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1 1 1 1 1 1 2
(1. 710021; 2. 712099)
(organophosphate esters, OPEs) s
OPEs ,
27 OPEs (SPE) -
(HPLC-MS/MS) : 30 mL (EA) (ACN) ( 3:7)
(MeOH) (DCM) EA  ACN; 5 mL EA LC-C18
; MeOH 0.002 5% )
27 OPEs 5~500 ng/g (R*>0.99), (MDL) 0.004~1.250 ng/g,
(LOQ) 0.01~4.17 ng/g ( ) 45%~130%
, (RSD) 11.0%, ,
OPEs , 21
OPEs, 9.83~48.70 ng/g, 28.40 ng/g s
27  OPEs
065 doi: 10.11693/hyhz20220200030
s (Ma et al, 2017; Ren et al, 2019; Zeng et al, 2020)
s OPEs ( , 2016; Rauert et al,
(OPFRs) , 2018; Na et al, 2020) ( , 2016;

(organophosphate esters, OPEs)
OPFRs (Van der Veen ef al, 2012;
OPEs

,2016)

(Peverly et al,
2015; Xing et al, 2018; Zou et al, 2018) OPEs

>

* ,22076112

>

5 s

:12022-02-08, :2022-04-07

Campo et al, 2017; , 2019)
(Bollmann et al, 2012; Kim et al, 2018; Xing et al,

2018; ,2019) (Ma et al, 2017; Wang et
al, 2017; Zhong et al, 2018)
OPEs OPEs
s OPEs “¢  ?{Wang et al,
2017,2019)
OPEs s
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OPEs
(Schmidt et al, 2021);
2,0PEs
al, 2017);
230PEs
2020),

ng/g

OPEs

>

2019)

ng/g ,

(Z,OPEs)

13~49 ng/g

8.12~98.00 ng/g(Zhong et

2.18~347 ng/g (Choi et al,
OPEs

(Wang et al,

>

ng/g (Sundkvist et al, 2010; Wei et al, 2015;

Pantelaki et al, 2020)

s (2' )
(TCEP)
(TNBP)

>

(TEP)

OPEs ,
, OPEs
(TCIPP) (2- )
(TPHP)
) (TBEP)
(TMP)

(Li et al, 2014; Been et al, 2018; Xing et al,

2018; Zeng et al, 2020)

et al, 2013) s

OPEs

Quintana et al, 2008)
OPEs

>

>

(Cristale

) OPEs

(GC-MS)
(GO)

(Bjorklund et al, 2004;

5

s OPEs
(2- )

(TBEP)(Rodil et al, 2005; Teo et al, 2015)

OPEs
pK.=<1)

(

, GC-MS
, OPEs
(Quintana et al, 2008;
Reemtsma ef al, 2008; Suo et al, 2018)
GC-MS (SIM)
- (GC-MS/MS) , GC
(ET ) (CI
) (Quintana et al, 2008)
- (HPLC-MS/MS)
(MRM)- (QqQ-MS)
) (ESI )

B

OPEs (Wu et al, 2017; Wang et al,
2020; , 2020) HPLC-
MS/MS OPEs

OPEs

HPLC-MS/MS
, 27  OPEs

1

1.1
: Agilent 1260 Infinity
II Agilent 6470 LC/TQ
( Agilent ), BSA224S(Max: 220 g,
d=0.1 mg) ( ( )
), KQ-500DB (
), TDZ4-WS (
), RE-2000B (
), NAI-DCY-12Y (
)
(solid phase extraction, SPE):
Oasis®HLB 6 c¢c/500 mg ( Waters )
CNWBOND LC-C18 ( 6 mL/500 mg)
CNWBOND Si SPE (6 mL/500 mg)(
) 3 :
(TPP-d;s, 98%), (2- )
(TCEP-d,, 98%)
(TBP-dy,, 98%~99%)

