ISSN(Print): 1225-7672 / ISSN(Online): 2287—-822X
DOI https://doi,org/10.11001/jksww,.2017.31.6.491 |

%

= A He|= ISk -HiT O Of i
oL L g3 tEskiEiE =X R volkd &t
Distribution and Risk Assessment of Perfluorinated Compounds
(PFCs) in Major Drinking Water Treatment Plants, Korea
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ABSTRACT

The chemical structures of perfluorinated compounds(PFCs) have unique properties such as thermal and chemical stability
that make them useful components in a wide variety of consumer and industrial products. Two of these PFCs, perfluorooctane
sulfonate(PFOS) and perfluorooctanoic acid(PFOA), have received attention and were the most commonly detected. In this
study it was analyzed the concentrations of 8 PFCs in samples were collected from drinking water treatment plants for
5 years(2012-2016). PFOS and PFOA were also high concentration and frequency. The mean concentrations of PFOA and
PFOS were detected 0.0026-0.0069 pg/L and 0.0009-0.0024 pg/L in samples from drinking water treatment plants. These
were relatively lower or similar compared to PFOS concentrations in Osaka(Japan). In general, these levels are below health-based
values set by international authoritative bodies for drinking water. These results will be serve as the first monitoring data
for PFCs in drinking water and be useful for characterizing the concentration distribution and management of PFCs in
future studies.
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FAH0: Yoy, WA IA20tETHT|-HGUSFEATY, AStleiEE, =8t

A PFCs9] AME-S FAIST A E AL 42 %
stal skar 9lom EPA, EUOlA+= PFCs A& Al
gt = FAIREE mFASEATE (NICNAS, 2013). 14
g ot &3 5 EOoMAloF wTkel A= PFCs AW Sf
A7t obd PFOSe| thgt AR sk vzt s
ojw, QA A4 9 MiF SR AP7IZE AA
&2 AL E Aoz oAtET) (Table 1) (Domingo,
2012, Hekster et al., 2003, Law et al., 2007).

LM 2

IHE3SFHE(PFCs)> )= 3MALO A A &84k
A8l AS ARESE o] At 50-60 FQF HUE f
Al o] FEE FAkEeIY u Aol AREE oA %%
t} (Lindstrom et al., 2011, The environmental Working
Group, 2003). 1960 At HE &l AZof A PFCs &=
PFOA7} A& AEH Y SN B+ 4 &4
&2 FRISFHTHCui, et al.,, 2009, Hinderliter, et al., PFCs= Elalano] Zaazlalo] Ba7h obA3] 2|
2006). o] PRCs®] HHH4L ol SRBA W gy spmspmeCFae £8NE7I0s E1
20008090 SoiH PRCS® A8 & 27, 2= AN cooyt Agrn g Mn Uk o4y B3t /18
A7) AR 55 SEHEAULYNIONASSL o iy s
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Table 1. Time course of important development regarding PFCs exposure and health risks

Year

Event

1947 PFC production starts at 3M plant in Cottage Grove, Minnesota.

1956 PFC waste is deposited off-site from 3M plant.

1962 Internal Dupont document raises concern about health risks.
1970s PFC vapor pressures and water solubilities are published in chemical handbooks.
1978 Monkey study reveals immunotoxicity and other adverse effects PFOA.
1980 Organic fluoride determined in serum from production workers.
1981 Concern is raised about birth defects in children of female production workers.
1987 PFOA carcinogenicith is reported in rat study.
1993 3M begins to monitor PFOA in serum from production workers.
Mortality study shows excess occurrence of prostate cancer.
1998 Serum from U.S. blood donors is shown to contain PFCs.
2000 Persistence and global environmental dissemination of PFCs is documented.

3M announces plan to phase out commercial production of PFOS.

2002 PFOS phase-out at 3M is said to have been completed.

Health risk limits for PFCs in drinking water are issued.

2008 Mouse study shows immunotoxicity at serum PFC concentrations similar to human exposures.
2010 Decrease of PFOA emissions by 95% is said to be completed.

