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Abstract; The complex and ever-changing hydro-chemical conditions affect the bioavailability and toxicity of
heavy metals, which further affects the formulation of water quality standards. There is a high demand for develo-
ping a toxicokinetic-toxicodynamic (TK-TD) model that considers both hydro-chemical conditions and time proces-
ses to simulate the bioaccumulation and toxicity of heavy metals in real-time. This study attempts to establish a the-
oretical model framework for predicting the toxicity of heavy metals under different pH conditions in the aquatic
environment. Additionally, the present work involves the introduction of hydrogen ion-ligand complex constant
(Kyg) 1n the biotic ligand model (BLM) into a TK-TD model, by predicting the accumulation and acute toxicity of
cadmium (Cd) and lead (Pb) in zebrafish (Danio rerio) larvae that are exposed to the aquatic environment of vari-
ous pH levels (4.5, 5.5, and 6.5). Also, the verification of the effectiveness and rationality of the corresponding
model frameworks was carried out in this work. Results showed that the maximum uptake rate (J_, ) of Pb was
three times higher than that of Cd. The killing rate &, of Pb is four times lower than that of Cd in the zebrafish lar-
vae. The safe threshold variation between Cd and Pb was found to be 30-fold. Further, the increased H" concentra-
tion in poisoning solutions can significantly inhibit the accumulation of Cd and Pb in zebrafish larvae. In conclu-

sion, the K, -refined TK-TD model can accurately predict the accumulation and acute toxicity of Cd and Pb in

zebrafish larvae at pH 4.5, 5.5, and 6.5.

Keywords: cadmium; lead; H"; toxicokinetic; toxicodynamic

FERSE T T 4B R e A AR (N, 4R (Cd)
Hi(Pb) E5(Cr) L (Ag) B3 (Sn) FlI oKk (Hg )) s BR il 14 35
FEITR (P40, Bk (Fe) , %k (Mn) 8 (Cu) , £ (Zn) , $H
(Mo) i (Co) FIEL(NL)), A 5 4 )& nl il i & R U R
Wik R G ALY, i — DB R TR AT
PEACIHH A2 KRBT b i T 4 8 R T DR
WK R AL T 32 15 e B B2 I AN BeE  — MR
LA FE bR ol S W T 4 T 1) 2B 0 5 DA B Rk A A
VIR BN, L, R A R R AR
RPE B2 i S I RTINS, SEEIAR
B3R (US EPA)IZ I A Wy Bt A4 45 7 (biotic ligand
model, BLM)#ES7. Cu [ 7K P15 i 2 FEvfE (water qual-
ity criteria, WQC ; i FR/K i3k E)" . 7R IE , Bk E
2 T HT KR E 4 8 B ) WQC, {H I
YA RCPEB AL B o Hh DK AR WQC B TEJE BE, &
B 227 I K A58 DR - Xof 7 4 J 75 2 110 B i) 2 R i 7K
JoFEAE

HHT,2 A FZ0AEY A SEBR F T o 11T
fliK BREE 4 8 O B2 . BLM % 8 T W R R AE (D
BL Z 84 W 1 0y 3244, IS it T — N T
IRk S R X 4 JE B M B2 i B HEZRET ) BLM Ay
& B Y FHERE T4 52 A BL LR
WRBE , DA RV W B 2 FH 5 - (i 40 HY K\ Na™ |
Ca® ¢ Mg®" ) vk B2, XL PHE v Pl e 5 4 )8 5
Fgr g & BL MO, 455 B4 P BL
A4 AR B I R B N s R A B

