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Abstract . Chlorinated coumarins, which are as cytotoxic as highly toxic halobenzoquinones to-
ward CHO-K1 cells, have recently been identified as disinfection byproducts in drinking water
disinfection processes. Therefore, detecting coumarins in water samples collected at various
stages from drinking water treatment plants helps assess the formation of chlorinated coumarins
in drinking water. Hence, a simple, rapid, accurate, and sensitive method for quantifying cou-
marins in water samples is required.

In this study, a method was developed based on solid-phase extraction coupled with high
performance liquid chromatography-triple-quadrupole mass spectrometry for analyzing seven
coumarins in water samples from drinking water treatment plants, including 6,7-dihydroxycou-
marin, 7-hydroxycoumarin, 6-hydroxy-4-methylcoumarin, 8-chloro-7-hydroxycoumarin, cou-
marin, 7-chloro-6-hydroxy-4-methylcoumarin, and 3,8-dichloro-7-hydroxycoumarin. Sample
pretreatment involved solid-phase extraction using HLB columns, followed by elution with wa-
ter and methanol, each containing 0. 25% formic acid. The extracted solution was separated via
gradient elution using a Phenomenex Luna C18 column (100 mmx2. 0 mm, 3 mm) with 0. 1%
formic acid aqueous solution and methanol as the mobile phases, with analytes detected by tri-
ple-quadrupole mass spectrometry equipped with electrospray ionization source in multiple re-
action monitoring mode. The matrix effect, precision, and accuracy of the developed method
were investigated using raw and treated water as matrices. Matrix effects of 0. 84—1. 12 were re-
corded for the detection of 6, 7-dihydroxycoumarin, 7-hydroxycoumarin, 6-hydroxy-4-methyl-
coumarin, and coumarin in raw water, while values of 0. 67-0. 70 were recorded for 8-chloro-7-
hydroxycoumarin, 7-chloro-6-hydroxy-4-methylcoumarin, and 3, 8-dichloro-7-hydroxycoumarin
in finished water. The three chlorinated coumarins exhibited matrix effects above 0. 80 after the
finished water matrix had been diluted four times. These results suggest that only simple solid-
phase extraction or sample dilution is required to accurately determine the seven coumarins in
drinking water from treatment plants. In addition, these coumarins exhibited good linear rela-
tionships at their respective mass concentrations. The precision and accuracy of the method
were evaluated using raw and treated water as matrices. The seven coumarins exhibited good
linearities by triple-quadrupole mass spectrometry in a certain range, with correlation coeffi-
cients (7) greater than 0. 99 and method detection limits (MDLs) of 0. 67-1. 12 ng/L. The sev-
en coumarins exhibited recoveries of 61.4% —91. 5% at three spiked levels (20, 50, 100 ng/L)
with relative standard deviations (RSDs, n=6) <11.2%. The developed method can be used to
analyze water samples from various treatment stages of a drinking-water treatment plant.
7-Hydroxycoumarin, 6, 7-dihydroxycoumarin, and coumarin were detected at levels of 0. 21 -
27.9 ng/L in 100% of the samples, while 6-hydroxy-4-methylcoumarin was not detected in raw
water, post-coagulated water, and post-carbon-filtered water, but was found in sand-filtered
water and finished water, with higher levels recorded for the latter (4. 69 ng/L) than the former
(1.79 ng/L). 8-Chloro-7-hydroxycoumarin was only detected in treated water (0. 07 ng/L). This
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method is highly precise and accurate, provides results in short analysis times, and can be used

to effectively monitor coumarins in real water samples and assess their removal during drinking-

water treatment.

Key words: solid-phase extraction ( SPE); high performance liquid chromatography-tandem

mass spectrometry ( HPLC-MS/MS) ; drinking water; coumarins; disinfection byproducts
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UltiMate 3000 ¥ #H 2,31 -Q Exactive 18 % Ptk
FE-BUE B A (35 E SRR C /R BHE A A ) 5 Ex-
ionLC AD Y AH {%i%-Sciex 6500 = 5 PO T T %1%
(3 Sciex BHEA A ) 5 T A MAL ()7 M 1E AL
WAHRAF) .

