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B B ONTESUREERWESE, ERGER KT, BFFEAS E SR 0555 50 o g v A Ak
BRERHF T (Acidithiobacillus ferrooxidans, A.f) W I HLF I W ¥s it Sy b i5 e H 3 E & @ 52, & T 20, 60 Fl
100 mA 3 /A6 BE R AL G IR B2, I 20 0l B8 2 AN 3 (F) . 3 T80 A i Fi 37 A4 6 BB (CKL) AN 422 T R A1 i /i, 37 19
YRR (CK2), Bt oAb, EStmfkmisn sd, WeE BRESBAMRER. 450X 768 fEE N 20 mA
AT, A TG R E S E A ERR ., %S K, M EEPhESE Zn, Cu. Ni. Cd. Cr FBEER
BB A, EBREDSEE 9%, 2%, 78%. 85%. 56%; Wilk)G, TIHERERE LT (LIRS &K
FH Hb A= 3875 e RS bR fE GRAT)) (GB 36600-2018) H B3R . it B e, 3 199 Ah B 5 P it o e, 4 K 925 181 A B 1)
SZAFAREL, HIEESE AR R 18% DL 1o SRS RBL, VEER AN A 20 mA 724 AL S 4E F R AT DAFETE
AN 3 Y FL 37 T LR A TS e 1 S A R L RR R, Dy Ak SR RO R G A8 g Y S R g 4R it
T5%,

KR BB ; B, BTEY; EEEY; HREBR

HBJRITRAZE TR, IGHEME, HRMEFER, AT AR RO A= T 9B % AF Y
g, Hip, XESEEE EENBE R AR R E N T, RSk BUEwIE MRS
B2 N, s R ET, L& S sl i 18 0 75 2 1) o iz a0 00 v i T R R
T (N Pb, Cd, Cr, Zn%%), FAEPIELIE, ALLIOUX 265 JF & T — Mg e &, MR b ik
JFERE G R, . BEL B BB TIRAY, AEE a2, g
JEUCRUS AR AR, AR R, BikRIE TR (U0 He) s T B %A R Y (5L 516 9)
Wi HEA: 2019-11-06; RFABEHA: 2020-03-01

EEWB: FEAARAIEEFHHE (21307080); - #EHEEH PO BRI H (ZF1224); LT EF - B R A 5 TR (3
PGB 5 TR, B Tl K SR @ 30 H (XXKZD1606); |55 — Tl K2#BF 28 4 T H 3£4x (EGD18YJ0054)
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BF, WIGE Y e fkeE 2, EA3INAWN, il SHEEARMEN, BERT 60% 1Y Hg. 4 ¥t
T e FS YeiG B A B ARCR , R G R EHER L SIS L SR
Bl R 5 gy Z R FHe R, IR BIBBR E A8 0 H P, fEARZHUEY T, b E L W AR B AT
W (Acidithiobacillus ferrooxidans, A.f) J&— P AT W R I 52 P A4 S0, D0 2B Ta 7E /= VR B T 4 @ 36
B Y AL REE N — E BT E AR, 94k S X T 4 e B R A I R R

EREY R R ARG A, BN S EHus, A R TR E Y RIEE 3R . GILADI
SEVVR L, S B S 1 F nT DA ] 4 8 R A BR TR (Staphylococcus aureus, S.aureus) A o (A
AR R, @ 10~100 mA LU i 55 LI RE 98 WM K W AT T8 (Escherichia coli) W A2 1 Tl i
Bl X 2 BN B LT R AT AR UE B A K . MAILLACHERUVU 26 &8, 7 0.46 V-cm™
M ET , AR TIAMEDREEE, AR TR mEED .

