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Table 1 Physical and chemical properties of the soil used in this study

5 . BRSBTS 24 B
Soil P ( g kgi1 ) (emol kgil ) ( uS em™) ( mg kgil ) ( mg kgi1 )
W ARBEA N 7.78 £ 0.05 21.40 £0.35 18.20 £ 0.03 562.00 +2.02 31.70 £ 0.81 12.10 £ 0.21

(DGleyic-Stagnic Anthrosols; @Organic matter ; 3)Cation exchange capacity, @Electrical conductivity; &Total Cd; ©Available Cd

F2 BOAANE CEEMEBMBERE EAMERK

Table 2 Basic properties of organic manures ( pig manure compost and humic acid ) used

— A B R R ] AR S
pH Organic matter Total N Total P Total K Electrical conductivity Total Cd
Organic manure » . » . » .
(gke™) (gke™) (gke™) (gke™) (mSem™) (mgkg™")
AU 7.68 294 52.3 102.0 61.2 3.65 0.783
Pig manure
JE AR IE 5.25 174 111.0 82.4 85.4 1.08 0.252

Humic acid fertilizer

B4 (305 mmx 210 mm x 110 mm ) , 7%+
4 kg, FIRFERAZTINAIRE.84 ¢, Bz &8
1.58 ¢. BRHH0.35 ofENIEIE . HHEVHr1 wim,
WRAERK - R m S KRR AG T, 2 wih
R R RAERKE, Hmmaifasii s (K200
mm x 75100 mm x J&£5 mm ) i A R0 P A
AR, I SLEA BRI RS ITRE R . 7EE
Py A i AR v I e AR A 9 K R DR RE H TR K
w®70%, JFERUMBrm . wmB2 A, Ik
ARIITAT AL BEAF ) o () B4 AR - 138 DA PH A 1) B A
VIS SHE o, WK ERN6 em, 43 5IFRIEHST .
S2. S3. S4MIS5, W & TR pHAA RS
1.3 HRLEB5NE

YR RS, S R K AT 4098 Ve 5 ]
P = T B o o I 7/ = ST S 51 1B O T
Iy o RIEE THAT110CHERFH10 min, FHT65C
BT ZAEE, dsk TR E . BET A A R A
(Retsch RS-100%4, 8 ) B AR ( <0.25
mm ) , JFAETCT TR TR, REM LHS
AT BEA, FHF I - p HI R S 10 B i,
FHFI 7 3 8 4w & 2 A AE A 100 H i

R S A . FRERZ0.2 ¢ PR S A
ZE[E LabTech ED 36 5 fg H #40H @ ACH M, NS ml
HNOs+1 ml HCI1O, T4 M 1) 3R DU 3 £ 4 P 160 °C
THA6 he HAWEH, HEBAU/KERZES0 ml, K

FH A A 5 B T R LICP-0ES ( Varian
710-ES ICP, R ) W& & . HEZ R
HEYI BT GBW 1001645 il 43 B it , 44 B8 [ 3Ry e xt
GBW 10016 EATATIN , K HAG I 25 R 5 AR A 4T
e, MR AE AR EE T .

+3E pH (/7k=1:2.5) RIEMENE .,
RS EE . A A RS B R
HNO,-HClIO,-HF (5:1:1) &M = h
ZT% (DTPA) RIHEHL, d5 5 BT A5 22 RN #2
W FHICP-OES ( Varian 710-ES ICP, ZE[E )
S o A VA O B D 40 ) FH ) A v )
GBWO7405FIGBWO74 1 245 il A A7 B it #eR 1Ry
EXTCBWO7405FIGBWOT4 124 TAG I , 445 HLAG ) 45
RS PREEIE T R, IR (TR o
1.4 HiESH

P A B B R 3k B WA, R AISPSS
18.0FFATARHEZ 3 AT 22 57 i A 30 . SR AHLSD
% (/B EWER) #H17p < 0.057KF T 1 3%
PERE 5

2 R 58

2.1 RIAFI AR L IRpHAY R MR
EEBRESENT, d TR, 2k

85 AT BRI 194 598 p H AR 5 o BA AR 9 = S p HT

R, TR V4 37 07 1) 8935 4 07 SURE A R L
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e pH AL 0L AT, e H 2 AN H A,
TR RSl O 1), 3845 B p H o0 A HL AR
Yoy, FENL A ASTIX SR+ HEpH 554538 H £ HE A
o, AXFEARO0.05A4 BAy , 5 30 BA MR (9SS IX 3ok + 1
pHALTF 50,044 B4

