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Abstract Novel brominated flame retardants (NBFRs) are considered as the commercial

replacements for polybrominated diphenyl ethers (PBDEs). The potential neurotoxicity and
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developmental toxicity of NBFRs could cause adversely effects to human health. Serum is regarded
as an important biomarker for human exposure, which presented great significance in assessing
human health risks. Few studies reported the health risks of NBFRs in human serum. The analysis
and detection of NBFRs were limited by the low concentration, complicated pretreatment processes
and matrix effect. In this study, gas chromatography-triple quadrupole mass spectrometry (GC-
MS/MS) was established and optimized to detected the 9 NBFRs, mainly including
pentabromobenzene (PBBz), pentabromotoluene (PBT) and decabromodiphenylethane (DBDPE).
Serum samples were extracted by ethyl acetate, then cleaned up with HLB solid phase extraction
column and Florisil-silica composite column. Electron impact (EI) ion source and multiple reaction
monitoring (MRM) mode were applied for instrumental analysis. The average recoveries of the 9
NBFRs in serum samples were between 74% and 136%, and the relative standard deviation was less
than 21%. Actual serum samples were collected to detect the 9 NBFRs, and the average recoveries of
the internal standards ranged from 72% to 126%, which showed satisfactory performance. The
developed methodology presented simple procedures, excellent stability and notable sensitivity,
which was an efficient approach for the analysis of NBFRs in human serum.

Keywords novel brominated flame retardants, human serum, GC-MS/MS.

FEGERAIR T 22 1R — 25k (PBDEs) i TR AME A3k | AW Bk U KB B i vk, 78 2Bk
U B A (1A 7 R RO, 7 B PR AR SR 57 (NBFRs) J& T 43 B BHAA ), 454 PBDEs 4 B &AL 5
B R s A SR AN G540 L F UL NBFRs A R K3k £ %8 (DBDPE), HLIRK
(PBBz) il fL 75 H 25 (PBT) 45 {HA5- 1 B AU /2, 2005 4 3% [E JF4f 45 7= DBDPE, {HH = & LUEEAE 80% Y 1
FERGA, 1R 78 Hh [ 55 52 WG Y NBFRsPL I 4F 5k, B35 NBFRs 1Y HH 4 2, K& NBFRs 76 JK2B9 . +
B REFLO M ET SR B AG H NBFRs AT DA PP R R R B A AR E AR, AT
TR AR R G . Sh S 96 A IFSE 2 W, DBDPE 1] 38 a2 3 i 5XE T £ Ky e A P = il B 0R % D SR A IR
PR B &, BRI HUIR IR ZE DI AEY. DBDPE W] 76 N 43 RSB, AT K BB A= 5 D B, i)
FLe i RGN = AR EEN. AT 5 R, AR T HR 2 28 (PBEB) . DBDPE /K F- 5 H
RIRPLE BEHIE, PBT. 1, 2-X(2,4,6- = 1RKEE L) ¢ (BTBPE) /K V-5 B A5 46 b (& AH 5CU2

H HiT NBFRs 3= 20 A €8 35 - — 5 PO AT 52 36 5T 35 1 (GC-MS/MS) K I, 4 B 7 Ak 27 2 R
(NCD 8 25 5 2 IR (ED 23 8. (B3 3 7 A AEXE L, i1 T GC-EI-MS/MS Jr v R AL, MELL
AT R TR AR 9 NBFRs!™; GC-NCI-MS/MS 88 R A% 4 i, (He $ebE 22, 3 LUy 3 R0 R bRic ik &
Wy B LB AR, A2 44 A R 2 7 s M A SR 2,

