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(polyethylene, PE)4¥], >R BAH {41k - H3 Bk 3592 (liquid chromatography-tandem mass spectrometry, LC-MS/MS)
W5E 19 P HAR OPEs if# &k, 454 fGE T 5 2 A IF AN XM XU AL . 855 12 FObR T 7 3kt
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Detection analysis and risk assessment of 19 kinds of organophosphate esters
in milk powder packaging materials
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ABSTRACT: Objective To investigate the migration characteristics and compliance risks of 19 kinds of
organophosphorus esters (OPEs) in milk powder packaging materials, and conduct targeted food safety risk

assessment. Methods This study selected 12 typical milk powder packaging materials [including canned, bagged,
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and production-use polyethylene (PE) bags], determined the migration amounts of 19 kinds of target OPEs by liquid
chromatography-tandem mass spectrometry (LC-MS/MS), and conducted a targeted risk assessment by integrating
hazard analysis and exposure levels. Results OPEs were detected in 7 out of 12 materials, with 3 kinds of target
identified, tri-n-butyl (TnBP), (TPhP), and
tris(2,4-di-tert-butylphenyl) phosphate (AO1680). Among them, AO1680 had the highest detection rate (41.67%)

compounds namely phosphate triphenyl  phosphate
with a maximum migration amount of 0.02970 mg/kg. Compliance evaluation showed that TnBP met the limit
requirements of GB 9685—2016 National food safety standard-Uses of additives in food contact materials and
articles, while there were no explicit relevant regulations that clearly authorize the use of TPhP and AO1680. Risk
assessment indicated that the exposure risk quotients of OPEs ranged from 0.088% to 1.650% for the general
population and from 0.789% to 14.850% for infants and young children, with the overall risk being at an acceptable
level. Conclusion This study clarifies the migration status and risk levels of OPEs in milk powder packaging
materials, providing data reference for milk powder production and packaging enterprises to establish a full-chain
OPEs risk investigation and traceability mechanism and focus on controlling the migration risk of AO1680.

KEY WORDS: milk powder packaging materials; organophosphorus esters; hazard assessment; infants and young

children; food safety risk
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A YW AR (organophosphate esters, OPEs)f—3%
NLE MR BEERATAEY), FBUIETT4r R he i e | D5 ik
AN e fRE R R e HL AR S B AT S5 1 9 B, OPEs
238 o Yy PR A 212 B TR B Tl e P fH
TR SHEME Sfbt s G, HEAdr . ST
WHGEAEN . HA . BRSRERRENE T, RK
Bl AR, BHEI, OPEs BfEK. =R, EWN
T | TR S 2 RS B A Y, e
A RPN PRV A R R R B, B R HA
A E FUE ELRT A s R AR, LR AR SR,
2025 FRFRMN—FCHCER, £ EETS ERERN 68
B4y LB T Ry o, 95% I =K T 8 A
OPEs, B4y LA hy A FRAILAE 1 K & 7 18 i) o B £
HEFET OPEs MR HHET | & T & A Ak Xz
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B R OPEs M T 5 HEAMERESE , B REfEE T
B UE ST, SR OPEs{ n #f R — (2- & W A ) B
[tris(2-chloroisopropyl)phosphate, TCiPP] . M B2 = & [ig
[triphenyl phosphate, TPhP]. ##i2 =T Fi[tributyl phosphate,
ToBPL} W THE AR N R G G P& RS FILEFE DI BE,
KR ReS | kMg sitt . AEEN . EEHE. N
WHRE RSO EAEN O Ak, A LI BERR BT
57| (organophosphite antioxidants, OPAs) ¥4 1k 1 i i) 57 U
OPEs, U1 = (2,4- — - BT H& 8 3 ) B B2 I8 [tris(2,4-di-tert-
butylphenyl) phosphate, AO1680TH A2, JXEH LB
% OPEs WA 5 filt B XU iR R D4 56 v, (Hig F

AO1680 5 TPhP A7 HH IR (H- 22454, DRl n] RE HATAH
LR A FRAE FRU2 D), B, OPEs 7 b & il il
¥l (food contact materials, FCMs)) Tk 78 n5) 4 fte3),
TEETR AT 2 & M ORI . Sk, FRE . B
KEESIME TESPEE LM, GB 9685—2016 (£l %
S ERARE B SRR R B SRS I AR ) AL
B 2- & O B 8 JE W R T (2-ethylhexyl diphenyl
phosphate, EHDPP), TnBP . ##fig — Z I (triethyl phosphate,
TEP) ., #§#2 =5 T i (triisobutyl phosphate, TiBP) 4 ' OPEs
IR, . WZELFENSE FCMs i, JfikEit
TP 2 (specific migration limit, SML)4> %1124 2.4 0.05. 60
60 mg/kg, 4 FCMs H* OPEs ({4 ML IR AL T 3Eab 4

