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Fig. 1 Passive sampler of PFAS analysis in groundwater: (a) Application simulation (4] ; (b) Product™?; (c) Device!"*!.
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Table 1 Comparison of advantages and disadvantages of sample pretreatment methods.
FERAAL B OB OGS AR Bed e RENEE| P VS 275 3k
Methods Mechanism/Key process Application scope Advantages Disadvantages References
TE HIfY) PFAS FhZSaZBR,
. , PEREAL, B AL RELE L AT R AR S el e BAEE, TR Z
RO /70 & 1 2 X Y ) o .
T Alkylation, amidation, S ES- BB ) Limited PFAS species, [27,31]
(Derivatization) . ) Low-cost instrument . .
or silanization GC or GC-MS analysis complicated operation and
mass interference
S " Jr i B AR e,
i S SIHFA B AR (- e O,
JERL2UIRER7S i ERR 7R Y A3 o R T R VEE iR [15.16]
(Direct injection) Filtration e . Simple pretreatment High MDL and susceptible
LC-MS/MS analysis L
matrix interference
B B -1 G o W (50 ~ 1000mL /KRE)  ATEE, AL Se AL A Bl 4R K. 2B B
(SPE) Liquid-solid General (50-1000mL water Reliable, synergetic Lengthy process and [35-42]
chromatography sample) purification and concentration complicated operation
s T . IMATRAREE (1 ~ 10mL IR, SR, A EE R RIFEM, ISR TE
(IR o (1~ 1omb) - . T
L Water samples with small Short analysis time, green, Special consumables and [21-22]
(OSPE) Valve switching .
volume (1-10mL) fully automatic broadened spectrum peak
; . . - B Rl ALREEEA S 5,
- WA KIRBUKEE (500~ 4000mL)  FREHEREHE, 5T A5 e
JEREA A AR G . ‘ , ez WAX JE
Liquid-solid Water samples with large Fast sampling and easy to . [23-24]
(Membrane SPE) Poor commercialization,
chromatography volume (500-4000mL) automate
lack of WAX membrane
s . AL TR, WA, PTG,
e e AMEBUKFE Y TR
” SPME head adsorption- ~ Water samples with small . . AR [25-27]
(MSPE) . Low solvent consumption, High cost, time-consuming,
desorption volume o
green poor commercialization
. IKFETC T I g, HARS L
oy TRMREERREE  pukieos-2omu) e STASE
S AR A U R s - . i . WA B B AR IR
. X Water samples with small ~ Free of filtration, compatible ) . [28-30]
(dSPE) Selective adsorption- Restricted concentration rate

. . volume (0.5-20mL)
desorption of nanomaterials

with new materials,

easy to automate

3 HiFK PFAS 2 Hkai 7y ik
3.0 RSO E
3.1 SAHEE-FEE

SR TE- BT AR (GC-MS) 54 T H AL
B AT PERAT AR AR TS TP AR AL, AT B AR
YT EPEE 0T . GC-MS A3 20 v 42
WK B — e AN FEmE N RETRILr R,
1M PFAS G5 XA 4 S Jor R il Tk e . 9 o) 208 i 5
DR B R, 1A GC-MS K. Ayala-
Cabrera 25 13V JF % T —Fh kb I 2k w12 Fl 4% 2 4
PFAS ) GC-MS i 75, 277 0] F T % & 34
FUMR Y (FTOs). A R Y BE (FTOHs). 49
B SR IR (FOSAs) FIEMEfi %L £,/ (FOSEs) MUk
2 PFAS, J7 11 il DB-624 {835 k: 43 55, 1b 2% fa 5
5 (C1) Ao

SR, KHRSr PFAS WIRIR | WATRISRA M . =
W MR Y R, T AT AR BRI A B GC-
MS BT D2 L TR AR A A b A L T

Rk s rE ek, H AT A R R e . J 20 o
ZHRAIN- . RO TR, 2, 4- ORI 3, 4-
TERKEN, WA R AT TR B
FRBFAE Y I % T — R AR (- Al 2 TR
(GC-NCI-MS) il 7K rfr 10 42 350R W2 1k & W 14 4
My 2, AR A AR AR N 3E-N-—= T SR RE L
I LG (MSTFA) X} 4 F R R (L & W AT fir A=
AL T, J7 e RN 0.5 ~ 1.5pg/L, 7B 4k GC-
MS 2 B A 8 A B, T B A B AT A Ak
FI, AEME I TA I ) PFAS 2RI BR (2280 HAE T
TFRIRZE PFAS K, Mt L) FH T iR 2 PFAS), fiT4:
fad A R 52 2 Fh R 25, vk B 22, o vR R
o1 B s, R G s YK
3.1.2  VRAH RS- ER IR TR

