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An analytical method to simultaneously determine 28 poly- and per-fluoroalkyl substances (PFASs), includ-
ing PFASs alternative compounds (GenX, ADONA, and F53B) and precursors (N-MeFOSAA, N-EtFOSAA,
8:2FTUCA, 4:2FTS, 6:2FTS, and 8:2FTS) in wastewater samples using solid phase extraction (SPE) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was developed. Both the Korean standard analytical
method and its modified analytical method for persistent organic pollutants (POPs) were applied, and the
results were validated. However, the modified analytical method for POPs demonstrated better precision and
accuracy for short-chain PFAS (e.g., PFBA), long-chain PFAS (e.g., PFDS), and emerging PFASs (e.g., GenX
and ADONA). The accuracy and precision of the modified method for the 28 target PFASs ranged from 51%
to 111% and 60% to 8.77%, respectively, with method detection limits (MDLs) of 0.17-2.14 ng/L. The mod-
ified analytical method was applied to eight industrial wastewater samples, and to two sewage water samples;
14 PFAS compounds were detected with total concentrations of 128.4-13,810 ng/L.
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202039l ECHA (European Chemicals Agency)®] 3
7ol w2t PFOAS] Az B AlgolM o] g3t dddst
of Al AAS WHE) vl 343 (EPAYS 2018
HE] 202274 PFASs #e] 9 AR AES wst
o PFOA®} PFOSE FAIOE 7S vhAshaL oAl
A A7 skl Aok 20209 @A A W
H=sisletee] F8 eddew A4zl A Hl
Aol Al H 7tel=eRRle o, ml, Y, S5
59 7l HEEel4] PFOS, PFOA, PFHxS
= T AEIERE FRE IEeRE daAE s
o st Slh? fEvehs Ad 20184, 57
AxTE e e A FxradA
PFHxS7} ) 4542 ng/L7HA] AZR el wa} 2018 7
4 37FolA HEslslE 3% (PFOS, PFOA, PFHxS)
S HEE FEMNGECRE AF silen 0 uiEd
3l S A A9E 2018 7UNE, Z]EL
Al 019978 A=3lelgte 352 4 eded
A FEo g Aste] Ak vk
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E9l PFECA (perfluoroalkyl ether carboxylic acids)-}
PFESA(perfluoroalkyl ether sulfonic acids) 52 A
AzZA AL B AR QlekY o] S dE oA
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PFSA 3%, A4 3%) W A@71Ed THLEs
AAIR7E, HESERtE- AR A2 viE 1) o) R A =
AT (ES 04506.1)0014 XA e Has)slE
14%(PFCAs 10, PFSAs 4%) i Al@7IE, & F
TS 2] B0l 8313 U} (Table 1). &
Aol s AE AEstsletE 353 A7A 5%, 7
A& % (Branched, Br-)E 7IA= FE31315E 2%,
PFCA 11 &3} PFSA 737K % 285 A7+ Y &



92 A28 - e -

Table 1. Target poly- and per-fluoroalkyl substances (PFASs) selected in this study (n=28) using the Korean standard
analytical method for persistent organic pollutants (POPs) (2017) (n=14)

SHEEAEY

SHEEAEH

B A By
ES 10390.1 ES 04506.1 ES 10390.1 ES 04506.1

PFBA 0 L-PFBS 0 0

PFPeA 0 0 L-PFPeS 0

PFHxA 0 0 0 L-PFHxS 0 0 0

PFHpA 0 0 0 " br-PFHXS 0

2 PFOA 0 0 0 § L-PFHpS 0

o PFNA 0 0 0 R~ L-PFOS 0 0 0

A PFDA ¢} ¢} ¢} br-PFOS 0

PFUnDA 0 0 0 L-PFNS 0

PFDoDA 0 0 0 L-PFDS 0 0 0

PFTiDA 0 0 0 ADONA 0

PFTeDA 0 0 25 GenX 0

N-MeFOSAA 0 0 F53B 0
o N-EtFOSAA 0 0

2 8:2FTUCA 0
2 42FTS 0
A~ 6:2FTS 0
8:2FTS
ES 10390.1: ZHFA 471 e &2 ZAAY7E, A5 Z E3}3E (PFCs) Al 3 7] &-LC/MSMS, ES 04506.1:
FRALLEFTAAN A F, HE3}sE-A A ﬂiﬂi:ﬂﬂ u)-el A A

