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Determination of 23 Per— and Polyfluoroalkyl Substances in Water

by High Performance Liquid Chromatography—Tandem Mass Spec-

trometry with Online Solid—Phase Extraction and Large—volume In-
jection

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 in-
dustrial wastewater by combining online solid—phase extraction with large—volume injection technolo-
gy and high—performance liquid chromatography—tandem mass spectrometry ~(HPLC-MS/MS) .
This green analytical technique has several advantageous features: low sample consumption, low
solvent usage, broad detectable target spectrum, high analytical efficiency, and excellent environ-
mental compatibility. 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 injected. Following online enrichment on a WAX column, the
analytes were transferred to a C; analytical column and separated within 14 min by gradient elution
using acetonitrile=2 mmol/L. ammonium acetate as the mobile phase. The PFASs were detected by tan-
dem mass spectrometry in multiple reaction monitoring (MRM) mode and were quantified using the
isotope internal standard method. The 23 target 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 developed method was used to analyze 14 real water samples collected
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in Liaoning Province, including surface water, groundwater, seawater, and the effluent of a
wastewater treatment plant. Eleven PFASs were detected, with PFBA, PFPeA, PFHxA,
PFOA, PFBS, and PFOS being the predominant contaminants. Compared with conventional of-
fline solid—phase extraction methods, this method requires small water samples (only 5 mL) and
features a high degree of automation in terms of sample pretreatment. The new method provides a sim-
ple, rapid, and accurate analytical tool for routinely monitoring legacy and emerging PFASs in dif-
ferent types of water environments.

Key words: online solid—phase extraction; large—volume injection; liquid chromatography—tan-

dem mass spectrometry; per— and polyfluoroalkyl substances; water

RMEREIEY T (PFASs) E—RATHEBNEIILEY, HoraihEaE0 141025k
HEL (-CF,) BOEHE (-CF-) ZEl ", BTR- (C-F) BERENR ST, PFASs LR L5 a0
PFRE R BUK B NEEE, B 20 s DO N T e m . 454, B PR . B
A3 ARG R IR S5 AR 2 Tl AN 25 AT, 200 ARG, PFASs ()2 A P R Al S SO AR 2 BRERES
Wi AR, X CRAMEARFST CRECh— A RIE R BRI )&, PRASs AR PR Rl 55
HRERREHREY, @il 2R NER RS IR RB PFITUESS, PFASs {2 FE Tk
K ENERRRE T ESREA TR R BRL. SRR RSL R SRS P KRR
T PFASs v BB B fEFE I, Q46 S RIS REIAE . Do PRSI . VARSI /D | SE LT R R XU Y
. AETRES PR HUR IR EE 10 ST PFASs AR S RGBS LE BN, A= 50
HCZ BN E BRI . 2B (PFOS) RIAMER (PFOA) FHAMFILEW T )
N (BB RN ZT) Bt B SbiH A A IORR BTG 5 . B 2000 4ELIK, KIREIR £ 2 PFASs A F= R 2
PHEIE A PR KA PFOS FIPFOA , (HAPAES OB B PEENN L BB ER, b EH 2004 4k
BR BRI K PROS F PFOA AE P2 SR i oAb, Bl <8 PFASs 1A PRI FH 52 31) 7 A% PR
i, BHEPFASs I3 TR (PFBA) . 2%CELERE (PFBS) DIRFHI A EHBRMRMW6: 28R HbE
EEERGETR (6: 2 CI-PFESA). 4 (2-HEE-3-%J%) B (GenX) FZRWPSINTTY, HIRET
SV ERES RIS A2 T 712 261 1 . BT PRASs BAT /K HAESRES P Ll B SRR, KIREEE
SR B S YT AR

TP Rk, HEBRAK PRASs I E U7k, X P ERE IR AEIRA . PRAS A XU DL (R
BEK K e A EEE Y. BT, /KA PFASs 85 RGN 7 72 36 BNV 005 - B P (Le-
MS/MS), %A AR i AR | ARG HE BRI e i R M T i M & PRASs AT B i 3 7 ik 1 {HKR ke
PFASs iR FEIBFERAAC, HIEERTE 2%, PIIAE LC-MS/MS 43 M i 2 e TAE s BRIk . 15 s 4k
FAHZEE (SPE) FibfE B KIRBUKEE GEF>1 L), VS IEs, K, B Rissnm
FHBE PFASs [MICREAR 10 AR — ), ERE A ERB RN B m A, ZHARE DN E ES
PREEREIHA OIS R G, SSOAESh AT B Bk, BEEWD TR E GEF LR 1~10 mL), &
T EAETRE, FRARUPEAR T 38 S5 e XS . R, SRl FHAEZE SPE BRI, s5 R BFFEPR R 32
FRF SPEAEZF MM RFE R, —MWAE2 mLEIHN, JFRPIRERIE (pe/L~ng/LZEIA]) B PFASs,
BEMEDTEARL " RIEBEERE (LVD) AR R &S KRR E BRECR H 2R PR, i
PR e, MSRKMES SPE & e JA R EEG . T4k, LVIS LC-MS/MS BB CEHR IR
YT GRS I B I Sy e T U R R TR T B R SRR TR 2 s = R Y
PFASs, HETEFRK I LRk ] KA 5177 PFASs B S 0k 77 G fesest . eah, BATHE bR
i AT bRER bR, R RO E SRR T IR AT 2 AL S R D

