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& E. %R AR A RO R B RE R R 45 & B O 3% - H RS (HPLC-MS/MS) , 837 T [H]
HEH I HaR K . MR K L MK AETRTE K B TR K o 23 R A Ak A (PRASs ) B 7% o AKBEENIN H A
R (LR BE 10% HIE . 2 mmol/L ZIR%R) , i IRJE HIEMHE, & WAXHAELR S ERVHRE C aitE, L
ZNE-2 mmol/L ZEREL AT AAHBE BEVENL . 14 min N SERS S o SR I H TR 22 I 7 ) ( MRV A A
[F4 Z P bRTE E . 23 B EH BR PFASs 75 0. 50~100 ng/L TGN ERMEX R BT, X RE ()R T0.998; J7
R (MDL) 4 0. 05~0. 42 ng/L, MIFRIEIE H 78%~118%, FHXFFRUEMZEH 2. 5%~15%. 55 B 2R AH AL HR
EAHMG, Z A ERERAR 5 mL BN ETAG I 23 1 PFASs, BIALM R A SRR, B EARENIEFEK.
BRI B R | OEeRE . AR S ORI RS &, IR R 2B K B85 v i Y
PFASs J HOp ARSI H & MR A6 T —Fh sl o o4 B
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Determination of 23 Per- and Polyfluoroalkyl Substances in Water
by High Performance Liquid Chromatography—Tandem Mass
Spectrometry with Online Solid-phase Extraction
and Large-volume Injection

LIU Ya"?, SUN Shu-jing"*, ZHAO Li-juan"?, ZHANG Lei'’
(1. Liaoning Provincial Ecological Environment Monitoring Center, Shenyang 110000, China; 2. Liaoning

Provincial Key Laboratory of Environmental Monitoring Technology, Shenyang 110000, China)

Abstract: This study established a novel method for the simultaneous determination of 23 perfluoro-
alkyl substances (PFASs) in surface water, groundwater, seawater, domestic sewage, and industri-
al wastewater by combining online solid-phase extraction with large-volume injection technology and
high performance liquid chromatography—tandem mass spectrometry (HPLC-MS/MS). Water samples
were prepared for analysis by mixing them with methanol and ammonium acetate (final concentrations ;
10% methanol and 2 mmol/L. ammonium acetate) , after which they were filtered and directly inject-
ed. Following online enrichment on a WAX column, the analytes were transferred to a C,4 analytical
column and separated within 14 min by gradient elution using acetonitrile=2 mmol/L. ammonium ace-
tate as the mobile phase. The PFASs were detected by tandem mass spectrometry in multiple reaction
monitoring(MRM) mode and were quantified using the isotope internal standard method. The 23 tar-
get PFASs exhibited good linearity in the range of 0. 50-100 ng/L, with all correlation coefficients (r)
exceeding 0. 998, and detection limits ranging from 0. 05 to 0. 42 ng/L. The spiked recoveries of 23
target PFASs were 78%—118%, with relative standard deviations of 2. 5%~-15%. The developed meth-
od was used to analyze 14 real water samples collected in Liaoning Province, including surface water,
groundwater, seawater, and the effluent of a wastewater treatment plant. Eleven PFASs were detect-
ed, with PFBA, PFPeA, PFHxA, PFOA, PFBS, and PFOS being the predominant contami-

nants. Compared with conventional offline solid-phase extraction methods, this method requires
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small water samples (only 5 mL) and features a high degree of automation in terms of sample pretreat-
ment. This green analytical technique has several advantageous features: low sample consumption,
low solvent usage, broad detectable target spectrum, high analytical efficiency, and excellent envi-
ronmental compatibility. The new method provides a simple, rapid, and accurate analytical tool for
routinely monitoring legacy and emerging PFASs in different types of water environments.

Key words: online solid-phase extraction; large-volume injection; high performance liquid chro-

matography—tandem mass spectrometry; per- and polyfluoroalkyl substances; water

R E BE DT (PFASs) & —RANTH AL EY, HoaTaih a2 128 H
F(—CF) 8P H 5L (—CF,—) 3R . P i-(C—F)EERER S, PFASs HA SRk ArEM: . P&
SEME R KB IERE, H 20 2D s DO 2 N T e m A . 252 R TEPTMIR . S ands
FAKEGZEE R 2 TN 2% 545082, SR, PFASs ()12 A2 PR 0 S SO 7R A BRIR B v i
WIELE, X2 RAMEARZES OB — AN KA ZERPERREE M, PFASs (AR F=FIl H S 800K
BEREIREE T, i 2R NS RGO R . WFTIESE, PFASs ) ZTRETIRAAKY . =
WS SRR ARV EEREA LR . PR . 7L FER AL L S AR 2R K FFE T PFASs o]
R RE M, LG S S BRI . BRSO . AN . SRS XS N . A B
TITRELL R BRBR . ST PRASs XMAEZS RGEAI AR ZE b, HoA P2 5l 222 21 1=
PRt A5 W . 2 REEREEEIR (PROS) FI & IR (PROA ) K HAH R S e v pIN (WhiflaBf R 2
INET) B B BB AR A BOBRBIE SR, B 20004E LK, %k 5 3 B PRASs AR FE R B A 5 1A R K A
PFOSHIPFOA, (HAEFES OB R WA PEAENN L RBER, i E B 2004 458 5k 2Bk K 1)
PFOS Fll PFOA A= 77~ SV G . oAb, Bl K BE PFASs 142 77 i F 2 2) 7 A% BRI, 4556 PFASs I
25 TEE(PFBA) . 2 EREEEIR (PFBS) KL EGH R & S RS i 6 ¢ 2 SR 2 HUbe LBk BE IR (6 : 2 CI-
PFESA) . 25 (2-HHE-3-480%) ClRE% (GenX) ZE R #id 5 I N T8, HLEREEAT M ANEAE KBS [FIRE 5 ke T
JUEZRES . M PFASs A /KT HAERREE e LL A SRFEf, /KBRS o H B B A0 75 Yy (&4
wAD

