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Remediation of heavy metal contaminated soil by iminodisuccinic acid and assessment of environmental risk reduction. WANG
Gui-yinl’z*, ZHANG Shi-rongl’z,WU Xiao-yul, LI Lun!, GUO Qi-qil, LI Sen’, XU Xiao-xun!, LI Ting4 (1.College of Environmental
Sciences, Sichuan Agricultural University, Chengdu 611130, China; 2Key Laboratory of Soil Environment Protection of Sichuan Province,
Chengdu 611130, China; 3.Sichuan Provincial Institute of Natural Resource Sciences, Chengdu 610015, China; 4.College of Resources,
Sichuan Agricultural University, Chengdu 611130, China). China Environmental Science, 2020,40(10): 4468~4478

Abstract: Iminodisuccinic acid (ISA) was used as a washing agent to remove Cd, Pb, and Zn from polluted soil under the action of
ISA concentration, pH, washing time, and soil-liquid ratio. A three-factor and three-level optimization model based on the
Box-Behnken design method were established to determine the optimum washing conditions. The comprehensive environmental risk
method involving the residual content, leaching concentration, and toxicity of heavy metals in soil was used to evaluate the washing
remediation performance. Cd, Pb and Zn removal efficiencies increased with the increase of ISA concentration. They reached 11.83%,
34.26%, and 20.96% in mine soil and 48.89%, 57.08%, and 81.80% in polluted farmland soil, respectively, at the ISA concentration
of 50mmol/L. By increasing contact time and the acidity of the washing solution, the Cd, Pb and Zn removal efficiencies were
improved. They increased as the soil-liquid ratio decrease. The predicted maximum total removal rates of heavy metal in mine soil
and contaminated farmland soil reached 32.58% and 93.16%, respectively, under the optimized conditions of ISA concentration of
70mmol/L, pH of 4.0, and reaction time of 120min. Under this condition, the surplus of heavy metal in the water-soluble,
exchangeable, and carbonate bounding states decreased significantly, thus reducing the total environmental risks of heavy metal in
mine soil and contaminated farmland soil by 50.81% and 87.13%. Iminodosuccinic acid could effectively remove heavy metals from
contaminated soil and reduce the environmental risks of residual heavy metals and is a potential material for remediation of heavy
metal-contaminated soil.

Key words: heavy metal-contaminated soil; response surface optimization; iminodisuccinic acid; environmental risks; leaching
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Table 1 The physicochemical properties of tested soil

TR I VAR

pH 6.30 7.07

W RL(%) 522 65.2
FkL(%) 75 16.7
KR (%) 40.3 18.1

PH 5 722 e F:(cmol/kg) 13.21 18.12

P (g/ke) 19.20 23.94
2R (gke) 1.20 1.51
Cd (mg/kg) 18 43
Pb(mg/kg) 1221 232

Zn(mg/kg) 2648 1286

KA )75 B R B 5 G JE ROR™ L - 33 A0

¥ Gl A FH A 3 D Ak 9 TSR B DU 4 O
FHYEERT X 100m Y5 P9 A H1(29°24'N,102°39'E), 1
BT N BORR R 5 A R AR B R DY )1 48 52 0 e
]~ 50m YO A AR 1 (30°59'N,102°57'E), 138571
IKFE L RAE 2N 0~20em, KARFE i 5 B 22 J5 A 4R
KA 10 H JE e W0 J5 i 4728 FH AR 3
AP 1.

W HE IR IR (CAS *5:131669-35-7) I [
Lanxess(_ )17 BR 2 7, %5 £ (20 °C )1.68g/cm’, [ 44
T EY 34%.

