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Abstract : We applied a sensitive method based on on-line solid-phase extraction (SPE) and liquid chromatography/mass spectro-
metry (LC/MSD) using an electrospray interface for the determination of eleven perfluorinated compounds (PFCs) in water. The
on-line connection suppressed the target loss by keeping the cartridge from drying, which resulted in improvement of the recovery
and saving of the analytical time. For the on-line solid-phase extraction of 10 mL water samples, recoveries were between 80.4 +
5.2%~109.5 £ 1.4% and limit of quantification (LOQ) were 3.6~15.9 ng/L for the PFCs. The total PFCs concentrations of the tri-

butaries and main stream of Nakdong River water samples were in the range of 8.0~678.6 ug/L.
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2.1. A X2

2.1.1.PFCs EEEZ 2 HX{2|

H A3 of A% PFCs 115 % perfluoroheptanoic acid
(PFHpA, 99%), perfluorooctanoic acid (PFOA, 96%), perflu-
orononanoic acid (PFNA, 97%), perfluorodecanoic acid (PF-
DA, 98%), heptadecafluorooctanesulfonic acid-potassium salt
(PFOS, 95%), perfluoroundecanoic acid (PFUA, 95%), per-
fluorododecanoic acid (PFDDA, 95%), perfluorotridecnoic acid
(PFTDA, 97%), perfluorotetradecanoic acid (PFTeDA, 97%)
+ Sigma-aldrichAFo| 4] FLalj 3} S, perfluorohexadecanoic
acid (PFHDA, 95%), perfluorooctadecanoic acid (PFODA,
97%)= Alfa aesarAlo| A tufjstict E3, Wi 2254
2 13C-PFOA (98%)+ Perkin-Elmer Life & Analytical Sci-
ence Al 4 Tlato] ALg-s19ict.
tate, acetonitrile (HPLC grade, Merck), methanol (HPLC gra-

80> ammonium ace-

mode ¥ selected ion monitoring (SIM) mode® 225} ma- de, Merck)Z AR8-5F3iT}
trix A|EoA EAES Zo|=y #&IZ o AFA 23S 98l PFCs 115 24 mgh&o) =of Zt
E3}, 0|5 PFCse %o Su|goz EA57] u&o ZF 1,000 mg/L &5 2A|%E & 2 mg/Lo] EAAIRE T
TIAFEZ(solid phase extraction, SPE) A2 & Alg5fo] = =°] & (Merck, Chromatography-§)°l &4 3415}
4 2&3t= S AXH, 55 4 FSIFoA B2 A 10 ng/L~1000 ng/L7}A] 73R E L] HEEMNS A5
qol LulElp, Al W fFele] eqlo] WA speael AW EHER PG 5] fie 245 Table 124
L}, on, o] =Y EAZX = PFOSE PFOAS] 7|2
wEta B Ao AF ngedEdR 27 5]1 Q] Zof A Bl BA9] TRk EE}ZV] o Zof o]&9] &1}
L PFOS$} PFOAS 313 PFCs 1150] o8] thoFst ma- T2 fEHOR EASIT
trixE 71 A BREEE Aste] A AHdl S 9‘r =
2 A|2#o]l LC/MSDE on-lineo. 2 o123} %4 2 7} 2.2, AE dtH
24 A A" AR = oA BT 4 % arget = 2.2.1. A& Xz
29| A4S gt FolA Szt %'_—* 21 49 9 &4 = MES SPER 5535}17] Aof 0.2 um WEH Q] E
AZEe] TS BAo R Fhglth (Millipore, USA)Z o]T}alo] QA BB A|ASGL
Table 1. Physicochemical properties of PFCs
Compounds Formula M.W._ (g/mol) CAS No, Water solubility (mg/L) pKa Structure
PFCAs
PFHPA CeF13COOH 3641 375-85-9 - -
FFRFRF O
PFOA CF1sCOOH 414 1 335-67-1 3,400% 257 F oH
FFFFFFFF
PFNA CgF17COOH 464 1 375-95-1 9,500% 2~3%
PFDA CoF19COOH 514 1 335-76-2 - -
PFUDA C10oF21COOH 564 1 2058-94-8 - -
PFDDA C11F23CO0H 6141 307-55-1 - -
PFTDA C12F25sCOOH 6641 72629-94-8
PFTeDA C13F2COOH 7141 376-06-7 - -
PFHDA Ci5F29CO0H 8141 67905-19-5
PFODA C17F21COOH 914 1 16517-11-6
PFSAs
e FRFRFRF
PFOS CeHF 7S04 499 1 2795-39-3 570° -327% S03

