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Abstract: Microbial-induced carbonate precipitation (MICP) takes advantage of the metabolic activities of microorganisms to in-
duce carbonate deposition and cement loose materials. The technology has been widely used due to its controllable reaction rate,
high permeability, and environmental friendliness, having a good application prospect. In this paper, the principle of MICP technol-
ogy, applied bacteria, mineralization and cementation mechanism, and the application of MICP technology in oil and gas field de-
velopment are systematically reviewed. MICP can be achieved through urea hydrolysis, denitrification, sulfate reduction, or meth-
ane oxidation. The microorganisms inducing carbonate precipitation are mainly divided into extracellular polymer producing bacte-
ria, urease producing bacteria, denitrifying bacteria, sulfate reducing bacteria and methane oxidizing bacteria. The MICP technolo-
gy can induce carbonate precipitation by mineralization and act as a bridge to cement loose materials so that they can form a unified
whole. Thus, MICP can be used to plug pores and fractures to prevent sand production in oil and gas wells and also improve the ef-
fectiveness of water flooding to enhance oil and gas recovery.

Key words: MICP technology; microorganisms; urease; mineralization; cementation; sand fixation

MICP A AT LIl i AR Py B PRI IS 1k AT R 4 5 38wl PR 75 e /b HAR R i
TR AR UIUE AR SRR A PR, MICP R 45 (IR o MICP SR 8 377 A DA ] — 44k
Vo T E IR R DU FoA OB R i 45 B B DS R B R BRI AR R S AL, T

oA H 491 :2022-05-15,

FEG TN ATEESE(1987—) , 5 HA 2 M, @I, i, R B R R IR 98 o E-mail : stpnet@126.com,

FETH  HR HRPEREE T H “FETINE 3 M N T BE R 0 Bk IR A SE N RSB ML IE” (52004216) Fl“ B3 10 4 i i 5L 2 B
T 2448 P PRI A s B Al B AT A 9T SR (51874240) , BV 4 #5087 T 5 B0 58 110300 5 (532 12 il i CO,, BIK PR T fk 4= 490 Do 408 7
EEHLHITFIE” (201S119) , BV A% 75 A BB A BRI A9 sk (T & 5 ZRE TARN , U240 il K24 T A B 5 S B R 0 15 353 1-Jl “MICP
A B AR A I A AP R (YCS 22113089) .



H30E H4H

AT 3 Jp 55 MICP $2 AR g AR T A i v g g HH -107-

TSR R AR Y R+ EBE IR
AR S PR AP SR

1973 4 BOQUET 4% & ¥R 48 ) - e rh iy 3l A= 4
REAE 75 3 A2 WU PR 5 A . 1992 4F KANTZAS %
T 3 S % B g5 DT R R BR SR AE S — o Y
1) JE E M Aok 8 35 BTG T D25 I LB, TR B85 R
R [l 90%, FERRIS 258 5% & B, #1] Fi MICP
FeAR T DUAE A7 30 TF 2R o 2 v A 50 3 1 2 v i FL
B, DO ok R AIG M )2 98 8 R, R 1 42 R A R I
I WU A & B MICP 7 R 1] DL T3 2R OR
A44% HE 5 2 83%",

FEI A IF Ak B v, B A E UL B 450 kLA
0 Z oMk E M kL X 2 0 E R R R AT, L
R — R PERAA R . AT MICP £ AR (1) 53 18 Ak
TEAN W52 2 B B, 8 MICP £ AR B FH T A I &
R TT DAR M B EE BBHRIEE R AR 2, TeT5 4,
AL3E A ACE SR A TR R H A AT R L fig
A 3 A5 T 22 [ SR (L BB R ) A R

1  MICP EARN AR

MICP £ A AT DI o ZFpis 2 50, A9 5 &
Y BE DL KR A i A 7 A AN R A T LA S

FRERR R ER UTE , B A — S Dy BE T AT LA OG5 1R
FH R Z K SEVERT SO ARE T R BR i S A H 2
AR s B A AV E TS SR ER TTIE™ ot T3
Ji P85 JC G IR HLAUSOR TR A2, 9T DAAE IS A g
H A KOt AE R ER (1),
1.1 B SRR =AM E SIS SHER

it ER

T3 TR A ) 20 MR 2 A AR R R
FRAR S5 H REFA , Bl A5 R T 40wy £ L o, 7EAR
W R R R M AN SR A Wt A L,
XV TR TP G 4 T PH S R B A SR A B L SR A T
ED A B B UL MANR G Y #r i S
B BT T R db AR A S ™ AL TR A T ™
1.2 FREKBEIER

PREZ KA I SRR L UUUE 13 FE v 2 /G
W G RER IR AL ASPRER A IR R 2 W . IR R AE
JOK it 4 4 FH T 3 i A 0 RNl R , 28 7K fife B AR N
SR R TR o ik ik I AR RN S0 -, AE AR M 2R 1vT
0 H o7 A W5 85 8 IR Al R O S
kIR AR RN Y IR FR 5 T yE™ ', IR 2R K fift
5 TR TR R T U S B i UL B MICP 45 R | ik i 2 R
KSR NEZS 5, IS HIF R IR
fif P & MICP AR R A 05 . JR R K75 K IR

AR &1 = JT it E IR AR ) A A oK A
GG(NHZ) 2+H20—>2NH3+9
St CO (NH,) ,
ﬁ{f HSJEF — NH" I SR/ R AR
NH; +H,0-NH, +OHy Ca
OH+CO~HCO;
Ca” +HCO, +OH—CaCO#+H
NO, NO N,O N,
NO3- 4\ \v \v
S CH,COO™#2.6H+1.6NO,’ B, H
e —2C0,+0.8Ny+2.8H,0 N , N, R
NO Ca
w ¥ . .
Ca”"+CO,+20H—CaCO,+H
SO, +2[CH,0]+OH
B £ —HS+2HCO +2H,0 A HLB%, OH, H,S. CO, .
i 5 e = . KA
) HCO'ACO+OH $0,’, Ca
Ca’ +HCO, 6CaCOs+H'
OH+H 5H,0
CH#+80, —>HS +HCO, +H,0 g )
b ie, SO,
T e << / z H,S 7 L
Ca™ +HCO,6CaCo,+H- Ca
HS+HSH,S

