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ABSTRACT

This paper reviews international research trends on per- and polyfluoroalkyl substances (PFAS) transport mechanisms and
numerical modeling in subsurface environments. PFAS transport is governed by complex retardation mechanisms
including non-equilibrium sorption, air-water interface (AWI) adsorption, and competitive sorption, with dynamic
behavior associated with varying moisture conditions particularly in the vadose zone. Numerical models for simulating
these processes have evolved from simple equilibrium-sorption-based approaches to multi-process rate-limited mass-
transfer (MPMT) models. Representatively, HYDRUS effectively captures complex transport phenomena in the vadose
zone by coupling a proven numerical platform with a PFAS-specific AWI module, MPMT-based models provide the most
sophisticated interpretation of diverse retardation mechanisms through continuous model updates, and MODFLOW-based
models are well-suited for comprehensive groundwater flow system analysis at site and watershed scales. Analysis of
scale-dependent modeling studies reveals that the dominant factors controlling PFAS transport vary distinctly with scale:
mass transfer limitations within thin water films at the pore scale, non-equilibrium sorption-desorption kinetics and
competitive adsorption at the laboratory scale, and partition coefficients and hydrogeological characteristics at the field
scale. Domestic PFAS research has focused primarily on treatment technologies, toxicity assessment, and contamination
surveys, leaving subsurface transport modeling research at an early stage. Future research efforts should address the
development of transport parameter databases suitable for domestic soil conditions, site-scale modeling studies reflecting
source-specific characteristics, and methodologies for upscaling laboratory-scale parameters to field scales. This paper
aims to contribute to the advancement of domestic research through a systematic review of PFAS transport mechanisms
and numerical modeling.

Key words : PFAS Transport, Numerical modeling, Retardation Mechanism, Air-water Interface Adsorption, Subsur-
face Environment
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72 BallEA) oo} Qe sstE e Beje, A AAE
17 F-A2 I F%aL 2Ath(Sharma et al., 2024; US EPA,
2024). 152 QA W B7IRE =4 A] oF R, AE diat
o & W AA wgk T AZAE fsds 7HAH,
AEARINE B8 558 S8 X530 d9FgS niR
THAnkley et al., 2021; Fenton et al., 2021). ©]ol] wg} 1]
=3 f9 T IA A olE AIFE ] e R A
A3}aL A mlEoel| BIxE 7)alar JTHHEPA, 2025; US.
EPA, 2024). ©]213F 3}512-5-2 254 (hydrophobic)?} 2
“J(oleophobicys A0l 2= E53) 35H4 EAJoF Q13

FA39E A8lekA| (Aqueous Film-Forming Foam, AFFF),
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238 TRA, AEE5F Tl FHSHA ARgE]o] $kom,
20 T AR, HleAEale T Ui dde =
FE E Ak $HoE AEH R {dEo] sith
(Lyu et al., 2022). B-3¥3}t}| (vadose zone F=i= unsaturated
zone)= PFAS7} 4] WX HAHE F8 AFArE,
73 Aekre] wiEel s AskrE A8EE 4]
A 27} 2SI 4= It} (Guo and Brusseau, 2024).
33} (saturated zone)ol A= £3|1E PFAS/} Ag= &
=5 wet FHSsHA Ehk o], o158y AT AT
2 = mAYUSS AgS] olsfstaL d&sk= Aol -
83t

PFASS] A5 ©]&-2 o]f(advection), %4 dispersion)=}
22 =94 5 F ThE0], PFAS 19 E2]318H4]
50014 vIEE= E53HAQ1 Aoz vAYUS 25|
Aloj€tt. PFASY] o543 Ashk= =8 8% T shke
EF YAtele] FZH(adsorption) o2, ©]+= H|EH ¥ (non-
equilibrium) 545 Hol F &3 £57 £F A
%93} 9FS v]ZIT} (Sima and Jaffe, 2021). =3+ PFAS®)
ARG EA4L EXsoA F7]-&F AH(Air-Water
Interface, AWI) F2o]2h= 553 A (retardation) 7]
ks s, A 2 felre thdgt PFAS F0]
Al F2 915 Fa BAshs 534 Aol vE
W Brusseau and Guo, 2021; Huang et al., 2022; Kolade
et al, 2026). AT T ZZAM|27} FAlo] 2gate]
PFASY] AT AT ARz, o]& FFZ o= o]3)
slal &= Zlo] IgFolnt.

ol B AT AES FHFHOR oS3 ot
3l7] el thekgh 4=%] mdlo] sl 2 A8 11 it} 27
we F=7 olFi WA (ADEP] A% B3 F2 N
3S Agst FeHGo, By S, AWIL £ Aldg
A 7 -5 (surfactant-induced flow)2} 22 H]o|/d4
AEE BAFRE] S8 2t aeskE 4=2] 2do] sk
ATHLI et al,, 2023). 22} AA] @ A2 Tpeksh
PEASE BASRE B 99 Aelolr], ATEAS] WA
WA, AP TR v e @ R 2 T XS
22 A7} FolRlt} (Guo and Brusseau, 2024; Sookhak
Lari et al., 2024). 53] v|=rg TAOE T Fdlo]
w=A] 7 2 Hrlo]EXaL flovk, Fjelxe T A
7|ro] o} FER] got Al AT &l gk A|A
21 Fe7t 8-Ect

weEpA] B =7l PFASS] AF 3 U
T vAYUS digk Hil A7 TS TR =
slal, 53] veket =uislely ZEAAE AR o=
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Zab7] A% 2] BHE Ao dFAe) I S
aF3lA} 3}k o)2 ulglo g Iy AT HFS
Aeksiar, 5 Sl PFAS 24 &4 a2l 2e3 =
g A7) WS ANEkE s EiE gt o,
B = A 3 U 284 53 AA vizusl
2S5 55, 3L, ek 28l Aess 5 dwish
oo XA mdge oA ot
2. A7EE

21. 2ol 917 Y| S8

PEAS7} 873} QAo mIAE Azpade] thEE A,
vl f9e A0 A v @ A slae
A9 it AT S} olFolAT k. vl AR
&% (Environmental Protection Agency) 132} (Bipartisan
Infrastructure Law, BIL)S B3} PFAS ¥ 24 2 9&E2
th-soll oF 909 29 o] AlmS gHshe 5 EEH
ol T3 MRS FREkaL JOm(U.S. EPA, 2024), 1] =
W (Department of Defense, DoD)= 53] X&% &7
A7 Strategic Environmental Research and Development
Program, SERDP) % 273 <¢HE 7]|& Q15 22
(Environmental Security Technology Certification Program,
ESTCP)S E3f 2011)d ©]% 20070 o] o A 7t
ZeAE 29 5 g oS FAIAL ThUSS.
DoD, 2022). o|&¢t 57} 53 AFEL A =2
Aoy =4 H7HERE ofe}, @9 St »ISE
skl Hst asS HHslelr] 93 AT A5 717
T8 B g6 BdE s 4] AT Bokg Edtelar ot

