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Abstract: Perfluorinated and polyfluoroalkyl substances (PFAS) are emerging contaminants. Their
environmental and health risks cause global concern. Accurate detection methods for PFAS in envi-
ronmental samples are critical for risk assessment and regulatory control. Therefore, this paper sys-
tematically reviews the research progress of PFAS detection methods. This paper covers sampling,
pretreatment, and detection techniques. At present, liquid chromatography—tandem mass spectrom-
etry (LC-MS/MS) is the gold standard. It provides high accuracy and sensitivity. It is widely stan-
dardized for diverse environmental samples. However, it requires expensive equipment and complex
operations. Thus, it is unsuitable for field deployment. To address this gap, researchers developed
rapid detection techniques. These techniques primarily use optical and electrochemical methods. Op-
tical/electrochemical rapid detection methods show key advantages: They achieve pg/L level sensitivi-
ty; exhibit exceptional selectivity; and feature field portability. These techniques are engineered
through sensing architecture optimization and data analytics integration. These advancements estab-
lish a breakthrough approach for rapid in-situ detection. But challenges remain in multi-analyte reli-
ability and industrial scalability. Further efforts are essential to overcome these limitations. In the fu-
ture, PFAS rapid screening technology and laboratory confirmatory method (LC-MS/MS) will co-
evolve. This synergy promotes the construction of intelligent monitoring network with automation, in-
telligence and data interconnection. They provide robust technical support for PFAS control.

Key words: perfluorinated and polyfluoroalkyl substances; optical sensing; electrochemical sens-

ing; rapid detection; in situ detection
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Fig. 1  Common categories of PFAS and corresponding representative substances
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Table 1 Detection standards of PFAS

Detection limit of

Organization Standard Sample Analyte Detection method ~ PFOA and PFOS/
(ng/L or ng/kg)
Standardization Ad- GB/T Drinking water 11 perfluoroalkyl acids(PFAAs) SPE+LC-MS/MS 5.00, 3.00
ministration of China  5750. 8~
(SAC) 2023
Ministry of Ecology ~ HJ 1333— Surface water, groundwa- Perfluorooctanoic acid(PFOA) and perflu- SPE+LC-MS/MS 0.50, 0.60
and Environment, 2023 ter, domestic wastewa- orooctanesulfonic acid (PFOS)
China(MEE) ter, industrial wastewa-
ter, seawaler

U. S. Environmental METHOD Drinking water 18 analytes including perfluoroalkyl ac-  SPE+LC-MS/MS 0.530, 1.10

Protection Agency 537.1 ids, perfluoroalkyl ether acids, perfluo-

(USEPA) rooctane sulfonamides

U.S. Environmental METHOD Water, soil, biosolids, 40 analytes including perfluoroalkyl ac-  SPE+LC-MS/MS -

Protection Agency 1633 sediment, biological tis- ids, fluorotelomer sulfonates, perfluo-

(USEPA) sue rooctane sulfonamides, per-/polyfluoroal-
kyl ether carboxylic acids
ASTM International ~ ASTM  Surface water, groundwa- 21 perfluoroalkyl acids(PFAAs) LC-MS/MS 1.70, 2.20
7979-20 ter, sludge, wastewater
ASTM International ASTM Soil 21 perfluoroalkyl acids(PFAAs) LLE+LC-MS/MS 6.24, 18.8
7968-23