M TP, EDTA . JE 5 2 A A5 2% 3 e
B #EpH T . HXTI(CK) ML,
EDTAZMH +3EpHTF R 170.13 ~ 0. 1684, X

81

1% pH Soil pH

7.3

8.0 r
79 | W
T W
7.7 |
6 W
75 F
N W

FHEDTA WA R M pHA S T i 5t e I
FIE FEHENE A 22 3 p H A3 I FEAR T 0.32 ~ 0.34F01
0.19 ~ 023 Hf, BEIBEEMEZES (p<0.05)
EvangelouZs "2 B 53 % MTE IR IR IE TG, +
HEpHM T 2[4 E 6.6, ILAoh, ZEoEdess 2 ik iz
WAEHEIERZ ), T YEpHH8.46f%%7.44, Vuorinen
fSaharinen L2 ?abtﬂzﬁfié{dﬁﬁﬂgﬁii%p}w%{& 1]
F2 B PR H L a3 v AR HLRR o

—— CK-JEHi3g CK-DC field off

—— CK-H13 CK-DC field on

-O— FEZeHEE- T g Pig manure-DC field off
@ FFEHEAE- 5 Pig manure-DC field on
—O— JEFARR IB- I HL3g Humic acid-DC field off
—— JEFERR - 3% Humic acid-DC field on
—+ EDTA-J;Hi3g EDTA-DC field off

- EDTA-Hi3% EDTA-DC field on

S1 S2 S3 S4
[-34#%1f0 Soil cross section

S5

TE: S1. S2. S3. S4. SSAFHIMCEMEHMO ~6 cm, 6~12 cm, 12~18 em. 18 ~24 cm, 24 ~30 emb4E; DC fieldREH G AT .
FIa] Note: S1, S2, S3, S4 and S5 stands for distance 0-6 em, 6-12 em, 12-18 em, 18-24 ¢m and 24-30 ¢m from anode; and DC

field means direct current electrical field. The same below

El1

Tk BT - S8 45 48 THT p A 52 1

Fig. 1 Effects of different treatments on soil pH distribution

2.2 RINFIFAEIAN HIREB SN

3 4 Jm AR A ACHE R S e AR ) 0 4 )R
BEBRNEBENE 2 WE2R, HRES
AR (R ZEHERE . JEFHRICMEDTA ) ¥4 53
i (p<0.05) 5 HIEA SR (DTPAREE )
W, TEERBTIENT, TIEA S
5 16.06% ~15.64% , If H EEEFPAESIIK I,
Hanssan%§ 2 BRI, 52384 i 3% 07 16 5%
Wi, A OSBRI, A AT
4% T 4 S WIS, Sanz%E PR, EERHE
YRR, B2 A R H T DCBE R ) BA B T B i A
o, S ESORL AR E R, B R
BB E R . WRWARST Y Wik, mE
TP FEUHE FIEAEE, ERBIE RS

N - SRR 1 it 0 B 0 A - BV

TEIE AT, BmAE FEHENL | S AE R AT AN
EDTAJG, +3EA RS E 5 M B RS T
5.74% ~7.16% . 8.80% ~ 10.32%M14.77% ~ 5.91%;
P NI N SO S [ N A O I 0 |
2.84% ~3.32%. 7.70% ~9.47% F17.10% ~ 7.75%,
o, DL 5 1 A Ak P 34 S e R o 3 T B A
i HE 300 3 p HIRAR A 56, 3 p HFR AR T RAAR iF
- Uk 2 1A 0 Rk, 1 AR A SR Tk
B L2 AN, KA FIEDTA FEHL MK 17
, FERGIEMT, MBI R BH AR T o f2
AT LU bR+ R AR T L ke
a5 LSRR R SR MERE A 7 A NGy T LR T LA
TG ALY S A B A, DTG I T - RS W
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115 F
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TR AR E Available Cd (mg kg™)

10.5

/H\\

2
A

—— CK-Ji i3 CK-DC field off

—— CK-H13% CK-DC field on

-O- JEIEHENE-TE HLdg Pig manure-DC field off
- JHEHEAE- 15 Pig manure-DC field on
—O— JE B R B- TG HL3g Humic acid-DC field off
—o— JEHERE JE-H13% Humic acid-DC field on
—+ EDTA-J:H3g EDTA-DC field off

- EDTA-H135 EDTA-DC field on

S1 S2 S3 S4
+4E#k A Soil cross section

S5

K2 TR AR B - SR AT S80S 5 )

