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s IET e, ZE RN AL (MRM) #4700 . 25582, A01680 7£ 0.8—100 ng-mL™ iz [#
WLk KR R, 2,4DBP#E 0.6—100 ng-mL™" i Fl (N 2 M 3¢ R R, M6 R 4L R 4351 0.9992 Al
0.9995; kA FR 4514 0.4 ng-mL™ F1 0.2 ng-mL™"; MR YR 43514 103% 1 95%,  HH Xl A i A 2%
(n=5) 539K 8.9% F 4.7%. 2R FHA Jy i KA 5 2 A BE Y 66 3 MUTEFE M #EA TR, AO1680 K H
M 33%, 2,ADtBP [ K RN 98%, WV 4 ND ( KA ) —492.33 ng-mL™ fl ND—
21.63 ng-mL™". A< fF 5% JIF 2 37 (%) 7 ¥k 36 FH T B DU I 7 R 9 AO1680 Al 2,4DtBP, Xt iff — 25 PF Ak
AO1680 Fil 2,4DtBP 1) A\ {42 5 AU ELAA B2 E L.
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Abstract A liquid phase extraction-gas chromatography-mass spectrometry method was
established for rapid determination of tris(2,4-di-tert-butylphenyl)-phosphate (AO1680) and 2.,4-di-
tert-butylphenyl (2,4DtBP) in human serum. The samples were extracted by acetonitrile and the
supernatant was centrifuged and concentrated for further instrumental analysis. The separation was
performed on a DB-5MS (30 m % 0.25 mm, 0.25 pm) column, and the determination was performed
in multiple reaction monitoring mode (MRM). The results showed good linearity for AO1680 and
2,4DtBP, in the range of 0.8—100 ng'mL™" and 0.6 —100 ng-mL"', respectively. The correlation
coefficient of AO1680 and 2,4DtBP were 0.9992 and 0.9995, respectively. The limits of detection
for AO1680 and 2,4DtBP were 0.4 ng-mL™" and 0.2 ng'-mL"", respectively. The spiked recoveries
(n=5) of AO1680 and 2,4DtBP were 103% and 95%, and the relative standard deviations (RSDs)
were 8.9% and 4.7%, respectively. The method was applied to the determination of AO1680 and
2,4DtBP in 66 serum samples from a young population in Tianjin, China. The detection frequencies
of two analytes were 33% and 98%. The concentrations of AO1680 and 2,4DtBP ranged from not
detected (ND) to 492.33 ng-mL™" and ND to 21.63 ng-mL™', respectively. The method is suitable for
rapid determination of AO1680 and 2,4DtBP in human serum and is important for further risk
assessment of human exposure.

Keywords gas chromatography-mass spectrometry, liquid phase extraction, AOI1680,
2,4DtBP, serum.

A WL B2 53T %0 1L # (organophosphite antioxidants, OPAs) ¥ 112 I T E I 52 . W0RL, £33, 4
NAP ™ L A S b, DRE 5 AR Ak S I O SE A DR B L e, SRR = (2,4- U T R ) g
(tris(2,4-di-tert-butylphenyl) phosphite, AO168) RE % i 35 4 5 5 A W A M - 28 K 7 o, 9% )32
N TR (PP) . R O (PE) L 2R O M LR Y5 & 70 F PR e L FE 6 [, AO168 HYAE = i
4536—22680 t“. 2020 4, 7E H [¥ (1) PP F1 PE %8 RL il 5, AO168 Y %5 fin it o 63 9L fF 52 3R W1,
AO168 1)K B 2tk 4 5 3 M LD5>2000 mg-kg !, Ff HL7E A = i it F2 rh, AO168 B FEAL = (2,4-
TORUT IR FE) -8 R 1S (tris( 2,4-di-tert-butylphenyl) -phosphate, AO1680) il 2,4- U T 3 2% i ( 2,4-di-
tert-butylphenyl, 2,4DtBP) (£ #43X ILI&] 1),

OH
O\P/
N
\O
ZQA-TRTERED)- B Y 24-TR TR
(tris(2,4-di-tert-butylphenyl)-phosphate, AO1680) (2,4-di-tert-butylphenyl,2 ADtBP)