1.2 SEEwIh

Hy5 4+ 10.00g T 500mL R 7 1) %8
BEH AR e W88 oF VB I N 3 BV (6 n A
0.05~0.10mL 200mg/L NaNj; Bij IEA=4B&f#), vl
W pH {1t 0.1mol/L HNO; #1 0.1mol/L NaOH
EIREINE - A 1 AN =R e 7 e
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7E PR 2R S0 LAt b 320 DL ISA WRIE (X))
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b Cd. Pb Fl Zn JoEEHPERE, K FH FE R H 5K
K:(TCLP) VA ISA 15K 385 (1 2E 25 XU TCLP ¥
UL B FPL AR R 1.00g T438RE 5 3 e 1
WEE 1:20 I AIRHEF(S.70mL KESER% T 500mL
MK I B 1.00mol/LNaOH 1 15 & pH {4
4.93+0.05),5t )5 LA 30r/min MR T =0 F =% 18h,
5000r/min #5.0» Smin, L& TCLP $#EHUR A+ 1) Cd. Pb
M Zn [R5 = AAS WE.
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Table 2 Experimental range and level of independent

variables
IoE iy ZSiE
-1 0 +1
ISA /& (mmol/L) Xi 20 50 80
pH 18 X 4 5 6
S5 I [ (min) X3 30 90 150

1.4 IREERS
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JR 5 B e, A1 52 A A A R A T A £ 5 ) A
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4 B PR U T S Ee e 2 PO s
B=(Elj —E}},)x100%/E"} ()
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A B3R IR ) H 4 I 1) V8 A0 A B8 IR 11 ik 2R
(%); EG FVEL 2y MBS R RS S )5 55 i Fh 43 )
(10 SRV 7 AR S RS R A T A B, RN B E S
R 9 LE PR R XU U % (%); MR, Al MR, 43531 4
& S HTFIME 555 338 SOk 5 70 A 38 KU 25 G 4R 4L
ToEHN.
A 4 A A R R P s A A A KR
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s A i R 4R I8 1 A UK R T R
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h B RS AR L TE BN O O TR A S
(1) 55 by W omg/kg; C) O & JE B H, Cd A
0.3mg/kg,Pb & 90mg/kg,Zn 4 200mg/kg!?®).
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n .n . i n ) Ci CixVi
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X BB IR B e B S RS e 5, E 4, B o+
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i M4 E K TCLP & H K & mg/L; Vi bl 52
TCLP 32 H AR, Lym + 37 5 ke

1.5 R fRUE S HdE A

3 FRUEY) T (GBWO07405) F S HEAT 34N 0 Hr
R R L Cd Pb AT Zn R AE 96%~
105%.FF i R FE(n=4)+ Cd. Pb fl Zn 2 EAIXTFR
#E i %2 (RSD) ¥ <5%. 52 46 i #2 it Al &% L 33 7
20%HNO; TR & s R T ISA X HfL—
S8 LB R(Yo) MR S50 h 5 R EZ AL HAER R
X} HHE R F 4R (Cd. Pb Al Zn) L5 % Regppizn(%)
TR

R=(Cyy; xV)x100%/M x C,y (6)

Regippizn =(CeqtCoy+C, )XV x100% / M x e

(Ceq + Cpp +C7,)

K C o MR T SR S T & Hme/L; V
P FAR L M el 3 i ke C ot
K48 B mg/ke.

ISA Xf Cdv Pb Hl Zn #EAN[A] PRI 25 ] 2 5%
SPSS 22.0 (SPSS Institute Inc., Chicago, USA)#EAT
FLDR 2R 5 25 4 T, 45 AL B R) 22 R LU AR R A vk
(Duncan)P<0.05 /K- EE47.RSM 73-#fr B H £ P 42
A Design Expert 8.0 (Version 8.0.7, Stat. Ease.
Inc, USA)HEAT. 0 A 48 ik B A Origin 9.1
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Fig.1 Effects of initial concentrations of iminodisuccinic acid
solution on Cd, Pb, and Zn removal from mine soil (a) and
polluted farmland soil (b)
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BE ISA eS8 i izt Lot it g 522 ISA
WRE<SOmmol/L, BT 2 bR BE ISA WL ETHim
FHIIN(P<0.05). 58 Wi A B b T, By i sy e+ 3%
FEAMGE I I L 2 ARG 0, AH N B 43 e M RE ) 3
Ll 5 1 A E == S A1 i i S I R @ 1 i
JI5t )9 P S48 o 4 e 2 R R B N AR W [ S N — A
W 52 IS A YR 2 S0mmol/ L I, EXH 15
Y3 Cd. Pb Fl Zn LBRFIE 11.83%. 34.26%F!
20.96%; X 5 YA 13 Cd. Pb fl Zn LFREIE
48.89% + 57.08% Al 81.80%.ISA ¥ J& 4k 42 19 &
100mmol/L,Cd+ Pb 1 Zn J:fr#HH AL LE(P>0.05)H
TR AR AR 5%. HET E SR B AR

