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Kinetics and Thermodynamics of Per - and Polyfluoroalkyl Substances
(PFASs) Adsorption by Activated Carbon in Aqueous Systems
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Per- and polyfluoroalkyl substances (PFASs) are persistent environmental contaminants posing significant chal-
lenges in water treatment due to their stability and resistance to conventional removal methods. To enhance removal
efficiency in treatment facilities, this study investigates the adsorption mechanisms of PFAS on activated carbon,
focusing on the influence of the C-F chain length and functional groups through kinetic and thermodynamic anal-
yses. The adsorption kinetics followed a pseudo-second order model, with adsorption rates increasing with longer
C-F chains. This trend is likely driven by increased hydrophobicity, which enhances interaction with the hydro-
phobic domains of activated carbon. In comparison, PFAS with SOs~ functional groups showed faster adsorption
rates than those with COO™ groups, attributed to their larger molecular size and higher hydrophobicity, leading to
steric hindrance. In competitive adsorption scenarios, long-chain PFASs rapidly occupied adsorption sites, demon-
strating a higher competitive potential compared to short-chain PFASs. The adsorption capacity decreased with
increasing temperature, likely due to enhanced solubility of PFAS, which reduced their affinity for the activated car-
bon surface. Thermodynamic analyses indicated that the adsorption process was exothermic (AH<0) and more
effective for shorter C-F chains, likely due to increased hydrophilic interactions. Positive changes in entropy (AS>0)
suggested that adsorption disrupted the structure of surrounding water at the carbon interface, while Gibbs free
energy values (AG, -16 to -11 kJ mol™") confirmed that the mechanisms involved were primarily physical, char-
acterized by hydrogen bonding and hydrophobic interactions. These insights contribute to understanding PFAS
adsorption on activated carbon, offering critical data for improving PFAS removal in water treatment.

Key words: PFASs (Per- and polyfluoroalkyl substances), Activated carbon, Adsorption mechanism, Kinetics,
Thermodynamic, Surface interaction
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AR AR AIERIE 2 20224 9oll=
3} EE A (perfluorohexane sulfonic acid, PFHxXS)
I 2 EF 2 FEslEkeEs 39 3RME (its salts
and PFHxS-related compounds)S Al POPsZ X145
o] Annex AR TAIET k. Buk olg} 71 Ao
B34t (LC-PECAS, long-chain perfluorocarboxylic
acids, C,F,,.;CO,H, 8 <n<20y> POPs ¥H EZZH
AFEAALL, &5 71 A=) H=sHEdat 54 13
F T3k AR AR FEE BleR sk Aok
AT A ZQL AL} Aol B3, PFASsS
Q& 717 ThEFRE Eofollr ARG ok “4 A=
w9 7] wel] A= AEH T fEEAL T
53] =2 B3l Aoz 8 skl Aerl el
PFASs= 23l 3 AAEA] Flal Wi 3 S84 &
3l WiEEAL ok v EAsREA e skrellM
PFOS 400ng L', PFOA 184ng L', perfluorohexanoic
acid (PFHxA) 31ng L'V} HEE9a, S8R9 =
PFOS 110ng g, PFOA 241 ng g'0 % T552 AZ
B0, ATANE 157 sz ge] f31) &
2%, I¥E U] PFASse] 555 ZAKSE 43} PFOA7}
Yot FEolM 2.2~150ng L9} 1.9~140 ng L
= ASHENAL, 12 EA, A= %EVL Agd A
FE)ME= PFOS7} 6.4~2,900 ng g, 9.7~8,200 ng g,
2.1~17,000 ng g'¢] T2 HAZHATH). o= <3, o}
-Fl5= A2AA-E PFASsY] F8 QHUOE 914 H9)
&52% AAe} s flsl S A, e o= %?}
374, 3L=AF8kA 2] (advanced oxidation process, AOP),
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2.1. 7=

PFASsS 7H5-417] (carboxylic, COO") ZL&<] PFCA
congenersZ4] perfluorobutanoic acid (PFBA), perfluoro-
pentanoic acid (PFPA), PFHxA, perfluoroheptanoic acid
(PFHpA), PFOA, perfluorononanoic acid (PFNA)9} &
EZ7] (sulfonic, SO;) L2l PFSA congenersZA
perfluorobutane sulfonate (PFBS), perfluoropentane
sulfonate (PFPS), PFHxS, perfluoroheptane sulfonate
(PFHpS), PFOS, perfluorononane sulfonate (PFNS)S
217431 TE (PFAC-24PAR, Wellington Laboratories).
127}9] PFASse| 79} 54 3 755 Table 12 1}
WAtk PFASsS] F2AIAE 913 FEHHZE 24

