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ABSTRACT

PFAS (Per- and Polyfluoroalkyl Substances) are synthetic chemicals valued for their exceptional water and heat resistance,
leading to widespread use in industries such as semiconductors, firefighting foams, coatings, and a variety of consumer
products. However, due to their environmental persistence, low sorption to soils, and high mobility, PFAS can easily
contaminate groundwater. Once ingested, they can bioaccumulate in the human body, posing risks such as carcinogenicity,
reproductive toxicity, and endocrine disruption. In response to these concerns, regulatory agencies in the US, EU, Australia
have tightened standards and enhanced monitoring of PFAS in drinking water and groundwater. Consequently, a range of
groundwater remediation technologies has been developed, including granular activated carbon, ion exchange resins, high-
pressure membranes, foam fractionation, and colloidal activated carbon. Among these, activated carbon-based methods are
widely studied for their cost-effectiveness and broad applicability, utilizing hydrophobic and electrostatic adsorption
mechanisms. Given the environmental persistence and health risks associated with PFAS, there is a growing need to align
domestic strategies with international regulatory trends. This paper provides foundational data on PFAS properties,
sources, regulations, and groundwater treatment technologies.
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Table 1. Physicochemical properties of major PFAS (NCBI, 2025)

Properties PFOA PFOS PFHxS
. FFFFFFFO FFFFFFFF: FRFRFQP
eletal Structure OH f?S\OH OH
FEFFFFFF FFFFFFFFO FF FFFF
Chemical Formula CgHF 50, CgHF,05S CsHF 3058
Molar Mass (g/mol) 414.07 500.13 400.12
Boiling Point (°C) 189.0 249 2385
Solubility (mg/L at 25°C (In water)) 3,300 680 6.2
Density (g/mL at 20°C) 1.792 1.84 1.841
Vapor Pressures (mmHg at 25°C) 3.16 x 1072 20x107° 46x107°
Henry’s Law Constant (mol/(m’Pa) at 25°C) 1.1x10* 9.0x10™ 51x107"
Table 2. IARC Classification of carcinogenic agents (IARC, 2025)
Group Description leézzrts()f Examples
Group 1 Carcinogenic to humans 132 Benzene, Cadmium, PFOA
Group 2A  Probably carcinogenic to humans 96 Inorganic Lead Compounds, Acrylamide
Group 2B Possibly carcinogenic to humans 320 Lead, DDT, PFOS
Group 3 Not classifiable as to its carcinogenicity to humans 499 Fluoride, Selenium
Group 4 Probably not carcinogenic to humans - -

Table 3. Sample historic and current uses of PFAS (ITRC, 2025)

Industry/Application

Polymer

Nonpolymers

Aviation and Aerospace

Automotive

Biocides (Herbicides
and Pesticides)

Building and
Construction

Cable and Wiring

Cosmetics/Personal Care
Products

Electronics
Energy
Firefighting/Safety

Food Processing
Household Products
Medical Products
Metal Plating

Oil Production
Mining

Paper and Packaging
PFAS Production

Photolithography & Semiconductor
Textiles (Upholstery, Carpets),

Leather, and Apparel

Fluoropolymer components (PTFE, PFA tubing, piping,
seals, gaskets, cables, insulators)

Fluoropolymer components (wiring, cable, fuel tubing,
seals, bearings, gaskets, lubricants, carpet coatings)

None reported

Fluoropolymer membranes and coatings in architectural
materials

Fluoropolymer coatings and jacketings
Dental floss and micro powders used in creams and lotions

Fluoropolymers in insulators, circuit boards, electronic com-
ponents

Fluoropolymer films for solar panels, fuel cells

Fluoropolymers in firefighting equipment and protective
clothing

Fluoropolymer fabrication materials (e.g., PTFE liners)
Nonstick coatings, aftermarket textile treatments
Surgical patches, implants, medical devices

None reported

Gas pipe lining

None reported

Repellent coatings for paper products

Not applicable

Equipment materials (e.g., PFA)

Fluoropolymers for outdoor gear, repellent treatments

Hydraulic fluid additives made from PFSA salts

Surface treatments for textiles, upholsteries, carpets,
leather, exterior surfaces

Active and inert ingredients in pesticides, herbicides

Paint additives, surface treatments

None reported

Cosmetics, shampoos, nail polish, eye makeup, denture
cleaners

Flame retardants (e.g., PFBS potassium salt)
Fuel cell and battery electrolytes
Fire-fighting foams, vapor suppression for flammable liquids

May be used as coatings on food packaging
Cleaning products, polishes, waxes

X-ray film, protective medical fabrics
Wetting agents, mist suppression

Well production additives

Ore flotation surfactants

Phosphate ester salts

Processing aids, monomers

Photolithography chemicals

Leather treatments, textile coatings
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Table 4. Detection of PFAS in Korea and abroad