B1 AREREHEZE MICPEARYE
Fig.1 Mechanisms of MICP in different metabolic pathways



-108- moR M R

5 R If = 202347 H

BEULTE M A b 2o P AR B R BRI 2 AN 7= 2 Ho A
A FYT, 1T R 20 ~ 35 °CRYFRIE!,
1.3 REEUIER

TERRPEANE T, SO AL B il R R 18 I SR
FRe IR A R AR . AR T KA Uk
PR SRS R 1, BRIR SRS & 19 8 119 A AR
JO7 AR R PR B TCHE o S REAAE 2 S EOCHLAR |
B EE | pHAEL A8 39 0 LB R R0 7 A, X PR g 4
NRAF o RARAE e RS T R A, B T bk
RETE B = T JC R AR R AT AL T o ()
TR AT O A P B BRER 19 A 1S A IR T PR 27K
YR, LA AN E I SRR DL AN 7
1.4 WERERIERIEMA

BRI e e D T K A L S A R T R S D K
W R A IR LA ), A0 A B8 P T AR B
T, IR BERIE RS, £ ol 55 88 5 SO AR R R £S5 0
e B RS R R R AR RS E RS
PR DU Y |, SRR R I T B
DUBLAT o T 8 DURR Y A7 BILAR 0B 1 50% LA
U R R R R 30 iR A PR A S I SR 15
BRIRESUCHE S , 27 A= | =) 1S, T80 1= 4
FERNE 1, 125 I it S LA RS 2 o AR
R ER I I B i 2 B RN I eI S5 R G, BRI R
EPIIACR .
L5 HRSRLIER

F e 7 F ot MO0 St PO R L A A P PR AR, I
PR AR A K HR A oI T R AR 5 PR A P s 3t
A HEAL T A 1 — S AR , 58 1 1 A S SR S I A
IR IR A5 DUTE , (H7E HY e SR AL 5 S B R R DL i 7
Ve S A R A G D 8 SR o, 22 S LA vk
BEHER W RRAG DTIIENE 2 , (AR A TR S AR,

2 MICPEiARN R

A Y 7E MICP B AR Al 3 G HEVE T, MICP £
A B SR AE T I L P 10 45 T At i 3
A B R AE AL A UK BR S U . RERE1S S
T MICP $ R WA= Py R AR 2 |, 4 HAE F 5 =U0]
a3 R AN RS T 7 IR TR SRS AL TR B R R
A A R e S A TR, R T AR A AT Y R
EHAFIRE,
21 FERSNEEYIE

MR A YRR AR IR T A AE
BRI A R = AR W AN A AL o T 2 RS
Y, R R 2R LI AN R A (HRE TS
A BRAR A AR A W TN LA A 75 6 i A A 7

i . MLAN R G B 2 W2 A D A RN A AR
FSENFA N EDNS S G S A= iR 2 N A
FETR NG2S JE IR  E LIRS, AN R A Y
P R R A RBOTE ARG — ORI AN 2
AR IR AR 4,

b = SRR R P R e L T — R AN R A&
A 2% ER BT TR, B 5 R % A o B 2 3 7
BRI A — e i, = A AN R G
HA TR PERE™, RODRIGUEZ-NAVARRO 25 525
TIE BH 35 35 R R 4R B 55 4% 14 0 T8 o 21 TR 2 5 i i
AR A R TR B LA B ik TR %5 [ 445 200 A 1) 22 [
E
22 FEHREEE

KREHMTE R I S e AR IR, A
[ B A 0 7 Wik Bl e 0 AN T) 4 7 JOR Bt i T3 AR 1]/
WRVRHE P R 2 T L TR A B 220, B [ 2R AT I
DR 7 W I 22 4 TG B0 T )RR AU MICP £
AR PR Z K AR N $5e 22 10 7= DR B8, B /MR A
L EC 2R 00\ S BR 1A B R ZE AT I BROE 2R J AT 7
S50 DHAMIAE X} E R ZF AT A 2R F0AT 1
Iz A SRR R AEAS W] B AR A MICP £ AR 3 B A AR
BB R B b AR R AT AT, & R ZE A B A
T P 5 R L TR IS0 1A Al R 65 s R RS S K, U LR
ZEIFF R LT e 2 R 1

K H00™ Ik g D #0455 R, 7 — SR AR L
pH (B | i £ Ve i S5 A o PR 05 o, — 26 7 K il 7 G 7
AAE WO ZE T2 PREE v, 7= JoR Al DR 1) 7 376 1 0 R
P 2 I IS 7 R ] (19 i e 70 T AR MRl 7 i
IRBE PR R R, — 26 IR IR, 1 0 B AT R AR
i DT TR , 78 55 0P 2% 120 M it 37 2 e v 27 A ]
AL DR AT, (2 i A A R , 491 ANk
T LK BEAE 4 IR B

KIM 5058 1 IR pH B LA K S st ] 5t A
R 2 BR AT RIT L . 20\ 2 BR TR DR O TR 5 1140 5 T
R BIX 2 FP TR 7E JR K -CaClL B 37 e v 1Y Fdi ‘B pH (H
B3 7, X R RS 1 e KT AR E 3 d N, HL
FEAR ) ) SEIRIAEE T, JE A 4 26 3K TR 1 ok PR 5 D 0
R PG\ B BRI A S5, 2= A i S g0
B 2 2 FELAT TR S8 B — o AT A il AR RO - TR
430 °C,pH{HH 9.0, FR ZE R W & 0 30 g/L, 155
SRR S UURR S A4S 2 14 0 0.25 mol/L™,
2.3 RAELE

KA AE A SR Ao An Iz, 43 o A 3R A
U S35 ROEAL A, 5 9% SO A B R O, HOK
AHVE R ERK TGS E TR Y B 22 Rt 2
B, SRt IR AR Al AL R AR IR A= b ke
AL 3K 20%, 76 1] 55 55 1) L3 oA b b e 1% ~



