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Research progress in microbially induced carbonate precipitation
technology for synergistic carbon sequestration and heavy metal
immobilization

LUO Zhengyu"*', HE Huang', HAN Hongrui', NI Wen', FAN Yixun', GUO Yu', HUANG Xinyi',
LIU Zhenyu', TONG Jin', CHEN Zhi'

1 College of Ecology and Environment, Chengdu University of Technology, Chengdu, Sichuan, China
2 Key Laboratory of Synergistic Control and Joint Remediation of Soil and Water Pollution, Ministry of Ecology and

Environment, Chengdu, Sichuan, China

Abstract: Global climate change and soil heavy metal pollution have raised higher requirements
for the synergistic adaptability of conventional remediation technologies. Microbially induced
carbonate precipitation (MICP) technology, with its unique biological metabolism and
environmental interaction characteristics, provides a new pathway for the synergistic management
of carbon sequestration and heavy metal stabilization. This technology induces calcium carbonate
formation through two core enzyme-mediated pathways involving urease and carbonic anhydrase,
enabling simultaneous CO, sequestration by mineralization and heavy metal immobilization. In
carbon sequestration scenarios, MICP technology can enhance the geological stability of carbon
sequestration sites through lithological improvement and strengthen carbon sequestration efficiency
through high-efficiency mineralization reactions. In heavy metal remediation scenarios, it can
achieve heavy metal stabilization through multiple mechanisms such as adsorption,
co-precipitation, and surface complexation, and different calcium carbonate crystal forms can adapt
to varied pollution scenarios. However, the large-scale application of MICP technology currently
faces three major bottlenecks: insufficient tolerance of functional strains to extreme environments,
compatibility conflicts between exogenous strains and native ecosystems, and coupling barriers
between metabolic pathways for carbon sequestration and heavy metal immobilization. To address
these issues, this paper proposes a three-stage synergistic process flow hypothesis for heavy metal
immobilization, carbon sequestration by mineralization and long-term monitoring. Sequentially
switching metabolic pathways theoretically resolves the pH requirement conflict between heavy
metal immobilization and carbon sequestration by mineralization, providing new solutions for the
engineering application of MICP technology. Future research should focus on the modification of
functional strains for extreme habitats, regulation of interactions between exogenous and native
microorganisms, and precise optimization of process parameters, to advance this synergistic model
from theoretical design to on-site validation, providing technical support for achieving carbon
neutrality and the safe utilization of polluted soils.

Keywords: microbially induced carbonate precipitation (MICP); carbon sequestration and
emission reduction; heavy metal pollution remediation; lithological improvement; synergistic
management
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Pioneering and

1911 foundation-laying
Drew first isolated bacteria capable of inducing
carbonate precipitation

Applied

1992-2001 exploration

Kantzas revealed its application potential in
geotechnical engineering, while Bang achieved
concrete crack remediation, thereby expanding

MICP research into construction materials

Synergistic

2010-present development
Okyay investigated carbon sequestration
capacities, advancing the technology toward
CO, mineralization and carbon storage;
Gilmour employed genetic engineering to
achieve synergistic enhancement

E1 MICPIARX% BRI

Figure 1 16-24]

MICP technology development timeline!
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Conceptual

formulation 1973

Boquet demonstrated that soil bacteria possess the
capability to generate CaCOj crystals

Technological
maturation 2004-2010
Whiffin coined the term “microbially induced
carbonate precipitation”’; Mitchell advanced

its systematic use in geotechnical engineering;
and Jonkers pioneered the concept of microbial
self-healing concrete
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Table 1  Abiotic factors affecting MICP technology

Abiotic factor

categories

Factors

Impact effect References

Growth
environmental

factors

Growth
environmental

factors

Exogenous
regulatory

factors

Phosphorus

pH

Salinity and pH

Temperature

Urea and Ca®"

Organic carbon

source

Trehalose and

sodium alginate

Chitosan (CTS)