HHEBRZEEVIMR, Y 5 BUL S E S By e,
AR A IR I AN AR S W) 1 et H 2e e e Ah,
I LS Ca*t. Mg™ . Fe't. Mntt. APTAE
e HESRE S FRPFEAN LGS A A
Fr I SHR AL R A B A N

2.1.2 Y4 ISA ¥ pH X 13 Cd. Pb Fl Zn
LR R YERE R pH {E S TR R R R
FORTE L TR NI — AN Qi T 228, e
W e AR R A S B Es 5 LI
i A Ti) P B o R 8~ iy AR 90 I 7500 o) 46 e g 1
A he )B4 (1 41(DI water)Fl 50mmol/L (¥
ISA 7E AN pH 1H(3.0~9.0) FX§v5 4 +4% Cd. Pb Fll
Zn JEFRTERE R a0 18] 2 Fros.

R LR (%)

3 5.6 7 9
VIR B pHAE
90
la a . (b) —m—-Cd
804 —@—Pb

—A—7n

4 R 2 R A (%)
(=N}
(=}

5 6 7
GRS pHAE
K2 WHRMDEE R pH 1L 3 @) M5 Ak B L2 (b)
t Cd. Pb fll Zn LRFEI5E MR
Fig.2 Effects of initial pH of iniminodisuccinic acid solution
on Cd, Pb, and Zn removal from mine soil (a) and polluted
farmland soil (b)
ISA HJ4GH I S0mmol/L,i#PEIT 7] 60min, -3 1:10

FE45 FLAE R EUR I ISA I AR pH 8 25 1251
IR 11175 G 4 38 (<5%) Flv5 e A 1 L 38 (<20%) H
Cd. Pb Ml Zn 2:BRFHLHARISA I B8 Cd.
Pb Fl Zn YEMGGE Sy HBE pH {E 389 g i AR T
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FEOE.2Y ISA 1 pH 124 3.0 I, &% Cd. Pb fil Zn
PRI AE ) fo i 1L -3 23.66% 111 Cd 42.91%1)
Pb 1 34.13%[1] Zn RI# J:B; b, 5 Ye e 1 438
Cd. Pb Al Zn ZBRZFEJIN 64.09%. 65.59 Al
80.65%.Cd~ Pb I Zn % FRZFRBEVEMM pH 3G N4
5.0 17 .2 N (P<0.05),7F pH 1H 5.0~7.0 It} [#AK2%
2, kil pH {38 0 %2 9.0 I8 11 22(P>0.05). Ik pH {4
I, ISA JFAL(H)™ E S EOR R PR IL . BREGH
O3 R g R b AR A A AT 4 A 1
)@ iR b B8 1 S5 4k Bt T i
B A T 4R B T U L A pH (PR IT
i A B 14 0 A - SRR 3 Ty 1 i, BRI - 3
JRe A F 4 e 8 B 0. pH A BT SRR B
80D 4 e 2 Bk e A SRS T It 7 R AR 25 1
243101 P AR I, T 4 5 1 AT A A T T B
22 BRI Bt pH AT s T B T R A K A T T
FHCE S 8 AR AR T 0 B R, UE
it 74 T R 3 () 0 ARG v L 2 P,
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360 480
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——Cd—@—Pb—A—"7n (b)

TG R R R AR (%)
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Fig.3 Effects of washing time on Cd, Pb, and Zn removal
from mine soil (a) and polluted farmland soil (b)
ISA YT E S0mmol/L e 1) 4 pH fE 5.0, L3 L 1:10

