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Migration of organophosphate flame retardants from biodegradable
food contact materials into food simulants by HPLC-MS/MS
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Abstract: [Objective] To explore the determination methods and migration patterns of 22 organophosphate flame retardants (OPFRs) in
degradable food contact materials. [ Methods] Samples were soaked in four kinds of food simulants. Ten percent ethanol and 3% acetic acid
simulants were extracted with acetonitrile and salted out with NaCl. Olive oil was extracted with methanol/acetonitrile (v/v, 2/3), and 50%
ethanol simulants were filtered and directly measured. OPFR extracts were separated by a C,; column and determined by positive
electrospray ionization (ESI+ ) in multiple reaction monitoring mode, with quantification by matrix external standard method. The
migration pattern of triphenyl phosphate (TPhP) in simulants was analyzed and applied to determine migration of OPFRs in biodegradable
food packaging bags and disposable gloves. [ Results] The recoveries of 22 OPFRs ranged from 76.7% to 119.9%, with relative standard
deviations of 0.23% to 11.30%. Limits of detection ranged from 0.06 to 1.14 pg/L, and limits of quantification ranged from 0.20 to 3.75 pg/L.
Migration of TPhP from degradable food contact materials into 50% ethanol and olive oil increased with soaking time and temperature.
Among 26 samples, the detection rate of OPFR migration was 76.9%, with only TPhP detected, migrating exclusively into 50% ethanol and
olive oil. [ Conclusion] Prolonged contact of degradable food packaging bags and disposable gloves with fatty foods or dairy products poses

a safety risk due to OPFR migration into food.
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Table 1 ~Gradient conditions of liquid chromatography
BffEl/min - JHE/(mLemin ') WEIAHA% WS B/%
0.0 0.3 20 80
0.2 0.3 20 80
2.5 0.3 65 35
5.5 0.3 70 30
12.0 0.3 75 25
20.0 0.3 95 5
23.0 0.3 100 0
25.0 0.3 100 0
26.0 0.3 20 80
28.0 0.3 20 80

IR E N 1 mg/L,4 CIEHg .,
(2) b o T A 26 2 )« o 5 W B 22 Fil' OPFRs 1R &
o v Y, P VR I 2R 90 TR A B ofE TP, b BIS
TDCP., TDBPP FI V6 Jii & ¥ Jif Jy 2~400 pg/L, TCEP,
MDPP FI TIPPP J5i & ¥ i~ 1~200 pg/L, H Ak & ¥ F it
JE R 0.2~40.0 pg/Lo LATRIN 9 5 o o R 3 o0 B A s, LA

RZEPE HPLC-MS/MS ENE R B R REMM R ENBEST IR RELYNIR

SE ik B W T AR A A, 28 1 5 o T 2K
1.3.3 ﬁﬁ&iiﬂ # ¥ GB 5009.156—2016, %
6 dm” ] ¥4 fife 22 il B R R 1 LB S AL, 43 B AE 10%
CTERT 50% £ BEIR TR 3% £ TR VA I RV RIE 1 4 Fof 40
W AT T BRI . B 50% BT RS A W, 42 0.22 um JE
Je Sk BT g SRR, 43 EL 2 mL 10% B 3% LR
B W T 10 mLIXE T, A 2 mL 2R GRS, A0
A 0.4 g NaClIB EYR % & NaCLIE i , $ E 0 2 R E2 2
WitV )2 28 0.22 pm JE B 38 Sk 1o 8 5 R DU . BROMOAE il
B W 2 mL T 10 mLi & T, A 1 mL W B — 2 I )
(R 2:3) AR % 5 min, B &2 I EE P E—2
JEW W2 0.22 pm Je Je ik kit ik, B R 3R, A IR
WAEI
1.3.4 RO

(1) NaClH & : B 2 mL &4 (10% LB 3% LR )
Jﬁﬁﬁnﬁ T AR 1.3.3 1 10% L B 3% £ Bl i % 7 1 FiL

