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Pollutlon Characterlstlcs and ’RISI( Assessment of Typfcal Organophosphatef
Esters in Beglng Mun1c1pal Wastewater Treatmeﬁt Plant and the Recelvmg
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ZHAI’\IG'Zhen—ﬁei]’2 , LU Jia-pei’, PEI Ying-yi-ngz,-rWANG Chun-ying' , GUO Chang—shéng” , XU Jian®

(1. Collegé”of Résour.ces and Environmental Engineering'; Ji%[rfgxi University of Science and Technology, Ganzhou 341000, China;
2. State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing
100012, China)

Abstract: Organophosphate esters (OPEs) are ubiquitous in the environment and pose a potential threat to ecosystems and human
health. A method for the determination of eight OPEs by ultra-performance liquid chromatography-tandem mass spectrometer ( UPLC-
MS/MS) was established. The recovery rates of eight target compounds with different solid-phase extraction columns, different eluents,
and different eluent volumes were compared. The results showed that using ENVI-18 column enrichment, OPEs were eluted with 8 mL
acetonitrile containing 25% (volume fraction) dichloromethane, and the labeled recovery rate of the target compound was 92. 5% -
102.2% . The recoveries of different matrix samples were 88.5%-116. 1% and relative standard deviation was 1.7% -9.9% . The
concentration range of 8 different detectable organophosphate esters in the effluent of sewage treatment plant is 85.9-235.4 ng-L ™"
during the six-day sampling process, permissive river downstream of the six-day Z OPEs average total concentration was 130.3
ng-L™", higher than the 119. 4 ng-L~" upstream water concentration, but lower than the sewage treatment plant effluent concentration

of total 162. 5 ng-L~". The study shows that the sewage treatment plant cannot completely remove OPEs ; for triethyl phosphate ( TEP)
and 3 (2-ethyl hexyl) phosphate ester (TEHP) there exists a negative removal phenomenon, whereas for other OPEs the removal rate
was between 14. 1% and 84. 9%, and the total z OPEs removal rate by the sewage plant was 50. 0% . The TPhP in the effluent of the
sewage treatment plant has medium environmental risk (RQ >0. 1), and other organophosphates have low environmental risk (RQ <

0. 1) ; however, the long-term mixing effects of organophosphate esters on the ecosystem of the receiving river should not be ignored.

Key words : organophosphate esters (OPEs) ; solid phase extraction; sewage treatment; environmental risk ; receiving water
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(TBEP) { B Nk (TPP) . B = (T4 zﬁﬁ
55) iR (TCRP) Fff iR — (2- 2 FE T3 ) 5 (TEHP) 3
&) 1 Dr. Ehremstorfer 23 &) (2 ) . B2 = 1F T Fs-
d27 (TnBP-d27) . TCPP-d18 . #ifk =5+ T I ( TiBP)
g H Toronto Research Chemicals Inc. 2 ] ( Jl &
K). TPrP-d21 Wy H Chiron AS 2N &) (B)EL) . o 5% 4l
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#£:(6 mL, 500 mg, Supelclean) . C18 £ (6 mL, 500
mg , Supelclean ) 14 H 32 [E Waters 23 A,
1.2 LRIk
1.2.1 UPLC-MS/MS & &4

