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Abstract:

[Background] Traditional brominated flame retardants, polybrominated biphenyl ethers, have
been prohibited from being used in commercial products because of their health hazards on human
and animals. Novel brominated flame retardants (NBFRs) have gradually been used as substitution.
Due to their potential health hazards, NBFRs exposure assessment cannot be ignored.

[Objective] This methodological study aims to establish a method for determination of NBFRs in
water by solid phase extraction and gas chromatography-mass spectrometry.

[Methods] Each NBFR standard sample was separately qualitatively analyzed by gas chromatography-
electron impact ionization-mass spectrometry (GC-EI-MS) and gas chromatography-negative chemical
ionization-mass spectrometry (GC-NCI-MS) to optimize parameters of mass spectrometry. In the
optimization of solid phase extraction, the mixture of dichloromethane and hexane (V :V, 1: 1) was
used as elution solvents; the spiked water samples (20L) of NBFRs were extracted using three kinds of
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packed columns, XAD-2, XAD-8, and Cs, to select appropriate adsorbents. In addition, the elution times were optimized for packed columns with
appropriate adsorbents. Finally, this proposed analysis protocol was validated and applied to the tap water samples collected from Shanghai and
groundwater samples from a rural area in northern China.

[Results] A higher sensitivity was found in identifying NBFRs by GC-NCI-MS than by GC-EI-MS. XAD-2 showed a good adsorption efficiency,
and the recovery rate met the requirements for quality control of large-volume water sample analysis when the samples were eluted
for four times. The instrument detection limit (IDL) of GC-NCI-MS was 0.001-1.0 ng/mL for 15 target chemicals; the linearity range was
0.005-200 ng/mL; the range of determination coefficients (R?*) was 0.9954-0.9999. The recovery ranges of low-, mid-, high-concentration
spiked water samples were 62.3%-112.2%, 61.1%-112.1%, and 65.4%-107.0%, respectively; and the relative standard deviations (RSD,
n=5) were 1.5%-20.8%, 1.0%-26.1%, and 0.7%-11.5%, respectively. NBFRs were detected in the tap water samples from Shanghai and the
groundwater samples from a rural area in northern China.

[Conclusion] This method basically meets the requirements for analyzing NBFRs in large-volume water samples, and can be applied to

water sample analysis.

Keywords: solid phase extraction; gas chromatography-mass spectrometry; novel brominated flame retardants; water sample
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R1 MESRAEMFIMRIES SN EHIR
Table 1 The mass spectrometry parameters and instrument detection limits of NBFRs
GC-EI-MS GC-NCI-MS
Epath=Uadi=) 7S] — — — —
NBFRs 2 E IDL T8 EE IDL
Quantitative Qualitative (ng/mL)  Quantitative Qualitative  (ng/mL)
1, 3, 5- =R -2- - RFEEFE) X (2-Allyloxy-1, 3, 5-tribromobenzene) 210 370, 291 3 79.5, 81.5 291.2 0.01
2-RAEIR-2, 4, 6- =RFEFK (2-Bromoallyl-2, 4, 6-tribromophenyl ether) 330 332, 450 1 79.5, 81.5 160.0 0.02
2, 3,5, 6-TWRX ZHX (2, 3, 5, 6-Tetrabromo-p-xylene) 442 441, 341 0.2 79.5, 81.5 NA 0.001
PO5RIFE L7 (Tetrabromocyclooctane) 105 187, 347 2 79.5, 81.5 160.0 0.1
FIRFZ (Pentabromotoluene) 485 406, 326 0.25 79.5, 81.5 485.0 0.001
2,3,4,5, 6-RZZE (2, 3, 4, 5, 6-Pentabromoethylbenzene) 500 502, 485 0.1 79.5, 81.5 499.4 0.005
2, 3-ZTRAE -2, 4, 6- =REEB (2, 3-Dibromopropyl-2, 4, 6-tribromophenyl ether) 330 332, 529 0.25 79.5, 81.5 160.2 0.02
7R (1, 2, 3, 4, 5, 6-Hexabromobenzene) 551 549, 472 1.5 79.5, 81.5 551.0 0.025
FIRFTHER (Pentabromobenzyl bromide) 484 486, 565 5 79.5, 81.5 484.0 0.02
AIHERFIRFEE (Pentabromobenzyl acrylate) 476 478, 404 30 79.5, 81.5 476.0 0.5
2, 3, 4, 5-TRFHER -2- ZEOFE (2-Ethylhexyl 2, 3, 4, 5-tetrabromobenzoate) 112 420,392 25 79.5, 81.5 356.9 0.1
NS /RN (Hexachlorocyclopentadienyl-dibromocyclooctane) 268 107, 540 10 79.5, 81.5 237.0 0.05
QR INER A- —ERfER (Tetrabromobisphenol A-dimethyl ether) 557 555, 307 0.5 79.5, 81.5 NA 0.015
1, 2-3 (2, 4, 6- = RFER) 2kt [1, 2-Bis (2, 4, 6-tribromophenoxy) ethane] 357 359, 687 10 79.5, 81.5 2523 0.025
PQ;R4PEE _BREAIN (2- ZE 2 H) fig [Bis (2-ethylhexyl) tetrabromophthalate] ND ND NA 79.5, 81.5 386.1 1.0
3, 3, 4, 4-TREXEBE (3, 3/, 4, 4'-Tetrabromodiphenyl ether) 485 326, 483 4 79.5, 81.5 233.2 0.01