2011 PFOA induces delayed mammary gland development in mice at low exposures.

2012 PFC immunotoxicity is reported in children.

Q1t} Prevedouros et al., 2006, Shin et al., 2009).
PFCs = 87]19] &t4E 7}X|&= PFOSQ} PFOAE= A1 A
9 78R FEsleol P Aol BT 41 o]4to]
th o]2|gt o|f&E PFCsHt} 2| thARA|?l PFOSQt
PFOAC] tslf F==aff gkar, W& A57F Y= ]lct
(Martin et al., 2002). PFCs %= PFOS+= £3] st wj&
H o Al HED 4 Qe 54 vl 20009 5
2E5ZFHOF AR FAEF oA IR f71 e
= A (persistent organic pollutants, POPs)2 EHF & ich
(Kim and Lee, 2010). 2] 97} Q% ZH(Yodo
river) -l o] A] PFOS@} PFOA: 717} 0.123 ug/L2} 2.6
ngL® FEE A, 53] PFOAS Z-¢ H==olA
0.598 ug/L7b4 AZE 9T} (Lein et al, 2008). EPAY]
A= PFOS, PFOAS 68 UCMR 3(The third
unregulated contaminant monitoring rule)of 3Z$HA]A
201320150 HUEPESE $3q5H . HilsE=
0.01~0.09 ngLoln FFFLAMA HEWE=
PFOA(2.4%), PFOS(1.9%), PFHpA(1.7%), PFHxS(1.1%),
PFNA(0.3%), PFBS(0.2%) <:0|¢lt} (EPA, 2017).
Boiteux(2012)2 10Z£2] PFCsE A4 ZUEHHS 3
S PFHxA(0.004~0.125 pg/L), PFOS(0.004-0.022

g/L), PFHxS(0.004~0.018 pg/L)s-C 2 HAEE o] thE
9% =lel vlae AYHS AT (Fuii et al,
2007, Atkinson et al., 2008).

Giesy and Kannan(2001)-2 AJA+ @ AH| X1} HE
Wojzl Aol HE U PFCs7} AEHTh: Mo F
=513 PFCs9] 4717 o5 4 ATE Fo) F8 olF
AR E A|A]5 T E3F Dinglasan et al., 20042 &5
PFCs7} H-4<1780] 2ol 712 B4 olFaALt
NE3 E2 e =282 U=(fluorinated telomer alcohols,
FTOHs)o|Y «E A (sulfonate)T} S A& 0]
715 o A o5 5 US5S Bkt 3
TS 712 AF=4E ol Fo ti7l4kshig<
&l F24/do] A3t PFOAY PFOSEH= 71 A& FH|
2 HpHo] 3hHof S2F )

PFOS9| 7 Hulof|A 2002 FE ARE2 ©A 4
o2 Fustglon s HAEEHE w7 S0l
a1 @t} (Calafat et al., 2007). S}A|YF ==+ 5 7=
Aol A= o8] AREshaL Qlo] A7 AQl 2 e ¢
Hes BA5H7] fls HUEHY A AEH o=
o] oA oF gt}

PFCs @ ¢of T3t HUEY At ejitnto] ohugt
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Fig. 1. Chemical structures of PFCs.

U A= e 7HA AL 2PESHA] AR AL ik ek
gk mjAoll A 2] PFCs UE R A77F e ool A
o PFCs BUE T A Alele vlg- ARk ol

& e A 8 A desitte S 24
£ 53l A AFE BUIshAL 5 A5 2UE
B AA S AgE W vhs s AAE U

Fig. 1of] yrepdl A3t Zho] v2alela-e dHestare]d
B 584 vke7] Z5Fof wt perfluoroalkyl sulfonate
(PFASs, CF5(CF,),S05)2} perfluoroalkyl carboxylates (PFCAs,
CF;(CF),CO)E U= = Ut} PFASso]l+= perfluorohexyl
sulfonate(PFHxS), perfluorooctyl sulfonate (PFOS) 5-¢]
323k, PFCAsof+= perfluorohexanoic acid(PFHxA),
perfluorooctanoic  acid(PFOA), perfluoroheptanoic acid
(PFHpA), perfluorononanoic acid(PFNA), perfluorodecanoic
acid(PFDA), perfluorodecanoic acid(PFDA) 5-¢] lth

