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Abstract; Compared with conventional solid phase extraction method which is time-consuming, low
efficiency, large workload and large amount of organic solvent needed, this study established a new
online solid phase extraction -ultra high performance liquid chromatography-tandem mass
spectrometry method for simultaneous determination of 14 organic phosphate esters in surface water.
After passing through the membrane filter, the surface water sample was directly injected into the on-

line solid phase extraction purification device. After purification, samples were separated in the
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separation column, and the gradient was eluted with acetonitrile and 0.1% formic acid aqueous
solution. The electrospray ion source positive ion multi-reaction monitoring mode was used to detect
the organophosphate ester compounds. The total analysis time of this method was 13.0 min, the
linear correlation coefficient of the method R” was greater than 0.98, the spiked recovery of surface
water and tap water samples was between 64.8%—113%, and the relative standard deviation RSD
was between 1.29%—9.3%. The detection limit was between 0.1 and 2.7 ng-L™". Compared with the
conventional method, the online SPE method was suitable for detecting organic phosphate esters in
surface water and tap water with high analysis flux and sensitivity, good accuracy and easy to
operate.

Keywords ; surface water, organo-phosphorous flame retardants, on-line solid phase extraction, ultra

high performance liquid chromatography.

H T IRARBE A 7] 22 1R I 4 5k ( PBDEs ) 7 75 55 Y5 F1 W 75 19 242 9 2 BRI, 3 400 AL 9l BH 428 571
(organophosphate esters, OPEs ) 7 b H F 2 AL 7= . OPEs B K 419 BHBAVE A S8R, B 2ok
JZ N AR B e SRR TR AU LA R OPEs ARl R b R DL B
WINEE ARG B R FEFLAE P A AL B R PO AT RS Y 28 B 45 R R EEA R L B RTE 48
FEARPRS IR AR AR TS R 3 A 2 R0 A 5T R 3 (OPEs, R85 A 5 P 19 OPEs AT L
i RN R AR A A (IR R R R AR ) | T RE R A e s e fE

W55 OPEs i b BN 73 BRI 7512 PR AN TR 08 557 R Je. L DR 70~ T 5 >R P [T AR A BUEE: (solid
phase extraction, SPE ) X 7K ¥ 555 4 5 7847 BT AR B i FOPEs BRAL M i 2% S8 K, AR [H) SPE X}
OPEs MYZEBUSCRA K 22 5, il 40 HLB [ AH ZE UG TMR OB e = H1 R ) 19 28 BUSCR AL 239%™
WAX (55 BT 7384 ) Al MAX (BB 72 ) S5 B AHASIRAT XS VP 19 IR /N T 2091 RP-18 FE 1L
HEXF TEHP (BEER = (2-Z 3 O 58 ) R ) 14 ISR R 219 T S5 A0 1) 2 B3k 3 e LA ik A v i i 140 A 22
RN, bR AR A ARG R i 2200 52 2% RO AL 2 J5 15 EA 7 DU 5E . OPEs 16 H AR FREE p & AR,
it FH AR AR A% BUAE 5 12 43 S AR i A BRI 0] 88 o Ak 23] B A P 6, 38 K 1 o i R b ) R e iR
25 . ME L [P AR A WU 52 -8 e TR TROAR €l AR SDEB S VA JE R it i Ah #4553 A ok R 45 B 2 ok BB R K H 55
S M B VERS FE RN AR TR SR FHAE SR SPEAEAEL AL IR 5 (75 5 7 2 2% 3 I (A o o e 0
N LA BHURR AT 3l A2 A 5 2 e KRR B s /D 1 R R 22 HEREFS 13 min P RIVAT 58 5 14 R D04 1)
I A | A AR B 2 FEZe TG S FT S S2 A0 e 7 B9 2k SPE AR BIFEAFHC | iAo 1) ) .