RS =R |

Table 1. Physicochemical properties of PFASs used in this study

Chain MM Sw A
K. WA logk,
Group Structure length n Acronym Molecular structure (@ mol™) pK, (@ L 0gKow, A
3  PFBA Perfluorobutanoic acid 214.04 -0.5 20 -1.5
Short chain 4 PFPA Perfluoropentanoic acid 264.05 -0.7 9 -1.3
e
Perfluoroalkyl |1 o PFCAs 5 PFHXA  Perfluorohexanoic acid 31405  -09 02 1.0
carboxylic acids ¢ 1 ¢ [ 6 PFHpA  Perfluorohepanoic acid  364.06  ~1.1  0.06 0.9
(F(CF,),COOH [ o Son p erfluorohepanoic aci . -1. . -0.
F Long chain 7 PFOA Perfluorooctanoic acid 414.07 -2.8 0.05 -0.8
PFCAs 8 PFNA Perfluorononanoic acid 464.08 2.7 0.02 -0.6
Short chain 4 PFBS  Perfluorobutanesulfonic acid  300.09 -3.6 34 -1.3
PFSAs 5  PFPeS Perfluoropentanesulfonic acid 350.10  -3.1 1.9 -1.2
Perfluoroalkyl = ¢ o 6 PFHxS Perfluorohexancsulfonic acid 40011 —30 09 09
sulfonic acids . | S on . . .
F(CF,),SO;H | Jn Long chain 7 PFHpS Perfluoroheptanesulfonic acid 450.12 -29 0.25 -0.7
" PO PFSAs 8 PFOS  Perfluorooctanesulfonic acid 500.13  -3.27 0.57~0.7 -0.5
9  PFNS Perfluorononanesulfonic acid 550.13 -32 0.01~0.1 -0.3
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(activated charcoal, Powder >100 mesh particle size,
Sigma-AldrichyS 273832 75 pm~150 pm Ake]€]
ZF 2717 dsA Azt PFASs 40l A8
o]5d<] 41]Z+= Ammonium acetate (HPLC Reagent)
£} Methanol (Stabilized HPLC/UHPLC grade analysis),
Water(HPLC grade)E AMg-3le] EAUIFEZ Y JaFs

ERICEERTE Y

To 1=

80 g Lo 2 3i9lon, 27| thi] S2ke5 o
FL7t 50%7F HEE Sy} ARk oS 2H3IG
o} F2S 93 HE g 2A0EE 025,05, 1, 2,
4, 8, 16, 24 hourZ HZEF W-SAHE FESIHOH
25°CoI14 end-over-endZ SIS 43 kS A7 &

131ed 0.45 pm nylon filter=
o7k & LC/MS/MSS ©]-&31e] PFASsY)

[e) 1=]
Qo] FEAE 27} B

TEEE
A9t Ml wE PFASse] SRS 278.15K,

298.15K, 318.15K2] =0 wa} 244]7F F2hik-g- 5
FeHe EFHst] 045 um nylon filter2 73+ 3,
PFAS congeners®| =5 #4314t}

2.2.2. PFASs % &4

12711¢] PFASs®] sl A A=viE 1ol Rig 2
#247] (HPLC (Vanquish, Thermo Fisher Scientific)
coupled to a triple quadrupole (TSQ Altis, Thermo
Fisher Scientific) with automated online solid-phase
extraction (Eqan, Thermo Fisher Scientific))& ]85}
of X319t} A& U] PFASs2 on-line SPEE F&3}
o™, Hypersil GOLD aQ C18 (particle size 12 um,
2.1 mm x 20 mm) HH-& A3 TE PFAS congeners
£ Eols7] 98l AF-E LCZA™E2 Accucore RP-MS,
particle size 2.6 um, 2.1 mm x 100 mm= AR8-3}52H,
o542 5SmM ammonium acetate (mobile phase A)
7} methanol (mobile phase B)Yg ARE3lith H2&
PFAS congener= MS/MS (QQQ)2 53l A} 5 o]
23} (Electrospray ionization, ESI), |71E|E. AR =
(polarity: negative mode)Z ©]<3}5}IT}. PFASsol ]
3 Ao FEOIUA] (collision Energy)e} #--o]
(precursor ion)Z} &3 do]2 (quantification/qualification
ion)& A8t v ¥ XUHE (MRM, multiple

