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Abstract: Organophosphate flame retardants (OPFRs) have widely used in the manufacturing of
plastics, textiles, foam products and various building materials because of their dual roles of flame
retardants and plasticizers. With in-depth studies of toxicology research, the multiple toxicity of
OPFRs to human health has been gradually revealed. It is of great significance to establish accurate
detection and quantitative methods of OPFRs in various industrial products and pay attention to the
presence of OPFRs for understanding the exposure risk of OPFRs. A method of liquid
chromatography tandem mass spectrometry was established for the determination of 25 OPFRs in

polyurethane products. A convenient ultrasonic extraction method with organic solvent was used to
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extract OPFRs from samples. In order to improve the accuracy of the method, the pre-treatment
processes such as extraction solvents and solid phase extraction methods were optimized. The
experimental results showed that acetonitrile extraction has the highest effectiveness. Subsequently,
the extraction solution was further dispersed with silica gel (Si, 200 mg) and N-propyl ethylene
diamine adsorbent (PSA, 200 mg), which can effectively eliminate the matrix effect and improve
the accuracy of the method. The purified solution was separated on a Kinete"C18 column (2.6 pmx
3 mm, 150 mm) under the gradient elution of 0.1% formic acid water and methanol, and analyzed by
electrospray ionization positive ion mode with multi-reaction monitoring. The results of
methodological verification indicated that the calibration curves of 25 OPFRs show an excellent
linear correlation (#>0.999) in the specific concentration ranges. The limits of detection (LODs) and
the limits of quantitation (LOQs) of the method are 0.02-0.50, 0.05-1.00 mg/kg, respectively. The
recoveries of low, medium and high spiked level are between 61.09% and 114.89%. The relative
standard deviations (RSDs) range from 0.27% to 13.92%. All the results of method verification can
meet the detection requirement. At the meanwhile, while the efficiency of batch sample analysis is
improved, the purification process avoids the complicated procedures using commercial solid phase
column extraction, and exhibits low cost, short time and simple operation. The method was further
applied to detect commercially available polyurethane products. It was found that OPFRs have been
widely used in consumer products such as toys and household products, and the concentration of
OPFRs in some products should be noticeable. Thus, health risks may be caused with long-term
exposure, and more attention should be paid to the presence of OPFRs in such products.

Key words: organophosphate flame retardants (OPFRs); liquid chromatography-tandem mass
spectrometry (LC-MS/MS); dispersive solid phase extraction; polyurethane materials
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%1 257% OPFRs RILSH
Table 1 MS parameters of 25 OPFRs

