J. Soil Groundwater Environ. Vol. 29(5), p. 27~36, 2024 https://doi.org/10.7857/JSGE.2024.29.5.027

< Research Paper > ISSN 1598-6438 (Print), ISSN 2287-8831 (Online)

AT - 2AS9E - MR - BOE)° - AX[H! - BSEH - ZERS S - 2HQIAY - OFEIA 123 %
grfetar fatel 2vhEAElF el
2glokfskl ERICA A3t}
st ekl BAEBFAE g
g s d-g3sta

Derivation of Predicted no Effect Concentration of Perfluorooctanesulfonic
Acid (PFOS) in Water and Soil Based on Species Sensitivity Distribution
Considering Mode of Action

Sang-Gyu Yoon' * Woo Hyun Kim? * Yu-Jin Jung' - Dahee Hong® * Jiyoung Kim'
Sung-Hwan Jang'?? - Tae-Woong Kim'?* - Thn-Sil Kwak® « Jinsung An"***

! Department of Smart City Engineering, Hanyang University, Ansan 15588, South Korea
’Department of Civil and Environmental Engineering, Hanyang University, Ansan 15588, South Korea
*Department of Civil and Environmental System Engineering, Hanyang University, Ansan 15588, South Korea
*Department of Ocean Integrated Science, Chonnam National University, Yeosu 59626, South Korea

ABSTRACT

This study, estimates the predicted no effect concentration (PNEC) for the protection of organisms in aquatic and soil
environments, considering the mode of action of Perfluorooctanesulfonic acid (PFOS). PNECs were derived using the species
sensitivity distribution (SSD) approach to estimate the hazardous concentration for 5% of species (HCS), with applying assessment
factors. Chronic toxicity data on PFOS were collected through the USEPA's ECOTOX database and literature reviews, and
classified by toxicity endpoints. PNECs were then derived for each of seven toxicity endpoints that met the criteria for SSD
fitting. For aquatic organisms, the PNEC for PFOS, based on all available chronic toxicity data, was determined to be 0.53 pg/L.
The PNEC:s for development, genetics, enzymes, growth, reproduction, population, and biochemical biomarkers were 0.28, 0.43,
0.83, 0.90, 2.17, 111.17, and 3.53 pg/L, respectively. The lowest PNEC was observed when the toxic endpoint was set as
development, which is considered to be due to the mode of action of PFOS, known to cause developmental toxicity by disrupting
the endocrine system of organisms. For soil organisms, toxicity data were insufficient to estimate PNECs for individual
endpoints, so all available data were used to estimate a PNEC of 0.75 mg/kg. Estimating PNECs that consider the mode of action
of contaminants is expected to reduce the likelihood of underestimating protection levels for environmental contaminants.
Additionally, this study highlights the need for ecotoxicological assessments for individual toxicity endpoints of emerging
contaminants, including Per- and polyfluoroalkyl substances, in soil environments.

Key words : Per- and polyfluoroalkyl substances, Emerging contaminants, Risk assessment, Ecotoxicologically acceptable
concentration, Ecotoxicological assessment
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ST 5 BRI AFlA ARE ] $ith(Xiao et al,
2020; Whitehead et al., 2021). 1 % &3}k E 4}
(perfluorooctanesulfonic acid; PFOS)= 871¢] &4 =4
I} &FAOF o]Fo)R PFASS] HEEZE F V=R A
37, Askr B EY T ohdst S0l AEE
$Jo](Xiao et al., 2015; Dhangar et al., 2020; Jarvis et al.,
2021; Joo et al., 2021; Li et al., 2023), PFOS7} ti’d
750l Mfske AEENA HIXE FHAQ] Fl gk
Ailo] Z7tslar Atk(Saikat et al., 2013).