B SR SEsieliEe] AN 714 3

reaction monitoring)®-2 #4513t}

2.3. 528} (kinetic) & ¥°45/H (thermodynamic)
DY g
593k wlellE (kinetic parameters)S ©]-8-3F g2}

&9} 52 HYHE pseudo-first order model (&) 1)}
pseudo-second order kinetic model (& 2)2 E3f &2l

sk,

In(q,—q,) = Inq,—kt (N
1_ _1_2+lt )
q; k2qe q;
TS A ZHpoll A o S eholl 52 PFASse] &2+
q: - -1
(ug g7)
9. T2 FoNA S ol F2EPFASsS] F2HF (ugg?)
t kg AIZE (i
ky A 12 BHSEE G (0
ky if AL 23k WEEEE A (g ug h)
ek A PFAS congeners®] E2]8leH] St}
Ao Wksew (278.15K, 298.15K, 318K)2t HEAFAL
ole] ¥sF4 (thermodynamic) ¥AIS Eaf EelslS]

. g W3k (AH, kI mol )} AE=ZS] W3l (AS,
LK Van’t Hoff equation 2] (3)2 53l <

)
o] W3}k (kJ mol™)
3] e] s} (k) mol' K™

)

F (8.314 Jmol K™
S eho] F2EPFASsS F2F (ug g)

~
fo O m 2
(98]

ooz 2 [m an
B N o U &
iy
z

de -

o714, 249 71e7]= gy WalE (AH)E
A (R)E Hrol = 3toll aigsi, ydde
98] WskF (ASye oV7IA B R)ZE el & 3t
I 2t} 2AFoUA] (gibbs free energy, AG, kI
mol)y= g (AH), NEZY] Ws} (AS)e] #A12] (4]
4o ZHE T8I

o

AG = AH-TAS
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3.1. S3s™ Oi2l0|E{ (Kinetic parameters)S £
gl PFASse| S35 sl
FAekke] HEAZF (025, 0.5, 1, 2, 4, 8, 16, 24
hour)®ll W2 PFASs (PECAs (F(CF,),COO’, 3 <n<8)
3} PFSAs (F(CF,),SO;, 4<n<9))¢] SH&EEZ v
siATh (Fig. 1).
27| HEAZH<1 hour)ellX] PFCAs?} PFSAsS E5F
w48 F2F A ATE VRt PFCAs (F(CF,),CO0)
o] A7 F2E long C-F chaingl PFNA (n=_8)7}
7P =%ko™, short C-F chaindll |33l= PFBA
(n=3y} 7P @A YeRth PFSAs (F(CF,),S0; PIA
= PFCAs®| &#FA 7V S22 long C-F chaind!
PFNS (n=9y} 7Fg =3k, long C-F chain}l PFBS
=4yt 7P¢ WA JEyit) &, 271 $2Es 21k
] C-F chain length7} Zo]d5 PFAS congenersl
gk F2AA S50t STk = AR & 5 Ut o]
5, TP === AR long C-F chain®] PFAS
congeners®| short C-F chain PFAS congeners:2t} W=
Azl F2E el =2ske Ao® YERstth. Sulfonate
group2] PFSAs©] carboxylic group®] PFCAsR.t} U
e Aol FERPE P EEEiinh. o] -2 A7k
w2 F2 H3lE fAF 1R £5Ek3A] (pseudo-first
order kinetic model}Z §A} 22PHS- £=48-2] (pseudo-
second order kinetic modelyS 483l HY F2k)

il
)
o

A PFHXA
@ PFNA

OPFBA
« PFHpA

OPFPeA

| (A) PFCAs
wo | (A) u PFOA

500

OPFBS
# PFHpS

OPFPeS
W PFOS

A PFHXS
® PFNS

(B) PFSAs

Concentration of PFCAs adsorbed on AC (Cs, pg kg™)

15 20 25
Contact time (hour)
Fig. 1. Concentration of (A) PFCAs and (B) PFSAs adsorbed

on activated carbon during contact time from 0.25 hour
to 24 hour (Temp. 25°C)

