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RN E Y, XGRS RO R Y OR A BT S
1 MR5E%
1.1 IR

ARWEFE R AR 5 K (Sedum alfredii Hance), N Z 4R/ . AIFFlRgBE . B ZEY, A
VLA W N T 0 — Al BB, SR TRV AR RO 22 S Bt o s . il & R T5 g 0 T AN
338 T 5E )5 2k AN i AR B SE e JE L, 3770 0~20 em A9 FR)Z 13, BT )5, 3 5 mm 58
Mo 2 FBECA PR, —FCRSIERRER, T &R A LR, KN IR S R oyt &
mE, RARZESEGRRE, BT EE S Bl - 5 R B R A BT 43 0] W3k 1
& 2,

F1 A TERNERMR
Table 1 Basic property of tested soils

Atk AR MR AR HSE 4eCw  £Zn/ &Py &Cd FAWCw ARZn AP AELCd
44 P (meke?) (meke!) (megke) (mpke”) (meke ) (meke ) (meke ) (meke) (meke?) (mgke) (meke?) (meke”)

I 469 398 270.48 60.5 354 670.3 1293.69 444.57 7.61 389.24 600.47 207.96 1.23

I 623 34.04 246.96 74.86 365.5 84.64 428 109.1 2.65 8.14 542 16.8 0.6

x2 HAATIROERMNR

Table 2 Basic properties of organic materials for test

BERE pH AW (g ke ") 2% U(gke ") &Milgke ") 28/gke") £Cu(mgkg ") &Zn/(mgkg") £Pb/(mgkg ') 4Cd/(mgkg™)

HRWE 678 463.3 37.16 0.64 27.12 10.73 303 0.1 0.01
HEERER 7.46 234.61 99.86 0.16 4 2.95 8.13 479 0.15

1.2 XBWHE

D) ANFEZE B REX R s KR LR ESREA W, K L5 TR AR, Rt
25kg, ALK —BARE SRR, AP A G SN, SIHESAHE, 2C7 8 RS
JE R0, 0.5, 1.0 Veem™' o 4351 1% B 38 L 20 d A L 40 d 2 AR, B R HE K R 60%, AR Ab
PR 3 AT o 2 A RIASE AR, SR MY A LA

) AW E A B A X A KB E L IEE SR A, 75 LRSIl -, sCiid
Y B 0 Veem™ F10.5 Veem™ 25108 F, BB R (HF) L L H I 0%, 0.3% 5 itk 4+ 38 T 1R 5) %
B, Badtaske, BALRME RN, WHE 4DAIA, /550 8 R A R
(0+OHF), ANiEHL . 0.3% #JF R4 (0+0.3HF), Jififil 0.5 V-em™ 23S ML 3 . ANt 8 & FR £ (0.5+0HF),
JiE 0.5 Veem ™ AW HL Y . 0.3% B FREP (0.5+0.3HF); F~AbBRAL i 3 AT L5 .

) AW E IR R m REE HIEESBOEN . T LASE, K hmE
0.5 Veem ™! ST,k HEIEERE (HF) 1L =9 MV) 2 33#% . FH 0%, 0.1%., 0.3%. 0.5% 5
Mt R g, %8 7 AL, 4390 0.1HF, 0.3HF, 0.5HF. 0.IMV. 03MV. 0.5MV. A
AR (CK); A A BRAL M 3 ROPAT 3056 .

Y otrdrk. ERELIT, B4R, 3 Hlad 10, 100 H 5 & o B R RE Bk v e I
&y 70°C FMTEEE, WY, BEE, o 20 BT .

