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ABSTRACT

Concern about perfluorinated compounds (PFCs) is growing nationally as well as globally. PFCs could be
considered emerging POPs due to their environmentally persistent, bioaccumulative, and potentially harmful pro-
perties. Moreover, perfluoroalkylates (PFAs) such as PFOS and PFOA are reported to experience long-range
transport (LRT) to the Arctic in spite of their low volatility and strong solubility. The possible pathways contri-
buting to LRT have been proposed but are still in debate in combination with unclear source definition and
uncertain physico-chemical properties. The environmental fate of PFCs is more complicated because of the
presence of precursors that are degraded to PFAs and are extremely different from their daughters, PFAs, in
physico-chemical properties. To what extent and through what pathways are human and wildlife exposed is
determined by the environmental fate and distribution of PFCs. To define uncertainties in fate and distribution
thus is critical to prevent erroneous policy and/or determination related with exposure and risk reduction. This
article aimed to review controversy and/or uncertain issues for the environmental fate and distribution of PFCs
and to prospect research topics necessary to dissolve uncertainties.
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A = rooctane sulfonate)e} Z+-2 3}-E-4338E (per-

and poly-fluorinated compounds: PFCs)el] o3t =

PFOA (perfluorooctanoic acid)v} PFOS (perfluo- WA $4lo] 73] 718t )= (OECD, 2006:
AR 2006). 0|5 EA-2 PCBs, Dioxins/Furans,
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lutants: POPs)Eo] HoF= A7} $A13F PBT
(persistent, bioaccumulative, toxic) BA-& zZk= A
o= oejA 9lrt ¢ 71w, PFOA/PFOSE WAL o
v} WFE=A (Upham et al., 1998; Biegel et al., 2001;
Lau ef al., 2004)& 725 #¢] wE shoau) A o] 4]
223 egile) g IAYE TR AADA
A M 7R cfekslA 71 &5 32 (Giesy and Kannan,
2001; Yamashita er al., 2005; Scott et al., 2006;
Smithwick ez al., 2006; Janke er al., 2007a; Stock et
al., 2007; Young et al., 2007), 7] @D z71%27A3}
oA 2 Ra)=R) ¢komn (Kissa, 2001), PFOS =
A&o]l 71 Rz} LAY (long-chain alkylated
acids: long-chain PFAs) 58 $x)Ale)A)|e] = o)A}
Fo|A & Y ZZHAL Rol:= 7 (Martin er
al., 2004; Kannan et al., 2005)0.2 ZA}E G} =,
71&9] POPse}:= =] 197039 o] 20004t
2R 84 F =2 AEH Z/VE%E B
3o} (Holmstrom et al., 2005; Smithwick e? al., 2006;
Verreault et al., 2007).

PBTS4 9 #23 FAelels 7HeA (long-
range transport potential: LRTP) =] 2] OECD*:=
PFAs& ZA]3A POPsz. 7FE3t4 v (OECD, 2006).
20004d¢] Electrochemical fluorination (ECF) A&
uba-g 23] Sulfonyl-7] PECsE ARSI A A
A zgA Q] 3Mo] ApEH o= AAS Futs)
a1 Telomer-A] PFCsZ AAksld A5 A2AF
FE2 e PR AASEE Yobs USEPA
&} A)A3A T (USEPA, 2005). o]8)3t wj&7t4
He| Aol w E-7sta, vhofst viAo) A 43
%“*H?f}ﬂl ZAEF 3 3 PFCY 373 W) 38 o]

W 242 $53 w2, 37 = Bz o
3FS w]X):= PFCse] Ee3}3bd B4 Tojale] &
BN g gl W Egtael we &I(F AF

FEt 229 a7} FAHol % AAEY 4 9l
7kl W8 o] o] EAFT} (Armitage et al.,
2006; Butt ez al., 2007; Wania et al., 2007; Schenker
et al., 2008).

E-A (physico-chemical property)’, ‘¥] 2% 2wl
%F (emission inventory)’, ‘87 F o] %7 = (path-
ways)” ol 3t E32ALe PFCse] 84753
sted mAA =AFQ ol4re)7)% sjeh B g}
A AREL e g3 2ok 3A, PFCs=

BAol AHE o2 HFZA (precursors) w}ekak
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Azsl PR B AFEALYE AU
perfluoroakylated compounds (PFAs)2 A =™,
PFAsE 37 ZollA] free acide} $-o]-3 el (%]
o), PFOA ¢} PFO )& &x)81}(OECD, 2006). A
EA o]u} PFAs &FA| 2] EAdol i’ AlFExlgt &
A2 A EAHA )= HATHADp er al.,
2006; CEMN, 2006, 2007, 2008), v}oF&t 33+
I 2 A = Qs F7HAME- (intermediates)ol]
3t ARz AgHoz =3} E3], PFOA
el Ze Abie A4 (Ka) FhoE AE T 9]
o S gEe) Mes Aue] R Gnter-
phase distribution) A3}& of7]3] 7F-$-ol 23 o
7)1 &3} (rain-scavenging effect)®} w7274l
Z}(residence time or life-time) S-off © 3k & A2}
E Z7 A 4 Ao (Goss et al., 2008; Kim and
Kannan, 2008). 4], PFAsE= 1 A 2= AJALE
v AFFF (aqueous film forming foam)®} 722 A3}
A Fo] FoFAEAR AHLE7|= 813l Fluo-
ropolymer 5] A4 FHAG FHAZ AL
71= 3 (3M, 1999; Prevedouros et al., 2006). 1
9] dgol PHeze Wz AFEAYR=
of whz R w4 eleks 24 Wl (indirect
emission)Z} AWAIA F B2 AHEFo 2 RE| PFAs
9] A Aul 2 (direct emission)Z kY g} A 2
Al w2 Be] A% ufZEF(Prevedouros ef al.,

2006; Armitage et al., 2006)3} &A% 37 &£ %
28E A% w)ZeF(Ellis e al., 2003)9= 10~
1000 A8 Zholsh EAake] AAeh 3t A
2o Aon Ao AT A Faishe
A, AT NS A PRASS) 2
Ae ushed T BAIES BN T2
Hol2 well B 22 A% BAAEA A
A4 w2 G 4 vl sieh R A
A} (volatility) 3} £ 4=8-3]| = (water solubility)S- 2zt
£ PRAsS| I B9 AEe AEs) 9
3 A7 B E-AHTEL -d ) el A
(Ellis et al., 2003; Stock et al., 2004; Wallington et
al., 2006; Young erf al., 2007)3} ‘Z) A vl & —PFAs
Fo]% 74 (Prevedouros ef al., 2006; Armitage
et al., 2006, Wania et al., 2007; Schenker et al., 2008)
o) AaA A 2 EARFelgt Hae)
A& > PFAs - 7] o] 5 7hsAd o] A715 )
©}(Kim and Kannan, 2007; McMurdo et al., 2008).
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1. PFCs 23 &3 28 E4M
(physicochemical properties)
PFCsy= 3Ad o] el e xr} vhe A8

&E (neutral compounds)]l HT-E-AE (precursors)

PFOA — T.__ C—
F F F
R F
E
8:2-FTOH
F
F F
PFOS

(PFCs)9} @A 53} ¥ 145
& w2 FdAdel wie u Sgsimrt 2 oo
+4 PFAsz A%t} (Fig. | »’rfﬁﬂ F2 HYE
of g F24 % o] FrE R Fi).