SR 00 04 & By 2 32E AT 4 B, 43 51 im A 0.00, 015, 0.20,

0.40,0.60 g NaCl#FATEh T, S #5384 1Y NaClH 4 o

(2) $EICH ) : B2 mL Az BB L 43 50 2R A 2 mL

®2 22 OPFRsMIRILS#’
Table 2 Mass spectrometric parameters of 22 OPFRs

ey 1 78 W - PN fill 13 R ey 1 78 s PR/ filf 13 R
[a] /min Xt (mlz) JE/V H/V [f] /min Xt (m/z) JE/V w/V
TMP 3.12 140.9,109.0" 110 23 TiBP 12.07 267.1,99.0° 90 19
140.9,79.1 28 267.1,155.0 12
TEP 4.93 183.1,99.0° 80 23 TnBP 12.54 267.1,99.0° 90 19
183.1,155.1 11 267.1,155.0 12
TCEP 5.28 285.0,223.0" 74 19 MDPP 12.70 341.0,152.1° 100 44
285.0,160.9 23 341.0,229.0 32
TiPP 6.79 225.1,99.0° 60 20 TBOEP 14.12 399.3,198.9 150 19
225.1,141.0 12 399.3,298.9" 17
TPPO 6.81 279.2,201.1° 80 37 TOTP 16.56 369.1,166.1° 200 36
279.2,173.1 43 369.1,243.0 36
TnPP 7.32 225.1,99.0° 60 20 RDP 16.76 575.1,481.0° 130 50
225.1,141.0 12 575.1,419.2 51
V6 7.65 583.1,234.9" 100 53 TMCP 16.96 369.1,166.1° 200 36
583.1,297.0 51 369.1,243.0 36
BIS 8.04 498.7,298.8 130 20 EHDPP 18.15 363.1,251.0° 60 13
498.7,98.9 25 363.1,77.1 50
TDCP 9.90 429.1,99.0 120 56 TPeP 18.34 309.3,99.0° 50 22
430.9,98.9 55 309.3,169.0 15
TPhP 10.55 327.1,152.1° 150 47 DBPP 20.88 439.2,327.17 160 38
327.1,215.2 34 439.2,383.1 47
TDBPP 11.50 698.5,98.9" 190 46 TIPPP 21.06 453.2,327.0 200 41
698.5,299.1 22 453.2,411.1" 23
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Figure 3 Recovery of 22 OPFRs in olive oil by different extraction solvents
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3 AEEFH OPFRs WE BRI
Table 3 Matrix effect of OPFRs in different matrices

%=t/ IR it 50% ZBE 10% LB 3% LR & R 50% . 10% £ 3% LR
TMP 0.92 1.02 0.94 1.16 TOTP 1.01 0.86 2.92 0.48
TEP 0.91 1.02 1.07 1.10 TMCP 1.06 0.87 0.99 0.98
TiPP 1.03 1.06 0.97 0.97 RDP 1.02 0.96 0.84 0.85
TnPP 1.02 1.07 1.12 1.14 TIPPP 1.10 0.88 1.04 1.01
TiBP 0.94 0.89 0.93 0.91 TCEP 1.08 1.13 4.94 0.98
TnBP 0.90 0.88 0.83 0.83 TDCP 1.02 1.03 0.78 1.20
TPcP 0.99 0.97 0.93 091 TDBPP 091 0.99 11.4 1.20
TPhP 1.10 1.03 1.16 1.11 TBOEP 1.03 0.96 1.13 1.12
EHDPP 0.94 0.92 0.99 0.96 V6 1.03 1.13 1.09 1.08
MDPP 1.00 0.97 1.13 1.15 BIS 1.03 1.09 1.24 1.25
TPPO 0.99 0.92 0.91 1.00 DBPP 1.06 0.85 0.95 0.94