( ); : (ACN) (MeOH)
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(HPLC Thermo Fisher Scientific ), (Nebulizing Gas) 45 psi, (Sheath Gas)
(EA) (DCM)( , Tedia 11 L/min, 250 °C
); Milli-Q (18.24MQ-cm) 1 2
1.2
2 = # i S g 3O
Zorbax Eclipse Plus C18 2.1 mmx Tab.1 gradfnt1 elu;};;flﬁ;rac)tfd%rlf f?fhieriobile phases
150 mm, 3.5-Micron, Agilent), 25 °C, /min 0.002 5% 1% 1%
1 uL, 0.35 mL/min 0 45 55
(ESI with Agilent Jet Steam 0.5 20 80
Technology, ESI-AJS), (MRM) 10 0 100
, (Capillary) 4000 V( 15 0 100
), (Nozzle Voltage) 500 V, 16 45 33
(Drying Gas) 5 L/min, 350 °C, 25 45 >3

*2 BHRULESYMENBEELEEOPE)MFRIESH

Tab.2 Mass spectrum parameters of organophosphate esters (OPEs)

/min /V /eV
109.1 17
(TMP) C3H,0,P 1207 141.02 et 11 Iy
99.2 21
(TEP) CeH1504P 2318 183.00 61
813 53
- ) (TCEP) CoH1>Cls04P 3318 284.90 98.8 100 25
63.0 25
(TPP) CoHa,04P 4.662 225.12 992 81 21
141.1 5
(TiPP) CoHa,04P 4.960 225.12 99.0 86 17
81.0 57
(2- ) (V6)  CisHauCleOsPs 5.123 582.70 2349 200 41
65.0 60
(TPP) C15H1:04P 6.063 327.07 2149 136 29
152.1 45
(TCPP) CoH,504PCl4 6.064 327.00 99.1 136 49
((11'2 - ) CoH,504PCl4 6.064 327.00 98.9 136 41
2- 77.1 49
- ) (2-TCPP) CoH,50.PCls 6.064 327.00 99.0 136 41
77.1 45
(23 ) 298.8 6
’ C5H1104PBI'4 6.462 498.70 170
(B(2,3-d)P) 98.9 17
151.9 49
(CDP) C1oH 0P 6.638 341.00 175
91.0 45
(TBP) C1rHr 0P 6.795 267.16 99.2 11 21
155.1 9
98.9 9
(mono&di) C.H,,04P 6.796 155.04 220
58.0 60
-2 C15Hiy0P 7.292 399.24 299.0 126 13
(TBEP) 199.0 13
13- (RDP) CioHn:OP» 7.554 574.90 418.9 200 41
480.9 41
91.0 45
(TOCP) CorH1O4P 8.147 369.12 195
165.0 57
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/min /V /eV
91.0 49
(TPCP) C, H,,04P 8.147 369.12 200
165.0 60
91.0 45
(TMTP) C, H,,04P 8.147 369.12 200
165.0 60
(EHDPP) CaoH2,04P 8.782 363.16 251.0 106 ?
152.1 53
(TPeP) CsH3304P 9.092 309.21 99.0 121 2
81.0 60
A ( )(BADP) C1oH3405P5 9.989 693.00 336.8 200 37
336.9 37
(2.3 ) CoH;504PBr4 9.989 692.58 367.1 265 41
(TDBPP)
(2- ) (TiPPP) C,7H330,4P 10.872 45321 ﬁz:g 190 ﬁ
( ) 144.9 180 44
C5H,4,04PBry 10.894 1018.40
(TTBNP) 105.2 92
(DPDP) C,,H;3,04P 12.452 391.10 251.0 290 ?
56.9 41
(TEHP) CaiHs 0,P 14.080 435.35 19193'.12 106 193
TPP-d;s C3Dys04P 5.985 342.16 gfé 180 23
TCEP-d;, CeD1,CL304P 6.113 297.03 281.0 131 13
TBP-dy; C12D2,0,4P 6.632 294.33 18()32.60 121 18032
1.2 (Martinez-Carballo et al, 2007; Luo et al, 2014,
5¢ ,2021) -MeOH -ACN
TPP-d;s TCEP-d;, TBP-dy 20 ng 27  OPEs , 1
30 mL (EA) (ACN) (EA/ACN OPEs -ACN -MeOH
3:°7) 30 min, , -MeOH OPEs
3 000 r/min 10 min, 2, -ACN (TCPP)
[ TCPP (1- )
2 mL, 10 mL, 5 mL EA [(1,2-)TCPP] (2- ) (2-TCPP)]
LC-C18 (SPE) 2, , (CDP) (TEHP)
MeOH 0.22 um 0.5 mL , -MeOH (2- )
LC-C18 5 mL EA (V6) s
s 3 min s 5 mL MeOH , ESI
5 mL (4 mL/min , ); OPEs s
20% ACN 10 mL, (CID) ,
5~8 mL/min, 10 mL 10% MeOH OPEs CID
, 3 min , 5 mL EA (Quintana et al, 2008; Reemtsma et al, 2008)
2 ( 1 mL/min), -MeOH
ESI-AJS ,
2
2.1 , (Rodil et al,
MeOH ACN 2005; Luo et al, 2014)
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Fig.1 Influence of mobile phase type on response strength of organophosphate esters (OPEs)
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Fig.2 Influence of formic acid volume fraction in mobile phase on ions abundance of organophosphate esters (OPEs)
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1/2  OPEs 0.002 5% 2.2
OPEs pH 2.2.1 27  OPEs
3.3~4.6 , - (logK o)
-MeOH , 0.002 5% , MeOH ACN EA DCM
, pH , 3
(Rodil et al, 2005) 460 °C 6h
200~ H MEOH
253
150 - EA
100 I
& 50 )
M
e
8 25
20
15
10
5
AP, Fe®oe® ° “6«(2"’0?? SR g \\‘\ ?Y\ 2o ? ? ? \/‘%\« %}o\g\?
) %
¢ REFDEOPES
3 OPEs

