) »
6‘5%[1&‘ o5 b 5539 %45 10 ] 2020 4F 10 A
Eco-Environmental ENVIRONMENTAL CHEMISTRY Vol. 39, No. 10 October 2020

Knowledge Web

XEL, JTIER, ALAT A5 WO % - A 506 DO B AT B3I 1 IV KR JES U8 A A L R e DS BELA R [ 0. FR 4 1k %, 2020, 39 (10) -
2947-2951.
LIU Xing, WAN Zhengrui, DU Wei, et al. Determination of organophosphate ester flame retardants in seawater and sediments by liquid

chromatography-tandem quadrupole mass spectrometry|[ J].Environmental Chemistry,2020,39(10) ;2947-2951.

R 18 B - B B T AR AT B i 5 T RE 18 7k #0178 ik ife iy B WU ER iR 2K RRLBA S

2 maEm Ak 4B IR EERT OXRA T4
#

(1. EZRBE AR P RE, 116023; 2. FEFHE AT IS4 ST AR E, K
3. R (T ED ARAF, dtat, 100102)

, 116023;

T OE ARSCHENT T T RO (5 R I DU AR S FH R AR [R] A KRR IS YR Y 26 FhE WA AL R P
Z5(OPEs) BHAAFI A J5 2. 7K h ) OPEs 283 M 1 8 1 1) 3 5 4 SO HH 11 A A B Bond Elut PPL A& $E 4k,
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Determination of organophosphate ester flame retardants in seawater and
sediments by liquid chromatography-tandem quadrupole mass spectrometry
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Abstract: A method was developed for the simultaneous determination of 26 common organophosphate esters ( OPEs)
flame retardants in seawater and sediments by liquid chromatography tandem quadrupole mass spectrometry. The OPEs
in seawater were enriched and purified by the polar-modified polymer reversed-phase solid phase extraction, Bond Elut
PPL column, and_quantified by the isotope dilution method. The method delivered excellent linearity for most OPEs
over the range of 0.5-~100 ng-L>", with linear regression coefficients higher than 0.99. The detection limits of OPEs
in seawater ranged. from 0.0003 ng-L™' to 26.0 ng+ L™, and the recoveries ranged from 51.8% to 123.0% at low,
medium and high spiked. levels with relative standard deviations ( RSDs) within 0.7 to 13.6%, respectively. The
detection limits of OPEs in"sediments ranged from 0.0001 wg-kg™" to 0.02 pg-kg™", and the recoveries ranged from
52.1% to 118.1% respectively with RSDs within 1.5% to 12.0%. The results show that the method is sensitive,
accurate and reliable, and can meet the requirements for the determination of trace OPEs in environmental seawater
and sediments samples.

Keywords : organophosphate esters ( OPEs ), flame retardant, polar modification, reverse-phase solid phase

extraction, liquid chromatography-tandem quadrupole mass spectrometry, seawater, sediments.

AHUBEARTE ( Organophosphate esters, OPEs) V4 BELAA TR 334 98 78] 5 I 7 S2ORL ) i 25 00 (LT el SRR
Fe g BAA bRV . H AT H Y OPEs ZEBHIATR AL 20 R 4K | b 22 BELARSR) phy % IR 1) 7™ . 75 35 1 148 2 BR ol
T, OPEs ZE AT A F BEFE A1 I, Hoxh A2 AR PREE AR BB 520 H 45 32 B89 SC A PSSR W, OPEs HoAT

x ERK HIRBIFHEA (21777035,41676097) Y B,
Supported by the National Natural Science Foundation of China (21777035,41676097) .
w o+ IBK R AN, Tel :0411-84783511 ; E-mail : wpwang@ nmemc.org.cn

Corresponding author, Tel:0411-84783511 ; E-mail: wpwang@ nmemc.org.cn



2948 B2 53 1k 2 39 &

FORE AR B R OPEs B 28330 7778 T PR BT KA JRCTR | - S0 A Wy Uk o oy | {ELAE Vi /K R JES U8 P B A
DUV P PR R AN A 2R A S M AN 22 UL TR 0, ik 5 i S — o O SR 4T L R AR, PR K RN IR R OPEs Kl i 75
2, VIPEM OPEs X EREE 175 Gtk 0.