F4 OPFRsMIZLMAR MHEAXRYM KWHURMEZR
Table 4 Linear equations, correlation coefficients, LODs, and LOQs of OPFRs

o 2 P Rl B e 50% LB 10% £ A1 3% 2,1 RS I
(ng-L") AR B/ (pg L) ERR/(ug L) IR/ (pge L) @B/ (pg-Lh)

TMP  0.5~40.0 y=3.05X10°x-2.61X10"  0.999 6 0.15 0.5 0.23 0.75
TEP 0.5~40.0 y=>5.54X10°x+1.89X10° 0.999 5 0.15 0.5 0.23 0.75
TiPP 0.2~40.0 y=4.66X10°x+6.04X10° 0.999 4 0.06 0.2 0.09 0.30
TnPP  0.2~40.0 y=6.81X10°x+2.73X10* 0.999 5 0.06 0.2 0.09 0.30
TiBP  0.2~40.0 y=6.33X10°x+1.86X10° 0.999 9 0.06 0.2 0.09 0.30
TnBP  0.2~40.0 y=8.85X10°x+3.28X10° 0.999 3 0.06 0.2 0.09 0.30
TPeP  0.2~40.0 y=1.04X10%+3.40X10* 0.999 2 0.06 0.2 0.09 0.30
TPhP  0.2~40.0 y=1.09X10°x+4.01X10° 0.999 0 0.06 0.2 0.09 0.30
EHDPP 0.2~40.0 y=1.95X10°x+1.64X10* 0.999 8 0.06 0.2 0.09 0.30
MDPP  2.5~200.0 y=1.67X10°x+1.60>X10* 0.998 3 0.75 2.5 1.14 3.75
TPPO  0.2~40.0 y=1.29X10%+3.92X10° 0.999 5 0.06 0.2 0.09 0.30
TOTP  0.2~40.0 y=8.48X10°x+1.37X10° 0.999 2 0.06 0.2 0.09 0.30
TMCP  0.2~40.0 y=2.40X10°x+3.21X10° 0.999 3 0.06 0.2 0.09 0.30
RDP  0.2~40.0 y=4.99X10°x—5.16X10> 0.999 8 0.06 0.2 0.09 0.30
TIPPP  1.0~200.0 y=3.52X10*x+1.51X10° 0.997 8 0.30 1.0 0.45 1.50
TCEP  1.0~200.0 y=4.48X10°x+2.06X10* 0.998 7 0.30 1.0 0.45 1.50
TDCP  2.0~400.0 y=1.72X10*x+6.54X 10" 0.999 3 0.60 2.0 0.90 3.00
TDBPP 2.0~400.0 y=5.50X10°x+2.33X10° 0.998 5 0.60 2.0 0.90 3.00
TBOEP 0.2~40.0 y=221X10°x+121X10" 0.9995 0.06 0.2 0.09 0.30
V6 2.0~400.0 y=1.38X10*+4.83X10° 0.9975 0.60 2.0 0.90 3.00
BIS 2.0~400.0 y=1.12>X10°x+1.09X 10> 0.996 3 0.60 2.0 0.90 3.00
DBPP  0.2~40.0 y=7.71X10°x+2.82X 10" 0.999 3 0.06 0.2 0.09 0.30

JEE FIAS (6] (%) 384 0, TPhP 3 8 5 7E 50% 2 B AR v i 2y 1 BH M RE L 7E 10% Z BRI 3% RIS Y h iR T &
SRS, oy BIAEER 30,60 min 5T % 4h)E.ERKH TPhP. X nl 68 H + TPhP (94> F 454 h
[ B 7E 50% L BB rh AT RS e Y TN P . AR ZORIRES M, T H 5 0 T i As s 3L s 0
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Table 5 Recovery and RSD of OPFRs in 10% ethanol, 3% acetic acid, and 50% ethanol

