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O OE: B ST SO - B ORI A A b 22 R BLBS R R (organophosphate esters, OPEs)
FWEWH I, 73 R 0.1% MR- I OB A 4R I, $R IR 2858 it 20 HLB-Prime [EAHZEHURE 1L,
AWK, 0.5 mL 50%Z.-0.1%H FRE % Ja EALGI, L A HI(Z0E). B HI(H 2 mmol/L ! FRER /KR ) A i sh Al
FEEEVEE, WE o 0.2 mL/min, #EREARFRN 2 ul, £ 500 Wil (multiple reaction monitoring, MRM )AL= 4650 . H
bk G IfE ACQUITY UPLC® BEH Cq (GiH:(100 mmx2.1 mm, 1.7 pm) FS2E408S, fERMEZEE B 7-(18 Fh
OPEs), f1§F (4 fil' OPEs)f#i# = F 17 MRM, [N R NArikad i, SR i @ik 4k, 22 fl' OPEs
LA AR T R 8. 22 B OPEs LA 0.5~50.0 pg/L LRI IEX R RIF, MXERBOIKRTET
0.997. KiHiFRH 0.1~0.2 pg/kg, EERK 0.3~0.6 ugkg, AR, F. & 3 USRI HFR R
1E 77.4%~109.3%2 [f], FAIXTHRIHEN 22 (n=6)7E 1.8%~8.6%2Z 18] iz RS BT /rir T 7 (A kES,, OPEs
25k 71.4%, Hirh &8 h iR = Z W (triethy] phosphate, TEP)f¥5E B & &1k 29.60 pg/kg. @i % ik
faj BT &g . AR . EBMELS, M OPEs 28 £, i T fa A+ OPEs fb-& Wi .
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ABSTRACT: Objective To establish a method for the determination of 22 kinds of organophosphate esters (OPEs)

compounds in fish meat by ultra performance liquid chromatography-tandem mass spectrometry. Methods Samples
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were extracted by ultrasonic treatment with 0.1% formic acid-acetonitrile solution, and the extracts were purified
through an HLB-Prime solid-phase extraction column. The samples were then dissolved in a nitrogen-blowed 0.5 mL
mixture of 50% acetonitrile-0.1% formic acid before detection. The A phase (acetonitrile) and the B phase (2 mmol/L
ammonium formate aqueous solution) were used as the mobile phase for gradient elution, with a flow rate of 0.2 mL/min
and an injection volume of 2 pL. Multiple reaction monitoring (MRM) mode was employed for detection. The target
compounds were separated on an ACQUITY UPLC® BEH C;g chromatographic column (100 mmx2.1 mm, 1.7 pm) and
detected via MRM in electrospray positive (18 kinds of OPEs) and negative (4 kinds of OPEs) ion modes, with isotope
internal standard quantification. Results Through optimization of chromatographic conditions, baseline separation was
achieved for all 22 kinds of OPEs compounds. The 22 kinds of OPEs compounds exhibited good linearity within the
range of 0.5-50.0 pg/L, with correlation coefficients all greater than or equal to 0.997. The limits of detection were
0.1-0.2 pg/kg, and the limits of quantitation were 0.3-0.6 pg/kg. The spiked recovery rates at low, medium and high
concentration levels in fish meat ranged from 77.4% to 109.3%, with relative standard deviations (n=6) ranging
from 1.8% to 8.6%. Using the established method, 7 fish meat samples were analyzed, and the detection rate of
OPEs was 71.4%, and the residue of triethyl phosphate (TEP) in the sole was 29.60 pg/kg. Conclusion The
method is simple, reliable, sensitive, reproducible and covers a wide range of OPEs, which is suitable for the
detection of OPEs in fish meat.

KEY WORDS: ultra performance liquid chromatography-tandem mass spectrometry; fish meat; organophosphate
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A HL#EER I (organophosphate esters, OPEs)Z&{L&#)
R RVE NG, BEAH WA OPEs 2645 22 F, AR
P fb 2 2K v U L A R AT 40 ke 226 OPEs. iift
fi s OPEs FIZ5 &K% OPEstY, OPEs 2—2Hi&) 12
Tk Ak 2 5, RO /E B e SR . 30 . Wi L T3
RS AN, ANIFESEMIY OPEs MhfE2E 3, Hi
Pt BN 5 S OPEs 2 I FIHWH A & BUR IR SE; T
KfCBESESE OPEs HWIRAREABMEL, HTFRA. ik
BT T AR SR 2 TR BRI A9 A5 T, OPEs K1k
PR R S A B Y, R AR, R
2023 AR Hp AR A R R 38 TR