Country Sample PFOA (ng/L) PFOS (ng/L) Reference
River/Lake Water ND~590.4 ND~10.6 Ministry of Environment, 2018a
Water Treatment Plant 38 -
Wastewater Treatment Plant 4,800 - Ministry of Environment, 2018b
Sewage Treatment Plant 220~242 -
River/Lake Water - 730 So et al., 2004
River/Lake Water - 8~651 Rostkowski et al., 2006
South Korea )
River Water 0.63~67 0.1~6.9 Yeo et al., 2012
River Water ND~386 ND~1,411.5 Cho et al., 2005
River/Lake Water 0.4~47.1 ND~14.6 NIER, 2017
Seawater 9~50.7 13.8~51.7 Son et al., 2017
Sewage Treatment Plant 57~580 ND~264 Shin e al. 2009
River Water ND-~37 ND~67 et als
River Water 10~173 <0.8~1,090 Sinclair et al., 2006
Groundwater <0.7~149 <1.4~98.8 Minnesota Pollution Control Agency, 2013
. Groundwater 9~57 5~12 New Jersey EPA, 2014
United States - .
Military Base Groundwater 400~300,000 5,00~75,000  McGuire et al., 2014
Military Base Groundwater 12,000~220,000 15,000~78,000 Backe et al. 2013
Military Base Groundwater 8.6~57,000 8865000 oo Sl
Italy Groundwater 0.15~20.8 0.058~2.5 ATSDR, 2019
France Groundwater 1.1~341 2.4~539 Vo et al., 2020
Spain Groundwater 21~32 61~74 Flores et al., 2013
Germany River Water <2~3,640 <2~192 Skutlarek et al., 2006
United Kingdom Groundwater 350 250 Eschauzier et al., 2018
Scotland Groundwater <5~32.8 <5~14.7 Scotland’s CREW, 2017
Australia Groundwater 1.7~74 1.3~4,800 Hepburn et al., 2019
New Zealand  Groundwater <1~2.8 <1~17 ESR, 2022
China River Water 0.48-5.33 ND~5.54 Cao et al., 2019
Groundwater 7~175.2 <0.5~37 Chen et al., 2016
I Tap Water 2.3~84 0.2~22 Takagi et al., 2008
apan Groundwater 0.47~60 028~133  Murakami et al., 2009
India River Water 0.08~1.18 ND~1.73 Sharma et al., 2016
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Table 5. MCLG and MCL of 6 types of PFAS in USEPA (EPA, 2025)

olate] 3}-E5}5}HE(PFHxXS, PFNA, HFPO-DA, PFBS)
o]tH(Table 5) (EPA, 2025). 20279714 #-23}315HE]
gt 27] BUH™S JAgstal, olF AEHAQ S
Trele BUHHES A&sjoF sttt RUEY A3t
Hd) 2 F8AE 2T B 2029374 AFEAE
Falokeict. T3 202995 S-8<ollA Hdl 29 318
A F B oldE 2k AT, HEsEltE w5 ARt
ZAE AAStaL S ARS Farsteol gt

T3, vla EPAE A5z vl LE9EE HUEE
‘F{'f—‘].(UMCR 5; Unregulated Contaminant Monitoring
Rule 5y 53l 2023 3FE 20253704 347t 35 %
Al=EE e E 3059 vl LE=d ==
298, HE)e w7/ EE AEHsE dHolH 75 9
AE F7NSkAL, #F o= 20260 WaEE oot

vk [TRCE A3ke, Heg, XS Sl ek 323}

Compounds Structure MCLG (ng/L) MCL (ng/L)
FFFRFFF O
Perfluorooctanoic acid (PFOA) F OH 0 4
FFFFFFFF
E.FR.FR FR.F
Perfluorooctane sulfonic acid (PFOS) F 4 0 4

»?S ~o

FFFFF FF FO
RFRFRF

Perfluorohexane sulfonic acid (PFHxS)

0
4 OH

FFFFF FO

RFRFRFRF Q

Perfluorononanoic Acid (PFNA) : o 10 10
FFFFFFFF
R F o
HFPO-DA and its ammonium salt (GenX) OH 10 10
F FF FF F
F F
Mixtures containing two or more of PFHxS, PFNA, 1 (unitless) 1 (unitless)
HFPO-DA, and PFBS Hazard Index Hazard Index
Table 6. Guidance values for PFAS in groundwater (ITRC, 2025)
Compounds PFOA PFOS PFOS-K PFNA PFBA PFBS PFBS-K
RSL(ppt) 0.0027 2 59 18,000 6,000 6,000
PFUnDA PFTeDA HFPO-DA Bis-amine
PFHxS PFHxA (PFUDA) PFDoDA (PFTeTA) (Gen-X) PFODA PFPrA (TFSI)’
390 9,900 6,000 1,000 20,000 15 800,000 9,800 5,900

"Bis(trifluoromethylsulfonyl)amine
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Table 7. Total PFAS and Sum of PFAS in EU (European Parliament and Council, 2020)

Criteria Compounds Concentration (ppt)
Total PFAS Until _an(’i’ analysis method. for “total PFAS” is available, a parameter such as “Total Organic 500
Fluorine” could be considered
Sum of PFAS PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnA, PFDoDA, PFTrDA, 100

PFBS, PFPeS, PFHxS, PFHpS, PFOS, PFNS, PFDS, FUnDS, PFDoDS, PFTiDS

e A 71ES 2 FEGE0IE) 2 YRR
Akt 1 F YEH O E n EPAE |35
tiale] & 16702] B=2] RSL 715(2025)S A sk] o)
Zo|t(Table 6)(ITRC, 2025).

x Az AAZR] Ak B VeSS RolTe T
Z U=, mrlEHI= 33 H S5 (MassDEP; Massachusetts
Department of Environmental Protection)= X|3l+2]
|59} 4 H 5o et GW-1, GW-2, GW-32.2
ekl B Folth 1% GW-12 dA] == el
+8TE ARE F e Ak 7S 9JRleh, o] 7
oA 6%2] 3H23}315HE(PFOA, PFOS, PFNA, PFHXS,
PFHpA, PFDA)9] o] 20 ppts 2Hg 7% 73491
A3 2x7} a9 GW-2E AE AF AR,
3¢ PFAS7E AUl 3712 42 918l A= 5ol
s, GW-3e Rek7F AESFE f=5o] AejAel
S v)E 5= = X PGS oJu3i,