Fig.3 Recoveries of organophosphate esters (OPEs) spiked in blank matrix with different polar extraction solvents

MeOH , TMP 4 , OPEs,
TCPP (TBP) (TPeP) EA/CAN ( 3:7)
TEHP , OPEs 75% OPEs, EA/CAN ( 3:7)
EA DCM ACN , OPEs OPEs TCEP (logK,,=1.44) >TCPP (logK,,=2.59)
80%~125% , DCM V6 (logK,w=1.9) ,
(Watanabe et al, 20006), s TMP (logK,,= —0.65)
2A , TEP (logK,,=0.8) TPrP (logK,,=1.87) TiPP
Martinez-Carballo  (2007) (logKyw=2.12) OPEs
9 OPEs, DCM , EA/ACN( 3:7)
OPEs, )
OPEs  logK,y —0.65 9.49, , ) ) 5
, OPEs , 3 4, EA
EA ACN 10%~125%, 93.28%, ACN
, 10%~120%, 90.15%
EA ACN OPEs , EA EA/ACN( 3:7)
4.3, TMP TEP 20%~140%, 105.98%,
(TiPP) (TPrP) EA/ACN( 3:7)
6.2 ACN, EA , ACN 20 30 40 mL
EA ACN , 6 30 40mL

2:84:6 3:7 OPEs OPEs
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Fig.4 Recoveries of organophosphate esters (OPEs) spiked in blank matrix at different mixing ratios of ethyl acetate (EA) and
acetonitrile (ACN)
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Fig.5 Comparison of chromatograms of organophosphate esters (OPEs) extracted by ethyl acetate (EA) / acetonitrile (CAN) (4 2 6, V' :
V) (a), EA/CAN (3 : 7, V' : V) (b), and EA/CAN (2 : 8, V' V) (c) mixed solvents at different volume ratios
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Fig.6 Recoveries of organophosphate esters (OPEs) spiked in blank matrix of different volumes of solvent in ultrasonic extraction

TMP TPrP TiPP OPEs
40 mL , 30 mL

, 30 mL
2.2.2 (SPE)

CNWBOND LC-C18 SPE (6 mL/500 mg)

CNWBOND Si SPE (6 mL/500 mg) Oasis"HLB
6 cc/500 mg SPE , 7 Si
, LC-C18

HLB
s TMP (logK,,= —0.65),

(Quintana et al,
2008, Reemtsma et al, 2008), HLB 2.82%, LC-C18

2.01% LC-C18 OPEs(TEP
TCEP TPtP TiPP  TCPP) HLB
LC-C18 600 OPEs[ A

( )(BADP) (2,3- )
(TDBPP)  ( ) (TTBNP) ]