P Rk, HETRR K PRASs IR U7k, T AT AR R AR ARAS L PR A A XU L R
MR K 22 A EEE . HE, /K PRASs A% RSN 7 72 32 B M Ae (i — o B 0 (LC-MS/
MS), PR 5 R | RAS R A g R v A IR B PRASs 43 AT A B T IE T (HK ke
PFASs J BEM SR04, HILRTE 2%, IAE LC-MS/MS 43 By i A 5 BEA TAE S B SE G Ak . AR SE 10 B 2%
[ AH AL (SPE) AT BRI BUKFE GBS =1 L), SVEBREE, FatE, HOMR R PR A i) Ja
PFASs IR AAR . AR — )@, FE W AHAE R R BB o %A G S A PR
RENRAR GRS R G, SEBURESRTAC RN E ik, UL TR B G 1~10 mL) , fAifk T
PRV, PR REAR T A8 S5 YRS . AR, Sl FHAEZE SPE R BY , Fe KIFFRABLE R Z IR F
SPEMEARAMEIE KRGV, —MAE2 mLEIN, X F/K IR ERAR (pg/L~ng/L ) ) PFASs, & 5L
EABBAR . RARFHERE (LVD) B AR E S B & AR BUE B IRk 2R EAERSR, v B b i
&, MIMyREMELZL SPE & 8ERE AR EIG . 4Kk, LVIS LC-MS/MS B H R QeI 215 34
R v B B e BT AR T VR T B TR R 2 e B R AT R A PRASs,  H Rkt
PR 220 . KA EEFF AR PFASs ISkl 7 ik A e sest . Ieah, BUTERIR bR . Tk brifEFl
bR, DR RO A T R T w AL A

AT GT B A NP0 5L T 78 2 1 AH AL BOR AR B A — o 5 R il — R R i, [ B0
KL HUTK AR AR Tl /K H 23 B ik S (13 Fh & URIRZE | 7 Fh & JBERR 2SN 3 Flvpi R ¢
R o AR SO AT FEARIALE . {LFF AT S mL (30550 8 26 SPE 18> 100~200 %), 4
AN A DA FIE #E<20 mL, AL RRATRE Sk, BERE WA R AR RIS AR AR S5 Yedlei, )
Ao LB R B R (KSR 0. 05~0. 42 ng/L) FI L 50T FAPE , FFARCHI— IR AL . BEREAEEU: |
RIHRAEE SREM A &, b 17 SCs = E EREMUR Y = i BT 4 SR ] A FR B K RS vp %2
PFASs 975 JeBUIR AT | AR ZS XUE DA DL R AH SIS B SR AR S 3%
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1 SCIGERSY

1.1 E5E&

Ve KRR 6 B - H B B (i3, LCMS-8060RX) , A 7RI HHZEBUR LS C, A (G184 (8
H, 100 mmx2. 1 mmx3 pm) 5 BEIEAFAEA WU Bt 8 as (OREeHERE , FLA20.22 pm, HAR 13 mm);
KQ-500B & 7 % 15 e o (B B 1 i 8 A 2R A BR 2 /) ) 5 Miilli-Q &8 4l K AL ( 3£ 1] Millipore 24 W] ) 5
Allegra X-30R &L (£ [E Becakmen Coulter A H] ) ; MS204S HL T4 071 K F (B AR R 228 7)) .
1.2 EZEHRE5RA

23 P A AL S AR R (2 50 me/L, LIHEE RN, 4ifE=98%, WWH LilF4is), A
B3R EFRRIMEY (PFCAs) : 2R TR, 2R . 2% AR, 2%FE% . 2%FER . 2% TR,
EREW . SRR, 2R 2REE . 28T SRR SRR 25T ONER . 2% T\
BElR ;s 7R AR EEIR ML S (PFSAs) : U T FEfile . R EmE . SO IR . 4 %P
1% . BRCERER . 2R TR . 2R BSREEE; 3PS HEERMN: 4, -4 k-3-H-2% T
. 6 2&MRELHBEEEEE . 8 2 AR EBHBBNE . 13 Fh 2RI SRR FURIRE 2 mg/L, LI
BEREER, AL BE>98%, [N ZRAEE>99%, WH L), f4%: "C-PFBA. "C,~PFPeA. “C,-
PFBS. “C,-PFHxA. “C,~PFHpA. "“C,~PFOA. “C,~PFHxS. “"C,~PFNA. “C,-PFDA. “C,-PFOS. “C,-
PFUnDA . "C,~PFDoDA F1°C,-PFTeDA

HEE ., OB (aika, fEE Merck); 2K (TESMMATEK); BaK, WIR(Giga, EE
ThermoFisher) ; ZERER({Gial, F#F22HE); 2 mmol/L ZREHAR (BRO. 154 ¢ ZEREET 1 LAk ),
1.3 #HFmi&E

20254E8 H, A AIREIL T EN 5 AMCRNE SO0 2HUFEK . PhBH T 3K IE Y 3 4 mSA7 0 I 2 H
KL RS AT IS KK ASPATRE) © PBHIE Tk 5 KRR Tolk B K K 2ASFATHE)
VLR R ST R K (2 A PATAE) . 3R 144K EE . MoK . Hb R oK L 15 KR KRR i 43 il 4 R
CHb KRB e =2 W I AR BT ) (HJ 91.2-2022)" . (H R /KRR B ARBIE) (HJ 164-2020) "
CrE KW IF ARBAE) (H) 91, 1-2019) VAl GRS 55335y . HEMCREE . I0F 5i2H) (GB
17378.3-2007) ' #E17 R & . AESM FEIAE S, REFIMEEE, T4 CLUTAmM. %, bk
[

1.4 BIbEHZE

HETR AL 4. 0 mL K AR S (KRS BRI R GEY), T80 EBEER) F 5 mL EHA 25
H, BEAN 0.5 mLHiE, 0. 1 mL 100 mmol/L ZFREE/KIEH, FHENIN 50 L 13 Fh [E] 4L PRI & I,
FBAIKERBZE, WA, BT FFEEFI B R E0 10%, SRR R 2 mmol/L, iR
W2 0.22 pm BRI IRSS, HB 2S5 mLBEFEHYT, &H.