1 AO1680 F1 2,4DtBP 1)1k 2= 45445
Fig.1 Structures of AO1680 and 2,4DtBP

IEAER, AO1680 Fil 2,4DtBP 7£ KA WURA . & KR Fi H 5 RS s iz kil 528 T ok
2 () . AO168 FE 4T A 7MY, 7 SREAE = i B Al R v ST g T #E12 ), AO1680 11 7 ft
BT g AREE Y AO168 L AT i i A= Wy AR AE Wik A2 B R, T3 AO1680 F1 2,4DtBP 7£ 3
Sk i A9 SR, 2,4DtBP REAS SMER R SZRGE G, Wib 178-E R AR K, BAA N4
WA AR U 10 AR AO 1680 1Y 75 FHL 22 AL i A I, (L3 4ok W W 5% B AR 1 Ik 5% B i A i A AR Y
H 8 A fit (estimated daily intake, EDI) 155 5 3 WY, X ARG RE ™ 2 0 T 7 JRUBS A/ A 2 28 L 17,
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I3 AR R VAl A HLTS G M N 2 58 1 A 0T, AT LS B 75 e %ok A AR s [i) 1 25 % 7K 7091,
H AT, A SR ILTE ' AO1680 1 2,4DtBP A 5 55 /1, AH I 14 43 BT 7 1% B N A e R JRURS: At A UL F 3
I, FF A& 3G H AO1680 il 2,4DtBP 1 4317 5 i, X PFAli AO1680 F1 2,4ADtBP A4 2 8 7K V- S i 7E 1Y
ft B AU HAT FE 2

H i, AO1680 F1 2,4DtBP [ 43 #7154 32 B4 S AH A3k - i i 1 (GC-MS/MS) B~ FI A € 3% - o 33
% (LC-MS/MS) L ARWF5T I F GC-MS/MS K, 38 158 X i A 2 IORD [ AH %2 3O 15 1 DAL A L3¢, ST
T LI AO1680 HI 2,4DtBP A Rif Ak BEJT V5, I XF R AR F R HET &0 7 4F ARERY 66 13 1L A il EA T
DAE , Bk 1 7 VA8 SEBRAE & o B T B W] A7 k. 3200778 7] R PEAl AO1680 Fl 2,4DtBP 1Y A A £ Be XU
PO AR S

1 g@g’ﬁ%ﬁﬁj&(Experimental section)

1.1 X554k

IEC e . A bE (4l 3¢ [E Honeywell 23] ; HEE, 8. LR TR (g4l 3&E Merck 23
7] ) ; AO1680 Fr#E & (41 B . 95%; Jil € K Toronto Research Chemicals 2\ 7 ) ; 2,4DtBP 45 # f ( 4 B .
99%, % [E Sigma-Aldrich 2 w]); NFR TPHP-d15( 467 : 98.8%, KFR/RBERHEA R/ F] ) ; Oasis HLB [
AHZE R (200 mg, 6 mL, 3 [E Waters 23 7] ) ; Sprague Dawley K FUIML T (SD K BRI, b BT 254 M1kl
HABRAHD).
1.2 [EE 54

SRS - T (Y (7890A-7000B, 3% [H Agilent A R ), FLA L F 3% o5 U8 (ED) 5 [ AH 2 O 45 (36
Supelco 23 7 ) 3 F AL (3£ [# Organomation 23y 7] ) ; Milli-Q 4l /K {% ( 3 [# Barnsteead International 23 & ) ;
T3 2Z— R (Fi+ Mettler Toledo 22 F] ).
1.3 IS AR Sl RS i kb 3

B i SR A o I TE R i R VR DRV TIT 6 % B 1) 4 2 0 Tk Ak A HHE, BEAIL1E I 66 3 1L 785 A 5t 4 730
. ZRE A BS SRV E IS T CRVE R ). K4 iR SO AR AN I B 500 (9 2025 SRl
B, LL 3000 r-min ! B0 10 min, SR MG . SRS AY I35 RE S A7 ULE-80 °C VKA T4 IR AT
EZ 51T