AW X S PR BT YR S M A TS e g, 38 i AS [ SR R A S B R, T
Y55 WL 55 T VB IR A AL AR BT 1R X T e IR S S B R (s . ZECRIEXT IR N . AN
G 15 B TG P AR S LA T T, AR E W iE B L ERERT S . RORIRA B G . BF
FEAE AR DL 575 G 3 0 4 TR L BRACR o Ak S UE WA E E 0 S BR
T S%,

1 MB5RF*®
1.1 #ilAR

A S AH Y AR S RS WD R R REYE ) P A A DGR DY, AEWT VLA MRS S T
JBSEY R 3 M B 22 5SR-S BURE . R HE 020 cm K2 IR ARES . HREL SIS R . A6k
o, ik 100 B, SWEMRELEAH . SR HNO,-HF-HCI 185 A4 2211 S 1) 45 - FE R AT 1000 05 it

TAWME, MESA MR LA . pH A 8.1, S/KE N 43%, AHRESEN
6.7%, Zn. Cu. Ni, Cd. Cr it /05050 %1k (18 000 £100.5), (3973 £36.4). (368 £22.7), (41+1.3),
(502+31.6) mg-kg ',

AT AR DS A X AR & R I 0T B AR 8, 5 &t L % 2 R Ik E A,

OK KrFRILRL T : BRPR%EL (NH,),S80,)3 gL', BERE 4 (K,HPO,) 0.5¢' L™, SfLH (KC)O0.1g L™,
LK R EE (MgS0,-7H,0) 0.5 g- L™, filERES (Ca(NO,),) 0.01 g-L ™", -L/KFRAR 2k (FeSO,-7H,0) 44 gL',
FHHBR IR (H,S0,, 40%) i Bk f5 1Y %5 A pH % 2.0,

YA AT AR (C,99.9%, LK ); KEEH T RF (AL204, %+ MEMETTLER
TOLEDO 7~ fl); WA (BIOHIT, FEER /KA hEARAF); pH/H 71T (STARTER3100, I
VB BEHT AL PR RN R ME IR R4S (ZHWY-2112B,  F IR A M A ge A BR B AF A |l
I I % 1L (ANTON PAAR); HLJEHE & 45 55 TG 3% {Y (ICAP-7200, ZEBR KR B b H A BR A
Al); EANAT UL G EEE T (TU-1810D,  Jb 50 FAL S A S ST A F] )

1.2 XWHFESRNFEE

FREC 1 g il 2 HFE, TN BKEA 50 mL 9K 1537 319 150 mL A9 45 il 35f (1l i 254 b o #0486 pH
2, P OK BRI AR 10% 1 AT, K 2 R B4R 6 mm A1 S HLARIE A G 1 25 88 B, R
WEFE S S50 TS AT e M A AR B 45k, AR B FE B R S om. BE AR B TR E 30 °C L B
100 r-min™' PER/AKBFEIR T, S R IR AT R 3% . 08 3 LR E AR B, 435I 20,
60 F1 100 mA, &4~ 4b BHAM I 1 A4S A HL 3 19 25 11 6 BT (CKL) FI 1A S 32 181 Rl (1 25 11 0 B 21
(CK2), WA ERL 3K, AR5 d.

TES 0, 1, 20 315 RREA BRI FRELDRE M o H] 5%HNO; TH fif A7 28 H B 2 T 9 F,
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PUBUIF A T 50 mL A RN o 7R IR 3L AE 5 5 DT B i 5, AR 4% 1:20 5 1:100 L 5] H
5%HNO, fi kg, ot HbrE &R &,

X SR A (1) = SR i R FH 28 A0 AT L6 40 S BE T A ML A 5 o BT R pHL L R IR R
FL AV A4S S 56 1ok B2 % pH. Eh B 4700 5E 5 mKPmB\M%ﬁFMM*#m¢E J& Zn. Cu.
Ni. Cd. CrfyHkE.

2 #HR5TR
2.1 A-fﬁ&zzlﬁj%l}lbgierHEqT1‘t

WE 1) B, 524X A, 20 mA 525641 WY pH RE R [R] 19 28 £ 2 B0/ N8 B2 7, Bl
G R TREE, fE0~1d IR E,; £ 12d 8 FREEHR; E3~5d2 A0, HpHf
FEFE 2.1 IR JCHL 7% B4 (CK1) 78 0~1d BTF, HpH 7F 1~5 d 4ER54E 3.5 2475 L 3% 0w % R
7 (CK2) 745 5 K11 pH {4 H57E 2.6 2247, ﬁ%ﬁﬂ%ﬂ?mgﬁﬁﬁo