[E] DL : (YESHe PR ; NA | BFEERMUBTIAIRE ; ND © Riat,

[Note] IDL: Instrument detection limit; NA: The ion abundance is too low to obtain; ND: Not detected.

100 g
S 80
< 3
E 1
2 60 -
= 13
< —
2 40 AR
é 8 Internal
standard
" 20
b
o |
10 15 20 25 30

B8] (Time, min)

[El1:1,3,5- =82 - BHREEE) X2 2-8RBR2, 4,6 =
RAEER ;3:2,3,5 6 MWRNZFE ;4 MRAFER ;5. 1
REX;6:2,3,4,56RRLEK;7:2,3-TRAE2, 4, 6-
ZIRAEER 5 81 7URK ;9 WIRFER ; 10 | R EIRTES ;
11:2, 3, 4, 5-IURERRR 2- ZEHDES ; 121 "ETR¥ER ; 13 ¢
TORINEN A- ZFRBE ; 14 0 1, 2-XX (2, 4, 6- =IREEE) Zht ; 15 ¢
PORIBE_FREAIN (- ZE ) BE, AR 13, 3', 4, 4-TURECKRER,

[Note] 1: 2-Allyloxy-1, 3, 5-tribromobenzene; 2: 2-Bromoallyl-2, 4,

6-tribromophenyl ether; 3: 2, 3, 5, 6-Tetrabromo-p-xylene; 4:
Tetrabromocyclooctane; 5: Pentabromotoluene; 6: 2, 3, 4,
5, 6-Pentabromoethylbenzene; 7: 2, 3-Dibromopropyl-2,
4, 6-tribromophenyl ether; 8: 1, 2, 3, 4, 5, 6-Hexabromo-
benzene; 9: Pentabromobenzyl bromide; 10: Pentabromobenzyl
acrylate; 11: 2-Ethylhexyl 2, 3, 4, 5-tetrabromobenzoate;
12: Hexachlorocyclopentadienyl-dibromocyclooctane; 13:
Tetrabromobisphenol A-dimethyl ether; 14: 1, 2-Bis(2, 4,
6-tribromophenoxy) ethane; 15: Bis (2-ethylhexyl) tetrabromophthalate.
Internal standard: 3, 3', 4, 4'-Tetrabromodiphenyl ether.
1 #ESRAEMFINEEFREIEE (10ng/mL)
Figure 1 The total ion chromatogram of NBFRs

fiax, WEFE—IHIRA, BAETF, EAFF1mL
IE2kE, A 10ng BATES G EM .

KA. B ERERENMNAFKEFITHE
P, AEFSHIRK3. ERRE, FAEIULW
Bk E20LKERE RN 1mL, HEKRNREEA
0.05~50 pg/L, 1X 2810 MPR /9 0.001~1.0 ng/mL, L&145E
179 0.005~200ng/mL, /RTE R ECERE /I 0.9954~0.9999,
. . SFHE2RE NBFRs BYINAREIUNESE E 523 518
62.3%~112.2%. 61.1%~112.1%. 65.4%~107.0%, {525
E 957 1.5%~20.8%. 1.0%~26.1%. 0.7%~11.5%, R
BRI 0.1ng/LF 1 ng/L IEIUREFEZRE >20.0%,
BREFRKFEERREREFRNE SR, TEFRIELR
FrE Y BRI B ER9IRE] 70%~130%, F525E <15% 1Y
ER, ERERERHEFRICNHNEEEFIER,
AT EFERA .