40 &
2.1.3  MNVISER 4 Cd. Pb Ml Zn ERACEN
e ISA X 3RS YR -3 Cd. Pb

I Zn 25 0 N I ) K S SE 39 0 e e TR e
(B 3). DE T4 B B (10~120min), 58 £ ik B 17 48 fin
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TN i 171), 25 B 5 484 1) S B¢ 3% 5 Suanon %51
4G/ S 21 4 SR A ABL A W Mot i 30, M5t
FUMABUEAR R o H84 0, - BEW0oR 2 171K 559
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T R AT LI A U, e 2 g el R o A B S 0
(>120min) 1 FYEBE 7 54 H bR 48 B 7 Ca™s
Mg™"\ Fe SR A g4, PR _E B AS AT 4
PREARGE )M 240 Sl e A B4 B B T e 18
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Fig.4 Effects of soil-liquid ratio on Cd, Pb, and Zn removal
from mine soil (a) and polluted farmland soil (b)
ISA HIUGHSE S0mmol/LJE iy pHS.0, & NI ] 60min

214 LWL 3% Cd. Pb Fl Zn LR
Wig X W 5 B R L 5 S i 8 VR
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b PR RSAS. R LG B 1 ISA X 3 FhvE 4 s e i,
FEAWEE 1:20 WA B K LR A4 H LA 1:10
PR 1:20 BF,Cdv Pb Ml Zn J:fRBRIGINIBAL
10%(l - 4). 358 5 4 8 M [l AH 2103 90 0 A o e 22
283 LT Bl asad A« 48 [F A - 38 L B 3 i AL B
VBOFH 2 THT 0 38 VB0 AH . v 90 Ll B e B AR R AR,
7 THI W JE 770 AT 5 R o 38 b B RSORE L (1) T 4
TIE RS 10 E - SR 2 AR (1 LT D B i
R PR S AR 3 3o A B RORE 2 7] ) LB
N e W YN TR 5 Rl A (PN 7 51
225 55— 7 T, ] B8 b 108 B A AR R B R Bt 4 &
G B T PR AR AL S B0t B ) e,
FRAL ] 8 L, e M A R 058 v, - A3 OO 20 SR e, 184
KVEME 5 PE S REFE X Cd™ . PO 1 Zn® 244
23 ) A PR A5 e 145 A L R 3,
2.2 ISA LBrt3E Cd. Pb Al Zn i REIDLAL
2.2.1 ISA 13 Cd.Pb Fl Zn ZR 5yEli 4 1F
KAMMAE LA ¥ Cd. Pb Fl Zn SERRFGER
3)F A Design Expert 8.0 #ffH i 4 — Ik 2 1 A
BE DTS RIEMA RS S LBRE S
FAFZ TR O FR A g T 1 LK (8) R He e
FH 398 [ 20 (9) ] b o 4 2 B 20 5 ok I R 7 1) G
Yy
Y=3.77+0.77X +3.65X,+0.09X,-0.0322X X,-0.0001X, X, -
0.0052X, X,-0.0041X, -0.4588X,-0.0002X,”

(®)
Y=45.30+1.52X, —1.40.X,+0.19X, +0.0367X, X, —0.0003X X, —
0.0023X, X, —0.0122X,” —0.8350X," —0.0007.X,*

)

BTy 22 00 M 45 R W (R 4), 888 F,, >

Fi 5 =5.12 H. P<0.001,2 W] [R5 74 SR Gt 2 AR
(ke REL R 359>0.95, 5 AR DG ELr . A4tk
SEATATE 3 L iUk ISA 23R TR 4 (vt i
At 3 — 20 AR R R AT TR S S AW
G B R T H L BRI, FLAR 27 5 e D¢ R
SEARRTRR JoREE A T P (E 5), TGRSR
RIS PR L B R R e YA R B (%) 0 1k AR
PEUL Cd Pb A1 Zn i 25 B 32 252 ISA WA E T
28 R 11 -8R A 8 4B 2 R 1)
TR AR 63.79%F1 56.35%(F 4).0% &N
ISA InAFefit 7 it 5 4 @ B G s P g,

