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Effects of pH on MICP curing of cadmium-contaminated tailings
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Abstract: The microbial induced calcium carbonate precipitation (MICP) method is regarded as an environmentally sustainable
approach for the solidification and remediation of contaminated soils. However, there are limited researches dedicated to
understanding the impact of pH on the MICP treatment of heavy metals. In this study, the MICP remediation experiments
involving cadmium (Cd) solution and Cd-contaminated tailings using Sporosarcina pasteurii ATCC 11859 at varying pH levels
of 5,7,9, and 11 are conducted. The results indicate that in the aqueous solution tests, the effective immobilization of Cd**
occurs across the pH range of 5 to 11. The optimal immobilization of Cd?" is observed at a pH of 9. In contrast, during the
consolidation and remediation tests on tailings, the introduction of acidic drenching solutions expedites the leaching of Cd**
from the tailings. In this context, the MICP primarily transforms the acid-soluble fraction of Cd within the tailings into
reducible and residual states. Importantly, the effectiveness of this passivation process exhibits a positive correlation with the
rate of carbonate generation. The analytical characterization through FTIR, XRD, XPS and SEM-EDS of biomineralization

precipitation offers insights into the mechanisms underlying the fixation of heavy metals by the MICP and the solidification of
tailings. The MICP accomplishes the immobilization of heavy metal ions through a combination of biosorption and calcium
carbonate adsorption, ion exchange and co-precipitation processes. Furthermore, the MICP enhances the friction angle of soil
particles and promotes cohesion among them through coating, bonding and bridging effects.

Key words: microbial-induced calcite precipitation; pH; solidification and remediation of contaminated soil; Cd; micro-
mechanism
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G R RIS, LIRS EARAmSGE. HE
PG A R A AR, B0 5 b YRk A
HedbA B, WAEL . GO E. MAEYH
SRRBRASYUTIE (MICP) it —MA s i mrfs:
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3 T Gt T N Cd A R R BR AR,
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Rl pH (X H A BB, W IET S, 3
5t pH {HEEWH BRI R ATP 16 A% .
Lauchnor 26557 7 pH SN 5~10 JEFE P 2= IR BB 1
IKFRIRE RS, SRR pH N 9 A IR E KR %
Beis Yi SO T R B B IR SR AR B 7E pH D 7~9 3
] Py A= K SR 25 R A 9 e 21 R e A i R A 5 3R L
Uf; Dong ZETHHRIL T pH>9 i 41 1 A4 K 52 4,
Wt W 4 T 3 R PAE pH JE R AT REA 7~9.

teAh, pH XA 6= ¥ Fe e Mt A B
Zehner ZEBER A BTG BB M SR 1 I+
MICP J ML FE, KB pH {E A5 fb it SR BR BRAS A= i
RN m B A, pH AE BRI A S A
Z; MU, BEEEEAF pH MBS R iE AL E
FAHME . Zhao ZEUIE pH Ny 2~7 & A H MICP
FiAR 8 10 mg/L 19 Cd*, KB pH N 6 44 F Cd**
FBRF A o R, pH 2 820 MICP JnfE AR RR,
Sun ZEUOM F AL B X pH A 5~8 Y E N A IR AW
BEATIE L, ZRE pH N 6 IS ES HUR et

AR, KIS+ MICP e Ntk pH B 5
I B B AR AR K pH E A — 2. B, X T MICP
B pH EMAG—, BF —L[E R0 45 R & B
PERREE T HARGRE a2, R H, K pH (EX
MICP [& 14 5 4 J& 5 e -+ B2 m R i iF o 6 I o
DR T4 pH BN MICP KB 8 4 @i G+ i R I
JERIG AT 72 A S R U TR

Rk, ASCAHTE pH N S, 7, 9, 11 FAHETREE
177 MICP 25 Cd 5 Cd V5 44 A hn [k 5e
X AW A UTiE 34T FTIR.XRD . XPS 1 SEM-EDS
RAESHT, LAEZR MICP 2R E & @ AE AL 0 (1A
ML, S MICP T 5 48 B4 16 B ALK 4 .
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S gL X FEATY KRR, IREFEMEL 0.22
um JEBIMART FRIE . M 7E 30°C 180 rpm 514 F
PRFG 5T 24 h G T 4°C FAMARAFE. LL 600 nm K
AR R DGR R AR A T R MR 1 mL S 1.1
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Fig. 1 Growth curves and urease activities of Sporosarcina
pasteurii
1.2 EFEimREH

HE BB MRETRKPIMA 1.8 g JREAM
3.33 g SALPSHIFRIRA, FELLREA BN & EARis
HEVA RN C kN 100 mg/L 30 mL [ E & JE R
W B RAERE el CRIED.

