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Simultaneous determination of 8 kinds of organophosphate ester flame
retardants in major meat and cereal food products by QuEChERS-ultra
performance liquid chromatography-tandem mass spectrometry

HOU Li-Nan, CHEN Jing’, LV Shen-Liang, HAN Yu, TONG Ren-Ping, CHEN Yan"
(Shanghai Institute for Food and Drug Control, Shanghai 201203, China)

ABSTRACT: Objective To establish an analytical method for the simultaneous determination of 8 kinds of
organophosphate ester flame retardants of major meat and cereal food products by QuEChERS purification
technology coupled with ultra performance liquid chromatography-tandem mass spectrometry. Methods Separation
was achieved on a Agilent EC-C;g column (3 mmx150 mm, 2.7 um) with a mobile phase consisting of 0.1% formic
acid aqueous solution and acetonitrile under gradient elution at a flow rate of 0.4 mL/min. Detection was performed
in positive electrospray ionization (ESI+) mode with multiple reaction monitoring (MRM). Results The 8 kinds of

organophosphate ester flame retardants exhibited good separation and showed excellent linearity in the range of
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1.0-50.0 ng/mL, with correlation coefficients all greater than 0.99. The limits of detection and limits of

quantitation were 1.0 pg/kg and 2.0 ng/kg, respectively. The recoveries of this method were 70.0%—-119.6%, and

the relative standard deviations were 0.2%—12.7%. Conclusion The established method is simple, rapid and highly

efficient in extraction, and has been successfully applied to the analysis of organophosphate ester flame retardants in

food samples (including cereals and meat products).

KEY WORDS: ultra performance liquid chromatography-tandem mass spectrometry; organophosphate ester flame

retardants; QUEChERS
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A HLBEFR K (organophosphate esters, OPEs)H. A K 4
HIBEIRERE, SRR REA TR ) 22 ERL, Sl E DA N7
WAL T A FobE R e, 78 A 77 R P Jok i v A B s 450 1
R GBS, BE B H G Y, 2B
i, HAlh, Bafekl, 258 mpykal |yt
e SR R 2 K OPEs, #EHE2E 58 EIF
SEFG Y RA AR BBtk BIRNIM RS
F AR R G A RN R R REUZ OPEs #E AR
T2 U E RS OPEs (RGN AL AT 4Rk
KRERFALLOPEs E2 30 3 28, —JON Bk OPEs,
REFZZH C. H mRAMNWERES B EY); —24
16 OPEs, HUMUHE:E: H UG 2 i g R Uiz i 1
H &9, 55 —2h 5% 3% OPEs, BURIE— & a —4
s EANFFEIRIS2 ) FT, OPEs A4 Mk oY £ B4 h 7E )
A GG KR B A AR 2P R R YOG T
ti OPEs AYRRME M A A ML, {0 /b B os e T
SR N OPEs sk B 128,

AW PR QuEChERS HiAR, 456 8 m a0 A
- AR FTREE X A Ok L /IE L EAROMERGER . 4+
. EROEES T 8 F OPEs[U G5 IR = F i (trimethyl
phosphate, TMP) . Bf B2 = (2,3- — | N & ) g
[tris(2,3-dibromopropyl)phosphate, TDBPP]. #f R = 7 s
(tripropyl phosphate, TnPP) . #% 2 = 5 T ff (triisobutyl
phosphate, TiBP) . 2 = 1F T B (tributyl phosphate, TnBP)
2,2- (S R )-13- T R B[ (2- M LK) B R
fig ](antiblaze V6, V6) . B M = (2- & W &) B
[tris(1-chloro-2-propyl)phosphate, TCiPP]. B2 =(1,3- &
-2-TH #%) B [tris(1,3-dichloro-2-propyl)phosphate, TDCiPP]]
HEFTIRIHE, LU e 3 = H TR ALt OPEs ARSI
BARTERMESE, I i OPEs 19T i 5 il BAH ¢
BRI B AL S IARE e Bd S 4%

1 MR5RE

L1 #E5RF
MR ARERL . F IR . SRR . ORBERL L /D

ZRRERL . FOREES,, BT T T AR G, S
HIL 500 g LA REAR K TS 18 URARAE, SO0 HT A R 5 TURE -

EB T KA GBIT 6682—2008 (4345282 K M
W RREE Tk ) B—20K; JOKBEREE . To/KBRRREN (AT
g, HAELEBAMLFRANARAR), LM (EIELl, EE
JT.Baker A w)); HIfE., HiR. A bi(tikal, fHEB
N Al 4 TR -N- TN 2 i 8 b IR (primary  secondary
amine, PSA)#} . Ci5 ¥ . EMR-Lipid . f1#2{b5#% 2 (graphitized
carbon black, GCB)(3EEZHEAEAH); brifedh KRR A
g B FEILER 1,