3.2. RE(EV) i=5IslEE &l S8

FHAEU) 20209 62 7 771 2952 (POPs)
o] ARE-S Algkeh= d3 EU WES 7838k 7178 (EU)
2020/784% H3ESICE B3 PFOA, 1 ¢4 2 PFOA ¥
sIRHE] ARE-S Algkele 7go] 2020 7€ 4 &
HE ATk FHE 20239 3€elE vEEE, 5, dvl=,
294, =29jjo] 7o) A 3z ZALE 3 A=
slsldtEol ‘EUY setEd 55 -H7H51 Al 714
(REACH; Registration, Evaluation, Authorisation, and
Restriction of Chemicals)?] 17374 715 I
A ARE Algks §-338HE 2 H(ECHA; European
Chemicals Agency)oll A<t EU H 88 991 3)(EC;
European Commission)= 20251300 FHE8)sehEe] AR
Algl gk HE 28-S WE Aotk AR Alg
2opd, waEW 20261 d5FE EU WA #E3shetE
ARBAIGE Z2X|7F 282 ZoR P dET). olegh 1A
w42 AESEEE ALl AR o] e
273 2l thEk A3 wrdsiar )itk 2023 2¥ell=
Forever Pollution Projects $3l - thE 2] Z-E3)s}
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FHAZHEUYS 20203 12¥ HEE $2AAZ(DWD)
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total2} Sum of PFASE =3It} ZH2} PFAS-total 0.5 pg/L,
Sum of PFAS 0.1 pg/Le] 71FX]2S AA Atk Table 7)
(European Parliament and Council, 2020).
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Table 8. Health based guidance value in Austrailia (FSANZ, 2017)

Health based guidance value (HBGV) (PFOST-(:tilFHxS) PFOA
Tolerable daily intake (ng/kg bw/day) 20 160
Drinking water quality guideline value (ng/L) 70 560
Recreational water quality guideline value (ng/L) 2,000 10,000

85, dAgeo] g EellMe] 271A] FEe] HEsls}
FEoll gk Vo] AR Ak &9 BT,
Total(PFOS+PFHxS) 70 ng/L, PFOA 560 ng/LE 7]52
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Table 9. Widely adopted PFAS treatment methods for groundwater remediation

) In-situ o Removal Efficiency
Treatment Method ~ Mechanism . Advantages Limitations Reference
/Ex-situ Long-chain Short-chain
Adsorption
Granular Activated (hydrophobic/ .. Widely used, Requires regeneration o ,, Xiao et al.,, 2017b
Carbon electrostatic Ex-situ cost-effective when saturated 80~99%  10~60% Kothawala et al., 2017b
interations)
Anion exchange High selectivity and High initial cost, resin Dixit et al., 2021
Ion Exchange resin_ adsoptio ng Ex-situ treatment efficiency regeneration and disposal 90~99%  30~70% Ross et al., 2018
P depending on conditions needed Appleman et al., 2013
High-Pressure
; ; 95~99%  90~99%
Membrane (RO) Size/charge " High removal efficiency High energy consumption, Dudarko et al., 2024
) exclusion Ex-situ for most PFAS wastewater treatment Appleman et al., 2013
High-Pressure required 990 950, Tang et al., 2007b
Membrane (NF) 95~99%  80~95%
. Difficulty in removing
Foam Adsorptlor?/ . Low enerey . short-chain PFAS Harding Marjanovic
. . concentration on Ex-situ consumption, effective .. 70~95%  40~80%
Fractionation . . Additional surfactants are et al., 2015
bubble surface for high concentrations .
often required
Colloidal Activated Ip situ }r'ljec.tlon Inesitu In.hlblt}ng PFAS Complex. sy.stem design 7090%  30~60% Kucharzyk et al, 2017
Carbon /immobilization migration and application

J. Soil Groundwater Environ. Vol. 30(3), p. 1~13, 2025



4. X3t & A==t=EtE X2 Ty

Aok T FESBIRME AP oR EAw
(GAC; Granular Activated Carbon), ©]-=32KIX; Ion
exchange), XA B Q] AFE], FE|=ZAEHCAC;
Colloidal Activated Carbon)®] 2 &8 ¥ A5l
91K Table 9)(ITRC, 2025).

4.1. QAMEIAME}

WILARHGAC)YS Tt &
Zole ° F

O
Dol AR B W B, o EAH S
EEE R

TEE 7}{13}. *‘%} JEhe] U] iﬁ‘*"é 8371
gz,g_— B3l LEEAS AAT I (Yu et al., 2009; Seo et

204y, 531 o A@z}g}ﬂ%% AARE T
%a—s}v}. w3, T Ale) el sl Arjoz ulgol

S, FRASITS AAD F Al NS >
Sl 4] SIck olel olow B Ee sl
YT A 97 A2 AERA P, e

], FEA Bl 153 oPd ARSI AT (Forrester, 2018).

Aol w2 Q) JEdeke USEPA 537. l(Shoemaker
and Tettenhorst, 2018) "S- F3l HESEMES] 7<=
z': o= H/\-] 741 z;]. ] o]g]_ EO] 2= ;J\'— 74_&
e Ak W E}"‘r?_ LAEA] BS AT, Y
e F80] V‘-o};q
Aol = EF’ )
34 A4 &
A A ol SO.ZJ»]-;“OJ Ao g2 3A1EATHMcNamara et al.,
2018; Westreich et al., 2018).

3, HZodle HEA AESEEE AAE 98,
HESISIFE] didle] H7HESN daedee] A
=31 gtk GRsA) PFEAIERS: FrksE 300°C, 1.9 atm
Z7904 602 olWoll PFOAS] 90%Z ¥-71317} 7Fs3h
Ao Z <2l = ATHRunze et al., 2024). ©]= PFOARt
GE3IA 700°CoA 2F 80%2] F-7187} 7Fse A diu
a5 o}

42.0|2mst

o1 IHIX) A 1930 FHINE 2] F5oIA
ge] AbgEle] @ EA FRAIT. Fu Ax,
Il Wa 5 Tk 0REA Aol BEE
or, Fadls FRHRE AANE 1 GHpe] 95

Q—T’— 313} o]%ﬂ?} i‘]ﬁ]—“f— —%O]_‘?__ —30:]EH.§ ?EZHB_]"E

ﬂﬁﬂ r§fr

J. Soil Groundwater Environ. Vol. 30(3), p. 1~13, 2025

AR=1Ea
HaT .