*3 TREIEBRLEEMT Cd. Pb # Zn BERBE
Table 3  The total metal removal efficiencies (Cd+Pb+Zn) in

different washing treatments

. ISA IR oH ffi SN I (i)

! (mmol/L) (min)

BRI (%)
Wl vk M IR
18.14+0.24h  65.87+1.00g

5
=

20 4.00 90

1
2 80 4.00 90 32.58+0.22a  88.79+0.33a
3 20 6.00 90 14.2940.54i  48.64+0.68i
4 50 6.00 90 24.87+0.36e  75.97+1.57¢
5 20 5.00 30 15.66+1.251  48.56+1.78i
6 80 5.00 30 26.47£0.41d  79.69+0.21d
7 20 5.00 150  17.97+1.14h  57.85+0.47h
8 80 5.00 150  28.19+0.87c  86.75+0.73ab
9 50 4.00 30 27.04+£0.56d  85.87+0.45b
10 50 6.00 30 21.39+£0.77g  68.69+2.79f
11 50 4.00 150  29.76+0.24b  88.29+1.16a
12 50 6.00 150  22.87+0.46f  70.57+1.59f
13¢ 50 5.00 90 26.49+0.31d  82.12+0.56¢
14¢ 50 5.00 90 26.56+0.34d  80.76%1.59cd
15¢ 50 5.00 90 26.97+0.49d  81.52+1.66cd
16° 50 5.00 90 26.36+0.88d  81.63+0.45cd
17¢ 50 5.00 90 26.52+0.69d  82.12+0.76¢

T CRTR 0 1 B R T S (L5 AR HEZE (=) [ SUAN R /N5 7
RN AN ) Ak B o 5 R 3% 75 22 53t A Duncanddiy 36 5 T 2 25 B

A ST L % 57,
222 ISA UL A A A B AR W S AT AR

o KU 4 FASA WE 50mmol/L, YEfit
W pH {H 5.0, 5 NI TE] 2k 90min), AN /] s it 46 1421
X Cd. Pb Al Zn 25 BRA ) =2 mw 7 it i Pl 1] 6
FiR.

T S SIS 8] 24 90min 4541 ISA W R 55 e it
pH EA R 4 i 25 B 20 R M 1) A8 AN A (B 2
(P>0.05).754 ISA ¥R JE AR J7 ) # 5y, L 45 e 45
(1% B AR P s T YRR pHL AL ) DRI pH
B 1o, i T 3 5 ot T8 o 7~ 2%, 5 M I AN B 2.
AL LA TR pH (ELISA IR EEXTS e 1
Cd. Pb Fl Zn E:BRsgma Ay 25 S8 e i 7)) & |
PEARBENE R 48 pH (EAF T HE 4 8 1 2B 14 0 ISA
AL R & A LA R R 4% 6 RN, HLIR
J5E 386 T e sk >k 5 B e A 9 o T 4 Ak 2 B T A
JIT 5 B R N U ISA WIHA VR B 5 N I )
Xf Cd Pb Hl Zn 2 BREFE A HAFH 3% (P<
0.05). 3% Mt 71 A47] &y AR 5 14 g 1. g T 6 e 87 B (1] 1) g
IS T S TR U, 2 v £ ) T AR A ISA K
JEZ AL T0,Cd Pb Ml Zn R EIANKT LT
HAE 75mmol/L Bk B >4 S W [R] AL 30min
$2FHA 150min,ISA X1 L3 B E 48 LBk
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i

ST
5%

I 26.47% b T1 31 28.19%. [AI B H 75 e Ak T 3
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1B 5 SIS T) PR A8 EL 0N AN S8 25 (P>0.05), {H B B v
pH L& B AIXS Cdy Pb Al Zn J:BRIEIIR A A X
SIS [E] 30~150min o [ P I BEE DR pH {E Y
Jn,CdPb Fl Zn 22 5 % SR FFAR, HAE 4.0<pH {H<5.0
0 [ AR A o by B St A 2 B e e e R o e R B g
L RVAR R S R g A R
FLIRP= A BR A g 3K FRBR By g mT LA IR 4 2 T
55 gk 2 1) 40 2 B3 BR7 6 Cd. Pb AT Zn
DR N g TSA IR FEESVERG pH (B> Y
I 7).