®1 EGREEMEARER

Table 1 Information of standard and isotopic internal standard

CERN ki gy TR

/(pg/mL)
1 TMP $191497 100.3
2 TDBPP 8191497 100.9
3 TnPP 8191497 101.1
4 TiBP $191497 99.6
5 TnBP $191497 101.0
6 V6 191497 99.8
7 TCiPP KRR S191497 100.1
8 TDCiPP BHEAR  s191497 100.8
9 TMP-D, Al S193067  100.1
10  TDBPP-Di;s 8193067 100.0
11 TnPP-Dy, 8193067 99.8
12 TnBP-Dy, 8193067 99.8
13 V6-Dis $193067 100.0
14 TCiPP-Dg 8193067 99.7
15 TDCiPP-Di; 8193067 99.5

1.2 UHFE58%

Waters Acquity BSM # = 50 AH € 3% {3 (32 [ Waters
ZA#]); AB TRIPLE QUAD 5500+J573%{X (3¢ [¥ AB SCIEX 2~
A]); BT224S HFRF-(FEEE 0.01 g). 5810R E.LHL(EE
Eppendorf 2\ F]); MS3 basic #EIR & #% . T18 ¥ HALCEHE
IKA /A 7]); CPX8800H-C ##7 i i 1/t 1% (3% E BRANSON
AT, B (3EE Organomation 2 F)); Milli-Q #B 4K



%5 16 1]

MR, 2 QUEChERS-j i 0B (1 - ER IR T P vk Rl PGl 2L AR 5 AR il b 77

#¥(GEE Millipore 23 A]); Agilent EC-Cg (3 mmx150 mm,
2.7 pm)(ZE[E Agilent 23 Al); FRIUH L (polytetrafluoroethylene,
PTFE). fHALUERR(0.2 pm)(FRHEEIE IR 2 A R F) o

1.3 WA

1.3.1  ARAERRELH

OPEs JR-AHriE TR (100 ng/mL): k5% & HX OPEs
IREPRETE 0.01 mL & 10 mL &880, B RE
REZE

TBA PR TRV (1 pg/mL): K% B BUR & NARE
W% 0.1 mL 2 10 mL s, M ERBEE A 225,

Bl 2 A VR il 4 20 e I OPEs YR & Fn it
TAEA (100 ng/mL) 10, 20, 50, 100, 200, 500 uL, HIA
IRA PR TAES(1 pg/mL) 10 pL, FHZAE-0.1% M oK iss
(82, V)RR ERZE 1.0 mL, &R /510 1.0,
2.0, 5.0, 10.0, 20.0. 50.0 ng/mL 4 R FIARME TAERW
1.3.2 X5 B hl

0.5%H MR ZE: B 0.5 mL W, HZIEHmITHR
% 100 mL.

0.1%FKEW: B 1 mL B, HEBEFKEMIE
FiBEZ 1000 mL .,

ZHE-0.1%H BR/K VAV 1 (8:2, V:V): HEHL 800 mL Z},
FA 200 mL 0.1%F RK I, 1R,

1.3.3 Hami

B FREC1.0 g(REH0 2 0.01 gyRAISIMRES T 50 mL
BT, AT pg/mL A PIFR TAER 10 pL, A 2 mL
JKIRA), #4810 min, A 0.5%F IR ZIETAW 10 mL, 1RE
18212 min, M (25 kHz)$EH 10 min, JIIA 4 g Na,SO,, i
J€ 2 min, 10000 r/min &.0> 5 min, FIEWRAFERAL,

FN: FRELO g(EIE 0.01 g)IRSIAIAYRES T 50 mL
BLOET, A1 pg/mL IR-A PIFR TAEAIR 10 L, BILA 2 mL
JKIRS), #E 10 min, A 0.5% PR AW 10 mL, RIER
4] 2 min, Q5 kHz)$H 10 min, MIA 4 g Na,SO,, 1 g
EMR-Lipid #}, i€ 2 min, —20 °C¥& % 30 min o B FE 5,
10000 r/min B§.0> 5 min, W HCEIEEINA 10 mL Z5Hbess
W, WHENRAD 1 min, 10000 r/min B0 5 min, BCRZRIATRESL.
13.4 # &4

