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FE 7R R KRR T B e R R A VA B KR, SR T, X S R R e
T 75 A RO K R A A 0 R T R 0 R T T . AT R R B e AL RV A L A AL BR B (OPESs),
DEFINERFEETRENER T B ENTFRNE, 2 HATE WA B 200 Fn Kk & & & E
S, R BN, 4 240 h AR BLE 523 B, K OPEs iy B 4 12.24 ng/g, EF, 44 % OPEs
A AR, BB = (2-4 230 ER(TCEP) % H % 3k 2| 7 40.6%, & 4% OPEs, % % % OPEs,
WEVE % OPEs ¥ W AR K ks BB 5 EA 0~2d a5t £ 9, OPEs Wy s R & b, £
F6KjE, BHEEXTHAZFERS, KEAWFFELRERE T, 48 h W5 EA H B OPEs
Kk (Artemiay R WA S A, Hob, bR = WK ER(TCP), #E: =(1,3-= 457 W &) E (TDCPP)
f logioBAF (A& R H AT 3.7, BAAENE R A; %8, =T B/(TnBP)H log(BAF fE /-
T3337 2, EABENENESEHR N, FRERKH, HARFEE 0 2B P 5 AT
OPEs 2 X /K 4 4 #y3& i 7% 7 o AL

KR FEAER; HVSRE; AHAE; AYVEE

FESES X592 XEFRIREE A XEHS  2095-9869(2025)04-0078-11

IR K FR T Y i 0 K R AT AT 1 B 2 28
R, EAESR . PRk, WA, R R
B b 7 95 B Rt TR A 2 6 S SRR o, T4 AR
Bt Jis i 7K 7= i (Vazquez-Rowe et al, 2021; %% 4

ISR IS N A 5% 5 X8 v B v T A IR DX (R 4
Z£.2020; Zhang et al, 2020; Liu et al, 2022), 55458 ¥
R e R 23 7K A 28 SRS N 50 75 e Y R BRI
(Lin et al, 2023). flan, 58L&, 5 sfCRHA

2, 2024), FEAHFHERHE] S AE R, R AT e G A
Al BRI GRS, 2019), Hizad K F:3
SRR NG ) FEAE KR R . AR A T SR
DXREEFR A8 X3 909 S sk b SRRk s ), &

F 75 I+ — i (hexabromocyclododecanes, HBCDs)
A IR 2 T Ko PG b s, S BOR A X
KAK R & A B HE R HBCDs, ES2iF#r/e HBCDs
i = F S YR (A1-Odaini et al, 2015, Jang et al, 2016),
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B4 AE XK (2019) 76 IS AL 1S BE 1A 7K S 58 DX AT MLk 1R T
(organophosphate esters, OPEs)i5 Y fFEIT A BL, F75H
5 BB R L 3 LA SR S s
OPEs 23R BDK R b, RS I SepF 58 L B T8
RHAS IR A s, SR B HTAA DG SE RS I A i
AR A R o

WAL, FEFRFE R, 2K S AE A D 1] AT RE 25
2 fiuh 1) e My 5 5 SRR B 1 75 R ) (Hou et al,
2016), BN, AHFFEERY, RO S5 D H ) OPEs
e 45 5 (Aznar-Alemany et al, 2018), fif 2% FE5H IR
Y HBCDs ¥ J& 2 4155 (van Leeuwen et al, 2009),
I RO A RTE AR K] 55 47 OPEs #ll HBCDs
Y SERL T EL 5 )4 fk o LA AF S 58 o 75 20 AH AL AY
i, BN, Chessa Z(2019) k¥, SAEFHMIXALL,
HBCDs FEFRFH X A A py &l B s, 1
D558 X 28R 5 i A HBCDs W AET5 2L i, I
INBIFSE R, FR5E T SRR TR & Flis i W) T A= )
LA, T ECHAE SR XK ™ i b v B v TR AR
7K 7= i (Garcia-Garin et al, 2020).