OPEs S#1RLZ RIS LIk A5t XA 245 4, XA PR
TRA 7 2R 2 7= e O 3t S 3P 7 A 4 i
] OPEs #aFSZeBit B beh, iz, 3. K.
DR AT OPEs K th, HAR R RS AR, 16 g 5%
A, KIFE R OPEs B EZAHF 4 . A #iEHE H, OPEs
FE b E G HLIX | SRR R K A, I
PG eSO PR, K OPEs 15 Yt K HAf B RURS: 1T
it 52 51 [ N Ahpe 3 s i 28 OPEs f SRy &
EAYZ—, RS, JLFEIE Tk # OPEs 7&
TETERIR K A IR S AT K U2 R OPEs 254
Sl MR BoEbE | AEREE . IR TR
OPEs X A= 45 R G0 AN A M FiE s 1 1 B KR i -5 V5 7 S

LAk, [EBr ERESEH G T OPEs MIARSEHLE BRAE bR

HE: 2011 ARSI LFE LA ik ) BOR TS R
o] M BORF 5 L B 7 A P i B R = (2- A & BE) TR
[tris(2-chloroethyl) phosphate, TCEP], B2 — ik (triphenyl
phosphate, TPhP) . B 2 = (1,3- — & -2- N & ) Bis [tris(1,
3-dichloroisoprophy)phosphate, TDCPPHY & ") 2014 4£
R 5 KAl 1 R BU R 4 4284 2009/48/EC FiHF —Bf 5 C
AEIT, o AlE T IeE T TCEP. iR = (2-F N 1) AR
[tris(2-chloroisopropyl)phosphate, TCPP]FI TDCPP YJANfE
il 5 mg/kg. fH HETE NS TCE b H OPEs AHSCHR & bR
HE, WAREN TR S OPEs bRk, XTE
anth OPEs & i ORI Jy 4GB B0, mTRE = R £t vh
OPFRs &t I SRR N O 5 2% | JBudatfas i SR s m
Fegt, AR T LR T 11 R HLBEBELIA
), A FE R E TR 6 R HLEE BRI,
FRATHTAE S E A K 7= S b 11 Fl OPEs 28 BHAAT, H i
PUAT BT F ) £ 5 P 22 B OPEs 284434 (K6 75
PR WIS, JCIEIBLZFh OPEs MIBHI G . Li 4"t
TR, AR AP ZF OPEs 1Y & K15 %5 ] 73
ATRFEAFAE B S 22 e, IO 3 SROAA) S — i 14 22 3 7 2 I
I3 BBOR K G 23 B bs v o

FIHT OPEs RN E J5 ¥ 32 2 UM (3 - B K e i vk
(gas chromatography-tandem mass spectrometry, GC-
MS/MS)!' 20 il R R AU AR 1 - H B % 2 (ultra
performance liquid chromatography-tandem mass
spectrometry, UPLC-MS/MS)% . {H GC-MS/MS 7& 4T — L2

R M BAR B9 OPFRs, 0% R — (2- 2 Jk C 2% ) ik
[tris(2-ethylhexyl) phosphate, TEHP]H 2-2, 3 L 5k — R ILwk
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PR ik (2-ethylhexyl diphenyl phosphate, EHDPP)R}, R &{JF
FER A UPLC-MS/MS™'), UPLC-MS/MS H.A7 43#7
Pl R . HUT IR SR A D0, PRI A5 3038 3k
Mo FEK-7E N8 -1 5B & ¥ (polymeric hydrophile-lipophile
balance, HLB-P)J2& — 1 i FH %Y /2 # [& 41 %% B (solid-phase
extraction, SPE)EUR}, % & Z LUK il . AR FE A
IGRFE) it AR A ML S P 10 s B Skt
AHFFE R i@ 1 X HUB-P SPE AE B 7RE Sl gk, 57 7
i 22 B OPEs ff) UPLC-MS/MS A&l J5 ik, LAY f A P o
Z 7 OPEs JRI T ER, W] £ PR 45 R A 1 A 2 ik o
H1 OPEs 1) 2 5% 7K F-Fl gk B e D SR I p RS