FUBE R B E R R, T R i,
FE RS SO YRS | BT . BB Ui
ANFIEERE R I BREhH R, Hd B4 LI 2%
LT, @235 UM R MK &, OPEs iT#%
DR (5 25 g 3 S A e O e, N Tl BT B
A A R A RX Y FERME AL 2R 49 it
77 it OPEs L #% WU EA T i A5, A 10 4it)™ kA& i OPEs
iT#, ¥ TPhP, TEP. TnBP, J:H TEP f5 K vk i
% 0.77 mg/kg, WESZ FCMs " OPEs i % [ % A7 15 .
L, F X FURREE fL 2 44 8L o OPEs FF R 5 4341 &6
W,

MR, &F FCMs ' OPEs AYAIF5E 248 b A Il
AREGTF % Gk, Gy B US4 1 AR 2K - A
8 3% - 5B B T 3% 7% (liquid  chromatography-tandem mass
spectrometry, LC-MS/MS), 2P A [%f# FCMs 7 28 Fl' OPEs
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(gas chromatography-mass spectrometry, GC-MS), 5& il %k
{2k 5 B OPEs iy S s VR A i)
ST GC-MS, LB (polylactic acid, PLA) & 7 F
OPEs AUIAE . SR, BUA F98 22 45 T30 FRAT AL, 10
FUBHL X — R AR LI AN R = A5 UIFL
Ky e R X G, SRR R RE . WS . SRl

BEWIIAT . ScOE BRI A o B A R 2 0%
(polyethylene, PE)fU2EASSEAE 12 ZRILAIRE S, X (bRl
W 19 Fi OPEs iRt AN K XU P74, B A b 7L AE
7 R A AP AR I G TE OPEs KUK . 1l B A i it 32
PRSP OREEF OUILELLZL) I T i 4 4

1 MR5ERE

L1 #E5ERF

DCREAh: WO RERE AL 1, HES 267304, FRICH AL
WHRYEERE AL 2, 5 20250517, FRich A2; BERSERES 1,
5 270820, Fricy Bl BEEEEAEAL 1, HE5 20250812,
PRichy B2, BOREEERES 1, LS 272991, FRidh C1; ¥k
FAEah 2, #5 20250709, ARich C2; WK IREN 1, S
274026, trick D1; Wi AIRES: 2, iS5 20250505-003,
PRCH D2; SUE AR 1, #E5 590007830, FRich
El; MK A48F 2, iS5 20240814, FRidh E2; PE 48
Fedh 1, L5 274421, FRiCN F1; PE 48KEML 2, HitS
B2508325, trich F2.

HIEE (@ agat, BEREA ), WR(Aika, gz
WA A BRA A, SRR Hral, [F 255 B4k 5 i)
HIRAT), CEEGrTal, bigZEBE A RARD;
SERE(ETEA, FMNIEA TABRA ).

12 UR58%

AB4500 YRR (1% - — T PUARFF ISR ASC[RY F-: H g
3% %5 ¥ (electron spray ionization, ESI), f4i#}:: Agilent
Poroshell 120 Ag-C;g (2.1 mmx100 mm, 2.7 um), 3£[E AB
Sciex 4 7l ]; Elix Essential 5+Milli-Q EQ 7000 %8 4fi /K 4ii
Ak R 45 (15 5 B 7 Milli-Q 23 7]); D-1000 Transferpette %155
TP (1 [ 22 £\ H]); XS205DU 5 43 2 — 43 A KA
G L MF R BhHC A 220 |]); FD-260 RUAHL AT (8 [ =154
).

18 Fl' OPEs IR bR W {2 — H T (trimethy] phosphate,
TMP). TEP. WiliZ =N (tripropyl phosphate, TPrP)., Wil
= A (triisopropyl phosphate, TiPP), TnBP. TiBP. W
g = 1F J%. i (triamy] phosphate, TnPtP), TPhP, Mg = H 7K
fif (tricresyl phosphate, TMPP) ., Wiz = (2-5 P4 3k 75 3L ) fig
[tris(2-isopropylphenyl) phosphate, TiPPP]. Mg —(2-T &
Z.FE) M [tris(2-butoxyethyl) phosphate, TBOEP]. g = (2-
S 2 HE)BE [tris(2-chloroethyl) phosphate, TCEP], Bk = (2-

