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Abstract

The nonstandard mining, beneficiation and metallurgy process in nonferrous metals industry
leads to serious heavy metal pollution in mining soil. Biomineralization can transform metal ions
into stable solid minerals through self-metabolism, cell or extracellular matrix, which is a green
and long-term soil remediation technology. It can be divided into biological control mineralization
and biological induced mineralization. Biocontrol mineralization is to adjust and control the con-
centration of Fe3* in sulfide soil environment by reducing functional bacteria, reduce the redox
potential of soil environment, and form metal sulfide mineral precipitation, so as to reduce the
bioavailability and toxicity of heavy metals. It is mostly used in deep anaerobic environment. Bio-
induced mineralization is mainly through the biochemical activities of cells to change the sur-
rounding environment to achieve mineralization. At present, the most widely used microbial in-
duced carbonate precipitation (MICP) is mainly through the hydrolysis of urea catalyzed by urease
metabolized by functional bacteria to generate calcite-based carbonate or double salt crystals to
achieve the mineralization and fixation of heavy metals. It is mostly used in surface or shallow
aerobic environment.
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1. REE

AR, FEA e mAT I & KA 4 FAT WL HESUS Y 41.5%~61.8%, A (AT IRk
RERTF A RRAT /PR A e [ B < V5 e i B B (15 YNGRt o 1wt DX/ Dy i [ 3 At J 7 X
FERE IR A VR S e AR 2 U T, RSB 2B A ERBIRN . B REHEEEA
[IEGAZUR:RCRU R nt N N NIV W 1 A= K TR A CIEZR SO E S ) GRRSC IV [ Al WS 28: WS G N (.3- S
EIRTGH IR KRB O UK 7 (R T S I A L

" X EL g i e R IA B R LS AL T HOT G ARG IR 2 AR T, KEMKESHIE
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PR SRR PR A B S B A 4R . B BRE2 M G R AW AL . Bk, EeE A T
TR AT A B TR AR RO IS RIS AE T BRSSO B A FELRR )2 ARG LE R 7K
FBRERE.
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H AT AT BE Y BR AL 22 R AR iR 42 T BT JRZOKAR . RAEALAE R = ol SR AR IR 23k IR
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Tl i 2 Phi, BRI ARESR G IR AR A R L AR 2 4 S P UK 5 T T
T E P ER A S R AR B IR ek, (H S A% R i I Rk ) R e, I A AT WD (1 it R4
S WPFI AR AN AR A RO A A S, £ R RGBS AT, LK
SO0 P AR AN e i e T W o S 2 5 A B B MR IR B R B A B S U0 VR F I H AR sk = PP
e BT AR 2 HR A R YL A NETh B R, OCE LS AR — 3B, R 5 R
PO A 22 (R AIE 9% R 23t H IR E RO 2 A, 0 H AT S R R LB LRI A B,
SR A4 S T e T A B 0 RGBS A AT W RO VAR - A SO e B AT S A 0 R A 220 A A 2R3
RNERE . ARFIRCR S W55, A TR 4R 5% .

2. WHEYMIR AR

TWAEIWAZ BB 1R T 2252 M F 28 0 a2k A P 5 PR Al 2 P e A R ] o =< i, ) A A= 4
PARTR AN 75 88 B T A BUOC B B F RN A 175 ek B3 10 B I [1] e TAErns B 4 8 s 4t
W E 3 208 A RS . AEMIFE Sk S E SR IMbE ST, 72 M A A o e el 85 5
LYPORDOE R, RS EF BN T 5 E GRS 18 B i ] e fE4n M BE |, B & ad o B
I 554 B B T M Ah i, B4 B85 (Extracellular Polymeric Substances, EPS) K P 55 2 ff B 122 fi
(R <5 R B TR S, AT OR Bt i AE 5 AR BNE B0 [2] . 5340, Tl iy 45 22 M B B 1 B g T (n
BRI SEE R, BB A A BRANITIE DR i P AR BRI B 4 SR B S [3]. AR AR AR
A 7 Y5 L (Biological Controlled Mineralization, BCM)AIIZE47)1% 541k (Biological In-
duced Mineralization, BIM).

