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Molecular Dynamics Simulation Study on the Synergistic Regulation of Early
Nucleation Mechanism of Calcium Carbonate by NaCl and Additives

LI Mingxu

(School of Resources and Environment, Henan Polytechnic University, Jiaozuo 454000, China)

Abstract: The chemical environment of the solution plays a significant role in the nucleation and growth of calcium
carbonate (CaCO,), with the synergistic effects of background electrolytes and additives being especially crucial. To
elucidate the regulatory mechanisms, this study employs molecular dynamics simulations to systematically
investigate the ion association, microstructural evolution, and dynamic characteristics of the CaCO, precursor
system under different NaCl concentrations and in the presence of additives. Through the analysis of adsorption
configurations, radial distribution functions, coordination numbers, mean square displacements, binding energies,
and hydrogen bond networks, the study reveals how the solution environment influences the early—stage nucleation
process of CaCO,.The results show that in the absence of additives, NaCl concentration exhibits a non—monotonic
regulation on the Ca® -~ CO,’" binding behavior: low to moderate concentrations weaken the stability of the solvation
shell, promoting the formation of contact ion pairs and primary clusters, while at high concentrations, the
electrostatic shielding effect and Na* competitive coordination significantly weaken the direct interaction between

Ca™ and CO,’" , resulting in a looser cluster structure. The additives further restructure the local coordination
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environment of Ca™: cetyltrimethylammonium bromide (CTAB) enhances the direct binding of ions and promotes the

growth of precursor clusters through spatial constraint effects, while the strong chelation of carboxyl groups in

polyacrylic acid (PAA) and spatial hindrance significantly suppress the Ca® — CO,*" coordination and aggregation.

This study systematically reveals the intrinsic mechanisms by which ionic strength and additives synergistically

regulate the early nucleation behavior of CaCO,, offering important theoretical insights for the controlled modulation

of the crystal form and structure of CaCO, under experimental conditions.

Keywords: calcium carbonate; molecular simulation; sodium chloride; additives; nucleation mechanism
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Fig.1 Temperature and energy fluctuations, as well as density and volume fluctuations of the system
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Fig.2  Adsorption structures of CaCO, under different NaCl concentrations
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Fig.3  Adsorption structures of CaCO, with different additives
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Fig.4 Bonding structures in CaCO, solutions under different NaCl concentrations
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Fig.5 Bonding structures in calcium carbonate solutions under different additives
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Table 1 Diffusion coefficients of atoms in CaCO, solutions under different conditions
C(xucry/mol/L Ca*(cm?/s) C032 (em?/s) Na*(em?/s) Cl (cm%s) N(cm?/s) PAA(em?/s)
0 1.131x10 ¢ 1.118x10 ¢
1 6.155x10 7 5.921x10 7 5.752x10 "7 9.405x10 ¢
2 4.235%10 "7 2.082x10 7 2.688x10 7 7.628%10 °
4 3.628%x10 7 3.316x10 7 8.458x10 7 5.418x10 ¢
1+ CTAB 2.703x10 7 2.585x10 7 2.184x10°7 1.157x10°° 1.419%x10°°
0+ CTAB 6.663%10 7 6.904x10 "7 1.423%10 "¢
1+PAA 2.576x10"7 2.789x10 7 2.296x10 "’ 7.774x10 "¢ 4.992x10 "7
0+ PAA 5.506x10 7 5.567x10 7 5.601x10 7
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Table 2 Variation of hydrogen bonds in CaCO, solutions under different conditions

C nuary/mol/LL 0 1 2 4 1+CTAB 0+CTAB 1+PAA 0+PAA
ISUN 179.992 179.995 179.991 179.996 180.000 179.991 179.969 179.976
SRR B/ 90.001 90.013 90.008 90.008 90.005 90.002 90.001 90.002
1 155.172 156.488 157.166 158.543 156.235 155.151 154.323 153.659
N 2.400 2.400 2.400 2.400 2.400 2.400 2.400 2.400
S B RRAE 52N 0.992 0.987 0.992 0.985 0.996 0.996 1.140 1.157
T2 1.830 1.839 1.851 1.876 1.831 1.827 1.887 1.876
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Fig.11 Formation mechanism and regulation method diagram of CaCO,



