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Abstract Biopolymers have significant influences and regulatory effect on microbial mineralization processes and pre-
cipitate characteristics. In this study, xanthan gum (XG) served as the biopolymer, and Klebsiella aerogenes was uti-
lized as the carbonate mineralizing bacterium, the regulatory effects and mechanisms of XG concentrations on the pre-
cipitation yield, particle size, crystalline polymorph, and morphological characteristics of calcium carbonate precipita-
tion induced by K. aerogenes were explored systematically. The results showed that when the calcium concentrations
were 0.25 mol/L and 0.50 mol/L, and the XG concentrations were 0.50 g/L and 0.75 g/L, respectively, the precipi-
tation yield of calcium carbonate was 25.00% and 9.60% greater than that of the control group, respectively. With the
amount of XG addition increasing, at low calcium concentrations (0.25 mol/L), the proportion of calcite decreases
and the proportion of vaterite increases, and gradually to be stabilizing. At high calcium concentration (0.50 mol/L) ,
the proportion of calcite tends to increase first and then to decrease, whereas the proportion of vaterite tends to de-
crease and then gradually to stabilize. Compared with those of the control group, the average particle sizes of the calci-
um carbonate crystals in the two calcium concentrations groups decreased by 44.50% (0.25 mol/L) and 64.40% (0.
50 mol/L). Meanwhile, the addition of XG promoted the formation of spherical or spheroidal-like calcium carbonate

morphology. These findings provide a new strategy for the precise and customized regulation of microbial mineraliza-
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mineralization time on calcium carbonate precipitation
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Fig.2 XRD patterns and crystalline proportions of calcium carbonate precipitates at different

calcium source concentrations( CS) and mineralization times
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Fig.3 Effect of XG concentration on calcium carbonate precipitation (A) and particle size (B)

24 HERREREIRERSERINMER
EapA!

B AN AN BE 105 ] 455 T 2E W5 S ik TR A5 1)
DUVE R, I REXT H: S AR 30 7= A i 35, 45
PR EE R 0.25 mol/L B, AN [w] ¥ Ji fise o e Wk B T
WRIRES ULVE 9 XRD & 3% Fl il 24 5 L UL & 4A
4B, AUNINEFIE, 7E 23.1°,29.5° .36.0° 43.
2° 48.5° il 57.4° Wy P 7S Ak otk i 4 v HLUE TR 2R B
B 7 it A A St ANAE 39.50 HE 30— Ab 388 FEE 5 553 L
WA TR 35 5 1) 3K i Ay A0 S 0 (1B 4A) | IR fid 41
FBRFEAT I 5 b 5350 A 98.35% Fil 1.65% , H. 7
ATAE BT LB (] 4B) o Bl B RS I
SRR ARG I, 5 A DA SRS D IR [
A T3k T A 1 07 S A 00 1 o e i 1 i (&
4A) ;TR o LB AR, BR A A R
i, HAE S R vk R 0.25 o/L B 5T
FasE , 0510 66.60% 1 33.40% ([ 4B) , X2
AR R B VR R I 1% AR R R R A
%, R ITVE 77 2 28 2 ff A T B DS 4
AR EUAR ZR 35 R 35 o AR 0 R G I, AN (E R AL
T BRI AE RN A TE B AR A T HL R T
AR SR AL AT O A AR R AL R
J7 A 7 R AR Bk T

B FE R 0.50 mol/L B, A [A] B J5 I 5
FHR T P RRIRES IUIE Y XRD &3 F 5 4 & e L
Kl 4C 4D, AU 5 e i, AL AE 26.7° i 29.
5t B A 5 B A 55 LA B ) s A A AT S0 R
1E 25.0° 39.5° 32.8° 43.8°F150.1° Hi B FL &bk
FE R H TR A B0 M Bk A AT 5 e (16 4C) L Ik