WA b 6 mL B T 15 mL #+k45 (600 mg i
fREE, 200 mg PSA, 150 mg Cyg), iREIR"]. 10000 r/min &
> 5 min, BEHC IR 4 mL FAERES AR TR (30 °C
K, H 0.4 mL ZAE-0.1%F BRARIFER(8:2, VIVVEIA,
TRAH%] . 10000 r/min 2.0 5 min, 0.2 um PTFE J&88 5 &,
B = S5B3RS 5
135 &iEius

3R Agilent EC-Cis (3 mmx150 mm, 2.7 pm); &
i 40 °C; fE: 0.4 mL/min; I A: 0.1%H BR/KIE
AN B: O BREEVENRR T IR 2.

®2 BMERBRER

Table 2 Program of gradient elution

st 7] /min A% B/%
0 95 5
1.0 95 5
4.0 40 60
8.0 36 64
8.5 25 75
16.0 0 100
25.0 0 100
25.1 95 5
28.0 95 5

1.3.6 k&4t

B PR EIE % B T (electron spray ionization, ESI);
7 IER A AT 2 R0 I (multiple
reaction monitoring, MRM); HLIEZE L JE: 4500 V; A5
68.95 kPa; Z51b"<: 310.26 kPa; Hlilh<: 310.26 kPa; BT
JRRLEE: 600 °C; HARE AW BIESHOE I 3.

#3 BRUEAYMRIESH

Table 3 Mass spectrometry parameters of the target compound

o A By FE¥ EHE 6 -
F5 ay (M2 (M2 WIENV fEkt/ev kg

109.1 38
1 TMP 141.1 110 TMP-D,
63.1 61
99.1 43
2 TDBPP 6983 130 TDBPP-D;s
369.4 31
99.0 37
3 TnPP 2252 70 TnPP-D,
1412 14
99.1 27
4 TiBP 2672 75 TnBP-Dy;
155.0 15
99.1 27
5 TnBP 2672 75 TnBP-Dy;
155.0 15
297.0 4
6 V6 583.0 174 V6-Dig
361.2 28
99.1 35
7 TCiPP  327.1 85 TCiPP-Dys
175.0 19
99.1 33
8  TDCiPP  431.0 110 TDCiPP-D;s
209.1 21
IS-1  TMP-Dy 1502 5, 110 30 /
IS-2 TDBPP-D;s 7134 1023 130 43 /
IS-3 TnPP-Dyy 2464 1020 70 28 /
IS4 TnBP-Dy 2943  102.1 80 25 /
IS5  V6-Dy, 6002 2371 153 50 /
IS-6 TCiPP-Dys 3453  102.1 90 32 /
IS-7 TDCiPP-D;s 4485 1482 110 38 /

T /AR TCI I,
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14 HIELIE

i il AB TRIPLE QUAD 5500+ i%{X Bl £ SCIEX
OS BRALFRARE58 I RS I . e T SR i,
fii F§ Excel 2021 BEA7HEALBE, i FH] Origin 2022 Pro #:47
SRR, ke BRI SRS A T AE 6
3, 25 5 LA 25 [3] Wi S%6 R A X B o 0 22 (relative standard
deviation, RSD)F /K .

2 H#R55%

21 FHEMK
211 FiLpumie

14 8 B OPEs K o4 FH HP B I il ok o ot Wk B2 O
0.5 pg/mL MFRAEVE R, o A 30 v O 2 kAR 1 O X,
TE L 55 B - IR T A BARb &9, A8 RiITEIE | T
TR RIE LA PR F =R, X459 T a4,
Wi 8 P HLBEMRARIS PR I MR - F B F, Ko
FETFENIET, HTr—ENiiiEeesE, a9
To LGAAH B FNE YN R BUE RO, Ak
BLOEE PR T ESE . EIEE R ST
BRI E R AEEE T, LI MRM IEB L%
MR, WA R SIS SE, MEaYmEET. T
T, BREHRE, RiEEAERE, F AR S L
B U R R S Y TS S HGHA T . B R
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i 1o 58 & /cps
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4 83 Bt ] /min