OPEs AN J5 35 B A (% (GC) A EIE-IE L ( GC-MS) R (- i %k ( LC-MS) %2> Hi il
AR R I DU AR B ( LC-MS/MS) HAT w8 RAMURI e 1 38 5 290K MR 4 F BB K ARG # & 1 OPEs
B4 AT ARSI AR SCEE ST T T [TAH 26 I AR 255 VRORE €00 3 B0 DU B A I % ) s A 000 ¥ /K RNV RS R v 26 F OPEs 19 43 BT
i AT AT e BT IR mIcA s | SE A RE T R XTI RS OPEs 43 kil i) 22K

1 SLI8#84 ( Environmental section)
L1 A G50 S HE

B X (1290 Infinity IT UHPLC-Ultivo QQQ, £ Agilent /A% ) ; Vac Elut 20 {7 [5] 484 Bk & ( 5 [F Agilent 24
A]) A 3K-15 BOAL(FEE Sigma A F]) ; ZMALCESLRBHA R IRIEIRSIA (FEE IKA A F]) s Milli-Q #B4likhe s (3
Millipore 23 7] ) ; ARG OPEs &[G Zhr i (36 E AccuStandard 23 7], 100 pg-mL™" AR FIlEl 5o s 7)) Bl
B TARRES , fERR IR AR UGS AR, AR E A E T S AP E A G .

S S PR N (52 (5 Fisher 2 F]) 5 J2 58 FI/K M2 Milli-Q R G fk 1 8 4li/K CHiL A 2.18.2 MQ) ; Bond
Elut PPL R 284 W [ 4R 2% BT (200 mg/3 mlL) , Bond Elut Plexa (200 mg/3 mL) ,Bond Elut C18( 500 g,6 mL) (3
Agilent A7) ,Qasis HLB (S Waters 24 F] ) . S5 VKRR TREURE G | KA LR, T 4 CURF I, ISR FE 5 28t
TG R A O A A e .
1.2 FESRTAR I

T KRR S MERG SRR 500 mL, F B UM B 25, N AR EE R 1 ng- mL7 RA AR 10 pL, 50 mL H IR &5
5], A Bond Elut PPL B AT 3 mL 218 ZERkUE , 3T BAHZEICR B 4H 3 min 2T, 285 H 3 mL HFEEFI 3 mL 7K
MR TE/IFE /N B P B #5832 82 Bond Elut 60 mL A& T /KA AR FFIE# 5—8 mL-min™', FAEESHE 10 mL
10% H BRI BE , 3l T/ 3 min, 85 1 6 mL £ R S BR VR, e R 2 BB e Bk, AWE T, I B E A 2 1 mL, 3#
LC-MS/MSH: .

X UG VRRE S MERFREL(5.020.05) ¢ BEf AR EN 1 pg-mL RS AR 10 pL, IWHEY 2. FMA 10 mL £
IR E 1 min, B HEEL 10 min, 8000 remin™" B0 5 min BRI T 50 mL 25808, FINA 10 mL ZHEEE R K,
B CIEPEEUR 40 CRWHRATZE 2 mL, A 8.mL K, €5 3t PPL A 251 FHE 1—2 mL-min™". HE#/E 50K
Tl A PR AR AH ).
1.3 WU BT A

SR FH Zorbax SB-Aq G REAE (2.1 mmx 150 mm, 1.8 wm, 35 [E Agilent 28] ) , A1 40 °C, #EREATH 2.0 pL. 7 3hHH A
F0.1% H /KT B B B i E N 0.30 mL - min~" B BE PRI ARFE A0 R :0—10 min, B M 50% £k1t:7H%] 62% ;10—
12 min, B MIZAETFE] 70% ;12-—22 min, BAZAETFE] 75% ;22—27 min, B MIZAETFE] 100% , 4645 5 min. L2 5 HTIHSEA4
BFA)A 5 min. (038 0 HH IR 28 s S0 Fi 1 55 3 VR PG A B I3 v T SR 4 SR FH E B8 22 S g Wa i ( MRM ) 5220 85 7
PBEEINT . TR SR 250 C; THA R E 6 mL - min™'; 25 L85 1K J1 30 psi; 850 AL E 350 C ;85 7% <00
11 mL-min™"; EJ045 B /R 3000 V.4 OPEs K [F{3 2 NARAY MRM SRAESELE 1.