F
FFFFFFFF
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, AAT2 oo 50 mL 2 0.2 mL2] 5% Na,EDTA &}
< 713t EDTA 71 & 40% 3HAHE-HS Al-g-5}o]
A &4=9] pHE 3 olst2 2Asqlct HRasS dHolE
st 317] $18) AME-El= B4 NapEDTA= ©H pH 224
T YetlA] ¢l 3l4eS JiAE FEEES STHAT=
Aoz ®BuE?

222.PFCsFzE YU =

1159] PFCs®] ZA40] Qlof i AlRe] 55 % 5=
gt A A2 A2 2 Spark HollandA}2] on-line SPE equip-
ment (Symbiosis, Spark Holland, Netherlands)& Al8-3}% 2
H, 5= 94 FZ9|+= hysphere-C18 (EC) extraction cartridge
(2 mm x 10 mm, 8 pm, Spark-Holland, Netherlands)& A&
3}t SPE cartridge= HA 1 mL 100% MeOH, 1 mL 40
% MeOH 12|11 1 mL DI waterE A t)= ARR3}o] AT
ATt AR 10 mLE 2 mL/min®] 540 2 cartridge
£ B3 oy, =2EA]o= 5 mM ammonium acetate2}
100% acetonitrile2 65 : 35 H| &% 0.2 mL/min9] &0 =2
cartridgeol] &2t=|o] Qli= PFCs5& &E&AI1F o, o] o
cartridge== LC/MSD®} on-line 2 AZA = o] cartridge U)ol
A target 24 AFS LC AP o2 Huf7] ufZof off-

lineo.2 294 WS 4 ol &4 EY 4 9lrk. Table

i

2
2]z SPE cartridge®] UM, A&, 244= 55 2 &
gl e el e, Fig. 1= on-line2 2 18+ SPE

2.2.3. PFCs 2

2 Ao A= 1152 PFCs 242 93] Agilent 1,100
LC/MS series (Agilent, USA)E A5} 01, PFCs 11£9]
2 E 98] WatersAtol| 4] A %3t Atlantis“dC18 column (2.1
mm x 50 mm, 8 pm)& AFEIFATH BAG] AGE ol 54
£ul= 5 mM ammonium acetate &3} 100% acetonitrile
Sdolm, A 1159 a&4Q EoE fs Azt

& 5 717 gole #8628 Telelsich. of 9o AT &
X 27 Table 30 A2]ste] LE .25, Table 4= PFCs
11Z0] i3t 27} o|L(fragmented ion)2] EA}&Fi} o] &3}

Table 3, Analytical conditions of LC/MSD used in this study

Descriptions Analytical condition
Mode API, negative
Mobile phase A: 5 mM ammonium acetate in water

B: 100% acetonitrile
0 min, A/B = 65/35
10 min, A/B = 20/80
18 min, A/B = 20/80
20 min, A/B = 65/35
0.2 mL/min

Gradient program

Flow

Table 4, Fragment voltage (V) and fragmented ion (m/z) of PFCs
11 species

Compounds Fragmented ion (m/z) Fragment voltage (V)