5 XX

www.hgxb.com.cn

« ] -

4 b

ARICRH I Fah 12T 2, REMR T A
] NaCl e & Rz 78 i3] (CTAB 5 PAA) 444 T CaCoO,
oA Ca™ - CO B T-45 A OUES kay e Ak 1 50
JISRAE 25 5 W B RS TR A% 1) A R L BC A 5K
P AT N A AR S M T R T S
i S50 5 TR IR X CaCO, B A% Hiy SR 1k 72 B4 i [ DR 42 AL
Hl, FEELEIST .

(1) NaCl ¥ 5 30 o8 5 758 B -5 5 4 B 457 RE R X
Ca™ - CO A5G AThr AEdR iR E R . IR Z
A5 NaCl ¥R B2 0] I 55 25 1 Aot )2 Fe e 1, BB
Vb BE 22, (R F 12 i 5 X B A % 1AL R P O 5
1M 155 NaCl V& JE T 5 B 19 i H B iz 88007 B Nao X
CO.> M5 4 B A7 B HI 55 Ca™ - CO. Y E4EAH A
YRR, i BT SS Fa e AN O I i 2k — 2D R 4

(2) CTAB 3 &8 i 7K B 7= A 119 225 (1] B 4l 280 7 344
5R Ca™ - CO,” HAEL A HK B RE W EL /N T
AR 23 T, i e 5 A AR AR B R
Ca™ - CO, Z5 A Faa MEIT FRAR Y 1 Re Iy, DT A3 A
FIE R B K1) CaCO, TR A 7%

(3)PAA H R FEEXT Ca™ Y 5 25 A VR FH A o o5 9
A7 AT, B Ca™ - COY WY BT, IF
3 38 255 ) A07 BELS0E 41 il AT A0 38 ol R 2R LA 43 1T
REERRE,

S 3k

[1]  Ziveri P, Gray W R, Anglada—Ortiz G, et al. Pelagic calcium
carbonate production and shallow dissolution in the North Pacific
Ocean[J]. Nature Communications, 2023, 14: 805.

[2 Wu W L, Lu Z X, Lu C H, et al. Bioinspired stabilization of
amorphous calcium carbonate by carboxylated nanocellulose
enables mechanically robust, healable, and sensing biocomposites
[JI. ACS Nano, 2023, 17(7): 6664-6674.

[3]  Colon S, Paige A, Bolarinho R, et al. Secondary structure of DNA

aptamer influences biomimetic mineralization of calcium
carbonate[J]. ACS Applied Materials & Interfaces, 2023, 15(5):
6274-6282.

[4]  YiZ W, Zhu X Y, Wang T, et al. lon regulation and property
enhancement of calcium carbonate—based cementitious materials:
The role of Mg doping and polyacrylic acid stabilization[J].
Environmental Research, 2026, 292: 123622.

[S]  Nan J M, Wan M S, Hua L, et al. Influence of stilbene acrylate
quaternary ammonium salt optical brighteners on the properties of
ground calcium carbonate and HDPE composite materials[J].
Journal of the Taiwan Institute of Chemical Engineers, 2026, 179:
106438.

[6] WangY S, Liao Y S, Wang F Y, et al. Effects of lithium carbonate

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

and nano-—calcium carbonate on the hydration and properties of
calcium sulfoaluminate cementitious grout[J]. Construction and
Building Materials, 2025, 490: 142557.

Wei H Y, Wang H D, Gong Y, et al. A dual-drug delivery
hollow
nanoparticles for enhanced multimodal tumor therapy[J]. Journal
of Colloid and Interface Science, 2026, 703: 139110.