2.3 C )R [tris(2-ethylhexyl) phosphate, TEHP], EHDPP,
BB = (13- = & -2- N k) MR [tris(1,3-dichloro-2-
propyl)phosphate, TDCiPP], TCiPP. 2,2- — (5 H3%)-1,3-H ¢
R (2-58. 2 L) B FR ik 1 {2,2-bis(chloromethyl)-1,3-propanediol
bis[bis(2-chloroethyl) phosphate], V6} . B2 = (2,3- IR N 3&)
fi[tris(2,3-dibromopropyl) phosphate, TDBPP]} (5t it & N
10 mg/L). AO1680 FREF (T E UL 100 mg/L)( F i
LG HE AR ER AR MR 55 A BR A7)
1.3 ZWFE
1.3.1 A

WA GB 31604.1—2023 (B AL EREZARE £
il A Ak B o) S A RS IR B ) ) SR, SR S0%(AR A0
LA N F Y, BEE 60 °C, 10 d iITBLW S, 1K
PAZL B WAL 2 R4 PR 2R IUR, RA LC-MS/MS
HATE R
1.3.2 &4& RN H1E

XA T, 1 SRR P9 S TR BT A
PETEHY, ANJCEATAR, IXHZ Y o A fG 1  # EE K
T RUBS: ZRAE 5 T EA T X 1 22 4 IRUBR: TEAY o

(DFEE AN

S5 G PUBER S R ITAE W BU R B R, R GB
15193.18—2015 ( EAb 2 FEEKhRE N R ) , 115
HA#FR1E Sl (health based guidance values, HBGV), #fF
AP BB Z EdR A BOR, WS HMMEn LR
(European Food Safety Authority, EFSA)2012 4k #i ) { 5k
FEE PS¢ 1 5 {H (threshold of toxicological concern, TTC)
8 A V8 A A A MR U SR AR S 7 R 4RI ), SR A
TTC J5 ¥k 17 KU T4

Q)&

FR A REPEAL 9 T 0 i B B K25 2, v R
FETT e i & % 7% 1t (estimated daily intake, EDI)I3 . # #
NS EFSA R R E R 5k, (B 60 ke AAE A1
FEAN, HHEA | kg & HIRWLN FCMs BT t%e 1 & i,
AL BE EDI= i K 5 i B it (Mpw)x1 kg food/
(person + d)x(60 kg BW) '3 AR A T A 24 21 (World
Health Organization, WHO) { X F/K & 481 ) GLil 5,
AT S kg MORMREELN L, & H & RIEFEE N 0.75 LKL
TERAMIOK, ZER AR R B 0h), Rk, RS
41 )L EDI=W 5t 15 4% 8t (ng/kg)*0.15 kg/(kg = d)o

(3) R F=AE

KRR R Bk T R RAE, KR R K
=(EDI/HBGV 8 TTC)x100%, 24X 2 5<20%H}, FI%EH
TEWU ARG B0 T, %8 A 2 28 4 XU A IR,

1.4 IIEAIE
KHAE 19 F OPEs MRS FRUEB RO T 0. &
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FH1TE

Jeilal LC X HARMEE AT /3 i, A AR B W], 4%
Miffil AB Triple Quad 5500+ J A6 i 7 22 5 7 W il
(multiple reaction monitoring, MRM)#Z, T R4 HAFME B
FXHES, KR BRIk G 4 00 R B B 0] B LRI B X i
FEWSFER -SSTEMRIN. BHREM
MutiQuant 3.0.2 2l 2335, o 5 e 2R A 79L& GEL %R
FHEESUIMAL LA AR, I X € 1 04 A5 AR 3 e
iR B, A WPS Office 2021 X7 B4t Rt A T4 HE
FEGE 434, His A OriginPro 2021 HE47E 1 2 .

2 EREHR

21 FIRMKER

WX 12 FEUB Ak 19 Fl OPEs iT A8 1 AT
W, 7 A R R I 3 Flr OPEs #J%, 43310
TnBP. TPhP. AO1680. H:H', AO1680 #i i i, Wk
TiE Al, 98~ D2, FEE A4 EL PE4SFL, F2L5
PN, IGTREN 0.02970 mg/kg; TnBP {U7ERHENE T
Bl F#G i, T84 0.00292 mg/kg; TPhP AXAESALE S
4% E2 A, TR 0.02760 mg/kg, HAANRESE 40

