A8 ZARA A248 (A235) 91~99, 2021
Journal of Environmental Analysis, Health and Toxicology
DOL https:/doi.org/10.36278/jeaht.24.2.91

F

Hp=g

Delay ColumnZ} On-line SPE LC-MS/MS A|AHIE 0|28t +=Z0
n=3tslglEe| 4

1Y) |.|o|1T 25 - HEMX} - 0|ME]
oA AFEARI R ST

Analysis of Perfluorinated Compounds (PFCs) in Water
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To ensure the safety of the citizens of Daegu with respect to drinking water sources, we continuously mon-
itored trace pollutants in the Nakdong River basin. Perfluorinated compounds (PFCs) had been detected in the
Nakdong River previously; thus, further low-concentration detection is required. We developed an LC-MS/MS
analysis method using the online SPE approach for fast and simple detection of low-concentration PFCs. In
this process, a delay column was used to assess PFC contamination. As a result, quality control analysis of
eight standard PFCs using this method showed strong correlations, with correlation coefficients of 0.991 and
more, and the limit of quantification was 0.5 to 1.7 ng/L. The recovery rates of PFCs from samples ranged from
75.3% + 1.23% to 118.0% =+ 1.39%, suggesting robustness of this method. Analyses of PFC at seven sampling
points in the Nakdong River basin showed high PFC concentrations at the point where effluent from a sewage
treatment plant was introduced. PFHxS, PFOA, and PFOS values, which were used as drinking water mon-
itoring standards of treated water at the Daegu advanced water treatment plant, did not exceed the monitoring
standards. Therefore, these results demonstrate that the established method is appropriate as an analytical tool
for assessing low-concentration PFCs in drinking water.
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HEE Zlog dA Yupie0

2 2015958 ARl 278 F
Aate] wid AL Slom, 2016
TEE T A PlEElEE SR A7 HalA
o] m=EH ZAMNA dgolAl PFOS 1.28~29.5ng/L,
PFOA 1.10~72.5ng/L HEFNOH, HEES] Al
A% PFCs7} 0.58~99.5 ng/L. AZE T RSkl §)
oD E=3, 3R 9 S 20179 371
S 2AT PR HeE SRS oY 5
of 3k FA] #2018 140Z°A4 PFCs 3% PFOA,
PFOS @ PFHxSE 20184 3&71%E 71%S HAs
I AR E RUERS Sl

E 5o PFCs9] #4448 ng/L 52| Fnaz E4o
2 U5 32d5Z(solid phase extraction, SPE) cartridge
£ AME3lY] samples F79 Hll o) FE3le] LC-MS/
MS systems ©]-§3te] A gL @ el SPE A
2] WS SPE 7IEZAE &2 A3}l Als
F 5 o] SR FEEL FEE SE 1
7|18 53 HIFAE A E Hlo]de] o]Fate]
th A o2 f718ule] AREgo] Ba =
AZ¥e] 3~4A7F Al Bl FH2 WA
7 HPHoE AMR-EHE on-line SPEE A& A5
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SPEZ AHEE F =S Hojgith”

T, LC A28 gl PRCs H4e) Wel=le
EAslgEo] EAIg) o]d 2H9YUES o5 S
2 7&3t= bottle Wl fluorinated ethylene propylene
(FEP) solvents lines, solvent inlet filter, polytetra-
fluroethylene (PTEF) frit adapter, binary pump head
outlet conector®] PTEP filter frit, ethylene tetra-
flurochylene (ETFE) ferruls & Vials cap %7+l PTEP
septa & ©]™, Background®|* PFCse| && %2
PFHpA©] 300 fg, PFNA®] 5000 fg ©]’de]™ delay
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St ghaebe A S RO s 0.992004]
0.9992 B ¥} 1820
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< s LC AlZHoN fEEw Bl E2agh
PFCsE 4 ZHe fd=7] Aol 7Hre] F=3Aoht
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NS 8&sFo TN Al2E Q@ HollA background PFCs
7l WellE AA & Uth
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2.1. Mg ¥ 7)7]

