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A2 it HEL B 0 X MR- 2R B o R IR 3 fE B AR5 Y
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B, AR, F AN RAE, TR, 2, eh B
LR R, Wiild B Qe B 8 N S0 %, UM 3113005 2. @iV AR AR R, 44 30 3 0 $ iy ZR A
WEERESLEE, HM 311300

W OE YR B (CA) V55 RIERCR AL, SRS A T LUTE A7 4R 5 I Cd VS A R
R, W EIL IR ESHOT LR R 1 Cd R shtE, (eI 3 Cd, SR HIEAEGRIR M Tk, B9
ZEP AR (50, 300 Hz) XFATHI 3 SRR BT 5 RIB RIS T I8t . Cd ARH: . A A K Cd IR R i
TR, S5XFIE (BCA RN g) AHEE, 300 Hz LA A 13 pH B 8 E 4K T 0.13. mIRN R BER=T T
4 Cd A B, 300 Hz SR B340 PG 38 R0 2 Cd i 40 8 W38 T4 IR 35.00%. A3 e vk T R4 A
£, MIRFAREE SORAIMR S . AEWaE . M SPAD (H MR RIEASFEFRZEIMIN 50, 300 Hz 22 AR A5 2158 5 . 280
FL IR T A 5 BB A3 RN AR T S50 R L T 3 Cd iR 4348, b 50 Hz ZARFRMIRI it . Bidk . BT RAFMARR sRHLT
#B Cd Jo i 43 BN TR A HIREAR 22.16% . 29.82% (P<0.05) . 1.49%. 15.91% (P<0.05) . 31.81% (P<0.05) . tH), 1%
WERAIR S A T AR 5K B Cd /28080, 50, 300 Hz AbFRZL B SE R H 34 Cd i 20 50 st B 43 71 184
43.37%. 55.18% (P<0.05) . ZZiitHi e AP R 13 Cd W B, (HARR A LI IR XA ) Cd B BRI AN
[, 50, 300 Hz 22 it 7 AP b 132 6 Cd AR 0 AT I B S8 N 24.04% . 21.24% . X 2 M) L&, 50
Hz A2 L TR RE 4R S A Cd B8535, 300 Hz ZC L IR S BE AR R e K Cd B AR AR % B AR, &
RACREST, X TR R Cd SR REAIRRSHZME, FELFHN RIS .

K el IR, YR, W T

I SRS YRR NI P s KR R A E T AT, PREBR RS RGN, i
EEESHEEREY T ESE, W SWHEE AMEER, FEAHE AR, R E HEESEG YT, W
(Cd) I5Y R feFE R EI—MC, HEl, 13 Cd I5MEEHARTFZ I, (=B EEAR . Y
BREBARBAN ., AR GPRREZ, (BHBE I, BERCRZ R E IR R 50 A0 DR EE SR R
AR —E R B E NI R R . LBRm . RelRIR LpR s Y S SOm sy —Fh AL
AN TS E 2R 15 e HIR B E HARY i Emmget, 13 Ol Fl H 33 Bk . FHAGERS R
R, B SHARANMHIM AR MAC AN S KA -3 pH MRIZIAR L, JFRERcE T M gt
HAFREYIEEARSS G, FTLGE SRR . SR 48 Re ) sl m HIgErh s SR AR
KRB ROR,

AR, MEnsSi i DR E2E (Solanum nigrum L) ', #REMN (Salix discolor) ', ZRR§5:
K (Sedum alfredii Hance) ", B (Lactuca sativa) " SRR R, iR Cd FEAEPIIRNIER R, BRTH
Y2eral, R R B NS, RGN, SCTiR i 50 Hz #2711 400 Hz 2,
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HHEE SR R TR A RN A Rt s A RIZE R, i R R s, R
BN 0~400 Hz, WF7E RN H3E Cd WG TERRZ I, 2558 Won %N 300 Hz i, +HEACES
Cd Fii st m i, s HARMI AL T2% . HE & W58 &8 | Hz fkpe g BRI LI
MR R AEY R, AN, (0 (60 Hz) ACTi iAW AR IR HEADI R I Hb b3RR3, SRR i F A X A
WA K R SR MR A E RS A TS

