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ABSTRACT

Perfluorinated compounds(PFCs), an emerging environmental pollutant, are environmentally persistent and bioaccumulative
organic compounds that possess a toxic impact on human health and ecosystems. PFCs are distributed widely in
environment media including groundwater, surface water, soil and sediment. PFCs in contaminated solid can potentially
leach into groundwater. Therefore, understanding PFCs partitioning between the aqueous phase and solid phase is
important for the determination of their fate and transport in the environment. In this study, the sorption equilibrium batch
and kinetic experiment of PFCs were carried out to estimated the sorption coefficient(Ky) and the fraction between
aqueous-solid phase partition, respectively. Sorption branches of the PFDA(Perfluoro-n-decanoic acid), PFNA(Perfluoro-
n-nonanoic acid), PFOA(Perfluoro-n-octanoic acid), PFOS(Perfluoro-1-octane sulfonic acid) and PFHxS(Perfluoro-1-
hexane sulfonic acid) isotherms were nearly linear, and the estimated Ky was as follow: PFDA(1.50) > PFOS(1.49) >
PFNA(0.81) > PFHxS(0.45) > PFOA(0.39). The sorption kinetics of PFDA, PFNA, PFOA, PFOS and PFHxS onto soil
were described by a biexponential adsorption model, suggesting that a fast transport into the surface layer of soil, followed
by two-step diffusion transport into the internal water and/or organic matter of soil. Shorter times(<20hr) were required to
achieve equilibrium and fraction for adsorption on solid(F;, F,) increased with perfluorinated carbon chain length and
sulfonate compounds in this study. Overall, our results suggested that not only the perfluorocarbon chain length, but also
the terminal functional groups are important contributors to electrostatic and hydrophobic interactions between PFCs and
soils, and organic matter in soils significantly affects adsorption maximum capacity than kinetic rate.
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st AESEIE 140 s SR WREEEEY
3R] th3k AR Table 19 LFERAITH

2121 & 10 WH(< 2 mm)
A= Ay g vhe F FRAF ARE]I. 3
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Table 1. Identities, carbon chain lengths and MRM conditions of measurement for PFCs

PECs Carbon Retentiqn Time Precursor ion Product ion,
Class Analyte Acronym (min) (m/z) m/z (CE)
number
Perfluoro-n-pentanoic acid PFPeA 5 8.77 262.9 219.1(8)
Perfluoro-n-hexanoic acid PFHxA 6 10.868 3129 269.05(9) 119(21)
Perfluoro-n-heptanoic acid PFHpA 7 12.332 362.9 319.1009) 168.95(17)
Perfluoro-n-octanoic acid PFOA 8 13.501 412.9 368.75(11) 168.85(19)
PECAs Perfluoro-n-nonanoic acid PFNA 9 14.457 462.9 418.8(10) 218.9(18)
Perfluoro-n-decanoic acid PFDA 10 15.277 513 469.05(10) 218.9(18)
Perfluoro-n-undecanoic acid PFUnDA 11 15.228 563 519(13) 319.05(19)
Perfluoro-n-dodecanoic acid PFDoDA 12 16.574 612.9 568.9(12) 169(25)
Perfluoro-n-tridecanoic acid PFTrDA 13 16.544 663 619(14) 169.1(32)
Perfluoro-n-tetradecanoic acid PFTeDA 14 17.074 712.9 668.95(13) 168.9(35)
Perfluoro-1-butane sulfonic acid PFBS 4 9.435 298.8 98.8(32) 79.8(27)
PFSAs Perfluoro-1-hexane sulfonic acid PFHxS 6 12.562 398.9 79.85(45) 98.8(34)
Perfluoro-1-octane sulfonic acid PFOS 8 14.558 498 79.9(46) 98.8(37)
Perfluoro-1-decane sulfonic acid PFDS 10 15912 598.8 98.8(55) 80(48)
Perfluoro-n-[1,2-"3C5] octanoic acid M2PFOA 8 13.704 415 370.4(13) 170.4(36)
ISTD Sodium Perfluoro-1-[1,2,3.4-Cs] ~ \ 1ppiyg 8 14.841 502.7 98.8(44)
octanesulfonate
% PFCAs : Perfluorocarboxylates
PFSAs : Perfluoroalkylsulfonates
Hl 2o whog EUNE 2g¥ HPLC grade AAG ol HPLC grade WEHES T3t HFT H3 04
2 20mLE FY F, FEIIFE FFLAS(PFCs mL}F HE= i)