2 AFox ARSg 2FEZ PFCs 8% perfluoro-
pentanoic acid(PFPA), perfluorohexanoic acid(PFHxA),
perfluoroheptanoic acid(PFHpA), perfluoroctanoic acid
(PFOA), perfluorononoic acid(PFNA), perfluorodecanoic
acid(PFDA), perfluorohexyl sulfonate(PFHxS), perfluo-
rooctyl sulfonate(PFOS)= Wellington Laboratories(Guelph,
ON, CANADAY A PFAC-MXC 2000 ug/m/e] #
TENE Tk wEgh, WREFEE 2% perfluoro-
n[1,2,3,4-13C4]0ctamoic acidMPFOA)S} perfluoro-1 [1,2,3,4-
13C4] octyl sulfonate(MPFOS)+= Wellington Laboratories
(Guelph, ON, CANADAY}IA 50 pg/mi®] 784
S FYsted AME-EHATE Formic acid(98%)= Sigma
Aldrich(St. Louis, MO, USA)lA F3l9iem, 24
| werEs} GAFE Merck(Darmstadt, Germany)
M LCMS 55 TAst] ARE-siiT

A#x] FElE RC membrane(0.2 zm)E Phenomanex
(Aschaffenburg, Germany)°ll4l 943192H, volumetric
flask'= VITLAB(Grossotheim, Germany)A}2] polypro-
pylene A28 AME31A. 0™ analytical columnS Hypersil
Gold Column(50 mm x 2.1 mm x 1.9 zm)& on-line SPE
4 column Hypersil Gold aQ Column(20 mm x
2.1 mm x 12 zm)2 ThermoFisher scientific(San Jose, CA,
USAYIA FU43t92™, delay columne lunar C18
Column(30 mm x 2.1 mm x 5 zm)& Phenomanex (Torrance,
CA, USA)yIM F-4sto] ARg-3ioitt.

On-line SPE A 2]F% W AFAEFY7|= PAL
(Zwingen, Switzerland)AF2] RTCS AME-31910H, LC-
MS/MS Al2=8& AB Sciex(Framingham, MA, USA)
AFe] 5500 Triple Quads AM&-3l3At}.
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2.2. PFCs =& ¥ #M=A

HEE 9 BE AFRE 02m APA LEHE o3
stod AREsl o™, oJZE Sample 10mLE polypro-
pylene &% Z2kaT0] £715L 10 ug/le] 52 Alx
gk YREF8A MPFOASE MPFOSE 717} 100 s
FYstaL NER EFS w5 EFT FHol 2mL
polypropylene vialsel] £ tc},

THIE AR 1.0mLE ASTYGAE 6 TE WH
o] FUst] sample loopZE ©]&3slal &AX AlE=
Table 1¢] loading 7o w2l &3} o] 58
g3tk |A 0.02% formic acid’t ¥ 5mM
ammonium acetate(A) -89S loading =7 w2} AC
pumpE AME31d on-line SPE column®Z A &
=313, F=H AlEE 0.02% formic acid7} -2
SmM ammonium acetate(A) 2217} Methanol(B)YS Table

Table 1. LC conditions
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Table 2. ESI source parameters

Parameter Value
Polarity negative
Curtain gas 30 psi
Collision gas 12 psi
Ion spray voltage —4,500 V
Temperature 600°C
GS1 50 psi

GS2 50 psi

19] 7AA}8m| 2 (gradient mode)E ©]-8-31¢4 on-line
SPEY| &=% PFCs 822 F=34d v wigko g
AD pumpE AREElY] £ 04mLE 4 columne
2 BYI columny}t AZAE FAFEA7]E PFCsE
2513t} Table 22} 30 Z#E27]2] PFCs #4]
& YERSIT

I-N HE

Analytical column
On-line column
Delay column
Column flow

Column temperature

Sample temperature
Injection volumn
Mobile phase A
Mobile phase B

Hypersil Gold C18 (50 mm x 2.1 mm x 1.9 um)
Hypersil Gold aQ (20 mm x 2.1 mm % 12 um)
lunar C18 (30 mm x 2.1 mm x 5.0 pm)

0.4 mL/min
35°C
10°C

1,000 pL.