N CAS% - LREA B[R] BB FHET LR E Tl $5 HE
’ﬂﬁ (E] gfﬂ'ﬁ . . . . ..
Compound CAS Abbreviation Retention Precursorion  Product ion Declustering Collision
p number time/min (m/z) (mlz) potential/V energy/eV
WElR = W1 i 512-56-1  TMP 1.66 140.9 109.0%, 79.1 110 23,28
Wi =2l 78-40-0 TEP 1.99 183.1 99.0%, 127.0, 80 23,15, 11
155.1
Wi =Nl 513-02-0  TiPP 2.75 225.1 99.0%, 141.0, 60 20,12, 8
182.9
AR = ST BR 513-08-6  TPrP 2.99 225.1 99.1%*, 141.0, 70 22,12, 10
182.9
Wiz =1E T hg 126-71-6  TiBP 4.94 267.3 99.0%, 155.0, 90 19,12,9
211.3
R =5 T hg 126-73-8  TnBP 5.08 267.1 99.0%, 154.7, 75 22,15, 11
2112
WA =C SN 2528-38-3  TPeP 7.02 309.3 99.0*, 169.0, 50 22,15, 12
2392
WR=1FCNE  2528-39-4 THP 8.45 351.2 99.1%,267.2 70 22,14
HHBEIR = HE  78-51-3  TBEP 5.54 399.3 198.9%,298.9 150 19,17
W= 78-42-2  TEHP 11.50 4353 99.1*,323.3, 90 14, 10, 14
(THREZH)R 211.0
iR =258 115-86-6  TPhP 4.19 327.1 152.1% 215.2, 150 47,34, 34
250.9
iR = (" HZE)EE 25155-23-1  TXP 8.03 411.2 194.0%, 178.9, 60 39, 52, 40
105.1
=(2,6-—HI4E K% ) 85417-41-0 TDMPP 8.01 4112 194.1%,271.2, 85 41, 49, 42
Jo 178.9
ZOEHEALRE 1241-94-7 EHDPP 6.87 363.1 251.0%, 77.1 60 13, 50
2-Z 3O HiE R HEBE 26444-49-5 MDPP 4.94 341.0 152.1%, 165.0, 100 44,38, 32
[izdls 229.0
IR 791-28-6  TPPO 2.76 279.2 201.1%,173.1, 80 37, 43,53
77.0
[A]2E iy — (W = 563-04-2 TMCP 6.32 369.1 166.1*,91.0, 200 36, 38, 36
Z1g) 243.0
XU AR — 2K lE  78-30-8  TOTP 6.23 369.1 165.9% 91.1, 190 36,37, 33
181.2
BEIR =8 FFlE  57583-54-7 RDP 5.89 575.1 481.0%,419.2, 50 46, 46, 51
405.2
R =4 A 5945-33-5  BDP 7.63 693.1 367.1%,327.1, 25 44,39
=(2,6- 68937-41-7 TIPPP 8.50 4533 327.0%, 369.5, 200 41, 32,23
ZHEFR) 411.1
Wil = (2-FH LB 115-96-8  TCEP 2.07 285.0 62.9%,99.2, 140 45,30, 17
223.0
=(1-5-2-A%) 13674-84-5 TCPP 2.88 327.0 99.0%, 174.9, 100 25,16, 12
IR TR 250.8
W2 =(1,3-—4%-2- 13674-87-8 TDCP 4.04 430.7 99.0*, 208.9, 170 29,21, 15
N3 TR 320.9
W =(2,3- 4N 126-72-7 TDBPP 4.75 697.6 360.4%, 441.2, 70 16, 13,20
)i 4134
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Table 2 Linear relationship, limits of detection (LODs), limits of quantitation (LOQs), spiked recoveries and
relative standard deviations (RSDs) of 25 OPFRs

ML TR R

gy SR RGEEC BB ERE (0ows)  swehensd) (S mekend

Compound 1% Comelation  LOD - LOQ o MW W MR M MR
range/(mg/L) coefficient(r) /(mg/kg) /(mg/kg) Recovery {2 Recovery 2%  Recovery (2

1% RSD/% 1% RSD/% 1% RSD/%

TMP 1~50 0.999 0.20 0.50 70.33 3.43 76.50 3.71 75.05 2.65
TEP 1~100 0.999 0.05 0.10 65.13 2.39 69.24 4.20 61.27 343
TiPP 0.5~50 0.999 0.02 0.05 74.80 5.08 97.58 3.63 83.31 1.40
TPrP 0.5~100 0.999 0.02 0.05 69.07 7.02 99.06 4.17 78.94 1.66
TiBP 0.5~50 0.999 0.02 0.05 75.00 11.61 87.25 5.44 74.23 3.30
TnBP 0.5~100 0.999 0.02 0.05 78.87 4.63 99.91 3.29 74.92 1.26
TPeP 0.5~100 0.999 0.02 0.05 90.67 2.75 99.66 2.20 72.57 2.87
THP 0.5~100 0.999 0.02 0.05 89.13 6.45 100.40 2.74 73.59 1.09
TBEP 0.5~50 0.999 0.02 0.05 90.27 3.62 99.89 5.13 95.38 2.54
TEHP 0.5~50 0.999 0.02 0.05 82.60 3.54 114.76 1.09 112.26 2.59
TPhP 1~100 0.999 0.10 0.20 93.23 0.52 99.18 3.25 92.56 3.85
TXP 0.5~50 0.999 0.02 0.05 91.53 3.47 97.99 1.16 93.46 4.60
TDMPP 0.5~50 0.999 0.02 0.05 99.60 343 107.58 2.41 101.25 2.81
EHDPP 0.5~50 0.999 0.02 0.05 89.13 8.39 108.51 6.81 102.96 5.20