H30E H4H

AT 3 Jp 55 MICP $2 AR g AR T A i v g g HH -109-

5% H T & B RAS A0 TR A 28 FRAT TR L B
BUREFT T BRI TR MR E R AE 50 2, 7RIS
P A 7 e e o, 5 3 B A TR T LA A0 o 4 i 6 30 D
BRI (1A A A BB, AT 2 B R 5 2 D o) i A< T
O . AR IR K A B R R, B Ak T RE %
R, HJE MR R bR i HARE o 3 M R B2 iF
A TR G T LA B[] R 384 5 BV SR Ak e 7, (R 25
FRAR A PREE AN B R V& 1) 22 R0

B KA DTS U8 73 B R — PR e I R AR Bk S i
LR HK 13, & I HGE TAE K A pHAE M 7 ~ 10,36
B K TRLEE Sl 20 ~ 40 °C % 7E C/N Ny 8 I S fil§
AR B AR w3 TS Ve P 2 B3l — R
AL, 9145 58 NI = 4 2R AT I, HiAE 35 °C,
pHAE 6.8, C/N Ky 23.55 i 2542k F i BUSCR e B,
24 FEBREBEEE

B R R A i T 2 1 FH A BR R A 0 A ML S 1R
FHHL T Z R A2, SRB 18 H # A A &R &
B, i A 6 R T K IR K DL RO R S A b, B
Wik 1 A= A RE 1, AR K Bl BLIRLEE R 20 ~ 40 °C L, B
EEpHE KA 7.2 ~7.6, BWFFE K IFIRE I
JER TR AT DAFEAT SRR T A A7, 8 DL %) T 8 3 I TR
H 908 AT AR T A 3 AT I S

T pHAE A AR R R =) 4 m T R
5G4 [N R R4 S0 SRB Y IE IV fiE 7, peE AR K
FR B Sl BB R sk S5 aed W — R 22 [
PR R 8 3 i TR R A T 0 M 85 5%, R IR R AE 30 ~
35 °C H.pH{E } 7 .30 M 0.7% B9 244 F AE K R,
T A X H A KA B S P R 5 8 vk X
7 2 6 0 i TR T AR P 605 T A7 52 T, 7E 15 45
BB BURR AR I R AE I I ER R A , fE ik
R 7 A TR Y

MICP £ A T A 9 4 BEOR 8 T 4354 Y R B
A YIRS , IR AR T ARG )
B 5y 3 L H Y EREE o e AL R — i AR e
R RE TR Y IS IR, X B LUR B TR
IR A8 s e M IR A0 P A 3 H A LR D) RE FE 1T 55
AR R A S RETE T 4 HOR 2T, HA WS
PR UE W REAE 2 PP R SR F T A A7, 38 I EA
B R ARG B NS FH B9 B S AR el
TN AL (A2 7 R AT, A 4 SR sk IR, 38
BRI

3  MICP AR LIRSS HLH]

MICP £ AT i I e U ) 7 3 8 5
TR R A E IR S 7 T, b S W
AR TR Sl A D A QO s S = AR R IR B DT , 1T

JEE A 2 77 A AR BRI 5 sty PR 2 ) 8 P S5 D b 2
[F] [ 235 R 1A
31 FHRERNERZMERER

AL T AR P S0 S A A 45 b 1
IO el R A RS o I, e ) 1 P A BB IR AR
T B TR A R IR R A 8S B TIE UBRRAS DLTE
AR AL B v T LA 20 S RIS R A ) 1
B LER RIS A 5 ] R g |
W ARCR AR,

SEMELET A A A R 32 2 0 3R MR AR T

SR AL A A R R AL 45 pHL(EL PR BE IR VIR
W BERY A b AT AT H B 205 L9 JLE M pHLfEL, LA
MICP £ A b fie W B0 ik Bt o 491, 4 pH {E K T 10
P, W T 7% 41 B pHL (L A 385 KT/ ) 5 HL 3R B L B
SR R332 1 2o 5 DR SR (R K S AR T3k

— LR MERT AR IR 1044 R TR R FE 52 e M it
TR R I sy, IR T P 32k ) doe K AEL T ot 1 %
Fr AN

i R B LA R 14 2 T PR 28 8 0 1 R R L %
AL T I VTR RE o B S TR R RGN 2 1 Rk
PR A5 DL AR R SE 1 RR AR, 30 PR 48 2 1 o i
YA — 5 B I VR T, 2 T o A W B T A
FHU 2 AR AR B D LUE Y A% L K, 4 T JEE
SRR ESUUAR R = AR MR /N BE el SR B
20 TR T SRR PR S VIR SR O AR B A0 TR ok
ARG A P JRE Ay, BIR TR 15 4 IR o7 B TR TR
PEULR L Z | R R TR, VAEBZI 4
H S 56k B A R R TR B — E R B )i, R PR B 19
UUVE B2 T A, 0 2 2 BUmE BAY T B
GHOSH 25\ Ay 4 vk 2 sy, i Py AL A JH R
2 P BUR N HE Y 58 BEE Z BIRR , B R S A UTVE
R,

B BR AT S ARIE 3 32 VR 22 P B, (9 an AR IS
(] B IR A BR R BRI AT o ORI ) £E — %€ Y [l
NS BRERES At AR/ N IEAR DGR AR DURRIN Tl G,
LU0 RR B T R 5 o P 2 B0 B A TR 2B ) T B A
ANRELRZE N A B 2 R BR ES , Al A R TR
E o ARG IR A LA BRIR 55 b A A0 8 R B 42 7
W ABATS A 25 57 (B 2) 10 JEHLE IR A= )i e
PR B ULIE fob M PR , 458 5 MR 5 A LA DA I Y
BT B ULTE b R URL /) B3 T 6 o 2 o,
SUACE M BRAS B U5 5 A )k R 5 2 J7 i
A MZSTT A FR R, T SR EG A O 35 U5 5 AR AR ik
RREGER T 75 A0 AN O A1 SR i A7 AR BRSO A
PREOS31 240 R R 1 O, DURR ) AR R R S AR AR
W, I AT RETURR — 28/ IVRL A% B R BEHIL I B T
RBIAR FR R o 185 28 S BRAS TR B0 B0 A