WA IS AE R IR R G . mEiE . SRR AR B R SR, ARSI MER I
ok iz # AN, HEJR Cd B BMY AR m R KRR B4 Cd #8758, A NEYIEE M
AU SRR RS . AERA RGN DL SRR, AR T EAMEY A KR IR
WIS FIAR B S RV PP REASHE IRy o M 2 el R, AT ] B A F 3B R AR e R . SERTIAFST 3=
W, B THIR . AR SRR R Cd MR RIS 20 R, ARSI e vk, IR
FIARFRIRAS IR IZR (5 50 Hz, =50 300 Hz) 37100 3 5 (Salix sp.) FIZR RIS RIRF SR e b1
Ji. Cd ARE. AR A Cd WA RRE IR, b I 4 m Vs A R L S
1 PRSTE
1.1 SCIRfER
W . BHER AW E HAE M E SR Cd 15 4eR)2 0-20 cm B H 3%, B TR 5 Hifis
TR I AR E UL AN R . pH, 7.27; AL, 40.12 g'kg's #HALE, 176.00 mgkg™;
20239 mg-kg s AR, 1525 mg'kg s ARG Cd, 031 mgkg'; 4 Cd, 1.68 mgkg ',
RIAEY) . KRB —EE BRI 3 5 WIS ERATFLARRAF]) B 15 eom #fidk, FHEETFK
PRI R 1 BRRAZDARE; KRB —8 BUEE, AR AR RR WM L SE BRI )
BYAE 5 om HEE, AERETKTUESS
1.2 REHE

+ AR T 2022 4F 4 A T, K584

=

® &

K13 AN, GHIB (CK) , ANir; 5@ 0.5 Veem™, :
3 A XHIR (CK) , ANEHL; cm R

IR A 50 Hz (9%) 5 il 0.5 V-em™', 3%
WA 300 Hz (Fi%i) o SCI L 24 h FR2ETT )
60 d, FACIRLE 3 ANEE, BEILXABTT,
MNEEA (EAEN 20 cm, Eioh 15 cm) 2EA 4 kg 7T
SHBSIRIAES I, TEATRAY AR PR A S5
(BN 1em, A 10cem) , FHEE TR+
TR R E T ERK R 70%, BT
2 BRPTHI, TRIBEZN 5 em, 746 5 MR LR T
JAHL, EFEZS 3 em. FHE 1 RS AL
i (PA9505, ARZEN T FRHEABRAFR, FE)
TAEHLRAVSER. SRR SRS IOKI, 2 | SRR AR AR B

K 60 d R REATY AN LR ah o B 1 AR Fig. 1 Schematic diagram of AC electric field frequency
= combined with phytoremediation remediation contaminated soil
1.3 A%

IR TERI AT, i 10 B 100 Hifi. HESEAPEIE RN E ITES IR (BRI
S3MTrE) B 3% pH (R pH 3t (PB-10, ZEZHFIHT, TEE) HAENGE K1 H 2.5:1) 5 i
(AK) | I (AN) | AR (AP) 73R FHBSRR R S KA CREME | BB I FIBRTR S BRI HER DT L
e, FHEAPLREE A (SOM) RATHEIEIREIMIIEE . TARES Cd B4 (ACd) R 20
T ORR-FAMES- = LW (DTPA-CaCl,-TEA) 242 UK 10 2:1) , A1 8sb s PO EIE X (AA-7000,
SyHE, HAS) M

TEAEPICIT (AR 60 d) MR YIbR R, P-4 (SPAD-502 Plus, #JJe-R3EhEL, HA) *f
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M REATRE A (RERRN EA R EAY%E 5 F i) Ml SPAD {H. HWEESWEIG I Ak . B TFKILE
BT, WOKAIRZ 4Ky, Bt B Bigc, B IRER, R R i B 5, #
IR 2 K AR (EPSON V700, &4z, HE) 5 Win RHIZO ST ER RIEESE . el
IR TERER T 105 °C 2375 15 min [GHEZE 70 <C YLEfaE, WEmy T, O 20 Bif, k-
MEAKIH AR, TPREMIER 2 EE UK A6, A E 50 mL, A 80 IO EE e HZ W b
Cd JTEEFRIERY, HYFEAREET ) GBW07603 (GSV-2) HEARIEL, FICE N 93.78%.