Fig. 2 Effects of different treatments on soil Cd availability

BT E R, B2, Shahid% P W ER, 7
BlPE b A MU RR & R A S E SR
02 fe, HJRAE R M 4 3 it oA HLIE ) AT BB 2K
PSSR TR
2.3 AmMFIFEAN RERRENEN T
HE3ART AL, S5XFRAHEE, 7E7E I 5 f
Y Ja s KRR AE Y = FFEAK15.1% ~ 20.3%, i %
BEM (p<0.05) 2%, FllLuo " Hi5k
P I H A 1 it P S 3 33 b i R R 5 R R I
fREL, MW AMAER, FEORAEY &,
i S R b A= W i AE o B R s, ARG
1.4

[ HRHEE Root a
12+ a W Hi37 DC field on

1.0 ¢ b
be
0.8 | C C
0.6
04 r

02 r

Hi k5 Plant biomass (g pot™)

0.0

CK  JEZHEAE PM JEFERRE HA  EDTA
Kb FH Treatment

0 JEH DC field off

1.89% ~5.75%, AKkFIWEME (p>0.05) 5
(F3B) o #iEf O B, gy
DLW /D L 6] 1 BERR R () 5, — e AR
SR T EL H 3 6 R M R A R A
Chirakkaraf [SI]EH:%’[E?E}%, it FH 22 5 B3 L 3
Xof A M b A A i T S R )

WSO ZEHENE | B I MEDTAR B % (p
<0.05) S0 7 /K R S0 K ML A | R AR ) A
(E3) o SXTHAELE, 728 Hi A0 A0 7 i 0 &
EHOM T AR SRR AE Y R, AR 0 5 0
39.7% ~ 44 2% M24.7% ~ 30.2% , Hi 3558 0% /3

16.0 1 4 138 Shoot
14.0 + ab

120 | b b

10.0 - - cd ¢
8.0 |
6.0 |
40+

Hi4 A4 & Plant biomass (g pot™!)

20

0.0
CK  F2RHEAE PM JE7EMR L HA  EDTA

AbFH Treatment

ok PM’f'Ei’%Pig manure, HAfUCFEHumic acid; KPR FEEF R A0 0) 22 5 0 3% (p< 0.05) Note: PM refers to pig manure and HA

refers to humic acid; Different letters in the figure mean significant difference between treatments at the 0.05 probability level
K13 AR Ak BG4S g 5 R AR W B O 52 )

Fig. 3 Effects of different treatments on biomass of Sedum alfredii
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MK40.3% ~ 43.7%M16.3% ~ 18.2%, B, &
JIEDTAZN i 2 M AR = RMAEK, KRR R
R PR b | &R A= 4 3 43 2D 1 14.0% ~ 19.2% il
7.26% ~ 7.53%, FIHESEH T EDTAG 1L 1) 5 43 J& %t
SRARA —EMEER- . mIELrT L, fEEEEAC
Ji B R N Bt P, R A S HE S A T, AR
T ERME RO, 4BES D ik
M, HEESEAR., AR, %%, LO%E
DL TCHLER 28 35, IR HRA LB/, 255 il
i, RERE R AT AR WOOR T B R4
24 RMFMBEHHNFEERERERIENTIT

TEHRIERTT , 25 B st KAR 0 A 1 b 3B % %
HHERE (p<0.05) &5 (K4) . FETRG RN
N, AR A R 5 5 R 53.7 ~ 76.8 mg kg
FI178.7 ~212.6 mg kg™'; FERIGAMT, HFAH
R R E R, 62,4 ~ 89.9 mg kg A
226.2 ~313.7 mg kg™'o WA, WRIFIR, EHY
MR, CK. REEEHENE . R MEDTAL R
W55 B 2B (R MR M 134 & i S5 AR & ik L
) M3.10. 2.50, 2.85, 3.537 iR m £3.29.
3.45. 3.75. 4.06.,

WG FEHENE | AR IE MEDTAY B3 (p

o0 JEHLEg DC field off

100 A
o0 | MRH#B Root

80 b

m H3% DC field on
ab
b b

60
50
40
30
20
10

(mgkg™)

FEM R & Cd concentration in plants

CK  JH2HERE PM JEFERRAL HA  EDTA

b3 Treatment
%4

<0.05) W T AmMmRmaa (Kl4) o 581
A LR, 4 2% S IS0 T P Ak L 7 g 5 R AR 4
SRR T22.9% ~ 33.1%114.3% ~ 29.4%,
M b RAR S R E T 7.33% ~37.0%M119.0% ~
38.7%; TMEDTALNFE T A g 5 K AR B 48 5 & %
K 176.99% ~ 14.80%, Hu L 35E & R i T
6.13% ~ 12.01% ., 45 GHB RELR (K3)
EDTAKN 3N 53 5% # R 02X IAg 1. 1445 ~ 1.31
%, EDTARE 2 5 & 5 b AR S ) b b8 e 428 g
Jio B, EDTALNEES 7R R 5t R AR 4R & fik PR AR
FESEH T B e .