FTik g P EE SN R R HE TR B AL
R4 FR 2> 7], Supelco [ AH A% B B W [ 35 [ 3§
BRRAH R B 2\, HLB [ A 4 BUEE (500 mg/6
mL) .C18 [EHIAEHUHE (500 mg/6 mL) I [ 75 M 4%
TR 42 B0y A7 PR W] T By B 4 0 7K W > b
T,

PRUE S 7- 53 5K (4l 98%) (6-F83-4-H
HFHTE (L 99%) .6,7- " R EF T L (L
98%) Fr K (ZlEE 99% ) I F 5250 4% — 3 2R W °F-
538 F-T- R/ TR (4iF 92%) 3,8- " F-7-F 3k
T 2 (LF 94%) 7-FA-6- 2 H-4- W R/ 5 K (4
93% ) A S I 2= A 1, HAR G 1L ISR [ 6]

1.2 L& HG
1.2.1 AR 8 R B #

FH P B i O BC A 50 mg/L i 7 B B R AR
HERE 2T, T-20 C VKA TPRTT

FH 209 HF S I 00 R AR oA 25 VR, 43 0l
ficsl 0.01.,0.1,0.2,0.5,1,2.5.5.7.5,10.25 .50
100 pg/L 7 Fh & B R IRSARER
122 HEXESuaHE

A AT SR R AR A B R 7 A B T 25 M SRR AR
IRZTREE IR UE BPUEAC RS, fo o R ETH 3, K
K] BB BOKEE 4 L K EEF A 10 mL H
PR LAV R L g% B I B 0, SRR RSB &
90 mm JEALLIUE 2 U5, TR 0. 45 pm 7K R IE

2 K., KA HLB /INVEEX i 58 Je /KRR EA T 1 AR AE
FH 12 mL FFEE( 75 0.25% R ) A1 12 mL 45K (&
0.25% R ) W fb B AH ZE U, 1 LKFELL 6
mL/min i 3 B F A S, %6 A 12 mL 268K (%
0.25% HR) Wik, Wk Uk 5 &0 T 1B AR A2 O
PR 10 mL BB (5 0. 25% FHR) P . R ik
£ 25 CRARZE 0. 1 mL, 25 HAF A 0.9 mL
LK (7 0. 1% HR) , infiE¥ 515 A 0.22 pm 7K
Z i uk , 754 HPLC-MS/MS 44t

1.2.3 &

{6,3#%+}: . Phenomenex Luna C18 4 ( 100 mmx
2.0 mm, 3 wm) A:7R:40 C;WishH A N 0. 1%
M /K, B o HEE, 3 4 0. 3 mL/min; JFFf
10 uL, BEEEVEMLARF .0~5 min, 80% A~10%A; 5
~7.5 min, 10%A; 7.5~7.51 min, 10% A~80% A;
7.51~10 min, 80%A.

K H Q Exactive & DU AT-HLIE BF B %X e
BB BRI RIS R 8 80 55 i L R B BT
A B 1, DR DT 9 291 4 R 1R A T/ N A X6 A
H HER rHT i sE e, LSS B (ESI) |, iE
BT 400l T 24 (m/2 60~ 1000) FlEL
PR AR (dd-MS?) , Hirr dd-MS® (14 filf 48 e 12t 43
IEE N 35 .45 F155 V., B4 IRIE 250 °C, 5D
SAMNNFGELEE 50 C W55 L 3.5 KV, #1135 arb,
SBhSAKR 3 arb AR, 0 arb, Xcalibur 244 ( 2. 2
Ji) A TR AT

