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This study improved the analytical performance of 28 PFAS, including ultra-short-chain (USC) PFAS, and
assessed their distribution in the Namhangang River. Optimization of the online SPE column and mobile-phase
conditions markedly enhanced the peak intensities of USC PFAS—TFMS, PFEtS, PFPrA, and PFPrS increased
by 4.9-, 13.9-, 13.0-, and 23.4-fold, respectively—allowing for reliable quantification. Using the optimized
method, five monitoring surveys conducted in 2025 showed the highest PFAS concentrations at the S1 site
(mean: 2,803 ng/L), where semiconductor effluent is directly discharged. PFAS concentrations consistently
decreased downstream, indicating dilution as the dominant controlling factor. USC (58.9%) and short-chain
PFAS (40.6%) accounted for most of the PFAS composition at the S1 site, with TFMS (47.8%) and PFPrA
(51.6%) comprising the majority of the USC fraction. A very strong positive correlation was observed between
the short-chain PFAS pairs PFBA-PFMPA and PFPeA-PFMBA (Spearman’s rank correlation coefficient, p =
1.0; p-value < 0.05), suggesting shared industrial origins and similar environmental behavior. Overall, this
study strengthens the analytical reliability of USC PFAS and provides a quantitative characterization of PFAS
contamination in the Namhangang River, offering essential baseline information for future PFAS monitoring
and water-quality management.

Key words: PFAS, Ultra-short-chain, USC, Short-chain, Online SPE, LC-MS/MS, Water

1. M 2 o] JUtt. o]Hgt =53 =] 35k 540 E PFASE W
G4, Y, o] RS 2 Hof, IS HRIAl, £
FE33IRHE (per- and polyfluoroalkyl substances, PFAS) ™ X|2]A)], A/HEIA|, S84 5 Thdst 2Hd FolellA

S AW o 2 wrael B4o) A 5O sh= 8 B ARSEo] itk 7Y PFASY] Ul S19HE<]
Fe-g dZ o, gadel 553 F 71K B4do] dth. PFOA(perfluorooctanoic acidy2} PFOS(perfluorooctane

TS FARQ] 55
A A E vhae}t Bae] A7 SAE 2Jolo 2)gk 73ek  sulfonic acidy= 19401 o] F ARH oz de] 285
afr A(130 keal/mo)VO 2 - eHYSH EAS 7 ok, 4 T AEA, AE T4, TE 2 A 54
), 7 HAe g Ak 72 el % ‘I‘}‘E}ﬂg’}‘ 27718 SOl TAIE AHEEA 2 Az 9 AREe] A7 A
R Zh Q)] widel] 3 7ol B whdsle A ALt PFOS B # slehEEe 20099 AEEEF

"To whom correspondence should be addressed.
Tel: 02-3146-1766, Email: leeinja0@seoul.go.kr



2 oIQIA} - £33 -

oF A 42} GA=E3]oA Annex B FHY 712954
2 EFEHAAL, PFOA 3 2 Hf 3 ¥ sieked 175
T2 20199 Annex AR AR = o] WA A tiide]
= Ack”

olg]gt fHAll = B35l PFASS] 33 & S 5
e 748l 9L 912, o= PFOAS} PFOSE T
Ast7] {1k Ao R 7HRgo] v R0 R HrlkE=
A 2 E0] 2 el =YHJ7] whizolt). o] g
A =2 <A] PFASS| WFol] X3ten 7] HEsis)
& 7oA CF A% €771 C-H Ao s X|$h=7
U} kA A1Ee] dJHIE (ether)17F =€ FElZ 7t &
ARGE| L QoE B0 gk AR PRASS] ©AIA HIRIR Q1
3, A F2/do] v AESHA w7t g o
PFAS7} AR AMEEE FAth!ID) o2 Sof
PFOS A EA 2= C-F 2% 445 CH 2= A
2+ 6:2 FTS(6:2 fluorotelomer sulfonate)} @3] PFAS
1 PFBS(perfluorobutane sulfonic acid)’} AF&-%3
o) wal g AlEd)| olH27]7F =9E HFPO-
DA (hexafluoropropylene oxide dimer acid)®} ADONA
(4,8-dioxa-3H-perfluorononanoic acidy= PFOAL] Ui
A2 ARGE S S0

AAtell wieh @4 =2 A PFASE T2k 71E
e T Xol7t Slth YW Oo=E, Tk PFASE
C4~C7 oJste] sit=® A8l Sl ZAAE B
o] Zo|7} YO Zohf PFASE o] At
CI~C3 SIFER Aoatar Uk dnzoz
PFAS= 743l PFASel Bl & S2 Aol YWkl oA
AR, 2157 9] B0 R fFellA o]Fde] o AL,
A 7oA AAE T oHrh 022 wal 2k
oM 543 7ed Aes s fleikde o %
< Fe] Al 22 ARSloF &, ol o re] vt
Z S7HR olojd S ArhF) 3gelA T PFASS]
&S 9 AHT Wkl 2Fo] PFOAY PFOSS9}F 312
C8 S}3HECllA PFBSSF 722 thAlAl=e] ARA 7 8o
7191 gke} +1