ZHLEN 4500 V, BRI 600 °C. £bawiiibE
M FEFUESHOE R 3.
2,12 RABE LR

(O Ay R

ABFEXT T Waters BEH-Cyg (2.1 mmx*100 mm, 1.7 pm).,
Waters XTerra-Cg (2.1 mmx100 mm, 2.7 um). Agilent SB-Phenyl
(2.1 mmx150 mm, 5 um). Agilent SB-Aq (2.1 mmx100 mm,
5 um)F1 Agilent EC-Cyg (3 mmx150 mm, 2.7 pm) 5 Rl (a3 4
SRR A P Ay BERCR o AAHLLEN A (0.1%H iRk
VW), B(HHRE), # MRS 2 SEATRREEDRIBE, FhAH R B2 i A
T TR R R 43 B B L R e i AR o g 2 SR AT
Agilent EC-Cg (3 mmx150 mm, 2.7 pm) 8754k &4 ik
JEOSBIFFAIFR . W B, A Agilent EC-C g (3 mmx
150 mm, 2.7 pm) @ g R4 .

(OYiresipiciipries

e OIS FE R, ARSLOU T S A A ALk, S8t A
AHIESCHR, AR . CEE N AN, L5+
K. 5 mmol/L ZFRER . 0.05%F FRIFI . 0.1%H R
W 0.2% RN . 5 mmol/L ZRRERW(E 0.1%H )
FERZKH, RIS AR T e Ak & e e s 1
BRI R 45 SR, S ZHEER A DL, 0.1%H Rk
SRR KRR, 25 Re AL G Ppma i 4, R w, S5
bRk L, AHFFT R 0.1% 1 BR/KIE - LG VE R
SNARHEATRREE VRN, 8 Fh L& i B IRCES IRt TR WL IR 1,
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200000 [
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Fig.1 Extracted ion current chromatograms of 8 kinds of targets
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VP /INAE Y . SR IURIIE T, Je il A 2 mL K4
LT, SRI I AKH RV BE AR 0T, AN [R] B2 B 7
OB IR o 6 FH S0 = 8 A HLIA R B L 205 L 0.1%
HERFFEE. 0.1% IR NG . 0.5%H R EE. 0.5%F B ZHE
FERRBUAT, axidkEEs 8 FF OPEs 15 UL 4 Ay al
WCRTHEAT 5 5% o R [V 790 ) 25 B BURH O 1) 356 o0 2 1 VT
I FHFE T2 A S 1 (R MR BE /K S ROV . SR BUR Tl
V4 24 Yo 0 T PR 55 R ) 22 0 66 T o 1 ] e 8 s o o 0 T R
HEAT R, AR EIHREER, S5 2. 3,

u u 2N 0.1% F g FH it
120 1 0.1%H R 2N w 0.5% H iR H EE m 0.5% H iR 2N
100 -
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60 |
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Fig.2 Comparison of extraction efficiency of 8 kinds of targets in

wheat flour with different solvents
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Fig.l Extracted ion current chromatograms of 8 kinds of targets
213 HIEF R = iR =ZJf 0.1% A2
4 % 0.1%HFRZIF m0.5%H BT EE = 0.5%H BRI

/%

&CSQ
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N R R e
‘Q@ &Q& &‘8 &8’

Hixd)

Bl 3 SRR 8 F HARITEA RIS ) ISR 1 A
Fig.3 Comparison of extraction efficiency of 8 kinds of targets in
mutton with different solvents

FIE 2.3 AL, ZREANE T B AR BCR A, HAE/N
FRETHA LLELANE Y TMP, ToPP. TnBP.
TDCiPP >R ZNE AT HEER, [IC R AR N T 1 o HL R Bk
FER3S N, OPEs [MIJCRA firi . MbAM/ N S 8 B
HARE A YIH RSDs K 2.4~6.1% (n=6), FRHEF T 8 FH
AL G P RSDs K 2.9~6.6% (n=6), %4 1 L
0.5%H MR Z 5 1FH 8 Ff OPEs J5 My i B BUAH

()FR B fR) iy A4k

TR 52 R B I 0 S L5 S HE B i) | 4RO X
PRI . e /NS B R0 2 DR Ay B BE I, i A [] ik
MIRF I, 8 10 min, PRI 0.5%H #R 25 )5 43 W20
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@85- O A A S
= 80 Hr¥
751 [# 7 FRIETTH 8 Fir H AR EE IR S AN [ B[]
70 SRR L
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< A < : Fig.7 Comparison of extraction efficiency of 8 kinds of targets in
&@ &Q% &‘S &87 &é\b &Q\ QQS mutton with varied sonication times
s I 4~7 TR, AR 2-20 min, BA K 2-20 min,
4 NARSER 8 R B AR GRS AR R IR PIRNELTRE 5t 8 F OPEs 42 MR IS 4 B IA 3] 80%., H/I
HEHUACRAY LB JRHLTH 8 B EERL A1) RSDs 9 2.8~6.1% (n=6),

