+ 1% (Soils), 2020, 52(5): 911-919

DOI: 10.13758/j.cnki.tr.2020.05.006
R, ZEEMT, R, SF. RFIEFUR H A B 0 T BRI S A A Aok R PE. 4, 2020, 52(5): 911-919.

R BR B e TR S A A R

;1,2 kel 2 1 s 2, 3%
) N &AL, A B BAW
(I R B SRR R S A R T SR R A RAFIICRN, WA 264003; 2 RIERFBERS:, Ui 1000495 3
[ERl 2 B 4 PR 575 Yuels 2 1 N S0 2 (R A HIEFSE ), M 210008)

o OE: USSR SR RS e bR A S T 2450 IR E TR, BT S8 A WA R0 A5 R Al PR
B (B A 50 1 30T 4 PR i A (81T A T4 5 S AR S U 1 4 - MG /KR = 3 RO R i e 3
TFRAAUAR (Cu)T5 e i MRS, SR HNO;, EDTA-Na,, NH,OAc Fl CaCl, 4 FhAFIRHRAE S (0L 8R4 T LA 208 Cu
FEHC, FRDF Cu AT 5 A WA R R FEEROC R s Il i SR A A R A SE AR 2 MRS Cu iR i, HESIE T a4
BOARCER 1 Cu AT BIE ., P4 REN . HNOs(41.4%)F1 EDTA-Nay(56.8%)%F 3 A+ Cu AR BR W 3m T
NH;OAc(0.12%)#1 CaClx(8.70%). CaCl, $2HUA: Cu Fi 5438 Cu w4 B MR 22 (B 4778 B35 Bl B E A10G, HNO; 2B Cu
BN BEAR A AR /R 5] Cu W AR AN 30 d FET-28, RFRIA: A2 ML S LIRS Cu MBUBMAEE 2 R, Y AR
AR IES: 3 Fh LI Cu IARESTEVERI{E EC20 F1 EC50, £ EIR, FETARRMLFIRIES Cu & iSRS ERE EC20
I3 5142 90.5 ~ 170 mg/kg(HNOs), 103 ~ 195 mg/kg(EDTA-Nay), 3.97 ~ 20.1 mg/kg(NH OAc)HI 0.21 ~ 8.68 mg/kg(CaCly), EC50 i [H
P2 110 ~ 188 mg/kg(HNOs) . 119 ~ 230 mg/kg(EDTA-Nay). 5.69 ~ 32.2 mg/kg(NH,OAc)H 0.26 ~ 9.62 mg/kg(CaCly); H:TF ARk
SRS Cu SRR T-BMEBIPET- RV BIE EC20 TERE/M 512 138 ~ 193 mg/kg(HNO;) . 108 ~ 226 mg/kg(EDTA-Nay). 8.92 ~ 11.6
mg/kg(NH4OAC)F1 0.36 ~ 10.6 mg/kg(CaCly), ECS0 JLE4J2 183 ~ 221 mg/kg(HNOs), 180 ~ 331 mg/kg(EDTA-Nay), 13.1 ~ 18.3
mg/kg(NH4OAC)F1 0.54 ~ 13.2 mg/kg(CaCly). BFFR 4 Al Ry 3R [E 4 H + 8 4 Jm A OS2 3R Ok 1 LU S 0GR LR 22,
RS X6} 35T A WA 5 1 - 48 4 s PR I et S S AR ME A S A e A R

KR ;MR ATERIRCME; AR AEEN; BIE
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Extractability, Bioavailability and Toxicity of Cu in Farmland Soils with Different Properties
ZHU Xia'?, LI Lianzhen', TU Chen', LUO Yongming>*"
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Chinese Academy of Sciences, Yantai, Shandong 264003, China; 2 University of Chinese Academy of Sciences, Beijing
100049, China; 3 Key Laboratory of Soil Environment and Pollution Remediation, Institute of Soil Science, Chinese Academy of
Sciences, Nanjing 210008, China)