H & 1(b) FE 1(c) ATLAFE H, i 60 mA 5 it i 100 mA HE Jii 58 B A9 SE 56 40 pH 7655 1 K542
A, 5d)F, pHREUETE 2.3, 5 CK2 XA L, i in 60 mA 57t in 100 mA 1) 52 55 21 B B 1]
AN, B KRB . &5 Lk, ERENERT, X TR FEYFRSLNESR
V5 Y R, N 60 mA 5 100 mA BIIS S, 5d 5 pH 2.3,

M ASWHTAEYMIE RGN, R pH BT B REIR A Y K BHH M An i, EIRA K
PR, AW VR R IF R =Mk, BT A, R PR AR HY, BRAR pH,
L= (1)

S + 6Fe™ +4H,0 — HSO; + 6Fe’* + 7TH* (D

TR E A E 23k pH 7RSS | KA — @R LT, BRGNS BR s, wsh s
TERLSS AL FAE T, PHAA R 7, SECH, =4, R YRR T M. MERh R4
fff K R LB, AR BT 7= A 0 HOE 8T — A1) BIAR B s R X5 BAR ™ A 1 OHJE B — A ] BHAR £%
BB X . YR X () RS 2l 1 R 0 R, Al AR R R R VR Y pH S B R R R 0, T LA pH A 2R
1 RJG . B, 7620 mA ERAREBRGMIER T, BTk A0 66 008 55N & B A 358

38 381 38
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34 34r 3.4¢
CK1764/ - papid) - -
32t ICKZ%QQE‘%\ gl 32t —=— CK 1AM % 18 321 —=— CKLICAMnb b 1
30l e 0mA 30t —o— CK2JC X i solb —e— CK2JC X
= ’ - ) —a— 60 mA = : —— 100 mA
T 28t T 28t T 28¢
26t 26t 26t
24t 24t 24}
22t 22t 22}
20} 20} 20}
18— : : : : 18— ' : : . 18
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
BN TR /d SR il /d JB R i /d
(a) 20 mA (b) 60 mA (c) 100 mA
B 1 AEEREE T E & pH B E AL
Fig. 1 Changes in pH of bacteria liquid with time at different current intensities

22 AFEAEARBREBE TENTEBEAL (Eh) BT

mE 2/, FE9RAE T, 5dJE, AN 20 mA A9 B IR A9 S5 56 4 AL 38 JR L 47 (Bh)
L, S ETEE, 52 AT AL, B A, BB 2) ATLLEH, 20mA SERAE 1dER
Eh P/ 245 mV; 7 5dJ5, Ehik %] 280 mV. CKI1 Xf M4 F I AR S, 5dJ5 0 Eh 48+
f£200 mV; CK2 X RRALTE 1~3d 2R, HAE 3~5 dRETE 250 mV,
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Fig. 2 Changes of redox potential of bacterial solution with time under different current intensities

i & 2(b) 518 2(c) AT, 7E 60 mA 5 100 mA FHLURR AT, SCR 4 5 A0 0 i) CK2 X HE4H
) Eh AR AL FLE R BOM A . e fb2 RN IAER T, 5 dJ5 9 Bh i85 8] 260~270 mV, & F 20 mA HLi
SRS T Y CK2 X R . 255 KF, 20 mA SCUG 410 Eh By, LW R, X UEII7E R 1Y
ERTT, B AR B A IR i RE ) 5 .

XTASTEEIN 20 mA B iH %, Eh BB b . FEA R AR RO, SR N R A ) I
Gl P REEN N, W RGN EE N, E 2(a) TRTLIE H, 20 mA L5
HrYy Eh BT BT, SORMCE M AL e LRI R R 45 R, AN B BE Y I H S URT AR i 4
WA, I EARA R ACH P R, 0 RE 3G 0 4 A R Y aE PR FEAEIRIE RGP, Bh 2R
W Rl A= P s M 0 bR i 2 — 1Y, RIBHARIE TR R &R B A AR R R T SR ES . Bh 9 B AR
Fisfe b ES BB, 28 LT, X AR 20 mA B9CE3, AN T AL H 05
PE, WHFAEASEER DR S8 T
23 AEBEREENESERMRENEI

