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WE: 485 % F AW R (PFASs) 2 BETRE, Kk R AP, RRFAM, 2B R RETH
HbmEFERR, APHTREFEFNBLAY T T, SESKERLFALEFEM BB, A PFASs #)
FHERR . EBHENERRE FEIRBE SN EARE T @, SIHREAR P PFASs 69T RILKR AT E L
& R FBE (PFOA) = 4 R A EE (PFOS) & % a1 A3 & & & 4549 PFASs ¥ /i . £ B4k A R 47 £ ¥ PFOA #=
PFOS #9 IRAL ¥ & € A dng/L, P B (£ FRIA KT AARAE) A #H 69 FRIES %) % 80ng/L F» 40ng/L.
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V5 YA FER Sk, IFAE I A a] | i T R 5
MR KRG L EHT T LTS KA BT
PFASs [ L BRACEEAR, FLuiF ol T H 2l g 20
HE . A, Liu 28 U % B SR TR 4R - 4R
R (AY0) T. LB KgAK AL BT i, &) T W
(PFBA) 549V (PFOA) Z5444; PFASs (1) -1 2
B3N —5.5%+15%, S AL FR MR (H-PFCAs), 29K
Fe LR oM (FASAs) 5 IR RIS (FTCA) %558
%I PFASs 14 2R N —62%+12% ., LERFR B 7

{HRT A5 I5/ KA H R b PRASs IR fLA S 15,

X ME PFASs gl id K R Gont N efilt e fnAd: A5 50
B RSNV AE A U

24, PFASs 1920 8T J7 2% 32 2 A0 55 T AH 3% -
J0T 3% Bk R (LC-MS) 5 AU AH o 3% - 35 156 H ik
(GC-MS) &5 10T | A5 e e R 7F 78U R ek
J5 T T S R, (AR — S R B . iR
FETF T A 43 BRI 38 R T B 2 A
AL AN S5 5 250, Tovk S B s s I, i LA
W JEL S W R M R SR LT IRk, —
G, AL AL A I R Y R Pl
PRI BUAS B RF 2, BT L PFASs HRE 43 Hr ksl
WS . [RIBT, MLas2 2] S5 N TR Re R R 1 51
A A H 253K 1) PFASs R0 14 = 8 1) 07 FESCH 43
PRt TRl fgte ) L AR SCRGIEIR T PFASS
FEAS RIS A 5P 75 e R, B 05 56 i Hfr b R
KA RS & SR HLR A e N 25 W, SRART T
H T PFASs 143 Bl AR 58 0 e, PEAS HAE 52
I Iz FH 8 3 P R R, R T ARk N AT G
TERRIESE 7 0], A4 T 2 0 vy % S A O e i
FR ARG 00 i AR5 5 X6k B U PFASs A6 &9 B WF 58 Al
R 5 2 BT 5 #E ST i — P o HThmifE R 2% IR &
T N TR BEM) PFASs B4 -

1 ¥REirp PFASs BRI 5 iER R L FIE

AL Tk 2 3R B PFASs A 32 E R 2
— 1200 AE PRASs (94 =i B, Al 2 A Kt
1K RN A 5 4, 3 6 2 5340 vh AT e 3 A AR S /Y
PFASs K HRI™¥ . Lok, PFASs AT 200 Z2 K
P, WAGLTLUE L W BHLIR, B E S g RN i
sy 20 R0 AR D, XS 2 REi PFASS,
SECHLE AR

15 K AL BRI HE )2 PFASs HE A BREE 19 55
—EERAE S L R TEGETE KA BE T 24 PRASS
(5 AR AR, 1% PFASs TEAN B ST SR AETE T

KRG I . HRARBTSE (2 7526 [ % BOR N
10 ZZI5/KALBR) v, HiK PEASs ¥ i i 2278 T K
W, e ATV BE Y 19 /% . 33t kK b iy
R 00 7E A B3 AR Ak k PFASs BRER, Tl 1
KRS, T5KALEEHR ) PFASs 20K 7 PFASs
72 B R (T s B Ry g, ) A
T 2% 5 LA K5 7K v PFASs R 744 5 14 J5L A0 4k
e G S A B AR v, G A W R TR A SR b i
(FTOH) % ] 14 #% fk J 4 5 & M (PFCA)" ',
N-Z H Rl (N-EtFOSA) il N-Z K /¥
SL0H iz 2.1 (N-EtFOSE) 25 i At il 5 4k 42 3
FLERR (PFOS) 1200 | 386 PFASSs Hi{A iy % b 12
T57KAL R PRASs AR BE 38 it 2 R A