Abstract: The environmental quality standards based on total contents of heavy metals can’t meet the requirements of current
soil management, studies on risk assessment and toxicity threshold that considering the bioavailability of heavy metals have great
significance for the revision of corresponding standards. In this study, three farmland soils with different properties, i.e, black soil,
meadow cinnamon soil, unsubmerged paddy soil, were selected and biological toxicity tests were conducted by simulating Cu
pollution, four chemical extractants with different extraction capacities, including HNO;, EDTA-Na,, NH,OAc and CaCl,, were
used to extract bioavailable Cu, the relationship between Cu extractability, bioavailability and toxicity were analyzed, and the
toxicity thresholds of Cu were deduced for lettuce and earthworm Eisenia foetida. The results showed that HNO; (41.4%) and
EDTA-Na, (56.8%) had strong Cu extraction ability, but NH,;OAc (0.12%) and CaCl, (8.70%) had weak ability. Cu extracted by

CaCl, significantly correlated with Cu accumulated in lettuce, the toxic effect, and the acute mortality of earthworms, while Cu
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extracted by HNO; significantly correlated with the chronic toxicity and Cu accumulated in earthworms. Based on the effective
concentration of different extractable Cu, the deduced EC20 for lettuce ranged from 90.5 mg/kg to 170 mg/kg based on HNO;,
103 mg/kg to 195 mg/kg based on EDTA-Na,, 3.97 mg/kg to 20.1 mg/kg based on NH;OAc and 0.21 mg/kg to 8.68 mg/kg based
on CaCl,, while the deduced EC20 for earthworm Eisenia foetida ranged from 138 mg/kg to 193 mg/kg based on HNO;, 108
mg/kg to 226 mg/kg based on EDTA-Na,, 8.92 mg/kg to 11.6 mg/kg based on NH,OAc and 0.36 mg/kg to 10.6 mg/kg based on
CaCl,. The deduced EC50 for lettuce ranged from 110 mg/kg to 188 mg/kg based on HNO;, 119 mg/kg to 230 mg/kg based on
EDTA-Na,, 5.69 mg/kg to 32.2 mg/kg based on NH4;OAc and 0.26 mg/kg to 9.62 mg/kg based on CaCl,, while the deduced EC50
for earthworm Eisenia foetida ranged from 183 mg/kg to 221 mg/kg based on HNO;, 180 mg/kg to 331 mg/kg based on
EDTA-Na,, 13.1 mg/kg to 18.3 mg/kg based on NH;OAc and 0.54 mg/kg to 13.2 mg/kg based on CaCl,. The results have great

significance for the selection and optimization of effective extraction methods of heavy metals in soils and the revision of

environmental quality standards based on heavy metals bioavailability.

Key words: Soil; Cu; Extractability; Bioavailability; Toxicity; Threshold
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Table | Physiochemical properties of tested soils

SR HhL B T pH HHLF(ghkg) Fiki(%) CEC(cmol/kg) ELJE 4R (mgke)
cd Cu Zn Ni Pb
Ly AR (o Bt 5.78 54.7 32.8 33.4 0.26 19.1 60.2 25.9 21.8
AR E T+ 8.21 7.90 14.4 9.50 0.28 19.7 52.9 24.1 19.0
WHiTs 2% BiEAKREL  6.82 33.4 26.2 20.4 0.25 30.3 80.5 34.4 31.4
Fz2 AREMLFIREGAREE M
Table 2 Extraction conditions of different chemical extractants

PRI pH K L PEIURE(C) &% 9 (r/min) PRI 1] (h)