Hds}

FESSIgHE] o] 2ugh A9 ol Agtete] A

= ot
HESISRIE AAE 93 AuH A]o] TP} AR
obg] Z7] dAle|ARE, 11 e o] O]ZHO%
At O]iﬂﬂ A F2l Hlsle] we g S5
7}74”4, < Ak FE3EgEl teiME % EHZ—;—OE
AA &8-S HItK(Smaili et al., 2023). ﬁ T

]L ARgo] skl At AESIERtES BEE
FEo® Y= o aazold. dA A <>1~r°ﬂ/‘1 H@ﬁ}
SIRMES AASE Hl T2 9318 FAVF ARSE AL Q)
om, durzo=w Y3|E o]2ut FA|o AA L
A 758 olewd SRR} Bk ol ]9
= AR 24 @7 AEIBINE RS
100 ppbollA £24 AZE ) olslzE A= A=
A=5 A} (Kothawala et al., 2017; McCleaf et al., 2017;
Woodard et al., 2017; Zeng et al., 2020).

oleug Agjo] 5o HEISIetE| 5ke] TFol
gk Mgle= gty o g AEILAEZELHPFSA)O]
HESFIEEAHPFCA) B} =t 2t 319 15 WollA
g As o7t STl wEt sk Sk A%
o] YJTHLiu et al., 2021).

ol gk A2l Ao EE &
HAoAN EEe HE3SeE
Ze e %‘ﬂiﬂr«l 3R
AFSEE ol 2adh 4xe] faol Tl pH e HAA
)21 gokE Lo & k. ol HAsH] T &
£72) olead 54 Hel Ao pH 24 B FA4 @
3= 93t 2] Zgo] BA3HH(Smith et al., 2023b).

A B, A
sl w4, B ol

ag 7k 5ol gk =,
Tl

—_—

3. ek Hey

& HEH<d _iﬂ% ot](i'—ﬂ'% 01%5‘]] % vb_“x]'”
gRloz T3
ok glB Rl 3= 5-7]9} A&t 44?5}5}?{}54
AA T8t TS gt A7) viA|(Size exclusion)2}
738} vljA(Charge exclusion)’} =2 A|A WAUSZ |}
eI F5 Arle AESRIES A7) wet AlA
88 245, A3} viAle AEssigtEe] dake} 1l
BQle] s} 2+ s zkgol ofsf gt WHe<le]
A= ZET]olH] =(Polyamide), Z 2] o H| 2% E(Polye-
thersulfone) 5-°] AF&-EH, ZZoll= MXene-TiO,2} 22
AZE A= 7= ot

1 PBEHRQ] M= 7= W= IH(NF; Nanofiltration)2k
IAE(RO; Reverse Osmosis) 120 ALS-HTE Yeojvh=

H-lk
e

rO



Aok & Aeststetee] Su-o] deled % Az 1 9

FjH o= vke- oA AEal, P Al T =2
ol 2FE3le] O] 2R BA1E G3pE 02 A A}, o]
7EE diFog Ray) AR dEk AR Rt
2 Asx AAol of HE3 Aoz dHA k. F 7E
R AHalA A8t tekst gl HEsiselE
< BFoE AAT F Utk

eoj) ihale QS o] &g Wuy)Rl V&Y g
Fejjon] HESSISHE AlA AR oz IR
TH(Tang et al., 2007). ©] &7} WhHS w2 QF Sloj|A]
=S B {28 fA3KIzadpanah and Javidnia, 2012).
gutH o7 oz} Wugele F7|7F 2 Bl 2
slar, 17} o] 2 o 2R Exle] A= ofyth

AR} WA MR kS B3l Bl A dEs

< A= 7Igolth. dEo=
ARREE A9 EET T2 AP AlZEY YR AL
1 AR s 8l AAEIE
L3It GAREQ W QIS ~g-HellA tiFEe] f7)
9 27 3/HES AASHE b ad¥ol). A =S
gr e 2 Az AT G848 At FE
HS vy 9 Hl-8-S A7th(Lau et al, 2012).
1S 553U Al A Sl8)
¢ W Qle] AM8-EC] woRA|aL itk GAE
17 B Al=HL A A AL,
A AR (A Fo), e, Y, g
ARkz o= AME-EIL Q).

SIARE, 219t WEQl e duby o g AESSIFNE
AAE S8 AAIE FEgE Ay T ol2ndrA|
Alz=dllol| Bls| Ax] 2 4 Hgo] ¢ ®oH, F5H
H= el tigh 1#7F st

Y,
i
r,
©
)
=2,
2
5
i
N

[ d

oft &
ro
rlo
N
ol
oo
>

O it o2 12 W = M
i) >

%
:
i

Ay
A E2-S A= otk (Lemlich and Lavi, 1961;
Lemlich, 1972). A% B4 7|&2 A4 7R £
Aol A Tl @ HES F8] B AASY =8 s}
sk Hl 72 ARE O HESISRE 28 2 558
{1t WP o= dbdal Sttt ey AESEgE A
Fol s o AF THd F2E 559 AE FEE
A el 29 HESIsE-S 31 AE] e H71E
3l it

A 2 Agle vl A2 ARt 9esi, w9

Hl-go] gt} mgh ARy glole vt 4 F30lA
a3 ARA 0 E A|Ag. olejgh o
AZFE2= A 5=(Bumns et al., 2021), 3Z=~(Burns et
al., 2022; Newman, 2022; Smith et al., 2022; McCleaf et
al., 2021; Robey et al., 2020) Z AF-8-4(Smith et al.,
2023204 HESIslFhE AAE 98] 8=
AFEe S AESSRHE AAdE a3 e]A
¥om, §85 =ol7] Sl Bx AAE Flsk=
7397t Btk olHgt B AEEgAle] AR -du g
S7I71AL, O L9S WA 4 Sk olEE s
aiasty] flal, Rz AHD/gAY ek 2 278 FIFS
3R] 913 3716 A7t BAsIcH(We et al., 2024).