PFASs 7EM 5 H T B ii 18 24 KA T
Ui KRR . E MR TR T
PFASs i o i e /K A4 (4 3 sh kA TRT3E L T80 901 g 7
K. T PFASs RIRISF45 I RHE, HAe K
B A AT A e LS T R R B IS &
BLRT PFASs 23T 45 K4 "h B K F1 25 K 3B 405 7K AH L
SURL ) K R ) A B A B, (R AR AN TR 2 A
PFASs 7E/K R BUHRRIAT R . 5% PFASSs fii[n]
TH5AENYLE S, MEEE PEASs WH S /K i /8l
IR PFASS 1% B A0 A iR 52 L L 5 8 by
ARG L EIE R Z . TR ) PFASs
T 32K ST b R B R RS AT A2 ) A S
pH E A HLTE A 55 P R A5

H T PFASs 15O AE/KIR, TRz
Kt o BRI, A A0 R A BER [R) PR B A b
PFASs V54t 2 X H 2, HaE B kiR A 1 .

2 IRBE PFASs AE S 515 oK
2.1 PFASs BRI

PFASs A A FREE XU R EARIAE XS RS RS
NSl B %) W e BB o A6 A2 S IR 7 1T, PFASSs
(A T A S R G R W) TG 3R i AR, s it
WIRETE S5, FRARAE M 2 RE bk . R ge e L 220
PFASs X 7K A= A= W AF FE #5200, AT R 2 25
HoAh oK A A B AR K R R A2 B R . A,
PFASs A= 1) S BV (i FL A 13 e v 70 o 5 4, He
2Ll BB X TR Al 2 (RGN S8 1 i R iy K
Wy D3 7E AT, PFASs B TE R E T 51
EAERI IRz e . A3 E R i, 36 [ PR B R
$1%& (US EPA) 7£ 2016 4E5L X} PFOS Fl PFOA il &
T 70ng/L 0 7k 2 A gk e A 80 vk g R4 12
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Fig. 1 Schematic diagram of PFASs migration in different environmental media.

2022 4F US EPA ¥ PFOA [R{E[%Z 0.004ng/L, PFOS
FRAE 5% K 0.02ng/L; 2024 4F 4 A EEMIAG T EA
BA B 1Y B 22 Ik 7K 5 i National Primary
Drinking Water Regulations) , X TX F 7K H' (9 6 F
PFASs ¥ 5t # 57 T e K35 Y2 K (MCL), H
PFOA 5 PFOS 1) MCL {E 34 4ng/L. HAh =50
Hb DX A AR T AR K H PEASs B RRSilA5ifE. 4]
i, A CAE IR IR K TAEFRHE )(GB 5749—2022) #i
7E PFOA 1 PFOS 1Y BR{E 4371 24 80ng/L 11 40ng/L;
Wk Bk FH 7K 7K B #64> [DIRECTIVE (EU) 2020/2184]
TFLE & PFASs 7 e R /K H A BRAE A 100ng/L

B PFASs BYAH FAIHERL A) B H 45 98 i, A AR
XTSI AE AW ., Ak, Bk
WEZ IR AT PFASs XF KRR 10, #F5%
CLIESE PFASs Al £ i 8578 2 16 ) LAA N, X5 iR LAY
R XUR: 23 A AN FHME R, Rk PFASs
RS LR R R g Y Bk
TR o g 0 M gk T A
FEFEVAE IR
2.2 IR PFASs iS5 4RIk
2.2.1 JKIEEH PFASs 1975 4K

PFASs /£ N —RFEA A VIS I, |2 fE1E
TARK IR, iRk B Rk P Ak
JHZK H00 . PRASs 7E /K FREE A5 e BLAT B35 191X
I 2e bk . ST Tl HE R RN 4= 3 A K A
— 176 —

R R R TS e B L i, e bR SR
—2% PFASs A 77 T Jil il b X f%) HLF 7K 5L PFASs
e B A {8 =ik 1863ng/L, B I ¥A] 7 () 4 PFASs “F-
I B 171/ Y L BN 22 [ R F e D
AR 7R /K R4 v B PRASs 383 8 3 R B 15 7 A A
JHZKBRAE (100ng/L), HLEME7E LA 25 T4 fi i i 1X
W RB AN 23X ) I, X B PFASs HAT 311
AN

