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B . LA YA & R XTI K R OPEs (14 4iE
(F 2)&M, /K OPEs i EE A FA Ky #ime =
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(TPhP)., MR = (T A3k 2 35)fE(TBEP) . Wik = T Iig
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OPEs I J& ft 7 & 82(1 080~3 120 ng/L), H [T ¥
) R 48 AL K h OPEs (930 B2 (1~3 120 ng/L)
3k 2 T AR AR 9 7 (0.34~61.4 ng/L) . 3X £ H 2
T OPEs j&—Fhfi U5 Y, of— 10 = Ak i 42 Rl
N A, PRI AR A T N 1T 5 %) R T ARG e v 7

X, AZEIE SR S22 8] OPEs {5 YL ™
&, fEE LK T OPEs By MK BEFE 2005 4E(3.1~
90 ng/L)5 2010 4E(5~50 ng/L)FEASHKI2Y, i & $EIREAE
2014 4F(91.87~1 392 ng/L)5 2015 4(9.57~41.34 ng/L)
VR R 22 T R 2
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W e A B b, R IR BT s e . il i
ST ] b i B SR Y HHEK R B, OPEs Y]
T AT 50 tAE, HAPSEREBRZLI & 82%, )
A 1%, WHRER S 5%, BUR AR T 45
1%, BHERZA 13 t TCPP, 6.1 t Bk = Z TR (TEP)
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Tab.1 Physicochemical properties and uses of seven major OPEs
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FHE AR OB LS, 53— T
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1.2 #KY¥ OPEs ) F 454

BRI, WK T OPEs #¢E B9 /K-F- 4041 AT 1+
FIILIF LI . 2005 4F, Andresen ZFHMRG I 43 Al
[ 5 ki) 11 &AL K OPEs Ry 434, & PL 6 Fh
OPEs TEIH] F 250 Y 77 ] b B I 5 () B 94,
FE V5 YL Y J& TCPP(90 ng/L), TCEP(22 ng/L)Fll
TDCPP(15 ng/L)=Fxift OPEs. 2014 4F, Li Z:!"¥IfE
S G VG P AL AR BT T 3 TR AG DU 7 K Th Y OPEs
K, TESEUT RN KRB, OPEs By B K2 K
5~10 ng/L, MBS pli b iy h OPEs Y Bk JiE
JLHEN 1.5~8 ng/L. Bollmann Z51IEf# [ bk 3 2
MK TP RE I E] OPEs Bk /K- (5~50 ng/L), DIK
Harino 212N 5 ThHL &5 /Kb OPEs Ay ¥k 7K -
(3.0~62 ng/L)WsR, iKY OPEs ¥ & Tk
VEHLIX . FEFRESEMN TS 10 . VT 10 Rl 2R 9 1R
AURE i PO AL 25 2R, R 3 AN DA THighifs
2R, ZE Tl KA RS R K B i s Y IR H

F2 EIKFEFKH OPEs B2 =(ng/L)

3 NV TP e R 5V e T P R R S
B AORE BB, OPEs AV BB . M ghiXx—4)
A A5 A S PR ] BB B W KA D BT YRR, i
TR URL ) 1 W B B2 AE A i B rh OPEs 1 [ fige 55 [
Z LR S B g5 R

Mgk OPEs 1Y B 43 A AL — M 3R 21K
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OPEs Y BE 8, K29k 1080~3 120 ng/L!', ix
— 3 A A AT R R TR HHE S OPEs 2830 it fi
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KR IZRIER . 74N, B £ LG I
TR K HP R 5 A P 2 L 7K A 8 o i AR 7
2015 AF 7 55 1) i SR 4 1 W K RE b R B i 1Y)
OPEs ¢ & & T80, 1 198 B (30.79%0) ik T
BRI (31.55%0) ") . 7 [ 5y AL 1l 11 2 AL iy [6] ¥6F
JK it OPEs MYk B & i N F%, #hJ¥ 5 OPEs WK &2
BE MW X g BT oA R R KT
OPEs ¥R JE = T 2K . Jeoh, RV ET
2K OPEs ¥ BF #5 iy LA H

Tab.2 The contents of OPEs in the global marine seawater (ng/L)

» H 5%
MW 4Ey TCPP TCEP  TDCPP TPhP TBEP TnBP TPP  TiBP  TDBPP Al LOPEs -
OPEs SCHik

2005 90 22 15 na 23 19 3.1 na na na 3.1~90 11
g t@({%@) 2005 1~8 na na na na na na na na na 1~8 12

2010 3~28 na na na nd~6 na na 0.5~5 na nd~12 5~50 13
RIG(HE) 2014 4225 56.42 576 na na na na na 49.92 na  1152~4246 14
WECPE) 2015 10.79 9.65 1.01 0.09 na na na 0.45 na 8.38 8.12~98.04 15

N 2014 1179 183.21 150.88 na na na na na 134.31 na 91.87~1392 14
BF(TPIE)