PFOST ©hide] ZsHAl At o= o, A= wol
Ao s2F Alxade) JFS mAe HEHIAl at
A7 4R ItkSalvalaglio et al., 2010; Du et al., 2013).
wEba], AEol] tigk PFOSY] 542 W (development),
AH(metabolism), T & (immunity) L A2} (reproduction)
5 U 549 8 4= AthQazi et al., 2009;
Yue et al., 2020; Sant et al., 2021). &3}, PFOS= €4,
S5 QPgAde] Sslel F15Ral, AR, Bsle
gk Ado] =ob 8 Wi A Zali7t ofeleH, A
Well A Fidos 5439 31 wx7]|E 71Kl Ao
2 A 21o](Olsen et al,, 2007), SFEZIQ] 44 2 &k
AeAlS] Hejol i 84 W A=5S Bestr] Sl
PFOSe] theh Aejisiids 7k dael ot

olell 2009 7=l ~5E&F FH(UN Stockholm Convention
under Annex BPIIA ZERA 7] 2952 (persistent organic
pollutants; POPs)Z 750 A AAIF oz TAZ HE
E4=2 SA= AT (UNEP, 2009), 75, EU 5 B2
=7l A PFOSE AFed=d= g8t BEletar 3l
THLiu et al,, 2022). 18 = B33 vid B2 4o
PFOS7F 748 2 E ARiAIR viE=ar Sle Aotk
(Wang et al., 2017; Park et al., 2023).

durE o s i LAEHe Al Bt Al
o 28 O] AeiEgdatd oz s8rksst 49 wE,
= A5 SAGT] YA g=tal d&5H=
3 F 0EEAS] =R Y45 F9F F=(predicted no
effect concentration; PNEC)YE- AP 3$HHZheng et al., 2024
Wang et al., 2024). PNECE= URBF 4] 2 B AES
o gk A=A HHEEARE T8k, F e
-3 (species sensitivity distribution; SSDYE &-8-}] XA
BEFO] 95%= o 7 = 2] 52! 5% hazardous
concentration (HCSyS =3+ &, =&% HC59 B34
S RBAsLr] 913t B 1A S (assessment factor; AFYS -85}
o Agst = QIth(Lee et al,, 2020, Zheng et al., 2024).

PNEC 2HgS $1% SSDS] &8 Al ARH= thdst
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AEEC] 3t AelSAA R E YubEog tofst A%
T AHEAAY AuE 2T Edske] &8sy
(Kwak et al., 2020; Liu et al., 2022; Razak et al., 2023),
AeEggte] AEAR ST EHA AE(survival), 47
(growth) % o] oigh Ae=d4d A9vs &85
thJin et al., 2014). 2L}, o)A 8 e dEZde] Fa
547138 183A] ¥l SSDE EAIBkE Y-, =&
HC5 2 PNEC7} #4372 Aol Atk Jin et al.
2014y Z=+ A<= W nonylphenololl thadh AYef$iaiAd
Q7= & A=, A, A2, A3 (biochemistry) 2
B E8H(molecular biology)yd SIAE SAASLHOZ
3 AE)EAARE 315k] PNECS 42HY3 v} glom,
FAER Aol WA 2 AAEES THAARIgar
2% nonylphenol®] 8 5437133} FAHI 548%F
o] A2l B9l 7FE B PNECE YRS SRl
Tk Liu et al. (20162 <Al W diethylhexyl phthalate
(DEHPY] et RS HE =78 Hr1sh] 28] A=,
g, i, A, s 1 BAESHY QLS 54T
o2 gt AR AEE T8t 5854 H PNECE
P48k vl 9lom, DEHPS] F8 5/471%1%0 A21e] 79
o] 7 w2 PNECE UERHS SISt whahr] ABEFl

AEZY 547148 18$ PNEC 2P ald
4 RoEe] dagr /A s siag
HAEEZ gl 2GEHo] AENA vx=
P AR o 2 A4S
1oL 2124 Q1= PNECE 288 ZaAo)
- Zhang et al. (2024y> 7] Aol g PFOS
T W AR A A9E &85l SSD EAE

PNECE 4Fg3t v} 9o} EF Aol tigh SSD
7|9+ PFOSS] PNEC 4Hg =3¢ u} gict.