A B 43 A7 - 4 I35 FF i A -80 °C PKAR IS, 6 T 20 °C fRAF 1 h, SRIGHEHE 2 4 °C [R7F 1 h,
a2 25 C RO 1 h ERR TR 0.5 mL (MM FE & T5 5 2 10 mL 3085 2508, INA 3 mL
2N, Y% 10 min, 2R J5 7E 3000 rmin”' 2575 T 250 10 min, BUE FVE W B S48 b, BGT R &
3. HEIGE G, A IF LB WO Rk 4E . A 0.5 mL 1E & e B I IE A 10 pL (49 M bR TPHP-d15
(1 ng-uL™"), fifi F§ GC-MS/MS #EA 7l 5E .
1.4 RS ok s

438 4% DB - 5SMS 4354 (30 m x 0.25 mm x 0.25 pm) ; A4 dERER R 55 465155.(99.999% ) 1
KA AR 1.5 mLmin ' FEFE S 2 pL; BRI AR O 5 ming FEAE HR BN 280 C; R T
A A6 R B 80 C (fR%F 1 min), FHE (15 C-min™") & 200 °C, 2R J5 FHE (30 C-min™") & 300 °C (R F
15 min).

i 2 P2 (BD B TR (70 eV) 5 25 T IRRAL i 28 18 B2 1 o8 280 °C5 A& 3Kk 22 5 ) i
WA (MRM) (HAR SO 1).
1.5 e R kA BT a4 6 (QA/QC)

AHFGE T SD KRR YE 54745 ROMBRSZ . Ry 1 RS AR 5 Y, SEH0 AR H (o FH B 55 25 4%
I I 2 fn AR Ad TR R R B 4tk . PR AN IE OB e 3 1K, 120 C HET 5 4 H. AR B, 2 e
4l E e W AR AS AR, B0 O E BRA A AR IR AEAR T 0 RS EA T SE B A b 2 . XA Ak 1 ik
THPERESOTE, AUBLR MR Il L A R | e m B L 2 45
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F 1 3 EHFRMEE YIS S5
Table 1 GC - MS /MS conditions for 3 analytes

F5 &Y {3 B4 B:f (] /min ETEET FE T Rl e/ vV
No. Analytes Retention time Qualitative ion(m/z)  Quantitative ion(m/z) CE

1 2,4DtBP 7.8 191.1/163.2 191.1/57.2 10

2 AO01680 20.7 662.2/647.3 662.2/316.3 35

3 TPHP-d15 12.4 341.1/339.2 341.1/243.2 10

2,4DtBP: 2,4- AU T F A4 H (2,4-di-tert-butylphenyl); AO1680: =(2,4- 4 T KA HL) - B MRS (tris(2,4-di-tert-butylphenyl)-

phosphate); TPHP-d15: B — #<Jif-d15( Triphenyl phosphate-d15)
1.6 FEFAUW

FE AN (Matrix effect, ME ) 48 1 A 35 53 25 s SH 58 R 110 35 [0 1 43 52 el AR 00 26 43 1) 2 R38R, 3
SRR 3 BT A5 5 A ) SR i, 52 ) S 3600 e 45 SR 0 7 52 1 AMERR R0 B T AO1680 Fil 2,4DtBP %
AR B RIS 2 N bR, PR e 25 5 HL 25 M 25 B AYS TPHP-d 15 A A Ak 56 S5 8500 1R PN A 366 o 30 ol FH
1 AT

ME (%) =§x100% (D

Hirr, 4 ZaiEHI A 20 uL AR TPHP-d15(0.5 ng-pL™") (YU T AR, B 2 MLV FE 5 21k AS ] B b 35
BRI A 20 pL N 4R TPHP-d15(0.5 ng-uL™") (YT L. ME A 90% LA i, J5 52 45007 2 B A 40 il 4
ME } 90%—110% i, B4 Hr, AT 208 ATt ME 2R 120%—150% B, 58503000 3 90K rh 45 31 5
YEH; ME KF 150% B, Ji Jo i ny 2 30 Ay i 56 o 4 FH 22,

2 Z5 B 59718 (Results and discussion)

2.1 gk arLAe

BL ] AO1680 FiI 2,4DtBP b ¥ BT HEAT I S B4, 6 i 732 i U (BD B R 2547 — i
FHH, PR AL G W 4 B s A RRAE B TR R D BB s FRREAT TR, RN A RRAERE
BT TR T g AL )5, SR 2 8RN e RS 3 (MRMO) % BT A A5 W0 e A5 460, 4% H AR B A
MSHOLE 1.
22 iRk