WOAH (0,35 - 53 B 335 12: (LC-MS/MS) Sife L AH
CSIL S5 B RE ) 5 i = R AU | R o
P HLAREINEE 1, 18 FH T | MEHE R k45 &
R EYE | 2 AT, S H AT PFAS A58 G 43
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Bror s, 2 56 EA R IR 38 (EPA) 48 5E M AR
st PFAS JE 5t 43 A Kl 5 7% (EPA Method 1633).
AR €5 AT DL S RO (3 (HPLC), o n]
i ] 78 25 RO AR (1% (UPLC). LC-MS/MS ¥ F 41
AT Wy o M 5 . SORRORE R | R K
ATETC R 3R AR E 5047, fH iR T LC-MS/MS 43
M e ZURE R A (R 7K AE iz 1 BB S = A T
ZLRIACBEE EALAIN, HAS I R, e AR5
BT, T BB B AR B HEAT AR HRAE R A4, TRk
TEIY PFAS R 45 5 e FO FH 32 B4 KRR 1
LA LC-MS/MS TEHL T 7K HH PFAS 22 4 #T H 1)
BRI FHE B 2,
3.1.3  VRAH RS- o P

Bfi5 PFOA 55 PFAS 1Yz 245 1, T b i 81
T REFA A PFAS 1B AR gL =, 2R 57
Ja AL R KBS . —28 PFAS X 4 F-53B.,
Gen-X, ADONA B 5T IE L Rl BE LA Fp Ak 8
FRUME R g i, T AT R A1 PFAS ZEH T /K
KR, BRI, 5k R R L gk
1) LC-MS/MS it FH (1) = PUAR AT i AS HL & AR W)
THI RN 07 A5 1 T B, 76 T 6 7K BRI B R L R Y
PFAS YR TCHE N T o WA (5155 43 FR o ik feff
i o3 HE R R AT B )BTRS (TOF) 51 4 18 Bif T %
(Orbitrap), FAFEHIN & S HTI 0 4015, IFE56 9

F22 LC-MS/MS e RAKH PFAS 5 85 i Iv N 22465

TR R B ] e A A A B 454, SR
MR K H R L BT Y A PRAS AR 1) 38 50 07
A 0T RN A O 5 R R S R L
1R JOT AR 0, SRR AR AK B O,
G3HTRE T AN G = DUAR AT ER IR BT R, P 22 TR
BERE A PR PRAS 2 MR ) L8]

N &5 1240 ol FH 8 et A - DU AR AT R AT
] % (UPLC-QTOF-MS) X} 2 ¥ i i du . 7K p
4777 T PFAS i#47 T Befblifi £, 5 LC-MS/MS #E [n]
SITAR EL, Ai40 T4 5] 72 Ff PFAS. Gorji 25 1) 5
it UPLC-Q-Orbitrap-MS AJ %& Fl-{E ¥ 25, 7652 fifk
SEAL T2 (EO) A FR A 17 35 78 8 VR Tl 11 1 7K
HAE 21 Bl PFAS 2851181 53 4~ PFAS 1), 3 &
T Wi PFAS(FASHN F1 MeOH-FASA), E
i 7 A 25 JL SR, 7E EO Ab Bk AR P R E AU
X PFAS FlE#{t; PFAS,

Bl RSB AR & e, e v 43 BB A = Py
T 5 1% ) R 1 445 B S i, 061 DG - 203 e
% (Qtrap) YRAM T 185 43 HE B 19 2 = AT e 1R 2
ZAb, TRl HLA5 BV PFAS 28 f A AR T PEAS 1
AIIRE. Liu % ) # ] UPLC-Qtrap-HRMS
G B €3 - B S HASCE B 4B T R K 12
5 Bt 54 Fp PFAS, M ik 2 BRI E
0.5 ~250pg/L,

Table 2 Application cases of LC-MS/MS in quantitative analysis of PFAS in groundwater samples.