A2 At en MR E82 vE3) 22t} Perfluorocar-
boxylic acid 115-(perfluorobutanoic acid; PFBA, perfluoro-
pentanoic acid; PFPeA, perfluorohexanoic acid; PFHxA,
perfluoroheptanoic acid; PFHpA, perfluorooctanoic acid;
PFOA, perfluorononanoic acid; PFNA, perfluorode-
canoic acid; PFDA, perfluoroundecanoic acid; PFUnDA,
pefluorododecanoic acid; PFDoDA, perfluorotridecanoic
acid; PFTrDA, perfluorotetradecanoic acid, PFTeDA),
Perfluoroalkyl sulfonate 9% (perfluorobutane sulfonate;
L-PFBS, perfluoropentane sulfonate; L-PFPeS, perfluoro-
hexane sulfonate; L-PFHxS, br-PFHxS, perfluoroheptane
sulfonate; L-PFHpS, perfluorooctane sulfonate; L-PFOS,
br-PFOS, perfluorononane sulfonate; L-PFNS, perfluoro-
decane sulfonate; L-PFDS), #&3}8l3E 1A 5%
(N-methylperfluoro-1-octane sulfonamidoacetic acid; N-
MeFOSAA, N-ethylperfluoro-1-octanesulfonamidoacetic
acid; N-EtFOSAA, 1H,1H,2H,2H-perfluoro hexanesul-
fonate; 4:2FTS, 1H,1H,2H,2H-perfluorooctanesulfonate;
6:2FTS, 1H,1H,2H,2H-perfluorodecabesulfonate; 8:2FTS),
A FE3)85HE 3% (Dodecafluoro-3H-4,8-dioxano-

nanoate; ADONA, 2,3,3,3-Tetrafluoro-2-(1,1,2,2,3,3,3-

heptafluoropropoxy)-propanoic acid; HFPO-DA (trade
name: GenX), 9-chlorohexadecafluoro-3-oxanonane sul-
fonate; 9CI-PF30ONS (trade name: F53B))°|t}.

2. BEEY ¥ Al

A ARE BE Aok EAUVEES] 24
A Al BEeEe] ogh JEo] vXA] e RS AN
stgoem TE XFEZ2 Wellington Laboratories

T =37

(Guelph, ON, Canada)Z%H Fujslitt. T2
PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA,
PFUnDA, PFDoDA, PFTiDA, L-PFBS, L-PFPeS, PFHxSK,
L-PFHpS, PFOSK, L-PFNS, L-PFDS, N-MeFOSAA,
N—EtFOSAA, FOSA, 42FTS, 62FTS ¥ 82FTS= 2ug/