F 1 7K T G i Bt R 1, (75 o
7K1 PFASs FTGEERE TR . PFASs REAPE S
Rfr bk, L RE USR0S Yt R K, XK R K 28 4 A
A S IRBE R N S . RS EPA BdE BoR, 7R3
E>E B 4920 MEHKALR RGEAYIE 37000 41~ PFAS
FEACHT, 729% 1) PFASs kit & A FEHL 7K, BRI
(R4 T 7K B4 5 PFASs W (210ng/L) 2475 Tl
FoK (90ng/L) 0 AN, R K Hh A PFASS [
K R 5 T8 PFASS, iX ] RE -5 HAS IR A0 22 -7k
Sy BB R KA O L2 L — i X
el X i X K 5 A 4 T sk 1Y L b
% PFASs B £ B A3 I, FEAE - R 7K i 7 ik
JE B R RS, o B AR R K RS S 4
T et FREL (PFBS) Al PFOA AU R ZE M A Y.
KIS PFASs e B 5 EI 58 (b IX) & A T8 B I
Hb T 7K R G 2R G, N [R] [ G R DX L R K IR
(LAY PFASs Wk M AR EARKRES (& 1),
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%2 TR, 5 255 ZREE AP0 A SR IR S S B AR 7% 1 J o5 44 35
21 RS EFX M KRB LR PFASs #(JE R H b
Table 1 Concentrations and types of PFASs in groundwater environments of some countries and regions.
W4T PFASs L9 S HAR I (ng/L) SPFASs
iR KR SRR R KBRS EEPEN
PFBA PFPeA PFOA PFBS PFOS (ng/L)
HEM B R R K nd~119 nd~164 nd~274 n.d ~ 544 nd~942 | 3.61~784 [48]
e A KVE X H T K 2.94 0.94 2.88 1.15 <0.1 1.07~24.19 | [39]
hE R FHK IR 7K 5.26 0.35 3.32 4.44 4.84 19.5 [49]
FEIRD RGN | FALT) BHIH TR | 73~359 62~235 53~75 51~15.1 10.7~143.4 | 203 ~4773 [41]
& FE AR X R FHK IR 7K nd~42 n.d~20 n.d ~ 1500 n.d~24 nd~98 |nd~16454| [50]
Sty THB7 it K nd nd <5~390 <1~390 53~16000 | 16~22000 [51]
[ IR R 7K nd 0.84~6.16 3.06~6.72 1.04~3.18 nd n.d~36.9 [52]
I Ik LT K n.d~ 63 nd~213 0.06 ~ 14 0.04 ~ 38 0.07 ~ 80 0.56 ~ 638 [53]
e IIES| IR 7k 0.277~7.03 0.021~7.77 0.021~4.16 0.021~1.06 0.021~8.09 | nd~23.9 [54]
B PG T L LA 2 A RITIAC IR 7K n.d ~56.1 n.d~ 165 n.d ~249 nd~5.1 nd~ 158 718 [55]

T “nd"FORZEERARR T . —LEE G KR S A SCHR P AR SRR X A5 L

R B ETF £ E R EJF R % 7K PFOA il
PFOS %5 PFASs Jf0 H th ARG PRI A, (H i T 4R
OB, BRI AT SR A TE TR EREE R P B
AT, E PRkt X PFASs B NS0T & R B, B
W IS A7 e RN 2 e, R 5 S A 4 T R
G — 1 WE BRI
222 AP T PFASS (975 44K

T IR PFASs B ES 1T T BIF 5% 14 56 4t
AR, EATALR 4 Bk B A PFASs fiftfig 7,
& PFASs [ 1L F /K IER B REmA R ) . fidk
Tl X 1 - ERTDTRR Y PFASs kB2 5 45
DO ]l T Tl el X 2 2% J2 e A 12 A
PFASs, Sk V-3 {H 4 104.84ng/g (1), Hr,
4> 58 Bk (PFHpA, 72.99ng/g, 5 [t 70%) Fil PFOA
(29.25ng/g, MLk 28%) S FEIG YY), 1AL, THBHTE
3l J& T3 PFASs 75 & () H Bk I 2 — . Dauchy
g U8 og IUTE Y B I 4535 b P PFOS., 6 : 2 3 S
RYIBEIR (6 : 2 FTSA) F1 6 = 2 E#UH R Y BAIE b
LW SR (60 2 FTAB) 2% 2 R b i 81
PFASs, e B nl ik 357000pg/g. RS TEER )2,
PFASs i3 EEMELUT 15m. ZINZSHH T
7K PFASs ¥ ¥ 5135 8300ng/L, 6 : 2 FTAB 1 A5 5k
FACY L B TR B R DT 20m.