SRFERT ]

FERMTHL R K PFAS FiliZ

TS

mﬁiﬂﬁ Sampling Quantitative PFAS species in FeaRHIALEUT A Analytical BEIR
Sampling area . Pretreatment methods . References
time groundwater nstrument
Fishermans Bend, Australia 2016 14 SPE HPLC-MS/MS [9]
i B B
Airports, Canada 2016—2017 38 Direct injection after UPLC-HRMS [35]
dilution
Wisconsin, USA 2022 44 SPE HPLC-MS/MS [ 36]
Georgia Branch, USA 2020 37 SPE HPLC-MSMS  [37]
- 96 fL4i SPE

Michigan, USA 2020 42 96.Well SPE UPLC-MSMS  [38]
Tucson, USA 2016—2019 16 SPE HPLC-MS/MS ~ [39]

Rockford, USA 2023 24 SPE UPLC-MS/MS
PRI T 24 SPE HPLC-MS/MS ~ [41]

Pearl River Basin, China
Utrechtse Heuvelrug, Netherlands 2021 53 SPE UPLC-HRMS [42]
N o= A [/
. AR X IR, . R
Lingang, Pudong New Area, Shanghai, - 2 L HPLC-MS/MS [16]
. Direct injection
China
JEaTHAEKHE X, I

Reclaimed water irrigated area, Beijing, 2020 10 SPE HPLC-MS/MS [43]

China
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3.2 RO %

A TR ) 38 Ao BBURR T 4 B e W T R R 1
Iy S5, i B — 5 R 4 R m T A 5 -
SR, DR PAR AT A5 8 0 L AL s I i fe
(2% B PR AR ks, EUA OB Bt B Rg k.
ZIjhefl. Rk, MELSERE T . PFAS K il 5]
(1L SR AL AL RS D s Y (IR
R A A AE AR R0 | FERS R, BT, R
TG B AN ARG I FLER SR T R R A, MEL
XA ANl PFAS ), HA2 8 B SRR 243 i+
Pe T RE B BH AR B 25 5 . Bb4h, BT PFAS
o A SRRt ) 8 AR A e, T i AR AR, IR S S PR
AT A BRI B
321 JEEARRGE

N AL B, I TR B, AR Ot
A e AL BT RS 5 9 o H ke, DT S BT
HERYI BRI o DG A A8 BT 1 F B IOGIE .
SRR R . Niu 28 25
A I R R i 4 B 2 R A U A ) P A A ) 4
i T, 155 Au@PEG-F 40K ok 84T e (LIS .
PFAS 3 i 960-F50RH B A FH R o6 380 ks 2% 1T, = B0
7 A K PR T, DAV TR R T R, Bl 2 VAR
(A8 SN Y B T e, 3 e 55 A IO 5 PRCs Wk
JEZ AN AARDCSEE T XK PFAS BRI, %07
2] N T KA PFOA 45 10 i PFAS YR 1 6
W, % T K Bk BE B9 PFAS Oy ik A6 I PR AT Ik &=
10pg/L. 2 fha L3 k& T BRI B9t
FasErE, RIFKIETER) NaYF,: YD, Er i+ F#5 0k
SR T, 285 N, O-X (= H SErEBESL) = I 2B
i FEAVE M9 64555 PFOS 4 3 fl PFAS AHE./EH,
HENT T 7K PFAS 9 GG B s N 75 v, LT
JE i - A EAE R 5 PRAS Pudi4h & S8
Ko I XK E W4 BT FITCHLIT B 7 F A
Jomw iz, % PFOS B 746 HiFR A 2.43nmol/L, BA
PRI AG I K o PFA'S #4913 FHI 9% /7 . Chen 45 15
il 28 7 =Rk AHER 2 B S Pk 4 JE A HL A4S (MOF)
PEEERE (PCN-222, PCN-223, PCN-224), @57 T %%
AL B FE B T A /K PR BE i) PFAS, 3% = o
SEHREF BT LU SR E 4L (a9, PFAS 5454 &
AW BRAE L, SR PO E TR, T A
TREF RTINS ], 7] LI L Fl PEAS 722 A [ )
W 5 1, 1 2 B 22 Feh 0 S R K AR S T
MR B HT (LDA) FUZ KR53 (HCA), Xf
& R 3 B A 5 A A0 8, AT LA IX 43 I K K