1 MR5ERE

1.1 ME5ERF

R i,

22 F OPEs BH#AF IR #r: BEH2 = W E8 (trimethyl
phosphate, TMP) , B2 — Z. [ (triethyl phosphate, TEP),
2 — N[ (tri-n-propyl, TnPP). M2 = 55 N8 (triisopropyl
phosphate, TiPP) . ## — 1F T B [tris(nonylphenyl) phosphite,
TnBP]. B2 =5 T FR(triisobutyl phosphate, TiBP), TEHP,
B R = (T & %k & 3k ) g [tris(2-butoxyethyl) phosphate,
TBOEP] . TPhP ., B8 — H %X [ [ tris(methylphenyl) phosphate,
TMPP] . EHDPP . TCEP . #f R = (2- & N 3% ) B§
[tris(2-chloroisopropyl) phosphate, TciPP]. Wfg = (1,3- &
-2-P B[ tris(1,3-dichloro-2-propyl) phosphate, TDCiPP] .,
2,2- (A H )-1,3- 8 W[ Q-A &) wE
fif1{2,2-bis(chloromethyl)trimethylene bis[bis(2-chloroethyl)
phosphate], V6} . W R = (2,3- — W N ) [\
[tris(2,3-dibromopropyl) phosphate, TDBPP]. #fi2 —1E T fin
(dibutyl phosphate, DnBP) . #2 —Z[if(diphenyl phosphate,
DPhP) . X (1- % -2- T4 2% ) 8% B2 [F [bis(1-chloro-2-propyl)
phosphate, BciPP] . Bz — 4B H 4 5L iR (di-o-cresyl phosphate,
DoCP). (T % & %)W 2R [bis(2-butoxyethyl) phosphate,
BBOEP] (13- A 2- N ) B R OB
[bis(1,3-dichloro-2-propyl) phosphate, BDCiPP]( #it & :
2566487, JREHE 1000 mg/L, % T HEE). 18 F OPEs [H
R I FRIRFR: TMP-Dy. TEP-Dys. TnPP-D,,. TnBP-D,;.
TEHP-Ds; . TBOEP-D,;. TPhP-D;5. TCEP-D;,. TCPP-Dys.
TDCPP-D;s. V6-D,s. TDBPP-D,s. DnBP-D;s. DPhP-D;,.
BCiPP-D;, ., DoCP-D;4;. BBOEP-Dg. BDCiPP-D,, (it 5 :
2566838, JREKE 10 mg/L, VT HEE)( 12 1 Bt AR
HEH AR MRS B RA ), WL . SIHBEH) . R (A5
4fi) ([ Fisher 22 v]); EALEINaCY(IrHT2E, EZ5ERIL
2R BRA F] ), S28 K i B IR ZE 1K .

1.2 NH#E5&F
Xevo TQS A =R ARt B i B Y . ACQUITY

UPLC® BEH Cg #:(100 mmx2.1 mm, 1.7 pm)(3£[H Waters
23 l); BS 3008 HLF KR 0.001 g, Jb 38 2 FH KF
A BRZA7]); HLB-P SPE /M:(300 mg, 6 mL)( | gAML+
£ BRZNF]); Vortex genie2 2 FHE IR IR & % (32 [E Scientific
Industries 22 #]); ST16R &k 5 XA B L HL(EE E Thermo
Fisher Scientific 23 7); KQ-500DE BB /s Pig vide (1
7 7 A4 2N ), XeelVap™ & WK A (€ [E Horizon
Technology 23 7).

1.3 LWHE

13.1  #ik A

50%Z -0 1% F FRVAW: w50 mL Z i+ 50 mL
KA, A 100 uL HER, TR,

2 mmol/L HERE/KEETR: FREL 0.126 g HEREE, ik
B EARZ 1L,

10 mg/L {R G hRuErb a3 MERAILEL 22 Fh OPEs B
FNEAR 0.1 mL % 10 mL 2860, AW EER ZZ20E, R’
5. R BB RIFRR GBI, T-20 °CT{RTE,
A 6 A .

1 mg/L IRAFRAEM FHW: AERIRLE 100 pL RS FriE
FAE (10 mg/L) FHERE A, BA 900 pL HEE, 185, I
FHELRL

50 ng/mL IR A FRET PR : HERRFSEL 50 pL IR-SFRifE
(1 mg/L) TSRS, A 950 uL HEE, R, I
FHEHL

1 mg/L WARMEF: HEFRESHL 18 Fh OPEs BHAASI N
FRiEFS 1 mL F 10 mL A=F, MARERREFERE
ZIRE, R4 B B HE B RIF AR GBI+, F-20°C
TIRFE, REEHI 6 11 .

22 il OPEs ARt RV AT HIMETRFEIL 10,20, 40 puL
R FRUESSE W (50 ng/mL); 5. 10, 20, 50 pL RS HRiE(d
FAB(1 mg/L)y FHRESSHH, T 1 mg/L IR & NARE R 10 uL,
FH 50% .15 -0.1% H FR VS TR A+b FE I IR AR 2 1000 pL, VRS,
BRHE R 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, 50.0 pg/L 3
WE RSB
1.3.2 HSarazE

KAEEAE N 200~500 g, BUA SRR AT &34,
YIRS/, P AN S5 B4 sl 3 T AR R A 349 S0 4 el 2 TR AL o
¥15), A 50~100 g AR ™50, FE TR
Beagrh 18 CH IR

FREL 1.0 gCRSHA % 0.001 )R AIAIMREET 30 mL
2O PR T, RRINA 5 mL K. 1 mg/L B4 AR
FHWE 10 uL, Y841 MA 10 mL 0.1% W 8- 2.1, #HEES] 2 min,
#B75 (25 kHz)PEHL 10 min, JIIA 2.5 g NaCl, i®jiE 2 min,
3000 r/min 4 °CE.L> 10 min, B b #5544k HLB-P SPE
/NEEFH 2 mL 2w, R RIEW 5 mL a4, FH 10 mL
WO B B R ORI, TR 1 mL G ek, AR
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FH1TE

W, TEREEM RS F T (30 °C/kiy), H 0.5 mL 50%2
iG-0.1%FERE R, IRE51, 3000 r/min Z.0> 10 min, ft
UPLC-MS/MS 1l 5E
1.3.3 B THEEH

(D)W AH 3 451

{a3EFE: ACQUITY UPLC® BEH C g #:(100 mmx2.1 mm,
1.7 um); HE3E: 45 °C; FshAl: A M 20, B MM 2 mmol/L
F R Bl K IR, PERER: 2 plo WiE: 0.2 mL/min, B
AR L 1.