MXB, 2000 ug/LyS 2718 (Coy’} 2 pg/7}t H5=s 2~
gto]7(spiking) Bt A X2]FelA AIRPEE (0,
0.5, 1, 2, 4, 6, 24hr) ABZS AFsI.0H, wx| A7}
TYS o R AlFe] HAE B A4S TSt
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opd e W ESRBIREE BA4S A% 52 7t
EPA 43}, A8 ZY(loading), 7IEHA AX, A&
FEHES AA At FE5 9181 Supeleor9l
Visiprep Vacuum Manifold®l] WatersA}2] Oasis HLB
7IEZAE =gt &, HPLC grade WIEbea AATE
22 e BuiFEn 7lERAE 24371 2443t
H 7IERAe| AA7tE Fsds AT, oW 55
< 9F 10-15 mL/min® 2 gith. A|57} 71EZ A 29
o] ¢85 HW, 7IEZRAE JFHE=E & F oF 157
AZAZIT %7} B3 7}EE) )] HPLC grade 8 mL
(4mL, 23))5 SHEUYFo] 7IERR|] 29E HE3)s)
=5 EY=Z2 A AFo njolgdl] 87T 8=
3t Zol= ZA-557](Organomation Associates inc, N-
EVAP™I112, USA)E $=3l90on, 0] 2k2F nlo]
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Table 2. HPLC-MS/MS condition for PFCs measurement

Parameter Condition
Column ACE 5 CI18-PFP 150 x 2.1 mm
Mobile phase A: 5mM Ammonium acetate B: Methanol
. Time (min) 0 14.0 16.0 16.01 21.0
Gradient
Solvent B (%) 25 85 85 25 25
Column flow rate 0.2 mL/min
Injection volume 5uL
Column temp 40°C
Ionization mode Negative ion electrospray
Capillary voltage 4.00 kV
Gas temperature 280°C
Gas flow 9 L/min (N,)
K _G 2 pHS} ECE AZxE EYY SHITE 1:I5S(wiv)E &)
¢ C o] 308 & ¥ pHE HM-30R(DKK-TOA, Japan)Z,

ECE CM-25R(DKK-TOA, Japan)2 ©]-83l] =431
o} oFo]- X288 (Cation exchange capacity, CEC)
ammonium acetate ] =2 A5, A /AL A5
E47](Kieltec auto 2400/8400 system, Tecator AB, Swe-
den)© 2 X313}, X3 gol2(Exchange-able cation,
Ca, Na, Mg, K} ammonium acetatef] o2 AT &

2.4. E3551EHE2| 0| SX|-E3 2 8 (Biexponential
adsorption model)

2% 8 FolilE) 54 % oMl Bl vl )
WnE Sl AR do @ §3 54 W)
A (Zhang et al, 2013; Li et al, 2019)°14 &3k

¢
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Al et frgAEEd e AEsElRE §3 54
Avtel BAFE vlwsh] 93l 2 (4)(Mettingly et al,
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Table 3. Physicochemical properties of soil
pH EC OM CEC Ca Mg K Na Bulk Density Porosity Soil
(dS/m) (o) (cmolkg) (mghkg)  (mgkg)  (mgkg)  (mgke) (g/en) texture
6.6 0.69 1.84 13.07 1508 9236 125.8 42.88 1.2 56.2 loam
80
@ PIPeA(S) @PI1IxA(6) A= R ke A=d ] okro 5L S =) =
70 Q DPFHpA(T)  @PFOA(S) € %ﬂ—i}ﬂg-‘ﬂ 7‘%%]:0] Ec}i %]—)‘(j‘(‘s} ?Z'o] O]T
7 APENA(9)  APFDA(10) olH = 7St siRd ZF skEo] AUE ERARAL
' SPFUdA(LL)  ®@PFDoA(12)
.-.6“ . i OPFTIDA(I3) ar-.;-[,.n,\ujn 2o Aoy} AojALE ko 7o) o] SFr =y}
5050 4 A ' APFBS(4) WPFHxS(6) _ -
=4 " OPFOS(S)  DOPFDS(10) 3= Aoz A 4= Ut}
s B AToE FUSE Agle] FHol o)FolA
3 QA FHo] PuehAl o] Folk] F Bl 4% 45
2 Agsha -89 ol BE dnrt Bl FHslo]
Bl 0] Fsd s BEel el =olstit
1l
P 0 s A}, 27P5Ee) folg Aols Role T P 58
0