OPEs 1E iy —Fh 8 (4 58 RLA mfl . HAE KR
AR N Y AR R BEC AZ B2 X3 (Hou et al,
2017; Wang et al, 2019; Zhang et al, 2018; van Den
Eede et al, 2013; Giulivo et al, 2017; Teo €t al, 2015), X

M, EMNANET OPEs B AW E W R Z R P TE
PPOMM A, = RGN ENOIE. WL, R
OPEs VERAFTEXS G, BT 7K F5 58 i 3 — AR X 3
PG A 25 R G0 1 BORL B B I, S R A
OPEs ({7 J¢ S FUMAT A5 I Ui AL e 453
7730, S A T BN E SN A L,
W4 OPEs MRy M5 rhifs il A ML s AN T SE i
N A OPEs 1255 73, AR MR B &
AT AR W) B B S, XPAR BT R B9 OPEs 7k
i L (Artemia) (A A 9 5 SRR B A SEPR 8 L, BFSE
45 JORE g 1 7K FF FE R SEORE HR S T 50 B A AN A B
RMEHES %

1 MR57E=®
11 ZmE5ilH

FEARUEM . B ARG Y bR U S PR = TR
(triethyl phosphate , TEP, 99.5%) . W& = HI fig
(trimethyl phosphate, TMP, 99.7%). 2 = 1F PNk
(tri-n-propyl phosphate, TNPP, 99.8%). Wiz =N

fig (triisopropyl phosphate, TiPP, 95.3%). B§fR — 5
T B (triisobutyl phosphate, TiBP, 99.7%). R =JK,

fig (tri-n-amylphosphate, TPTP, 99.9%). Bk — (2-
TEEFH L) MR[tris (2-butoxyethyl) phosphate, TBOEP,
97.6%] WM = (1, 3- @& 5 N ) B [tris
(1,3-dichloro-2-propyl) phosphate, TDCPP, 94.6%]W
BT EIR SR A A, B2 = 1E T B (tributyl
phosphate, TnBP, 99.0%). Bk —(2-F £ 3&)HE[tris
(2-chloroethyl) phosphate, TCEP, 98.0%]. iR =K
fig (triphenyl phosphate, TPHP, 99.9%)IlyFJb 5% S 14
FANE], BERR — (S5 N 5[ tris (1-chloro-2-propyl)
phosphate, TCPP, 99.5%]4F Aladdin, Mg —H %%
FETig [ tris (methylphenyl) phosphite, TCP, 98.17%]l
T LG ERAEA YA ), 13 Fl OPEs MAEA(E B L3 1
A1, e el AR EE . O . IEC ey
R EGEA(CNW, FE) ., LR GG RE 4 (Macklin,
FE), PR EHERR, FE).

&1 137 OPEsHIELIER
Tab.1 The physical and chemical properties of 13 OPEs

Compounds weight logK:,w S./(g/L)
TEP 182.15 0.8 5.0x10°
TnBP 266.31 4 0.3
TMP 140.07 0.7 5.0x10°
TnPP 224.23 1.9 6.5
TiPP 224.23 22 75
TiBP 266.31 3.5 1.6x107
TPTP 308.39 5.2 1.6x107*
TBOEP 398.47 3.8 1.1
TCEP 285.49 1.4 7.0
TCPP 327.57 2.6 1.2
TDCPP 430.90 3.7 7.0x107
TPHP 326.28 4.6 1.9x1072
TCP 368.36 5.1 3.6x107

12 FEABMPKER OPEsHIETF

B 15 M5 A SR 4« FH B T 1H 37 5 £ 38 i3 8 B —
P& 2a. b), H4iKehve, BEEBEERmASR L,
FHET TR B3 BT A 5 mm x 5 mm f/NBE, FREL0.5 g
TA 10 mL B¢ E0E, A 8 mL ZFRZHE : IEC
FE(V 1 V=3 1 2), ARG ST 12 ho IRy
JEBCH, AR 30 min, B 1 mL BIEW, AWE
P, 1 mL B2, 2 mL G Eigf7 20 C
VK%, FF UPLC-MS/MS 4347,

