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Fig. 13. Bioluminescence inhibition of A.fischeri for nickel and lithium

mixtures

Fig. 14. Bioluminescence inhibition of A.fischeri for nickel and sulfate

mixtures
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Mixture Toxicity of Lithium, Sulfate and Nickel

on Daphnia magna and Aliivibrio fischeri

In Hye Roh

Department of Ecological Engineering,

Pukyong National University

Abstract

Worldwide, demand for lithium has increased in various industries,
increasing by 170% in 2022 compared to 2015. Lithium’'s annual growth
rate is expected to be the highest among metals by 2025 due to the rapid
growth of the electric vehicle battery.

Wastewater generated in the secondary battery production process
contains lithium and high sulfate concentrationsAs the demand for high
Ni-based precursors is rapidly increasing, the discharge of nickel
wastewater is also a concern. In addition, lithium and sulfate are not
currently included in the permissible limit for water pollutants, and are
not treated in existing wastewater treatment facilities. If lithium and
sulfate are discharged without treatment, adverse environmental effects
are expected to be significant. Therefore, for the safe management of
secondary battery discharge water, including lithium, sulfate, and nickel,
we will conduct a mixture substance ecotoxicity study on these materials
and finally prepare a plan to establish a secondary battery discharge
water management system.

In this study, the toxicity of lithium and sulfate, which are major
contaminants contained in discharge water from the secondary battery
production process, and nickel, a material of concern for discharge, were

evaluated using Daphnia magna and Aliivibrio fischeri. In the case of

- viii -



Daphnia magna, the toxicity difference according to the exposure time
was also evaluated after adding a reaction time of 48 hours in addition to
24 hours according to the water pollution standards method.

As a result of the single material toxicity evaluation, lithium ECs 18.2 mg/L,
ECs 14.3mg/L, sulfate ECsy 4,597.2 mg/L, ECsy4,345.0 mg/L, nickel ECsy 7.5 mg/L,
ECs 5.1 mg/L for 24h and 48h were found to be different in ecotoxicity
according to the reaction time. Alivibrio fischeri 30min lithium ECsg
3,025.8 mg/L, sulfate ECsy67,010.3 mg/L and nickel ECs 6.8 mg/L confirming
a difference in sensitivity between Daphnia magna and Aliivibrio fischeri
species to lithium and sulfate. As a result of predicting mixture toxicity
(CA, TA) of mixture substances, antagonistic, additive, and synergistic
effects were found depending on the mixing ratio of single substances,
but most showed antagonistic effects.

Therefore, a systematic ecotoxicity management system for secondary
battery effluent considering the exposure time, test species, and mixed

toxicity according to the target substance is required.
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Table 3. Single substance concentration for D.magna toxicity test

Test Lithium Nikel Sulfate
substance  oujAy  BAY  euAY  BAY duud 2ad
45 10 1 750 3,500
9 12 3 3 1500 4,000

Con.
18 14 6 5 3,000 4,500
(mg/L)

36 16 12 7 6,000 5,000
72 18 24 9 12,000 5,500

.« AAAR

Fig. 1. D.magna toxicity test method
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Table 4. Single substance concentration for A.fischeri toxicity test

Test Lithium Nikel Sulfate
substance  ojul e EAY  dEdy BAY ey 2
20,000
250 0.25
500 05 20,000 30,000
500 1
1,000 1 40,000 40,000
Con. 1,000 10
2,000 5 60,000 50,000
(mg/L) 2,000 20
3,000 10 80,000 60,000
4,000 40
4,000 20 100,000 70,000
8,000 80
80,000
HMEHEM =8 - 43¢ s{TO 22 S5A[ZE O|LAE
(= LEEE 20 ¢ A ESAIRE 1 my
= THEEEA S HIE A EEYHECr E EEE
H 4ot or7| 2l A|SE oHeln| BEH EoFECE
AlEHHEES =5
BjM0 50 HEHEM qp o] B EE LHY =T
F7EB=) BE
MEHEY soouls TEE AL THHsEIEE
Algd = 2158 = 53
308 2 BHE () 58
TIEEE FET AEE + TIET AE 5000l Zo A AR @
22 ET AT I EpnsEeE Y AlE10mL + HEZHEEN 229 Nacl 1my

Fig. 2. A.fischeri toxicity test method
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Table 5. Concentrations of lithium and nickel mixture for toxicity test of

D.magna

Fixed Ni(mg/L)

3:

3,

@ 3,

5, 9, W

@ 5)
2 5+OY

Variable Li(mg/L)