2 ZR58

2.1 HEIFAHEEAIBUMRANEEES Cd BFE

ANTRIAL B Y AR B AL ME BRI A0S Cd i/ 8L 1. Sl kb #s, 50 Hz AbBRAY 145
pH (BN, TN IASR R 300 Hz AUAFERAS T +3 pH {H, SXFHEAH L R T 0.13 87, 78
300 Hz #3738 pH (EEA K,  RTAE R4 0 HL 30T 00 1T MR AR 2R i i ot , 43 i A
H HH WAL T 145 pH (Y, +3Eh AN, AP, SOM 7EARFEEHE F YRR, 3 300 Hz ZbFHHE
T AKX AT RESE R R R A S VR PR A A - A A e, KT R AL s
H1 3 128 58 AT IR s A A Cd iRt/ 8. 50 Hz ACFEAY H30E 308 Cd s 4o TXHR 10.00%,
Bifi 5 IR AL, 300 Hz AbFHAY H OGS Cd iR 8 25 TX R 35.00%. H3g/E T LA ik
Cd BT A0k g ok, BRI A RS ASALAEN, iE m H3EA RCS Cd s, iR
PEEEIN T 4R FRONEE, XATRESEH T 300 Hz SR AR LIRSS L 50 Hz SR B, HLR
ST e A =4 I e w8 ) 19 113 S 2= W € S - AT 0 e o = S R O

R1 FERMEXMTRERBUMRAEHS Cd BRI

Table 1 Effects of different treatments on basic physical and chemical properties and available Cd of soil

Ab¥EZH pH AK/(mg-kg") AN/(mgkg') AP/ (mgkg') SOM/(gkg') ACd/ (mgkg')
CK 7.40+0.01a 48.00+3.61b 170.98+4.36a 20.80+6.41a 48.20+2.48a 0.20+0.01b
50Hz 7.40+0.03a 47.00+5.00b 167.03+4.40a 25.92+5.55a 45.31+2.31a 0.22+0.01b

300Hz 7.27+0.04b 59.00+1.00a 166.24+5.48a 17.38+1.28a 44.85+1.34a 0.27+0.03a

TE: [FIFVEERE ARG FEAARAN FAL L A E) 837K T (P<0.05) .

2.2 EIAXEYIE KRR

1) ¥Rt 5 SPAD fH. & 2 7141, RRIGCEE YIRS AT B SPAD HAVRIESE—2, Maind
At B RE Y R A SPAD (X3S, JfH. 2 FAEY)ERTE 50 Hz M3 5% T ik 3 A Kl . ELISHA
BV R B, AN T LASE AR 2 (Solanum scabrum Mill.) MERREAEYIE R, RMHIGIERZE
SN I BT A R B B AR BT AR pH A IARAE, R S S IR A R ) i (2
7. Y MR DRGSR, i SPAD [ERIIEYIM i -4k RAHXHME, HatR BAHOR R
WA EEREZIER, A RERRIT DESRARIAE R, 50 Hz AMEEAIET 300 Hz LA TAHT
R, XATRERH T4 (300 Hz) M HEHR X AR R A e 50 Hz, XA KR SEVE A
i A

2) AW, MR 2 AIAL, MR T DR EEY AR, WA EAE 50 Hz IR T 250 i
., ZRESCRTE 300 Hz UMb 3 T RCR I, T IRH R r g et s b A s e, BRAIN K,
M A AR ) AN AT LUORREOE 20 e AR S LR AR R A K, i E s Hdgss
SN RE AR 200 I SRS %) e (o7 RN 1, Iy L S XA, SRR 2500 Wi 2, A
MR, AR TR AT, A, BRI W RE R R A AR KB, SR
AR A= K AE 300 Hz A8 LA AR SRR AT Iriss , X AT RESE PR R IR i BB 20 OH-, 57K
AP G A I B A 3, R0 A N B mEERR . &R, EEmt,

