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metal pollution make the soil heavy metal pollution in China continuously accumulate, hindering the re-
alization of "double carbon" goal. Immobilized microbial technology is used as one of the bioremediation
methods. This technology can reduce the energy consumption and secondary pollution produced by tra-
ditional physical and chemical methods in the remediation process. This technology can also improve
microbial density and maintain microbial activity. Therefore, it has a broad development prospect in the
remediation of heavy metal contaminated soil. This paper firstly introduced the classification of immobi-
lized microbial technology from three perspectives of immobilization methods, carrier types, and micro-
bial species. Then the mechanisms of heavy metal pollution remediation by this technology were summa-
rized. According to different application situations, the selection of carriers and microorganisms is of
great importance. So, this paper also summarized the research development status of immobilized micro-
bial technology in the last five years. Studies have shown that this technology can effectively remediate
heavy metal contaminated soil. New carriers and new microorganisms have been developed to satisfy a
variety of applications. The technology can also be combined with phytoremediation technology to a-
chieve a more low—carbon remediation effect. Considering the future development potential of this tech-
nology, this paper also proposes the development direction of immobilized microbial technology. It is

expected to provide a reference for the development of immobilized microbial technology for remediation
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of heavy metal contaminated soil.
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Fig. 1 Immobilization methods
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Fig. 2 Schematic diagram of heavy metal pollution

treatment by immobilized microbial technology
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Fig. 3 Mechanism of action of immobilized microbial

materials in association with plants

5 REERE

TEEGEIGREE — B E T E HU
PR, FUE A AR R 5 5 T etk Yy B AL
PR I 4 R, FOUE RS A T R K
o ASCMNIEETT i AR RI TG YAk 3
AT T [ E A A AR | A D
TG LA N ZBORAEA [ T o <5 i 79 % 1 Y
WFFE R IR SR8 Z AT, o8 1 i [ 4k
A BTN 5 4 i T T A DR B R ok
RIERME TS,

AL E MIRARE R LS R i e HA



- 154 -

e O B R A

55 37 B4 2 1]

B A5 AELAE LT J7 T8 75 i — AP E 5T
(1) 4 Gl E W 1 BOR A B S I a], 1 an s hin -5
TR DM RISOSE B A~ 10 5 (2) S S A W i
BEAE ST, 52 75 G 3 v o) B ik B T B 110
AT, IF N0 TR IR ST LR ; (3) B2
FEARABETT , & BEA B R PR, I 2R T
S AR Z R AR ALER ; (4) FHBHN 20 5
[T, AN e PR PR, IR 5T 5 A W) Z 1] #Y)
AR EL AR R I e A FH 452 ) AL

22 3L Hf ( References) :

[1] YANG Y, SHI Y, SUN W, et al. Terrestrial carbon sinks in
China and around the world and their contribution to carbon
neutrality[ J]. Science China Life Sciences, 2022, 65(5) ; 861
-895.

[2] AESHEEE. 2021 PEESHERI AWM R]. JL5T: £S
FHEER, 2022, 38-39.

[3] LICF, ZHOU K H, QIN W Q, et al. A review on heavy metals
contamination in soil ; Effects, sources, and remediation tech-
niques[ J]. Soil and Sediment Contamination; An International
Journal, 2019, 28(4) : 380-394.

[4] AESWEERS. “ T A” 15 HF KRR A S H S
MKI[R]. Jbat: AZSIETH, 2021 7-10.

[5] KADIMPATI K K, MONDITHOKA K P, BHEEMARAJU S, et
al. Entrapment of marine microalga, isochrysis galbana, for bio-
sorption of Cr(III) from aqueous solution: Isotherms and spec-
troscopic characterization[ J]. Applied Water Science, 2013, 3
(1):85-92.

[6] ANNA DZIONEK, DANUTA WOJCIESZYNSKA, URSZULA
GUZIK. Natural carriers in bioremediation; A review[ J]. Elec-
tronic Journal of Biotechnology, 2016, 23. 28-36.

(7] KEHRLL, EHRES, TN, 4 LI Y PAA/PVA L1411

AR AT 1 T AT VE G [ T]. R T AR AR,
2016, 16(3) : 494-499.
SUI Chunhong, WANG Zhaoyi, WEI Yuqing, et al. Immobi-
lization  of  glucoamylase onto electrospun  PAA/PVA
microfibrous membrane by active ester method[ J]. The Chinese
Journal of Process Engineering, 2016, 16(3) ; 494-499.

[8] GONGYZ,NIUQY, LIUGY, et al. Development of multifa-
rious carrier materials and impact conditions of immobilised mi-
crobial technology for environmental remediation: A review[]].
Environment Pollution, 2022, 314( 1) 120232.