H HILo] A= PFCs &= tj# &)= PFOSQ} PFOAE
T 850 BERAL Fig 10] Lehon], Ao A
L& 2000 mg/l =2 LYste] 100 mg/L7} HE2
s|xate] AFgslTh WREZELL UC,PFOSS}
BC4-PFOA Q] 50 mg/L = YME LJste] 100 pgL=
5|4 3ko] AHgster
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Fig. 2. Locations of sampling sites for PFCs.
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2.3 2AHH
2.3.1 Tx{2[dH

ARl Y EeES AASH] s 045 im &
B & AR5l o33t & EPA method 537 als)
of A FE(SPEyH R A 2|sl9irt. Oasis HLB
ZIEZ A vt SRFE o183t 24911
% 500 mL A|2E 5~7 mL/min®| &£E2 F3pA Zich
Ak tAR AEHAE XA F S o8

stol 3, wEstol BT

Ol

bS]
~

Mz

2.3.2 7|712M

LC-ESI-MS/MS© 2 EA313 10 mM opA| EARST
g ols/d= ARSIk 8% PFCs BF Al+o]
(precursor ion)°| [M+H]- Fejo]al, 2}z 2|2 o] %
= o U= 22 Aol - BHlste] Aeksteitt. 7
4412 0.005-0.2 g/l FE=R oAl AF2HAl G 0.998

olFel A4S eI PFCs 852 WRHET
Al(Method detection limit, MDL)2} & &F8HA|(Limit of
quantification, LOQ)E table 20| |5}t & 4A¢
oA 5t HESHA HEl+= 0.0001~0.0007 ug/L, A=
$HAl+= 0.0001~0.0023 pg/L WS Yebilch He
S (Accuracy)@} A = (Precision)«= 22} 73.2~97.5%,
1.3~14%= elytch

2.4 o= 7}
2.4.1 2oz TIt =X}
fleid Bkt edEdo] e A=E QA
ERE W UEe ¢ e A 9% A8 B
HgHql Wom FAsks Tolch sl mad
I [ EE P EE DR
(NRC National Research Council)oj| 4] 11918t HlHH o
24 Byl Ax2= A HAE YA Fel(Hazard
identification)o|t}. o] A AL BE A5 A7}
FEATANE Tt A =ERE WE 7HY
sto] YA ERlgtty = WA dA = 8353
7Hdose-response  assessment)of| A= H[¥HA E2T}
*
]_

drolx 2218 LB3le] BHylsith A WA whAl=

23 7Hexposure assessment)i EE2E 4 Qe oheFst

ARst g A%, /10 S8 Defstel 28 o
3 QA BT BRI o9 TAL B

2 etsle] $Jsl=E ZAA(risk characterization)ch,

AA ety 4ol diaii= 7Id4 5 309 &
oF +EES Y HFFTozH WA 7St Bz

IHEHF QI3 = (ECR, Excess cancer risk)S =43}

ECR = 4 3]2or A 2 (mg/kg-day)”

1A == S (mg/kg - day)

A vy =4 S diside e ML
AFigeo=A A7 I8 S AR,
Hazard Quotient)2 37431t}

HQ = Q1A =& (mg/kg-day) /

A3 =& F A (RID)(mg/kg-day)
AFA QL WA B =23 AX|(RID, TDI, ADI

57k ANEe UA e AgolE SAEH PoD
(Point of departure)2 ©]-83%F MOE(Margin of exposure)
2 71gkch MOE} 100 o8}el 74 R4 1 9]
WAl gl Aew Boja
A BreF 5/ E2Q1 PFCs9| 79~ EPAS] A|A]
wo] o= AFHiLX](0.000 02 mgkg-day)S ©]-&3}
iE & Fstel Brhshelc.