1.3 OPEsEREMUZNEAH LG

IR B B BT A 5 mmx5 mm BB, FREZ
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5.0 g B TO6ALF W 28 (CEL-LB70, ¥ 4 6, HE)
W B RS R R . RS LRI N BB ) F 52
B 4 AT, TR B A LK (G E
30), WREEH 25 Co IR A IUTUAT ALK FHOY iR
BEE R A TR 500 WY BT IR &AL, fTDR D%
W 49 (96:20) mW /em?., R s 3 5 RS 101 52 B P 5 £
Wh &, R HLB BEAHZERUHE(6 mL, CNW, H
W8 B 12 % B9 OPEs., 24k BT Ky 240 h,
B 48 h W — L AR, KA 6 mL B4iKF
6 mL ZJEHATURM, AR, | mL HEEE A 7
FE-20 C, f§/5%: UPLC-MS/MS 43#7 .

14 HRGHRERR

B 60 HiAR K dL A 500 mL A\ T K o (3R
35), K4 ( DB11/T 1869-2021 Jth 3 558 8 JHH A HL
0 ) HTRE K 7 AR TR 7 8 Y T AR R ST Ry
2.1 emx2.1 ecm, JFEHEAA 500 mL A TiEKF, 52
55 i B R RS B B B R Sc g dll, A2 3 4
AT, BAHNATHT 3 AER . LRI RN
JCHESRE R 1000 Ix, iR BN 25 °COGHE (12 & 12),

F57J50PEs Aryl OPEs

13 ff OPEs 5 #y=X;
Structural formulas of thirteen OPEs

FREETEIY 48 h, WIRIAME R, REEATHIZE G, HU
L, IR EROKEE o AR AL BT RS R T i
AEQO1TRIFFE ¥, B 0.1 g K HUA 2 mL 0.5%P%
NE , A HEE 15 min, fiTA 40 mg NaCl Fl 160 mg
MgSO,, ®JiE 1 min, 3 000 r/min &.0> 5 min, BV
WA 20 mg PSA . 20 mg Cys fl 120 mg MgSO, #17
HeAk, IHE 30 s, 5000 r/min 5.0 5 min, B,
AW, AFEEARZE | mL TOIRS, HET
20 C, f¥#J5%: UPLC-MS/MS 7#r. i Ht MK e
D TR L3R 2,