ZRTIGT B A NP0 5L T 7E 2 5 A AL BOR AR B A — o O R il — R R i i, [ B D0 R
K. HUFAK . AEIETG AR TR 23 P 2mAb 54 (13Fh 2 R0RTRZE . 7 Fh 4 FAEIR 20 3 Flogi i
BARS) o AR OFEARFE BRI [T B S mL (5% 45 55 26 SPE 182> 100~200 1% ) ,
BAFESI AP FITH#E<20 mL, BTG FE IR E Bk, BERE W25 R AR IR T RE AR A0S Yk,
[ H 5 R B R UE (K2 HBR 0. 05~0. 42 ng/L) TR HTE, FFARHI— R PEM L . BFEAR
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BURE . BWORARE SR &, WD TSI I E A WU = WSS AR o R EK IR
W& 2R PFASs B 75 Je IR AAS | AR SRR P-AS LA B AH G IS B PR AR 4%

1 Xy

1.1 E5E&

SO AR B - H R A (S5, LCMS-8060RX), WA TELMAHAR RS ; C AH GG
(A, 100 mmx2. | mmx3pm) ; PIFAFAEAPAHE U IESE OQBHEERE, U420, 22pm, EAZ 13mm);
KQ-500B &8 = i v ey (PRI s R A R AR 5 Milli-Q @4kl (3&[E Millipore 23 7 ) ;
Allegra X-30R Z.00 L (3£[E Becakmen Coulter 22 7)) 5 MS204S WL F- 43 AT K-F (i LR S) - FER 2
ATIDE
1.2 #=ZEmE5iHA

23 P AL S PIbRE . (TR S0mg/L, DI AE R, 4ifFE=98%, WH L2, &
B EFRBAENMGY (PFCAs): 2R TR, 2%KE. 2Rk, 2%F R, 2RFR. 28T
%, 2R%E%. 2R TR, 28T 20R . 28T =R . 2% TUKER . 2% T AKER . 25
TBER ; TR R REEIR 2L G (PFSAs) : 20 THilEIR . 2RUKLHEER . 2RO R . 25k
BEREIR . ARG . AR TG . SRS ; 3R S HER R 4, 8- SR-3-H-4
WML, 6: 2AMRSHEEENE . 8: 2FARSHMEEENE ., B2 AW IIRER (FRERE 2mg/L,
LIRS M50, Ab2fal)E>08%, [EN ZH4iE>99%, WA FifEZeit), 8. “C,~PFBA. “C,~PFPeA .
“C,-PFBS. "“C,-PFHxA., "“C,~PFHpA. "C,~PFOA., "C,~PFHxS. "C,~PFNA. "C,-PFDA. "“C,-PFOS.
*C,~PFUnDA ., "C,-PFDoDA F “C,-PFTeDA

HEE, ol (failal, 5 Merck); ik (M GAigK); Maik, BHR (i, SR
ThermoFisher) ; Z TRk (faifali, FHFZEHE); 2mmol/L ZFERERIAWE (BLO. 154g LR ¥k T 1L 4
K)o
1.3 #Hmi&E

20254F8 H, /il sREEL T AN S AN RENE SR 2R K . PBHTTREKERY 3 4~ SALA TR 2 H
TR FETEARAER ARG KK ASEATHE) © TEBHEE Tl 5 KA FE T Tolk K K (24F47
) DLRRERIE FRIEEEK QAPATHE) , 3 1440KEE . oK. MUF /K L T5 /KRR a3 A%
W (KBRS T B IR ORMLFE ) (HY 91.2-2022) ' (Hb F /KBRS WS I F AR MEIE ) (HY 164-
2020) 0 GEAREEIE ARBIE) (HI 91. 1-2019) P A1 (MG 58 3504y . FEMCREE . WAE S
iZHi) (GB 17378.3-2007) ™' #H41RE&E . PRSIV FIMFESIR, RESMEES, T4CLUTARIEK. &
. EOLLRAE
1.4 ®BIERZE

HETR R4, 0 mLAKTURE S (BKFES A RBIZYEAEY, T80 EHR) T 5 mL LA =
T, AN 0.5 mLEEE. 0.1 mL 100 mmol/L LR E/KERE, FHIIN 50 wL 13 Fla] iz N FRIE & (4 H
W, MEAKERRAE, RS Ml BRI b HEHER 00 10%, SIREREEN 2 mmol/L, L
WL 0. 22 pm PEREE DRSS, #5852 5 mLIEREHEH, &

1.5 {Xso

1.5.1 ZELHEHEFEREMG FABEHZERFE: Oasis WAXAE (2.1 mmx20 mm, 15 um)., FREEH].
£ 10% B FER) 2 mmol/L ZBREEKIET ; Vel : & 0. 1%Z0KE HEE . BEBARU L 1.0 mL, PRBiiE N
0.3 mL/min,

1.5.2 WHEEBIEEMHE @Oi%k:: ACQUITY UPLC BEH C, 4 (2.1 mmx100 mm, 1.7 wm) BERR0H:;
FEIEL: 40 'Co FEAIAHA 4 2 mmol/L LTREEKEET , WAIHB AHLNE . BREEVENFRFUIT : 0~ 2.5 min,
15% B; 2.5~12.5min, BAHH 15% £ T £ 98%; 12.5~14.0 min, {#+598% B; 14.0~ 14. 1 min, B
AHE 98% [ 55 15%; 14,1~ 17.5 min, 45 15% B F#j@ilts, Sobreta CGSEF#) 4 17.5 min,
23 Fh A AL A K 13 BRI 3 INRAE 14 min P SERL 5 .
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1.5.3 FRi%&EMH Z70E: HBES T (ESD, S8 ZSHE: 4.0 Limin; PV
B 10 L/ming TSR : 10 L/ming BELIREE: 300 °C; WA (DL) . 150 °C; huFidhik
BE. 400 C., IR 2ROV (MRM) . 23 fp2 5t &P00 MRM 24000 1,

