounds may have undergone different
reductive debromination processes, from which tleeiturrence proportions may increase or
decrease in RD compared with the commercial pragdespecially for lower brominated BDEsS;
fourthly, unknown mixtures which contain differerglative compositions are likely to be

applied.

3.4 Exposure and risk assessment
Ingestion may be important contribution of humampasure to BFRs in settled dust. Daily
Intake (DI, mg kg d*), hazard index (non-cancer) and cancer risk wetenated using the

following equations (Li et al., 2015):

11
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_CxIRxETx EFx ED
BWx ATx10°

Dl

Hazard index= E
RfD

Cancer risk= DIx CSF

where C is the concentration BBFRs in RD (ng g). IR is the intake rate of dust (Harrad et
al., 2006; Hazrati et al., 2010). For children, legJuand professional street sweepers high-end IR
were assumed to be 200 mg, B0 mg & and 500 mg d (10 times of normal adults),
respectively. Due to a lack of data on human alisorgfficiency of PBDESs in dust, a 100%
absorption efficiency was used, representing areupmit of the uptake rates. Exposure time
(ET) is 3 hours (1/8 d) for children and adults,Hdtrs (1/2 d, 9 h for work and 3 h for other
activities) for professional street sweepers, ewppfrequency (EF) is 365 days yéaexposure
duration (ED) is 6 years for children and 30 yearsadults, body weight (BW) is 15 kg for
children and 70 kg for adults and professionalkestseveepers, averaging time (AT) is 2,190 days
(6 years) for children and 10,950 days (30 yeansaflults. The reference dose (RfD) varies with
the types of congeners. Specifically, the RfD valpeomulgated by the USEPA are 0.002 mg
kg d* for penta-BDEs, 0.003 mg Rgd™ for octa-BDEs, and 0.007 mg kgi* for BDE-209
(for EH-TBB and BEH-TEBP, no data are available)rdKet al., 2012). Here, the most
conservative RfD (0.002 mg Rgi™') was employed in the calculation of the aggregamosure
risk from ¥ BFRs. Cancer slope factor (CSF) was assumed tbateof BDE-209 (7x18 mg
day kg") (Ni et al., 2012).

With the BFR data in this study, DI, hazard indexi &ancer risk were derived in Table 2.
When the DI of BFRs ranged from 28.3 to 764 pg g, from 1.4 to 38.2 pg kd™ and from
56.5 to 1530 pg Ky d™ for children, adults, and professional street pes the hazard index

increased from 1.4x10to 3.8x1(, from 7.1x10 to 1.9x10 and from 2.8x10 to 7.6x1C".

12
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While the values for cancer risk in the range 6&20™ to 5.3x10'°, 9.9x10" to 2.7x10" and
4.0x10™ to 1.1x10, indicated lower risk for both non-cancer (haziadex <1) and caner (the
threshold level 18). Conclusively, risk derived by BFR exposure tigiouRD is negligible,
however, it is obvious that the exposure level aadcer risk for professional street sweepers
were approximately twice as high as the level fotordchildren and one order of magnitude

higher than that for adults.

3.5 Contamination load and implications for BFRefat

According to the Chinese Standard for Quality arssessment of City Road Sweeping and
Cleaning (CJJ/T126-2008), the deposition rate banmoad dust in China is 100 ¢rd* (Zhao
et al., 2014) of which 10% (w/w) is <28n (Zhao et al., 2010; Wang and Feng, 2011). The
mechanical cleaning area in Xinxiang City is ab®®3x16 m? and thus the total amount of
RD with particle size <25um is approximately 73.3 tons'dBased on the measured BFR
concentrations, the estimated mass of BFRs asedaordth RD in Xianxiang City alone ranges
between 0.09 to 0.4, from 0.2 to 7.0, from 0.02015, from 0.04 to 5.1, from 0.5 to 12.3 kg
year' for Y6BDEs (excluding BDE-209), BDE-209, EH-TBB, BEH-TEBand Y9BFRs,
respectively. Further, the vehicle amount of Chirgs 162 million in 2015 and Xinxiang owned
0.4 million, from which it is deduced mass of BF&ssociated with RD in China may be up to
162, 2840, 203, 2070 and 4980 kg yefor Y6BDEs (excluding BDE-209), BDE-209, EH-TBB,
BEH-TEBP and)9BFRs, respectively. RD is thus an important sifikB&Rs and also an
important source of BFRs to the environment. Lgvggportion of RD is possible to enter into
waste water treatment plants, to go through longeatmospheric transmission, or to be treated

via incineration and landfill, which will contribatto the formation of atmospheric BFRs or
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PBDD/F (Zhang et al., 2016). Because Xinxiang i$y an middle-scale city in China, it is
deduced that with much higher traffic density intropolises, BFR contaminations in RD would
be much higher. As a result, from a national obglgerspective, considering the tremendous
urban areas and dust load on roads, RD should beraficant source of BFRs in the

environment. Systematic monitoring and risk assessmprograms should be instituted in future.
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Table 1. Summary of the BFR levels in those road dust $esnp