2 A7 5352 A4 2 ES S0l gk PFOSY
=718 a18ske] SSDE 7Hko z AejEAdstE oz
587153 PFOSY] %2 PNECE AFd3sh= Aol
ol f8ll Al 2 EY AESC] tig PFOSe] AE=
AAEE Rt SATEE HE EREh =3 AA
AEEA3418 2 5452 8 SSD BAIE B3l 2HE
PFOS®] PNECE HluitAste] 7] 2 E AESol
tigk PFOSe] 54 F3ks st
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Table 1. Criteria for acute and chronic classification based on
toxicity test duration for various species

. Exposure time
Type of organism References
vpe oT o (day)
<3
Algae 53 OECD (2006a)
<21
Plants OECD (2006b)
>21
Crustacea <21 OECD (2004),
>21 OECD (2012)
<28 OECD (2016a),
Mollusca > 28 OECD (2016b)
Fish <28 OECD (2000a),
>28 OECD (2009)
Amphibia <3
(Tadpoles (larvac)) 3 Johnson et al. (2016)
Insect <20
(Chironomus dilutus) >20 MeCarthy et al. (2021)
. <2
Rotifer - ISO 19820: (2016)
. <14
Annelida OECD (1984)
>14
. . <28
Microorganism _— OECD (2000b)

37 X & % (United States environmental protection
agency; USEPAYIIA] A= ecotoxicology knowledgebase
(ECOTOX)ollA Ael5A A=E 33 19 A=
54 A5e §FHRAIFAA AT gz 1 2%
B0 ZAd9Fe] FAA = AESHoE Fostk 2}
o7} Ueh K] ¢F= a1 =& 52 F-938F5 %= (no observed
effect concentration; NOEC)°|t}. NOECE AHE-lA] -3l
gt FEFS VAR g 7HY =& =5 Ve, 24
B3 E 95k B42 Wrte)] o] ot o]%, ¥
NOEC A5E 5443 717HS 1183} (Table 1) =-
9 A=A B2 FESA(Wigger et al., 2019), T
=4 AERks g8ste] A W AesAdsiE o= &
7Fs%k PFOSY #%E 23t ol wHd=A A7}
FAEA AR vl tid =S tig 2dEHY]
SAQTFE o WAl YERH, PFOS7E A=l Al
Hx= 7140 5A9ES vHdsly] wiEo|th(Smith et
al., 2015; Park et al., 2020; Wigger et al., 2020; Chung et
al., 2021).

EF Ao tigk PFOS AElEA A== ECOTOX
A AFEA gorF Web of science oA EHZALS
F35le] PFOSell tigk NOECE 433tk A 719l=x=

p

o, oX

op

E 7 A © B W BHEE S EE2HPFOS)Y] dlS e 5 4HY 29

“PFOS”,
sensitivity distribution”, “risk assessment”, “soil”, “NOEC”<}
e 719=S Ol =3t £3S A4Ad 1 2
3} FuE 2AS A0lsT & 16319 2Ho] Adse.
o, EG AEE B SA4TEH HE FREste] Aok

“perfluorooctanesulfonic acid”, “SSD”, “species

2. 2! PNEC &FY
SSDE T =S v oEAe) At EE
A ] BE BE NS FES HCSE 2l

HPHo Tk (Sorgog et al., 2019; Naaz et al., 2023). SSD

S 485 55 oPde] AES tigh S/dAE.0]™ (National
Institute of Environmental Research Notice, 2021), ¥ -
o T i 7L WESE SYFDH Y PFOSY
tigk vHd SXA1EE SSD tool boxoll H-831] SSDE
EAENL, BATEH ¥ HCSE =EI0) & Bl ulgk
NOEC7} efe] AHQ) A4 71515 ghe i %o 54
Azz B4} 0% =27 HCs) BEAIL B
A3l BrHAFE A-83te] PFOSe] gk 545 2EH
H PNECE AFE3th] 1).

_HCS
PNEC === (1)

H7HI= SSD BAE 98 4487 SEska
i Al digh tixEade] s RS Uidt SRS
F83 A 1, BRI} FEIA &g ot Al
tiat tisEAdo] BEF A9 52 283 = Qo) guk
ZoZ SSD TAIE 918t Ha 8718 vl o tlatgde]
FE5 Ao FrHAG 3& A8 4= UTH(Lee et al,
2020).