10, 12, 14, 16, 18

2 5+Q4 A,

CEE+OU A,

Table 6. Concentrations of lithium and sulfate mixture for toxicity test of

D.magna

Fixed sulfate(mg/L)
@ 4,000, 4,000, 4,000, 4,000, 4,000

@ 4,500, 4,500, 4,500, 4,500, 4,500

@ 5,000, 5,000, 5,000, 5,000, 5,000

Variable Li(mg/L)

10, 12, 14, 16, 18
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Table 7. Concentrations of nickel and lithium mixture for toxicity test of
D.magna

Varialbe Ni(mg/L) Fixed Li(mg/L)

@ 10, 10, 10, 10, 10
1, 35 7 9 @ 12, 12, 12, 12, 12
@ 14, 14, 14, 14, 14

 BFEA  YA-0HE, JA+QHE, UR+QE

Table 8. Concentrations of nickel and sulfate mixture for toxicity test of
D.magna

Varialbe Ni(mg/L) Fixed sulfate(mg/L)

@D 4,000, 4,000, 4,000, 4,000, 4,000
1, f3=a® 7, O @ 4,500, 4,500, 4,500, 4,500, 4,500
@ 5,000, 5,000, 5,000, 5,000, 5,000
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Table 9. Concentrations of lithium and nickel mixture for toxicity test of

A.fischeri
Variable Li(mg/L) Fixed Ni(mg/L)
@ 0.5, 05, 05, 0.5, 0.5
500, 1,000, 2,000, 3,000, 4,000 @ Y NI |
S s, 5005, 5

¥ 5geEd  gds+0dd, d5+Qud, HE-04z

H

Table 10. Concentrations. of llithium and sulfate mixture for toxicity test of

A.fischeri
Variable Li(mg/L) Fixed sulfate(mg/L)
@ 20,000, 20,000, 20,000, 20,000, 20,000
500, 1,000, 2,000, 3,000, 4,000 @ 40,000, 40,000, 40,000, 40,000, 40,000
@ 60,000, 60,000, 60,000, 60,000, 60,000

% BYEA  OE-OFNY, AFQINE, AFOFNY
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Table 11. Concentrations of nickel and lithium mixture for toxicity test of

A.fischeri
Variable Ni(mg/L) Fixed Li(mg/L)
@ 500, 500, 500, 500, 500
05, 1, 5 10, 20 @ 1,000, 1,000, 1,000, 1,000, 1,000
@ 3,000, 3,000, 3,000, 3,000 3,000

® B3Ed 0 UA+0dE, Ua-QUE, J2+0UE

Table 12. Concentrations of nickel and sulfate mixture for toxicity test of

A.fischeri
Variable Ni(mg/L) Fixed sulfate(mg/L)
@ 20,000, 20,000, 20,000, 20,000, 20,000
0.5, 1, 5, 10, 20 @ 40,000, 40,000, 40,000, 40,000, 40,000
@ 60,000, 60,000, 60,000, 60,000, 60,000

% BEEE  ULOTRY, UBOFNE, YLOFUY
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Se=de ol24 SAGFHAME)ol At Probit SAZEIHS ]88t
e Hd=d SAIFPE)S ol&ste] ECy #e AEste] 54
ECs #(P(ECso) @ Al 4% ECs #(O(ECs)= HvluLste] P(ECs)»
OECsp)olH EH3&Ed ECy TG A F5a3t, PE)=PO)°l™ 7t
2%, P(ECs)<OECsp)el™ ZFadE Hgulddass Fddd 5 3

R4 AR

(A & 9, 2014; Tsiridis et al., 2006; Kungolos et al., 1999).
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9mg/Lell dlgk 244

7z}t

A} ECop2 51mg/L, 554

[e)
ik-S-

0, 0, 30, 45, 60 % SlowH, 4843t ¥

7_]1-

Z 5% tH(Table 13, Fig. 4).

0, 10, 45, 75, 100 %= 4k
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= FPAsES 22 5, 25 45, 60, 90 % ow, 48A1%F whE A
4

3450mg/L, s=d FdAME> 27 10, 35, 50, 75, 100 %=

Table 13. D.magna toxicity test result for a single substance

Lithium(mg/L) Nikel(mg/L) Sulfate(mg/L)
4597.2
24h ECs 18.2(17.3-20,6) 7.5(6.4-9.6)
(4,367.6-4,853.3)
48h EC 14.3(135-15.1) 51(44-5.7) 43460
% AR . (4,127.4-4555.2)
% () :95% Confidence Interval
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Immobilization rate
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Fig. 3. Immobilization rate of D.magna for lithium

(A) 24h, (B) 48h
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Fig. 4. Immobilization rate of D.magna for nickel
(A) 24h, (B) 48h
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Fig. 5. Immobilization rate of D.magna for sulfate
(A) 24h, (B) 48h
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5 5= 500,