i 2% 1k WA 3% A ACQUITY UPLC®
BEH C18 (1.7 wm, 50 x 2.1 mm, Waters, MA | 3&
) AR 40°C , ERE R 5w, AR K/ 20
(A: KHEF 0.1% iR, B: ), ik 0.4
mLemin "', BREEVENLFE T 4.0 ~ 1 min 10% B, 1.1
min 30% B, 6 ~7 min 95% B, 7 min 95% B, 7.2
min 10% B
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Table 1  Analyte ions and MS parameters
oppe | REBE BT AT SRS ER
/min (m/z) (m/z) /V /V
TEP .93 1s2.84 B9 25 18
126.9 25 12
TPP 2.95 2484 089 25 20
141.0 25 10
TCEP 241 28692 089 42 2
124.9 4 14
TiBP 407 26689 O° 26 : }5
155.0 26 <3
TPhP 318 32684 089 [ £ (2
1749 | 42 L1247
- Fd ! F, ... "ll ~ -
TCPP 2.95 /1 38.08 2470 Iy
B 288.0 | 2, ;,»f {7,
TBEP 444 ['300.03 1920 2/ 19
J a 299.1° 24 e
TEHE /| 4.09 | 435.03 ”5'0* |36 '
| ¥ ,- 3211 5% A k-
TP d21 4 2.90 =+ 246,08 1010 36 18
: 150. 0 36 10
TuBP_27  4.05  294.19 119 36 18
166. 1 36 12
TCPP_d18  3.18  346.90 019 38 20
183.0 38 10

1) = FRERET

1.2.2  [EFHAEHL
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FEHE K FEZE3 0. 45 pum BICRES 21 2 U8 13 vk
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IREFREAI (100 wg-L~") , % 3 Ff SPE A1 1% 1LF
fir; LA 1 mLemin ™" B3R b AR B A ARSI 352
J& , 10 mL B&KIREE SPE # | 4kZr B asfli#t 1 h
DABR AU th 2 45K 4. B AR W i 38 2 A LR
FIVEMG SRV AE A R R I T, IR T
FIMHEHIEAEZE 1 mL, it 0. 22 pm B JE R, JF
LC-MS/MS 43#fr.
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ZRTIF I AE T FERE 200 SR 3 il [ A 2 B
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FErr 8 Flt OPEs (9 ISR, [RIRFBFSE T 206 . I — &
HBERT G | UK I H EE A 2R £ R 4 e
TR 58 TR R0 56 7 AR ) A %o AR BRI 1k
IKBERT AL HE A
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FERCR B AG T RE KA B %) g A0
245357 J7 A BB R 95 J7 m® -d ' F 2018 4F 12
HREVG K 45 Ab B IT (R HEK . RS DTRD
wIHh | PRAE | AF A . DT LR oK) K
SZ YRR A A AR B AR S K T B 500 m
T 300 m, AR 11000 HURE, ELEHURE 6 d. &
ASRFERBUKFE 1 L, B ARG T, 2062 1]
SIS EIAE 24 h ALBRSEEE.

3 200 mlL 25 4k BELAATEK R T 500 L
FKRER 26 0:45 pm DEIR 2T 4k 38 3L 3 A 50
WL W 2 100 L O IR 4 9 65 ( PhBP-d27
TCPP-d18 | TRrP-d21 )} 485 448 1. 2.2 571 (b
A ATAL BT SPEIR AL A LG <« < F

2 BREFW

2.1 AR AR IR PR 0y €
211 ARG T ' f

3 FRSHRAS AR REY R L 2 2. A 92

S SR] HLB AEXF 8 A H R LS WA R 51. 4%

~98.6% . B PR MR ST & B, 1E K FERR AL S i
HLB HEXF OPEs [FIC# & TR R 1h AR, B it 4% 14
T HLB H:X§ TCEP F1 TPhP #£ B % ik ] 95% LA
b fHXT TBEP A BICRAAR ( <50% ) . A5 56 1F
T C18 Xf KR Z ML & W2 BUSCRAE 60% L) I, 5
ENVI-18 HEAE B R A L, C18 X OPEs AR
AT ENVI-18 #:. ENVI-18 A% 8 il H bR OPEs ¥
HEE R FEBUE( >90% ) , 8T C18 Fl HLB 4
FIREBURCR, 20 48T 4 B SPE /NAE X
OPEs 1925 FT5 4y, 45 % W] HLB #1 C18 A1+ TBEP
25 195 YL B 8 5 T ENVI-I8 A A 52 56 ik %
ENVI-18(6 mL, 500 mg) #4514 T 34 THE A k.
%2 [ SPE 3t OPEs HIZFE B R