FHEEE RIS (Table 2). 6 PFCA congeners2}
6 PFSA congeners®] AJ7H] w2 235} 0|24 o=
o] AAAA (P)Z Wag A3}, Pseudo-second order
kinetic model®] 7 0.78~0.989] “JHdE B oH,

Table 2. Kinetic parameters of PFCAs and PFSAs calculated by Pseudo-first order and Pseudo-second order

Pseudo-second order kinetic model

Pseudo-first order kinetic model

Kinetic parameters 67’ = 1&+q_tt In(q,—q,) = In(q,—kt)
g (g gk (gug' nh) 7 g (ug g -k (h) s
PFBA 99.746 0.0083 0.978 44.073 3.636 0.876
PFPA 125224 0.0144 0.911 74.633 5.236 0.969
Perfluoroalkyl carboxylic acids PFHxA 139.861 0.0069 0.822 67.212 3.876 0.991
(F(CF,),COOH PFHpA 245310 0.0013 0.948 73.700 2747 0.977
PFOA  268.295 0.0190 0.958 207.901 9.901 0.879
PFNA  330.174 0.02356 0.959 278.998  14.925 0.786
PFBS  160.952 0.0147 0.776 102.157 5.618 0.964
PFPS  242.654 0.0129 0.914 168.010 6.993 0.922
Perfluoroalkyl sulfonic acids PFHxS 275477 0.0350 0.907 236.855  16.393 0.749
F(CF,),SO;H PFHpS  288.711 0.0341 0.905 248.931 16.667 0.745
PFOS  306.697 0.0432 0.861 273737 21.739 0.668
PFNS  373.325 0.0363 0.857 333.972 22222 0.663
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Pseudo-first order kinetic model 0.66~0.992] ZA3}Z
et wbA], PFCA congeners®t PFSA congeners

9] &L= Pseudo-second order kinetic model

-
S B9l vks THoA9] 3 AeEe-s el &
Z whe-S Aw3EIAt). Pseudo-second order kinetic

model®] HFE2F (qe) carboxylic group®] PFCAs=
C-F chain length’} $71845 H3E F3tgo] Z71st
£ A% YERAT (ie., PFBA (99.75 ug g') < PFPeA
(12522pg  g')<PFHxA  (139.86 g g'l) <PFHpA
(24531 pg g')<PFOA (268.30 pg g')<PFNA (330.17
pg g). Sulfonate group®] PFSAs%E PFCAs¢} H]<=3h
&2 W'l o2 short C-F chaing] PFBSY-E long C-F
chaindl PFNSO.2 Z71ers H3 F2fo] Sl
t} (ie., PFBS (160.95 g g')<PFPeS (242.65 pg gh)<
PFHxS (27548 ug g')<PFHpS (288.71 pg g')< PFOS
(306.70 ug g')<PFNS (373.33 pug g'). Pseudo-second
order rate constant (k,, g ug”' h'y&, long C-F chain
©] PFNS¢} PFNAS] rate constant= short C-F chain®?l
PFBSS} PFBAC] Hsf oF 5.7~10.10 W& et
T} ]9} 7+o] long C-F chain PFASs®] short C-F
chain PFASs Xt} F2MEs-& e}l Ha Fa5o] =2
o= C-F chain length’} S7102 Aoz A
“d (hydrophobicity)®] 5/d0] F7lsle] F&He 83l
o] ZaF7] wielrth. o] 2 Qs IAVFHEATH)] &
T4 2990l long C-F chain PFASse] &&pikso
7R = SRS B Z10= JidEojigt e,
ZA3<= long C-F chain PFASs#} short
C-F chain PFASse] &Alo A o, 29 ol|A
2 73 gy SAEL Sltke Ag HolFal Qi

%7] %571 WE long C-F chain PFASsS
short C-F chain PFASst} 2 &4 W02 9ls) &
SN FEAA ] A AoZ B S ),

FY3 C-F chain lengtho|l~] PFAS®] functional
group'¥ Pseudo-second order rate constant (k,, g ug’
h'y= PFSAs©] PFCAs®ET} [~2v] o] Wl wh3&eg
HAT} o]= PFSAs A4 SO, functional group
o] EAF Z7] (molecular sizey= PFCAs®] COO
functional group®Eth =7] W&o T AgS 34 Q)
= & A} C-F chain F9& 34T o A 31d
7ol (Steric hindrance effect)yE L2714 =of thE £
Apete] ol Folut g A5 ek, A% ARl