Tro EFEAR w507 PFAC-24PARS ¢
- -4/51 sty ARSI Y. R EFZEZE S (Internal
standard, ISTD) perfluoro-n-[1,2-°C,] hexanoic acid
(MPFHxA), perfluoro-n-[1,2,3,4-°C,] octanoic acid
(MPFOA), perfluoro-n-[1,2,3,4,5->C;] nonanoic acid
(MPFNA), perﬂuoro—n-[l,Z-BCZ] decanoic acid (MPFDA),
perfluoro-n-[1,2-3C,] undecanoic acid (MPFUnDA),
perfluoro-n-[1,2-1°C,] dodecanoic acid (MPFDoDA),
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sodium perfluoro 1-hexane['%0,] sulfonate (MPFHxS)
2 sodium perﬂuoro—l-[l,2,3,4-13C4] octane sulfonate
(MPFOS)7} 2318 2 ug/ml F=2] EFEHAE THE9]
X MPFAC-MXAS 7% § 345t} A3l
ADONA, HFPO-DA (GenX), ¥ 9CI-PF30ONS (major
component of F53B}1; 50 ug/ml F=9 GAdEZ=Z
Eolzl AlokS 79 £ FAste] ARgsisith YA
71 UHF-EFEZ (Recovery standard, RSTD)Z=
BCx18191 Perfluoro-n-[*Cgloctanoic acid (MgPFOA)
2 sodium perfluoro-1-[*Cy] octanesulfonate (MgPFOS)
S AFE-3TE Milli-Q water, W B (methanol)
B&J Honeywell(Morristown, NJ, USA)A}¢] HPLC
= ol &viE ARESIoH, dREoHOIE
(99%) ¥ dRYold= 22zt Wako (Osaka, Japan)
and Junsei (Tokyo, Japan)A k] S&AI19RS ARE-81S1T).
ANES A 2 FE2E 9% JEAZE 0ASIS
WAX (150 mg, 6cm’; Waters, Milford, MA, USA)Z
o] g3t A5 AA B FEZ A% AV F=
(SPE; solid phase extractionydX|Z+= Supelco (Bellefonte
In, PA, USAWRI] Visiprep™ SPE Vacuum manifold
£ ARE-SRiTh

2.3. AEYY

Fre)d ) 72 (GFF, 045 um, @47 mm, Whatman,
Maidstone, UK)Z ZH ¥ A3} A|8 500 mLE PP

olypropylene)ell 3t & d WFZT=4 25
(polypropy

Method 1
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23.1. A2 Hrt
B AP E 71E Y w5 AE S5 AEEEE
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3l == %HH 27 £ Zg3 AEAEY 2)
2 AMgEle] 28% SEslalgtEe) BARAWS AR

1|

st shsic. Hl
on) #A9) v5

A2 WHE Fig. 19] e
H7EE $J8l EH*P 28% PFASsE
THHA 2 FoR dAss Yt AR AYe A
3 AEE ARESte] A U%, %4 PFASs=
MDL ©J38lel A& g1t

o

23.1.1. A2 1
He AE F A=258I3HE(PFASs) 3 8AI 3
(ES 10390.1)°l we}t 218339tk SPE Aol WAX
(150 mg, 6 cm’) ZIEZAE A2 3 vlekL, Milli-
Q water 7} 4mLE 2HEE FIAA AU IS
o]% ZH|E A]EE 10-15mL/ming] §&0 2 F1ER
Ao B3A171 & 12mLe] 759 6 mL WES &
H(20%)= TIEZAE AR g} MFo] g 7IEFA]
= oF 1027 Mg A EEE o)gate] 71X v
M) 5mLE F H &

WERE(0.1% Y=ol Xg &
AZtt o] SE]dS FAAFTE7E ARESI] 0.5mL ©]

Method 2

- 500 mL of water sample

Water Sample - ISTD (mixture)
- GF/F glass filter

500 mL of water sample

Water Sample - ISTD (mixture)

- GF/F glass filter

<Conditioning>

<Conditioning>

-4mL MeOH +4mL 0.1% Ammonium hydroxidein MeOH
- 4mL Water +4mL MeOH

<Sample loading> *4mL Water

SPE <Washing> SPE <Sample loading>
WAX (150 mg) - 12mL Water WAX (150 mg)  <Washing>

- 4mL 20% MeOH in water +4mL 25mM Ammoniumacetate
<Elution> <Elution>

- 5mL 0.1% Ammonium hydroxidein MeOH +4mL 0.1% Ammonium hydroxidein MeOH
- 5mL 0.1% Ammonium hydroxidein MeOH -4mL MeOH

-+ 40°C Nz gas +40°C Nagas

- Make-up with MeOH
- Recovery standard (mixture)
- Final Vol : 0.5 mL

Concentration

Concentration

- Make-up with MeOH
+ Recovery standard (mixture)
- Final Vol : 0.5 mL

LC/MS-MS

LC/MS-MS

Fig. 1. Pretreatment methods for the analysis of 28 poly- and per-fluoroalkyl substances (PFASs) in wastewater samples
(Method 1: Korean standard analytical method for POPs, (2017), Method 2; modified Korean analytical method for