3,025.8 mg/L,
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= H A

=

3 (Table 14, Fig. 6), =4
A3, ECso
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Aars&e 247 6, 18, 43, 57, 713 %= 4F=E5 Atk
wagurdlobs] BCxe BMEI FA8 54 teh
A

rlr
P
|o
fu
BN
>
it}

Frrdel digh EeguEEelr S44Y A, Aol A8d Y F=

20,000, 30,000, 40,000, 50,000, 60,000, 70,000, 80,000 mg/Ll W&k 30+ ®F&-

A3, ECoe 67,0103 mg/L, s&=¥ W37k as 247F 0, 6, 19, 36, 44, 49,

60 %% 2F=E 5 Aok

gt lobe] ECse EW 53 vlustls o 544307k v =
o, YA =F LRH ol FAdo] w @A THE olF=

F2 AFE TEGE HARLE dAFole FAtol

@A, 201D5 0] glof wurEole] ZHol 2 Ao YL

L

¢

ot
>
2

kel

Table 14. A.fischeri toxicity test result for a single substance

Lithium(mg/L) Nikel(mg/L) Sulfate(mg/L)
3,025.8 67,010.3
30m ECsy 6.8(5.4-8.7)
(2,571.0-3,728.8) (62,843.8-72,387.7)

¥ () @ 95% Confidence Interval
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Bioluminescence inhibition . ; s
Bioluminescence inhibition

Bioluminescence inhibition

Fig. 6. Bioluminescence inhibition of A.fischeri for a single substance(30min)
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7h HE+yA(LA)

EA44Y A3 gzt E E8S ud J&FE YelhA Zgton,
Table 59 Zo] 2% ¥%=10, 12, 14, 16, 18 mg/Lell tisle] A F==
1, 3, 5mg/L 17gste] Fag A3, #E+H2 1mg/Lo] 24h EC5& 187 mg/L,
48h ECs 123 mg/L oH, 558 F9A8&L 2417 0,0, 0, 20, 35%
o} 20, 40, 75, 85, 95 %= LrERETE 2 E+HZ 3mg/Le] 24h ECxS 188 mg/L,
48h EC50> 7.9mg/L Fom, A& 22 0, 15, 15, 30, 55 %< 60,
95, 90, 90, 95 %= YERTE 2lE+4 A 5mg/Le] 24h ECs2 180 mg/L, #
A& 20, 20, 30, 40, 55 % H o™, 48417 vk Ay} FF A o] 100,
95, 95, 100, 95 %= AgsEdM 95% ol AdES Wol ECxpe FHE
F e WeSE FrrEdn ddE A YA 1, 3, 5mg/L F9 A8
& 247 24h 0, 0, 30 %, 48h 0, 10, 45 %2 YEFstH(Table 15, Fig. 7).

Table 15. D.magna toxicity test result of lithium and nickel mixtures

Variable Li + Variable Li + Variable Li +

Fixed Nilmg/L Fixed Ni3 mg/L Fixed Ni5mg/L
24h ECs 18.7(17.5-23.6) 18.8(16.4-30.0) 18.0(15.3-40.9)
48h ECs 12.3(11.3-13.2) 7.9(1.9-10.0) = w57t

¥ () 95% Confidence Interval

_27_



120 - EL ENi1mg/L #Ni3mg/L ENi5mg/L
& 100 A
i)
T 80 -
| =
.g 60 -
R
E
o
=
E
24h Li 10 12 14 16 18
Ni 1 1 1
Ni 3 3 3
Ni 5 5 5 5 5
Concentration, mg/L
(A)
120 - WL ENiTmg/L #ENi3mg/L HENiS5mg/L
*® 100
N
© 80
C
2 80
Ry
= 40
g 20
£
0
48h Li
Ni 1 1
Ni 3 3 3
Ni 5 5 5 5 5
Concentration, mg/L
(B)

Fig. 7. Immobilization rate of D.magna for lithium and nickel mixtures
according to the exposure time (A) 24h, Li+Ni (B) 48h, Li+ Ni
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SA4d A3 Tl s = Eed diE g UEA agkomr,
Table 63 #Zo] #]F %% 10, 12, 14, 16, 18 mg/Lell tisle] A4 =&
4,000, 4,500, 5000 mg/L Azl Fagt A} 2]F+22hd 4,000 mg/Le]
24h EC5< 135.0mg/L, 48h ECs> 5495 mg/L. ew, v =¥

Zkzk 15, 15, 20, 20, 20 %<k 20, 20, 20, 20, 25 %= YEpykth 2 5+3A4ka
4500 mg/Le] 24h ECs0 16.6 mg/L, 48h ECs0> 144 mg/L o™, 3
s & 2H2F 25, 30, 45, 45, 55 %%} 25, 35, 60, 55, 60 %= YEFRT 2 E+

2

24k 5000 mg/Le] 24h EC5& 12.7mg/L, 48h ECs& 4.0mg/L 121,
frad A& Zh2h 40, 40, 55, 60, 80 %<} 80, 80, 85, 80, 95 %= UHERSL
th 9d = 34k el 4,000, 4500, 5000 mg/L B A& 27 24h 25,
45, 60 %, 48h 35, 50, 75 %= YEFSTH(Table 16, Fig. 8).

