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The purposes of this study were to improve the standard analytical method for decabromodiphenyl ether
(deca-DBE) and investigate the concentrations of brominated flame retardants such as the hexabromocy-
clododecanes (HBCDs) and deca-DBE in water (»=8) and ambient air (n=6). The HBCDs were pretreated via
hydrophilic-lipophilic balanced solid-phase extraction and analyzed by LC/MS/MS, affording limit of quan-
tification (LOQ) values of 0.22~0.44 ng/L and 0.24~0.85 pg/m® in water and air, respectively. In air, the con-
centration of HBCDs, among which the y-isomer was the most prominent, ranged from <LOQ to 505.35 pg/
m’ as the median value. In contrast, HBCDs were not observed below the detection limit in water at any sam-
pling site. Deca-BDE was extracted by liquid-liquid extraction of the water samples or Soxhlet extraction of
the air samples, and subsequently analyzed by HRGC/HRMS after purification through a multi-layer silica gel
column. The LOQs for deca-BDE were 1.32 ng/L and 2.5 pg/m® in water and air, respectively, and its con-
centrations ranged from <LOQ to 10.3 ng/L in water and 21.4 to 87.1 pg/m> (median) in air. Through this
study, we found that the levels of HBCDs and deca-BDE in air and water in Korea are lower or similar to those
of other countries.
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A FANA AMEE BE 7] 450°CA
XZE o)d AR T olME, HolEFE2WE, Hile s
B AF F 1Par, Aol AgEE Srle
FoRLAF o]4ke] Wako Co. LTD (Japan) A|ZS A}
|30, AA-8 8wl 2 XA (free-organic reagent
water)= J. T. Baker Co. LTD (USA) A} HPLC %
= olde] AFES ARSIt AAl Al ARgE S A
#7F4(0.063-0.200 mm, 70-230 mesh ASTM, Merck
Ltd, Germany) 450°CollA 2A17F oAb @A13kA)71
5 diAAClE oA Wil ARg-sI3iTE. 2% KOH &
27, 44% H,S0, d2l7H, 10% AgNO, 2z|7}4
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Fig. 1. Sampling sites of (a) water and (b) air.
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Table 1. Description of sampling sites
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Matrix Sites Sampling Site details Sampling method
W1 River estuary water
W2 River estuary water
W3 Lake water
W4 Industrial estate stream water

Water W5 Stream water Grab
W6 Lake water
W7 Lake water
W38 Stream water
Al Industrial estate
A2 Urban

Air A3 Nearby urban neighborhood park High-volume air sampling

A4 Nearby plants 750 L/min, 24 hr
A5 Local city
A6 Local city

718 ®FE4(internal standard) d-¥A(d-a-, B-,
y-HBCD) & 3% 27t 5 ngs st HEHy]

1 mL2 %4 & LOMSMSZ 453,
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[ Preparation sample ]

‘ add surrogate STD

Condition / Equilibrate
for HL.B SPE cartridge

‘ 5 mL dichloromethane
‘ 5 mL MeOH
‘ 10 mL reagent water

( 3

Apply to cartridge up to 1 L sample
N J

‘ flow rate 3~10 mL/min

s N
Wash :

\5 mL reagent water— 10 mL 40 % MeOH)

‘ Dry for 5 min under vacuum

N
Elute :

10 mL Ethyl acetate

‘ Purging N, gas
‘ add internal STD

adjust to 1 mL

$

LC/MS/MS Analysis ]

[ Evaporation & Reconstitution J

'

(a) Water

. Bke u] - 70

5 - oFE8) - upyo} - Y

O o

(QFF + PUF+ACF)

\ 4

Soxhlet extraction
with dichloromethane 500 mL for 16hr

[ Air sampling }

‘ Dehydration /concentration
‘ solution(10 % MeOH/d.w.)
‘ add surrogate STD

[ Condition / Equilibrate

for HLB SPE cartridge

‘ 5 mL dichloromethane, 5 mL MeOH
‘ 10 mL reagent water
‘ Load sample solution

Wash :
5 mL reagent water — 10mL 40% MeOH

‘ Dry for Smin under vacuum

Elute :

10 mL Ethyl acetate
‘ Purging N, gas
‘ add Internal STD

Evaporation & Reconstitution
adjust to 1 mL

4

[ LC/MS/MS Analysis }

(b) Air

Fig. 2. Flow chart of sample preparation for HBCDs in (a) water and (b) air sample.