POPs based on Taniyasu et al. (2005))
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312 FEAA 045 um PP AR BEHE oA &
Ad2 H7He JFEFER 27t & =

0.5mL7t =5 3%

23.12. AAY 2

Taniyasu et al. (2005)2] HAE|HE Fste] T4
Algbie] AxE] WES gste] Fasidh
(150 mg, 6 cm’) ZFEZ]X] o] WEL(0.1% LRl £
sk g wEE, Milli-Q water ZF 4mLE 22
SN A AYYGEAT olF FHE AFEE 10~
15mL/ming] &2 =2 JE8gAE E4A7] T 4mL
9] 25mM YEFOHHOIE fHo g JFIETRZ A
i), MlFo] 2 ZlEAE oF 2087 W3 74t
HZE olgalo] Axd v WEL(0.1% Yol =
3 &) 4mL, 5 WERE 4mLE XHE SHAA
|t o] &8He FAAEF7|(Turbo vap LV,
Caliper life sciences, Hopkinton, USA)E A}-§3}<]
0.5mL °]3l2 F=A|A 045um 28X YE|Z o=}
AZl & A8 J7Hg IR EEEY 7 & HS 5
g 0.5mL7t 52 STk
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717180l A A2 ehE e YA A7) (LC-
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quadrupole mass spectrometers HE7|2 A3
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A & eRe
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W AR, 2mM ¢EF oMHO|EE &1 BE 3o
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A0 23} (Electrospray ionization, ESI) 'S A}
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P2} A %74 ©]2(quantification/qualification ion, QI
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Zho] Eﬂ&z;gﬂ(;c 7l 3T

Table 2. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) conditions for PFASs analysis

Parameter Conditions
Column ZORBAX Eclipse XDB-C18 (4.6 x 150 mm, 3.5 um)
. A: MeOH
Mobile phase . -
B: 2mM Ammonium Acetate
. Time (min) 0 10 13 29 31 45
Gradient
Solvent B (%) 70 70 30 10 0 0
Column Flow rate 300 pL/min
Injection volume 10 uL
Column temp. 25°C

Ionization mode

Negative ion electrospray

Scan type MRM (multiple reaction monitoring)
Gas temp. 300°C (Sheath: 350°C)
Gas flow 8 L/min (Sheath: 12 L/min)

4000 V
40 psi

Capillary voltage

Nebulizer
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Table 3. Retention time, precursor ion, and quantification/qualification ion for the target PFASs compounds

Retention Time PI— QI 1/QI 2 Fragment energy Collision energy

Category Target Compound (min) (m/z) ) V) ISTD RSTD
PFTeDA 37.077 713— 669/419 100 11/20 1) 1)
PFTrDA 36.008 663— 619/219 90 6/20 1) 1)
PFDoDA 34.833 613— 569/319 90 1/14 1) 1)
PFUnDA 33.458 563— 519/269 77 4/15 2) 1)
PFDA 31.915 513— 469/219 85 4/14 3) 1)
PFCAs PFNA 30.242 463— 419/219 80 4/6 4) 1)
PFOA 28.499 413— 369/169 75 4/9 5) 1)
PFHpA 26.751 363— 319/169 70 2/13 5) 1)
PFHxA 25.153 313— 269/119 65 3/10 6) 1)
PFPeA 23.768 263— 219/263 60 2/2 6) 1)
PFBA 22.163 213— 169/213 55 3/1 7) 1)
L-PFDS 33.269 599— 80/- 180 71 8) 2)
L-PFNS 31.774 549— 80/99 180 56/48 8) 2)
L-PFOS 29.630 499— 80/99 131 50/49 8) 2)
br-PFOS 30.137 499— 80/90.1 131 50/49 8) 2)
PFSAs L-PFHpS 28.411 449— 80/98.7 140 40/40 8) 2)
L-PFHxS 26.313 399— 80/99 114 40/38 9) 2)
br-PFHxS 26.694 399— 80/99 114 40/38 9) 2)
L-PFPeS 25.127 349— 80/99 150 30/30 9) 2)
L-PFBS 23.826 299— 80/99 120 28/28 9) 2)
8:2FTS 31.985 527— 507/80 165 26/30 8) 2)
6:2FTS 28.442 427— 407/80 130 20/42 8) 2)
Precursors 4:2FTS 25.003 327— 307/80 120 20/30 9) 2)
N-EtFOSAA 33.596 584— 419/526 114 18/12 2) 1)
N-MeFOSAA 32.825 570— 419/469 152 16/20 3) 1)
ADONA 26.894 377— 251/85 80 4/35 5) 1)
Alternatives HFPO-DA (GenX) 25.537 329— 285/169 60 0/8 5) 1)
9CI-PF30NS (F53B) 31.009 531— 350.8/- 145 24 9) 2)