45 FUA| Z20|= BAME

FA2] F2o]= FAEHCAC) A= vAE &
AA@ETE A4 2 um)E 584 Fggo g wEo] 3
1A Ael2 YUk Wl o] 7ee L9E
g2sl] AL RSl W ERhke W) i
Z2ol= NS FU3PA A A olFs= &
LHAEAe ¥ A7|HQ Aee e v

2,

B{l
o i

e o
2 o o T

N
X
A
fru
to
jule
il
i)
!
to
uits
il
o
off
ki
o
=2
=
23
¥
2

= o <) 5= on
e A FUoE 5oz U 5 At (McGregor,

2020). 79 % 055 ) HE20) F5 RAsle] 3
ESRIES T 7] LEEAd g 2] g
sith, Y=ke] Z77F Zof FAZ o] W] Wil &St
sIgkEe] &3 £57) P deT) WEn A A o)
ETH(Xiao et al., 2017).

HEsEE-S Agshs e 7ieol g F2ol=
e A= 8% 29 vleo] v T3k Y ¢ 2
B33t w5t wEA FAdh, F7HoEE &
W7t A&E ¢ Sk A, F2ole 4w 9 ¢
|} o] AA EE F YIS PR, EEAR] TS
28l | Alg=e] Z=A(pH, EC, A3k &8 &%)
w2 - i Aol desith

5.4 B

£ =M AEsslftEe] £ sshy 712 gRE

Agstal, A5 B 5 FESFEY F8 29d %

=

J. Soil Groundwater Environ. Vol. 30(3), p. 1~13, 2025



10 Hedh - S5 - AT - F

RE Aol I ARE ZASNAT. T, FUSSE
T4 % Bl Sl it FAE S3E seteha, A5 F
ST Ae) WHEe] A AN B AAS

52wl AR wy FEIsiE B Leisiord
e Belsien.

eSS A IR dR7ILAEEEA G
3 B4 SAo= <l Al B Aeiggel S4wH
Sl Flel e 7HAIAL 1] 1 FAdo] tiE AL itk
olell wie} I, ¥, 5 5 F& ITIeclMe FEs)

=y

a7 A, o
shgheel tigk AAT 7S AL, 538 SAYAT

A(ARC)IM= HE31813HE 5 PFOAE 1A, PFOSE
2B IF0 2 APFste QAo sk o] e £
skl ot

A

shrollM T2 -8she HE3BIgt=e] A7) WHeE

Sl B3+ e AR
WIS o83 A
AhEn.

=5 93 A

S Sikis
o} Bk s
spslgkee] ¥, Ak 55
= 299t el 23 4
ks As T2 Hklo] 2

FH=slslehae] T4, A2
HEslegtEs gk P
A& 7hsd 974 et dasit Pt 2asist
FE2HE At QARG Hash] e 2

PN
T
2=
=
7}

3BIFHE ALEAAIE Zola tiAlEES Jfdsls WhHo)
Hajx|ojol & Ao|t}.
A} A}
B Aqs 20250 o3 9ee] «Xel 9=
71584 2 BRI 025 A2 FdEQlom,
olo] FAI=HYc}

References

Agency for Toxic Substances and Disease Registry (ATSDR),

J. Soil Groundwater Environ. Vol. 30(3), p. 1~13, 2025

A

o PN
9 - AR

s AT - 1St

2019, Toxicological profile for perfluoroalkyls, ATSDR, https://
www.atsdr.cdc.gov/toxprofiles/tp200.pdf [accessed 25.04.23]

Appleman, T. D., Dickenson, E. R. V., Bellona, C., and Higgins,
C. P, 2013, Nanofiltration and granular activated carbon treat-
ment of perfluoroalkyl acids, J. Hazard. Mater., 260, 740-746.

Backe, W. J., Day, T. C., and Field, J. A., 2013, Zwitterionic, cat-
ionic, and anionic fluorinated chemicals in aqueous film forming
foam formulations and groundwater from U.S. military bases,
Environ. Sci. Technol., 47(10), 5226-5234.

Brusseau, M. L., Anderson, R. H., and Guo, B., 2020, PFAS
concentrations in soils: Background levels versus contaminated
sites, Sci. Total Environ., 740, 140017.

Burns, D. J., Hinrichsen, H. M., Stevenson, P., and Murphy, P. J.
C., 2022, Commercial-scale remediation of per- and polyfluoro-
alkyl substances from a landfill leachate catchment using Sur-
face-Active Foam Fractionation (SAFF®), Remediation, 32(3),
139-150.

Burns, D. J., Stevenson, P., and Murphy, P. J. C.,, 2021, PFAS
removal from groundwaters using Surface-Active Foam Frac-
tionation, Remediation, 31(4), 1-15.

Cao, H., Li, X., and Wang, Y., 2019, Occurrence, sources and
health risk of polyfluoroalkyl substances (PFASSs) in soil, water
and sediment from a drinking water source area, Environ. Pol-
lut., 252, 1534-1542.

Chen, M., Li, X., Wang, Y., and Zhang, Z., 2016, Perfluorinated
compounds in soil, surface water, and groundwater from rural
areas in eastern China, Environ. Sci. Technol., 50(12), 3456-3463.

Cho, H. S., Kang, J. H., Lee, D. L., and Ko, G. J., 2005, Contam-
ination of PFOS and PFCs in water quality and surface sedi-
ments of Gwangyang Bay watershed, Proc. Korean Mar. Environ.
Energy Soc.

Dixit, F., Barbeau, B., Mostafavi, S. G., and Mohseni, M., 2021,
Review of Removal Techniques for the Treatment of PFAS-
Contaminated Water, Water, 13(3), 366.

Dudarko, M. J., Hladik, M. L., Roberts, A. L., and Strynar, M.
J., 2024, Removal of Poly- and Perfluoroalkyl Substances from
Natural Waters, Environ. Sci. Technol. Water, 4(5), 1234-1245.

