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Effectiveness and Mechanisms of , Chemlcal Leachmg Comblned with Electmkmetlc

Technology on’ the Remedlatlon of Heavy Metal Contamlnated, SQll
MA Qlang12 WEF Te# hm WU Qi-tang' f _.-f' i 0 &

=

(1. College of Natural 'Hesourceq and Environment zSouth™ China Agncultural University, Guangzhou 510642 China; 2,,School of Resource Env1r0nnlenl and Saf(’fy

Engineefing, University of South China, Hengyang 421001, Chmg) al 4
Abstract; In' this study, chemical leaching and electrokmejw tec! hnolpgv were used to remediate heavy metal contammated soil to elucidate its effectiveness and mechanisms.
Chemigal eaf,hmg agents of FeC 5, Fe(NO, )5, KCIJ KNO, 4 and HCI solutions were selected, and the effects of Fe**  K*, H* 4and C1™ on four heavy metal (Cd, Ph,
Cu, “and Zn) removalsivere| compared and analyzed. Then ;the infldence of-the gp@o:létlon of heavy metals in soil aftel chemlcal leaching on the electrokinetic remediation

+

efficiencydvag$tudied. The results showed that Fe** | K™, , and CI¥had different effects on the four heavy metal removals; for Cd and Zn, the removal effect of H *

was the most ‘effective, but for Pb and Cu, the effect of Fe3 " was the most obvious. On the whole, FeCl, and Fe(NO, ), showed the best removal effect for Cd, Pb, and Cu.
For the rémoval of Zn from the soil, the difference in the removal effect of the five leaching agents was not obvious. In comparison with that of FeCl, and Fe(NO, ), the HCI
solution had a moderate removal effect on the four heavy metals in the soil, and the neutral salts KCl and KNO, had little removal effect on the four heavy metals. Especially
for Cd and Cu, KCl and KNO, addition significantly increased the removal of heavy metals through the subsequent electrokinetic remediation. After the chemical leaching,
electrokinetic remediation could make heavy metals in the topsoil (0-10 cm) migrate downward and enrich the 10-20 em and 20-30 em soil layers, which requires further
studies to resolve.

Key words: chemical leaching; electrokinetic remediation; heavy metal; contaminated soil; mechanism
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o(Cu)/mg-kg™! 111.27 +6.41 256.26 +8. 14 17.65 50
®(7Zn)/mg-kg ™! 163.79 +5.32 243.79 +6. 82 49.71 200
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mg-kg ", A Fe(NO,), vk L 'cd a%’ffﬁ?l
% SRR T b v EEKJW‘EJ:%;U:' Cd
H%ﬁm@3ﬂ~mcﬂiFmﬁT%swﬁ$F‘
ET%E*%P&lL@ #To~mcmrﬁ
w(Cd)H 0. 24 mg kgt R FER R F‘ﬁ%ﬁ{ﬁ
Cd B’J[SE;E{EO B e € ﬁ”a@iﬁ% k) w<_Cd>#J
0.38 mg- kg FeCl3\ Fe(NO, ), il HCI Mﬁ’ﬁf: I'/—R
w(Cd)H0. 19 0.19 %uo 28 mg-kg ™', %wﬁ_ﬂ)}' i
St 3255 FeCl, Fe(NO,),Fil HCI w%,aﬁuqn
[ SR A o, T B R R R R 4 Cd B
AR St M—l/FEEZjﬂI&EF,ﬁfR 3 b H(KCL
KNO, F1H,0),0 ~10 cm +JZ Cd FEALT i E 1%
IR ARIE Cd FRE(E. T X F Cd @5 i i
TC 3 (4.25 mg-ke ') i JE Cd KI5 YL A9HR ¢ 15
(0.38 mg-kg ") ,FeCl, , Fe(NO,), Fl HCl #RERH:
B 5 5 T KC1 1 KNO,. {HJ2 KCI #1 KNO, I¥ES , Cd
(I BT RCR R ,0 ~ 10 em T2 Cd 8 £ %
(2K 3).