HLB TEHP
(l0gKy=9.49) ( ,2014; ,
2020), LC-CI8 TEHP HLB
HLB 8.86%, LC-C18 45.06%

LC-C18 ,

40%~150% , 98.58%; HLB

89.73%;
10%~100%

LC-C18

2.3

500 ng/mL

>

(5~500) ng/mL

B

20%~135%

B

>

38% Been (2018
, SPE
C18 OPEs ,
LC-C18
, 56 7TmL
2, 8 SmL
LC-C18
5 mL EA SPE
5 10 20 50 100 200
OPEs
(R%) 0.99
(method detection limit, MDL)
3 ), 7
, 3
, 2009; ,2014):
CMDL™ 2 2tf wa N
;e 0.05( )

t ; wa

)

EA

)
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Fig.7 Spiked recoveries of organophosphate esters (OPEs) in different solid phase extraction cartridges
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Fig.8 Spiked recoveries of organophosphate esters (OPEs) in different elution volumes
(limits of quantification, LOQ) 10 ,
, 90%, OPEs , OPEs
3.3  MDL( , 2009; ,2014) 5 35 100 ng/g, 3
27 OPEs MDL 0.004 ~1.250 ng/g OPEs
, LOQ 0.01~4.17 ng/g, 3 45%~130%, TTBNP
2.4 25.43%  30.37%,

TMP BADP TDBPP 37.55% 44.69%
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#z3 OPEs AA%&MEE. YR, EER 7, TEP (TPP)
Tab.3 Linear range, method detection limit (MDL) and limits

0
of quantification (LOQ) of organophosphate esters (OPEs) 2 TCPP 100%
method OPEs OPEs (> OPEs) 52.85%,
. OPEs( 36.46%) OPEs
/(ng/mL) fngle)  /ngle) 10.68%, 10a 10b  10c 10d 5
TMP 5~500 0.998 6 0.039 0.13 s ( CJ- ) >TCPP  TPP
TEP 5~500 0.999 5 0.039 0.13 ,
TCEP 5~500 0.998 7 0.636 2.12 OPEs 7
b
TPrP 3~300 0.9994 0.006 0.02 t, TCPP  TDCPP (Zhong et al, 2018),
TiPP 5~500 0.998 5 0.014 0.05
V6 5~500 0.999 7 0.090 0.30
(Zhong et al, 2017), TPP
TPP 5~500 0.998 6 0.039 0.13
TOPP 900 0997 0039 020 F 4 OPEs M HFTTAR AR E RO %
(1,2-)TCPP 5~500 0.997 6 0.172 0.57 Tab.4 Accuracy and precision of organophosphate esters
2-TCPP 5-500 0.997 5 0.209 0.70 (OPEs) analysis method
B(2,3-d)P 5~500 0.999 3 0.004 0.01 /(ng/g)
CDP 5~500 0.999 4 0.023 0.08 5 35 100
TBP 5~500 0.997 9 0.355 1.18 RSD/ RSD/ RSD/
% % 1% % 1% %
monod&di 5~500 0.9929 1.25 4.17
TMP 4512 1.02 5710 179 3755  0.03
TBEP 5~500 0.999 2 0.039 0.13
TEP 123.6 3.06 1094 631 1152 435
RDP 5~500 0.999 5 0.013 0.04
TCEP 126.1  3.06 1179 631 1128 435
TOCP 5~500 0.997 7 0.116 0.39
TPrP 119.8 3.14 1141 345 1039 538
TPCP 5~500 0.998 3 0.099 0.33
TiPP 7231 466 1024  7.64 1131  7.60
TMTP 5~500 0.997 6 0.088 0.29
TCPP 117.1 708 1120 825 97.08 135
EHDPP 5~500 0.998 5 0.039 0.13
V6 1077 177 1015 372 1045  10.6
TPeP 5~500 0.998 4 0.073 0.24
TPP 129.1 447 1210 254 1185 121
BADP 5~500 0.999 2 0.234 0.78
(1,2-)TCPP  119.0 552 1139 655  109.8  8.79
TDBPP 5~500 0.999 2 0.028 0.09
i 2-TCPP 1216 507 1155 803 1040  8.67
TiPPP 5~500 0.999 1 0.096 0.32
B(2,3-d)P  89.08 507 8451 956 8830  5.67
TTBNP 5~500 0.997 1 0.157 0.52
CDP 1283 495 1132 687 1152 110
DPDP 5~500 0.999 3 0.039 0.13
TBP 87.91 131 9444 947  86.18 737
TEHP 5~500 0.996 9 0.069 0.23
TBEP 1040 792 9630 373 9679  6.68
43.01% (relative standard deviations, RDP 9226 736 8215 832  80.61 4.18
RSD)  0.03%~11.00% ’ TMTP 1164 149 1052 239 1039 554
4 TOCP 1154 553 1038 107 1037  5.79
) 5 TPCP 1172 115  103.0 267 1035 620
’ EHDPP 1039 884 9228 9.16 8841 622
16
TPeP 1053 210 9843 134 9473 109
27  OPEs ’ 9 BADP 51.64 7.69 51.10 048 4469  1.72
27 OPEs V6 TBP (TMTP) TDBPP 5515 976 5127 551 4301  2.06
(TOCP) (TPCP) DPDP  86.07 283 7891 321 7141  5.77
TPeP , 21 OPEs TiPPP 60.42 8.8  57.55 1.09 5245 955
9.83 ng/g ( CJ-4)~48.7 ng/g ( 3100-3), TTBNP 2543  9.74 3037 634 7528  3.45
28.4 ng/g, OPEs 5 Mono&di  120.1  7.67 1067  8.06 5553  3.30
16 OPEs TEHP 4846 194 5247 568 5096  4.84