Table 16. D.magna toxicity test result of lithium and sulfate mixtures

Variable Li + Variable Li + Variable Li +
Fixed Sulfate 4,000 mg/L. Fixed Sulfate 4500 mg/I. Fixed Sulfate 5000 mg/L
24h ECs 135.0(-) 16.6(13.8-104.1) 12.7(9.4-14.9)
48h ECs 549.5(-) 14.4(12.0-19.4) 4.0(-)

% () 1 95% Confidence Interval
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120 - mLi & Sulfate 4,000mg/L
100 A # Sulfate 4500mg/L M Sulfate 5,000mg/L

Immobilization rate, %
an
o
1

40 4
20 -
0 -

24h Li 12 14 16 18
Sulfate 4,000 4,000 4,000 4,000 4,000
Sulfate 4,500 4,500 4,500 4,500 4500
Sulfate 5,000 5,000 5,000 5,000 5,000

Concentration, mg/L
(A)

120 - WL [ Sulfate 4,000mg/L
100 # Sulfate 4,500mg/L M Sulfate 5,000mg/L

Immobilization rate, %

48h Li 10 12 14 16 18
Sulfate 4,000 4,000 4,000 4,000 4,000
Sulfate 4,500 4,500 4,500 4,500 4,500
Sulfate 5,000 5,000 5,000 5,000 5,000

Concentration, mg/L
(B)

Fig. 8. Immobilization rate of D.rmagna for lithium and sulfate mixtures
according to the exposure time (A) 24h, Li+ sulfate (B) 48h, Li+ sulfate
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ok YAl F ()

5448 Ay dxzFolAe EH S didh g JEhbA @kom,
Table 73 #Zo] YAFE1, 3,5 7, 9mg/Lol st dF == 10, 12, 14
mg/L st F33st Ay YA+2]E 10mg/Le] 24h EC52 7.9 mg/L,
48h ECs0< 20mg/L fom, w5 FaAs&S 22t 0, 0, 30, 40, 55 %
¢ 20, 65, 90, 100, 100 %= uEWoh YA+ F 12mg/Le 24h ECs>
76 mg/L, 48h EC5< 1.5mg/L o™, f+dAs&2 2H7 0, 10, 35, 40,
60 %62} 30, 85, 95, 100, 100 %= YEFETE Y2+ F 14 mg/Le] 24h ECs&
80mg/L, 48h ECs= 09mg/L $1eH, F9Ase2 22 0, 10, 30, 35, 60 %<}
60, 85, 100, 100, 100%= 4Yelyth dd=4d 259 10, 12, 14 mg/Le]
AN &S 22t 24h0, 0, 0%, 48h 5, 15, 462 YEFH(Table 17, Fig. 9).

Table 17. D.magna toxicity test result of nickel and lithium mixtures

Variable Ni + Variable Ni + Variable Ni +
Fixed Li 10 mg/L Fixed Li 12 mg/L Fixed Li 14 mg/L
24h ECs 7.9(6.7-11.0) 7.6(6.1-11.4) 8.0(6.4-12.7)
48h ECs 2.0(1.4-2.5) BS(1.0=T.J7 0.9(0.4-1.3)

¥ () 95% Confidence Interval
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mNi  @Li10mg/L &Li12mg/L ML 14mg/L

. —y

o o )]

o o (=]
I 1 |

Immobilization rate, %
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o
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; o
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o
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0
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0 gl
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Concentration, mg/L

(B)

Fig. 9. Immobilization rate of D.magna for nickel and lithium mixtures
according to the exposure time (A) 24h, Ni+Li (B) 48h, Ni+ Li
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EA44Y A7 gEzFAME BB S0 g &S YERA 2o,
Table 83 #o] Uz =1, 3, 5 7, 9mg/Lol sl 3F4d v==
4,000, 4,500, 5,000 mg/L 2738kl st Ax YA+ 4,000 mg/L 2]
24h ECs0 7.1 mg/L, 48h ECs< 3.6mg/L o, sx¥ F943
zyz} 20, 25, 40, 45, 65 %<+ 30, 30, 45, 75, 80 %= UEbwTh YA+
500mg/Le] 24h EC52 2.8 mg/L, 48hECsS 14mg/L 4om, A&
247} 40, 40, 60, 70, 65 %<+ 50, 50, 80, 85, 95 %= ‘ERuETE U A+3Abe
5.000 mg/L2] 24h ECs2 0.6 mg/L, 48h ECs2 0.5mg/L. dom, £ A &l
& 27+ 65, 65, 70, 80, 100 %<+ 80, 95, 100, 100, 100 %= EbSITE @
2 k9] 4,000, 4,500, 5,000 mg/L 943 &S 247k 24h 25, 45, 60 %,
48h 35, 50, 75 %= U EFSTH(Table 18, Fig. 10).