Zhal] PFASOl 3 A7+= @l PFASO) Hlal #¢]
o] FolR|A] ¢hof, B4 wiE =t ol thek SA7 vl
S AGHY Sl QIch142) 2ok PFAS % vlwA ©
o] d7H 33ES TFAE, 7] 5 HFCs (hydro-
fluorocarbons)t} HCFCs(hydrochlorofluorocarbons)2] -3,
Aslel o2 A18-3l= HFC-227ea(2H-heptafluoropropane)
o] 2?7, aE A S 2 FH SRAE AR

= FTOHs(n:2 fluorotelomer alcohols)?] 2H} 55 &

& A443€ 4= ot *Y E=3F TFAE trifluoromethyl group
S X8l ooRE) FokS HIRe wivk /)7t de 3}
shee] HAA Hef AAER BuEy k. 239 TFA
o]]e] Zuhs] PFAS LAl tlsiMe F33] A7t
O] FAX|A] YT 12} PFPrA(perfluoropropanoic
acidp= TFAS} 72A 02 AL, 7 B9 WAz}
37 U Aol fAKL 7Fede] w2 Zlog RuEa
AT} PFPrAx= TFASH "RRIZIXIZ t7] 5 HFCs 2
HCFCs®] t7] 5 &3l #gelA JAE 5 doH, &
& aRAe] sl M= A & Qi ek &
3} PFMP(perfluoro-2-methyl-3-pentanone)2] -3l 4k
E2% ByE #F Aty TFMS(trifluoromethane
sulfonic acidy= 71 @4l g ARSE= 7t £2
o]ny30) TFMS?] 2| FH-S AWHE o= 2|F o] HiEle
o] Hsjd=z &-gF} PFEtS(perfluoroethane sulfonic
acid) @ PFPrS(Perfluoropropane sulfonic acidy= 42t
A 28}l (film-forming foams, AFFFsPllX HEE A}
#7t olom, x7)sleky Bl WO = A|E AlF
A ZF AR e EE 2T 754 Baw vf
%]\ q_ 37)

FAlI 2 PFASE =lolde Has ARt v
Hlah, ooxs S8 s 9 A HS
161820 2k FA7g © wjP R 518 FellA ZAbE AR
7F AT 94, 2-8Foll ] 2k PFASE w417,
=19 W7o 2ol|a] AL AllZE B E bl ik B
ol AlEhg AGNe) FEEINS gido R AL R
LT A TE BG4 PFAS 32FS B3 A3,
15 F0] A&5Jo™ % PFASEEE 0.17~18.87 ng/L
W= UERITE o] & PFPrA®] Hl A% F&& 6.52
ngLE, A4 AZ 552 42%= A6t v, 94t
F(RO) W2 o2 A2d Aollx= PFPrA =7} 3ol
Hog vre 43S Brh) 202195 20224 Alo]
o] At FEE 4l ARE IO Z PFAS 70 F2
BAgE A, 26 Fol AEEHNCH AE st M =
2 522 PFPrAZ BRIFGILE PFPrAT 441 A8 5
20700M HEFIOH, T ME 2.5~140 ngLE U}
ERATEY 20209 Sde] A5 137 AN AjF g
4670 WES IO R PFAS 43 & E43 43} TFA,
PFPrA, TFMS7} A4 PFAS 52] 98%= 2A5k= A
o= Vet o] F TFAZL HE 59| 90%S XI5
H 7F) 22 g AESHUNY, FHE 09 pg/lL, FH
o F5e 124 pglE SRIFIT 1 T2 PFPrA

(F7HE 126 ng/L, A 0.18 pg/L)t TFMS(EZH4kE 8

1




ng/L, Al 2.1 pgLy’t AEEA 20239 W 7] 2]
ZYT2 A Gof|A] AHE 471 FEE A e s
PFAS 5% 43t 23, PFBAEUW 12.0 ngl),
PFBSE W 7.3 ng/L), PFPrSEH 0.6 ng/L), ¥ TFMS
@ 5.6 ng/L)7t ZH2t 98%, 74%, 2%, 96% & HE
W2 Vepdch. Wk PRESE A3eH oo s #A&
A AATE 2007 YEe] F =AM A)FE HlE
AZ NS O F PFAS 2958 HAE A}, ek
PFAS % TFA(39.3~75.9 ng/L)} PFPrA(8.87~10.3 ng/
Lyt AZEJ0H19 20223 2#¢1¢] sholl zF 3 4
Z o5 UPdO=E PFAS 1952 B49% A3, TFAGEH
436.83 ng/L)?t TFMSE T 1000.65 ng/L)°] 7FE =2
EEE AZHAT 20172018 Apojol] Agle] 4wt
7, A, el w71E Mg SollM AF 3470 A
S UPOE PFAS 2958 #43H A3}, 2t PFAS
%% 5 FUl 84,000 ng/LE, PFAS & 7% 5%
o] At 69%5 2k AR Ve /PE BH R
TFAGEH 14,000 ng/L), PFPrAE ] 53,000 ng/L), TFMS
(Zt 940 ng/L), PFELS(Z ] 1,700 ng/L), PFPrS (F
15,000 ng/Ly't & 52 AZHATH