2 ZR 57t (Results and discussion )
2.1 s S g n ik

FEIE B TECT #E AT Bk 15 2] B G409 [ M+H ] B8R, 430 D016 6 4048 i 8 H P Nl 438 Hh T, e 24 B 45
BT e R R B (R S e i TR S o p e s AE R I IR AL G &S50 3 1. T4 TPP/TiPP, TnBP/
TiBP £l 0-TCP/m-TCP/p-TCP Yy 3 Xt IRl 53 FHI R A AFFE , B T Zorbax Eclipse plus C18 ., Poroshell EC-C18,Zorbax SB-Aq
TR K/ W REFNK RS WA R0 T sh AR IR 22 43 3125 A R 1 43 B 30, e X 8% Zorbax SB-Aq (BiEAF 1 0.19% H iR /K
W P EHRRIAT 8 SR E AL ISR | IR, 25 4R 53 S A A4 AR 52 B L 26 43 B8 %6 T 1 K R AR e
G ZAL, Y BAR G A W s A IS R 4l P BEARSE vk S min, SR BEAITAR B JL I IR H A R
2.2 KB R BUA L S AL

Hbrfb &P & Wl e 435N TMP, BIHEN PEAC TR 1 2 Fl OPEs, T A WM 5 22 B4 K, 2% i it 7k o iy 3
T 2 AR S K TR H AR AT 0T Bk B K DUBR , T ZEXF OPEs #F47— 2 19 5 46 A% 58 i R TR 25 L
W7k S I HL R BEAREE T TR, DR 5 pe ol P S A A 2 BBOHE s A T AR BRI & 48 D VR TP T AS [R) ) 3R 6 00 s A+ [ A 2
BtiE , Bond Elut PPL Plexa 200 mg,3 mL, DA R EEREHEAR A Bond Elut C18 500 mg,6 mL FEIAHZEE ™ &, 10 mLKINA
—E B MERPE OPEs drifiidh, 278 SCHk[ 81 R M I £ (50:50, V/V) #EATHENL , 5 48 OPEs 1Y [MICR R EFE 515 1Y
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FHFEIUINKE 255 % JEAEIR OPEs 1k & Wi [ R 25 10T LI Y, Bond Elut PPL X 2805 Y18 HA B0 DGR {BA4T
o AL PRI 25 Sk ez JLAP OPEs Ry A1 Z 2

F®1 4 OPEs KIANLZABRRY MRM RESHL
Table 1 Parameter of MS/MS operated in MRM mode for OPEs and their isotope internal standards analysis

(aegy] BET(wz) FTET(wz) iRV HREBE/V
W A XL BERR 2R ) (BADP) 693.2 327.1 7/ 367.1 34 / 38 225
W(2,3-IRIEL) BEREE (BDP) 498.7 298.8/98.9 6/17 170
R FA 28 — 2R (CDP) 341.1 152.1/90.9 42/42 175
2- KO R TR IR R ( EHDPP) 363.2 251.1/76.9 6/50 50
RS2 3 — K FK (IDP) 391.2 251.1/76.9 6/50 90
2, 2- XU H - =0 R - [ XL (2-5 23 ) W R IIR ] (PXC) 580.9 358.9/235 18/34 155
Wik = T 4.2 (TBEP) 399.2 299.2/199.1 9/12 110
WimR = (2-50 & 3) g (TCEP) 285 98.8/62.9 26/30 100
WilR =W KER (TCP (o-, m-, p-)) 369.1 165.1/90.9 50/42 175
Z(HESNER) BERRIE (TCPP) 327 251/98.8 2/22 65
BER = (1,3-— % -2-N3%) lig (TDCP) 430.9 209/98.8 14/34 145
IR = (2- 43U 35) i ( TEHP) 435.4 113.1/98.8 5/17 100
Wik =2 (TEP) 183.1 98.8/80.9 18/42 60
Z(2-FRPUEEAEL) B2 (TiPPP) 453.2 369.1/327.1 22/34 155
WL —FER (TMP) 141 109/78.9 14/22 90
W2 =T He ('ToBP) / Wil2 =5 T Fg (TiBP) 267.2 211.1/98.8 2/14 55
IR = 1E JLEE (TPeP) 309.2 239.2/98.8 6/18 85
R = K& (TPP) 327.1 152.1/76.9 46/50 150
SHBLE AL (TPPO) 279.1 201.1/76.8 26/50 160
WEIR =R (TPrP) / BEMR =5 INTiE ( TiPP) 225.1 183.1/98.8 2/14 65
= (EPEIEL) BEBREE ( TTBNP) 1018.4 144.9/65.2 44/92 180
L-NBE,2, 3-8 - (TZ3P) 699.6 99/299.3 54/14 120
TBEP-D27 426.2 317.2 10 125
TPrP-D21 246.1 101.9 22 65
TEHP-D51 486.7 101.9 36 65
TEP-D15 198.1 101.9 22 75
TMP-D9 150.1 115 18 110
TnBP-D27 294.2 101.9 18 85
B TPrP

