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Abstract ;“‘We explol’ed the pollution cha‘racteristicsl spatial and temporal distribution, ecological rigk, and human health risk of
organophosphate @ters (OPEs) in the source water of'"the-Né-rlljjng'" ‘section of the Yangize River. Thirteen OPEs were determined by
solid bhase"éxtraétion-high performance liquid (:hromatograph'}'/:-tandem mass spectrometry. The results showed that twelve OPEs were
detectedstd different extents with total concentrations ranging from 85.21 to 1557.96 ng-L ™' [ excluding tris (2, 3-dibromopropyl )
phosphate]. Chloroalkyl phosphate was the main compound and tris(2-chloroethyl) phosphate (TCEP) was the most abundant of the
thirteen OPEs, which reached up to 447. 08 ng-L™". Seasonal variation of OPEs showed that the concentrations of OPEs in summer
ranged from 220-1557. 96 ng-L™", with the average concentration of 493. 78 ng+L ™" being 1. 7-2. 6 times higher than of that in spring
and autumn. An ecological risk assessment showed that tricresyl phosphate and 2-ethylhexyl diphenyl phosphate were associated with
moderate or high risks to organisms (algae, crustaceans, and fish). At a high exposure concentration, the total non-carcinogenic risk
of OPEs in source water ranged from 4. 41 x 10 7>-2. 91 x 10 7% | with the highest risk being associated with children aged 0-3 months.
The total cancer risk value was 5.88 x 1077-3.89 x 10°°, among which TCEP and Tris ( 1, 3-dichloro-2-propyl) phosphate was
associated with a potential risk for children. We conclude that the long-term exposure risk for children of OPEs in the source water of
the Nanjing section of the Yangtze River deserve more attention.

Key words : Nanjing section of the Yangize River; source water; organophosphate esters ( OPEs) ; pollution characteristics; seasonal

variation; ecological risk; health risk
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7o A0 WA 0 1E-ER Ik B AL ( HPLC-Agilent
Technologies 1290 Infinity , 35 @ MS-ABSCIEX QTRAP
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AT HLF R (AG-285 B+ Mette 4371 Y-

13 ' OPEs TT/ﬁnu 145 6 ﬁ’}:&%@'&@ﬁ@a @QE&
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99. 0% ) ¥ T 1 R BRHA PR 7. ALY TnBP-
d,, Fl N #5 ¥ TPhP-d,, W F Cambridge Isotope
Laboratories ( Tewksbury , MA , USA ). HBEH1 2 1R Z. B
(el W T8 E Merck 23], R (035 4E) I H
FE 2458 AT 240 B A7 BR A ).
L2 FEACRAE

AT 2018 4R 8 H (2=, 4K | 2018 4F
113 (BkE, Mgk 1) 12019 4F 3 H (F %, FK
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=, ACHCIRTE, 24 h INHEFTHTARFE.
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Fig./ 1 ﬁ‘é‘;mpling sitéslof source water in the Nanjing

. . -
section of the Yangtze River i
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SR A IR e 7 0 ik e RS B
500 mL 28 0. 45 wm BEESLF 4 B 8 5 KRR InA
10 ng HIEACY) TnBP-d,, LAKE 1E Flkb BE i #2 o H bR
P k. 22 e AR 2 B0 VA T 3 4. TSIk
5 mL 2R ZHE. 5 mL FEEA 5 mL 44 7K %t
HLB /NME#EAT G AL, EAEJS, 5 mL 8 46 K ki
HLB /T SR JETE B2 RS T AT 30 min /)
FEFE T B 5 mL ZFR R LA mL-L™' A9
RPN 2 U WA BRI T 40°C T & i 25 K iik
HET, RGP BEEZEZE 1 mL, £ HPLC-MS/MS
SAHTHTIIA 10 ng B IFRY) TPhP-d s LA J5 2 E 4T
FE ST
1.4 {5t

1R BSOBAEI E 45 14 . R F ZORBAX Eclipse Plus

Co tOIEA (150 mm x2. 1 mm, 3.5 wm, [ Agilent
O] AERIE N 30°C ; LUAFR 2 80h 0. 2% 1
5 (A) FIZAE (B VE R sh Al , 16 BE M. F2)F 4 .0
~8 min, 30% A ;8 ~8.1 min, 30% ~5% A;8.1 ~16
min, 5.0% A;16 ~20 min, 5% ~30% A ; Jii# 4 0.3
mLemin " HEEEARFUN 5 pl.