WEEYMER Cd 5 J T £ 100 mL 8.0 s
30 mL A& AE R B B O 30 mL B ER VAR
ARG, &b f e DB RETEM)E
CAd* BRI N 50 mg/L, JREGWRAEN 0.5 mol/L.
1.3 XA

I R IR = F 8 RIE TR e
FE, BURERE Y 0.5m, pH fE>A 9.0(oKEE A 11 2.5),
Ec {65 0.18 mS/cm, EhfH4-96.18 mV. 105°CZfF
NEMAEPT 6 h 51T 2 mm 57 SRR I RD .
FERS IR R - 2 1] 2 o, W RIS A 51 R
Cu N 3.46, MR C. 0 0.98, FWAR, KN
ihr -1, i X R SOOI IR AT AL A
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Fig. 2 Grain-size distribution curves of tailings sand
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Table 1 Main components of tailings sand (%)
KO TiO2 NaO CaO MgO ALO; Fe0s SiO2
142 1.73 502 555 572 1507 19.95 43.85

2 WIEFE
2.1 MICP & Cd 5B ‘A

R E pH N 5, 7, 9, 11 DUFTH,
20% ) H5 EEEE AT 2.5 mol/L I A ALANTE TR 7 il 5
IRA T HE &8 ShE N pH (5. 75l % T F
HEBAN Cd {54 MR SRS 08 E TER
KRG a, T 30°CHM MEERY 48 hf5, W
SEVEWR pH fEAT CA> WK E . pH {1 PHS-3E %4 pH it
WsE, CA A FE B B & 55 B O R S e 1 vk
(ICP-OES) ll5€ . FANsmiA & EA I CA iy
MR, A TIOR3 HPATRE, BCPIMEE N &
KPR R . WIRMENE 3. DESBEERE CX
MEEE R, HESRENT:

C=(G-G)C - (1)

X CH CAERRFE: Co VMG CEIREEZ, B 50
mg/L: C, NAEVMEE 5 GG CARE .
2.2 MICP EiEE Cd SHEEN R

(1) KB W HEH &5 YR 1. iRt &
KE16%H#% 759+, BA H CdkE N 400 mg/kg.

(2) BHEF M. ¥ Cdis Y EEEIEA N
N 48.5 mm (1] PVC &, RRIREERE 300 g, RFE R
4 100 mme. 73 ) 7E A AP A R R AN T A 2 200
EEZIEE W E N T ﬁt%%%ﬁﬁu 4 B

(3) I FER S Y R RORE AT SR A 4,
TSR IESNZE LL 0.5 mL/min #4100 mL FREEN 2
Wb, CRUFAHER & CERD RO s 17 J5 DAAH R
BEN 10 mL [E5E W (0.1 mol/L EALESIEWD rh AL

FM ST, B R S s &R LA 0.5
mL/min #ENZSE 18 h /24, FH3E 24 FAE
IR & RESW pH E 358 5, 7, 9, 11, BH
Yo FRSCIREEN, BRHESGENTT A, R TR
FELL A, B 12 d )5 58 R L.

@; s ﬁ@ A
TR

I
PR R4 EL 1 BB 30°C St T
HHUFTE ;"%E%S;@ BB 130 m

LB 5 g/l
R¥E:20L
@ T LumME T RERLRE
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Fig. 3 Schematic diagram of Cd?* fixation tests by MICP
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Fig. 4 Schematic diagram of MICP curing and remediation of
Cd-containing tailing sand
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K F M RFAE W UE J7 92 (TCLP) Y52 MICP 4b ¥
BiE RN T Cd s R TR . R M
FErh 105°C& M FHET 24 h J5 3L 2 mm %09, BL10 g
HETF 3B LG 20 ¢ 1 B0 200 mL $2 UK % 250 mL
HEEE IR G 355) . IRAERTAR AT k1R FE pH KT
5, WERBOBCN pH=2.8 VK Z.BRIATR . H1 254 1REUK
AUHET B FE A E T E R KB IRG 2, 1
25°C N LA 200 r/min R #H A EIRG (18+£2) hy B
B AR B O L 4000 r/min £ B0 20 min, i
0.45 um JEE 5 f i ICP-OES Ml g ik Hf Cd* e o
2.4 FRERELAE BERAYIIE

