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ng/kg, Ik mARy 0.031~0. 240 pg/kg, FEZS FRRM 4T HIEN 0. 25.1.0.2. 5 pg/kg 3 MIFs/KF-1 15 F H-
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Abstract: Halogenated polycyclic aromatic hydrocarbons ( H-PAHs ), including chlorinated

polycyclic aromatic hydrocarbons ( Cl1-PAHs) and brominated polycyclic aromatic hydrocarbons
(Br-PAHs) , are compounds in which one or more hydrogen atoms replaced by chlorine or bro-
mine atoms. These compounds are not only difficult to degrade but also highly fat soluble and
toxic. They are a new type of high-risk organic pollutants with structures similar to those of
dioxins, and their toxicity is even higher than that of the parent polycyclic aromatic hydrocar-
bons (PAHs). The bioaccumulation of H-PAHs can be predicted by their octanol-water partition
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coefficient (K, ) ; in general, higher bioaccumulation capacity and K, values indicate greater
fat solubility. Therefore, animal-derived foods with higher fat contents, such as animal meat,
milk, aquatic products, and their processed forms, are more likely to be contaminated with
higher contents of H-PAHs than those with lower fat contents. In this work, a gas chromatogra-
phy-triple quadrupole mass spectrometry ( GC-MS/MS) method coupled with stable isotope di-
lution was established to determine 15 H-PAHs in aquatic products. The instrument and pre-
treatment methods were systematically optimized. The GC-MS/MS used in this method can ef-
fectively eliminate matrix interferences and features high sensitivity and low analytical cost;
thus, it has good application prospects. The samples were added with an isotope internal stand-
ard before extraction to calibrate the loss of the tested substance during the pretreatment
process, extracted by accelerated solvent extraction, purified using gel permeation chromatog-
raphy and PRiIME HLB columns, and then analyzed by GC-MS/MS. The use of two DB-5MS
chromatographic columns (30 mx0.25 mmx0.25 pum) and microplate fluidics technology to
connect chromatographic columns 1 and 2 in series led to better separation effects, good peak
shapes, and high target compound responses. The 15 H-PAHs demonstrated good linearities in
the range of 1-50 pwg/L, with correlation coefficients (7) greater than or equal to 0. 993. The
relative standard deviation (RSD) values of the relative response factor (RRF') of the H-PAHs
were less than 9%, the method detection limit ( MDL) was 0. 009-0. 072 ug/kg, and the meth-
od quantification limit (MQL) was 0. 031-0. 240 wg/kg. Three spiked levels of 0.25, 1.0, 2.5
ng/kg were added to the blank samples to determine the recovery and precision. The recoveries
for these spiked levels were 74. 6% —116. 8%, 77. 8% —123. 2%, and 71. 9% —124. 8%, respective-
ly, and the corresponding RSDs were 0. 6% -8. 2%, 0. 6% -9. 0%, and 0. 4% —10. 6%, respective-
ly. The total actual content of H-PAHs in aquatic product samples was 0. 60-3. 54 pg/kg. A-
mong the H-PAHs investigated, 9-chlorophenanthrene (9-CIPhe) showed the greatest detection
rate (100% ) and highest content (1. 15 wg/kg) , indicating that H-PAHs widely exist in aquatic
products. Thus, further assessment of the dietary exposure risk of these compounds is necessa-
ry. The developed method simplifies the pretreatment step, and has the advantages of simplici-
ty, rapid analysis, high recoveries, and good stability. It is suitable for the qualitative and quan-
titative analysis of H-PAHs in actual aquatic product samples and provides reliable technical
support for the residue status and risk assessment of H-PAHs in aquatic products.

Key words: isotope dilution method; gas chromatography-triple quadrupole mass spectrometry
(GC-MS/MS) ; halogenated polycyclic aromatic hydrocarbons ( H-PAHs) ; aquatic products
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~400 H, Bio-Beads, Cat #152-2750, Bio-Rad /%
"], 3 E), GPC ##(40 cmx2 cm)

H-PAHs #5 i : 2-% & (2-ClAnt ) | 2-7R 2 ( 2-
BrFle) 3-J%3F (3-BrPhe) ,9-7% 3E (9-BrPhe) ,9-7%
B (9-BrAnt) 9-%JE (9-ClPhe) 1-%( £ ( 1-ClPyr) .
T-HAAIF[a ] B (7-ClBaA) \7,12- " ARIF (7,12
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Fig. 1 Chemical structural formulas of the 15 H-PAHs
2-ClAnt; 2-chloroanthracene; 2-BrFle; 2-bromofluorene; 3-BrPhe: 3-bromophenanthrene; 9-BrPhe: 9-bromophenanthrene; 9-BrAnt .
9-bromoanthracene ; 9-ClPhe: 9-chlorophenanthrene; 1-CIPyr: 1-chloropyrene; 7-CIBaA . 7-chlorobenz| a ] anthracene; 7,12-Cl,BaA: 7,
12-dichlorobenz[ a ] anthracene; 7-BrBaA . 7-bromobenz[ a ] anthracene; 9,10-Cl,Ant: 9, 10-dichloroanthracene; 1,8-Br,Ant: 1,8-dibro-