0.43 mol/L HNO; 0.50 1:10 20+2 25+ 10 4

0.05 mol/L EDTA-Na, 8.00 1:10 25+2 180 + 20 2

1 mol/L NH,0Ac 7.00 1:10 25+2 180 + 20 1

0.1 mol/L CaCl, 7.00 1:10 25+2 180 + 20 2

% 1SO HYARHE T E T OE AT, FRE 200 ¢ KT H3ET
SRR, IR BT K E W A KR K E R 70%, I
S 24 hy PEREML L B — 9438 RP T, T 1% NaClo
W 15 ~ 20 min, M8 KH G A B /KU,
AR 2 24N R R, 7R 25 CRE RS
L ZE 24 h PP R A ROF PR R TE S 0 A I A 2
g AR O MR E A T AR SR = (25°C)
TR 60 d, FIIFHFRE A O REAS i R vh R K &
iy F ] R K B 70% ;60 d 5 /N0 RAE B bR
P, R AT R AR R 05, R FoKeh
Ve, IR SRR . ARK AR

A= B BB Cu i R HNO; JH 1
BT, BAREAER . WA SR ARG, B S
EBHCE —80°CUKAETFYR R 12 h 5, FERTURTIEAS
Bt B R T EE A S TR,
B 5 ml i HNO; & 238 T ER AR, 4kst
Jin's ml ¥ HNOs), HAB FKRERZE 10 ml, 1A
M. 33 0.45 pm JEMESS, FH ICP-MS 2 FE bk M 1
AL Cu &
1.4 S| SR

A< 1 3% Cu B9 151 B2 00 2 7% 1SO AR
FEUPEAT . FREL 500 g KT BT AL K&
th, RGPS 3 R, N B K F R KRR
WY 70%, P 24 ho R TEMEEIE TR 2 2
TP ACA R IR LA, 78 25 CREFRA IS 24 h )5,
PERRTE MRS RAT  K/INE— B ol 2 B 5 5 R AR
IR IR, AUE 8 F o MEMSI7E N T
B350y g: 30d, FUHREEGEE A
v 3K A3 Fr o F ) dse K RE K Y 70% o FE 3G 37
14d F130d B}, RRe@ish 13, B8 P hr s o,

ICSRHBET S 30 d J5 R B /K s oh gk T4, &
THA 2 FREHIEAR SR, 7E 25 CHFRAa
i 48 h5, WWIEAKE)S T-80 CUKR PR 12 h
i, TERHT RS TR T 2EE, FHIWRERIEA, &
7% 10ml, F ICP-MS W& i 511K N Cu & 4t
1.5 #HiEabiE

g G S RO O R h O TR
E MG T, H BRI RO A A Log-
normal, Log-logistic Fil Weibull 5, H:H' Log- logistic
PR DR 48 S T LA S B T iz Y AR Y
PEHE Log-logistic PRECH HIEH AREIEE Cu i 5
AR M FEVERON AT LS, AL 20% S
FR(BEC20)F12 1 %R (BEC50) A TPk B e . 305 1k
W

v Yo

142X M)
Ko Y FORA SRR« A T A: Py e 40 ) 23 e
YET-%, X %7K HNO;s ., EDTA-Na, ., NH,0Ac F1 CaCl,
PRI Cu & (mg/kg), M FR Log ECx(EC20,
EC50); Y, Ml b AHALASE.
RIS HHE R Bl Excel 2010 1 Origin 9.0 #4714y
BrFnsh 2

2 ZR5FE

2.1 RHETEEH Cu WATRIUELLE

4 PRGN 13 Cu AERHUR AR RR 2
5. HNO; $2HUS Cu &Gy 2.61 ~ 1 013 mg/ke,
¥IE A 328 mg/kg; EDTA-Na, #2HUS Cu & HERIN
2.17 ~ 1 044 mg/kg, YME A 336 mg/kg; NHOAc H#EHL
75 Cu S BRI 0.03 ~ 317 me/kg, BIME K 62.4 mg/kg;

http://soils.issas.ac.cn



914 +

e 52 %

CaCl, #EHUS Cu Sy 0.03 ~ 265 mg/kg, HMH
9 28.2 mg/kg; 4 FHEEBGHIXS LI Cu YR R/
3 EDTA-Na,>HNO;>NH,0Ac>CaCl,, #ik K% ,
EDTA-Na, fl HNO; %f 14 Cu B4 HUEE Ty 800
NH,OAc il CaCl, X} Cu AYHEBUHE 14855 .

