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Abstract: [ Objective ] The interactions between heavy metals and mineral particles play a key role in the passivation/activation
of heavy metals, significantly impacting on soil health, food safety and ecological stability. However, quantitative characterization
of the type and intensity of these interactions remains challenging. [ Method ] Based on orbital hybridization theory, this study
quantitatively evaluated the polarization, polarization-induced covalent interactions and Coulomb interactions of the heavy metal
Pb** on mineral surfaces. [ Result ] The results show that: (1) The surface charge number follows the order: montmorillonite >
silica > kaolinite > hematite. However, the order of surface negative charge density and electric field strength is kaolinite >
silica > montmorillonite > hematite, due to differences in specific surface area. (2) The adsorption capacity of Pb>* depends on the
surface charge number, consistent with its trend, while the adsorption strength is governed by the surface electric field. (3) Effective
charge coefficients of Pb®" on soil mineral surfaces, quantified using orbital hybridization theory, averaged as follows: kaolinite
(1.848 £ 0.038) > montmorillonite (1.782 £ 0.062)> silica (1.615 £ 0.029)> hematite (1.516 + 0.036). Based on the effective
charge coefficient, the type and intensity of the adsorption force of Pb*" on mineral surfaces could be assessed. (4) The adsorption
of Pb®" on the surfaces of montmorillonite, kaolinite, and silica is primarily driven by Coulombic forces, which account for more
than half of the total adsorption energy. In contrast, adsorption on the surface of hematite is mainly governed by covalent
interactions, contributing approximately 65%. Additionally, polarization effects depended on the surface electric field and
polarization-induced covalent interactions play a crucial regulatory role in the adsorption of Pb*". (5) Infrared spectroscopy
analysis revealed that the absorption peak of the Si-O bond on the surface of silicon-containing minerals shifted to higher
frequencies (blue shifts) as the surface electric field increased. This shift indicates an enhanced polarization-induced covalent
interaction between O atoms and Pb*" on the mineral surfaces. Also, the strong electric field on the surface of hematite enhances
the polarization of the -OH group and H,O molecules, leading to the formation of covalent interactions between Pb>" and -OH
groups. Consequently, the Fe-O-Fe bonds are strengthened as the pH increases. [ Conclusion ] This study demonstrates that the
adsorption of Pb*>" on the surface of soil minerals has polarization and polarization-induced covalent effects, and quantitatively
evaluates its contribution. The effective charge coefficient of Pb*" increases with the increase of surface electric field strength,
and the polarization and polarization-induced covalent interaction between mineral surface and Pb*" increase with the increase of
pH. This indicates that polarization and polarization-induced covalent interaction have an important influence on the interaction
between Pb>" and the mineral surface. Additionally, this research establishes a theoretical foundation for the directional regulation
of heavy metal passivation/activation in soils through modulation of interfacial forces.

Key words: Pb2*; Soil minerals; Ion adsorption; Polarization; Polarization induced covalent bonding
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759.3+46.5a 56.5b
Montmorillonite
4 £ Kaolinite 22.82+2.13¢ 17.50¢
Z A Ak Silica 175.6+23.7b 181.7a
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Fig.2 The adsorption isotherms of Pb* on the surfaces of montmorillonite ( a ), kaolinite (b ), silica ( ¢ ) and hematite ( d ) under different pH

conditions ( with the lines fitted to the Langmuir equation )
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Table 2 Characteristic parameters of the Langmuir equation experimental data on different mineral surfaces

R3] pH3 pH4 pH5
Mineral N b/ N/ b/ N/ b/
2 R? R
type (cmol-kg™) (L-mol™) (cmol-kg™) (L-mol™) (cmol-kg™) (L-mol™)
i 30.06 673.4 0.987 32.32 676.6 0.981 33.05 1045 0.982
e 5.21 171.5 0.978 5.45 255.0 0.925 5.52 521.5 0.921
—AALREY 6.03 187.8 0.920 6.89 313.1 0.940 7.67 373.7 0.939
Rk 430 92.98 0.992 439 156.8 0.988 4.79 210.4 0.982

1+ Noa, 4B PO 0 A W] 400 3 1T A9 100 AR A4 5 b, 5 W B REAT DG Y Langmuir % %X Note : Ny the saturated adsorption capacity

of Pb?* on different mineral surfaces; b,

(OMontmorillonite, @Kaolinite, @Silica, @Hematite.

TEE T A e g b, R 5 e e B 2
AFEW 225 (1 3 ). MR pH Z&4F T, ZMif .
AR R R R 1) T HL AR T PO

the Langmuir constant related to adsorption energy.
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Fig. 3 The relationship between the adsorption capacity of Pb?" and the surface charge number on the surface of montmorillonite (a ), kaolinite

(b)), silica (¢) and hematite (d) under different pH conditions
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Fig. 4 The relationship between the adsorption capacity of Pb?* and the desorption capacity of Ca®" on the surfaces of montmorillonite ( a ),

kaolinite (b ), silica (¢ ) and hematite (d) under different pH conditions
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Table 3 Composition of charge coefficient and effective valence state of Pb*" on the surfaces of different minerals

K7/ 3t

pH f Pr Beoul. Bipote Peov. Z'y Z' coul. Z' dipole A
Mineral type

S 3 3451172 1.769 1 0.237 0.532 3.538 2 0.474 1.064
Montmorillonite 4 34512 1.781 1 0.237 0.544 3.561 2 0.474 1.087
5 34512 1.797 1 0.237 0.559 3.593 2 0.474 1.119
A 3 34512 1.829 1 0.237 0.592 3.658 2 0.474 1.184
Kaolinite 4 345112 1.832 1 0.237 0.595 3.664 2 0.474 1.190
5 345112 1.882 1 0.237 0.645 3.764 2 0.474 1.290
A Ak hE 3 3451172 1.601 1 0.237 0.364 3.202 2 0.474 0.728
Silica 4 345112 1.612 1 0.237 0.375 3.224 2 0.474 0.750
5 345112 1.632 1 0.237 0.395 3.264 2 0.474 0.790
IR 3 345112 1.488 1 0.237 0.251 2.976 2 0.474 0.502
Hematite 4 345112 1.511 1 0.237 0.275 3.023 2 0.474 0.549
5 345172 1.549 1 0.237 0.312 3.098 2 0.474 0.624

E: f, BTN T RLPUB I REBER M R fr. AT REG feou s Baipote AL Beou S BEASHEIT . M AL 3R 5 S 4F
FHVA BB AL S M AR G OB A R BT STk 20, BRUNES s Zeow s Zaipote AL Z o SF B PEC VR . MALIESR S 4R I L &
WAk 175 5 30 VR T AZEAT 28040 25 P A9 BTk - Note : £ is the coefficient of the wave function energy of the hybridized orbital of the outer electron

of the ion; pr is the effective charge coefficient; Seou., Baipole and feov. are the contributions of Coulomb interaction, polarization-enhanced

induction, and polarization-induced covalency to the effective charge coefficient, respectively. Zr' is the effective valence; Zcous Z’d;polc and

Z ov.. are the contributions of Coulomb interaction, polarization-enhanced induction, and polarization-induced covalency to the effective

valence, respectively.
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Fig. 5 The effective charge coefficient of Pb*" as a function of
electric field strength at clay mineral surfaces( the data near symbols

represent pH values )
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