B shahiess 0-10 et HEpH{E
- == ¥l iEpHAE
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ad

FeCly Fe(NO:)s KClI  KNOs  HCI  H0
LT IBIEN

2 {EHEHRHESREINEERTEN pH &

Fig. 2 The pH of chemical leachates and soils after electrokinetic remediation
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Table 3 Removal rate of Cd in soil by chemical leaching combined with electrokinetic technology/ %
N ‘ e AR SR R
4 i) e oo
e s 0~10 cm 10 ~20 cm 20 ~30 cm (0~10 em)
FeCly 91.36 34.44 -12.15 -7.86 94.35
Fe(NO; )5 94.94 17.81 -17.35 -7.57 96.24
KCl 23.70 87.01 -53.46 -22.48 90. 35
32 -
i & KNO, 15.61 65.04 -54.44 -27.64 73.41
HCl 73.85 46.51 -36.37 -31.67 85. 88
H,0 0.96 30. 56 -22.26 -11.03 37.18
FeCly 53.37 17. 44 -25.34 -2.19 57.89
Fe(NO;y )4 51.76 14.52 -21.52 -11.53 57.89
KCl 18.42 59.02 -34.73 -23.43 65.79
o - fE
e KNO, 14. 06 43.72 -30.54 -11.04 50. 00
HCI 29.24 27.01 -10. 61 -18.65 52.63
H,0 8.97 12.26 -12.94 -13.45 26.32
0.5
sbo i (B
04 r
i 425 e e e WL ACT R I | —
¥ .| W o-10em 2 03¢
“ 3 pEE 10-20cm &
= 20-30 cm =
S L --- WiRdm g 02r
1 0.1 1 ~j
A
-
FeCls Fe(NOs); KCl KNO; HCl H:0 FeCls Fe(NO:;): KCl KNO- HCI H20
LB R Li3L I
f ) |"v:| ] r =
(o U : T s émsjﬁ &+ Cd agl p
dy I’I J ‘ | P ! Fig. 3 Cd conlen{ﬂ)f caehi -j(.).‘l‘,l“lé?er after electrokinetic remediation
o
/ g e

2.3 e Ph LB
TR VRIE A L BB AR S L3 eh P (1) 225 %
L4 BEK [P () LBRFEAR. Bkt
WA A7 3 Pb(79. 86 mg-kg™') ,if
A R AU 5 3 P (345.29 mg-kg '), FeCl,
il Fe(NO, ), b2 I T H4F 19 R BRACE , HCL 3

HahE )54 )2 Pb & WK 4,51 121
Pb YA TR HTE S2 +)2R S3 L2 /4 T AR,
ﬁwf,u )2, 55— FeCl, 1 Fe(NO,), AbHE
T, HE Ph & AL, bk TR R R R
12.19% ¥R 5 H 3R Ph S bk 2R e
5.06% , A5 T EMY = A i Pb S S B0 T AR Y

WEBRBARRZ KCL, KNO; FIH,O0RBRACR Rz, KB, nTRES R i + O B b e+, ok +
R4 UEREKRSEIABEARILER Pb WEKRE/ %
Table 4 Removal percentage of Pb in soil by chemical leaching and electrokinetic technology/ %
- 21 HLH AR KRR BERR
4 e e Yo
Kb 0~10 cm 10 ~20 em 20 ~30 cm 0~10 em
FeCly 12. 19 5.05 -1.38 -2.82 16. 62
Fe(NO; )4 13.03 3.65 -2.07 -2.46 16. 10
KCl1 0.18 4.35 -3.75 -4.70 4.52
i
i & KNO, 0.27 7.21 -4.36 -4.23 7.45
HCI1 2.40 2.37 -0.42 -0.33 4.72
H,0 0.17 1.47 -1.77 -2.40 1. 64
FeCly 5.06 4.98 -5.41 -2.74 9.79
Fe(NOy )4 4.23 1.52 -3.33 -3.86 5.69
KCl 0.05 3.71 -2.60 -3.13 3.76
5 - 4
iR KNO, 0.06 6.05 1.29 -3.96 6.11
HCl 0.25 4.75 -1.85 -4.15 4.99
H,0 0.03 1.28 0.58 -2.61 1.31
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HENBEE 1 FEEE X Ph A AR TR D o 3.
rhER KC1 A KNO, 7655 — 2 WAL 22 R R SR AN B
B RS P S R Y, T RIS R

100

B 010 cm

B 20-30 cm

(I3 15 + 4% Pb(79. 86 mg-kg ') , b S R AU EAOC
+3E Ph(345.29 mg-kg ') ,KCl Fl KNO, 7E45 — 251y
HL BB e R S8 S B T A ) R ASR.