M35 S PEAG A N 2 58 09 B A Wik i, H RTXF T I35 H NBFRs BURIFSE A4 /0, I H A I
15 (9 NBFRs K 7776 45 & F Ak . KRS/ | A B 5 BRI I 42 4% 45 1) |, 45 NBFRs f4 23 B ily
e TPk R, B ST R R LAY NBFRs 4347 05 1k ARG B 28 A 25 1 A0 A 60 A R XU O g 3 ).
FHF EIJEA MRM 251 GC-MS/MS 75 ik BA BT B vE 5k, 780001 & 24 L i i oA B B AL 3, AHF
FEH FH GC-MS/MS [R5 9 Fl NBFRs, J-At 4k T AR L 75 #F & oh NBFRs 5 i AL R 5 . %07 5%
Dt it e T v SRR SR 390 o ARG L R R A ) A A S A R R, A BIE S UL Hh NBFRs (99 K P42
HEE AR S,

1 i%\%ﬁﬁj\(]ﬂxperimental section)

1.1 AR B0 5 52544 k)

AR 8 i /= DY B AT 2 5 3% 186 FH A ( GCMS-TQ8050NX, Shimadzu) , it A i F %5 ifi ¥ ( Electron
Impact, EI) #1 GCMS solution T4 % ; [#AHZE B & (Supelco) ; & W 4613 ; [FAHZE B HLB (200 mg,
Waters).
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PR . 218 2. T8 (42 5% 9%, Fisher Scientific); — 40 %% . 1F C %% (58 %, J.T.Baker); 3 % B +
(Supleco) £ 140 C {5 ALJ5E AT T T4l 5 0/ B W #91 (OK HE TR 4 IR A0~ 1R A BR 22 /) 22 660 °C
WALE AT T gs b rhPEREE (60—100 H, Merck) 28 550 °C 1AL G AR A7 T THes s Milli-Q 4l
7K (Millipore).

9 fit NBFRs ff) 3 4% {5 .41 5€ 1 i/ . PBBz, PBT. PBEB. 2,3- {8 I % -2,4,6-= I8 7K % 3t it
(DPTE) | 7SR 4 (HBBz) , £ 3 O PUVR K R R (EHTBB) . BTBPE, XU (2-£ 4 U 4 ) PR 4R 4 — i
F 1 ( BEHTEBP) . DBDPE I [# {2 5 7 i ) 19 = % 3£ £ 5 ( "C-DBDPE) M1 f{ Wellington 2 7.
3,3".4,4'- DU — % (BDE-77) , 2,2,3,3",4,4'-75 1 — K (BDE-128) il 2,2',3,4,4',5'- 75 1/ — %[ (BDE-
138)114 H AccuStandard /A 7],

I FEAE it A DR LR T b L = e,

F 1 9P NBFRs £ FK. IUPAC A K. fiFR. 0 T20. X5 F B il CAS =

Table 1 Chemical names, [IUPAC names, abbreviations, molecular formula, relative molecular mass
and CAS No. of 9 NBFRs

i IUPAC 47k fiif I R mol ) CAST
Chemical names TUPAC names Abbreviations formula Relative molecular mass  CAS No.
FER 1,2,3,4,5-HIRE PBBz C¢HBrs 472.6 608-90-2
FPHR 1,2,3,4,5-FLIR-6- 2K PBT C,H;Br; 486.6 87-83-2
HIREHK 1,2,3.4,5-HiR-6-2Z5 PBEB CgH;Brs 500.6 85-22-3
2’3’3’%3@%%;%4’6'3’%% 1,3,5-=-2-(2,3- " HNEHL) % DPTE CyH;BrsO 530.7 35109-60-5
ANIRE 1,2,3,4,5,6-75TRA HBBz C¢Bry 551.5 87-82-1
CHCHMUBEER RN 2-2FC 56-2,3,4,5- P05 H R TG EHTBB Cy5H,4Br,0, 549.9 183658-27-7
1’2'&(2’4’;;@%%%) ;}; 47;;%2)[&2 %gi;;: BTBPE C14HgBrs0, 687.6 37853-59-1
XX(Z-L%%%;%? REE Xl(z-a%’azi;;g;&m?% - BEHTEBP  CyHy,Br,0, 706.1 26040-51-7
TR ]’2’3’4’5'£?;§6)'§%2]§P;4’5’6'£7% * DBDPE C,4H,Bryq 9712 84852-53-9