2.4 HERO

FET XY R M HIDRIFFELR., 2, 3- TR
AE-2,4,6=REERBML 22WQ, 4,6 =RE
f8) 2I%, REKRESD 5791673, 3.70. 21.84pg/L ;
NBFRs 7E L /8™ B 3RK XA EIL 75 E R AT # X TR 7K
FHEARRREENGE, M NBFRINBREXRETEE
79 ND~3 146.65 pg/L, 15 F NBFRs B9 R 2 /R ESEFE H
2006.37~5546.77 pg/Lo ZERIEK 40
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K2 KPFEGRABEMAT R IE A AT EIURERRIFZME (%, n=3)

Table 2 The effect of water sample pretreatments on the recoveries of NBFRs

e 5 Bfd57 (Adsorbent) JEBRREL (Number of elutions)
ELRABENAFI (NBFRs) \
XAD-2 XAD-8 Cis 1 2 3 4 5 6 &1t (Total)
=38 _H._ _ J = =
13,5282 2 Aﬁﬁgéﬂg) - 75.9 12.3 —* 3.4 61.1 14.9 3.7 0.2 0.6 83.9
2-Allyloxy-1, 3, 5-tribromobenzene
5 38 . EEER
2-RRER2, 4,6 EZF%EL 1033 82.0 64.5 7.7 80.9 10.3 3.9 0.1 0.4 1033
2-Bromoallyl-2, 4, 6-tribromophenyl ether
- PSRN — AR

2,3, 5, 6- FERXI—F 59.0 50.7 45.9 1.8 413 12.4 3.9 2.1 0.3 61.9
2, 3, 5, 6-Tetrabromo-p-xylene
P;RIF L7 (Tetrabromocyclooctane) 143.3 72.4 49.6 23.1 76.4 7.3 384 0.03 0.2 145.5
FIRFRE (Pentabromotoluene) 61.4 69.3 36.9 2.6 49.6 16.8 4.6 4.7 0.6 78.9
2,3,4,5,6- ARZKE

68.9 63.7 69.7 2.5 56.8 16.9 5.1 3.7 0.6 85.6
2, 3, 4, 5, 6-Pentabromoethylbenzene
2, 3- TIRAE -2, 4, 6- ZIRFER

121.9 98.1 100.9 6.9 97.1 12.8 4.4 0.1 0.5 121.9
2, 3-Dibromopropyl -2, 4, 6-tribromophenyl ether
7URXE (1, 2, 3, 4, 5, 6-Hexabromobenzene) 61.4 69.1 74.8 14 49.6 15.7 5.5 6.0 0.9 78.9
FIRFER (Pentabromobenzyl bromide) 85.5 35.4 78.7 2.6 64.1 14.7 35.4 0.5 0.0 117.3
Sy =)
NARE ) ) 91.2 92.3 70.4 9.6 68.5 8.1 3.9 0.4 0.7 91.2
Hexachlorocyclopentadienyl-dibromocyclooctane
PLSOWER A- — Ak 136.4 834 86.9 12.6 118.3 5.7 6.8 0.2 0.4 144.0

Tetrabromobisphenol A-dimethyl ether

DE] —* - EEHE, >300%.
[Note] —* : Outlier, >300%.

®3 BRI D5 EN S EFSE (n=5)

Table 3 The performance parameters of the proposed method for NBFRs

53k INES wiEE  ARxmEsy  DURE (Recovery rate, %) ¥ (Precision, %)