3_ 7:|J-1|. =1 ﬂ’g

3.1 &REE] Z=A Znt

& dollde 5 Fe A= A= 7071 el
i3t 859 PFCs HE A= A 9E=E Ur"°1 Fig.
3@ o Yetdelch 2 A9 Ao d3E s5E
Hlus] EH A7} 91 EHEA]QJ 342 PFCs]
Tt =4 YEtsth HEEH & PFCs =5 Hlu
SHH AN A > FARA ST A> A > 7
7> A E>F A F E>F A E > QA A A A S A>T
AAA P E> A e R E>FFASA| A 202 e
prg=

53] PFOA7} A9 2= Ao Ao A =4 Ut

o BARA|, AR, AAPSE A9 of| A N.D.~0.0971
ug/L, 0.0065~0.0368 pg/L, N.D.~0.0995 png/L z+z+e] #

SHAE B9, FHHa2 0.0152 pg/L, 0.0201 ug/L,
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Table 2. The QAQC results of PFCs

(b)

Fig. 3. (@) The concentrations of PFCs detected in drinking water treatment plants; (b) percent distribution(scaling up to 100%)
of PFCs.

Group Compounds MDL (pg/L) LOQ (ug/L) Accuracy (%) Precision (%)
PFOS 0.0001 ~0.0006 0.0004 ~0.0020 76.8~93.1 2.7~6.1
PFOA 0.0001 ~0.0007 0.0004 ~0.0020 85.3~87.1 3.4~8.4
PFHxS 0.0001~0.0002 0.0001~0.0005 86.5~97.5 1.3~3.8
PFPA 0.0002 ~0.0005 0.0007 ~0.0017 74.5~87.1 3.1~9.5
PRCs PFHxA 0.0001~0.0004 0.0004~0.0014 76.1~94.4 5.0~7.7
PFHpA 0.0002~0.0005 0.0007~0.0017 73.2~92.2 3.9~5.9
PFNA 0.0002 ~ 0.0007 0.0007 ~0.0023 83.0~95.0 3.8~6.3
PFDA 0.0001~0.0004 0.0004~0.0015 81.1~91.3 2.2~14
0.0188 ng/L o] Ath PFOAQ} PFOSZTL o] 24 EXS |9¥ PFCs 235 R PFOAE tEE9] X[ of A
g dAAIZA P9 SOl =] Sl FOSEs =2 XS H3om PFOS, PFHXS= A9t SA4E
(fluorooctylsulfonamidoethanol), FROHs(fluorotelomer alcohols) ZolA 7Y =9kt} (Fig 3(b). AEE 40%0]|AH] a2

S} o ATEYo) B, ekl YrAe By
52 ANEA B3 BHE A&Eo] Bt F7 A

Q=9 PFCs &4 2475 Hlws] =¥l fguyzte}
Hl%ﬁi 7836&% Rom FE=o A= PFOS2F PFOA
R o AhAl ] SR
PFOA%} PFOS7} ZJ'ZJ' 0.0023 ~0.084 ng/L, 0.0002~
0.022 pg/L AE% Zo] 1o (Takagi et al., 2008),
b=t FAAFE $£FE594 PFOA”F 0.0045~0.039 1
g/L AZE ) (Post et al., 2009).

Q] FE=olA PFCs HES w2 4847
ZH/do] wot AAdH o R FafE7] o] YL (Post et
al., 2009, Post et al., 2012) T§F Lt A2 1149
A SuFe] PFCsE At os A|AsH7|7F ojg7|
(Lin et al,, 2009) W&ol Aoz Holth

PFHxS(40.6%), PFHXA(68.4%), PFHpA(43.5%), PFOA
(61.6%)0] ™, 20% oA} 40% nulut AZH FEmo
PFOS(31.6%), PFPA(37.9%), PFNA(34.2%) ©]t}. 20% 1]
ukS PFDA(15.8%)°] T} (Table 3).