B 7 it R A 1 o A3 5 R 54.20% F145.
80% (181 4D) , Y JF K Jon 5V B 0.05 ~ 0.50
o/ L W), AHEEF X R, J5 it 0 A0 59 06 500 i 1 34
o e iR U = 38 O i W AH X AR B BR A
(18 7 S DG 50 24 /L, L R A 55, LRt O i A
ek A 0 5 a5 92.95% ~ 97.85% Fl 2.
15% ~7.05% , A AR XS R g . Bl 2 9 It e o o Ak
FESE— 2 RN, 7 ff A () AT B 0 R U 2 | U R
IV 1 X5 AL T K A A0 S5 0 250 184 o e 5
R (K 4C) o BLEE, J7 ff A7 19 o7 L TR
BRI o LG 2 T I, I A R R T R
KT 1.00 g/L J5#a TAE, 24 w8 5 i ot i VR
4 3.00 g/L B 5 i A FER #c A B9 i L4 il ok
56.10% 11 43.90% (&l 4D) . 725 45 U5 e FF 1k | %
SRS A B R R T, HR I R
JHL SRR P 3 Ao B B TR S S S T4
HIE-CO0™/ Ca™ 45 AW SRR IR 45 &, 2 i
T T RE LR ARE By G R B RS, TE TR S
I v 38 A I - DT VE L 3 AL T A 25 Al T
RS B AR RE, AR T A AR A AR R
AT At R Rk R R
HYE N 0.05~0.50 o/L B, MHE T X B4, J5
fif A o R, Bk A Y e R A
4 R I o vk R — D OB 7R BR AP
BT R R R W B AR A AR 2R T O R A
HEA LT 5 7 45 0 I BR A, B AR L &
A ARAS S A, R A A 1) B T



20 M £ W

46 &

B4 FRAEERKRRERE(XG)NEEIREIRE (CS) WERERSSTIE XRD B R &8 &tk

Fig.4 XRD patterns and crystalline proportions of calcium carbonate precipitates at different XG mass

concentrations and calcium source concentrations ( CS)
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Fig.5 Morphology of calcium carbonate precipitation at different calcium source concentration( CS) and XG mass concentration

3 3 ®

H i FH B 35 i 10 ik R 56 0 b B 2 7 Rk g
WA A A BOR B B LR sl b ) 7= 4
(4 NH, NH; ) X IREEAEAE T AR KU, PR e e FH 37
BRI Y B S X, AR
b AR AT AR A R £k 0 (b i, Hon] LUK &R
B3 AR FR AR 28 1 85 2 7, IR e &4 T
LI B B0 B A A R R AS UL vE . H 1k
FLEIL A (1) ~ (4)

b P AR COAT B A Rl el R v ok AR A s it i
N LTRAR AR CO, H,0 F1 COT .
2C,H,0;+40, — S, 002 4 H,0,+€0,(1)

A7 1E HL Y Ca™ 4 W B B AR 1
Cell+Ca** ——Cell-Ca* (2)

PRARAE R A A w4 T R AR I 1A% 5 45
T LR BR S UTTE »

Cell-Ca® +COY ——Cell-CaCo, | (3)
HE AL -
Ca(C,H,0,),+40, — L 0000, | +300,+3H,0(4)

BEAN, 2 50 M 30 858 R 2% SR A1 Jin 50 A 248 B
EPS 8577 R E Yy A A A ) s e i A
TE R SRy BR , A BIF 5 LA B SO A D o o A EQAT B
EPS {2 RH) , 3R 7 H S 58 80 FRAT s 0 Ak id e
APCFEREPE R AR, B AT, B R AR
PSR A S S Insa) v AR A 32 2 77 Ik
WA 0 A Ay L A 5, B 2 T T 4k 2%
IR A P A A R IR B P A T
MG AT R GE, AW RGRTT 1 R B IR
PERIUTTE R KLAR B RIE S A . R
A )] P O i 16 £ A XU 7
S B, B RRAY DT 8 B v i I Jo e e J3E 1) T g i
S, AR SR B R E O 1.00 ¢/ L BS I