AN SRR B BRI CAn: AL
B WA . pH (AT S 2SR ROk B A ) T 2 M
546 PEASs FOWRIT, (e AIEREAE S 0 LR
(1) - 496X PFASs H A B 5 (1) W RE 7, X 1l BE 3K
HoAe 1 2R (HIRIAF 38 T PFASs 76+ h
KU B, T REAK S S B R M T K v L2

2.2.3 RS IREEH PFASs 19754k F

VE R AR WG Y, PFASs BR T il i K 44
F ARG, 3] LU i R HE 28 A% 1% 22 It b
X o H 2009 42, b b W s i W I 45 R R,
6:2.8:2%5 10: 2 FTOH %2 & K6 H i F k4,
VR BN < 0.4pg/m® & 9.7pg/m’ @ |

Wu 25 LSS T A 2R e I R L DX R T
(ELFE A N L BT BN AR ) 1 R
PFASs $#1iF, & Bl K< h PFASs ¢ 1 48 {1k 3 Bl 0
7.8pg/m’ £ 290.0pg/m’ A%, Hrh g P 1l7 ¥y PFASs
WP o 2, 4R 2T O IR (PFHXA) J&iZ X
KA F e FEA PFASs, X R AT 65 4 b Tk % it
AIHERC IR G . Li %5 O BE X b8 1 R R T
() 25 S RN BRI PFASs & b A7 T 2087, 45 3
7N, %5 PFASs Mk B2 (JURL FILAAE BRI A T
31.7206pg/m’® % 206pg/m’® [, F-HIfE K 77.9pg/m’.
{HASVE R Z, PFBA Il PFOA 241 K= 5
=1 PFASs(/5 HLIlE 60%). BIFFEHHE, 35 A4 I 1=
TR AR LR T RE TR T M b A= W S 24 . i8Rk 2E
BEEAT A HER . AR, FERE Kt R, BIFTR SR 3]
RAH PFASs ¥ B2 MY 3027 I 14 184 o 38 ok 0 By
PFASs 7 FR /K FVA T 3% 2 L, & 30 PFASs £77F
B IR Y BV AH M R X —IG ] LU
B R A2 BIMEAE R K 25 R 5, A PFASs WeEEAT)
TERRSE N, B S TP PRASs (I Sh 4451k
AL T EELEK,

38T [ R BE R HE RO & SR E AR e . 7
KT I 0 — IS Fe ] L0 AR im R I A e
B 23 S P i v PRASSs i ik 3 Y8 Bl 393 ~
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19000pg/m®, H: o, FTOH ¥ J¥ &% & , 5 Bl N
187 ~ 19000pg/m®, 5 = G Hifi7; 8 : 2 FTOH Ji H: %
H, TTRRFRIE 50% ~ 75%; Fk K 6 + 2 FTOH(11% ~
48%) 1 10 : 2 FTOH(1.8% ~ 26%). 5 K X —
RS KTAR L, 332 X A PFAA T IR Mk 3 0
W E (P50 FTOHs: 463pg/m’ vs. 248pg/m’), X
— WG R WY AR T Sy BB 5 ST AT R R R
PFASs By HZ iz —

g5 L Tid, KB ) PFASs 15 34 e — 18
% 11T L ) BRI ) A, R ke B A9 0 A b T R A
PFASs {9 Wil . Sk U5 AT . DUREBLI LA B AR R
GE T AE RS MR, DL S 4y L B A PFASs 783085 P 1)
AT R FIRUBSE o 39 Sy il 2 A7 280 1 75 e o S s B 1
B2, 5 B A A PR AR

3 BT PFASs Bk iiEoR
3.0 FERRIS R4 T ik

FE PFASs KU 43 H7 v, AS [R5 P A i A e
EE 225, PRI, FE A8 | 2R IBORN Tk 40 £ R
k1 PFASs 20 Hr HoAS o] sl e i S s A0 B, HEH HFE T
P RO R AR, T PR T T, AR AT 4 SR
Wtk . HAw, T BRI AT PFASs RE
st T A BT v 32 B4 O AR G, [ AHAE B (SPE)
IR A (LLE) 70 45 X F R ) 5 52 4 i
PFASs B3 #r, FE A TRANEE T V55 T35 2,
3.1 KAETANEE )T

18 K AEH ) PFASs WeBERCAIG, BRI SPE Jrk
B RS )2, SPE RENS B AT RO H R
ST o35, G 26 B ], R D A HL
) ) BRI T KRE T PRASS BT
SPE i # i JH 3 & W) 2 19 AL BURE, 40 Oasis-WAX,
Oasis-HLB F/I Strata X-AW 25 17 8 19 25 B A, 44 %