+ 3 pH . AL LA S BSR4 R R R A B vk U g . R A R AT RS SR T HCLiIR 42,
+ 5 4 )8 4 iR HNOS-HF-HCIO, 14 &, FAE &R FH HNO-H,O, 1 & . HIEHE 4 )8 CdIBE 47
PR BCR = iESL 4 BUk™, H 4 R o R & 535 M B A 5 5 7 & 65 G T .
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2 ZER5THR

21 FEIXGAEGEENEEEREETEESEEANEM

1) 3SR AR S RAE K AR, SEnsS i l E E AR m e R A KM, 40d ZE K, 0.5V-em™
1.0 Veem ™ A0 FEAL T B9 45 B 5 K fif 7543 501 FE X PR ZH 3R 5 T 40.1% 1 24.5% (55 3), 0.5 V-em™' 4b 2
2 FpOR RR £ T I T IR AL (P<0.05). T ARRE St KA T H SR 0 25 5%, X UL H
Wi s e ik K A BT RS NS T 038 s $E i A e e K AR W

2) AT I R stk EA R AR S
B, A, KEisR20d4EKMY,

*3 TEREEHEMRERXM EBEDENTM
Table 3 Biomass of Sedum alfredii Hance shoots affected by
different voltage gradients

AL X HRZH , AL PRAH ] 2 S Y 4 R
TEGE, 05 Vem AT Cu. Zn, POH mwpppa LR YRR TR/ LS
Cd 4 B A 2 (P<0.05). 75 5 R7E 40d (V-em™) & (& H)
KT, OB 4R a5 20 d A K zz 005 j: Zi:
W—3%, HEYENSESETESEAL 204 " & ;m &&
HERKTAHR TR, XRHUELRBE T, &K m 6 Q% 6m
R s RAEJE 20 d A KW, X5 4 )@ ad e i 0 0s é% dm
AL TR A KR

40 1.0 5.59a 0.35a

3) A Ui L N AR R o K A R LR Y
M, SRS T A SR KRELEHE (£ 5).
20dE KT, 05Vem MBI A S K Cu, Zn, Pb, CAKEEEH R EHIE, LA
SRR T 89.9%., 5.7%. 46.9% Fl148.1%; 40d A KHWIF, 0.5 V-em™ AbH At B EWINT E4 R

£4 FTRBERENAEEXN BELESBODM

Table 4 Heavy metal concentrations in Sedum alfredii shoots affected by different voltage gradients

e ARRVING R R A PEL 8] 2% 5 . 25(P<0.05)

T8 F, ) /d L EBRE/(V-em™) Cu/(mg-kg™") Zn/(mg-kg ") Pb/(mg-kg ™) Cd/(mg-kg™)
20 0 12.97b 10 537.27¢ 15.78b 208.55b
20 0.5 21.22a 12 032.64a 20.39a 297.94a
20 1.0 21.53a 11 365.41b 19.93a 207.51b
40 0 16.39b 9 837.44b 10.66b 163.61a
40 0.5 18.02ab 11 064.16a 13.99a 148.63a
40 1.0 18.42a 10 175.46b 13.68a 136.80a

. ANRVING FhEFRRACHAE [F] 22 7 i) 3 (P<0.05).

RS TRBRESHEMFAERAESERRENTM

Table 5 Effects of different voltage gradients on heavy metal accumulation in Sedum alfredii shoots

JEHL )/ H AL EE/(V-em™) Cu/(mg-kg™) Zn/(mg-kg ") Pb/(mg-kg™) Cd/(mg-kg™)
20 0 2.18b 1 988.39a 2.43b 33.91b
20 0.5 4.14a 2 101.06a 3.57a 50.22a
20 1.0 4.15a 2061.23a 3.32ab 40.22b
40 0 5.22b 3276.41b 3.58b 47.55b
40 0.5 6.57a 4 152.46a 4.90a 58.91a
40 1.0 6.73a 3 826.83ab 4.76a 46.37b

¥ AFEVNG AR R AR P ] 22 57 8 3% (P<0.05)
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AR, (EMIEA K 20d KM, T Cd, 0.5V-em AR FRESEEHELREST 1 Vem
MIAbERZE , 40 d AR KWL 20 d A K3, ARpg it KE &8 LR R W E =Tt
22 BHYRMZRBEIRANEERREETEESENEMN