TER® . BLM JCiE 5 — R A A d R0 . M
22, F AR 8 1 2235 808 11 2 (toxicokinetic-toxi-
codynamic, TK-TD)# 7 0] ABLH A 75 4 J@ X A9
FEAREPE A IR ] G AR TR A A DLV W 4
e i 32 Ay R B I AR PN 1) 4 T AR JRE B 1) ) AR A i
o AR TK B AL 35 4 Ja i WOBORTHE S 72
G TK B AL ER T 6045 4 8 Y W s Fn HE ik
T2 0 FTALHE 7E 0 2 B s L 4 vk B v 2 Ak (B
R34 8 A ARG . TD ARIAT 2 B b i AR AR Y
o Ja TR P A A )RR AR A 7 AR B MR BN (B T AR
(mortality) A= PR 45 175 (damage ) &5 ) Bl B5F [8] 1) A% £k 15
FET AT ] BLM JC ik S5 i) B 400 4 s R ER K™
AEFEMER RS AR 3] TK-TD AL i 2 550%
A 7% TR ARAREE A5 (A B X 4 Jm 3 P 1 S )
U, 5 B A Ny R TR K Ak 27 2 A S 55 R T 2o AR 1Y
TK-TD A1 52 i) A 40 43 Ja 1) 26 ) &5 AR e ™
AR EEE . TK BERIBII4 @ i A 9 R R i
FH TD B3R 5 4 8 B R X Fir 7 2k Y B
PET BLM 4 @ W IGH 3202 ¢ TRt 2 50
PHES 5 Be AR 45 & 5 0 iR 3o 200 % BLM
e 4 A RIS FE T | A TK-TD A A 47 KA
RUTERE KA S5 T R YRR, e, BRES +
(W H" K" Na' Ca® & Mg®" )X HJE b7 4 J& (Cd Al
Po) B PE S e I A — B &5 e, AR Tt KT
Na“ Ca™ & Mg™" X} Cd X} a1 % £ ( Oncorhynchus
mykiss) R FEVEB AT R T KT (Na™ Ca® Jz Mg™
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We TR XT Cd X K A% (Daphnia magna) i) 7514 H
AIEIEFR SR H X RS 428 (Cd A Pb)Y
BEMERE AT — B 258, HO W EE T X Cd xR A
1% (Daphnia magna) /) 3¢ BA M EVE R, B,
ARGV R TETAE FH5EERBL) S S F
1) TK-TD #8 L FUl 72 AN ] pH 4544 T AE 20 75
)& (Cd 1 Po) R 30 e 7 75 B 1 40 4y 401 1A P 9 AR R
Koy= Az et I PPAR A A A M

1 # A ##E 555 ( Model construction and im-
plementation )
1.1 AEYBCARA R (BLM)

BLM i i Cd* 5 Pb*" 5 BL M4 4 ¥ 4L, B
Kegs M Ky (L-mol ™), #ii& Cd™ 5k Pb>" 5 BL %%
HRENY I HARE Kegy, T Ky, FEASRIH7K AL 2
(AN HOFM T RAEAEN , Kegy, B Ky, M

CcdBL CpbBL (1)

K= 7 Koo =

Cear+ X Cppp+ XCpp,

s e A . AT A S5 A BL Y H BBy Cd* 5l
Pb™ R (mol - L™ )5 g, B €y #6785 BL 2545
() Cd* 5 Pb* K JiE (mol - L™'); ¢y, RN TEA LA
AT PHES -9 F fi Y BL W EE(mol - L),

BLM R 56 T45 4 Cd™ 8¢ Pb™ (il BC A7
JRHRIE gy BX Cpppy 1 B AL 25 R (e )
BB (fogmr, TR Fpypy )T R8O PREL . A5 R
PLH R, %% Cd* 8 Po> Hl H Z [ 555, £y,

Toxicokinetic (TK)

5 Lo 7 Kegs ~ Koot ~Kiapt ~Coas ~Cor M € LI
HYPRE, £y PHEFHIE
CmBL Kyp X €y

) CpL1 1 K X €y F K ypp X Cytne @)
1.2 #R-2E83h /1 2% (TK-TD) A

ABFFE R, TK AR 2 £ 0f 4 Ja 1 W e A
HE L, Zme 45 R A e AR N R AR s e T
Wb Cd* 5 P AYVREE , BV e, B Gy, VE AL
(18 A\ e A ABE UL o o ) P9 22 Ak B AR P Cd B P
W, TD BLRAE A B A B ] A8 A Ry Cd Bk
Pb ik B FITE MK b7 A i BR800 (FE T3 i
ROC R, AW R BE T HCAR 2K 5 0 8 Ko, X
Koy 19 TK-TD 55U F T 3 L5 40 4 £ 14 P4 1Y) 43 )
VS ey R ) FE PR R I ] 28 Ak AR (8T 1), S 5 1B
[ ANBRED 78 T A f) Jo - o 5 i vp 2
24y 238 2o IR AR P (IET A SRy R
1.2.1 TK i