Z5H) PFASC] tigh 7} 753k ol o] SIghE
E0] 7] PFASe] H]sl| S/d0] Fo} #4¢] o 7]
wolth =2 H154 sighEe] el AREE 94 o
A AZelE2HY)(C18) A= 23 PFASSH]
doAgo] ofslo] G3AQl Kalrt oy} 10202428 o
o, =2 mlEY X 32 3] HF AV} oRlE &
o] EAI7F TAEl] Ak HAo] v ofef9izi). wh
2hA, olef st #AIE Hekslr] Q)8 54 Afolu o]
St AYS 85 At A up A1) 54
S €83+ HILIC(Hydrophilic Interaction Liquid
Chromatography) Z=0ll4 2] 2 o] PFAS £2]0]
golsithe gxdo] ot ol s/l Wttale] A” 79
S =4 SREES Sl B
oJfths whdo] St o] w3 AP Halks W 232
o] Falofl 7ol gl Wi, 1%7] witol| o] 5 dellA

o

il

(<3

N R

o g

o) g w34 2

—

[e)

ol A A 4] By B JFgFS F 5 9
T} 3839 ey PFAS 2418 95t

AY Z & o]L w3 AHL HAjo

(solid phase extraction, SPE)*”°] Z-&%|9]t}.
PFASE 40| & SAOR #40] ¢ 7Ith57]

<2’ SPE LC-MSMSE o83k J3Pd AlelM 2ok 9 1 9] FEsisighe 24t 3

oll, 2211 SPEE ©]-&-¢h 4 thigh A= A o]
FoIX|A] ket

wEp] B aAgtolMe= 2 PFAS 4% (TFMS, PFELS,
PFPrA, PFPrS)S X33t 5 28%-2] PFASE F3}40]aL
A& 4T 3l JiAdE 281 SPE LC-MS/
MS 4 WS AN Yot 7HAdE A ihEE
Hgsto] g AN A FEEsleH, A9l A
oo W& PFAS & SAS AHEA Pt & A+
oA A2l Zolo] WE PFAS EFe TR 722o] &1
t}. = (ultra-short-chain, USC) PFAS:= C1~C3 3%}
&, @3 (short-chain, SC) PFASE 7125412 carboxylic
acid) 3FeHE2] -9 C7 o3}, &E4H(sulfonic acids) 3}
=0 7F Co olskE EFaHAAL, 74 (long-chain,
LC) PFASE 712522 carboxylic acid) 3F3HE2] 73
C8 oA, &F2k(sulfonic acids) 3F5HE2] 74-$- C7 o)A
o7 R3S

2. Mz o

2.1. A A EF

£ AFolM= PFCA 155 (PFPrA, PFBA, PFPeA,
PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA,
PFDoDA, PFTiDA, PFTeDA, PEMPA, PEMBA, NFDHA),
PFSA 9%(TFMS, PFEtS, PFPrS, PFBS, PFEESA,
PFPeS, PFHxS, PFHpS, PFOS), PFAS 74 2%(N-
MeFOSAA, N-EtFOSAA)Z x4 2% (HFPO-DA,
ADONA) T 2855 AL thd E4= M35 Table
10l FERT.

22 2& 23 ¥ MY

B Ao AMgE 2y PFAS 4%(PFPrA, TFMS,
PFEtS, PFPrS)e 217} Accustandard(USA) #|E21 100
pgmL E%° PFOAO015S (PFPrA), PFOS047SCN
(TEMS), PFOS046SCN(PFELtS), PFOS050S (PFPrS)Z
el en 1 9] 24% PFAS(PFBA, PFPeA, PFHXA,
PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA,
PFTIDA, PFTeDA, PFMPA, PEMBA, NFDHA, PFBS,
PFEESA, PFPeS, PFHxS, PFHpS, PFOS, N-MeFOSAA,
N-EtFOSAA, HFPO-DA, ADONA)2 LGC (UK) A&
] PFASIMix(100 pg/mL)S WIE-S-2 3]4{5le] ARR-3)
t}. Milli-Q water, M-S (methanol)> B&J Honeywell
(Morristown, NJ, USA)AFe] HPLC 5+ /<] §vi&

