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500°C 5h 98% H,SO, 44%

H,S0, 98% . Na, S0, o LC-Si 500 mg 3 mL Supelco o
PBDEs BDE-CM 1614 8
PBDEs BDE-28 47 99 100 153 154 183 209 PBT .

PBEB . HBB .2 3- 2 4 6- DPTE .1 2- 2 4 6-
BTBPE DBDPE 3344 - BDE-77 2233 44" -
BDE-28 AccuStandard . o-HBCD B-HBCD -HBCD
TBBPA “C,BDE209 “C,-«-HBCD "“C,B-HBCD “C,,+-HBCD "C,-TBBPA
Wellington Laboratories 0
2.2
N N 3~15¢ lg

BDE77.BDE-428 1 ng "“C,-
BDE209."C,,-TBBPA  "C,-« B y-HBCD 10 ng
/ 1:1 Vv 16 h o
/ 1:1
V/v 6 mL, 50 g BioBeads S-X3 50 emx
2 em . d. 240 nm / 1:1 Vv 5 mL/min
5 mL 20 ~45 min 2 mL o
20 ecmx1 c¢m 1 cm
Na,SO, 5 g I em Na,S0, . 10 mLL 30 mL
10 mL 2 mL o
LC-Si SPE o SPE 6 mL
6 mlL PBDEs  NBFRs 6 mL TBBPA  HBCD.
100 pL GCNCI/MS 200 pL
HPLC-MS/MS o
2.3 -
2.3.1 GCNCI/MS
GC Tri-Hepta BDE PBT PBEB HBB DPTE BTBPE
30 m DB-5MS 30 mx0.25 mm 0.25 pm 100°C
1.5 min 20°C/min 240°C 5°C/min 270°C 15°C/min 300°C
7 min 17 min 1.5 mL/min 3 ml/mins, BDE209 DBDPE
15 m DB-5SMS 15 mx0.25 mm 0.1 pm
100°C 1.5 min 25°C/min 200°C 15°C/min 300°C 6 min
1.5 mL/min. He >99.995% 1 pL
270°C 300°C -
NCI/MS 0.2 MPa 200°C 5 min.
SIM  BDE-=209 m/z 486 m/z 488 “C,,-BDE209
m/z 494 m/z 492 m/z79 81, BDE-T7
PBT PBEB HBB DPTE BDE28 BDE483  BTBPE ¥ (C,,-BDE209
BDE209  DBDPE o
2.3.2 HPLC-MS/MS HPLC Eclipse Plus C 4 100 mmx2.1 mm 3.5 pm
40°C 20 pL 0.3 ml/min. A B
0~0.5mn 40% A 0.6 ~5.0 min 40% ~80% A 5.1 ~9.0 min 80% ~85% A
9.1~13.0 min 85% ~100% A 13.1~15.0 min 100% A.
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ESI - 3.5kV 350C
N, 10 L/min MRM
TBBPA m/z542.6/80.9 542.6/78.9 60 eV "“C,-TBBPA m/z554.6/80.9 554.6/78.9 60 eV
HBCD m/z 640.7/78.9  640.7/80.9 10 eV "“C,-HBCD m/z652.7/78.9  652.7/80.9 10 eV .

3
3.1
BFRs
9
o 20 ~45 min 10 ~25 mino.
HBCD 3 TBBPA
HBCDs TBBPA HPLC-MS/MS GCNCL/MS PBDEs
NBFRs o HBCD/TBBPA PBDEs/NBFRs
o LC-Si SPE
PBDEs NBFRs LC-Si HBCD/TBBPA LC-Si
PBDEs NBFRs o 6 mL
PBDEs NBFRs. HBCD/TBBPA .
3.2 -
PBDEs 15 m 30 m o BDE=28 PBT 15 m
1b 30 m 30 m BDE-209 DBDPE
30 m BDE-209 DBDPE la
15 m BDE-209 DBDPE 1b . NCI/MS PBDEs 6 NBFRs
NBFRs PBDEs NCL/MS EL/MS NCI
Br~ 0 TBBPA HBCD
ESI 2
1000312 485501
a 4| [7BDE-28.PBT b
80F 7.569
10.857 13.307 36
=z 60t 12.425 = 30F
g 14.361 £ 24|73
= 40t 12.061 n 2 098
= 16211 = 18r 7959
11.702 16.864
20 18.672 2 i 10.708 BDE-209
nl() 45 oF 10 3% 14.895 ppppy
Ok L L B W S . N - S 5_17 0 i 1 L 16572
10 11 12 13 14 15 16 17 18 19 20 6 7 9 10 11 12 13 14 15 16 17
t (min) t (min)
1  PBDEs NBFRs BDE-209 DBDPE 1 ng/¢g
0.1ng/g a 30m b 15m
Fig.1  Total ion chromatograms of polybrominated diphenyl ethers PBDEs and novel brominated flame
reardants NBFRs in spiked cow mill 1 ng/g milk for BDE209 and DBDPE 0.1 ng/g milk for other
analytes a 30 m column b 15 m column
a 1 The retention time of the peaks in Fig. 1a are listed in Table 1 .
3.3
3.3.1 PBDEs NBFRs