AR Waters OA(Opens Architecture ) ZELHY Online SPE #30 H shiff 47 /KA AT AL B, BT T 40 M7
KA 14 Fh OPEs (BRE T 7k, B I8 FHPE TR MG R B o HRAE T s e e

1 SZEG P75 ( Experimental section)

L1 AR A

TEL [ AH 7 B8 78 A% U A €5 1% 1Y ( Waters Open Architecture ACQUITY QSM-BSM-2777C-FLR,
Waters A #], 3E[H) , O B2 ( Formic acid, FA) (8354} Fisher Scientific 23], ZE[H) | #E4li7K ( Milli-Q
ARG, MA 2w, R E), ZE WL (s, B2 nlR A RA R ) ENVI-18 [ AH A BUR:
(Supelclean 23y &, JE ) | BEFSAF AESE I ( EAE 47 mm, fL4E 0.45 wm, Waters 23 A, 2 [H ) |0.22 pum FREEK
(PES) 7K AHEF =083k (Waters A H], 32 [H) ,0.22 wm JE B ( Waters A ], 32 ) |, LabTech-MV5 £ iE F-
TTHe 4RI, 14 F OPEs ) H Toronto Research Chemicals Inc. A E] (&K , HE4I{E EILEE 1.
1.2 B2t

4= 3] Online SPE %% & Fc A3 AR 7E £ [& A0 A BURE ( XBridge €8,2.1 mmx30 mm,20 pm, Waters 2
A, ) 3B dH |, 1LAMAT PUITEE (quaternary solvent manager, QSM) F - Online SPE & #E4E 5 Fl T
% (binary solvent manager , BSM) T {41543 78 0—3.8 min, QSM FF i & 4 M B shIERE 25 1A FE
B ARAELL B AH AU | 58 JORE it B9 26 U SR AN L5 4.1 min I 75038 BT 4R DI 46 22 00 M D 8%
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BSM Kt & S e [ AR AR HORE AR IR S B AR My e i 2 A, G i AE T 06 XRE dh 2047 0 B A, [R]
QSM T X 73— HRAE LR B AR AL HOHE HEA 7 v e A0 AL

&1 OPEs fy¥ B~k i
Table 1 Physicochemical properties of OPEs

Hirfb &9 fai R AFi Vs i
Target compound Abbreviation CAS. No Molecular weight togK.., Solubility/ ( mg-L™")
iR = T g TMP 512-56-1 140.08 -0.65 -
R = LTk TEP 78-40-0 182.16 0.80 5.00x10°
WEiR = 1N R TPrP 513-08-06 224.23 1.87 827
WL = 15 T g TnBP 126-73-8 266.31 4.00 280
W2 = T Fe TiBP 126-71-6 266.31 3.60 3.72
Wi = (2-5 258 g TCEP 115-96-8 285.49 1.44 7.00x103
[ N T TPhP 115-86-6 326.28 4.59 1.9
IR — (1-5-2-N 3% iR TCPP 1374-84-5 327.57 2.59 1.60x10°
Wi IR R K CDPP 26444-49-5 340.31 - -
2-2H 0 FE T IR IR IR R EHDPP 1241-94-7 362.41 6.64 1.9
R — H KR TCrP 563-04-2 368.36 5.11 0.36
Wi =T A 21 TBEP 78-51-3 398.47 3.75 1.20x10°
BRI = (1,3-50-2-TN 3L fis TDCP 13674-87-8 430.90 3.65 1.5
WifR = (2-2 3 O %) TR TEHP 78-42-2 434.63 9.49 0.6

1.2.1  [EAHAE RO A

LG MIAE U R K RELR 5 0.45 pm B LT D8RR R, A — 7 1k (¥ PO BRI A AR MW ( TnBP-
d27 ;TCPP-d18 . TPrP-d21) (100 wg-L™").F 10 mL — G Pk Fist ENVI-18 & AHAE B, FAR Y 10 mL
) 2 R 217K 43 IS AL ENVI-18 B AH AR & S mL 7K FELL 5 mL - min™" A3 3R LA & 42 FE i
IR e s, 10 mL B AEKMRE ENVI-18 WA AEEH: , k2t B g th, ik 758 2T 8 mL &4
25% AW BE N (V/V) VR IR Ve 2B I AT IR AR AP R AR BIE T, H O ERE
1 mL, % 0.22 wm J& o/ 38 5 5.

Online SPE & 2. 7K #£ 0 A — & & 09 W #5 IR & #8 #E W ( TnBP-d27, TCPP-d18, TPrP-d21 )
(100 pg- L"), Zisd REEEAAH A UE Sl U8 J5 | B 42 [ Sl 7E 2k 181 AH 25 CH: B P QSM i sh Al A it
4K ,B h 0.1% FA LN (V/ V) Fshafbh R I 2.