-110- moR M R

5ROl

20234E7 H

XA R R T i R B 25 AT AR S ey (181 3) , 7R A4
PRI BN 25% (BB TR TR 5 it 1A L AL DU AR
4 L4 v s TER AR 3 Bk 50% Y TR , BETE AR
T RS it A 14 LU A9 ARG, o3 B8 2 A R UL AR S o
A TEAR BT 20 100% BB, T B0 BRI 5
PRRZ AP A ERAR , R/MBAH 5 B, AN
BV 5 3 A JS AR TS 114 100 o 2 I AR AR [ {HL it A
FERA R (J&] 4)500,

a—& L5 (2 5001%)

b—AS 45 (1 5001%)

32 REERNERZMERER

MICP A 1 A5 2 i T3 9 o0 i 75
SR B B BRES TURR ) 70 1 A R AL BORURE I
SRR AR BRI B TR ] 5 kL4 et A
b R B i e A S R A o
TRLE I A 2 LR R R A%, B s BB T4 18
BRSO, X LU S IR A DLTE , B S
SR IR A O i T A T A IR IR A

c— TR (25001%)

B2 AESRLRAGEBRER R ERMIER

Fig.2 Microstructure of calcium carbonate crystals deposited from different calcium sources™”!

a—E T o U h25%

b—RFL 4> H50%

T 4 BN 100%

3 ARREERKRPmERRSRENEFHERER A (20 o)™

Fig.3 SEM images of calcium carbonate crystals in bacterial solutions at different concentrations (20 °C)

d— & B
B4 ARBREITRERRER SR E R

c—Z R

Fig.4 Microstructure of calcium carbonate crystals deposited
from different carbon sources"

T A AR A 5 R OR8] 9 1R
FHIEAT 0BT, e B W e A5 Jise &5 b b e AR Jo 1) D
PRUELEA MU RS2 T 1k 7= 1 5 5 B kL 2 [8) 43
T S A TR Y, CHENG 509 & 30, 5 e 485
VW AT LY iR S A, 7R 50k 2 [ 1%
TR,

R S S5 VE AR I R R AR 2, i i pH
B TR BN J) A TR B A XS PR 28 2 T R T i
gh i RO 2 IS RO RS B . PR IR N pH (B 2
SIS 45 VR FHAICR , MICP 35 A 19 I 45 1 ) 53 B
IR R 20 ~ 40 °C, Hidi B pH (R P 55055
PRS2 14 45 T 8l R % AR IR A 1 e 4
YERZCRR L, i )35 i 2 5 BCFL B P A VR AR
Ji¥hE, R 1 AR T R S BUR R ES DT RE A LAk,
B9 I S AW TN 78 S BRI T H T BE 2 A
VL IFIEFEC . VABZI %5 () SE 5 Ul B, 40 1R B ik g
2 S EURFRES DURUE 8, 300 F SR 451 5 I



H30E H4H

AT 3 Jp 55 MICP $2 AR g AR T A i v g g HH 111~

BA FAMAE Y, CHENG %538 i S 36015 1 4518, I
5 TR B TR I 235 00 1 9 i) R 6 5 R M O, e
VRIS 1) S R | R T T AR U] i G R
SO 0 /0N B 14 S 56 W A 4 N R R R A
2 X A 7S SRR R A 1 B 4 A e AR R,
TEA K P R AR B, GHOSH %5
R B B A e 2 R O T e R MR B IR i
[ A5 0 IR 0 58 R AR . ZHANG %558 i A 5T AN
[i) 15 Y05 Ak BRI A WD S B W BRPE BE R, A LE T
SRS R IR b AT 1 T TR S Ah B Y 2
F0 25 B4 B A e R B S B T ik B K, FLAR A3 A
Y5 G A I T MICP 3 AR ERRIRES & 4
FETE 1.0% ~ 2.5% B, BT BT B (0 48 1= 5 18 8 R 1 %
IR LR MR AR G 5 BRI A5 2 ol i 2.5% I, B BT 5
AR IR B Rk S R RS, TR A A
) PRI 000 T, VRV A A T U R ) i A 2 (P R TR 5
UUPEE RS 43 A S8 4900, R4l A Jovk i
P HIAE 0.25 ~ 0.5 mol/L, 1] LA AR 1545 BEAH B B¢ R 45
DUV AR B, 25 1 A T 4 X MICP
BRI &5 1 SR 7= A %0 . CHENG 45 % 1 —
T B e 25 7 =X, BV AR pH (B — 1A Ak 2B Wik R 5
UUTER IR (ARG 37 ) R R DA S CaCLIR A
PEAT RS, , AT LASE 3 A pH {1 2E 25 B 257 FH R B 1R A
135 ZE | 0 717 (5 75 Fig 45 Y 32 o PP A A SE N34 4 i
Dy AR e 2 SRR IR 90% L o A FR AR
TR ALk R HO 6T A T TS ) M 45 A Y A A — e B
M), 388 130 A F8E Y 2550 R Ak 3L ST ) T L 348 R G 235V Ak
TR FE — o RV [ P A B R B S 1T
TERAROK SR PR AR K . (HAE SR R] Y LA, 20
PG PE R R 3 S R B R B I (R Y 3 K R

{E§[43'46‘581O

4 MICPEARTEM A HIF RSP
Wi

MICP $5 R FEAR 22 S #7461 0 el S48
52 Hb IR 5 g g A A AT A I A
AR BRSO, 1T DA ZE LB RN 24 4% $ = 7K BK
B AT LA S50 KL . A LA G EE R RIE 2
S5 5, A W37 AR R E5 UL TE 15 e I, X R 8
U, AR AR R AR,k 3 S0 A [ S5 0 R A1 ZE £L
Bl 4 BT R
4.1 IKHMR

MICP £ A AT DL i DRk R 5 R 3 ZEFL B 2
B DDA BOUAR B BEAK IS 15 3R (&) 5) 0400l
T N TR AR B B MICP R | 328 2 080 i
B PR R AR W 1 7 HE R R EB VILTE , 1 ZE 3/ FLBR 4
2, M2 = IR o T3 AN A 9 9 MICP
TR U2 38 5 A M2 B TR R I U E AR B Y
BIUARBE € LA B TR B R 55 19 21 5 VB F =0,