Sciex 6500 —H PUZLAT BTk A H Tkl S Brok
Ferh 7 Rl 2R, HmESE B I, B S LR
5500 V/-4500 V; & FIEE R 500 C; 50 3ET)
310 KPa (45 psi) ; #i B J120 276 kPa (40
psi) ;AT RSN 207 kPa (30 psi) ; 5% B 1Y
U E 2 100 ms, 7 Fi F 5 R 76 L 0y M
(MRM) B BT S5O0 1,

F1 THEERELEVNRESH

Table 1 MS parameters for the seven coumarins

Retention Precursor Product DP/ CE/ CXP/

No. Compound time/min ion (m/z) ion (m/z) V v v
1 6,7-dihydroxycoumarin (6,7- ~ R IEFLTE) 1.65 179.2 123.1% 147.4 300 126
133.1 159.6 26.6  16.0
77.1 141.1  43.9 8.9
2 7-hydroxycoumarin (7-33E& G %) 2.61 163.1 107.1* 1346 28.7 13.5
77.1 136.7  43.0 7.2

91.1 235.2  47.0 11.4
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Table 1 (Continued)
No. Compound Retention Precursor Product DP/ CE/ CXP/
time/min ion (m/z) ion (m/z) \% \% \%
3 6-hydroxy-4-methylcoumarin (6-¥23%-4- 3% 5 %) 2.77 177.2 77.0" 141 442  18.6
103.1 153.8 355 127
91.1 157.1 377 126
121.1 154.0 27.0 10.4
4 8-chloro-7-hydroxycoumarin (8-%-7-}23&EE K) 3.19 194.8 166.9* -58.0 -27.6 ~-12.6
138.9 -56.5 -30.6 -12.5
103.0 -46.3 -35.5 -10.8
5  coumarin (FHE %K) 3.50 146.9 102.9 79.8 23.8 114
90.9* 74.8 325 105
76.9 64.8 33.0 355
6  7-chloro-6-hydroxy-4-methylcoumarin (7-5-6-55k-4- R 17 2%) 3.51 208.8 173.2* -60.0 -22.0 -16.0
144.9 -60.0 -=30.0 -27.3
7 3,8-dichloro-7-hydroxycoumarin (3,8- " 4{-7-REEFETR) 4.03 228.9 200.8 * -92.6 -29.5 -17.4
172.8 -52.4 -33.0 -18.5
194.0 -52.8 =30.2 -17.1

DP. declustering potential; CE: collision energy; CXP. cell exit potential; * quantitative ion.

2 HR5ITE

2.1 RENEMERE
HFEEHREXMEYE TR EY,ESLFE &
MR A W, PR ik 2 EST U X H b 47 40 4T
S BT A €073 - HR I T 1 4 A AR R AL £
T BT 0. 1% H R /K S WE- LG F 0. 19% FH IR ZK %5
V- H R A DL B i 3 s A, PR E AT 35 S
WA, T HLSERGRE I3 . A5 AT ik i i, T
VAR RIS 7 Fp il SRR A W E TIE S
Az, B 1 2R 0. 1% HERZK- G F 0. 1% H iR /K-
H N SIARRT 50 we/L & O R 2B S WAEIE . 7
BT R P gk R, AT
AL IEE TR TR N E SRS EE (7
i) Z TR (6 F) H 2B FET 7-
BRER TR A T-REFU R 1T-H-6- 72540
REEE 3,8- " A-T-REF T RN & T HIEH
TR MG, R e 57 = R AR 5387 5 1k B
BLEFXTIE T B T R Ao S vk, BT
5,7 MES RGN EFAEXT 0.1%
H R K- U6 S T 3 A 4 i 1 B4 F 0. 19% H R 7K -
FF P2 4 i 07, 282 (1% 52 D) T B 9 sl A e ) R
HEE T AE BST JE ] IR EES 719 72 A4 | 1 2
FARE AR T, AR TE =4, IS0
B EERH 0. 1% R /K- B2 Ry O s AR R A5 20 7
AT5 0. 1% W K- BEVE i sh AR 1 55—y
SR F SRS ARG 2 T A A B H BN, X