400 F

a0 | i B 10-20cm --- ¥t i % 345.29
q

80 F 7986 ol 350
_ 70t 300
2 el 2 20
g g
£ 501 =
E E 200
¥ Of T 150t

30 -

| 100

10 50

0

FeCly Fe(NOs): KCI KNO; HCI H20 FeCly Fe(NO;); KCI KNO; HCI H>0
LD IE AP
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Fig. 4 Pb content of each soil layer after electrokinetic remediation L~ -

2.4 LA Co BERACR -
FEFIREE SRS Cu

WS LI 0(Cu) A 111,27 mg-kg ™

et

B o (Cu) 24 256. 26 mg- kg™, FeClyﬂl Fe(lN@ ) 5L
ﬁ;f}ﬁmﬁ%ﬂ’}%ﬁ%xﬁ% HCl Xﬂ% i Hih

ORI 04 3 NI (KO, KNO; »m/’H &)
PR G S 5 )2 Cu A LA 5,6 4
AT ) saﬁ«i;:'m\:u YA T e, fLTE S2 A
s3 iFFiT% = Kcﬁﬂ KNO, EI’JLE%/T@‘?F#%
—%E’J%#ﬁﬁﬁ'&é&l‘fﬁ%’ﬁq%i {1EPS: E%‘iﬁ-ﬁT

fﬁﬁgmfwﬁc% fEL% F aej;j% Gt %E’JE@W&E%%K s g
| T/} %s m*m,mAﬁaﬁmﬁﬂw cupzdel - Y
) I I LTdble 5  Removal perce!n g¢.-0f Cu }h Soil by chemical leaching and-‘electrdkmetlc technology/ % _;#
R T et S ] N mangRk N
i VL o | == EBE | 4 |__0~10em 10 ~20 cm 2030 cm 0~10 cm
{4 P 7 | FeCl, 32769 ’ == 46 0. 69 -1.32 34.34
F “. Fe(NO; ), 37.20 6.31 -4.22 -3.35 41.17
4
i KCl 0.50 12.09 -14.25 -5.15 12.54
T 1
" & KNO, 0. 86 11.11 -9.98 -4.21 11.87
HCI 10.23 4.15 -7.16 -0.39 13.97
H,0 0.27 8.98 -3.60 -1.78 9.22
FeCl, 13.52 2.27 -6.35 -1.14 15.48
Fe(NO; )5 14.29 0. 66 -1.14 -1.03 14. 86
KCl 0.22 8.30 -3.91 -0.79 8.50
3
MR KNO, 0.31 6.96 -4.19 -1.41 7.25
HCl 1.23 4.23 -9.01 -3.20 5.41
H,0 0.14 4.00 -2.90 -1.15 4.13

2.5 8P Zn ZERECR
PRI B B BB AR X 13 rh Zn (Y 5B

W6,

BEORE AL F IR LR Y Zn XA —

FE 2285 (R ROR X BIASHA &, Kot Fe(NO, ), XF
THIE 145 Zn (19 K BRACR e b, HCL X 5¢ 1338 Zn
M EBRBCR Ebr. B E G4 2 Zn & & LK
6, AP ) HIE Ry s+ gk ) ST 2
In S BEREAL, KE 2 S2 1S3 )2 s,
D S2 +ZEHS3 2 A s . XL e A
FHOC A48 G 48 Zn &