1 23T EL AP MRM 24
Table 1 MRM parameters for the 23 PFASs

L Retention  Precursor ion  Product 0l Collision en- 03
Compound Abbreviation . (miz) ion (mfz) re— ergyleV Pre~ Internal standard
rod/V od/V
TR PFBA 5.883 213 169 25 8 9 C,~PFBA
IR PFPeA 6. 848 263 219 29 7/43 16 BC4~PFPeA
o Ay PFHxA 7.589 313 269 15 8/19 27 1C,~PFHxA
TR PFHpA 8.225 363 319 18 11/16 14/28  "“C,~PFHpA
IR PFOA 8.779 413 369 517 10/18 17 C,-PFOA
R TR PFNA 9.316 463 419 17/16  10/18  29/23  “C,-PFNA
ISR PFDA 9.814 513 469 9/11 11/9 23/24  "C,~PFDA
SRt —biiR PFUnDA 10.291 563 519 2127 10/19  29/17 “C,~PFUnDA
2Rt TR PFDoDA 10.757 613 569 30/32  11/18  20/12  “C,-PFDoDA
o i e PFTDA 11.203 663 619 34 1219 22/12 "C,-PFDoDA
A bR PFTeDA 11. 628 713 669  20/38  14/20  38/15 "C,-PFTeDA
EOS T WAV PFHxDA 12.396 813 769 15/5 16/26  21/50  "“C,~PFTeDA
2Rt/ Bk PFODA 13.032 913 869 5/21 17/30  47/27  “C,-PFDoDA
T bERR PFBS 7.752 299 80 15 37127 12/15  "C,-PFBS
A IRIRLER TR PFPeS 8.337 349 80 15 37/27  12/15  “C,-PFBS
IO B R PFHxS 9.007 399 80 715 43/36  31/19  “C,~PFHxS
LD R PFHpS 9.502 449 80 13/23 55/38 28/19  C,-PFHxS
IR TR PFOS 10. 053 499 80 9/17 50/38 31 C,~PFOS
AT LR TR PFNS 10. 327 549 80 28/30  53/46  15/17  "C,~PFOS
RIS R PFDS 10.997 599 80 30132 55/49  15/17  “C,-PFDA
4, 8-THA-3-H-2WM TR ADONA 8.396 377 251 19 11/29 1718 “C,~PFHpA
6: 2 AL BRI 6: 2 CI-PFAES 10. 304 531 351 28/26  25/26  22/17  “C,-PFPeA
8: 2L MmN 8: 2 CI-PFAES 11.311 631 451 32/34 28 22/16  "“C,~PFHxA

1.6 FHEFWIE

BT, s GREEWS I AT I EEFREERITHAR S0 (HJ 168-2020) ™ Fil (S H5IEE 1k
SO IR FIAFISIESERT) (GB/T 27417-2017) > M) BR , WHRTaE 7 b7 000E, I8 hr LG4k
e . AR R (MDL) . FiEE®E TR (LOQ) . RE%E K UEfE .,

2 RS

2.1 Fixftk

2.1.1 TELEMEZEEHENEE EREMAR (SPE) 2 B b &1 s S8 M eR kG
WA . ARFFTHLEE T Oasis HLB, Oasis WAX Fll Sep—Pak C,, 3 Fp W, SPE A%} 23 Fifi 4> S84k &4y 14 [e] e
Ko B4 mLEBAK (IR R 20 ng/L), #% “1.47 BATHESRIALRRS, @i 3 fk SPE A3 T7E
LERE, WAHAE - BB, ST EE IR, HESE YRR R, g5 R A 1
PR,

MEITRTLLE ], Oasis WAXFERHITA 23 i H Al &40 DGR 39 7E 88%~99% 2 ), ~F-F4) []Ifir
594, 7%, WHRAET HLBAE (CF3482.3%) FIC 4E CFI71.2%) o Heiil ) T Bl 4 R R Al 42 Rt
WK, WAXAEZIL 2 IR EE /. Oasis WAX FE&—FE SR A 59 B0 &5 7254 (WAX) W&t
), HAR SR e 25 R e/ B 1 2V S5 R KA BAVE . BRI S, WAX I 35981 B e 78
PR SCPE TT IE L, ]l E % 5 A [ R B8 AR KR LB B T AR FE R PRASs s R, W
I TP B K B R0 B PRASs FRRETR B R0 A R R s SXFIR A BB BN PR EIEH ,
FRE R TN By 2R N B BEAR M PRASs WL FRF 25 & . DRIt ASBIRIT BE B Oasis WAX FEE A7 2] AH %
BUE,