Artificial humic

acid and biochar

In the low-phosphorus environment of crystal fountains, the microbial phosphorus  [35]
starvation response reshapes community structure and functions, indirectly

regulating photosynthesis-driven MICP, optimizing the precipitation

microenvironment, and enhancing CaCOj3 precipitation

Urease conformation and microbial activity are optimal at pH 7.0-8.0, yielding [55-56]
maximum CaCQOj; precipitation. Extreme pH causes urease unfolding, suppressed
metabolism, and reduced precipitation. CO, solubility and capture peak near pH

8.9 in urea-regulated systems, but decline sharply at higher pH from excess urea

In intertidal microbialites, salinity significantly affects dominant bacteria, while pH [57]
correlates more strongly with community composition. Under high salinity,

microbes prefer urea and amino acids over nitrogen fixation; urea decomposition

and amino acid ammonification increase pH and DIC, synergistically driving

carbonate precipitation

In the 10-30 °C range, higher temperatures yield greater but faster-declining urease [58]
activity. Low-temperature MICP performs better: at 10 °C, CaCOj; precipitation in
aqueous solution and sand column experiments is 92% and 37% higher than at

30 °C, respectively

Extra urea in complex media slows nitrate reduction, and increased Ca*" [59]
significantly inhibits it. Optimizing the coupling of urea hydrolysis and nitrate

reduction enhances CaCQOj precipitation by 20%-30%, up to 14 g/L

Molasses and distiller’s grains as organic carbon sources effectively promote [60]
MICP-related CaCO; formation, stabilize soil surfaces, and significantly reduce

wind erosion-induced soil loss, with distiller’s grains performing better. When

tryptone soya broth is used, high sodium input disperses soil aggregates and

increases soil loss

Trehalose promotes calcite formation, and sodium alginate stabilizes vaterite via [61]
carboxyl groups. Both enhance calcium ion removal, with higher concentrations

yielding higher precipitation rates. Sodium alginate also induces CaCOj; nucleation

on its surface, improving MICP efficiency

Chitosan adsorbs Mn?", alleviates its toxicity to Sporosarcina pasteurii, improves  [62]
bacterial adaptability and urease activity, regulates MnCOj; crystal morphology to

finer and more uniform particles, and significantly enhances MICP efficiency for

Mn removal while shortening remediation time

Biochar provides pores for Sporosarcina pasteurii adhesion, and artificial humic [63]
acid acts as a nutrient to stimulate urease secretion. Their synergy promotes
coprecipitation of cadmium with calcium carbonate, significantly improving Cd
immobilization efficiency by MICP. They also enhance soil fertility and ecological
functions, with a notable increase in the relative abundance of dominant phyla such

as Proteobacteria

(FF%2)
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(BER 1)
Abiotic factor  Factors Impact effect References
categories
Chitosan and CTS and CMCS enhance MICP efficiency by providing nucleation sites, [64]
carboxymethyl ~ promoting Ca®* binding, and synergistic mineralization with bacteria. CMCS
chitosan shows higher compatibility and stronger promotion than CTS, raising calcium
(CMCS) precipitation up to 28.28% and driving the transformation from calcite to aragonite
Magnesium MP elevates soil pH and organic matter, provides adsorption sites, and synergizes  [65]
polypeptide coprecipitation of Ca®", Mg?", and Pb?", significantly enhancing MICP remediation
(MP) efficiency for lead-contaminated soil. It reduces exchangeable Pb by 30.37% and

increases carbonate-bound Pb by 40.82%, while mitigating MICP’s negative

impacts on soil microbial communities

Sand surface
modification

Modifying sand grain mineral composition, specific surface area and charge [36]
promotes bacterial adsorption and growth, accelerates nitrate reduction-mediated

CaCOs precipitation and optimizes crystal morphology and distribution, thus

improving MICP solidification efficiency and engineering performance for sandy

soil
Modified
organic
materials
(MOM)