DRIRAS & 'k, T ARPURTREE RO [FI RIR
WA ERM . EEESRENEA. B, w5t
XA S BRI Eh T (BJRBRIREh . BRIRES) AR



%13

TLHEH, 4. pHAEX MICP BB G 415 S =0 KR 7T 41

BEATINE, BRI B, KREEE Cd R
BREE TR 105°CH T 218 E, 128 mis TMiJa M
20% M ER IR BE G M 2 TE R E, 045 pm
JEREHIE IS 2 /A ERIR, P 8 TR R R A i
BANE LTS AR KRR TR T 105°CHt
TAREHE, LA me Hd, mi A my SERRII R I
LRI A AR TR, BRIR #h 2 R % T A5

R (%) = 22 L 100% . ()

m,

2.5 EERMERSHNE

WITARAWIE AR EN 4. MICP AbERH
12K, ODeoo N 1.5 ki, &5 pH (N 7, WRFE
N 0.5mol/L) K &N/ IRAL, XHRA KRS
MICP ZHAH[A] . {3 F BCR FE AT $E BUE AT R n
Cd MRAFIES, HAPaREmEs (FO. mfieEE
(F2), AJEMLE (F3) ABREL (F4) #4r0S, A
POBIRIE 5 Fim. MRIBZEEMIAR (HCI-HNOs-
HF-HCIOs) #REUEF A Cd, Bl CkE
3L ICP-OES #EAT %2 .

1 g5 +40 mLEY
0.11 mol/LZ. MR¥AWK, .|
250 rpm 25CHIZAF

THRFH16h
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E,E‘flsﬂiﬁﬁ | LR

]

M40 mL 0.5 mol/LER BR¥Z e i (H2NOs
BRI EpHL.5), FIHIF &R 16 hEg.L

FIRRFBA [~

P2 R RS | i Ay

FﬁﬁJ
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Fig. 5 Extraction steps by BCR

2.6 =Y IR SR

¥R 7~ MICP #ifl, CA* HLEE, H pH {4 9 T4
T 48 h JEAEYME S Cd R B RN IN Cd* (Xt B2
TR, 22 4000 r/min 250 20 min J5 3 2 AEMH AL ITTE .
DUVENE VS VR T AR R I B St R, 48 0.075 mm
i WX B AT 0% o g5 B ALK . SR A T R
(Zeiss Sigma 300) X AEUTIE BT IES A HATRE 1
R31 (SEM-EDS). il X H&ATHHY (Bruker D2
PHASER, XRD) HIAA#EGHE 1L UTiE#EAT YA 20 #
FTEE Y 5° ~80° , KN 0.02° , 81 H MDI Jade
6.5 FAFE IR 28 S AT AL B o A5 R o8 R e AR 45 2
WG4 (Thermo Scientific Nicolet iS20, FTIR) X
AEDUTTE H EE D R R BT A, AR EE R

400~4000 cm 's i X 28T REEX (Thermo
Scientific K-Alpha, XPS) XJ# i iE47 F M Bl 7,
P 454 R8N 284.80 eV 1) C 1s WEHEAT R .

NHE—BERTE MICP B S =ik B 5 o) 2
SR TIELRR, HEBRAE R B5 7R ALK
B R N SR, R M IS AEECN 99.5% 150
H B RAR TR Cd® e BL 1 g RARTT Ak K i
T2 pH {EN 9 19 60 mL E 4@ Ehiwih, HA%ut
5 MICP 4bFEZHAH[H, /£ XRD F1 SEM-EDS 4371 3%
TEBRBRAS Wt Ca =4

N7~ MICP [k i5 4 ERb LI, B pH {4 9
i [E Ak 58 UG R, 278 T8 5 3ET SEM IR,
W& MICP 15 5 7= A [ BR A5 7E R R[] (1) 73 A T 3o