BT o YRS (HRMS) B B8 1] 43 B (NTA) PR BRI R 1 PFAS XUBS: ™ S22 1 Ji A #48*. HRMS
SRR EIEIEPFASE 5, W F Bt 2B Pe i U8 (FE 1Bl 5 O 4 -0. 25~+0. 1 Da) ™™ | [H]IE)F51
R0 (0 CFo) o B i B bl S oM E S i T i . fEMIERE b, BHEirk 72
PR SRR B R RCR XS PRAS BOERE IR AL | R BRI R0 2240 A S
fiE, FFEI LRSS I BARM R EEARI 8 G, Jiao S5l HXUZ [F) R Py R4 fdit 2 ot & T H
(MASST) S22 U0 94% MR BHPEAZ 14, FFAERT AP SRl ol T5 YR A i b s il 21 94 F PFAS (5 36
FIFTRI PFAS) . GC-MSTENTA H I TS 1, JUHAETE & PEREHE & P PRAS Rl v 5 LC-MS I H.
AN, EPARERUESE GC iR 809 Pk 541 (47% h LCJT ARG )"0 Hu Z5 VA FEATLARAK o] U457
W T R R T, Ak Z bR ShE 3R B AR PRASSRAL T E B SE, (H L TIINSS S S E L N K T E
1E2. T 2, B — P et
2.2 SEEFEEE
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AR i i 2 AR ThREAL BE i S B RESR T, 2N S A WL T/ o T Kk
PR HABARATEL . 100, Lei Z 5L FDUZE 245 RERATAEY) (BC) B R EE 555 & 6 (ATE) 0%
(F24), i FHE TR E PFOS 8]0 S /K VR F SEBUR SR, 38R (8 (R A BR 23. 7 /L) o
S HESRAGTIN RS, Concellon 25"l A BUBUR DGR A (AFP) 350655 (K 2B), 1% AFPHHE
B BEREE I MLIE 25 ) B i BRI R R S - B A 4, Hoe e T LU Gt i, iR
B LR ARSI RN D A b T B, DR BRI RS, PFOA MIREHIFR 4180 ng/L,
SRR BER AL SO T2, Sunantha 251 & A TREFFE TR PFOS FI PFOA M40 I AE 4%
A, KRR 10 ng/L, (HHFAIREEY N R AR E A0 FE, 75224 hAS I B 1) J7 o] 3k 21 55 e i
RO MM S, AR RHE A AR b 2 T AR S LB 25 4 (i HER I Ay e ' 4 TR A T, 38Tt
T R R EE BN, L SE O AR FESORL AN COF T R 40 K AZ 78 45 1) i IR s )
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Fig. 2 Schematic diagram of PFOS fluorescence detection principle based on aggregation—induced emission (AIE )effect of tetrap-
henylethylene macrocyclic derivative(BC)"™(A), schematic diagram of PFOA fluorescence detection principle based on ampli-
fied fluorescent polymer(AFP)"™(B), synthesis method and morphology structure diagram of cationic covalent organic frame-
work (COF)with PFOA fluorescence detection and removal function™(C), schematic diagram of atmospheric PFOA portable

sampling and optical detection integrated equipment based on nanozyme"*'(D)
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Table 2 Detection performances of optical detection methods for PFAS
Principle Material Analyte Det(e :;o;,lll ;mt/ Application context Sample Ref.
Colorimetric Ethyl violet dye PFOA, PFOS 0.500 Low-cost detection Tap water, groundwater [111]
(smartphone com-
patible)
Electrochemilu- Carbon nitride PFOA 8.28x107° Trace analysis(ng Tap water, Yangtze Riv- [112]
minescence nanosheets/MIP level ) er, East Lake
Fluorescence  Guanidinocalix[ 5 Jarene PFOA, PFOS PFOS: 10.7 Simultaneous de-  Tap water, lake water [113]
PFOA: 10.9  tection & removal
Fluorescence  Genetically engineered PFOA, PFOS 10.0 x10™* Trace analysis(ng/ ~ Drinking water, river [104]
bacteria L level) water, wastewater
Fluorescence Zirconium—porphyrin ~ PFHxA, PFHpA, PFOA, 36. 0x1073~47. 0x Ultrafast detection Taihu Lake, groundwa- [114]
MOF PFNA, PFDA, PFOS 107 (10s) ter
Fluorescence Diimine derivative PFOS 14.0 Naked-eye readout  Tap water, soil extracts [115]
Fluorescence Oil-in-water biphasic PFOA, PFOS PFOA: 4.50, Anti-hydrocarbon  Tap water, synthetic —[116]
droplets PFOS: 2.50  surfactant interfer- groundwater
ence
Fluorescence Amplified fluorescent PFOA, PFOS PFOA: Flim: Trace analysis Well water [103]
polymer 1.00, Nanoparti- (ng/L level)
cle: 0.0800
Fluorescence  Fluorinated PPE/fluori- PFOA, PFOS PFOA: 0.0590 Trace analysis Well water [117]
nated squaraine dye PFOS: 0.068 0 (ng/L level)
Fluorescence  Cyclometalated iridium PFOA 6.21 Anti-metal cation/ Tap water, bottled water [118]
(1) complex acid interference (mineral, soda, fla-
vored )
Fluorescence Lanthanide MOF/MIP PFOA 0. 406 Smartphone-based ~ Tap water, river/lake [108]
detection water
Fluorescence Lanthanide MOF PFOA 5.26%10° Real-time photocat- Drinking water, seawa- [107]
alytic monitoring ter
Fluorescence Cationic COF PFOA 1. 80 Simultaneous de- - [106]
tection & removal
Fluorescence/  Carbon nitride nanozyme PFOA Fluor: 0.129,  Portable air moni- Ambient air [109]
Colorimetric Color: 0.277 toring

