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Abstract: Organophosphorus flame retardants ( OPFRs) have emerged as good alternatives to

brominated flame retardants, the use of which is globally restricted. In this study, a screening
method based on QUEChERS-gas chromatography-quadrupole time-of-flight mass spectrometry
(GC-Q-TOF/MS) was established for the determination of 21 OPFRs in rice. First, full scan
('scanning range, m/z 50-450) was performed with a mixed standard solution of the 21 OPFRs
(0.1 ng/g) by GC-Q-TOF/MS. The fragmentation pathways of these OPFRs were then investi-
gated to explore their cleavage fragments, the interrelationships among fragments, and the pos-
sible cleavage modes of alkylated, chlorinated, and aromatic OPFRs. The retention times, iso-
topic abundance ratios, and molecular formulas of the characteristic fragments as well as the

exact mass of the compounds were obtained to establish a mass spectral library of the OPFRs.
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Rice samples were extracted and purified by the QUEChERS method, and 0. 5% formate aceto-
nitrile solution was used as the extraction solvent; 4 g of magnesium sulfate, 1 g of sodium
chloride, 0.5 g of disodium hydrogen citrate, and 1 g of sodium citrate as the extraction-salt
combination; and 50 mg of primary secondary amine ( PSA), 50 mg of octadecylsilane (C18),
and 150 mg of magnesium sulfate as the purification materials. The chromatographic separation
of the 21 OPFRs was completed within 16 min under optimized temperature program conditions
on the DB-5MS UI column. The screening parameters were optimized, and a full scan of the
samples was performed under the following conditions: number of characteristic fragment ions
=2 accurate mass window =+2x10" (+20 ppm) ; retention time deviation==+0. 2 min, and ion
abundance deviation<20%. The developed method was applied to the screening 21 OPFRs in the
samples. The results indicated that the matrix interference was greatly reduced by decreasing
the extraction accurate mass window, thereby improving the signal-to-noise ratio of the ana-
Iytes. The targets were extracted from the matrix interference and background noise using de-
convolution software, which improved the match between the target compounds and the mass
spectral library. The detection rates of alkyl and aromatic OPFRs increased by 22% and 25%,
respectively, when the spiking level was increased from 2 to 10 ng/g. Among the chlorinated
OPFRs, only tris(2-chloroisopropyl) phosphate ( TCIPP) was not detected at a spiking level of
2 ng/g, indicating that chlorinated OPFRs could be identified even at low concentrations. The
characteristic ions of the detected compounds matched those of the home-made mass spectral
library well, indicating that the practical application of the home-made mass spectral library.
The established screening method was applied in the determination of OPFRs in rice samples
from different regions in China. A total of 11 OPFRs were detected, among which trimethyl
phosphate (TMP) , tri-iso-butyl phosphate ( TiBP), and tris ( 3, 5-dimethylphenyl ) phosphate
(T35DMPP) had the highest detection rates. These results indicate that these three OPFRs are
widely used and can easily come into contact with rice samples through various routes. Differ-
ences in the types of OPFRs detected in the actual samples may be related to the types of OP-
FRs produced in local factories. OPFRs can be detected in rice samples by the developed GC-Q-
TOF/MS screening method, which is helpful for the identification of OPFRs in complex matrix
samples.

Key words: QuEChERS; gas chromatography-quadrupole time-of-flight mass spectrometry
(GC-Q-TOF/MS) ; organophosphorus flame retardants ( OPFRs) ; screening database; rice
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0. 5% H IR B, #3521 I HE 20 C /KB F 7 Ak
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TR VIR R IERR (0. 22 pm) 3338, 2 J5 7E TR
P AR T HAT T, B 1 mL 2R OBRE
% ,7E 14000 r/min F &.0> 5 min, §X 0. 8 mL [
W, B wL BV TEA GC-Q-TOF/
MS R &, FAtAE S I A — i B2 11,

1.4 GC-Q-TOF/MS il &

{6354 . Agilent DB-5MS UI £ 95 & 404545 (30
mx0. 25 mmx0. 25 pm) ;2 Z5(99. 999% ) 5 I
E:l- 0 mL/mm,L## H “(E'lg;280 LS ,Jﬂ:ﬁéﬁiﬂ:{ 1
L, AR . FHERRY AE 50 CHREE 1 min;
20 C/min FHE 2 280 C ,#£4+F 1 min; 2k 30 C/min
FHE % 300 °C, f£4%F 10 min,

B ELJE; BB, 50 eV AT 22 i . 20
RA ; PO AT - 150 C 5 8 F IR . 230 C; % 7

FESR .3, 5 min; R R ER A, REHRA 1
spectrun/s, ffi [ Mass Hunter 7& ¥4 23 #7484 2k 17
NG TN
1.5 FESH