ARE3I9 o | A FolME|o] E (ammonium acetate, 98%



4 oI} - 9 - WY - 2T
Table 1. Details of PFAS target chemicals
Category Compound name Acronym CAS no. l\gglﬁlc;?r welivglﬁieg/l;rol)
Perfluoropropionic acid PFPrA 422-64-0 C;HF;0, 164.03
Perfluorobutanoic acid PFBA 375-22-4 C,HF;0, 214.04
Perfluoropentanoic acid PFPeA 2706-90-3 CsHF,0, 264.05
Perfluorohexanoic acid PFHxA 307-24-4 CeHF,,0, 314.05
Perfluoroheptanoic acid PFHpA 375-85-9 C,HF 50, 364.06
Perfluorooctanoic acid PFOA 335-67-1 C¢HF 50, 414.07
Perfluoroalkyl Perfluorononanoic acid PFNA 375-95-1 C,HF,,0, 464.08
carboxylic acids Perfluorodecanoic acid PFDA 335-76-2 C,oHF50, 514.08
(PFCA) Perfluoroundecanoic acid PFUNDA 2058948  C,HF,0, 564.09
Perfluorododecanoic acid PFDoDA 307-55-1 C,HF,;0, 614.10
Perfluorotridecanoic acid PFTrDA  72629-94-8  C,3HF,50, 664.11
Perfluorotetradecanoic acid PFTeDA 376-06-7 C,,HF,,0, 714.11
Perfluoro-3-methoxypropanoic acid PFMPA 377-73-1 C,HF,0, 230.04
Perfluoro-4-methoxybutanoic acid PFMBA  863090-89-5  CsHF,0, 280.05
Perfluoro-3,6-dioxaheptanoic acid NFDHA  151772-58-6  CsHF,0, 296.04
Trifluoromethanesulfonic acid TFMS 1493-13-6 CHF;0,S 150.07
Pentafluoroethanesulfonic acid PFEtS 354-88-1 C,HF;05S 200.09
Perfluoropropanesulfonic acid PFPrS 423-41-6 C;HF,0;S 250.09
Perfluoroalkyl Perfluorobutanesulfonic acid PFBS 375-73-5 C,HF,05S 300.10
sulfonic acids Perfluoro(2-ethoxyethane)sulfonic acid PFEESA  113507-82-7 C,HF,0,S 316.10
(PFSA) Perfluoropentanesulfonic acid PFPeS 2706-91-4  CHF,,0,S 350.11
Perfluorohexanesulfonic acid PFHxS 355-46-4  C4HF;0;S 400.11
Perfluoroheptanesulfonic acid PFHpS 375-92-8  C;HF50;S 450.12
Perfluorooctanesulfonic acid PFOS 1763-23-1  CgHF,;,05S 500.13
Perfluoroalkane  N-Methylperfluorooctane sulfonamidoacetic acid N-MeFOSAA 2355-31-9 C,HF,,NO,S 57121
sulfonamide acetic
acid (FASAA)  N-Ethyl perfluorooctane sulfonamido acetic acid N-EtFOSAA  2991-50-6  C,,HgF,,NO,S 585.23
Perfluoroether Hexafluoropropylene oxide dimer acid HFPO-DA  13252-13-6  C(HF,,0; 330.05
carboxylic acid . ..
(PFECA) 4,8-Dioxa-3H-perfluorononanoic acid ADONA  919005-14-4  C;H,F,,0, 378.07
o)d)y= Sigma(USAYFE] S5 AlokS AME-3I3AT 23.1. 7]& LC ¥4 ¥y
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Table 2. Comparison of liquid chromatography (LC) analysis method

Parameter

(a) Prior analytical method*"

(b) Enhanced analytical method

Equipment
Delay column
Injection volume 1 mL

Online SPE column

Solvent 5mM Ammonium acetate
Online SPE Volume (mL)
Conditioning -
Equilibration 2.00
Sample Loading 1.05

Analytical column
Mobile phase

Gradient Time (min) A
1 0.00 60
2 0.01 60
3 2.00 15
4 2.10 0
5 8.00 0
6 8.10 60
7 15.00 60
Column flow rate 0.3 mL/min
Column temperature 40°C

SPHERI-5 RP18 (2.1 mm x 30 mm, 5 pm)

Flow (mL/min)

Brownlee SPP C18 (2.1 mm x 100 mm, 2.7 pm)
A: SmM Ammonium acetate, B: MeOH

LC-MS/MS (QSight SP50-QSight420, PerkinElmer)
Brownlee SPP C18 (3.0 mm x 50 mm, 2.6 um)

Brownlee SPP C18 (3.0 mm x 50 mm, 2.6 um)
1 mL
Eclipse XDB-C18 (4.6 mm x 30 mm, 3.5 pm)
0.1% Formic acid
Volume (mL) Flow (mL/min)

- 2.00 0.75
0.75 2.00 0.75
0.35 1.05 0.30

Quasar C18 (2.1 mm x 150 mm, 3 um)
A: 5SmM Ammonium acetate, B: MeOH

B Time (min) A B
40 0.00 95 5
40 0.50 95 5
85 0.60 35 65
100 7.00 5 95
100 12.00 5 95
40 12.10 95 5
40 22.00 95 5
0.3 mL/min
40°C