ATE
=

rl

—

I

Hlo T e

A 2Rl FHA o WG e Welste] PFSA

congeners®] S3|=2 7AA17|A ot wlgbd PFSAsE

SR SR R FEsisietEe] AANE 717 5

PFCAsdl] B8] 2 22=4)e] EXw
Flo] EAdElA AdiF o=
Ao Acter

3.2. 230 2 PFASs 3 M7 H|n

25HHsjol| w2 PFASse] C-F chain length?} functional
groupd F&F W3S H7I9Y (Fig. 2, Table 3). &3
HkSolM 2= Z71o] Z7} (278.15K, 298.15K, 318.15K)
S5 PFCAs9} PFSAs®] 2} A7 wo] 27 Zaxet
T 7% H3ith PFCAs (F(CF,),C00)9| short C-F
chaing] PFBAS 278KellA 123 g g, 298Kol4 98
pg g, 318KolA 89 pg g'® Lt FUIERE
PFBAS] S&3re oF 138 74438199 c}h Long C-F
chaingl PFNAS] F21e =& 25oA oF 1.274) &
& FAFS BAY (e, 278K (342 pug g') > 298K
(324pug g")>318K (270 ug g'). PFSAs (F(CF,),
S0;)9] #dsh= short C-F chain?l PFBSS &%= Z7}
of we} 1.75WF A4S (le., 278K (210 pg gl
298K (176 pg ') 318K (120 ug g)), long C-F chain

400 - (A) PFCAs TPFBA OPFPeA A PFHXA
. *PFHpA MPFOA @ PFNA
< o
X .

300 -+ =
S i . e
y e
8 200 - u
= A

o-

2 g
c 100
(o]
D
o 0 r - '
5 270 280 290 300 310 320
17
©
©
)
< 500 | (B)PFSAs OPFBS  OPFPeS A PFHXS
EL) . ®PFHPS  MPFOS @ PFNS
o 400
—
(o]
c
o 300
=
©
+ 200
c
g )
c 100 o
e}
(@]

0

270 280 290 300 310 320

Fig. 2. Concentration of (A) PFCAs and (B) PFSAs adsorbed
on activated carbon under different temperatures
(278.15 K, 298.15K, and 318.15 K)
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Table 3. Concentration (ug g') of PFASs adsorbed on activated carbon under different temperatures

PFCAs (ug g

PFSAs (ug g)

Temperature

PFBA PFPA PFHxA PFHpA PFOA PFNA  PFBS PFPS PFHxS PFHpS PFOS PFNS
278.15 K 12298 146.80 169.07 28327 288.26 342.43 210.27 261.54 300.54 334.74 328.18 42543
298.15 K 9790 130.68 152.28 218.65 266.61 32424 17621 25134 270.11 282.84 297.51 362.15
318.15 K 8924 9574 10393 15859 213.60 269.65 12029 176.94 23837 26848 266.83 340.31

o] PENS9] S22k 1.254) 7adhs Aoz Yepsitt
(e, 278K (425ug g')>298K (362 ug g') > 318K
(40 g g"). =, €7t Z7}84E CF long chain
length®} 218717} Tk 127)] PFAS congener®] 52+ A
AZo] RE 7Hashs A7E BRYT) 0|9} o] 250

2 FARke] Wshs 220050l oSl PFASse] dIER
¥ (FANE)E F7FIEE PFASs £AF2] 250U
= 7}0}7ﬂ Hr}. o] 218 PFASs A= & EA} A
o|2 HA et Ho] £ A FAC] 713)7} wot
A Sales 7B En. &, 257t ST w2t 5
89 ol PFASse] Ballee S71sHl Ho 24 &%
™ol PFASs7} S2slels wekde v ddoz Yo