1.2 HEARTALEE

B 1 mL Ifin 55 #E 50 F 10 mL B9 B 585308 0, A 1 ng 32 5L #5 (BDE-77, BDE-128 Fl*C-DBDPE)
A1 3 mL Z R 6, 78 5MIR 215 i 7K SF- 42 R AL 20 min, #8 75 425 20 min, S8 J5 7€ 4000 r-min " {19 5%
=6 C¥RHRE L 10 min, FEEREBZEY — 538 b makiE hinA 3 mL 48R 4HR, iwiEsn
SHIRAE R IRYR Y 20 min, B0 RS DR, IFEE 2 WK, HBEIFAIF L2E W, ERMH AR T
Wi =T, H 3 mL IECHEER, 7620 C VKA 3k 16 h DL 3 VR 5 - BUR AE 4000 rmin™' Y
FEHR—6 °C AR ES L 10 min, B E T WS4k,

PEIOR AT FH HLB [ A A& O/ R 36 20 B 4 - e B2 A Ak v ik . HLB HEAK YK 5 mL . S mL —
A BER 5 mL IF O el Ak, InaREES S, 12 mL 4 P e e i B AR, SRR IR AN R T ks =
1 mL, S i — 20 b AL 31 5 2 B - A (JEUDRE N R AR ARl 0.2 g TEK BRI AN . 0.5 g ik fE
M. 1g 3R F B A 0.5 g PERERL . 0.5 g TC/KBRIRGH) KUK A A 6 mL S8 H Be: A (1: 1, V/V) . 6 mL
IECBETEAL, IR EE RS, A 1omL & ke« IECke (1S, W) Ye BAs®). feda, PRI RTE iR A
MRS N HRARIE T, Fe B AR @IERE /NI, W0 1 ng HEFE N AR (BDE-138), £ L ALK,
1.3 AXERRI A

I R 5 28 5 i Ak 38U 48 ) GCMS-TQ8050NX ( Shimadzu ) #4746

PEREESPEEE. Autosampler AOC-20i, Shimadzu.

% &k 43 AL 3 H DB-5SMS(15 mx0.25 mmx0.1 pm, Agilent J& W Scientific) ; {4 % #: Tt i 72 ¥
FHHATEREE 90 C (PAFF 3 min) SR)5 LA 20 °C-min™' R FHE E 325 C(REF 6 min) ; HEAE 7 XA AR50
R, BN AR, TEEN 1.5 mLomin™.



51 R 5 AR - = OB SR I N L i 5 B YA BELR 57 1505

Fi 2544 BLUR, 25 IR EE A 280 °C, 32 RN 300 °C, SREERLZ R £ /= W Wil (MRM) #: 5K
AL T H AR Y 8 M A2 1 B X BRI T R (55 2) . RN g8 4R B R IR 1.4 kV, R4 DBDPE I
3C-DBDPE i}, Kl #%H, %A 1.9 kV.

&2 9 NBFRs HY Tl & 1F
Table 2 Mass spectrometry parameters of the 9 NBFRs

E PRER 7] /min SE R T il i L e /e V REVE BT il i L M /e V

Compound Retention time Quantitative ion Collision energy Qualitative ion Collision energy
PBBz 4.574 392.80>311.70 15 473.70>313.60 42
PBT 5.109 487.70>406.60 18 406.80>246.80 33
PBEB 5.262 499.70>484.40 18 501.70>486.50 21
DPTE 5.580 330.00>141.00 36 330.00>221.90 30
HBBz 5.648 391.80>231.80 39 551.50>473.00 30
EHTBB 6.511 420.80>392.50 21 437.80>420.50 24
BTBPE 7.800 687.60>358.90 9 356.70>198.20 30
BEHTEBP 8.029 464.60>380.60 42 466.60>382.30 33
DBDPE 11.658 971.30>484.80 36 486.50>324.80 45

2 %55 59718 (Results and discussion)