Table 2. Analytical conditions for the determination of HBCDs

LC

Thermo scientific Surveyor MS pump and Auto sampler

Column
Guard column
Column Temperature
Mobile Flow

Mobile gradient

Flow rate
MS/MS
Spray voltage
Vaporizer Temperature
Capillary Temperature
Sheath gas
Aux gas
Detection mode
Ionization mode

Cortex (waters, USA) 100 x 4.6 mm (2.7 pum)
Cortex (waters, USA) 12.5 x 4.6 mm (2.7 pm)
35°C
A: 10 mM ammonium acetate in water, B: MeOH
0 min (A: 95%), 6 min (A: 20%), 13 min (A: 0%),
15 min (A: 0%), 17 min (A: 95%), 20 min (A: 95%)
0.4 mL/min
Thermo scientific TSQ Quantum triple quadrupole mass spectrometer
4000 V
220°C
240°C
40.0 arb
55.0 arb
Multiple Reaction Monitoring (MRM)
Electrospray negative (ESI-)
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water sample 2 L J

,

Liquid / Liquid Extraction
w mL

ith dichloromethane 100, 100, 50

‘ dehydration with Na,SO,

‘ concentration to 1 mL hexane

[ Multi layer column clean-up J

‘ sample loading
add surrogate STD

elute 50 mL hexane and waste
‘ elute 200 mL 10 % DCM/Hx

‘ concentration
add internal STD
reconstitution to 50 pL

[ HRGC/HRMS Analysis J

(a) Water
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Air sampling
(QFF + PUF+ACF)

nd

[ Soxhlet extraction }

with dichloromethane 500 mL for 16hr

‘ dehydration with Na,SO,

‘ concentration to 1 mL hexane

[ Multi layer column clean-up J

‘ sample loading

add surrogate STD

‘ elute 50 mL hexane and waste
elute 200 mL 10 % DCM/Hx
concentration
add internal STD
reconstitution to 50 L

[ HRGC/HRMS Analysis ]

(b) Air

Fig. 3. Flow chart of sample preparation for deca-BDE in (a)water and (b)air sample.

Table 3. Instrumental conditions of HRGC/HRMS for deca-BDE (PBDESs)

HRGC

Agilent Technologies 7890A

Capillary column

Oven temperature

DB-5HT (15 m x 0.25 mm id x 0.1 pm)
135°C (3 min) — 10°C/min to 215°C — 5°C/min to 280°C (10 min)

— 20°C/min to 325°C (3.75min) Total times: 40 min

Carrier gas
Injector
Transfer line
Injection mode
HRMS
Tonization
Measuring
Ion source temperature
Ionization voltage
Tonizing current
Accelerating voltage
Resolution

Helium (1.0 mL/min)
260°C
260°C
Splitless (1 pL)
Autospec Premier
EI (Electron ionization)

SIM (Selected ion monitoring)

260°C
35 eV
400 pA
8 kV
> 10,000 (10% vally)

gas chromatograph; Agilent Technologies, USA),
HRMS(Autospec Premier high resolution mass
spectrometer; Waters, USAYE AFE-3I . Capillary
colum® DB-5HT (15 m x 025 mm id x 0.1 pum)
2 o AHAEE 717184 Z AL Table 300 ;gg]
&13ict. deca-BDE #41 fl8le] 71E RAf71L

EETAA7 IS SRS olE EA AR US

EPA 16145 aL= 2ol A B4 (di-~hepta-) BDEs
HE] FHEA (octa-~deca-) BDEsZIR] #4218 2A5191

o BAS 95 AMS-SH ¥FEA (Native standard)z} 3]
T& 1S Fg A8 FFEH (surrogate standard)

o WE,
[

AR H718 ¥FE4 (internal standard)el] th3k A}
2 Table 49 YERARATE £ Ao += deca-BDEQ]
A&

S AYse Ao] BHo|2R deca-BDEY tidt
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Table 4. Standards for deca-BDE (PBDEs) analysis

& . akgH] .