Fig.4 Comparison of extraction efficiency of 8 kinds of targets in
wheat flour with different vortexing times
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Fig.5 Comparison of extraction efficiency of 8 kinds of targets in
mutton with different vortexing times
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Fig.6 Comparison of extraction efficiency of 8 kinds of targets in
wheat flour with varied sonication times

RELFT T 8 Fh HARL-S W) RSDs K 2.2~6.6% (n=6), MEE
i SEPRREBUIRES &, IR TR G P ) 5 b A BT 4R
B, HEE ORISR R BRI LE, SRR 4R B
S, AR A R A BT AR IO T, (R B 27
1, i 10 min R8I RHA D B G: . BT
R AR EIR AT 2 min, FREEA R 10 min MIZ5ERY
R, HATREREREL
2.1.4 HHEF G F Bk

FERINEZA . SRR ORILT, SEIGTAEET A 2 mL
KRBT RUVER, K SERIGARN0.5%F R )27
TR, SRR AN RARIL | g RIS 2 AR, JJu
AV EE R RE %ﬁﬁ‘, SRR L, 2. 4 g Sk 1.
4 g JoKBRIREN, 1SATTERE N 20 ng/mL TR, M%?T
ﬂ%ﬂ*ﬂﬂﬁ%ﬁﬂtkﬁb&% BICE B IS RGIERE  [RIR £ 25
HETROR, JT A2 TR BORTC i RV B KT T
FRIUE T 4 1 248 Yo 08 TR AR 50 ) 2 1 R e v 4 [Tk A
HER UG TR T LU, A3 BRI IR, LA 8. 9.

= 1 g SALEN =2 g AL 4 g LN
90 ru 1 g JOKBRAREN w2 g TKHHRRIN w4 g TORBRAREN

& © R
& o

0
g Q@
<

HAr¥
K8 /hAAIEETh 8 B HARMITEA Al Bl
PRI L
Fig.8 Comparison of extraction efficiency of 8 kinds of targets in
wheat flour with various dispersants
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Fig.9 Comparison of extraction efficiency of 8 kinds of targets in
mutton with various dispersants

HH I 8.9 AT, MU RS L EART, 5t 8 F
OPEs 12BUAIMCR L ARIKE] 60%. 332 T A Lahm
R BK A 5 CIE R — & LB RIR I O, KA
SYIEARHIEL, IS0 OPEs AU T 7R A [R] & G
IKBRFREART, 8 Ff' OPEs $2EX IR T 70%, X S2H T
TETCRBRERENAIVERF, AR Z 0535 BRI A 43 2 85
MU 4 g JOKBRRREART, JoKBRRR N BAFAE, KARBE
To/KBRIREN 5C 21HAE, KKIEE OPEs 7E LM Ry ZEBUK
W, BURZGEEL 4 g TOKBRBRENE R 43 HOAE K 5 2N
PIAHATES, Rt ZHEXT OPEs WIHRIL, H/NEMIEF T 8
T HARLEYIH RSDs M 2.6~6.7% (n=6), - NELT 1 8 F
Atk & 989 RSDs 9 3.2~5.6% (n=6).

FEME 28 R BTG ) A AR v A TR R, F IR
O 5 P YRR ) ) Y AR 55 /N 22 A9 5 TR Lk 246 T o o 1
PRAG, B T3 R ST DA AR B AR 28 ) B B,
AWFFAEAL B R IRESLEE, AN BIGR 4 g TOKBRIR NS
&N 1 ¢ EMR-Lipid #33R, FF7E#BUSINA 10 mL =51
He, FHT MR B R bR 25 3 A TSR 28 5T, DA T s i
Iy Xk o 7 i P 99 o 4
2.1.5 A XAk

R T IRBIEGFAEEASCR, AR T QUEChERS #t
AL AL T- B . BERR/INZ M L SRRV LB, R
DU R R, g fbdl 1 (1200 mg BREREE .
400 mg PSA), #1kbfd 2 (1200 mg B2 % . 400 mg PSA |
400 mg Cy5), H1b40 3 (600 mg HEALREE 200 mg PSA 150 mg
Cg), kA1 4 (600 mg FifREE . 200 mg PSA, 400 mg GCB), %
1649, 5 (600 mg BEMREE . 200 mg PSA. 150 mg Cy5. 200 g
GCB). b i A — & ¥k B2 IR & b Vs T, H
0.5% e CHEHEATHEIN, 15ATTEME N 20 ng/mL TR
o F 0.5% R 2 [R5 B UM N 1) 3 T 28 VAR, R 3
JoT S VR TR A ] 2 KT PR A B AR U Hh el
0y V8 2 o e TR 5 A I) 2 1 5 I ) ) e J3E A A W
BUEAT RS, SRR IR, UL 10, 11,