YL+ Zn

15 (243.79 mg-kg ),

e (163.79 mg°kg_1) NIER =S

, g

SRR R 25 A R BB T
H M Zn KBRS TR IR Zn KBR%E. UL,

5L H3ERR FeCl, AbBEAR B 5 ASABEXT ST 1 )2
T 4gerh Zn () ABRR B, DL RSSO T A+
XF Zon (R B4 BB 8 T R 0 0 - X Zn (0 W . %o
It Cd, Pb, Cu Fl Zn MY LFR3, Ik LFkR,Cd B
BEBRRAEE — , Zn B S BRFHEE — Cu BB E
FHESE = Pb B R BRRHES U, T LUR I, fh 20k
VEFIHL SN E Xt ¢d Al Zn 0925 55R 5 T Ph Ml Cu
A2, nlRE BN & Zn A Cd J& TR — 11 B ji%oC
R BRI A 2E M, P Znth BT A
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Fig. 5 Cu content of each soil layer after electrokinetic remediation
F6 WEREBKABRIPFARILIER Zn HEBRE/ %
Table 6 Removal percentage of Zn in soil by chemical leaching and electrokinetic technology/ %
- T AR ERE iy };
1 b £ _.l"
HHRE SRS Pt 0~10 ¢m 10 ~20 em I 20 ~30 em f'cn;‘-'
FeCl, 4.53 — 8.93 6. 70 1187 = 13.: Thae
o r—i 7
Fe(NO, ), 9. 66 [~ 27.59 12. 8; ~08.92 ;"64 =
— KCl 1.44 32.46 -15. 11 .'-"' ’\_17 67 " - |
" KNO, r1J'73 !~" "‘, 30. 26 9, 54 . Yai ] ',-35 04 53 fff
#7 HC /7000 L0084 —2 31 ¥ .99 AT
o | X i ‘i ,
— .,.*"’H 1,0 | A3y ) @Y s Uy Gt —}g? 1 048/ )
—3 1 T, E . i = B -~ U
. ;":.:,/,-' JFeCl, ] ?i,aﬂ£.11.42 3. 64 ( | J 16.68 1336 ’_j,
= il I.'i"e(N03)3 ~ /993 -8/ 804 | -_ s -7.11 PRGN
J ;@iiig I{r- ' ka | ]|,-},.-‘ ,fr'7 58 . (I B I 7 LI
P - KNO, f 1.;89,!" n'-‘f‘ 13.56, 113 L 15.19.4
(e U/ € ma 420 6/67 \ -12:73 ~9.28 10.57
i BLA -"?,.:;, !r 1 0‘;};6 (A |_ﬂ_’fﬁ -8.30 ~4.38 12.59
(¢ f 73 gl
240 F st B 010 cm B 20-30cm = e e
MELR 0 20em o -o- EALN 250 - 24349
200 F w379 N @m | LM ...zt B
240 F
}:ﬂ 160 E‘n 200
) )
:g. 120 | % 160
3 3 120
3 gl 3
80
40 ol
FeCl; Fe(NO3); KCI  KNO; HCI  H,0 FeCly Fe(NOs); KCl  KNO; HCl  H.0
AP LISy by
E6 BHEEEEIEZInEE
Fig. 6 Zn content of each soil layer after electrokinetic remediation
2R K CL™ % Cd &5 /EH. T 5 FeCl, B [F]— pH
3 i EAYHE HCL AR, WAL 2 H - B9 I C1- 92851
HH, H I, FeCl, 5 HCL 1925180 Fe’ T YEM. KCI
3.1 ARSAMRVERIAR TR B P R E AR ME IS KT RS BRI CL R 2% A A .
PRSIy KNO, MEH E2AE KT A HfE  NOy 4 &

M 2 0] LLAIGE, FeCl, B9 R PE #8558 (pH =
2.25) , Hoxk - 3E v 8 4 Jm ) 2 BRAE FH AL & pH [FAIK
FIVER, s Ul H AIVER 84 Fe'* B 5C A FH LA

YEH AT LA Z s AN 11, Bk, KCL 5 KNO, 2518 R
Cl- M 4A1E . s KNO, i pH 5 2818 K #
i, KNO, 571K MM/ H 2 T IA 2 K™ 1Y
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AR H T BVE R AT A HCL PE R 2 CL-
(1E A5 2.

B, 2% 3 VI LY Cd 7E FeCl,y 19 L BR%
7 91.36%, HCL [ K BR3EA 73. 85% , H 4 iy 1f ) fi
WL, FeCl, 1925 B3 2 HC iYL BRR (91.36% -
73.85% =17.51% ) , Bl & Fe’ * Ay B idi/E . C1- Y
YEF A KCL By 25 BR800 25 KNO, 1y % B 5, )
23.70% -15.61% =8.09% . K" 1 H 4 KNO,
FBRRIH L HO M L BR (15.61% - 0.96% ), H
14.65% . H* {E - HCL A9 2B R 2= C1- 25k
F(73.85% —8.09% ), M 65.76% . [A| P15 F]H#H K
T+ LI Ph . Cu I Zn WOEUE, T A5 2135 7 b2
WRPEF A [ B X 38 v 4 Fh e 4 JR Ik pE K BR R
(o7 k. 38 R 7 W], Ab 2 O R B OR R B T