5 mM ammonium acetate in water with 0.02% formic acid

Methanol

Analytical condition (AD pump) Reading condition (AC pump)
Time(min) A (%) B (%) Flow(mL/min)| Time(min) A (%) Flow(mL/min)
0.00 90.0 10.0 0.4 0.00 100 1.0
1.50 35.0 65.0 0.4 1.20 100 1.0
Gradient mode 6.00 15.0 85.0 0.4 1.21 100 0.1
6.10 0.0 100.0 0.4 8.0 100 0.1
7.00 0.0 100.0 0.4 8.10 100 1.0
7.10 90.0 10.0 0.4 10.0 100 1.0
8.00 90.0 10.0 0.4
Table 3. MRM conditions
Compound Ql Q3 DP (V) CE (V) CXP (V)
PFPA 262.8 218.8 —45 -12 -17
PFHxXA 312.8 268.9 —45 -14 -17
PFHpA 362.8 318.8 =50 -14 -23
PFHxS 398.8 80.0 -135 -96 -13
PFOA 412.8 369.0 =50 -16 -21
PFOS 462.6 418.9 —45 -18 -33
PFNA 498.7 79.9 -100 -106 =35
MPFOA 416.9 372.0 —60 -10 -16
MPFOS 502.8 79.9 -80 -10 -112
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Fig. 1. Schematic diagram of on-line SPE LC-MS/MS.
oful, o154 W #43u] tholl PRCse] A28 99 i e
2 AR Shalo] ol kel Tz ARe) Few 3 s
wABIoH, o]54 g9l B Fhe|| delay column 213l © o
< 4AETk Fig 19] PRCse] w33 24 249 *”“’.: 1 =
BAEE eIt - 15
B @s3
o
2.3. e =M gl Mok . g32
PFCs EZ89 2000 ng/m/= WEH22 10 pg/L= 8 : Ow:
BC L . -
Aalal Sl oz 3)4ste] 1.0 pglZ 2AIE oM, o Lz Vs S
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Fig. 2. Sampling points.
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Fig. 3. Flow chart of sample collection from Nakdong River
basin to measure PFCs.
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3.2 # n#

3.1. Delay column2| AF2Z1}

E A= delay columnS ADS} AC pumpdll
Shel] AX]ete] PFCsE #4131 Fig. 40| Delay
column AMg-¢JFe| WE blank A5} PFCs EFEZ
o aRvEIY A3yE YERUTE Delay columns
AHESHA] 23l blank A EE EA4E 759 delay

AE W Mo, °le Blank A&l PFCs7}
7171A&EH 9 % 03~0.5ng/L7t AEEHAS
delay columne- A]%o}oq LC Al2=H 9] odd
F2220 peakst XA 9 BNTEA 09
o] HiAl® PFCs Aol 7Fssldith. & A7telA LC
A|2=8] YellA] PFHxA, PFHpA, PFOA 5°] PFCs &

ol W= QHde® §EHUCH, delay column

S AR&EE PFCs #4¢] the dobe g A4S
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J
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Fig. 4. Comparison of PFCs chromatograms with and without use of a delay column.
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3.2. PFCs2| ZHEM I M=z

PFCs 859 A@A WS, AeAS, A&, %
3 2 3488 Table 49 YERNJRAT} Table 490 1}
Eht vle} 7o) PFCs 8% ZaAle] AutAl4 R%]
0.991~0.999% 8% Foet A S HoFom,

=
2

. lill—xéx], .

Qe

ERton, B8 94.1% oo skl vERdth
Fig. 591 PFCs 8% ZT¥F%= 50ng/Le] TICS} extracted
ion chromatogram(XIC)E WERNSATE.
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3.3. PFCs 8|8 A4