100

& Y sk +6=0.99X40.95
= 80+ R*=0.987
360
S
K
T 40t

N
=

=]

=™

. 20F &%jwowmo.ls

3 R*=0.994

0 1 1 1 1
0 20 40 60 30 100

Cd. PbAIZn 5 B %R 5L PRAE (%)

B 40 %5
4 —
O Wikl A JGYRE g
3 =~
2+ A A
1 A
Q JA
o o2 \,800 = a
& (G e
Bys 2 & AN
2+ A A
3 L
-4 1 1 1 1
0 20 40 60 100
Cd. PbAIZn 2 KR 3 HNIME (%)
Bl 5 HA e R 2 bR A SE R S P DL A 5 22 5 Tt

ZIH) I3 A R A
Fig.5 Correlation of actual and predicted values of response
and plot of residuals versus the predicted values for metal
removal from the mine and polluted farmland soils,

respectively

2.2.3 ISA Vel S 5%AaE  BL Cd.

Pb Fl Zn S5 25 B 3 4 Wi B A, A1) FH Design Expert 8.0.7
BRAAE S50 DR 35 7T ] PN 000 1) e £ Ak R 4% A1
ISA K 70mmol/L. pH {H4 4.0 Fl ] 4
120min ZcA7 AEZ4AF N AT Ll 3RS Yo i 118
1 Cd. Pb Fl Zn S EBRFLKNI N 32.58%F1
93.16%.h T 3ok IR 45 B nl Sk, 64T 4 41
SPAT S0, SE UG AE 5 TRONE (44w 2 23 53l - 0.45% 11
5.72% i 2 35 /N 2% WH S 14D g 7 A 280 T LA A
(RS HOLFI R0 BE ), R % S il ISA BEME &1 F0 Cd.

Pb Ml Zn R Z A KA.

x4 TREZRMBMAERIBIESRHAESN

Table 4 Analysis of variance (ANOVA) for the optimal removal of heavy metals from soils by iminodosuccinic acid

+35 & TRl ¥1Ji F1H P1{E
il 20ic — — — — — — — — —
N s (e N SRCE T iRR: W3 yEeRm 3 Tl SR I
AL 9 413.24 2663.43 45.92 295.94 138.17 60.4 <0.0001**  <0.0001%*
Xi 1 265.08 1520.21 265.08 1520.21 797.64 310.28 <0.0001%*  <0.0001%*
X 1 72.6 52731 72.6 527.31 218.46 107.63 <0.0001%*  <0.0001%**
X; 1 8.47 533 8.47 53.3 25.48 10.88 0.0015%* 0.0131*
XX, 1 3.72 4.86 3.72 4.86 11.21 0.99 0.0123* 0.3523
XX 1 0.09 1.24 0.09 1.24 0.26 0.25 0.6246 0.6299
XX 1 0.38 0.07 0.38 0.07 1.16 0.01 0.3178 0.9063
x? 1 56.13 507.39 56.13 507.39 168.91 103.56 <0.0001%*  <0.0001%**
X’ 1 0.89 2.94 0.89 2.94 2.67 0.6 0.1465 0.4642
X 1 3.09 25.07 3.09 25.07 9.29 5.12 0.0186* 0.0582
k7 7 233 343 0.33 49
RANSE 3 2.11 33.05 0.7 11.02 13.26 35.27 0.0152*% 0.0025*
a2 4 0.21 1.25 0.05 0.31
syl 16 415.57 2697.72
R 0.9944 0.9873
R 0.9872 0.9709
AR 2 H(%) 238 2.95
T L 39.67 25.8

i X0, X RXG A W HE — BRI S (mmo /L ), s JB Vi pELAR T2 I N 1) (i) * 85 35 1 25 57 (P<0.05), * B i 3% 75 57:(P<0.001).
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2.3 ISA PEMEHT)G -3 Cd. Pb Al Zn fh2E A4S
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W Dy - B R B 0 2% AR M s 43R P e
Tessier VAU TH & R AT (B 7).45 838, ¥
R 1 3 Cd DRI RR(34.33%) BRIRER A5 54
(29.33%) I AT HA(23.43%) 4 ;P LUBRIR Eh 45 575
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& 160
& 5.0 50 90
s X 45 S0y X5 60
1: 4.0 20
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O
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5
Q

