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Fig. 1 Calcium carbonate precipitation induced by

denitrification
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Fig.2 Calcium carbonate precipitation induced by sulfate

reduction
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Fig. 3 Conceptual model diagram of photosynthesis
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Fig. 4 Conceptual model diagram of methane oxidation !"”
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Ca’> + HCO; — CaCO; +CO, +H,0 (21)
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Fig. 5 Conceptual model diagram of calcium carbonate induced by urea decomposing bacteria
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HCO; +H" +2NH] +20H™ — CO;” +2NH; +2H,0 (26)
Ca’ +cell — cell - Ca®* (27)
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JUZERE . SIS BT A L, 2t R R AR

T REVEFATBHEAE, B, 28 T 43 aes,
BHEARE R R PR S T A 1
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BT R, 76 KRBT, 5 sk Y HCO, 2338
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R 4 R ol 2 1 3t A DL KT A B P, T DK
4 A A [ 2 R 43 S R LT VR RN B
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3.1 HimiEiEHA

Beffe Ca® S PHE TR LR I AN 6, IR E 4
fift T 7R IR I8 1 2 5 R 4 g JR FE A2 COy™ . OH, 42
1T A R IIR SR DT VE IR BE A A . 4N B 4N
1o HL 2 1T A 0 R A R B 4 SR PH S ML IR 40
FEAE I COL™ T ol A ) 2 1T 45 4 W% B A9 BH 8 —F S )3
A W I TE (M, Ca,, ) CO, T Bk [ 5E

H A, 2R A E 4 R oe % £ 2445 Cd. Ni, Pb,
Zn, Cu %6 (% 1) IF 1 PR v, 45 48 i
5 R F A B ATEE 97.15%. 99% . 98.80%. 94.83%
VLK 97%, R, MICP i 72 it AU 90 DA 2 H 4T 3
J& i 22, 1Z AN TR K A PR R A HE T 4 R AL
R, 2R\ B BRI AN Xt Cd JeE LA K
Zn TR [ 2 5 5E 8] T 97.15% LA K 94.83%.
Zhu Z5E I FERE ZEFLFF B NS4 B HeE Hu i) T
b A4 R Y NG, R MICP o # il 3 v S S i
i 900 mg-kg ' [& = 38 mg-kg ' [, Li 265 F]
G385 A ZE R R KA TR ) N JC 2 HEAT [
S, [ G SR ERTE 88%~99% 2 [6], iE B AE 2
T T 0 = 398 D) R K A i) N G 2R #8851
SERR

5 AR B R HL, TR A TR R R B T A A
KR | R A TG A B 4 A, (Rt EA A
ME R ESEAEYEEEE S . W Kang % Fi 4%
ZEMUFTBR . VD BRERAT B . BVA BT B A B RN EEA T
Cd u R a5, B REE T 85%, X nl i &
T T4 B AKOE R, 200 T 40 i 2 3 e v P S 35U

B 40 B A1, FLAG DR 240 i BE T 19 BT R R 1T A
i3 MICP i F e [f € 4Rt K . Qian %5 75
U 43 B A5 B ) B 5 5 W (Chrysogenum CS1) %
Pb i [E 2 RiAE T 98.8%. Dhami 255 WA 7143
B B Fusarium sp. UFS.LA X Aspergillus sp.
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Fig. 6 Schematic diagram of cationic mineralization process
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Table 1 Cationic heavy metals fixed by urea decomposing bacteria MICP
Ry eyt YA 44 FK [ 72 %/% SCHik
g L) 80.10
LEHIFT I R 72.64
RIS 76.70
LRI I 73.40
SRR 53.30(+4) [44]
AT RS 35.33(+35%)
LRI I 42.54(4-4%)
cd SFAUAT TS 53.80(4-4%)
REAR LS B 71.30
o PG A B 71.30 [45]
J\EIRH 97.15
I AE 2 AT B 60.72 [46]
L% 2F MR PR
P IRERFT IR 85.40 [45]
RATA AT B
U 2 AT T 95.78(4-14%) [47]
R R 88~99
Ni G 2R A\ B BRI URS3 88~99
G 2E AL\ B BRE UR31 88~99 (48]
AL ZE AT B UR4 L 88~99
ZEAUFT TR 26 [49]
BRI TR (A323) 96.25
Pb i B AREE(C113) 95.93 [43]
YA AT R 60 [50]
UL ZE R B 85 [51]




Fark 3

PSR : Y SRR ER A UIVE i A LB 447

gR 1
e R YT A4 R 178 2R/ % Sk
FEHERCTR) 98.80 [52]
Pb B TPE (R 48
i () 34 >3]
WEAR S S L TR 63.91
Zn i PGB BB R 73.81 [45]
ISR 94.83
% i [GTH 97
R 05(+4) >3]
Cu B G 2 FAF 10 [55]
gl 97.7 [56]

UF3, X} Pb Y& E 255k 48% LK 34%.
3.2 EEH

IKIREE TP 4y B 4 @ T T LUE 4% A
F, U0 R R AR A, 2 DL 2SR RS B e 07 AU
CaCo, HHY COy, s H 4R B T8 AW W45
I E (- 7) .