AR RIS Cu i HEE Cu SR E S
B R ARG X 3 Cu i4RECR, gk 3 7]
A, AIF+4Eh HNO;. EDTA-Na, Al NH,OAc % Cu
F) B2 BRI /N B8 Sk i e > DB > v KRS 4, i
CaClL, WIAHSZ o [AlFP 48, R[RIEEUH A FE B et
fAEREES: B, £ K/NN EDTA-Nay>
HNO;>CaCl,>NH,OAc; #l# -, #EBCRK/NK
HNO;>EDTA-Na,>NH,0Ac>CaCl,; MK AE -,
ECE A/ A EDTA-Na,>HNO;>NH,0Ac>CaCl,., 5
4 %%, EDTA-Na, fil HNO; %} 3 FA[E L3 Cu
FEECRYAF] 40% LA |, NH,OAc Fl CaCl, %F Cu ()
FRPCRMET 10%, 1 CaCl, %M1 + FP Y Cu $REUER
55, PR 0.12%.

S AR U N B . ) A 4R
KA A E G B A SES IR BGA AT TR R a4
T AAIFST , 45 SRR IAFR IR A4 &R L3 4R 1
PREGRE ok, 2R R A EPOIM LI E . KR A
AR R A 3 R R 7 FMRBGRIVE IS 4
X 338 T S 4 A UGS B R AT R e, KR
EDTA-Na, #2 BRI o 5 2 224 At
FR M . PRI KRG £ St R L
B E 4 R IEATHEEL, & EDTA-Na, X} 4 Fpt- b &
& JE P ERE T fe i o AN (R IEGRINT 1 498 1 4w 0 4
Hie ) 25 5 5 HAR LRI G, AN TR B G H i 4
&S AE . EDTA-Na, &b & R HG], 7T
DIERRIRER 45 & AR AL &8 B A e 4
GATHY Cu RET R, HX - e 4 8 1y $E HE
JIE5E ;. HNO; SR FRTERGR AT, H pH 81K,
AT LR A 3 v ) — S S XA I B2 Y 4 s B
2k ;s T NH.OAc 1 CaCl, s hpEER iR, 24
KB MAZIISH Cu, FEHERRM,

3 AMIERFIXN AR LIED Cu B FHREE

Table 3 Mean extraction efficiencies of Cu in different soils by 4
different extractants

TR - B (%)
HNO;  EDTA-Na,  NH;0Ac  CaCl,
Bt 42.0 51.6 1.88 1.94
ki 57.3 56.8 8.70 0.12
Jit v 7K A+ 41.4 452 6.52 5.77

22 KRHELEREFERKRI, AIRERML Cu £

MESLTERIE CuZENXR

TEAE SR AR b, BEE T Cu S Ay
i, ASTe] 38 b A= S G AR KRB 2R AR 22 A= KA
Cu mlmAASER R, B IEE. &L
KB RIAE K, Cu 7 2 A 25 A S ) 3
N, FERERFTIONN IR E, Wi, Bl BT,
A Z T

AR Cu FEFN AR LIEPEEES, B
544 Cu BamA 4N, TR FBET Cu ik
SREMAEYASSSED, K1 FshBRL .
o R KRS - SR 22 AR BGE Cu & i 5 4ER
BE AN AR KR . BRI Cu &
SR, ARtk RAKRIAEY SRR T R
AR EGS Cu S RBARET, T4 Cu XA
B E RN RN FEEIE A KRR -, RS R
fEA RS Cu HEE BT — 2 1A K PR .
FHFEREGE Cu & &, W L AR SRR . bR
APy 2w TR R OKRS £, BRA RS &
S @ O AN, A B B A M T S LR RSO
AR

