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Determination of eight per- and polyfluoroalkyl substances in
seawater using dispersive membrane extraction-ultra-high
performance liquid chromatography-tandem mass spectrometry
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Abstract: Per- and polyfluoroalkyl substances (PFASs) are widely utilized in various industrial
applications. Their persistence in ecosystems raises significant global environmental health concerns.
Numerous studies have confirmed the toxicity of PFASs to human endocrine and immune systems.
The carcinogenic risks associated with PFASs exposure increasingly alarm public health authorities
worldwide. As a result, regulatory policies have been implemented to restrict both the production
and environmental release of PFASs. In China, the GB 5749-2022 standard establishes stringent limits

for PFASs concentrations in drinking water, capping levels of perfluorooctane sulfonic acid (PFOS)

5 B #1:2025-04-07
* BIELZE A Tel: (0532)85071262, E-mail : majiping2012@163.com ( & 4% F- ) ; E-mail : lishuang@qut.edu.cn( 2 32 ).
E£WH:FEARBEIE4S(21976099) ; IR A A R FHE L4 (ZR2019MB046).
Foundation item: National Natural Science Foundation of China (No. 21976099) ; Natural Science Foundation of Shan-
dong Province of China (No. ZR2019MB046).



- 1236 - t e % 43 %

at 40 ng/L and perfluorooctanoic acid (PFOA) at 80 ng/L. Effective monitoring of PFASs requires
advanced analytical techniques that exhibit exceptional sensitivity. Ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS) has emerged as the preferred technique
for detecting these substances due to its superior selectivity and low detection limits. However,
complex environmental matrices necessitate optimized sample pretreatment strategies to enhance
analysis accuracy. Efficient extraction methods must effectively address matrix interference while
ensuring analyte enrichment. Dispersive membrane extraction (DME) presents distinct advantages
for the pretreatment of PFASs; its operational simplicity is complemented by high enrichment
capabilities and efficient mass transfer. The selection of extraction materials critically influences DME
performance parameters. Metal-organic frameworks (MOFs) are porous materials composed of
organic ligands and metal clusters, featuring tunable pores, high surface areas, and rapid mass
transfer. These unique properties enable their current use in sample pretreatment for environmental
analysis. This study integrates DME with UHPLC-MS/MS utilizing cationic MOF membranes, enabling
simultaneous detection of eight different PFASs within seawater matrices. Optimized parameters
ensure reliable quantification of trace-level contaminants throughout this process. The experimental
design assessed various parameters, including types of organic solvents (methanol and acetonitrile) ,
ammonium acetate concentrations in the aqueous phase (0.1, 0.5, 1.0, 2.0, and 5.0 mmol/L), as
well as ion source voltages (-2 500, -3 500, and —4 500 V), all of which influenced detection
efficacy. Chromatographic separation was performed using an ACQUITY UPLC BEH C18 column
(100 mmx2.1 mm, 1.7 pm). Gradient elution combined 1 mmol/L. ammonium acetate with acetonitrile
for optimal results. Detection was conducted utilizing electrospray ionization (ESI) in negative ion
scanning mode coupled with multiple reaction monitoring (MRM). The results indicated that all eight
PFASs could be effectively separated within a timeframe of 12 min, exhibiting favorable peak shapes
and high response values. Under optimal conditions, the eight PFASs demonstrated strong linearity
across their respective concentration ranges; the correlation coefficients (72) were all not less than
0.990 7. Recoveries of PFASs at spiking levels of 10, 50, and 100 ng/L ranged from 50.4% to 116.4%,
while intra-day and inter-day relative standard deviations (RSDs) varied from 1.0% to 19.2% and from
2.2% to 19.5%, respectively. The method’s limits of detection (LODs) ranged from approximately
0.07 ng/L to 0.49 ng/L., whereas the limits of quantification (LOQs) varied from around 0.22 ng/L
to 1.63 ng/L. Jiaozhou Bay serves as a typical semi-enclosed bay along the Pacific coast where
terrestrial runoff converges nutrients alongside diverse organic/inorganic pollutants that pose potential
health risks for aquatic organisms inhabiting these waters. This method was utilized for the detection
of the eight PFASs in the surface seawater of Jiaozhou Bay, and seven types were successfully
identified. Among these, potassium 11-chloroeicosafluoro-3-oxaundecane-1-sulfonate (Minor F-53B)
exhibited the highest detection concentration, with an average mass concentration of 17.11 ng/L.
When compared to the 2018 detection results of PFASs in the surface seawater of Jiaozhou Bay,
the average mass concentration of perfluorooctanoic acid (PFOA) has significantly decreased. Ad-

ditionally, potassium 9-chlorohexadecafluoro-3-oxanonane-1-sulfonate (F-53B), one of the newly
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emerging PFASs, was detected in the surface seawater of Jiaozhou Bay, which may be attributed

to the recent shift in PFASs production. The widespread use of these new PFASs may introduce

environmental risks. These risks resemble those of traditional PFASs and require urgent attention.