FURIT, 8 12 HL ) 152 Y 5 JB TR £ 2N As,

Cr % (3 2), Yamamura 55" F HI 2F f0FF B4R 5T T
A DA S AsT AR EL AL AR ML, DAk PR 2R 43k B T
TG Y M AR B 5 . Tripti 5257 A iR i s X
53 H T Bt 248 TR A ZE FOAT TR Bacillus licheniformis
DAS-2, #RFE T AR 255 F0) b v 2 A 2 W
R, CrotE S As TR, FEAE i LLoS

grreassrnsasnnnrsnanannnnsannnnnn -

Hr LA B = M BT S AFAE, Qian 255 F1) FH I U8 FR 43
B 7 T A TR OR [ R RSB [ R
IR 95.30%. [FIEHR TR, Cro,” 22
i E AR T O A R COLT

4 R £

A A P E 2 IR EOK A G 8 15 e A=
SR IR FIPRAEEY/E o RN AN EE 7/ s R T A AN
Wik A MG YiE T A AR A R AL A
TR SR AL | BRARER B | IR 55 o FIHR
RO WTIE AT RERE P AR L CO,™, O AL
AT — Pl —— DR, AT 2R IR
A YT FR5 20 TR 1 P R T 32 BUROT L LTz

I 5 S Wiy Sui
Qa2+
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Fig. 7 Schematic diagram of heavy metal replacement mineralization process
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Table 2 Table of anionic heavy metals fixed by MICP
(R FHE R AN AFR 2 SCHK
100%(As™ ) W1 G ¥ 3 mmol L™
60%(As™ ) ¥ HEHES mmol L
i . 35%(As™ ) B AR E 7 mmol- L™
WACHAT I 100%( As™ ) FI A 1T mmol-L [57]
As 95%(As™) B A MR 3 mmol- L™
58%(As” YHITAHEE S mmol L™
A\ BERE 96.6%( +13) [58]
g 21 053 mg/kg Y EAT R HTMg)
AR LR 381 mg/kg YA (FiMg) [59]
FEET R (FUE) 95.30% [52]
Cr AT 98% [60]
F P AR ER A 76.80% [61]
9‘%{35 . ZHOU Wei, LIU Dong, WANG Yanning, Ankit Garg, LIN

PRAEY I3 it PR EZ TS S0 D D0 e i BRAR KA |
S BRI N 2K B, 0 pH., R B TRESE, B
A R ST W 3 2o 4 ) (O ) PR3 IR 38 2 X it
YA R DLIE B R | B IR AE 2 05
AR

7 [ 72 B 4 i U I, T B i AT A
PR 2 [ € A Jm a9 H B . A MICP i #e 8 52 35
S G JE X AR G i e 2 05 i B W R A AL, I
HXPPREE R WA SR I5 Qo R, Wah . 4. 455,
AT B R 1 2 B AR, DA MICP s AR K
PRE I b B R C 2O 2 T R GR . (B
T 0 9 A A A B2 B3 26 AR BRI, PR G A 102 D7
T, R RIS AR EOR BN Y, LIRS R AT
IO B 22 4 SRR PR T AR T A 0 A A s L Bkt
PRI P R LRSI, LABESIE B MICP 852
MBS H 2 N
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Process and mechanism of microbial induced carbonate precipitation

GAO Xubo, PAN Zhendong, GONG Peili, JIANG Yu, LI Chengcheng, LI Hongyu
( School of Environmental Studies, China University of Geosciences (Wuhan), Wuhan, Hubei 430074, China )