3 4 5
Cater. 1 (ug/L, t=5 day)

Fig. 1. Sorption isotherms of PFCs to soil.

o F AdHcR AEsfEAARES] Holrt #S e
[PFBS(C:4), PFBA(C:4), PFPeA(C:5), PFHXA(C:6), PFHpA
(C:F CEIRISEY Csg’t WP} §le WHA, ZHES]Er
Az o)z}t 71 & [PFDS(C:10), PFUNDA(C:11),
PFDoDA(C:12), PFTrDA(C:13), PFTeDA(C:13)F Csaye’}
MDLosl=2 AZFHUL, WA 7] F=[PFDA(C:10),
PFOS(C:8), PFNA(C:9), PFHxS(C:6), PFOA(C:8)[& C,
o] LRI} frolgt AjolE Kol AztEe Fds BT
ojF%, WAIHoE Co tvl Hat At HIE((Co-Csaays)/
Col FESIEAAKES] Zol7t dojle| we} froatA

Z718F3tH1=0.89, p<0.05, Pearson’s correlation). *7¢

X =

AN A AF FE 7)F(Csge) 22 PFDA(C:10)850] 7}
F He F=[0.18ug L'(0.5pug LY); 024 pug L1 pg
L"), 046 ug L'2pg L); 080pg L' (Spg LY); 14pg
L'(10pg LYHE ASHACH, 1 e 2% PFOS
(C:8), PFNA(C:9), PFHXS(C:6). PFOA(C:8}&=2.2 €}
S}, o] EEAN(CoCsaeE WEF3I 2 (1l 2J3)
AHE EQY] F%(Cx= PFDA > PFOS > PFNA >
PFHxS > PFOASC® UEREOM(Fig. 1), 3259 Al
719] A9t Ariar skt

1of] epllom, 5234S B3l A8 Kb =1¢] 9
oA B3 Ka= Table 40 AF3Idth 2 Aol
AAEE F2 522 (adsorption isotherm)S S=&to] HE
o7 xusl= Bk AFBAZ(Fig. 1) YER} K (water-
solid partitioning coefficient)2 EH|AIGFE 2F3FS T
a9 o OE A7 ARl HluE 98 KidTE
log2 ®IZRIATE Log Ko 7= 359 Al7l9] &
X9} Zo] PFDA(C:10) > PFOS(C:8) > PFNA(C:9) >
PFHxS(C:6) > PFOA(C:8)=C & Ueldt) ol AF

Table 4. Sorption coefficients estimated by fitting data to the linear model

PFCs Log Ko
Present study Chen et al., 2016 Milinovic et al., 2015
PFNA(C:9) 0.81 1.09 -
PFOA(C:8) 0.39 0.26 0.34-0.85
PFDA(C:10) 1.50 1.93 -
PFOS(C:8) 1.49 1.66 1.28-2.04
PFHxS(C:6) 0.45 0.04 -
PFBS(C:4) - - -0.40-0.83
Organic matter(%) 1.8% 4.3%(0C 2.5%) 0.3-67%(0C 0.2-39%)
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a2y BEIELE SRS 7 PFOSY K&t oIS
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Fig. 2. Biexponential adsorption model for PFCs onto soil.