Table 2 Extraction efficiency of various SPE columns for OPEs

PO HE +SD(n=3)/%

I\

fes HLB ENVI-18 c18

TEP 70.4 7.9 95.1 4.3 84.5 3.6
TPtP 72.8 £6.3 95.9£2.5 89.6+8.6
TCEP 96.4 +4.8 102.2 6.3 104.7 +12.5
TiBP 72.3£7.6 89.7 6.0 91.2 £10.2
TEHP 73.3+4.3 101.7 £2.6 59.3+0.6
TPhP 98.7+1.9 92.9+5.2 82.1+1.3
TCPP 74.2 8.5 92.5+8.2 84.7 0.9
TBEP 51.5+8.3 98.9 +4.4 63.8 6.9




3

SRAR AR LU IG K AR BR T R 32 4K A v MR HLBA RIS 1475 AR AU STA

1371

2.1.2 PEBORMILE

AWFE IR T ai 0 25% —FA W BEr) 20 .
5% ZOK W) H BN R TR X 4 e LW X OPEs
MIGEIREE 7. INIE 1 AT LU th 42 BRI 1Y
OPEs ¥ Il B8 71 22, & /K B W 2 5 % 5 & 19
TPhP A %85 (1) P& I 6E 77, [ X} 53 18 K Y g i 1Y)
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OPEs A1 547 i BE 1, (H XA A4 55 1 TEHP Al
TBEP WISCRARXTHAK. 7 L ME HmA 25% — A H
LeJa , SRS ) OPEs YE RE A R KAV IR &,
Xt TPrP . TEHP , TBEP F1 TCPP 51k & ¥y i K 42
1 20% Jo . ARSEREFE 25% A i LG Ak
J V.

T 38/%

l"|BP TEHP PhP 'I‘(,PP TBEP
) e
"'. -y Tﬂaéirﬁtﬂfﬁﬁ*ﬂj‘ OPEsE’JIEILISZ$ A

F.lg d‘" Reaovery rates of various elution ﬂuldb for OPEsg==~

TEP  TPrP TCEP

2.1.30 ﬁfﬂﬁ{mﬂiiﬁ Lt

A 5T 25 EE R RAR T UE BT OPEs 119 96 i
AEJT, I R E 2 R, KB4 mL 1Y 25% — &
H e 1) 2 i XA A 4 TCEP i TCPP %54k 4 4 ] 58
4V B E X% TBEP | TEP #l TiBP 4L &Y% 6
mL DL I 25% @ e O NG A RE 2 2 Ve 5 8
mL 425 % — & W e 5 2 I B 16 I g 1 A 6 mL

FE B AR 3t A5 £ T, S PR B bR I 58 4 e
Tk, A S éﬁ‘%ﬁﬁ 8 mL 1Y 25% AW Eii 2,

AR e R A T R

100

75

50

4%

TEHP TPhP TCPP TBEP
&t

TEP TPrP TCEP TiBP

B2 FREGRK25%= ﬁEﬁFMZF,%BEﬂﬁEﬁ@W%
Fig. 2 “Recovery of acetonitrile eluent with 25.%"-

dlchlommethane in different volumes' _,-"'

2.2 JrkdikaEcR s a‘:nﬁzﬁrﬁ/
CUA 5 MRS SPE 10 B o R £ opﬁ
fy 2 Fl/e%,?lﬁ@?ﬁ%ﬁﬁ'g L. 25% —SITEI 2
% ENVIZIS R 7 Rtk O, i e 9 P AR e A
AT ﬁwmd SR ENVI 8RR T
OPEs %5 17 ﬁéi’«J/J\?l pe L Hﬁiﬁﬂéﬁ?

| \ENVI-I8 HEXS AT K SR BEE OPEs & 4 19 i 11
R T3R8, AR Sz x Aok | 1 SRk S K

X 3 FPAS ] K BT #E AT A [l 503 S . 4% 7K R R
500 mL KAE, ATHE 3 1, 25 H 3 10, 1 1.2.2
7R RE S AT AL B kA R S 2E ANk 3 TR,