1.5 {UsoH

1.5.1 TELERZFEREHE ELREMHABGE: Oasis WAXFE(2. 1 mmx20 mm, 15 um). FREER]. &
10% FHEEY 2 mmol/L Z BR /K VAW s VRN : & 0. 1% ZK I HIEE . YRBARF A 1.0 mL, PR A
0.3 mL/min,

1.5.2 JHEBIEEMGE il ACQUITY UPLC BEH Cf(2. 1 mmx100 mm, 1.7 pum)B 55850k, A
e 40 Co WAAH A K2 mmol/L ZTREKEW, WM B NG $EEHRMAFU T 0~2.5 min,
15% B; 2.5~12.5 min, BAHH 15% Z&P:F+H % 98%; 12.5~14.0 min, f#3798% B; 14.0~14. 1 min, BAH
HH 98% % 15%; 14.1~17.5 min, {R¥F 15% B-Faiit:, S brita) (5 B ) 47 17. 5 min, 237
ERAEY I 13 FP RN NFRLE 14 min 528555 .

1.5.3 FUE&H B BBIEETEESD, 3 TR Z2AMHE: 4.0 Lmin; JIPVIR
B 10 L/ming FHESRGE: 10 Liming $ZEEEE: 300 °C; BiiaH1E (DL : 150 °C; MIFABRIGE .
400 °C. FAFARE: ZRBNEI(MRM) o 23 Fh 29k A9 MRM 25003 1,
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R 23 EHL Y MRM 25
Table 1~ MRM parameters for the 23 PFASs

Retention ~ Precursor Production Q1 Pre—=  Collision Q3 Pre—

Compound Abbreviation Internal standard

time/min ion(m/z) (m/z) rod/V energy/eV  rod/V
TR PFBA 5.883 213 169 25 8 9 C,~-PFBA
o PFPeA 6. 848 263 219 29 7/43 16 PC,-PFPeA
LRCR PFHxA 7.589 313 269 15 8/19 27 C,-PFHxA
IR PFHpA 8.225 363 319 18 11/16 14/28 °C,~PFHpA
IR PFOA 8.779 413 369 517 10/18 17 C,~PFOA
TR PFNA 9.316 463 419 17/16 10/18 29/23 “C,~PFNA
RIS PFDA 9.814 513 469 9/11 11/9 23/24 C,~PFDA
ARt — ke PFUnDA 10. 291 563 519 21127 10/19 29/17  “C,~PFUnDA
o iy e PFDoDA 10.757 613 569 30/32 11/18 20/12 C,~PFDoDA
R hER PFTrDA 11.203 663 619 34 12/19 22/12 "C,~PFDoDA
I PULERR PFTeDA 11.628 713 669 20/38 14/20 38/15 C,-PFTeDA
K A PFHxDA 12.396 813 769 15/5 16/26 21/50 C,~PFTeDA
& I ANy PFODA 13.032 913 869 5121 17/30 47127 “C,~PFDoDA
LT Behifiie PFBS 7.752 299 80 15 37127 12/15 C,~PFBS
R IILERATR PFPeS 8.337 349 80 15 37/27 12/15 PC,-PFBS
ATRC BRI PFHxS 9. 007 399 80 7115 43/36 31/19 C,-PFHxS
IR PFHpS 9.502 449 80 13/23 55/38 28/19 C,~PFHxS
IR HERfR PFOS 10. 053 499 80 9/17 50/38 31 C,-PFOS
RS T PFNS 10.327 549 80 28/30 53/46 15/17 C,-PFOS
A TS BERTR PFDS 10. 997 599 80 30/32 55/49 15/17 C,-PFDA
4, 8- A Ze-3-H-EE TR ADONA 8.396 377 251 19 11/29 17/18 C,~PFHpA
6 : 2EMREMEELER 6 2 CI-PFAES  10.304 531 351 28/26 25/26 22/17 C4~PFPeA
8 : QML HAERAR  8:2CI-PFAES  11.311 631 451 32/34 28 22/16 "C,-PFHxA

1.6 FHikFWIiE

TERASAET, (A (RBENSIN AT 7 AR TH AR S (HJ 168-2020) = Fl (&5 IEE 1k
2FOTTEBAHIES USSR ) (GB/T 27417-2017) VMO ER, ST 7 b0, 2 dehrtl s 2tk
JEHL AR (MDL) . 7k & FRR(LOQ) « A% K i

2 GRS

2.1 FEML

2.1.1 7ELEBEZEEMENIEE 7ELEM AR (SPE)HA N B AR &9 S SRR ECER A% 0E
o ARWFFTELEE T Oasis HLB, Oasis WAX Fll Sep—Pak C,, 3 Fli Wl SPE A% 23 Fi4 34k &4 04 BN
53 B4 mL AR A K OIBRHCEE R 20 ng/L), ¥ “1.47 $EAFRESHRTAC G, 38 3 Fh SPEAEM I TEL S
£, SISO A - R RIS A I, AR EAE 3R, IHE ARG R R . AR
B