LAy T/ 10% £, B 3% LR 50% 2, 1
(pg-L™h FUSCR /Y% HIXARMER 22/%  BCR /% MIXTRRfER 22/% DR/ % X o O 22 /%

TMP 0.5 106.4 6.79 102.2 2.06 114.0 4.11
20.0 103.3 4.65 93.7 3.16 91.9 2.15

40.0 82.7 5.77 81.4 415 87.2 2.30

TEP 0.5 97.8 236 116.8 2.12 83.8 5.64
20.0 103.7 4.62 97.7 1.36 933 6.15

40.0 109.1 5.61 108.4 2.56 90.0 2.01

TiPP 0.5 111.8 8.32 113.4 6.54 115.4 3.02
20.0 114.7 5.47 103.8 4.56 92.4 2.56

40.0 98.1 7.65 101.2 8.47 90.1 4.86

TnPP 0.5 106.6 6.48 119.8 478 112.0 8.01
20.0 114.4 6.24 101.7 5.89 925 9.10

40.0 114.9 4.65 107.9 6.12 93.5 7.65

TiBP 0.5 107.6 5.21 108.6 236 111.0 411
20.0 109.2 2.36 106.5 3.65 83.1 5.20

40.0 90.1 0.23 943 5.46 81.9 6.34

TnBP 0.5 111.4 8.15 108.8 8.19 114.0 3.65
20.0 109.4 7.56 94.3 5.14 83.8 4.66

40.0 82.1 6.57 81.6 4.16 82.2 5.22

TPeP 0.5 119.8 2.45 114.4 8.13 116.2 3.44
20.0 110.1 5.16 113.8 7.56 92.6 5.02

40.0 80.5 415 105.8 8.14 87.3 6.30

TPhP 0.5 94.6 6.23 119.6 7.95 91.2 4.02
20.0 112.9 8.14 1125 4.65 94.7 7.02

40.0 99.7 6.87 98.8 6.15 89.2 6.20

EHDPP 0.5 117.4 4.86 109.8 2.36 96.0 432
20.0 92.2 3.96 1122 3.65 86.8 5.16

40.0 93.1 5.69 90.9 4.56 80.2 5.11

MDPP 25 104.6 7.45 1143 2.45 98.8 11.10
100.0 107.5 5.47 110.3 5.89 104.7 6.30

200.0 101.5 5.46 105.1 4.89 98.7 4.01

TPPO 0.5 96.4 6.45 101.2 4.78 103.0 5.36
20.0 95.4 2.36 95.6 236 86.1 9.18

40.0 86.4 3.84 81.5 3.46 81.4 5.06

TOTP 0.5 105.2 2.46 98.8 5.49 76.8 3.06
20.0 96.1 6.58 117.1 2.68 88.5 5.31

40.0 98.1 1.47 98.5 6.45 86.6 6.32

TMCP 0.5 96.6 2.58 116.6 7.81 114.4 4.62
20.0 96.3 3.69 106.4 2.48 88.5 3.10

40.0 119.1 3.19 115.9 1.89 95.7 2.56

RDP 0.5 116.8 6.80 118.8 4.56 113.6 4.78
20.0 115.0 1.51 116.4 1.23 96.6 7.89

40.0 89.7 5.16 87.1 7.89 102.1 5.40
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43R5
e ks &/ 10% & i 3% LR 50% .1
(pg-L™h IR/ AR FRAE22/% A% MRARER 22/%  [ICR/% AR 22/%