FHATHEU)YS 7 1L (European Green Deal)y?}
R&7Fsd2 213 313E2 A= (Chemicals Strategy for
Sustainability)’e] U202 PFAS FAlol th-8-5kaL St}
EUS] 37844 2 7389] S}l -f- (Horizon EuropeyS
ol there] R A G AP ALE glom,
34O & ZeroPM(Zero Pollution of Persistent and Mobile
substances)”} SCENARIOS(Solutions and recommendations
for a clean, healthy, and sustainable future) = Z 13 0]
PFAS®| 84 AT &4, Zd", oA =2 T 55
32 Y Folr}. olelell T, e, B, S5 4
FANEE I3 73 Fof Aid T4 Asl=Tl
A% PFAS 299 719t St BRE Jrshr] f1gk 57}
F53 A A7 3= YTHECCC, 2025; HEPA,
2025; Pemberton, 2021)
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T80 g5o] /P FA| FER A7 S 1o,
T2 A S s diAl B4 2 A Vs i, o9
A=A 2 RUHE Sl 23S 3531 ITH(Cho, 2025;
Lee et al., 2024; Park et al., 2025). Z12]1} PFASS] &
Q9] e} Fit ARE s A% v 7= A
TN 2L o} BAlgt Aot

22. ILHR| A7 =& SE

7 AAIS] PFASS] A5 gl gt 4] Ry A
TS B3] flske] 202593714 8% Scopus H|O]
EHo] A5 &85l 4 “PFAS AND transport™&
Aol FA3le] PFAS G5 e Wl A+
TR o] F, AT FHoE WS 3] Sls)
“(PFAS AND transport) AND (subsurface keywords)'=2 57}

(a) (d)

2+ 3

AMNEH O, subsurface keywordsOl| = soil, groundwater,
unsaturated zone, vadose zone, ~12]3l saturated zoneS ¥
SIAZATHZ, subsurface keywords = “soil” OR “groundwater”
OR “unsaturated zone” OR “vadose zone” OR “saturated
zone”). PRA|EO 2 | 23] melE] Ate) 23S 9] 9
3 “(PFAS AND transport) AND (subsurface keywords)
AND (modeling)*S A= A7Jste] T =78 A
Ssiet.

“PFAS AND transport”’= 74|E A3 23} 2010
AS AR 202597H] B =i g ASH R A
F3el & 939%o] FASATHFig. 1a). olo] A% 87
0 Z HAE Y3k “(PFAS AND transport) AND (subsurface
keywordsy” Aol = 20143 o] FHE TH A7}
wAdoz W) AdaRen], % 35190l Feli3)

(f)

PFAS AND "transport Top 10 Countries Top 10 Authors
24 - United States Brussess, ML | 1
China Guo, B.

00
W 2 M Australia Simimnok, 1L
B )
_g 160 Canada Farid, &
i Sweden McCray, LE.
§ 120 N =939 United Kingdom Howell, .1
= Germany Abriola, Lw, [T
3 80 Poland Garza-Rubalcava, U,
2 1 Denmark I e, £ ——

4'0 H France Pennall, .0,

0z .—.mﬂﬂﬂﬂ Al ! 0 10 20 30 40 50 60 70 0 2 4 6 8 10 12
20'10 2015 20'20 ZIJIZS No. of Publications No. of Publications
3 (e) (8)

( b) Top 10 Affiliations Top 10 Funding Sponsors
{PFAS AND "transport") AND [Subsurface Keywords) The University of Arizora | NMSFC [CN) :l i ST
240 Colorade School of Mines | 1 NSF (U] e

College of Science | eseeus | -
zm University of California, Riverside SERDP (US) -
5 DM Smith ine. rnens sy [T msons
160 _—
-g Baise State University NKREP [CN] :I L
i |
3 120 Tha University of Newcastle, Austrafia | usepa (us) [T i
F] =
a Beown University | 5[N] [ i s
h‘?{ 80 N =351 - Chinese Academy of Schances ] [LIYIT)
zo g Sehoal of Enginssring ] usgs fus)
1 MM | peeeeeees-- 0 2 4 & & 10 12 14 16 0 10 20 30 40 50 60 7FO
HHH No. of Publications No. of Publications
0~ Sl :
2010 2015 2020 2025 Altarnative Substances [ Materials
9
¥ (h) : /
(C) (PFAS AND * *) AND | & Key ) 9
AND (*modeling”)
s Field Investigation / Monitoring
200 17 (11.6%)
“
£
2 160
i
'5 120 ; s et 2 - Policy / Regulation
'5 8 39 (26.7%) 16(11.0%)
(-] 3
2 N =97 i
40 S e
1]
1] - . - -
o i+ - =il Domestic Publications ./ nu assessment
2010 2015 2020 2025 31(21.2%)

Fig. 1. Analysis of domestic and international research trends on PFAS transport (Scopus and KCI databases, up to October 2025).
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2=~ 0O =

ThFig. 1b). PFAIOE, A5 374llA] PFAS 65
XH o g BALSE AGE Uie 2 “(PFAS AND transport)
AND (subsurface keywords)” AND (modeling) S 73443k
A}, vlwA #HZR1 2018d olHE =7 57 FAEY]
AlEFste] Z 97H0] SRIFITHFig. 1c). =, PFAS 634
dd AA 9398 AT F oF 10% o] A5e
RS R 9o, i ot HE AR A7
FAZ sl = &+ A

TR o] =R-E VMR w7 E Ay A
FES ARG Ay, o] Rokg AEshkes 39 107 =7t
2 AT 2FS ESSHATHFig. 1d). 7P st A
G55 Hole w7k vsoE, A =59 of 71%°
gFsle 69l Fofslar AT 1 HE F=(173)
SFEYE ¢lal e, ol Al =7 Al A
RS ZRAE) vl W) =8 A7Ed &4 A,
o2}z th8lul(The University of Arizona), S22t
F2HN 8k (Colorado School of Mines), ZL&]al ofg]Z}
gt o] dig(College of Science)e] 212t 16H, 113,
979 w=itoll 715t 4 AT He R SRIFUT
(Fig. le). AAPEZEE= o8]y &l Mark Brusseau
2 Bo GuoZt Z7F 12937} 1139 =702 £ 7|9
skl 9lo, Ag]EU o} theku(University of California)2]
Jiti SimUneko]6H2] =F-02 FE o]t} o] &low &
Zele B8] Jeff Silva, 2k th&nl(Brown
University)2] Linda Abriola 2 Kurt Pennell, 18|31 GSI

4 Y

(a) Earlier Research (~early 2010s):
Equilibrium sorption models in saturated zone

CHARACTERISTICS

EnvironmentalA}(it}2] Charles Newell 5©] 8 AALZ
FRIFAL. o5 Ad7Ze F2 7] -] SERDP/
ESTCP 213137} AAIE A7E Fa¥star glow, £4
Az 247k 11399 At sid T2 AYs vk
Ao F UeRstTtHFig. 1g).