1) 22 F L B R R AL B AR e s KA KRN & i S A0S IR . 3R 6 T H, S U HL 3 AN B
JE TR X0 FH X 7 g i R A AR E O e 0 3 B — 32 U P 3 Lt T TR R X AR E T AR R R K
EERAY AR, RN R (VR I s SRR AL, AW . SRR B B AR
BERE TR L Zn & a; Y H SR, TR mels, MRS T P
B XFTF Cd, P32 I A 3l B B R A AL PR A AR B A B 2R, AN
HEFH o S R AN, M RR Cd & A B3 T R

xo6 AKX REANAERRAE LBREKNECESENFTM

Table 6 Effect of organic material and AC electric field on plant growth and
heavy metal concentrations in shoots of sedum alfredii

JOBLIE:) fifd/(g bk THAgH")  Cuw(mgkg')  Zn/(mgkg')  Pb/(mgkg")  Cdi(mgkg™)

0+0HF 3.57¢ 0.23c 8.35a 5503.05¢ 3.28¢ 110.35b
0+0.3HF 7.75a 0.47ab 8.78a 7319.47a 5.45ab 123.38ab
0.5+0HF 5.81b 0.32abc 7.35a 6010.12b 4.21bc 99.86b
0.5+0.3HF 8.56a 0.51a 7.84a 7068.31a 6.44a 135.80a

H: AREVING FREFR /R AL [F] 24 57 ) 35 (P<0.05).

2) 2 Ui L Y T ML 2R B o K ®7 AUYHMZRBANEERX
SRR, R 7 AR, B0 52 tEMERESRRRENTN

13 B SR R AN Y B A i o K T 4 Table ; Effecttolf organicln?teri.al ;n;l AC leflec;t'r.ic feltd on the
o e eavy metal accumulation in Sedum alfredii shoots
JERRR, “HBMBCRE R . 0.5+0HF 4h 2

e . SRR (g b
G 4 BB ] S TR AR AL, i e AR e B

U A7 0 19 W 5% 45 BEUO 9 5k . 0.5+0.3HF 4b 3 Cu Zn Pb cd
éﬂ *ﬁjﬁi{ﬁ*ﬁ%% T %ﬁ%%ﬂﬁi%ﬁi%}%*ﬂ -3 0+0HF 1.92b 1225.72d 0.75b 25.31d
7n ﬂl cd *H;%iﬁ%%?ﬂ:fﬁﬁfﬂﬁﬂ (P<().05) , 0+0.3HF 4.13a 3441.26b 2.42ab 58.00b
ﬁ%u%ﬁ'ﬁﬁéﬂ (O+OHF) EI/‘J 2.95 Tﬁ%ﬂ 273 1?1':0 ﬁ 0.5+0HF 2.31b 1925.28¢c 1.33b 35.75¢
0.5+0.3HF 4.07a 3617.45a 3.29a 69.17a

5 ¥ SCHHEN BT A SR AR

23 RABFBUENYRNFEREREELEESENER

1) 0.5 Veem™ M4 AR WA R s RAEKMEN . 0.5 Vem &4 T, MENAHLY
RET R Y AU I LRI, SRR B, A5 A BRAL AR R SR R REAR (0 A ) S B 4R
Bio FEREMN 0.5 Veem™ SE R, 1 0.3% it FH iR 2 FiAT WL REXT 2R B 3 R AR KR 0k 1R A Bk
Jiti IO R R AR R SR INAE 0.5% A ALY R ME & T, B 2 M MLk, AR s R i AE
YWEA T, KAV RER &S, MH T AR RAERK,

2)0.5 Veem™' &M FOREI A ML R 1358 pH B9520m . fIE 2 /I, FE 0.5 Veem ! BISRMIET, 5
XTREAIAH L, 2 FhA ALY R RS T 398 pH,  Jita i 265 IR B0 A9 38 pH TR R% TOE 0.3 AN FL, B
I T X HRZH (P<0.05), X A HE 5 2R R #1437 A= (A HILIR A G .