SEGEEF R, MICP $5 A B 72 A2 1) A= W e 45
PRiAR /N, o] LI 2 FLBR A T d5 3, i v vl FE 3R
RS S AL Gk BRER K Y M B , MICP 7 A i =
A B IR R A5 DLUE W] LLORFF B i A1, H AT
FREEE AR AT B . R ] LAAE 2404 F
HAE  BHE B E)Z  SEZEFLER, 3 K SR IM 0K
T3 A TR SCR P
4.2 BEWHR

FEIH A I R I R, b b e 45 s b v] B & 51
TSR I RS BERSIE Tk & L, &R

Bebt kA mm’ BB AR/ mm’
0 5.25 10.00 15.75 21.00 26.25 31.50 36.75 42.00 0 0.051.50 2.853.804.755.70 6.65 7.50 8.559.50
1 1 1 1 1 1
[ o I — I — [ I I I I I N S |
a— i &5 1F H A b—Z &5 1F H e

BE5 REEREIERARBER

Fig.5

Defect volume of sandstone before and after cementation’

66]



5 R If = 202347 H

o ARG ERD AR R ZL LI 2E R D 3 (E A 2E
A BEXT BREEAEAETS YL o 1M MICP 5 AR5 5 4F 1l i ik
PR EGAE A R 4557, X PR R /N, RAFAE TS 2, FLI
ZEROR B . RODRIGUEZ-NAVARRO 255 37 S 1
R IFEEER VA 3 T8 0 ) ok R 5 B 815 A 30 [ 45 4 K
A U I MICP 43 AT 5 45 b i 7 TR 7778 5 I iV
B,

SEM [ RCR A P R B IS IR R 1
RORLAR A o AL AR A58 o S A 5 R IS UE X T
MICP $ AR TR 25 SR AFAERZ ), iR S TR
SERUOR AT, LTREGUR Z 5 AN [R) B U5 X 31 45 Y 54
RABAFAE— 8 R, X FLBR IR UM ik R S 1 £ TR
B T AR 10 1 2 R B B TR B R e R
) [T 45 i B, Y A R R, A A (] 2 i B v
L AR A2 0 23 52 M B2 0 1) TR 0 | S50 E B
RN 0.25 ~ 0.5 mm PR [ 25300 Fe s, 5 B
KON, KSR R R ST AR, BN S ~ 20 g/LIRR A
25 TROHE 259, 1 AR UL S5 i b 114 [ 45 4%
o BEE AT ABG A5 B Rl R 5 TTVE 12 it
JHAMIDHE R FLBR, 1A = WG PR A58 15 R A
IR A AR 38 31 e KM AT L o 4 o A
B8 R IE T) I s ] o8 TG e T 55 0 38k ol sk B 5 19
TR 5] Jd /55 DX, AT 2 i 2k P [ 2510 + 5
.

MICP AR S RT LA 22 075X, 7= IRt el A2
H A b T MICP 4% AR 5 22 0 B b, 2 5 K Pl g
TR R FH 0 A, HG R L ERAT R O ), R
o MICP $ A i 7 F 32 B3 1 A7 A VR FH A 4%
VERR SN o sEMfRAVE R P 3 2 2 il i
AAE T, AR BE TR  pHAE P B S5 I Rt 4
ST AR AE R, A R S R R A 2 R R TTT
TR AS S IR M TE 3 o SRBETRE \pH (B JIRE5 IR |
JRE4E WP TR T 2R Ak B O v L D S AR ST 2
XRS5 AR 7= A 20 . MICP 5 R 7R VR 224538,
HISA P, 7 3 R R 2 e i i ZE LR
Z48% | B IR IR A ERD RO

H AT 5% MICP £ A 1 0F 5% B Aok il 2 55,
HIRH 2 B T, FHET1b2:70] , MICP £
AR VE RS R 35 18, IR e 75 5 HL A R B b 17
TEANPEAL B T , A0 O QN SRS R B L pH {45 Ak 1 AE
— B AR S e A KRR AL, 8™ A B AR AN 2
FmfE TR, HATMICPHE AR M HFREZLZ T
TET , A Y1 FE ) 107 IR b A5 S BRARL, 1) FH 67 B0 3
YRR T T S R AT R A BB IR A5 U U HH LA 3 58

FLB REE M SRR AR — OB MEOAR , AR
ST R U, T A B B Rl 5 8
BEVE R AU FE FEARR A R A Rk
P

S Sk

W R, TR UE YK JE ISR BT R PR AN BT oh ki M (7],
Uifier kL, 2014,45(11):11 091-11 095.
RONG Hui, QIAN Chunxiang, WANG Xin. Performance of mi-

[1]

crobe cementitious materials[J].Journal of Functional Materials,
2014, 45(11): 11 091-11 095.
[2] JOSH S,GOYAL S, MUKHERIEE A, et al. Microbial healing of
cracks in concrete: a review[J].Journal of Industrial Microbiolo-
gy & Biotechnology,2017,44(11):1 511-1 525.
RODRIGUEZ-NAVARRO C, RODRIGUEZ-GALLEGO M,

BEN-CHEKROUN K, et al.Conservation of ornamental stone by

[3]

Myxococcus xanthus-induced carbonate biomineralization[J]. Ap-
plied and Environmental Microbiology, 2003, 69 (4) : 2 182 -
2193.
[4] BOQUET E, BORONAT A, RAMOS-CORMENZANA A. Pro-
duction of calcite (calcium carbonate) crystals by soil bacteria is
a general phenomenon[J].Nature, 1973, 246: 527-529.
i A, REIEIIE , T2 S8 —Fh A 1K JE RO RIFRI (1], Wil <
2021,28(3):428-432.
XIE Siwei, TANG Guowang, WANG Guihe. Development of a
biological cement[J]. Fault-Block Oil and Gas Field, 2021, 28
(3): 428-432.
JACK TR, STEHMEIER L G, ISLAM M R, et al. Ch. F-6 mi-

[5]

[6]
crobial selective plugging to control water channeling[J]. Devel-
opments in Petroleum Science, 1991, 31: 433-440.

[7] KANTZAS A, MARENTETTE D F, JHA K N N.Computer-as-

sisted tomography from qualitative visualization to quantitative

core analysis[J]. Journal of Canadian Petroleum Technology,

1992, 31(9): 48-56.