moanthracene; 3-BrFlu: 3-bromofluoranthene; 9,10-Cl,Phe: 9,10-dichlorophenanthrene; 3-CIFlu: 3-chlorofluoranthene.
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Table 1 Mass spectrometry parameters of the 15 H-PAHs and seven isotope internal standards
Retention Quantitative Qualitative CE/ Retention Quantitative Qualitative CE/
No. Compound . . . K No. Compound X . R i .
time/min ion pair(m/z) ion pair(m/z) eV time/min ion pair(m/z) ion pair(m/z) eV
1 2-BrFle 15.698 243.8>165.0  165.0>115.0 30, 40|| 12 1,8-Br,Ant 29.839 336.0>176.0  334.0>176.0 45, 45
2 9-ClPhe 17.595 212.0>176.0  214.0>176.0 40, 40|| 13 7-ClBaA 35.417 262.0>226.0  264.0>226.0 40, 40
3 2-ClAnt 17.906 212.0>176.0  214.0>176.0 40, 40|| 14 7-BrBaA 38.419 305.9>226.0  307.9>226.0 35, 35
4 3-BrPhe 20.166 256.0>176.1  256.0>177.1 40, 40|| 15 7,12-Cl,BaA 39.873 296.0>226.0  298.0>226.0 35, 35
5 9-BrPhe 20.454 256.0>176.1  256.0>177.1 40, 40|/ 16 " C4-9-ClPhe 17.587 218.0>182.1  220.0>182.1 45, 45
6 9-BrAnt 20.982 256.0>176.1  256.0>177.1 40, 40|| 17 3 C,-2-ClAnt 17.897 218.0>182.1  220.0>182.1 45, 45
7 9,10-Cl,Ant 23.114 245.9>176.1  247.9>176.1 35, 35|| 18 Dy-9-BrPhe 20.300 264.9>184.1  264.9>186.1 40, 40
8 9,10-Cl,Phe 23.513 245.9>176.1  247.9>176.1 35, 35(| 19 3 C,-1-ClPyr 27.389 242.1>206.0  242.1>207.0 50, 50
9 3-CIFlu 25.384 236.1>200.1  236.1>201.1 45, 45(/20 3C,-7-ClBaA 35.409 267.9>232.0  269.9>232.0 35, 35
10 1-ClPyr 27.392 236.1>200.1  236.1>201.1 45, 45|[21 3C,-7-BrBaA 38.411 311.9>232.0  313.9>232.0 40, 40
11 3-BrFlu 29.058 280.0>201.0  282.0>201.0 30, 30|[22 ¥C4-7,12-Cl,BaA  39.865 301.9>232.0  303.9>232.0 40, 40
CE: collision energy.
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Fig. 2 Total ion current chromatograms of the mixed standard solution of the 15 H-PAHs (20 ng/mL)
a. 30 m chromatographic column; b. two 30 m chromatographic columns in series.
Compound numbers are consistent with those in Table 1.
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Fig. 3 Effects of three extraction solvents on the recoveries of the 15 H-PAHs (n=3)
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Fig. 4 GPC efflux curves of the 15 H-PAHs
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Fig. 5 Effects of four solid-phase extraction columns on the recoveries of the 15 H-PAHs (n=3)
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Table 2 Linear ranges, correlation coefficients (r),
relative standard deviations (RSDs), meth-
od detection limits ( MDLs) and method
quantification limits ( MQLs) of the 15 H-

242 EREFEEE

TESE f25 U S b o il i 3 Aok F (0. 25,
1.0.2.5 wg/kg) i 15 Ff H-PAHs TR & brife iAWk
AR PGS, BN AR 6 P4 TS, it
SRS X3 T T uAC 3 R X B v i 22, 45 S L3 3,