Abstract At present, the global ecological environment and geological environment situation is very serious. For
environmental heavy metal remediation, traditional physical and chemical remediation methods have been widely
used, but the traditional remediation methods have disadvantages such as high cost, high energy consumption, and the
use of a large number of chemicals. As a kind of bionic engineering, the principle of biological method is that
microorganism fix or degrade pollutants in the environment by microbial metabolic activity.Compared with the
traditional physical and chemical methods, biological repair method has lower cost, higher efficiency, and the
advantages of green environmental protection,which has been repeatedly proved that can effectively reduce the
concentration of heavy metals in the soil and water. Biological mineralization is a kind of biological method, and its
main mechanisms include: (1) biologically controlled mineralization; (2) biologically mediated mineralization;
(3) biologically induced mineralization, in which Microbially Induced Calcium Carbonate Precipitation (MICP) is one
of the main biologically induced mineralization. It is very common in various environments of seawater and sediment,
fresh water and soil, and it is a biological mineralization process that exists widely in nature. At the same time, the
process has the characteristics of fast reaction speed, low requirements for environmental conditions, wide application
range and significant greenhouse gas emission reduction effect, so that it has been widely concerned and popularized in
many fields of geology, civil engineering, water conservancy and environment. The research in this field covers the
intersection of biological science and inorganic chemistry, biophysics and materials science, etc. The research on
biologically induced mineralization and its application in various fields are very remarkable, especially the biologically
induced mineralization provides a new idea for environmental remediation. The microbial-induced precipitation of
calcium carbonate has been proved for many times to effectively reduce the concentration of heavy metal elements in
the environment, and its main action process is as follows: microorganisms produce metabolite CO,” through
metabolic activities, and interact with Ca’ in the environment to form calcium carbonate precipitation under
appropriate environmental conditions, and fix heavy metal ions in the environment during the formation of calcium
carbonate.

Based on the analysis of relevant research results at home and abroad, this paper summarizes the pathway and
mechanism of calcium carbonate mineralization induced by various microorganisms, such as denitrification process,
sulfate reduction and urea decomposition. In the process of mineralization induced by urea decomposing bacteria, urea
is hydrolyzed into carbamate and ammonia under the action of urea decomposing bacteria, and then carbamate
spontaneously decomposes to produce ammonia and carbonic acid. The ammonia generated in the reaction hydrolyzes

and generates OH , which increases the pH of the water environment and causes the hydrolysis balance of carbonic
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acid to move towards the direction of generating carbonic acid, resulting in a large number of carbonic acid ions, which
react with the calcium ions existing in the environment and form calcium carbonate precipitation in the supersaturated
state. Compared with other MICP mechanisms, urea decomposition process has the advantage of not relying on
additional nutrients and producing high concentration of calcium carbonate in a short period of time, so it has attracted
more attention and research.

It is important to note that minerals induced by microbial mineralization are influenced by environmental factors.
In this paper, represented by urea decomposers, the effects of environmental factors such as calcium source, ambient
temperature, pH condition and ion concentration on minerals produced by MICP were discussed. The following
conclusions are summarized :(1) calcium source affects the morphology, crystal size and morphology of carbonate
precipitation and mineral deposition rate; (2) The optimum temperature for the formation and precipitation of urea
decomposing bacteria mainly depends on the optimum temperature for bacterial growth and metabolism, which is
usually between 20 °C and 40 °C; (3) pH influences the plasma concentrations of HCO, , CO;” and NH," to change the
precipitation rate, which directly determines the size of mineral crystals; (4) The presence of other ions in the
environment, such as Mg, Ni and Sr, will affect the formation of minerals.

Finally, the effects and mechanisms of MICP on reducing the concentration of heavy metal elements in various
environments are summarized in this paper. Research show that the process of calcium carbonate induced by urea
decomposition can effectively reduce the concentration of heavy metals in the environment, and the fixation rate of
copper, cadmium, zinc and other elements is above 90%. The mechanism of action is mainly divided into two kinds,
for the heavy metal element like Cu”’, Pb>" and Zn™, they are fixed by forming precipitation directly with CO,” or
replacing calcium ions in calcium carbonate, while for As and Cr, they will form complex anions such as arsenate in
water environment, and will be fixed by substituting carbonate ions from calcium carbonate into the solid. As a simple
and efficient geological environment process, MICP has broad application prospects in the field of ecological

environment remediation.

Key words microbial-induced mineralization, precipitation of calcium carbonate, generation mechanism of

microorganisms, urea decomposing bacteria, fixation of heavy metal, remediation of geological environment

(%8 K*%)



	0 引　言
	1 微生物诱导下碳酸盐沉淀机制
	1.1 反硝化作用
	1.2 硫酸盐还原
	1.3 光合作用
	1.4 甲烷氧化
	1.5 尿素分解

	2 尿素分解菌诱导碳酸盐沉淀的影响因素
	2.1 钙　源
	2.2 环境温度
	2.3 pH条件
	2.4 离子浓度

	3 MICP的环境应用及作用机制
	3.1 共沉淀作用
	3.2 置换作用

	4 总　结
	参考文献