3) MHRILSIE R, 3£ 3 on, MM IRINIRAR R . AR, RREBEE IR
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0 0
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2 FERMEXEIMR ST SPAD BRI
Fig. 2 Effects of different treatments on plant height and leaf SPAD value
2 TRETEYEYI=EHIFN
Table 2  Effects of different treatments on plant biomass g 273
Wi+ KRR AT H
AbEEZH - -
A 5% 3 B+ [i:E Bk Hb ¥ i Bk
CK 2.47+0.08b 1.30+0.03b 5.10+0.04b 0.72+0.04b 9.58+0.16b 0.38+0.01b 0.06+0.01b 0.44+0.01b

50Hz 3.83+£0.94a 2.04+0.38a 6.04+0.40a 0.82+0.02a 12.74+1.56a 0.41+0.01ab 0.07+0.00a 0.48+0.01a
300Hz  3.15+0.27ab 1.65+0.15ab 5.80+0.22a 0.80+0.03a 11.40+0.61ab 0.43+0.03a 0.08+0.01a 0.51+0.03a

R3  TRAEEIIR ARSHIF
Table 3 Effects of different treatments on plant root morphology

TR AbRAE A K /em WREREBYem? HRF HA%/mm WAL em’ HRIEK
CK 1363.43+154.86b 453.72+69.32b 1.15+0.13a 13.06+2.74a 6193.00+£1136.34b
BiIE5 50 Hz 1853.87+262.70a 482.89+82.76ab 1.02+0.13a 11.50+2.32a 7299.00+1151.26ab
300 Hz 1881.06+54.72a 633.98+142.02a 1.08+0.25a 14.27+6.70a 8183.67+1179.85a
CK 291.08+37.13a 36.16+6.10a 0.39+0.03a 0.36+0.08a 3787.50+535.05a
REFK 50 Hz 307.34+57.43a 36.76+4.62a 0.39+0.06a 0.36+0.09a 3724.40+574.26a
300 Hz 295.134+28.80a 33.97+4.86a 0.38+0.06a 0.33+0.06a 4049.00+£570.39a

JmimidEsr, ARESCRTE 50, 300 Hz AN TR BIE SIS, 78 300 Hz AR RE 5t R )
RAKEE . RIS IR T 1.39% . 6.90% . FEBEAHR 2 v] BE A B /K o3 AL 5 0 P o ) IR G ok
PRSP, FRR T o] AE S AR RIAE K . IERTAITIERE, SN s in T RAR}
PRR AR . MG, 7ERFRIE T T RRIIRE, RS, AFRZERMER, B
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= TR RIE SRR, AT ieak AR
2.3 EIZXHEY Cd IRYEFR RAISNE

1) HEY) Cd i 4. R 4 TN, N o i a5 R a0 138 Cd f9mli, 50 Hz AbEMi:
A SR W AR R Cd it 4 B Rt B4 i BE AR 22.16% . 29.82% (P<0.05). 1.49%. 15.91% (P<
0.05), 300 Hz AbFMIAIE A, Bidc. WTHIRZER Cd st A BIAK 11.38% . 17.55% (P<0.05).
1.68% . 18.58% (P<0.05). FEHLIGIEH T AR Se KMo L Cd fE 1Bl FL 00 10 388 finni . 2 42 7t
50, 300 Hz AbFEAR RS SR B3 Cd it 3 5csont B o BIbE i 43.37% . 55.18% (P<0.05) o AHK, ZRFE5:
H RS Cd B MEIAE 50 Hz Bl Rz 2B A, B BB 250K 31.81% . 2SN FH IR AE 4
BAPOL Cd B BRI, X ] BB F 7V E R R AR 2R I A AR, FEAR RFNANAREEXT Cd iy FEAE
T, BRI TR Cd fRISORT Cd [t FRE it . BdpfE R T A m = Kb 300 Cd s /4R,
DO LT LABK Sl o] 1 T 4 B AR TR, (RIS tsinim 1 408 MARSR it L3 6 ia0 . 22
Yl LI A e s s E AR ae ) . A ER TS T LIS iSRS Fimzlias), RiiEL
()4 S8 S NS S A AR AL S el A i kPR A B AR A A ik, 3G 1 it
YT DA HIRIEER . BEtE . SRR AR VIR, SR AR,