D 3 AT, 4R 5 O 60 mA I 100 mA i, ZEAHR LR GRE T, CK2 XFHRZAH LT F 5C
X 3 Zn, Cu, Ni, Cd Fl Cr BEER R A8 F AR o 3% Ul W 7E B i 58 B2 24 60 mA 5 100 mA
BT, AR RB N LR E 8 S, SRR 5 X A BRIk vE R i & B A7
TETH IR A5 0 o 3X 2 i T S8 50 T 8 () W R 40 TR (A, A T B0 U0 G589 P VA O TS 52 PR3k 3] 1 A R
AT 7 W8 2 240 D 1 2804k AR I S N o FEL R 2O 100 mA B, X Zn., Cu. Cd. Cr MYJBEER R %
FEARBE & o X UL IH 2SR 2 P B B VR R 32 S, 1SS BT R /NI B R T RN BE R A R Y
MR . ARE AL AE L, MR RS KR, B4R FiEBrdsRmi, 2
G BLUREA RN AS [ R EE A G B, XIS G R Y E A R A SRR, (HR R R
A A FF LIRS . MAE 20 mA 25 F, FRKRAMHBRE TIHREEPELSBHOMRR, 11
1 Zn, Cu. Ni. Cd Fl Cr B e BR 3B CK2 X 2 73 5|48 5 74%~91% . 58%~T2% . 62%~T8% . 57%~
85% Fil 46%~56% ., 7F 20 mA FIGKHL A F T, % CKI1 XTHRAL, AfBEXT HARE 48 TR R4 5
B L, HAPRGE Cu I SCR R AR, f10% 852 2%, 10, 7TERGNIERT, AfH
XFF G e I A R MR AR B T BRI . 7E 20 mA IDHIIERT, Af T LIRS
R e b A A AOR .

& 3() ITLAE 1, Zn BB RX R R E . T ELSE Zn kL, 20mA FF TR FELBRAS
CK2 X HEZAAH L, XF Zn BIBEBR S 16%, X2 W T X AS TR 510 . A F 20 mA
AT/ CKL X HRZL XS Zn B WERR R AR THAS S 0 SR R, AESCIR T, Y Zn B+ K & U
BTSN RGFENY, FEEFEEVE pH A2 &MT, BIBRTERKEE FEMN Zn, Xk
Zn B PR A IR RS 2 e B 0 B .



1340 ok L OB ¥ M 145

100 CICKIFAM e 100¢ |:| CK1IEH M, b 0o 1 100 ¢ T CKITEAMma Iz A
90 + CK2JG i %] iR 90 N CK2J& b Xif 1R 90 | CK2JC 5 %] IR
80 [ B i 80k m FANE ALY 80 B F 11 1 3
S 70f . ; >
¥ 60} ¥ N\
= 40} = :
N o \\ |
o § nm
10 \
20 60 100 20 60 100
AL /mA HL it /mA L AL /mA
(2) Zn (b) Cu (¢) Ni
100 ¢ 100 ¢
90| |:| CKITEA i %t i 90l C_ICKIJCAI L 7% it
g N CK 2 [ %] 17 CK2 T %] BR
. 80r E B . 8or & PNt %
3 70+ 1 ;i 70 ¢
& 0 e & O
= ! ’ =
5 40 <= X 5 40}
30 | X 30
20} I 20}
10+ | 10}
ol NN | N \ 0
20 60 100 20 60 100
LT/ mA AL i /mA
(d) Cd (e) Cr
3 TREREEMNESBREKRE
Fig. 3 Removal rate of heavy metal at different current intensities
F1 P 3(b) FTT, i 20 mA () HL 37 08 AT Cu 9 JE R S 5 1 CK2 Xt IR 2 14%. 3 2 P9k 7

HIGERT, MAYMIEN F BB T TR, FEULAEWAESL R G BIWIRS AR, il
Cu B AL 25 G B0 A E AL TE A 1 VR B 98 22 2%, P I o8 B8 55 B I B ] 40, 25 X Cu 85 - 1 it
PR A5, FEAIIE AS ARG ST T, B0 BB (], 320 R X Cu JB B 80CR 1 42
FHAER 25+ 40 B B B

Kl 3(c) M, M T 20 mA 504 T 1 F 5250 40 A A B 3 254 T 19 CK2 X REAL, Ni &1 i i
BrRal i 15%., XA TAEBRGMERT, NiP& %5 OH T M ULEE Ni(OH),, pH X Ni & T
MR R R, EARMK R T, RSB AEE AT NS T ER RN B, BRI E R &5 o
B, TS 20 mA Z50F T F SCS0 A bR R 42 T AR BT o (HU2, BAKAY pH &6 B 7= AR
FIFZMR, DTSR A R 9 RS 1k