®1 BEMKRERF

Table 1 Program of gradient washing

Q)i A

BT W% B 7 (electro sprayionization, ESI);
BAEHEE: 2.5 kV (BST), 1.0 kV (BSI); & FURIEE:
150 °C; JREV IR EE: 550 °C; JS¥A 4 1000 L/Hr; #EfL
Wi 150 L/Hr ZE46 U7 7.0 bar; BEHEE 0.15 mL/min;
CEE T oSl 1 I = K7 1 i W A A R
(multiple reaction monitoring, MRM), HiAth Wil 2 W3 2.,
1.4 HiELIE

AR EOFEM R IME 3 K, BOFMEE RN R
o RAIMREMATE BT, PRUEMZAMECRE r KT
0.995, {RUEE R RUER T 5. Jrik = uE R 6 IREE

YT
1 fmin e R T SR, (1] Xevo TQS A FFRL TR ) 1 AEILTHCHR
0 10.0 90.0 SRAEAbFE, fif] Office Excel 2007 Gui 1 4idis M2l I
0.2 10.0 90.0
5.5 60.0 40.0 2 %%Eﬁdﬁ-
e —m—
165 995 05 i HERASRS TAE SRR A 20.0 pg/mL IR AFRMER L, 15
18.0 10.0 90.0 FIMIES T B TR EEELE 1 8T BTk
21.0 10.0 90.0 FIDLIEN 2. W 1~22 ‘S X5 A &5 W0 2 PR IF) 36 2.
*2 BRUAYRESH
Table 2 Mass spectrometry parameters of target compounds
£ aw Xof 1 AR g BT (m2) TET(2) HEALHLE/V MEE AR eV
1 TMP TMP-D, EST 141.1 79.0/109.0* 38 21/15
2 TEP TEP-D;s ESI' 183.0 99.0%/127.0 8 18/12
3 TiPP TnPP-Dy; ESI 225.1 99.0%/141.0 10 16/10
4 TnPP TnPP-Dy; ESI 225.0 99.0%/141.0 6 16/10
5 BCiPP BCiPP-D, EST 251.0 77.0%/153.0 20 25/17
6 TiBP TnBP-D»; ESI 267.0 99.0*/155.0 2 14/10
7 TnBP TnBP-D»; EST 267.0 99.0*/155.0 2 14/10
8 TCEP TCEP-Dy, ESI' 285.0 63.0/99.0%* 6 32/30
9 BDCiPP BDCiPP-Dy, ESI 321.0 99.0* 10 17
10 TPhP TPhP-Ds ESI 327.1 77.0%/215.1 10 35/25
11 TCiPP TCiPP-Ds EST 327.1 99.0%/251.0 20 20/9
12 EHDPP TPhP-D;;s ESI 363.2 77.0/251.0%* 20 40/26
13 TMPP TPhP-Ds ESI" 369.4 91.0*/166.1 10 35/30
14 TBOEP TBOEP-D,; ESI' 399.4 199.1/299.2* 10 15/12
15 TDCiPP TDCiPP-D;;s ESI 431.1 99.0%/209.0 10 25/15
16 TEHP TEHP-Ds, ESI 4353 99.0%/71.1 22 15/10
17 Vo6 V6-Ds EST 582.9 297.0/361.0* 10 26/17
18 TDBPP TDBPP-D;s ESI 698.6 99.0* 10 28
19 DnBP DnBP-Dg ESI 209.0 79.0%/153.0 2 20/14
20 DPhP DPhP-Dyo ESI 248.9 93.0%/155.0 54 28/20
21 DoCP DoCP-Dy, ESI” 276.9 107.0*/168.9 2 26/22
22 BBOEP BBOEP-Dg ESI” 297.1 78.9%/197.0 2 26/18
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9> iazg?] Xof I AR HiE BTz TET(m2) HEFLHL RV MEERER eV
23 TMP-D, / ESI” 150.0 115.0 10 17
24 TEP-D;s / ESI 198.0 102.0 2 18
25 TnPP-Dy; / ESI 246.1 102.0 2 20
26 BCiPP-Dy, / ESI 261.3 101.0 20 23
27 TnBP-D,; / ESI” 294.2 102.0 10 18
28 TCEP-Dy, / ESI” 297.0 102.1 2 24
29 BDCiPP-Dy, / ESI” 329.2 101.0 10 16
30 TPhP-Dy;s / ESI 342.1 82.1 10 37
31 TCiPP-Dys / ESI 345.1 102.0 10 22
32 TBOEP-D»; / ESI 426.4 208.0 10 15
33 TDCiPP-Dis / ESI” 446.1 102.0 10 24
34 TEHP-Ds, / ESI” 486.4 102.0 10 25
35 V6-Dy4 / ESI” 598.9 369.0 10 19
36 TDBPP-Dys / ESI 713.6 102.0 10 27
37 DnBP-Dys / EST” 226.9 78.9 2 22
38 DPhP-Dy, / ESI 258.9 98.0 2 28
39 DoCP-Dyy4 / ESI” 290.9 114.0 2 32
40 BBOEP-Dg / ESI” 305.1 78.9 70 24
TE: O B B X /RN A G WITEA WIS P o X L A AR o
100 - 34
11
=
=
E
14
13 12
10
; 5 117 AIS ‘ 16
N R { S G ) L
0 100 2.00 3.00 400 500 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00
A% B3 B} 7] /min
T U 1~18 XN G WI A PR IR 2.
B 1 EEFRETREaEE
Fig.l1 Total ion current chromatogram of positive ion
22 BIEFHMIMK A HUREIS H AR 0 D8 B 08055 ;TR 7K PO I e Lo Y R o