15 NF{/HE

A FF 75 R M (3% (AB - Sciex ExionLCTM AD)
R R = PUAR AT B BRI 1% {U (AB Sciex Qtrap6500+)
DU 7€ # 5 H OPEs 1Y% & , 1548 ACQUITY UPLC
BEH C18 (2.1 mmx100 mm, 1.7 pm); & 95%2. )i
1 0.1% H R 7K i W AR R U sl AH R A 70 BE e, B[]
it 12 min, W#E K 0.3 mL/min, PEEEE N 2 L,
FEWR R 40 °C o Btk R A IE B A, AR TIE S B
W3R 3.
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*k 2 BHAKERKHEER OPEs M7 iE R IFM
Tab.2 Detection methods and evaluation of OPEs in dissolved water samples and Artemia bodies
OPEs i ﬁiég Hﬂ'lﬁ] #i B Limit of detection/(ng/L) ﬂ[ﬂ‘/ﬁ% . JNAR [E %R Recovery rate/%
OPEs type Reter}'ﬁgﬁ time JKEE Water sample X #L Artemia Spll;(epgl/lgltlty JKFE Water sample %] H Artemia
TEP 3.10 0.08 0.22 50 89 40
TnBP 6.30 0.01 0.11 50 99 78
TMP 1.60 0.28 0.22 50 5 27
TnPP 4.85 0.05 0.10 50 84 68
TiPP 4.39 0.05 0.10 50 89 21
TiBP 6.04 0.01 0.11 50 94 78
TPTP 7.23 0.01 0.06 50 52 86
TBOEP 6.40 0.02 0.11 50 94 103
TCEP 3.94 0.17 0.25 50 98 70
TCPP 4.96 0.32 0.27 50 130 93
TDCPP 5.73 0.45 0.28 50 113 68
TPHP 6.03 0.27 0.16 50 105 72
TCP 6.97 0.05 0.27 50 95 74
*3 13M OPEsSHRIEER
Tab.3 Mass spectrometry information of thirteen OPEs
oLy i BA (] R THT flf 4 RE it EFERIE
Compounds Retention time/min Precursor ion Production CE DP
TEP 3.32 183.1 99.0/127.1 22/15 45/30
TnBP 6.46 267.2 155.2/211.0 14/12 39/37
TCEP 4.26 285.5 99.0/124.9 30/21 47/27
TPHP 6.39 3273 98.9/175.0 47/35 129/115
TCPP 5.31 327.0 98.9/175.0 28/17 30/1100
TMP 1.66 141.0 109.0/78.9 22/30 51/33
TnPP 5.04 2253 98.9/141.2 12/20 19/46
TiPP 4.74 225.1 98.9/183.1 20/10 35/30
TiBP 6.45 267.3 155.2/194.9 12/12 34/58
TPTP 7.65 309.3 98.9/169.0 23/15 40/19
TBOEP 6.76 399.2 199.3/299.3 21/16 68/85
TDCPP 6.09 431.1 98.9/209.1 29/22 51/58
TCP 7.37 369.3 166.0/243.2 38/37 130/135
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%40 &

AV BAF>5 000 5 (logo BAF>3.7)i, %L E
SN BA B TEA Y RN P TL(EU, 2006), 412y
KHFER:

C.
BAF = biota ( 4)
water

A, Coiota FRAEYHRA I OPEs W (ng/kg); Cuater
FRKH ) OPEs ¥ J¥ (ng/L).

SGitEHE

K H K E 7 2247 M7 (one-way  ANOVA) K 5% B
BIEES HH OPEs P28 BAS R4 3 <0 UMK N OPEs % &
Z [H] Y 22 52 (SPSS 22.0 AR , X7 7 25 53 i 4 i)
T2 E B, 225 8K PN P<0.05, XFF B
B R R [R) OPEs A [a] i [7] Bet T4
R, RAZHE T ZE0TRE.

2 HR5WR

2.1 ¥BREEZES OPEs MIRTE

K 2a s, SRBHBBORSE A S5, T
7 TR AT (20.03°N,  110.44°F), 45 OPEs (17

17

A

& 2

Fig.2 The collection of plastic impermeable membranes and the occurrence and dissolution of OPEs

oM 625.99 ng/g, HFRAEIL 6 i, @ELEMEIE OPEs
(TnBP il TiBP), 757735 OPEs (TCP)FI%({t2& OPEs
(TCEP. TDCPP Hl TCPP), M., TCPP 7ER; B
& i, A F0(395.15+48.05) ng/g, b W
63.12%, H4xk TnBP [(52.96+5.25) ng/g]. TCP WfF
d IR A, AUA 0.33%, TCPP 1E Jy—Fh 4 A8 25 FHAR
M, EARFEPBARE, A5FEMLiu et al, 2019;
Chen et al, 2021; Cristale et al, 2016), 1522,

