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Abstract: The increasing demand for the detection of polycyclic aromatic hydrocarbons (PAHs)
in the complex matrices of the marine environment requires overcoming the limitations of traditional
detection methods, particularly in terms of sensitivity and accuracy. Analyzing PAHs in seaweed
matrices is often hindered by significant interference owing to the complex compositions of these
matrices, which compromises both qualitative identification and quantitative determination. To
address these challenges, this study developed an innovative and efficient method for detecting PAHs

based on ultrasound-assisted gas-liquid microextraction (UA-GLME) coupled with gas chromatography-
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mass spectrometry (GC-MS). The developed method involves extracting a seaweed sample with
dichloromethane-hexane (DCM-HEX) (1:1, v/v), followed by further GLME. The separated sample
is then analyzed using a DB-5MS capillary column (30 mx0.25 mmx0.25 wm) in SCAN and selective
ion monitoring (SIM) modes. PAH extraction efficiencies were enhanced while significantly
minimizing the co-extraction of interfering compounds by exploiting the cavitation effects of ul-
trasound. This optimization procedure improves both PAH-detection sensitivity and accuracy while
reducing matrix effects. Under optimal conditions, the PAHs showed excellent linearity in the range
of 5.0-2 000 ng/mL, with correlation coefficients (R*) exceeding 0.999. Limits of detection (LODs)
ranged between 0.001 and 0.01 pg/mL, while method detection limits (MDLs) of 0.004-0.04 mg/kg
were recorded. The recovery rates at high, medium, and low concentration levels were 62.32%
-91.64%, with relative standard deviations (RSDs) between 2.94% and 9.15%. The developed method
significantly reduces interference from lipophilic and low-volatility co-extractives, while removing
co-extractives, such as long-chain alkanes, fatty acids, and sterols, at rates of up to 100%.
Chromatographic comparisons revealed that the UA-GLME method delivers superior peak shapes
for the target PAHs, enhanced signal-to-noise ratios, high quantitative accuracies, and remarkable
resistance to seaweed-matrix interference. The method was used to detect PAHs in seaweed samples
from the East China Sea, Bohai Sea, Yellow Sea, and South China Sea, with the 16 PAHs detected
at varying levels. Both low-molecular-weight PAHs (such as naphthalene, phenanthrene, and
fluorene) and high-molecular-weight PAHs (such as benzo[ a Jpyrene and benzo[ k] fluoranthene )
were detected at high rates. This method offers a reliable approach for the qualitative and quantitative
analysis of PAHs in seaweed, thereby providing valuable technical support for assessing marine
environmental pollution and evaluating risks. The developed method can be extended to other
complex matrices by optimizing the ultrasound conditions and solvent system, thereby offering new
strategies for environmental monitoring and pollutant-source tracing.

Key words: ultrasound-assisted (UA); gas-liquid microextraction (GLME) ; gas chromatography-

mass spectrometry (GC-MS); polycyclic aromatic hydrocarbons (PAHs) ; seaweed
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Table 1 MS parameters of the 16 polycyclic aromatic hydrocarbons (PAHs) and three isotope internal standards

Quantitative ion (m/z) Qualitative ions (m/z)

Compound Retention time/min
Naphthalene (Nap) 6.683
Acenaphthylene (Acy) 10.250
Acenaphthene (Ace) 10.667
Fluorene (Flu) 11.908
Phenanthrene (Phe) 14.093
Anthracene (Ant) 14.200
Fluoranthene (FluA) 16.192
Pyrene (Pyr) 16.533
Benz[ a Janthracene (BaA) 18.483
Chrysene (Chr) 18.550
Benzol b |fluoranthene (BbF) 21.089
Benzo| k |fluoranthene ( BkF) 21.178
Benzo| a]pyrene (BaP) 22.134
Indeno[ 1,2,3-cd Ipyrene (IcdP) 27.161
Dibenz[ a,k Janthracene (DBahA) 27.402
Benzo| ghi |perylene (BghiP) 28.645
Phenanthrene-d,, (Phe-d ) 14.092
Fluoranthene-d,, (Flu-d,,) 16.190
Perylene-d , (Pyr-d ,) 22.339