, 21 OPEs :RSD
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Fig.9 Distribution of sediment sampling stations in the Yellow Sea and East China Sea
5 16 MIRERYuk S P& 89 OPEs iKE (11: ng/g)
Tab.5 Concentrations of organophosphate esters (OPEs) detected in 16 sediment stations (unit: ng/g)
Za-1 Za-2 Za-3 Za-4 3100-1 3100-2 3100-3 3100-4 3100-5 3100-6 CJ-1 CJ-2 CJ-3 CJ4 CJ5 CJ6
TMP 0.039 0.070 0.074 ND ND ND 0.050 0.045 ND ND ND ND ND ND ND ND
TEP 12.400 15.800 17.800 19.800 17.500 22.700 30.100 17.300 21.600 21.300 3.030 0.050 0.067 0.067 0.042 0.049
TCEP 1.520 0.880 2.100 1.430 1.410 0.993 1400 1.280 1.110 1.280 1.070 1.100 0.789 ND 1.280 1.610
TPrP 0.036 0.047 0.021 0.017 ND 0.011 0.009 0.010 0.013 0.010 0.011 ND 0.006 ND 0.008 0.045
TiPP 0.036 0.047 0.021 ND ND ND ND ND ND ND ND ND ND ND ND 0.045
Mono&di ND ND ND 2.690 ND ND 2.540 2.660 ND 2480 ND 4360 ND ND ND ND
B(2,3-d)P  0.015 0.005 ND 0.014 0.007 0.008 0.008 0.005 0.013 ND ND ND ND 0.012 0.006 ND
CDP 0.126  0.033 0.048 0.087 0.123 0.088 0.088 0.110 0.088 0.088 0.069 0.128 0.066 0.026 0.062 0.067
TBEP 0.125 0.065 0.091 0.110 0.091 0.048 ND 0.050 ND ND 0.120 0.040 ND ND 0.047 ND
RDP 0.081 ND 0.022  0.033 ND 0.069 ND ND 0.062  0.071 ND ND ND 0.018 0.027 ND
TEHP 1.520 2.190 3.010 0.969 0.689 0.553 0.329 0.277 4.820 0.630 0.401 0.948 0.142 0.230 0.182 1.490
EHDPP 0.124 0.124 0.145 0.153 0.046 0.154 0.072 0.055 0.108 0.050 0.055 0.150 0.055 0.084 0.077 0.047
TCPP 4.420 2380 3.420 3.280 3.610 2270 5870 4.980 3.330 5.180 4.37 3.250 2.100 0.541 6.370 6.030
(1,2-) TCPP 2.620 2.030 1.930 2.740 2.250 2.730 2.630 2.770 2.760 2.620 2.54 2.570 2.620 2.570 2.740 1.890
2-TCPP 2.610 2.040 1.920 2.700 2.230 2.720 2.590 2.740 2.730 2.610 2.54 2.570 2.610 2.570 2.730 1.900
TPP 2.650 2.030 1.950 2.750 2.270 2.720 2.630 2.810 2.680 2.630 2.590 2.590 2.650 2.590 2.730 1.880
BADP ND ND ND ND ND 0.691 ND ND 0.694  0.405 ND 0.493 ND ND ND ND
TTBNP ND ND ND ND ND 0.421 ND ND 0.257  0.186 ND ND ND ND ND ND
TiPPP ND ND ND ND ND 0.449 ND ND 0.304 0.203 ND ND ND ND ND ND
TDBPP 0.151 0.131 0.100 ND 0.084 0.676 0.117 0.105 0.720 0.413 0.208 0.454 ND 0.046 0.063 ND
DPDP 0.056 ND ND ND ND 0.137 ND ND 0.077  0.079 ND ND ND ND ND ND