OIG AR T BARYIPE BT (3R 2) KSRk [6] HiB #EA T84k, 2,4DtBP Fl AO1680 ¥ J& Ttk b &
P (1g Koy: 5.19 F1 16.16), SEIR FH AR (3% 4 DB-SMS(30 m x 0.25 mm, 0.25 pm) #4743 55, FHER
P UL 1473857 45 SRR, FEM AR F T, 2,4DBP Fl AO1680 HJRESCIL 43 5, HA- B i [ 5, WA H A
Yosk e, BEREI T T- H AR B E .

F 2 AOI1680 F12,4DtBP &M, 45 . CAS & MX 4 FHisE . Wb Ig K,y
Table 2  Full name, abbreviation, CAS number, molecular weight, boiling point, and 1g K,,,, of AO1680 and 2,4DtBP

5 L&Y CASS AHXT 4o W A/C SEREIK LR
No. Analytes CAS No Molecular weight Boiling point* IgK,,"

1 2,4DtBP 96-76-4 206.33 263.5 5.19

2 AO1680 95906-11-9 662.94 480 16.16

“H1EPI Suite 4.1 534531}, “Calculated by EPI Suite 4.1

2.3 MLV RTAREETT XS

H AT, FRESRE S CRATOR Y . T 15845) X AO1680 Fil 2,4DtBP 114 Fij &b FH A 35 43 % FH 8 7 %5 B
07230 1f 355 R T 9 i A B T A R R AR B R AR A B . AR A A E SD A R o
A 10 uL B9 B AR (0.5 ng-p ™), X VRRH A% B3 0 31 AF A HC V9 o s Ak 532 43 0 004 7 S 56, 3 el i
[N S S HE AT ITA .
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231 AHAEEGE

TEABE S, B T AR (IEC . 28R ZE M 20 ) X 13+ 2,4DtBP
AO1680 MYHEBUHCR. AEFIEFIE R 5 K, I AT P RS RS L8 (n=3), X5 575 et fTorAh, 455
ULIE 2. %} 2,4DtBP Fl1 AO1680, & W iNAs M 533 2 100%—132% Fl 126%—189%; 1F C e Fl &
i 2. WEXT 2,4DtBP A4 2 ORI 5 22, Tk D53 3110 31%—98% Fil 27%—58%, % AO1680 HyJinkr
[l SR A5 1o 1T 38 200% b 38 ad % Fe AT R B, JF R LA BTG g, TR L KT n] i -5 2 IRl
A

250 222 4DtBP — 250
B A01680
23] Matrix effect of TPHP-d15

200

150

Recovery/%
Matrix effcet/%

50

B 2 RO AE IR [ 5 R 3 s g
Fig.2 Recoveries and matrix effects of liquid phase extraction

E— 25 2 L RN I RE IR (n=5) , 45 S 00, 20 FNIE C e 2% B ¢ B0 r 45 35 J 194 5 1 29,
FE RO B 53 510 128% Fl 122%. 5 212 L BEAE R ZE BRI, A 5 56 T3 s A F (217% + 12%).
X AT RS H T &R < TR A B VR ity (LY 55 100 3% ) B, e A< B o 6 o i A 0] v 7 A 5 Jo 8 iR R0
Liu S50 7200 5 1003 rf i S 28 B A G BT, TRIAE R B 2R TR AE S A6 TR0 70 3R B0 Rk o 14 5 11
ROR (ME: 104%—187%) . Xu ZE i il 2012 £ 16 A6 BRUK BRIl 3% r A9 4 2 B0 RS 2t SR i 45
FE T3 R AL (ME: 130%—137%) . A58 7E 2 ak £ i A 385 B9 FE & o oim A 10 uL 9 4% TPHP-
d15(1 ng-pL™), B IESE BN, 14 B0 H AR HEw 2 & 19 H 1.
232 [EAHEEEE

TS0k [31] H3H, ASBFSE MR Oasis HLB 4 (200 mg, 6 mL) fE WA, 3 FE 25 1 (n=3) 45 5 3¢
B, HLB A A7 76 B3 8 09 AR T30, FF vk I o] 4G s v ¥R 3 19 2,4DtBP 1 AO1680, ¥k & i 43 Hl o~
184.3—232 ng-mL™" Fll 847.5—1604.6 ng-mL"". 7£_FFEHij >R H F EEXT SPE A #4711 Bk, LA/ HLB #F
ARSI 1 S & B, 2 EE AT AR A R 27 mL B, IR R AR YRR R & B H AR (14 3).