HAEIM= 02~05ngL, AFHAI= 0.5~1.7ngLE Y 74 ﬂH"‘Oﬂ ]38k PFCs®] 348 H7E A9 RV
Table 4. Calibration range, linearity, LOD, and LOQ of PFCs ikl Azl Splkmg testS 53] T3
—— S > ™, o]uﬂ PFCs 859 38 ﬁﬁﬁqw Table sell e}
Compound ~ Range  Linearity  LOD'™ - LOQ W2tk ARI5A PECs 8%9] 3482 932+ 1.13%
(ng/L) ®?) (ngl)  (ngl) T S °
PEPA 1~200 0.997 03 0.9 ~1029+ 1.17%°.2 =& A34= "]’E}lﬁ(}igﬂ A
PFHxA  1~200 0.999 0.2 0.5 ABANME 3]5ES 753+ 1 23%~1 18.0+1.39%°2
PFHpA  1-200  0.996 0.4 1.1 UERITH o] & Z3le] 3|48 A7ole H|Z3l9o.
PFHxS 1~200 0.998 0.3 0.8 19 On-line SPES ©]-&3le] PFCsZ #4131 Michela
PFOA 1~200 0.999 0.2 0.7 __/]1(,) AN T TIeFst 817 o] st S
PFOS 1~200 0.998 0.2 0.8 qasie] BAEAT ek, B Aol a8E on.
PFNA 1~200 0.999 0.2 0.5
PFDA  1~200  0.991 0.5 1.7 line SPES- ©]-8-3F PFCs9] Er*d‘?é% A 5ol AHgal=
DLimit of detection (SD x 3.14, n=7, 1ng/L); 2 limit of  21&sttal Aekett.
quantitation (SD x 10, n=7, 1 ng/L)
e
|
a |
: W
ot AV/L WAV, S 0
Fig. 5. TIC and XIC of eight standard PFCs (50 ng/L).
Table 5. PFCs recovery results
Deionized water Effluent Surface water Clean water
Compound
20 ng/L, average +SD (%), n=35
PFPA 102.0+1.49 1179+ 5.67 107.1 +£3.95 97.0+1.55
PFHxA 99.6 +£1.34 105.8 £8.20 112.1 £2.98 118.0+1.39
PFHpA 101.5+0.94 111.5+3.62 109.7 £ 2.42 116.5+1.27
PFHxS 101.9+0.35 95.8+0.82 105.5+0.82 97.8+0.58
PFOA 1029+ 1.17 85.9+3.20 91.9+2.99 80.5+1.91
PFOS 93.2+1.13 81.1+1.19 89.5+0.93 88.5+2.10
PFNA 93.8+1.01 753+1.23 89.4+0.57 86.1 £0.48
PFDA 97.1+1.73 88.6+2.78 80.9+0.70 89.4+1.47
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34. U48Z A TH XE2 HEOM PFCsQ|
=A{Zntet MAH siE

Y57 A 70 AHe] PFCs A1 43E Table 6
$574 25 1 ARNA S1, S2
AHL& PFCsY] l 7&%%57} nFolyt EHE =H3loH
S3 AFFEE W1, W2 A3l viEE PFCse] viE

ol 7108 WErolM E=A AEE o] S3, 4
AN =4 AZE= Aol ATk 53], PFHxS®
735 S ETL ulgee] wiEdS APl wet
vt MRro] ulE st 7,549 ng/Lol A 0.162 ng/L
2 3A =0 921 104 ©o|%F S3 A% e] PFHxS
o] FEX 76 ng/LE A3 Fig. 69 W1 2|43}
83 AHe] 99 PFHxSS B W3lE et 3

73 AP 22 o] FZ PFHxS®| E=7t A 71-/\5]
= 24 & T U E‘r 2021 A g7 HE
Fol|A] PFHxSS] F=+ 4ng/l ©|8lE A& Ql E]—,
57 A9l PFCs MiEe] thite ol wiE
He sEel ST WAL e, ole #A $EA A
FEsEIRMEe] AE 54 A7y kT §A)
st olgg]o} BH FUAY Po 2 Brenta oA PFCs

W1 conc. (pg/L)

Fig. 6. Monthly PFHxXS concentration changes at two
sampling points.

| ZHesksieleel B4 97

W& A7elE H|Sg Ao ek

ah-#l7t Ao} W= W1 A5I4= PFHxS
SEo] FETt 87~7,549 ng/LE AZEHJL W2 A H

o= PFOAS E57} 15-81 ng/LE A&t WH
Z=0] PFCsE £-4138h 9]=3} H|wsPA PFHxSY Bt
=ou} ok 2BE EHEHE PFOAY F=E WA A
=59tk PFOAS] 735 olgeo} 3~712,877 ng/L,'®
m]3t 58~1,050 ng/L2> d=tHn) A wxrF B4 o
3574= 0

AMER AEH PFCse] #EE A¥HEH S1, S2 A
AL perfluorinated sulfonate(PFSA) X} perfluorinated
carboxylic acid(PFCA)7} 85% ©]’d<|™, S3 A|:+HH
£ PFSAs 55% o2 PFCAs ®T} %94t} Fig. 791
A% PFSAS} PFCAS] A4 &= X WHsE Yeh
ATk

W1 Aol ME PFSA7F 97%, PFCA 3%% ekt
o, W2 A-& PFSA7} 5.7%, PFCA 94.3%Z PFCs
o] TRV tEAl Uit oA F A9 H wijE
do] g2 AMHE FA Zo7t Fe & F AN

PFCs 8% %ol* PFHxS @50] S49} S5 A eilA]

s1 ) s3 w2

WPFCA DPFSA

Fig. 7. Proportion of PFCs by sampling point in the
Nakdong River basin.