PFOAS} 7719 % % 242 C"—__}ﬂx 8 2-FTOHE
IFe] gds B Eels)st
—”}‘« gl 279k (Vapor pressure
(Pa); 1.33x 107 vs. 227) (USEPA, 2002; Lei ef al.,
2004), A4 (Log H(Pa.m’/mol); 1.02 vs. 4.99)
(Arp er al., 2006), $-7]ek4 - B Fa] A4 (Log Ko
(L/Kg); 4.3 vs. 6.14) (Arp et al., 2006), $4-3l
X (solubility (g/L); 9.5 vs. 1.94 X 10~ *) (Liu and Lee,
2005; Prevedouros et al., 2006). &3], PFAs¥ 317

Zol| A free acid®} So]2¥eja ¥ EA7}1es)

Aek el A1) kAl A = (pH) W9l M=
Lo 23E (F, PFO )7} 32-g ATt Sl
A A AEE gl Abot free acidd Bl 2] PFOA]
g AYS A d o, Yr-At BxA PFOA
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Fig. 1. Chemical structure of representative PFCs {PFOA, PFOS, 8 : 2-FTOH, Sulfonamides).



8 :2-FTOHXR T} Ao A{F& 7lsAdel IR
Fakike?

4441 (hydrophobic)®} Z--A] (lipophilic)S 2t
= 7|29 POPs}= £4pAl3 454 (lipophobic)
$ 2= PFCs: &, 7]§, 94 Sl didt A 3A ol
AA] vl4>(water-resistant) 2 B} (oil-resistant) &
28] 74, 7P, %], 9, polymer 52 EHA 2
A, ARBAA, 32 AFFF 5 43| A14-5)
o]$t}H(OECD, 2006). &3 &4 v &3} &
Sne] Hem F galos o 4 g3 A3
e (AR o] 54 Wi a4l H=d
SEE-E PAS Ko E AFI7] FEH 2R
A W&o PECsyE ARAE 2 o8 7]E9
POPss} 23] f7)gkan) xabale)] £457) o8
+ w2l Fell Agste] EX-E shsA ol
Z Aoz I8z} (Giesy and Kannan, 2002;
Jones et al., 2003). 89, PFCAs®] carboxyl-7]1}
PFAS ] sulfonyl-7j& $492E 417 FAS =
A Fel Bl Fol2Atelz 1A £l PFAs
+ 7]& POPs9} 2] #48=rt 2 W, Kot

14
2 121 + PCDDs/DFs
L
E 10+ O PCBs
z 4 » PAHs
g x OCPs
x
g 6 ¢« o °
T 4 A % PBDEs
Y4
8 2 PFAs Precursors # PFCs
) : y
-6 —4 -2 0 2
Log K.y (dimensionless)
Vapor pressure (Pa)
5353335 %3=335853
PCDDs/DFs A arar
PCBs PP S & &
OCPs ko wrtw am s e s e
PBDEs * » PR R XY LAY
PAHs 2 mw e ® LR AR T A K
PFCs ., ® *® ¥ ray
PFAs Precursors
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Sehg-o)7) BAS K Aoz Hob
AR eIt TARRTE SASEA o Bel
A5Y 4 oo (Fig 2)

2. W& E50|d

ot#|7 PFCs 29U EF} QA 58 23t
AF7A AR FH o dAF-E PFCAsY| F0jE
ko] 7} wj &z FA = g} (Prevedouros et al.,
2006). ©] ulZ&2F2A} (emission inventory)S} FA =
A &2 3200~73008) 2 F& &
Fluoropolymersl| 23} o] WhAlsh= Hloz FAME
et = Az A 5 PFCAs3 e 2 A4 &=
B 7ol & w)&e] 90% o)4& A= HbH, B
oxA B5E 52 ke BARE g A7EA
o] EajzrE wWEEHE PHEWES 10% vl
Aow FARYS 1950~20059714 A
Az® B W29 PFOAS] AATH 2w
Z3F2 2,700~5,0008¢] Aoz FAHHALUEY o
oF2. 1974~200517}219] PFOAS] Wj&2 A%

14
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Fig. 2. Matrix panels of physico-chemical properties for comparison between PFCs and existing POPs. The panels were
made from property data extracted from a number of references (see Kim et al., 2007 for existing POPs and see Arp

et al., 2006 and references in Table 2 for PFCs).
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<l FTOHs®| % A4u&ake] 1,500 &1} 3
W) A= w2 ofo]th(Wania, 2007). =, W& A}
EXRE] FTOHse] Az&=ke 19909 30E/d
~20059 200E/del AHo= 22 ¥ 9j o} (Wania,
2007). o]F wiEzAL FAX9} ] A
Whoz Fnl ¥f7] Fela AZ% FTOHs %4
A A= Y s=aEe S48 918 2
L8 Az W& (100~ 1,000E/9) 0] A F =
9| (Ellis et al., 2003), il EEFAL 2R X R2) 1049)
AE 32 Fhelgdh o] M2 e wj&akEa X
o] 3o HERE: ZAF, PFCse) A7g] o] %
T2 AE AN 2 BAAN AEEe
=8 @45k o Qold Az e HemA
=3
PFCs:= 2 #7]382 24391 (Electroche-
mical fluorination, ECF)3} #-43lgle-59] 334
AgHE o]-4-3l= Wb (Telomrization)ol] 28 AYAF
Hed A7he] Aabbge] wE Eo]ie] Ex)g
}H(Table 1). A 71e), 3M2] ECFube] oJa) AJAtgl
PFCs= &4/ ®t44E 720 343HE-(odd-chain
PFCs)3 &4/ etid8 7k 38ME (even-chain
PFCs) m 37} Za)38}lo, A3 (straight- or linear-
type)¥} 7}A] 8 (branched type) o] A7} 7:39] n)
€2 ZAg) ubde)| Telomerization ol ]3]
AAFE = PFCs= A1), evenchain 32l =
A gke} (Simons, 1949; Kissa, 2001). =3}, 4~ 157}
9] B4 (C4~C15)% 2= 24| 7153 PFAs 2
C8 (PFOA #-& PFOS)e]t} C9 (PENA)7} 71#F gk
o] ARSI, A A& B3] wj&¥ PFCAs %
o] A& odd-chain®] even-chain® v} o] who] (&, C9
>Cl10, C10>C11, C12>Cl13) Ard Ao =z A
A 2l (Prevedouros et al., 2006). o]& AR 7
23 A RN EEE I3E7H) whad
B ANE 22 oA vlg Fo] 243
= FASL o) FA2E e F2 WX= &
7= g
A7, FFAY = AlmelM 24R 14 St
< PFDA-PFUnDA 3£ PFOA-PFNA Alole] B
MEE o143 AE ¥ F BTES 47 10:2
FTOH$} 8:2-FTOHeH= 593 7|98 7k 7lo
2 AR (Young er al., 2007). De Silva®} Ma-
bury: B-22o] HolojA] ©=3 C8~C11 PFCAs
o o) 4AE F 1Y VAT 98% o4 Ax|shn

e off wid ol

f

i

oo

even-chain®] odd-chain® v} fho] 723 Axlzn
€] Telomerizationg &3 A " AL 0 oY
Yoz A7)5t9 vt (De Silva and Mabury, 2004). B}
Hofl, 2 AEA M AR 25 (Martin
et al., 2004; De Silva and Mabury, 2004)o| 4] %=
¥ o]93F PFCA%E % ‘odd-chain>>even-chain’
o HEFE BAZRE AANEL 7jdxs}
o & 4§ 9lLo] A7|Fgt}(Prevedourous ef al.,
2006). £, Simcik#} Dorweilers EAX] )4
AA G o7 745 557549 PFHpA-PFOA ¥]
g0l Fhe Aoy o9l QPSS
) AAe ofae e oR P Ade T2
8t A==z A A8 (Simeik and Dorweiler,
2005). 715 4471 (OH )<} Atshubg-& E4)
8:2-FTOH=¥E] w|453 <ke] PFOA$ PFNA7}
AAEE Aor g 9 uh(Ellis et al., 2004). =
TIA ARLe sEeA vRd ESES
2 725 PFOA-PFNAZXE 3|9z]492 FTOH
o] dj7)Akzte}l HAelel wEld o] =e] 9
s o33 reo] =AFE ¢} (Loewen et al., 2008).
w, H gAY, 7 34 5ol A" PFOS-
PFOAS) W &8 o8] 2AH Y 5529 Aod
4 F%71 #7457 = 3ol (Kim and Kannan,
2007).