USAYE AMS-8lslom, 29 5% 40°CE FA|5k31
O] F¢E 5 mM CHIEANRIRE 893 HEES AL
g3l9den, §42 0.3 mL/min? A&t Bt T+
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Table 3. Mass spectrometry ionization conditions and recovery data

ITonization condition

Category Compound Retenuc?n time Precursor ion  Product ion Collision energy YoRecovery
(min) (xRSD)
(m/z) (m/z) (eV)
PFPrA 3.97 163 118.9 14 96.7(8.0)
PFBA 4.23 212.7 168.8 13 93.1(2.3)
PFMPA 4.34 229 85 21 83.9(0.8)
PFPeA 4.54 262.8 218.8 12 93.5(6.7)
PFMBA 4.65 279 85 16 103.0(5.0)
NFDHA 4.86 295 201 13 105.2(3.3)
~ PFHxA 4.95 313 268.8 1 91.7(0.6)
P erﬂ”‘;i‘;g“‘él}fgf)oxyhc PFHpA 5.47 362.9 318.8 13 107.5(3.4)
PFOA 6.04 412.9 368.8 12 106.7(3.5)
PFNA 6.62 462.9 418.8 12 107.6(4.4)
PFDA 7.18 512.8 469 13 83.0(1.9)
PFUnDA 7.69 563 519 15 84.6(2.8)
PFDoDA 8.13 613 569 16 102.7(11.1)
PFTrDA 8.51 663 619 17 101.4(11.1)
PFTeDA 8.84 712.9 669 16 87.3(2.7)
TFMS 3.77 149 79.9 33 81.7(1.8)
PFEtS 4.01 199 79.9 42 88.2(0.7)
PFPrS 4.23 248.9 79.9 42 85.5(1.5)
Perfluoroalkyl sulfonic ~ PFBS 453 298.6 98.7 48 99.1(2.7)
acid PFEESA 4.69 315 135 32 105.6(3.4)
(PFSA) PFPeS 493 349 80 62 105.8(3.9)
PFHxS 5.44 398.8 79.9 60 105.6(4.4)
PFHpS 6.00 449 80 83 96.0(5.0)
PFOS 6.58 498.8 80 101 88.0(4.3)
Perfluoroalkane N-MeFOSAA 7.50 570 419 26 89.5(5.3)
sulfonamide acetic acid
(FASAA) N-EtFOSAA 7.75 584 419 24 89.6(8.1)
Perfluoroether carboxylic = HFPO-DA 5.09 284.8 168.8 14 99.5(3.0)
acid (PFECA) ADONA 5.51 377 251 17 106.0(4.7)

®Recovery: surface water, n=4 (conc. 20 ng/L), "RSD: relative standard deviation
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Fig. 3. Comparison of chromatograms for PFAS analysis using (a) a prior analytical method, and (b) an enhanced analytical
method (The concentration of each PFAS was 25 ng/L), and (c) a blank chromatogram obtained using the enhanced analytical

method.
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Fig. 4. Comparison of chromatograms for ultra-short-chain PFAS obtained using (a) a prior analytical method, (b) the enhanced
analytical method with only the online SPE mobile phase modified(5 mM Ammonium acetate) and (c) the enhanced
analytical method (The concentration of each PFAS was 25 ng/L).
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Fig. 5. Comparison of chromatograms for Short-chain PFAS analysis using (a) a prior analytical method and (b) an enhanced
analytical method (The concentration of each PFAS was 25 ng/L).
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Fig. 6. Comparison of chromatograms for Long-chain PFAS analysis using (a) a prior analytical method and (b) an enhanced
analytical method (The concentration of each PFAS was 25 ng/L).
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Table 4. Comparison of QA/QC parameters of PFAS analysis in water samples using (a) a prior analytical method and (b)

an enhanced analytical method

QA/QC

(a) Prior analytical

(b) Enhanced analytical method

Compound method*" — —
MDL* MDL? LOQb Accuracy® lntra-ii';ly Sprzmsmn Inter-dsayd precision®