[ 8] FERRIS F G, STEHMEIER L G, KANTZAS A, et al. Bacterio-

genic mineral plugging[J]. Journal of Canadian Petroleum Tech-

nology, 1997, 36 (9): 56-59.

[9] WU Jun, WANG Xianbin, WANG Houfeng, et al. Microbially in-

duced calcium carbonate precipitation driven by ureolysis to en-

hance oil recovery[J]. RSC Advances, 2017, 7 (59) : 37 382 -

37 391.

ARMSTRONG I O, PALOMBO E A, NISSOM P M.Bioprecipi-

tation of calcium carbonate mediated by ureolysis: a review[J].

Environmental Engineering Research,2021,26(6):200379.

ZHU Tingting, DITTRICH M. Carbonate precipitation through

[10]

[11]
microbial activities in natural environment, and their potential in
biotechnology: a review[J]. Frontiers in Bioengineering and Bio-
technology,2016,4:4.

[12] LIN Wenbin, LIN Wei, CHENG Xiaohui, et al. Microbially in-

duced desaturation and carbonate precipitation through denitrifi-

cation: a review[J].Applied Sciences, 2021, 11(17): 7 842.



$305

o 4 3]

fATHE I 45 MICP AR S A i S T A e v iy 1o H o J

+113-

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

VAN PAASSEN L A, DAZA C M, STAAL M, et al. Potential
soil reinforcement by biological denitrification[J]. Ecological En-
gineering, 2010, 36(2): 168-175.

MUYZER G, STAMS A ] M.The ecology and biotechnology of
sulphate-reducing bacteria[J]. Nature Reviews Microbiology,
2008,6(6) :441-454.

S, SR BN S IR 4 7 S S B AL Sk
R AR ER 244, 2009,37(4) : 497-505.

LI Peihao, QU Wenjun. Mechanism and performance of remedi-
ation for historic buildings by bacterially induced mineralization
[J].Journal of the Chinese Ceramic Society, 2009, 37(4) : 497-
505.

INE R, VPR , X FF AT, 45 . MICP 78 2 57 403k v 1) 1o FH a0 e
[J]. BT, 2021,35(11) : 11 084-11 091.

SUN Daosheng, XU Wanyu, LIU Kaiwei, et al. Research prog-
ress of the application of MICP in architecture[J]. Materials Re-
ports, 2021, 35(11): 11 084-11 091.

YUSUF CE, NELE DB, NICO B. Microbially induced CaCO,
precipitation through denitrification: An optimization study in
minimal nutrient environment[J]. Biochemical Engineering Jour-
nal,2015,101:108-118.

REEBURGH W S.Oceanic methane biogeochemistry[J]. Chemi-
cal Reviews,2007,107(2) :486-513.

SRR XBUCR, SRR S5 AR ISR S ) B ST R R T].
TN B2 B2 41, 2012,42(3) :297-301.

GAO Dexiang, DENG Huanhuan, ZHANG Minghua, et al.Re-
search progress of microbial extracellular polymer[J].Journal of
Wenzhou Medical College,2012,42(3):297-301.

TG B R A A S B IR TR NY 3 e 5 AR
75 Y IR)25 77 HE A3 G W IR R (0], PR AR 274, 2016, 10
(7):3891-3 897.

WANG Xiaodou, NIE Maiqian, NIE Hongyun, et al. Character-
izations of degradation of oil sludge and synchronous production
of extracellular polymers by Pseudomonas aeruginosa NY3 and
its mutants[J]. Chinese Journal of Environmental Engineering,
2016, 10(7): 3 891-3 897.

W W W AN SRS B AR IR SR AR AR R 1) 5 o F 5
[D]. B : B WA BE T2, 2012.

YANG Min. Study on the formation of microbial extracellular
polymer and its effect on resin properties [D]. Kunming: Kun-
ming University of Science and Technology, 2012.

FEIE AR, KB M ARG P A R & W7 A2 T8 AD-05 %
B A VI SC B 2 PPAS ], AL T, 2016,45(1) :44-47.

DU Guofeng, GUAN Yunhu. Laboratory evaluation of the fer-
mentation conditions of the bio-polymer producing bacteria AD-
05 from oil field source[J]. Contemporary Chemical Industry,
2016, 45(1): 44-47.

AT BN S, T IR G 7 A 19 32 A A Y BT Y
] LY 20 [ AR, 2003, 27(3) :273-275.
PENG Ren, QIU Yexian, WANG Jinlian. Screening of strains
producing urease with high activity and study on condition of
producing urease[J].Journal of Jiangxi Normal University: Natu-
ral Science Edition, 2003, 27(3): 273-275.

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

(33]

[34]

[35]

AR RUTER , MOBT IR, 55 . — bR 2P ST TR A MR A 1 SR
BRI FE[J]. S 2418 4R, 1996,23(2) : 81-84.

XIE Xindong, CHEN Jichen, LIN Xinjian, et al. Studies on
production and extraction of urease from Bacillus SP.[J].Microbi-
ology China, 1996, 23(2): 81-84.

DHAMI N K,REDDY M S, MUKHERIJEE A.Biomineralization
of calcium carbonate polymorphs by the bacterial strains isolated
from calcareous sites[J].Journal of Microbiology and Biotechnol-
0gy,2013,23(5):707-714.

PHANG I R K, CHAN Y S, WONG K S, et al. Isolation and
characterization of urease-producing bacteria from tropical peat
[J].Biocatalysis and Agricultural Biotechnology, 2018, 13: 168-
175.

FIDALEO M, ESTI M, MORESI M.Assessment of urea degrada-
tion rate in model wine solutions by acid urease from lactobacil-
lus fermentum([J]. Journal of Agricultural and Food Chemistry,
2006,54(17) :6 226-6 235,

KIM G, KIM J, YOUN H. Effect of temperature, pH, and reac-
tion duration on microbially induced calcite precipitation[J]. Ap-
plied Sciences, 2018, 8(8): 1277.

A IR B 5 T RS DU KX o 48 C>/Ph2 i Bk
WEFE[D]. 2L - BRBURHE K, 2018,

LI Chengjie. Bioremediation of Cd**/Pb*" and calcium carbonate
precipitation induced by urease producing bacteria [D]. Wuhan:
Wuhan University of Science and Technology, 2018.