3 HIEHER
3.1 MICP & Cd iz

WIS pH MEXT CA> 2 B B 2 5,
W 6 fiR. B4 8 LBRREEEERYIG pH HEIT
TR G OK FE RN R 3 pH B SN 4 8 SR TTIE I
firR FEEFD 4 T 200 B L AE L A f Hl B O 1T) AR R
W, A KN, BREEKMIR 24 R COT R
PP T TR A, BRERAS AR D [N HY
5 CA* FE 4 BRIRAS B A, B A8 BRI
TERRIER G R, dHpE AR KRR ER, IREE S e, AR A
FRER, FIFAE MRS, BEREESEN. H
pH>9 B 408 A= K 52 B0, 24 pH {EA 9 B, Cd*
F B RILFEAN 97.43%. MICP MNZAS pH T
) 5 IR 2 A B X AN SRR — e (R R BN SER, VLR
Hh I I 4 T IR R R S, SRR IR R A
OH , YHEALT Jat% IR I B H BRI B A Hh 2 ff
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Fig. 6 Effects of pH on immobilization of Cd*" by MICP
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JaFti, pHE N 9 BHARIRAKAE 13.423 mg/L, #HLL
FARZ MICP 4 F 2R Cd* = HIKRFE 21.005 mg/L
BT 36.1%0 XFELAT %0, pH A 5 I CA2H8 K
ZE T ARELE IR, RPN T E 4
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SZENNE],  KOAZK R ZE A COT R P HY
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Fig. 7 Effects of cementation solution pH on curing and
remediation of tailings

BE )5 RV IR EL A R BEE RS pH HHE K
MHGK, pH AN 9 I BRIR £h2E BRFIA B IEAE 8.26%.
AR AR R IR KL, Feng VR I pH {EAE
8~9.5 JulH ABRERES ™~ B pH B FHSInmo Hmn .
1M pH AE VG g 9.5~ 12 I, BRERES ™ EFE5%E pH {H 1)
i bEf%. Keykha %512217E pH {4 5, 6, 8, 9 %
T AP B PREF AT B O A B G AT I A, A RER
AR IR %S 5 2 AP B Al 0 s i 2 i pH L P 1 BT oK

MEEW 8 B R B A 8554 1) T O R Bl v 4
PR IR S A5 B AT bR, FELAL 2 I 51 R < B B
FEIGERT, BAL, AT EEREIEYI T ATP & B
5T 22 Bl B PR AR AR N r A, pH L RT BAEL
2 B ) 3 5 MR 2 2 A S P OB, AT S M) T R
P E RIS AL L3P A (] o A . DTN
M, pHEMARMSAR T R LB NH;.
NH; . COY M1 HCO: IR I, BRI T 13k B 1 EAR
SEAFAE TV, 9K T BRI A O A= g R AN A pl
3.3 ESRMERESH

8 JEIR T RAEWIR R 28 TH/KIIE S MICP
WHE R Cd RENIES. FTRE W, &K
W5 Cd M F1 BT 1.55%, F4 3INT 1.59%, Cd
B IES S BERMA K. 1 MICP ALH 5 R H Cd
1 F1 M 46.26% FREZE 7.50%, F2 M 1.13%35 K%

11.01%; F3 M 0.02%H4 K% 0.04%, F4 M 52.59%3
K2 81.46%, Uil MICP EE IR AT IEE & BN
AR RS FGRIERS . KU, Zeng 24 A MICP 4b
HEESRIGIE Cd MERESEIN T 81.77%. AW
MR AN &R S T BRI ESEH, iReS
WRER I AR e S8, FRK T Cd M fe k.
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Fig. 8 Contents of different forms of heavy metals Cd in tailings

extracted by BCR under different working conditions
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4.1 RN E RS