R4 TREASEHEMEIML Cd BRESEHIFNG
Table 4 Effects of different treatments on Cd concentrations in different parts of plants mg-kg™'
G AR ER
- EN Mt WA b 1 FB TR
CK 11.95+0.81a  16.87+1.08a  5.36+1.30a  8.61+0.15a 21.93+2.40b 24.02+1.40a

JUEiE]

50 Hz 9.30+1.29a 11.84+£0.61b  5.28+0.38a  7.24+0.13b 31.44+6.43ab 16.38+1.85b
300 Hz 10.59+£2.71a  13.91+1.41b  5.27+0.73a  7.01£0.32b 34.03+6.19a 21.171.29a

2) ki) Cd FRE R, £ 5 FIE 3 HhRY Cd FREHE R, 7EARMISE H3EREE R, 2 Firxd s imbiiein
W ASE, 50 Hz Hi37a] DL 2R gHmbs i) Cd FRE, 7E 300 Hz B4R, Mk Cd FL 284 A hinfEA
B EIERES T AR SR Cd FRER, 300 Hz [t 50 Hz AR REAE3E 45 B 5 K 1) Cd FHL B it
Jin. 50, 300 Hz AbHUAE Y 3 Cd B B A B Cd FLRE KRS, ¥R E ST CK 4 #, 50 Hz
HL AL BERE Y 3 Cd SRR AR Cd AL B4 i 3 XTI 24.04% . 23.38%, 300 Hz HLIZALBEREYY)
Hi 3 Cd SRR Cd TR E TR IR 21.24% . 21.56%, iRI0Z5 R0, Wik Cd FEM L
R 54y, JFH Cd LR FZHD TR AL Y a3, ST S, 3CHL (50 Hz) AbFE A0
P B Cd LR B E S AR EE, (HREE IR, IR 565 Cd BB m ks,
LA 300 Hz S SN i b L85y Cd LR . X ARm R IORYE, Hi EFF Cd BUR R3S i = 2RIl
Cd g1t e TR AR e e R AE K AT S m I GRR 2), £F 50, 300 Hz S84 T, &
PR R CRE ) Cd AR SR 4T, HLASSIMIR (300 Hz) MHLIAIMIRTHRCR AL, [FRY, ZRR
SO N ERI I Cd BESIAT Cd BB EAE 50 Hz FR 2 FREEHY, M7E 300 Hz S b B A Fr el g, X
#RULR 300 Hz AT LIFE—E R Bk Cd oRIAR AR

®5 TREAMEXEY) Cd FRREMFMN

Table 5 Effects of different treatments on Cd accumulation in plants pg- R
IR CAR it AR RCAI R
AbFEH ;
E S R Hb [ it Hh 1= Hb RS

CK  29.51+2.89a 21.87+1.82a 27.28+6.44a 78.65+3.88b 6.20+0.31a  8.34+0.80b 1.36+0.08b
50Hz 35.55+10.37a 23.96+3.28a 31.95+3.52a 91.46+16.04a 5.96+0.09a 12.79+2.26ab 1.20+0.12b
300 Hz 32.98+6.39a 22.85+2.19a 30.46+3.28a 86.29+8.28ab 5.58+0.07b 14.60+3.51a 1.70+0.09a
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3 TESIEXEY Cd FARERIFNT

Fig. 3  Effects of different treatments on Cd accumulation in plants

2.4 EBITRRASHT

i EARIRIGAE AR, 2 3R Cd LR EZN 7.80 mgrm 2, RIAf 3P EN E SR
Cd i, AR M3 Cd FiE/%d 0.60 mg-kg ™' i, ARFHEIZLL 20 cm 115, IFALTZEZ (0~20 cm)
R E 48 Cd 200 144 mgm ™, [Hlith, YA E N FFESChrge b, FEYR R —7 0] Dl s Y 4%
5.42% () Cd. #A¢ MASS] KRR B, BRAERME 3 78, 4k 3 a Jonllif5 3k 2 212 20 K-