Jo A I 25 A - SR AT HL I 55 25 IR (ESI) | IE
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B MRM WA =X 5 5 7R B A 500°C , 55
JEBEE A5 500 V3 SRR, B SRS B in #030m

JE 140510 35.0, 55.0 F1 60. 0 kPa, Hifthh 2 % I
F1.

*1 BHRUNEESHY
Table 1  Parameters of target compounds
et FET (m/z) TET (m/z) RA#RE/ eV KRR/ V AR/ HITHLR/V
T™P 140. 9 108. 8 23 62 10 7
79.1 28 62 10 7
TEP 1826 98.7 23 50 10 7
126.7 15 50 10 7
PP 295, 1 98.9 23 93 10 10
141. 1 13 102 10 10
TuBP 267, 1 98.9 10 110 10
155 20 110 10
TROEP 399.2 198.9 21 73 10 7
298.9 17 73 10 7
TCPP 37 99.0 32 63 10
174.7 16 63 10
TDCPP 430.9 99.0 33 82 19 -
208.7 = 21 86 F10
rd ] i 1 | e
* [ & 1 t
TPhP 327.1 2119 34 g ) \ 4']'6
15201 55 114 I 10 10 = &
3 L -~ | o -
| * | ¥ 4 LY F
L TQEP - [ 2848 2288 ' v = 15 79 o 10 10 -
| ! | 98.3F S31 J 79}‘: 10 10
— s J i -
- i ] i
TEHP . 435.5 Yy )y 9 [ i 10
- | | 112.9 A2 70 5 10
| i ’ o - -
| 7 J . ) -
ITDBPR. 4 698. 5 2991 i __m__.fzi 102 10 10
W | 500. 8 g 21 102 10 10
PHDPP 362.7 250.9 12 78 10 7
151.9 45 78 7 10
102.0" 17 112 10 15
TnBP-d,, 294. 4 166. 1 25 125 10 15
230. 1 44 110 10 7
160.0 " 48 110 10 10
TPhP-d, 5 342.2 223.1 36 110 10 10
262 36 110 10 10

1) = FRERET

1.5 JFraEfEH S RIE(QA/QC)

AR UEZE BB eGP FEIORE | 3% G AE
PRI A G (ol FH YRR AR 4 B, AR YR R
T AR S AR P A A DA A S e Al
bRk e & FRifE R ZEAE 0. 1 ~ 500 mg-L~" Ju Y £k
PERIF MR (R BIKTF 95% . AEMEE S/N
=10 5 EE R (LOQ), 13 Fl OPEs i LOQ K
0.37 ~ 265.33 ng-Lfl. £ 100 mL #8 4 /K &%
5 pg-L7"BY 13 Ff OPEs IR A AR HEVE L, W] A 15 8 25
P IR, &1 3 A PATHE % HAR LG 04 1]
RN 66. 4% ~ 106. 9%, FHXT bR iR 224 0. 38% ~

14.16% .
1.6 KUESIEMN
1.6.1 AR IEAS

OPEs 4= 25 AU & FH XU ( RQ) P-4k, 1155
AN,

RQ = MEC/PNEC (1)

K MEC iy IS5 SE BRIl i ik B PNEC kg JEARO Ve
JE 38R HY 2P R PR B R A (R R BOE v
LCy, B BUBON HR BE ECs, | e K TSRO e B NOEC
) BRLAEAR IR F (AF) 45575, 24 RQ <0. 1 A,
U B/ N El ] 2B RN TE, 0. 1 <RQ < 1.0 BF A
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PR XU, 1724 RQ=1. 0 I, UIEA g ELA 2 XS
1.6.2 A AA{EERRE U PEAL
K 125 E 2B (US EPA) $E 7 04 £ B XU A5
T2 PEANR YT 5 BEK K OPEs H #8AH
i, I B0 KU AR 508 XU R 50 1 OPEs X
A B 9 5 1
OPEs 1 H i’a%@i( ADD) #% F &
ADD = ¢ x IR x AP/BW (2)
A, ¢ OPEs B (ng-L7") ;IR 2y H 4 1kk &
(L-d™") s AP K%, AP B 100% ; BW
FEIAE (kg). TEABZBE BTN (KA
&) PV RBE T VLIRS R E BW R 63.2 kg, 4%
ERHYOKE IR N 2.33 L-d ™", HAth ZBCR ] US
EPA FIHH G SCHkHERE(E >
Fk o KRS e F R (HQ ) F A, IR
—F[IO,B] .
HQ = ADD/RfD L (3)
A RID J USPA LI S5 71 &5 24 HQ. 3 it
AEBUE M BN S BN 2 HQ 3 1 I, EIIJ%%EU%