S, ujoll A= PRASY] 45 9 =] Elg)z) giag
AT A7t obH FRiekAl vehA] edar ok st
SARIEARIKCIP] SAE HESSIFHE(PFAS) ¥ &
= 1469(2008~2025)5 A% A, AT FAle =
2243} 7143949, 26.7%), 54-91814 H K314,
21.2%), AEZAFRUEH 178, 11.6%), L2 357
A(16%, 11.0%) okl 5= o] AATHFig. 1h). ¥H,
Ak 2 EF W %5 7IEE OE R BEE dye
AR dgkor, I1E Aakg e =i 39 FEgh

e FH 5 A 2 AA 7l 23S FaL ASirh

2.3. PFAS X|&&Hd 718 x| 28 & S&
PFAS As % Bd&e 27| A7e F+=2 *3H4
A3k B (st s sk, WEAR] fUIe9EE

I 2dE) ZyA9)aE A8she vl SLSINTHFig. 2a).
o] A]7]9] RUE-L PFAS ©]5< AHisle F8 QA=
EY A71E 9 FE gAeFe] 31/ (solid-phase) S-2H-
FTHAACE sl on, ket XA @Fe AY E
o] 7kl B T AlFE A TEEIATHHiggins
and Luthy, 2006). ©|21$+ 2ZE 79O =2 tifito] 27|

r(l;:) Development of Multi-Process Modeling (~2021):

N

Integration of solid-phase and AWI adsorption

CHARACTERISTICS

¥ Saturated groundwater environment (saturated zone) ¥ Concurrent representation of solid-phase and AWT adsorption
¥ Conventional organic contaminant transport frameworks v Extension of existing models (MODFLOW, HYDRUS + AWI module)
v" Only solid-phase sorption (soil organic matter and mineral ¥ Integration of multiple retention processes
particles) ¥ Multi-Process Mass-Transfer (MPMT) model
¥ Unified single retardation coefficient
¥ Equilibrium sorption isotherm (Linear, Freundlich, Langmuir)
\. \ . J
¢”" ’f"’
P il 2ms - 2021-Present
"‘ f” -
® —e ® —e
~early 2010s - 2021 -

f(b) Expansion to the Unsaturated Zone (~20|8)?
Recognition of AWI adsorption in unsaturated zone
CHARACTERISTICS

¥ Long-term retention of PFAS in unsaturated zone
¥ Discovery of AW] adsorption mechanism on PFAS
¥ Need for additional retention (mass-transfer) mechanisms

. J/

4 )
(d) Model Advancement (2021-Present):
Integration of complex systems and field-scale applications

CHARACTERISTICS
Surfactant-induced flow (S1F)
Fluid flow distortion due to surface tension variation
Multi-component modeling
Precursor transformation reactions
3D heterogeneous subsurface structures

. J

b G T T

Fig. 2. Evolution of numerical models for PFAS fate and transport in saturated zone and unsaturated zone.
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A= o] F4t W92 (Advection-dispersion equation)l]
¥ (Linear), X 2915 8]3|(Freundlich), T+ Ho]
(Langmuir) 5213 22 3y &2 2dS A3ste
PFASY] 5% 71319 tKSima and Jaffe, 2021).

o] A7) ZAgo] EsfiellA EE3Itl (vadose zone)=
SHFEHA, Exsit) i) Z5shk= PFAS7E 7121 23t
LA¢eR AL3ithe I A5 ARSo] FHHUCH,
ol Aol 71 By 7 AP FE Rdvko 2=
28] Awsr| ook 214 o] k= ATH(Fig. 2b)(Guo
and Brusseau, 2024). Lyu et al. (2018} AH A&-S 3
PFASS] AlHgd SA4o] Basih W 57]—= AW (air-
water interface, AWDOIA 723 F3h8 Fghs A=3}
Rom, PFASY Az % HAdA 1A FF 9
B W) AWI S2e] A4 117 84S Al7IsiA.

olglgt QXS nig o R AFAEL IAGT AWI
F2HS BAl Mgk U 24122 28 (multi-process
models)S 7|&3}7] A 26 tHFig. 2¢). MODFLOW,
HYDRUS9} 28 7|& A =4 45 2ol AWI
F4 92 271510] 1 9TE Wlohe Fool AwE
S (AECOM, 2020; Hort et al., 2024), Yo7} PFASS]
A 2D AWIIA Y] &5 A3H (rate-limited) 3223}
24 H]% 3 (physical non-equilibrium) &S S0 2
EAFSH= MPMT(Multi-Process rate-limited Mass-Transfer)
Mg 718F W8 4] 2dlo] 7= AT} (Brusseau, 2020;
Guo et al., 2020).

H 2y A7 A 29 dF] 5RMEES AlEs]
st s 222 NES axslele ke = s}
3lal ATH(Fig. 2d). AFFF ARS- x93} 28 315 PFAS
L2 ZHdME 7158 Tk 7HEEC] ol &
SkA] exo ], Hlol 2] Aol FFSlskAl LRt Brusseau

b) Nonequilibrium Adsorption

(2) Surface
Diffusion

P

(1) Intra-particle
Diffusion

a) Macro Pore View

W

et al.(2021)S IEE2] PFAS £9o] Eo] ¥ugsS W
A T= W A T8-S HAIE AN
-5 (surfactant-induced flow, SIF)y T2 2w} wd-S
Bl AT Yot EXxsitiolx Eeh WSt
o2 AWI F2HF] Wisks arefele] B Hulgh PFAS
A% S BAYEFATHChen and Guo, 2023). B3 A4
29 BAlelle thdgt EF2] PFAS7} EAlEo] EAllE,
3}8}F5(species) F 743 &2 (competitive adsorption)Z}
A5 28-S 183 YA (multi-component) ZH9] Q.
Aol A71E L th(Kolade et al., 2026). TZZH O E,
olglgh tks rEA|2%} FA S Aol aEc=
T BES 3kl B A|§E ol AEsie] d%F
TEOIA] PFASS] 714 ks dl5star A3t ko]
G848 Hrlsks Zlo] PFAS 43 2y A5te] 34
=32 A2 g A

3. Z5if o EZsijoM niEsElEtEe] F2 5 7%

PFASY] A5 58 o|Fe} HAalolgh= 7]132-49] E¢]4
SR A2} TjEo], PFAS 11-f-9] Eu)3}8He EAolA] H]
2x= B34 2A 7)1 28] At 53], vjHy
&3, AW 2 2 44 §30] PFASY] oF £k Y
A &S AAshs 4 947 deA JUrhFig. 3).
E AMAME o]HSt T8 5 VRS X Fdgoz
71&81] 8l AFSEE S8 mdly) WPHES: V)3

3.1, H|HE XA F5

PFAS7} A5 3748 53 ), 8 2] PFAS ¥Ak=
ARG YA FHE] FEEO] YAA Ee iR
A F3CHFig. 3a). ©]i= PFASY olF &£EE Alojsh=
FH dRlo g Agam, 53] oA Fa3k 7140]

(c) AWI Adsorption

AWI Adsorption

(d) Competitive Adsorption

Leng-chain
({strong PFAS)

Short-chain
(weak PFAS)

Fig. 3. Conceptual illustration of major retardation mechanisms governing PFAS subsurface transport.
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B2 Hhgo] FE8] Wet 972 ¥ (local equilibrium)
7t AT 7Hgslell A, <8 W PFAS F=(C)%
AP FZE PFAS FE(S) Atole] BAlE FE A%
Q1 F2 522 (isotherm) F &S 53 478l TH(Sima
and Jaffe, 2021). A< H3 F3 2d=2= H¥ 5
22, 2RSS 524 2 AFo] 524 o] =F
HoK(Text S1).