T2 QSM FishIbEIE R
Table 2 QSM flow phase gradient

it

Seiice Tiriil/?nin Flow r'altj{ A/ % B/ % C/ % D/ % C]%Hrff‘
(mL-min™")
1 0.00 1.500 100.00 0.0 0.0 0.0 11
2 0.50 1.500 100.00 0.0 0.0 0.0 11
3 3.80 0.010 100.00 0.0 0.0 0.0 11
4 4.10 1.500 10.00 90.0 0.0 0.0 11
5 10.00 1.500 100.00 0.0 0.0 0.0 11
6 13.00 1.500 100.00 0.0 0.0 0.0 6

TE: * Curve: Waters WU 4387 J5 i iR RE B BE (7 e 2%, T 17 11 R B RE 2R, 2330 o ek 2Pk IMIZR (2R 45 4 R Horb 11
IR SL BIAE R —BEE I 22028 FRUAT L B9 07 SR L A9 3 6 0% I b — Ik 20 B0 — 2 2 ik 20 S 45 720 80 FSU A2 94 3 0 A LG 47

Note: * Curve: The conversion curve of the liquid phase gradient in the liquids analysis method, that is, the pre-programmed 11 gradient
curves, which are divided into four types: linear, stepped, concave, and convex. 11 indicates that the flow is immediately changed to a
corresponding flow ratio at a certain set time; and 6 indicates an average flow conversion to the corresponding flow ratio from the previous time to a

certain set time.

1.2.2 BSM {fif &1
T8 AR A% FE (ACQUITYUPLC® BEH C18,1.7 wm,2.1x50 mm, Waters, MA /A &), 55 [ ) , BSM
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WA A} 0.1% FA K (V/V) ,B R, Fah ARSI 3K 3.

R3 BSM AR
Table 3 BSM flow phase gradient

FE ik wek | em o u ik ek
) . Flow rate/ A/ % B/ % . . Flow rate/ A/ % B/ %
Sequence  Time/min . Curve * || Sequence  Time/min . Curve *
(mL+min™") (mLemin™")
1 0.00 0.450 98.0 2.0 11 6 8.60 0.450 70.0 30.0 6
2 3.80 0.010 98.0 2.0 11 7 9.10 0.450 10.0 90.0 6
3 4.10 0.450 98.0 2.0 6 8 10.10 0.450 10.0 90.0 6
4 4.60 0.450 98.0 2.0 6 9 10.30 0.450 98.0 2.0 6
5 7.10 0.450 86.0 14.0 7 10 13.00 0.450 98.0 2.0 6

# Curve: Ji]_F-. * Curve; Same as above.

1.2.3 i Aa il S50

BCihil 500 pg- L™ AARIE S TR & T HERE 0 R RS A shirliE o A sh DA efL i R, il 12 B 45 T
WEBHUT , Fah iR B a] 52 sUR LAt 2.8 Online SPE AHHERE | {EASTIIEREIARTE 1000 WL, i
FEUREE 40 °C, BAE RN 2.15 kV. R FLIR B R 400 °C B FIRIR AN 150 CoRHIE R 12 i
W (MRM) A5 S 35 1L Al R RVE N R R s (b AR 3R 4 Higa ih T2 UPLC-MS/MS £
0 AHFH Online SPE AZXAHHRIE Ny 5 ng- L' (1 14 FAREIA HUBBRER A B T @3 ke 1 B,

&4 ALER HIREEY) UPLC-MS/MS 284
Table 4 Optimized UPLC-MS/MS parameters for the target compounds

oy BT ﬁ?ﬁﬁﬂflﬁl TH ' HifLHL R EJHE'E\'?,J? Xiﬁiﬁ*]ﬁdtﬁ%
Compound Parent fon(m/z) f.{etentlt')n Product ion Cone Collision Corresponding internal
time/ min (m/z) voltage/V voltage/V standard compounds