AR H, AL — 3740 B AR S K b
AR R, JEERIE — B B FIEDTA —
R IR Z . EAERIF 2Rt R, HiimYy
A BN in 57 RE 0% 0 - 9 JUURE 2 T T Y R
W, 4R E R R R O P IR I R 1)
WA BRI s 1 2 L A ALAC R A R AR
RPN, FTRES I EpHIRNA 55, L HEpHKY
REMRAT LR i R s mm g i Y L A
AIREVEA, T o0 A BILAE R A A 7= A 1) /)N
STENMSESEREESAER, M5y
Mt

350 Hb_ % Shoot a a

300 ¢
250 cd

200+ d

(mg kg™)

150

100

50 F

Hi4s 48 Cd concentration in plants

CK  J&ZHERE PM JEFHERE HA  EDTA
AP Treatment

N[5 Ak B X 2R T 5 R R R

Fig. 4 Effects of different treatments on Cd concentrations in Sedum alfredii

ININFIFI R IAN AR B R Kt EERSRAIR R 2RISR
TEVEAN 2R B 57 K0 5 95 G 1 48 5 R,
EEFIERM RN LR EMR SR, WK
MR EARER AR X FEW KU TP
2 MR B AR R R AR AR R, T Y 3fe
PR LR A R o o AnEIS s, dy 7t 2L

2.5

i X AR R R R M AR AR W e R S, A
BERE T RM R R B E, Hi, FEH
TMHHER T, AR p s R A A R A 3
% (p<0.05) #&m. ELEGEMAT, JRH -
AR E R N1 676 ~2 635 pg pot™', TEHLIZ &AF
T, Hb EERERA R AR S, N2 088 ~4 014 g
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Table 3 Translocation factor of Cd from roots to shoots in Sedum alfredii

JeHL3% DC field off

H,3% DC field on

CK 3.10£0.11 ¢ 3.29 +0.09 be
FEZEHENE Pig manure 2.50 +0.08 d 3.45+0.13 be
JEFEIRIE Humic acid 2.85+0.09 cd 3.75+0.13 ab

EDTA 3.53£0.12 b 4.06+0.11a

e BRI EES R, REmSTE; SPARFEREHNZREE (p< 0.05) Note: Translocation factor = Cd

concentration in shoot: Cd concentration in root; Different letters in the table mean significant difference between treatments at the 0.05

probability level

pot™, HOIE R i522.2% ~ 52.3% ., Lim% VB &
B, MmN SR A E s
EN Tahmasbian*ﬂSinegani (20] e, EHRIGE
MY S EE SRS, AF T8 T
MW AR o Sanz%5 ' R, fEH
YEHI FilSZ ( Brassica napus ) MINE ( Nicotiana
tabacum ) X5 AW SORN & AR RE T 10 2
AR R 2 M A R A R IE A it A B
(p<0.05) $EEAM R R EHFMMER (
5) o SXFEARLG, R FEHEAC AR A AR T AL B R AR
A e Kb b AR A SR A A B R T 54.3% ~ 92.2%
1 38.4% ~ 63.9% . J# FE i AL 5 R AL 402 ik 2K 1
SCRML EERERAR R, HEANIR AR SR A K WAL
YE T LA Bt Ak 53 Mt 7= 22 0 /N 3 A DL R - e 4R
(G AR %4 52 17 SineganiflKhalilikhah ©*7
Wi I8, N ZE N0 RE A% 0 R S A 1) H 2 (H.
annuus ) SHHREIRICE SERE ST . Sung® Y KL,
Jiti O R e 6% B v - A RS AR B DL SO

5000 [
4000 r
3000

2000

(pg pot™)

1 000

a

( Phragmites communis ) XH4RIYW IR 2

B2, SXFEAHL, EDTALIE T 4 1 5t Ky
R B RS AT, (R T3.88%, 1E
T FMET, RS T1.85%, YARKH BE
M2EE (p>0.05) . EDTAR 5 & 4R e K H
b AR B A U PR T LR AR e e R AR R A
VERT. 22004 R R s 150 IX 4
@5 Y HHE, JERFFXEDTANS (138 A4 Kokt K Hwy
EEEEFI, K EEEDTA B it F 30 A
AR, BT Hi B YR, SRR
WO R AR . XUBEE O g, EDTA R
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Fig. 5 Effects of different treatments on Cd accumulation in Sedum alfredii
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Intensification of Phytoremediation of Cd Contaminated Soil with Direct