In summary, this method is operationally straightforward, rapid, and highly sensitive; it is suitable

for analyzing the eight PFASs in seawater. This approach can provide a valuable data foundation

and scientific basis for research and analysis concerning PFASs in environmental water bodies.

Key words: per- and polyfluoroalkyl substances (PFASs) ; dispersive membrane extraction

(DME) ; cationic metal-organic framework; ultra-high performance liquid chromatography-

tandem mass spectrometry (UHPLC-MS/MS)
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BAHBRAR, W25 W3, 6- " HHT R
(HFPO-TA, 4§ i 95%) W FI 3t 3% 372 S ik B4 A R
Hlo LI 8 Fl PFASs ¥ Ak = v o DL 3% 1.

ZrCL (2l B 99.5%) W A b1 242 s bRAE L RHE A
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[T B R T Ak 2 3K R A5 PR A ] PYDF (46 B
99%) W [ 3% [ B v 3528 ®) o PR (4 AT Al ) 2K
(rMrad) i N, N-—FF 3 B e (43 r 2 il 1 1 24
LR BRA R . R (OISR F g (4
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Fig.1 Sampling sites of Jiaozhou Bay
The figure was generated using ArcGIS 10.8.1.
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it W, & TR /N, F 4 TR, B 25
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R EE N 100 mg/L IR & EfR & W . (I, L
S v TR0 TR 5 s o At 5 YR T BT R B Oy
0.1.0.5.1.5.25.35.50 pwg/L i) 25 IR & Fr I W .
NAREN )T 4 ¥ 8 Fh PFASs R4 b 6k 45 W
KB R EWEE N 0.5.0.8.1.5.2.0.5.0,
10.0.50.0 F1 100.0 ng/L A H AR iAW .
1.4 HRETAERRE

SR FH A TR A i T4 b 2P A R A
SHF K FESEATRT AL B . F-TMU-66"HF Ui gtk A
HLEC AR F-H.BDC 5 INO 9 i i = ol 301,
e A AU Ak B R AR K AR - e ik 15 mg F-
TMU-66" ) i & & i i (F-TMU-66'C1/PVDF
MMM)#E A 50 mL i K it v (PFASs fill b 57 & ¢
J& 100 ng/L) , #£ 30 C1H & & 3% #% * # B 25 min,

®1 8T PFASsHIMENFEMER
Table 1 Physicochemical properties of the eight per- and polyfluoroalkyl substances (PFASs)

®

Analyte M, pK, log K,
Heptafluorobutyric acid (PFBA) 214.04 -0.11 2.04
Perfluorooctane carboxylic acid (PFOA) 414.07 0.50 0.50
Tridecafluorohexanel-sulfonic acid (PFHxS) 400.12 -3.34 3.93
Perfluorononanoic acid (PFNA) 464.08 0.52 4.46
2,5-Bis(trifluoromethyl)-3, 6-dioxaundecafluorononanoyl fluoride (HFPO-TA) 496.07 6.43 0.42
Perfluorooctane sulfonic acid (PFOS) 500.13 -3.27 5.14
Potassium 9-chlorohexadecafluoro-3-oxanonane-1-sulfonate (F-53B) 554.17 / 6.04
potassium 11-chloroeicosafluoro-3-oxaundecane-1-sulfonate (Minor F-53B) 670.62 / 7.25

* Data were calculated using ChemDraw Professional v20.0; /: not available.
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58 18 A UG B F-TMU-66"C1/PVDF MMM % #
EREM PN 8 mL ARBUF R 7% 1 2K H B
WHAT 30 min R VRN . BEMAE 40 TR ARk
45 235 T, FH 200 pL R E0CR 40% 1 216 K %
WA W, % 0.22 pm JE 53 8 J5 >Rl UHPLC-MS/
MS #a il .
1.5 U=|EH

{6,3% 4% : ACQUITY UPLC BEH C18 (100 mmX

2.1 mm, 1.7 um) ; H: : 40 C; i : 0.4 mL/min; 7
FEARAL 10 pL; P 8h A : A 40 1 mmoV/L &, ik % 7K
VW, B AH S SN 5 E LS BE < 0~12.0 min, 95%A~
5%A; 12.0~15.0 min, 5%A; 15.0~15.1min, 5%A~
95%A; 15.1~16.0 min, 95%A .