Tefu AA| A5 g8l PFASS] 323 #FS
gk JEY 7o R Aish] ook EY A Ui
Fxk(intraparticle diffusion), 3% E4H(surface diffusion),
a8)a B 7 2 v (micelle) A4 22 221
So] BHo= ARete] &£ Agh 52 HEE A
(non-equilibrium) A&S ZSHH(Fig. 3b). YA HHF
ol AE FEoI G771 S5 Wellx] PFAS A7}
mA 355wt =gAl ke Hye = 7iA|
Azt g Ele d4, 1A bold xUE W ofF
Sh= PFASel 93l 2 Y =5 771 5% T
& &3ir)7)= 48 Lolth(Brusseau et al., 2019a;
Schaefer et al,, 2021) . 53+ 5% Zol| A= PFAS £}
] S E= A YAo] TiEE] s =Tt oS
FAdlal, ol BIZ7E A A ARE-S F-aEte] HIgE
3& 7F3}eh(Bhhatarai and Gramatica, 2011).

o]2]gh PFASY] HIHHZ AF 54& T2 1
37 el 7P weet A gy AR EE 13 SR
22 (First-order kinetic rate mode)=Z, IA &3 T
WSl 89 mole] B3 Aolo] viePcky 19an
(Lagergren, 1898):

oS

5 = aK, C-5) (1)

4714 s= A FF FE(mgkg), C= T8N
PFAS “F=(mg/L), ois 12F F3F B 93 &% AJ(1h),
Kp= 29 AR (Lkgys Svlgict. o] melle- vy F29)

‘0
712 NEs 9 S5 AR desiete] AR
A EFe] EAs F3 39 SA4S TE38] wkdst
Zlelle SAPE itk o]F Bekslr| f8) AREE olF A1A
2 (Two-Site Model, TSM)S 4] 2 22915 54 3

Yol =gsh= F-9Gsite 1)}, 13} SE20] wa} =)A] vt
53k H-2](site 2)& T-ESHFH(Cameron and Klute, 1977;
Xing et al., 2021).

Siota =S1 15,

S, =fK,; C 2
A

T a[(1-f)-K,;-C-S,]
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A7V S E TF B5, = 27 Yo mdeke
2 A BlE0 < f =
A, G2 78N =5 orightt. TSMS &3 A3
olAS I Fe A AjollA T = vIEEH AsS
1o Z AdE = Ao rpRe = v £ 7Y
(Multi-rate model)2 12} £E=2% wdy TSMe| 3
FEiE, Thdst AR R SRR BAS Tl oL
48} (Brusseau et al., 2019a).

oS.
Stotal = ZS[, where 'é"t'l = a[(Kd,i' C-S) 3

o] wele 7} vl 87w F2 Relvit} o
ARk B ALK, RATrORR, A B e
o3 S, B B, Tela el o)t F-
93 g e BYE &= A B3 Hok B
o2 BgEh BARE 5 9

-

32. 37|12 AH &%

Exsiore EY 35 Wl £ 3717F 3E3]
ol e F V)5 AW (air-water interface, AWI)O|
e D mEleh A 1] FElE 7HAE PFASE
AHE] 5402 Q3] o5 AW HelFog w55
H, o] EX3lfjollA PEASY o553 XA A
20l 717ke = ARg-gth(Fig. 3c).

T PFAS Aol digk AWI §23KS,, > &9 3]
T AWI BH(A,,, 1/em)Z AWI 24 A= (K,,, cm), PFAS
FTE C (mol/L)e] Fo2 FAT & 3UTh (Saw = kA O).
714 ke PFASY 2} 7291 849 3}8H4 Z7i0)
w} e, AlE F2ol] ©f$k 1A 4= (surface tension,
7 (dyn/cm)) HS}Z5E 712 T2 5221 (Gibbs adsorption
isotherm)s &3l A4 = Jlth(Martinez-Balbuena et al.,
2017).

_L_ 1%
@ C  RTOC @

o714 I'= AWI Al &2} "5 (surface excess, mol/cm?),
RS 713 A5=(J/(mol K)), TE At 25 (K)E et
IIFE PFAS 2= AWI &3 9A] BlIXAEAS B
o] 73%- 2Fo] Fele] Langmuir-Szyszkowski
o] PFASS| Al X3} 545 B 44
4 ATHGuo et al., 2023).
K;

bl

-C
max' 1+K1’C

®)



E¥sit 2 E34 WPFAS %

A7IA T AWIONX ] 3EHAE, PFASS] W &
A=, 283 FE-E(surface coverage)?] = UER =
Hd AW &3} &%= (maximum fluid-fluid interfacial
adsorption, mol/cm?)°] ™, I(,fLangmulr-Szyszkowskl <

(L/mol)e]t}. o] ZEle F% C (molLy} ¥ we Ad
AE(T =T, K, Oy Bt O7F 37185 At

el @:L“GF 549 AP

AWI F3 53 uA 39 AR 5 zﬂa&}
_/\qo l=l°] 2= o)ou:] -JE' ﬁ;_ ESH Eok«]
3% PFAS Al Zoldl] 2 AHEAEE xjo], %@‘1_4
o]l& 7Iw9} A} Ae] So] =83 J3kS mjA 4= e
o] Br A TtHLyu et al, 2022). ©]& 3.5 HolA F71=
=23t

AL

33. 8 &

A 2 FA XM= kgt 79 PFASTE 9=
FE= EABIER, o5 1] §2F 791 737 (competitive
adsorption)> 7I'¥ £ o]54] ] FEFs HHH

olg|gt A HARH | f18] A4 £ mdlo] AREEM,
7P de] A8Ee deiv) oE EgTr‘ﬂ 52 (Multi-
component Langmuir Isotherm) ©|t}. & £/{-2] PFAS
AL o E e} Y3 1A T2 B9l Ao =
Agrsittar 7Hgakd, 72+ v W8 2K S0, S, mg/

k) Thea} o] mash

ok

S maxlbLlc
el = 1+b,,c,,+b,,C.,

(6)

S C
Sez max,2 L2 e2 (7)
1+b,,C, +b,,C,,

ATV S = 2 2] A T2 S8 (mg/kg), b=
ol FF 5 (LUmg), C= 82

oJrlgiT). o] BHE @ 4R FEr} ZAMARE T
R BE go] ANUN FHaol gasie WAS
Hojz.

aAVE F2} TR, o S50 PRASTE 35
735 AWI o= A FEo] gt o]3 B
7} PFAS®] ™ S/ % (surface activity) foollA] 7]<Q1
ahH, durE o2 3 PFAS7} T4 PFASHTH AW X
BI=r} ot AW #9E +AHoE HRITHFig. 3d).
T A, 191 /o] okl ©hf| PFASS] AW FEo] o
AE L, FA o2 o]FAo] S7kske dde] vehdth
(Brusseau and Van Glubt, 2019). ©] A& &3] ==
TSk -84 Wl PFASY] 5% G0l =4 2&3Ht. Huang