TCP & i/, X AT REJE B o HLAE S 05 5 2510
OPEs, TEMEEHATRE, 75 H R K
T oy ¥ R A, LA DL IR — R B A AE TR
Frfi(Su et al, 2016) ., AHFFEH OPEs 7E B 2 B H (14 T
T 5 HAB R P OPEs MYIRAE & 8K A Y,
S HIIE S OPEs MIMRAE A 52.37~534.89 ng/g
(EPLI4E, 2017); BB M A48 b & OPEs Y71
FrEEN(307+606) ng/g (Bi et al, 2023); HRME b AT
1Y ;0PAs FIY;0PEs 435l o8 <75 i 22 it BR (method
quantification limit, MQL)~24 ng/g. 196~831 ng/g (Xing
etal, 2023), SRIM, YHEHGBREHTAL PRI T 5P
Wi, HAREKhpg K WIgER , A Al il OPEs
PRt SR AT DO LA K IR v h (35 A E A TR S

1 000 D
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S 01f
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FrFE BB 5 5 AR 4R J2 H: OPEs BTRAF A

a: RFHEA b FREWEHIRA; o AMBEE; d: B2 BEd OPEs MIRAFFIE
a: Sampling field photos; b: Aquaculture plastic photograph ; c: Scanning electron micrographs;
d: Occurrence and dissolution of OPEs in the impermeable film.
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22 EERIBhZIES OPEsHIR HME

BRI S 45 AN R 2 7R, 7E 240 h (525
tr, @02 OPEs il i K, Hvb, TCPP #l TCEP
A3k 3 (7.53+0.92) ng/g F1(3.02+0.28) ng/g, kil
OPEs % i K T95 %2 OPEs; Mixt T &=, &
X2 OPEs ¥ th ek im, Hr, TCEP By Rk F|
40.6%, Xt T TCEP AyMEAm, HAEM K H Y
VRS . BRIMT, %elRdE OPEs W RN T HL
OPEs, 1% 7] it & )57 OPEs thE#R5s, HEA IR
JeREf#E (Cristale et al, 2017), FECLSZFRE H 28K

X OPEs W it ilf 47 T Z N ER 5 204, 45
LK, W REBEYARIEBL . AN[A OPEs #p2E f —
HAE H N R RS 53 AT 97% o H AN ] B i) BB A

AR OPEs [ FR Xt 5 2 3 B B 3% 52 (P<
0.001, P<0.05). #RL B2 R shASs H 2 anf&l 3 frs .
o, 55 0~2 K OPEs ¥ R HUR K, 1451 0.69 ng/h,
AR ) B 8 B2 3% 8 0 0 00 0 IH B, 7E 5
el BERFRMRLRE , £77E K 244 FFL BT
(K 2¢), FHP; B b OPEs 7EiZ I Bt A7 (181 3)
BiJG, 7R 2~4 KN, YRIBH B I 1) OPEs i ik
RIFARIE, M 0.3 ng/h, OPEs EHINSE; 7655 4~6 K
P, OPEs ¥ s RRr2: R, 7 0.1 ng/h; 7655 6 K
J&i, OPEs WU T IR A B k& . nTREAESE 6 K
Af, 5 I LA A7 AE 1Y 2448 FNFLER -P i) OPEs JLT-4:
EREA L, Mk BB E BT OPEs B AL 4T 4 14 5
AV o I b 0ol A8 T s BB ) Sk FFL B
B 95 I TP AE () OPEs A REARZLIA HY o

C s B ey
END o omsmmmar |08 B wm [ . ERE
o E ol o O~ OPESFHI# % los % ;; 0.6 L TnBP P E 3r TCEP o
25 - TERE wB o ® 1 5 -
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Fig.3 The dissolution level and dissolution rate of OPEs in the impermeable film

72 RS [a] R 2 OPEs MR /K Sl 3 Fiis,
R BRE Y OPEs #1254 TnBP. TCEP. TCPP,
TiBP 1 TCP, H:ff Lk TCPP Fl TCEP M¥ R &

(K 4); 7E3X 6 Fl OPEs H, B TDCPP 4}, HiAth OPEs
B Vs M R A8 Bt i o RS ) 0 i 328 T i 2% 35 2 S
BPIRAS , X5 OPEs i SR H S AL (- 3), i
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TDCPP [ Hi 3 A B I (5] 38 i 42 g, H P9
W AP AR, JF AR OPEs Y SV a3