:ND
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SIMULTANEOUS DETERMINATION OF 27 ORGANOPHOSPHATE ESTERS IN
MARINE SEDIMENTS IN HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY-TANDEM MASS SPECTROMETRY

SHI Ren', ZHANG Peng', CAO Sheng-Kai', XING Rong-Guang', JI Hao',
GE Lin-Ke', ZHANG Cui-Rong’

(1. School of Environmental Science and Technology, Shaanxi University of Science & Technology, Xi’an 710021, China; 2. Xianyang
Ecology and Environment Bureau, Xianyang 712099, China)

Abstract Organophosphate esters (OPEs) are a group of widely used flame retardants and highly toxic to organisms.
They enter marine environment via several paths, including water, air transportation etc., which would pose potential risks
to human health and marine organisms. Therefore, establishment of an efficient and reliable analysis method is pivotal to
reveal the contents of OPEs and assess their ecological risks in a marine environment. A method for simultaneous
determination of 27 OPEs in marine sediments was established, and consists of ultrasonic extraction, solid phase extraction
(SPE) purification, and high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) analysis.
Results indicate that the extraction efficiency of 30 mL mixture solvents, composing by ethyl acetate (EA) and acetonitrile
(ACN) (3 : 7, V' V) was obviously better than that those of methanol (MeOH), dichloromethane (DCM), EA, and ACN
alone. An aliquot of 5 mL EA was used in eluting target compounds from LC-C18 cartridges twice were the optimized SPE
method. The majority of ions abundance peaks were the highest with MeOH and 0.0025% formic acid solution used as the
mobile phases. The linear range of 27 OPEs were 5~500 ng/g (R*>0.99). The method detection limits and the limits of
quantification were 0.004~1.250 ng/g, and 0.01~4.17 ng/g, respectively. The mean recoveries of matrix spiked samples at
three spiked levels (low, medium, and high) fall into the range of 45%~130%, and the maximum relative standard deviation
was 11.0%. High precision and sensitivity attested to the method was valid and practical. The OPEs concentrations in
surface sediments of the Changjiang (Yangtze) River estuary, the mouth of Hangzhou Bay, the junction of the Yellow Sea
and East China Sea was analyzed by the optimized method. Twenty-one OPEs were detected, and the concentrations ranged
9.83~48.7 ng/g on average of 28.4 ng/g. The method was efficient and accurate, and can be used for the simultaneous
determination of 27 OPEs in marine sediments.

Key words organophosphate esters (OPEs); high-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS); ultrasonic extraction; solid phase extraction; sediment