v 34 A M o] TR g o] A )&
2 A7+ -l (phase-partitioning or distribution)v}
AEH 2] A4 (uptake) E-2 A A (clearance) -]
T A A2 B8 H3Eo Kim?} Kannan$-
g 4974 e geFst &AuiA M PFAs 7+ 3}
FE 7Fe] AW WA el Tl AlFEH e
2 vk S oz A B3R B4 (59
Kow)oll 28l 292 4 3135 A A8 T (Kim and
Kannan, 2008). &, A4kl Al A3 o] A7} &2
BE2 AEEe= 71e w2y A = (surface activity),
A A4, pKa 53 22 AT 71A8 oA A}
o]8] BA zpol <la]l AT = g0 A7)
A &, H7]-5A 7 #M 2 (micro-layer) — o
JB2E o VAo z] AR 5o FAHE AH
o Mol dA 9 wlge] FEE3 Aoz
ARG ow ZEpE Ao A9 v Eo] Frlit
= 7otk (McMurdo et al., 2008). = AE A=z
BE] PFOA2] A2l o= w2 378 (clearance)
£ 288S d, |23}t even-chain/odd-chain 33}
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E7+¢] ©]g ()7, PENA >PFOA)¢]
W29 A (Martin ef al., 2004)7} 2
wEtA, &M Zhe o' FAIH]o)
7} PFCs®] 34 A%53} 28 Adrsly)
Moz 41 4 gx 7o} et

&

[ o

r_\|]_‘

A
o},
zg A
o

£

Pt &
=

Ikl
13

3. #34 & sEFFE

A7) M #AZH PFAs (53] PFOA) 5=+ 3%
7)o A] 0.3~ 1.5 pg/m’ (Jahnke ez al., 2007b), =
Al 7)1 A] G~ =40’ pg/m’ (Barber ef al., 2007)
T°ol AEHANET, 53 a5l g =2d o
7)(72~919 pg/m*)7} FAEA] Luke)7] (1.6~2.6
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pg/m)ET}F = WiZA] & 5 gl BAEg
o} (Harada et al., 2005a). &, PFCs A ZA]Ad ¢l&
7 A= 120~900 pg/m’e) F=r} #HSH
(Barton et al., 2006). 97] & A F-E-3 (FTOHs)2]

=x d7rd=e WA ARAE Zed v=
/{JZ]‘&‘] (rural area)oll A= ~30 pg/m’e] 1] o
EAXGo| A= 100~200 pg/m’e] LubA FFo
2 33 (Stock et al., 2004; Barber et al., 2007;
Jahnke et al., 2007b). E3], AW Z7]E= A7
o} Al ~Fulu) =2 =%7k(Soeib er al., 2005;
Barber et al., 2007)& 2.9 ¥b, SRk 7]} 4
k) 7| = 4~ FA pg/m3 (Shoeib et al., 2006;
Jahnke ez al., 20072)8) =¥ S B}

1.0E+08
1.0E4+07 Source area Korea Japan China Ocean
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1.0E-01 ’ - @ g ' o @
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Fig. 3. Concentration ranges of PFOA and PFOS in worldwide waters (See the references in text and Kim ez al., 2007).
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Table 1. Differences in manufacture of PFCs (modified from Simcik, 2005)

Manufacture process
Major products
Primary manufacturer 3M

Chain length Even and Odd

Chain conformity

Uses

Emission status

Electrochemical fluorination (ECF)
Sulfonamides, PFOS, PFOA

Linear (straight) and branched chain
(70 ~85% versus 15~ 30%)

AFFF(for PFOS), stain protectant,
surfactants, polymers

Production ban since 2002

Telomerization
FTOHs
DuPont

Even only

Linear (straight) chain only

Surfactants, polymers

On-going production

FA o 2] PFOAE PFCs A 2A|A el (Han-
sen et al., 2002) o]t} &/ 4221 2] 4> (Sinclair and Kan-
nan, 2006) &2 | 48-9! 33 4= (Saito ef al., 2003)
oA BEHew 49 ngLrl AEH 5 Uk A
Fo| M= A ng/L 2] b oFS=(ocean water)ol]
A= <lng/L7} ZZEHA}(Fig. 3). PFOS® $-A}3k
+Z 9 FEHE Hold, AFFF & o 2
A8t A (Moody et al., 2002)e| = 43 ng/L7}
A&7 = ke (Fig. 3). $-evete] 98 34
A 2] e A Sl ng/L 2} sRekke] o
2 A FFH oz 99 ng/L (FH 1,412 ng/L)
%2 ¥ A ¥ PFOS7} ZAZEglort dulslA
out eksll ol M Hrdog A py/l £59)
ez e eH (734, 2006). 1, ALt
o AAlZe FUAEe] 2dEFE Hol: &
POPs¢} &) PFOAY} PFOS9] |- el == A
2we) Wolt B AAFEA 248 gEn
o Yol & 4 gk (Kim er al., 2007).

ARl 8% PFOA, PFOSE &% ‘42~44] ng/mL’
¢l 7oz de|F = (Kannan er al., 2004), PFOS
<} PFOA7} dm4or ¥/ A&HY Hado=
PFOS7} PFOART o} 399 dFpr:=
PFOA7} 4] ng/mL (3¢ 88)¢] 712 (Kannan et
al., 200)H7| = stlovt e 2ARRELE F
HYgE 2F <10ng/mLg Helx v (v]izEA}
F; 374, 2006).

4. Tx2} HE0| dE#S F= UXE

o} xof EAE, H7194A 5o frlvtavt F1
EA g Aate] o AoRm AA g} (Giesy and
Kannan, 2002; Prevedouros et al., 2006). w}}A],
PRASE #98 T SFos Efgel 173
A 353 mpEgoyE ANeEE A 3
ZzRo7 A2 {95 o] (Davis et al., 2007), 2
Ao Aol wjEE PFAsYE &3} A 34
2 wazA o] 4 9o} (Skutlarek ez al., 2006).
old AgEA T718ke] McLachlan 52 3
AN 2T PFCse] 3 M3 A F2
9 7re E3) #oko g wiEE A uwlET(rive-
rine discharge)3} -§-AFEE Zlolg} 7148l 43 F
2 7} s}l A A E PRCsy =228 41 o)
Zahg v EHa A Rlaz R FAE e 2
Zak3} uj3}ed vk (McLachlan er al., 2007).
g ez HeiAAFEEHY RIR=E
Azlol| wpar, AlgHHe]7] dpA]EE 107 Ko
7be B3¢ =9¥E PFOASY 15% AE
g 4 9)Lo] HE v (Wania, 2007). = o
A7Ee Bmgelt SN PROSH 7
Z2 B 737 (3M, 2000) PFCs s x4F0]
PFC 7441] oA AMAEES FAAEET
gz 2ol RuE HHEY 299 T2
=7} BolEV| % sF9th(de Vijver er al., 2003a, b).
A4} v A (5, geosolids)el] 3 &2 (Sorp-
tion capacity)-2 wiAE AFA w2} BFA|E A
Qob7) whe) sl el did Aol A
Ane ve FRseh 1= BT ool
3 B4 Selnel A7 AdHew vl vl
st FH 2ol SAE AL A5 (Ko
E iAW ol wiA ZHm - Welrt &
A 8k} (Table 2). PFCs E-28 Aol 4] f7]=bA2]