2.1.2 EHEBEFEGRMRL  RBAUKECH] TSR E Y 20 ng/L 1) 23 Fh 4 A S Pbrifiaii, s a0
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AR A R E S 0%, 5%, 10%., 20%. 30%, HAEFUANE 2 mmol/L ZEREA KT (f#
Fi PR 4 mL) . EALO AT RS AR EICR ,, 25 R E 2A FrR, R )0 e 4 4 R
IR (C4~C7) FIEFEERIAL AP o B2, MK &Y (C11~C18) MR Z FELtL
Bl /N 4 EEHBI<10% 8, BT 23 P b &40 DR ¥)>85%; 24 HRE LG BT 32 20% B, i
PFBA 1 PFBS #) [l & 73 il 22 72% F1 68%, HIHHEAY “2F&” BG; YHEZL L 30% 0, PFBA
) ISR AN A 48%., X A PRI A B RS A D s 391, e LB 21 55 E bR 55 WAX R Tal i i /K 7
FIH & T2 /E ., S8 HbRWTE EAER BCRIN SPE A FREBeli TR, A sE" ., B—7K
i, SEENTHEL (0%) BEEFARERR, HEFRKRE R aTREFFER B KT8 5516 SPE A
S HEANTT R, HAKAH EREATRE S SGR KoAk PRASs TERSBE FWR I &, GEa L, B 10%
B S EARRIA RG], BE T fRE A B AR E R (>89%) , LRE U /b S e it Ao+
Py LR,

140

Oasis HLB Oasis WAX [l Sep-Pak C18
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Fig. 1 Comparison of recoveries of the 23 PFASs using columns with different solid—phase extractants

i 5 ARV R 109% HEE, o mlLAatik . 0. 1% HIR/KIEE (pH~2.5) 12 mmol/L & IR EZ /K
(pH=6. 8) VERKAHER Y, 50 23 Fh s LS 2 . 251K 2B 7R, 2 mmol/L ZIRER
FETI AL SR R (F193.5%), 4ikikz ((F188.2%), 0.1% HiRm%E (¥
73.2%) ., HEESE ORI TREAIERZET . WAX AL 590 8 2B Ge BB T 54 T 9+
b, REIERS, WJekE S0 2 RORR/MEIR I & 7 & A FF 5] [FIN, K pH AT HEXS PFASs
) B TR EE P AR S 59 5200 o 1T 2 mmol/L STREESRAE TR ZZ M A, BECRIE T WAX AT 5§ 138 4t
RET1, MYERET PFASs S22 E TALIRZS, HORENEEL G BGOSR, Kk, ARBF5T
T 10% IR 2 mmol/L 2R 8 /KIS IAE M EAEIE
2.1.3 E#RERBRMMEE ARHEZE T EFAER (1, 2, 5, 10, 15, 20 mL) XHIIFR 20 ng/L ) 23 Ff
PFASs WS R AGMELL (S/IN) By, S5 RIR, 4 EFEARRI<S mLIy, Pratb & e 3>89%
(H H PFBS I, 4 89%=5%) , i /& & B AT E R . M BRI 2 10 mL B, EEE2MARMR
(PFBA . PFPeA) FI452%EETR (PFBS, PFPeS) MIIMISCRIFUG FI%, 70 WP 2 78% A1 72%, HIBLHA
W CFEET R, MRS (C=8) BRFr=89% M I . #— 3N BRI R 15 mL Al
20 mL i, A58k PFASs FDCE 200 T F%E (PFBA %% 58% Fl142%, PFBSFEZ 52%F136%), W SPEFE
Yo} 44 PFASs B S 5 B OB BIMRER . K45 PFASs (Z1PFODA . PFDS) H Ti/KPES, #F WAXfE L
PREE SN, W] A2 BRI EREARRR (20 mL B EICERATS S T 76%) o X —BLGHE T WAXAER IR G5
AOREHLH . 5E PFASs EBAOBH &5 7 A E IR, KRBT EFEN S B e Gk e il s i 56
PFASs [H] i HAT g /K VR FHAIBH &1 24, AU AL (o H: B 52 KRR B4

AR SIN B g 45 R RN, FENE NIFRREE (20 ng/L) F, 4 BRI T mLIEE 5 mL
N, A B S n SIN Y 3T, LLPFBA A, S/N M 18+3 127 % 8216, Mii5274.61%;
PFOA M\ 35+4 $2 T % 168+12, W25274. 84%; PFOS M 40+5 - TF 5 192+14, 25454, 8%, XEHHS
mL KRB REBUETR S T 565, I T RARBUFER R R & PFASs R0 & 5. 4
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ERERTE R 10 mL B, K BE PFASs B9 S/N 4823 TF (4 PFOA M\ 168 3% 52 295) , {H % 4 PFASs
(PFBA ., PFBS) RN TRES /NS EZE (PFBS 88 A 108, {445 1. 24%) . 4k&E K
PRFRE 15~20 mL, %G%E PFASs (9 SINFFEA TFE (PFBA M 112545 85), MBI REUEML; K4 PFASs
1) SIN BAKSEZEE EFy, (HPRIG 4 B SaH BRI | [FML . REUERRT A nIH R,
ARWRITERE S mL MiedE EREERL . ARFICH) 5 mL_EREER S SRomEE 7 5, TR RS Y 0 800
pLo FIZESE Y SR A SPE AR BRSCHLT 10 mL EAERR, HERGE REHAE S, AIFEER
SPEAESAF TELIL T 5 mL RIRBUHERE, 23 Fh PFASs PR A 2 [l MeR R %

140

(@ 0% MeOH 5% MeOH [l 10% MeOH [ 20% MeOH [l 30% MeOH
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H
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=
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=
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»

P2
o o

Recovery (%)