ISTD (PI = QI 1/QI 2 (m/z))

1) MPFDoDA (615 — 570/270) 2) MPFUnDA (565 — 520/320) 3) MPFDA (515 — 470/515) 4) MPFNA (468 — 423/223)
5) MPFOA (417 — 372/172) 6) MPFHxA (315 — 270/315) 7) MPFBA (217 — 172/-) 8) MPFHxS (402 — 84/103) 9)

MPFOS (503 — 80/99)

RSTD (PI = QI 1/QI 2 (m/z))

1) MgPFOA (615 — 570/270) 2) MgPFOS (565 — 520/320)

Eq. 1. Equation for calculating accuracy (%)

MX]OO

Accuracy(%) = C
4

(Method detection limit, MDL)94- A

quantification, LOQ)E =l ZFAF7ILHED 34
Aol wet 2 skgich A O}*‘r 4 A& 500 mL
of 25ng®] EHXETEAS FHYst] 73] wHE A

234 (Limit of

Eq. 2. Equation for calculating precision (%)

Precision(%) = RSD = CV = 2x 100
X

T3 AgE dAE] We ARt EAEM

Azte] TFAR] 27t 31430 (HH=0) 6[n-1]o]1
99%2] AZF7ko|A19] student’s t-value), 1081E 5}
:rLgP%j\‘:} 20

7&’@ <= 1443%31%%7“ ‘;’ e Zl A7 R
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I YE =

M9l MDL ¢ % FE sl 1294
H21(0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50,
100, 200 ng/mL)E A|Z3 —?Z—%Lﬁ goll.o- Alg-ale] 2
atieh. AR =44 *MﬁlT(RZ% RE EZA
0.99 oldo g Fseh AdS Bk 717184 A
BES 7710l Fdsted 71719 edoR-E Adakd
3N O AlE 100 170€] BRI S (field blank)
o} 74@51}‘49] %7]' FEHH HFEA (5.0 ngmL)E

T = 9% TR F
%

o ll:ti

2.5. AN M H AlEe 24

2 AFoa] HE 28% PFASs EAHS A 4F
o 5 AR A&3le] PFASsY] B = % AE
N2 gotalgith BAL 95 20184 50_]’ AR T
ezl A AFH g R AR et skrAE e
W= A3 UNE AFHEA. Al EE PFASs 998
FHaslslz] 918l PEWOl Astar, BE AfeE Al
5871 ofo|zds} A ofo|imkie] Hol AFHA
2 o]Fgk & A AR -20°CelA W¥E A
o BE 42 & dela EklE 2aE EYE )
HE ANEE method 285 ARSI FE3HAL A
PFASSE st 159 S5
2 Al RS rRre] Zd9ole 2R EHE©Not

detected, ND)Z *] 2|3} t}.
3. 43 9 na

3.1. BM2 95 Mx{2Y "ot
3.1.1 35E &l
71% S HEsisihE w4 34 el 20% H

ehe-S AZgm 2 ARS-E W H(method 1)3F 25 mM
UF oMAEIO|EE o]8-3F W (method 2)S 42 A
Fo| A&3atar 33] whEsie] A YREFEH 8 F
o] 34& A= Fig 20 el 4 MEE
method 12 AT A HF 57.2-106.0%2] 34
&S H3om ojuje] AUEFHAE 0.5-6.6%= ek
Wt 3k =38 A|EE method 29] FHES AXH HA