21 UERRABESHEIAMN

fic il 6 ARl HE 1Y) NBFRs 15 An 7 (CS1—CS6), Hivh PBBz, PBT, PBEB, DPTE, HBBz,
EHTBB. BTBPE, BEHTEBP [/ J¥ 435> 0.2, 1. 5. 10, 20, 50 ng-mL"'; DBDPE A% £ 505 4 1. 5.
25,50, 100, 250 ng-mL " FRuEFAH 1.3 15 MRS SR 04T 40 AT, 00 FH PR A i % o o fil 26 2 22
Fo AR T AT I A0 3R, BB 7 IR AS ST, X TS I R H Y E AR, R A5 2 SR R A
i PR U B B i, AR 7 UOTAT I A bR o e 22 T 5 A R (MIDIL) 5 X625 1 S 56 R A K 8 1)
E AR, X e B (a5 o M Al T O A BRAEL 3—5 f5 RO RE AR AT 7 UOPATIN A8 , 1470 58 A v
PR ZE 15T MDLU. 25 5 0L 3¢ 3, bR h 2 10 AH C R B (R?) YK F 0.99. [k DBDPE 41, HiAth 8 Fifb & 111y
RAEZS AR R . %05 136 MDL (B AR, BEAE S 98 A 2R 1 30 B 0b 47 v i i

=3 9Pl NBFRs MIAEXFRifEIm 25 . AHC R B, kg R

Table 3 Relative standard deviation, correlation coefficients, method limit of detection (MDL) of the 9 NBFRs

EY RSD/% *E%%ZE&(RZ)_ Fikk R/ (ng'mL™)
Compound Correlation coefficients MDL
PBBz 32 0.9997 0.13
PBT 22 0.9998 0.07
PBEB 5.4 0.9997 0.06
DPTE 8.3 0.9998 0.15
HBBz 6.8 0.9999 0.20
EHTBB 0.4 0.9983 0.09
BTBPE 11.9 0.9996 0.24
BEHTEBP 10.4 0.9996 0.35
DBDPE 9.9 0.9988 0.09

BEPRUEVE IR CS2 AR PERE 6 YR, ke 1 uL, BE 3 d, T HEZ 7 L E I, bR ia i 3% &
wiE 1, 5% W7R, Bk BTBPE A1 BEHTEBP Z 41, £ 4k & Wi 1o ALY H 18] A X A 1 i 22 (RSD) #41 /N F
10%(5£ 3), FWiZ 7k BA R EBE.
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2.2 FHEEFIRAE

7.257.50 7.75 8.00 8.25 8.50 8.75 9.00
t/min

B 1 CS2 bRy i F

Fig.1 Standard chromatogram for CS2

1075 11,00 1125 11,50 11.75 1200 1225 1250

t/min

AR SR, (R AE RMAFR AR Atk 4% B AT A B AR, #E T 3 IRE A SR 2 5 I
TEREAR A, YR BT, JF ) 56 57 b 23 i S I 46 X 5 24 0.05 ng. 0.2 ng. 1 ng i) NBFRs iR & 5 1S
(DBDPE HY 48 %] 5351 0.25 ng. 1 ng. 5 ng), PEATHEFUMAR IS8, 4520 f it 3 E &2 5
5, ASSTEIE 6 5. [RIEF 51T 3 AN NBFRs TR A 1 7 VR4 38 J3 E Shy o BRSIC 4G

FE45 FASE 55, DBDPE 9 AKX B S 5G 19 10%, HoAth 8 F H AR P 3 A . 56 B4R 55 48 1)
[FISCRTE 74%—136%, RSD<21%, 455 W3 4. 8 iN 0.2 ng NBFRs R 4 br % i (DBDPE A 5 ng) Y 3
TR S 50 (0,335 11 UL IRT 2, 4% AR P 5 B R4, 2 T2 A B R ASC A 20 B 5 12 RE A8 9 R 4G 20K

F 4 9 Fl NBFRs A5 BT inss B (n=3)
Table 4 Matrix spiked recoveries of the 9 NBFRs (n=3)

25X} 0.05 ng 25X 0.2 ng #i%] i 1 ng
a4 Spiked 0.05 ng Spiked 0.2 ng Spiked 1 ng
Compound Eqﬁ’?ﬁ/ % RSD/% IR % RSD/% b % RSD/%
ecovery Recovery Recovery