S 714 8l A RdE AT 5% 2 7

et al. 2022y perﬂuoro—octane sulfonic acid (PFOS)®} thE
PFAS7} &35t B33} A *"6401]/‘1 AEE 2P
t}2 PFASY) —Lzﬂﬂ PFOS2] AWI &3S F-oju|3H
FAEAA o1E3E 7R ¥hiE, ?ﬂ%_‘i M=
olefgt AR &7t Aol HAEA| F2-S Hsiiinh

o] g2 A G} v AR TR ol %
223 g o' FA5kE 4 9t 7 FF2] PFA
(e R et FLT A FLlollx HAS wf, 7} *él"fr"
BE AW 2= 1, I, (mollem?)yS TR} o] %3
Hok(Silva et al.,, 2021):

I lKLICel

max,

I
v 14K, C tK 5 Cpn

®)

r l—‘mcz'52]<L2Ce2
27 1+K,,C,, +K,,C.,

(€

o] Hdlo|A] Bx9] BA KK, C T KnCo ()
AWIONA TF2 PFASY] &A)7} s PFAS A& &3F
71815 i FAA71EAIE UERMM, PRAS 7H] s

A F3 e vt

3.4. Eal- A E%I'r_g tgu-l%

AF7AY Eol® FHAY, PFASS AL T
Aol T 429} TR Aekago] S ol
B9 wpgow geid 5 Uk wep ol By

AL E3FH o 2 o=3l] SsiMe At

Foe wF wed 59

3 A
2| A 2do] st

El

3 PFAS /el tigh YAk 5 th39] o]F—24t
WA o= FHEC
0(6,C) 0(p,S) 0(0,8,,) o a0\ 9(¢C)
o o | o _(6WD—59_ 2z 10

71 g FREH), G 8549 Bh(mgl), p=
EYe] 84 U (gem), S= A T2 FE(mgke),
Sos B9 F 9 3 AW FAFmL), DE FE B
(e, = Dary ey SPYEE 4 (10

o(p,S oo S
o, 229 g 20Sn) 0 2121 sy ) awiha)

2R me AFHes vEin, 22t 3.8 WY
29 2] (1-3)% 3289 AW F2F 2d (2] @-5)2
Al

e AHE 7S A, 9 A2 et 2ol T2
A A\ A9 (retardation factor, RYS ©]-8-3+ Fe|= T<rslst
T Uk
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_ & Aaw
R= 1+9 K+ 2, k,, (11)
Ol o FEFF0.)H 5 (g EXSO sk
555 AMISh= Richards WA 2R 45 4 ot
U=9] Richards g4l T3} o] Yepdt,
20, 9 oh
==Lk ()]0 (12)
A7 e FEFT(em), K(6,)T TEE o2
E¥3 EFA(em/h), O 29 oF FEYUF1/h)
ojth. 4 (12)ZHE A7t ol A Oz 0} gz HE

AxkslaL, o5 A (10)9] o)F -4t Wgalel uidshd
A7kl wpg} Wsks 8 ZHolA PFAS = EXEE
33 2= 9l o83t Hu|E vbgAl FHelo] Auj] WA
2o tﬂ-x]»rtﬂ, (finite difference method)o]\} 384
H(finite element method)2.Z ©]4ts}lsle] F=x|&o g

e

ol#gk Xl WAl BY AJEl =, dEg viE 54
Arste 8, e A dele] - 2=
7ol X TTQO}Ur )\E ] &

35. HIOINN 7S W =8 1%

Exspfollr FAEE AWRE EY 9AF Alo]o] A+
=(bulk capillary water) B3} A TS w2} Al

3

FEE k2 F9H(thin water film)e] F FHo & FEEH
THChen and Guo, 2023). 53] Sk 42} Yol M= E1lo]
Algre] 1 ek 39 JeA8-0 = <18 PFASY] ©]E0]
AA =, Ade] AGARE AlFSHA "ot o]lgh Z3d0A
A FHe] A7)1A <1y} g2 dkA Slo] PFASY] AW
E'_YJ‘G—Q 13 ]':Q:]-o]—cq ﬁh,].x%_i %}:o /ﬂ:ﬂ- Oﬂo:io] ;(4;‘4]
AWI 29| tiFE-S AA8he A S 2 Ba1Eth(Zhang
and Guo, 2024).

PFAS®] HloPd2] 7E-e FAHT-919] o] el SJair=
FEHE o33 USEE (multirate) S22 EX= ©Y
&% AR 38EE 3y 2ol two-site ZEE =
B8] AR 7 Qe H3e AA aHE itk 53
Hhg 9)e) B BEs el 98, 9ad v
£-3Z (tempered one-sided stable density, TOSD)S}
35 #x ¥d(continuous distribution model)]
ok=]al 9Jth(Zhou et al., 2021).

o] BxsjtiollA dofvk= Flshy] 531
sttt BEse] i 20 AT

HE Sl o8l Flgle] Wit A5l
W17} Bo=is AWl £ PFAS7H 58

F438] WEHM, ol B dH] HE mdlo] ¥
BlEE 312 JEPAT) (Zeng et al., 2024).
FASE fWU7ES AsAA BX3} -5

d

m\l o
do o o
—rl

¢

o
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i
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Hlxeo &, whde) 37H ol Age HAH

A Esl=s}

Table 1. Comparison of characteristics of major numerical models used for PFAS subsurface transport modeling

Model Cateco Nonlinear ~ Nonequilibrium AWI Competitive Flow Spatial Developer
o1y Sorption Sorption Sorption Sorption Equation Dimension (Reference)
VLEACH . x Darcy-based US EPA (Ravi and John-
(ver. 2.2a) Conventional RLM (linear only) 8 8 * (steady state) 1D son., 1997)
PRZM . A Capacity-based .
(ver. 5) Conventional RLM (Freundlich) x x x (tipping bucket’) 1D US EPA (Shin et al., 2011)
PELMO . A Capacity-based Fraunhofer Institute IME
(ver. 5.00) Conventional RLM "z, 1 dlich) 8 8 “ " (Ctipping bucket)  '° (McLachlan et al, 2019)
SEVIEW Conventional RLM PY x x x Infiltration-based ID  ESCI (SEVIEW, 2025)
(ver. 8.0) mass balance
A (via custom .
LEACHM . . . Cornell Univ. (Hutson and
(ver. 4) Conventional RLM [ ] [ ] AWI module, X Richards equation 1D Wagenet, 1995)
Wallis et al. 2022)
PFAS-Extended . . 1D / 2D Univ. Colorado Mines
HYDRUS-PFAS 1 forms L g g % Richards equation 3" (G et al, 2020)
Custom PFAS . . Univ. Arizona
MPMT-1D Research Models 14 L4 L4 L Richards equation 1D (Guo et al., 2020)
Custom PFAS . . Univ. Arizona
MPMT-2D/3D Research Models [ ) [ [ [ ) Richards equation 2D / 3D (Zeng and Guo, 2021)
MODFLOW-USG PFAS-Extended . . 1D / 2D GSI Environmental Inc.
(USGLPFAS)  Platforms 14 L4 L4 ®  Richards equation ", 5" et al, 2024)

@ = Full support A = Partial/Limited support x = Not supported
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E¥sit 2 E34 WPFAS %

AW 29| EdS iﬂHﬁLE}. 53] A f5 2=
(preferential pathway)ollXe 2 ¥3}=2 Q5] AWI A
o] st A 2ol o3 AA a3yt ofshE]

PFASY] W2 HEE FE3H(Zeng and Guo, 2021)
ol2fgh I3+ Olé_ de A ﬁmﬂw =9 &3 Al
U AAATE A TR I Y A8 B
A5 ks %‘:":}*6}* T8 ﬁd_fé g3},
olefgh B3MdS PFAS A5 755 BRE 0 & Hrlslr]
A Bk Fugk mdg HI2o) daAs ARt

Ez35if L| PFAS =& 2l

e

4] AHeJgk PFASY] E3H =% 7I3ks 7
teFet o] 2do] s 2 S-8E A Qlk. £ Hollx=
O 8" HrkE SlEl AAlE dEAQ 2UE 8"
Edl(Root-zone Leaching Models, RLMs)2] -5-8 Al 5-E]
PFAS 54& g3l 7 24 23744, PFAS %
wdgel] S8Ee 78 =759 /NEd 7 AE 54
2 H84 IHAIE 21251314} FH(Table 1).

