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Effect of Cu Species Distribution in Soil Pore Water on Prediction of Acute Cu
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ABSTRACT

In this study, the predictive toxicity of barley Hordeum vulgare was estimated using a modified terrestrial biotic ligand
model (TBLM) to account for the toxic effects of CuOH" and CuCOs(aq) generated at pH 7 or higher, and this was
compared to that from the original TBLM. At pH values higher than 7, the difference in Edso{Cu*"} (half maximal
effective activity of Cu®") between the two models increased with increasing pH. As Mg concentration increased from
8.24 to 148 mg/L in the pH range of 5.5 to 8.5, the difference in E4so{Cu*"} increased, and it reached its maximum at pH
8. The difference in ECso[Cu]r (half maximal effective concentration of Cu) between the two models increased as
dissolved organic carbon (DOC) concentration increased when pH was above 7. Thus, for soils with alkaline pH, the toxic
effect of CuOH" and CuCOs(aq) are greater at higher salt and DOC concentrations. The acceptable Cu concentration in
soil porewater can be estimated by the modified TBLM through deterministic method at pH levels higher than 7, while
combination of TBLM and species sensitivity distribution through the probabilistic method could be utilized at pH levels

lower than 7.
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EF U Stk 559 Aus4dS Hgasses
= = H718}7] 98N terrestrial biotic ligand model
(TBLM)°] AFE v} 9JTHThakali et al., 2006a; Thakali
et al, 2006b; Lock et al., 2007; Antunes and Kreager,
2009). TBLMS E T2 e A S5 ol
(free metal ion)°] AEA FH] A9 (active
binding site)l] AgFFo=2H HAS WAgchar 7Pyt
Ca’', Mg>" @ H'9} -2 FQ2 |52 A 55
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S A7AZ 4 ATHDi toro et al, 2001; Santore et
al., 2001; Luo et al., 2008; An et al., 2012). ¥gt o}
Uz} 85718k (dissolved organic carbon; DOC)Y= A}
G F34 olu) wesio] AEE WYPORH I
W 2Hr 55 ol & AaA7IaL, o w5
20 =A8 A7AZ 4= ATHAN et al, 2015). Thakali
et al.(2006a) & Thakali et al.(2006by> TBLM 73S
gg35te] H]431d &% (noncalcareous soil) Y Cu} Ni
o] X2 (Hordeum vulgare), EVFE(Lycopersicon esculentum),
EE7|(Folsomia candida), X3 (Eisenia fetida), Y

E A Z(ie, glucose induced respiration, potential
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nitrification rate)2} 22 TS BEF AETH 2 11 7]
ol MIAE 5A9YS a0 oS3tk

S, Wang et al.(2009) & Wang et al.(2012)2 <=
ZA A8l (hydroponic culture)E &3l Cu’t H. vulgare
v FAA58S pH 4.55F 8 ol2= WA H

FIFEE(50% effective concentration; EC50Y} 7148h=
S I pHE SRt 202 IAAIZ] A
X Cuol FEE HIATIH T3 AP Bl &
W3- FA(dose response curveys =SSl O] ZEE
EC500] ZA==H, pH 7 oldollA pH S7tol wet
EC500] FAdhe @4, Cu™™ ¥k ofug} pH 7 o
oM FAEE= CuOH" & CuCOs(aq)et B2 F71EE
(inorganic complexes) FENS] Cu TS H. vulgared] =
A A eS rigitt. fAlsE ARATT EWS
(Daphnia magna?ll tg+ Cu®l =737} W H. vulgare
o gk Ni & Cr(ID®] 5471 AelM= gle np
JtH(De Schampherel and Janssen, 2002; Li et al.,
2009; Song et al., 2014).