# 1R,

%FF TnBP, GB 9685—2016 Hsi HFREE5Rk 4 0.05 mg/kg,
SRS EINE A . &6 PR, TR IZ R &
GB 9685—2016 Z3K . T8 ke i S 75 S ENAS 1 €
THARRIZE, &R R DRSS s e B F h, i aRh
P4 B 2ok s AR SORG, BN RT3 17 b B
A 200,

%F T TPhP, GB 9685—2016 H AR LA, HARA M
FI|E AMACEHE R 20K, FILH A 4AEE A4S B2 i
HY TPhP JFRZ &R . 25/ fustpld ™ 1.2
Rk, T a5 HE A LR 5 A e 8 00 B R0 Can BHL R B
BN EI NS

T AO1680, GB 9685—2016 Fl [E &MY ICAR 51
FREZR, FEUFRXTR LY R Y iE AL, YikA] D2,
AU A EL PEARFL, F2 5 FAEM I AO1680 TT /R
A R PEAL o (BT B, AO1680 & —(2,4- AU T %
)T BB K (antioxidant 168, A0168) (CAS 5
31570-04-4)H AR ALY, Wi B AL fb 21, M
TSR AR, AO1680 Mkt £ 5 AO168 ) Iz fli [
A XK, AO168 J—FlH FIIY OPAs, I HARIRM

#1 IMEEMEF OPEs iITHNIXLE R (mg/kg)
Table 1 Test results of OPEs migration in milk powder packaging materials (mg/kg)

Wi

EIb s o

WikiA)

FUEER

PE

A%

Fe AR CAS 5 LODs/LOQs =
A2 BI B2 CI C2 DI D2 El E2 F1 F2
1 TMP  512-56-1 0.001/0.003 ND ND ND ND ND ND ND ND ND ND ND  ND
2 TEP 78-40-0  0.001/0.003 ND ND ND ND ND ND ND ND ND ND ND  ND
3 TPrP  513-08-6 0.001/0003 ND ND ND ND ND ND ND ND ND ND ND  ND
4 TiPP 513-02-0 0.001/0003 ND ND ND ND ND ND ND ND ND ND ND  ND
5 TnBP  126-73-8  0.001/0.003 ND ND 000292 ND ND ND ND ND ND ND ND  ND
6 TiBP  126-71-6 0.001/0.003 ND ND ND ND ND ND ND ND ND  ND ND  ND
7 TnPtP  2528-38-3 0.001/0.003 ND ND ND ND ND ND ND ND ND  ND ND  ND
8 TPhP  115-86-6 0.001/0003 ND ND ND ND ND ND ND ND ND 002760 ND  ND
9  TMPP 1330-78-5 0.001/0.003 ND ND ND ND ND ND ND ND ND ND ND  ND
10  TiPPP  64532-95-2 0.001/0003 ND ND ND ND ND ND ND ND ND ND ND  ND
11 TBOEP  78-51-3 0.001/0003 ND ND ND ND ND ND ND ND ND ND ND  ND
12 TCEP  115-96-8 0.001/0.003 ND ND ND ND ND ND ND ND ND ND ND  ND
13 TEHP  78-42-2 0.001/0.003 ND ND ND ND ND ND ND ND ND ND ND  ND
14 EHDPP 1241-94-7 0.001/0.003 ND ND ND ND ND ND ND ND ND ND ND  ND
15 TDCiPP 13674-87-8 0.001/0.003 ND ND ND ND ND ND ND ND ND ND ND  ND
16  TCiPP  13674-84-5 0.001/0.003 ND ND ND ND ND ND ND ND ND ND ND  ND
17 V6  38051-10-4 0.001/0003 ND ND ND ND ND ND ND ND ND ND ND  ND
18 TDBPP  126-72-7 0.001/0.003 ND ND ND ND ND ND ND ND ND  ND ND  ND
19 AO1680 95906-11-9 0.005/0.010 0.02810 ND ND ND ND ND ND 0.01240 0.02970 ND  0.00543 0.01870

i Kz PR (limit of detection, LOD); &t FR (limit of quantitation, LOQ); ND 3/ A K tH (/N T LOD),
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HHE R, 2 FUBERARE R 19 Mo HLBERRIR RS 20 A7 L2 KBS WA 31

o bt BB vE AR, 72 A TR 4PN, s
EHL(EU) No 10/2011, 3 FDA 21 CFR 177.1520 DL &
GB 9685—2016, #8%F AO168 HIfi I E TE R, B
GB 9685—2016 H#lE AO168 AJ LIAE A& s in 598
B AR FAL 4R, BIRSE FCMs H, Ik SML A§
#l 60 mgkg, HIFRBEAUMH AOL680. 7,
AO1680 EL1EA Rl H A 38 T A 0 26 [ SR BE (R0 =)
S AA B TR I B e P ST AO1680 B4t 5
FF AR, B BA AR S R R A e A S 4R 55/,
HH G B A I T B A A B, ARAT R T 240 L R 11
TR L 4 U PO