Kl
[

3. Zn %

3.1. dEiSdXtE F 20t

TAY] 7%, ECOTOXE 9 F 235819 S44k=
T MISAEE SR, 27, R, FHFEE,
FE Eel T 5650F ofFolA k. B3 6527119
NAEAEE T, -3 (genetic), 237, A, QAT
(population), &2~(enzymes) 2 AJs}ea] Azt F 771
5ATUHoE FEHAOH, o= HIE TS A
AAIE SSD EAIE 918k HA aU@RRT 5 oPhE
ek, Zbzke] EAE o gk A2 Table 20
YR

EoFo]l 749, Web of Scienceoll X &8 ZALE 53
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Table 2. Criteria for the classification of toxic endpoints

Endpoint

A

ssessment criteria

Development

The developmental period extends from fertilization to maturity. Pollutants can disrupt processes like early cell division
and critical growth phases during organogenesis, leading to embryotoxicity or lethality.

Genetic

Mutation involves permanent genotype changes not caused by genetic recombination. Cytogenetic analysis and sister

chromatid exchange are commonly used to detect genotoxic effects.

Growth

Growth is an index for assessing physiological status including length, weight, and growth rate, useful for monitoring

pollutant effects before an organism reaches its maximum biomass.

Reproduction

Reproductive success, essential for species perpetuation, depends on the normal functioning of the neuroendocrine
system and the reproductive organs throughout various reproductive phases.

Population-level endpoints are crucial in ecological risk assessments, focusing on the interactions between populations

Population and environmental factors. These interactions can alter abundance, age structure, distribution, genetic makeup, and
life history patterns.
Biochemist Biochemical responses to pollutants provide insights into toxic mechanisms and are indicated by markers like cholesterol,
ry triglycerides, and antioxidant activity.
Enzvmes Enzyme-based assays determine the quantity of a substance based on the reaction's substrate consumption or product

formation, such as catalase and alkaline phosphatase activities.

FRE B4 1 PFOSS SA4AEE & 9070t

FPEe 200=, Al 7 BT FETEE,
5, 0ROl F 11502 o]fox ot 549
A3E0]] et SAE ] W PFOSe] B SRRV}
FH3A o} SSD EAIE B HCS ©F Al HA] v
BARE 8o, HCSS &83 PNEC A4
Al F7HGE 55 A8tk

i

3.2. A ME0f chgt PFOSe| PNEC 4Hd Zz}

SSD TAIE 53l 2P E A A=) tigk PFOSY]
HCS 2 7SS 2838 PNEC 2F84%+= Fig 1 2
Table 30| UERTE 71 5452 8 SAEE A7
83t 73 PNECE 0.53 pg/LE AHgsich ohakst
=7 @ X9 $A W) PFOSOl et A& BE 58
0.13 ug/L-6.8 pg/Lo|™(Table 4), 02} 2o] =7} & 2o
A olg PFOSS] HE 450 EEFE A
g A Ul AAlEke RS, = A=, 3/HS 9
7} W (e.g., HC5 (95%), HC1 (99%)) 5] xtoldl] ¢
aff AT = ok E=gh A 2 54F58 H PNEC
S s BeEs w), 54T e 2 {7 A
PNECE 217} 028 pg/l 2 043 pg/LE AFgsion] x|
EAAFE E83lo] 2HgdE PNECO] HI| S+ PNEC
7F B ol A SRS &8st A AE
< B35 At Ael=38 88715 PFOSY w%
2 2k A, A AEC tiEk PFOSe] SAG S
713 7o) e-S oJvstH, A&l digh PFOS