ABFFE b, J A S () AR 4 fh AN
TR AR B 4 R R O Hh 4 e 1Y
W, WFSE Cd B Pb [ IR ] A4 35 A0 7 £ 4 Ay AR
2 TK BRI SEAR B A5 (1) R % &t A
PR N ) Cd B¢ Pb (il ik W 1 25 B T 390 3ty e 7 2
YRR F % BL A7 1Y Cd* 5 Pb* (1 T41).(2)
Cd = Pb 4 e 3 B i 3l oK s )
SRR, B Cd B Pb i KR R (o e 5K
Jonmax » Mg+ g 07 RS AK IR B SR TE A%

MBL

Toxicodynamic(TD)

Aquatic phase Bio-phase Effect
CeapL ;
K CdBL = Internal concentration
Ccazs X Cp J -
>z> BL ) |:>—|% Hazard |— §
8
C, 1 =
_ PbBL A S
]{PbBL — — oL Uptake I H <
ch2+ X O Damage
Elimination

Biotic ligand model (BLM)

BEl1 TK-TD #EHA
T A I LESCP (1) ~ @I,
Fig. 1 The refined TK-TD model

Note: For the meaning of symbols see the explanation for Egs. (1) ~ (8) in the context.
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B A5 PR H B(K, oo 38 Ky , mol - L)
PRI oy BX Cpy,(mol - L) HJRREL™ . Cd Bk
Pb LA sh ¥ 8 TE X i A pa HE RN 5 FUR AR
SE IR 42 T 0 HE L R B (kg o BX Kppou s D)
AR A N 42 SRR BE (Crgjog B Gy, g+ 8™ I RREL,

R, Cd B¢ Pb A& Py FR3R f #2 AT DL KR
j:,[w—m]:

d ‘]Cd max x ch2+ «

Do (=l TR o Y

dt CCd,lm( ) (ch2++Km’Cd Cd,out CCd,mt( ))a_,’_ﬁxt (3)
d ‘]Pb max X ch2+ «

hall (=227 |k X () —— 4
dtCPb,mt( ) (Cpb2++Km’pb Pb,out CPb,mt( ))a+th ( )

s ¢ R YETEI ] (h) 0 N A BTG T () ;8 %)
R KA (g0, ABFR AL R T A
MR I, I Ch 0 4y £ 1) AR A AT DL 2 AN T, B Bl
NE,

Tt ke, 0 K, oy 2 TR BISG RAR S BB
kegp, FIAE] TR BRI H kg F1 Ky, S F
FHESHE A RFSBAEATE, AR L H
), 2% 184 Jm B 5 H 2Z [6) ) 5 4, BB I ) 0 1
j][] , Cd E@MX Ij‘] E/‘J }R ;J%IEI% Hfl JCd,max N deBL \ kHBL v Chy
I cog AN PREL, TIAR] TK BRI X3) AT LA
W5

d Jeaman X Cears X Keapr
ECCd’im(t) ) Cops XKogpr 03 X Ky 1

de,out X C‘Cd,int( t)

)
1.2.2 TD s
TD HEAV E LR A7 5 R 5 R N 48 Wk B2 2 1l
EROCRD Glor Jr BRI T B BE I R] A AR £k
Cd 5% Pb A Py ¥k B 1 28 4k 5 R 1) 26 W A7 30 S 10 A
1k, = (6) ~ (8). A AR T A 4 i 7 P U
JEAAE Y, SET R — Rl RN, BT RS R (H
(O, 7N 1)) Cd B¢ Pb 78 A Py I 45 B R B 1R
#A It — %€ % 4 R {H (threshold , wg - g7 ) B}, 384 in 4
FETZHIMER YT DL Cd I, TR A

%: ke xmax [ Cy,(D-threshold 0] (6)
S( t) = 671ﬂt) ><*chomrol( t) (7)
Sconlrol( t) = e_hbx ‘ (8)

S S(O S ¢ IR, A A R (A0 1), &,
EEPEH R B g pg ' -0, F i A
B3 4 TR T 0 BCPE 7 3 threshold K5 24 4
FET- I, KPR 0V 4 TRV FE (g 273 Seomen(D)
X IR TP TER S04 1), hb X IR 4