For severely disturbed soil in degraded meadows of the Qinghai-Xizang Plateau, [66]
MOM significantly increases urease and phosphatase activities, accelerating soil

nutrient cycling. It also boosts microbial abundance, stabilizes community

structure, and enhances the environmental adaptability of MICP
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Table 2 Application prospects of MICP technology in CO, mineralization and carbon sequestration
Microbial Application  Application effect Key conditions References
categories prospects
Recombinant Lithological ~ CO, concentration decreased from An aqueous solution system was adopted [24]
engineered improvement 3 800 to 820 mg/L. Synergistic action with initial CO, concentration of
Bacillus subtilis and efficient  with Sporosarcina pasteurii increased 3 800 mg/L and mineralization pH of 8.0.
expressing carbon mineral production by 1.5 times while No cycle number was set, and no long-
carbonic sequestration preserving CO, sequestration capacity term leaching test was performed
anhydrase
Sporosarcina Lithological It readily forms stable calcite crystals
pasteurii improvement accounting for 73%. Synergy with
engineered bacteria significantly
increases crystal size, raising mineral
yield from 0.2t0 0.3 g
Bacillus Porosity decreased from 12.61% to A static sandstone-supercritical CO,-brine  [67]
licheniformis 10.75%, and core mass increased by aqueous system was used, with initial pH
0.23%. Meanwhile, secreted EPS forms 7.2, salinity 10 000 mg/L, no dynamic
biofilms to reduce CO, leakage circulation, and reaction period of 60 days
Sporosarcina At 1.0 mol/L Ca®', precipitate mass The experiment was conducted in an [68]
pasteurii increased from 0.5 to 3.5 g. Samples aqueous system with initial Ca*"
with calcium acetate rapidly sealed concentration of 1.0 mol/L and pH
cracks within 48 h, achieving 87.43% 7.5-9.5 (optimum 9.5), without
calcium removal circulation or long-term leaching tests
Staphylococcus  Lithological — Porosity decreased by 6.12%, cohesion A high-salt silty soil column was [69]
xylosus improvement increased by 39.5%. Shear strength rose  employed with 0.5 mol/L urea and
by 22.1%, 13.5%, and 8.3% under 0.5 mol/L CacCl, solution at pH 7.58,
confining pressures of 100, 200, and 8%—-12% soluble salt, and high ionic
300 kPa, respectively strength. Single grouting was used
without circulation or long-term leaching
Sporosarcina CaCOj precipitation rate was 60%, wind Aqueous system, initial pH 8.0, [70]
pasteurii+ erosion efficiency reached 95% at cementing solution of 0.6 mol/L urea and
Paenibacillus 10 m/s wind speed, with dense pores and 0.6 mol/L CaCl, (ionic strength provided
mucilaginosus stable structure by 0.6 mol/L Ca®" and urea). No fixed
cycles, only 5 min short-term simulated
rainfall, no long-term leaching
Priestia Efficient It reduced initial 3 800 to 699 mg/L CO,. Aqueous system with initial CO, [24]
megaterium carbon The BmCAb1/BmCAD2 carbonic concentration of 3 800 mg/L and
sequestration anhydrases encoded by this strain mineralization pH 8.0. No cycles and no
exhibited high CO, hydrolysis activity in long-term leaching tests
engineered bacteria
Paenibacillus At 0.3% bacterial dosage, CO, uptake A 1 g/kg Paenibacillus mucilaginosus [71]
mucilaginosus increased from 0.18 to 0.34 kg/m?; solution was prepared in an aqueous
1 g of bacteria absorbed 567 g CO, system and added to shotcrete at 0.3%
mass fraction. No data on pH, ionic
strength, cycles, or long-term leaching
was reported
Chlorella The measured maximum CO, fixation Modified artificial seawater system with ~ [72]
vulgaris rate was 97.73 mg/(L-d), with total 60 mmol/L NaHCO; and 18 mmol/L