(ng/L) (ng/L) mgl) (=25 (%) O (};S’D, O/:l)ys) ((Rsﬁ,yii,)
PFPrA - 1.05 3.71 102.0 8.3(1.9~15.1) 6.9
PFBA 1.29 131 4.65 110.0 8.6(2.1~15.0) 9.0
PFPeA 138 0.89 3.16 106.6 9.1(5.4~10.8) 3.7
PFHXA 1.04 0.89 3.14 106.4 14.4(8.8~21.2) 4.0
PFHpA 0.87 0.90 3.19 100.9 11.4(7.7~14.5) 5.0
PFOA 0.50 0.99 3.52 102.1 11.9(9.5~14.9) 8.4
PFNA 0.80 124 4.40 105.6 12.0(9.1~14.4) 7.9
PFDA 0.63 0.78 277 106.4 14.7(9.9~18.1) 8.6
PFUnDA 1.05 0.82 2.90 112.0 10.3(4.6~17.4) 3.8
PFDoDA 1.61 0.89 3.16 107.3 16.2(13.8~20.5) 32
PFTIDA 230 1.58 5.61 99.7 14.8(9.7~18.0) 75
PFTeDA 1.49 1.25 442 108.9 10.7(5.7~13.8) 3.9
PFMPA 1.33 0.81 2.89 108.0 11.9(1.6~20.2) 8.3
PFMBA 0.79 0.83 2.95 109.5 12.1(5.0~17.3) 1.8
NEDHA 1.76 118 420 104.0 7.0(5.8~7.9) 13.0
TEMS . 0.42 1.50 88.2 1.6(1.0~2.5) 2.0
PFEtS - 0.43 1.52 114.3 73(4.9~11.4) 3.7
PFPrS - 036 1.29 110.1 7.5(1.2~15.9) 9.2
PFBS 0.99 037 131 99.7 8.6(5.1~11.6) 14
PFEESA 0.62 0.28 0.98 1022 11.3(7.2~15.0) 8.0
PFPeS 111 039 1.39 107.8 11.8(6.2~18.4) 1.8
PFHxS 0.78 0.53 1.88 102.2 11.4(5.5~15.7) 34
PFHpS 0.61 0.30 1.08 105.7 11.8(7.9~17.2) 8.4
PFOS 0.90 0.40 143 100.4 6.8(3.5~10.7) 6.3
N-MeFOSAA 0.88 0.74 261 110.7 12.2(8.2~17.0) 32
N-EtFOSAA 0.71 0.85 3.02 107.9 10.3(5.4~14.5) 53
HFPO-DA 1.29 121 427 98.3 15.2(8.5~18.9) 5.5
ADONA 0.73 0.56 1.97 1022 10.7(5.4~13.7) 44

*MDL: method detection limit, "LOQ: limit of quantification, SD: standard deviation
*MDL: SDx2.821, purified water, n=10 (conc. 4 ng/L), °LOQ: SDx 10, purified water, n=10 (conc. 4 ng/L), “Accuracy: Accuracy
was calculated based on the mean concentration of 25 replicate analyses (n =5 per day over 5 days), “Intra-day precision : Intra-
day precision was calculated as the mean and range (min—max) of RSD values obtained from five replicate analyses performed
on each day, purified water, n=5 (conc. 20 ng/L), “Inter-day precision : Inter-day precision was calculated using the daily mean
concentrations obtained over five different days, purified water, n=5 (conc. 20 ng/L)
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Standard Curve: "Concentration vs Area"
Source "ESI1" Component "TFMS (149/79.9)"
y =4805.2x + 2,653.9 R?=0.9936 {ByArea, Linear, 1/X}
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Standard Curve: "Concentration vs Area”
Source "ESI1" Component "PFEtS (199/79.9)"
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(b) PFEtS

Standard Curve: "Concentration vs Area"
Source "ESI1" Component "PFBA (212.9/168.9)"
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(c) PFBA

Standard Curve: "Concentration vs Area”
Source "ESI1" Component "PFBS (298.9/98.9)"
= 14,896x - 2,224.46154 R? = 0.9954 {ByArea, Linear, 1/X}
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(d) PFBS

Standard Curve: "Concentration vs Area"
Source "ESI1" Component "PFOA (412.9/368.9)"
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(e) PFOA

Standard Curve: "Concentration vs Area”
Source "ESIT" Component "PFOS (498.9/80)"
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Fig. 7. Calibration curves of representative ultra-short-chain, short-chain, and long-chain PFAS (six compounds) using the

optimized analytical method.
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Table 5. Average concentrations (ng/L) of PFAS in surface water at the sampling sites