AMAE =
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o] ZA7IAE 1l td FAATLHES ke g S
PNECE M8 H g 4ol 315 YERATE Qiao et al.
(2022y2 A BESo) 3 tris(2-chloroethyl)phosphate
(TCEP)?] S45TH HAIE, O, A1) s A3
AE Fxste] AFEEF A (joint probability curves;
JPCsys 5§+ TCEPS| AE) 9848 B7s 33 0t
AT EAAFTEH] A2 A, 7P =2 AElLlEids
Ueld o, of= A2l g ookt f3x 2 ol
3 A=z wEhs B3 AR AAsES AL &
Akl Ldedxl TCEPS] H4371%0) <3t Aoz =43t n}
AT} Zhang et al. 2024y <A1 &) th3l PFOS %
Ay g 2 2g, A, AE, 1 2 Ags
A 2z AeEAET AIHNOEC Z 10% effective
concentration (EC10))Z =33}¢] SSD TAIE &3} PNECE
2Pggt vl ATk E7HAIE 1 A8, JA S9AEE 83
74$- PFOS2] PNECE 3.02 pg/LoE yehton wgh o
37, A8, BE, B SR Q1A 22 0797 pglL,
3.93 ug/L, 133 pg/L, 434 pgLE UEh} SAETo]
g gl AgRRl 749 7P W PNECE UERES ERIgH
v} e} S F3 (Zhang et al., 202414 2FE PFOSY]
PNECS} ¥ Aol 24w PNEC AHdA7E vlws)
£ o, B dFore Bt =2 7 Ul PFOS R4S
et} o PNEC AHgdl S48 S48 2 7P
Fo] JFo g FYAHEIAEE NOECTH AR, 7}
A 3 A8, B3 B AFME 5AAFER 0] el
735, 7F¢ 2 PNECE UERT. ol 57 A9 g
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Fig. 1. Species sensitivity distribution based on NOEC of PFOS by toxic endpoints for aquatic organisms.
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Table 3. PNEC of PFOS for aquatic species by toxic endpoints determined from species sensitivity distribution

Endpoint-specific PNEC values (ug/L)

Total Development Genetics Growth Reproduction Population Biochemistry Enzymes
0.53 0.28 0.43 0.90 2.17 111.17 3.53 0.83
(HC5: 1.6)  (HC5: 0.84) (HC5: 1.3)  (HC5: 2.7) (HC5: 6.5) (HC5: 333.5) (HC5: 10.6) (HC5: 2.5)

Assessment factor: 3

Table 4. Protection levels of PFOS in aquatic environments in
different countries

Protection levels

Country of PFOS (ng/L) References
Environment and Climate
Canada 68 Change Canada (2018)
0.13
Australia (95% species ANZG (2023)
protection level)
25
s (Chronic criterion) USEPA (2022)
2.5
EU (Maximum allowable SCHEER. (2022)

concentration)

o] =4S WS = JE PFOSY Fwrt e F

= 2, & PFOSY F8 =447|do| W
=3 F ke AS o]t Toft et al. (2016 PFOS
7} HiRES: et W 521 "ol 549 v
o ok B sk vl I}, Sant et al. (2017) zebrafish
Hjol 2 tiido® 3 PFOS AHISAAES 343 n}
AoH, PFOSS] =&= <3| Hijote] =7|7} 7haslat,
A7) dol & FelE niFFH o= HPAA wlole]
9 549 vE F ASS FRlgh vt Uk
Ankley et al. (2009ay2 A F(Rana pipiensys /302
Hijojol| X FHF HE)7 XA AE F W] tigh PFOSS]
E=AGES 3H1gt vl At 10 mg/Le] PFOSE =33
A5, < 25 ool AE2] 90% o)ido] APddloy,
10 mg/L "9He] FEo| A= PFOS7} that AE2] Ao
P PIAA] B5S RO (90% oV AE), We]
749 3 mgLe] PFOSY] =& A Hljo}le] A7 717t A
g I 2R 5 Ao 9FS yeRl o]
PFOS7} A4 E-2] Ad7gol vls] Wdol o =& SA9ES
e 4= Qlths AL oJu]3h}, T3, Ankley et al. (2009b)
2 Pimephales promelass 283t 279319 PFOS
e =48-S 383 v 2ler, PFOS7H tld &)
7 2 Aol i) A4 2 gl o 2 =4