# 2 AR B PFASs SRR AL 7 4

PFASs A BL 479 5 SR A fbCR 17, e A 30t
S B EY S TR . X b PFASs, il
T FH AR A MG 355 X T B F 7 PFASs,
SHERER (PFCAs) M HUEEER (PFSAs), W% F & &
KA R A TR o

S PFASs [BIIBCR B 2 R AR 2 . il an,
Brumovsky %5 |4 SEAL TR HEFI2E AL pH {H . $hEE
FEBEBONT PFASs ISR 520 , 2 bFgefli ] 7 =
A R SPE 4% : Oasis-HLB. Strata™-X FI Oasis-
WAX, il 45 T = FlAS [F] 45 B 0y 0T, A 46 A kK
NI RFPER 1 1IREY .. 7F pH=8 HiF/KE
TR 50%(E K ) 5L 1009%(7 K ) 9 44 F ,
Oasis-HLB W {77 7 HH BEAE R GE i i s, PFASs 114 1]
WCRIRE] T I, 439k 82.8% 11 78.3%. MIHLZF,
TEAATA] S F Strata™-X 1 B0 64 [ IACRMEAEE, 43531
M 75.6% F1 71.3%. T Oasis-WAX W51 A A1 =R
AR X A1, AR AR 2B T A WL 5 A 3,
KM TE X BL 5514, PECAs il PESAs A5 B e
3.2 [EAKE S AL BT

R ARE S (A5 U8, TOR AN 498 (1% 7504k 2 3
WK FEE R 2, T T4 0o B0, $2HURN
WA EL IR . AR (TR 45 LR
B TR B ILER I [R5 2500 B AR (. 15- =
1 PUMAT B3 6 )(HT 1334—2023), FRECEE S A
AR R B B W, PR P I, B30 WA s R, 3L 0
J5 3 3 59 B B F 554 SPE REd Ak, Ak, LA B
5t U5 S, P RE R HEAT SPE ¥k T R 3 4 T
SEAL, o SRR % B A RERRAR . R, TR AR
FLARHRE T BR B B3 () TAL BT
3.3 AURFES AL B T

SRR PFASs BRI L | 2R
dipEfk 44 (l FTOH. FASE. FASA) ') . H#f,

Table 2 Sample pre-treatment methods for PFAS analysis in different environmental media.

[EATE S| PFASs i e TAN Ly IR E=PEN
ST AR MR A+ SPE HPLC-QaQs [68]
HPLC-QTOF-MS

R TRV CREPRER DK R G S, B

BB RAE: K T MR, b S WKL TS A GC-QTOF-MS [69]
VRIRIEI . 5L A T -

R K SPE HPLC-MS/MS [49]
Wik K SPE TSQ LC/MS [70]
15K YRR AT IR 4+ Hlk SPE UPLC-Orbitrap MS [69]
llk j:)i‘i FHEJrﬁFf ﬁﬁﬂ?ﬁﬁﬂ%ﬁﬂpﬁ UPLC-MS [58]
158 Wi+l BV TR 2 L+ SPE UPLC-HRMS [71]
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233 PFASs ASRAE 1 E B 3280 25 SR
BB RAE T . Bl SRR, Sl
S A R 2 IR, A R B R R
PFASs, 1% J5 i 7] [7] B 5% 48 < AH FL 5K A PFASS,
HATE R R FERCR . W8 R i T /N
BAAR, Btz 0 TSR PFASs BREE .
ULk, ¥ KM PFASs Zy M W B 570 (Can 28 22 g s
Vi) v e LT T B T A U T £ BT L U
T RES AL B P Y PFASs L7 e R
BRI Y AT SE 1, A 38 Ao e R A [R) R B 5 45 0 =X
DL RS [ RP S PFASs. FE 5 25 BUKE, 8 FH &
VAL (PLE), ¥ 57 8 £ R £ 6 AN R 45, HLAR 5
TETFHEF > | PR R, o] s s Yot m mr
AR . X/ IMARTE N2 SRR, H R SPE,
PRI 7] i e B B T PFASs U270 (b PFASs
FIREE 700 BT PFASs I RO SeEhiaim 50,

H i, XA R FREE A 5 PFASs (195007, i
TGl BRI E 7. B PFASs P2 A KT
i, T EERR LR HAR R AL AR IR R, 18 e i
R
3.2 SRR
3.2.1 A% EREC TS L