OPEs KAL) KL NAR & A BEIRARIER], & T 45
WAEAL S o W NG -H BRI - YRR K
Y 2 - F R B K VA VR R A it ali 222, AR o 4%
TGS (2 - H BR A WA 2R Eﬁﬁy-ﬁﬁ PR B T R A
A CIE-HRRAR . HE-H IR WA R0 B AR 7 Bk
R S5 R: LUR VR A U, L2

RERH B R IETE . bR, RRm AL A Wi N . B
SEUEBI LA 2 mmol/L H BREVA WA /K AR, i (i e 5, H
VTR . AWEGE 22 F OPEs H Wit [R] 43 5 A4 44 (TiPP
F1 TnPP, TiBP Fl TnBP), SZEE it R SAHERE, R
() 43 S Aay 4% W e B] B 0 MILAH BB (R 15 m, - SBT3
SRR RIS .
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° 19 20
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P
RASENANS

O L 1 1 L 1 1 1 1 1 L 1 I 1 1 L
0 0.250.500.751.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 5.25 5.50 5.75 6.00

{4 E4 15} 8] /min

TE: U 19~22 XN IS W 24 BRI 2% 2.
P2 s S T il e

Fig.2 Total ion current chromatogram of negative ion

[, AWFFRHELE T AR SR [ACQUITY UPLC®
BEH C,3 #:(100 mmx2.1 mm, 1.7 pum)#1 Acquity UPLC HSS
T3 (100 mmx2.1 mm, 1.7 um) %} HFR4753 B SR IR .
ZER BN i Acquity UPLC HSS T3 @igkkmt, HAiRY
W22, Ml H] ACQUITY UPLC® BEH Cig (3L,
22 Flr OPEs W X F H RAEEE = o
23 FEEHsmk

B T B4R —BR2E OPEs fb G P IR F &4 T 3 MR 2L,
AT 16 R R — e 2 OPEs ¥ 4% ESIBEilk 114
FH; BERR _KRZE OPEs fb- AW P IR F 34482 T iR LA —
MRS, RO R AT, TWERGE M-, FIAIT
o' DnBP. DPhP. DoCP. BBOEP 4 Fiifiiik —Ji2% OPEs 1%
£ ESI #7443 . BCiPP. BDCIPP &A1/ B —

BJ% OPEs, {HH7E ESIBU T MR s &, nIRERE iR

PR NS & LIPS AR — 41k
TERAME IR BUARI R | HEFLHLE | Rl R A Ok
S, PR AT L R R AN A AR
TR, JHorbm A S AR e B, 5 — M
T, WE S AW ERAE TS A R AR TS S50 2.
24 REGIBMRL

AHEGE HAL T RIS 70 A S U oR, g 7R 28 R
i IR 10 pg/ke, AR 4 FHRBUARI(ZNE . FEE
0.1%H FR-Z. 1 .0.5% F IR - L HE)EA T4 I, #4 6 1.3.3 A3,
PFERNE, R LAE 3, SEREW: DL ARBGIR,
EARMAE Y UTTE SR, RBURETE, HFEOVAL,

B PRBECR I BT, RAZK . 0.1%HR-2
fif . 0.5%H MR- i MR BUA R, 18 F ESI44im)
OPEs [ EFIA K, [HXT 4 Fr ESIHEX IR OPEs
HERX A, SR 0.1%H fR-2 5 HRBUERIR, 4 Fiik
AT A B 81.5%. 87.4%. 96.8%. 96.9%.
ATBEFR T 0.1%H AR - IEHR AL % 55 Rt PR 5% W il il e —
BeA R, HHAARE D FRT W NG NI AR
AP 0.1%H BR- 25 M HLBUE .