N
o

0

Ll S ¥ F ¥ FFFF K
& & <<‘<\*? KL L L P
& < & &
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2 AN EREERIGAE T 23 TR s b S i ISR R
Fig. 2 Comparison of the recoveries of the 23 PFASs after sample extraction under different solvent conditions

A different organic phases; B: different aqueous phases

2.1.4 SEBREIESIBEEENMRML  FEEE LFEERS mL, SPEFSY Oasis WAX BISRMET, XBERR
MR YRR P AT Tk, EEEE TAIWEE . il . WEESK (90: 10, FRRRLL) .
0. 1% KM HEE RS 0. 1% BRI RS 5 Fh e B0 23 Bl PRASs [T R 520 (DIFRIR BE 20 ng/L,
PeMiAAR 1 mL, 0. 3 mL/min), Z55REH, & 0. 1% K P EEXT 23 fh PFASs B ER SR i, il
WCERAE 94%~99% 2 [8), R T HAMPE R o 2l H R e REET A0 [ Sc 28 A 82% ~ 91%, 4l 2 Ji A1 80% ~
88%, HIEE/K (90: 10) 475% ~ 84%, i 0. 1% H R ) B B [l e R e 1, 1A 58% ~ 70% ., 45 0. 1%
UKW EEZ T DRSO e e, R AR A T ER SR (pH~10), i WAXAER 3981 & 728w
REA i1k, AR 2% PRASs FHE RO BRI 51, (] H s LA o i AR PDERICRE 71, ACEE AR F S Bl
TR, ali B R4 2 R RV AT 4 PRASs, {E N A 4 SRR I A AU TR AL B B A
W, HEWCRIH BT P KA BEOKIRGHRENAYELEIA L, Pelie E5ss; S HIRN
I DR R PR PRI G 5 T PFASs 5 WAXFEM B g3/, RS 80eMim M. t, SE8EE0. 1%
I H R B . 36— 25 LU BRI DeAL BEIAR AR, 528 TBEBiAR (0.5, 1.0, 1.5, 2.0mL)
DR, SEI R B, MEEHERUA 10 mLEY, 2350 PFASs (IR )ik 93% LA |y 4kEE 5 1. 5 mL B}
2.0mL, [FNCRICHHEIEA 85I/ T 2%), (HERERPRIE BT ) 84 AR Y, , WOk 1. 0 mL A
BRI SR EE TYRE (0.2, 0.3, 0.4, 0.5 mL/min) XF IR R @i e m) 52, 25
REIR, WA 0.3 mL/min B, B BARPILE | min NRESE2BENE, Hanbgsim ., emtt; W
B (0.2 mL/min) SEQEBUS B ERFNE TSR TE, FEE S (0. 4 mL/min) W] 8RS SCBEHA 58
4, JEAEPFASs B DR T % 2% ~ 5%, HEHEHEE 0. 3 mL/min Ay FEBERL R o
TE 2 _EAE RSB SEaE b, etk Tty 2 St . AT, A T HEERIZ
EVE AN, RIS IE 2RI G (C4~CT) MBEBIRE IS . i est, mH
FEt K2R A Y (C11I~C18) ML, LA % EE TGV AHA, LIS 5 53 BT i 1)
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FHORIETGE A . AKAIRMGTTHE, %5 T AR CBRERIEEAENREL B 20, 292 RPN
CTRE ERCRIETY . TR AR, LL2 mmol/L SRR R R B, ARSTHE Ik B2 52 v g
Sl ES i, B E R A 8 2 mmol/L LKL, B ALK MEEEHRFLRALS, uf
FE13 min NSEBLAER 23 FP HARMIEI R 208, B A ie) CEH-FE) 17,5 min, £E LR RAL (1%
FAET, 2 H PR B PRI B2 i i {5 bl , S 0 AN 3 B

8.00E+07 — - 21
6.00E+07
>
P
§7
S 4.00E+07 3
E 4
- 5
2 4 I 6 7 22 13
2.00E+07 1 16
17 23 12
18
99
: /\ il |
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I T I T I T I
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Bl 3 23 FhAxsp Al Sk bR e R MRM 5 3 ]
Fig. 3 MRM chromatograms of a standard solution comprising a mixture of 23 PFASs.
1, PFBA; 2, PFPeA; 3, PFHxA; 4, PFHpA; 5, PFOA; 6, PFNA,; 7, PFDA; 8, PFUnDA; 9, PFDoDA; 10, PFTrDA;
11, PFTeDA; 12, PFHxDA; 13, PFODA; 14, PFBS; 15, PFPeS; 16, PFHxS; 17, PFHpS; 18, PFOS; 19, PFNS; 20,
PFDS; 21, ADONA; 22, 6: 2 CI-PFAES; 23, 8: 2 CI-PFAES

2.2 FHiEEMN

2.2.1 &MAESKHHR EHIFRERES50.50, 1.00, 2.00, 5.00, 10.0, 20.0, 50.0, 100
ng/L 1Y 23 Fh PFASs IR S FRIEI AR Y], N 50 pL3E B bRbrif i I (I3 FhEIAZ bR, iR E
¥R 10 ng/L), H 109% HEKEIE R 2 5 mL, FERALSFAE TR AT, LIS B AR 5008 bR g
TRRLG AR, TSk BE L MR AR, IR HE RN 2R . X IIFRIR BE 2 Al it 7 A th R 3~5 ff i 28
HIbREES IIFRIREE 2. 0 ng/L) AT TIRPATINGE , #AXMDL=1 o0 s THREFERBR (n=
THF, =3.143), DLafEinEfaimyE e & TR (L0Q).