Yu et al.(2017)2 TBLMI} £ WHE E3E(species
sensitivity distribution; SSD) 7N'dS Z3lsle] &3 B0
Hog wslshs Cu®] EC503 Cuell ek ES
H 54 IS e 35 S8 =2
kst 18y 9714 pH F9elxe] Cud] SR
W37} 31 E)R] ¢4 TBLMS ARESH SHAIZ7} Qi AA)
Z Yu et al2017)2] AFANME H vulgare®] Cu 579
S d=3)7] 98l Thakali et al.(2006a)°] A9FeF TBLM
<= AR8sIAET], o= pH 7 olste] HIASE ESS AL
L3l A=A 7] wjFol] A4 E%(alkaline soil) 3=
Ul Cue] 54 dS9 Aol S Ao=E A

2 d7e B 35 Wl cud] AEEAE S8
T A ARE Jids] $1El EQATE Thakali et
al(20062)°] AtE+ TBLM(7|E TBLM)S Tito=
Wang et al(2012)°] A¢tst Ipr]HE &85t
CuOH" B CuCOs(aq)®] HA& 1A 5 == 7|E
TBLMS 4319 th&3 TBLM). 71& TBLM¥% 473
TBLMS ARS31 H. wulgared) HE EF 335 W
Cuo] FA5AIE pH 3~99] WHeollA 24z}t AlitslaL,
1 zbolE vlustHth T3 AR ol F skl
Mg”# DOC F%°] WP} pH 3~99] HejollA F &
Yol Sk Sl PRl S IRl
4711 pH FFNAY Ccud] EAIFE] W7t TBLMS
B3 Cud] 54 oS Al mAle dEs ERlska, o]
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J&k 31
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23 IS B 355 W Cuol MEiEEH sl8se
A Aol I3 Sl WPHES AljkslarA) gt

2.1. Cu®, CuOH' ¥ CuCOj(aq)2 SAMe 1y
TBLM 28

TBLMS] 714 sloll A, AEAe] gt S5 54 &
ol 83 9IS Fdshs FAATRYE biotic
ligand BL)Z ¥l @A BL thv] A S5 °]
off o3 HfE BLY HIS] ()Pl wet =430] 3
tt. BLolle 2Hr S5 ol ¥k opgt F9 <
(e, H', Ca®, Mg, K', Na")& Zgd 5 7] o
o, 8 <Jole9] F=r} S uEt TEE =
o] A7l dFS ol AAEHEN AHE 4 ok
(An et al, 2012; Chen et al, 2013). tHZ tiH]
50%%] 54 ddsle EY 3= Ul cu?'Y] S
(50% effective activity; Eds{Cu*'HE 4 Q& &
g5 = Utk F, A (2F ARESl] F8 gole
Ao oEH R W= (ie, Yol BAZHE v
S Eds{Cu®"} & AR 4= Q).

71 TBLM(A (2)) 7W'dell 2, pHe| S7h= o
2 AAENE A W ol FU1EE Ao
A3l F= Ul Cu*e] F=7F AEREA Cud] HAES
A7 (ie., EAsp{Cu®} S7HA1ACE gt 184 Wang et
al.(2009) & Wang et al.(2012)& °F A7) pH Z7°l
A pH 3710l M2 Cue] 54 S7Hie, Eds{Cu®} 7
a) s TSI 190 e, F713E?] CuOH™ &
CuCOs(aq) H3F 5438 Wsithe AAZE H8S 533}
o, 2 3) 2 2 (@)} 22 74 TBLMO| 288 5 3
= J2ZHHE AABSITHWang et el, 2012). 4 3y
2 @ Kooms R Kewcosss 2V H. vulgare®] B
Y BLZ CuOH™ % CuCOs(aq)d] ¥kl thah =A%E
FE RlEtH, L gk Kopde] HISE AAE vt
€ 22+ 1.15 2 0.23°]cKTable 1).
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f= [CuBL'] _ K {Cu™}
[TBL] 14Ky {H )+ K {Ca™ + Lo {Mg™*} + K,y {Cu™}
(1
50% + 2+ 2+
EA(Cu*) = Jeum A+ Ky AH "} + Koy {Ca™ ) + Ky {Mg™'})
50 = 0%
(1 - f CuBL )K CuBlL
@
fe Ko (C03 )+ K oy KCUOH ™ & K s 1CUCO ()}
Ut K A+ K AC8™ ) o Ky M} 4 Ky A0+ Ky ACHOH ™+ K 030 \CHC O, ()}
©)