120 . =HIE <285 < 0.1%FER-ZH5 = 0.5%H fR-2 I
i 1 i

B :
100 H; il i i " 1
A ) i n
© 80 ¥
@_ I |
= 60
= 401
20
0
SEHEEErRE O EEEEEaEESEREDCa
EFRECEECQEDOZQ0R REK2Q
= ARAA
A 2 FEHETER = A
215

B3 4RIBGRXT 22 Fh OPEs MU R
Fig.3 Effects of extractant on the recovery rates of
22 kinds of OPEs

2.5 [EHEZEEREFRL

HAl, K578 OPEs Wb B AREMEZI0ib kR,
3By A A [ W 25 B (solid-liquid extraction, SLE). SPE .,
S EIFAZE B (dispersive solid-phase extraction, d-SPE)&!,
o SPE &R T W5 Hbrib &9 Z R 145 AH
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TG, A R SOHRORE (T - H I BT R E A A TR 22 R HLBRIRR RS AL G i 51

AR AL AT B R, 35 FIF OPEs M40 At
R Crg SmiE | 7 254 i R /2 I 5 B AL S R ik K™
ity OPES 23, fF 33k~ 3 0 B3 A5 AU e 28 55 i
&9, w33 I, A5 22 F OPEs i3 1 Ak
PEE RN Z R G, B Crg A A
S Ak i R/ G FEANE T A 28 h 22 22 Fh OPEs
Btk . A% %X T Anavo HLB-P SPE 6¢c (300 mg) .

Oasis HLB-Prime SPE 3cc (150 mg). Anavo HMR-Lipid
3cc (300 mg) 3 Fl SPE A bR, 450 %FM: HH

Oasis HLB-Prime SPE 3cc (150 mg)if, TBOEP [l K
170.6% . TCiPP [E[i % %y 159.7%. {#i [l Anavo HMR-Lipid
3cc (300 mg)if, TCiPP, TDCiPP [al g Fi it 200%. X AJ
AEJE H Tk A g AL AE 3 A X 28 OPEs HYA IS T8, fiff
A Anavo HLB-P SPE 6cc (300 mg) o] Wi & K
77.4%~109.0%. HLB-P & —Fl Rk RN PG4 SPE
FE, 38 F T oAbt 2 55 (1 OPEs, Xt/K ™ P ig s |
Jig 55 BT TP £ BRBOCR4F, A BF 58 8 £ o X
HLB-P SPE {5 4 AL AT -

#3 BIRUEMHFR. CAS 5. FEFFHERIMR

Table 3 Molecular formula, CAS number, structural characteristics and properties of the target compounds

G AW 1 CAS 5 EilickRyed 1gP
1 T™MP C;H,0,P 512-56-1 R;=R,=R;=-CH; —-0.52
2 TEP CeH;504P 78-40-0 R;=R,=R;=-CH,CH3; 1.08
3 TiPP CoH, 0P 513-02-0 R,=R,=R;=-CH(CHj;), 3.37
4 TnPP CoH, 0P 513-08-6 R,=R,=R;=-CH,CH,CHj; 2.67
5 BCiPP CeH3CLO4P 789440-10-4 R;=R,=-CH(CH3)CH-CI 0.91
6 TiBP Ci2Hp,04P 126-71-6 R,=R,=R;=-CH(CHz;);3 3.71
7 TnBP CioH»,04P 126-73-8 R;=R,=R;=-CH,CH,CH,CHj; 4.26
8 TCEP CeHi2CL304P 115-96-8 R;=R,=R;=—CH,CH,Cl 0.48
9 BDCiPP CeH i CLLOsP 72236-72-7 R,=R,=-CH(CH,CH,Cl), 2.81
10 TPhP CisH504P 115-86-6 R=R,=R;=—C¢Hs 4.10
11 TCiPP CoH;5CL,0O4P 13674-84-5 R,=R,=R;-CH(CH;)CH,Cl 1.53
12 EHDPP CyH,,04P 1241-94-7 R;=R;=—C¢Hs, R,=—CH,CH(CH,CH3)CH,CH,CH,CH3 6.64
13 TMPP C, H,,04P 1330-78-5 R=R,=R;=C¢H;sCHj3; 5.48
14 TBOEP CisH3907P 78-51-3 R;=R,=R3;=-CH,CH,OCH,CH,CH,CHj3 4.30
15 TDCiPP CyH,5Cls04P 13674-87-8 R;=R,=R;=—CH(CH,CI), 1.79
16 TEHP C4Hs,04P 78-42-2 R=R,=R;=—CH,CH(CH,CH3)CH,CH,CH,CHj3 10.09
17 Vo6 C13H24Cls05P2 38051-10-4 (CICH,),C[CH,0P(O)(OCH,CH,Cl),], 5.72
18 TDBPP CoH;5sBrsO4P 126-72-7 R,=R,=R;=—CH,CHBrCH,Br 3.71
19 DnBP CsH9O4P 107-66-4 R,=R,=-CH,CH,CH,CH; 2.20
20 DPhP CoH,,04P 838-85-7 R;=R,=—C¢Hs 1.34
21 DoCP Ci4H504P 35787-74-7 R;=R,=—CsH4CH3 3.86
22 BBOEP Ci2H27,06P 14260-97-0 R,=R,=—CH,CH,0CH,CH,CH,CHj3 2.75