TMP 140.6 5.12 108.9 30 18 TPrP_d21
78.9 30 22

TEP 183.1 5.39 98.9 30 16 TPrP_d21
127.0 30 10

TPrP 225.2 6.13 98.9 26 18 TPrP_d21
141.0 26 8

TnBP 267.2 7.18 98.9 21 14 TnBP_d27
155.1 21 10

TiBP 266:9 7.21 98.9 26 12 TnBP_d27
155.2 26 6

TCEP 287:1 5.71 98.9 4 22 TCPP_d18

TPhP 327.1 7.19 152.1 39 39 TnBP_d27
77.0 39 36

TCPP 329.0 6.28 99.0 20 20 TCPP_d18

CDPP 341.2 7.70 152.1 35 33 TnBP_d27

EHDPP 363.2 4.76 77.0 31 39 TnBP_d27
251.0 30 6

TCrP 368.9 9.02 165.4 98 32 TnBP_d27
91.0 98 32

TBEP 399.2 7.82 199.1 3 14 TnBP_d27
299.2 3 12

TDCP 429.4 6.91 99.1 24 26 TCPP_d18

TEHP 435.3 11.85 98.9 32 20 TnBP_d27
113.1 32 12
TPrP_d21 246.08 7.00 101.9 36 18
150.0 36 10
TnBP_d27 294.19 8.15 101.9 36 18
166.1 36 12
TCPP_d18 346.90 7.25 101.9 38 20

183.0 38 10
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2 4.0X10%f L 20%10°} 8.55
s = TEHP, 435.438>98.958
o -
g 8
= 5
& z
~
0 L N h ) 0 . " . .
8 10 12 2 4 6 8 10 12
t/min t/min
.
g 60%10 » 1OXI104f 6.91
i 9.02 E
2 TCrP, 368.881>90.993 > TDCP, 429.363>99.056
5 2
:
& 3]
~
0 \....-4\/\ AN 0k
2 4
t/min t/min
4.76 .
o 250X 10 7.82
2 40X10°F = TBEP, 399.274>299.195
El EHDPP, 363.21>251.118 -
"
Q =
z I~
~
oL 0 bary — A f 1
] 2 4 6 8 10 12
t/min t/min
5.71 _
2 1.0X10*f o 1.2X10° 6.28
s TCEP, 287.138>62.945 =
9 - TCPP, 329.103>98.959
5 z
7 2
0 - L L - . "
2 4 .8 10 12 2 4 6 ) 10 12
t/min t/min
sk 7.21 L sox10°} 7.19
Q . =
<—§ TiBP, 266.89>154.96 I TPhP, 327.11>152.107
g &
0 L L . ) n n ) 0 . . e . R, S
0 2 4 6 i 8 10 12 14 2 4 6 8 10 12
min t/min
g 40x10°T 7.70 »3:0X10°T 718
2 =
- g TnBP, 267.21>98.961
3 CDPP, 241.152>152.138 2
o =1
z s
~ & ﬂ\
0 t PN, Y O W e b Aa 0 N N N N L N
2 4 6 8 10 12 2 4 6 8 10 12
539 t/min 512 t/min
o 40X105F ] 22.0X104F )
3 TEP, 183.103>127.039 I TMP, 140.664>108.943
- 3
3 =
= (=}
o [=%
7 7]
&’ ~
0 . s - . N 0Lt
2 4 6 8 10 12
t/min t/min

1 AESFMIEIUNGR 5 ng- L™ MRM B R 14 Flf HLBSRRRER (% 4
Fig.1 Extracted ion chromatograms of the multiple reaction monitoring (MRM) chromatograms

of the OPEs with Online SPE (5 ng-L™" each in water)

2 R 51718 (Results and discussion)

2.1 PRy 2 R
AR 1.2.1 158 )5 PR BEATRE S AT AL R AL S8 SPE T HT 500 mL ¥ B 2 ng - L™ 40 /K THC il ) 4 1B TR
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FKERE G HTAE S SRR 5 L, R 0.1.0.2.0.5, 1, 2, 5. 10 g L™ AAR M W 22 i b v i 28
Online SPE fifi FIARAERIE N 1 ng- L7, R4 1000 wl, 2% 0.1.0.2, 0.5.1.2, 5,10 ng- L™ ¥ )F
2 TARIMNZE. e 5 B LS SPE J5 A0 B, [0TSR 30.6%—108.2% ; fifi ] Online SPE J5 1%,
ISR 62.4%—98.7%. i ] Online SPE J7 ¥ 76 [0l Wi 2R Jy Tl 5 1% 5 [ A0 26 Uy 125 06 B 8 0w 25, (1
Online SPE J7 kit it /b BRAEMRT #  AA DLRI il T i 4 O A