Oasis HLB Oasis WAX [l Sep-Pak Cpq

120+

Recovery/%

Pl J T TP T T TIPSO O

R T ILCT LN AI AT ELEITITLELLFT TS

T EF FF SR QQ@Q@Q@Q@Q@@ T Q&QQQQC}S&N&
&

Analyte
B AN AR RO SR T 23 Fh A Al S i Dl Wic % L
Fig. 1 Comparison of recoveries of the 23 PFASs using columns with different solid-phase extraction columns
M THTEIR ', Oasis WAXAEXFTA 23 Fil H ARG S P00 DR 75 88%-~99% 2 [1], 44 [l i R
594.7%, BEAET HLBAE (¥ 82. 3% ) Al C HE (SF3 71, 29%) o 5T T J e 4 RO I A 4 R T2
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K, WAXFHEI R EEHE S . Oasis WAX A —FhiE S8 00 59 BH 55 1383 (WAXOWERH &), H
{35 BE ML ok 2 7 L/ O T A D 5 R AHBROK A VR . MR &5, WAX I 55 B B i A AR 0T vp
SME T IEHLur, o] I i FE 5 | R ] R B R KA R AR 25 T IR A AE I PRASs s [RIB, BB 51
B 7K B R0 K2 PRASs IRBESR B SOAHOREE 7 o PR SRS O AL B F VR, s
T 5 I S AR PRASs W25 5. KL, ASBFFEIEHE Oasis WAXAEAE A 7E LR [ AH AEHURE o
2.1.2 LFHEHBAFESENMRL  AEAUKESH TR E R 20 ng/L 19 23 M2 580 S bR, 53 alm
NS E R R B i LR R 0% . 5%, 10%. 20%. 30%, HARFAE 2 mmol/L £ R ER 1) /KW ({4
Rl AR 4 mL) . EALO T IR R SR IR, AR, BB LG9 6] B A RUR TR
(C~C) M2 FEBEIR AL BP0 R e ok 3, KL A (C~C ) B 128 32 HE LY 451 5 4
Ao HHEEHGI<10% I, 23 Ffb G H) DS54 >85%; 1 HIEZEL (5] 58 20% I, J2 %% PFBA Fl PFBS
B Il R 43 iR 22 729 F1 68%,  HHBRBHIRIN “ZFE” IS YHIRELLBIE 30% 85, PFBA M IR A
48%. X R A H AR A s B e 0l F I 23 1 55 B AR 5 WAX FEZ 8] i 55 /K AF H AT B 2 128 46
YEW, SECHPRYITE AR BERIN SPEAE EREPEME Tk, ik EE" . H—JH, ZeATH
FE(0%) B RGP Fo i i 2, (H SERR/KAE o] REAELE I B K 1k T Hed 5 78 SPE kb % A AS o] iz it
HAKH AT RE S B0M K A% PRASs RSS2 EIRIFH I . 5B H I8, 4% 10% HEEVE A B AR
FIAAVAELLG], BERT CRIERTA H bR B e (>89%) , RIS /a4 BENR [t Al 44 3L 2 HL

E PR RIS 10% HEE, 43 Laizk . 0. 1% H K (pH~2. 5)F12 mmol/L LB /K (pH~
6. )VEAKMER Sy, 2R 23 Fh &AL S IR 2m . 250K, 2 mmol/L ZIRER &A% FIr a1k
S R R (P19 93.5%) , aiKikz (SFY88.2%), 0. 1% W22 (CFY 73.2%) . HIR S 2
W L TR R FE T WAXFER) 55 B0 85 72 e B RE TR T S T ok 11k, R IEAer, i
Tk 5 v s 2 RURIR/METR B & - & AR S 51 W], AR pH ATREXS PRASs (Y & A0 R B P2 AR 9
S0 17 2 mmol/L ZIREERAE TIRAIMZZ ph R85, BECRIE T WAXAER) 2 F2cHehe )1, N4EFRF T PFASs
M 5Ea B TAIRES, H OB E/E ML MRS & G ST as il . R, AT 85 10% H EE T
2 mmol/L LR KV RANE S AT,
2.1.3 EHERBOMKNE AR EZET LB, 2. 5. 10, 15, 20 mL) X IIFR 20 ng/L ) 23 Fp
PFASs [H i B AW L (SIN) B 2 . 25 7R, 4 EAEARFRSS mL B, B fb &9 [l %34 >89%
(HH PFBSEAIG, 489%+5%) , W EE AT ER . U EAMATANE 2 10 mLI, JHE 2R (PFBA |
PFPeA ) PR 55 2 JURENE (PFBS . PFPeS) IR IFIG TRE, 0l 2 78% F172%, HHBLBHIRI “ 258"
MG M KA S (C2) PR FE=89% M i 5 . #E— 38 hn EAMABIE 15 mL 20 mL )5, %
PFASs 4 [l Wie 22 2 )8 T 1% (PFBA 43 B 2 58% 1 42%, PFBS 43 Bl % 520% F136%) , #5BH SPE F % 46
PFASs I 25 8 Ok BIMRIE . K45 PFASs(11 PFODA . PFDS) Y TBi KPS, 76 WAXAE b {# 5 H4
, BTS2 B R EARRF (20 mL B RS T 76%) o X IHEF WAX AR AL E LR .
BEPFASs F BARHPH 2 FAc 0 VE AR . RAURB AR Sy e 4R Beml s i 48 PFASs W] i HAG b
IKAE FARIBH & A0 3 e, SCEEAIL (o L B 2 AR R A

EREARRGS SIN BN 25 R R, TR E NIFRREE (20 ng/L) T, 4 EAEERIUN T mLIEE % 5 mL I,
F A B A G SIN YR 25 . LLPFBA M, S/N M 18+3H¢FH%2 82+6, HitiZy4. 64%; PFOA M
3544 3R TFE 168+12, HE£5Z04. 84%; PFOS M 40+5$2THE 192+14, HEZ5254. 8%, XIS mL KR
R RS S T 21565, Fo/ PRI T RARFBEREH ARG & PFASs Kzl i) i e 3. 24 EAE R
WZ 10 mLEF, K 8E PFASs () S/IN 4K EE32 TF (11 PFOA M 168 18 %2 295) , {H 45 4% PFASs(PFBA . PFBS)
WeR T RS20 S/NV B 25 BH 2% (PFBS M 88 B4 32 108, (W45 1. 24%) . 4kZEHE KR TS 15~20 mL,
FHE PFASs 9 S/IN A T I (PFBA A 112 B8 2 85), HBLRBUE IS ; K8 PFASs 19 S/N BAREEZ:E |
Fb, HPrEE B F W LEEHIERINCR | EMEE . REERTF AR IEFE R, AFTEEES mL A
A ERAAR . AFZTAY 5 mL ARG SO S5, TR R SR 800 pl, A SRR AL
SPEFEHERSEHL T 10 mL EARARRN, (HH RGEE AT & A EFER SPEFESRAF FSEBL T 5 mL
RARTIERE, 23 Fh PRASs 3435 A5 2 [ e R F R A
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2.1.4 HBRREBESBEEHMRL FENEE EAAERS mL, SPEFER Oasis WAXISRAET, Xj‘zs'aﬂ;m
N, Ve R e A T Al . EEHSE TAHEE . A . WEEOK(90 1 10, MR .