22 RENEITELE

XS FARREEAS Y, 38 5 BOREE PE A i, TPhP (1
HBGV 4 0.525 mg « kg ' = d”'. AO1680 K Ht="175 KA
1 HBGV, R TTC JrikgRBUIL TTCMH, kG We TF

L2 EEH IR ERZS, XTI TTC {H°4 0.018 mg/d, B
0.0003 mg/kg BWP', % EFSA #l WHO KU Al 77 %,
A3 ST A W AR A [ g FH 355 (B R AR S
FUARERN %) LA A EDIL, SRJ5 51 6 3k HRE i i %
tH OPEs RS 8. HARKUS: R A2 2.

HRA 22 42 U PEA 25 58, 70 F AR R i AT CIE 22
LB, I R H 0 XU R BT A FE 0.088%~1.650%
Z I8, FEAE FHRE A S LA, B A 4 o A RS 22 50
AHTE 0.789%~14.850% 2 [H], HEARE Fh LXK Ab T rT 4252
Ko BIRTESL LR sch, Ui Al 5508 54
El 1Y AO1680 K& ZET 20% Y REEE—E 205, B
#1853 [E 5 EFSA MR FITMBR | ARG
TEZESE, FLRX PSR Al P T KU RN R3] T 14%,
PR AT DA T, J5 5 AT T e ) R S it o B2 1 4
EE ) 1) S 2 A R E R e = i e ol 58

F2 HTHEYRBRERBEE

Table 2 Summary of risk coefficients of the substance to be evaluated

YA R TR/ (mg/kg) ALY - =L -
EDI/(mg * kg' = d™") PNSES G EDI/(mg * kg +d™) IS 2R B0/ %
TPhP (E2) 0.02760 0.00046 0.088 0.00414 0.789
AO1680 (A1) 0.02810 0.00047 1.561 0.00422 14.050
A01680 (D2) 0.01240 0.00021 0.689 0.00186 6.200
AO1680 (El) 0.02970 0.00050 1.650 0.00446 14.850
AO1680 (F1) 0.00543 0.00009 0.302 0.00081 2.715
AO1680 (F2) 0.01870 0.00031 1.039 0.00281 9.350

3 THES4R

AGHS5ER T LC-MS/MS HiR, Xt 12 51 ML B4 £
MR RERE . 4% K=l A2 ] PE 4%)% 19 1 OPEs 1Y
TR AT T RGN 55007, S50 EoR, 12 AN 7
ki th OPEs, Ly & 3 Fh HARi5 444, 124E TnBP. TPhP,
AO1680, H:H, AO1680 # K (41.67%), H s 5 2
AR RER L, T KBRS 0.02970 mg/kg. AL
TEMFEH, TnBP 744 GB 9685—2016 FREEZK, 1ifj TPhP
5 AO1680 HRTE J& FCMs M5 ML #F AU T . XU
WAL 25 WO, WO N BE B 5 KUK R B0 i AE
0.088%~1.650% Z 1], %% 41 JL % &8 R[5 & %% 43 i 78
0.789%~14.850% = [B], & A& E i 28 4 KU Ak F AT #2532 K
VAR BB LR R s, UIRRE A1 5 A EE A4
E1 5 AO1680 AU REIIRE] T 14%, BIG 2SN E L,
T WA U A AR — 2D AR XU

g5 b, iR T AU LM R L KO, FR
77 R A2 Al W K T OPEs 4% 4% UG HERE 5 W 4 45
KFR . BT AO1680 FEA KN A Hh R fe iy . 6 Mo fud

M), RO AR E R ORTE R R, I Se 1 Tk MLAAL
() OPEs JRUSIIGH, Him il 4R AT G S5 T7 5, ™
A BE T WM %% OPEs (MR R, BfRILIEAE " 2T
PR R RS AT R T PR % 7, IntR5E¥ OPEs
fEHEFHRGREATAR R, 1 A01680 SFEATEYI LI
B SRR, AR HEA R ik, ATk A
RUAE L I B KU A AR R SCH3E . AT 3L
KRR OPEs XU RS A P Hi i e AL 4 L 1 i
2%, Jagin] h— B RO A R SRR, R
Y5 OPEs HIIEREMLAE, N ods8 Al G & e bnifi |
PREEFL R o 2 A PR A o e T AR S8
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