1.3X 105:_ TiBP

1.2><IO’_—

1.1X105F TPPO

Lox10°} TiPp TiPPP 38,829

09X10°

’é 08X 105 TMP EHDPP
O 0.7X105+
sl TnBP
oot | i
x 1051 BADP

g::x:g»"— ‘ TCPP o1Cp |

0.2X10°F TEP TBEP | p-TCP

01 ><105:— “ ATCEP f\PXED,\CPB A\CDPA ‘H IDTPTBN

12 34 567 8910111213 1415 1617181920 2122 23242526 2728 2930 31
t/min

1 OPEs pRUEFERN (10 pg-L7") BUFZE MRM (33 ]
Fig.1 The MRM chromatography of OPEs standard (10 wg-L™") in LC-MS/MS analysis
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2 [EAR I SAL S W SR ) AR PR DA B 22 o R SRR [ 7 1 Ak 8 2 A [] 9 A3 0 70 R0 JBE 125 700 SR AR 4k PPL X
OPEs Ry B AT M. el 78 70 22 1l TN R- PR G (1:1) ECke- W B (1:1) (OME-HEE(1:1) , 2N 5% @tk o
& LR CERAE B R 5 mL BEAT PR AT 326 1 B 38 AR R 0 371, Ttk — 25 SRAL W AR FR , i 8 £ 8 T 6 mL Bl
TRIE OPEs fL& W) By MR 45 . AR R R B Sk AR PPN B 5T, 73078 500 mL K FEH A 25.50.,75.,100 mL H
fEid PPLAERT, & B 500 mL K P AIA S0 mL B LR SR MRS Y OPEs 4t i A5 B i R E k28, s bl
i, ZF LA YITE 500 mL LR RBUAM T SA R FRRE N ZEIRELE , BB v 5898 1Y OPEs [ AR 25 &
JEBEFE 500 mL K HIA 50 mL HEEIR A G LRE( PRS2 490 10%).

2.3 VR TREE IR B S Ak

MG i S K B R A RE RO 28,5 ¢ JEVRRE S 2 G VE B EUE 7, 20 A 4L T 10 mL 2% By 3 BURN &
ST VR R BRI, 296 45 SR B VR B2 B 28 ] LA B U S v 19 [l S5 25 01 | R L O ok e B 6 20 mL 2B 40 PR R A T B B
P 19 e 2 EAERBUN 10 mL, 3 /N TR B EREARRR SR BAR SRR T O 3R S ARk s i T, 43
BN 0.5.1.1.5.2 mL Z , IR EE A 5 E , B B A 9.5.9.0.8.5.8.0 mL /K, I iEIR A48 A PPL A ,6 mL 2R
CETRI , e Ak A ) LB 25 O ik B B 5 20% 2 I /K AR A L BR V51
2.4 IEMLSH LMK HER

SRR AR BRI T &, 7E 0.5—100 ng- L™ IOV TSR N5 545 OPEs B4 M Bl SR8 53 OPEs 41 R 4f,
1) Z ¥ 4435%) 0.99.PXC TDCP .BDP TPP TnBP .CDP Fl TBEP Hi T RAUE AYJEH , & 8 NERE T 0.5 ng-L™", HAKM
LR B R R0 R B0 L3R 2. LASRAIR 2 TR NI BT (/KRR 5.0 g+ L' MEJE TR 0.50 pg-keg™") T A5 EI MR 51 A
3 X U AR K T OPEs J5 4 th BRAKE ng- L™K IR MK E ng- ke K-