Datta D K, Paramban S, Yazdani H, et al. Influence of biofilm and

calcium carbonate scaling on lead transport in plastic potable

hydrogel  platform  based on calcium  carbonate

water pipes: a laboratory and molecular dynamics study[J]. Journal
of Hazardous Materials, 2025, 485: 136831.

Morse J W, Arvidson R S, Liittge A. Calcium carbonate formation
and dissolution[J]. Chemical Reviews, 2007, 107(2): 342-381.
Lassin A, André L, Devau N, et al. Dynamics of calcium
carbonate formation: Geochemical modeling of a two-step
mechanism[J]. Geochimica et Cosmochimica Acta, 2018, 240:
236-254.

Li Y, Zhang ] R, Zeng H B, et al. lon association behaviors in the
initial stage of calcium carbonate formation: an ab initio study[J].
The Journal of Chemical Physics, 2024, 161(1): 014503.

Niu Y Q, Liu J H, Aymonier C, et al. Calcium carbonate:
controlled synthesis, surface functionalization, and nanostructured
materials[J]. Chemical Society Reviews, 2022, 51(18): 7883-7943.
EU RS R, A RO SR RS IR
LI K B R B T2 B FE (D). A TSR 4R, 2026, 77(2):
968-984.

Lyu C, Wang L F, Zhao W Z, et al. Process parameters in the
cooperative  synthesis of polymorphic micro/nano calcium
carbonate from power plant desulfurization gypsum and flue gas
[J]. CIESC Journal, 2026, 77(2): 968-984.

Hu M Y, Fu W M, Guan K C, et al. Regulating interfacial
polymerization via a multi—functional calcium carbonate based
interlayer for a highly permselective nanofiltration membranelJ].
Journal of Materials Chemistry A, 2023, 11(16): 8836-8844.
Glisman A, Mantha S, Yu D C, et al. Multivalent ion—mediated
polyelectrolyte association and structure[J]. Macromolecules,
2024, 57(5): 1941-1949.

Naskar B. Micellization and physicochemical properties of CTAB
in aqueous solution: interfacial properties, energetics, and
aggregation number at 290 to 323 K[J]. Colloids and Interfaces,
2025, 9(1): 4.

Zhu Y G, Wang Y, Gao Z W, et al. In situ monitoring the
nucleation and growth of nanoscale CaCO, at the oil — water
interface[J]. ACS Nano, 2024, 18(39): 26522-26531.

Turhan E, Minaei M, Narwal P, et al. Short-lived calcium
carbonate precursors observed in situ via Bullet-dynamic nuclear
polarization[J]. Communications Chemistry, 2024, 7: 210.
Berendsen H J C, Postma J P M, van Gunsteren W F, et al.
Molecular dynamics with coupling to an external bath[J]. The
Journal of Chemical Physics, 1984, 81(8): 3684-3690.

Zeng ] P, Wang F H, Gong X D. Molecular dynamics simulation of
the interaction between polyaspartic acid and calcium carbonate
[J]. Molecular Simulation, 2013, 39(3): 169-175.

Allen M P, Tildesley D J. Computer Simulation of Liquids[M].
Oxford: Clarendon Press, 1987: 385.

Sun H. COMPASS: an ab initio force—field optimized for

condensed—phase Applications Overview with details on alkane



« ]2 -

fb T

o
¥

Ejte XX

[24]

[25]

[26]

[27]

(32]

and benzene compounds[J]. The Journal of Physical Chemistry B,
1998, 102(38): 7338-7364.

Akkermans R L C, Spenley N A, Robertson S H. COMPASS III:
automated fitting workflows and extension to ionic liquids[J].
Molecular Simulation, 2021, 47(7): 540-551.

Zhang H, Xu Z M, Zhao Y, et al. Inhibition of calcium carbonate
nucleation and crystallization by carboxymethyl dextran:
Experiments and molecular dynamics simulations[J]. Desalination,
2024, 573: 117205.