0. 1% 20K I B EE R 8 0. 19% H R 1) B R 5 e Bt 23 Fh PRASS [ I 5200 CDIFRIR BE 20 ng/L, {ﬁ'aﬂﬁ
R mL, 0. 3 mL/min) . Z5SRFEH, 0. 1% UK HEEXT 23 Fh PFASs BOBEIESCR R, IDieR
FE 949%~99% 2 8], UL T HAMBERERL . 2l H FEBEREIT B [l 2 82%~91%, 42150 80%~88%, HY
FE/7K (90 : 10) 4 75%~84%, 1+ 0. 1% H R I H EEDSCR AR, {00 58%~70%. 5 0. 1% ZU/KH H i
B AR R e, PR o LR T B IR (pH=~10) , i WAX LAY 55 B & T8 0 B e i 11k,
e E N PFASs B & 70 F B 5|, [m] b B R R0 i SO B RE Ty, AR I SE )L 1 s e il . 4t
FH RN 2 2 i FR BB VR AT 40 PRASs, {EUG i B 4 HUR TR I 2 B IR AL S W DE ARG, Il
WA F e 5 WRE/KIR SN A VAL B, BERiE iiess; & B R AY B DA IR 1 305
98 T PFASs 5 WAXAEM & 20BN, - S BeMIAE, B, 585 0. 19% 20K HREE A
Wi o 2 LOZ BB AL DE AR, B8 T HRBARL (0.5, 1.0. 1.5, 2.0 mL) 1520, SEE0 %
P, MVRBATA 1.0 mLIE, 23 Fh PFASs B IR 3K 93% L b 4kSE % 1.5 mLa%2. 0 mL, |1k
FICHHRIRET (G 4539/NT 2%) , AH S IER BT o) H3E DA REA N, , WSS 1. 0 mL M FEBEN AR
BEHEE TR (0.2, 0.3, 0.4, 0.5 mL/min) %t ENSCR B A GG 20 . 2558 ER, A
0.3 mL/min b}, Frf BARPE 1 min WRESERDENE, HEANIETIR/N . B RAE; HEIER(0. 2 mL/min)
SO I S ) K R B R B, i (0. 4 mL/min) W] BERE B PEN A 524, J85% PFASs i [l lig &
TFE 29%~5%, PEIEEHE 0. 3 mL/min A EEPENLTE .

S\ el O @i OB 1 R4 e 20V, AN CEN 70 == SO e ) 12 v o A S G 2 L
EVE AN RER, &I IER 2w S o -
Y1 (C~C)WIPENTRE Ty sing | B s s, hiH
B KA A AL S (C, ~C ) B EBEMERS AR, 47
HHIESGEBECNEVE AN, LLYE L5 BT i) T)
FREF A . AN, %57 A . &45
R B TR s I TE RS M L i 52, 25 SRR W%WA% L
WH I\ 2T B0 T S 25 S U T L SR VA5 MR I . | Ll WIL
LL2 mmol/L LR /K UER e 4RS84 N 6 _— 1
W RO T RE 51 &5 74, RO TR A A A B2 23 Fh e Ak A S bR IR MRM (3% ]
12 mmol/L Z. B /K, B R IE ., FEREEVEN Fig.2  MRM (hl"omdtog.l”dmb of a btdnfjdl“(] solution comprising
P2 171:1'{1}: AIAE 13 min 5B 23 i H AR Y 1. PFBA; 2. PFPeA; dzm;)?l}tllidf;;:; 5. PFOA; 6. PFNA;
RIFAES, MAATEE) (& FE# ) A 17. 5 min, 7. PFDA; 8. PFUnDA; 9. PFDoDA; 10. PFTrDA; 11. PFTeDA;
(€ ESIIEQIAATT, & HESIIREA L [ 0 e e v e
FREUETE I A5 M b, Bl 780 6 33 1] 1] 2 22. 6 : 2 CI-PFAES; 23. 8 : 2 CI-PFAES
FRo
2.2 FikiEH
2.2.1 ZMAFRESHRHEER EHFEKRESH40.50, 1.00, 2.00, 5.00, 10.0. 20.0, 50.0, 100
ng/L 1) 23 F PFASs TR S PRI RS, N 50 wWL3RBUA bRbRIER W (13 FpRIN R bR, FEiREY
7'7 10 ng/L), H10% HEEKES IR ERE S mL. TERALSAE FEEFE BT, LL& B AR 5 005 P bR i a

TR INAERR , SRR oM REAAER, iRl 2. X IIbRIR L A A T 7 ik R 3~5 512 B
IIFRAE S ONIBRIER BE R 2. 0 ng/L) 4T 7 RCFATINRE , $880FKMDL= ¢, o0 Xs HE BRI IR (n=70, =
3.143; s AnKFATIE bRERZE) . LLARE 7R hRRAVE A & TR (LOQ) .