HAT AR S0 XU XT%H %%ﬁl’*iﬂ,ﬂlﬁﬁﬁ%&" FL-A

Bl OPES fly i HQ 2/, | U/ 0/ s Jx
ﬁﬁﬂﬁ“(CR)EﬁIF’% Eﬁ%ﬁ?ﬂlia’ﬁuﬂfﬁ
T”Bﬁﬁ%?ﬂzl%(sm) G2 R I

€R = ADD x SFQ ' |/ (4) )

R IiaF 1075 RO KU 7T L2 AR ="
CRAM#10° ~ 10 214, WA P AE B A
B, ACR BT 10 7%, RN S HAT i AU, 4% i 2
di b B0 XU =2 TR A < S B0 U . AR S

B 2.
*2 BERRITESH

Table 2 Parameters for the calculation of human health risk

. IR BW _ RID SFO
Bt /Led ! /IZ; Hin /ng+ (kg+d) =" /kgedeng !
0~34H 1.15 560 TMP 0.010 0. 020
3~641H 1.14 7.20 TEP 0. 125 —
6~124H 1.18 9.40 TnBP 0.010 0. 009
1~2% 0.85 12.0 TBOEP 0.015 —
2~34% 0.83 13.8  TCPP 0.010 —
3~6% 1.16 19.0 TDCPP 0. 020 0.031
6~11%  1.55 36.0  TPhP 0.070 —
11~16% 1.9 56.0 TCrP 0.013 —
16 ~18% 1.77 57.0  TCEP 0. 007 0. 020
A 2.33 63.2 TEHP 0. 100 0. 0032
(>18 %) TDBPP — 2.30

2 ZR5itie

2.1 KK OPEs By BN K
13 Ff OPEs 754 V1A 50 BeaK IR 7K A Ao A HA 1 1
3% 3, TMP, TEP. TnBP, TBOEP, TCEP. TCPP.

TCrP A1 EHDPP 100% # i, TPrP # i % 7%,
TDBPP Jok . 12 Fl OPEs Bk B Bl 85. 21 ~
1557.96 ng-L~", A 1R B >4 283.80 ng-L~", F1y
W Sk 330. 88 ng- L', S AR HEFR B 2 e 22 AL A
Yy, o5 A W BE B 57. 38%, 3k v T e L PR TR

(38.50% ) FIJ5 7 TR (4. 13% ).
%3 OPEs 7E/KiRK P S84 HAKF/ng-L~!
Table 3 Summary of OPEs concentrations in the

sampled source water/ng-L ™!

[AEx7/ I HE Y Sl T {H wKME  mME
TMP 100 11.15 8.50 55.43 0.70
TEP 100 93.23 55.27  1090. 63 4.44
TPtP 7 0.51 ND 12.27 ND
TnBP 100 7.70 7.74 24.94  0.98
TBOEP 100 5.96 3.54 24.18 0.37
TEHP 57 8.82 2.80 144.36 ND
TCEP 100 107. 24 44.62 447.08_~10. 13
TCPP 100 46.74 26.70 /31823 #1502
TDCPP 70 35.87 40. 41 264415 /LD
TDBPP 07 IND ND NDy‘ ND
TCrP 100/ 870 | 136 17046 4 02
TPhP /85 0.98 % 0.9 5.42° 0/ 10,‘
EHDPP /100 | 3.98 2.33 31,02 ~ 043
BA [ 4 330.88 % 283.80  1557.96 85 21
n o
k/lr‘ﬁa&7kﬂ?zkﬂlﬂ¥ﬁmw“mmE’Jﬁﬁi%