S

o

i

Table 18. D.magna toxicity test result of nickel and sulfate mixtures

Variable N1 + Variable Ni + Variable Ni +
Fixed Sulfate 4,000 mg/L Fixed Sulfate 4500 mg/L. Fixed Sulfate 5,000 mg/L
24h ECs 7.1(4.3-28.1) 2.8(0.1-6.1) 0.6(0-1.6)
48h ECs 3.6(2.1-5.7) 1.4(0.4-2.3) 0.5(0-0.9)

¥ () 95% Confidence Interval
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120 - B Nj # Sulfate 4,000mg/L
# Sulfate 4,500mg/L M Sulfate 5,000mg/L

Immobilization rate, %

24h Ni 1 3 5 7 9

Sulfate 4,000 4,000 4,000 4,000 4,000
Sulfate 4,500 4500 4,500 4,500 4,500
Sulfate 5,000 5,000 5,000 5,000 5,000
Concentration, mg/L
(A)
120 - B Ni [ Sulfate 4,000mg/L
# Sulfate 4500mg/L M Sulfate 5,000mg/L
=2 100 4
[}
m 80
C
,g 60 -
o
3 40 -
£
= 20 -
0 =
24h Ni 1 3 5 7 S
Sulfate 4,000 4,000 4,000 4,000 4,000
Sulfate 4,500 4,500 4500 4,500 4,500
Sulfate 5,000 5,000 5,000 5,000 5,000

Concentration, mg/L

(B)

Fig. 10. Immobilization rate of D.ragna for nickel and sulfate mixtures
according to the exposure time (A) 24h, Ni+ sulfate (B) 48h, Ni+ sulfate
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7F HEry A (L)

Table 98} o] & %500, 1,000, 2,000, 3,000, 4,000 mg/Lell thste] 12
FEE 05 1, 5mg/L 2743ste] Fds A7, #H+YZA 05mg/Le] ECspe
3,795.7mg/L, FEY 3@AA &L 27 10,20, 32, 41, 55 %= EMRL
g E+YZ 1 mg/Le ECso2 3,957.2mg/L, &334 82 717} 15, 23, 33, 41,
55 %= uEhen, 2lE+4Z 5mg/Le] ECH 3581.1 mg/L, 33482
ZV7F 34, 40, 42, 42, 58 %= YEE T @dEF YAel 05, 1, 5mg/LY
g7k 288 7zh7b 618, 43 %= LFERSETH Table 19, Fig. 11).

Table 19. A.fischeri toxicity test result of lithium and nickel mixtures

Variable Li + Variable Li + Variable Li +
Fixed Ni 0.5mg/L Fixed Ni 1 mg/L Fixed Ni 5 mg/L
3,795.7 3,957.2 3581.1
30m EC50
(3,040.8-5,262.5) (3,025.0-6,087.8) (2,125.5-199,931.8)

¥ () 95% Confidence Interval
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Fig. 11. Bioluminescence inhibition of A.fischeri for lithium and nickel mixtures
L B E+ AR (a24)

Table 107 #Zo] #H-5% 500, 1,000, 2,000, 3,000, 4,000 mg/Lell ta}
S FEE 20,000, 40,000, 60,000 mg/L. LAt FPgt A, 2 EF+
Sk 20,000 mg/Le] ECs2 3,1904mg/L, &&= S334reS 247 6, 7,
18, 44, 72 %= Yebgth 2 F+34F9 40,000 mg/Le] ECs< 1,469.4 mg/L,
W3 AaES 77 18, 30, 51, 78, 94 %= UE o, g E+34EY 60,000
mg/Le ECs& 585.0mg/L, 37t a&2 747t 49, 61, 86, 93, 96 %= 1
Uk gl =R A 9] 20,000, 40,000, 60,000 mg/Le] @RS 7H
0, 19, 44 %= s tH(Table 20, Fig. 12).

o

—
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Table 20. A.fischeri toxicity test result of lithium and sulfate mixtures