Table 5. Fitting parameters of a biexponential adsorption model for the sorption of PFCs onto soil

PFCs F, F, F, Log K4
PFNA 0.608 0.216 0.195 0.81
PFOA 0.716 0.111 0.115 0.39
Present study® PFDA 0.285 0.485 0.230 1.5
PFOS 0.282 0.460 0.258 1.5
PFHxS 0.767 0.182 0.050 0.45
PFOA 0.509 0.272 0.101 1.0-1.3
Li et al., 2019° PFDA 0.250 0.327 0.169 1.6-1.9
PFOS 0.358 0.363 0.100 1.4-1.9

% a) OM[1.8%], b) TOC[32.8 mg/g]
F, : fraction of PFCs cannot finally partition to solid phase

F1(<1~2 h, fast sorption) & F»(<48 hr, slow sorption) : fractions of PFCs could be adsorbed onto soil with independent adsorption rates
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tl <20 hro] AQEAOH, o] o] 9] AFelx A
AP Aol Blaste] JojEow g2 A7te] 45l
TH(10 days, Higgins and Luthy, 2006; <48hr, Zhang
et al, 2013 and Li et al, 2019). Table 59 AJA]Sk
A2 B SRslEkinks Lot 7S QAo
2 23T Sle A== HIEF)E dashl,
Edom FAH HEEtEe] HIEF, Rl Sk
A5 Vet THEERREe) o]} 11 gEe
Yoz 2qo) 29l ke 858 B ol
Eot pe mAdste] FAol Erka A9 gk
(Ahrens et al., 2011, 2014; Deng et al., 2012; Groffen
et al., 2019).

& gaAkEe] 4ol 7HA= PFOASE PFOSe] 23
£ Hlushd, AE71E 7HKE PFOSY AHdd Hl&o]
PFOA®] FoHTh Wi, §3 AL ¥kdet Fiot Fe =
< S B ol AER FERSNE FEYTE 9
AFer w2 7heAel Ave A orlsh, 3290
Al dag A7AaRe} e TEe g dwol rhseitt
Pearson®] -2 (Hard)-F-2(Soft)->H(Acid)/$37](Base)(HSAB
theory) ©|2dl] waw 7l=2827])2}23}1313E(PFCAs)
= AHos FE H7](Soft base)e] 545 7HA= ®F
Hol| HE7]- 98313 5HE(PFSAs) = 22 9 7|(Hard
base)?] 54 AU o] & 2HHard acid)2] 2FslE
(oxide) SEFAC R O] FH o] Golalriar sjAgitt. 1l
o] A7 AIlM= PFSAse SAE, X, it Al
SEPolE, BAE, SR 22 FAARY S350 2
& BAAKES AUe PFCAsETE $AI3F Aoz Halg]
3 ATH(Waters et al, 1991; Wang et al, 2012; Du
et al., 2014).

B Aol et SR B ) 712 Bl
O =2 Z7(5.64%)1A AAISE Li(2019)9] A7llA Y
Eid Aol Hlsle] wWE &2 EGPAN FEASG
(Koehel Blaoires £ Aol =53 F2571 o
s AR ol EY W =9 Sl e A}

ol= Hu] &= s(sorption capacityyS ZAAIE= K22l0]

A FF S5 BFshe 8900 HA B Ao=
AN 4 ok fEighe vE FAmds A89 o
AT AaelME FF SE wdd JrE sk &
Re Bl 7M= FAoH, 53] B mwe B

(minenal) g&F0| EEE 24351t 7|97 Ioa
&3tk Miao et al,, 2017). Z22)a E%ke] e 2
TZo} LEEHS] FE, AR S 23k 1
9] kst QT F2F &S5 Al AFal Barstar
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ATHCheung et al., 2007; Miao et al., 2017).

HEstsietEe SRS BHNA AsAE
(Electrostatic interaction), %54 “J&28-(Hydrophobic
interaction), m-n A%, T4 A% (Hydrogen bond), R
2k 3](Van der Waals force) & THsH 717ko= A
Ho] 7Fs3tA%HDu et al., 2014; Wei et al., 2017; Li
ot al., 2018), FESeIGTe] AYHAe) T} FH
S Helsfe R T B AR 254
FeAgoletal Agskal Jrh(Higgins and Luthy, 2006;
Du et al, 2014; Li et al., 2018; Groffen et al., 2019;
Gagliano et al., 2020).