¢ LCMSDO| EA=E LrEh Sl PFOS 499 150
PFHPA 363 120
Table 2, Analytical conditions of SPE equipment PFOA 413 140
ltem Analytical condition PFNA 463 110
Solvation 1 mL 100% MeOH PFDA 513 120
Equillibration 1 1 mL 40% MeOH PFUA 563 120
Equillibration 2 1 mL water PFDDA 613 120
Sample loading volume 10 mL (2 mL/min) PFTDA 663 140
Washing 1 mL water PFTeDA 713 120
Elution 5 mM ammonium acetate/acetonitrile, 65/35 PFHDA 813 120
(20 min) PFODA 913 160

Solid Phase Extraction (SPE) LC/MSD

Ee?p; K Mobile phase

SPE cartridge

waste

o

waste

API-MSD

to LC column after elutioning
with mobile phase A and B

1 separation analysed column

Fig. 1. Schematic diagram of the on-line SPE-LC/MSD_*"
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3. 7E:|J_-'-|' I;lcl _—,I_é- APFUA(EIC 563), 7.37 min (9)

3.1. On-line SPE-LC/MSDE 0|25t PFCs 2 PFDDA (EIC 613), 8.24 min (h)
R EE R R PIE F RN ER RS Jt

PFCs 11&& Z+zF 200 ng/LE] =2 spiking’é‘]-oi on-line APFTDA(EIC 663), 9.02 min (i)

SPE-LC/MSD A|AEIQ] SIM modeE ©o]-&3to] EAsH At ‘

£ Fig. 29| YERY St <=4:(Fig. 2(a)e} Y574 wig] e A PFTeDA (EIC 713), 9.76 min (i)

(Fig. 2(b))& 43t total ion chromatogram (TIC)S X ujj

2] of w3l sl spikinggt 797} base line, peak &
9 Fol5o] S48 HEhgt o, o= vje e &
S8 cheFst NOMZo| kg 47| fo]u], thejeis roo e 019 1261 mh 0
9] 82§ 7]ekA(dissolved organic carbon, DOC) =+ 3.21

PFHDA (EIC 813), 11.20 min k (k)

£

o HA=90 Hzleko A} O -
mg/L T} PFCs A& & ]—_o | 714 22 PFHpA7} reten 9e.PFOS (EIC 503), 675 min -
tion time (RT) 2.4230] 72|90 0], Bajepo] 9142 7}
A+ =2 PFODA”} RT 12.618t¢] HZE=o] PFCs 11E&& 0 s 10 15 20

H = Azgol FA o
13—11'_‘ O]L’Hoﬂ —E“l'~ @gﬂ Mr’l‘ %q%kﬁ 2(‘1)\31__ SIM mode Rentention time (mln)

<4 Fig. 3¢l ehdl EICS ol&stglem, PFCs 11§ g 3 TiC and EIC of 200 ng/L PFCs spiked in DI water ()
Zzro] 3l 10, 20, 50, 100, 250, 500 2 1000 ng/L2] % TIC, (b~m) EIC),

R AT pointy& Attt Fig. 314 % 4 glizo]

EICE Ad AL 7479 fragmented ion L 7[A = =AW A e sto] chromatogram= UEH o] F=7] o

PFDA PFOS

(6.35) (6.65) PFTeDA
400000 propa  ©76)
PFHpA PFNA (8.24) PFHDA

BEU (11.20) PFODA

(7.37) lPFTDA ]L (12.61) (a)
V (0.02) J]\
000
J’LJ\A‘/\_A)\ - ]
10

0 5 15
Rentention time (min)
Fig. 2. TIC of PFCs spiked at concentration of 200 ng/L for DI water (a) and Maeri raw water (b).

(2.42) (4.86)

400

Abundance
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PFODA (EIC 913), 12.61 min \ )
—
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Fig. 4. TIC and EIC of 200 ng/L PFCs spiked in Maeri raw
water ((@ TIC, (o~m) EIC).