Variable Li + Variable Li + Variable Li +
Fixed sulfate 20000mg/L.  Fixed sulfate40000mg/L.  Fixed sulfate 60,000 mg/L
3,190.4 1,469.4 585
30m EC50
(1,809.4-252,938.9) (796.1-2,344.2) (449.4-710.5)

¥ () 95% Confidence Interval

o 120 - WL &1 Sulfate 20,000mg/L

o

g‘ 100 # Sulfate 40,000mg/L M Sulfate 60,000mg/L

E

< 80

£

g 60
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@

§ 40

£

E 20

3

)

m 0

Li 500 1,000 2,000 3,000 4,000

Sulfate 20,000 20,000 20,000 20,000 20,000
Sulfate 40,000 40,000 40,000 40,000 40,000
Sulfate = 60,000 60,000 60,000 60,000 60,000

Concentration, mg/L

Fig. 12. Bioluminescence inhibition of A.fischeri for lithium and sulfate mixtures
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oh Yavel ()

Table 113 #Zo] UAF=05, 1, 5 10, 20mg/Lel thsle] 2§ =&
500, 1,000, 3,000 mg/L 117 ste] Fagh A3 YZA+2]F 500 mg/Le ECy
34mg/L, s=¥ TJAAEL 2H7) 12, 22, 51, 73, 95 %= YERSTE YA+
2% 1,000 mg/Le BCye 7.2mg/L, a7 a&S 2H2t 14, 26, 37, 45, 18 %=
et or YA+ElE 3,000 mg/LY EGye 74mg/L, W3adA4A82 Z2H2E 42
46, 48, 52, 52 %= YEHTE ddEd 259 500, 1,000, 3,000 mg/Le]
Bars&e 447 6, 24, 47 %= YJERG T (Table 21, Fig. 13).

y

ol

Table 21. A.fischeri toxicity test result of nickel and lithium mixtures

Variable Ni + Variable Ni + Variable Ni +
Fixed Li 500 mg/L Fixed Li1l,000 mg/L. Fixed Li 3,000 mg/L
30m ECs 3.4(1.9-6.1) 7.2(2.4-98.7) 7.4(-)

¥ () 95% Confidence Interval

120 BNi ELi500mg/L #Li1,000mg/L MLi3000mg/L
100 ~

Bioluminescence inhibition, %

Ni 05 1 <] 10 20

Li 500 500 500 500 500
Li 1,000 1,000 1,000 1,000 1,000
Li 3,000 3,000 3,000 3,000 3,000

Concentration, mg/L

Fig. 13. Bioluminescence inhibition of A.fischeri for nickel and lithium mixtures
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2h YA+ (a2A)

Table 129} Zo] UZA %05, 1, 5 10, 20 mg/Lel tale] it 525
20,000, 40,000, 60,000 mg/L. skl gk Ax}, Y Z+34H9 20,000 mg/Lo
ECs2 265mg/L, =¥ W3z A&2 77 0, 9, 18, 34, 43 %= YEFRLTE
YA +34E 40,000 mg/Le] ECs2 2,020.2 mg/L, 33482 247 4, 9, 5,
18, 18% = uYEwtow, YUA+34k4d 60,000 mg/L A3 A3 Eddas ol
28, 28, 28, 28, 27 % & ARAsolA FAFS Aol UEY ECshe 4
g g gy Adoe=m HrhERth ddE4d gAkd el 20,000, 40,000, 60,000
mg/Le 374082 0, 19, 44 %= e THTable 22, Fig. 14).

Table 22. A.fischeri toxicity test result of nickel and sulfate mixtures

Variable Ni + Variable Ni + Variable Ni +
Fixed sulfate 20000mg/L  Fixed sulfate40000mg/L.  Fixed sulfate 60,000 mg/L
30m ECs 26.5(18.3-45.5) 2,020.2(-) Wk g Wsl §le

¥ () 95% Confidence Interval
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120 - = Ni £ Sulfate 20,000mg/L

100 4 2 Sulfate 40,000mg/L W Sulfate 60,000mg/L

Bioluminescence inhibition, %

Ni 0.5 1 5 10 20

Sulfate 20,000 20,000 20,000 20,000 20,000
Sulfate 40,000 40,000 40,000 40,000 40,000
Sulfate 60,000 60,000 60,000 60,000 60,000

Concentration, mg/L

Fig. 14. Bioluminescence inhibition of A.fischeri for nickel and sulfate mixtures
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Aol &

3

o
T

G

=
JAUI_.

bk
adl

Stk 1A 2d A9 A 2447 w8l

e At (Table 23, Table

24).