8 Pk A WA A A4k, Jr ik R (f5 Mt Lk
LOD,S/N=3)1£0.1~0.7 ng-L™'Z A, k&
FR(S/N=10)7E0.3 ~2.5 ng-L~ " ZJa]. il #2515
EURE G it 00 A A I, AN 2 Xt 0 5 1 A
JE 7= A W E R

#3 ENVII8 HZ=AMAENENERE, HXRH(R), RHREMIRESRD

Table 3 ENVI-18 column blank and linear range, correlation coefficient (R?) , detection limit, and recovery rate of the method

ey E?I*H%EM%;E éi%fi?@l%ll *Haézﬁ‘%ﬁt : HIR IR £SD(n=3)/% _ _ FRAER I /ng-L~!
/gL /gL (R*) 4k ER T 57K KRR LOD R 1L0Q
TEP 0.5 0.1 ~200 0.9999 95.1 £4.3 107.9+3.6  112.7%9.9 0.3 1.0
TPrP 0.4 0.1 ~200 0.9970 95.9 2.5 98.4 1.7 95.3+£3.9 0.1 0.3
TCEP 0.3 0.2 ~200 0.993 4 102.2 6.3 9.5+7.1  116.1+5.5 0.7 2.5
TiBP 0.8 0.1 ~200 0.997 8 89.7 6.0 91.3£3.4 94.9 2.4 0.3 0.9
TEHP 0.7 0.5 ~200 0.999 1 101.7 2.6 105.4 3.9 98.5 5.2 0.2 0.5
TPhP 0.5 0.1~200 0.9913 92.9 5.2 91.9+£2.6 88.5+4.3 0.2 0.7
TCPP 0.6 0.1 ~200 0.997 2 92.5 8.2 95.8£8.5  107.2 +4.3 0.5 1.5
TBEP 0.6 0.1~200 0.999 7 98.9 +4.4 97.5+3.7 93.5 6.1 0.1 0.4

1) R HBR.S/N=3; FkERR:S/N=10
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539K 50. 8% F1 48. 4%, FEJ5 11 3 > T 2B A1 7K
B o5 FE B BT [ AE 4. 3% ~ 13, 5% Z [8), ¥t A% 75
KAL) T2 88 TBEP 43 802 Bk, 1 TEP B9 i
A TBEP W1 52, 26 2E 7K | B UTRD th A4 UL 3t
mi LUTE 4. 4% ~ 6. 3% Z (8] AH SRS A | 4400
U0 A K & L A B R (27.6% ~
39.9% ). TPhP ft/\lafiiﬁﬁfuﬁﬁﬁktwﬁ
FasE, W BEAE 32.9 ~ 42.8 ng-L™' Z |H], ML K
17.9% ~27. 6% . TiBP T%Ia&{ﬂ%ﬁﬁhﬂj Wz
XA 3.1 +7. 4 ng-L™". TPcl! Fl TEHP £
5750 22. 29077, 7% . 8 T OPEs ﬁﬁv }E’F
lﬁttwk xéwq:mmm? ?wmﬁﬁ-ﬁu#mﬁ;
119. 4 113003 nd-L ", Hr TEHP ﬁkb%m 53‘%‘”
jy67 8%, 15,0%F1 76.2% Tm’?ﬂﬂ%zﬂu@z R T