2.3 REWNE

H AT EL 28 J B4 H AR ) 7 7l A P i S S R AT RS O, FE R S0 R LR
ML 3) o IXEEHL ARG 7 72 A4S HH R i A0 T ng/ L~ /L 250, 3853 BELPTTASEIN 5 32 A4S HH R L 8
BE) pe/L], ART BURGIR FHEAR o XSG 7775 R 2 TR PRAE Szl , e ASEAs I 73w 1
W ZSAE A

FRZERGIMTEAE R PFAS BRI iR MR O BOR il AR SR B BT v] S 25 H T 0 b sl i A
P N PFAS A By AL SATE MR RS 59, 2805 TR T i IR SRR B LA SSRGS AU A SRR
B A TR R (FeCOOH ) o eAh, BTl i SEHbAG I, 07 7K v SRR A AR (R 1 i S A T o 8kl
JEHRE BRI 5T 38 AR b 2R A D R WREE U b (TEMPO) | /R 40 (MB) | TEH
JL W (MB) &5 0 Ab 8 JE % P e, o G Y A 0 NS D S04 A8 DR 4 At DA fap Ak st f2 e ol
Rehman 252 FEAG I BAR b 28 A R 20701 (epMB) T i BT (18] 3A) , 3l S L el A P4 AR
PFAS, JFiAS F—FH/KFERE, S epMB/epMBEALIAIFIERE, J71E%F PFOS FI PFOA (A H BR 231
iK0.4 ng/LAIL 65 ng/L, (EFFMIIR . SAbAN. &JEEF(Cu. Hg, As)SHWTIAEYIRES 477
REB L R R AR R Tl B /KRR S Il 02 47 95. 45%., I IR thB 1438 5 AU Aad SR et
FET PRAS R4 EAIA SR A LR B AR 2RI T ik >, i, BE T B ENHS PFOA SR T FR
WZRFVE ], Shanbhag 2521 HAG v TV PE R 5 MR A A SRR 40K i T PROA 1 B R AR 2epsnim]
KPR A7 4. 3 pg/L, AT 35 21 we/L~0. 207 ¢/Lo 5 —TiWEse, Wang "% T FI 4 b aE
T3 B 5 A AR L4 PEAS AR 2RI 7 7%, ) F MOF FHBR 2/ 2K 21 4 v A 3 ik v 25 1 52 7 4 Ak
PFAS Ff 72 AR 252, T AEAG I ) [ B 52 B b PRAS B REAR . 3X 6 T0 4 A0 0 TR S 6 ) 7 o 2 i
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ERAMERE, {HlTF PROA BPEALSATE MBS BUR BUEZ IR, 55T AL SR B[] H2AG 0 7
IEAHEE, REHBR G 2~3 MR, @A ne/L UL L
3 PFASHLZAGIN 7 i A P RE