Table 23. Toxicity prediction of DOmagna for lithium and nickel mixtures using CA

Effect

TUmix

Variable Li+Fixed Ni(mg/L)

AT

1.2
14
1.6
1.1
1.1

Li+Nil
Li+Ni3
Li+Nib
Li+Nil
Li+Ni3

AT

24h

AT

AT
AT

48h

Li+Nib

SN : Synergistic

AD : Additive,

% AT : Antagonistic,
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Table 24. Toxicity prediction of D.magna for lithium and nickel mixtures using 1A

Variable Li+Fixed Ni(mg/L) P(ECs) O(ECs) Effect
Li+Nil 18.2 18.7 AT
24h Li+Ni3 18.2 18.8 AT
Li+Nib 17.3 18.0 AT
Li+Nil 14.3 12.3 SN
48h Li+Ni3 13.6 79 SN
R =7
Li+Nib 11.0 )02 7} SN

% AT ! Antagonistic, AD @ Additive, SN : Synergistic

2 F -+ 4,000, 4,500, 5000mg/L. HEde] CARD Add3 24431,
48N 7E wbSol A B A adses el 1A 22 37 2
WSl A BE A E, 4847 whSolA 2d, 2, FSads dEhy

21 tH(Table 25, Table 26).

Table 25. Toxicity prediction of DO magna for lithium and sulfate mixtures using CA

Variable Li+Fixed Sulfate(mg/L) TUmix Effect
Li + sulfate 4,000 47 AT

24h Li + sulfate 4,500 2.0 AT
Li + sulfate 5,000 1.8 AT
Li + sulfate 4,000 114 AT

48h Li + sulfate 4,500 2.0 AT
Li + sulfate 5,000 1.2 AT

¥ AT : Antagonistic, AD : Additive, SN : Synergistic
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Table 26. Toxicity prediction of D.magna for lithium and sulfate mixtures using 1A

Variable Li+Fixed Sulfate(mg/L) P(ECs) O(ECs) Effect
Li + Sulfate 4,000 18.6 135.0 AT
24h Li + Sulfate 4,500 13.1 16.6 AT
Li + Sulfate 5,000 3.1 12.7 AT
Li + Sulfate 4,000 119 545.9 AT
48h Li + Sulfate 4,500 10.5 144 AT
Li + Sulfate 5,000 74 4.0 SN

¥ AT : Antagonistic, AD : Additive, SN : Synergistic

=29 CARY Hr7t2 3 2447k, 48A1%F
A, JIA Bd G7F A3 2443 ®E-ol A
R A aH 48X WESAN EF AsaHE U AT (Table 27,
Table 28).

Table 27. Toxicity prediction of Omagna for nickel and lithium mixtures using CA

Variable Ni+Fixed Li(mg/L) TUmix Effect
Ni+Li10 1.6 AT
24h Ni+Lil2 1.7 AT
Ni+Lil4 1.8 AT
Ni+Li1l0 1.1 AT
48h Ni+Lil2 1.2 AT
Ni+Lil4 1.1 AT

% AT : Antagonistic, AD : Additive, SN : Synergistic

_43_



Table 28. Toxicity prediction of D.magna for nickel and lithium mixtures using 1A

O(ECs) Effect

P(ECs)

Variable Ni+Fixed Li(mg/L)

AT

7.9
7.6

8.0
2.0

75
75

Ni+Lil0
Ni+Lil2
Ni+Lil4
Ni+Lil0
Ni+Lil2
Ni+Lil4

¥ AT : Antagonistic,

AT

24h

AT

75
45

SN
SN
SN

1.5
0.9

3.6

48h

1.7

AD : Additive,

SN : Synergistic

7b A3 24

Z

4,000 4,500, 5000mg/L. & =2 CA Ed ¥

Y+ 3

olo

7t Ad} 2477k jE

3

hyz

ie)

e A cH(Table 29, Table 30).

CA TA &
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Table 29. Toxicity prediction of Dmagna for nickel and sulfate mixtures using CA

Variable Ni+Fixed sulfate(mg/L) TUnmix Effect
Ni + sulfate 4,000 15 AT

24h Ni + sulfate 4,500 1.1 AT
Ni + sulfate 5,000 0.8 SN
Ni + sulfate 4,000 15 AT

48h Ni + sulfate 4,500 1.2 AT
Ni + sulfate 5,000 0.9 SN

¥ AT : Antagonistic, AD : Additive, SN : Synergistic

Table 30. Toxicity prediction of D.rmagna for nickel and sulfate mixtures using A

Variable Ni+Fixed sulfate(mg/L) P(ECs) O(ECs) Effect
Ni + sulfate 4,000 5.0 7.1 AT

24h Ni + sulfate 4,500 2.0 2.8 AT
Ni + sulfate 5,000 0.7 0.6 SN
Ni + sulfate 4,000 2.3 3.6 AT

48h Ni + sulfate 4,500 14 14 AD
Ni + sulfate 5,000 0.4 0.5 AT

¥ AT : Antagonistic, AD : Additive, SN : Synergistic
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6. S4B/t RUL o] 43 BFBA wyuelgol FTHHA

g5+ AA), e+ (d), A+ 5 (2A), UA+ZLEE(a24) <
dhgbg 2ol 30 E@=A4 A A9E ngoz 54U 249l CA
(Concentration Addition)®} IA(Independent Action)E ©]-&3}o] =4S H|iL

s,
7 e E A ()

HE+HZ05 1, 5mg/L =LY CA 1A B9 A7t A3 BE 59%=4
Il

ol A/ AadgyE el A THTable 31, Table 32).