PBBz 102 32 88 6.2 94 4.1
PBT 86 3.7 85 49 79 2.6
PBEB 88 9.6 83 2.6 74 0.9
DPTE 123 2.6 120 5.5 106 3.5
HBBz 97 4.0 94 34 91 5.2
EHTBB 129 32 125 8.1 109 11.3
BTBPE 86 20.3 95 4.0 89 16.8
BEHTEBP 136 7.0 128 12.9 126 4.8
DBDPE 109 10.9 115 3.5 101 17.2
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d _ r |
E 225 30L \ DBDPE
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2 sk 20 |
150 ﬂ
1501 100
05k H
1251 EHTBB BDE-128 D B I |
Look 105 110 115 120 ) l
- PBT PBp HBB | "
Z 1 \
0751 Vi | .
050  PBBz \ ’\ \ / BDE-138 " L /
LI TS
I | O
| | b
I I ] P s "w‘\WMWNMMWWMWMWWN ]

4.0 45 5.0 55 6.0 6.5 7.0 75 8.0 85 9.0 9.5 10.0 10.5 11.0 1.5 120
t/min

B2 EEFUIBREE S B NBFRs (i K
Fig.2 NBFRs Chromatograms for matrix spiked samples

AT S IAUBT T L, BARE A D, RE PR SO0 FI AT, b T 1M NBFRs &A%,
viny o P O g, 0910 2 — I ) AR IR IV DRSS 5 L 38 40417, 55— 300G T 1 3 Hh AR BELAR R
R T7 VRN BORE il D 2 mL U, AR ML 60 5 1 mL, JFaR 3] 1 A iR BCR. 5 —J7
AT, — 300 5 BT T LTS WF 8 B T 2.5 ng A 12.5 ng AE RN EEFUMAR R BED, 5 2 A He, AT 5% 56 530
e S 30 16 B ) e JRE AR, B A Af A T SIE B e i
2.3 SERBRREAL I E

MR A I ST 1 1T B AR ST 7%, 40 AT 12 A AR I IE FE A NBFRs (19 8 &, 2558 W% S.
DBDPE 7£ A M IfiL 35 #F fi o 4 ) 22 4 i, 145 %) BDE-77, BDE-138 Al “C-DBDPE HY [al 4§ % 43 %l 1£
72%—96%, 95%—116% il 73%—126% Z [i].

F5 AEMFERESIALR (ng-mL™)

Table 5 Results of human serum samples

Cifnfo#?n d 1 2 3 4 5 6 7 8 9 10 11 12
PBBz ND ND ND ND ND ND ND ND ND ND ND ND
PBT ND ND ND ND ND ND ND ND ND ND ND ND
PBEB ND ND ND ND ND ND ND ND ND ND ND ND
DPTE ND ND ND ND ND ND ND ND ND ND ND ND
HBBz ND ND ND ND ND ND ND ND ND ND ND ND
EHTBB ND ND ND ND ND ND ND ND ND ND ND ND
BTBPE ND ND ND ND ND ND ND ND ND ND ND ND
BEHTEBP ND ND ND ND ND ND ND ND ND ND ND ND
DBDPE 1.298 1.012 0.135 0.034 0419 0346 0.085 0.056 0.464 0.187 0.286 0.281
BDE-77 Recovery/% 85 78 90 87 93 85 96 92 72 85 84 85
BDE-138 Recovery/% 109 99 116 110 102 101 106 105 95 98 99 97
C-DBDPE Recovery/% 117 95 126 80 74 73 100 75 94 88 90 77

ND: KKt . ND: Not detected.

3 %518 (Conclusion)

FiA EI JE ) GC-MS/MS HE 8 55 4 i il 52 N AR M7 BE & P 9 Fh NBFRs 1Y & &, (X8 s B K3
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SR LA AR I AE 25 2R BN, AR RIIBCR R B TE 72%—126% Z 18], 5 E NN 8T ikl L,
YRR ENE S, WSO S S, ATz AR IS T NBFRs #9437
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