Compound MDL(ng/L) S1 S2 S3 S4 S5 S6 S7
USC TFMS(C1) 0.42 788.6 585.7 171.3 72.1 74.2 12.8 42.3
UsC PFEtS(C2) 0.43 10.1 11.2 13.2 21.6 17.7 2.8 72
UsC PFPrA(C3) 1.05 850.9 814.2 642.4 15.6 105.6 2.8 13.4
USC PFPrS(C3) 0.36 <MDL  <MDL 0.6 <MDL <MDL <MDL <MDL
>1USC 1649.6 1411.1 827.5 109.3 197.5 18.3 62.9
SC PFBA(C4) 1.31 535.3 479.6 337.8 <MDL 69.8 44 1.4
SC PFMPA(C4) 0.81 81.6 74.2 57.1 <MDL 9.3 <MDL <MDL
SC PFPeA(CS) 0.89 300.9 278.4 239.4 44 45.8 3.8 6.1
SC PFMBA(CS) 0.83 18.0 16.9 14.6 <MDL 2.0 <MDL <MDL
SC NFDHA(CS) 1.18 <MDL  <MDL <MDL <MDL <MDL <MDL <MDL
SC PFBS(C4) 0.37 82.9 76.2 59.7 1.7 11.5 1.0 2.0
SC PFEESA(C4) 0.28 <MDL <MDL <MDL <MDL <MDL <MDL <MDL
SC PFHXA(C6) 0.89 74.1 71.2 64.3 43 13.8 <MDL 1.3
SC HFPO-DA(C6) 1.21 19.7 18.1 16.0 <MDL 3.0 <MDL <MDL
SC PFPeS(C5) 0.39 <MDL <MDL <MDL <MDL <MDL <MDL <MDL
SC PFHpA(C7) 0.90 26.8 26.5 23.9 <MDL 4.0 <MDL  <MDL
SC ADONA(C7) 0.56 <MDL <MDL <MDL <MDL  <MDL <MDL  <MDL
SC PFHxS(C6) 0.53 <MDL <MDL <MDL <MDL <MDL <MDL <MDL
21SC 1139.3 1040.9 812.9 10.4 159.1 9.2 10.7
LC PFHpS(C7) 0.30 <MDL <MDL <MDL <MDL <MDL <MDL <MDL
LC PFOA(CS) 0.99 7.5 6.6 8.2 33 32 1.0 <MDL
LC PFOS(C8) 0.40 0.6 0.7 1.5 2.5 1.9 1.8 1.6
LC PFNA(C9) 1.24 1.6 1.4 <MDL <MDL <MDL <MDL <MDL
LC PFDA(C10) 0.78 44 4.2 <MDL <MDL <MDL 5.5 <MDL
LC PFUnDA(C11) 0.82 <MDL <MDL <MDL <MDL <MDL <MDL <MDL
LC  N-MeFOSAA(CI11) 0.74 <MDL  <MDL <MDL <MDL <MDL <MDL <MDL
LC PFDoDA(C12) 0.89 <MDL <MDL <MDL <MDL <MDL <MDL <MDL
LC N-EtFOSAA(CI12) 0.85 <MDL <MDL <MDL <MDL <MDL <MDL <MDL
LC PFTrDA(C13) 1.58 <MDL <MDL <MDL <MDL <MDL <MDL <MDL
LC PFTeDA(C14) 1.25 <MDL <MDL <MDL <MDL <MDL <MDL <MDL
>ILC 14.1 12.9 9.7 5.8 5.0 8.3 1.6
2IPFAS 2,803.0 24649 1,650.1 125.5 361.6 35.8 75.2

USC: ultra-short-chain, SC: short-chain, LC: long-chain

Reg SRl o AA o]FofRom, ZAl AL HARKIHA] WS
7F AR FAEE SFES eI AlFslS, sk A-A

3.3. 512 FAHIOIM B 2 1 9 PFAS HE W (S3)E AA, Bl (S5 A FIt BR
£4 (ST 3=, S35 Bapde] f9 93 A
33.1 A5 AHE 2] 9 2 9] PFAS AE 54 1] 98l B3 AF(SHet G AR SoRE S
e 19 Wl PFAS 0 AEiE Hrh AR eR 3 et &, 5337 2
oks7] flall, & ATolxls slid Al Helld] PFAS & TR Eebdo s 4 i
ol 7P E 9EE v Ao AdEs SIS FEE Table 590 AL S1 AP R AV 3
THeE T AR} B tigh A AR 8 Fe AARIER] HEAEAAY] RS A /Y

ST AR 20259 34, 64, 79, 99, 11 F 53] He o=, o] R A 8] 90% oS At
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Aotke Aoz HIHED ofF ] 5L B A Alx FAIM Azl B AGAR AREE B 8
ZrRiEe] 9ol I FEE AYske 2 890 FES PFAS FHE HAH] HER wiEE gl
A& TP ok 29 o] v AAd 59w, @7 e elE A3 A PRASE Rl
e WA AR 2 ol M) g STl E3hd 5 QlokY olefgh PRASE iR SR 53
meh 55 qterh A SfEglen, o] Al Mt 8 A71Rs) 5ol HE] S Bl AR, A
E AT Y slo] M (S3yEA b AR B2 H Aok H2 PFASE AR A7 E&o] Yo} HF

E3H(S5)e R TRt ¢, Hakd ARolle sF AN e TER ASHE AFe) b

42,000 TFE2] o]HFgsA A ] R3] 210 PFAS 28% % ¥ 165°] AZHIoH, dodzae %
S4 AHL S ]y wEss ke =l 4%(TFMS, PFEtS, PFPrA, PFPrS), Tl 8%
AL AP ARRRITA] FgeA]2A) g 3 (PFBA, PFMPA, PFPeA, PFMBA, PFBS, PFHxA,
o] W) e §9)Ee B3 ekl o] 9Jon,  HFPO-DA, PFHpA), 34 45(PFOA PFOS, PFNA,

o|% o] A= FIHSTICE oloXIth(Fig. 1). HPExﬂ PFDA)CE FEEUL EAZ 9 < 122 (NFDHA,

=
3

2]
W

al,
=
T

Table 6. Minimum (Min) and maximum (Max) concentrations (ng/L) and detection frequency (DF) based on values (%) above
the MDL for PFAS at sites S1, S2, and S3