Guan S J, Liang T, Zhang X F, et al. Non—equilibrium molecular
dynamics simulation of CaCO, nucleation and growth in C-S-H
gel pores under various loading conditions[J]. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 2025,
713: 136499.

Jia Y T, Song Y S, Wang J Y, et al. Study on the influence
characteristics of carboxyethyl chitosan with different degrees of
substitution on composite fouling: Experiments, functional group
analysis and molecular dynamics simulations[J]. Desalination,
2025, 616: 119400.

Demichelis R, Raiteri P, Gale J D, et al. Stable prenucleation
mineral clusters are liquid—like ionic polymers[J]. Nature
Communications, 2011, 2: 590.

Tao M J, Zhao Q, Han C Z, et al. Molecular dynamics
investigation of Ca® carbonation in NH,” - Cl = - H,0 systems
[J]. ACS Omega, 2025, 10(24): 25865-25875.

Wang Z J, Yang Y, Jiang Q, et al. The effect of crystal seeds on
calcium carbonate ion pair formation in aqueous solution: a
ReaxFF molecular dynamics study[J]. Crystals, 2022, 12(11):
1547.

Zhang C Z, Giberti F, Sevgen E, et al. Dissociation of salts in
water under pressure|J]. Nature Communications, 2020, 11: 3037.
Shi C Y, Wang J N, Lei X, et al. Modulating competitive
adsorption of hybrid self-assembled molecules for efficient wide—
bandgap perovskite solar cells and tandems[J]. Nature
Communications, 2025, 16: 3029.

AR, PR, TR0, 5 BT ACHERR =TT SR 0T R TR 5 114 L

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

5 1 e A ALY 43 F 3 3 BT A = R (A
T.), 2023, 39(6): 1390-1402.

Yu R, Tian Z G, Lei H, et al. Molecular dynamics simulation of
scale inhibition performance and inhibition mechanism of new
itaconic acid terpolymer on CaCO,[J]. Acta Petrolei Sinica
(Petroleum Processing Section), 2023, 39(6): 1390-1402.

Li L J. Structural composition and mechanical performances of
poly (vinyl alcohol) materials: experimental and molecular
studies|[D].
Southern Queensland, 2021.
Lynden-Bell R M, Giovambattista N, Debenedetti P G, et al.
Hydrogen bond

dynamics simulation Toowoomba: University of

strength and network structure effects on
hydration of non—polar molecules[J]. Physical Chemistry Chemical
Physics, 2011, 13(7): 2748-2757.

Raiteri P, Schuitemaker A, Gale J D. lon pairing and multiple ion
binding in calcium carbonate solutions based on a polarizable
AMOEBA force field and ab initio molecular dynamics[J]. The
Journal of Physical Chemistry B, 2020, 124(17): 3568-3582.

Lew J H, Hue K'Y, Matar O K, et al. Atomic force microscopy and
molecular dynamic simulation of adsorption of polyacrylamide
with different chemistries onto calcium carbonate[]J]. Polymers,
2024, 16(4): 494.

Blue C R, Giuffre A, Mergelsberg S, et al. Chemical and physical
controls on the transformation of amorphous calcium carbonate
CaCO,  polymorphs|J].
Cosmochimica Acta, 2017, 196: 179-196.
Qian M Q, Zuo Y W, Chen Z H, et al. Crystallization of CaCO, in
aqueous solutions with extremely high concentrations of NaCl[J].
Crystals, 2019, 9(12): 647.

Yang X D, Meng H N, Li T D, et al. CaCO, crystallization in
HPCHS/CTAB mixed solutions[J]. Powder Technology, 2014, 256:
272-278.

Wang L F, Su L N, Li M X, et al. Synergistic utilization of

into  crystalline Geochimica et

desulfurization gypsum and flue gas for the sustainable synthesis
of nano—CaCO,[J]. Chemical Engineering Journal, 2026, 534:
175274.