2.6 EFRMMN

K Fl UPLC-MS/MS WEHE LB, HAnY o 32 b5
T, 7 AR RO, X R T IR Y S AR
Sy HTPITE RUBESE 2 TR EAEAESE RO o UL AR T
SN T A RIS 2 bR L SRRICAC | /Db RE LA
[0 2 bR B b A 90 1A H TR ) A4 25 4 A B b 2
PR, AEOTER R R BT S B T — 3, ReE R
22 BN IO R S8 A B AR5 R 2R SRR
N EAE, P SO R B sy X E A SR T, R
R R . DL, ASBIFSE BERR S 1 TR R AR (R 2)
PEATRE R, DARREARIE 0N X OPEs 2 (52, ml 3545
YRR T S A RE 25 AR

2.7 AR M TEE MK R

TE 1.3.3 {40 RO E 1.3.1 B B R AR SR e
W, DA DU AL G 4 04 o s ViR B2 A AR AR (X, mg/L), XTI
oS AU AR AR(Y), BT, DL 3 R BN
(SIN)X} 1ij () OPEs Ji it 43 B A th B, 10 A5 M b
() OPEs [t /B Jy e i o TS R A Lok L (e
R MHOCRE. KRR e iR R L% 4. thk 4
A1, 22 Flr OPEs Joi e i i 55 XoF I i) £ i e T ARk bk G 2R
K47, PRt tEiEmh 0.5~50.0 pg/L, HXFRE
KTET 0997, KMEXRZRRIF. WS 0.1~0.2 pg/kg,
FERPRA 0.3~0.6 pg/kg, K FRANE PR A 0 R IR BT
R 5 R
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Table 4 Linear equations, correlation coefficients, limits of detection and limits of quantitation of 22 kinds of OPEs

&Y ZEVEVE R/ (ng/L) &P MR REL K B/ (ng/kg) 7€ # PR/ (ng/kg)
TMP 0.5~50.0 Y=0.145X-0.020 0.999 0.1 0.3
TEP 0.5~50.0 Y=1.507X+0.187 0.999 0.1 0.3
TiPP 0.5~50.0 Y=1.496X+0.258 0.999 0.1 0.3
TnPP 0.5~50.0 Y=1.071X+0.138 0.999 0.1 0.3
BCiPP 0.5~50.0 Y=0.651X+0.084 0.999 0.1 0.3
TiBP 0.5~50.0 Y=0.421X+0.076 0.999 0.1 0.3
TnBP 0.5~50.0 Y=0.413X+0.055 0.999 0.1 0.3
TCEP 0.5~50.0 Y=1.1747X-0.186 0.999 0.1 0.3
BDCiPP 0.5~50.0 Y=0.987X+0.082 0.997 0.1 0.3
TPhP 0.5~50.0 Y=0.524X+0.015 0.999 0.1 0.3
TCiPP 0.5~50.0 Y=0.220X+0.011 0.999 0.1 0.3
EHDPP 0.5~50.0 Y=1.664X+0.011 0.999 0.1 0.3
TMPP 0.5~50.0 Y=1.077X+0.064 0.999 0.1 0.3
TBOEP 0.5~50.0 Y=1.381X+0.024 0.999 0.1 0.3
TDCiPP 0.5~50.0 Y=0.161X-0.013 0.998 0.2 0.6
TEHP 0.5~50.0 Y=6.082X+0.880 0.998 0.1 0.3
Vo6 0.5~50.0 Y=0.639X+0.042 0.998 0.1 0.3
TDBPP 0.5~50.0 Y=0.841X+0.011 0.997 0.1 0.3
DnBP 0.5~50.0 Y=0.081X-0.034 0.999 0.1 0.3
DPhP 0.5~50.0 Y=0.103X-0.033 0.999 0.1 0.3
DoCP 0.5~50.0 Y=0.101X-0.047 0.999 0.1 0.3
BBOEP 0.5~50.0 Y=0.103X-0.060 0.999 0.1 0.3

2.8 AREBORIE SEE E RIS
WERRARER 18 fas (ARESL, /0 Afik. . & 3 /Hmﬁ
S, A 6 . sl uingg. . & @, 10,
40 pg/kg) 3 ANARIVE KSR FRMY T 22 fﬂlﬂ’ﬁﬁﬁ
FRAE G 9 B9 AR 15105038 K AR X6 A i A 25 (relative  standard
deviations, RSDs), MCEER LK 5. ik 5 AT {1k, .
& 3 4UINFREE S RSD TEHE A 1.8%~8.6%, AR R4 H [H
N 77.4%~109.3%. 5 CAT R HE> S AT s ik
R LR b, IR R L [EIBCR A 2 SRR A
R 5 R