RUGR(h™), FEARBFFTH, hb #hi% b, N TE Cd
8¢ Pb FEMHRIG I E)(<96 h)WBRZA LA AET .,

2 ##l57 % (Materials and methods)
2.1 A=t

FERE 4K (MIlL-Q, 18.2 MQ - em) F1 43 HI A &
B (CACL, -2 .5H, O) M R 5 (Pb(NO;),)(>99% , It
ool BHEROE R Cd 3% P 545U . T4l Ak
it 2 R R — R AR BE Y Cd F1 Pb A YL iRV T
I AR HC1(0.012 mol - L™")(>99% , ik ki, B}
R JE T YL BRI pHL,
2.2 R AY

B Ty £ (Danio rerio, AB )l B H E B2 B 7K
AR T GRIN) R FR T 20 L K IEBEREE ", K
RARRFTE(26+0.5) °C %7 12 h YGIEFI 12 h JBEGY
SR, AR A mE AR 2 R, KB
I f e f RN fA 42 221 BEXT, AR ZS L= B, R FH T
W ST BE R T I S /K ih ok 44
2.3 YLRESLEG

B IG & E 72 h 5 58 WAL (IR — BN
54 h JF IR R4t B T UL R C e, BT AT 4l
10 YL 55 S K R (26 £0.5) °C |, O IR /5 % F 40 4
HI7E 12 W12 h, FEETC IR 7S FL A0 M TR Al h 1A 7 e
#F(Cellstar, Greiner Bio-one, f[%]), 4:fL 10 mL i
VTR, AL 30 Zkahfi, e SFLANMLRS FRAR A FR T I
TS ORI B I e BRI 2R R S BUA W
&R,
2.3.1 H'Y5 BL %&HEU(K )10 E

1€ pH JEFIN 4.5 ~ 7 PAIA R iEAh Cd 2 Pb
(R T] Ao R At 3 25 AN A8 9 155 0L T R
FE I, AR TS 50 v B 4 A E 0 ~ 5 mg - L™ Cd
10 ~10 mg-L™" Pb AR AR fb i [, o AR 4livk
i B Cd B P i & BOR AR IA M, FH HC1(0.012
mol « L™") I 715 2% W X % W 19 pH, I H pH 31
(S20P-K SevenEasy Plus, Mettler Toledo, Ffi )il % .
PSS pH KR, A SRR ERE 3 F
15,9455 24 h JRicsealfasbT-%
2.3.2  BJEAISCE A (Jogs F Sy ) FIHE A
(Kegour TN Koy o) BUBE 2 55 BK (&, ) F1 5 (threshold)
{1 I A S 56

{fi pH 7.0 ZE47 BB 2K 4359133 0.1 mg L™
Cd 11 mg-L™" Pb 174 J& 76 4l fa ik Py i B B A
BEPESCHG, SEERHBERE 9 ANEE A A4 .8.12.18 24,
36,48 .72 196 h)FE N RAERT[B] 745 UK 5B Ye B
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VTR AT SE ) pH AL, R ST A N pH E 1Y
YRTEIR ., WICEE YL B0 Uiy BeF 200 R0 % 5 0 R T =2
AYIIRAS 5 mL, B REE 28 2 A PATRE AR B
2.3.3 SRR NTE ML UE S

PFHEHE WA R pH & (pH H 4.5.5.5
H16.5), 43 51%E 0.1 mg-L™" Cd Al 1 mg-L™" Pb i
& B e iR A BN SC S0 SCa b e
9 NFFEIFA] (4 8,12 .18 24 36 .48 .72 F1 96 h),
T U T T e VA W 2 W A VR pHL ML, B R
TORARN, pH (B A YL BE IR, WSCHE G 35400 4 15F 221
PUBE IR B Z AT VAR S S mL, TSR B 4% 2
ASPATHERF IR B
2.4 HUREFIERAL ST BT

FERASRAERT ] A D s gh i FET % If kg
YLBELH NS IR 2 (R 4l 7K) T A7 16 I 4y ., RS Tk
WE 3 AATH, B PATIE 30 454l % 1.5 mL
B B4R e s SR R AE-20 °C T H
Tt —2 b, WENREERERZ 0.45 wm /YK
(Whatman)i 8 5 500