R KRB (HRAR T 5 KA BT H KR 2
WS UURD AN T H 7K 1 OPEs v B 43331
4 234.2 ng-L 7' H1175. 4 ng- L' Horh BRSO M
o OPEs Gl ¥k B2 A4 i T 75 UK T ik /K ik B 28.3
ng-L™' M 75 K )ik K TEP A9 ¥R 4.4
ng-L~", TEP 7 B < U0 b o v B 1% i 2 9.0
ng- L' BUHARESE 0] %0, TEP J& T S K R o
LAY 1g K, 0. 8, FEBE B, T H i K 1
S R 5 58] 7K A v SBORE 35 1D Y TEP 38 3 77 B TR
VR F 3 E A KA. Bl AGH H 7K i OPEs Bk B
7 128.6 ng-L~", H:fp TEP, TPhP Fi1 TBEP 43 %1
. 39. 9%, 27.9% 1 8. 8%, AH H B = s F1 49 1T 3t
TEP W& BEHG N LA i 2, X AT e S 7R T 220 %
A AL G 00 SRR AR RS RN A S0 Al ) i1 7] 5 22
WA O FE A B 15 /K Ak Tt S B0 e el 1R T
ik i HH B W R B 0, 3 Liﬁﬁi%ﬁhﬁﬁatlﬂﬁﬁ
A et ok T 2 A i 2R R A e E%)%%L{{EI
2% TBEP /kiiﬁﬂﬂ*ﬁlﬁfrjt S e ’ﬁ m(ﬂzt[j
7J<EP¢'/1‘21#%%'J7§=135 7 ng-L ™" F1130." _ngj’
TEP 43 51, 5 ke do 0% FJ 39.7%, TCEP é}ﬂg,ﬁ 54
17.9% 1#7 g TEHp 4991 5 1 10, 5% 1 3. 9%
TBEP éj\jaUHj ke 44 3% 1 13. 5%, P‘ﬁ/\I afxqf
OPEs ¥ i JoW] s K R TEHP ;.%
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Fig. 3 Concentration and composition for OPEs in each treatment unit of the sewage treatment plant
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WXt TiBP, TEHP, TBEP F1 TPhP #2534 51 4
50.2%. 78.2%. 86.7% M 12. 3% . WYL FIHk A b
XTZH0 OPEs K BRACREF, B A T 2 BORB A &L
EBRIEIET5 YLy, 38 3k 15 1 T U W B AR B B R i
TU%&ﬂtiﬁﬁ OPEs. Ak, A58 & Bl TEP 7E g
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HIAYG KA BRT AL HE T 2% OPEs 25 BR&CR— k.
AN 7 A5 KA B 35 7K R H K e kg FE R 44
FBRACR I, 1V 7% 18K I3 45 B I 8] (HRT) | V5 7K Ak
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3.3 OPEs Ffifis[a] i 254k

X5 KA R HE K FHES B R iERK A T —
Ji 6 d IR, X5 K o OPEs BEFlb & 9078 & PO )
AT T, WE 6 A 7 .

ME 6 v LIS, 5 K A BT HE K HroR: A
PLBEIR IR 1 TBEP Y& i fe iy , 2 8h i IR, — RN
HHETE 62.5 ~203.5 ng-L~" Z[H]. TEP ¥ & 15
0.5 ~32.2 ng-L~" Z [A], ¥ & 3 sh v [l /. & B
TCEP F1 TPhP 7E— J& P3 i 5 sl #a 3 — 2k, Wk B 1
S NHE9. 4 ~37.1 ng-L ™' f133.4 ~62.5 ng-L™". H
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Fig. 5 Total removal rates for each OPEs in the

sewage treatment plant
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Fig. 6 Weekly concentiation changes of OPEs

in influent of the wastewater treatment plant
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FEA A AN ] 0 A 5 7K A BR R 7K R H: 2 40 3T
KM HLBE IR TR (175 YR A B AR TR
3.4 WERIEAL

KRB (risk quotient, RQ) K PEAf A HLIERR
s AT fE XS, RQ =1.00 75 KUK, 0. 10 < RQ <
1.00 A4 XU ,0. 01 <RQ <0. 10 AR XU .

RQ = MEC/PNEC
PNEC = L(E)C,, /AF

Aorfr, MEC 9 5 76 3R 5% v T & K B, mg- L7
PNEC J 9 5 (4 T DGR e B, mg 1" 5 L(E) Cy,
K51 509% 19 A AR 0 1 S bl g A8 Ak 1) 32 3K )
el 5 SR (2,19, 30 ) BAH & B SR 15,
AF S PEH PR FH IR B K HE 2248 4 1 1
F#{H1 000.