N2

do, ool nl o

of



150 J. ENVIRON. TOXICOL.

Table 2. Reported solid-water distribution coefficient (K4) of PFOS and PFOA

Vol. 23, No. 3

. Kq (L/Kg)
Media References
PFOS PFOA
Clay 327 - Footitt et al., 2004
Soil Clay loam 12.8 - Footitt et al., 2004
Sandy loam 35.1 - Footitt et al., 2004
Average 26.9 - Footitt ef al., 2004
8.71 - Footitt et al., 2004
7.52,7.42 - Johnson et al., 2007
Sediment 423 1500 Nakata et al., 2006
71 8.8 Nakata ef al., 2006
88~1979(597) 4.5~25(16) Kim and Kannan (2008)
SS - 353, 444 Schultz et al., 2006
338~3130(1028) - Footitt et al., 2004
2048, 2944 645, 609 Schultz et al., 2006
519, 603 1194, 4167 Sinclair et al., 2006
Sludge Log Ko (L/Kg)
2.4~3.1 - Johnson et al., 2007
2.57~3.1 3M, 2000
- 1.90~2.17 DuPont, 2003
2.57x0.13 2.06 Higgins and Luthy, 2006
ToAE AFT AL viwger HIToloh 471 ¢ ATFEAT} PFDA o]4ke] mEA} PRCAs, PFOS
HagFe FAAY P& F= ) 28 o|ake] EA PFAS ol PFOSE PFOAMTH

(Koot AFARDAE 2= Aoz =AHG
(Liu and Lee, 2005; Higgins and Luthy, 2006; Johnson
etal., 2007). Z Wo|gke] Huj A (Kool = 13}
I, 8w F2 H9e 1.90~2.17¢}F 2.4~3.1 zk
o] z+7} PFOAS$} PFOS9| Log Ko gt 2 B 315g]
T} (Table 2). Log Kocft-& EA}EFo| Z27}842 A
Z, CEy-Al& o] & 7| 2718 wjn}e} PECAsA Q-2
0.50~0.60, PFASA 92 0.2349] =7}7} »yH
9k (Higgins and Luthy, 2006). &3 2] A4
[Ca’* |37} 271842 18T pHrt Fagss
7kt fU1kn ol9lel= AAZA A (elec-
trostatic attraction)e] = t}-& Wz z2bag 4 9]
}(Higgins and Luthy, 2006, 2007). =, $-7)ek43}
gk} A sted w74 &3 (irreversible sorption)
= &=l (Liu and Lee, 2007). Log KewZto] 5
o]del HYPEEo] 2EETFH POPs 7|Fol] %
=Y, HZ 3489 Kow (Arp et al., 2006)] w}
29 o] POPs 7|%& "H&3}= PFCs: 8:2-FTOH,
10: 2-FTOH, NEtFOSE, NMeFOSEA, NEtFOSA =

108) A= & K7keo] #4549 Kim#} Kannan
< & F9A4 W oA A7 FAIgRRE g, 5
Aol A9} Aub ] PFOA-PFOS Adol A -f-g o
2ok HAE M 59 Rasly g A4
9] wjd4 7+ W3 PFOA, PFOS 7+2) Kow X}o]
o o8] A€ 4 9128 B h(Kim and Kannan,
2008). f-95krell A PFOA 3 =7} AHos ¥
Nz Bt e AdA e o3]8] 1 iy
2 PFOS, long chain-PFDA, PFUn-DA2] =7}
PFOAR Tt ol AgFo] AZ=Ir}(Schuliz er
al., 2006; Sinclair and Kannan, 2006).

2) pKa<g} pH

PFAsE okl 24 free acid 3] (<A, PFOA)
o} 2" 2ol &3H (29, PFOT)& &A)3.
7h el Ak S 3] §lel = (pKa)et
3 27 9] pHel wet AA "o oA (Bq. 1)l
we} 3.439] pKagh$ zte PFOAE pH7F 59l
Bo| M 2.6% (Z, 1,0007] molecules = 2671)gt
o] free acidSE) = 243} =R 97.4%% Lo
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232 Ex) 3k} (Fig. 4). PFO(A)2] w338 HlE ol dej=e] £t
1 7] AAez Bulsk AL o FolAA] ehech
Fraction of [PFOA]l= —————  (Eq. 1) =1 718 = ee n%E 3783 PFO(A)Y

110 (pH-pKa) W7)-Brre] A% (Dy) (Eq. 2. d7) 5 2

FEFo] A sl= PFO = Ftdog o 3 7]18] Abed®.3] (volume fraction, 10°%) (Seinfeld,
ARt (Log Kaw< —6.5)2 zb= wbd, PFOAY 1996), 7+-9-F2] pH (=5), 7] Y A= (TSP=50
FAAM 7 2] Bu)sl his) MR AxE ugm)FE o83t H7] F Tka-iA-E7) AL
E2 FLog K= —237~-2.9)& zteth gels,  o]o] Eajst= PFOA)Y] A ok AAe &+

FA W Bk T oEe] A 24 2 vk (Fig ).

WA (A A, H7)-5A)7E Fulell = AAA Q] K

gke 2o} vl e pKagh(—0.5~4)50] PFOA DAW:TWWWK@ (Eq. 2)
off wi3led ® 1 liv}(Brace, 1962; Kissa, 2001;

CEMN, 2007, 2008; Goss, 2008). - pKazte] = zhe pKa (A7, —0.5)¢ AL3hH o729

Ae Ao el 715 7Ad 42300E)  3de] AL s ok dHE(99.6%)2] PFO
of &A1= PFOA)S] Al ool disted A (A7} Wl EAske 1, & pKa(el 2], 3.43)
b o] Aghe] =% 4 LS dvigith ozl B AL HRE(96.9%)0] Tt ez EAE
9, —0.5'9) pKazte pH=59] ®IE 2 frec acidd] 7 ©oh Aoz oWl pKaghg A siizipe)
e 2AuE-S 316X 107 %2 a7 (pH= e} Y7288 7h9-ol 23 M)A &8 (rain-scaveng-
3439 W 2.6%). whEbA, BlE o] A8l ingefficiency)ol] Hhal] Aul® A2 EH 4 gt}

pKa=-0.5 pKa=3.43
z | : z |
2 ; o
£ 03] | T o
< : =
g 0.6 : £ 061
g H s
£ 0.4+ H £ 044
3 ; e
5 0.2 1 E é 0.24
g 0 . . , : . g 0 :
53} —4 -2 0 2 6 8 10 i3 —4 -2 0 2 4 6 8 10
pH pH
pKa=-0.5
1.2 1.2
—+— %PFOA_gas —+— %PFOA_gas
1 k-t —m— %PFOA_ap 1 -#- 9% PFOA_ap
% PFOA+PFO"]_nin %[PFOA+PFO™ |_rain
= 0.8 - %PROA_rain g 038 ~~ 94PFOA_rain
£ —~=— %PFO_rain g= == 9PFO™_rain
S 06 g 06
= =]
w 04 ® 04
0.2 0.2
0b—s & P—dosan e——o! 0
0 2 6 8 10 0 10

pH in rain-droplet pH in rain-droplet

Fig. 4. Fraction of free acid form (PFOA) in rain-droplet (upper panels) and fractions of PFOA and/or PFO™ distributed
among atmospheric phases (downward panels). pH=5 was assigned for rain-droplet: The graphs were made using
equations shown in Schwarzenbach et al., 2002 and Goss 2008.
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(Goss, 2008; McMurdo et al., 2008). 7] 3 AFA]
7} (atmospheric life-time), 28] 51 1713} &gy =
2] o} %A (long-range transport potential, LRTP)-&
735l ol AAaEI AZHY] dFe] E8A
g pKazhk2 A% 3 Fxol Aig N 234
A& F7MRH. # 2o Kim? Kannang ‘H7]
ZIAA, BB, AN EAHE FEREE
PFOAS pKag 2~4'= FA g (Kim and
Kannan, 2008). o] b2 7)&e] g 2~3'9 7}k
# {Apshe}(Kissa, 2001; USEPA, 2005).