PBT PBEB HBB DPTE BTBPE 1 ~100 pg/pL BDE209 DBDPE 10 ~
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1000 pg/ L. BDE-77 BDE-28 10 pg/pL 13C12—BDE—209 100 pg/ L.
HBCD  TBBPA 5 ~500 pg/pl “C,« B yHBCD "C,-TBBPA
50 pg/pLe 2.3
1o
LOD S/N
S/N=3  S/N=10 LOD LOQ . . .
R* .LOD LOQ 1o R>  0.9989 ~0.9998
1 18 BFRs N N N
Table 1 Retention time Linear equations correlation coefficients R*  LOD and LOQ of the 18 kinds of BFRs
R S Correlation LOD 1O
Compounds etention time Linear equation coefficient Q
t/min R pe/g pY/'g
24 4'- BDE-28 10.31 y=0.6932x+0.0151 0.9996 0.7 2.2
PBT 10.50 y=1.0618x+0. 1171 0.9994 0.2 0.7
PBEB 10. 86 ¥=0.9124x+0.0358 0.9998 0.6 1.9
2 3- 24 6- DPTE 11.70 ¥=0.3213x+0.1598 0.9996 0.8 2.7
HBB 12.06 y=0.7199x+0. 2564 0.9993 0.4 1.3
22 44'- BDE-47 12.42 y=0.6677x+0. 0222 0.9998 1.1 3.6
22" 44" 6- BDE-00 14.36 ¥=0.7029x+0.0158 0.9998 1.8 6.1
22" 44" 5- BDE-99 14.87 ¥=0.6992x+0. 0180 0.9997 0.4 1.5
2244 56'- BDE-154 16.21 y=0.7162x+0.0310 0.9996 2.2 7.2
2244 55— BDEA53 16.86 y=0.7596x+0. 0353 0.9998 2.5 8.3
223445 6- BDE-83 18.79 y=1.1606x+0. 0439 0.9996 5.1 17
1 2- 2 4 6- BTBPE 19.46 y=1.1327x+0. 1408 0.9989 1.5 5.1
BDE-209 14.90 y=1.1707x+0. 1228 0.9996 28 92
DPDPE 16.57 y=0.4833x+0. 7596 0.9991 119 397
A TBBPA 6.70 y=1.310x+0.3029 0.9998 34 113
o- o-HBCD 10. 14 y=1.364x-0.0927 0.9995 32 106
B- B-HBCD 10.94 y=1.026x+0. 5463 0.9997 13 45
Y- yHBCD 11.56 y=0.587x-0.4954 0.9992 35 116
1 BDE77  BDEA28 13.307 18.672 min The retention time of internal standards BDE-77 and BDE128

is 13.307 and 18. 672 respectriely
nyl ether BDE-47
5'-Hexabromodiphenyl ether BDE-53

BDE-83  Decabromodiphenyl ether

02
2 2" 4 4" 5-Pentabromodiphenyl ether BDE-99

2 4 4'-Tribromodiphenyl ether BDE28 2 2’ 4 4'-Tetrabromodiphe—
2 2" 4 4' 6-Pentabromodiphenyl ether BDEH00 2 2’ 4 4' 5
2 2" 4 4" 5 6'Hexabromodiphenyl ether BDE454 2 2’ 3 4 4’ 5' 6-Heptabromodiphenyl ether
BDE-209 Pentabromoethylbenzene PBEB 2 4