2015 9.06 5.65 0.78 0.17 na na na nd na 4.69 9.57~41.34 15
ALK 2017  34.39 31.97 1.04  0.65 d 794  40.40~154.05 16
N . . B . N na na na na . AU~ B
T (P )

BRYLI
2003 150~1 150 220~1 160 nd nd na na na na na 710~810 1080~3120 17
(FE)
b iiRES
., 2017 0.28~5.77 nd~2.40 nd~0.043 nd na nd~041 na 0.039~0.64 na na 0.34~8.59 18
Fdbvke
etk 2016 245 5.58 034 025 nd na na na na 3.83 0.66~61.64 16

1¥:: ZOPEs $§ OPEs B¢ i ; na 48 A4 47 nd 5 R A6 21
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W, BRIA T NS B2 R0 K H OPEs 434 1Y 32 %
HME. 2014 4F, Hu S"SRICT E =ik . B MET
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iy = 2 DSV (] — Vg 3 AS T) 3 R B A9 T K p
OPEs 15 YL AHXT 4%, H 7 i 5 ] fi 2 SR A HE 5 g
Jt 4R R Bt T G YR AT

TEPE T L REAE L i g K T OPEs Y4 A, fErp
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V358 37 3] {4 W WV B 1 2 ), K R i Bl U OPEs 7y
A ENFERLA I o P SRR R N DR, (Ea v
VR E B, B 722 20Uk ol R P A A 3 1) A R
W5 KA AT TR = A 4 OPEs 4 A Zb vk el [H]
B FESUAR XA A AR bR v, A AR AT BE AL 235 1)
T OPEs FOMREE /04, Li ZEUSERFSE ML K 7
LK P ) OPEs MR EE AR AR L I, MAKEZ >
S RN FC/R EVRRRE S B T, WK P OPEs WREH
BB, 30t T ok AR e SRR L e r 5
B, X R BRI AR B XTI AR T, DU
TEM YK S 1 OPEs 1l g ik B 2 KA MK,

W% o EE g 9 OPEs & 3R, 17K OPEs [
W RE Atz K AR R . 2013 ARRF5E %4
IS gE 5 | v OPEs MUMRIE /A K PR, ¥
JKA(YSCWM) ] fiE 25540 OPEs {3 B4, X Fh
K P HE 2 ) 32 B A 0 PR R K AR, R
FRAE M 5 R (31.6%~33.0%) M iR IR (6~12°C)PY, R4k
YSCWM X Ik 22 2 i K Ff- % SOPEs By . EhJE
FUHR R AT 5T 408, PR BR J2 0k % 2 795 00 fry
YOPEs N JLFhEA—H) OPEs ¢/ 2sbfi %5 I 78 4k,

MiAsfk, XEW YSCWM T fe2 i3 )2 5K )20
JK 2 ) B B AS M . B DL R BE B SR i,
YSCWM £: 801 OPEs (193 B /0 A1),

2 EVRAF OPEs WA Rt &
2.1 EHERBY T OPEs HYREBARXE A E

2.1.1 WEDMA

TE 2010 4 [E 45 Pk ALl 5 g8, HIOREE T
AL PR B AL UK B R Z VTR Y OPEs By FE
S3 A (3 3), TiBP., TnBP. %2 —)XiE(TPeP). TPhP,
TCPP. TCEP Fil TDCPP 5L/ OPEs [1) 5. Ji& i [l
h 159~4 658 pg/gh?!, H:rp TCEP(81~3 903 pg/g)fil
TiBP(47~552 pg/g) ¥l BB . SR ATA TS 2R ik 2
A . AR . FERHT ALK TR, BRIA4A
b, AR = LUK &R, OPEs BV i bl 46
JEE A2 o 5 i 2, HLAE = 26 BRI, xifk OPEs
o FEHA . T E G RZ DU T OEPs 1Y 2
o Fp B bR B FR AN A A R = (2- £ 3 O 3 ) IR
(TEHP), B EE(83~4 552 pg/g) F ALK EHERNIb vk v
RIZUTEYH OPEs MWk EEAH 4, TCEP(7~671 pg/g)
5 TEHP(8~3 445 pg/g) i EE P, AEwifb iy
TEHP 7€ #5122 DIRY ik RO B4, (A7EH
IR I K P 3 R A I 2 TEHPUY) X AT g T
TEHP HAT @ik vk, RIS T B e B 77 ok 1,
SR ITRAI 23 BT AL 7/ R S
2.1.2 MXER

3 B2 - 7K 0 BiE 2R 8K (Kow) AL /R LR 2 (8] 1Y
KR, KM log Kow FIIX — HRIFTE i 35 1 FUAH 6
F L EA T Kow (AR LAY4N TiBP F1 TnBP, 4H
XFAN K AT B9 i i B AL vk, BROAR 2 K HE R 2 Ik
i 28, H AT BEAE KT RS 2o A vl e e 31 4 18 B
HUURWI o HHX R, Kow IKI9T5 4440 TCEP il
TCPP, A A] BE9Y iz fi 2w e 04 ¥ 8, 7 i 22 b A%
UL AT RE R B AT R AT . (B FE b vk b
PERAE AT R P s i SOPEs W, XEUIBR T
TCHE B IS R VR BESS RN SF R R LIS, AR AT
eI HiAh I K 4250 OPEs MY BE /34 . 73 4b, A
WG VTR h OPEs B}, A 75 25 FE T AR AN Fm] It i
AN T OPEs 1Yy 2RI HifE P2