3) 0.5 Veem ™ Zc M R AR ALY REGT 58 ML S 52 . AT FLYRE ] R 1 G A
PR T HE— 252 Cd WA RCHEDT AR EA VLRI Ty 5 R E SR, T
wHEE T EEAIE MRS SR, BE T SRR AR RERD. FERMAB N 0.5 Vem™
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W&, 2R AL R R I B E e T
HHEAPUR & &, BINE = A PR
PR RO ML TN MR, X feMmE s
YA B A LB KT A A G (B 3),

4) 0.5 Veem™ 254 T S [RV A HLAD R XS A
EEBAMESWEN . &8I0, N
0.5 Veem &M, SXTHAMLEL, 78 0.5% H
HE, 2MANYRY R ERST HIEELSE
ARS G R, XS A VLR A
BLIR LA ¢, A WL AE 1 558 b o3 i i/ IN o3+
MK FiR, MrTRiEhEEPESE,
MR F R W AH R, BRAK 4 38 5 4 J (9 3 1k
0.5% FH i 58 = S A B4 /Ny TR L s v, 4
T EAE N

5) HL 3758 N 0.5 Veem™ 55448 K A R A HL
YR 2R e e KM bR 4 R S s . fE
HL 3 0 B 0.5 Veem ™ 5 F T, 5 % BB 4 A
Fo, Wm2 MAILY R BRI . TF
R & KOF (0%~0.3%) T, BEE A WL R
HEEHN, AERXi R ESEITR SR
13BN L (0.1% 5 = J b B P Zn & R ),
HEBREMERDE®RTE S I
MAE 0.5% FHE T, U 2 #h A7 ALY kG Ak 21
PG T AR SR F B E 4R &

6) 0.5 V-em™ 548 Jit i AS [5] A7 BL 4 Ak X
Amm K FHESEBRENERE, Wk 10
Jiaa, 7605 Veem™ M, 5XF A
b, 2 FA ML R 34 (2 2F T AR e S K 4
JRRR, MM SRR ARATER ., KRR
RKELSBHBZSAHIYR ARG, 7 03%
HET, 2MAIYREERS T RAERR
W ESE B, MESY HET, &
R KM R 4 R A R S X R, 4R
FAARK, HorELE TR EEL BT,
X AT RE 5 A PR A6 53 i 7 A R 4 F IR N
NG IR AT PO,

TN 2 FAHLYEE, RS T AR R R Cd
) SR T TR AP BRI T - HE pH, PR R
BEBEGYNIL N, B Ay R R,
A, EIERRE S B, R T Y

HORRAR P SR BRI T E (g - BR)

a [a e Fla |9 .
o877/ 7770838 777, M R 117}, 7 le

0.1HF 0.3HF 0.5HF 0.1YY 0.3YY 0.5YY CK
ENGILSEEE]
AN F/ING RN AR A 6] 22 57 1 (P<0.05)
1 FELBEANFRARR M EHEYENFIT
Fig. 1 Biomass of Sedum alfredii Hance shoots affected by

different treatments

. 0.1HF 0.3HF 0.5HF 0.1IMV 0.3MV 0.5MV CK
NG
T ANF/ING P RETR A BEEH ] 22 53 . 2% (P<0.05)
2 FEALHEE X % pH B2
Fig. 2 Effect of different treatments on soil pH

90
80 [
70
60

50

TP E A/ (g - kg )

40 +

30

0.1HF 0.3HF 0.5HF 0.1MV 0.3MV 0.5MV CK
NGO
AN F/ING TR SR A FRA 0] 22 5 8.3 (P<0.05) .
B3 TRLEANTEBINRSEMNFM
Fig. 3 Effect of different treatments on
soil organic matter content

AR A BRACH, B ARM SRR AN E A REIEHRER™ T, E e fmAER
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*8 TEABEAMTEEESRANMENEM

Table 8 Soil available heavy metal concentrations affected by different treatments

EERiIRYip Cu/(mg-kg™) Zn/(mg-kg™") Pb/(mg-kg™") Cd/(mg-kg™)
0.19% 2 JE§ TR 14.63ab 55.86a 17.43ab 0.64b
0.3%H JE FR T 11.55d 49.02ab 15.03b 0.72ab
0.5% 0 JBS TR A 15.08ab 56.27a 17.19ab 0.68ab