RS PRI BT A R

Table 5 Comparison of recovery rates between two pretreatment methods

e e [z R Recovery rate/% i e [EIYCR Recovery rate/%
Sequence Compound (L0 T Sequence Compound e L
Traditional Online Traditional Online

1 TMP 30.6 62.4 8 TBEP 102.8 98.7

2 TEP 96.3 92.8 9 TCrP 51.4 69.9

3 TCEP 108.2 93.2 10 TPrP 69.4 88.7

4 TCPP 59.8 87.2 11 TPhP 73.0 95.3

5 TDCP 93.1 94.0 12 CDPP 69.2 85.9

6 TnBP 86.9 85.4 13 EHDPP 51.2 91.6

7 TiBP 87.4 85.0 14 TEHP 50.1 90.4

2.2 Online SPE YA 7 585

h TR ECR BN, BFFET HE T 3 FOR R AL G BIE A QSM A HILAH i 4G I 4%
BRI FE MR X6 EE AT 16 R 0.19% FA 2 BRI 25 5 v] 01, FE S SN 0. 1% 11 FA J5 , 17 5 i 1o 568 & A1
W T FRAT I B8 0 5 XFEE 0.1%FA ZEF 0.5% FA 26 BRI 455 T 0, W35 e A5 5 i 0 5 B b A 22K
KAHZE 0.5%FA CNESHMBEL R, WA SCHRER 04%FA ZIETER QSM A HLAH.
2.3 RSB R

DL 0g 3 A5 M FL s 2 SR A6 HE BR (LOD ), 10 A5 15 % H B R 3 5 1 PR (LOQ) , B T £ ¥k 5
TR 0.1—20 pg- L7 2R Lottt OC B0 K B KRS % B 1 WL 3% 6.14 i R IR 25 9 i 1) 2 1
RAFRLRPESE 2R LR PER 5 R AL R?>0.98 . 1.0D 4 0.1—2.7 ng-L™" ,LOQ 9 0.4—10.8 ng-L™".

R 6 _A4Ft OPEs MLtk Ty LMk AHOC R 0 A th BR B PR

Table 6 Linear équations, linear correlation coefficients, detection limits, and quantitative limit of 14 OPEs

sty Ry e ot BR FE R
Compound Linear équations LOD/ (ng-L™") LOQ/(ng-L™")
TMP Y=11373x + 498.42 0.9946 0.12 0.48
TEP Y=46794x — 5907.3 0.9983 0.4 1.6
TCEP Y=460.99x + 33.945 0.9963 1.6 6.4
TCPP Y=9769.4x + 5264.8 0.9992 2.3 9.2
TDCP Y=156.12x + 35.706 0.9893 2.7 10.8
TnBP Y=73368x— 13345 0.9972 0.7 2.8
TiBP Y=29379x — 2875.7 0.9983 0.7 2.8
TBEP Y=3836.6x — 1040.3 0.9946 0.3 1.2
TCiP Y=2576.7x - 479.18 0.9967 0.1 0.4
TPrP Y=42470x - 1491.4 0.9993 0.4 1.6
TPhP Y=8193.8x + 616.55 0.9964 0.1 0.4
CDPP Y=828.75x + 166.23 0.9954 0.1 0.4
EHDPP Y=5466.7x - 515.7 0.9994 0.3 1.2
TEHP Y= 146173x + 1131.8 0.9999 0.5 2.0

TE: ARUEMZAHIEARPR (X) FORPRHEER AL  PAARAR (V) Fe7 A3 A% i 107 fE.
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2.4 JrikEeER

FIHPLALIE A Online SPE J77 32 kil 78 52 B /K A4 il 2 fg ) [l A0, 43 Sl e B S 36 1 ok K (b v B
D) AL 5T Y AT K PR i 2R 47 ARG O K AR 28 0o SR Bk K A B 58 Sk a8 S, 40 0 i — 2 i VR B
100 ng- L™ WFRIEESIBUEIAE . th 22 7 v, FRAK ARSI 14 FRBEFRERAY RSD 7 1.2%—8.2% Z 8], infx[ul