3) BT E2le 25| (Degradation from precursors)

) 7iefl A o] BB W Abshul--(Ellis er al., 2003;
Hurley er al., 2004; Ellis et al., 2004; D’Won et al.,
2006; Martin er al., 2006), 5=#| 28] F-2a) L 7}
283l (Hori et al., 2004; Gauthier et al., 2003), &
ok &# ] Fol| A2 A& F3) (Dinglasan er al.,
2004; Wang et al., 2005a, b; Russell ef al., 2008)Z
E3)] PFCs A T-82 (FTOHs, sulfonamides)2 ©}ofF
3 Z7HAE (7, FTCA, FTUCA, FOSA, FOS-
AAES} FFH oz o o) RalEA] o A
<l PFAs& AAIge] w3zl

A FEZ (FTOH 3-& sulfonamide)S NO,¢ B
A &ellA] 7] & AbFuEE-E E3] oF 1~10%9]
PFAsE A48l A8 ehdale S 2k 7 39
E (o] Z10], PFOAS} PENA)L 8|3 o2 A
He Aoz dRTHELls er al., 2004; D’Eon et
al., 2006; Martin ez al., 2006). ¥bgel] th7] C.Fon+
C(O)0: B3} NO2] ¥h$-2 “unzipping cycle”
£+ 53 CORE AAst=z d7] F NOo| &4
+ PFAs9] AAl& 7F4AZIc} (Sulbaek-Andersen
et al., 2003). o] & £, Wallington & 10 ppt2]
NO s =S 2t d7]elME oF 30%2] PFOA A
Agkol 100 ppte] NOE=olME 292 3148 A
olgli Ak (Wallington et al., 2006). wakad,
H71olA PFAs®] XS =AM vmAoz
Zps 271 Aeg Jddd. €9, &84 =3
Algl A3} 8:2-FTOH®] AJHa)| 2 B-E] 20~80U 7t
& F oF 2~3%2) PFOAVY AAEE= Aoz =
A 9} (Dinglasan ef al., 2004; Wang et al., 2005b).
webA, B 23 PFOAAAES ¢F 0.001
day™ 'z ZA =}

o) 7} (Barber et al., 2007; Jahnke et al., 2007a, b;
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Stock et al., 2007), BE(Loewen et al., 2005; Scott
et al., 2006; Taniyasu et al., 2008), 7}ov} 558
(Boulanger er al., 2004; Stock et al., 2007), 3| A 2]
2} (wastewater treatment plant: WWTP) f-2~ &2
%8| A (Boulanger et al., 2005; Higgins ef al., 2005;
Schultz er al., 2006; Sinclair and Kannan, 2006), 3
ok -8 & (Houde et al., 2005), A} Y (Weihe et
al., 2008) 5 ohekst WA AFEAL] F
MBS A& 9]Th 53], PFOA (3.8 ng/L) Bt
o] =2 8:2-FTUCA® W= (8.6ng/L)7} 4]
vl 2o A Z 2= A} (Scott ef al., 2006), PFCAs7}
AZE A L 8lEA 0.12~1ng/Le}] FTOH %
TARE-o] Z&5 7% sld) (Loewen ef al., 2005).
=, 10 ng/L. o]AFe] FTCAY FTUCAZF A &
4=E-(Stock et al., 2007)°o]v} WWTP $-Z&<%(Sin-
clair and Kannan, 2006)3l4] A&=Hgoh A122
o] AEs] Aotz il vl WWTP &5
4] >C9-PFCAs$} PFOS?] &afo] Z7}3}4] 3 (Sin-
clair and Kannan, 2006), 8] #]¢|41 2] PFOSE}
o ¥ ¥59 PFOS AFEA HAL FALEE
o] A& = st} (Higgins et al., 2005). o}&
A5 PFAse 87 W 229 A%l oiA
ATER AAS] 28} A%l =T F23 AR
7t 4 £ 3l ongich

4) ME== (bioaccumulation)

PFCs= Au}avi ol Aol A3l HH5=
73kl glel AR WolA ‘g, FF, A T &
(egg) SolA A HEFHMartin erf al., 2003;
Holmstrom and Burger, 2008). wheha], 5382 A
A PECsHMAtat g oy} AgkzAdA &4
¥ = 7|23k AEA ZUEE AL o
3 Ho zH-A8 (Houde ef al., 2006; Conder et
al.,2008)] w29, PFCs] A&7 #3d 3
S22 7R 2 2oFE 4 gl

A, PFAs®] A}E-34 (bicaccumulation)2 24
2 239 sadvt g2 PEYeFE FUHEH
AZtzell MAEHE 2R/l U (ege yolk)ollA &3
¥ PFAs®] ¥x3¥ PFOS>PFUnDA>PFDA>
PENA>PFDoDA >PFOA? H&EZ S RYH
(Yoo et al., 2008). E3], C11-PFCA2] PFUnDA:
C8-PFCA4l PFOAXY} 50~ 1004 &2 7he w4l
o} vpelZ s B § PAEFFIAE oEA
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(>C9) PFCAs®] F=e]z] B
(Ishibashi et al., 2008).

A, AL EaAF sgas,E 2= PFSAE
PFCAR S v 2 QEEH473FS i?_‘:]r‘ X}?ﬂ;ﬂ
W AESe]A] PFOSE PFOART} 3
2= (Houde et al., 2006), o] & 4 88 = A
MAEA Holal&ell A PFOAE $3 A28 v
gt Al ZEEE bl PFOSE Eolajmnt <
1,000 A= A=) (de Vijver et al., 2003a; Mar-
tin et al., 2004; Kannan et al., 2005; Ishibashi et al.,
2008).

A, PFOAE #3H}= < (C9-PFCAs$} < C7-PF-
ASE AESH Hgko] Holx gt zAE A
3% 7| 4~ (bicaccumulation factor, BAF)s} A &%
Z Al 4= (bioconcentration factor, BCF)3:= PFOAE
Z3Fg AEA PECAsel PFOS ulwhe] x| &z}
PFASel| A& 1,000 w]3ke] o] #&Ho} o5 &
A 52 QY EZF (biomagnification) . -5-9]njs}
Al & Aolgl AR 31 9]} (Conder et al., 2008).
W, PFOS: vlAIZts o) f-wl=gbel] 11~23
(Kannan er al., 2002), Great Lake = o]A}& W ‘o]
F-w=Z-25 7k 10~20 (Kannan er al., 2005)2)
A B2 Z A 4= (biomagnification factor: BMF)7}, Lake
Ontario o]F = o]Ak&o|A] 1¥A} PFCAs (> C8)
£ 2~4.72 BMF7} =59} (Martin ef al.,
2004).

A, JEA S 4% PFAsS] FEx 27}
>3 wiA) (E,‘Hﬂ,ﬂz E Bl st AT
229 EA o5 <3 W 4 9lv} ookt
7b B g2 #9d ZA Aol (pelagic predatory
fishes) R} A AYE-Lor] 2~3u] oA} &
PFOS% =7} #Z= it (de Vijver er al., 2003b;
Martin et al., 2004). A Y EES12] =2 PFOS
TEE HHEANAMY w2 PFOSLEE“““P ohz}
PFOSHY =2 ¥w=z 283 4= gl PFOS #
TEAE] 4% AHd = v} (Higgins er
al., 2005). B3] gHoA FTUCAs7| B=H7 =
3} o) (Houde er al., 2005). 28 2= :,—73,‘%4_ A E
A W PFA%S: w23 PFAs} A7-24 (YA
2 A1 2 PrAce 299 o 24
Aot wjeba), 2HE JEAG 2A prve
PFOS ¢} PFCAs¢] BCFL} BAFZ %fﬁmg 37 o
et

A, PFAsel] B3 Azke] =24z 22 5
A7 A 141 oE AEES 9E Aol
ZA =}, PFOS W 3184 PFCAs7} Atjd oz
FAH] BEE e PR HIF <lzHEY

A& PFOA, PFOS7} 3 A o] Aj-o=
PFOAY} o] =& xx =2 AZ¥ v} (Kannan et al.,
2004). 718t A= o 2 A7 (kidney)ol| 4 2] PFOA
w2 A 7]% (Harada et al., 2005b)3} 4.4 o)el=
PFOAS] 71 <A W] AFFA]ZF(Burris ef al., 2002)
Fo] AAHAt W, Sop wBAET} TP
HAglew 78|®E 4 glt} AFFFe} 72 PFOS9)
EE 992do] ¢l= dul FAZA (ambient
water) 2] %= PFOA”7} PFOSHT 2 =%
2 &3] 6]——‘ H)] (Sinclair et al., 2006; Kim and Kannan
2007), 8- (drinking water)el| /] = PFOSK T} 4=
ul -] =2 PFOA~Y} 30~ 640 ng/L —’,\—5—.9_
WEH] S50 4A7E o odew F
4% 9Jv}(Skutlarek er al., 2006; Holzer et al., 2008)
31, Sinclair ef al. (2007)2 ge]jz=Ao= 7l4gds
ZEE) Zalo)gla} B2 A oA FTOHse} PFOA

Azslel 229 39 55 22PeAE A
S5 S 8718 BT Ao Aol
Fa3k Ard Aozt AAH7|E IFES & T
Online News, 2007).