SR R VR I &) R A E A R T AR A
(PR TTAEAE], KHEE, 1 EDFE60+0.5) CF T
i 48 h BAHE, o HIFRE , I MEE %, K58 1 mL
e HNO,(BH K, T80 40, 70% ) A 1.5 mL 5.0 4
FFAE80+2) CARIRTEMAE IR HWS28, 4:1%
R M), 2R A — M ST AR (1 mL)7 0.45 pm
Y08k (Whatman) 2 U8 A % 25 9 W RN &) (A o
253 70% HNO, BRIk, LLIKE] 1% BRIk 2 5 17 it
TE 4 CUKFRREI R FH LB A 45 8 K-
B AL (ICP-MS, ELAN DRC-E, ¥14: # /K 2%, 22 [H)
X it T 4 S (R v BE AT I A o DAAS [ s ) 5 )
T FNZE RS TR T 4 S 18 Yk B A S S R e i vik i
TR T
2.5 Gttt

PP Cd 3 Pb B fL2EIE AR Visual
MINTEQ (Visual MINTEQ Ver. 3.1, https://vminteq.
Iwr.kth.se/ ) ITH5. . BRI A S G KR R
pH {f .Cd* 5 Pb* .CI”  Fil NO; WIME, 7 FrA Ay
Sey el fE pH JEEIN 4.5 ~ 6.5 MRIA R Cd 8
Pb V1Y 99% LA I LA 25 4 J& 25 Cd* 5 Pb* &
BAETE, R Wb HAT Cd* 5t Pb*" | CI™ Fl NO;3 ,
AT HAB AL 53 (AN A HLERO) A

1S WS ENESE S i (U PSS BURE 2% € 7 A7 13
JE(LCspeqre B LCsope: ) 5 YL BEVS W HH H B VK JEE

(., )BT 1051 A0 A0 S AR I LU (B A 31, ol )
B AE R 3.1.2 (http://www.R-project. ORG/) ' “ DeS-
olve” BAF LAl T2, HU-G &y A PN 42 & Yk 2 52 56
AR E] TK 250 Cd B, Jey e~ Keasr M Kegon
), BIEHMAT RAEN B E Z M ERT
SEE RSB TD 24 threshold 1 &, {EL,

i AR B R 3.2, O T4 8 T S A 4%
G H B TK-TD BRS040 A AN F pH4.5.5.5 il
6.5)1) Cd H1 Pb (19 YL TEV R o, Bifi o B R) 38 o % 4
o FEBE T 0 &y e A P R B RN = A I B

3 455 (Results)
3.1 TK-TD #HISHOR
3.1.1 H SFEALEHE Ky K

Cd YeFERE T #1410 24 h 1 LCypepe 5 . B
FHIEA K & (FF =0.83, P<0.001)(IK 2), FHE#E Y
BEVAR pH 5.5 B3 4.5, LC, 00 HH 4.59%107 mol -
L' JHE £ 5.64%107° mol- L™, [Ftk, H X Cd &
(A RN B S FEHE T K, B9 TK BRI ES) H %
&0 Ky 728 1d LC o 05 ¢y, BOLRAE I 7 72
I RPER B ERROCT Cd 1Y Ky, , logK g, =
525(12;5009)), [FIFEHL, Pb 2 EREE S fa )i 24 h
) LCsyp+ Ty, 22 W F M IEM X KR (£ =0.92, P
<0.001)(K12), M LCypp [ 5 YW T, BIZKR
PEENT S FEAS RN ETF Pb (1 Ky, , logK, = 5.23 (14
2;3(10)),
LCyyop = 138x%¢,.+ 777x107°(# = 083, P<0.001) (9)
LCyppp = 127%cyy.+ 738x107°( = 092, P<0.001) (10)
3.1.2  TK Z¥(fil TD ZHCK

mE 3 s AL RN Cd 8¢ Pb e i S50
B2 TK S50 0y K, T iy o 1o G4
HAETHRAMA N Cd 5% Pb ¥ BF 22 i) 5¢ 28 A 52560 %%
PE153) TD 24 threshold Fl k, {H ., %1 151 TK-
TD A T A S HE, B, ki . Cd B Pb 1 Sy
kg Ko -threshold |k, FIBELS 1 4y 4] 4 Jo 1t ()
FESER R YL B S0 gl £ AE K 3R (B) i 2N
T IFBRERE oy A b FIRIERIE R E A,