Pentabromotoluene PBT 2 3-Dibromopropyl

6-ribromophenyl ether DPTE ~ Hexabromobenzene HBB 1 2-Bis 2 4 6-tribromophenoxy ethane BTBPE  Decabromodiphenylethane
DBDPE  Tetrabromobisphenol A TBBPA  Hexabromocyclododecane HBCD
3.3.2
10 g 2 5 RSD 2. BTBPE
RSD BTBPE
80.1% ~114.7% RSD  0.87% ~14.9% o
3.3.3 HPLC-MS/MS
1 2
ME = / o 0.1 1.0 10 ng/g3
HBCD TBBPA . TBBPA
ME 0.84 ~0.95 o-HBCD ME 0.71~0.93 B-HBCD y-HBCD ME
0.6~0.8 o
“C,,-HBCD "C,-TBBPA .
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3.4
2 n=5
Table 2 Average recoveries and relative standard deviations
2 RSDs  of the analytes n=5
Spiked levels
3. PBDEs. TBBPA HBCD 3 0.1 ng/ml I ng/ml.
BDE=28 47 99 BDE-209 Compounds — RSD Recovery RSD
TBBPA HBCD % % % %
BFRs PBT 94.6 2.5 106.9 3.4
PBEB 93.3 0.9 103.7 3.1
BFRs DPTE 87.3 5.2 97.4 12.7
. HBCD HBB 93.2 1.6 103. 1 2.9
BTBPE 70.9 7.7 59.3 19.3
3 BDE-28 107.4 7.4 114.7 1.1
BHBCD  y4HBCD BDE47 100. 3 7.8 105.4 1.1
BDE-9Y9 109.2 14.9 107.4 11.5
aHBCD aHBCD BDE-00 96.0 6.2 104.5 10.0
B-HBCD  y-HBCD 13 BDEAS3 90.9 7.4 100. 1 11.8
BDEA54 90.3 5.8 99.4 11.3
° NBFRs DBDPE BDE-83 97.3 9.8 105. 8 1.65
. PBT 1 ng/mL 10 ng/mL
DPDPE 80. 1 13.7 82.5 11.7
HBB DBTE BTBPE BDE=209 83.6 10.3 85.7 9.9
NBFRs NBFRs TBBPA 92.4 6.6 9.1 7.6
a-HBCD 103.5 5.3 93.8 2.2
° B-HBCD 103.8 7.5 96.7 4.7
y-HBCD 93.5 9.4 94.6 2.6
3 BFRs pg/g
Table 3 BFRs levels in real samples pg/g
1 2 3 4 5 6 7 8 1 2
Compouns Milk 1 Milk 2 Milk 3 Milk4 Mik5 Mik6 Milk7 Milk1 Human milk 1 Human milk 2
PBT 21.6 2.3 1 15.4 2.8 3.0 2.4 3.2 14.9 9.3
PBEB nd nd nd nd nd nd nd nd 2.9 nd
DPTE 0.9 nd nd 3.3 1.1 1.4 1 1.4 4.6 3.4
HBB 2.6 0.8 nd 3.6 0.6 0.7 0.7 0.6 4.4 1.5
BTBPE nd nd 3.4 nd nd 6.2 7.5 6.9 3.8 3.7
BDE-28 0.4 0.6 0.4 0.9 0.7 0.5 0.5 nd 5.0 1.6
BDE-47 1.6 3.8 nd 2 1.8 1.3 2.7 nd 6.1 2.8
BDE-99 1.1 2.8 2.4 3.1 4.9 5.3 4.1 nd 7.1 63.1
BDE-00 nd nd nd nd nd nd nd nd 3.9 nd
BDEA53 nd nd nd nd nd nd nd 2.9 12.1 6.4
BDEA54 nd nd nd nd nd nd nd nd 3.4 4.4
BDEA83 nd nd nd nd nd nd nd nd 6.1 5.2
BDE-=209 27.9 nd nd 78.9 nd 41.7 nd 95.1 102.2 48.8
TBBPA 19.3 43.2 nd nd 53.5 34.1 42.7 nd 722.0 126.5
a-HBCD 7.43 45.5 nd 51.2 45.8 nd nd nd 788.5 356.6
nd not detected o
3.5
N GCNCI/MS  HPLC-MS/MS
18 18 o
References