4 0.30 mol/L B, ik iR 4% 1T U 5 e K, 290 0.15
g/ Lo ASHIFFEAEAR [F) B 5 e o ot v i L5 R ok
4 0.25 mol/L B BkFRES LVE & h 4.05 ¢/L, B i
TR . X AT B R T T R — R R
A, A 85 U5 R AR S, A B 9E R TR
B TR RONAR ZORIE] FTE A A AR
RS, Xu A5 LA JRUREAE AT HLEE R
FHACZADTTE A U R 55 & 31, 1.00 /L 1Y ¥ Ji7
R T AR BB FRES R A5 A 5.00~8.00 pwm, 5
A FE 25 FAH T  FERRIREG UL A IR A, i A%
WFFE B FR ES ULTE £ 0 BROIR s S BRR A A, (0 HE
B RS o v P (3.00 g/ L) B AR A )2 R
ISR 1225 5 AT RE 2 R T 28 i o o vk B RN 35T
FETEARRIM S A, Hang 250 ) FH 3% J R Al
MICP A & A SERb i & 3R, 85 UMk 3 Ry 0.67
mol/ L, & J5 J5¢ Jo 5 ¥R ok 0.50 ¢/L 1 3.00 g/L
B, AR R B TR B DT TE S LA A ol 32, ARWESR
TR ) 5 g e v EL A YRR A 0.50 mol/L
i, A 5 23 50N 92.95% F1 56.10% , Bk PR 55
DLREH YU iAo B SRTE S —2

AMFFEGE AR, 43 v I e 1Y) o kv T
PAAE v B A ECHT R 5 S e PR A5 T VE I 2, 4 o i
RS TUE B, D/ IR RS St AR AR | IR L it 2R
TS, AR T XHCE B A AL il i) 22 A
AL T A A i TR AR SR 38 Sy SEIAE )
WAL PR HE T P B4 T R K A R AR
H—FhRIRE FE R A W B AT SR IR
RRRE , R H AT A 850 5 MICP 1 251 H,
P LA Jy PR B, P A 0 e 245 4 AL
AR R JERT

SE 3k

[1] Konstantinou C, Wang Y. Unlocking the potential of microbially



22

[ G |

= 46 &

(2]

(3]

[4]

(5]

(6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

induced calcium carbonate precipitation ( MICP) for hydrological
applications: A review of opportunities, challenges, and envi-
ronmental considerations[ J]. Hydrology, 2023, 10(9) . 178.
Jiang L, Xia H, Wang W, et al. Applications of microbially in-
duced calcium carbonate precipitation in civil engineering prac-
tice; A state-of-the-art review [ J]. Construction and Building
Materials, 2023, 404 133227.

Zhang YS, Liu Y, Sun XD, et al. Application of microbially
induced calcium carbonate precipitation ( MICP) technique in
concrete crack repair: A review[]]. Construction and Building
Materials, 2024, 411; 134313.

DeJong JT, Mortensen BM, Martinez BC, et al. Bio-mediated
soil improvement[ J]. Ecological Engineering, 2010, 36(2) .
197-210.

Li Q, Zhang B, Ge Q, et al. Calcium carbonate precipitation
induced by calcifying bacteria in culture experiments: Influence
of the medium on morphology and mineralogy[ J]. International
Biodeterioration & Biodegradation, 2018, 134 83-92.

Cheng L, Cord-Ruwisch R, Shahin MA. Cementation of sand
soil by microbially induced calcite precipitation at various de-
grees of saturation[ J]. Canadian Geotechnical Journal, 2013,
50(1): 81-90.

Wan C, Wang LT, Sha JY, et al. Effect of carbon nanoparti-
cles on the crystallization of calcium carbonate in aqueous solu-
tion[ J]. Nanomaterials, 2019, 9(2): 179.