TR E TR =2 BWREEO N
+2x107° (20 ppm) P& B 224 £0. 2 min |, 2
T2/ T 20% 44T, R 6 B R Xt
FE i B BRI T 37
1.6 OPFRs R/ L =L

21 Ff OPFRs IR & ARER K (&N 0.1
ng/g) LS M ETE B IE , 3EA TR AT ®AT I A 5
e IEAE ELURH S NP AR g1, MHRE R
WRTA /R 7 F B AT &, s H e R
m/z 50~450, %} OPFRs (2L WL AT 0F 5T, 4R
RS WL ][R Z B L PR R o
TP BKE 0 B AR B Rl i OPFRs 1)
SR TR AR CAS 5453 8 3 A FE 4 i
#, I CSV k= - A7, @57 OPFRs A #E ] PR
RO A AR AETE A 38 A R TS T B Y
R0 o 45, ST T RRAE B T ARG A o e A R
TIF 8 A 0 Jo i 3 P2 AR i R A B A T A
WP FE ALY . 21 b OPFRs 19 451 85 715 & Il
1,

%1 217 OPFRs H4HIEFER
Table 1 Characteristic ion information for the 21 organophosphorus flame retardants ( OPFRs)

Compound Molecular CAS No. 1/ min Fragment ions (m/z)
formula Ton 1 Ton 2 Ton 3
Trimethyl phosphate ( TMP) C,H,0,P 512-56-1 4.042 110.0111 80.0006 94.9883
Triethyl phosphate ( TiPP) Cy,H,,0,P 513-02-0 6.144 98.9833 124.9990 141.0297
Tri-n-propyl phosphate (TnPP) Cy,H,,0,P 513-08-6 7.511 98.9834  141.0301 123.0197
Tri-iso-butyl phosphate ( TiBP) C,H,,0,P 126-71-6 8.379 98.9834  223.0627 155.0458
Tri-n-butyl phosphate ( TnBP) C,,H,,0,P 126-73-8 9.196 98.9835 155.0458 211.1085
Tris( chloroethyl) phosphate ( TCEP) C.H,,CL;0,P 115-96-8 9.896 248.9840  250.9804 204.9571
Tris ( 2-chloroisopropyl) phosphate ( TCIPP) CyHsCL;0,P 13674-84-5 10.063 124.9989 98.9830 201.0069
Dibutyl phenyl phosphate (dBPhP) C,H,,0,P 2528-36-1 10.513 175.0147  94.0405  187.0147
Tripentyl phosphate ( TPeP) C,sH,,0,P 2528-38-3 10.714 98.9833  169.0618  239.1396
Tris( chloropropyl) phosphate (TCPP) CyHsCL;0,P 1067-98-7 11.614 98.9840  139.0155 174.9922
Butyl diphenyl phosphate ( BdPhP) C¢H,yO,P 2752-95-6 11.789 251.0468 94.0413 170.0708
Tris( 1,3-dichloro-2-propyl) phosphate (TDCIPP)  C,H,;Cl;O,P 13674-87-8 12.648 98.9833 74.9989 190.9415
Tris(2-butoxyethyl) phosphate (TBOEP) CH;,0,P 78-51-3 12.932 85.0644  124.9991  199.0725
Triphenyl phosphate ( TPHP) C;sHs0,P 115-86-6 13.049 326.0677  325.0614 215.0246
2-Ethylhexyl-diphenyl phosphate (EHDPP) C,,H,,O0,P 1241-94-7 13.115 251.0452  250.0365 94.0399
Tris( 2-ethylhexyl) phosphate ( TEHP) C,,H,,0,P 78-42-2 13.182 98.9831  113.1314 71.0851
Tri-o-tolyl-phosphate (0-TCP) c, H, 0,P 78-30-8 13.949 165.0689  368.1160 179.0849
Tri-m-tolyl-phosphate (m-TCP) C, H,,0,P 563-04-2 14.233 368.1158  367.1081 165.0691
Tri-p-tolyl-phosphate (p-TCP) C,H,,0,P 78-32-0 14.700 368.1157  367.1077 107.0481
Tris(3,5-dimethylphenyl) phosphate (T35DMPP)  C,,H,,0,P 25653-16-1 15.300 410.1647  395.1413 91.0538
Cresyl diphenyl phosphate ( CDPP) C,, H,,0,P 26444-49-5 15.676 340.0838  247.0503 229.0397
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Fig. 2 Chromatograms of OPFRs under different temperature programs

a, c. Hold at 60 C for 1 min, increase to 300 C at 20 C/min and hold for 10 min; b, d. Hold at 50 C for 1 min, increase to 280 C
at 20 C/min and hold for 1 min, increase to 300 C at 30 C/min and hold for 10 min.
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SNR: signal-to-noise ratio; ppm: 107°.
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