SEE U0 . AR R
bk ER, % 3)TOC W4 iz, A ILFI OPEs iy
iR S AR, KU TOC Al BEAE RIFEDT
TR OPEs ¥ J3 434 1) 5 Tl A (B A SCHR[34]
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f5 B PR DU OPEs & A 25 T 2B,
OPEs M fili b 28 35 A [] 1) 75 X A% 4 2115 7K HL P 2R
BN h, A T— A X FRIER
VE B IR SRR A I v T iF R BE, OPEs W] LA
— PR BIR G T K B TR, B I  ORL
DR DT RN DR b . BORIDTRE T DAl “ A2
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BURR B TRGE =07, Ma 2PV B0 TPhP Ak B2 Al
dN([RM 2 FE i JZ W Fp 2 0] v] REAF7E IE MG K R,
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SRR B P NI, SR BOK B2 [ sS4k R

G202, WS 2505 g RATETTE
2.2 RABRYYF OPEs 94=

OPEs 7EMFFE I ASB &4y . UIREFLHRI(E 1), 17F
ZRF NG DT AT e 23 i OPEs B 1Y 47
J o AFR RGN B i 3R )2 DU R ) OPEs & 3, 8 Fil
OPEs Hfif i FBI7E 474~26 000 kg®®, rhobukiE#
K £ (4 7 Fh OPEs f#% &5 FI7E 17 000~292 000 kg2,
A5 [ A P B A EE, OPEs i A 21 1 TR
i H AR NG — 5 o (B A BRRAG SR T AR
Wi YIR) OPEs fififk, K%y di OPEs & fifarfd
25%U8 . FELL, W EERTIA VIR T OPEs 431 [
MR . 1 RGO 25 50— A i 5 LY
PR 2R 2 T 5 30 i b L T A X /S, L DT R 1)
OPEs &4t Bl Al B A7 IR S B0k B B, e
Hh O R T IR R T B g Bl b A0, A% A B0 T 1 vk
FEAH HL AT A b 2 b R PR R A e, 3R
JEF 7, OPEs #k J¥ A8

v
/ ﬁmﬁﬁh
2% iy

A

ERYRY

REFEDIRW)

K1 RS T OPEs WM& fn ik iz

Fig. 1 Transmission route of OPEs in marine environment
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TR Wy W B LA SO A T B e BE e AP, TR AT
DAEATIiE g Al 2, E AR A2 e TBEP,
TCPP., TDCPP, TCEP. TiBP. TnBP. TPeP, TPhP
Al TEHP 28 JUfh, Hif TCPP(4 185.3 pg/m’)fil
TCEP(3 510.1 pg/m®)fi4 & Fx 5, TCEP ByH ) 2 7]
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Abstract: Based on the published data on organophosphate esters (OPEs) obtained from the world oceans and the
overlying atmospheres, the current distribution characteristics of OPEs in the oceans and atmospheres, the influ-
encing factors of OPEs, and the shortcomings of the current research on OPEs are systematically analyzed. It is
concluded that OPEs are transported into seawater mainly through rivers, and their concentration distribution in
seawater gradually decreases from inshore to offshore, from surface to deep waters. Three kinds of halogenated
OPEs, including tris(2-chloroethyl) phosphate (TCEP), tris(1-chloro-2-propyl) phosphate (TCPP), and tris(1,
3-dichloroisopropyl) phosphate (TDCPP), are the main pollutants in seawater. The OPE input in seawater is depos-
ited into the marine sediments by particulate adsorption and sedimentation, and then, the OPEs in the sediment may
decompose or directly accumulate, forming a large OPE reservoir in the marine sediments. An analysis of the OPE
concentration in surface sediments from the North Pacific to the Arctic Ocean reveals that OPE concentrations gen-
erally increase with the increase in latitude from the Bering Strait to the Central Arctic Ocean and that halogenated
OPEs are more easily transported to remote oceans compared with nonhalogenated OPEs. The total organic carbon
(TOC) content has no correlation with the OPE concentration in oceanic sediments, but it has a positive correlation
with the OPE concentration in coastal sediments. Moreover, TCEP and triisobutyl phosphate (TiBP) are the main
pollutants in marine sediments; the OPEs in the atmospheres over the oceans are inseparable from OPEs in the
seawater. Some of the OPEs in the atmospheres over the oceans enter the seawater through atmospheric deposition,
and some continue to migrate and transport to more remote areas. The source of the air mass is the main factor af-
fecting the OPE distribution in the atmosphere over the ocean. Comparing the concentration distribution of OPEs in
the marine atmosphere shows that no significant difference exists between the northern and southern hemispheres.

TCEP and TCPP are the main pollutants in the marine atmosphere.
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