Koning K, McFarlane R, Gosse JT, et al. Biomineralization in
cave bacteria: Popcorn and soda straw crystal formations, mor-
phologies, and potential metabolic pathways [ J]. Frontiers in
Microbiology,, 2022, 13 933388.

L. AR A RS 7 0 J0 S T R IR B 45 i AN B0 1
W5E[D] . BB BB TR, 2025.

T—. B HE 5 RIR 5> TR B A= W™ 1k v v Bl [8] 75 1]
[D] . RHt: KHARF, 2024,

Zheng T, Hou D, Leng W, et al. Preparation, characteriza-
tion, and formation mechanism of different biological calcium
carbonate (CaCOj;) induced by Bacillus mucilaginosus and Ba-
cillus alcalophilus [ J ]. Journal of Nanoparticle Research,
2023, 25(9) . 189.

Lang C, Li M, Dai R, et al. Discussion on the review and out-
look of microbial geotechnical mineralization technology [ J ].
IOP Conference Series: Earth and Environmental Science,
2020, 455(1) . 12078.

Lian B, Hu Q, Chen ], et al. Carbonate biomineralization in-
duced by soil bacterium Bacillus megaterium[ J]. Geochimica
et Cosmochimica Acta, 2006, 70(22) . 5522-5535.

Tourney J, Ngwenya BT. The role of bacterial extracellular pol-
ymeric substances in geomicrobiology [ J]. Chemical Geology,
2014, 386 115-132.

Xue ZF, Cheng WC, Wang L, et al. Effect of a harsh circular

environment on self-healing microbial-induced calcium carbon-

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

ate materials for preventing Ph>* migration[ J]. Environmental
Technology & Innovation, 2023, 32 103380.

Wu C, Chen Y, Qian Z, et al. The effect of extracellular poly-
meric substances ( EPS) of iron-oxidizing bacteria ( ochrobac-
trum EEELCWO1) on mineral transformation and arsenic (As)
fate[ J]. Journal of Environmental Sciences, 2023, 130; 187-
196.

Wu Z, Kang J, Mao L, et al. Deciphering bioprocess responses
in organic phosphorus mineralization to different antibiotic stres-
ses: Interaction mechanisms mediated by microbial succession
and extracellular polymeric substances and regulatory patterns
[J]. Bioresource Technology, 2025, 417 131874.

R, WA, R, S ROCE B IR RSN RS
P BRI B 1 5 o B R S dy B G 52 ) ( B 3C) [T ). Transac-
tions of the Nonferrous Metals Society of China, 2024, 34
(12) : 4085-4098.

AR, BRI, 223045, 4%, Klebsiella aerogenes IHIANR A
Yy i A A SRR i IR 25 i B g AR I LD ] R R
S HRBIEAR) , 2023, 54(11) ; 4238-4249.

Hou Y, Zhao J, Yin J, et al. Structural properties of Bletilla
striata polysaccharide and the synergistic gelation of polysac-
charide and xanthan gum[ J]. Food Hydrocolloids, 2023, 142,
108843.

Dzionek A, Wojcieszynska D, Adamczyk-Habrajska M, et al.
Xanthan gum as a carrier for bacterial cell entrapment: Develo-
ping a novel immobilised biocatalyst[ J]. Materials Science and
Engineering C, 2021, 118; 111474.

Beuiik, WM, REAE, S ST ERXT s H R E
FERFRESUCERIEM )], A L2, 2023, 74(8) : 3543-
3553.

McPherson 1J, Peruffo M, Unwin PR. Role of mass transport in
the deposition, growth, and transformation of calcium carbonate
on surfaces at high supersaturation[ J]. Crystal Growth & De-
sign, 2022, 22(8) . 4721-4729.

Jiang N, Feng Y, Huang Q, et al. Effect of environmental pH
on mineralization of anaerobic iron-oxidizing bacteria[ J]. Fron-
tiers in Microbiology, 2022, 13 885098.