CRAE64.8%—112% 2 6] ; i 7K FP A ZE 5 RSD 7E 1.9%—9.3% , AR IEICETE 69.9%—113% 2 [H).
=7 WiFUKEED OPEs (IR IEIEZR (n=5)

Table 7 Recovery rate of OPEs in different water matrices (n=5)

FI3K7K Tap water WK Qinghe water
&y Pk A i ] g A2 ik ) KD {E e
Compound Added/ Detected/ Recovery RSD/ % Added/ Detected/ Recovery RSD/ %

(ng-L7") (ng-L7") rate /% (ng-L7") (ng-L7") rate /%
T™MP 5 4.94 98.8 5.0 5 5.6 112 4.4
TEP 5 4.95 99.0 1.8 5 5.25 105 2.5
TCEP 5 5.2 104 4.9 5 4.71 95.4 3.7
TCPP 5 4.95 99.9 1.2 5 4.82 96.2 2.0
TDCP 5 3.24 64.8 3.7 5 3.49 69.9 2.9
TnBP 5 5.05 101 2.5 5 4.95 99.9 1.9
TiBP 5 5.0 100 1.9 5 5.0 100 2.2
TBEP 5 5.45 109 3.1 5 5.65 113 3.6
TCrP 5 3.98 79.6 8.2 5 4.12 82.4 9.3
TPrP 5 4.84 96.9 2.1 5 5.1 102 2.6
TPhP 5 4.98 99.7 2.5 5 4.96 99.3 3.7
CDPP 5 4.02 80.4 32 5 4.05 80.9 3.3
EHDPP 5 5.15 103 4.5 5 3.77 75.4 8.9
TEHP 5 5.6 112 6.1 5 5.5 110 6.8

2.5 SEBRAEAL I E

KA T VAN T S5 % kK R AL ST 3 bk AL P 14 B OPEs 5L 45k ¥ i BE
5 TW (QHI ,QH2 QA3 FEEhR A5, A ARIFF 0.22 pm JE M5 385 % Online SPE K5

PEEERTIN 2 B IR A IE 3 U AL T IIEE i I AG T OPEs , % RAEE AT OPEs (935 HEAFAE UL 8.

R 8 SBFEES T OPEs (58 B (ng- L")

Table 8 Residue of OPEs in actual samples (ng-L™")

[~
HE

%

kA4 Compound ™ QHI1 QH2 QH3
TMP 15 232.4 450.9 326.2
TEP 30 53.5 50.9 67.7
TCEP ND 30.7 65.4 45.6
TCPP ND 52.3 89.3 76.7
TDCP ND 43.9 37.0 30.2
TnBP ND 12.4 223 11.7
TiBP ND 12.2 229 12.0
TBEP 1.8 16.0 49.8 11.7
TCrP ND 3.2 0.9 1.1
TPrP ND 0.3 0.1 3.1
TPhP ND 1.1 47.5 2.6
CDPP 1.0 2.5 0.7 3.6
EHDPP ND 0.4 1.8 1.9
TEHP ND 1.2 2.8 1.4

ND: A4 H.ND: not detected.
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M 8 AT, A K AN H Z2F OPEs , i1X 5 Stackelberg 25 RIE LE TR H /K ) ™ H 7K HroAG ) H 22 Fif
OPEs MIRFFEAIVIE , ULHH A KK AFAE OPEs (1) %% 52 XU . [7] B /5 7o) s 2 K Fh A0 HH 14 B OPEs, 46 H 3R
4 100%.0PEs X 45 FLAARAEAE AR 63 | H IS XU AR R0 AN 25 Z 40

3 %4518 ( Conclusion)

AW IR FH B A - 2% TR 2 I S v Ak T s, 465 6 8 R0 I VB 0 35 - 3 0 Jo 3 125 000 S s e /K
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1.2%—9.3% Z.[0]. 55 B A b, B2 AR 7 2 1 AH 26 B 8815 A i J i 4 v 17 40 BT %) o J3E R 2R
TR 2T IR AR i D SRR TR, A LR i/ ] 08 8 T R R P G TS 32 G
DA 36 T b 7K B A 2Rk OPEs APl 7 .
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