F 4B T 6 FiAT LIS IR e 4 A R K AR A4

mg-L_l;
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Fig. 7 Weekly concentration changes of OPEs in upstream and downstream surface water
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Table 4  Risk quotient of OPEs in effluent of the wastewater treatment plant
L(E)C PNEC K v o~ J
'ﬂﬁ’%% KA (E) _s(l) 3 EJWILEI kﬂij((’{@x 3 R?_;‘J s
/mg-L /mg-L /ng-L = J
Pk 900" 900 322 3/57K-05"
% P 'E —05=
TEP K 35057 350 322 9....._1.9E‘. =055
02 2140 2140 4 3212 I 50E=05 |
WK ‘ 34 7.5 2 198 04 &
TiBP . K 11 P L 7. % | 6. 7SE 04,
= HES 20 S .}7. L 3.73E-04 I .
FA ] [ s it i
. - WK J 9.5 / | 203.5 70,071 o
= | foo ¥
| TBEP : K& 75 4 i 203.5 2.77E.-03% |
3 (RS 2 | & 203.5 0.017
TEHP " K3 0. 744 36.9 0. 050
’ 4 4
! Fd WAk 51 37.1 7.36F. — 04
' ITCEP k& 330 37.1 1. 12E - 04
02 90 37.1 4.12E-04
L ES 0.5 0.5 62.5 0.13
TPhP AR 0.18 0.18 62.5 0.35
a2 0.32 0.32 62.5 0.19

s

(B2 KT B 2 FE RO (LG, 58 ECy, ) . i
THZEE R 2 A A AL R B 4 A
) 7K A A 1 G XU . T3 7K ) HE K R TPhP X6 7K A
A AR TP A AU, X S | R A A 2 ) IR
43514 0. 13, 0. 35 F1 0. 19. TBEP X 4 24 Hl 11 2%
6 XU AR 241 K T 0. 01, 5 B L 47 75 — 2 B9 KUK
TEP . TiBP #1 TCEP % RQ ¥JI/NF 0. 01, F2 B %52
GNRT B K A AR AN 2 7 A . B SR AT 5T 4 R
7R OPEs X7k Az A= 9 9 KUBS: AS 855, {HJ2: A5 AL R
Pkt ) SO0 3 2 22 P LA 1, B — W o 19 A 2 KU O
REEVEIASE PR BL , & T OPEs 78 7K A A= MR P 1)
AW E O A FTHRGE, R K AR 2 R G K
TWELE RTINS 2 A

4 #ig

(1) AR T SPE-UPLC-MS/MS # AR, #t 57

T IR K 82 R 8 Bl OPEs 43 J i, ENVI-18
FEXT BAR LA YA B e g, HRAE T 4 RS TRl
FIFIVEIRIR , 1 & 25% — W ke 20 (4
BO) TSR B fd:, 8 A OPEs (1 [RISCR ] L ik
#] 89.7% ~ 101.7%. F ikt RN 0.1 ~0.7
ng-L™" HERERN0.3 ~2.5 ng-L~". Rk
v ) AR AR B i T B

(2) K b st T 5 K AR F T & T2 B Y
OPEs, & TCPP %I, 7 # OPEs 4 ¥ i, Herp TEP
TCEP . TiBP, TBEP, TPhP # Hi &l 100%, ¥k J¥ 7
0.8 ~121.8 ng-L~" Z[a]. TPrP Fl TEHP 5 H} 24351
H22.2% F1 77 7% . — Fi {5 K Ab BT kK
TEP ¥ B e , U s BBl K, Wk BE Y BRI A 62,5 ~
203.5 ng-L ™' Z ).

(3) A5 /KA ANBESE 42 2Bk OPEs, & OPEs
FBERALHN 50% . X TEP A1 TEHP £7-7E 1 B
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