T S U TS R W 55 B 7 (ESD R
B IR R -2 500 VB IR IR E - 300 C 5 2 [
Wit ;8 Flt PFASs i Hifth B3 2 8 L% 2.

x2 S8THPFASsHIRILSH
Table 2 Mass spectrometry parameters for the eight PFASs

Analyte i, /min Precursor ion Product ions Declus.tering Colli'sion
(m/z) (m/z) potentials/V energies/eV
PFBA 3.20 212.8 168.7" -39.1 -12.0
PFOA 6.02 413.1 368.6",168.9 -52.7, -53.1 -15.8, -26.9
PFHxS 6.22 398.9 79.9",99.0 -119.8, -106.0 =77.0, -74.0
PFNA 6.63 463.0 418.7°,218.9 -51.1, -26.9 -16.7, -23.8
HFPO-TA 6.93 495.2 185.0°,450.4 -24.0, -22.0 -9.2, -5.6
PFOS 7.84 498.9 79.6",98.8 -140.0, -140.8 -98.2, -98.2
F-53B 8.14 530.8 350.7°,82.7 -107.7, -122.0 -36.0, -70.0
Minor F-53B 9.88 630.7 450.9" -113.0 -39.9
* Quantitative ion.
s I, PEFE 1.0 mmol/L £ R ¥ /K ¥ W5 2 1 4 i
2 ZR5itie )
EILi e
2.1 REGEZFGML 2.1.2 R B AE T KA LR B R E M
211 mEHAF A EE T s AH pH R B R W H AR 8 7R SO @35 Hh Y

X T 1.0 mmoVl/L Z % 8% 7K % W - H B Al 1.0
mmol/L Z FR% 7KV 1 - £ N6 PRI IR sh AR & % 8 #p
PFASs W& JE FFAE R0 1 A% B0 B 5200 o 25 5 (DL 1A 2)
WR R S HEE R B sh A B, B bR 8 53 B 80O T
U AR 5 W N 5 B R R . G AN #E ESLad R, &
i F T R A e M IR SR T 5K T B RE R A S P
BN, 33X R RE PR A R TR AR ROR

B F T A5 RN G R b B0 R B R . AR T 5 0L
1 7E i S A O A — g R 1) pH 1 R DLk B
PRI B AL ROR R @R AT N . SRR R
A RE SRS, W INE PR RCR A
PEGF R 5 F /N R B BT S R AR AT
H FHF PFASs (WA 0335 - 003 ik o0 B vh e AR S
Xt TR B W B R AT T ARAL HF B SR TN IR &R
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Fig.2 Chromatograms of PFASs using (a) methanol and (b) acetonitrile as organic mobile phase
Peak identifications: 1. PFBA; 2. PFOA; 3. PFHxS; 4. PFNA; 5. HFPO-TA; 6. PFOS; 7. F-53B; 8. Minor F-53B.
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W JF(0.1,0.5.1.0.2.0.5.0 mmol/L) %} 8 Fff PFASs
) o7 2 3 A RE . A5 SR AN 3 TR Bl 2R Bk
JE 0T BRAEVS W 8 B PFASS A i 7 58 & 5 B
S GRS . MO RE WSS 1.0 mmol/L i,
M) 7 5% 3 3k 2 fe A o 4 4R B VR T 1.0 mmoV/
L B o 07 5 B T 4R T B X AT RE SR B TR R SR
B g m| B B T AN . R, AR O SR A E &
T &4 1) 4 1 o 1.0 mmol/L,

24 4
22
204

0.1 mmol/L
0.5 mmol/L
1.0 mmol/L
2.0 mmol/L
5.0 mmol/L
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B3 KHEFRMANREREZ B %X 87 PFASsIEERAI#IE (n=3)

Fig. 3 Effect of adding different concentrations of ammo-
nium acetate in aqueous phase on peak areas of the
eight PFASs (n=3)
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B IR L R AR S 3 43 A 0 O B 4 I S 48k,
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W% 1% v L 5 S VA T L R T R . R
VR B R S4B e 5 G o AR W 2 T HL A
JE % AR, L fr i R B A e T
PFASs) I, i UM LB 1o BB T1E
YilE R 485 1 A 45 10F AN 0T i 20 B 3 L e A A
DA 2R . B, s VR e HE R R b Y E AR S
T RCR A B e, T 6 UHPLC-MS/MS 46
W 8 F PFASs {5 5 5 59 d CHEVE ] . ARIH %
7 AN B 7 L R (=2 500, -3 500 Fll-4 500 V)
XE SRR, 5 R aE 4 fs W — G
FER ) L W T AR AR AN R BRI L KR A
H bR Ak 4 0% i 10 58 B2 7R 2 I S -2 500 VI
5 B g RAE T3 A R TR U 5 BUfE 5 0 T R
X — G AT AR H R | B A oy e G, i
ZHEFHARE G, 5E R A 5kl