P, E BRI, ST, 45 . AMITUSCRH A T 13X 390 7 2 T A 7
BYSZIR[J]. 44 5 388 TF2,2020,27(6) : 81-87.

YANG Kang, WANG Luyi, WU Zeyu, et al. Effects of denitri-
fying bacteria inoculation on bacterial communities in a lake[J].
Safety and Environmental Engineering, 2020, 27(6): 81-87.
B0 TR RS I SR X i B Il A 5 0 e R AR (0],
54,2019, (21) : 146-147.

CAI Feng. Influence of sulfate reducing bacteria on casing corro-
sion in oilfield and its control technology[J].Construction Materi-
als & Decoration, 2019, (21): 146-147.

UK, T, SR, S L — M RO S A TR 44 B S B
IS URFPE DT FE (7). REERF# ST, 2020,33(9) : 2 129-2 137.
HAN Bing, DING Lei, SHI Mu, et al. Identification and char-
acterization of an alkalophilic pseudomonas stutzeri strain with
high denitrification capacity[J]. Research of Environmental Sci-
ence, 2020, 33(9): 2 129-2 137.

A, EARY , B, 45— bR SN AL T B B AP RE D). PREE T
2F42,2017,11(3) : 1 935-1 940.

HAN Bin, WANG Tongyu, CAO Yan, et al. Denitrification per-
formance of a denitrifying bacteria strain[J]. Chinese Journal of
Environmental Engineering, 2017, 11(3): 1 935-1 940.

WA, NS0 AR, 45 . R R 38 I T ) 50 8 R A BHURR LB 50
[7]. SR 5HR ,2006,29(9) : 38-40.

CHEN Xiao, SUN Liping, XU Ying, et al. Isolation and physio-
logical characteristics of sulfate-reducing bacteria[J]. Environ-
mental Science & Technology, 2006, 29(9) : 38-40.

F S 8 PR 30 i T A 0 I A A A i A (W (D], K
KHAR2E,2014.



‘114

=

WmoR M R

5

7.

Ko E 202347 H

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

BAI He. Growth and mass transfer of sulfate reducing bacteria
biofilm [D]. Tianjin: Tianjin University, 2014.

BRI, 230, JAIBR R, 45 B AR ER 148 5 B8 0T BRI 55 45 it il R 1Y
S AR ER 24T, 2019,47(1) : 109-116.

QIAN Jiang, WU Wentao, ZHOU Yuefei, et al. Effect of sul-
fate reducing bacteria on the crystallization process of calcium
carbonate[J].Journal of the Chinese Ceramic Society, 2019, 47
(1): 109-116.

TR AT R, 45 5% B SR R i SR 337 1 AR
STHT[IN I AHLT 5 SRR, 2002,9(6) : 75-76.

WANG Weidong, WANG Zhu, GENG Xueli, et al. Effect anal-
ysis on field application of microbial enhanced oil recovery tech-
nique in U.S.A.[J].Petroleum Geology and Recovery Efficiency,
2002, 9(6): 75-76.

ROLIE S8 558, AR, 55 iR U E YR s R ORI B oY
[ A BT 5 R, 2002,9(4) £ 15-16,20.

LEI Guanglun, GUO Yunyao, ZHENG Jiapeng, et al. Laborato-
ry research of improving oil recovery by microbe at high temper-
ature[J]. Petroleum Geology and Recovery Efficiency, 2002, 9
(4): 15-16, 20.

TE TR AR BRI ST S 5 A B S 0] il | B 5
SRR ,2021,28(2) 1 1-9.

WANG Weidong. Research advance and development trend in
microbial enhanced oil recovery technology[J].Petroleum Geolo-
gy and Recovery Efficiency, 2021, 28(2): 1-9.

MR TETLAR W, 55 R T G Rl R BFE 5 1
JHHERE]. i T 5 2RI, 2021, 28(2) £ 18-26.

LIN Junzhang, WANG Weidong, HU Jing, et al. Progress in re-
search and application of microbial enhanced oil recovery tech-
nology in Shengli Oilfield[J]. Petroleum Geology and Recovery
Efficiency, 2021, 28(2): 18-26.

W AT, BRI, SF BRI A G TR S RS A AR I
HLERBFFE[I]. A5 2441,2007,65(19) :2 133-2 138.

CHENG Liang, QIAN Chunxiang, WANG Ruixing, et al.
Study on the mechanism of calcium carbonate formation induced
by carbonate-mineralization microbe[J]. Acta Chimica Sinica,
2007, 65(19): 2 133-2 138.

PINMIIE , W30 , 0%, 2 ek SR R BT PN U 2 i
ORI FZ IR I]. IS BTSSR IR, 2021,28(2) : 41-48.

SUN Gangzheng, HU Jing, LIU Tao, et al. Effects of reservoir
physical properties and recoveries on oil displacement of endoge-
nous microbes[J]. Petroleum Geology and Recovery Efficiency,
2021, 28(2): 41-48.

GEBRU K A, KIDANNEMARIAM T G, GEBRETINSAE H K.
Bio-cement production using microbially induced calcite precipi-
tation (MICP) method: a review[J]. Chemical Engineering Sci-
ence,2021,238:116610.

TORRES-ARAVENA A, DUARTE-NASS C,AZOCAR L, et al.
Can microbially induced calcite precipitation (MICP) through a
ureolytic pathway be successfully applied for removing heavy
metals from wastewaters?[J]. Crystals, 2018, 8(11):438.

/N R A s v I K B 2R R AR L RE IR IR BT 5T I
HLERSMT[D]. A AJEH TR 24, 2019.

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

HAO Xiaohu. Experimental studies on performances of expand-
ed perlite insulation board strengthened by microbial mineraliza-
tion and mechanism analysis [D]. Taiyuan: Taiyuan University
of Technology, 2019.

MAHAWISH A, BOUAZZA A, GATES W P. Improvement of
coarse sand engineering properties by microbially induced calcite
precipitation[J]. Geomicrobiology Journal, 2018, 35(10) : 887-
897.