TIPPP 2.5 113.4 4.36 114.8 2.55 105.6 4.40
100.0 119.9 8.25 113.7 2.66 95.7 6.32

200.0 114.9 7.21 113.3 3.14 94.6 5.16

TCEP 2.5 118.8 9.12 116.6 2.50 106.9 8.14
100.0 114.4 4.59 116.6 6.02 98.4 7.26

200.0 92.0 5.67 104.2 3.14 95.1 4.68

TDCP 5.0 118.2 238 111.5 3.05 100.1 6.11
200.0 107.8 3.18 1123 6.40 100.6 1.08

400.0 106.6 6.48 113.4 8.15 103.5 426

TDBPP 5.0 91.3 3.68 1123 6.15 106.2 11.20
200.0 104.7 3.48 119.6 4.01 953 2.63

400.0 102.2 2.59 118.4 5.08 99.7 1.62

TBOEP 0.5 113.2 457 109.4 236 116.0 6.25
20.0 108.1 1.26 113.7 478 93.1 4.56

40.0 107.4 3.58 110.1 6.05 95.8 3.11

V6 5.0 100.3 6.45 110.8 7.11 108.9 2.56
200.0 107.5 9.45 112.9 2.10 98.3 5.40

400.0 92.6 1.95 116.4 3.56 103.1 7.64

BIS 5.0 96.9 2.89 118.8 4.65 109.8 8.15
200.0 105.3 4.89 119.6 2.89 100.3 10.50

400.0 99.2 6.78 118.8 9.01 97.9 426

DBPP 0.5 112.0 3.56 117.6 7.44 113.6 521
20.0 116.7 236 117.9 8.01 86.3 456

40.0 99.3 5.16 101.5 2.10 80.8 2.10

B I AS 5 5 /K 3k B 4D 5 [l o, v 2 PH
B § B TPhP 7 & A B, 75 10% & B Al 3% £ TR B4 vk
R E RN, 25 E, TPhP 7 & S 0 i i
B L 50% 2, WEASL DL = MM Jrr 4SS 40040 = I P AL 40 9
5 10% S RERLAY) . 25 R B AT R — M T E M A S A
P A PR A7 5, 8 20 ‘CIERE RS IR Y , 30 minfEH
OPFRs [1] 50% & W1 % (I H] , 60 min 75y [l I T 3%
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Figure 5 Migration regularity of TPhP in 50% ethanol and olive oil
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%R 6 OPFRs7ER{ B il B B9 MU R 5 IR R E
Table 6 Recovery and RSD of OPFRs in olive oil

o ﬂnﬁ;%/ A ’r%(#w‘ﬁi[hf ‘ P j]nif,ﬁ%/ A RO il _—
(pg-L°H) I3/ % MR R 9 A 22 /% (pg=L°D)  [mR/% MR 22 /%