0.1% 5 = 13.80ab 52.28ab 16.98ab 0.67ab
0.3%%8 = e 11.48d 45.93b 15.52b 0.68ab
0.5%% =k 15.82a 55.68a 18.84a 0.75a

CK 13.49¢d 49.95ab 17.12ab 0.65b

H: AREVING FREF R AL [H] 24 57 ) 35 (P<0.05).

x9 TRLEBAMNFERXB ERECESENTM

Table 9 Effect of different treatments on heavy metal concentrations in Sedum alfredii Hance shoots

AU R Cu/(mg-kg™) Zn/(mg-kg™") Pb/(mg-kg™") Cd/(mg-kg™)

0.19% % JE TR 8.98a 5106.16¢d 4.73ab 77.87b
0.3%H Ji R 10.27a 7511.02a 7.68a 129.32a
0.5%Z SRR AP 5.66ab 4072.55d 5.29ab 70.46bc
0.19%%8 = 9% 6.61ab 6195.01b 5.31ab 84.92b
0.3%% =k 6.93ab 5449 83cd 5.48ab 72.00bc
0.5% % =3 4.25b 3479.19d 1.32¢ 40.32¢
CK 6.11ab 4937.66cd 3.63bc 71.07bc

e AIR/ING FhREFR/RACHAE [F] 25 7 i) 3 (P<0.05).

10 ARILEBANFERRXM EREMESRRARNZIT

Table 10  Effect of different treatments on heavy metal accumulation in Sedum alfredii Hance shoots

HHLYE Cu/(ug #k™) Zn/(ug k) Pb/(pg- ™) Cd/(ug ™)

0.19% 5 JE s 3.20ab 1 658.65b 1.94ab 23.65b
0.3% & TR 3.83a 3722.15a 2.56a 53.50a
0.5%35 i FR 1.55¢ 1315.97b 1.10bc 21.32bc
0.1%% =% 1.82bc 1922.73b 1.18bc 25.33b
0.3%% <% 1.63¢ 1538.79b 1.69b 25.40b
0.5% % = 1.12¢ 1093.23b 0.57¢ 15.07¢
CK 2.45abc 978.55b 0.55¢ 14.64¢

H: AREVING FREFR/RAC L [H] 24 57 i) 3 (P<0.05).

B T Cd A REK, BRI, IR Cd B R, fefl Cd A RS K i, X
FEARBE SR L R DA T REE, 0.5% HE FRAR R EFRS P CdAMESE, RiMiAE
SR B Cd B R R A A 2257 .

7) B35 0.5 Veem ™ it g ALk 5 Cd TR S AR . 13 Cd 1 ,,uﬁé}jﬂﬁﬂhﬁx
B RES . AASMBEED, AR R, BRI SRR 3 2R R AT R BUS C
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UEAh, AR Cd v REZ A AL A vl R . L3R Cd B AL S L pH, AL ERE
IR, (HAHF ST o R AT $R S Cd & B pH A G (3% 1), Bl T3 pH A4 AR i A B
B, HAGEE B E A =-0.37), XA[RES L3P AR v SEHUE Cd He s (€ 12), LR
Qb R 1] 4 38 pH A5 LI B 38/ N 5% (] 2),

x11 TREEGERCATRBSEEUMRMEXRXR

Table 11  Correlations between different soil heavy metal Cd forms and
physicochemical properties

AHLET pH PRI $E s Cd AREACd AR Cd BRASCd
AL 1 — — — — —
pH —0.697** 1 — — — —
RIS Cd 0.093 -0.37 1 — — —
Al JEACd -0.177 0.135 —0.496* 1 — —
Ak Cd 0.203 —0.466 0.249 -0.095 1 —
Bt Cd -0.383  0.666** -0.33 0.199 —0.855%* 1