Environmental Science and Research (ESR), 2022, National
Survey of Per- and Polyfluoroalkyl Substances (PFAS) in
Groundwater 2022, ESR.

Eschauzier, M. S., Vergouwen, E., and de Voogt, P., 2018, Applica-
bility of the direct injection liquid chromatographic tandem mass
spectrometric analytical approach to the sub-ng L-1 determina-
tion of perfluoroalkyl substances (PFAS), Environ. Sci. Technol.,
52(1), 123-131.

European Parliament and Council, 2020, Directive (EU) 2020/
2184 of 16 December 2020 on the quality of water intended for



A3 5 SHEselES] T o] BelEE R A 1 I

human consumption, Off. J. Eur: Union L., 435, 1-62.

European Union Law (EU), EUR-Lex., https://eur-lex.europa.eu
[accessed 25.04.23]

Flores, C., Ventura, J., Martin-Alonso, J., and Caixach, J., 2013,
Occurrence of perfluorooctane sulfonate (PFOS) and perfluo-
rooctanoate (PFOA) in N.E. Spanish surface waters and their
removal in a drinking water treatment plant, Sci. Total Environ.,
461-462, 618-626.

Food Standards Australia New Zealand (FSANZ), https:/
www.foodstandards.gov.au [accessed 25.04.23]

Forrester, E., and Matthis, J., 2018, Treatment solutions for PFAS
removal: Evaluating total cost. Forrester & Matthis.

Harding-Marjanovic, K. C., Houtz, E. F,, Sedlak, D. L., and Alva-
rez-Cohen, L., 2015, Foaming and removal of perfluoroalkyl
substances from groundwater, Environ. Sci. Technol., 49(10),
6267-6275.

Hepburn, E., Madden, S., Szabo, C., Coggan, S., Clarke, M.,
Currell, C., and Allinson, A., 2019, Contamination of ground-
water with per- and polyfluoroalkyl substances (PFAS) from
legacy landfills in an urban redevelopment precinct, Sci. Total
Environ., 687, 456-468.

International Agency for Research on Cancer (IARC), About
IARC Mission. World Health Organization, https://www.iarc.
who.int/about-iarc-mission [accessed 25.04.23]

Interstate Technology and Regulatory Council (ITRC), 2020,
Per- and Polyfluoroalkyl Substances (PFAS) Technical/Regula-
tory Guidance, ITRC, https:/pfas-1.itrcweb.org/wp-content/uploads/
2020/10/itrc_pfas techreg sept 2020 508-1.pdf [accessed 25.
04.23]

Interstate Technology and Regulatory Council (ITRC), https://
pfas-1.itrcweb.org [accessed 25.04.23]

Izadpanah, A., and Javidnia, A., 2012, The ability of a nanofil-
tration membrane to remove hardness and ions from diluted sea-
water, Water, 4(2), 283-294.

Johnson, G. R., Brusseau, M. L., Carroll, K. C., Tick, G. R., and
Duncan, C. M., 2022, Global distributions, source-type depen-
dencies, and concentration ranges of per- and polyfluoroalkyl
substances in groundwater, Sci. Total Environ., 851, 156602.

Kothawala, D. N., Kohler, S. J., Ostlund, A., Wiberg, K., and
Ahrens, L., 2017, Influence of dissolved organic matter concen-
tration and composition on the removal efficiency of perfluoro-
alkyl substances (PFASs) during drinking water treatment,
Water Res., 121, 320-328.

Kothawala, D. N., Sander, M., Hofstetter, T. B., Bolotin, J., and
Gunten, U. V., 2017, Removal of poly- and perfluoroalkyl sub-
stances (PFAS) from water by adsorption and ion exchange,
Water Res., 123, 320-329.

Kucharzyk, K. H., Darlington, R., Benotti, M., Deeb, R., and
Hawley, E., 2017, Novel treatment technologies for PFAS com-
pounds: A critical review, J. Environ. Manage., 204, 757-764.

Lau, W. J, Ismail, A. F., Misdan, N., and Kassim, M. A., 2012,
A recent progress in thin film composite membrane: A review,
Desalination, 287, 190-199.

Lee, J. Y., Cha, J,, and Lee, J., 2025. A review on the inflow
paths, occurrence, fate, remediation technologies, and related
regulations of per- and polyfluoroalkyl substances (PFAS) in
groundwater, J. Geol. Soc. Korea, 61(1).

Lemlich, R., and Lavi, E., 1961. Foam fractionation with reflux,
Science, 134(3473), 191-191.

Lemlich, R., 1972, Adsorptive Bubble Separation Techniques,
Academic Press.

Liu, X., and Sun, Y., 2021, Ion exchange removal and resin
regeneration to treat PFAS in drinking water, J. Environ. Chem.
Eng., 9(4), 105432.

McCleaf, P, Englund, S., Ostlund, A., Lindegren, K., Wiberg,
K., and Ahrens, L., 2017, Removal efficiency of multiple poly-
and perfluoroalkyl substances (PFASs) in drinking water using
granular activated carbon (GAC) and anion exchange (AE) col-
umn tests, Water Res., 120, 77-87.

McCleaf, P, Kjellgren, Y., and Ahrens, L., 2021, Foam fraction-
ation removal of multiple per- and polyfluoroalkyl substances
from landfill leachate, AWWA Water Sci., 3(5), e1238. https://
doi.org/10.1002/aws2.1238

McGregor, R., 2020, Distribution of colloidal and powdered
activated carbon for the in situ treatment of groundwater, J. Water
Resour: Prot., 12(12), 1001-1018.

McGuire, M. E., Schaefer, J., Richards, C. P., Backe, J. S., Field,
J. A., and Houtz, L. S., 2014, Evidence of remediation-induced
alteration of subsurface poly- and perfluoroalkyl substance dis-
tribution at a former firefighter training area, Environ. Sci. Tech-
nol., 48(12), 6644-6652.