128 127/129
152 151/150
154 153/152
166 165/163
178 176/179
178 176/179
202 200/101
202 200/101
228 226/229
228 226/229
252 250/253
252 250/253
252 250/253
276 1387277
278 279/139
276 138/137
188 189/184
212 202/213
264 260/265
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3.0
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o 2 4 7
215+ 12
8 7 13
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0.0 —
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E1 16 PAHs BE3FAIREARERE(l pg/mL)NEABETFREIER
Fig.1 Totalion current chromatogram of the 16 PAHs and three internal standards (1 pg/mL) in the mixed standard solution
1. Nap; 2. Acy; 3. Ace; 4. Flu; 5. Phe-d; ; 6. Phe; 7. Ant; 8. Flu-d,;; 9. FluA; 10. Pyr; 11. BaA; 12. Chr; 13. BbF; 14. BKF; 15. BaP;

16. Pyr-d,,; 17. IcdP; 18. DBahA; 19. BghiP.
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Fig. 2 Effect of different extraction solvents on the recov-
eries of the 16 PAHs (n=3)
HEX: hexane; DCM: dichloromethane.
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B 3 BHHMA%Z(a)GLME 5(b)UA-GLME ZEEEM 28 FR@aitE
Fig. 3 Total ion current chromatograms of the seaweed samples extracted with (a) GLME and (b) UA-GLME
GLME: gas-liquid microextraction; UA-GLME : ultrasound-assisted gas-liquid microextraction.
Peak identifications: 1. eicosane; 2. pentadecane; 3. heptatriacontane; 4. tetradecanoic acid; 5. neophytadiene; 6. 3,7, 11, 15-tetra-

methyl-2-hexadecenyl acetate; 7. 3,7, 11, 15-tetramethyl-2-hexadecen-1-ol; 8. hexadecanoic acid; 9. docosapentaenoic acid methyl es-
ter; 10. linoleic acid; 11. arachidonic acid; 12. 2-monopalmitin; 13. (5Z,11Z, 14Z, 17Z) -eicosatetraenoic acid methyl ester; 14. 2, 3-ep-
oxysqualene; 15. stigmasterol acetate; 16. 58-pregn-11-ene-3,20-dione; 17. delta 5-avenasterol.
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Fig. 4 Chromatograms of PAHs before and after UA extraction
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Fig.5 Effects of different extraction methods on the re-
coveries of PAHs in seaweed samples (n=3)
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Table 2 Regression equations, correlation coefficients

(R?), limits of detection (LODs) and method de-
tection limits (MDLs) of the 16 PAHs
Compound Regress.ion equa- ) LOD/ MDL/
tion (pg/mL)  (mg/kg)
Nap Y=0.651X+2.412 0.9997 0.001 0.004
Acy Y=0.562X+2.067 0.9996 0.001 0.004
Ace Y=0.353X+1.475 0.9997 0.001 0.004
Flu Y=0.353X+1.475 0.9998 0.001 0.004
Phe Y=0.521X+1.241 0.9998 0.001 0.004
Ant Y=0.521X+1.241 0.9999 0.001 0.004
FluA Y=0.526X+1.292 0.9998 0.001 0.004
Pyr Y=0.547X+1.271 0.9998 0.001 0.004
BaA Y=0.510X-4.348 0.9995 0.002 0.008
Chr Y=0.509X-6.931 0.9999 0.002 0.008
BbF Y=0.521X-3.487 0.9998 0.005 0.02
BkF Y=0.519X-2.380 0.9995 0.005 0.02
BaP Y=0.500X-4.327 0.9995 0.005 0.02
InP Y=0.439X-7.074 0.9990 0.010 0.04
DBahA Y=0.365X-7.487 0.9985 0.010 0.04
BghiP Y=0.471X-4.653 0.9996 0.010 0.04

Linear range: 5.0-2000 ng/mL; Y: peak area ratio of target
compound to instrument intenal standard; X: mass concentra-
tion ratio of target compound to instrument internal standard.
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Table 3 Recoveries and RSDs of the 16 PAHs in spiked
seaweed samples (n=3)