Current Field and Soil Amendments in Addition to Hyperaccumulator Sedum
Alfredii

XIAO Wendan'

YE Xuezhu''
HU Jing'

XU Haizhou” YAO Guihua® WANG Jingwen®
GAO Na'

LI Dan’ ZHANG Qi'

(1 State Key Laboratory Breeding Base for Zhejiang Sustainable Pest and Disease Control, Institute of Quality and Standard for

Abstract

Agro-products, Zhejiang Academy of Agricultural Sciences, Hangzhou 310021, China)

(2 College of Environmental and Resource Sciences, Zhejiang A&F University, Lin’an, Zhejiang 311300, China )

(3 Hangzhou Plant Protection and Soil Fertilizer Station, Hangzhou 310020, China )

[ Objective]l A pot experiment had been carried out to investigate effects of soil amendments

( pig manure compost, humic acid, EDTA ) and a switched polarity DC electrical field on phytoremediation

of Cd contaminated soil with hyperaccumulator Sedum alfredii. [Method] In this experiment, plants of

Sedum alfredii, a species of hyperaccumulator, were planted into pots containing loamy soil pretreated
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with 15 g kg™' of pig manure compost, 10 g kg™ of humic acid, or 5 mmol kg™' of EDTA, separately,
as treatments and with nothing as control. In addition, the pots were subjected to another treatment: no-
voltage (without electrical field ) or direct current ( DC) electrical field (1 V em™ with switching polarity
every day ) . At the end of the experiment, dry weights of shoots and roots of the plants, cadmium ( Cd)
concentration in the plants and soil available Cd ( diethylene triamine pentaacetic acid ( DTPA ) extractable )
were determined. [Result] Available ( DTPA extracted ) Cd in the soil increased significantly in the
treatments subjected to DC electrical field and amended with pig manure compost, humic acid, or EDTA.
The former increased DTPA-extractable Cd by 6.06% ~ 15.64% , while the latter did by 5.74% ~ 7.16%,
8.80% ~ 10.32% and 4.77% ~ 5.91%, respectively, with DC field on and by 2.84% ~3.32%, 7.70% ~ 9.47%
and 7.10% ~ 7.75% , respectively, with DC field off. Cd concentration in the plant shoots significantly
increased in the pots with DC field on, varying in the range of 226.2 ~313.7 mg kg™', and lingered in the
range of 178.7 ~212.6 mg kg™ with DC field off. Soil amendments ( pig manure compost, humic acid,
EDTA ) also had significant effects on Cd concentration in the plant shoots (p<0.05) . In addition, Cd
concentration in the plant shoots was increased by 7.33% ~37.0%, 19.0% ~ 38.7% and 6.13% ~ 12.0% by
the addition of pig manure compost, humic acid and EDTA, respectively. By switching the polarity of the
DC electrical field, significant pH variation from anode to cathode can be avoided, and thus no significant
impact was observed on shoot biomass of the plants. Soil amendments ( pig manure compost, humic acid,
EDTA ) had significant effects on shoot biomass of the plants ( p<0.05) . The addition of 15 g kg™' pig
manure compost and 10 g kg™ humic acid increased shoot biomass by 40.3% ~ 43.7% and 16.3% ~ 18.2%),
respectively, while the addition of EDTA decreased shoot biomass by 7.3% ~ 7.5%. Cadmium concentration in
shoot and plant shoot biomass are the most crucial factors for determining efficiency of the phytoextraction. The
findings in this pot experiment demonstrate that DC field increases significantly ( p <0.01 ) Cd accumulation
in the plants in all the treatments, as compared with those with DC field off. Cd accumulation in shoots of the
plants was in the range of 2 088 ~4 014 pg pot™' with DC field on, and 1 677 ~2 635 ug pot™ with DC field
off. In addition, Cd accumulation in shoots of the plants was increased by 54.3% ~ 92.2% and 38.4% ~ 63.9%
in the pots pretreated with pig manure compost and humic acid, respectively, because of their simultaneous
effects of increasing Cd concentration in shoots and shoot biomass. However, no noticeable effect was
observed in the EDTA treatment in comparison with the control, which can be ascribed to the inhibition of
plant growth by EDTA. The combined use of pig manure compost-DC field and humic acid-DC field enhanced
Cd accumulation in shoots by 134% and 100%, respectively. [Conclusion] Based on the findings, the
amendment of pig manure compost or humic acid coupled with switched polarity DC electrical field could
significantly enhance Cd phytoextraction by hyperaccumulator Sedum alfredii.

Key words Cadmium; Phytoremediation; Electrokinetic remediation; Sedum alfredii; Organic

amendment
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