Mean Geomean SD RSD Min  Max
SBDEs 107 104 30 282% 69 139
» . BDE-209  20¢ 207 323 154% 173 252
Eﬁiff [‘gﬁ[sfgﬁ”f 6%) EH-TBB 4.2 3.4 33 786% 15 9.1
=4, LOI=10.451.6% BEH-TEBP  67.€ 32.3 846 125% 9.0 189
BFRs 262 276 117  40.1% 196 458
TBDEs 9.6 95 24 246% 61 127
i roads BDE-209  1C2 945 409 402% 516 206
(Ne1a LOV=9.8-1.0%) EH-TBB 8.c 6.3 60 681% 09 19.1
=14, LOI=9.801.9% BEH-TEBP  63.1 60.2 226 357% 404 122
BFRs 184 177 527 28.7% 101 306
TBDEs 9.1 8.4 36 39.8% 32 151
BDE-209  79.€ 55.0 725 91.1% 10.6 261
Eﬁﬂi‘fo[gﬁrff&t 3.9%) EH-TBB 3.4 3.0 20 56.8% 15 7.9
=11, LOI=10.363.5% BEH-TEBP  70.€ 50.0 419 59.2% 201 165
BFRs 162 140 917 56.3% 431 353
TBDEs 112 11.0 23 207% 91 155
BDE-209  64.¢ 61.0 222 342% 313 889
(B,j’f’?sigﬁ_g 22.5%) EH-TBB 3.8 31 20 540% 07 6.1
=1, LOI=9.252.5% BEH-TEBP  24. 225 87 359% 106 33.7
BFRs 104 102 236 22.7% 77.0 141
TBDEs 7.1 7.1 05 7.2% 6.4 75
Parks BDE-209  58. 31.8 552 94.8% 57 114
EH-TBB 1€ 15 05 29.9% 13 23

= = 0,
(N=4, LOI=9.6+3.7%) BEH-TEBP 3.2 3.0 13 384% 15 44
BFRs 70. 504 562 80.0% 17.0 127

LOI: loss of ignition, which reflects the organiertent of dust samples.
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456  Table 2. Estimated DI, hazard index and cancer risk of 8FR the three types of populations

Min Mean Geomean Median Max
children 28.3 273 231 245 764
(g kDg—Il ) adults 1.4 13.6 11.6 12.2 38.2
street sweepers 56.5 54t 463 490 1530
children 1.4x1C° 1.4x1C* 1.2x10* 1.2x1C* 3.8x1(*
'?ﬁg:;d adults 7.1x1(" 6.8x1C° 5.8x1C° 6.1x1(" 1.9x1C°
street sweepers  2.8x1(° 2.7x1C* 2.3x1C* 2.5x1(* 7.6x1(*
children 2.0x1(*" 1.9x1(" 1.6x1(*° 1.7x1¢" 5.3x1("
Cancer risk adults 9.9x1(* 9.5x1(* 8.1x1(* 8.6x1(* 2.7x1CH
street sweepers  4.0x1(* 3.8x1(* 3.2x1(* 3.4x1(Y 1.1x1¢”
457
458
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Figure Captions
Fig. 1. Concentration variations of BFRs in RD with samglilocations YBDEs containall PBDE

congeners except for BDE209).

Fig. 2. Average congener profiles of BFRs in dust sampMsiskers on the bars represent standard deviations

for BFR congener.

Fig. 3. PBDE concentrations and profiles (median valuewaeopted for all these data) in car dust andrurba
RD. Different symbols are used to differentiate ¢oentries/regionsa(for US, o for EU countries anélt for
China) (Gearhart and Posselt, 2006; Stuart e2@D8; Batterman et al., 2009; Lagalante et al. 92Q@unha et
al., 2010; Harrad and Abdallah, 2011; Lagalantalet2011; Kalachova et al., 2012; Thuresson et2all2;

Shi et al., 2014).
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BDE-209 and BEH-TEBP dominated in the road dust samples.

BFR abundance in road dust declined as traffic density increased.

Traffic was deduced to be an important outdoor emission source of BFRs.

BFRs associated with road dust in China were estimated up to be 4980 kg year™.