No Native Retention Surrogate Retention Internal Retention
’ Compounds time (min) standard time (min) standard time (min)
1 DiBDE-#7 7.81
2 DiBDE-#15 8.50 BDE-#15L 848
3 TriBDE-#17 10.46
4 TriBDE-#28 10.76 BDE-#28L 1075
5 TeBDE-#49 12.59 BDE-#79L 12.97
6 TeBDE-#71 12.67
7 TeBDE-#47 12.98 BDE-#47L 12.97
8 TeBDE-#66 13.33
9 TeBDE-#77 13.89
10 PenBDE-#100 14.95
11 PenBDE-#119 15.16
12 PenBDE-#99 15.57 BDE-#99L 15.56
13 PenBDE-#85 16.71
14 PenBDE-#126 16.91
15 HexBDE-#154 17.41 BDE-#154L 17.39
16 HexBDE-#153 18.35
17 HexBDE-#138 19.61 BDE-#153L 18.34 BDE-#138L 18.34
18 HexBDE-#156 20.11
19 HepBDE-#184 20.69
20 HepBDE-#183 21.17 BDE-#183L 21.17
21 HepBDE-#191 21.95
22 OcBDE-#197 24.57
23 OcBDE-#196 25.30 BDE-#197L 24.56
24 NoBDE-#207 29.90
25 NoBDE-#206 31.25 BDE-#207L 29.88 BDE-#206L 29.88
26 DeBDE-#209 36.80 BDE-#209L 36.79
A=A A= ETRS Fig. 40 JeERiich DAEUE A telF22ehe] 7P B I5ES

3.1. deca-BDE 241 2[5t £& 2042} LIREE
25 MA

th7] AlE A4S 93t &5 FEHS Y] ¢
slo] frlemiE AAE F2A| surrogate(MBDE-

Hoh ey 28EAQ] BDE- #207I,Jr BDE-#209L
9] 34§ A EEA BDEET} W2 3488 Btk
olgigh A& /M| St 7171 B4 2 G Al A
&3l= AR A7 W ﬁ%ﬂ (internal standard)
< BDE-#138L @ &4t g9 %% (BDE-CVS-
EISS, Wellington Lab.)ollA] #-%3 227 BDEE=
e S8 F I=E A 7K BFEZ BDE-#79L,

MXE) 5 ng(BDE-#209L 71%)S sl 943 &  BDE-#138L, BDE-#206Lo] I-fHolde FFE2
to|FZ2u|e, E7¢l, opAlE fi‘* (L:D)&" ZHF 500  (MBDE-ISS-G, Wellington Lab.)& ®73te] 285131

mLZ 16717F OW % T 2 2702 HAsl] & & A9 7HEA BDEBDE-#209L)0] 3580 71E
" n=2) F= vl ‘fﬁ% 3se] 432 Fg.  604%14 91.9%= 7145tk Table 5). o213k A=
50 LFERAS D} 7% TolEr FREAS Adx A7k YR gRE

s Rel

tlo|F 2 2u|ek} obME: F2k(1:1) fule Aw
2 oAt 3)eS 1/}5}141 R3L 71E FEAIE TN
A3 e S48 BDE-#197L3 BDE-#209L9]]

A TR ke BE 0] WERe™ BDE-#209LRHS H]

Az ARl XJHEOHH FH 27 BDE AAS F%
Al B2 BDES] sl5-&o] am7tes & & 9l
on o] AL RS golZzRhEto g &y 2=
s ART e BAVE gles & < Utk
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Fig. 4. HRGC/HRMS chromatograms and calibration curve
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Fig. 5. Recoveries of surrogate standard for PBDEs in spiked air samples (n=2) using soxhlet extraction with various

extraction solvents.
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Egvjo]7] wie] FEAE TR & ok T vH
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BHEAER 73S A48 & Jde AldRA J7ke 2F