SRR €835 - H I BT 5 v PR HL v R | i
PEPEFNE T AE ST, AIKG IR 5 PFASs, /&3 1 PFASs
(BT BE TV o 1T I T B A 1 AR FIAR T i,
A [G) I AR G T 8 PRASs, BAA T 12 193d FPE .
i, o A AR AR bR RS 30 1 2R 8 Hh o A
HLYIFE K5 )(GB/T 5750.8—2023) M5 T 8 5 S50R M -
0% BB 0B T 1% (UPLC-MS/MS) S 6l K A rp 11
ilt PEASs 1Y F5 #E 77 ¥ 3 38 [ EPA HI TR A K
PFASs M7 i 7 i €/ 1 14 Fh % 25 Fh PFASs, H:
AR 50% (1) B ARG R 258 THE FTEEB T #T
HUHLE PEASs 81 B SR S BE B[] 43 A 5 v 7 A
AR T H AR S, (H TR 58 A 5 55 N W Y T
7 PFASs.

JUAE o - R T R B AR SRR A P R
M Z % PFASs (L3, {H 784 FHAS [R) B i 56 o Fn gt
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Research Progress on the Ecological Risk Status and Analytical Techniques
of Per- and Polyfluoroalkyl Substances

WANG Weijie'?, WANG Hongtao'*
(1. College of Environmental Science and Engineering, Tongji University, Shanghai 200092, China;
2. State Key Laboratory of Pollution Control and Resource Reuse, Shanghai 200092, China)

HIGHLIGHTS

(1) The concentration and categories of PFASs in groundwater are susceptible to influences from various
environmental media such as soil, surface water, and the atmosphere.

(2) Despite being the predominant detection methods for PFASs, LC-MS and GC-MS still exhibit technical
limitations in areas such as real-time monitoring.

(3) Emerging methods like machine learning offer promising solutions for analyzing novel PFASs.

ABSTRACT: This paper is a review of the current state of pollution and analytical techniques for per- and
polyfluoroalkyl substances (PFASs) in various environmental media. PFASs are widely present in soil, water, and
the atmosphere, with groundwater pollution being particularly severe. The persistence, mobility, and
bioaccumulation of PFASs pose significant challenges for remediation efforts, threatening ecological safety and
human health. The complexity of groundwater environments and the diversity of PFASs present challenges for
monitoring and remediation. In terms of PFASs detection technologies, significant progress has been made in recent
years; the application of high-resolution mass spectrometry (HRMS) has greatly enhanced the sensitivity, accuracy,
and resolution of detections, especially with non-targeted screening techniques that can identify new and unknown
PFASs. However, current technologies still have limitations, such as the need for improved sensitivity in detecting
ultra-low concentrations of PFASs, and the lack of standardized analytical methods restricts the reliability and
comparability of data. Future research is recommended to focus on enhancing the sensitivity of PFAS detection
technologies, establishing unified analytical standards, and incorporating tools such as artificial intelligence to assist
in analysis, in order to effectively address the environmental and health challenges posed by PFAS pollution. The
BRIEF REPORT is available for this paper at http://www.ykcs.ac.cn/en/article/doi/10.15898/5.ykes.202412080252.

KEY WORDS: per- and polyfluoroalkyl substances (PFASs); ecological risk; pollution level ; groundwater;

analytical detection technologies

BRIEF REPORT
Per- and Polyfluoroalkyl Substances (PFASs), characterized by their exceptional chemical stability and

(1

environmental persistence, pose severe contamination risks across global ecosystems''. These synthetic

7 water™ soil®),

compounds, featuring fully fluorinated carbon chains resistant to degradation, accumulate in air
and sediments!'”. Groundwater systems are particularly vulnerable due to leaching and long-range transport
dynamics'''"*!. Alarmingly, conventional wastewater treatments like anaerobic-anoxic-oxic (A%/O) processes exhibit
negative PFAS removal efficiencies (e.g., —62% for emerging H-PFCAs) due to precursor transformations,
exacerbating contamination risks!'*"*,

Current analytical methods for PFASs, while sensitive, face critical operational limitations that hinder
real-world monitoring. Although LC-MS and GC-MS remains the gold standard for laboratory-based detection, its
reliance on complex pretreatment and specialized facilities renders it impractical for on-site applications. Emerging
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technologies, such as electrochemical sensors!'® and Al-enhanced non-targeted HRMS screening!'”), offer rapid and
portable alternatives. However, most field-deployable tools focus narrowly on legacy PFASs (PFOA/PFOS) and
lack the sensitivity of traditional methods.

The ecological risk status of PFASs and analytical advancements are systematically evaluated in this review, to
guide future mitigation strategies. By synthesizing evidence on environmental migration mechanisms, groundwater
exposure pathways, and limitations of current detection technologies, we identify critical research priorities:
standardizing protocols for emerging PFASs, integrating Al-driven predictive models, and deploying real-time
sensors to monitor contamination hotspots. These insights aim to accelerate the development of scalable solutions
for safeguarding environmental security against persistent PFAS threats.