(41.41%) B IRt A5(27.42%) 0 E;58.13% 1 Zn A fEs%
S BRIR R 45 5 AR IR (26.62%). S5 bt YA FH 1358
HCd LU AR(31.43%) TRIRER4E A5 25(17.78%) Fl
A A A(40.08%) 4 ;P LUBRIR L 45 A5 ARl 2 K
T, B0 H 68.83%:;Zn LITRIIAN(33.57%) WKk Eh 4,
BA(26.78%) R HLAE A AQ151%) N .
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Fig.6 Three—dimensional response surface plot for total metal removal efficiency from mine soil (a~c) and polluted farmland soil

(d~f) under different washing factors
X KL IR A GA R X0 A WA VEIE A pH {8, X5 A SR IR )

2k ISA Vel )5, 1 Cd. Pb Al Zn % JE
AU 53 R A O R 43 E IR S B 5 g G Ak
THE Cd A IR AR BEYS S
A A P S & & B YE AT 16.68,7.40,1.88,
1.80mg/kg 2r HIBE4E 6.23,3.09,0.37,0.64mg/kg;Pb
LA TERRRREAE. BHYSES. F
BLES & S FI TR 25 BRIk B S AN U RES Zn A
[ Pt Rt e Bk 5 Yo A T AR AL A 1l 3 p
Cd FELRIEE NIRRT 4557 (44.72%) BREL
i B ARGL66Y%) AL 5 (46.01%);5 Cd kK
LIRS o8 RMg HSMEILE RS P
G N T 41.69%~53.79%; /KIEA . Al AC He A A
MR & A5 ASM Zn ¥k Wi 7 5.84,20.98,

741.09mg/kg 73 FE A 2.00,5.72,325.74mg/kg,
PRl g 55%. ISA BRXTH™ L 13 h Ak A& 1K) Pb
Al Zn L BRFEARI N HRESNE B AR
TP 2R B X S A HURSP NN-2 2
i BRI BE M 2RO N+ =
BRI 2 e = 2 Ak £ 1V 2 B b op R 4 )R R
ARG LIED SRS BT
oy G R S RS ORI . AT AS S F
IR Eh 45 5 )Cd. Pb Al Zn ¥ KIE AR, A 5
B A=W A HAS 5 3T 78 e A ) B Ak SR A ) 45 &
A WEMHERZENANG G KA DR T
BRAR AL AR My R ISA Vel )G,
T3 BT B D RO TR A T JE B o A9 gk
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Fig.7 Chemical forms of Cd, Pb, and Zn from polluted soils before and after washing with ISA under the optimal conditions
COosind O mhsias 2 wadies BB wmitdies DY wxsaslll Kiss

%5 ISA X£B& Cd. Pb #A Zn B9 L EI&5E

Table 5 Optimization and verification of washing parameters of ISA for the removal of Cd, Pb and Zn

o __ W&%ﬂ’f - THIE —_— 95%EL i DX ) 95% Tl X (0] AN 2
VEBR M E (mmol/L)  pHAH  KNIFIA] (min) (%) (%) (%) (%)
i 73.19 4 126.58 32.58 0.79 31.38~33.92 30.79~34 0.45
V5 YR 1 1 3 66.96 4 119.51 93.16 0.87 89.45~96.88  86.75~99.58 5.72
2.4 ISA Vit -3 i BR85S IR (P<0.05),E."° Fl EA" #4/N T 40,3 WM& 42 )5 3% Pb
H Zn ANUAFAE A 25 RGP 2T 35 ek 1 3380 it
TEE= &S BT EINIE XL E IR w N SN
®6 TRE—IRMEARARTRARRGEEE 5 cq,pb fl Zn 24 KR ECE (655" 1Lk