carbon capture up to 1 943.37 mg/L

CaCl,. pH rose to 9.5-9.8 during culture.
Initial algal concentration, cycles and
long-term leaching were not reported
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A[SEEE 60% 1 CaCO; ULIER, X 10 m/s Kk Y
UM HI ORI 95%, TR L2 80U RE,
FEEPUMI AR | AR ZE A R S i R R R
PE, SRTZAAR R B iR 52 5 3 K 3 W R B
SERRAE, AR TF R EAL YN A, KR
B B I G R . 0 RRCR RS
MR OFEARPFRFRADF 7Y BRI\ E
R S 08 e B AR A K Je S R 48 15 1
JEBLH OGE IR R RE ST, 24 Ca® MR A 1.0 mol/L
i, PLvE RO IR T 6 £, 5L BRFA
87.43%, WAITE 48 h NP A& 245%, Hal i
R Fh 7K e A 22 41 TR P HAB 2 R R T B o A
HEEX I, [H Ca” W #E T 1.0 mol/L B 45 i 3
T A PR AT L AR R T A A R S B4k
I 2 A REEAE T, TR IR E MR Ty 2E PR
HARTF R R S P 40 TE SE 5010

FE A E R, 2 TR P R IR R 5 R e
TED A 0 R R B B 3 1 [ ik
AW 1. EUR 2\ S BRE 5 TR S ARG
B2 AT B AT U [RDRE ) 4 Wk EE 3 800 mg/L Y
CO, F¥ 2 820 mg/L, IFFH¥ & ¥y Ui v = &t #& Ft+
1.5 4%, BAGmsl CO, HAFRETT, SRMIZIK R
7 pH 8.0 MK A R h RILERA, X E 4
+ IREE A A S A I B AR E T i AR AR T
Iy BAERY ;s X /NER ¥ (Chlorella vulgaris) A 5
M fh 1A 2R F B O 5 9 [T s8R, S de g
CO, [ 72 %3k (97.73+1.17) mg/(L-d), IBRAH 3k
T (1 943.37+12.53) mg/L, %44 2 Al ke
&4 MICP BRI R =, HAE I SCH
575 A f RS R T K BB, (A8
W JE NaHCO; 3%, CaCl, 23 i 25 1 i) o e A A 0
PE, HIA R Z 45 B T KR &
TERE, HAE H ARG K IR b 0 By 1 S HASE AL
o7 FH 08 A 3 il AT 7 i — 2B el R R
ZEFOLAT A 7 5% S TR 96 - 19 400 3ul e B 1 3 ) 4
RSN, SUNE TR AN 0.3% BHREE + CO, T
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WeE A 0.18 kg/m? $2FFZE 0.34 kg/m?, [H] 14 d B
BT AT 5K 25,19 MPa, S2IR T RRIECHE S )
SRR T B bR, H w4 R S a2
IR GE T R IIsR R, LAY R 45 ] $2 T )5
JEEHN S M i fb S Ry SRR, AR R AR SR TR
w8 T AR B B AR R I R AT R S
KETY,

AR, MICP HORTER L e il 2 Jre
PR A N R TR, D RE R R A LR A R
T 2 FA T COL B AL E W 1. D Ei o
PRBE3E BC R AR AT i A2 i s R . R CO, 43 R
R A, AL 5 e Ak S P R R
FERR BT, e R TR T R AR RE S W AL A
WRASCRIRAN, 0 AR A ] Bkt il 7= ) KU
T B MR AR . TRt Bk R
BT S OMNA I BOR RS . SR, Y ETHFS
AT LA S g6 3 Al P KBS RAR R o, IR S
PGS KA B AR R E AR, £
B R A i A A FO PR R 2, TREAR Y
AR IS PELERE . A i K R e
B2 RGLIAE, FR T RIS AEAE vk B S
FUBRE &= Py is Y45 . MICP &L [E
e B AR A% A BE AT ACAIG I B A AL T
TR AT 77 B 2
32 MICPEAREEERSELEEE
ch ) K7 FA