J. Soil Groundwater Environ. Vol. 22(5), p. 30~39, 2017
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S U+ Ky {H '} + Ky {Ca*' } + Koene {Mg®'})
(= S YK . + K coorn K cuon {OH 3+ K cosmK o (COST})

@)

A7|M, (e EY 37 U AT o]y E=
(mol/L), Kypre H. vulgare®] BLY 3| ol23}e] =7
B (Lmol), f= A BLY =} Cuel ZAdsH
BLS] F%=2] HlE (unitless), fop " HZT tiHl 50%
o] sEjgol ezt WSt A9 feks omlgith 2t =
AFHET R feu " Table 190 AXSHAT. Kewonsh
Kecose F713ME2] &2°d<=(formation constant)= 212}
10%°L/mol ¥ 10%¥L/mol®] 3L& Zr=T}(Santore et al.,
2001; Gustafsson, 2013).

£ AFeMe 2 F 71 TBLMOE, 2] () F
A TBLMO.Z WW3lil, 7 PO IRE TEH=
Edso{Cu®'}= Hlaisle] 2R1Ate] wisle] npe =9
Z) S e e ] i =

EAG{Cu®} =

9

22. EY 33+ SM X2l = A X2

Kwon et al.(2015y> A& 7)) &= JofellA] 2
St 167 EYo2ZRE YR WH(Edmunds and
Bath, 1976y °©]&3l] I35 F=3k, AP, Ca*,
Mg, K, Na’, SO, CI, NO;” & F2| &4 2
= A vl o, B AT A= Kwon et al.(2015)
o] EY F55 2447 95% 3lehgk(Table 2y

oy

@7

M

Visual MINTEQ 3.1(Gustafsson, 2013)2] Q& gLo =2 A}
g3f] HY, Ca¥, Mg, OH" ¥ 0,9 =L 7
etk 7 GRS A (2 B A @)l Hdste
EAso{Cu*" 12 =3I} 31, Eds{Cu® )3} 28 Ccv?*
HAEE ZEF 3= 357 W ¥ & FEE
ECs[Cul:2 3E&3Fitt. Visual MINTEQ 3.1 75 A,
BE JHZHAP, Ca¥, Mg, K', Na', SO, CI,
NO; 2 F 558} pHYe a2 fA8la, cud] 94
FEE 0.1 pgLlollA 1 mg/Le] e ShellA teFsihAl ®
SIATIHA, EEEE Cu™'d] SAETF Eds{Cu*'}ok 2
obd wjo] Cud FEE FETh oleh ol &4 uf A3
N BPYEERE FEE 27Gsh] fleiA, AR (try
and error methodyS B3l 228 S WWhe HAS
31992, Microsoft Excel®] visual basic for application
(VBAYE &-&3lo] AFPHolx A w228 Axfsto]
AMESIATE VBA 715 9 wiH2E cud] 9 =
W9lsh 27} ML AT & dws ALsdon, T
% Al Visual MINTEQ 3.1& AF5o2 23)slar, shte]
Cu &%= B AT S84 kAl ca¥, Mg, K,
Na’, SO/, CI', NO;” ¥ F &&= pH)S ¥=g &,
A% AYHES Sk AR oY BHE
EAs (G} 5% olie] Aol BY aA) cuel 92
S W99k 37} el weh cuol SRS WsA
Aae wrEg,

Table 1. Terrestrial biotic ligand model parameters (i.e., conditional equilibrium constants, f¢,z; value) to predict acute Cu toxicity to

barley Hordeum vulgare

Log KypL (L/mol)*

Species Endpoint Toxic species Major cation Jeunt Reference
Cu”* CuOH"™ CuCOs(aq) H" Ca** Mg K* Na'

Hordeum 4d b b b b R R Thakali et al.

vulgare oot clongation ECS0 7.41 7.47 6.77 6.48 1.96 2.92 NA®  NA® 0.05 (20062)

# Conditional equilibrium constant between Cu species or major cations and biotic ligands in the cell membrane surface

® Conditional equilibrium constants of Ca** and Mg?" were obtained from Wang et al. (2012), and those of CuUOH" and CuCOs(aq) were cal-
culated from the relationships (i.e., Kcuonsr/Keupr=1.15, Kcucospr/Keup=0.23) reported in Wang et al. (2012). The toxicological end-
point of Wang et al. (2012) was 5 d root elongation EC50 in the hydroponic test.