HH 2 H1, 23 F0 PFASs 7E 0. 50~100 ng/L 3 [ N 2tk R IF, AR RE (1) KT 0.998, H
PFBA. PFPeA. PFHxA %5 20 fifb &% 89 r 7£ 0. 999 0~0. 999 6 Z 8], PFUnDA. PFTrDA. PFTeDA .
PFHxDA . PFHpSZ b &K r 47 0. 998 0~0. 998 9, MDL 4 0. 05~0. 42 ng/L, H: 8554 5L (PFBA |
PFPeA . PFHxA)FIZ R FEEETR (8 : 2 CI-PFAES)#) MDL K% 0. 05~0. 07 ng/L., PFUnDA () MDL %

[=)}
1

~
1
W

Intensity/107
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(0. 42 ng/L) 5 LOQ 40.20~1. 68 ng/L,
2 3PS YINEIETEE . DR MR R S E B TR

Table 2 Linear ranges, regression equations, correlation coefficients, method detection limits, and quantitation limits

for the 23 PFASs

Compound Linear range/(ng-L™") Regression equation Correlation coefficient(r) MDL/(ng-1.™") LOQ/(ng-1.7")
PFBA 0. 50~100 y=0. 023 4x+0. 001 2 0.999 2 0.12 0.48
PFPeA 0. 50~100 y=0. 031 1x—0. 000 8 0.999 5 0.05 0.20
PFHxA 0. 50~100 y=0. 028 7x+0. 000 5 0.999 3 0.05 0.20
PFHpA 0. 50~100 y=0. 026 3x-0. 001 0 0.999 1 0.09 0.36
PFOA 0. 50~100 ¥=0. 035 5x+0. 000 3 0.999 4 0. 06 0.24
PFNA 0. 50~100 ¥=0. 029 9x+0. 000 7 0.999 2 0.10 0.40
PFDA 0. 50~100 y=0. 027 1x-0. 000 5 0.999 3 0.10 0.40

PFUnDA 0.50~100 y=0. 024 3x-0. 001 3 0.998 6 0.42 1.68
PFDoDA 0. 50~100 ¥=0. 025 8x—0. 000 9 0.999 1 0.11 0.44
PFTrDA 0. 50~100 ¥=0. 023 1x-0. 001 7 0.998 9 0.24 0.96
PFTeDA 0. 50~100 ¥=0. 021 9x+0. 001 1 0.998 7 0.11 0.44
PFHxDA 0.50~100 ¥=0. 019 3x-0. 001 5 0.998 4 0.11 0.44
PFODA 0. 50~100 y=0. 015 8x-0. 002 0 0.998 0 0. 08 0.32
PFBS 0. 50~100 ¥=0. 015 6x+0. 002 1 0.998 9 0.10 0.40
PFPeS 0. 50~100 ¥=0. 019 8x+0. 001 5 0.999 0 0. 08 0.32
PFHxS 0.50~100 y=0. 022 3x-0. 001 1 0.998 8 0.10 0.40
PFHpS 0. 50~100 y=0. 018 4x+0. 001 8 0.998 7 0.12 0.48
PFOS 0. 50~100 ¥=0. 020 6x+0. 001 0 0.999 0 0.10 0.40
PFNS 0. 50~100 ¥=0. 017 7x+0. 002 2 0.998 5 0.12 0.48
PFDS 0. 50~100 y=0. 016 2x+0. 001 4 0.998 8 0.11 0. 44
ADONA 0. 50~100 y=0. 041 2x-0. 002 0 0.999 6 0.07 0.28

6 : 2 CI-PFAES 0. 50~100 ¥=0. 032 5x+0. 000 4 0.999 5 0.13 0.52
8 : 2 CI-PFAES 0. 50~100 y=0. 030 4x—0. 000 2 0.999 3 0.07 0.28

2.2.2 WHEENERE HISFIAIEKEARH A

. N . S 7N s P /:l\ PAS TV
SR AR S, APIADK . ok, R SRR BRI s R ACE
KIE'E 2.0, 10.0, 50.0 ng/L 3 AR, HEK Table 3 Precision and spiked recoveries from water sam-

HEIRTS K o b R 7K S P TR S RS B 2 T K Ak i ples spiked with three levels of the 23 PFASs
5.0, 20.0. 100 ng/L 3N MIARAK T B IIFRAK Matrix type  Added/(ng-L™") RSD/% Recovery/%
TAWE 6K, MR R A AR E R e e e
(RSD). Z§RE/R, 4K 23 a5k Ae 3 4 50.0 2.5-8.5  89-109
FRKSP R B I3y 829%-99% , RSD W 1. 0%-<11%, # ' % - T en
HH 5 VR AE IS T K 5L o b B A R A RS 5% R LE i 50.0 2.8-8.0  88~108
F3 R, WARRH TALESAIFRRT Frglog X >0 T
7 829%~115%, RSD 2 2. 5%~12%; it 7K H [] g 2% 100 3095 88112
79%~118%, RSD 4 3.0%~14%, H: 1 PFPeS fEfIGik BE  EToK 5.0 5.5~14 80~115
IF ) I 26 f 5 (124%) 5 A 38 75 7K v [l 25 g 8096~ o T
115%, RSD A 3.5%~14%; TollE KRN K 78%~ Tk 5.0 6.0~15 78~112
112%, RSD 3. 8%~15%, LI FRREN, A7kdep o e
[ 85T . AN B K P T 3 H A B I 00 i B RS