TEE RIS YE E 4, MICP A8 i i
A= AR AL AR B R R ) S R 4 I [ A
EEXTARTRITG e Bt . B4R 2R 8 g 4
R M ERLBER W ). IR R Pk
TEAR X e o4 Jm i I AR Re ), TERG HEE
HYsehRIEL; A BEARRNGES 2L
il D[R] 4 R B 2 4405 PR 2 B B R /2K
hEEEIG R B & ILE S Y a6
B TR AR (R 3).
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Table 3  Prospects of MICP technology in the remediation of heavy metal contaminated soils
Abiotic Application effect Key conditions References
materials/
microorganisms
Sporosarcina Sr** is efficiently removed via isomorphic Aqueous system was used with initial Sr** [39]
pasteurii substitution into calcite or strontianite, with 10 mmol/L and pH 7.2; ionic strength,
maximum removal rates of 99.8% and 99.9% cycles, and long-term leaching design were
under static and shaking conditions, respectively not reported
Pb immobilization efficiency in aqueous solution ~ Both aqueous and soil column systems were ~ [73]
reached 78.6%. In loess surface layers, involved. Initial Pb was 1 mmol/L at pH 6.0
exchangeable Pb decreased from 9.7%-17.4% to  in solution, and 4 000 mg/kg in loess for
0.4%-2.3%, while carbonate-bound Pb increased  column tests. Long-term leaching was
t0 65.1%—66.2%. In long-term leaching tests, Pb  performed; ionic strength and cycle number
leaching rate was 90.36% at pH 3.5 in 7 days and ~ were not reported
12.96% at pH 5.5 in 27 days
Cd*" is immobilized by biosorption and lattice Soil column system was adopted with initial ~ [74]
doping. After 12 cementation cycles, leachate Cd*"  Cd 400 mg/kg. Optimal conditions: 30 °C,
decreased from 7.695 to 2.356 mg/L. Under ODyg 1.5, cementation solution 0.5 mol/L.
optimal conditions, it reached 2.439 mg/L, an Tonic strength, cycles and long-term leaching
88.39% reduction design were not reported
Optimal pH for Sporosarcina pasteurii MICP is Three systems were included. In aqueous [75]
6.0-8.0. Cd immobilization reached 99.9% in solution, initial Cd was 50-200 mg/L; ionic
solution, with calcite dominating CaCOj; for Cd strength was controlled by 0.4-0.6 mol/L
adsorption. In column/in situ systems, urea-CaCl, cementation solution, without
exchangeable Cd fell by 41.6%, leached Cd by cycling or long-term leaching. In column/in
45.6%. Soil CaCOs, aggregates, and urease situ systems, initial Cd in loess was 50 mg/kg
activity increased; carbonatebound Cd rose by at pH 7.0-8.0, using 0.4-0.6 mol/L
40.1%, reducing Cd mobility and bioavailability cementation solution without cycling;
while enhancing soil stability long-term leaching experiments were
conducted to assess Cd leaching risk and soil
stability
The CaCl, group achieved nearly 100% Pb Aqueous system was used with initial Pb*" [76]
removal efficiency. Ca(CH;COOQ), was slightly up to 50 mmol/L, calcium sources 0.25 mol/L
less efficient but much better than the calcium-free CaClz or Ca(CH3COO),, urea 0.5 mol/L,
control. High inoculation produced only PbCO3 initial pH 8.8, and inoculation ratios 1:3 and
monolayer, while low inoculation formed mixed 1:9. No cycling or long-term leaching was
(PbCI),CO3 and PbCO;. Ca*" enhanced performed
remediation by reducing Pb*" toxicity and
improving urea hydrolysis
Humic acid (HA) Increased maximum Cd adsorption capacity of In aqueous solution at pH 7.0, initial Cd*" [77]
CaCOj; from 120.1 to 184.4 mmol/g; relieved Cd concentration 10-500 mg/L, HA
inhibition on urease, with Cd fixation rate rising 0.5-2.0 mg/L, Ca*" 1-5 mmol/L, ionic
from 3.7% to 19.1% at 96 h; suppressed calcite strength 1 mmol/L (CaCl, or CdCl,). No
formation and promoted metastable aragonite cycles or long-term leaching
(2%)
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acclimatized soil

microorganisms

adsorption capacity of 8.92 mg/g. The Thomas
model for column tests fitted 6.11 mg/g.
Fractionation showed exchangeable Cd decreased
by 21% and carbonatebound Cd increased by 22%