TMP 0.75 99.0 5.11 TOTP 0.75 101.6 0.25

30.00 105.8 3.90 30.00 83.0 4.63

60.00 112.1 434 60.00 80.6 5.52

TEP 0.75 98.8 3.75 TMCP 0.75 104.6 2.34

30.00 106.1 4.53 30.00 87.8 5.63

60.00 101.8 3.75 60.00 76.7 5.97

TiPP 0.75 100.6 2.59 RDP 0.75 101.0 6.29

30.00 106.1 6.41 30.00 106.4 6.43

60.00 104.6 6.47 60.00 104.9 6.11

TnPP 0.75 102.8 0.82 TIPPP 3.75 81.6 4.42

30.00 106.3 5.89 150.00 76.9 8.49

60.00 100.9 10.90 300.00 88.8 7.93

TiBP 0.75 1.2 11.20 TCEP 3.75 105.4 5.16

30.00 99.9 4.34 150.00 111.9 3.54

60.00 101.1 4.78 300.00 112.8 3.78

TnBP 0.75 113.2 1.91 TDCP 7.50 104.4 3.71

30.00 103.0 3.09 300.00 97.6 6.29

60.00 99.1 4.07 600.00 102.2 0.58

TPeP 0.75 111.6 2.29 TDBPP 7.50 96.4 3.27

30.00 94.9 0.98 300.00 103.3 1.29

60.00 83.5 5.68 600.00 97.7 0.93

TPhP 0.75 109.0 0.78 TBOEP 0.75 102.6 4.45

30.00 105.2 3.25 30.00 106.6 6.86

60.00 86.9 6.90 60.00 109.5 424

EHDPP 0.75 100.6 9.72 V6 7.50 104.5 7.14

30.00 88.1 10.40 300.00 113.4 1.91

60.00 82.6 6.19 600.00 114.1 2.82

MDPP 3.75 98.6 0.92 BIS 7.50 99.6 8.49

150.00 100.5 1.22 300.00 100.3 11.30

300.00 85.4 9.87 600.00 111.6 5.03

TPPO 0.75 101.6 9.19 DBPP 0.75 81.4 6.75

30.00 110.1 6.59 30.00 97.3 5.32

60.00 91.7 6.76 60.00 87.6 8.81

TPhP #£ 50% & B rf (1) 18 B8 o 359 K F A oS vl o i, 106 7 3 &b

TPhP 1 50% £ B 6 S Y th ST . Wang %1k
BAE 0 B TPhP EZOR I T2 R M R R . B
i 38 B2 AT F i TPhP AE B 1 BR S A vl o ARG B
FE B, TPhP X i i B 0 Y AT IR AN B O & B0 46
R o PR, B X B Al B ORL o TPhP AT A% 2
i HH B A AU N T DL SR T o BT 6 S A i ST-04 1E 50%
< T ARG B B2 4814 b OPFRs A 3% 2k e I A9 €8

.

WFGE @ ST T — Pl i A €0 33 — B T 0T 3% 1% () 16 000
s B DL T 22 i A B BEL A R0 A A T vk A5 AR ER T,
10% £ BEH 3% L BRI ) v] >R H & i 4 L 0.4 g NaCl
AR AT Y J7 1 AL B MO Il SR B — 2 (AR BR L 2 3)
T R AR 3 AT AR B, 50% £ B £ A AR H 4 0k v T
BRI 5 o AT HLBE B 550 1 4 Ff 2 A 0L v A T i 2y
76.8%~119.9% , A1 T A5 1 i 25 24 0.23%~11.30%; #a; i [
9 0.06~1.14 pg/L, & it FR }y 0.20~3.75 pg/L, HiL LR
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Table 7 Migration of TPhP in samples

TR/ (pg L")

FES TS FREEBRFRA T " -
10% . T 3% LR 50% <. A
BZD-01 PLA +PBAT ND ND 2.1240.16 0.9140.08
BZD-02 PLA+PBAT ND ND ND ND
BZD-03 PLA +PBAT ND ND ND ND
BZD-04 PLA+PBAT ND ND ND ND
BZD-05 PLA+PBAT ND ND 9.4240.27 3.8940.13
BZD-06 PLA+PBAT ND ND 5.3940.67 3.10+0.18
BZD-07 PLA ND ND 3.0440.23 1.2940.06
BZD-08 PLA ND ND 2.8440.12 1.164+0.25
BZD-09 PLA ND ND 4.01+0.14 1.56+0.12
BZD-10 PBAT+TD ND ND ND ND
BZD-11 PLA-+PBAT ND ND ND ND
BZD-12 Kk ND ND ND ND
BZD-13 ESP N ND ND 20.10+1.08 5.524+0.07
BZD-14 ESP ND ND 21.20+1.62 6.78+1.15
BZD-15 PLA+PBAT ND ND 5.0640.09 4.05+0.17
BZD-16 PBAT-+TD ND ND 0.514-0.14 0.164-0.06
BZD-17 PLA+PBAT ND ND 5.614+0.31 6.19+1.07
BZD-18 PLA ND ND 5.3841.19 1.5540.54
BZD-19 PBAT ND ND 3.3240.62 1.424+0.43
BZD-20 PLA+PBAT ND ND 1.3140.36 0.6440.15
ST-01 PLA+PBAT ND ND 4.07+0.63 1.474+0.19
ST-02 PLA+PBAT ND ND 16.904-0.38 11.940.26
ST-03 PLA+PBAT ND ND 7.5140.10 2.56+0.08
ST-04 PLA+PBAT ND ND 11.60£0.91 5.874+0.23
ST-05 PLA+PBAT ND ND 8.41+0.72 3.024+0.22
ST-06 PLA+PBAT ND ND 9.5841.14 3.80+0.35
T NDARFEAK
= 8 = 8T
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Figure 6 Chromatogram of OPFR migration in food simulants
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