Xue ZF, Cheng WC, Wang L, et al. Effects of bacterial inocu-
lation and calcium source on microbial-induced carbonate pre-
cipitation for lead remediation[ J ]. Journal of Hazardous Materi-
als, 2022, 426 128090.

Sugiura Y, Onuma K, Yamazaki A. Growth dynamics of vater-
ite in relation to the physico-chemical properties of its precur-
sor, amorphous calcium carbonate, in the Ca-CO;-PO, system
[J]. American Mineralogist, 2016, 101(2) . 289-296.

Song X, Hua X, Yang R, et al. Synergetic effects of initial
NH* and Ca*" concentration on the formation vaterite using
steamed ammonia liquid waste as a direct carbonation[ J]. Pow-
der Technology, 2023, 419, 118363.

Xu W, Lou Y, Xu B, et al. Mineralized calcium carbonate/



145

23

[29]

[30]

[31]

[32]

[33]

[34]

xanthan gum microspheres for lysozyme adsorption[ J]. Interna-
tional Journal of Biological Macromolecules, 2018, 120, 2175-
2179.

He M, Horikawa Y. Flocculation and stabilization of allophane
in the presence of an anionic microbial polysaccharide ( gum
xanthan) and several of its hydrolytic intermediates [ J]. Soil
Science & Plant Nutrition, 1996, 42(3) . 637-644.

Safdar B, Pang Z, Liu X, et al. Structural characterization,
physicochemical and rheological characteristics of flaxseed gum
in comparison with gum arabic and xanthan gum[ J]. Journal of
Food Measurement and Characterization, 2023, 17(3); 2193-
2203.

Bak J, Yoo B. Rheological characteristics of concentrated terna-
ry gum mixtures with xanthan gum, guar gum, and carboxym-
ethyl cellulose: Effect of NaCl, sucrose, pH, and temperature
[J]. International Journal of Biological Macromolecules, 2023,
253 126559.

Ma M, Wang Y, Cao X, et al. Temperature and supersatura-
tion as key parameters controlling the spontaneous precipitation
of calcium carbonate with distinct physicochemical properties
from pure aqueous solutions [ J]. Crystal Growth & Design,
2019, 19(12) . 6972-6988.

WRESR. BEEYT ST ARk 5l B2 1 A LI 7 ] 4%
WHE[D] . dbnt: R, 2025.

Choi SG, Chang I, Lee M, et al. Review on geotechnical engi-

[36]

[37]

[38]

[39]

[40]

neering properties of sands treated by microbially induced calci-
um carbonate precipitation ( MICP) and biopolymers[ J]. Con-
struction and Building Materials, 2020, 246. 118415.

Chen YQ, Wang SQ, Tong XY, et al. Crystal transformation
and self-assembly theory of microbially induced calcium carbon-
ate precipitation[ J]. Applied Microbiology and Biotechnology ,
2022, 106(9-10) : 3555-3569.

Aljewicz M, Keklik M, Recio I, et al. Effect of polysaccharide-
protein interactions on the multi-scale structure of hybrid micel-
lar casein-xanthan gum systems [ J ]. Food Hydrocolloids,
2024, 151 109833.

Yu SH, Colfen H, Antonietti M. Polymer-controlled morpho-
synthesis and mineralization of metal carbonate superstructures
[J]. Journal of Physical Chemistry B, 2003, 107(30) : 7396-
7405.

R, RN, ARR, SF R GNREES SRR 5 TR 5
JBEH A B AU U0 2 PRI BT [T ], A T RRAR, 2020,
42(10) : 1914-1921.

Xu W, Liu H, Lou Y, et al. Biomimetic mineralisation of cal-
cium carbonate using xanthan gum as morphology control agent
[J]. Micro & Nano Letters, 2019, 14(6) ; 642-644.

Hang L, Van Paassen LA, Ehsasi I, et al. An experimental
investigation on use of xanthan gum biopolymer as additive for
improving the reinforcement effect of biocementation on sandy

soils[ J]. Geomicrobiology Journal, 2024, 41(6) : 627-635.