1. Environmental sources, transport, and ecological risks of PFASs

PFASs primarily enter the environment through fluorochemical manufacturing””, consumer product emissions *!1,
and wastewater treatment systems. Research has revealed that PFAS concentration in treated wastewater can exceed
influent levels by 19-fold as a consequence of precursor transformation, such as microbial conversion of FTOHs to
PFCAs™ and N-EtFOSA to PFOS"® during aerobic processes””. These persistent contaminants migrate through
atmospheric deposition, hydrodynamic processes, and soil-groundwater interactions. Their distribution patterns are
significantly influenced by molecular structure: long-chain PFASs tend to bind with organic matter, while their short-
chain counterparts exhibit enhanced aqueous mobility!*”). Soil characteristics, particularly organic content and pH,
further modulate their migration potential, as evidenced by significant PFAS penetration (15-20m depth) observed
at fire training facilities”>".

The ecological implications of PFAS contamination are severe, stemming from their bio-accumulative

properties and toxicity. These compounds disrupt microbial communities’™) impair aquatic organism

59 and pose human health risks through placental transfer'™ and associations with renal and

reproduction
cardiovascular disorders®>"). Regulatory frameworks remain inconsistent globally, with varying threshold limits:
the United States has established a 2024 MCL of 4ng/L for PFOA/PFOS"?, China maintains standards of 80/40ng/L
for PFOA/PFOS (GB 5749—2022), and the European Union enforces a limit of 100ng/L for total PFASs
[DIRECTIVE (EU) 2020/2184]. Despite phase-out initiatives, legacy PFAS persist due to their remarkable
environmental stability?®®, as demonstrated by extreme soil contamination levels near firefighting sites (357000ug/g
PFOS)" and their detection in remote Arctic regions (FTOHs <<9.7pg/m’)!**],

Urban atmospheric studies reveal hotspot variability in Fujian Nanping (290pg/m®, PFAA*Y) and Shijiazhuang
(77.9pg/m*, PFBA/PFOA 60%'*!) with municipal waste incineration identified as a critical emission source
(187-19000pg/m® FTOHs in Tianjin landfills*®).

Current challenges include the lack of standardized global monitoring protocols and incomplete understanding
of precursor transformation risks. Addressing this multifaceted environmental challenge requires integrated
mitigation strategies encompassing source control, advanced wastewater treatment technologies, and harmonized
regulatory frameworks.

2. Analytical and detection techniques for PFASs in environmental media

Variations in sample properties across environmental matrices demand rigorous pre-concentration and
extraction procedures to ensure accurate PFAS analysis. Established methodologies, including Soxhlet extraction,

solid-phase extraction (SPE), and liquid-liquid extraction (LLE)!*”

, effectively address matrix interference
challenges while enhancing analytical sensitivity for gaseous, solid, and aqueous samples.

2.1 Sample extraction and enrichment of PFASs in environmental media

Water sample analysis: The detection of PFASs in aqueous environments primarily relies on SPE due to its
effectiveness in isolating target compounds from complex matrices. Commercial SPE cartridges, such as Oasis-
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WAX, Oasis-HLB, and Strata X-AW, efficiently concentrate both neutral PFASs (using methanol elution) and ionic
species like PFCAs/PFSAs (using methanol with ammonium additives)!’”). Research!”*! has demonstrated that Oasis-
HLB cartridges achieve superior recoveries under pH 8 conditions (82.8% in brackish water, 78.3% in seawater),
surpassing the performance of Strata™-X (75.6%—71.3%) and Oasis-WAX (which shows lower recovery but better
organic interference elimination). The significant impact of salinity and pH variations emphasizes the importance of
optimizing protocols for specific matrices.

Solid sample analysis: The analysis of soil, sediment, and sludge samples requires thorough pretreatment
steps, including drying, sieving, and homogenization before extraction. While China’s HJ 1334—2023 standard
recommends isotope dilution with anion-exchange SPE purification, research indicates that universal SPE
applications may not be suitable for all matrices. For instance, feather sample analysis revealed diminished recovery
and precision following SPE purification'”, highlighting the necessity of developing matrix-specific methodologies.

Gas sample analysis: Airborne PFASs, particularly FTOHs and FASEs, require specialized sampling
approaches due to their volatility and phase partitioning characteristics. While active sampling with filters
effectively captures particle-bound PFASs, passive samplers provide a cost-effective alternative. Adsorbent

selection is crucial: polyurethane foam risks losing volatile PFASs!’”)