TCEP /i%f“?:‘z'fﬁljj 10013 ~447.08 ng- Q! E‘imth

19 Ay B FE ) 67. 93%, TCEP 3= % 1A S8 k) i1 i
SRR G L TR RN 27 AL i B R A B R R B
TCEP HAM AR, Wb TPiv: P A2
MRS 2 MaetE, St A A4 Z1(WHO) 51
B, Vr £ Kk E KTk R TCEP 76 K &
i, UL S R L KT
BN, RHLUA T | 2540 fide | B FilfEs
2 AR BN R S AT A T R B SR A 7 A
e FH B B2 R M, ASBF 9T B TCEP A6 H R 3 K P40
AT RE S Tl X AT SR AE 7 i vh KA U N TCEP A
X%,/ E 48 e TCEP B BRI 1g K,
(1. 44) FNESE K A% BE (7 000 mg) , AT 4845 m%
HERTFRAAEE, i TR e B | BT S5k
AT 272 DT 3 Sk K g v Y K S
55 A FE R B X AR e, TMP Al TEP (4 55 46 H
SR 1o v B A R N A AT 37 AR A DL 520 B
IR VG VY M 3 oK & B TEP, TCEP, TCPP
TnBP A& BE N 3 ~ 47 ng-L~"000 | fill [&] 3¢ 1 ] ofy
OPEs Mk B4 10 ~ 200 ng-L ™'Y #K T K11 75
TUBOKIEZK H OPEs, 9 [ SCR T v B A A i rh 34 46
%] TCEP . TCPP, TDCPP Al TPhP, H.rf TCPP ¥ &
B, N 113 ~26 050 ng-L ™" it TR ILH st B &
HACE. 5 BN RIE AR L, A5 SRR B
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(5~3700 ng-L~")"IA Y I A MY 40 4% 1 E
WA, 11 F OPEs JE[HH 9. 60 ~1 549 ng-L™"
¥I{E 4 300 ng-L™', TCPP(4.6 ~921 ng-L~',F3
{186 ng-L™") Al TCEP (1.3 ~268 ng-L™", ¥y
{E:80.2 ng-L™") JE i £ & 1Y OPEs, & & 11 3 b
OPEs ( TCPP, TCEP, TDCPP) £y {§ > OPEs
91% " 5 &R 7 B 5 i
> TOPEs [ ¥k B 35 Bl 689.09 ~ 10623.94
ng-L~" (F2{H3747.58 ng-L™"), TBOEP ¥ ¥ #%
w, i > 7OPEs [y B & 4y BN 36.50% ~
95.90% ' L HTIR T ML K 14 Bl OPEs W 0

WFFE T 1 B2 IIEIR R VIR 5Bk
fRrh OPEs ¥ 4L THLARIKF-
2.2 JKIE/KH OPEs 28 23 A

13 Ff OPEs AR 25748 S N 1&] 2 Firzs. 2018 4F 8
> OPEs (¥ B 7l 220 ~ 1 557.96 ng-L~',
XM N 493.78 ng+ L7, 2018 4E 11 A D’ OPEs K
WP I B M 85.21 ~ 354.34 ng-L7', I (H A
188.31 ng-L™", 2019 4F 3 A > OPEs Ay i Ji [l
H149.11 ~ 446.48 ng-L~', F ¥ {H H 292.74
ng-L~", OPEs ¥ [ Fifi i 1] 52 30 0] 2 28 fb e 948
(FARHE) >3 A P > 11 A (KK s 76571
AT, EEIG YR R B > FF > KE,
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Fig. 2 Spatiotemporal variation of 13 OPEs in source water from the Yangtze River ( Nanjing section)
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Shi 25 itk 5T M 2K (IR ALBIA K ) 14
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K IN OPEs ¥ JE [FI 2771 5, 5 2% OPEs 7J<¥Em,
JLHZ TCPP . TCEP, TMP Fl TEP, 3% — 4% 5 5 AHF
FEMIGE AL, T WL IREE KR OPEs ¥ B /K SF- 78
AN 53 A FRIEAS [F).

11 H (BkZE) F13 H (FZF) Wk E s Bk 2
TEP, 3514 4. 44 ~99. 47 ng-L ™' F142. 34 ~242.39
ng-L°'. 8 A (Eé)f%ﬂ’aﬁﬁi% TCEP, Y18 K
239.26 ng- L' S W B I IR AE RAE A5 S4, 4 i F
AL TTIBE 15 % ] R Ol U5 J] 20 5 v ol FH iy ok 1
G TEP SR e BE 55 — i SRR, 7 2k 2 O 106. 55
ng-L™" , HKF5 3 H MY, & @ W (1090. 63
ng-L~ ) HELTE S1 ,JELIEJ%':,\ﬁﬁﬂiﬁé)ﬁ,j‘ RE I Ak
FETE S U555 YL, 5 2 TCEP ., TEP 1 TCPP ixX 3 fj 2
PR B R, TEHP A6 H ¥R BE ARG, 1 TPeP ALFE 11
J1S14.3 J1 S8 I S11 3% 3 AR AL B Y, X %
W, AT RE SR 26 8 (15 OPEs 76 A5 A 119 25 45 K I 14
S FH. BeAh, A FSE & B0, 24 6 B Tt F B, OPEs 5
E1/6: 9 € PN LR Hauf}ﬂ%ﬂfﬁqﬂ izﬂzam
%ﬁﬁm%ﬂﬁ("‘““f“ L3 e K PEsfr'ﬁ
/aﬁﬂiﬂméﬂﬂf‘ IESFN I = ﬂm,}ﬁg

Feiili, TCEP, TEP 1 TCPP % 5 ¥ /& , A 1l e 7
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2.3 JKIPEKH OPEs XU PEHY
2.3.1 EBKR IR