Iy A 24w . L, A 5256 e ZOKE 2 IR R 15
-2 500V,

Peak area/10°
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o4 £ ¥oor S
O & & & & & &8
$

Analyte Q\&
4 AREFEBREX ST PFASsIEE RN (n=3)

Fig. 4 Effect of different ion source voltages on peak ar-
eas of the eight PFASs (n=3)

2.3 FIEFEWIE

H1 T PFASs i 12 H 5 75 3% 55 % B A& 1
il i L BR B S bk B IR 20 B TN M M B Y A
ML o A B A KO0 0 v 0 e A R o A T ) o A v [
A AT R A3 R BRSE S O 0 T A RO AT S
EFNER AL B, PR AL S5 1 T X 8 Fft PFASs #4174k
PR R R %, A5 Ak 3 ik, PFOA .PFOS #il
F-53B £ 0.5~100.0 ng/L & [l 4 , PFNA #il Minor
F-53B £ 0.8~100.0 ng/L i [# N , PFBA .PFHxS Fl
HFPO-TA 7 2.0~100.0 ng/L i [l P9 34 & #0 K 4 19
APEXR LML RE )N 0.990 7~0.999 6.
J7 2 K BR (LOD) A g 1 FR (LOQ) 43 3114 0.07~
0.49 ng/L 1 0.22~1.63 ng/L, % J5 ) LOQ Ik T3¢
FE GB 5749-2022 (A= 3% Tk FI K T3 A= A% o ) v Xt
PFOS (40 ng/L) il PFOA (80 ng/L) () ¥ & BR A& , i
B E T AT B FEAR R

AN, E 28 [ K T 43 0 AT 3 4 Tk EE A
JE B AR S5, 8 4 s i PRASs TR A b 1 7 008 B
LU KRR b 5 bR Y BT v 43 0l Gk B 10.0,
50.0 F1 100.0 ng/L, 4% & I 34§y &b B 5 2% 9647 0 A
[l Sy, T 58 T (] o538 R X A 7 f 25 (RSD) o
g5 R W], 8 Bl PFASs [ il A5 [ Ui 3% Sk 50.4%-~
116.4%, H A A1 H 6] 19 RSD 435 A 1.0%~19.2% Al
2.2%~19.5%, Z5 R UL 3 4. %45 R R I Ty 0 EH
SR FAE AR R R4, 38 F T KA Al b 8 PFASs
I
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Table 3 Performance parameters of the analytical method for eight PFASs

Analyte Linear range/(ng/L) Linear equation 7 LOD/(ng/L) LOQ/(ng/L)
Minor F-53B 0.8-100 y=81.96x+599.20 0.9907 0.19 0.64
F-53B 0.5-100 y=7608.502-22923.00 0.9952 0.07 0.22
PFOS 0.5-100 y=2403.1020-2992.30 0.9972 0.09 0.28
PFNA 0.8-100 ¥=1988.202-5861.30 0.9974 0.20 0.65
PFHxS 2.0-100 y=773.622+2489.40 0.9996 0.49 1.63
PFOA 0.5-100 y=1367.40x+5714.70 0.9960 0.09 0.31
PFBA 2.0-100 y=137.692+341.71 0.9991 0.47 1.56
HFPO-TA 2.0-100 y=47.87x+193.67 0.9947 0.48 1.59

y: peak area; x: mass concentration, ng/L.

#*4 8T PFASsHIMIREK R K BT FRERE (n=3)

Table 4 Spiked recoveries and relative standard devia-

tions (RSDs) of the eight PFASs (n=3)

Analyte Spiked/ Recov- Intra-day Inter-day
(ng/L) ery/% RSD/% RSD/%
PFBA 10 100.1 19.2 18.0
50 102.7 9.1 2.2
100 115.8 2.5 7.7
HFPO-TA 10 116.4 18.9 15.3
50 86.3 17.8 18.2
100 71.3 12.1 15.5
PFOA 10 116.1 9.4 14.8
50 62.8 3.9 5.2
100 50.4 15.3 18.2
PFHxS 10 94.9 14.6 14.8
50 108.2 16.7 10.6
100 97.5 4.7 8.1
PFNA 10 103.0 14.6 17.9
50 64.8 16.9 14.8
100 63.0 1.0 16.8
PFOS 10 103.6 4.6 4.5
50 91.9 13.8 11.7
100 77.1 13.4 11.3
F-53B 10 88.8 4.8 14.0
50 80.7 12.9 19.5
100 83.4 4.7 17.8
Minor F-53B 10 71.1 11.0 15.4
50 108.2 6.4 14.7
100 76.1 8.0 17.9
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