¢ NA=not affected.

Table 2. Concentrations of major cations/anions in soil porewater (n=16) from Gumi, Korea, obtained from Kwon et al. (2015).
Concentrations were expressed in three ways: 95% lower limit, average, and maximum values

Concentration (mg/L)

Category

AP Ca* Mg** K Na® S0 cr NO;~ F~
95% lower limit 0.156 26.7 8.24 1.61 3.18 12.8 13.1 12.1 0.769
Average 0.635 188 479 26.6 17.7 111 109 409 3.78
Maximum 1.20 543 148 63.3 59.1 515 402 1370 9.79
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B T35 cud] EAEEN7] terrestrial biotic ligand modelS- ©]-8-3+ H2]9] FASA] oS0l n]x]

Visual MINTEQ 3.19] 52 93l B 3=} U
7] =9 Ccoyl HES olFthar 7Hgslar, w7l Co,

2.3. pHO|| (2 Cul| EXSEY Bistet 0] M2 EAS0
45}

EY F55 Wl pHY WSl IE Cu SAIFE S ¥
37} TBLM B30 2 oE3F E4s{Cu® ol PIXE J3F
< Felslaral, pHE 3% 97HA] 0.5 TR HsiAge
Visual MINTEQ 3.19] f¥gte = ARgsIglth te &
A=Y 7 1 9GS HAslslarAl, Table 200 A
Algh 95% BFekaks ko= AMEStAT

2.4. Mg 55 #317} EAS00| O|X|= &k

ARETS ek o gole = sl Mol
EEE 824 mg/L(95% 1R, 47.9 mg/LAreEah) 2
148 mg/LEUNZHZ HSIAIZIAA, pHAll W2 E4s0{Cu*'}
S Nk Mg FEE AlQS e FAAAES]
7% Table 29] 95% B}ehgkS 218514k,

2.5. DOC s #s7} EC500 O|X|= A&
Cud} ZHES JA3 I Ul cur'Y =5 A
Al e DOC7F 7 EPSZHE A FHE
ECso[Culll PIX= &S ERIsH7] ¢J3ll, DOC ¥&5
1, 5 2 20mg-C/LZ W}A|71H, pHoll w2 ECs[Culy
< HWBIth o 3ERARES] 9, Table 291 95%
sFekakS ARSSITE. DOCS] F=% Sauve et al.(2000)
9] dAtE sl EY Tl = dasEE B9
mg-C/Le] HeIZ AAs3At. Cu?t DOCS
EFAHS FrIsl7] 218 Visual MINTEQ 3.190 W%
o] Q= non-ideal competitive adsorption(NICA )-donnan
modete ARESFATE. NICA-Donnan modelS £5/71&
Z(dissolved organic matter; DOM)¥ S55%372] HkS-
S A#slsle®, DOMe] =5E DOC %9 M= 7}
Aetdar, Fulat FeEjsle] 5:59) HIEE DOME 74
3l okl 783tk (Cances et al., 2003; Yu et al.,
2017).
3. &3 ¢ nE
3.1. pHO|| [IHE EAS02| #5}
pHOl W2 CuOH® Z CuCOs(aq)®] FAo],
SBRE GEEE Eds{Cu® ol PIXE QRS 3K

%
% 1o
¥R o

i

= 9 33
1e+5
1e+4 1 original TBLM
§’~. modified TBLM
X,
1e+3 A *a,
g A N
S le+2 A T,
Fan §.§§§
S 1e+1 *
<& 1e+0 -
wi
1e-1 +
1e-2 +
1e-3 T . . : . {
3 4 5 6 7 8 9

pH

Fig. 1. Half maximal effective activity of Cu®>" in soil porewater
(EAso{Cu*™}) plotted against pH 3 to 9. Solid and dotted lines
indicate E4so{Cu*"} values obtained from the original (Eq. (2))
and modified TBLM (Eq. (4)), respectively.