SIM mode® $HH filteringgt Z1-& EICRZ thA] filterings}7]
o] Algae] EF-E EEEY TS AR &
o o Qlk PFCs 115:9] HapAlo] AaA )] 29+
112 2% 099 ooz eyt

&

3.2. 3|8, HYSHH X AESHA

Table 50| = 422} X &4 PFCs 11%& spikingd}o
LC/MS2} on-lineS.2 A Z% SPEE ©]-£3}4] hysphere-C18
cartridge = F-¥|&] PFCs 1159 3|48 AAANE e
Atk Zrzte] AR BEdE HEE= 25 ng/Le) 200 ng/LE
Bsto] =g AEE F 53 stk ARG IS
Hel =42 PFHpAS} PFOAS O, =9} A 4=oflA 2}
Z; 84.2+£22%~85.2+1.6%2} 80.4+52%~81.2+3.4% 2

Table 5, Summary of recovery results for PFCs
Recovery?, X+3D (%)

Compounds Deionized water Surface water

25 ng/L 200 ng/L 25 ng/L 200 ng/L

PFHPA 852+16 842+22 804+t52 812+34
PFOA 818+35 828+27 827+10 819+383
PFNA 100.7+63 998+15 981+35 976+29
PFDA 909+32 979+33 80.7t08 828+35
PFOS 1082+34 1057+52 1056+19 1012+19
PFUA 1025+31 1042+41 1095+14 1037+55
PFDDA 96,051 985+26 81.6+46 872+31
PFTDA 1044+63 1058+19 840+64 905+47
PFTeDA 973+22 992+31 978+t56 986+38
PFHDA 970+15 985+40 1012+40 997+26
PFODA 1019+46 988+238 981+t44 1006+56

3 Standard deviation for five determinations

81.8 £3.5%~82.8 +2.7%2} 81.9+3.3%~82.7 +1.0% E}
Wtk =k A 3E5o 4 PFCs 1159 348 Hele 2
ZF 81.8 +£3.5%~108.2 £ 3.4%%2} 80.4 +£5.2%~109.5 + 1.4% =
e Al 24=9] matrixe] tiRl oERl Fe oJEAE Ko
2] okoreh & 5] SPE-LC-MS/MSE 0] 83+ 7£2] PFCs
o] AEY AL A AMESE SPE cartridge?] JAFEE|H
A<l HLB cartridge®] 3]-&% 80~106% HPZ W13}
L SQlo], & AFe}t fARE ARE HAdth

Hysphere-C18 cartridge®] MeOHE A}-8-3l pre-elution2
#F LOMS 245 f8f - 7T FEEE ASsiie
™, PFCs 1159] fragmented molecular ion (M-H) 9] FE|&
H Z}ZF2] mass to charge ratio (m/z)+= SIM mode 4]0
A =S FAANFHIL, HESHA(limit of detection, LOD)
o] AOX 1.1~5.0 ng/L (n=7, 3.143 x S.D.), & 2kaA|(limit
of quantification, LOQ)+= 3.6~15.9 ng/L (n=7, 10 x S.D.)&
Upepyet.

Al o AM2-H on-linef SPE cartridge= off-line§-21 3
Aol Haagni 9o 2707k 41 F1E E0)
o2 Lot olx elol 2EWA £ AzNA B, F
FEo] FYESHA FxIE o] 9lo] on-line -2 cartridge
of A|ZEE loading E= =& VA9 ©AQ] elution 17
T QFLE cartridge 3ERWo] leEE AU HAA A ¢ A

AZE A Qo] e EdE Ed AT

33 HEZ A4 24
AR G ARE gAeR B B4

B Lc). Fig. 5ol LeRdl (@)2] -9 <ol 200 ng/Lo)
=2 spikingd}o] on-line SPE-LC/MSD A|AH]S: 0]-835}
o £43 Zolw, Fig. 59 ()2 (0)9] F9= 5

Eol o A5k qlo] et nFRAEdEY HEF
7} Bnd o HAoz may A F-E(tributaries)Ql
AW 537 shrolA A7t A|=4E on-line SPE-LC/
MSD AJ2AHE o]&sto] AR TICo|th AA| Ya7d Al
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PFDA PFOS