Table 31. Toxicity prediction of A.fischeri for lithium and nickel mixtures using CA

Variable Li+Fixed Ni(mg/L) TU mix Effect
Li+Ni0.5 1.3 AT
30m Li +Nil 14 AT
Li +Nib 1.8 AT

¥ AT : Antagonistic, AD : Additive, SN : Synergistic

Table 32. Toxicity prediction of A.fischeri for lithium and nickel mixtures using A

Variable Li+Fixed Ni(mg/L) P(ECs) O(ECs) Effect
Li+Ni105 2,731.0 3,795.7 AT

30m Li +Nil 1,983.0 3,957.2 AT
Li +Ni5 681.0 3,981.1 AT

¥ AT : Antagonistic, AD : Additive, SN : Synergistic
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L ZlE 3t (ang)

25+ 20,000, 40,000, 60,000 mg/L == 4¢ CA =& 33

AgastE Jehidn, 1ARY BohAn 2%, 4, Feans

=y
ET ©

e A tH(Table 33, Table 34).

Table 33. Toxicity predictionof A.fischeri for lithium and sulfate mixtures using CA

Variable Li+Fixed sulfate(mg/L) TUmix Effect
Li + sulfate 20,000 1.3 AT
30m Li + sulfate 40,000 12 AT
Li + sulfate 60,000 1.1 AT

% AT : Antagonistic, AD : Additive, SN : Synergistic

Table 34. Toxicity prediction of A fischeri for lithium and sulfate mixtures using 1A

Variable Li+Fixed sulfate(mg/L) P(ECs) O(ECsp) Effect
Li + sulfate 20,000 3,025.8 3,190.4 AT

30m Li + sulfate 40,000 1,949.0 1,469.4 SN
Li + sulfate 60,000 660.0 585.0 SN

¥ AT : Antagonistic, AD : Additive, SN : Synergistic
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Y7+2]4 500, 1,000, 3,000 mg/L EH§&2e] CA, 1A 22 H7F 23} FdsH
e, A%, AZE RS YeEr itk (Table 35, Table 36).

Table 35. Toxicity prediction of A.fischeri for nickel and lithium mixtures using CA

Variable Ni+Fixed Li(mg/L) TUmix Effect
Ni + Li 500 0.8 SN
30m Ni + Li 1,000 .o AT
Ni+ Li 3,000 2 AT

€ AT : Antagonistic, AD : Additive, SN : Synergistic

Table 36. Toxicity prediction of A.fischeri for nickel and lithium mixtures using A

Variable Ni+Fixed Li(mg/L) P(ECsp) O(ECsp) Effect
Ni + Li 500 55 3.4 SN

30m Ni + Li 1,000 2.5 7.2 AT
Ni + Li 3,000 0.5 74 AT

¥ AT : Antagonistic, AD : Additive, SN : Synergistic
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2h YA+ ()

k4 20,000, 40,000, 60,000 mg/L E§F&=4d9 CA 22 371 A3
A AE(27, 28%)=

A sEolM FARRE W

] A+ 3}k
Y 2+ 34k 60,000 mg/L—‘E

Table 37. Toxicity prediction of A.fischeri for nickel and sulfate mixtures using CA

Variable Ni+Fixed sulfate(mg/L) TUnmix Effect
Ni + sulfate 20,000 3.6 AT
Ni + sulfate 40,000 25.6 AT
30m 2
Ni + sulfate 60,000 (s -
Hak gl

% AT : Antagonistic, AD : Additive, SN : Synergistic

Table 38. Toxicity prediction(IA) of A.fischeri for nickel and sulfate mixtures using IA

Variable Ni+Fixed sulfate(mg/L) P(ECsp) O(ECsp) Effect
Ni + sulfate 20,000 6.8 26.5 AT
Ni + sulfate 40,000 3.2 2,020.2 AT
S0m R EReRS
Ni + sulfate 60,000 0.7 Q1 a2 AT
Hal gl

¥ AT : Antagonistic, AD : Additive, SN : Synergistic
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