th. 71¥ TBLM(# (2) 2 4738 TBLM(] (4)2 53l
5 Edso{Cu™ 3 pH 394 7M1= L3 ¢s
Eflin] A& og st pH 78 7IRoE A= o
2 73S JeRIthFig. 1). pH 6.5914 7]1& TBLMS
2RE A= Eds{Cu® 2 456 nMe] FES YL,
T4 TBLMO.ZRE oSH Eds{Cu® 2 431 M9
S Yehfo] 1.058)] zleolol] B eY, pHYF 7, 7.5,
8, 85 B 9= I7Igel mel T Aelrk 217} 120, 1.86,
6.01, 39.5 & 350012 F7I8ICE. o=, pH7t 7 KT} B
< FGeld= A (1) 2 A G K (H}ol 1]
Ko {CuP )71 @A3] 2] whioll £ 3k Kyp (H' ol <
ERog Awsi= Wi, pHY} 7HTE B2 JooxE f
Foll WX Ky {H}e] FEo]l S5, Kew {Cu™)
B Kewoms {CuOH'} B Keucosnr {CuCOs(aq)}e] B
o] Z7FF] wieltt. &, 44 TBLMS B3l 53
EAsp{Cu?}e] 7%, pH7} S7F8=5 {CuOH }/{Cu®'}
2 {CuCOs(aq)}/{Cu*}o] A&EHoZ FTFet7] e,
2 I FAE 2

O Z, pH 7 o] EY Tl = OH %
COs> 9] F713HE3 o] Ccuel &A1l & F3kS 7]
Xa, o) Wt dE2EE Eds{Cu* )7t 2 Zo =2 ¥3}
&7] Wil (Fig. 1), Brk A8t cuol FA5AHAST
ol o8 AEEH 8 % 2l oA, 58
TBLMS 53l F712HE3e] Cudll 93t 54S 18
g "evt Qo
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Fig. 2. Half maximal effective activity of Cu®" in soil porewater (EAso{Cu*"}) acquired from the (a) original (Eq. (2)) and (b) modified
TBLM (Eq. (4)) plotted against pH 3 to 9, with varying Mg concentrations (8.24, 47.9, and 148 mg/L).

3.2. Mg* S0 [HE EA502| Hs}

Mg*& Cd, Co, Cu, Pb 5 Uk S350 sl 43
AN d3lele] 54S AA7Ie Aoz dHA
THDe Schamphelaere and Janssen, 2002; Lock et al.,
2007; Luo et al, 2008; An et al., 2012). 3= U
Mg =2 Z47F 824, 479 2 148 my/LE 7FE3},
Mg” ko] we} F BP0 2RE oSET Fd5{Cu’')
o] ojugA| G =A] HEsI ATt

pH 3%E] 5.57A= 71& TBLM 2 3% TBLMOE
FE dFEe Ed5{Cu?o] AR TS S 7
APH R TA8aL, Mg F5oll duglo] FA3 @
S YERAtHFig. 2). ol 3.18004 AEE nle} o],
pH7} B o= =& H BAEE A3, Kyp (H)
o] 2l () ¥ 24 3 f S 93] wiFeldt. pH
5.598 8.5 Mg” w57t 571l wet F 2]
A ASERE Eds{Cu® )7t 212 STtk Fig. 2). 4
() 2 A 3 [kl FIAE Kyp {H}S] F&Fo] 4
Soll Wt Kyge {Mg™}o] Qo] iz oz F7ts}r)
o]k pH 8.5 oo, J=lsh Mg* s=o] g}
A BTl F RPORRE FHE Eds{Cu™ )

CaMg(COs) s A8k, 1o wet ST + e
Mg*'e] F57}t ASHEoZHN, M| =7 A
FAE]7] wjFolch WMol Se=E 25°C} 1atm
7oA 1072004 107702 LedA UThH(Hsu, 1963).
824 mg/Le] Mg J8%% 27X pH 3~8 Alol<]
Mg?" BAEE 026~027 mMZ IASHA F-AE vhd,
pH 9ollx= wWie-Ae] Aoz Q8] 0.02 mME 7435}
Act.
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Fig. 3. Difference between the half maximal effective activities
of Cu*" in soil porewater (Edso{Cu®*'}), predicted using the
original and modified TBLM plotted against pH according to Mg
concentrations.