, and glass fiber filters can irreversibly adsorb
PFASs". Pressurized liquid extraction (PLE) using ethyl acetate or acetone offers advantages in reduced solvent
consumption and improved throughput. For small indoor air samples, SPE remains effective, utilizing methanol for
neutral PEASs!”! and ammonium-methanol combinations for ionic species'™.

The diverse structural characteristics of PFASs preclude the development of universal extraction protocols.
Future methodological innovations must focus on addressing current gaps in selectivity and sensitivity, particularly
for emerging precursors and ultra-short-chain homologs.

2.2 Analytical and detection techniques

Liquid/gas chromatography coupled with tandem mass spectrometry (LC/GC-MS/MS) maintains its position as
the gold standard for PFAS analysis, offering ultrahigh sensitivity for trace-level detection, superior selectivity, and
precise quantification. Global regulatory frameworks have widely adopted these techniques, as exemplified by
China’s GB/T 5750.8—2023 standard, which targets 11 PFASs in drinking water using UPLC-MS/MS, and the US
EPA Method 533/537.1, which quantifies 14-25 PFASs, including emerging congeners with varied chain lengths or
ether substitutions comprising less than 50% of the total®'). Despite their proven reliability, significant challenges
remain: (1) limited detection capability for novel PFASs lacking reference standards, and (2) matrix-specific
interferences requiring rigorous quality control measures (QA/QC) to prevent false positives and negatives. Notable
analytical concerns include PFAS adsorption to glass containers, leading to concentration underestimation, and
contaminant leaching from fluoropolymer-based materials (e.g., PTFE), resulting in elevated background levels ™,

High-resolution mass spectrometry (HRMS), combined with chromatographic or ion mobility separation,
enables comprehensive identification of unknown PFASs through exact mass determination and fragmentation
pattern analysis. Modern HRMS workflows incorporate suspect screening databases (such as the 141 PFASs
compounds in GC-HRMS™!) and advanced computational tools, successfully identifying thousands of previously

(4] While this approach proves invaluable for detecting emerging

unmonitored PFASs in environmental samples
contaminants, it faces limitations due to incomplete spectral libraries and requirements for high technical expertise.
Novel onsite monitoring tools, including immunoassays, electrochemical sensors, surface-enhanced Raman
spectroscopy (SERS), and ion mobility spectrometry (IMS), provide cost-effective options for field deployment.
Khan®" developed an MXene-based electrochemical sensor achieving PFOS detection at 33pg/L (LOD) within
Smin through AgNPs-fluorinated MXene interactions. However, these emerging methods currently show lower
sensitivity compared to LC-MS/MS (ug/L versus ng/L) and limited scope, primarily focusing on legacy compounds
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like PFOA/PFOS". While SERS and IMS demonstrate potential for multiplexed detection, they require further
optimization for complex environmental matrices.

3. Concluding remarks

PFASs exhibit remarkable environmental persistence and mobility, alongside documented ecological toxicity,
which collectively contribute to their global environmental concerns. These characteristics highlight the need for
interdisciplinary approaches to address the issue. Although detection technologies have advanced significantly,
challenges remain. Current laboratory-based methods such as LC/GC-MS/MS are often incompatible with real-time
field monitoring, and standardized analytical protocols struggle to detect emerging congeners. These limitations are
further compounded by regulatory inconsistencies and the inefficiency of conventional treatment methods, which
may inadvertently exacerbate contamination through precursor transformations. This review aims to highlight
potential limitations in existing frameworks for addressing PFASs’ complex contamination pathways and
emphasizes the value of continued innovation in detection, risk assessment, and global governance strategies.

4. Future perspectives

In response to the mounting PFAS issue, future research can concentrate on the following four areas.
(1) High-sensitivity detection technologies: develop field-deployable sensors and enhance HRMS workflows to
detect ultratrace PFASs (<pg/L) with focus on multiplexed detection of legacy and emerging congeners.
(2) Emerging PFAS characterization: systematically investigate novel compounds’ environmental behavior and
toxicology while establishing validated detection methods. (3) Standardization of protocols: harmonize global
standards for sampling, pretreatment, and analysis to ensure data reliability and comparability in ecological risk
assessment. (4) Al-driven data analytics: build machine learning platforms to automate HRMS data interpretation,
predict contamination patterns, and accelerate discovery of unknown PFASs. By integrating state-of-the-art
analytical advancements, stringent standardization, and intelligent data systems, these measures will enable

proactive PFASs management and protect ecosystems.
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