LSRN FU B
Fig.10 Comparison of purification efficiency of 8 kinds of targets
in wheat flour using different cleanup kits
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Fig.11 Comparison of purification efficiency of 8 kinds of targets
in mutton using different cleanup kits

& 10, 11 AT%0, ¥kl 3 (600 mg FiFREE . 200 mg
PSA. 150 mg C)MRTFHAS LA B LR efE, 3
ARBFFEE AL 3 T b Ab B, /N RS 8
HARMELA YR RSDs i 3.2~5.7% (n=6), “ENHEF T 8 Fft
FrAb & RSDs N 2.8~5.9% (n=6).

2.1.6 HmEA ik

FFRIAEN 0.1%F FKEW-21E, B OPEs ZifT
FRPEVS R, AR5 T 100 ng/mL FTREHk BEFRUE
WRARR TG, TEATE LB M -0.1% W R KA A %
BHN8:2. 7:3. 6:4, 5:5, 4:6. 3:7., 2:8, V:V)HIESE,
Je DN 5 5 S VAV R0 P 4 B bR Al G i I o [ D TR, R
ZA A R o e e B TR R S b, SR A1 A e
VT AR5 2 g T UK & 4 L, 75 51 22 53 52 i 4347 1 (&
12) 250 R, ZHE-0.1%F BRKIEW(8:2, V:V) N Z 7
4 B b Ak A 4 50 ) R 5 RE B, ELOR [E] ) 2 B
0.1% W R K E R BV G &GP RSDs N
1.2~2.6% (n=6), KL, P ZHE-0.1%H BRKIFHR(8:2, V:V)
(b iop-R3rSil
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120 w46, V.V w37, V.V w28, VIV ﬁ%(jﬁﬂf\fﬂé\/]:%*ﬁj)*ﬂm[i‘](q:ﬁ‘]\%[%‘]\ﬂéﬁ‘]) 10g %
100 ANFETTAE IO 3 HEAT ARG R B L e FRIBR SE 58, A
§80 OPEs IR &R E TAEVA (100 ng/mL) 10 puL .20 pL, %
f; 60 TSR 1.0 pg/kg. 2.0 pg/kg FESL, [RVEE S AT AL FRUEFT
2 .0 o PESTRLAEMR L. IR B 45 VG 55 M L 25
junsg
= RIS,
20
0 F4 SHBHRUEYNEMESREMEXRY
S 3 NS N3 b 3
&é Q‘gz «g& &8’ ,&& < &68 QCS Table 4 Linear equations and correlation coefficients of
. S 8 kinds of target compounds
e g A ST XA
Pl 12 8 il I by AN ) S 1 1 30 o 588 FE 11 H 2K (n
Figl2 Comparison of response intensity of 8 kinds of targets in 1 TMP Y=0.05405X+0.00203 0.99985
different solvent solutions
2 TDBPP Y=0.17553X-0.13862 0.99510
s apoas =g 3 TnPP Y=0.22650%X+0.02284 0.99422
22 HHEFERLER -
o . 4 TiBP Y=0.10096X-+0.00538 0.99845
221 BMEE . AAX RIS TAUL 5 TnBP Y=0.11748X-0.00858 0.99681
N e s o v n =0. 0. .
# 1.3.1 FL il OPEs RAbRHE AR, WARIEBETTE p e oA 00907 099650
. =0. +0. .
AT TR R E AR SRR, FRR B el AR E B AR » TP Vo0.10915%10 18703 099963
e g o " st o S T i =0. +0. .
HERE, M RO (38 - ER I BT AN A o DA% 443 R 0
8 TDCiPP Y=0.08194X+0.06121 0.99890