214 Btk = HAct
yllEznt plan)l itz
e &Lﬁﬁrm cﬁii ?fn ﬁL '(L';'IID‘E* %L%(';fi (L%&erg) (2.ssr§1gk/iz,li=3) s ilpgﬂ/(lfg, lris)
Compound range/(mg/l)  coefficient(r)  /(mg/kg) Amgkg) PHECR MDTPRE BICR ADEERE ek AT
Recovery fiiZ Recovery {2z Recovery fz=
1% RSD/% 1% RSD/% 1% RSD/%

MDPP 1~50 0.999 0.10 0.50 72.34 13.92 86.34 5.21 83.72 6.73
TPPO 1~50 0.999 0.50 1.00 78.35 1.95 67.45 5.89 68.73 2.88
TMCP 1~50 0.999 0.05 0.10 94.80 5.49 101.31 4.02 93.33 3.87
TOTP 1~50 0.999 0.05 0.10 86.47 7.21 97.52 2.75 99.77 0.62
RDP 1~50 0.999 0.05 0.10 96.37 8.59 99.82 4.36 100.87 4.17
BDP 1~100 0.999 0.05 0.10 81.47 2.95 110.81 6.57 108.33 4.29
TiPPP 1~50 0.999 0.20 0.50 98.58 4.78 94.75 3.07 100.37 0.53
TCEP 1~50 0.999 0.20 0.50 62.60 2.95 62.45 5.72 61.09 5.18
TCPP 2~100 0.999 0.50 1.00 97.78 7.43 107.30 3.28 99.43 1.75
TDCP 1~100 0.999 0.50 1.00 107.85 7.65 114.89 6.24 108.74 9.07
TDBPP 1~50 0.999 0.10 0.50 78.93 3.83 103.99 3.26 100.79 3.38

2.5 SKBREE SR

A SR T T B 26 A R AR &AL
EHEICE (n=9). H Z% H & (n=14) e A2 %6 0 7K
(n=3), K FIA J7 WL K A i b OPFRs & dit . H:
i, FE BT 2SR 5 R LA T ) 10 A OPFRs, A 4E
TEP(n=4, 0.10~1.72 mg/kg). TiPP(n=3, 0.08~
0.48 mg/kg). TPrP(n=1, 0.14 mg/kg). TiBP(n=3,
0.11~0.36 mg/kg) . TBEP(n=2, 1.16~1.47 mg/kg) .
TEHP(n=4, 0.06~2.52 mg/kg) . TPhP(n=5, 0.50~
8.69 mg/kg). EHDPP(n=5, 0.12~63.62 mg/kg).
TCPP(n=1,6.44 mg/kg) #1 TDBPP(n=1,0.96 mg/kg),
A 1AFE Y TCPP 7 &2 = ik 6.44 mg/kg, H it
Wi A (B EL BH K 70 4 4 ) 2009/48/EC Bt 14 2 Bt
SECHR XTIz A FR il (<5 mg/kg). 1E 14
A HZ& b, A7 A FE RS Y OPFRs, £ 45
TiBP(n=4, 0.10~3.71 mg/kg). TnBP(n=2, 0.35~
3.32 mg/kg) . TPhP(1=4,0.47~5.23 mg/kg) . EHDPP
(n=1, 0.16 mg/kg) #l TEHP(n=1, 0.10 mg/kg). £
14> 4 %% 30 7K b 4 i TEP, TiBP, TPeP, THP
M TCEP, & & 43 Jil o 0.44. 0.23, 0.15, 0.19.
0.29 mg/kg.

3 &g

AHFFEHE T LC-MS/MS H7 A K 1 58 2 ik 44
JO A A AL BELIA R, 3 o fE T4 B P
FRI) T T AH A OB B, e 28R Bl PSA I Si, % 43K

[ FH A B 20 8K RIS T 3R S R R A T Y ik
T, ST MOk S 25 Bl OPFRs (14 [+]
B e R ORI Ak, SR RICRAR F 7 & Ak Si/PSA
G EARAEBUNE o 38 7R R AR, TR R 4
TR b 240 B8 06 6 S AT BEOR o B T
g3 B IR R ] ah E AT R, & B OPFRs ) ¥z
AT . H M WS 2 b, B a
' OPFRs ¥k £ 7K °F- ¢ &, TiBP. TPhP il EHDPP
P EAG L, K Ak T B X A AR R P A
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