=
T

4.1. 25 & 2 (RLMs)
e 2] A2e B3 Azl
o) 97 AFE 3] A AR 71
&o}m st o olFelch, ol
E'Jéoﬂt 32O E PRZM (Pesticide Root Zone Model),
PELMO (Pesticide Leaching Model), LEACHM (Leaching
Estimation and Chemistry Model), RZWQM (Root Zone
Water Quality Model), SESOIL (Seasonal Soil Compartment
Model; ESCI), VLEACH (Vadose Zone Leaching Model)
S°] ESETHAECOM, 2020; Gassmann, 2021). ©] =4
=2 1 74 B RS 7Pt A, S WA,
o o & F5 T2 s =FAE ALk,
ol 7Ivtem BExst) W &9 olFs ARG
:aM Tabe 1914 A8 vk 2, 2 502 Aol
5 Tl TR AN g

X}Olg} 6¥7ﬂ~ E‘”E}
ol &9l YoM 2|5l 352] ALk Richards %
2l(LEACHM), ‘Tipping Bucket’(PRZM, PELMO), 3
718k E-4<=X](SESOIL), Darcy &l 7|9k AF 58
(VLEACH) & TFJ3H As 283t Aele] 585
oA Aufsl=Alel wt, o] {24k WA el ofs) of
=5 84 S50 Ayt =4 EeH2 4= o} Liao et
al.(2024)2] Hlnl Aol A, Richards WE2] 7]4ke]

oL

-

S 714 8l A RdE AT 5% 2 9

LEACHM3} HYDRUS-1D= A3 &*]e] PFAS ZH+
4L vlwA & oS53 9hE, “Tipping Bucket'd] T
sl E5A] 85 FTHES ARSSE PRZMe ESF 3] A
PFAS®] 895 Hirlsle 3k BEth

E3xsit) Ul PFAS &4 % Al Wlske AR
o 52 ofs) AujEct. 12y}, PRZM#} VLEACH

AAE 222 AY B FT3 J)so] AFEI 9o
LEACHM= A|2|gh thite] 2dle vy §2k& HPOﬂ
32| Fshe gL Atk olelgh F3F BAL] $HA] 2ol
RLMsS PFASOl| 213 28 A A8k B o Aok
PFAS 11-59] AlHEA] EAJS 213] Widshx] E3hti=
ol HIxEd E‘r 15221 RLMs= E28ljollA] PFAS7}
AW el F3ele] F7HQ) A fdeke @4
TR B=THAECOM, 2020).

olefgt SHAIE Hee}7] HSH HT ATES RLMsY]
A FEZS i) AWI T3 3RS Folele WAoo R
TWAo] o]FoIX| 3L Qlt} oS £, Wallis et al. (2022)=
LEACHM Edol] AWI $3} 255 =3, Z717 o)

I 7L o] FoiX FEAY AFFF 2.9 F-AJol|A] PFAS
A AsS ZABIILE o] A7e 53] 4 PFASY] 7%,

AWI &2bo] TAA B2 253 39 F8 AA|
aRle2 AE9hs KAt

AEXOF, AFA RLMs PFAS 2] tigh A+
2710 o529} b5 BARP] A%t 7R S5 AlE
SR, AW F2 319, Ths 24 F2, el
W3k H|HE T3 5 HloE b S TR X
k= gAZE o

4.2. HYDRUS

HYDRUS 242 7|& RLMs7]- = a3 A=
B35, PFASY] E3%E AsS ED} oo s A
A AEE 7 = AN FEelo). Richards 2]
7Ivto 2 Exsitoxe] &d-84 ol5S Uglé‘}i
HYDRUSE #AZE X AXF A5} v|43 v %
e, FRole % T U v B 75 HBE T
T e S 250 2o, PRAS 52 34 T
AUFS AAHE FAT 5= ArkSiminek et al., 2024).

Silva et al.(2020)c HYDRUSZ PFASe) E3l¥ wd=g
et 4 7es TSR, o) #d AT
Z2etE Pty Beke it AFRls FAL
A& FE nestEdrt. o] A5 Fal vidE TIsES
A HYDRUSS] -84 PFAS X5 (standard add-on module)
2 Y=, 12k o} 22k B 3k EAlel=
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283 2= 917 HAo}

HYDRUS-PFAS BEE9] IHH 54 F shb= AWI
£ 798 $H02 wARh: Folth o] mEL &
FFEH -2 4 (soil water retention curve, SWRC)I|

7|erste] G 3h(g,) WSl WE AWIS] WA (4,,)S
213 AkkerH, ol w73 3T Al EYo] FHE W
AWI BZo] Zashal, Ax Al B FiEe e
Ao A

1 & Pyo P
4008, = — | P(8,)d0,= 25| "h(6,)d0,  (13)
0 Yw 0 W

o] 2152 SWRCS AoJske 8 W4l BAF o=
(Paw (P2)) T2 HFHGFF(h, em)E A3l 54 9,004
AWI AF o] Altele A Vet o714 0= X3}
T FHO), oe 7= AW F=(dyn/em), p= E9
A (glem’), g5 TE7MEE (cn/s)E 2|n|3it). o3k
A giol AXZHoZ =4 7Fs3 SWRCERE 1A
Zoln 27 =4o] oJe)e AWIY] WAS 34 5= 9l
om, Yot X o= A 4,5 @R F2 S22%
Aggroza Allel wke AWI F21F wisks AUsh
&% 4 AUtk

HYDRUS-PFAS EE-2 53+ 84 U] PFAS % WPt
FHgET A lel” QS REgslar, o]= lal ¥
slohe B o 2 IR SHe= AAlsk
AlLkgict, o]t 71hg 53] AFFF 99 =37 2]
5% PFAS EA] 340A 29 3Ee] AT 7l
A28l (Arshadi et al., 2024).