4 JT0 VR B (X, ng/mL) AR AR, 25 R 42 5 AR I 1) 9
BRI E AR LU (YY) M AR bR, ZehilbnifE TAEMZk, &9
LR IE 7 R SR SC RS R W3R 4. B3R 4 W, 8 AT
HLBERR IS 25165 WIE 1.0~50.0 ng/mL Y5 Bl N BAT BL -4tk
KR, HXRBIIKT 0.99,

e EERIR AR iR R e Ty el PR R L AR E
SR HAE S S AR AR, T HEBRAE &
T S RS I ot i o BB P A T RE, iR ARG H R S
E i SRS BRI W Bl ik o RIS O ik 7 R R AR |
AFEREZ MR FERPEES, AU LREART
B S A YN E BRE R 1.0 g B, 8 B OPEs kS H
MR 1.0 pg/kg, EwbREH 2.0 pg/kg, BAREAER 7351

B 5 AT, HAYFNE ARES AR 1.0 ng/ke
B, HAGMEE R 9.8~11.0; MAYIFIE PIRESOMAR I BN
2.0 pg/kg i, HAFMEL R 19.9~21.3,
222 BHE. BEE

PISIOOK . K NEBMENCER . A, F
PROIEAT AR IR SZ 56 o 43 I BREES AR b (TE 2 il E —
KPR ANE, FIBRFEM AN G T8 FeR), 3 8
OPEs 5%y, 439 H A INZKE 1.5, 10.0, 40.0 pg/kg £
wi o AERESNATAL R VAT AT R4 6 iR HEAT N EI S
By, HESEE AR RSDs, %407 s 1O MR 3 FIDKS 5
B, BRI 6.

x5 TRERERILER

Table 5 Signal-to-noise ratio results for different substrates

e SR IR F 15 H(SN)
(ng/kg) TMP TDBPP TnPP TiBP TnBP V6 TCiPP TDCiPP
1 Kok 10.3 9.9 10.5 10.2 10.7 10.2 10.9 10.3
2 ESPS 10.2 10.7 10.2 10.9 10.3 10.4 10.3 9.9
3 INFE Ry 10.9 10.3 10.5 9.9 9.9 10.1 10.2 10.3
4 4R Lo 9.9 10.5 9.9 9.9 10.3 10.5 10.9 10.6
5 KA 10.5 11.0 10.1 10.7 10.1 103 10.2 10.3
6 S| 9.8 10.1 10.1 10.3 10.5 10.0 10.1 10.2
7 KK 20.1 20.1 20.6 20.1 21.1 20.2 21.1 20.4
8 ESPS 20.3 21.0 20.1 20.9 20.3 20.3 20.3 20.0
9 INFEH 20 20.2 20.2 20.3 20.1 20.0 20.0 20.1 20.4
10 4 A 19.9 20.1 20.3 20.0 20.6 20.4 20.8 20.8
11 R 21.3 21.1 20.5 21.0 20.0 20.5 20.4 20.3
12 *R 20.0 20.5 20.7 20.3 20.5 20.2 20.3 20.3
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6 8MBIRUEYERMIREUZEF RSDs (n=6)
Table 6 Matrix spike recoveries and RSDs of 8 kinds of target compounds (N=6)

Kk Fok INZE By A A e

R gy A [fg% RSDs R RSDs [ RSDs [WeR RsDs [gx  RSDs [l RSDs
I(ng/kg)