Table 6 Reduction rates of heavy metal before and after

WEPF B RS EC IR E T 320, )8 T4
ARG R 1B 5 3R AR B Cd AR A XU AT

washing with iminodisuccinic acid

i i k1 ISA B |- I i o X
ES 250614109232 1239.62+56.32b i (e S AL I MO AR A SR BT T ISA Ut
EP oaee2m 3794732 WL T i AU ER B KUK R B LR CdL Pb
R e o s T Zn SRR A o 50.81%,75 ek F 1 e
ol MRI 2615.41£121.21a  1286.4+61.92¢ ’ ’
S ) 50.5441.62 9 87.13%.0h 2% P¥3E1H,0.1mol/L HCI. 0.1mol/L
252 N HNO; Al 0.1mol/L EDTA /IS % 1 358 J £ 41540
n (% .79+0.7 m R
ﬂi (%) 50.81+1.82 (HDJAE 40%~70%, {5 - IEAT A7 AEEAE 7O 20 KU,
E 5651.56£301.23a  720.21+37.43b T — DA ISA BENS A RIS Y T Cd.
EP 17.65+1.92a 6.97+1.02b S A o= 1l "
e 7 52409 3.4620.50h Pb A Zn, & M 1o PR <5 e 10 7T 3t M, AT PRI R
.  MRI 567673343222 730.65+43.82b < e ) JRld s A AR A FA S AU
VYA HH g
Bea (%) 87.26+0.93
Boo (%) 60.48+1.73 3 i
Ban (%) 53.94£2.73
s (%) 87.13+0.82 3.1 % ISA WKJE<50mmol/L,Cd. Pb Fl Zn LR

V) — AT AN A N5 R R o AN ) A B3 5 R 2 2 A i A % ISA {&Eiﬂ‘ﬁﬁﬁ%ibu(l)<005) é[iééiijm ISA
Duncanfy ¥ e 5% K |- 55 b 2 5. ’ }

WEE U PE A 100mmol/L,Cds Pb Fil Zn 520

ISA Vel 5k B 4 e i A 55 XU DL 6. 1k ARZ(P>0.05).0E M pH B2 52 54 8 L PR ik

Wi AT 2 Ay ge+ B i) Cd XS 50 R, B T B IR 25 AEVA M pH o4 3.0 B, ISA X} Cd. Pb Al

A2 KR (EC*>320); 10 Zn B T 80 1 A2 25 KU Zn $EHUAE ) B e BEE VEGE pH (EH#8 N4 5.0 Y,

(EF"<40). I1SA Vel 5 0103 ECY AR RIS J) B FFR(P<0.05),7F pH H 4 5.0~7.0
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2% 15 PR AR, 4k 224 & pH A 9.0 AT 122
(P>0.05).ISA X754 13 Cd. Pb Ml Zn L%
SN (] A S8 39 0 5 T PR, 2R A A s 18
BB, 10~120min P24 PRI 2 BRI B, 120min J518
LR BRI R T ISA XF Cd. Pb Al
Zn 2.

3.2 FET Box-Behnken Wil 7 v LM N AR
FERERINE ISA 26 Cd. Pb H1 Zn BEAT TN 15
1) men TR A P B 25 A2 - ISA K% 70mmol/L

VEMEH pHA.0 iSRS H] 120min, FENAT LU - 4580
Vo g 3 Cdy Pb FI Zn A 2B Bk i h
32.58%7#11 93.16%.

3.3 ISA BEMLZ:BR T3 G KA s W AS HAs
RURIR Eh &5 B A M EEE, M R A4 & &
4 B Lk Hik v b & LRkt S 48,38
HH IS A P HA 5 B2 EG T 4 (1 PR % RURS M R A=
Rt I L3 Cdy P FI Zn BOEREE KU R
M 50.81%, 75 YA H L3 87.13%.
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