2.9 MmO

*'“Hﬁiiﬁ%ﬁ%ﬁ 7 G A AR A (RIS R B AR L )
| BRI TINE, SREM: 7 (B pIAEdh I

OPEs # Hi%3k 71.4%, it 4 2 (pRedhhaA
G OPEs, 4% 5 (RE LG HY OPEs, 44 TCiPP(#G: H &
4.34 ng/kg) . TEP(K: i & 1.81~29.60 pg/kg) . BCIiPP(H M
0.528 pg/kg). TiBP(H:Hi&E: 0.119 pg/kg). BDCIPP(H: i &
0.736 pg/kg) . TBOEP(K: Hitit: 0.155~0.616 ug/kg), HHh 51
i TEP H5% B itk 29.60 ng/kg. OPEs 7EFR N AN
Ko B Ao A i 7 740 R DR S U E) TCPP
TCEP F1 TDCPP, H:ff TCPP &, WM 30 pgke.
Megoldrick 22 Ie (LA A6 5] TCIPP (1.4~2.9 pg/kg) .
TCEP (0.5~5.0 pug/kg). TDCPP (<0.3~6.7 pg/kg). Anita 2%
K, —Lez N Ris Qe K i e, KA A AR i
OPEs it BB, ANAET5/KALER ) R 7 1~2 km Kb A4 £ ig i p
LRGN L =5 Mk 2 ) TBEP (240~1000 ng/g). DL H#BULEH A2
B2k A £ OPEs (8 oAt
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5 M#REYLES RSDs (n=6)
Table 5 Spiked recoveries and RSDs (n=6)
ey BIKE PRI e, Repees | ey BT PRI e Rspe
(ngkg) (ng/kg) /(ng/kg) (ng/kg)
2 2.14 107.0 5.3 2 1.98 99.0 5.3
TMP 10 10.52 105.2 45 EHDPP 10 10.22 102.2 3.7
40 43.03 107.6 3.8 40 40.28 100.7 2.6
2 2.18 109.0 7.5 2 2.10 105.0 6.1
TEP 10 10.90 109.0 5.5 TMPP 10 10.32 103.2 4.7
40 42.63 106.6 3.4 40 39.41 98.5 49
2 2.06 103.0 6.4 2 1.99 99.5 52
TiPP 10 10.18 101.8 4.6 TBOEP 10 10.08 100.8 4.4
40 41.43 103.6 3.5 40 41.02 102.6 2.3
2 2.06 103.0 4.8 2 2.00 100.0 8.5
TnPP 10 10.47 104.7 5.8 TDCiPP 10 10.12 101.2 5.4
40 41.76 104.4 42 40 39.11 97.8 4.8
2 1.84 92.0 5.1 2 1.55 77.5 7.2
BCiPP 10 9.94 99.4 4.8 TEHP 10 7.92 79.2 6.2
40 40.62 101.6 2.9 40 36.04 90.1 5.7
2 2.03 101.5 6.7 2 2.12 106.0 6.5
TiBP 10 10.42 104.2 3.5 V6 10 10.38 103.8 5.7
40 40.41 101.0 3.2 40 40.71 101.8 3.1
2 2.05 102.5 4.5 2 2.06 103.0 6.3
TnBP 10 10.09 100.9 4.4 TDBPP 10 10.08 100.8 5.0
40 41.42 103.6 2.8 40 41.42 103.6 3.5
2 2.07 103.5 5.4 2 1.68 84.0 6.2
TCEP 10 10.34 103.4 5.0 DnBP 10 8.39 83.9 5.3
40 41.16 102.9 2.4 40 34.81 87.0 45
2 1.94 97.0 8.6 2 2.07 103.5 52
BDCiPP 10 9.82 98.2 6.0 DPhP 10 9.82 98.2 4.1
40 39.33 98.3 5.7 40 39.81 99.5 3.8
2 1.78 89.0 7.0 2 1.95 97.5 8.7
TPhP 10 8.89 88.9 5.3 DoCP 10 10.80 108.0 45
40 39.30 98.3 2.7 40 42.69 106.7 4.7
2 2.08 104.0 8.4 2 2.12 106.0 5.1
TCiPP 10 9.46 94.6 5.6 BBOEP 10 9.73 97.3 2.4
40 38.71 96.8 3.8 40 39.92 99.8 1.8
3 & it 3 ANESIIR BEKCT R AN bR BT ISCR S5 R W,

AWFFEHET UPLC-MS/MS, By T 3E T A AL
W22 B OPEs WA k. AR fe THEBUE R, L
0.1%M MR- JEIZE, W RIE 22 Fl' OPEs RYFRIBUSCR, W
143 HLB-P SPE 4, Al AREBRMAHFEAR . BiiES
TP SR AR PRI AR R BT R0, S bRk |
TR HAG I £ P P 22 Fb OPEs. ANy i@y (ke 22 Fh
OPEs JyihZetk & 7 RAF, #HBRAK, RUE & ARk,

AT LA AL P ZF0 OPEs M5E oM. Ay ik e fa il
i 22 Bl OPEs AYAM 53k, AT LA AN [ b X Py o Z2 Fif
OPEs [1 & it /K V3R b B B2 i B S 74, %t rh OPESs (1)
WA 2% Lo ARARRBEFEAR I AL B 7 6y, FF
AT B, A R R AN A e . JRET Y
FORFETE Bl SR AR, 0 AR 0 S b W, DTG
FAG L3 P 55 A S Y PR SRS Y M1 R (et B XU PR A

4t
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