2.1, £9EHIE

1) AWkl A e R

A=W b Ak 32 B 3 1 £k 38 IR 1 (Dissimilatory Iron Reducing Bacteria, DIRB)FI & £hid i i
(Sulfate Reducing Bacteria, SRB)Z53iE JEThAE T, LAS AW I AL A, RS Ans i BAL i M 3p i b Fe®
WREE, PRARMSER AR AT, [P 5 48 0 38 AT Wk IO, AT AR B 6 i AR
R A [4].

DB IR 630 I B 0, HCRE RS S AUAE R R #h 08 JEUA IR A S, A AR A R & B 1%
R KF R & @AY [5]. B RTH A SRB B B A B E Desulfomicrobium . i 5% #F B8
Desulfobacter. #lifi#T# Desulfotomaculum %, IhAEREREAELEIL JRIAEE O SO2 40N H,S, H,S #E
— W HEEE M EERBRYITE. Li Z5[6]0 70 &3 SRB + Fe XA Cu. Cd. Zn Al Pb ][
RRCR i, MR 25 MR VI 100%. 98.5%. 90.7%. 100%, [H]A L X L6475 (XRD)FI X 548
1 7 RETE (XPS) AL K B AE SN 1A N B 42 @ =% LA ZnS. CdO. CuZn Al CuS & AEE, BT KE 1
4 SR B B RRAR (B R S5 & B B I BE AR Ksp 3876 10724 LA 1), AT DA R 35 A1 2 4 i vk
WA T SRB EAWIH RN 23 7= 4 OH-SE0M I B RE1A], $grm L33 pH, M) L i iz s . £
SRR AN (1)~ (3) s -

@© BRER ERIL 5 B ARG MUBIR S5 A 38 SRR R AR

SO;™ + Nutrients + 6H* — H,S+CO, +2H,0 €))

8H, + 2502 — H,S+HS™ +5H,0+30H" @)

@ E TSR M RS RELT )
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S

S +M* 5> MSY 3)

SRB [{1& 5 3 B C g I0IE 7] F T U 1 & @ A (4 Jm , DLRAR B 138 . Groudev Z5[ 713K ] SRB
AR E LR, 45, Cu. Zn. Cdisdm, L3Ehah. 45, Cu. Zn. Cd MIANES R E N, +
R TS Yk 1 B B AR Jiang 25 [8]#F SRB T Cd i5 % )m, 3% Cd i R BRI %
AN ANIZS, Cd A ] FIFH B B R BRI - SRt S5 [91 R H AR 5 Desulfovibrio sp. Wn-1 1 Wn-2
Xt Cr 5 HIRHHATIBUE E, 10 KJa Crf ik JER HiA 75.3 %.

2) mEHIT BRI B E R

— 7T, AR R AR R R RIS, LIRS IR S AR B IEFR . SRB BUR
AN GIMEDE: WAL, LR NEREE, b FLRRAN 2 4 UE SR B I AR 2 —[10]
@ BHHURFFDZ: AR EY DR (s EE . AR, J598). SF4EZMEIINRERE. R, AE)
&, WHIEN SRB RAA KA REE AT fL T fitA, & SRB A K BRI IR T, A RE a2 A AR [H
) SRB A9, [FItH 2 iR R sk AE IR IR T2 — N EELFIN R N TEILEY, BIUEY
AFAE TSR AR S, B R AR A, IR 78 4R F A X G LR I gt — 20 f Rz
B AN KL B R AR [11] -