Z3%31H, HYDRUSE Richards ¥4 7)6F A sk
T8} s FAE 91l PFAS 5ol4 mAUSS
B33 PFAS BES HAIFIOZH, 7]E RLMse] 7Id34]
SIS dolre &2 dF A AT oygh
E2o2 Qg HYDRUSE A&7l A12] PFAS XA
g o] TS olsfiske vl 2ol & A 7Y o =

% S e,

43. O Z2MA X8 22 =5 (MPMT) 22

0 Z2A|A A8 38 5 (multi-process rate-
limited mass-transfer, MPMT) 7|qF 5.&ll-2- wl=t offg]z ) tjs}
A7zl o 7HHHEI PFAS 53} =% Zdl2 PFASS]
EXSH ATS Apishs o AA 71k JREE R
AR 9%k Aot} Brusseau (2020); Brusseau et

J. Soil Groundwater Environ. Vol. 31(1), p. 1~17, 2026

al.2019b)= 7]5—9] @l slEba|E] Z)EE XA BARIA |
o}, MHE E2 AWl &3 1g)a EaA g
(physical non-equlllbrlum) 7];“’— Z¥zy 3188t 45k4
o2 Axkshs MPMT 71ES BH3IT

P e Bl ROl 24 45 AT IR

o8 EY 3T TEY YR FAVF & ofsshe

%% (advective domain)} “FH 3 (non-advective domain)
o] L3I, o5 11 Flel] ofgh A wglo] XA =&
£ 2 Asksl= dAYo] tiE Aot} o] /LS PFASY)
6ol Teek HE S& o] o), o ZEAT}
AgHH o w ARk S whdgtt.

Guo et al. 2020y ol2igt 7 Bl AA| @7 2719
248 4 Qe 129 PFAS X Rdl g 73T}
Richards tﬂ—;g Al jr,]. o] /\} H]—X—]N 0 9]. o‘i (fully
implicit) == &} 95 (sequential implicit) W22
Azl F7H-3<=(Newton-Raphson) 7|HO.Z2 FX|F|&E
Ta13.om, iE ©ES HYDRUS-1D9} PFLOTRAN®S]
Hlwst A A58kt

o] &2 HYDRUSS} #AFSHA 52 B33t 55
(transient variably saturated flow) =714 AlHEdoz
QI3 -5 (SIF), RIAEZ At T2 L AWI S22 ¥
EHoF It tRk, Fu] T AWIY] WA 4,2 ES
T (G, Pl ik 22} TF3)2] (second-degree polynomial
function)2.2 ARSI Alksh= oA HYDRUSS}
ztolE HlT,

A, =x,0,+x0,+x, (15)

_:_T:

oA7NA, xo, 11, X, (Memye A AF5E 7oz vjE

A7 Alsroltt. ©1%F Zeng and Guo (2021) & 33
DS 22k B 3R Felo], 1Ak ReloM=
I40] oA fiE A5 9] o2 g3 SIFY] txk3
asts BAsgc,

Z3aR, o2z} st el ofs) WxE MPMT
Jak s e PRAse] RS 7o) tE A4
Fie] B atgo] o) AplEcks Fe dA
o= X*%o}i ol FAHOZ TSI, o] AT

F-2 744 S (Huang et al., 2022) 2 ¥ 2k(Zhang
and Guo, 2024) 5 MZF 55 7]F A&Ho7 9
3l o]2 Edd wA|F oz weddto 24 PFAS AE
dlZo] BHUYS Zola wale] A WHAS s
AR =) A1edstan ek,

O e

[¢]

4.4. MODFLOW

Ao FFme) s HF L 04 A bl T8



BEsj) % Falo) PFAS 5 714 L 4 B AT 55 i 1

£ MODFLOWT #H<* PFAS =5 M= FQ3+
SE AR ot B2l AZES(saturated zone) A4S
ZFA 0= JjukEl MODFLOWE, ©]% B33t 5714
FHHoE B = Q= HIFE AAK(unstructured grid)
7]¥ke] MODFLOW-USGZ HgE Qi) o5 7[Rke =
7hetel USGT-PFAS (MODFLOW-USG-Transport PFAS)
RE-S PFASY] 5343 AsS Adsl Adst] <3k
=99 HAal WA= (Hort et al., 2024), SERDP/CEDTP
ZZAES] Y3loF GSI EnvironmentakKjit)o] FE5}<]
LAY o] ZEL PFASY] 13 S8 -8led EAS
E33to 24 7]1¥ MODFLOW 7%k ®2d o] A=
Ao w W

USGT-PFAS E&& Richards B34S 7Hko & 3319)
Z3L-Bx3} f5-S Bo3fal, PFASY] ofF-4F 2 A
EA4S wrdditl. HYDRUSY MPMT EdAE AWI
29 vy §3 #YS FH3HATE, USGT-PFASY

= < A R 759 s sES

Zk% MODFLOW <1X1%} tists. B+ X5-& gdsiA
B3 & e vlTFE A2 AAE A8 ve Mol
B3l Zg-Exsit) AAe A&5A, A
2 73S AFE I, AT o]dAol IE AWI HE 9]
A3 Wl SRFoE HAR 4 Jloh

HAEZOZ, MODFLOW 7|RF B8 BX(site scale) <=
2§99 FF5 (watershed scale)l] o|2= B35t X814~ 5
AlZ-EE sl Hl S Ado) ogt s o v
Al TR 713e] gt ol SHCAE HYDRUSH
MPMT 79t BRlE T gt As F3a Sl

45.1 o] =24l 9 HMZH

—1
OkA] A7lE ZYE ¢Jo% PFAS 559 EA WAY

2o 79 =g At 2FY 74 FAL

()

3l O FE A2 HESA] 4=~ F=9] PFLOTRANY reaction
sandbox 7155 ©]-83l PFAS 53} ¥k BES 7idsiaL,
SR SrEle} o] A5 A3l AJ e8] &gt 3
3l-B¥3} A% $70)4] PFAS A5-S 718190}, Kulkami
et al. (2022y= F2A 77184 299 2 EE(plume) A
5 12438 98] 72w REMChlor-MD =S PFOSe]| 4]
B3] oA 3t 39S 2Ol Carey et al. (20255
MODFLOWS} 8R4 4% »d [SR-MT3DMSE %53}
of, ijF A1) Al S54E vkdst Al 2 W
31E 12324 PFASS] A 55 APt vA]
u}O 2 Mahinroosta et al. (2021)2 -8 A|Wkgst A E
o1l GeoStudio AollA X3} 52 XE(SEEP/W)H &
HE 5 ZE(CTRANW)YS A3, A4 048 HAE
ooz 4 A 1R 7% FES Fr1eiT)
olatol = 7HZQl PFAS A% 713t #HS Hix=
13 4ox] mdo] /EE It Wu et al. 2023y PFAS
Tof| W FAYEe] Ml s sl S 24k
SIF BA} %] BdlS 753130 Arshadi et al. (2024)=
MATLAB 74+ T35 PFAS(PFOA-PFOS &35H)) =dl-S-
Naste] A4 AW 28 BEoJslal, AFFF 24 §4
225 B8 AlEH OIS B3l A WY 1% a9
7yt

>41:1

off

5. PFAS 7S THIZ] o1 AL
E HoAe e F8 mds 83 Ha AF

Table 2. Summary of other numerical models and approaches applied to PFAS transport modeling.