Table 3 Detection performances of electrical detection methods for PFAS

Detection lim-

Principle Material Analyte . i Application context Sample Ref.
it/(pg L")
Potentiometry Fluorinated anion—ex- PFOS 0. 430 In-situ solid analysis Sand, Carnegie Lake water [119]
change membrane/carbon
contact electrode
Impedance  Cr—-MOF/interdigitated mi- PFOS 0.500x107  Trace water analysis(ng/L) Groundwater [136]
croelectrode
Impedance MIP/glassy carbon elec- PFOS 1.70x107  Deployable aquatic sensing Huo River water [120]
trode (DO redox probe)
Impedance ~ MXene—AgNPs/glassy car- PFOS 33.0x10°  Ultra—trace analysis(pg/L) Industrial wastewater [135]
bon electrode
Impedance SWCNT/gold electrode ~ PFOS, PFOA, PFOS: 8.00 PFAS congener differentia- - [133]
GenX, PFBS PFOA: 20.0 tion
Current Block- v-Cyclodextrin PFOA, PFOS 0. 400 PFAS congener differentia- - [134]
ade( Nanopore ) tion
SWV Hf-doped WO; NPs/car- PFOA 7.58 Multi-matrix compatibility =~ Tap water, soil, dam wa- [125]
bon paste electrode ter, lake water, spoiled
produce
LSV Fluorinated MOF/glassy PFOA 20.0x107  Trace water analysis(ng/L) Wei River, Tap water, [137]
carbon electrode Campus lake water
DPV Gold nanostar/glassy car- PFOS 7.50x107  Trace water analysis(ng/L) Tap water [138]
bon electrode
DPV MIP/Co-FeMOF/CNT PFOA 0. 444 Simultaneous detection & - [127]
degradation
DPV B, N-co-doped diamond- PFOS Tap: 1.20 Wastewater anti-interference Tap water, treated wastewa- [ 131]
carbon wall WW: 1.50 detection ter
DPV PANI-Chitosan/screen- PFOA 1.08 Wastewater anti-interference Industrial wastewater, resi- [ 126 ]
printed carbon electrode detection dential wastewater, rural
wastewater
DPV MB-embedded B-CD MIP/ PFOA 1.57x107  Trace water analysis(ng/L) Groundwater [121]
glassy carbon electrode
DPV MIP/Cu20-C~NiCo204/ PFOA 19. 5%107 Seawater trace analysis Seawater [139]
gold electrode
DPV Meldola’s Blue(MB)— PFOS PFOS: User-friendly trace detection Industrial wastewater [122]
MIP/glassy carbon elec- 0.400x107  (integrated redox mediator)
trode PFOA:
0.389x107
cv PEDOT-TEMPO-MIP/ PFOA 0.280x107  User-friendly trace detection Lake water [123]
glassy carbon electrode (integrated redox mediator)
Photoelectro- ~ MIP/AgI-BiOI nanostruc- PFOA 10. 0x10™  Trace water analysis(ng/L) Yangtze River, tap water [ 140]
chemical ture/FTO electrode

Sy FEVGER A (MIP) IR TR 58 A4 AT, 5 1 PFAS LA YRR Rt R iS22
Yo YEAAN T AR SRR, MIPA RS, R AR SRR tEpe s, HAR LR
BT 2 o AL R B A I i AR A, HAPERE W2 L A R AT, Tk Yy —1k . a5k
AIEAERE ) BTG, Pierpaoli & E IRFERUANK R E EWESE T & Wil B STESE T MIP P RE I 5200 ([
3B), FIAASATIBIAI AL B A E S S NG ARV R RA R, WA MIP Btk 3F
PE I PEE A W E 0] 3 A, DTG 9 7RSI ) e PR FD R B, FEAK P a] 523 0. 1~100 /L
B PFASKEIN , FEAEZACHA KA S IAR] T 1. 5 ne/LE R AT TG . b, MOF &4 MIP#F
FHEZI R IR 71, Razaei i@ 8 A4 MIP 54 )& MOF (Zn/Ti-MOF ) SE3L[R] 27 Fiik
R, % PROS MR HHBRIE 0. 35 pe/L, SERR/KEERILE A 96. 0%~104. 1%, H.21 KEE i HERE
FaE o