GLE 1) 5 9L AN v} k. Ao, By

T 2

.

i
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Zubdo] wigel A$- PFOSO| Wig 78 Y& PNECE
el A2, AE Yol SHF0o] 322 A|2Hl9]
TS Fa A=Y WA 54GES HE A
vl g7l PFOSY] =8 5437130l o3t Ao = shdet)

3.3. E2F 420 ChEt PFOSS| PNEC 2P Zxt

ESF AEol tigk PFOSe] AA v SAAEE 28
3lo] AP HCSE 3.77 mgkg® & YEPEOH (Fig. 2),
F39 EY A& i3k PFOSe] wh EAxtET} Alg
Holmz, HA| v 549x8E &8sl 2K Al
SATEH R AHE 291 Blae %A skt

B ¥ Fof| wh= ™ (Chen et al., 2014; Guo et al., 2016),
Bk RS2 Caenorhabditis elegans®ll I3+ PFOSS] S-440]
3% A (behavioral inhibition), 273543 (neurotoxicity),
ABIREY A HXS T TEEAES 4o F USS
RIgE v} Jlomw k% EF Al=d gk PFOS B&
I 2HgE 2lsiA TRt BoF AR Uidk 585
SRS A B gRE el st

H AFolA AHEE ES U A=A 51871
PFOS9] F%E+& 0.75 mg/kg®]t}. Cooperative research
centre for contamination assessment and remediation of the
environment (creCARE, Australia)o| A= EY A& F 75
GFHFEE, 2, vAd=)0l tigh PFOSY] v 544

0.8

06

04

0.2}

Cumulative probability

05 1 15 2 25 3
Toxicity value (mg/kg)
Fig. 2. Species sensitivity distribution of PFOS for soil organisms.
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P AN 530! £F EY ) PFOSS] BE FES

AR bt 9o, 1 A3 SHIAA Y] 95% AEF

ST 6.6 mgkgS 2 YERGTHercCARE, 2017).
USEPAC M= Aok B A S WAIsH] 91
PFOS9] A 2=12]Yd 4-F(regional (soil) screening level;
RSL)S 0378 pgkglZ 2FYsh ul 9lom, QI 11738 B
$317] 91k EY Wl PFOS®] 2=F2]d <72 1.26 mgkg
©F 2Fg3 vl ok EEd 3 2 pEd=e] e 7k
7S 3537 913 PFOSY] & AU 2 FAE

FolA 10 pgkgollom, AMyrte] e 54 2 FA4
AGollA 2.1 mgkglE E W) PFOSO| et ReFFS
2Pggt vk QItHLiu et al,, 2022). oJ4H EY W PFOSY]

Seo] m7F e Aguitt doldk AL AR HE
W ESF U BES, =% A2, WP, 371 T g,
HC5 (95%), HC1 (99%)) & TFdst LejAkake] xjold
ola) WA 4= Utk o2 1HT w, thA A ¥
EY 3 9 B4 gt I 5ol & (site-specific) A
Bl=AE4 §-87F5 PFOS B% AFyo] dasit),

4. & =

B Aollx= gl AEE0) igh PFOS] 54713
sl SSDE 7NkeZ EA45 ¥ e 54
518715 F=(PNEC)E 2Hd3itt. 1 A3, F7A] Aol
it PNECE S435Ex o] Wl 45 0.28 pg/L=
7P e gs et olok 2 Aike A AEEC
gk PFOSS] 8 =47]H0] wa=49s AKX,
97178 1A e AT, AE Bagso] Hai
W7 Aol AsS VERITE webA, Bo Al
UE W 2 Ul PFOS B 75 R Ssixe
4713S 18 Frpt desit w3 B sl
gk PNEC 2HY Aabes A v SAAFE 283
749 0.75 mghkg® & APt EQF A&l gk PFOSY]
Ty SAAET AlgHe|R R, % EY W] 5471
1 A5G S87Fs PFOS TEE L]
IME bFst B el oSt ST SRS E
F71Ho g sHsh= Zlo] "asit)
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