0.0038

W wel] g3 Aol 248 Aoz BRI,
6.2
— (A1) PFCAs . -
o0 | PR L b '_—,_::::‘
57 4 —cmmemmme —=*
2 L m__--- = -
o |- o AT -
O 5,1 St L
= " - —==
= & _ -
— ST 0__ =5 -0 _
e P * R -
4.7 4 T e T
= PR e ---17
o Tls- _é_-—-- OPFBA OPFPA o PFHXA
= APFHpA mPFOA PFNA
2o 42
8 0.0030 0.0032 0.0034 0.0036
o 165
o ©
= OPFBS OPFPS e PFHXS
A (A2) PFSAs APFHpS MPFOS @ PFNS
R -
a - |  _ __-- e~~~ -
PSR &---ct = - w--TTIT -
I e . T
S 55 prIIIIgiioee S O
© e tT __--g
% 5 o —__El——"
3) = Ny
= -f] nCs = == AH |
8 - R T
45
0.0030 0.0032 0.0034 0.0036

0.0038

3.3. €95y

7UE e

PFASS«] Tt}z'l- 11]7413]-9‘9,] x}uuﬁ /H]x]_\:llk]’
HkS- S d9slky wein|ejel Qlgly] #3} (Enthalpy,
AH, kJ mol "), AEZ¥] W3} (Entropy, AS, kJ mol
K, 22 rolu#] M3} (Gibbs free energy, AG, kJ
mol YZE E3) 213l th(Fig. 3, Table 4). F<JsH4 3}
e 3 B3l O ool SR Adsia Ay
sk °ﬂ°ﬂL‘]X]E Rlate], Ede F A PFASs
o] WA vIAUSS 1A 0}03\‘4

SHdek oA PFASsS] S2HAIA REE9] Qlgs] ¥
3} (enthalpy, AH)= 6 PFCA congenersﬂ- 6 PFSA
congeners % S5 (negative)2] W3S UERITH
(AH < 0). PFCAsol|A] short C-F chaln‘?l PFBAY-H

3|22 S8 PFASse| SIS o

I

95 T ' o
(B1) PFCAs
R .-
s [Te-
s g-----m T .
= Rl e - S f B
R i, - st S
3 -A--111I7%z- L Sl
Q .:::x‘-o,__-
¢ IIl®eno saets
13.5 - R T
\éﬂ . O
o B TS
N J
8 Rt = 2
5 sy
L 155
= 265 285 305 325
1S} ' |
O]
3 124 (B2)PFCAs
> [T s e
5 [ *- o~ __
qc) -13 "~::‘:-..§““
£ I N S
: \‘\E Telal. TTemol
S a4 Tl ..l -
2 T TRl
'(-.'E)} -15 - \\\ %:::
AG =AH - TAS ﬂ\\\
-16
265 285 305 325

Temperature (T)

Fig. 3. Enthalpy and entropy of (A1) PFCAs and (B1) PFSAs estimated by the Van't Hoff equation and Gibbs free energy
of (A2) PFCAs and (B2) PFSAs under different temperatures
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Table 4. Thermodynamic parameters (AH, AS, and AG) of PFAS congeners on activated carbon

Grou Acronvin Enthalpy Entropy Gibbs free energy (AG, kI mol™)
P Y (AH, kJ mol)  (AS, kI mol" K') 27815 K 298.15 K 31815 K

PFBA 595 0018 TR 115 118

PFPA 177 0.014 ~116 ~11.9 “122

Perfluoroalkyl PFHXA 882 0.011 -12.0 “122 “124
carboxylic acids b o 10.6 0.009 13.1 133 13.4
(F(CF,),COOH p - : e e e
PFOA 545 0.028 “132 _13.7 ~143

PFNA 433 0.033 -135 _142 ~14.9

PFBS 2102 0.008 125 126 128

PFPS ~7.05 0.021 ~13.0 _134 ~13.8

Perfluoroalkyl PFHXS 425 0.032 “132 ~13.9 ~145
sulfonic acids PFHpS 4.10 0.033 13.4 14.1 14.7
F(CF,),SO;H P - : e o o
PFOS 380 0.035 ~134 _14.1 ~148