with initial Cd*" concentration 10 mg/L, pH
6.5, column test breakthrough volume 49 L;
ionic strength, cycle times and long-term
leaching evaluation were not mentioned
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(£33)
Abiotic Application effect Key conditions References
materials/
microorganisms
Urease- Under optimal parameters, leachable Cd decreased In the soil column system, the initial [78]
producing by 80.7% after 7 mineralization cycles. Cd leachable Cd concentration in tailings was
carbonate- coprecipitated with Ca as (Cag 7,Cdg33)CO; and 3.11 g/L, the optimal conditions were
mineralizing calcite, with tailings encapsulated to inhibit Cd 1x108 CFU/mL bacteria, 3 h retention time,
functional release 0.25 mol/L mineralization solution and
bacterial 1.5 mL/min flow rate, and 7 mineralization
community cycles were performed without long-term
leaching
Urea- Leachable Cd, Pb, and Zn in most samples This technique used a soil column system. [79]
decomposing decreased by at least one order of magnitude. The  Acidic waste samples with initial pH 1.2-1.3
community pH of acidic effluent rose from 1.2-1.3 to 5.7-8.5, were treated with 15 applications of MICP
dominated by and reduced slag permeability enhanced heavy reagents and Sporosarcina urea-decomposing
Sporosarcina metal immobilization bacteria. Long-term leaching was evaluated
by humidity cell method, with no mention of
mineralization solution ionic strength
Urea- MICP-treated soil had a maximum Cd*" The technology used a soil column system [80]

Horp, ERZHEM SR EE MO
PR, EPXAFERE SR EREERBERE S, H
WAFTEIE 2 Sead i B . fln, 7E%+ Pb s
e, RS9 RPE S5 T AT 2 78.6%
) Pb [ %, #5184 Pb & LA
9.7%—17.4% [ % 0.4%-2.3%, BWRIRELEE G4 Pb
B R TR 65.1%-66.2%, FEIRE LIPS
JEALRE F1 5 SR, 32 B PR X 5 1R A 3455 i 52
PE2%, pH 3.5 B Pb UL 3E 7 d M2 R & ik
90.36%, HIRZ K™ A NHy 551 & A5 4
WS, T Sr sy e, ZE bk E
TRALHIKE S R e AT A Sk AR = A db i
FS SR T SRR ZLBR% 713k 99.8%
H199.9%, HeHERLFE S-S FmAEME; (Hi%
IR AFTEINAL JeUUsE Ca B F e £k, Uit
TEB W 0K R e M R B B AR R s 4TS
TRGERAE, 7E Cd 5T BE T, KRk
LRI kB E L EHLE AL Cd”,
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12 # e 45 5 Cd*H 2 H Mk B N 7.695 mg/L [ %=
2.356 mg/L, ffLACH TR H R AR b PRIEAIR
88.39%; {HZ WIS o B FLI 2 g iR 55 72
B, FEUGSBESCRIETHAR, B Rk
ZE SR E Cd I BEBOT M EI IR G, MR
i 5 30 °CH IR S FEMMIBEE 0%, AN S 1
F Y e At nT RESZ K RS e R HE
Els YR RN T, R TR K R R
X Cd R =ik 99.9%, 7 AR R
1K B 5 AT A2 Cd &R 41.6%, Cd
B BE A 45.6%; (A i 45+ 14k CaCOs,
it KRR B R AR b S RS A RO
ik Cd WAEWA RE SR, FI2EmHIK+
WA, AZFE RPN HZ R IE . A A
O 25 A R A A PR v VAR B )T e W
S AN AN T, B R A AT AR IR
B35 RIS, L TR R X RS AU A B 5 114 3 A T A
2P W ER P 5B R, fefiiEfl
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{51] 5 05 5 7R AT SEER R T 100% A9 P> B E AL
Ry ARAIREEFP LB T 18 52 850K B Po™ e B T
WETRE, HIZMRAEZ ORI RIR R IR,
BL= B RS PRYS YRR EE I Ry AR