pHS} Mg®* =0 we} 71& TBLM 2 44 TBLM
O FRE =3 Ed5{Cu*}e] 2= Fig. 39 vERAT
pH 5.5%E 8 AlololA] Mg* s}t VIS F &
FORHE SE= Eds(Cu™}o] 2Pt S7FsIGAH o]
= pH S71l wet 4 3o A (1)e] 1 gl Wik
KugpriMg*' 19 G&ko] o AX7] gjFoz Bt} 3,
A713E B AF el 2 E(saline soil)d
£ 4 TBLMS AR&Shk= Zlo] Bk A3t Cu 94
549 d5S ThsskAl & Yrigith

3.3. pHO| (2 EC502] #5}

pH S71l W} ECy[Culyo] o1E Al Wstsh=A] 21l
3tk 71 TBLM % % TBLMOZRE] =&%
EAso{Cu™' }& AP A= 4 wimzs Sale] B
IFT U e F FEE BHE ECs[Cul= ARFESH
Hom, 1 AFE Fig. 4apl FASHI
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Fig. 4. Half maximal effective concentrations of Cu in soil porewater (£Cso[Cul]r) as a function of pH with varying DOC concentrations
(i.e., 0, 1, 5, and 20 mg-C/L). Solid and dotted lines indicate £Cso[Cu]r values obtained from the original (Eq. (2)) and modified TBLM

(Eq. (4)), respectively.

pH7} 7 Hoh Bk JAolXE Eds{Cu* 1} PR
Z pH 37K we} 71& TBIM % 44 TBLMOZH
H T=% ECy[Cul°] AZ 22 ks 7Y A38Z o
2 7S v, pHrt 7 Boh 2 JelxE pH
710l Wl 7]1¥ TBLMOZRE] =FH ECy[Cul©]
A 7Rk a3 JERTE o= pH 7 olde] 99
ol CuOH" 2 CuCOs(aq) 7t olz}t Cu(COs),> <}
2o 7R Aol S8l Y cutt GRS
Yeh7] 913 355 W cudl F Tt S iR
oltt, 3HH, 44 TBLME CuOH'$} CuCOs(aq)] =4
S 1837] Wi, 7| TBLMO.ZHE o3
ECs[Cul{RU= S7120] 22 Zoz HRAth Y=,
pH 84 7I& TBLMS] 739 3.06 ug/Le] ECs[Cul;
7S JER A 4 TBLMO] A5 0.509 pg/LS Y
Effio] @ilje] Zolz} Agsiaict.

S, pH 88 X33 dYoA= =5 (tenorite;
Cu0)?] Fo= I3 cudl o=z Q3 71E TBLM
< ol&dl dF3t CuY 5SS ECy[CulZ RIT 5
ANTHFig. 4(a)). T L3I, Eds{Cu*}ol 3lFsh=

Cue] SHEE YERd F e Cudl F w50t %
pHe T4 Wolx EAT F glie 9n|o|th
Baltpurvins et al.(1996)2 Z53%9] &= #S 107204
2 Bk uf Aok 97143 pH GollA], STt B
55330 IFEoEN, IFF Ul AT F = Cu
SE7F Ak, 2ol wet cutd] =T B gk o]
o= A 5 glth whd, 3 TBLMS: ©]&3)
=3 Edso{Cu® Ve Cud] 838w A ol3el #he 2t
7] Wl ECs[CulE AR 4= ATt olefgh AR,
pH 8 o’de] 714 El didll 71& TBLMS ©]-&3]
Al Cud] 54E o5 75, 540] sk i -
27 o=Z CuOH' 2 CuCOs(aq)2] SALS HIEA]
JEsljor g Kot

3.4. DOC S0 [IE EC502| His}

E9F 355 Ul tekst DoC = WHE 7RIk 1,
5 2 20mg-C/LY DOC’} &A%t 7pgslar,
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Fig. 5. Difference between the half maximal effective con-
centrations of Cu in soil porewater (ECso[Cu]r) predicted using
the original and modified TBLM as a function of pH with varying
DOC concentrations.
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