B

2.2.3 ERME MHEEARRZERIKIRILTRT 23 Fh PFASs I %€ B340, ARWF5 43 KRB . A=
W15 KA MU Tolk R K pH AR = J5 T 3647 175880 . K ik E 2B 7 (Na”. K\ Ca™,
Mg, CI'. SO, %)W RE RSN HLIE 3% B B R IR0 AS PRASs ()8 S >0 ARHE (2025 4 EIEEAE DS
NS ), 2025 F 5 7R, FRENT RIS R 2RI EEEIR 0. 16~34. 58, “FIE A 27. 17, A0F
R E RS BRIEEEEK (GBW (E) 130012) , 8 4l 7K B E ) 28 40 0 A1 0%0 . 10%0, 20%0 . 30%o .,
35%o0 B L FTIAE , 10] 2R EERL BT N 23 Fi PRASs 1 A bR I ONIFRIR BE 20 ng/L) 1 13 Fh[E] 7 224
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PROKEE 10 ng/L) , BAEREEKFECH] 3A-FATHE, 5 RIEREL B & H bR e 3 52 . 4525R
WoR, BEEEREFE, BEEPFASs(C~C) B IR HI T . PFBA M\ 100%+3% FH2% 121%6%, PFPeA
M 100%=229% FF 5 126%=5%, PFBS M 100%+3% F+ 2 124%+5%; 155 PFASs (C=8) 14 ] iir 28 52 £k B 520G
BN, HERAAE 82%~112% 2 18], IG5 SCHRITGE 3L 75 2 M 88 PFAS 5 5445 —30™, WRER b
PO T Y SRR () T sk A AR, e T ARCR , HSEE PRASs D BRGREERCRT . AR PEEL
SR, TR EEASAL B MR, TR I K R BTG (25%0~35%0) N, T E RR I IS ZR AIAE 79%~118%
ZIa], RSD 40. 50%~8. 2%, FEHHZASJ7 20tk AR A BAT R P i 521

AETE TS K PR R AT . R FE IR S5 L A7 T ] BE 2 -4l sl > . AR R ARG B
PR 720, DUSERR AR IR TS K BRI A LR (TOC) 24 18. 5 mg/L) BRM R 5 ALK
(TOC~0, 1.9, 3.7, 9.3, 18.5mg/L). Z5RFEM, MAPITEETE, 23Fh PFASs B IR BEAR T
o TEV/KIRH, B2 &9 (PFBS, PFHxS. PFOS) PSR AR (IR 77%~79%) , REEZMLEY
o PFBA B % 83%+6% ., PFOA [% % 79%+5% . PFDA &2 79%+5%., W] RE SR AL S 5 AN IE
H i () A3 4 77 7E B 0 i A ELVE T G, iR ADONA | 6 @ 2 CI-PFAESHI 8 : 2 CI-PFAES
B R 79%~80% . Z2NFREIE G, BB HUTKF T H bRy i U2 g 73%~99%, RSD 47 0. 80%~
9. 6%, I EERITTER,

Tl K i pH AR 3 AT RE S0 WA X A% PRASs B85 T30 (5 58 . WA X W 5 = 2R e L A IR
SN AT IE WA, AT i HU 5 | PR ¥ DL B IR X AFTER) PFASs, pH>8. 0 B IR Rl - v v
P, ¥R AEREEE . CAPIT R, FES pHAEE WAX [ AHZEBGERE 5200 PRAS [HCR A 4280 >
—02 IRBE ST R — Tl K L B 2 pH=3. 0, 5.0, 7.0. 9.0 ¥EAT IIbRIEISCSEE , 45 REH, 78
pH 5.0~7. 0FEFEI N, A B AR b Il i 2 543 (82%~112%) » pH 3. O, %5 %% PFASs(PFBA . PFPeA
PFBS) i [l Wi 28 B I A K (IR 38 66%6~70% ) 5 K2 PFASs 32 K AH BAE AN, BEIRE/N(PFDA 2
87%+5%, PFOS A 81%=5%) . pH 9. 0 HF &R/ K 4% PFASs I NS R BE A T F4 (£ 94%~96%) , {HELRSY
M AR . FEF LTk E K pHAETER (6. 0~9. 0) N, £ H AR ISR A 86%~101%, RSD 47 0. 70%~
9. 1%, W EERIITER,

2.3 EEREFEmOT

RTINS “1.37 RN 144y LBRKAEZF T E , S525R0LE 4. ASFIKFEH 23 F PFASs (£
AW A S . Hi#2KH PFBA . PFPeA. PFHxA . PFOA. PFBS#IPFOS B H 2344 100%, 5
WRE/ k2. 8~15. 6 ng/L. 1.5~8. 2 ng/L. 0.8~4.5ng/L. 1.2~5.6ng/L. 1.5~8.9 ng/LHI0. 5~3. 2 ng/L,
SPFASs #RJEH9. 2~45. 2 ng/L, LA RALTHIT . KM BRITSF AL RIS /K b PRASs ¥ JF 0 4R
JEHINT, B AE 4 RURTR (PFPeA . PFHxA) HLES ST, 5 LR A0 4 s R AEAH B . o F Ak v
PFBA. PFPeA. PFHxA . PFOA I PFBS kG & 344 100%, WKEERSATTHLEK, SPFASs#E A4, 3~
28.2 ng/L, %I 55 FE M T /K o PFAS iR Y UGB (B AH >4 /K b E A HH PFBA . PFOA |
PFOS Fll PFHxS, I ¥ £ 43 ] 47 2. 1~3.2 ng/L., 1.8~2.8 ng/L., 0.9~1.5 ng/L FlA K5 H ~0. 8 ng/L,
SPFASs ¥ JE R 7. 8~12.5 ng/L, 5 FRIE VT B g 3 /K o 19 PRAS IR B /KPR i& 15 /K K o
PFBA. PFPeA. PFHxA. PFOA. PFBSHI PFOS () I i BE 43 0 A 12. 5~28. 3 ng/L.. 8.2~15.6 ng/L.
5.6~12.3 ng/L, 6.8~14.5 ng/L., 10.2~22.5 ng/LH14.5~10. 8 ng/L,, SPFASYKJE A 62.5~128. 6 ng/L, 1%
TG 5 BTG KA HKH PRAS B I K-FW) 500 Tl /K 7K o PRAS i BEAE - 2OK R e i
PFBA. PFPeA. PFHxA. PFOA. PFBSHIPFOS AYKE H 2R ¥4 100%, & H i B 43k 35. 6~52. 3 ng/LL.,
22.5~38.6 ng/l., 15.8~28.5 ng/L., 18.6~32.4 ng/L., 28.5~42. 6 ng/LH112. 5~22. 8 ng/L., AL HlikFE
WEMR (6 : 2 CI-PFAES I8 : 2 CI-PFAES)AE Toll R /K W A H 2R 48 8 (4 501 A 1009% Fl 75%) , s HA v B
539N 3. 2~6. 5 ng/L A 2. 1~4. 8 ng/L, AEHAMAAE PR R TR K K H SPFAS #7156~
235 ng/L, 5 E WA T X 75 KACFE ) K PRAS BOAS H BE X 1) — 5505, FRGEIREH, AJ57
TERENE A RN E K . UK L K ARTETS K R T K 23 Fh PRAS IR iR, B R IFH
& AT S
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Fed SEBRAKEEH 23 Fh A SAL S I E 25 R (ng/L)
Table 4 Results of the analysis of the 23 PFASs in actual water samples (ng/L)