A—J51, SRB £ NRAHER, EABEIREGY 1. Marina Nicolova Z5[12]K FLER A £ FREG1E
4 SRB [1fiE, R ESALI TIEERE IO . LRI E TR (U0 P PE 0 BT R SE), IR RRDhRE R 1A FHER
55, BT AT S A IVE 7R)E, RN BHE I — 2 E & SRB 1G5 Y AE NEFRIR, @it &
Pt PR FEAER, 4ERE PEBIIR A . SRS [13]/E B ERSE T, LIRERCARRIE . 15 A iefh
TR, MEBRENR - MEMER, UL EE R L IR AT R ER A JE A s E

RNl TSR EK, EEkZER SRS SRB ik [ I 5 5 R85 b 5 A v R
(acidophilic bacteria) (1) 55 5 [ #, VN INEEREE SR IV A Bh T 200X Fh 38 4+ [14]

22. £E¥IESH

1) YT /e L

AW T BIM)E AT R 53— 73 3, B e 40 B A A i 3l o8 ] LA AT SE I o
AT T ORIR ERUTVE (MICP) 2 ALY S0 L IKAE i, SRTEIREE P Ca®™ 5 &R B 7 Ll A H M IR A7 1E
i, A 8 S AR R R I, TR A O ERIR B A . SN B A e . &
POEZR . RN NIRRT, IREKAFL TR Sl RN S a4, HIRSEE S,
e BGE BAETF RIS R MICP HiR[15]. JRZEKME MICP 12 Ak Ak = (4)~2R(0) I m il b [ B

16]:
- CO(NH,), +H,0—"% NH,COOH + NH, 4)
NH,COOH +H,0 - NH, +H,CO, (5)
H,CO, <> HCO, +H* (6)
2NH, + 2H,0 <> 2NH; + 20H" @)
HCO; +H" +20H" <> COZ +2H,0 8
Cell-Ca** +CO% — Cell-CaCO;, ©)

TE ARG T IR R KRR A, 1= IR B 7 7= DR T AR PR R KK A e i 10° £, AN
FEAREEN SNCR IR A AR [17] 0 BRI, 7 IR B v PO DR Bl A RIS 32 4 A PR 2R KA MICP o R ) 55 B ]
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o H A 5 4 8 A B 52 007 IR B B 2R B R R A1) 05 S IR . iR A 45 .
Hrh e )\ BB RKRYIN i)z, EEAE K )\ ZEKEH (Sporosarcina pasteurii). #2711 )\ S 3k
P (Sporosarcina koreensis UR47). %1 )\ & Bk & (Sporosarcina R-31323 UR31)% .

JREZ K MICP SR B AE R TR i L TR M TR SR 2 AN e. 1@ MICP /A, LA
VIRV UR A TAR KA . — T T 2 AE P IR 45 4F FH (biocementation), HAAni B2 NIFERSC, He4itk
BEAR: 53— 7T SZAE IR 246 H (bioclogging), —LAARIEPEREAK[18], WEA 12 MICP LN b )5,
BB Rk RS 2.1 x 107 em/s, A FHEN $e 6t T Sm 48 B i 2, B ILF/K iz S EORE[19].

PREKSE MICP 3 F5 BE 4% e R4 [ 14 B2 <5 B TR 1 4 S o e 32 B 78 R 2 7K A B 51 7 il A DA
AR 5 T7 A L UTIE R I E &R E . IREKG AR AR ST, mREA%EES ST
fRAUURR, TERE 7 S E SR S 728 ik W E L8 51, 8 b S L SR & DKL #h
A e, Had (LA JE St 1 BaR[20]. BiE MICP i #3880 Ji v A7 () AN Uk,
7 UK P TR 8 G VAR pH AR R SR T A I DTAR . D7 A E R SR A T S IR e, Rtk RS
it CaCO, KIIKE LB T [21]. H &8 510l B A4 M P AE AN B R T, AR5 55 4 i 2 1 ) Jsed or
RS G, BEJE R, 1zt R — AN s i R [22]