[9] ASHJARI M, GARMROODI M, AHRARI F, et al. Soluble en-
zyme cross—linking viamulti—component reactions: A new gen-

enzymes [ J ]. Chemical
Communications, 2020, 56; 9683-9686.

[10] ALTINKAYNAK C, TAVLASOGLU S, NyZDEMIR, et al. A

eration of cross — linked

new generation approach in enzyme immobilization: Organic—
inorganic hybrid nanoflowers with enhanced catalytic activity
and stability[ J]. Enzyme and Microbial Technology, 2016, 93
-94. 105-112.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

HWANG E T, GU M B. Enzyme stabilization by nano/micros-
ized hybrid materials[ J]. Engineering in Life Science, 2013,
13(1) . 49-61.

WAHAB R A, ELIAS N, ABDULLAH F, et al. On the taught
new tricks of enzymes immobilization: An all — inclusive
overview [ J ]. Reactive and Functional Polymers, 2020,
152 104613.

SHELDON R A, VAN PELT S. Enzyme immobilisation in bio-
catalysis; Why, what and how[ J]. Chemical Society Reviews,
2013, 42(15): 6223-6235.

WU M H, WANG Q Q, WANG C, et al. Strategy for enhan-
cing Cr( VI) —contaminated soil remediation and safe utilization
by microbial — humic acid — vermiculite — alginate immobilized
biocomposite [ J ]. Ecotoxicology and Environmental Safety,
2022, 243 113956.

R, F2E BRUE MUEMTEE SRS R EIEE LT
PIPERILT]. B E S MR, 2022, 3(9) : 105-107.
JIAO Yingying, YAN Fei, LV Shuhua. Role of microorganisms
in remediation of heavy metal contaminated soils[ J]. Leather
Manufacture and Environmental Technology, 2022, 3 (9) .
105-107.

X, BRAAN, BUIEVE. FLTR WA o )R i BIF T ot
[J]. Bk, 2021, 4. 10-11.

LIU Changqging, CHEN Jijie, HUANG Zhengyang. Advances
in the study of heavy metal adsorption by fungi[ J]. Modern
Salt and Chemical Industry, 2021, 4. 10-11.

VPR 1 ORS00 WA B S e B HE o A i A2
PERGPELEIBITE (D). K. WIMAF, 2016: 25-38.
XU Piao. Research on heavy metal biosorption/accumulation
by white—rot fungi and fungi tolerance/resistance analysis[ D].
Changsha; Hunan University, 2016, 25-38.

TUFAIL M A, ILTAF J, ZAHEER T, et al. Recent advances
in bioremediation of heavy metals and persistent organic pollu-
tants; A review [ J]. Science of the Total Environment,
2022 157961.

TAREKEGN M M, SALILIH F Z, ISHETU A I, et al. Mi-
crobes used as a tool for bioremediation of heavy metal from the
environment [ J ]. Food Science and Technology, 2020, 6
(1) 1783174.

WUMH, LIYZ, LIJJ, et al. Bioreduction of hexavalent
chromium using a novel strain CRB—7 immobilized on multiple
materials[ J]. Journal of Hazardous Materials, 2019, 368 412
-420.

TU C, WEI J, GUAN F, et al. Biochar and bacteria inoculated
biochar enhanced Cd and Cu immobilization and enzymatic ac-
tivity in a polluted soil[ J]. Environment International, 2020,
137 105576.

HOU S, WU B, LUO Y, et al. Impacts of a novel strain QY-
1 allied with chromium immobilizing materials on chromium a-
vailability and soil biochemical properties[ J]. Journal of Haz-
ardous Materials, 2020, 382 121093.

ZIBAEI Z, GHASEMI Fasaci R, RONAGHI A, et al. Im-

provement of biochar capability in Cr immobilization via modi-



SRIHTSE  FE AU IR B S T im e TR Sk

+ 155 -

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

fication with chitosan and hematite and inoculation with Pseud-
omonas putida[ J]. Communications in Soil Science and Plant
Analysis, 2020, 51(7) : 963-975.

ZIBAEI Z, GHASEMI Fasaei R, RONAGHI A, et al. Effe-
ctive immobilisation of chromium in a polluted calcareous soil
using modified biochar and bacterial inoculation [ J J.
Chemistry and Ecology, 2020, 36(9) . 827-838.

QI X, GOU J, CHEN X, et al. Application of mixed bacteria—
loaded  biochar to enhance wuranium and cadmium
immobilization in a co—contaminated soil[ J]. Journal of Haz-
ardous Materials, 2021, 401, 123823.