PAHs
No. Compound M€ range/ RSD/ MDL/ MQL/ ZERF W, 15 M H-PAHs 9 °F 24 Jin b 1] i 3 5
(ng/mL) % (ng/kg) (pg/kg)  71.9%~124.8%, RSD H 0.4% ~10. 6%, % ZLil &
eI RS, R G %15 H I
3 2-ClAnt 1-50 0993 87  0.009 0.3 PAHs LIRS BE D 0. 6% ~ 4. 2% , RIAARTTHE 1
4 3-BrPhe 1-50 0998 5.0  0.015  0.076 G 55 B FVERR I B4 6 R A &5k
5 9-BrPhe 1-50 0.994 7.4 0.027 0.091 2.5 ";—'—l;li*-:ﬁl:ll__ll:l;m] .—‘-.
6 9-BrAnt 1-50 0.998 5.4 0.040 0.132
7 9,10-Cl,Ant 1-50 0.996 4.4 0015  0.071 “’%Tjhaﬁiﬁki’fﬁiﬁé’] 10 *‘1‘7J<F':nuﬁéun ,
8 9,10-Cl,Phe 1-50 0997 42  0.019  0.054 Kot HHEATRG I | 254 50 b H-PAHs )& &5 L3 44
9 3-CIFlu 1-50 0.997 3.6 0.072 0.240 ’&'ﬁéun E/lu%%{}lbé [z]m [z] 6. Fﬁﬁ# ﬁ]ﬁ#\
10 1-ClPyr 1-50 0.999 3.0 0.014 0.075
11 3-BrFlu 1-50 0999 7.4 0018  0.092 t, 15 i H-PAHs 196 & 54 0.60 ~ 3. 54 pg/kg,
12 1,8-Br,Ant 1-50 0995 5.1 0019  0.058 Hirh 9-ClPhe PR H RN 100% , SEEG45 R0 | H-
4 rmma 1 oms 4 ows ow  LALs) DEETAFAM, KH-LHRARE
_Br - . . . . —
15 7,12-Cl,BaA 1-50 0.998 3.2 0.023 0.112 J)—(leﬁ\ i 4:1#?
%3 157 H-PAHs WMAREKEFBEZE (n=6)
Table 3 Spiked recoveries and precisions of the 15 H-PAHs (n=6)
0.25 pg/kg 1.0 pg/kg 2.5 ng/kg
No. Compound
Recovery/% RSD/% Batch RSD/% Recovery/% RSD/% Batch RSD/% Recovery/% RSD/% Batch RSD/%
1 2-BrFle 75.5 1.6 0.9 110.0 3.8 2.4 99.3 2.4 3.5
2 9-ClPhe 116.8 8.2 1.2 104.7 6.4 3.5 103.1 1.2 4.2
3 2-ClAnt 74.6 2.3 0.7 92.9 5.4 1.2 93.4 10.6 1.7
4 3-BrPhe 85.1 4.0 2.1 121.2 7.3 1.6 124.8 5.2 2.6
5 9-BrPhe 106.5 3.4 0.6 107.8 5.0 1.2 109.6 3.1 3.8
6 9-BrAnt 76.7 2.6 1.3 77.8 2.8 2.4 72.8 8.5 2.1
7 9,10-Cl,Ant 101.1 4.6 0.7 101.7 1.9 2.7 91.1 4.0 1.5
8  9,10-Cl,Phe 76.9 1.0 1.4 88.8 5.1 1.9 71.9 2.0 1.9
9 3-ClFlu 103.2 0.8 1.3 123.2 1.7 0.8 113.3 1.7 0.8
10 1-CIPyr 96.7 1.0 1.7 94.8 2.4 1.6 91.9 0.4 0.6
11 3-BrFlu 90.1 2.0 2.4 108.2 1.2 2.8 106.3 2.7 2.7
12 1,8-Br,Ant 111.9 0.6 1.6 116.8 4.0 3.4 99.6 4.1 3.1
13 7-ClBaA 87.4 3.6 1.8 86.6 3.2 2.4 80.0 2.0 2.1
14 7-BrBaA 82.3 5.2 2.6 88.7 0.6 2.1 82.8 3.2 1.9
15 7,12-Cl,BaA 75.6 7.2 3.1 78.1 9.0 0.9 73.9 3.1 1.5
x4 EERERGNER
Table 4 Results of actual sample testing ng/kg
No. Compound Yellow croaker Crayfish Turbot Crucian  Butterfish Grass carp Weever Crab Carp  Hairy crab
1 2-BrFle ND ND ND ND ND ND ND ND 0.28 ND
2 9-ClPhe 0.82 0.80 0.69 0.75 0.66 0.78 0.77 1.15 0.53 0.60
3 2-ClAnt ND ND ND ND ND ND ND ND ND ND
4 3-BrPhe 0.26 ND ND ND ND ND ND ND ND ND
5 9-BrPhe ND ND ND ND ND ND ND ND ND ND
6 9-BrAnt ND ND ND ND ND ND ND ND ND ND
7 9,10-Cl,Ant ND ND ND ND ND ND ND ND ND ND
8 9,10-Cl,Phe 0.38 ND ND 0.33 ND ND ND ND ND ND
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Table 4 (Continued)

No. Compound Yellow croaker Crayfish Turbot Crucian  Butterfish Grass carp Weever Crab Carp  Hairy crab
9 3-CIFlu 0.55 ND ND 0.40 ND ND ND ND ND ND
10 1-ClPyr 0.43 ND ND 0.30 ND ND ND ND ND ND
11 3-BrFlu 0.41 ND ND 0.34 ND ND ND ND ND ND
12 1,8-Br,Ant ND ND ND ND ND ND ND ND 0.36 ND
13 7-ClBaA 0.25 ND ND ND ND ND ND ND ND ND
14 7-BrBaA ND ND ND ND ND ND ND ND 0.29 ND
15 7,12-Cl,BaA 0.44 ND ND 0.29 ND ND ND ND ND ND

ND: not detected.

Intensity / 10°

] 8 10, 15

15 20 25 30 35 40 45
t/ min

Ee6 HEaFERHNABFRELE
Fig. 6 Total ion current chromatogram of the
crucian samples
Compound numbers are consistent with those in Table 1.
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