TESEBR I A R T RS BT A
2.2 EEEBUMERERE

TS BRoK A Hh O R A W vk R AR
SRR b 43T R A A 5 X KRR 1A [ AR AR A
B DR A o T [ A A BN RS Y A B R
HLB [ AHZE B INVEE B 2% 7K % iR - EUR) 2 0, 32
A B G R LU ) S5 7K 3R s K 3, o o k3
N-Z G FE W e B, T DL B8 WAk & 9, i K 5%
h ARFER TR B AR L S, B L HLB [ A
FEU/INVE B 5 B SRR S P AR R M A
Y. C18 [EAHAE IV t SR B A -/ \ ot HE 1) ik
JEAER AL B, e SR 3R 1HI AT REFR 2L | DR 7 57 B
KPR R A 5 B 5K, X e G E RS
Y& 55 A LNy 7 BUREEAS R AT BE -5 308
APER FEARTE] 1 HLB /NEEFT C18 /)M ] SHe AN ]
B K 0 1 A R AR A rp e 8 T 3K R A
HZEBUNMESEAT P, 17 500 mL pH 7 fO#EERZZ v
EHmA 7 MEE R, M E 14 HLB (500 mg/6
mL) Fl C18(500 mg/6 mL) /N [ 4 [ g 22 ( L&
2), X C18 [EAHZE B/ 7, FICR /NI .
7-H-6-F2FHe-4-HIFHF T K (24.2%) >3,8- A -7-#
HEGEK (7. 1%) > 8-FA-T- 2 IHHF T K (6.3%) >6-
FREEA-WEF TR (6.2%) >T-REF T K (4.6%)
SHEEHE(3.0%)>6,7- " RIEEFELTE(0), X5
Chemspider %40 % 45 Hh Jig 7K 23 Bic 22 5000 X 5l
(log P) Wy fk e —3, -4 log P & & H%IEW]
A USSR A s KM, — 8 log Pk, ik P



WS, A5« AR A MR- w2 AR (3% - — B DO B AT Bk 23 A

51 H . . . .
1 PR K AL B K RE T 7 Fh s o 22 83
3 34
23 a ESI" 23 b 2 ESI*
A |
5 0.6 S 064 il
z z
é 0.4 §”j 0.4 | 3
=) i=i 1
02 02 ] 5
3 7 ] 7
R b 0 L
T T T T T T T T T f
0 2 4 6 8 10 0 2 4 6 8 10
¢t/ min {/ min
3 34
] ] 2
24 ¢ ESI™ 24 d ESI™
] 2 ]
1 = | = 14 =
S 0.6 S 064 T
z z 7
£ 044 £ 04
= I 34
7
02 5 02 6
] 4 1
] i kﬁ
A
0 — AI L 0 L A T T T
0 2 4 6 8 10 0 2 4 6 8 10
¢t/ min {/ min

B 1 RALSERNER7FHEZE (50 pg/L) WRIB FREEE
Fig. 1 Extraction ion chromatograms of the seven coumarins with different mobile phases
Mobile phases: a and c. 0. 1% formic acid aqueous solution-acetonitrile; b and d. 0. 1% formic acid aqueous solution-methanol.
Peak identifications; 1. 6,7-dihydroxycoumarin; 2. 7-hydroxycoumarin; 3. 6-hydroxy-4-methylcoumarin; 4. 8-chloro-7-hydroxycouma-
rin; 5. coumarin; 6. 7-chloro-6-hydroxy-4-methylcoumarin; 7. 3,8-dichloro-7-hydroxycoumarin.
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Fig. 2 Recoveries of the seven coumarins on different
solid phase extraction cartridges (n=3)