F 2 OPEs M4tk & Sk i R
Table 2 The linear correlation coefficient and LOD of OPEs

ey {%‘éé’ﬁ LA 2 D IEA R
[4]/min (ng-L7") K/ (ng-L7") TR/ (kg™
T™P 2.43 0.5—100 0.9972 1.76 0.010
TEP 4.31 0.5—100 0.9999 0.11 0.006
TCEP 4.73 0.5—100 0.9983 0.14 0.004
TiPP 9.11 0.5—100 0.9997 0.06 0.020
TCPP 9.71 1.0—100 0.9988 0.05 0.020
TPrP 10.27 0.5—100 0.9994 0.07 0.005
TPPO 11.03 0.5—100 0.9993 0.04 0.010
PXC 12.28 5.0—100 0.9996 0.04 0.008
TDCP 13.51 1.0—100 0.9990 2.03 0.010
BDP 14.91 5.0—100 0.9997 0.03 0.001
TZ3pP 14.94 1.0—100 0.9988 0.13 0.003
TPP 15.23 1.0—100 0.9969 0.37 0.001
TiBP 16.36 5.0—100 0.9997 0.04 0.006
TnBP 16.72 1—100 0.9999 0.04 0.006
Cbp 16.92 1—100 0.9998 0.38 0.011
TBEP 18.74 1—100 0.9990 0.06 0.003
o-TCP 20.30 0.5—100 0.9982 1.03 0.004
m-TCP 21.07 0.5—100 0.9971 1.38 0.004
p-TCP 21.60 0.5—100 0.9988 26.00 0.020
EHDPP 23.59 0.1—50 0.9979 0.02 0.001
TPEP 24.02 0.5—100 0.9991 0.08 0.003
IDP 26.36 0.5—100 0.9984 0.14 0.013
TTBNP 26.65 5.0—100 0.9988 0.18 0.004
TiPPP 26.82 0.5—100 0.9961 0.0003 0.0001
BADP 27.44 0.5—100 0.9983 0.003 0.0001

TEHP 28.83 0.1—10 0.9987 0.083 0.003
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2.5

T35 MR JEE MK 2 5

S 53 e PR SR K R SERDAE g B A VA 75k A VT B RORS S 8 T T K UL T A AOR ) 25 48 255 75 T A%

P& WITE LC-MS/MS 8% b B 5 0% , %64 20,50 100 ng- L™ B9 3 TR IR, T2 [ 22K 3 G v 3 A AN [ 14
I RS IKPig 3 A~ 5, OPEs & 46 &9 0 B 28 45 SR TE 52.1%—118.1% 2 [8] , Al X b o At 22 339/ T
12.0% X FHEICIERE S, 3 DB IKF-20 5100 1,410 pg-kg ', OPEs 240G 1) i [TICR I AR 52.19%—118.19% Z [A], A Xt
FrifEfin 25 45/ T 12.0%.

2.6

SN B0

S PHAR 7 3k X LTS 9 7 AR i AR D8 AR i E A A DU, AL I 5 2R L3R 3. FT LU, IRk OPEs 5 e 1200
TEP

TCEP . TPPO . TnBP .IDP Fl TiBP 4.

R3O K AR S OPEs 15 W1 & & E (K ng- L™ IETE pg-kg™)
Table 3 Contents of OPEs in sea water(ng-L™") and sea sediment( ug-kg™")

Kby HEK AR 1 TR 2 MK 3 MR AR 1 TR IRRE 2 TR TRRE AN 3
TEP 2.2 103.8 707.4 ND ND ND
TCEP 64.4 99.4 281.4 2.9 7.0 1.4
TCPP 12.5 6.4 71.1 2.1 11 1.1
TPPO 8.9 10.2 151.0 0.2 0.3 0.2
TPP ND 2.8 5.2 ND ND ND
TDCP ND ND 8.8 0.2 0.1 0.3
TBED 1.2 4.4 60.4 0.1 0.03 0.3
BATP 1.5 ND 11.4 0.3 0.5 0.2
TEHP 0.7 ND ND 1.2 ND 3.6
TnBP ND 12.4 105.4 1.9 0.05 0.3
EHDPP ND 5.2 2.4 ND 0.05 ND
TTBNP ND 4.8 ND ND 0.05 ND
IDP ND ND 7.6 0.3 0.1 0.2
TiBP 12.0 ND ND ND 0.05 ND

L ND K

3 #it( Conclusion)

AR SCR IO (1 A3 I DU B AT 53k 45 5 [ (7 2R R [ I 00 T /K A5 TR SIS 8 v 26 b i UL AT AL P 1 XS BELIA 571

YT EE AR E IR E 2R TP SR, R, LTS 58, DI SR FIORG 25 1 35 L M B R R W
WK NI Je IR & OPEs (43 #T.
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