N m]ru

5. &7{2| 0|5 (LRT)ol| thst JHdE

=23 54 F shivl €7
=4 (trans—boundary LRTP)o|t}. v]3]
27l A

PBT 9]¢ POPs®] %
A AT 0%
WAle) 31 4=8.4¢] PFAse] =Sx|u} 2
2 M) 98t o FMdEe] AZ|HE
T, st 7P B8 w24 (source), B2 (emis-
sion), W& X = (emission entry mode), & o] E7H
= (pathway) SolA M= o2 ZAE AAsAL
A2 el dotod AE AuE = e
5 ATAA A 2 247 o4t Helgke
(Table 3).

1) PAART (Precursors Alcohol Atmospheric
Reaction and Transport) pathway
Stock & En]2] thelst x| defA] 245 11~
165 pg/m’ (FTOHs), 22~ 403 pg/m’ (sulfonamides)
ol W7 F A7 xrt AFAme YHG
AL Zheve Ae Rauskede(Stock er al,
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Table 3. Comparison of hypotheses proposed for LRTP and environmental distribution of PFCs (compiled from references

in table)

PAART (precursor alcohol
atmospheric transport)

Water-driven transport

Direct/atmospheric transport

Dominant source Precursor (indirect) PFAs (direct) PFAs (direct)
PFAs - 2,700~ 5,000t historically) -
Emission 1,500 t (historically)
amount 100~1,000 ¢a for FTOHSs 30~ 200 t/a for FTOHs -
Precursors L L
Estimation from Estimation from
atmospheric concentration emission inventory
air (30%): soil (14%):
Entry mode 100% air water (55%) for PFAs & air
100% air for precursors
Transport pathway atmospheric Water-current atmospheric/water-splash

Proposed evidences

« presence of volatile precursors
and its intermediates in air

« atmospheric precursors’

source-dependent distribution

* PFAs production from
precursor oxidation

* long lifetime (20 ~ 50 days)

of precursors

*» dominant presence of linear-

chain PFCAs in arctic
environment

« fast response to PFAS
emission reduction

* long-chain PFCAs detection

in the Arctic ice-snow

* dominance of PFAs direct
emission when estimated
emission inventory

* similarity of ocean water
conc. with measured

» similarity of PFO doubling
time (7 ~ 10 yrs) in the
Arctic biota with measured

« greater PFAs
conc/deposition in urban
area (source-dependent
distribtution)

» splashing of aerosol
containing greater PFO

» PFOA >>PFNA in rain

» fast partitioning from water
to air (Kaw ~ 1072%; typ~7s)

* possibility of low rain
scavenging

+ 0.4 t/yr (ait/FTOH:s only)"

« 8 ~23 t/yr (Current/PFO)”
« 2~ 12 t/yr (Current/PF O)"
¢ 9~20t/yr (Current/PFO)

Deposition * 0.1~0.59 t/yr (snow)? +0.11~0.26 t/yr
flux (ai/FTOH)”
Estimation * similar with HCB « 20~230t/yr (Currept/PFO)
+0.19~0.23 t/yr (air/
Power (to FTOHs+sulf ides)®
the Arctic) s+sulfonamides)
«20~90pg/L
Predicted 3 (Armitage et al.)
air conc. * 38~385pg/m * 50~70 pg/L (Wania)

* 2~ 30 pg/m® (Wania)

* source dependent distribution

« all precursor-related

of PFAs (urban > rural) observatlops . « all precursor-related
* greater precursors’ conc » very fast biological observations & water-
: & . ’ response to PFAS .
Disproof than predicted L. . driven transport based fate
* no decrease of atmospheric emission r@dycﬂon and distribution
sulfonamides * FTOHs-originated PFAs
« PFOA > PENA in rain ratio in mountain lake
water
Elli .
Malxstient Ztlc,z 12 03362004 Prevedouros et al., 2006 Harada et al., 2005
References D'Won et a'l’ Armitage ef al. Kim and Kannan, 2007
Young et al ) Wania, 2007 Ju et al., 2008

Wallington ez al., 2006

Schenker et al., 2008

McMurdo et al., 2008

')Wallington et al., 2006, 2)Young et al., 2008; 3)Armitage et al., 2006; YPrevedouros et al., 2006;° ]Wa.nia, 2007; ®Schenker et al., 2008
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2004). o] &2] &F-Z-(Soeib et al., 2006; Jahnke et
al., 2007a, b; Barber ez al., 2007)e| M= A >H] %
A>MAA G elebe T3 sl 2ok &
8], A7) Rt A~ i) B2 el Al
A HEHe] edlozxn AWHIZF A=
o} (Shoieb et al., 2005; Barber er al., 2007). o]g] &t
A w7 F AFEAL] p=l= AR/A
4 polymert} AHFIAA E-Fofl 0.04~3.8% A=
2 4 5% wAg AF FTOHs (Dinglas-
Panlilio ef al. 2006)7} 417 $iso] 7]z o) %
sl 7ol flelel B 4 Ase] A71=gic(Elis
et al., 2004). tf7]el| A o] Fa}et 5l Alsbg-g B
3 Ghekst FZRARE (intermediates) S AR # 22
22 FTOHs&X-E] 1~ 10% (Ellis et al., 2004), sul-
fonamides 2 €] 1~435% (Martin et al., 2006)2] o
B4 PFAs-53], T3] o3 ulasg 2
HFEES A7 AAEH, A olgslel &
£33t 20 (FTOHs)(Ellis ef al., 2003)3} 20~50¢
(sulfonamides) (Martin ef al., 2006)2] 7] A-FA]
ZH(life-time)& ZHe= 7Zlo= odeigich Axpxom,
Aol w72 (remote area)] 7|V} vlE
MM AFEAT FHAME So] HAEHSIT o)
HERGEHY ATEAL wE/EsAE £
3t o]F o]2= PAART 7}de] #A|7|H ] 53,
Ellis 5 d7|A7A12 349 97) s =237
100~ 1,0008/92] FTOHs W] Zeke =43k9)
I (Ellis et al., 2004), o] w]Z2(1,00081d, 8:2-
FTOH)Z o] 4}0) v/ 22e) %2370 A1
r 4£5F 048087 FA sl (Wallington et
al., 2006).

o] 7Md& S /M 5 ZAEEALD
PFASA ] AAFA] o] F 25 M EHF(Butt
et al., 20072} =(Young er al., 2007)l| A &%
PFOS =9 FH24A <9l ZhAaAs) 2) 25374
FEHE oM #SEE AY o)A gt=
74 23 (linear >3 branched isomers) (De Silva and
Mabury, 2004; Young et al., 2007), 3) Sx]8} o))
A1¢] PFDA, PFUnDA¢} 7+-2- 1182} PFCAs2] 7
% (Young et al., 2007), 4) B85 Adjels &3]
¥l PFOA/PENAH|-& (PFOA <PFNA) o] A|AH
it} (Martin et al., 2004).

