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Determination of 14 organophosphate ester flame
retardants in wastewater by UPLC-MS/MS
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Abstract: An ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
method was developed for the simultaneous determination of 14 organophosphate esters ( OPEs) in
waste water. The collected water samples were filtered with GF/C membrane and purified by solid
phase extraction (SPE) using HLB cartridges. The eluent was collected and concentrated to nearly
drieness under a gentle stream of nitrogen gas, and then re-dissolved with 1 mL initial mobile phase
(40% (V/V) acetonitrile in water) and analyzed by UPLC-MS/MS under positive electrospray
ionization and multiple reaction monitoring (MRM) . Separation of analytes was finished in 15 min by
using a BEH C18 column, and gradient elution with a mixture of acetonitrile and water as mobile
phases (0.2 mL-min™"). The recoveries of all the compounds from the influent water and effluent

water of a wastewater treatment plant, at the spiked concentration levels of 1.0 pg+ L™, were

respectively in the range of 52.1%—119% and 43.6%—114%, with the corresponding relative
standard deviations (RSD) of 1.2%—16.2% and 0.4%—9.2%. The method detection limits ranged
from 0.3 to 6.0 ng-L™". The method could be applied in the analysis of 14 OPEs in waste water
samples with good precisions and accuracies.
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ek — 25 5 % FH /9 A BLBE B 28 57 ( organophosphorus flame retardants, OPFR ) , 7 #L % fiR Mg
(organophosphate esters, OPEs) TE#DEL  HL 735085 K H G740 AU FINIE i S Ul rh )0z b AR BELAR
FIFE IR SEAE | i 2 TR AR T RoHS 2011 BRI FH ) K o 750 R/ \ J5L 5 2 ok ol Do 2
R RN RO OPEs Y7 i RN B4R A 214 5.

W% OPEs (1353 1 FH , AT T 438t R RIS SR A2 I E A 25 FRBE A 5T H i, OPEs 7
MoK T TR K T K R R DL R Y A R T AR A
B A0 5 v it Ay 4, I EL X A A R U OPEs BN S AR A RIF 58 445 745 Fh A B
G, 57K OPEs #E ALK R N oK, ik A28 S SRR IR R AR S R, T 57K
th 2 OPEs BT SE 53 H s Gl e i 75 a3 15 YW iE B e ALt o oA s Sy s s 3 L.

H T, 757K o OPEs B A I 75 ¥ 32 A UM (0 1% -0 B A 00 4% 125 ( GC-NPD) | “UAH €0 3355 % 2%
(GC-MS) FIRAH (1% - R I BT 1% 2k (LC-MS/MS) , Hot GC-NPD (i FAa e 11 22, 75 2 W 4 i 4, O A
18 T KR IR A T A ; R4 280 OPEs i, GC-MS 777 /A st ] 4 A3k T4 (m/z 99) 55
BT LC-MS/MS AT GC BAT XS H AR 43 15 i B SR AT v [] B 3R A543 88 - R B8 I 15
B AR T g B R I H AR 5 AT IR RS R T OPEs R Rtk v 22 5 K AL 5E )
LC-MS/MS Xt OPEs [ BRCRA S, HAHLE R B IHFE B,

ARHIGERENT. T —FfRE T o AR (3 HR IR O B R (UPLC-MS/MS) BTG /K 1 14 Bt OPEs 1973
POk Ok BAT s R R U R B MU0, i 2 75K OPEs Rl A 25K,

1 SZEG#HRI>

1.1 SRS 51t

B AR R 58 (ACQUITY UPLC, 3E[E Waters 23 A ) 3 = H PUMAT 3% A2 ( TSQ Quantum Access, 5%
Thermo AR , BLAT HLMESS 25 TR (ESI) 5 i U848 B (1000 mL, KIS LI A FRA A .