/% /% /% 1% /% 1% /% 1% /% /% /% 1%

15 967 36 963 24 980 30 972 56 883 30 956 43

1 TMP 100 1045 32 1063 09 1026 45 1059 24 1036 32 1010 12

400 1050 21 1046 2.0 973 22 1027 09 1059 L5 898 13

15 1073 55 1097 59 1056 56 1058 66 1102 1.0 1079 52

> TDBPP 100 1123 20 1106 35 1110 2.1 1086 3.6 1110 13 1137 07

400 1096 33 1014 94 1111 24 1090 28 1124 23 1043 79

15 796 75 787 46 932 27 756 84 762 46 741 73

3 TuPP 100 1057 12 1105 21 1065 14 945 127 1124 28 1096 3.9

400 1185 13 1160 L5 1173 23 1128 25 1169 14 1164 22

15 919 24 1166 18 9.1 69 953 28 8.7 82 990 37

4 TiBP 100 1164 32 171 18 1179 18 1153 24 1180 12 1177 16

400 1173 13 1162 29 1076 33 1168 12 1134 35 1138 37

15 707 05 1180 12 1020 09 85 13 86 15 8.9 3.1

5 TnBP 100 1113 16 1192 06 1189 03 1118 10 1098 12 1174 04

400 1153 06 1173 05 1155 07 1071 14 1196 02 1163 1.4

15 884 14 700 07 819 10 705 13 8.5 54 89 54

6 V6 100 1172 09 1193 04 1079 12 1066 08 1187 04 1193 06

400 923 09 1153 09 991 20 941 04 1144 08 1163 1.0

15 1012 14 1178 11 795 1.0 1014 L1 1175 10 770 24

7 TCiPP 100 826 07 1184 06 1189 04 1196 03 920 14 1189 03

400 1039 04 1171 06 1188 05 1130 13 936 07 969 13

15 1057 48 752 19 845 22 832 83 725 26 894 33

8 TDCiPP 100 1011 14 1177 09 1112 L1 770 08 741 14 1027 15

400 1150 12 1183 L1 1151 06 1158 16 708 18 1176 09

B3R 6 M0, ROK A K S/ 7 325 [ %54
70.7%~118.5%, RSDs N 0.4%~7.5%; T KZIHAKF-K)F
IR N 70.0%~119.3%, RSDs iy 0.4%~9.4%; /NEZ#%%
0K S 1Y 2 Wik % 79.5%~118.9%, RSDs N
0.3%~6.9%; 4 W 4 B K 7 0 5 ¥ [l %
70.5%~119.6%, RSDs 4 0.3%~12.7%; 3P TIK A
IR 7 70.8%~119.6%, RSDs 47 0.2%~8.2%; -4
TKFERER IR 74.1%~119.3%, RSDs 7 0.3%~7.9%., 77
LRIUERE . K E GB/T 27404—2008 ( SEB6Z R
RN SR ) TR,

2.3 EPRERME

K AT &/ N 4 4t RORFESD 8 L.

TokEES 2 HIb . SRR 2L, A ARER 2 3L, FERRES

3 LTI, MESE R 7,

f 2 7 AT, 21 fibREE P, TnPP. TiBP, TnBP, V6,
TCiPP ¥R, TMP AU RK 23.8%, S &451H
2.76~15.40 pg/kg, FELEPLEE PISHEN; TDBPP Bk H
N 57.1%, SN 2.68~29.00 pg/kg, FEEFTEN
Z Ry . FOKMES:; TDCIiPP ARG 3Ry 38.1%, S Eilh
8.49~34.20 png/kg, EEEPEIKEER . YN TER
e A DU R R R H S i — 2k, X AT RE R i T AL
TR ERZS Y T S AR 2 ]2 LA B SN Es &, 1A fh 2
TERL, IR A5 s REE YRR . RIS AR
BT B iAok N REARAVEY, JEHOKRER I
AR S, T 2 ) 5% B ML IR R 2 ) B
Y5 G, R HEH
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Table 7 Actual sample measurement results (ng/kg) (31 REHa, Mk, WOSOW, S RSO - I R G S
FESZEM TMP TDBPP TnPP TiBP TnBP V6 TCiPPTDCiPP P 8 A HUBSRARELT]. a3, 2025, 43(4): 309-316.
INEEH-1 - 25.60 - - - - - - TANG Y, WEN S, CAO WC, et al. Determination of 8 ~ organophosphate
INEE R -2 _ 27.30 _ _ _ _ _ _ esters in animal-derived foods by ultra performance liquid
INEH3 2770 chromatography-tandem mass spectrometry [J]. Chinese Journal of
- Chromatography, 2025, 43(4): 309-316.
INEERY-4 - 29.00 - - - - - - A = e
[4] ZR2, 150, WRE. A HIBERRARRLIAR PSR | S5 T A
KK-1 - 724 - - - - - 1540 MR, FRBE T A, 2018, 36(9): 180184,
Kok-2 - 736 - - - - - 18.50 LI SZ, FU WQ, FENG CL. Research progress in environmenatal exposure,
Fok-3 - 7.83 - - - - - 20.60 behaviour and toxic effect of organophosphorus flame retardants [J].
FeKe-4 _ 9.72 _ _ _ _ _ 34.20 Environmental Engineering, 2018, 36(9): 180-184.
Joks _ 268 _ _ _ _ _ 349 [5] LAOJY, LIN HJ, QIN X, et al. Insights into the atmospheric persistence
transformation, and health implications of organophosphate esters in urban
K-6 - . - - - - - . . . . .
KK 7.04 1720 ambient air [J]. Environmental Science & Technology, 2022, 56(17):
K7 - 1040 - - - - - 1710 12003-12013.
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E ) _ R R j R j j R Northeast China [J]. Science of the Total Environment, 2020, 705: 135995.
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FH-1 619 - - - - - - - Environmental Science & Technology Letters, 2021, 8(10): 884-889.
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