(6.35) (6.65) PFTeDA
(9.76)
400000 PFDDA
PFHpA PFNA (8.24) PFHDA
(2.42) (4.86) PFUA (11.20) PFODA
(7.37) | prTDA

v (9.02)

’k (12.61) (a)

(b)

200000

Abundance

130000

(c)

D, S | W W
5 10 15

o

Rentention time (min)
Fig. 5. Total ion chromatogram (TIC) of 200 ng/L PFCs spiked in DI water (a), Jincheon-cheon (b) and downstream of Kumho

River (c).
Table 6. Detected concentrations of PFCs in the Nakdong River basin (unit : ng/L)
o PFSAs PFCAS
Sampling site Total
PFOS PFHpA  PFOA PFNA PFDA PFUA  PFDDA PFTDA PFTeDA PFHDA PFODA
Tributary
Gumho-down 16.4 1031 44 4 ND ND 127 36.9 292 270 ND ND 2697
Jincheon-cheon 2234 1556 2046 18.3 296 194 16.5 57 55 ND ND 678.6
Main stream
Maeri ND ND 80 ND ND ND ND ND ND ND ND 80
B0 AAAY 57 5l A|59 A9L= RT I~58 A} 100 - \
o]o] base lineo] A YEliL glou & A5to) 4= EIC | &\\\\\\\\\\
mode2 A3} 7] wEo] BEAARS Ak 1 =4 AT}
ol 9T nA Ysrek G5B AR FEG 5 T
Fok AR W BR wel A5E B - gYT AnE T Pros
Table 6 Yetf it A7l 5574 stk -] 4 T el B PFOA
oL % pRCs®] AZEw7} 2HZF 269.7 ng/Let 678.6 ng/L 15: i S pra
2 eh} Bid B AZ5ES yejglon, ol & § m PrUA
ol 9T A YHEY FRpolA folE ez w2 0T mm PFODA
Sk B8 veo] A9k WA FEA Kk wY - Prroon
kol SR S/ Wl § nglLo] e TS 2| = PrHDA
[BR=aBikechuy | N PFODA
237} 520] 7oL PFHpA7} 103.1 ngLE ZZE o]
7 =e AEEEs yeh)glon, S0 s PFOAT} 4.4 0 Gumho-down Jincheon-cheon  Maeri
ng/Le] s =& HEESth PFOSY] 79+ 16.4 ng/LL| H] Sampling sites
nA o A= s eyt AAHHY] A= F57) Fig. 6. The proportion of PFCs species in Nakdong river basin,

s}R9l= ga] PFOS7} 2234 ng/L& e} PFCs 115%
el AZSES Y9, TheOR PFOATL 2046 ZE PECse] tfah TANSRS teholeh UG S
=

ng/L 2 PFHpA7} 155.6 ng/LE Lteltch PFCs 1153 PF- A e] ol AJFFEZ 194 HAZ EAo| el A7t A 59 o
HDAS} PFODAS] A S I57 A5 9 B4 A& FAHRVN A FE57 57O AL FEH G0 U8
2] okoyrt. Fig. 6ol= S57t ol A 2 wjeoA A IR ) f‘z}% Hhy glow, A KHo| A9
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Table 7, PFOA and PFOS concentrations in surface waters re-
ported in the referenced literature

Nation Water source PFOA PFOS — Refe-
(ng/L) (ng/L)  rence
Austria River waters (1.1~19 (4,0~35 44
Canada Lake waters 05~376 1.3~38.1 34
China Surface waters ND~36.7 ND~394 45
Germany Surface waters (2~3640 (2~192 31,46
France Orge River waters  94+06 174+22 a7
Japan Surface waters ND~110 ND~6122 48~51
United States ~ Surface waters 10~173 0.8~1090 52
Singapore Surface waters 54~382 13~1562 583
Switzerland ~ Glatt river water 7.0~76 43~60 54
Thailand %TVZ? @2{2{: 16544210 4294019 55
South Korea Rs:ffvc;:grs 8.0-2046 ND~2234 SIS';y
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