T ELRACBRMRTT MiREa kARG b :
NBFRs MR MR ‘ (ng/mL)  Cor re‘|a}1°n fKe thd Be 1 = =
MDL IDL Linearrange coefficient | o Medium High low Medium High
=3E 9. (-5 = >
L3, 5- =R -2- (2 .@ﬁgﬂg) - 0.5 0.01 0.025~200  0.9999 852 834 87.4 6.5 5.8 3.7
2-Allyloxy-1, 3, 5-tribromobenzene
_ 3 NI _E: s *
2-RRER-2, 4,6 .,amgm\ 1 0.02 0.05~200 0.9995 90.9 90.9 91.3 2.0 2.7 3.8
2-Bromoallyl-2, 4, 6-tribromophenyl ether
2,3, 5, 6-TLRIT I (2, 3, 5, 6-Tetrabromo-p-xylene) 0.05 0.001 0.005~200 0.9999 71.5 66.7 65.4 16.4 3.9 5.3
PO;RIFE L (Tetrabromocyclooctane) 5 0.1 0.25~200 0.9998 80.3 72.9 66.9 7.5 1.5 3.7
FIREZE (Pentabromotoluene) 0.05 0.001 0.005~200 0.9965 74.9 77.6 75.1 4.4 2.7 45
2,3, 4,5, 6- AIRZEK
0.25 0.005 0.01~200 0.9971 82.9 79.2 78.9 45 1.7 1.8
2, 3, 4, 5, 6-Pentabromoethylbenzene
2, 3- TIRAE -2, 4, 6- ZIREER
1 0.02 0.05~200 0.9975 77.5 85.2 81.1 12.4 1.0 4.7
2, 3-Dibromopropyl-2, 4, 6-tribromophenyl ether
7R (1, 2, 3, 4, 5, 6-Hexabromobenzene) 1.25 0.025 0.05~200 0.9996 85.3 94.7 87.5 10.3 2.1 7.0
FIRFTER (Pentabromobenzyl bromide) 1 0.02 0.05~200 0.9996  112.2 85.9 89.7 17.0 5.0 11.5
AR LR *FBs (Pentabromobenzyl acrylate) 25 0.5 1.0~200 0.9954 62.3 88.6 79.2 20.8 3.1 9.1
2,3, 4, 5-TIRERER -2- ZH B
5 0.1 0.25~200 0.9998 95.0 112.1 107.0 18.2 8.2 7.9
2-Ethylhexyl 2, 3, 4, 5-tetrabromobenzoate
AR o 25 0.05 001200 09978 794 960 774 68 132 95
Hexachlorocyclopentadienyl-dibromocyclooctane
POSRINER A- —FRE# (Tetrabromobisphenol A-dimethyl ether) 0.75 0.015 0.05~200 0.9995 73.7 61.1 75.0 15 26.1 0.7
1, 2-XR (2, 4, 6- =REFH) Zkx
1.2 .02 .05~2! I . PX . 18. 2 ;
1, 2-Bis (2, 4, 6-tribromophenoxy) ethane S oers DeReC0 Qe 828 223 &S 8e 2 &8
SEARHE— A _ =11
PRPE_PEN (- ZHCR) B 50 1.0 1.0~200 0.9948 91.1 89.6 99.7 3.9 8.9 8.0

Bis (2-ethylhexyl) tetrabromophthalate

[Ela:pg/L;bing/mL;c:0lng/L;d:1ng/L;e: 10ng/L;f: & F. BD51790.5. 5. 50ng/Lo
[Note] a: pg/L; b: ng/mL; c: 0.1ng/L; d: 1ng/L; e: 10ng/L; f: low, mid, high spiked concentrations were 0.5, 5, and 50 ng/L, respectively.
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R4 KERERAERHINZEKTESMH (h=5, pg/L)
Table 4 Exposure levels of NBFRs in water samples
7K (Groundwater)
FELRA PRSI TAXNME  BkK
NBFRs Control Tap water ARES HETE FERE
Daxingzhuang Township Liuzhuangdian Lilaozhuang

1, 3, 5- =R -2- - RIFEFE) X (2-Allyloxy-1, 3, 5-tribromobenzene) ND 8.15 ND 5.14 14.10
2-RAER -2, 4, 6- =/RFEREE (2-Bromoallyl-2, 4, 6-tribromophenyl ether) ND 5.40 5.48 2.19 21.32
2,3, 5, 6-TWRX ZHX (2, 3, 5, 6-Tetrabromo-p-xylene) ND 3.02 3.43 46.92 59.08
PO;RIF3FEH% (Tetrabromocyclooctane) 16.73 594.03 548.16 670.10 544.56
FREZE (Pentabromotoluene) ND 1.26 ND ND 5.52
2,3,4,5, 6-HRIK (2, 3, 4, 5, 6-Pentabromoethylbenzene) ND 7.18 439 1.25 1.74
2, 3-TRAE -2, 4, 6- =RFEREE (2, 3-Dibromopropyl -2, 4, 6-tribromophenyl ether) 3.70 144.10 213.10 103.48 140.50
7RI (1, 2, 3, 4, 5, 6-Hexabromobenzene) ND 135.42 61.15 1093.29 167.15
FIRFER (Pentabromobenzyl bromide) ND ND 700.22 ND ND
RIHER TR FEE (Pentabromobenzyl acrylate) ND ND 0.58 ND 0.49
2,3, 4, 5-TRZKFAES -2- ZE 2B (2-Ethylhexyl 2, 3, 4, 5-tetrabromobenzoate) ND 11.67 8.38 ND 16.43
INEU RSt (Hexachlorocyclopentadienyl-dibromocyclooctane) ND 35.22 20.53 23.65 59.19
PO;RINER A- —FRfk (Tetrabromobisphenol A-dimethyl ether) ND 21.39 18.83 30.95 27.12
1, 2-W (2, 4, 6- =RFEE) Zkz [1, 2-Bis (2, 4, 6-tribromophenoxy) ethane] 21.84 531.67 815.87 1283.07 949.17
PORABAE_FRERIN (2- ZE 2 H) F [Bis (2-ethylhexyl) tetrabromophthalate] ND 1910.08 3146.65 ND ND
INBFRis 42.27 3408.59 5546.77 3260.04 2006.37