VAEZI M, ZAREEI S A, JAHADI M. Recycled microbial mor-
tar: effects of bacterial concentration and calcium lactate content
[J].Construction and Building Materials, 2020, 234: 117349.
GHOSH S, BISWAS M, CHATTOPADHYAY B D, et al. Mi-
crobial activity on the microstructure of bacteria modified mortar
[J].Cement and Concrete Composites, 2009, 31(2): 93-98.
SUN Xiaohao, MIAO Linchang, TONG Tianzhi, et al. Improve-
ment of microbial-induced calcium carbonate precipitation tech-
nology for sand solidification[J].Journal of Materials in Civil En-
gineering, 2018, 30(11): 04018301.

AL QABANY A A, SOGA K, SANTAMARINA J C. Factors af-
fecting efficiency of microbially induced calcite precipitation[J].
Journal of Geotechnical and Geoenvironmental Engineering,
2012, 138(8): 992-1 001.

AL AR JURR R A5 BRUE X IR AE 1 1] AL 2 ORI 1
BURATZE]. Tl SR, 2018,48(7) :16-21.

LIANG Shihua, NIU Jiuge, DAI Jun, et al. Experimental re-
search on the effect of carbon sources on bio-cemented sand[J].
Industrial Construction, 2018, 48(7): 16-21.

BALAE, TR, D R A, A B DR Bl A O DO R I R 5 [ f b b
F R[], Tk #57%,2018,48(7) : 10-15.

LIANG Shihua, NIU Jiuge, FANG Caixing, et al. Experimen-
tal research on the effect of calcium source on microbial de-
posites of calcium carbonate[J]. Industrial Construction, 2018,
48(7): 10-15.

ZHANG Yanrong, GUO Hongxian, CHENG Xiaohui. Role of
calcium sources in the strength and microstructure of microbial
mortar[J]. Construction and Building Materials, 2015, 77: 160-
167.

TN B, e R WK TR I 2 DL, ek R R 2 3
2013,41(3):314-319.

RONG Hui, QIAN Chunxiang, LI Longzhi. Cementation mech-
anism of microbe cement[J].Journal of the Chinese Ceramic So-
ciety, 2013, 41(3): 314-319.

P UM BUE Wl B 2 0 Ak IR 45 v - S A v HI (D). e
AU AR R, 2018,

ZHAN Qiwei. Cementation of sandy soil by shallow mineraliza-
tion of microbe capturing carbon dioxide and application in fugi-
tive dust suppresion [D]. Nanjing: Southeast University, 2018.
CHENG Liang, CORD-RUWISCH R. Upscaling effects of soil
improvement by microbially induced calcite precipitation by sur-
face percolation[J]. Geomicrobiology Journal, 2014, 31 (5) :
396-406.

SIDDIQUE R, CHAHAL N K. Effect of ureolytic bacteria on

concrete properties[J]. Construction and Building Materials,



$305

o 4 3]

fATHE I 45 MICP AR S A i S T A e v iy 1o H o J

+115-

[58]

[59]

[60]

[61]

[62]

[63]

2011, 25(10): 3 791-3 801.

UMAR M, KASSIM K A, ZANGO M U, et al. Performance
evaluation of lime and microbial cementation in residual soil im-
provement[C]. Kuala Lumpur: IOP Conference Series: Materi-
als Science and Engineering, 527, 2019: 012005.

SOON N W, LEE LM, KHUN T C, et al. Factors affecting im-
provement in engineering properties of residual soil through mi-
crobial-induced calcite precipitation[J]. Journal of Geotechnical
and Geoenvironmental Engineering, 2014, 140(5): 04014006.
TETUZR, XS, BRI, 25 SRR W ST Sk Jee 0], il Ut o
53R, 2007, 14(1) :86-90.

WANG Weidong, LIU Maocheng, CHENG Haiying, et al. Re-
search progress of microbial plugging and profile control[J].Pe-
troleum Geology and Recovery Efficiency, 2007, 14(1): 86-90.
ZHAO Qian, LI Lin, LI Chi, et al. Factors affecting improve-
ment of engineering properties of micp-treated soil catalyzed by
bacteria and urease[J].Journal of Materials in Civil Engineering,
2014, 26(12): 04014094.

CHENG Liang, SHAHIN M A, CHU lJian. Soil bio-cementation
using a new one-phase low-pH injection method[J].Acta Geotech-
nica, 2019, 14(3): 615-626.

ZEMIZL, LT Lin, SKRIRAR , 45 . Sl W0 P AR 5 25 B b MR ) ik
J RS TR R R BT[], R DR, 2016, 49
(10):80-87.

LI Mingdong, LI Lin, ZHANG Zhendong, et al. Review, out-

look and application technology design on soil improvement by

[64]

[65]

[66]

[67]

[68]

microbial induced calcium carbonate precipitation[J].China Civil
Engineering Journal, 2016, 49(10): 80-87.

VARENYAM A, ABHIJIT M. A Review of microbial precipita-
tion for sustainable construction[J]. Construction and Building
Materials, 2015, 93:1 224-1 235.

PRAE AL, LD, VR, A . IR AE W 3R R T Jy i 8 AN
FERERT ] I THL B R ICR , 2012, 19(2) : 37-40.

DAI Xuecheng, WANG Hongbo, XU Nian, et al.Study on activa-
tion blend evaluation for indigenous microbial flooding[J].Petro-
leum Geology and Recovery Efficiency,2012,19(2):37-40.
RONG Hui, QIAN Chunxiang.Development of microbe cementi-
tious material in China[J].Journal of Shanghai Jiaotong Universi-
ty:Science,2012,17(3) :350-355.

GEALAE W RS DRI U, A5 . 2 S B oy AL A [ TR R A%
W LSRR RSB S (). Lk 5T, 2018,48(7) :27-32.
LIANG Shihua, ZENG Weihua, CHEN Juntao, et al. Experimen-
tal research on the effect of fiber on bio-cemented sand with dif-
ferent particle sizes[J].Industrial Construction, 2018,48(7) : 27-
32.

QEALAe UM O, 55 IR PR SR UCBON TR ) [ D AL
RG], Tk 57,2018,48(7) : 22-26.

LIANG Shihua, NIU Jiuge, DAI Jun, et al.Effect of the number
of grouting cycles on bio-cemented sand[J]. Industrial Construc-

tion,2018,48(7):22-26.

AR LR