Compound MDL S 1 S'2 5,3

(ng/L) DF Min Max DF Min Max DF Min Max
uSC TFMS(C1) 0.42 100 355.8 1366.3 100 191.3 1231.3 100 78.5 292.8
uSscC PFEtS(C2) 0.43 100 5.1 15.6 100 4.8 23.8 100 11.6 16.8 .
usC PFPrA(C3) 1.05 100 555.5 1143.6 100 576.9 1161.7 100 214.3 902.9 -
USC PFPrS(C3) 0.36 20 <MDL 1.3 0 <MDL <MDL 25 <MDL 2.2 -
SC PFBA(C4) 1.31 100 4472  625.0 100 3134 5912 100 174.1 507.7 -
SC PFMPA(C4) 0.81 100 50.9 108.8 100 36.9 103.0 100 28.7 83.1 -
SC PFPeA(C5) 0.89 100 208.8  361.5 100 141.6  362.9 100 138.5 357.3 -
SC PFMBA(C5) 0.83 100 9.0 242 100 6.0 23.1 100 7.7 233 .
SC NFDHA(CS) 1.18 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL .
SC PFBS(C4) 0.37 100 72.2 97.0 100 68.3 86.7 100 32.0 89.4 -
SC PFEESA(C4) 0.28 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
SC PFHxA(C6) 0.89 100 35.6 99.2 100 28.0 95.0 100 30.3 89.7 -
SC HFPO-DA(C6) 1.21 100 11.6 30.0 100 8.3 28.3 100 10.8 20.7
SC PFPeS(C5) 0.39 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
SC PFHpA(C7) 0.90 100 11.3 39.8 100 8.6 37.2 100 7.3 339 .
SC ADONA(C7) 0.56 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
SC PFHxS(C6) 0.53 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
LC PFHpS(C7) 0.30 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
LC PFOA(CS) 0.99 100 1.6 13.5 80 <MDL 13.0 100 2.0 11.1 -
LC PFOS(C8) 0.40 100 0.6 0.6 80 <MDL 1.1 100 0.8 1.7
LC PFNA(C9) 1.24 60 <MDL 4.1 60 <MDL 3.8 50 <MDL 2.5
LC PFDA(C10) 0.78 20 <MDL  22.1 20 <MDL 21.2 0 <MDL <MDL .
LC PFUnDA(C11) 0.82 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
LC N-MeFOSAA(C11) 0.74 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
LC PFDoDA(C12) 0.89 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
LC N-EtFOSAA(C12) 0.85 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
LC PFTrDA(C13) 1.58 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL -
LC PFTeDA(C14) 1.25 0 <MDL <MDL 0 <MDL <MDL 0 <MDL <MDL .

USC: ultra-short-chain, SC: short-chain, LC: long-chain
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PFEESA, PFPeS, ADONA, PFHxS, PFHpS, PFUnDA,
PFDoDA, PFTIDA, PFTeDA, N-MeFOSAA, N-EtFOSAA)
o|Att. A AE(S1~S7) THEEL] H 4> Table
5ol AN B, s Btk Fig. 8ollA] ez =
2 A olw) Huizkah HAgkS Herare] ot
ol 7 FABH T WE WS YeEpSITE =
g 8 7E AFel S1~839] Hu) -4 =9} HE W
T Table 6] F2]&IAT) S1 A -elA] #=% PFAS
=] WM9le 7922284 ngLpll A 7P Wgkon,
119(3,656.5 ng/Lyll 71¢ =4 Yepstth(Fig. 9). o1&t
WH3h= A A7) AR BThs AZRIEA] #Hl A 2 A
o] 99 FloI MR 2 Wt T 34 TS
O A W Fo= s|AEnt. S1 A-e] PFAS E3E
T e 2,803 ng/LZ 7HF =ko ™, S29} S300A=
717} 2,464.9 ng/LSt 1,650.1 ng/LE H2} 7HAsHITh
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Fig. 8. Mean, minimum, and maximum concentrations (ng/L)
of PFAS compounds at each sampling site.
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Fig. 9. Total PFAS concentrations (ng/L) at the S1 sampling
site by sampling times.
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Fig. 10. Composition ratio (%) of PFAS compounds by

chain length group (2USC, 21SC, and 2LC) at
each sampling site.
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Fig. 11. Composition ratio (%) of ultra-short-chain (USC)
PFAS compounds at each sampling site.
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Table 7. Decrease rates (%) in total PFAS concentrations between S1 and S2, and cumulative precipitation (mm) during the

58 hours preceding sampling at both sites

Decrease rates (%) in total PFAS concentrations between S1 and S2 7.8 1.0

cumulative precipitation (mm) during the 58 hours preceding sampling at

both sites®

2025
March June  July September November
17.0 39.0 5.3
5.2 0.0 19.7 38.8 1.1
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Correlation Heatmap of PFAS
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Fig. 12. Heatmap illustrating Spearman correlation coefficients (p) among twelve PFAS compounds detected at site S1 (n = 5).
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