6 Fh AN [A] /) PFAS(PFHXA . PFHpA. PFOA, PFNA .
PFDA. PFOS). il i SEBRHb T 7K i A bR v itk
AT (BT ORI, 361 T 2 A% 8R4 51 % i K G
(5 I /7 . Harrison 45 155 M T 96 15 kg I
B, FHF XA [ A AKRE SR PRAS 90 S
BRRAY, xR —MEEE TR, RiFE
ANRE S AR — A B s A TR oA, A
nmol/L ¥ & TAERY &l st PFAS (LA
H A, A IR I ) 5 KPR, ARG v
SIFHERR I E & A AR PFAS YRR A 4%
Yy v B, AN R R | AR Lo A LA
P ARSI 3 R AR TR Z AR 7 1) .

322 HEZAALRL

H b A B A, AR A5 SR i RUER T
PS5 N B ST R R, 7= A nT U L 5,
AT 2 BRI o FLAL A AR IR T R B G
IRZAR IR BNAE R, BTG ES, JEr bR IR A
b2 R Ik 270 L0 PRAS A4 s — i
T R SR A T, T PFAS W21 A m]
Abest, W LLSECRA  F L HRBHE SRS R
WAE, SEINT PFAS (1958 B 40 HT . Karimian 25 %7
AR A AR B T BB R A (MIP), 57 T
— AL AR G IR T PFOS e tEAG I
4 PFOS 54 2 B R BIAL G, Z/RP0R MR L
F5 2 TR, BTG5 AL SEBKFEH PFOS
W, AR A 0.04nmol/L. Cheng 2 138 R %
FLIK) MOF #1 %+ Cr-MIL-101 15 R iR SIERE, ¥ Hiitk
A B A N, eSO 6. MEEiE N
1A PFOS I, #4F 5 PFOS & LA HAE AT LA A4
FL Ak 2 N7, 5 0 A B8 FRLBELY R, AR L S
FLBH 5 PFOS ¥ & Z [RI A AH G, SE3L T X PFOS #Y
SE BRI, 7R PR R 0.5ng/L, Lu %5 100 34
YK (AuNS) 43 FENIE R A Y (MIP) 3 2 B 1
ISR LA (GCE), #ill4& T PFOS il i) 22 43 ik AR
AL AR, Hoh AuNS 7R 24 B T 158 — SR IR
(FcCOOH) AL if I 45 &1 Fe® 4 Ak i AR 22 i 7 , i
2ot AR MIP J2 8 T O = A AR b . AL I
2835 T A 2k /K B PROS, J7 5 6 I FR W] A% &=
0.015nmol/L,

P27 A5 SRR 1 P 342 RO L O 2 A% Tk
TRy, L U FUR ) A R O B, ik R
MR T Z ERem . AN, 562 A R R 25U,
Ak 2 A5 B L 3 T I 5 X PFAS TR R 98 K5 1 (1)
[7i] 5

— 569 —



HOB

%44

ek
2025 4

http: //www. ykcs. ac. cn

323 higotikik

P SR R R B T A8 SR BE T | AR
B ERARLE FH T B W S 3 s2 B9 4 T
PFAS ) CHER &5 5 HURLE SRR ¢, E i F Al
5345301 (PCA) ARDEIEE FEIRT X 53 PFAS 53E PFAS
LA AR FIZ5H9 1 PFAS, Cho 45 L0 48 T o
T R TR & (DCDR) Y63 5%, J+#57. T PFAS
(SIS e, 4 PFAS % $ 4t T34 . DCDR )7
2 AL e 45 T TS VD PFAS I 3 456 3% 21 0 M

F MG R P2 WURHOEIE (SERS) J2&— i Bl
T AR, B R 4 T 40 K UKL (NPs) 114 36 I 55 25 34
JC (SPs) F:4%, (WL IHAE NPs b 190 T (i & 45 54
58 10° %5 B = 0 &, M S 4 F SERS K il .
SER HLA & R | @/ P, TWebric, P, &
R ZIRESEA ., Park 25 161 I 13 2055 i %
YKL (SAp-PD) MR A K AR & T ET X
PFOA [ SERS 14888, 23 T %} H 37K h PFOA (1)
AR RO, HIEA PR SAp-PD 7E H 5 PFOA
JZ R SERS 5 5 B o % 7 5 X 268K PFOA
A H FRAAE) 1.28pmol/L.

