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Abstract. Organophosphate esters ( OPEs) are widely used as flame retardants in most re-

gions, they adversely affect ecosystems and threaten human health. OPEs have attracted signifi-
cant public attention because they are toxic and ubiquitously present in the environment. While
China is among the world’ s largest users and producers of OPEs, limited data on the exposure
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of animal-derived foods to OPEs exist; consequently, a method for quantifying OPEs in animal-
derived food samples is needed.

In this study, a method was developed for the determination of eight OPEs, including triethyl
phosphate (TEP) , tripropyl phosphate ( TPrP), tri-n-butyl phosphate ( TnBP) , tris(2-chloro-
ethyl) phosphate ( TCEP), tris (2-chloroisopropyl) phosphate ( TCIPP), tris( 1, 3-dichloro-2-
propyl) phosphate (TDCIPP) , triphenyl phosphate ( TPHP) , and 2,2-bis( chloromethyl) trime-
thylene bis[ bis ( 2-chloroethyl) phosphate] (V6), from twelve types of typical animal-derived
foods by ultra performance liquid chromatography-tandem mass spectrometry ( UPLC-MS/MS).
The samples were purified using an HMR-Lipid SPE column. The effects of mobile phase A
(water, 5 mmoL/L ammonium acetate aqueous solution, and 0. 1% formic acid aqueous solu-
tion) and mobile phase B ( methanol and acetonitrile) , as well as the methanol/acetonitrile ra-
tio on the separation and extraction efficiencies for the eight OPEs were investigated using one-
way analysis. The results showed that optimal response values and peak shapes were obtained
for the various compounds using 0. 1% formic acid aqueous solution-acetonitrile system as the
mobile phase. The following pretreatment procedure was used: A 0.5 g sample was accurately
weighed and ultrasonically extracted with 5 mL of acetonitrile. The supernatant was collected
after freezing and centrifugation, and cleaned-up was performed using an HMR-Lipid SPE col-
umn. The target analytes were analyzed using a Waters Acquity BEH C,; column (100 mmx2. 1
mm, 1.7 pm) and ESI" MS conditions. Compound V6 was quantified by the external standard
method, with the other seven compounds quantified using the internal standard method. The
method exhibited linearity with 7* =0. 9900, limits of detection (LODs) of 0.01-0.87 pg/kg,
and limits of quantification (LOQs) of 0. 02-2. 62 ug/kg for the various substances. Spiked re-
coveries of the eight OPEs at three levels (2, 20, and 100 pg/kg) were in the range of 80. 5%—
117.8% and RSDs < 14.8% (n=6). Twelve animal-derived foods ( grass carp, bass, Procam-
barus clarkii, milk, milk powder, yogurt, pork, beef, chicken, duck meet, egg, and duck
egg) were analyzed using the developed method. Compounds TnBP and TCIPP were detected at
rates of 100%, and TEP, TCEP, TPHP, and TDCIPP at rates greater than 50% , while TPrP and
V6 were not detected. The method has a simple-to-operate pre-treatment step, analyzes rapidly
with good recoveries and precisions, and is suitable for rapidly analyzing and detecting eight
OPEs in a variety of animal-derived foods.

Key words: organophosphate esters ( OPEs) ; animal-derived foods; ultra performance liquid
chromatography-tandem mass spectrometry ( UPLC-MS/MS)
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Table 1 Retention times and MS parameters of the eight target compounds and their isotope internal standards

Compound CAS No. g/ min Parent ion Product ions DP/V  CEs/eV
(m/z) (m/z)

Triethyl phosphate ( TEP) 78-40-8 1.98 183.1 99.0", 127.0 25 19, 12
Tripropyl phosphate ( TPrP) 513-08-6 3.24 225.1 99.0", 141.0 20 17, 10
Tri-n-butyl phosphate ( TnBP) 126-73-8 4.30 267.1 99.0%, 155.0 30 17,9
Tri( 2-chloroethyl) phosphate (TCEP) 115-96-6 2.66 286.9 98.9" , 125.0 30 22, 16
Tris( 2-chloroisopropyl) phosphate ( TCIPP) 13674-84-5 3.44 327.0 99.0", 175.0 30 19, 12
Triphenyl phosphate ( TPHP) 115-86-6 4.20 327.1 215.0%, 1520 30 26, 40
Tri( 1,3-dichloro-2-propyl) phosphate ( TDCIPP) 13674-87-8 4.03 430.8 99.0* , 320.9 30 24, 12
2,2-Bis( chloromethyl ) trimethylenebis 38051-10-4 3.51 583.0 361.0", 235.0 30 17, 30
[ Bis(2-chloroethyl) phosphate] (V6)
D s-Triethyl phosphate ( TEP-D,5) 135942-11-9 1.94 198.2 102.0", 134.0 25 20, 12
D,, -Tripropyl phosphate (TPrP-D,,) 1219794-92-9 3.20 246.0 102.0* , 105.0 15 15, 10
D,,-Tri-n-butyl phosphate ( TnBP-D,,) 61196-26-7 4.23 294.3 102.0", 166.2 30 25,25
D,,-Tri(2-chloroethyl) phosphate (TCEP-D,, ) 1276500-47-0 2.65 299.1 130.0", 102.0 30 16, 25
D 4-Tris(2-chloroisopropyl) phosphate ( TCIPP-Dg) 1447569-78-9 3.41 345.1 102.0", 183.0 25 22, 14
D s-Triphenyl phosphate (TPHP-D ;) 1173020-30-8 4.16 342.2 223.0", 262.1 30 25, 27
D,5-Tri( 1,3-dichloro-2-propyl ) phosphate (TDCIPP-D,;) 1447569-77-8 4.01 446.2 102.0 ", 216.0 30 28, 16