Table 6. Detected concentrations of PFCs by sampling point in the Nakdong River basin (in ng/L)
Compound S1 S2 Wi S3 w2 S4 S5
PFPA NDD-~3 ND~9 16~50 ND~108 8~9 5~15 6~14
PFHxA ND~4 ND~5 10~26 ND~52 6~14 ND~8 ND~8
PFHpA ND~4 ND~3 ND~30 ND~62 ND~5 ND~6 ND~5
PFHxS ND-~3 ND~10 87~7549 67~149 ND~5 109~245 60~342
PFOA ND~12 ND~16 10~33 ND~58 15~81 ND~18 ND~18
PFOS ND ND~1 ND~2 ND~1 ND~2 ND~1 ND~1
PFNA ND~2 ND~2 ND~8 ND~12 ND~3 ND~3 ND~3
PFDA ND~3 ND~5 ND~4 ND~5 ND~4 ND~5 ND~3

DNot detected
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Table 7. Detected concentrations of three PFCs in the Nakdong River basin Advanced Water Treatment Plant (in ng/L)

Drinking water monitoring M1 M2
Compound 1
guideline value Raw water Treated water Raw water Treated water
PFHxS 480 68~340 134~231 53~344 156~267
PFOA 70 709 14~41 13~24 12~35 12~32
PFOS 70 NDV 1~2 ND

3 PFOA+PFOS, V Not detected

o

FEHT SRR AEEAoH, o= NIt
Fsk Y7k A 20179% 372 ATAK
Al fAleE e Bk

Bench-scale =N FE331gHE2] A|A AT w
2% PFOA ¥ PFOS= URHHQIl Agxiglolr= AlA
7 HA] gom oF WEAEE AALe] flom
AERAE o83 AEAIS A AAEC] 10~35%
yepgor EUSAEHPAC) Tl w2} 20~90%2
AA7F 7FssH, PFEEH(GAC) FHEE 90% Al
A7} 7¥esht GACY 714 wAE askal Jok>)

B od94o] PFHxS, PFOA ¥ PFOS¢] 3%2| PAC
A 2E A3 PAC THEFH J5AIZ wlet AlAE
o] 42~93%% JERon, 1.5ton/day THES] A4
GAC 3% A4 A% 100% A7} 7FsakA
GAC 3-¢o] 3~57RL 2 Uepgtt ) AA I35
5 a=AeAgae] 34 PRCsS] AAS B4 Az
GAC 340X 10% olst= Uepgor o&374S

3Fsk T2 FAA = AALo] YAtk TR
%
_]

N

> oo
= 12

Hoz $45= MIZ M2 Al GAC 342
ESJEBAC) 3HOE o] PFCs] 53 5o ¥
ozl Aoz AU FF PFCsE Xl v|F
FralEdS AASE] flete] JEAIE SR 5 9
£ PAC ¥4& =93l BAC 34822 9=
F712 AAEL JE= GACY AW F71E WAT 2
27} Avkal AbRETh

957 A A= FAH AN HeE A7IE]
ulEE PFCs 3%°] AE5EE Table 70 VFERHI O
Ao HeRm AVIES 298] 2o, 20214
AR Yollr] AEHFL PFHxSE ND~3 ng/L, PFOA
£ ND~7ng/L 23 PFOSE ND~3 ngLE UERS.
™, Aol & PFHxSE ND-4ng/ll, PFOAE ND~
7ng/L Z2]3 PFOSE ND-2 ng/LZ YERHTh

4.8 B

B Ao E on-line SPES} delay columng ©]-&

3lod PFCs #4] WHS ,

A TR AT HFEGA 28 e eA gl
PFCs ASFEE olny tg3 728 4as 9
T ATt

1) Delay columne AR8-517] A LC A28 W|2] PFCs
2 HE2°e PFHxA, PFHpA, PFOA 528 71713%
S FF9 F% 03~0.5ng/LE HAEHACL delay
columng ARE3ld LC Al2H U] o99S BT E
Ao] peake} HAA] A EeA7IHA 2] wixlE
PFCs A #°] 7Fs3l3ith.

2) PFCs 4 Al AAlg] WS A=k &uf AR
I B A7ro] o3k o xEiel HPHHCTE on-line SPE
Hol Al&star 7HA sk

3) PFCs 852 714l AA|4= R%] 0.991~0.999
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