McNamara, J. D., Franco, R., Mimna, R., and Zappa, L., 2018,
Comparison of activated carbons for removal of perfluorinated
compounds from drinking water, J. Am. Water Works Assoc.,
110(1), E2-E14.

Ministry of Environment, 2018, August. J=7 574 « AFATA]
=-3)1813HE AE A e A} 23 [Results of Investigation on
Perfluorinated Compounds Detection in National Water Purification
Plants and Industrial Complexes], Ministry of Environment,
Press Release.

Ministry of Environment, 2018, 2017d ZFAF7]L9=2
(POPs) =424 AR 114 [2017 Result Report of Persistent
Organic Pollutants (POPs) Monitoring Network Operation],
Ministry of Environment.

J. Soil Groundwater Environ. Vol. 30(3), p. 1~13, 2025



12 e S5d - A - 2

B
toty

o

Minnesota Pollution Control Agency, 2013, Perfluorinated chemi-
cals in Minnesota’s ambient groundwater, Minnesota Pollution
Control Agency.

Murakami, M., Kuroda, K., Sato, N., Fukushi, T., Takizawa, S.,
and Takada, H., 2009, Groundwater pollution by perfluorinated
surfactants in Tokyo, Environ. Sci. Technol., 43(10), 3480-3486.

National Center for Biotechnology Information (NCBI), Pub-
Chem Substance and Compound databases, https://pubchem.
ncbi.nlm.nih.gov [accessed 25.04.23]

National Institute of Environmental Research, 2017, B5=015% =
A 719 ED Y S34 AF(VI) [Accumulation Study
of Persistent Organic Pollutants in Freshwater Fish (VI)],
National Institute of Environmental Research.

New Jersey EPA, 2014, Occurrence of perfluorinated chemicals
in untreated New Jersey drinking water sources, New Jersey
EPA.

Newman, P, 2022, Foam Fractionation for PFAS Removal:
Leveraging the Physiochemistry of PFAS Against Itself, Rem-
Tech 2022, Edmonton, Alberta, Canada.

Robey, N. M., da Silva, B. F., Annable, M. D., Townsend, T. G,
and Bowden, J. A., 2020, Concentrating Per- and Polyfluoroal-
kyl Substances (PFAS) in Municipal Solid Waste Landfill Leachate
Using Foam Separation, Environ. Sci. Technol., 54(19), 12550-
12559. https://doi.org/10.1021/acs.est.0c01266

Ross, 1., McDonough, J., Miles, J., Storch, P., Thelakkat Kochu-
narayanan, P., Kalve, E., Hurst, J., Dasgupta, S. S., and Burdick,
J., 2018, A review of emerging technologies for remediation of
PFASs, Remediation, 28(2), 101-126.

Rostkowski, P., Yamashita, N., So, I. M. K., Taniyasu, S., Lam,
P. K. S,, Falandysz, J., Lee, K. T., Kim, S. K., Khim, J. S., Im, S.
H., Newsted, J. L., Jones, P. D., Kannan, K., and Giesy, J. P., 2006,
Perfluorinated compounds in streams of the Shihwa industrial
zone and Lake Shihwa, South Korea, Environ. Toxicol. Chem.,
25(9), 2374-2380.

Science History Institute, 2017, Historical biography: Roy J.
Plunkett. Science History Institute, https:/www.sciencehistory.org/
historical-profile/roy-j-plunkett [accessed 25.04.23]

Scotland’s Centre of Expertise for Waters (CREW), 2017, Scop-
ing study for addressing risk to private water supplies from the
presence of per- and polyfluoroalkyl substances (PFAS).

Seo, S., Han, J., Na, S., Lee, J., and Kim, M., 2024, Influence of
molecular structure on the adsorption of per- and polyfluoroal-
kyl substances (PFASs) to activated carbon in the aqueous
phase, J. Environ. Anal. Health Toxicol., 27(4), 206. https://
doi.org/10.36278/jeaht.27.4.206

Sharma, B. M., Bharat, G. K., Tayal, S., Larssen, T., Becanova,
J., Karaskova, P., Whitehead, P. G, Futter, M. N., Butterfield, D.,
and Nizzetto, L., 2016, Perfluoroalkyl substances (PFAS) in river

J. Soil Groundwater Environ. Vol. 30(3), p. 1~13, 2025

A - DB - uhg)

and ground/drinking water of the Ganges River basin: Emissions
and implications for human exposure, Environ. Pollut., 208,
704-714.

Shin, M. Y., Im, J. K., Kho, Y. L., Choi, K. S., and Zoh, K. D., 2009,
Monitoring study of PFOA and PFOS in effluents from sewage
treatment plants and the Han River in Seoul, J. Environ. Health
Sci., 35(4), 334-342.

Shoemaker, J. A., and Tettenhorst, D. R., 2018, Method 537.1:
Determination of Selected Per- and Polyfluorinated Alkyl Sub-
stances in Drinking Water by Solid Phase Extraction and Liquid
Chromatography/Tandem Mass Spectrometry (LC/MS/MS),
U.S. Environmental Protection Agency.

Sinclair, E., Mayack, D. T., Roblee, K., Yamashita, N., and Kan-
nan, K., 2006, Occurrence of perfluoroalkyl surfactants in water,
fish, and birds from New York State, Arch. Environ. Contam.
Toxicol., 50(3), 398-410.

Skutlarek, D., Exner, M., and Férber, H., 2006, Perfluorinated
surfactants in surface and drinking water, Environ. Sci. Pollut.
Res., 13(5), 299-307.

Smaili, H., and Ng, C., 2023, Adsorption as a remediation tech-
nology for short-chain per- and polyfluoroalkyl substances (PFAS)
from water — a critical review, Environ. Sci. Water Res. Tech-
nol., 9, 344-362.