HhHel|, PAART o] 27ko 2 Adwst ¢ 9l &7
Ao} G A AF 23] A SHAr} A A EHQAH

o AN, vl Zekx AL} & (emission inventory)ol] £] &t
224 %] (30 ~200E/) (Prevedouros et al., 2006; Armi-
tage et al., 2006; Wania, 2007)¥.c} Sul] o]A} L&
oo PAART 7bie] Sls) Z4siels), a5 )
FT(100~ 10005 )2 A4 A% o2 ¥
Y7155 FE=¥ % (Shoieb ef al., 2006)HT}
108 A= Frh(Wallington ef al., 2006). =, H]7]
Z ATEAY dq71Es AL zEdE 9, NOg
b %o mAA R WRAA ] (5 7
A dyel|A] o] &2 PFAs% S} o 2 (Wallington et
al., 20060) 5| Gl gl = B75kar 23]8 =AIA] ol
A HEARA o2 Zes Zadte FETHL
F2=) gl e} (Scott ef al., 2006; Kim and Kannan,
2007). AR whE FA SR gelA 2] F
244l PFOSE =2 Ftazdskel = E-73lar F-a1
Sz Ao frlela] &AH sulfonamide®] ¥Ei=
Zr4stA] eksre) (Barber er al., 2007; Jahnke et al.,
20072, b).

2) Direct emission and water-driven
transport pathway

A9l PFAse] EE|8held B4, Adxos
© 23 & %% (Hansen et al., 2002; Saito et al.,
2004; Rostkowski et al., 2006; So et al., 2007), L
o zbgeiERo 9A FAE A E (Preve-
douros et al., 2006) So] ‘21Au]Z (PFAs)3} o]
o A7E 59 4 o5 Me Az ¥
o %9 F2 25Frel A 5745 PFOA% £ 23|
A9 UEMRS MEgdedens 3493 45
W wi==kal SApsled o (McLachlan er al., 2007).
I, Prevdouros Sl &8l 4% =) A vl 2= (Preve-
douros et al., 2006)3} &l Fo] =& 3183t the A
282 FAAM PFOAS =7} 2dfoll =9E:
A7k (doubling time)& FH&X] (Smithwick et al.,
2006)2} SAMEF 7.5~ 10908 o 2819t (Armi-
tage et al., 2006). ‘7-A4w] 2 (FTOHs)/t 7] o] & 5}
Aol 3 PFOA S Frol 58 2% 2 v
< B meEE FE(EE F4=Hl A V)
AxoA FA7} HAAETE 10~1008) & Aoz
718}l ok (Wania, 2007; Schenker ef al., 2008)
(Table 3). ==, v} &2 AR} 8 (Prevedorous ef al.,
2006; therein)ell 71%3}3L ‘S| F5 B o]F o] =
FERE o FAAM #EE %= (PFOA;
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52~338 pg/L) (Yamashita et al., 2008)8} 7]
= (tFTOHs: 7~ 55 pg/m®) (Shoeib e al., 2006)2 &
4 o &3kt

T}, BSelA #E9 wlE3ael] w2 PFOS
=2 224 714 (Butt et al., 2007), T x| wl=
7] F AFEA F=o F7kel A AA 5540
A #&E3 PFOA-PFNAS] §-AF8t B])&-(Loewen
et al., 2008), A1 d)7]|eA] WZE 1= PFOAY] =
-2 %% (Harada er al., 2005a; Barber ez al., 2007) =
< PAARTZ7M?] 7|9} w T2 o| 542 (&, &
A&7 0159 71 7FsA & AT ok

3) Direct emission and atmospheric
transport pathway

1" ® 9E o]gARE ‘242 (PFAs)/d)
71elg 7 = el Wrle} A 4 vAEHS
(microlayer)el] 4{9] PFOA%} PFOSY¥ =i m2s
(subsurface water)ol|A]2] FERT} o~ Sonln)] =
<= Fkel AZF T (Ju er al., 2008). 2] ofoiz
Z YAA o) utz2w (McMurdo er al., 2008), £~
Hozye WAR sz Frt s
Het 80u) Axe] ¥ g 7HAH, oo 2Fo)
EolglE PFO™ & wi-$- whaA (1,=7.2s) 7] 7]
Agez pulsh Ao EEU o] Azmy
B AR, 2R Aol o AYEE (rain-sca-
venging half-life; 6~ 17 day) (Flanklin, 2002; Wal-
lington et al., 2006)°] FNFH71=E RS 4 vt
A, A A 7F Wk=A] o -l 4w (sinker) 2
A AHgeke el ohdeh drlel g eqdd
(source)o.2 2H8F 4= Qlke A, Al AN
7148 71404 PFOAS] #7e] o)%e] Atz 7]
£9] LRT (PAART, direct/water-transport)e]] Tl%
o A&/ A7)l E F83 AAY o)Az
d 4 Ak Ae] A7l=E e

PAART 7o 93] <55+ 7B} 1008 v
2 t}7] % FTOH-PFOA ¥]£ (Kim and Kannan,
2007)3 A =4 7)oM) % =& PFOA
5% (Harada er al., 2005a; Barber et al., 2007)%= ©j
7129 AAME 9 H7] o)gA R FeAe A
NS B2e) Ao A EEaAl Azl
78] FTOHs¢} PFOAS] 7|29 wj&& ne=
Z33 S W, A3F A FARE =A>w AP
olghe F=Tulzl 2 ASF ATk vl EakxAle) A
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= 47z wl&e] AAL 30%d] Hil= Hem
o) 25 )t} (Prevedouros et al., 2006).

4) 7|Ef (M7 EE HElz2 M=z F/2sl/
TH0|S)

¥ o2 AFd4 polymert AWHEAA E
F 5ol vAg ARE2Adz FiFH UeATE
A X (Dinglasan-Panlilio et al., 2006)-2 A2 2 A
A7 Foll 78R ohE A2 A vEE
Aok A F1EEA R, AR #4089 ATE
A2 /s 2 AR 5 58 S
7% PFAsz A 1 A=z sexeite)
H42} SANA =] FHAEE] AEH
£ o] Esl#A ] A F PFAsS] »=F 7}
A Aew ZAFT glo}(Higgins et al., 2005;
Schultz et al., 2006). o] AFEAE] AR
SRR fEgelAe] EA PFCAse} PFOS
of Zapo] USRS ZHIGE qEH 2
A7} A A= e} (Sinclair and Kannan, 2007). 218
v AFEAES] Bz S s B
23}ty BA, Aol dsiMe off] A duiA
WA ot

HE o Mg
7oA ZEHE PFCs 29} AEe vlekst
274 Ko 5 F3e 5 gleh Ak
o) Fols o343 Bash g drEEst B
H3ie 53], S84 PFAse] vg wHfE4
(surface runoff water)2] Abel| A 7)o =7} 31427
2 WE4ET ol SAEA ok wAHw &
F8A e 7Zrx2¥7|= 3 (Kim and Kannan, 2007,
Zushi ez al., 2008). ==, fluoropolymer 2}A] 7} -3 =
of MEgos HaT ol Pud 275 9
o= EF3ka 433 polymerd] HE3d F-2
PFAsel]l dj3t 4 wiEd ez 7l3H7= 3o
(Ellis et al., 2001). wEeko] @ =29 o7
A &3 ¥ PFOAF =2 HE] 25l AL4HE
PECs## E4 5o A wjEH oz 57w
&} o} (Harada et al., 2005a). wakr], 27 e} of)
H F2 olEgdN 2 dEAA o2 A
25190l o 2419 Best ek
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AEAoz LRT W 7%o| e
(pathways)i= th-g32} 7ro] 7hAlwl, =)
Frols, ?7lol5e] =gl
(Fig. 5). 375 Est o5& D ﬁz’\i PFAs9]
¥ & (discharge)#} 72 %3 ©| % (transport), 2)
A712 wiEH PFAsO] 242 o)%3 dHe &
gt o] %, 3) AFE-e mEz wlE PFAsE A
2} (transformation) 78] 32 ]%&i FAE 1, 9 7)
E 5 o]%52 1) W7]E PFAs?] w2 (discharge)
a2 ol%, 2) AFEAe] tr|2 Wi, PFAsE
7%, 1=ja1 o) %, 3) PFAse] :d-v)7]|7} o]% 1
g1 cﬂ—’%\—@ o H7E B3l olF Fow AL
EHH”} AR don, sl 2)9d
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(geosolids)el] =3t
4wl 7
71