Ko fhiitas & TAFKAEAY BL L4 8 ik
g, RET e B SUK Y Z BN 2E S, fEARDE
FE, Cd* Il Pb* S EE D fa 4))fa BL 485 B (Keane
F Ky JTE KA ( Daphnia magna) Vi N 14 245 65 41
HAEFIN (238 ~7.96)(3 2)™, logkyy, (HAKT K
WV (Daphnia magna)F W 4 & ( Ceriodaphnia dubia)
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R TE B fa 4 o R Y I AR R N aE 79
6.0x10° -
o

06107 4.0+10-f
45x107F = 3ex107
5 OO 2 3ax0
ERRU £ 28x10
£ 3.0x107y % 24x10°F
”§ 2.5x10° U§ 2.0x10-5F
U 2.0x10-°} = 1.6x10-}F
= 1Lsx105f 1.2x109F
1.0x10-F 8.0x10F
5.0x10F * 4.0x10-F
0.0— 0.0

C,+(mol-L)

0.0 5.0x10° 10107 1.5x10° 2.0x10° 2.5x10° 3.0x10- 3.5x10-

1 1 1 1 1 1 ]
0.0 5.0x10° L0107 1.5x10° 2.0x10° 2.5x10° 3.0x10- 3.5x10-

C,+(mol-L)

B2 Cd(a)F Pb(b)BJELE 24 h 5, 58& P Cd F1 Pb B9 EBIIE K B (LCyyqz T LCqp2+ ) Fl ¢, I HEX R
T SRR LG IR, IR 2RI A I Ze Y 95% BAF X 1]

Fig.2 Median lethal concentrations of metal toxicity (LCsyc2+ and LCyyp2+) for zebrafish larvae as

a function of ¢, after single exposure to Cd or Pb

Note: The solid lines represent the linear regression lines and the grey lines represent the 95% confidence interval.

(@ 100F (b) 1.0
80 0.8
g, g
& gy B 5 n
22 @ w3 06
g 3 s
B &S
K g 40 = 04
e —
' 3 &
< E Q
201 0.2F o)
0 I I I I 0.0 I | I :
0 24 48 72 9 0 24 48 72 96
I} [a]/h Hsf i) /h
Time/h Time/h
(©) 800 (d)
~ 600
&0 _'90 5
I 5 400 w1 =
B = &z
£ g
Z g 2
o =
£ = 200
0 I | | I
0 24 48 72 96 0 24 48 72 96
i8] /h fisf A /h
Time/h Time/h

B3 0~96h0.1mg-L™" Cd (a) (b)# 1 mg-L" Pb (c) (d) LB aREeBESHGERNNRREMSGEEFTER

TF : SR @R AR AR N YR B R4l a3 R LA

Fig. 3 Comparison between observed and modeled internal concentration (accumulation) and survival fraction in zebrafish larvae

of 0.1 mg-L™" of Cd (a) (b) and 1 mg-L™" of Pb (c) (d) during the 96 h exposure

Note: The solid lines are modeled values of internal concentration (accumulation) and survival fraction.
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TSR] (E Y {8 & T BIE % (Moina dubia) 115
FIERY, HEAh, Pb B KRG F (U, ) b Cd K
A3 fEER D), SEXNAEYREENEIER T 48
HABAKAY threshold S A = 1Y &, , S E AR . Cd
i) k, & Pb % 4 %, Cd Fl Pb (1) threshold #H 2 30
5 1), #id 4 JE Y threshold R] DU HE/K 7% W b
LB TCRLN R . SR, IZAEAS R B4 /M 1) H
KA A SRR h R TEAS R KA 22 55 T
&8 0 WA RO P B AN TR
3.2 TK-TD BEARIGIE
3.2.1 TK BRI 4 Ja AE 4 AR N B 2R
AN pH H(4.5.5.5 #16.5)# 0.1 mg-L™" Cd
5 1 mg-L™' Pb ¥ & HE I, Cd 3 Pb 74 fafk N
()RR SRl A BsF ) ) 384 i i 3G (& 4), & &R TE