3HA|(MDL, method detection
limit) 2 A #F3HA(LOQ, limit of quantificationy= 2
Al59] 739 A8 A AleF T Al AR
Hawe] 2ufol sigehs ¥FE2 (native standard)yS
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W el e A7) EAle) 3145 ¥
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Table 5. Influence of the internal standard on the recoveries of PBDEs surrogate standard

No Surrogate Recovery Internal standard Surrogate Recovery Internal standard
standard (%) (BDE-CVS-EISS) standard (%) (MBDE-ISS-G)
1 BDE-#15L 106.7 BDE-#15L 98.7
2 BDE-#28L 112.7 BDE-#28L 98.3 BDE-#79L
3 BDE-#47L 120.1 BDE-#47L 103.3
4 BDE-#99L 109 BDE-#99L 110
5 BDE-#154L 1119 BDE-#154L 113.6
6 BDE-#153L 102.3 BDE-#138L BDE-#153L 107.4 BDE-#138L
7 BDE-#183L 102.8 BDE-#183L 108.7
8 BDE-#197L 101.6 BDE-#197L 111.2
9 BDE-#207L 76.2 BDE-#207L 120.9
10 BDE-#209L 60.4 BDE-#209L 91.9 BDE-#206L
Table 6. QA/QC result in water and air sample
Compounds Matrix MDL LOQ Recovery (%) RSD (%)
o-HBCD 0.14 ng/L 0.44 ng/L 93.2 5.1
B-HBCD Water 0.07 ng/L 0.22 ng/L 90.1 2.2
y-HBCD 0.09 ng/L 0.29 ng/L 92.4 6.6
a-HBCD 0.27 pg/m® 0.85 pg/m® 89.2 8.4
B-HBCD Air 0.07 pg/m® 0.24 pg/m® 93.8 2.8
y-HBCD 0.13 pg/m® 0.42 pg/m® 92.5 2.4
deBDE-#209 Water 412.8 pg/L 1314.8 pg/L 108.2 16.7
deBDE-#209 Air 0.78 pg/m® 2.5 pg/m? 93.2 17.3

e 44 ANES} 2
o g MDLJJr LOQ #o= 33t 419 Ag)

AL Aslr] Y8 Jrksk BC-%A] £F22 (surrog-
atey> F=ol 3 FYsted HAT 89| &
I A =1t HBCDsoF deca-BDE®] 4%
Hell gt = 2] A= Table 601 ‘/}E}LH AT

AEAFH Alwict ti7] A Alelle APE S22, ¢
A Ng AQF AlE 733 E(analyte-free water)S
THIsl] A 5AFH #ol| FEste] AARIRA R (field
blank sample)® ] A3 FH] 2 9 A8 2, &
%, B4 T AT e 29 gesla, HAz 3
Aol Ahe-E Bulol A7 o 2 e HelEE
o oJgt 2 PARE AESV| st ZF AlEQ2OH )}
T} HPHB}ERA) 2 (method blank sample)S W3 43}
o AR F ool gles s

&3+
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Fig. 6. Concentration distribution of THBCDs in air using
high volume air sampler.
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Table 7. Comparison of HBCDs levels in air with other studies

Location Category Sampling site >HBCDs Concentration Ref.
. (Spring) N.D.~505.35 pg/m®
K Th -
orea is Study (Fall) N.D.~39.29 pg/m®
Potential point Production of flame retarded XPS plastics 1070 ng/m?
° Zglﬁcezom Landfill for construction and demolition waste 13 ~ 180 pg/m?
Textile industry 19 ~ 740 pg/m?
. Schoolyard of N:a Latin, Stockholm 76 pg/m®
Sweden  Urban environment Hudiksvallsgatan 2, Stockholm 610 pg/m® 24
Pallas, Northern Finland 2~3 pg/m®
Remote locations Aspvreten, south of Stockholm 25~280 pg/m®
Rorvik, Swedish west coast <1.0 ~5 pg/m®
USA  Urban and remote air Various locations throughout Midwest USA <0.1 ~11* pg/m® 25, 26
) Birkenes 0.14 ~ 20.26 pg/m®
Norway  Background station Zeppelin 0.18 ~ 23.02 pg/m’ 28