PFNS 414 0.035 ~14.0 ~14.7 ~15.4

long C-F chain®] PFNA2] AHS —4.33 kJ mol oA —
10.6 kJ mol'® 7+A3}ch. PFSAs 58+ short C-F
chain®! PFBS*H long C-F chain?] PFNS7}A] -3.80
kJ mol'elX] ~10.2 kJ mol'Z 7H4313it}. o] PFASs
o] S2MES-S WENkSolH,| C-F chain length7} 5718
TE AT 9 (e, AT FARPEEA7A A
el &g F2Rge] HaEoARl AE ofn|gith
PFASs2 1|9~ 252 0|23} “J< (acid dissociation constant,
pKa)e] 545 7HAL slo] A=z pHHS (pH
5~6) WollA PFASs] functional group WollA 2kzls}
(deprotonation)®  Q1&t] Fol2F2] AE| (F(CFy,
COO®} F(CF,),S0y)& EAIeH ®rh202), wahr] &
o] 22| PFASs? Fsls Hle S8 39 Alo]ojA]
AR71A o) ojgh §2 Agfo] dod & 2l
2 &3}, C-F chain length7} ZoF2<== hydrophobic
tailo] Z443lar, o] & ¢lal 2gAle] EAjo] hasH ®
t}. wbA, long C-F chain PFASsXT} short C-F
chain PFASs®] 5718} =717} e o2 #AX7] = o]
DAete] Fdst FHA FEREG0] T A WAYEH
g 4= I, webA, short C-F chain PFASs®] AH=
long C-F chain PFASsdml AH®l v]3] & Aoz e}
U Ao B 2= 9t}

AE=Z3] W3} (entropy, AS)= EF &5 (positive)
(AS > 0)5 YERIH. PFCAsOlA short C-F chainS!
PFBAYE| long C-F chain?] PFNAZKA] AS 0.009 kJ
mol! K'o|A] 0.033 kJ mol! K'2, PFSAsE short C-
F chain! PFBSHE long C-F chain?l PFNS7}4|
0.008 kJ mol™" K™'ellA] 0.035 kJ mol! K2 zxkd 2

2 37Veke o= UERTh B9 PFSAs PFCAsKE

F2 ASS HS) o= gl 3o 8= &
o el ¥AFHAE & EAEC] 8 Y= Lo
A Egekagol Ade] gt Ao FAMETL
Z71E 3 Qe A2 AR 3L C-F chain
length 715 AS 3ol S7F=aL, SO; functional
group®] PFSAs®| ASH2 COO functional group2]
PFCAs®| ASHHETE 2 Zlo2 Jepdty, o]g} 7k A}
ZRE gAet T8 PFASse] F2hkSo] 294 A
21-gof ogt At vkl FoZ o3 4 QU
A, 2 AR QIERT] o &
o g H5A AFA7|EC] AR Adtehs Y
U] @_31_9,23,28)'

TR ek 2 PFASse] 1A olluiA] WS} (Gibbs free
energy, AGy= BE 2594 &9 (negative, AG < 0)
EM 16 kI mol! ~ —11 kJ mol'¢] WS Yelyit}.
B3, PFCAsOA4] C-F chain length7} o445 AGE
72 319} (ie., short C-F chaing! PFBA (—11.1 kJ
mol") > long C-F chain®l PFNA (-13.5 kJ mol™).
PFSAs 3% short C-F chain?l PFBS*E| long C-F
chaing] PENS7FA19] AGE —12.5 kI mol'ellA] —14.0
kJ mol''Z 7HAsiGit, ey oux]= Ay o= 5
812 A 7 —80 kJ mol'~400 kJ mol'2] ojiA]
el A, B4 A 20 kI mol'~0 kI
mol '] oLR] WLl WAsh= Aoz deiA AUt
293D whEba] PFASs9t e ®Ho] Faks-2e B
2 A7 Tl o8l @At oFek olyA] H1(-20 kI
mol'~0 kJ mol"yll slF=l= oz Yepdrt. ot 9
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YA Hejellx] Atsls w2 HE 4 2 (hydrogen
bond), 2254 A3 (hydrophobic interaction), -t 23
(m-m bonds), FHd| 24k~ & (Van der Waals' force)oll <]
St A3} Sol EZFE TP, 9le] AEE- Foll
] benzene rings}e] Atolol|x] WA= n-n bond= C-F
chain®] T-ZE zZk= PFASslM = A EA] gou g oo
n AR} AR B Aollxe] B2 3 Wk 71FellA
A2E 4= ok AFH O =, PFASs9} EJE oA
A2 PFASsOl C-Fol 7 €7t 7o) 2 A7 |184=
(electronegativity) lolol 2Js] BAYSh= E4 (F) YAk
FEZ 28} (partial negative, 5-)2F AT X ¥