Smith, S. J., Lewis, J., Wiberg, K., Wall, E., and Ahrens, L., 2023,
Foam fractionation for removal of per- and polyfluoroalkyl sub-
stances: Towards closing the mass balance, Sci. Total Environ.,
871, 162050. https://doi.org/10.1016/].scitotenv.2023.162050

Smith, S. J., Wahman, D. G, Kleiner, E. J., Abulikemu, G., Stebel,
E. K., Gray, B. N, Datsov, B., Crone, B. C., Taylor, R. D., Wom-
ack, E., Gastaldo, C. X., Sorial, G, Lytle, D., Pressman, J. G,
and Haupert, L. M., 2023, Anion exchange resin and inorganic
anion parameter determination for model validation and evalua-
tion of unintended consequences during PFAS treatment, ACS EST
Water, 3(2), 576-587.

Smith, S. J., Wiberg, K., McCleaf, P, and Ahrens, L., 2022,
Pilot-Scale Continuous Foam Fractionation for the Removal of
Per- and Polyfluoroalkyl Substances (PFAS) from Landfill
Leachate, ACS EST Water, 2(5), 841-851. https:/doi.org/10.1021/
acsestwater.2c00032

So, M. K., Taniyasu, S., Yamashita, N., Giesy, J. P, Zheng, J., Fang,
Z.,Im, S. H., and Lam, P. K. S., 2004, Perfluorinated compounds in

coastal waters of Hong Kong, South China, and Korea, Envi-
ron. Sci. Technol., 38(15), 4056-4063.

Son, J. H., Chung, S. Y., and Kwon, B. G, 2017, Monitoring of
perfluorinated compounds in seawater from the East and West
Coasts of Korea, J. Korean Geo-Environ. Soc., 17(1), 5-12.

Sun, R., et al., 2024, New insights into thermal degradation prod-
ucts of long-chain per- and polyfluoroalkyl substances (PFAS)



A3 5 eSS T o] BelEE R A 1 13

and their mineralization enhancement using additives, Environ.
Sci. Technol., 58(50), 22417-22430.

Takagi, S., Adachi, F., Miyano, K., Koizumi, Y., Tanaka, H.,
Mimura, M., Watanabe, 1., Tanabe, S., and Kannan, K., 2008,
Perfluorooctanesulfonate and perfluorooctanonate in raw and
treated tap water from Osaka, Japan, Chemosphere, 72(10), 1409-
1412.

Tang, C. Y., Fu, Q. S., Criddle, C. S., and Leckie, J. O., 2007,
Effect of flux (transmembrane pressure) and membrane proper-
ties on fouling and rejection of reverse osmosis and nanofiltra-
tion membranes treating perfluorooctane sulfonate containing
wastewater, Environ. Sci. Technol., 41(6), 2008-2014.

Tang, C. Y., Shiang Fu, Q., Gao, D., Criddle, C. S., and Leckie,
J. 0., 2007, Effect of solution chemistry on the adsorption of
perfluorooctane sulfonate onto mineral surfaces, Environ. Sci.
Technol., 41(15), 5666-5672.

United States Environmental Protection Agency (EPA), EPA,
https://www.epa.gov [accessed 25.04.23]

Vo, P.N. V,, Nguyen, T. M., Bui, H. T., Chen, J., Huang, W., and
Fang, C., 2020, Poly- and perfluoroalkyl substances in water
and wastewater: A comprehensive review from sources to reme-
diation, Sci. Total Environ., 729, 138995.

We, A. C. E., Zamyadi, A., Stickland, A. D., Clarke, B. O., and
Freguia, S., 2024, A review of foam fractionation for the removal
of per- and polyfluoroalkyl substances (PFAS) from aqueous
matrices, J. Hazard. Mater., 465, 133182.

Westreich, P., Mimna, R., Brewer, J., and Forrester, F., 2018,
The removal of short-chain and long-chain perfluoroalkyl acids
and sulfonates via granular activated carbons: A comparative
column study, Remediation, 28(4), 43-55.

Woodard, S., Berry, J., and Newman, B., 2017, Ion exchange
resin for PFAS removal and pilot test comparison to GAC,
Remediation, 27(3), 19-27.

Xiao, F., Zhang, C., Webster, M. F., Conder, R. C., Bowden, J.
L., and Higgins, C. P., 2017, Sorption of poly- and perfluoroal-
kyl substances (PFASs) relevant to AFFF-impacted groundwa-
ter using colloidal activated carbon, Environ. Sci. Technol.,
51(11), 6342-6350.

Xiao, F., Simcik, M. E., Halbach, T. R., and Gulliver, J. S., 2017,
Sorption of Poly- and Perfluoroalkyl Substances (PFASs) Using
Carbonaceous Sorbents, Environ. Sci. Technol., 51(11), 6342-
6351.

Yeo, M. K., Hwang, E. H., and Jeong, G. H., 2012, Distribution
characteristics of perfluorinated compounds in major river water
and sediment in South Korea, Anal. Sci. Technol., 25(5), 313-
323.

Yu, Q., Zhang, R., Deng, S., Huang, J., and Yu, G, 2009, Sorption
of perfluorooctane sulfonate and perfluorooctanoate on acti-
vated carbons and resin: Kinetic and isotherm study, Water Res.,
43, 1150-1158.

Zareitalabad, P., Siemens, J., Hamer, M., and Amelung, W., 2013,
Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS) in surface waters, sediments, soils and wastewater
— A review on concentrations and distribution coefficients, Che-
mosphere, 91, 725-732.

Zeng, C., Atkinson, A., Sharma, N., Ashani, H., Hjelmstad, A.,
Venkatesh, K., and Westerhoff, P., 2020, Removing per- and
polyfluoroalkyl substances from groundwaters using activated
carbon and ion exchange resin packed columns, AWWA Water
Sci., 2(1), el172.

J. Soil Groundwater Environ. Vol. 30(3), p. 1~13, 2025