gt Ry R R R OC T YL BRI T D H vk B A
YRR R A pREL, FEYLEEIT AR 8 h N, W HY
(R B A o) 4 J A Sy £ R P B AR R 7 A I 2
Wi, {H>8 ~72 h Z[A] 3 — YL g} [E] I, 4P Cd B3 Pb
W RE Bt H vk B S8 N i 3 BRI (P<0.001), DA%
7T pH N 6.5 1 Cd B Pb IF W M, 7E 72 h
ff,Cd Fil Pb 7E &l 0 {4 PN A 55 = Wk 32 49l ok (60.7
+035) pg-g ' Fl(722+14.0) pg-g ' TEFTA LA
Hh AR PN 4 i VA 32 i % B T ) 1 184 o i 14 o - e
2572 h JG#a T AT, TK AR @) A A B T 0 A
PN 4 T B I ) T () AR A I AR Ge i B B
B (P<0.001), Cd Al Pb F 22 ) 512 56 LI (L A 74
TRONAE Y 11 MO R E () R4 7 L1 22 (RMSE) 43
Bl 0.89 3.76 F10.83 342,

#£1 XF CdFPba TK-TD EE S

Table 1 Parameter values of TK-TD models of Cd and Pb
24 gy
Parameter Unit cd Fo
vt max pgegl-h! 11.78+043 11935451
KL L-mol™! (4.73£032)x10° (827+0.28)x10*
Ky L-mol™ (1.77£021)x10° (1.72+0.15)x10°
TK Kt out h! 0.0539+0.0021 0.0455+0.0015
Cy+ mol-L™" 8.89x1077 483x107°
Cut mol-L™! 1.00x1077 1.00x1077
@ g 0.0015 0.0015
threshold pg-g! 11.39+1.24 30146589
v ki g-pgl-h! (149£027)x107° (347+0.54)x107*

TE A SRR WLET 1 FIIESCHh R (1) ~ @)t

Note: For the meaning of individual parameters, see Fig.l and the explanation for Egs. (1) ~ (8) in the text.

F®2 H' .Ca"#Pv" 5EREEMPEAEE S EHILER
Table 2 Comparison of binding constants of H*, Cd*", and Pb’" with ligands of different organisms

G H(log)
IKEAY . SCHRA IR
Binding constant (log)
Aquatic organism References
kHBL deBL kaBL
3L Ceriodaphnia dubia 7.60 NA NA [19]
KAVE Daphnia magna 540 NA NA [19-20]
KIY& Daphnia magna 8.79 7.96 NA [10]
3L Ceriodaphnia dubia 470 NA NA [23]
WME % Moina dubia 303 NA 238 [24]
BEh a4l Danio rerio larvae 525+0.05 5.67+0.03 491+0.05 A5 This study

TE:NA KRR,
Note: NA is not analyzed.
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Fig. 4 Comparison between observed and modeled internal concentration (accumulation) in zebrafish larvae of 0.1 mg-L™'
of Cd (a) and 1 mg-L™" of Pb (b) during the 96 h exposure in different pH of solutions

Note: Plus, triangles and circles are observed values, and dotted lines, dashed lines, and solid lines are modeled values at pH 4.5, 5.5 and 6.5,

respectively; observed internal concentrations for 96 h were not analyzed because no surviving animals were collected; 1 is the coefficient of

dependence of the 1 :1 line; RMSE is root mean square error.

3.2.2 TD AT 4 )& a1k
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RPN Cd B8, Pb ¥ B2 6 7 G 75 B[] 38 fin i 34 om , K
2972 h Je kBT, KRBT S R PR RN
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FEA AR N AR B 2 i 2 R R X R I |
Cd 1 Pb 7EBEE RN AR B, X AT REFH T H' Al
&lEE IR — Az, 45468 BL 1Y
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JEUL, T3 I B R H v B R 2 &y £ X
Cd 1 Pb (AR R LAk, A ZR @ i [E) , fIK pH B
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Fig. 5 Comparison between observed and modeled survival fraction of zebrafish larvae during the 96 h exposure
to 0.1 mg-L™" of Cd (a) and 1 mg-L™" of Pb (b) in different pH of solutions

Note: Plus, triangles and circles are observed values, and dotted lines, dashed lines, and solid lines are modeled values at pH 4.5, 5.5 and 6.5,

respectively; the estimated toxicodynamic parameters are listed in Table 1; 7* is the coefficient of dependence of the 1 : 1 line;

RMSE is root mean square error.
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