. *FIRP<0.05; * *3£K/RP<0.01,

WA ALY R R e A PR S ® 12 TREILEEI IR Cd HSHFIT
(K 3), B Fu LML ER, A/ Table 12 Effect of different treatments on

soil cadmium forms

ST AT LR E SR, YR 00 5

. A TBI%  BEEI% B % B/ %
W) TR A T 4 B A S, X A LR & L e e R L

LM R & CdZ B R g, ORI e s st a2
5 B R L Y g 0.3% B A 32.89 38.81 4.59 23.71

W25 A5 LR e P AL . R A 0.5% TR 32.25 40.67 6.43 20.65
R A F A R AR SR (R 12),  MPFRR 06 s 6 o8
R . Mg R AL R R 00 A
HOX IR, BOTTHIA Ca ik BT, mpwy  OFORAE 076 aan e

11.66%~16.35%, ﬁﬁﬁ@ﬁﬁﬁﬁ%@ﬁﬁﬁ‘]%ﬂ‘ﬁ?ﬂ K 27 242 >3 2231
AL A JE S A A 6T B2 2 I RRA, T | AL S AN

HR A 1 AR A /N e S A BT R R, X 26 I E 38 I HL 3 RN 8 PR A L IR AR R AR U T IR JRAS Cd ) iR
G &N I

3 &1

D) sZ g R S AR m s R AE KRR E SR B B . EACT A S 5R E 41510 0.5 Veem™ F11.0 V-em™
T, EHE40dfE, MY A RSN RN BN 145 M 1245 KHEBEHME RN 0.5 Vem',
WAL 20d A 40d 5, HE SRR b3 Cd BB B4 B R B 9 1.5 458 1.2 7%,

2) 3Z U HL S ] SR AL A WL R AR R R M BRI B E AR . #E 0.5 Veem 19 HL 375 JE AN
0.3% B E MM MEXAIER T, e85 K Hh 1% Cd S a2 X B2 (AN it Jin 28 i H. 3 0 )8 T
By 1Y 2.7 %5

KM AF IR TR R R R AERMESE R FESHABIERT, 2 /a1
YRGS 02 28 T AR B R % Cd B R, 0.3% e fE, N 45 8 FR A AN 48 = 9t Cd FL
BT A ORI MLk B9 3.6 F5F0 1.7 £% .
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AC electric field combined with organic materials enhancing Sedum alfredii
Hance phytoremediation of cadmium-contaminated soil
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Abstract To improve the phytoremediation efficiency of heavy metals contaminated soils, soil pot experiments
were carried out to study the effect of alternating current (AC) electric field combining with organic materials on
Sedum alfredii (hyper-accumulator) remediation efficiency of cadmium (Cd) -contaminated soil. Different AC
electric field gradients (0, 0.5 and 1.0 V-cm ™) and different organic materials (potassium fulvate and milk vetch)
(with application rates of 0.1%, 0.3%, 0.5%) treatments were tested. The results showed that the AC electric
field could promote the growth of Sedum alfiedii and its uptake of heavy metals, and 0.5 V-cm™' AC electric
field presented the best effect. After 20 d AC electric field treatment, the Cd accumulation in the aboveground
part of Sedum alfredii was 48.1% higher than that without AC electric field enhancement. The combination of
AC electric field and organic materials further enhanced the absorption of soil heavy metals by Sedum alfiredii.
The application of two organic materials (potassium fulvate and milk vetch) had positive effects on the soil
heavy metal availabilities. Potassium fulvate application elevated the soil acid-extractable Cd concentration,
which was 16.35% higher than that of the control. At AC electric field of 0.5 V-cm™' and 0.3% organic material
of potassium fulvate or milk vetch, the greatest enhancement on Cd accumulation in plant shoots of Sedum
alfredii Hance occurred, which was 3.65 and 1.73 times higher than that of control(only with AC electric field
enhancement), respectively. Consequently, heavy metal accumulation in plant shoots of Sedum alfredii was
greatly promoted by the combined application of organic materials and AC electric field.

Keywords soil heavy metal pollution; organic materials; hyper-accumulator; phytoremediation; AC electric
field
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