TU C, WEI J, GUAN F, et al. Biochar and bacteria inocula-
ted biochar enhanced Cd and Cu immobilization and enzymatic
activity in a polluted soil [ J ]. Environment International,
2020, 137 105576.

MEI C, WANG H, CAI K, et al. Characterization of soil mi-
crobial community activity and structure for reducing available
Cd by rice straw biochar and Bacillus cereus RC—-1[ J].
Science of the Total Environment, 2022 156202.

WANG L, CHEN H, WU J, et al. Effects of magnetic biochar
—microbe composite on Cd remediation and microbial responses
in paddy soil [ J]. Journal of Hazardous Materials, 2021,
414 125494.

SHI X, ZHOU G, LIAO S, et al. Immobilization of cadmium
by immobilized Alishewanella sp. WH16—1 with alginate—lotus
seed pods in pot experiments of Cd-contaminated paddy soil
[J]. Journal of Hazardous Materials, 2018, 357 431-439.
CHEN J, DONG J, CHANG J, et al. Characterization of an
Hg (II) =volatilizing Pseudomonas sp. strain, DC-BI1, and its
potential for soil remediation when combined with biochar a-
mendment [ J ]. Ecotoxicology and Environmental Safety,
2018, 163: 172-179.

YANG T, LIU L, LI M. Combined application of humic acid
and arbuscular mycorrhizal fungi regulates microbial community
dynamics and enhances mercury —resistant genes in mercury —
polluted paddy soil[ J]. Journal of Cleaner Production, 2022,
369. 133317.

ZHANG X, LI Y, LI H. Enhanced bio—immobilization of Ph
contaminated soil by immobilized bacteria with biochar as
carrier[ J |. Polish Journal of Environmental Studies, 2017, 26
(1):413-418.

ZHU X, LI X, SHEN B, et al. Bioremediation of lead-con-
taminated soil by inorganic phosphate—solubilizing bacteria im-

mobilized on biochar [ J]. Ecotoxicology and Environmental

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Safety, 2022, 237, 113524.

WANG G, ZHAO X, LUO W, et al. Noval porous phosphate—
solubilizing bacteria beads loaded with BC/nZVI enhanced the
transformation of lead fractions and its microecological
regulation mechanism in soil[ J]. Journal of Hazardous Materi-
als, 2022, 437 129402.

TENG Z, SHAO W, ZHANG K, et al. Enhanced passivation
of lead with immobilized phosphate solubilizing bacteria beads
loaded with biochar/nanoscale zero valent iron composite[ J].
Journal of Hazardous Materials, 2020, 384 121505.

WEI T, LI X, LI H, et al. The potential effectiveness of mixed
bacteria—loaded biochar/activated carbon to remediate Cd, Pb
co—contaminated soil and improve the performance of pakchoi
plants [ J ]. Journal of Hazardous Materials, 2022,
435 129006.

CHENG C, LUO W, WANG Q, et al. Combined biochar and
metal—-immobilizing bacteria reduces edible tissue metal uptake
in vegetables by increasing amorphous Fe oxides and
abundance of Fe—and Mn - oxidising Leptothrix species[ J].
Ecotoxicology and Environmental Safety, 2020, 206 111189.
LEBRUN M, MIARD F, BUCCI A, et al. Evaluation of direct
and biochar carrier—based inoculation of Bacillus sp. on As—
and Pb—contaminated technosol; Effect on metal (loid) avail-
ability, salix viminalis growth, and soil microbial diversity/ac-
tivity [ J ]. Environmental Science and Pollution Research,
2021, 28(9): 11195-11204.

CHUAPHASUK C, PRAPAGDEE B. Effects of biochar—im-
mobilized bacteria on phytoremediation of cadmium — polluted
soil [ J ]. Environmental Science and Pollution Research,
2019, 26(23); 23679-23688.

HU X, LI F, PAN Y, et al. A novel BC-HMRPGPB-plant
system for remediation of low concentration Cd in soil; The
process of metal migration and microbial community evolution
[J]. Journal of Cleaner Production, 2022, 360 132164.

YE J, LIAO W, ZHANG P, et al. Fel =xS/biochar combined
with thiobacillus enhancing lead phytoavailability in contamina-
ted soil ; Preparation of biochar, enrichment of thiobacillus and
their function on soil lead[ J ]. Environmental Pollution, 2020,
267 115447.

SONG L, NIU X, ZHOU B, et al. Application of biochar—im-
mobilized Bacillus sp. KSB7 to enhance the phytoremediation
of PAHs and heavy metals in a coking plant [ J].
Chemosphere, 2022, 307 136084.