Urea +2H,0 + H'
S Heo,
A HCO; Ca Ca2*
b 2NH, +HCO, 7 Si>
\ Ca>* v HCO,
Ca Sr __» Sr .
At S / Sz ’ A
Time
——
—~ Sr
B

Figure 1. Simplified representation of the events occurring during the ureolytic induced carbonate precipitation
1. FREKEE MICP FESHERISSEERAMEREREE

H AT H 384 5 h O 2 50 5 e R PUIE Se Rl IR K MICP RER BIA RLE €, MRk 1
B o

Table 1. The statistics table of urea hydrolysis MICP repair effects for different heavy metal
= 1. [R&EKEE MICP AR EERBIEEMRGITR

EHe)E 7 IR RN AEYMEE % Eieip el
Cu #4777 [C1# (Kocuria flava CR) 95% (ic = 340 mg/kg, 1-3%) Achal [23]
Pb 5% 70 [ 1 (Kocuria flava) 83.4% (ic = 100 mg/kg, +3%) Achal [21]
Zn e A Fil 50% (ic = 33.4 mg/kg, -:4) PRl [24]
cd 3T 4 (Exiguobacterium undae) 90% (ic = 100 mg/kg, +3E) Kumari [25]
Cr IR 2F AT 1 (Bacillus cereus YR5) 92% (ic = 100 mg/kg, +3%) Kumari [26]
As £y J\ & BR1E ( Sporosarcina ginsengisoli) 99.8% (ic = 500 mg/kg, +3%) Achal [27]
Sr EL G 2 41 )\ B ER T (Sporosarcina pasteurii WJ-2) 80% (ic = 7 mg/kg, i IAb) Kang [28]

T ic fi5 L IRBA R B BB IR URIR L .
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M 1 FIE R RE Rl LI i ade Y A B 255 TR E A 0 R T A S XTI B 28 L o < s 11
A, RIEH RS T ESB A A EZE. X Cuy Pby Zn, Cd M FRESE, FEELAE
PMEALREAE IV SRR B COS , S5+2 M i & 7 UABRIR £k M AU [ 52 s XF Cry As S5 B1E T
R &R, W) 3 EE AP AR B Cr (VIR As (D[ & T 07 A ks o, A 280 P R RS 8

2) RS AR KRR R

YRR RCR OB T EPS XL Wiz, T EAHE: © EPS W& BAEXH 1LY
fzl @ KT ISR AN R A ir B AL & 42 .

— 75T, EPS B Z AR R IEGE, a3t AR RE I B . B e iR e R eE,
MRS A AR, HRERBEH RN Z FE A, EHIERSRR pH B2 R TEHL-H ILR e
BERE. 551, EPS WEEZHUKMER ) T A5 SN TS A % i O BRYE K 7 1, LR AL
FERRAT LA, A NN S SE R, s 5 ENT it 2R, Kb RA RIFmAE
PIR B AL S OB 22 Ve RE,  REME IR AE T AEWPA B 1 %% SN 7T A 2 HUBRR , IX 241
P RE R R E B BB R

3. B&

1) VT EARM I DIREE H B R A A I RE ] v 28 B <o 1 [ e eI VR I M 3
i NI AR R S RE R B AP AT, ATRIRSE RS AR R . (HAEI LR B
L& R A A BRA R .

2) VR T A R AL, R A AR BR IR AR BB 5 e AR OB AR 3
WH S AP BT HEBRE S IE MR B . BRIR #h3E IR T RE(SRB) MK 1L [ 7 (DIRB) ¥ 5
TAERASM NAERIER, HXBE @RS8O, ik, Hebh)Z A0 55 245 YR R0 5 2 n] Rpai vk xR
L R A) ¥ EEE PN AP

3) BV A N I A QU R SR AR R, HEARRIR SR TR BT, AR R
HEE S AR EESE. MEYESBRBRTIEMICP) S EE JiEh]. RNV w4, HRM
MR, PTRIDIRER 2 AR, S E T I BER E 3 N .
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