XFEAE Cd KUl (K 3(d), L9k A X Cd BA — & M52, 20 mA (1 H 3 A& 0F
N F 2B Cd A B BR 2R  H CK2 X HR4H 28%., [H A Cd B FAErL I EH F i sh ik a e, 4+
HL 37 R R B Y Cd 3, Haz sl 2 502 00 B 31 FH AR A9 E 28 a2 EB 2, T F SE 56 4078 Af 1 1)
ERTR, 2R Cd BB FA, ibcd B FrBsash, Mo Bl .

i E 3(e) AT LA H, 20 mA 258 T A F 525620 0 51 42 J@ Cr 00 B B R AN g b HGAth vl 3 46 12 R 9
FCB A 10%, XJEH T CrfE 3£l o, OO IERAEAE , T RFER 7 Cr&IE il Cr(OH), 1T
e, XEEPIIEEHEGEH THELLTR, D O S U SRR E TR, ERINERT
] FHAR XSGR R B, A B A S AREHER , K IR RAY S SN e Zih . BT RETR
AR EN Cr S EAR, S ASEX Cr R BER D, e BBRFRRTHMESE. 5K
SEREW, FE 20 mA TR IAE T, A TR T DA i 5 Hh B8 B e 1 PR 57 0 3 i 4 .+ o TR 4
&, TEH 5 RAF, 20mA &0 T4+ & 48 Zn, Cu. Ni, Cd. Cr BIBIBRBUR &, TR R
HEEEN 91% . 72% . 78%. 85%. 56%.
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GEILRW . 7E 20 mA ERRBUEHEIER T, 1T LUCA A #65E F IS B A A AR s, nT LU S
AR ZR B A AR R R

2)7E 20 mA H RSB IGIE T, AfEX Cu R FAE T RCR R U 8 . YR mE N
60 mA DLW, X A TR IR Uk 4 48 b ) T 4 R A7 AR TS R RE R

3) 2 20 mA H AR E R GIERH T ASH B, TSRO BR TR Y IR id 7 i + 38 & 4 )8
Zn, Cu, Ni, Cd. Cr, 5dJ5, HERFENIMNER 1%, 72%. 78%. 85%. 56%. S5t i ok
BRI R SRR b, WEBR 34 & 18% DL b, JFR G 09 + 58 5 4 )i & R AR T e 3 b 4 18 T A
(GB 36600-2018), K., #f A/ & T 20 mA WL FA T, AT LU 8808 bR fe % 55 90 9 i 1 b
TR E AR, Tk B E bR
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Abstract In order to efficiently remove heavy metals from soil, the effects of weak DC current with different
strengths on heavy metals removal from the polluted soil of electronic waste dismantling site by
ferrothiobacillus ferrooxidans(A.f) were studied. The experiments were conducted as three groups such as the
extra-electric field of 4.f'and electric field joint treatment (F), the contrast of 4.f alone treatment (CK1) and the
contrast of electric field alone treatment (CK2), the current intensities with three gradients of 20, 60 and 100 mA
were applied under a continuous 5 d micro-electric field, and then nine treatments in total were performed to test
the removal rate of target heavy metals. The results showed that the removal rate of heavy metals from
contaminated soil by 4.f was elevated under the current intensity of 20 mA. On the fifth day, the optimal
removal effects of Zn, Cu, Ni, Cd and Cr in soil occurred for 4.f, and their removal rates reached 91%, 72%,
78%, 85%, 56%, respectively. The contents of heavy metals in treated soil were below the requirements of the
Soil Environmental Quality Soil Pollution Risk Control Standard for Construction Land (a trial) (GB 36600-
2018). Compared with single-forced electric field or A.f treatment, the removal rate of soil heavy metals under
A.f plus electric field treatment increased by over 18%. The study found that acidophilic bacteria can survive
under a micro electric field of about 20 mA. Applying an appropriate electric field can increase the removal rate
of heavy metals from polluted soil by A.f bacteria, it also provide a reference for the practical application of
electrochemical and microbial joint soil remediation.
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