23 BERBpEESRAN OPEsENRENKENESE

FER R AR, A A K BRI R N
(94.00+0.02)% , Bij 5 B 41 50 HL Y A7 15 2k (91.00+
0.04)%, FETERAERA B E2RMP>0.05), K,
B 75 MBS L R 1) 7 KT i A A7 SR AN 5 R )
HR A B 18 B S B0 25 3, L) SR 5 4 £ 3 v (il
FH B 5 B TH R AR, K 0038 B 05 B 1 1 ) 1t s
TTAESLYs . WK S iR, 7648 h BRI, KR
AN B OPEs ¥ N 159.18 ng/g, Hid, TCPP Ay
i f e, 15 %(45.62+14.71) ng/g, HAKIK N TDCPP
[(32.05+28.53 ng/g]. TiBP [(16.26+8.34) ng/g]fl TnBP
[(15.41£3.54) ng/g]. TCP &AL, {UF (7.15+0.33)
ng/g. & ZE OPEs (TCPP., TDCPP)K H:A: 1y ¢k [ figt
PR AE AR PR N AV B2 458 751 (Bekele et al, 2021; Fu
et al, 2020), i 7573 OPEs I kikd2E OPEs B 59k
Y% (Reemtsma et al, 2008; Lin et al, 2024; Wang
etal, 2022), ik, F5 %2 OPEs (TCP)FE WA )
WA X RIS R B, TCEP K75 ki HA P
i, AT RE T B YRR T AR AR, I TCEP #82
(D N Y S e = N 7 Lo NG [ T 98 i
#|(Wang et al, 2019). Bekele Z:(2018)HF 57K M, %
o P 2 0 I R A AT SRR AR A R AR, DA BRI
YR RNEE S, T TCEP M R, nlRes
Wopd BRI, Ik, TCEP 78 pd SR P ARk H

RIEAR(3)ITHE OPEs 78 15 ALK N ) BAF , M X
HARPIKI Y 5 &b OPEs Ht, TCP Il TDCPP [

OPEs¥4 i & Dissolution level of OPEs/(ng/g)

9~10

1gBAF 43 )y 4.1 F13.8, ¥ KT 3.7, BAEYEE
BN ; TnBP [ IgBAF /- F 3.3~3.7 Z ], A RHA
BITEA Y E SRV . T TCP il TDCPP HA 5
B K AT Be R, sk PR, Rk, 78 Uk
N2 5 B 4 (Bekele et al, 2018), A Ay, XF i H
AN Y OPEs ¥ 5 BAF {H(& 5%, R4 TCPP
TE R RN MR BE e, IR AETE A BR300
A, TCP E p HUAR P B9 BE B Ik, 207 i AR 3R
I o AR W RN . P RESR T TCPP BT 8%
SRAGE, TEHTEK L, (HARSTE R RIANE .
HZ AR, TCP BHAAESEG MMM, FEK s 38
I, (BAEpq AR R T

Q@ IgBAF 160
100} [ %=H Blank
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Fig.5 The content and 1gBAF of different
types of OPEs in Artemia
3 R4
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Abstract Recently, the rapid development of the Chinese coastal economy and the expansion of
aquaculture have led to an increased reliance on plastic materials within marine aquaculture systems.
These materials, such as impermeable membranes, fishing nets, buoys, cages, and ropes, are
extensively used for their beneficial properties. They are lightweight, durable, and cost-effective.
However, the large-scale production and extensive use of plastics in aquaculture have increased
concerns about their potential environmental impacts, particularly regarding the pollution of the
marine environment and the associated risks to ecosystems. The primary concern is the plastic
additives that are incorporated into these materials. These additives, including organophosphate esters
(OPEs), are often physically mixed into the polymer matrices rather than chemically bonded. This
physical integration increases their susceptibility to release into the surrounding environment through
various processes, such as volatilization, leaching, abrasion, and dissolution, during the product’s
lifecycle. Despite these risks, the mechanisms and patterns of additive release, as well as the exposure
risks presented to marine organisms, remain poorly understood.