0.05 pg/mL 0.50 pg/mL 2.0 pg/mL
p(i::;l(-l Recov- RSD/ Recov- RSD/ Recov- RSD/
ery/% % ery/% % ery/% %
Nap 72.68 4.13 74.65 2.96 85.54 5.06
Acy 63.21 5.83 62.32 3.95 67.94 6.51
Ace 86.91 8.39 79.29 4.96 91.64 4.66
Flu 74.35 5.73 74.52 3.59 82.80 4.28
Phe 84.91 7.19 83.11 5.35 85.29 8.33
Ant 78.68 5.47 80.33 4.96 77.71 2.94
FluA 87.27 6.19 81.38 5.77 82.17 6.81
Pyr 80.88 5.97 81.31 5.14 84.92 5.08
BaA 86.10 2.74 90.91 5.95 89.77 5.82
Chr 79.02 6.55 83.06 5.39 88.64 8.47
BbF 81.52 7.83 84.59 5.26 82.41 6.74
BKF 77.35 3.61 79.93 4.50 81.71 9.15
BaP 78.52 5.49 80.27 5.71 73.85 7.55
InP 69.83 8.45 75.33 6.66 76.69 6.77
DBahA 84.85 6.66 83.79 9.08 77.72 8.08
BghiP 85.63 5.67 72.28 7.08 75.44 7.90

4% 9 F0.023 6~0.048 4 mg/kg F1 0.025 7~0.100 8
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Table 4 Comparison between this method and those reported in the literature

Sample Extraction solvent Sample pretreatment
Method Samples . i Recovery/% RSD/%
amount volume/mL time/min
MEPS-GC-MS'* surface snow 4 mL >4 >10 77.6-120.8 <15.00
LLE-SPE-GC-MS'** edible oils 500 mg >15 >15 87-104 <7.50
Florisil-SPE-GC-MS'* biopolymers 100 mg >30 >180 89-101 <18.00
QuEChERS-GC-MS'?! poultry meat 5g >20 >13 71.2-104 <7.00
This work seaweed 200 mg 0.4 10 62.32-91.64 <9.15
MEPS: microextraction by packed sorben.
x5 LHRBHEHSTI6FHPAHsHE = (n=3)
Table 5 Contents of the 16 PAHs in actual seaweed samples (n=3) mg/kg
East China Sea Bohai Sea Yellow Sea
Compound Southern China Sea
No. 1 No.2 No. 3 No. 1 No. 2 No. 3 No. 1 No.2 No. 3
Nap 0.0294 0.0788 0.0800 <MDL 0.0386 0.0292 0.0263 ND 0.0391 0.0338
Acy ND ND 0.0130 ND ND ND <MDL 0.0225 <MDL ND
Ace ND ND ND ND ND ND ND ND ND ND
Flu <MDL <MDL 0.0294 <MDL <MDL <MDL 0.0250 <MDL ND <MDL
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Table 5 (Continued) mg/kg
Compound East China Sea Bohai Sea Yellow Sea Southern China Sea
No. 1 No. 2 No. 3 No. 1 No. 2 No. 3 No. 1 No.2 No.3
Phe <MDL <MDL 0.0422 <MDL <MDL <MDL 0.0317 <MDL <MDL ND
Ant <MDL <MDL 0.0302 <MDL <MDL <MDL 0.0230 ND <MDL ND
FluA ND ND ND ND ND ND 0.0336 ND ND ND
Pyr ND ND ND ND ND ND 0.0344 ND ND ND
BaA <MDL 0.0350 0.0727 <MDL 0.0350 ND 0.0474 ND ND ND
Chr <MDL 0.0349 0.0678 <MDL 0.0280 ND 0.0415 ND 0.0523 ND
BbF 0.0241 0.0516 0.0965 <MDL 0.0434 0.0227 0.0466 <MDL <MDL <MDL
BkF 0.0219 0.0516 0.0922 <MDL 0.0422 0.0210 0.0459 <MDL <MDL <MDL
BaP 0.0257 0.0603 0.1008 <MDL 0.0484 0.0236 0.0491 <MDL <MDL <MDL
IcdP 0.0452 0.0893 0.1416 0.0275 0.0768 0.0421 0.0610 <MDL <MDL <MDL
DBahA 0.0864 0.1301 0.1867 0.0665 0.1199 0.0878 0.1183 0.0502 0.0639 0.0689
BghiP <MDL 0.0909 0.1450 <MDL 0.0790 <MDL 0.0559 <MDL ND <MDL

3

ND: not detected.
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