1 Fromme H Becher G Hilger B Volkel W. Int. J. Hyg. Environ. Health 2016 219 1
2 YuG BuQ CaoZ DuX Xia]J WuM HuangJ. Chemosphere 2016
LI Yi-Rui

3 TIAN Yu-Ping WU JianJun WANG Dong-Hui
26 z1  652-653

1-23
150 479-490
ZHA Yue-Zhen. Journal of Instrumental Analysis 2007

2007 26 z1  652-653



11 - - 18 1747

B~

LiuK LiJ YanS Zhang W Li Y Han D. Chemosphere 2016 148 8-20
5 ZHANG Sheng GU Xiao—Yu. Plastics Additives 2013 6 12-15
2013 6 12-15
6 HE SongJie LI MingYuan JIN Jun WANG Ying HE Chang BU Yundie TIAN Yang. Chinese J. Anal. Chem.
2012 40 10  1519-1523
. 2012 40 10 1519-1523
7 Xiao H Shen L. SuY Barresi E Dejong M Hung H Lei Y D Wania F Reiner EJ Sverko E Kang S C. Enwviron.
Pollut. 2012 161 154-161
8 Fromme H Becher G Hilger B Vélkel W. Int. J. Hyg. Environ. Health 2016 219 1-23
9 Papachlimitzou A Barber ] L Losada S Bersuder P Law R. J. Chromatogr. A 2012 1219 15-28
10 Montie E W Letcher R J] Reddy C M Moore M J Rubinstein B Hahn M E. Mar. Pollut. Bull. 2010 60 8
1160-1169
11 Stapleton H M Allen ] G Kelly SM Konstantinov A Klosterhaus S Watkins D McClean M D Webster T F. Environ.
Sci. Technol. 2008 42 18 6910-6916
12 LI MinJie JIN Fen YANG Lidi WU Ri-Na SHAO Hua JIN MaoJun WANG Jing. Chinese J. Anal. Chem. 2014
42 9 1288-1294
. 2014 42 9 1288-1294
13 Barghi M Shin ES Son M H Choi SD Pyo H Chang Y S. Environ. Pollut. 2016 213 268-277

Determination of 18 Brominated Flame Retardants in Dairy Product by
Gel Permeation Chromatography-Solid Phase Extraction Coupled to
Gas Chromatography-Mass Spectrometry and High Performance
Liquid Chromatography-Tandem Mass Spectrometry

LI Jian' > WANG YiFei"'> ZHOU Xian-Qing' > SHI Zhi-Xiong™ '’
"' School of Public Health ~Capital Medical University ~Beijing 100069 China
* Beijing Key Laboratory of Environmental Toxicology ~Capital Medical University Beijing 100069  China

Abstract A novel method was developed for the simultaneous determination of 6 novel brominated flame
retardants NBFRs 8 polybrominated diphenyl ethers PBDEs  tetrabromobisphenolA  TBBPA and «
B y-hexabromocyclododecane « B y-HBCD in dairy product. Dairy product samples were extracted
using soxhlet extraction with acetone/hexane 1:1 V/V . The removal of co-extracted materials was achieved
by gel permeation chromatography followed by acidified silica treatment. The fractionation of the PBDEs/
NBFRs and HBCD/TBBPA was performed using a Supelco LC-Si SPE cartridge. The detection of the PBDEs
and NBFRs was then performed by GC-NCI/MS and that of the HBCDs and the TBBPA was performed using
HPLC-MS/MS. A recovery test was performed using a matrix spiking test and for most of the analytes the
recoveries ranged from 80. 1% to 114.7% with RSDs equal to or lower than 14.9% . The LODs were 0. 2-
119.2 pg/¢g. This methodology was validated to be accurate and sensitive for the simultaneous pretreatment
and analysis of brominated flame retardants in dairy product.

Keywords Brominated flame retardants  Gas chromatography-negative chemical ionization-mass
spectrometry High performance liquid chromatography-tandem mass spectrometry Dairy product Solid phase
extraction
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