AR FE XV R 5 BEK PR K R 11 Ff A6 )

OPEs (KR K F 60% ) #E47T T A 25 KBS PEAR , A
SCHRL8, 13 ] A, ARAH 328 | HI 2SR 251 7 3
R (LCs, 3% ECyy ) , WA EF (AF) HX1 000. ZE7K
(F4), KRZ% OPEs 1y RQ KT 0. 1, s fnta s rp
ROQ {E %= & TCeP, 43514 0. 588 F11.55, A
ol KU, HY e 26 P RQ {H e i 12 ];HDPP,{_E%J
172, B . KT ot BEK TR K A 9 8 |

FER A2 B RQ (B30 K 2.70 x 107~ 0. 595
3.94 x 10 404634 1 6473 x 107* ~ 1. 56 Jz,fb OPEs
TEARAE R I AR ME XU 25 . Shi el Jeiity
oKLk B OPEs ¥ | Fede M HA e fIK
A R N S SN /J;.T'ﬂ,ﬁiﬁwkﬁiqjﬂﬁ OPES XTJJ('..
ii%%ﬂi‘uiﬁ*‘ﬂﬁm&TT@M ”

2& 4 11.7h OPEs ﬁiiﬁ?&&ﬂi"‘ﬂﬂb

=

Tablg 4 T0x1‘(,1t) data and ecological risk of eleven OPEs

ad

R R LG5, /mg-L ! PNEC/ng-L"! : RO
T™P © F Fish (Pimephales proinelas) 7.0 x 10° 7.0 x 10 9.94 x10°8 ~7.92 x10°
Algae ( Scenedesmus subspicatus ) 9.0 x10% 9.0 x10° 4.94%x107% ~1.21 x10 3
'TEP Crustacean ( Daphnia magna) 3.5 x10% 3.5 x10° 1.27x107° ~3.12 x10~?
Fish ( Leuciscus idus) 2.1x10° 2.1x10° 2.12x107° ~5.19 x10
Algae (Scenedesmus subspicatus) 4.20 4.2x103 2.33x107* ~5.94 x10 3
TnBP Crustacean ( Daphnia magna) 3.65 3.65 x10° 2.68 x107* ~6.83 x10 73
Fish ( Carassius auratus) 5.10 5.1x10° 1.92x107* ~4.89 x10 73
TBOEP Crustacean ( Daphnia magna) 75.0 7.5 x 10* 4.90x107° ~3.22 x10 4
Fish ( Pimephales promelas) 13.0 1.3 x 104 2.83x107° ~1.86 x10 3
Algae ( Scenedesmus subspicatus) 51.0 5.1 x10* 1.99 x10 ™% ~8.77 x10 73
TCEP Crustacean ( Daphnia magna) 3.3 x10? 3.3x10° 3.07x10 75 ~1.35x10 73
Fish ( Carassius auratus) 90.0 9.0 x10* 1.13x107* ~4.97 x10~?
Algae ( Scenedesmus subspicatus) 45.0 4.5 x10* 1.34x10°* ~7.07 x10 73
TCPP Crustacean ( Daphnia magna) 91.0 9.1x10* 6.61 x107% ~3.50 x10 73
Fish ( Poecilia reticulata) 30.0 3.0x10* 2.01x107* ~1.06 x 10 -
Algae ( Scenedesmus subspicatus) 39.0 3.9 x10* 0~6.77x1073
TDCPP Crustacean ( Daphnia magna) 4.20 4.2x10° 0~6.29 x10 2
Fish ( Carassius auratus) 5.10 5.1x10° 0~5.18x1072
Algae ( Scenedesmus subspicatus) 0.29 2.9 x10? 7.55 x10 % ~0. 588
TCrP Crustacean ( Daphnia magna) 0.27 2.7 x 10? 8. 11 x10~* ~0.632
Fish ( Lepomis macrochirus) 0.11 1.1x10? 1.99x1073 ~1.55
Algae ( Scenedesmus subspicatus) 0.50 5.0 x 10? 0~1.08 x10 72
TPhP Crustacean ( Daphnia magna) 1. 00 1.0x103 0~5.42x1073
Fish ( Carassius auratus) 0.70 0.7 x 10° 0~7.74x10?
EHDPP Crustacean ( Daphnia magna) 1.8 x1072 18 7.35x1073 ~1.72
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2.3.2  fgERREXUS IEAS
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Fig. 3 HQ of 10 OPEs in source water from the

Yangtze River ( Nanjing section)
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Fig. 4 CR of five OPEs in source water from the

Yangtze River ( Nanjing section)
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