3 HTRAKRFED PFAS SrHkaill 7y i ki

Fr ST L IAAE T R, PR,
Ao =T O FR S FEBE PFAS, HLA B IN i) 1o
FHWEs 15 BB e T X6 T K IREERE 5 v i & S 3 o
T, B A= bk F B, Hoe i 1 RAE,
I H AT FE R RIFR T PFAS A9 P %5501
3.2.4  A[EATREIN 0 s

%3 FLB T A& PFAS 20 Mk 7 325 (9 45 15
vk R R R RSk b, BT ML K PFAS
SINTAREIN ) TV . AR IRERE | G SR %
R 7 AT T I o R S 2 L PO T AR ) 59 4%
BB, {BFE PFAS B HAS | MR 1 S Sl A R
T FHE o

4 iRy

PFAS 1Eh—ZAE AR ) iz ki B 52 50
(1) LAY 4 A HLTS G, K4 BRI P b T 7K &
JeE K FHK UGG B B R g . 58 35 b R 7K PFAS
WS RIRZR, S5 S2TF e PFAS FR5E K fat B XU 1T
i, GLEHESI ZIR554 [T PFAS BhlalyA | #ar fd 4>
G e BEML ) A B R R . A R KR

Table 3 Comparison of PFAS analytical methods in groundwater samples.

; N ERG BB AR P2
Vixi[vike I3 LER ) AR A . s
. ) REE  AEREE Rate of false w7 ey
Analytical Analytical o ~_ Instrument o .
. Sensitivity Quantitation positive/false Advantages Disadvantages
method instrument cost .
accuracy negative
7 Feaz
SMfiE- GC-ELMS, GC- S3HT PFAS FH2EZ R,
o ’ — i —fiK % {8 AT SMHTF it PFAS R
ik NCI-MS, GC- , , . ,
Moderate Moderate Moderate Low Suitable for volatile PFAS Limited PFAS species,
(GC-MS) MS/MS . L
relying on derivatization
WO G- W - N 2 PFAS [T o0p B I e
MEIRT e eMs/MS, " 7 = i3 - AT TR
HR TG Extremely . . Simultaneous quantitative Not suitable for field
UPLC-MS/MS . High High Low X . o
(LC-MS/MS) high analysis of multiple PFAS monitoring
FA, B PEAS M [ B R
. “ RN W E0 DL, JE B
YR 335 TOFMS/ - " o - i, T b ﬁ; SRR
e FEts - S —N & 1A
P )L_m ’_I Unknown and novel PFAS non- ‘ ;
TRAP-MS High Moderate High Low . . Expensive, lack of
(LC-HRMS) targeted screening without o .
quantitative capacity
standard substances
N , . . A B DRE A s, Al AR AR
S DR i i i i o o E o
. . Suitable for rapid field Poor specificity and
(Optical sensing) Spectrophotometer ~ Low Low Low Moderate itori o lizati
monitoring commercialization
LG, HAkE TR - - I i A B PE R e, DAL R EEAR
(Electrochemical Electrochemical ) Suitable for rapid field Poor specificity and
. . Moderate Moderate Low Moderate L R
sensing) workstation monitoring commercialization
ERRENARE, 52 AR
otk EA=D i) - e e - R, BAERE FETHE
g &g rhag g ; o -
(Raman Raman . . High sensitivity, easy to Lack of quantitative
High Moderate Moderate High . i
spectrometry) spectrometer operate capacity, susceptible to

complex matrix
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PFAS FE il R4 | TiAb I 4 B 7 12 I R 8K
BEJRE . HETHL T K PRAS 20 BT 35 8% AL SR b
SPE Rij 4B 45 4 LC-MS/MS 70 M 7 i, 115 25 T 4%
B R AR S, R S, T BRAE 15,
AT [l s g s A I 22 Fh PRAS; (3£ 74k A 3k
FRBE R, A B F A TS, X DL 2 B S
WS A TR o Mgk sloRAE . 4 A Sh i AR AR %
TR A A5 4 AR 1) 2 R R AN T K B, By
KA H T K H PFAS AW IR L T B T BE