HA =

rlo

#HEL of ¢ st =, A3
FEAA = W AFel AT
°]F JAlade W7 -2F T AFHEG
W7l eF  AEH w Foll AR 2}
27 g 7FeAd o Sl

2000 2HE AAEE PFAsy =S| 7FA73F
2 A 7Y ope} Q1A A= (Spliethoff ef al.,
2008)ell 4 = HEH L glvh Zev, AAaztaed] o
g ANA F vEv =20 44 3Rt 7}
ST ZA7te] dEiME 3] Evte] H gk
79, Waniats 2G| &3] $AZ o] F3hA
A EE ] d712 o] FslE 7Rl E)rzﬂ%iﬂ
ESEAAAY T EHE ofF & delA
A W et AR o X]‘ii%Ub— ol &5t

(o

1-n

¢

n‘.

A2z A98 BH ) %
NOJs =, 99X G o2 nE e A2, 2w
of =Js) AR 53, A 2AdQozH
4 B4 o 24

o} (Wania, 2007). 228733 D], dte2e) 7t
AE WEt4ed me R o 79 ke
HeEEE eE R

Ashel 4 gieh e 1

H a7t slek HZeloF HAbA 223 me deidch 7] PFAC] A& =37z es
E 5L el 25l 7H”LHJ- kA AR V=t 2 Zi—i =AE A (Tittlemier

A A% AAM HAZelt mofol Al o

°of FAE = fl® et A A

et al., 2007} ‘&8> A& (Harada et al., 2003;
Holzer et al., 2008)° 7} A= o). S=Lor} 7)&229)

Polymers .
Degradation & e
FTOH Volatilization AR -
Textiles Gas Particle | Bird/Humans
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Oxidation 9
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Fig. 5. Pathways contributing to environmental distribution and long range transport of PFCs. Question mark (?) means the
process that have a little of evidences but are suspected to happen (AFFF indicates aqueous fire-fighting film foam
and WWTP is wastewater treatment plant. see the Appendix for chemical abbreviation).
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POPse} 22| 714 o] njgfoz Z3gde &7
3 3] o F than|FelM = olF AH7}
Fo »E2Az2 WxFV|E st (Falandysz et
al., 2006). 9tH, AF-E42] 2 AWezy =2
Well M #Z3 2 PFAsS =2 RE 550 93
rxZEAz7} 2234 Hr1E7]= 819 (Harada et
al., 2006), TANZRE AFo=ze Ao|zA
(D’Eon and Mabury, 2007; Sinclair et al., 2007)0°]
2% =222 A7H7 = 3k

279 PFCs wiE4, 374 A% 9 =37 =4
g AU e] -] EAE 1 BAAMNS
Haslele =852 ol EAd wisk A o
A7t =2 A=E A8 Frisk] AsiM I
BrbAsie aeg, S A7 84 oA W 2
@4z} QA det PRCss] x24ze wAbs)
2R WA gk Fela 27HE BF
A EL RS ohed 2 A% Te
N L EUE S LR R T
b A9E Best ek AesRA, S
9 PFAsSY 430l 297z Xdd =
2999 79} B4, egduR Aoz nEe] A
2}, 715 NOGs=)el o5 =7 #He-9t) 53,
PFCse] B89 AR5 $AAF 4ol
ch2r) wiel W20 S4e] 2ahE Bev) 9l
o} 3M®] PFCsEA AJAbFA] Al o F, 2000
2ol Sulfonate-A| Q2] PFCs(Z, PFAS): 23] 0]
A ¢k9kA9t Telomer-AlY PFCs (&, FTOHs$}
I8 ¥E| 7]ql& PFCAs):= DuPont, Asahi Glass,
Daikin 502 88 LA oz 09 Aoz oy
A o (Kim er al., 2007). B4, A3 1 2
s)4bE (PFCAstF PFSA)E 75540 thzm=
A A5 @ zelse] 244 Yok gk
237] A AT7EAE A% AafH
2A71¢0) Bt daslelol de WA 3 o
T+ PFOAS$} PFOSERl 38t=|= ko] ik
AR, F8 =&72W 7|9 xrt FrtE o} gt
21 =7 83 PFOA, PFOS2 Q450 AN T
Mot ofd A2g F8 dup §-3]
A S QA gt Aoz g8, AW,
THE & 5T xFol i dart gt
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Appendix
Chemical abbreviation Chemical name Ingredients
PFCs Perfluorinated chemicals PFAs and precursors
PFAs Perfluoroalkylates PFCAs and PFAS
PFCA-based precursors fluorotelomer alcohols FTOHs
PFAS-based precursors sulfonamide FOSE, FOSA and so on
POSF-based substance Perfluorooctyl fluoride PFAS and sulfonamides
FTOH-intermediates Fluorotelomer (unsaturated) carboxylic acids ~ FTCAs, FTUCAs
Group Chemical abbreviation Chemical name Chemical fomula
PFCAs Perfluorocarboxylate (s) F(CF»),COO-
PFHx Perfluorohexanoate F(CF,)sCOO-
PFHxA Perfluorohexanoic acid F(CF,)sCOOH
PFHp Perfluoroheptanoate F(CF,)sCOO-
PFHpA Perfluoroheptanoic acid F(CF,)sCOOH
PFO Perfluorooctanoate F(CF,);COO-
PFOA Perfluorooctanoic acid F(CF,);COOH
APFO Ammonium perfluorooctanoate F(CF,);COONH4
PFN Perfluorononanoate F(CF,);COO-
PFNA Perfluorononanoic acid F(CF,)sCOOH
APFN Ammonium perfluorononanoate F(CF,)sCOONH.
PFAs PFD Perfluorodecanoate F(CF,)yCOO-
PFDA Perfluorodecanoic acid F(CF,)eCOOH
PFU Perfluoroundecanoate F(CF>2)0CO0-
PFUA Perfluoroundecanoic acid F(CF2),0COOH
PFDD Perfluorododecanoate F(CF»)1COO0-
PFDDA Perfluorododecanoic acid F(CF,);;COOH
PFTD Perfluorotridecanoate F(CF»)2COO-
PFTDA Perfluorotridecanoic acid F(CF»),COOH
PFASs Perfluoroalkylsulfonyl products F(CF2),S02-
PFHxS Perfluorohexane sulfonate F(CF2)6S0s3-
PFOS Perfluorooctane sulfonate F(CF,)sS0s-
PFDS Perfluorooctane sulfonate F(CF2)10S0s3-
FTOHs Fluorotelomer alcohol F(CF,CF,),CH,CH,OH
6:2 FTOH Propadecafluoro-1-octanol F(CF,CF,);CH,CH,OH
8:2FTOH Heptadecafluoro-1-decanol F(CF.CF;);CH,CH,OH
Precursors 10:2 FTOH Unadecafluoro-1-decanol F(CF,CF,)sCH,CH,OH
Sulfonamides F(CF;),SO;-R
PFOSA Perfluorooctane sulfonamide CsF7SO,NH;
N-Et FOSE N-ethyl fluorooctylsulfonamidoethanol F(CF;)sSO,N(Et)CH,CH,OH
N-Mt FOSE N-methyl fluorooctylsulfonamidoethanol F(CF»)sSO,N(Mt)CH,CH,OH
FTCA Fluorotelomer carboxyl acids F(CF-CF>),CH,COOH
Intermediates FTUCA Fluorotelomer unstautratged carboxyl acids F(CF.CF»),CH=COOH
N-Et FOSA N-ethy] fluorooctylsulfonamide F(CF;)sSO-N(EtyH