[E] ND : FKiatt,
[Note] ND: Not detected.

3 g

KRBT BIEERE BEFREFEMFRES
SERIR LRI T 7K 5R NBFRs BN /5 5%, HN AT SE
FRoK BRI,

B AR ABH L NBFRs FEAF £ R R, Z<HA
RELIEREIEEME S 15mx 0.25mmx0.10 um HY
DB-5 MS E B XTI NBFRs SBATHITH B, L5 RKEA
B —WRIEF T, 1X 7 F NBFRs A B B 45 2o
Itt, BHAAE T 30 mx 0.25 mmx0.25 um A DB-5 MS &
HEFHTHEN, B—YREMWREN NS HT
1%, 15 Fh NBFRs IR B B & D E,

B FRERR | NBFRs T ER FHIEIEA D FBF
g EFEMEFER, . TEBTFHRHER
%, MENCURE THEIEN B A RINREF, &
EEFREMRET R, TEREAR GC-NC-MSHE
FHARFIENT BIRfEARNSE, EEFHZE
BEIIMR, FF e SN B A 4 RpRE Fmies
RYE, BN FEFEREFIEESFHEANEER
M XE L HE BT FE 89451, R, 2SR5 6e-
EI-MS X 10 pug/mL 3%, 100 pug/mL FIAT A S BB AT A R i
TERAXE, ABUEREZFGTRENE. 2 FBEF
I o HAFAE B FHEF . 70 eV 14 T AR AL R E
EJ9 GC-NCI-MS P ITEERSE ,, RANB TR

BEARIE T /&MY, XARIET RBUE. N NCHRET, 1%k
F795M8L5 EARNEERE FHIRIZIERER T LA
ExEtE AR 791 81 BOlEsR E 1, AR AN SRR
H PR T Gustavsson Z 16 B GC-NCI-MS BY{Y 8545 H FR
R,

A IR AL ¢ AEKFRAREMFINHA RS,
EHXT ZRECARE, MR E ST NBFRs, MH, XB
B/ D ERFE, JKH NBFRs BBTAMNE 757 B A K
P REBERBEIRIESE, TEEEEMBEER 5%
R ZEEY 8!, 7K &0 NBFRs B 14 HH A 52 1 L &R
RAKRGTUKEHRTEEZERSERE, BEH
T EI 57K NBFRs BIRME S A AT LN 574 F
B3R NBFRs BRAAEXT Z REXEBAN PR XN EY A E )
FUHITEMBUEN — X YR, BHEN 5 ZREKX
BAAIIRNED ASYRINEE—ENES, HELE
ST HEHFIMEA EFE—F L. AR FEA 20 LEYINAR
JKHER 5T NBFRs BRI MR 5 0%, LT Big i FIAg.
R B FIFRE, EBEREES . HTFIRAFIB R
TE TR B Fh R AR BOR BB, REE 117
NBFRs (R 2), (BERZFEFIIERIEHN T 479 NBFRs
(R3), FERRPF I _EAR 15 Fh NBFRs FREB LAY 5 5%
BEAHEHFRIENHNREREFIER,

AARRE LEHEK BRARFEILSE
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WA T AKHAIT O, HNDHTEY 15 7 NBFRs 1
BARIZERNR L, REAFFEIZAYZKE 15 F4 NBFRs 12
WA ERBES. ERETF. EMIEER, EBEW
[z F3 7K 1 NBFRs £ 8 7K F B R MA] 5, J93F A7k
B NBFRs R /K FHIED TR T HIEF S %S,
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