14 Ff HFR OPEs( 3 1) 1, B& T TiBP 14 H L g Bl ik B850 ( 468K 98% ) , HiAth OPEs #r 53411 H
P[5 Dr. Ehrenstorfer 23w (4[EE YR T 98% ) ; &5 AR AL R WARY TMP-d9 \TEP-d15 F1 TPhP-d15 1
JINEEK C/D/N Isotopes 23 A (4l FE KT 98%) , TPrP-d21 F1 TnBP-d27 W4 H %< [ Cambridge Isotope
Laboratories /A F] (46 EYI KT 98% ) . LM (LC-MS 2% ) W H 35 [# Fisher 22 ], F 2 ( LC-MS 2% ) W A &[]
Sigma 7 A SE56 FH 7K ¥4 2€ [# Milipore 23 7] Mili-Q Gradient RS 25 AU EH M 18.3 M Q - em (25 °C) Y
EBaiK.

OPEs BAFRf#% £ (1000 mg- L") FZ iEHCH], 14 Fh OPEs HIRFRAE £ (10 mg- L") HIK/ 21
(60/40) Hi B BALBR i A5 W C ). T AT B A8 TR AE 4 °C IO G RS h 2% B A7
1.2 SEE ik
1.2.1 UPLC-MS/MS & &1

UPLC 444 : Waters BEH C18 {43545 (2.1 mmx100 mm, 1.7 wm) ,F:16 45 C i shH R K (A) FIZ
(B)IRA,7E 0.2 mL-min™", HBHEF .0 min,40% B;0.5 min,40% B;3 min,50% B;4.5 min,55% B;
8.5 min,70% B;9 min,100% B;13.8 min,100% B;13.9 min,40% B; 15.5 min,40% B.iFFEF 10 plL.

MS 4 R A HLIE 25 B U (ESD) , AT A 1E B T340 LLZ 5O Wil ( MRM) A 43T, % il 4
R ES BT (R 1) MBS &R R, W 95 0 HE % 0.7 m/z, BE55 HL R 4500 V, B4 IR JE
300 °C , flff#E< % 1.5 mTorr.

1.2.2 FESL AR AE S A0 HE

T KRR A AU 5 KA B T AR SR AR R 4 CCIRAE 24 h INZEIA AT

FEKFELLBERT, 17 100 mL AR HIIA 10 wL R R WFRESRER I (1 mg- L") FKFEL GE/C
Ji ( HE[E Whatman 2 ) BEESLF4E 1.2 pm) @85, LA 1 mL-min™' B3 33 HLB /MVEE ( 3E[H Waters 2%
Al ,6 mL,200 mg) #F7EL. HLB H:TSEH 6 mL ZAEHT 6 mL KA TI6 1L A, & 4 5 e, FH 6 mL R
4K ke SRR FE U N, dE A 6 mL IEVERL, BRI AE 40 CF A AMRGRE T, A 4R T sl AH
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K% 1.0 mL 5.

%1 H#r OPEs 1y UPLC-ESI™-MS/MS 4 #1244
Table 1 UPLC-ESI"-MS/MS detection parameters for the target OPE compounds

tr/ MEfERER, R

' AR/ ] ) B
min eV %
e 141.079.3 ,
1 Bl — TS TMP 1.49 —rS 23 18.05
141.0109.1° 17
- 183.081. 2
2 iR = 2 S TEP 2.24 83.0-81.3 24 30.65
183..0599.2° 18
3 PR = (2-40) 2 TCEP 333 284.9-599.2 30 90.02
286.9-99.2 29
4 B TARS TPrp 491 22517992 18 10.08
225.1141.1 10
5 AR = (2-5) T TCPP 5.55 326.999.1 30 98.70
328.9-99.1 29
6 B = (13- AUR A TDCP 7 59 430.999.2 28 82.70
432.9599.1 29
7 IR = I TPhP 8.43 327.0=152.1 33 86.76
327.0214.9 25
8 W = 5% T kTS TiBP 8.57 267.1-99.1 18 11.28
267.1-155.0 6
9 = I T R TaBP 8.75 267.17299.2 18 45.65
267.1—155.1 10
e 341.0152.1 .
10 AR P2 — RS CDPP 9.49 st 33 784
341.0229.0° 27
11 W = T RS LR TBEP 9.83 399.17199.0 13 66.92
399.1299.0 12
12 B IR = R TCiP 10.74 369.1-165.1 43 56.94
369.1243.0 27
. B (2-2,08) B i — T EHDPP _— 363.15243.0 39 13.48
363.1152.1 12
14 B = (2-2.08) O IERE TEHP 13.80 435.27599. 1 30 2313
435.2113.2 12

e a RRERE T b RREMER T 55E &8 T L.