IR/ R HT >Fe'™ >K* >Cl™, BARE T 3
FH OG- SR FRAL PR JBTAS (], (E 2 90K 8 700 A9 AN ] 1
P HE Cd B9 RBRIEH I AR OC L
PRIK) 2B AR AR ). XFF Ph, AL 2R BRI 19 A
(]85 T b Ph (9 S BRBERAE IR/ N R Fe
>H' >K* >Cl™ J5iE AR O + 5 2 80 LB
YEHVBCRARIR]. XTF Cu, Ah 27 3% 70 9 A [R) 2 XoF
FHEh Cu I EBRBCRIEFI K/ Fe’* >HY >K*
> Cl™ VB - HERTER ¢ 4 48 0 22 3 A9 4 FH R A
[F]. X T Zn, A2 R0 B AN [R] 25 X - 58 rh Zn 1Y
FBRECRER RN HT >K* >Cl” > Fe’* 15t
IR OC T HE A AE AR AR ). PR, mT DL 2
L XTT Cd i Zn V5 G ™ A A5 RT D e R
FRAEARAGHRBE L, %5 T Pb Al Cu 15 947 H 1Y + 5,

(Fe’* [ CI7 KM H") X L3 Cd BBRFIMEH ATRMEIEEEHES Fe RUMUER. :
£7 AEREAGTRETX LRAESEEBRBMTAR L " )
Table 7 Contribution of different ions of chemical leaching reagent to the removal-rate of heavy metals in soil/% i I
(ERIH % AR T _cizpk T mEmE [ ) AR\ AR
W WL Whn b et i | HDEHE Wim b e bl
Fel* FeCl, — HCI 17. 51 24. 134 9.79 4.81 [ 22.46/7 12029 -2.17 995"
a- KCl #KNO, 8.09 4.36 . 7-0.09 —0.01 / .—0.36 4 -009 -0.28 L0832
K KNO, - H,0 14.65 | /150127 #0010 0.03 4 0.5 . 008 1.35 iy
i A ab-d- 65.76 4288 0. 19 0.26  /10.59 1.32 10.59 ;- ds50”

R e SR 2
MR R T B 455 R A7)

I, o TR T O, B 2 P

5L F5 RO GE 2 — | HARIE & 165 K i
B, BTG 3 0 ROR AR g TS e R
B R, Il A £ R 32 8 4
SR TCHLIRRPET . A 500 03 1 14 790 TCHL bk ok 7
JE IRV 598 A 75 Y W A s i . RS AC
AR A VR SR FHML SR 25 Bk 1 rp (9 T 4 T %
HALGY. HEmsem L 5SE S BN S, 5+
oA+ 25 5 W B 4, E LA 35 HP A T o
AR T I 2 BR 2 AR SO A I 1 + 5
Fyub st RO R B I R Cd B
o TR G R OC 8/ Pb. Cu Fl Zn = T35
6 -4 H  TERN R LA bk v R b BE R T i £
Cd., Pb, Cu 1 Zn B LR THCTHE Cd, Pb,
Cu 1 Zn A ERBRR, IE 2 P A 1 b X+ 82 531 1)
ARG 5L FeCl, . Fe(NO, ), Fl HCl 1% 8 X5 95 Fh
KAy 30 d, Pb. Cu Fll Zn ZRFE THE 3
AKHEFE(KCL, KNO, FITH,0) . J5 R 2 3 ANk e 70 1
S RSRAYERTE 1 I ER AL VE VA e 1 3SR v
Sy (A5 T A T A R T PR SRR, 1Y
M Fe’ * REME TR E 4 7E -+ HEURE 2 i (0 25 Fac #e,

. < "y
ﬁﬁcrﬁﬁ%@%&%ﬁ%%ﬁ%ﬁA@ﬁﬂﬁ
RO R T 45 5 S TR R B
e ER 4 A A ROBUIG , HC 5 MR 45 4 A B |
B4 B MRV B2 > i s is S AR AT
e - 90 0 L K P4 A AR ERLR SR it
T HL R P 382 e (5 7K 3 s A e e
SR S A T, VAR S L 1 [T B 35 2 ) L L B T
TR R k5 7 U Bh S X . O T AR S
BRI 8 B LR A A o B A
B B pH L HAT 4 I8 1R B M | s v Bl
BB L B B AR 4 Al Sk e AT
AR E [ M2 4 R 4 I, Bk BB A P
T o BSR4 R O RS B (PR E I8 h 4R
BT I P BBtk TR ik A0 0 e A
PO T T K Ak B0 ] S50 A B 5 4 R
B, fb2E PR B & B s B 42, KC1 F KNO, A4 &
SERENEE AR, T Cd il Cu Bt MW B, T B
MR RE L0 ~10 em) ELJE M T
T

4 i

() Ab2F R FeCly F1 Fe (NO, ), Xf t3E
Cd. Pb il Cu (19 2 BRAR Fe i, HCL 3 W6 438 v

s
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