2050, 23 P PFASs 7£0. 50 ~ 100 ng/LJE BN & IER IF, MHXEZRE (1) BT 0.998, Hp
PFBA. PFPeA. PFHxA %520 ## 4k & ¥ 89 r 7€ 0. 9990 ~ 0. 9996 Z [6) , PFUnDA, PFTrDA. PFTeDA .,
PFHxDA . PFHpS %4k & 9189 r 47 0. 9980 ~ 0. 9989, MDL 4 0. 05 ~ 0. 42 ng/L, H: v %8 8 4 HUR R
(PFBA, PFPeA, PFHxA) FI& R % %Mk (8: 2 CI-PFAES) 9 MDL {& % 0.05~0.07 ng/L,
PFUnDA H MDL & (0.42 ng/L); LOQ40.20 ~ 1. 68 ng/L,

2.2.2 RBEEMERE FIERAE/REANGKEFIETE RBENZR, APF5aaiK . tigK .
R KECE 2.0, 10.0, 50. 0 ng/L 3MIIFRAKFE, XK AETETGAK . Tk EK S ALE S AR IS s
JRPRCE 5. 0, 20.0, 100 ng/L 3N IR0 BEANIIFRACF-FATINE 6 1K, TR IS8 R A
PrifEfze (RSD). S5 R, 4k 23Fh &b EWTE2. 0. 10. 0. 50. 0 ng/L JIFR/KF T B IR
82% ~99%, RSD A 1.0% ~ 11. 0%, FHAJFIEAEE T AKE b A RIFAORE S EERNETR B . %3 5K,
AR FNHD T IKFE 3 A IIRAKCE T B =0k 82% ~ 114%, RSD A12. 5% ~ 12%; 7K o [ i34 79% ~
118%, RSD 413.0% ~ 14%, H:Ht PFPeS LEARH LI IR R (124%) 5 AETET5 K H i A 80% ~
115%, RSD 433.5% ~ 14%; Tl K B3k 78% ~ 112%, RSD 3. 8% ~ 15%, LI E#ien, A&
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TIEAEAN R . AR BERKP T X R R A o B AR 2
#2 B3R YIS | BEJTR AR ERUT ER R

Table 2 Linear ranges, regression equations, correlation coefficients, and method detection limits for the 23 PFASs

Correlation coefficient

Compound Linear range/ (ng:L™") Regression equation = MDL/ (ng-L™") LOQ/ (ng-L™")
PFBA 0. 50~100 y=0. 0234x+0. 0012 0. 9992 0.12 0.48
PFPeA 0. 50~100 y=0. 0311x-0. 0008 0. 9995 0.05 0.20
PFHxA 0. 50~100 y=0. 0287x+0. 0005 0.9993 0.05 0.20
PFHpA 0. 50~100 y=0. 0263x-0. 0010 0. 9991 0.09 0.36
PFOA 0. 50~100 y=0. 0355x+0. 0003 0. 9994 0. 06 0.24
PFNA 0. 50~100 y=0. 0299x+0. 0007 0. 9992 0.10 0.40
PFDA 0. 50~100 y=0. 0271x-0. 0005 0.9993 0.10 0.40

PFUnDA 0. 50~100 y=0. 0243x-0. 0013 0. 9986 0.42 1.68
PFDoDA 0. 50~100 y= 0. 0258x-0. 0009 0.9991 0.11 0.44
PFTrDA 0.50~100 y=0. 0231x-0. 0017 0. 9989 0.24 0.96
PFTeDA 0. 50~100 y=0. 0219x+0. 0011 0. 9987 0.11 0.44

PFHxDA 0. 50~100 y= 0. 0193x-0. 0015 0. 9984 0.11 0.44

PFODA 0. 50~100 y=0. 0158x-0. 0020 0. 9980 0. 08 0.32
PFBS 0. 50~100 y=0. 0156x+0. 0021 0. 9989 0.10 0.40
PFPeS 0. 50~100 y=0. 0198x+0. 0015 0. 9990 0. 08 0.32
PFHxS 0. 50~100 y=0. 0223x-0. 0011 0. 9988 0.10 0.40
PFHpS 0. 50~100 y=0. 0184x+0. 0018 0. 9987 0.12 0.48
PFOS 0. 50~100 y=0. 0206x+0. 0010 0. 9990 0.10 0.40
PFNS 0. 50~100 y=0. 0177x+0. 0022 0. 9985 0.12 0.48
PFDS 0. 50~100 y=0. 0162x+0. 0014 0. 9988 0.11 0.44
ADONA 0. 50~100 y=0. 0412x-0. 0020 0. 9996 0.07 0.28

6: 2 CI-PFAES 0. 50~100 y=0. 0325x+0. 0004 0. 9995 0.13 0.52
8: 2 CI-PFAES 0. 50~100 y=0. 0304x-0. 0002 0.9993 0.07 0.28

H3 SBKRER 23 Fh AL A IE 3 S IBRKE F BB RER BRI R

Table 3 Precision and spiked recoveries from water samples spiked with three levels of the 23 PFASs