FlEH=E7t
3.2.1 Y &l

PFCS% ghaol Eavt

AgEo] 9= 3
] okol 3}

Sol JsiAE Baj7k 414
AR o] A mA, AEA oA 7
vt BBl E waE Hum eI
of gt #2 A7 FY wE2 D2 ol
" BRAYS o83 B 2w B4, 1t ol
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2 3 =(EPA, Environmental Protection Agency)2]
AAC oJsiA Tetd =83 vTdd =8 &
t}. Table 404 L0l IARC= SEAF
e WA 4 ks ARt FAZ Juos
PFOAE Group 2B(217tof|A] 2t 71440 )=
F3Th EPACIA FAH oz HobgS BRslA] gt
ou nlat B4 23 (ATSDR, 2015)94 =
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3.2.2 YHLASE X S-USEIL

=

HdkolA E28 2k X|(RfD, Reference Dose)3):

& 59l W=
o] §l= 03‘5':—’?%94 2317
ol A s FASH(HED, Huaman Equivalent Dose)o|L} -
88 2l 8% % 7P e 84S e
W @R AATAFES BEAA A(UF,
Uncertainty Factor)2 4 7113t grojtt. EekAAdL <l
7k ko) = WS}, =i Q17Ee Zpol, A F
o] I Hugh k=E7|7 T aLEste] AR
2 slgo] e S AHels] al Hgk
EPAO A= 77} H 5 4= (HA, Health Advisories)S AF
2319y =A%t A7ty ]i/q 7&111]%4 o] 4]
1 J)%d ol £ BE o2 2 1=

Zolgbal 7pgetal BAEH 07 obHS 2S Zﬂ*l
S} Zlolth. et Table 4] Lhebyizol
PFOA$} PFOSQ] 571 0.07 pg/l 0]81e] A4 %_‘*3%0&

o, I

Table 3. The number of total samples and detection rate

of PFCs

Group | Compounds | total sample |detection rate
PFOS 296 (31.6%)
PFOA 577 (61.6%)
PFHxS 380 (40.6%)
PFPA 937 355 (37.9%)

PFCs D EE——
PFHxA (2012-2016) | 641 (68.4%)
PFHpA 408 (43.5%)
PFNA 320 (34.2%)
PFDA 148 (15.8%)

waEleehe A7ol) orelare wA|A) ehech A

e,
_ HEDyopg ot HED gy,
RfD= UF
_ (NOAELor LOAEL or BMDL) X BW
HA= UF < DWI < RSO
3.2.3 =4}t
PRCs &9, 47, 7Red 5 O3t 42E 5

3 QA= =EEHAN AFeso] FH E2A4RR
o AFsta 9tk EPAC|Al= PFOA, PFOS©] Wi-E A}
tj & 7)o =(RSC, Relative Source Contribution)S 20%
(02002 Farstal Qlow, AFOJFEPAA A=
UA F =2F F AFEol 7]9%k= Hl&< PFOA
40%, PFOS 15% AE& BHrlsta glrh 2 AtoAs
g o]0jo] ogielo] T EAISHE A At
A 716 8(RSC)2 PFCs 25 10%=2 #]-8-35}4ch
ARwEFS AEN] 918 2 =S5 38
2 0]83F Monte-Carlosimulation< 754,%—’6‘]-9&@.