17 Log-logistic PR T AN FfL AR EUE Cu
TS AE Cu FHEMBHRN AR, HAHX
PERBNZ 4 PR, AFRPREGS Cu & 54 % &
T 24T A e ME(RP>0.60, P<0.05), HiAHXCHE
K/ A CaCl,>EDTA-Na,>HNO;>NH,OAc, CaCl, fil
NH,OAc FEBUGE Cu & i 54 AR B0 il oA e i
#75 T EDTA-Na, fl HNO; 2B Cu &f; Hrb
CaCl, $2HUA Cu i 528 S5Ebk & FIR A 3 ] 2 ¢
PR IR B 5 2K F . HNO;. EDTA-Na, il CaCl,
PREUS Cu BS54 EAMHCHERE, XK
/N CaCl,>EDTA-Na,>HNO;., NH,OAC Hl CaCl, #2
B Cu 5482 Cu STREEML. 6K
F, CaCLRHUS Cu &t 5438 Cu &£ MR
PIEA Rl M et B AT iGE, CaCl, f
NH,OAc $2HREAR I Ho ZRAF & H 4% Cu A9
Bk . Zhang ZEPRFSY SEAYVEED X TS e gk T -3k
FEXT Cu i) RFLE 6 P b2 HUS Cu & i AFHCE,
S5 NH,OAC Fl CaCl, 75 6 Ffb~A i B A ¢
PR, Wang ZE2I0F58 T v [ P L 4 £ e o
/NEXT Cu B 8 A A4 IS Cu S iEAHC
P, &I NH,OAc FIFFEERRPEEUS Cu MG RAT
A58 WP A X — U AE S A2 AR Y Cu & SR RN #E 1
BN ARSS G, I AN Rk 2E B ORI Y e i — 25k B
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Fig. 1 Relationship between soil extractable Cu and lettuce biomass, root length and plant height
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R4 TRMLFRETE Cu 3B 5ER Cu RITFIE RN AHE X

Table 4 Correlation between soil extractable Cu and Cu accumulation and toxicity in lettuce

SRR HNO;-Cu EDTA-Na,-Cu NH,OAc-Cu CaCl,-Cu
A SRk T R R 0.64" 0.68" 0.61° 0.73"
SRR AR 3 0.29 0.40 0.60" 0.72"
e datyhnel Nk 0.63" 0.71° 0.58 0.86"
SRR Cu fr i 0.45 0.58 0.63" 0.63"

e “x” FoR B EAMIKP <0.05);

CaCl, #E IS Cu F %t -4 Cu kA 3k B A
BAFHIHE N o
23 RHETEREFTEFMREINGE Cu HEXRS
4 A
PIARFHRBOR R I Cu S8 5, AR SEAR
i BRI A R RO, AR RNy
(Log-logistic J5 &) LA 153 B A AR K | R FA 9
H20% IR (EC20) A1 1 il 2R (ECS0) i 75 3
(3 5), @R/, ERF D, AR R
SRR R R 22 52 o 76 2B RTiAe v, Uk
PRI 38 g A P o>k e >R A A e e B
BV FEAR 5 T2 B VE KRS v U S, s
AR>S BRE > P, AR SR R R PR T
T o MRS ] — W R AS [R] B R AR ) 21 S BRI B 1
SR AR 10 B 5 1 ke D 0200, 2 - ) + LA 3R
FAEY RS A SR E B, KA £ L
FEF AR SRS A SRR B . ST 4 R

Cxx” FIRW R FEM P <0.01); T,

[FHEES Cu B X AESEHUSHR PRI # LR E EC20
S BIH2 90.5 ~ 170 mg/kg(HNO;). 103 ~ 195 mg/kg
(EDTA-Na,). 3.97 ~ 20.1 mg/kg(NH,OAc)Fl 0.21 ~
8.68 mg/kg(CaCl,); ECS50 715 il 43 1l /& 110 ~ 188 mg/kg
(HNO3). 119 ~ 230 mg/kg(EDTA-Na,). 5.69 ~ 32.2 mg/kg
(NH4OAC)F1 0.26 ~ 9.62 mg/kg(CaCl,).