HEBBIIE-S e pKadl 545 7HAAL o] gk
A1 2 pHHS] WollX= 7 s1dael =3t 2+
8712 st golest ez SRS H=H(Du et
al, 2014; Li et al, 2019), o]23ld HE3|315Ey A
S He F2A 9 Aleloll FH7H Feakgel o
old 4 Qtk(Xaio et al, 2011; Du et al, 2014; Li
et al., 2019; Gagliano et al., 2020). F7¥o= &3}
o FATE Folo= shrEo] Qlo] HEsRlE
o] 91 Al(shelly> 538k oAl atde]7|= gt o
= A7 38 7l k== g<loltk(Jonhnson
et al, 2007; Du et al,, 2014). FZ714 F2keL 5=
2749] pHS} o273 %= (Ionic strength)oll 2J3)] J&kS- wtb
A "k o] Aol wWEW pH ®¥iske FEA EH
TZ3tE 28719 A8 (protonation), B Y ALS}
(deprotonation) ¥H&-S B3l §2A| EHe| H3lE wol
A]Z1th(Higgins and Luthy. 2006; Du et al, 2014;
Gagliano et al., 2020). pH7} S715FA O] 2
o] W] Hept go= spEAY FoR shE el
7} oAl =of Al A (zeta-tential 7} A8 ==t
(Deng et al., 2012), o< HE3}SFET F2A| Alold]
A 738k 7714 dhdb(elcetrostatic repulsionyS F71A17]
gl B3l ThDu et al., 2014). ¥HA, S8 Ao
Ol ET FUIETE FEAY H7]0)F T (electrical
double layer)®] 3==(compression)®] Lo} HH=3313E
I FFA Aolo] FEAE-S F3INTITHXaio et al,
2011; Du et al, 2014; Gagliano et al., 2020), ©]=
pHell oJsfl 2AE = AA714] o8-S ZrTI71=
Sl B 1819t (Yang et al., 2013; Du et al., 2014).

2 TR S SolRo R shE HESERlE
I Fol2de ] FEA Atolellx] dojuh= AR v



HE3BIE T2A LA e F2 54 AT .

o AFAIZIY e Hadkar QITH(Zhou et al., 2010;
Wang et al, 2011; Xaio et al, 2011; Deng et al,
2012; Zhang et al., 2013; Du et al, 2014; Gagliano
et al., 2020). 253 JE2HE-2 JEZT FAfoZ F9
et 3R ER 2ol o3t whEo g visA AVE
o] ME AT = 18-S vt Chandler et al,
2005; Du et al, 2014). 254 A 23 FaFse
TStk AlkEe] Zdolo ofsf e, & A7 23
AWM= FHESIEAAES] Holrt SIS {3212 A7)
7t F7R AS 1T AUk 2eu AR 3
E3lehA ARES HFAR dsladt tE2A A4
(oleophobic)®} 21743 (oleophilicyS 7 XUl = %
1} 1) 21314 (amphiphobicity)2]7] B&Ell(Du et al., 2014;
Zaggia et al., 2016) &5 2 A% ¥k UlolA] A
o7} & 4= i Bualal UtkDu et al, 2014). 1
2 F2Ae] o] A5 o A, AEsIERES
Al Hell Fetar e ARG aAPFe R FAEHE 4
o] 7] whitoll &4 5SS 7 e 2%

3 B3I CHDu et al., 2014).

4.

MY
rh

£ dAFxe e 83 As 54 7t
3171 S8l HESBIRME 147 =l st SR EuEA]
o} Zlodlg AES AL, 140 35 F BalAlE
=3 4 e 8 3= (PFDA, PFNA, PFOA, PFOS,
PFHxS)S AAste] -] Aaae} s w4
Z3AT. 2 A Age e o) AETe} fALSHA
HESBIMES] SRR Aot SR, AEE
717 FEAFE SR 2 FIEAR] STk
AL IRt ole HEslsltEY] sy 72 &4
o] E¢a} Z& mAPdeE FAEE By F83k 8%l
o2 23S ousitt. EY Ul frES HEIEE
2 Z )-8 (capacity)S A3, o] A AFAHe} H)
Bl f71E el S71ErE SRRAE Egh
AL FRIE AT 18y f71Ee] 3 $55
713 BME fF71E TR oflet B9

71 T2, TR MSED, BY 5, EW
ﬁ
o

B

ol\
N
0
G

e
ol
f

)
2 (mineral)®] &} 7AdH1g0] EX&EEE

Qo] & AOE ARSI, F714el AT
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