Compounds: 1. 7-hydroxycoumarin; 2. 6-hydroxy-4-methyl-
coumarin; 3. 6,7-dihydroxycoumarin; 4. coumarin; 5. 8-chloro-
7-hydroxycoumarin; 6. 3, 8-dichloro-7-hydroxycoumarin; 7. 7-
chloro-6-hydroxy-4-methylcoumarin.
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Table 2 Matrix effects for the seven coumarins at different dilution folds in actual water samples

Matrix effects

Compound - — — — —
Without dilution 2-fold dilution 4-fold dilution 8-fold dilution
7-Hydroxycoumarin 0.88 NA NA NA
6-Hydroxy-4-methylcoumarin 0.92 NA NA NA
6,7-Dihydroxycoumarin 1.12 NA NA NA
Coumarin 0.84 NA NA NA
8-Chloro-7-hydroxycoumarin 0.70 0.74 0.83 0.99
3,8-Dichloro-7-hydroxycoumarin 0.67 0.78 0.85 0.98
7-Chloro-6-hydroxy-4-methylcoumarin 0.70 0.73 0.81 0.94

NA: not applicable.
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Table 3 Regression equations, correlation coefficients (r), linear ranges, and MDLs of the seven coumarins

Compound Regression equation r Linear range/ ( ng/L) MDL/ (ng/L)
7-Hydroxycoumarin y=1.05x10°2+9.20x10° 0.9996 0.1-100 0.88
6-Hydroxy-4-methylcoumarin ¥=6.12x10*x-6.06x10* 0.9998 1-100 0.92
6,7-Dihydroxycoumarin ¥=6.12x10*x+1.91x10* 0.9999 1-100 1.12
Coumarin y=5.16x10°2+3.01x10° 1.000 1-100 0.84
8-Chloro-7-hydroxycoumarin y=1.32x10°2-9.46x10* 0.9996 0.05-100 0.70
3,8-Dichloro-7-hydroxycoumarin y=1.21x10°2-3.21x10° 0.9961 1-100 0.67
7-Chloro-6-hydroxy-4-methylcoumarin y=1.94x10*x+4.63x10° 0.9998 5-100 0.70

MDL:; method detection limit; y: peak area; x: mass concentration, pg/L.
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Table 4 Recoveries and RSDs of the seven coumarins at different spiked levels (n=6)

25 ng/L 50 ng/L 100 ng/L
Compound
Recovery/% RSD/% Recovery/% RSD/% Recovery/% RSD/%
7-Hydroxycoumarin 84.2 6.2 81.7 1.8 88.1 2.0
6-Hydroxy-4-methylcoumarin 83.7 4.2 82.0 5.6 86.6 2.6
6,7-Dihydroxycoumarin 73.7 11.2 71.6 5.2 62.9 3.8
Coumarin 85.0 3.0 89.0 1.7 91.5 2.1
8-Chloro-7-hydroxycoumarin 61.4 1.2 73.6 1.1 74.7 1.2
3,8-Dichloro-7-hydroxycoumarin 73.0 1.4 80.3 0.9 89.3 2.0
7-Chloro-6-hydroxy-4-methylcoumarin 61.9 2.0 76.0 1.2 73.2 1.3
2.6 LB 4 100% , & fE R 0. 21~27. 9 ng/L, W] fig & A X L
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Table 5 Contents of coumarins in actual water samples

Contents/ (ng/L)
Compound X -
Source water Coagulation Carbon filter Sand filter Finished water
7-Hydroxy coumarin 1.76 0.92 0.27 0.89 0.21
6-Hydroxy-4-methylcoumarin - - - 1.79 4.69
6,7-Dihydroxy coumarin 1.99 1.87 1.83 27.9 2.81
Coumarin 4.89 3.72 2.83 3.21 2.47
8-Chloro-7-hydroxycoumarin - - - - 0.28

—: not detected.
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