ARG A FH A e T B AT 1 800 T, W AatTH HINFERLRE, #EHLE: 0.04 kWh, HLF
AWK ARz BN TR SR, A RS A8 LR IAEREAIIETRZ 255 000 JC-hm 2,
AT RS AN 8 a, HASBEAHFEIR/N, ik, ALEENB1TL4E, AP AR i SR AR 4
i, (AREERARD AR, AR AR NS 25l TR, IR A T RE St — 2 REAIK . ek,
W AR AR /DN, T EREESCRAIE M, Al G 2 N SCi L T LI 3 il
VIR T 090G S, NI HEA, R H AR I A KB E RE 11, S5 A ARMIRES R, |
YR eI A S i e R 3R B Cd, 4608 THEMIME R IHA], BRIAPERAS, MifE—se 2
PHIEE e P Tz N TS, ABAPEAE SR R i — AR A H
3 Z5ip

1) TEMIA-ZR B RIRAR AR, AW T ARSI 5 245 Cd IIBTRZM4K, 50, 300 Hz AbHR)
TIATRES Cd T 5o MRS IR 1.10 £581 1.35 £%.

2) W H AT (50, 300 Hz) A B TR B MM AR R A e K. BEE IR, W)
P AP S S NS I AR, T AR R SR A 4 D B FEL SR (8 i o

3) Y (50, 300 Hz) o] LAESHGIR A ZR R st b R IR R Cd, IS (50 Hz) A5 A THIp
X435 Cd IR, SR (300 Hz) WA A2 pa s R0 34 Cd AR 2R

4) BB ATEYIME R 2 BT E—E NVIIRAA, (B gAML, XA 4, BRACRE
=, VAP, HAARA RN IR .

& % 3w
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Effect of AC electric field frequency on remediation of cadmium contaminated
soil by willow- Sedum alfredii Hance mixed planting
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Abstract The single plant uptake method for remediation of cadmium (Cd) contaminated soil is often low
efficient, while alternating current (AC) electric field combined with plants can be better for soil Cd
contamination. By optimizing parameters such as electric field frequency can improve the mobility of soil Cd,
promote plant uptake of soil Cd. A soil pot experiment was conducted to study the effects of (AC) electric field
frequency (50 and 300 Hz) on soil physical and chemical properties, Cd availability, plant growth and Cd
absorption and accumulation under the mixed planting conditions of willow (Salix sp.) and Sedum alfredii
Hance. Compared to the control treatment (without application of AC electric field), the 300 Hz frequency
electric field treatment significantly reduced the soil pH value by 0.13 unit. The increase of electric field
frequency significantly improved the availability of Cd in soil, and the soil available Cd concentrations of 300
Hz frequency electric field treatment was significantly higher than that of the control by 35.00%. The plant
height, biomass, leaf SPAD value and root morphology parameters of willow and Sedum alfredii Hance were all
improved when 50 Hz or 300 Hz AC electric field was applied. The AC fields reduced Cd concentrations in all
parts of willow and in the underground part of Sedum alfredii Hance. The Cd concentrations in the willow
leaves, branches, trunks, roots and underground parts of Sedum alfredii Hance treated with 50 Hz decreased by
22.16%, 29.82% (P<0.05), 1.49%, 15.91% (P<0.05) and 31.81% (P<0.05), respectively, compared with the
control. The Cd concentrations in the aboveground part of Sedum alfredii Hance increased by 43.37% and
55.18% (P<0.05) in the 50 Hz and 300 Hz treatments, respectively, compared with the control. The increase of
electric field frequency improved plant uptake of soil Cd and the efficiency of soil Cd phytoremediation changed
with the applied electric field frequency. The total Cd accumulation in the aboveground parts of plants under 50
Hz and 300 Hz AC fields increased significantly by 24.04% and 21.24%, respectively, compared to the control.
In terms of the tested two plants, the S0 Hz AC field improved the Cd remediation efficiency of willow more
than that of the 300 Hz, and the 300 Hz AC field improved the Cd remediation efficiency of Sedum alfredii
Hance more more than that of the 50 Hz. The experimental setup had a low cost and high restoration efficiency,
providing valuable reference for using electric field frequency to enhance phytoremediation efficiency for Cd,
with promising application prospects.

Keywords AC electric field; electric field frequency; phytoremediation; cadmium; soil
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