Matrix type Added/ (ng-L7") RSD/% Recovery/%
2.0 4.0~12 82~114
HhFIK 10.0 3.2~10 86~112
50.0 2.5~8.5 89~109
2.0 4.2~12 82~115
TR 10.0 3.5~10 85~111
50.0 2.8~8.0 88~108
5.0 5.0~14 79~118
K 20.0 3.8~11 84~115
100 3.0~9.5 88~112
5.0 5.5~14 80~115
ARG K 20.0 4.2~12 84~112
100 3.5~10 88~110
5.0 6.0~15 78~112
Tl gk 20.0 4.5~13 82~110
100 3.8~11 86~108

2.2.3 BERMM AFELEAFEZRBKAETLTON 23 B PEASs € 5200, A58 70 7 KR BE . A
T KA NS TR K pHAE = 5 I #EFT 15280 . MK @k M EEHMEF (Na', K, Ca™,
Mg, CI', SO,/ %F) W RERSM B 55 W B 4 R I F el A8 PRASs [ RIS, > AR (2025 4F i EE A
DTEWM A, 2025, RE T FIFRE 2K ETEE 4 0. 16~34. 58, “FIEH27.17, &
WE5T R H I R A bRiEREK (GBW (E) 130012), FH 84l 7K BEBC il 8 B 43 1) M 0%0 . 10%0, 20%o .
30%0. 35%0 MEEFTIEUL, ] &R ESE BT INN 23 Fl PEASs IR A bRUEIE . (DIFRHEE 20 ng/L) i1 13 Fp
FENLZE bR (HEEE 10 ng/L), BEATEREEACEECH] 3APATHE, AR ER BT H b R 5%
W, 45 HREIR, FEEREFE, EEEPFASs (C4~C7) WENEEZEF . PFBA M 100%+3% F+ 5
121%=+6%, PFPeA M 100%+2% F+ 5 126%=+5%, PFBS M 100%+3% F+ 3 124%+5%; 1 K 4% PFASs (C>8)
B DS 2R A2 2 BE S A /N, HERFAE 82% ~ 112% 2 [0) . %I 5 SCHRARGE A0 L1755 i 4 PRAS 155 145
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—5, PTREIA R AR T BT S I R R TR R, R T TR, HIEEEPFASs
D BR FREERS T . AR PERoR, X 3R AR T AR, AR KR BETE R (25%0 ~ 35%0) N, AT H bR
P SRS TE 79% ~ 118% 2], RSD 2A10.50% ~ 8. 2%, FHHAT7 3% 3h BEARAV BAT R UF I 521 .

AR TSR R LT . TR IR S L A7 0 o] e s Ik i o =, AT R ARG B
PEERER 73 Y DUSERRAETER TS K MEET (RAHLR (TOC) A18.5 me/L) Bk E S M AL
KF (TOC=0, 1.9, 3.7, 9.3, 18.5mg/L), &45HREW, FEAPTE BT S, 2370 PRASs (1) g%
TR, 1E15KEW, BERZAML&Y (PFBS, PFHxS, PFOS) FEMEHK (77%~79%), REEKILE
Yyrh PFBA P % 83%+6% . PFOA 52 79%+5% . PFDA 5% 79%+5%. Bl fE SRR &Y 5E YT
1 FRL A P AV s 77 R R AR o A ELAE A O Y BT RS ADONA L 6: 2 CI-PFAES#18: 2 Cl-
PFAES I I 79% ~ 80%, ZMNEREIENG . & AR T T B a R A 73% ~ 99%, RSD 4
0. 80% ~ 9. 6%, it JexE BT HT K

Tl K pH I 3l 0T RERZ0 WAXFEXS PEASs I35 T 22 H0 (- 54 . WAX IR B 50 =R e B e 4%
PEF AT (E g, w] i e 5 PR 88 LABH & R A 7E R PFASs,  pH>8 I B 508 T | v
FrE/E IS . AR, ARSh pH A2 WAX [EAH ARG FE 5200 PRAS IR ) s 28 —
ARWFTOR ] — Toll K B BT % pH=3. 0, 5.0, 7.0, 9. 0 ZEAF bR SLEh, 2455028, pHIES ~7
EIW, FrA B el R st (82%~ 112%) . pH A3 Hf, JH%E PFASs (PFBA, PFPeA., PFBS)
[l BRI e K (66% ~ 70%) 3 H K HE PFASs 32 KA AR &AM, FEIEEL/N (PFDA b 87%+5%,
PFOS 241 81%+5%) o pH A7 9 B 73 < 8 PFASs [IJSCRBE A T BE (£ 94% ~ 96%) , [HEEPRZI A E2
TEFH LK pHIEE (6~9) N, & HERYIHIWE H86% ~ 101%, RSD 470.70% ~ 9. 1%, {2 &
BOMTER,
2.3 ZFREmOHT