B2EE

RYAI AETA VRl Ao, B Ao B
= gol lelofsb] el WEel A|Ee ol 0o
T 3E AL

FEAY Al 9 = AFF B eR v
FAFEAY] = AFF(1R, 200 m) B AlS(ke) A+
EZHE SAS EAZz oz A&t 1 7&4
2 A dgY A = @HE* ZALY] oA
36,9680l 1, B 23 LE 243l= oz APEQ
Atk AFo HS- A 1‘4%%4#% 38,7787 0] a1, A
Ay HA A|FS 56 kg 2 AASFIT)
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6

A& A H7HE 9%t 2 3(GEMS/Food-EURO,
1995)of| A AAIstL e E2dEAES] AYS
<AR sto] 2 dAFolAe AEE 20~40%00 3
8l 22 PFOS, PFPA, PFNA 3% tsA] 24
2 Ao et HEE 20~40 %2 =4S gkl
12 A%34 (LOD) 32 AFE-3l9ch Ar&sh oo

3.2.4 fleli= =

9w W ol & Ase] BE RRE o] g5tol
Monte-Carlo simulationo]] 2]3t Qja|=o] SFELZLE
AR5t A2 JdUEF-ZHLADD, Lifetime average
daily dose)S 417 A2 T EFRD) .2 o]
HFEA e AFE S tH(Table 5).

pp. 491-499

=g 7 BAEE gl osth%gts A8k
% 7bshodet.

; _ CXCRXEFXED T :

dw BWXAT . | 8

- i i T g

L: Q1713 Z 2K (mg/kg/day) 1

C: BB 0T (mgl) g™ T‘ T

CR: 454 3|2 (L/day) = L

EF: Bt A7t e2 Y (days/yr) ooy g

ED: B x=-%7]7Kyears)

BW: AZ(ke) W saim

o
2
AT: BAY=Z<U(days) Fig. 4. Comparison of Hazard Quotient(HQ) by water in PFCs.

Table 4. Dose-response data via ingestion for PFCs

Group Compounds IRIS/IARC

RfD mg/kg-day HA pg/L POD mg/kg-day
PFOS - 0.00002 0.07 -
PFOA -/2B 0.00002 0.07 -
PFHxS - - - -
PFPA - - - -
PFHxA - - - 50
PFHpA - - - -
PFNA - - - -
PFDA -

PFCs

Table 5. Human exposure dose and Hazard Quotient(HQ) of non-carcinogens for PFCs

detection rtate pollution level (ug/L) LADD (mg/kg-day) Hazard Quotient (HQ)
Group | Compounds
(%) aver. 95th% aver. 95th% aver. 95th%
PFHxS 40.6 0.001 0.004 2.14E-8 7.13.E-8 0.001 0.004
PFOS 31.6 0.002 0.007 3.01E-8 1.06.E-7 0.002 0.005
PFPA 37.9 0.002 0.008 3.00E-8 1.26.E-7 0.002 0.006
PFCs PFHxA 68.4 0.003 0.013 5.11E-8 2.09.E-7 0.003 0.010
PFHpA 43.5 0.002 0.007 2.50E-8 1.11.E-7 0.001 0.006
PFOA 61.6 0.005 0.022 8.16E-8 3.45.E-7 0.004 0.017
PFNA 34.2 0.001 0.004 1.41E-8 5.80.E-8 0.001 0.003
PFDA 15.8 0.000 0.002 6.52E-9 2.94.E-8 0.000 0.001

497 e

Journal of Korean Society of Water and Wastewater Vol. 31, No. 6, December2017



8%2] PFCs= 1|
(HQ)7H WHO 3] =
Sfth SeluERE, 27, G4, 94 7IEhE ¢
N Fgstatd B2 ANt HIeE
4 B BAREHGD S 25HA ket (Fig 4).

E3E S F9 A4 PRCs ZAPATHE S 4
A7 D AR AHolR e E2] WHO 5]
S92 11051545 > 0.)S
M| ¥R AT BAE okl o wu
g}l thel PRCs 9] F&Hlws}l wa] oz 2]
A9l mUEPS Fa QA gafeiite] g Bt
"ag How ArHth
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0.0971 ug/L, 0.0065~0.0368 ug/L, N.D.~0.0995 yg/L
Azt AEWAE RAT, BREE 00152 gl
0.0201 pg/L, 0.0188 pg/L ©] it}
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daily dose)& A3 5= LEFHRMD) = LH0]
b Ed fddks A=t dolde vt v
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