* Quantitative ion. DP. declustering potential; CE: collision energy.
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Fig. 1 Extracted ion current chromatograms of the eight targets
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Fig. 2 Recoveries of the eight targets using
different elution solvents (n=3)
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Table 4 Linear equations, correlation coefficients (r?), limits of detection (LODs) and
limits of quantification (LOQs) of the targets
Pork Bass Milk Egg
Compound Linear equation 7’ LOD/ LOQ/ LOD/ LOQ/ LOD/ LOQ/ LOD/ LOQ/
(pg/’kg) (pg/kg)  (png/kg) (pg/kg)  (ng/kg) (pg/kg)  (ng/kg)  (ng/kg)
TEP Y=0.6593X+0.0272  0.9994 0.09 0.26 0.02 0.06 0.02 0.06 0.08 0.25
TPrP Y=0.3096X-0.0038  0.9997 0.01 0.02 0.04 0.11 0.02 0.05 0.14 0.42
TnBP Y=0.9581X+0.0663 0.9998 0.07 0.22 0.11 0.32 0.13 0.38 0.03 0.09
TCEP Y=0.8667X+0.0590  0.9990 0.07 0.21 0.04 0.12 0.03 0.09 0.01 0.04
TCIPP Y=0.9607X+0.9232  0.9900 0.44 1.31 0.55 1.64 0.47 1.42 0.87 2.62
TPHP Y=4.0582X+0.0936  0.9994 0.07 0.21 0.03 0.09 0.02 0.07 0.06 0.17
TDCIPP  Y=1.5617X+0.1166  0.9992 0.02 0.06 0.02 0.05 0.02 0.05 0.01 0.03
A\ y=2734.092+148.50  0.9991 0.04 0.11 0.02 0.06 0.03 0.08 0.03 0.08

Y. peak area ratio of target analyte to internal standard; X . mass concentration ratio of target analyte to internal standard; y. peak

area; x: mass concentration, pg/L.
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Table 3 Recoveries and precisions of the eight targets spiked at three levels in pork, bass, milk and egg (n=6)

Compound Added/ Pig Bass Milk Egg
(ng/kg) Recovery/% RSD/% Recovery/% RSD/% Recovery/% RSD/% Recovery/% RSD/%
TEP 2 100.9 5.6 94.0 5.7 105.7 4.0 113.5 3.1
20 98.4 1.4 82.2 0.3 105.8 0.8 100.4 1.4
100 96.8 1.2 95.5 0.5 99.1 4.6 97.5 1.2
TPrP 2 93.4 3.8 86.8 3.0 97.4 7.4 98.1 9.3
20 98.3 0.7 85.6 2.2 103.4 1.2 103.5 0.7
100 92.4 1.2 95.1 3.7 100.9 2.7 95.1 1.2
TnBP 2 92.5 2.9 95.0 1.1 96.0 3.7 85.8 3.8
20 109.8 1.9 93.9 3.6 115.3 1.2 113.4 1.9
100 80.5 0.8 93.1 8.7 101.8 2.8 95.8 0.8
TCEP 2 96.3 12.1 99.1 4.2 87.1 3.1 82.4 6.8
20 102.8 3.0 83.7 1.9 97.7 2.2 100.0 3.0
100 101.1 1.0 97.8 2.2 94.0 4.0 96.3 1.0
TCIPP 2 106.8 3.5 106.5 0.7 110.2 1.3 87.9 5.2
20 98.4 1.9 90.4 4.3 102.5 1.9 93.4 3.6
100 101.5 2.4 98.4 4.1 96.4 3.8 98.4 4.5
TPHP 2 93.3 3.4 88.7 3.2 93.6 4.5 97.2 7.6
20 90.0 2.6 94.6 4.0 102.3 3.0 109.3 2.6
100 83.7 2.5 117.8 6.4 97.1 2.4 99.7 2.5
TDCIPP 2 96.1 10.7 85.3 5.3 95.5 3.0 81.9 8.0
20 101.8 3.1 89.6 5.8 96.2 5.0 96.2 3.1
100 103.4 2.0 101.6 2.0 91.8 4.4 88.1 2.0
\Q 2 103.5 7.0 104.7 10.0 81.4 14.8 86.2 4.8
20 86.2 2.7 93.2 4.5 85.0 5.6 97.0 2.7
100 104.9 1.9 85.6 8.1 87.9 6.2 86.2 1.9
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Table 4 Contents of the eight targets in real samples (n=3) ng/kg
Sample TEP TPrP TnBP TCEP TCIPP TPHP TDCIPP V6
Grass carp 0.721 <LOD 0.119 0.421 12.899 0.074 0.199 <LOD
Bass 2.564 <LOD 0.391 0.459 13.68 0.105 0.144 <LOD
Procambarus clarkii 0.797 <LOD 0.406 1.234 69.314 0.183 0.187 <LOD
Milk 0.238 <LOD 0.569 <LOD 37.243 0.04 0.185 <LOD
Milk powder 101.638 <LOD 0.932 2.633 7.252 0.518 0.139 <LOD
Yogurt 0.251 <LOD 0.288 0.064 47.359 0.064 0.149 <LOD
Pork 1.084 <LOD 0.252 0.171 11.15 0.121 <LOD <LOD
Beef 0.661 <LOD 0.192 0.47 42.153 <LOD <LOD <LOD
Chicken 0.953 <LOD 0.128 0.462 5.58 0.133 <LOD <LOD
Duck meet 1.162 <LOD 0.272 0.613 7.038 0.17 <LOD <LOD
Egg 1.602 <LOD 0.269 0.472 23.829 <LOD <LOD <LOD
Duck egg <LOD <LOD 0.154 0.042 5.977 <LOD <LOD <LOD
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