T B 2L G i T AR e B E SR I A
RPPTE R EREA, ARWE 9. B9 T 711,
872, 1081, 1801, 2513 cm ' [y el 2 p ik iR 22 [
v (COY) mIRIE =2, Nyfha e ZE /N iE-J7
R I 2D AN AE RO, g A T 711 em ! &N
CO? ff) C-O 4, 872, 1081 cm ' M iTIs Ny C-C 4t
H T AT 2800~3000 cm ! A 55 W T 2 FH 22
RAEMRAGERI AP R v (CCH) BIPRsFT 51 i
281, A7 3000~3700 cm ' Y ] ) B8 AT UL U 2
v (-OH) EIEMPEIE v (-NH) 58 IR SN
IR, HITE 1404 om ' FIRBEIR IS IEE AT DUV #R
fRELPRE v (-COOH) X FR R, Qian Z2IH 5T
RIV R R PRI T AR 2. EA R E
HAEI R, e n] DU & 8 R b A fad 72
R BLE AN S A, 78 MICP i fERE T LS
Ca® 856 BN T il A AR AT s 1290, 10 BH 2 4 (1) A 4
WA R A AR AR AR . Ma S80I Fi 3R B
O PR ZF FUAT TR R 1 A7 FRL T 22, AR AR B IR IR
FEML BRI A AT AR B B 1 Ca®s Cd* 554 JE R
2. Sheng ZEPU A B R I H At FIX &8 511
W Bt A2 MICP [Z5—20, SRJG A & CE 40 B 2% 1T A= e
fRERYTE. HE 9 ALK, MICP-Cd YiyEH b T
MICP JUUERIFRFE . FRIN B RIS 5 i,
VA E R RES 5 T CA* MLk, 456K 8 %%
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WA RAS (F2) SR E ¢, SRS
AL 2 EHTRE E ) Cd*, Xy Cd N TTiE
JRAS Cd FEEH A5,

¥(CO3)

v(OH), v(NH)
y(CH)  MICP-Cd
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Fig. 9 FTIR spectra of bioprecipitation at Cd?>* of 0 and 50 mg/L
4.2 FALITURHRIIME SR

Kl 10 @7 T IER 30°C IANIE] pH B T ARk
W CA YIE I Moy, 85 SRR ER B A & & B % pH
BT TN . BV AE T BRIRES 52 K ALV
IR CA EHTRTIENE R s MBI A
HITOR REE A, (e HEBRERES (A2 U . Ak, ¥
7h NHs. NH; . CO* #1 HCO, fEB I A5 T b T 52
SEIRAS, DRIRES A2 OB FR1G R, U BB IR T
WRSTRUN, R R 5 PR E R RO A . (H
pH HIEH] 11 WARBEETERIR, IR PR AR 4
CO;, M EH S COT 48 K& 1A A IR IR 5
TR J B A BRI S P B e b ke oAb, XRD 6
H BRI, FT REIR A TTE & M/ BRI % . [K]ILAE pH
(BN 5 A1 S84 A e DTE 3 T AR BEAS I 2B IR
o T3 A R PR 45 R U BRI % RE A R B BRI 4

v ¢ C-HBa
v v V-RR#&A

v
pH=5 vC| | € c VY * B

C

Ac
pH=7 y«vVg CC a4V C
C
c
pH=9 vivY| Jl r G Gy &
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Fig. 10 XRD spectra of biomineralization precipitation at different

pH values of solution

BREAEP A A pH By 8 A1 9 BB IR
FEFFE TS A R IR S B &S . SEM 839, pH
BN 8 I, BRIRFS AR EZONERIE: pH {H )y 9 IS, H

LT T RAEIE RIS . Feng 251210 Li ZB4
RIS pH HA SRS A S EIEHEK, THAaS
AWK, HRFSIEVIGE pH X BRERES & 74k 1) °F
BRSSP K. M TERECA MERIE S5, s
)G MR T AT ARG IR B CETERIMEE (B 14
(¢)), BRI CAEKAE 7 A R TH IR R IR I A B,
HHR T E LB INA k.
4.3 WRIEHIERBmA S

MICP &5 CA* V& 5 UTvE I XPS A i 11
Fione ATLLEH, UIERTH R B Cas C. O 4hiE
TEfE N, Cl TE, 44 FTIR o i almRE v
(-COOH), ULHAANE ;AN S S T AWt
IS BB IAE T MICP Bk B 48 i AL T RE R
AR ARG (EPS) L.

Ols

JEE FE%)
Cls 44.11
Ca2p 9.73
Cd3d 0.16

MICP-Cd \Sl Cls

B8 /(a.u.)
a
5

_ o1
TR HR%) ®| cd3d
Cls 4528
Ca2p 11.34 Ca2p

s
MICP Nls{ 1" ci2p
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Fig. 11 Full XPS spectra of biomineralisation precipitation

WIRES 5 Ca? 45 & COY AT e N M & & 1
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