B 2 B

120%

1005 ol = MPFBA
0 § MPFHXA
.
2 80% § & MPFHxS
= . § B MPFOA
% 00% § N MPFOS
K § MPFNA
. § = MPFDA
20% § MPFUNRdA
0% & il MPFDODA
Method 2
Fig. 2. Recovery percentage (mean + standard deviation) of

PFAS internal standards from wastewater samples
using two different methods (Method 1: Korean
standard operating procedure for POPs, (2017),
Method 2: Taniyasu et al. (2005))
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Table 4. Method accuracy and precision for the extraction of
PFAS in wastewater samples (Method 1: Korean
standard analytical method for POPs, 2017; Method
2: modified analytical method for POPs, 2005)

Method 1 Method 2

Compounds Accuracy Precision|Accuracy Precision
OO O]
PFBA 106 5.6 99 2.0
PFPeA 80 3.1 95 1.6
PFHxA 93 3.1 92 24
PFHpA 90 2.5 92 2.8
PFOA 110 24 109 2.0
PFCAs PFNA 76 2.3 74 34
PFDA 77 3.1 77 3.9
PFUnDA 76 3.6 81 3.7
PFDoDA 75 2.4 76 3.5
PFTrDA 67 5.8 63 5.5
PFTeDA 62 12.8 58 8.7
L-PFBS 79 44 87 2.0
L-PFPeS 72 5.7 75 3.1
L-PFHxS 88 3.7 92 3.1
br-PFHxS 71 153 73 7.9
PFSAs | L-PFHpS 73 3.1 75 5.7
L-PFOS 85 5.6 82 4.7
br-PFOS 114 3.7 111 6.7
L-PFNS 62 5.1 59 7.7
L-PFDS 39 9.5 51 7.2
N-MeFOSAA| 71 4.0 70 3.5
N-EtFOSAA | 51 5.7 55 6.8
Precursors|  4:2FTS 96 5.9 111 6.1
6:2FTS 90 6.7 98 3.4
8:2FTS 98 7.0 103 6.0
ADONA 72 2.8 79 1.9
New GenX 91 19.8 98 2.8
F53B 70 6.1 66 8.8
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Table 5. Method detection limits (MDL) and limits of quantification (LOQ) of PFASs in wastewater samples (unit: ng/L)

MDL LOQ MDL LOQ MDL LOQ
PFBA 0.32 1.00 L-PFBS 0.28 0.88 N-MeFOSAA 0.38 1.21
PFPeA 0.24 0.76 L-PFPeS 0.37 1.17 N-EtFOSAA 0.59 1.87
PFHxA 0.35 1.10 L-PFHxS 0.36 1.15 4:2FTS 2.14 6.81
PFHpA 0.40 1.27 br-PFHxS 0.17 0.54 6:2FTS 1.04 3.32
PFOA 0.35 1.10 L-PFHpS 0.28 0.88 8:2FTS 0.97 3.10
PFNA 0.39 1.24 L-PFOS 0.48 1.52 ADONA 0.24 0.75
PFDA 0.47 1.51 br-PFOS 0.25 0.78 GenX 0.43 1.36
PFUnDA 048 1.52 L-PFNS 0.71 227 F53B 0.91 2.88
PFDoDA  0.42 1.35 L-PFDS 0.58 1.84
PFTrDA 0.54 1.73
PFTeDA 0.79 251
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Fig. 3. Detection frequency (DF) and mean concentration of PFASs in industrial wastewater samples.
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