AT LA UL ) 2, AR T 7K PRAS (19 W 43
My vk K a3 SR EAE LR 5

(1) His . FrbE. BEE PFAS BU i #E,
R K HRE %) PRAS ORI Z, PFAS 20 Hr il
KAHLRPR T PFOA . PFOS Z5/b¥fb &9, LA
PR, T G N2 LR A USSR R . R, ¥
J'& Sk Z ML 4: PFAS K iR PFAS B AR — &t kR

GliEgsale

(2) Bk, mak. HEiH T /K &SRR
PFAS Wi I 11 i b B 5 32 38 8 th A& e i) F T 2%
SPE ¥ [n] #£ £k SPE. X SPE. 4 [ 8}) MSPE 4% [
SRR S R AL B 5k, A RO AR TR A A B
[, T P SR T2 | DTk T A S 2 o 43 AT e ]
TR | B AR R T | B
W B W A5 R /K PRFAS Wil T A%

(3) R, MR, B TS, RMEERRRE g
Iy MTAL RS AT & J2, 7K vh PRAS J7 26 i BR e 59
B ng/L &R ng/L H 2 pg/L g, vk H BRI =AY
PFAS. AL, Bl b i A 3 7 1 (4 itk DA R A
PUEL T THERE ST B ARG 58, PFAS & B0 M 45 1 1Y
IR BT RIS, /R 4 A 4 HE ST R
TRE (AD). HLA 2% 2T SE R AR Y & e g bR K o
A PFAS B AU kG R 3 55 JE it

A Review of Research Progress on the Preparation and Analytical Methods

of Per- and Polyfluoroalkyl Substances in Groundwater

GONG Ligiang', LI Zhihong*, ZHOU Bo*, ZHOU Zhengyuan""
(1. Changshu Center for Disease Control and Prevention, Suzhou 215500, China;

2. Weiming Environmental Molecular Diagnostics Inc., Suzhou 215500, China)

HIGHLIGHTS

(1) Due to the low concentration and varied species of PFAS in groundwater worldwide, the analysis methods of
PFAS are supposed to be sensitive and specific.

(2) Solid phase extraction combined with liquid chromatography-tandem mass spectrometry is the most commonly
used method for PFAS analysis in groundwater, whereas it is limited on automation and real-time monitoring.

(3) A series of high-throughput, automated, and efficient technologies such as passive sampling, dispersive solid
phase extraction, non-targeted screening and sensor detection have been developed, revealing the trends of PFAS

monitoring.

ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic chemicals listed as persistent
organic pollutants (POPs) and emerging contaminants, drawing critical environmental concern globally. PFAS have
been widely detected in aquatic environments worldwide, posing potential risks to aquatic organisms, human health,
and ecological safety. The trace-level concentrations of PFAS in groundwater present significant challenges for the
sensitivity and accuracy of current monitoring methods. However, existing techniques suffer from insufficient
sensitivity and high operational complexity, making them inadequate for comprehensive monitoring and necessary
for further optimization. To address these issues, this review reports the recent advancements in monitoring methods
for typical PFAS in groundwater, focusing on sample collection, sample preparation, and analytical detection
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techniques. For groundwater sampling, newly developed passive sampling provides the possibility of low-cost
continuous monitoring of groundwater. For groundwater sample pretreatment, new automatic technologies such as
membrane solid phase extraction and dispersive solid phase extraction have greatly reduced the preparation time
compared with the current SPE method. For detection methods, liquid chromatography-tandem mass spectrometry
(LC-MS/MS) is still the major option for quantitative detection of PFAS while non-targeted screening of HR-MS
allows the identification of PFAS in groundwater without standards. Meanwhile, application of sensor detection
provides new means for the rapid detection of groundwater in the field. Future research should focus on the
development and improvement of high-throughput and automatic pretreatment methods combined with sensitive,
accurate and specific detection methods for PFAS.

KEY WORDS: per- and polyfluoroalkyl substances (PFAS); groundwater; emerging pollutants; sample

pretreatment; detection methods; mass spectrometry
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