Developer
Model Cats Main P PFAS-related Mechani
ode ategory ain Purpose related Mechanism (Reference)
L . AWI sorption, multicomponent reac-
PFLOTRAN PFAS-Extended Platforms Transport in riparian floodplains McGarr et al. (2024)

tive transport

Source and plume with matrix dif-

REMChlor-MD  Application on PFAS
site

MODFLOW- .

MT3DMS Application on PFAS ence

GeoStudio- L

CTRAN/W Application on PFAS contamination

Custom Custom PFAS research model .
surface tension

Custom Custom PFAS research model

fusion for an actual contaminated diffusion coefficient of PFOS
In situ remediation with tidal influ- Tonic strength based adsoprtion
Site-scale climate effects on airport Experimental-based adsorption and

Vadose zone transport with variable

Kulkarni et al. (2022)

Carey et al. (2025)

constant

decay constant Mahinroosta et al. (2021)

AWI, SIF effect Wu et al. (2023)

Climate effects on PFOA-PFOS

system

Competitive AWI adsorption Arshadi et al. (2024)
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Alelg R EE gelshn, 7 4o BHat 548 v
LB,

51. 22 ¥ 0A|l™ =2

T TR Ry dAre A AR} A A=
nXE 71RkS sl AR 0 =2 qishet] 285

Chen and Guo (2023)= EX3ie a4 w&ds&
AR 35 UES A BAS 538l 35 W 8
529l M3 ZAF(bulk capillary water)2} S5 45}
Atolo] ARFHES EAsITh o5 MPMT /i<
TEE AW R S 71RRS =948, 55 Shito] -
F=(intra-pore) FHolx o] AFHAG A T FE
Haet &= oS BT vhd ESF seh|7) wopAd
Sk ko =Nt AdH = FH2H7F P, olzigh
TZ2 Aoko] HIHY 7S ek 0= YERTH
Zhang and Guo 2024)y= &= EdS 53l gk F7lol|A
ESF 1T} AWIS] 21714 o5 (electrical double layer)
o] TR, 5351 W PFAS’} EYF W} FH71H
o7 yhisle] gk uk U] AWIIA 9] F3o] WA
AWI t¥] ZA 74T 7 S-S Esisith

rﬂﬂ

u)
Ry
X
o
5
E
o
f
D
olN
ol
ﬂF
Y,
o
N
A,
9
-
T
i

Z-8F| UK Table 3).

Silva et al. (2020y> HYDRUS-1D 248 £&lo] B¥3}
B AR Aol A83t, AWl {3 aA F32k¢]
A 7157 ESF 540 wet geiRe AR EY
o|ldAol] oJgt 7 S S AWI W3R WHIkE QI3
PFAS o3-S 7158 = a2 BT Stlts et al. (2024)
© AFFF 29 E4S tido= £33 479 4393
HYDRUS-1D E.2|E =83}, A& Zoldl uje} PFAS?]
Aol thgk A = AWL Sl 23 geke] 4
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Table 3. Summary of PFAS transport modeling studies conducted at column and laboratory scales.

Base model Study

Model features

Findings

Silva et al. (2020)

Dynamic AWI area & soil heterogeneity

Dependence of sorption on soil properties;
Transport acceleration by heterogeneity

Chain length-dependent transport in AFFF-

HYDRUS-1D Stults et al. (2024) Two-site non-equilibrium sorption model contaminated soil
Vahedian et al. (2024) Dynamic capillary pressure based on water ~ Chain length effects in homogeneous and lay-
content ered sandy columns
MPMT; Water content-dependent AWI Comparison of AWIA estimation methods in
Brusseau (2021) .
area unsaturated sandy soil
Richards-based transient flow; Multi- Influence of chain length and ionic strength
MPMT-based Zeng et al. (2021) dimension on retention time

Huang et al. (2022)

Multi-component PFAS mixtures

Reduced retention via competitive AWI
adsorption;
Mass increase via NAPL-water interface

Zhou et al. (2021)

Model
Custom Mode Garza-Rubalcava et al.

Probabilistic multi-rate sorption (TOSD)

Extended Langmuir-Szyszkowski;
(2025) Competitive sorption

Significance of complex multi-rate kinetics
beyond two-site models
Enhanced mobility due to competition in
PFOA-PFOS mixtures
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Table 4. Summary of PFAS transport modeling studies conducted at site and field scales. Studies are categorized by target environment:

vadose zone, integrated vadose-saturated zone systems, and saturated zone.

Author (Year) Media

Study Area

Model Purpose

Modeling Tool

Target Substance(s)

Silva et al. (2022) Vadose zone

Arshadi et al. (2024) Vadose zone

Wallis et al. (2022)  Vadose zone

Liao et al. (2025) Vadose zone

Vadose &
Saturated zone

Mahinroosta &
Senevirathna (2021)

Vadose &

Hort et al. (2024) Saturated zone

Vadose &
Zeng et al. (2024) saturated zone
Saturated zone

Kulkarni et al. (2022) (Groundwater)

Saturated zone

Farhat et al. (2022) (Groundwater)

Saturated zone

Carey et al. (2025) (Groundwater)

McGarr et al. (2024) Hyporheic zone

Vadose, Saturated,

Agricultural sites in
USA

Three US Air Force
bases

Australian Fire
Training Area

‘Wastewater
effluent-irrigated
farmland in USA

Australian Airport

Hypothetical

US military fire
training area

US military fire
training area

Hypothetical

US coastal site

Hypothetical
(riparian floodplain)

Evaluating long-term source potential of
biosolids and groundwater contamination
under various scenarios

Evaluating site-specific groundwater con-
tamination risk of PFAS at military sites
under climate change

Long-term prediction of groundwater con-
tamination and comparison of physico-
chemical controlling factors

Evaluating applicability of existing models
and predicting long-term contaminant trans-
port by incorporating an AWI module
Predicting long-term contaminant trans-
port using climate data and comparing the
effectiveness of various management sce-
narios.

Understanding PFOS retention mecha-

nisms by integrating the AWI module and MODFLOW-USG-
Transport PFAS

evaluating the influence of climatic and
hydrogeological conditions.

Assessing the risk of PFAS release result-
ing from Air-Water Interface (AWI) collapse
caused by groundwater table fluctuations.
Evaluating the impact of matrix diffusion
on PFOS plume behavior in a contami-
nated aquifer.

Assessing the influence of matrix diffusion
and hydrogeological conditions on the
migration of a hypothetical PFOS ground-
water plume.

Predicting changes in PFAS adsorption
capacity under high ionic strength and
forecasting the effects of tidal fluctuations.
Investigating the impact of physical and
geochemical heterogeneity on PFOS trans-
port in heterogeneous riparian floodplains.

HYDRUS-1D

HYDRUS-1D

LEACHM

PRZMS,

LEACHM,
HYDRUS-1D

GeoStudio

MPMT-based

REMChlor-MD

REMChlor-MD

MODFLOW,
ISR-MT3DMS

PFLOTRAN

PFHXA, PFHpA,
PFOA, PFNA, PFDA,
PFHxS, PFOS

PFOA, PFOS, MASS
(hydrocarbon
surfactant)
PFOS, PFHxS, PFOA

PFOA, PFOS

PFOS

PFOS

PFOS, PFOA,
PFPeA

PFOS

PFOS

PFOA, PFOS

PFOS
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