RHATFEXR, “1.37 FORER 144y TLBRARFEF T E , 2504, AEIKFEH 23 B PFASs HIf:
B0 E S L . MK PFBA . PFPeA. PFHxA. PFOA. PFBSHIPFOS (46 HIZ 34 100%, e
W EE 4y W) A 2.8 ~15.6ng/L. 1.5~8.2ng/LL, 0.8~4.5ng/L, 1.2~5.6ng/L. 1.5~8.9ng/L 0.5~
3.2ng/L, SPFASsIKEEN 9.2 ~45. 2ng/L, LA RACTHRIL . KM BRILSF LA I 2 /K H PFASs ¥
BERRE ST 1Y, HAEE SRR (PFPeA. PFHxA) (HIWEGE . 5 EaRis 4 S E AL, Hy
T/KH PFBA . PFPeA. PFHxA. PFOA FlPFBS YA R Y 100%, WREIGATTHE K, SPFASs K
4.3 ~28. 2ng/L, %I 5 MR K o PRAS ¥ B2 i) S RYRGE BAE 2 . oK E A Y PFBA
PFOA . PFOS #ll PFHxS, & IH B 2354 2.1 ~3. 2ng/L., 1.8~2.8ng/L.. 0.9~ 1.5 ng/L FIARAGH ~
0.8ng/L., SPFASsIRIEA7.8~12. 5ng/L., 5IRIE VT EHEEHEK Y PRAS i KB4 B, AETR TS5 K
H 7K 1 PFBA, PFPeA. PFHxA, PFOA. PFBS Fl PFOS 4 K il i B 43 %) 4 12.5 ~ 28. 3ng/L, 8.2~
15.6ng/L., 5.6~12.3ng/L, 6.8~ 14.5ng/L., 10.2~22. 5ng/L Fl14.5~10. 8ng/L.,, SPFAS ¥ 4 62.5~
128. 6ng/L, ZJGHI S THBEGKACFE K PRAS IR I AKEW & 0 Tl R K /K PRAS HEEAE
KIKFEH R, PFBA. PFPeA. PFHxA. PFOA. PFBSHIPFOS MRS H R 354 100%, 5 I BE4 51K
35.6~52.3ng/L, 22.5~38.6ng/L. 15.8~28.5ng/L, 18.6~32.4ng/L. 28.5~42. 6ng/L Fl 12.5~
22. 8ng/L, SR EIEILEERL (6: 2 CI-PFAESAHI8: 2 CI-PFAES) 7F Tl & /K ok 4w (4341
1 100% F175%) , K U EE 43541 3. 2 ~ 6. Sng/LF12. 1 ~ 4. 8ng/L, 75 HAtKFER A A D, Tk
KK H SPRAS IR JE A 156 ~ 235ng/L, 553 MRS Tolk el X 75 KA BT H /K e PRAS A RS H R IX )
—E, FREHRE, ATIRRENS A R E K . MR K, K ARTETE K Tk K H 23 Fip
PFAS YRR, HAT R 00 & AT §Ed:

ND: not detected
2.4 EKFEHZENEDHR

AR JTEAEE IR B PFASs & S/ A SR [Ny, FERESIHAE . RN E . B LR . Rl &
T 22 55 il PR S5 7 AR BIL 1T o B SR (0 B RAFAE .

Si—, BESIHEED . AT7E EAERRCA 5 mL, MBS0 B 4k SPE J7 il T 32 250 mL ~ 1 LK
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B RS 100 ~ 200 fi7. S MRESRRATLARINRE. (o LRERDR . VERGILRAAD) AT
20 mlL, FH 2 SPE J7HH AT 200 mL AU REEAR 1 ~ 2 M HORGE. 15 SO A%
SPEJFAREG , ATPHAERRSAIEAE (1~ 10 mL ™ 2 > ) RUgAIR (10~ 50 mLAE ) Jy
Tl AT

&4 SEhREE 23 Fh 2 RAL SR E LR (ng/L)
Table 4 Results of the analysis of the 23 PFASs in actual water samples (ng/L)

Domestic sewage (n= Industrial wastewater

Compound Surface water (n=5)  Groundwater (n=3) 2) (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

S, YR AT B EL SPE SR 2 B Ak, HERE . DRBRI @ o S e
WRG P ELSER, W T N TIREPIE RIS L 588 . [, Joil S 4k SPE B i) — IR Ak |
POBARUE . FIRIRARE SRR 12, Wb 1S i A WL R = A

W=, MRS AR T ) CEECPRET) 17,5 min, BARGESL SPE Jrik GEN
Bohes ol G AR R A e, WA TS . BIRIEL SPE RGN GG E AR
L HEBE TR R ERAEM N D ERTEASPE, KSR RRENES AT, EE6K
AR S H I,

S0, KR L AT T [E I E 23 Fh PFASs (8 3 R AR ), JriER R 4 0. 05 ~
0.42 ng/L. 53CHRIRIEMTEL SPE kAL, ARFIEFER AR (10~ 22 Fp 1202 2 20 ) R
(0. 02 ~ 0.5 ng/L " 2725 2390 TGrTiggil, HAT R E I H FHEEK . MUK K. TG K
TR 5 ROREZERUKAE, 2 5L UK IRES o PRASs 8975 YK Hu s 5 25 KIS PRl S it 1T 45—
AR TH,

3 & it

RIS T AE LR I AH RE B A R — o RO A o i — B B i e Kk . MK K AR
TG K & TR K H 23 Bl PRASs 4341 71k o B Pifk SPEAEZRT | EARER . EARARRL . BEmi 4t
FAa iy B 280, B TR RE . PR TRV R PRASs SR E SR 5008 . JTiRSFIIERE, 23
FhEHFRYITE 0. 50~100ng/LIEHE N EIER IF (70.998), J51EAG HHFR 47 0. 05~0. 42ng/L, ZAKHISLERKFE
B IIFR ISR 7 78%~118%, RSD A1 2. 5%~15%, 5% MBS e b A AL HUAR EL , AR 7 iR AR IR B AT 2
SKEGEIN, B ED (EAHARS mL) . AOUERNHFEAS (<20 mL/AE) | BT B30k . I
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W SFSEBARRHE. AT7 %I TILT A WA FEZEADK T s iRz, KBRS 48 Ko
TSRS YRS | A AR S KR A P (3 7 TSR BOR TR
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