=] = T4 (H)2H] hydrogen bonding® 2 1%k
2 Rkgo] x3tH ol ThsAle] St viREe R g
g 399 2 d9olxe 230 FE5S A3l
Ll A4e] EAS Hol= PRASsy AEsiAl "o
Z, hydrophobic interactionol] 2|8+ F2HEgo] Wjx]o]

J0]™ C-F chain length®] A7} S71845 S35}
= A717F 7t B0t} w2bx] PFASse] F3A vt
WAUE2  hydrophobic interaction} hydrogen
bonding® = 52} A A= Aoz A5 5 St

o T N
>,\1

|

O

4.8 B

£ delMe 8] FdM ol 8F = SRS o
O F PFASs congeners®] C-F chain length®} functional
groupel] W& F2F ¥R WIAUSS 53} (kinetics) B
d98t4] (thermodynamics) 2 EE B3l 52t ks
TRok RS st

PFASs# &/d€te] F&F W18 &&= pseudo-second
order ¥WHg-2102 Y53HA HE= UL PFASse] C-F
chain length®] 5715 52 £57F 76kt o
+ C-F chain tail®] Zo]7} 575}l @} hydrophobicity
7} 571=]9], long C-F chain PFASse] &€k A4
¥ (hydrophobic domain)ll $-AI31A S2H=17] W&
?l Aoz Jepgtt TS SO, functional groupe
COO" functional groupll HS| & Ex=7]2 sl A
3| Aozt W] 2 24249 (hydrophobicity)S 2l
Hrh o] U3 FY CF lengths zZH= PFCAs
(F(CF,),COO")¢} PFSAs (F(CF,),S0;)9] §3 AA&=
© PFSAs®] PFCAsHTE Mg 33 £55 Zle Zlog
et 919k 2+ A= long C-F chains? short C-
F chain PFASs (PFCAs®} PFSAs)o] BAlol EA1& ),
ZepA) wkgo] 943 long C-F chain®] PFSAs®] %7]

1013

f =S,

o

FAEE7E wEA dojubr] wiiEol] short C-F chain
PFSAsHT} S48 SEHAA iAoz & S3 4AS
ke Ao B & gl 2=Rsl w2 PFASse] &
2 AAFE ¥t A3, PFASsS =7t S71ErE
G2 A ATl 7HAEIATE. ol9f e A 8 A
ol PFASsZ 257t S7hgell w2t 8al=rt S718lle
™, PFASse] % stHol F2bsld = Wade
Ao dojupr] wiZol F2F AlAHC] Aol
o yieken), 2Esiel] whe PFASs AR £3F
ol Ahgo g dllE = F9shy ofyz|o] ¥
(AH), AEZ3] W3} (AS), H AHrollu=] W3t (AG)
< 53l A mAUSS Felsiith. AHS &5 3
Z YeRoH, C-F chain length’} #AES5E St
(ie., —10.6 kJ mol" — —4.33 kJ mol'")alth. o=
PFASs®] 21h3-2 2 ukgolH, C-F chain length7}
A= PFASse] &30 2717} Arid o2 S7tst
Al =lo] gdRt 3T 11 FERESe] AiH o S
7hEoR] Zle R & ¢ Stk ASS ] RoE LR
o1, PFSA congener®] C-F chain length’} 3715
AE=Z 3] Helgo] AiH o2 Frtshe A o=2 Yelst
. °l& 2544 (hydrophobicity)e] S71gdl w2t &4
gl F2o] gE]= Bt T YAEANED ERAE
| & Y2 Yo S8 AHe] ghast
+AYoE FAXNET}F S/ Qe Fo= AlRHT
pRREto 2 AGE ~16 kI mol'~11 kJ mol'¢] W=
E2)2 A% (20 kJ mol'~0 kJ molyell olsf @Al
= AU ZFEAS. &, 2ol2Fo=2 EAlske
PFASs? €%k 319 7F] hydrogen bond, ~12]3 C-F
ARpAtele] & A7 dEol 2 el WAshe T o4
st} EA9er ¥ 7k 24323 (hydrogen bond), 291
ojgt whgow 444 AL H] &4 A
(hydrophobic interaction)o] Z/J&+ FEHo|A PFAS
congeners®] T2 SEHAA WAUZLRE B 4 Q)
o]#fgt A= PFAS congeners’} St} A3sl=
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