1050}
—e— 2.4DtBP
—=— AO1680
900}

N}
w
f=}

Concentration/(ng'mL™")
N
(=]
(=

w
L=]

-
| .&

1 2 3 4 5 6
The number of rinse

[=J
T

B3 HLB #HUH B v AR Ak (n=5)
Fig.3 Optimization of methanol rinse volume for HLB (n=5)
PRk, 61 30 mL i) FH A HLB AR UL, LA ARSI BE— R HIEC be | 1E O be-— 5 e
(1= 1, ARREE) . 3 e . VR 4 Bl s i1 o BRI 0 25 S e AR (n=3) . 45 SRR, SR Y B
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i, 2,4DtBP F1 AO1680 [ HNHR M3 43 5l h 45%—98% F1 74%—112%. 4R, IEC %t 1IEC k- &
e (L = 1, AR L) o S Bt B R 9 ISR 18 T 200%, I Hoad B2 25 1 A I A 26 35 AR IS
(DL 4), FaRgs SR, AR A TR rh A AT R i o8 4 22 B, RVl 28 B i Pk 5 T3 AR AE AR IS T4
4 JRIS: . F— 20 T 38 388 Ak O ) [ AH ZE BORE AT T 5 %%, 45 5 3R W1, AO1680 Fil 2,4DtBP Jill s [ml i 25 il
g 82%—114%, E R4 0.6 ng-mL™" F1 0.3 ng-mL ™", 15 F48 [ AR AR V5 .

120

[ @ (B)
108 : i
P 100} ;
: | ~
,_Sl 105 L
5 L £ sof
= 87F £
E E
R L S
T sar £ o0
= 9 £ L
3 =] °
51 o *
g [] E 40}
o 6 = &} L
.
, 20} K
- -
0 1 1 1 ] 0 Il L L |
Dichloromethane Dichloromethane-Hexane Hexane Dichloromethane Dichloromethane-Hexane Hexane

B4 SPE % FAYANRE (n=3)
(A) AO1680 [WHREE(H (B) 2,4DtBP MYVREE(H
Fig.4 Concentrations of SPE procedural blank (#=3)
(A) Concentration of AO1680 (B) Concentration of 2,4DtBP

25 I, T8 a0 EU YRR 2 R R A AR B, 2% B R 0 SRR T SPE A T BB I pi i R s g, ST
S M ARG ) 45 SR %) T A . SR PRI B8 8 A SR ) 1 A A U DA B VRO 4 B T R PR AR IS V5 e, Ho Mk R
AR — 50 (LR SR FH B 0 11 AF AE IURE 64 7 A BB, AL RAH X 2 4, FERF R, A6 I A w5 B, VROAH AR L
55 2 AH P AR A T S fR R, B S T R I R A ARG DRI, o 48R VA AR B A R I 3
2,4ADtBP Fl AO1680 (YA IR 7, IR HIIH 7 Bk 347 52 PR L V& A i 19 20 AT
2.4 Jy i EREVEAL