a: only particle phase

o] ARM = BT BEAEFUT. 7F UI7] AR &
THBCDsE N.D.~39.29 pg/m® W92 Yepton Al
A6 AL AH 717191 3d B BF EHEEICL &
A7 AEE T EXE 7€ A7 Hwskd
Table 70 e A& X489 7] 5 SHBCDs
FE T 29 2AXY(76~610 pg/m®) vl
29(<1.0 ~280 pgm)e] HE F= FF3} Akt
O 95e] =AI9F 94 AHY o] 2FYe] 4
e APHoE A o= AYGS UeE g v B
Z9} FALE WS YeRRITH 242

th7] A8o4 7AEE HBCD F8 A o]2A|9 7+
Al HE H)E-S Fig. 79 YERNSITE HBCDse] ©]
AAA BXE vlg2 2 531 A o) miA
2 g2A Jeh= oz dEA o, duttoz ¥
Hol|A AAE= Addd THBCDso| st a-, B-, y-
HBCD®] H] &< 10~13%, <05~12%, 75~89%=

—y a-HBCD

— a—y
. = B-HBCD

80%
m y-HBCD
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Fig. 7. Distribution ratio of HBCD diastereomers to the
YHBCDs in air by site.

deiA Aa,® 160°CE Z3she =0llA y-HBCD ©]
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Fig. 8. Concentration distribution of deca-BDE in air using high volume air sampler.
Table 8. Comparison of deca-BDE levels in air and water with other studies
Matrix Location Sampling site Concentration Ref. No.
Korea This Study 13.1 ~ 1475.3 pg/m® -
China Tengchong Mountain (remote field) 1.6 ~ 54.2 pg/m® 2
Norway Mjgsa region (urban/rural) 131 ~ 25388 pg/m® 31
France Downtown Paris (urban) 6 ~ 177 pg/m? 32
Air . Southern China (rural site) 18.6 ~804 pg/m®
China (e-waste site) 72.2 ~ 9700 pg/m® 33
UK North-West England (semi-rural) <MDL ~ 100 pg/m?® 34
Canada Forest (background location) <MDL ~ 105 pg/m?® 35
Antarctica (aerosol) 0.355 ~ 103 pg/m?® 36
Korea This Study 0.5 ~10.3 ng/L -
Water USA San Francisco estuary <MDL~74.1 pg/L (n=33, 2002) 37
France Prédecelle river 2.1~3.81 ng/L (n=13, 2008) 38
UK Aire river 17~295 ng/LL (n=5, 2011 39
A9 A4 AHoIM 14753 pgm®e] 7FY =& TR AHE FETE MElS u B FEAGS 23
AEHNOY ol 209 ewaste A9 HEFE 3§ e MZTAIAF 7 3L <LOQ ~74.1 pgll
722~9700 pg/m® W19} wlwalE e FE FFES (n=33, 20024)%, mm} A Ekeh ek
2 vERdTh 2 9] AYoxe] & M= 131~1215  Prédecelle 7+ 2.1~3.81 ng/L(n=13, 2008)%®, =
pgniE olEjS S FEE AZ el o] B3 F Alsh AA, @nﬂm 1o ¥3e 9 Aire BE 17
F57F 18.6~804 pgm®e] WS YEP Tian & ¢ ~295 ngL(n=5, 20113y 59 Hx WA= =fje] &
) AR st vlws) BgkS o TRt WA A B F ednE T wkd SEoR Uk,
o iSsbl vebiek. 4 A% AL AES 2 ADY Aol 2 vash
2 % deca-BDE] Ugt s ¥4 AE Fg 9 7ldle A *LL—% NE7E o AR A A #sht
o ERAA D} J*?ﬂur Wi ¥ 24 nglZ A A 3R & 5h5 A vE| A-EA TS whi= )
A & BT I Jor <LOQ ~103 ng/lLe] ®9l AFAFES 7}~ | B3] Eoll MwkH oz =A el
& HEi ﬁ} 44 % decaBDE®] 5% TR T ol 0] Zleld Sk WolAE AEA 2
e AR tha AlEHE el AT whge] glo] o QI8 44 AR SAe] Ut Zoz AR,
0] o
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Fig. 9. Concentration distribution of deca-BDE in water using grab sampler.
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