REBRRZELMAEN SHE . +&FF
HER PR IRV 3 B S ARE , HUAAAE 1S 20
B, JEIERR - B AR R T Cd X IR
APl Af CaCO; X Cd 1Y 5 K WK B 45 1 A\
120.1 mmol/g % % 184.4 mmol/g, 96 h N Cd [#
FERE 3.7% BT E 19.1%, [F BRI AR A
A I 8 LA S s 0 B RE T s (R R AN AR S
B0 K WAR R UEROCR , R IF R A 1 158
N, SEBRTE G b i K R e M S s
R SR UETT S 7= MR i Bk 2 £k 9 1k ) i 4N 7 B
% 22 7 DRI S n R T B ERRIE R
2 J¥ (toxicity characteristic leaching procedure,
TCLP) ¥y 7] 2 i Cd ¥k & [ ik 80.7%, JE %
(Cag67,Cdo.33)COs R A7 VT I U 22 Rk
/DB R Cd B (AT L %
AR REUE, TR Z MR E . 7R
ZHRER W, RN K REES K
FUROE B AN T o — e, NS
LR & (Sporosarcina) bR 25 43 fifk 240 v R V% T fifi iR
P LRSI Cd, Pb., Zn 2 HH R ERREE D
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5.7-8.5, HisRE 4R B ERE S s (EAFTEAR AL
i As IR IR EE TR . Cu [ E R ANFRE /Y R)
L, HRIRESIR)Z A AN, MR TERR TR
g 00, AR EEE™ . JREI+
SR A WA IS TR R CaF ) S R W B
T+ E 8.92 mg/g, (H LA Cd N L FEAR
21%. BRIRERZSAAS Cd (5 LGN 22%, &3
R EE AR B E s (B2 Cd™ B E BRI A
PoAbkas 8], YT IR 2R o0 e M) i A AR R0 A
Wi, HCEY S 2 5 pH SRR R
il 241801,

SR, MICP BORTE 4@ 15 Y152 4
5O M — TR MR S E RS AR R DR

52 BRI R, o A OB ERRXT PD,
Cd. Sr &4 T4 Jm I8 B I B0 i 5 1) e 5
[ ERE S, APRG G I RS g, R R
JELAE ST v s 15 T A TR A i i A -
FERE 25 R B R AR TS IS T8 21T
QBEE TR, BT ARG — bR I 5
1153 A T I Y7275 A 3 B N T P 4
JLT5 PG SR RLBALHE) 1 1. HAT, MICP 4
ARTEH 43 @ 15 Y18 52 U 0 DA S 90 % /K S TR A
JE 2= R RO 5, ais g
A LA 1 R 5 i ax (48 2 S A T — 5 A i
HITG . SR, HRTEOARAN A2 7 SR
BIR,  JELE I B8 A E - S i i e PR AT
Bk, SRR N ZE e R U EB AL |
A A 7= ) 1 30 I 45 200 25 R Bt T 5 41 7 TR A
TE TR I, AMIRR AR S 5 R Y5
e B SRR BN [B] S5 9805 AR R AT B R 4L
figp R[] Fsf AR N T C KRR HE T AR A T2
SPRER R RSS2, MICP i REH 4R
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s
4.1 MICP AR AS KRR
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Table 4 Applicable pH range for MICP technology

Classification of MICP technology Applicable pH References

Heavy metal immobilization Pb aqueous system (pH 6.0) [73]
Cd soil column system (pH 6.5) [80]
HA-Cd aqueous system (pH 7.0) [77]
Sr aqueous system (pH 7.2) [39]

Lithological improvement Sandstone-CO, system (pH 7.2) [67]
Saline silty soil column system (pH 7.58) [68]
Calcium chloride aqueous system (pH 8.0) [69]
Mineralized aqueous system (pH 7.5-9.5) [70]

Efficient carbon sequestration Engineered Bacillus subtilis aqueous system (carbonic anhydrase, pH 8.0) [24]
Peak urea-driven CO, capture in aqueous solution (pH 8.9) [56]
Chlorella aqueous system (pH 9.5-9.8) [71]

Phase I1I: Long-term
monitoring and stability

Phase II: Mineral carbon
sequestration dominance

Phase I: Heavy metal
immobilization dominance

(acidic pH) (neutral to weakly alkaline pH) maintenance
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Figure 4 Three-stage synergistic process flowchart of “heavy metal immobilization-mineralization carbon

sequestration-long-term monitoring”.
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