BHGURS I 32 78 3 & 4% PFAS 4315 LA A% 328 B BHAS RN, . FERBIR 2 (pg 20 K 542 256 i £ H br
SYFTIREE I T S R . I, A SEIE RO £ H bR PRAS IR ALI , Han 557 FFE T 9K
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L) FEERR AR (SWCNT) BELBTALIN J7 7k (1 3C) « @i AL H A2 (TLM) SR At PTG 4 iR
ZANERRIESE, BJG IS RS AT (PCA) X 48 P (5 B4 AL, R 2558 T PROS., PFOA |
GenX 2 PFBS HYIX 43K, % PFASIR Jﬁ17ﬁ%%oﬁ?mM%Hm%% Wei 55 fi HAE M40
KA TR AR, T o3 1R (a-HL) AKRFLIN y- BRI 5 PRAS Z 8 E R AH EAEH , iR
PFAS 51e 2 2% LI (5 5, i e 3 BELIT IR 3 LA 5 RS B I A Gk . I X 43 T PFAA 2511
PFCA(C4~C9) I PFSA (C4~C8) RINP A FIEREE K LN PFAS 43 F, STk )5, PFOA FIPFOSIH)
K HBR AR 0. 4 /Lo Khan %R & B9 5E TR AR FURL 5 MXenes & G bFH BELBTR I 7 7 (& 3D)
W F LR 5 F—F D)8 155 B fuf 4 A% B RELRE PRAS YRR EAS L, R thFRARE 33 py/L, HiZ
IIE Y PFAS RN J7 15 0 S AR AA
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Fig. 3 Schematic diagram of PFOS voltammetric detection without redox probe based on electropolymerized redox substance (Mel-

dola blue)""*'(A), schematic diagram of voltammetric detection based on boron—nitrogen co-doped diamond-rich custom MIP sub-
strate ™ (B), schematic diagram of PFAS differential impedance detection principle based on single-walled carbon nanotubes
(SWCNT)and principal component analysis(PCA)"™'(C), schematic diagram of extremely high sensitivity impedance detection

principle based on silver nanoparticles and MXenes composites'*'(D)
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BERRE AT ) RS i 70 Bl AT AR R A S B Rl SR TR etk 5 % H PR DN BE T o

(3) MUBAL B AT : 24 A DRSS IR R B 32 2 v T ERESERR, TGl AR S A SR B 5%
KA o FTEIr RAFPHRTIN T R0 A, 5 R R REAT PR AL & . S AFAssE M
B TEbREAL S, TRl A S0 2 B ik i) MHUASE A RS2 ) 125

AR PEAS LI 7 410 H 3L . REtk 515 R T I & e, i B S PR BRI R b5 52 5
BAEJ7 75 (LC-MS/MS ), A4) 175 25 7 IV 0 4 28) S0 2 RG 43 AT 0 el i 285

4 PFRASIIREIN 5k
Table 4 Detection methods for PFAS

Principle Advantage Limitation
LC-MS/MS Standardized methods for multiple matrices, high sensitivity, multi-com-  Expensive and bulky instrumentation, complex
ponent simultaneous detection operational procedures

Optical methods High portability (smartphone-compatible), rapid response, simultaneous Limited selectivity, restricted range of detectable
detection & removal, low cost PFAS congeners
Electrochemical ~ High sensitivity, congener-specific differentiation(PCA algorithm), low  Limited application scale, restricted range of de-

methods operational cost tectable PFAS congeners
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