This study focused explicitly on OPEs, a common group of plastic additives, to investigate their
presence and behavior in plastic impermeable membranes used in marine aquaculture ponds. The
study aimed to (1) identify the types and concentrations of OPEs present in the plastic impermeable
membranes collected from marine aquaculture ponds, (2) simulate the dynamic dissolution of these
OPEs in artificial seawater, and (3) evaluate the bioaccumulation potential of these OPEs in aquatic
organisms, using Artemia as a model species.

We collected plastic impermeable membranes from wild marine aquaculture ponds and analyzed
their OPE content using high-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS). Our analysis revealed the presence of seven different types of OPEs, which
included three aliphatic OPEs (TnBP and TiBP), one aromatic OPE (TCP), and three chlorinated
OPEs (TCEP, TDCPP, and TCPP). TCPP was the most abundant, with a concentration of
(395.15+48.05) ng/g, accounting for 63.12% of the total OPEs detected in the membranes. TnBP
followed, exhibiting concentration of (52.96+£5.25) ng/g. In contrast, TCP had the lowest
concentration, contributing only 0.33% to the total OPEs.

To understand the dissolution behavior of OPEs in these membranes, we conducted a 240-h
laboratory simulation. The impermeable membranes were submerged in artificial seawater with a
salinity of 30, and water samples were collected every 48 h for analysis. The OPE concentrations in
these water samples were determined using solid-phase extraction (SPE) followed by HPLC-MS/MS.

At the end of the experiment, the total amount of OPEs dissolved from the membranes reached 12.24 ng/g.

Chlorinated OPEs exhibited the highest dissolution rates, with TCEP showing a dissolution rate of
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40.6%. The general dissolution order was chlorinated OPEs > aromatic OPEs > aliphatic OPEs.
Notably, the dissolution rate was highest during the first 48 h of the experiment and then gradually
decreased over time. By approximately day 6, the dissolution rate reached a near-equilibrium state,
likely due to the depletion of OPEs from cracks and pores on the membrane surface. At this stage, the
membranes had likely reached a dynamic equilibrium between the release and adsorption of OPEs.

In addition to the dissolution experiments, we assessed the bioaccumulation potential of OPEs in
Artemia, a species commonly used in marine studies. Plastic impermeable membranes were added to
artificial seawater at concentrations that mimicked those typically found in marine aquaculture ponds.
After exposure, Artemia and the surrounding water samples were collected, and the OPE
concentrations were analyzed wusing ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS). Five OPEs—TCP, TDCPP, TnBP, TCPP, and TiBP—were detected in
Artemia. We evaluated the degree of bioaccumulation using the bioaccumulation factor (BAF). The
results indicated that TCP and TDCPP had significant bioaccumulation potential, with logBAF values
greater than 3.7. TnBP exhibited a moderate bioaccumulation effect, with a logBAF between 3.3 and
3.7. However, TCPP and TiBP showed no significant bioaccumulation potential, as their logBAF
values were below 3.3.

In conclusion, our study identified six distinct OPEs in the plastic impermeable membranes used
in marine aquaculture, with chlorinated OPEs being the most prevalent. The results of the dissolution
experiments revealed that OPEs are initially released rapidly from surface cracks and pores of the
membranes, followed by a slower release as equilibrium is reached. Furthermore, the
bioaccumulation experiments demonstrated that certain OPEs, particularly TCP and TDCPP, present
bioaccumulation risks to marine organisms such as Artemia. These findings underscore the
importance of managing plastic additives in marine aquaculture systems to mitigate the potential
environmental impacts of plastic waste and its associated contaminants. The study provides valuable
insights that can inform future strategies for reducing the ecological risks of plastic additives in
marine environments.

Key words Aquaculture plastics; Organophosphate esters; Leaching behavior; Bioaccumulation
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