Bl AO1680(0.8—100 ng-mL™") Hl 2,4DtBP(0.6—100 ng-mL™") BUFRAER W, ELEEFEREIE, LIAk
B PR BE AR AL bR, R A T RO A AR R, HEATE A R 34T AO1680 F1 2,4DtBP 7 L il v B 11 Fil 1
LR 2R BRI, AHOE R R 439k 0.9992 F110.9995. 75 SD K KUIALTE o i A H ARY, 42 BEAE 5 i kb 3877
EHAT M, ek NARASIE &, I J7 v oA 4 FR (LOD, S/N = 3) Fil i £ FR (LOQ, S/N = 10). 451 5%
B, AO1680 By Hi B A1 5E H R 23 91 4 0.4 ng-mL™" 1 0.8 ng-mL"", 2,4DtBP f{) 46 i FR A1 2 BR 43 1] Ky
0.2 ng'mL™" A1 0.6 ng-mL™'(WL3 3). 7 SD K BRIM ¥ HhnAs 10 uL(0.5 ng-pl™) #F47 191 22 52 56 5% H
AMPREE T INAR ISR (L2 3). AO1680 Fil 2,4DtBP 1-F- 14 A1 243511 K1 103% F1 95%, HH X A7 74 fh
22 (RSD) 435114 8.9% Fi1 4.7%, 2& WA 7 vk HAT B b i R ff ek AR o 42 k. SR PR R i /KRS 4L it 3, e R S
FRAE St 4R A SR IEA T AR B, 2 B2 A R S AO1680 F1 2,4DtBP. i, AEHyE it (UL . PRI
55)H AO1680 Fi1 2,4DtBP [w] B ar il (1% 7 A5 8 A7 i 38 . Liu 2502 i FH W e 26 BLL -UPLC-MS/MS 2
FE NI o 2,4DBP, Hoy e B R 0.12 ng(IlL3: 3 mL). Du %53 fiff F O 25 B -LC-MS/MS 7%
I N AR I3 2,4DBP, 75 36 E S BR M 0.076 ng(IMiL3¢: 2 @) ARWFFEAEMH A 0.5 mL I 75 FF 59 45 14
T, 2,4DtBP 1Y R 5 5 B 48 1 5 A 2.

®3I INAMRESH
Table 3 Method performance parameters
(iazy) LR (ng-mL™) HRZRE MR/ (ngmL™) @R/ (ng-mL™) R % AHXT BRI 25/%
Analytes Linear range (R?) LOD LOQ Recovery RSD(n=5)
2,4ADtBP 0.6—100 0.9995 0.2 0.6 95 4.7

AO1680 0.8—100 0.9992 0.4 0.8 103 8.9
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2%

3

2.5 SEBRILVERE S AT

AT L FH VR A B-ASAE f3%- B3 1 6 66 40y 1ML AR i EA T 5, A5 003 1L T B 2 0.5 mL. &
RANE 5 FR, TEIMLIE H AO1680 i RN 33%, 2,4DtBP AYKS: Hi R H 98%. Hirh, AO1680 J2: IfiL i H#6:
) e B 5% v G BAAAS vk BE Y BBl o ND R K ) —492.33 ng-mL™; 2,4DtBP 7E IfiL 15 77 A v BE 1 Bl
ND—21.63 ng-mL"". Liu 8¢ 7£ 35 [F] 50 44 Bk i 25 0 100385 H &2 30, 2,4DtBP 7E 92% Y I I A% & ks
- H R R e v T B A S S BT AL, R VIR ND—14.8 ng-mL . S AR 58 I 5 19 1 X
A PR, AHCHAS 2R AE X 4, R W R T AT RETHI I AO1680 il 2,4DtBP 2 58 XU, H i, 7E% M
JR A B H 3B, AO1680 Fil 2,4DtBP (%) EDLIE i T H A A HLIG ey FE = N A B, L&
(14.8 ng-kg"-d" AH ) [ AO1680 JK /48 A it B 15 T AE N (0.77 ng-kg ™ -d ™ R HE ) . 76 HL ¥ 17 A
HB3, B TN (20.1 ng-kg ' -d ™ AR ER ) 1 5 75 JXURS: 2 24 Ml J R (3.6 ng kg '-d T AR ER) Y 5 . TR L T4
WAF R b ) = E TAES reh, A HE T K2R A R 5, 38 o T 0 2 Ml ) % 7 XU BE 5, AO1680 FI
2,4DtBP [ EDI 7] 35 69 ng-kg™-d"' {4 & 1 82.5 ng'kg™-d"' R &E P, L FAF5E KB, AO1680 Fil 2,4DtBP
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Fig.5 The concentration of AO1680 and 2,4DtBP in human serum
The detection frequency of AO1680 was 33%, the 5th, 25th, and 50th percentiles concentrations were 0.64 ng-mL™".
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