2 R 58

2.1 UPLC-MS/MS £&1FhAk

SR A LS G 12 Bl OPEs S04 52 i Y 5 em BEH C18 (A A e A 500 B Bk &9
W [R5 A4 A TiBP F1 TaBP , BRIIL, 76X i sh AR AR BE | LS A AR IR SRR AR S8 S LR IS TD AR TERL)
TEOLT ARG 10 em B9 BEH C18 (i A: | 55 i sh AR B 45 S5 R4 Ak, &R 528 T TiBP A
TnBP 4385, 15 min N ATSER, 14 Fl OPEs 194355 Al (035 K WA 1.

2.2 HEHETA PRSI AE

DR BERE - 25 U323 v & BK AR U R FH I e e TRAF IR GF/C B 3E 27 2 B8 2 i R A [l
FE AT BET5 Y2 3 25 IR SE 56 2% PR T AT 2 5 X 5 /K P 4558 1 OPEs A3 358 B W I, 1 GF/C X}
OPEs MM B AN B 2. [R1B, GF/C R4 25 (1 nT DLl ik 2 0% AR 4l 7K V8 e ok Bk, BRI b, ACiiF 9 de ¢ 326
GF/C W U85 7K A .

I AF A BOHE B % - 22 i ST AT KRR S AT AR B i 3 mIL 60 mg A9 HLB /NVEE™) | T I5 KRR
FLE N A%, B AHAE R SPE /METE 25 5 35 9E | R L, ASBIF 5 40 AR I o 255 £ B K9 6 mL 200 mg
HLB /M.

2.3 RIS SC R L
FHRIEA TSN (40% LKW 43 I Ee 1 0.1,0.2.0.5.1.2.5.10,20,50 100,200,500 pg- L™ I H
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FUBRIER IR, CEOUAL IS B s RIS 250 T AT I 5E , AN AR E B, 0B 7 1k B A AR 4 M i LS AR G
FRAFS RO 2. 4R W 120k AR ST N A A2,

- 100k 78,9 1. B LR
» 2 PR IR
140 |- 50 —
25 3 BREQH) 2R
120 [~ 050 85 90 4. BRER =D S E
5. B = Q-G RE
SwF Tt ¢ B 10“ 123 N 6 BERR=(1, 3-— AT
# 7. B = IR
E 0 8. BERL= 5 T LR
R 0. BEE=IF T 4R
10, BERR 5 — H1 RS
40 11 B = TR 2B
12, BRI RS
20 - t { 13, B — 2- Z.3) DL — KR
. l L L LU . |14 BE=(-Z 0 SR
0 2 4 6 8 10 12 14

H I B ) /min

B 1 14 fl' OPEs ARUEIAMHY UPLC-ESI-MS/MS 3% (100 pg-L™")
Fig.1 UPLC-ESI*-MS/MS chromatogram of a standard solution of the 14 OPEs( 100 pg-L™")

2.4 JrIEBY IR ISR RS 5 R R E PR

X5 KA it R 2R AR K R A T b RIS S 36, 7K SF- 43 51247 100,1000 ng - L, SFATIRE 5 47,
O ML WL 2. 85 AR A SO R F A T AL B 5 460 14 Fl OPEs B9 e HAT R A7 AOoRS 26 14 5 I
HARZKSEA 1000 ng - L7 B, /K A K 14 B OPEs AR IR 20 518 52.1%—119% 43.6%—
114% , 77 VR X AR DR 22 (RSD) 23 %118 1.2%—16.2% .0.4%—9.2% , 77 A i FR (LOD ,S/N=3) Hy
0.3—6.0 ng-L™".JLH TCrP .[EHDPP F1 TEHP (%) [0SR AT RAR , =22 [ X AT g2 K R 3 3 Fhfb & 911
B RC,, 78 AL B P 28 5 W e RE A RE 0T BB B TS KSR R 4%, 31X 3 i) o 2 i 3 5
STPRETE SPE /G XELITR.