FEANR] BRI BE TR RS Cu &Y
FEPEE EC20 F1 ECS0 R BGRHRIAE 1 22 i A
[l HNO; Al EDTA-Na, ##HG5 Cu (W3 FI(E I &
=T NH4OAc fill CaCl,y, X 5Hi3CHrik EDTA-Na, fll
HNO; % 3 Ff -3 rf Cu A9 FRERE T A0 A 45 - — 30
Hor A b T A RGE Cu YA S EE M EC20
FIECS0 8 I8 T FoA 398, SCnTRE2 th e 14
A pH HEALAY . Lin 45075 1o fifi A A 4 T A5 A
(t-BLM)WF5% 133855 W h AL AE FHE X Cu By R
i EC50 fys2m, 4558 & 30 3 b i BH S - 4n
H'. Ca® il Mg* i LIs#% Cu” iy &tk

#x5 ETFFEERS Cu 2R LIED Cu £ FKF M HE(mg/ke)

Table 5 Toxicity threshold values for lettuce based on different soil extractable Cu concentration

FEIH PR A, B+ W+ Ji v K A
EC20 EC50 EC20 EC50 EC20 EC50
0.43 mol/L MR A K 267 276 401 418 134 160
HNO, o
= 184 214 269 427 238 377
LY 170 188 90.5 110 593 627
0.05 mol/L AR 348 398 401 478 151 230
EDTA-Na, .
7= 201 281 305 4834 271 430
et 7/h = 195 207 103 119 585 607
1 mol/L MK 18.9 20.2 492 51.6 20.1 322
NH4OAC .
= 9.61 12.7 33.9 56.8 33.1 52.6
LY 7.86 9.83 3.97 5.69 88.3 94.6
0.1 mol/L AR 19.5 21.0 0.81 0.95 8.68 9.62
CaCl, e 8.85 12.3 0.59 0.94 36.1 57.3
AL 7/h < 7.16 9.12 0.21 0.26 115 123

24 RHELTEDIEBZETE, Cu RRESTRR
& Cu BERXER
IR M SR TR IR R W], T Cu

B, s ) AR RORAS RAF, R BAE T
BRhEHE . A Co RN, o722 Ikl
TR A [ i BN, B AR Z0H ) SRS SRR G BE
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Fig. 2 Relationship between soil extractable Cu and earthworms mortality

i1t Log-logistic /3HT T ANFIHEEE Cu Fik
WML Cu & ECHSET SRR AN O R, HoAH
KRB 6 Fin. +H CaCL RS Cu &
W] ) 2 EFEMEAE TR (14 d)TE7ENL BEAR G, £
Ml A 2R RS H R T AR Cu
HA K, 18RRI Z A TEA UGS Cu Bk
R, XS s AR #E . HNOs. EDTA-Nay
I NH,OAC #EHUS Cu & 3 5 i 5l i1 M st st T
(30 d)Fl Cu BRURAAIERAFIAHCHE, Hrh 5k
WS FE TR KA e K/ HNOs > NH,OAc> EDTA-
Nay; 5 Cu REURE AR/ HNO;>EDTA-

Na,>NH,0Ac. Zi53#KFE, CaCl HEGS Cu & & 5k
i) (g 2 e SOV A e B i, HNO; 42HUA Cu

Ot U REAR A b 4 7 HAE 5] Cu SRR RIS M 3 M
i J37
#6 TRIRMAS Cud B5MBIFETEM Cu RRK

Pk

Table 6 Correlation between soil extractable Cu and earthworm
mortality and Cu accumulation

HHFEMEZRE(R)  HNO; EDTA-Na, NHOAc CaCl
WEWIZET R (14d)  0.667 0.65" 0.61" 0.70”
WEIEIZET-R3B0d)  0.937 0.89” 0.93" 0.40
Irds B Cu &l 0.747 0.67" 0.58" 0.01
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