Compound Surface water(n=5)  Groundwater(n=3) Domestic sewage(n=2) Industrial wastewater(n=2) Seawater(n=2)
PFBA 2.8~15.6 1.2~8.5 12.5~28.3 35.6~52.3 2.1~3.2
PFPeA 1.5~8.2 0.9~5.1 8.2~15.6 22.5~38.6 0.8~1.5
PFHxA 0.8~4.5 0.5~2.8 5.6~12.3 15.8~28.5 0.5~1.2
PFHpA ND~1.2 ND~0. 8 2.1~5.6 6.5~12.3 ND~0. 5
PFOA 1.2~5.6 0.6~3.2 6.8~14.5 18.6~32.4 1.8~2.8
PFNA ND-~2.1 ND~1.5 2.5~6.2 8.5~15.2 ND~0. 6
PFDA ND~1.5 ND~1.0 1.2~3.8 4.5~9.8 ND
PFUnDA ND~0. 6 ND ND~1.5 2.1~5.2 ND
PFDoDA ND ND ND 1.2~3.2 ND
PFTrDA ND ND ND ND~1.5 ND
PFTeDA ND ND ND ND ND
PFHxDA ND ND ND ND ND
PFODA ND ND ND ND ND
PFBS 1.5~8.9 0.8~4.2 10. 2~22.5 28.5~42.6 1.2~2.5
PFPeS ND~1.2 ND 1.5~3.5 4.5~8.5 ND
PFHxS ND~2.5 ND~1.2 3.5~8.2 8.5~15.6 ND~0. 8
PFHpS ND ND ND~1.2 1.8~4.5 ND
PFOS 0.5~3.2 0.3~1.8 4.5~10.8 12.5~22.8 0.9~1.5
PFNS ND ND ND 1.2~3.5 ND
PFDS ND ND ND ND ND
ADONA ND ND ND~1.5 1.5~3.8 ND
6 : 2 CI-PFAES ND ND 1.2~2.8 3.2~6.5 ND
8 : 2 CI-PFAES ND ND ND~1.5 2.1~4.8 ND
S PFASs 9.2~45.2 4.3~28.2 62.5~128.6 156~235 7.8~12.5

ND: not detected

2.4 EFEHZBMNESHT

ATTIEAEW LR & PFASs E B0 AT BRI EIF, FEFESEFE . RIS . B efREE | ks
T2 22 56 o PR 25 7 AR BIL T Ao 1 S BORAFAE

H—, FESIEEED . ARJTE EREERBCR 5 mL, MifE 44 SPE J7 1l % 7522 250 mL~1 LK
FEL A A D 100~200 1% o HASEESL A HLIE FITE AR DARE . VR R B ) N T
20 mL, B4 4% SPE J7iklE KT 200 mL>, BRI B 1~2 MRS, 5 SCHIGE I TEL SPE JF
LG, AFTEERERIEAE(1~10 mL" 275 ) R H & (10~50 mL/AE ) J5 1 R RA T3

S, THYHHERD . AT B TEL SPE SEI R AL B B Ak, FESVE SR BERIRMG I 2 B AR
MRS ELSER, W% TN TIREPRIE RN L 58 . [T, Jofd 24k SPE Fr i i) — IR HEAe L |
POBEATUE: . R ARE FFER 0, Wb T SR == I A ML ) A

=L TR E . AR ST R CE T ) A 17, 5 min, B80S0 E 2 SPE J5 ik GEF AN
) B A R A sE, TN BIRTEL SPE RGN 4G IA B AR &, H
TR & I RIRGEAS R B T S AR SPE, KBS RS A A TR, &S A ER
a4 H

UYL KSR L . S 7] [E] I SE 23 Fh PRASs (& 3 R B AR L) . T IERS R 4 0. 05~
0.42 ng/L. 5 3CHRIGE MFEL SPE 7k, A7 iR AER AL & (10~22 Fh225 20 Rl R (0. 02~
0. 5 ng/L/ 225355 il . HARJF R E Th B F oK . oK, K. AETE TS KR bR K 5
FOARFZERUKREE, h I FOKMIRH PRASs 1075 YKF LL S S A S TR SR T4 — R T H .

3 & i#

RGN T AE LR A AR AR B — S R A (S — H BPT i i e b e K L HUROK L K AR
57K B Tl K Hr 23 Fh PEASs )40 B U7 1% o i@ Ak SPEATZRAS | BRI AR YRB 54t
BB B 2H, ST R . R T PFASs Sl E BB 5408 . ik IIERE, 23
Tl H FRYIAE 0. 50~100 ng/L 75 N 2k R 3F (7>0. 998), J7iEKE IR 40, 05~0. 42 ng/L, Zli/KFISZRR KRR
FI BRI EE F7 78%~118%, RSD A12. 5%~15%. 5% LSS b AR AR, AR J7 iR SR & AT B
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REGEIRE, BRI E A (ERER S mL) | AHUETIHFEIR(<20 mL/AE) . ATLE A Sk . ZHEF0E
EELRAAFARIFAE . 787715 C D) B T T 48 WA RIS RUK FORE S BORGEI , A K ER85 p A 4E B o Y
A AL S I | WA AR S XU A SR 4 T T SERBOR TR
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