K2 RSN ARCREL(RY) P AFR TR (R)

Table 2 Linear ranges, correlation coefficients (R*) and spiked recoveries of 14 OPEs (R)

et wf%%ﬂirﬂ/ P Tzfi/ 100 ng- L™ 1000 ng-L™ ﬁ%ﬁl!‘% '

heeL™) K WK Ry/% RSD/% Ry/% RSD/% Ry/% RSD/% Ry/% RSD/% 1OD  1.0OQ
TMP 0.1—3500 0.9994 585 141 8.6 03 81.8 138 119 3.1 114 3.1 342 114
TEP 0.1—3500 0.9990 442 660 104 69 128 57 107 32 104 1.8 030 1.00
TCEP 2—500 0.9982 408 231 — 108 35 120 145 945 47  6.00 20.0
TP:P 1—500 0.9981  nd nd 955 02 991 13 9.7 57 95 36 300 100
TCPP 0.5—3500 0.9984 431 401 — — — — 104 65 104 38 1.50 5.00
TDCP 0.5—3500 0.9982  nq° ng 981 83 106 150 100 12 894 1.2 150 5.00
TiBP 0.1—200 0.9994 352 518 102 0.1 838 49 101 75 967 20 030 1.00
TPhP 0.1—3500 0.9987 551 592 949 148 8.8 02 8.1 68 104 92 033 110
TnBP 0.1—200 0.9997 83.1  nd 1001 49 904 16 111 98 107 22 030 1.00
CDPP 0.1—3500 0.9986 1.00  nd 101 20 778 55 110 53 8.5 3.0 030 1.00
TBEP 0.1—3500 09972 254 365 134 00 91.8 42 111 68 943 04 030 1.00
TCrP 0.1—200 0.9993 3.01 560 628 48 387 13 610 162 593 83 030 1.00
EHDPP 0.1—200 0.9977 3.62 48 521 109 339 61 521 109 436 73 030  1.00
TEHP 1—200 0.9999 798 6.65 467 52 347 64 703 26 799 60 3.00 10.0
3 OPEs 1335 904

T ) FITIAR MU HEK R K T OPEs BYAR IR L s b) AN ;o) K AER BERE 4k ;) BT 0T 102 AR IR 9 2 ARG AR Iz AR o AR
WRE  RATENA B s e) Jriiki iR, LOD . S/N=3; 7 # R, LOQ : S/N=10.
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2.5 SEBRAESINE

FEARACH SZEG 25T AL s BTG 7K R AR /K A ZKRE S EA ARSI, 4550 W36 2 i A G VR
3R 2 RIS R IT BR T TPrP ZE#E 7K A /K b BRI T4 s B, Aty Jo 340 7 /K e 7K v i o
OPEs 7E757K) #E/K i Sk )& 2 1335 ng- L™, Hrft TCEP \TCPP H1 TBEP F4 #e & AH X %5 e , A2 #E K
e 4 )35 2 408 431 ng- L' Fl 254 ng-L7".

3 458

AR SCR B e OO (5 5 R I T I P B AR, 857 T 157K 14 B OPEs 14307 5 i ik A 85
15 1 R RIEBRPE A 0.1—500 pg- LT EFIZMC R R AP, R =0.9972, K 1 FRAE 0.3—6.0 ng-L™' R
FAASHIFSE b BORE S AR FRAN A 7 35, RS S BIXHIS /K b 14 Fh OPEs B MERA TN 22 , g BT 5 3% 26 FLAR 77 2
15K BRT Y BREE o3 A S B SR T A R T k.
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