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Abstract: [ Objective] The adsorption of heavy metals in soils/minerals is one of the key processes for heavy metal
pollution remediation. Owing to an insufficient in-depth understanding of the unique properties of soils/minerals,
the interfacial reaction mechanism of heavy metal adsorption remains unclear. Therefore, this study aimed to
investigate the regulatory effects of polarization on heavy metal adsorption at the soil/mineral interface, and

quantitatively clarify the contribution of each interaction force to the total adsorption energy. [ Method] Based on
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orbital hybridization theory, combined with surface property evaluation, heavy metal ion adsorption experiments,
and Fourier-transform infrared (FTIR) spectroscopy, it was systematically investigated the regulatory effects of
polarization on heavy metal adsorption at the soil/mineral interface, and quantitatively clarified the contribution of
each interaction force to the total adsorption energy. [Result] The results showed that: (1) Both the specific surface
area and surface charge quantity followed the order: permanent-charged montmorillonite > permanent-charge-
dominated purple soil > variable-charged yellow soil. However, the surface negative charge density and negative
electric field strength generally followed the sequence of purple soil > yellow soil > montmorillonite. (2) The surface
charge density and electric field strength of soils/minerals increased with increasing pH, and exhibited a significant
ion specificity. The adsorption capacity followed Pb?* > Zn?* > Cu?* > Cd?* on the montmorillonite surfaces, and
Pb2* > Cu?* > Cd?* > Zn?* on purple soil surfaces at low concentrations. As the equilibrium concentration increased,
the adsorption rate of Cu?* gradually became lower than that of Cd?* and Zn?*, following Pb?* > Cu?* > Cd?* > Zn?*
on yellow soil surfaces. (3) The polarization effects enhanced the heavy metal adsorption ability, and the adsorption
capacity of heavy metal cations followed montmorillonite > purple soil > yellow soil. (4) The adsorption energy was
negatively correlated with ionic strength but positively correlated with pH. The components of adsorption energy
followed the order: Coulomb energy > Covalent energy > Polarization energy, indicating that the covalent and
polarization forces, dependent on the polarization effects, were still weaker than the Coulomb force. (5) The
polarization effects of heavy metals played a crucial regulatory role in their adsorption. Moreover, the adsorption
intensity could be regulated by the polarization effect through the surface electric field, which depended on pH and
surface charge density (the ratio of surface charge quantity to specific surface area). [Conclusion] This study
revealed the quantum mechanism of heavy metal adsorption on soils/minerals from the perspective of micro-
interfacial behavior, laying a theoretical foundation for the development of soil heavy metal passivation/activation
regulation technologies.

Key words: Heavy metals; Polarization effect; Electric field strength; lon adsorption; pH; Surface charge density
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Fig.1 Surface properties (a. surface charge number, b. surface charge density and c. surface electric field) of different
soils/materials as a function of pH
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E: FRZRRIR R FTAL pH RO 755 . Note: The horizontal lines represent the surface charge number at the pH
in bulk solutions.
B2 AFpH FEMA (a~c) « Kt (d~f . & (g~ WELES FRIE
Fig.2 Adsorption capacity of heavy metal ions on the surface of different soils/materials under different pH conditions (a,-
c.montmorillonite, d.-f. purple soil and g.-i. yellow soil)
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Fig.3 Total adsorption energy of heavy metal ions on the different surfaces under different pH conditions (a.-c. montmorillonite,
d.-f. purple soil and g.-i. yellow soil)
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Fig. 5 Fourier transform infrared spectroscopy absorption spectra of montmorillonite(a), purple soil(b), and yellow soil (c) in the

4000-400 cm™® region under pH 4 conditions
K5 &M, ZEMiA. KL AEEAERMESEEROGEEICH R E R, RIS ERE
HRFEAAL . S — RV, @ Si-OH-AlL -OH FI4i#ka) (3612 cm™) |

http://pedologica.issas.ac.cn



+ %
Acta Pedologica Sinica

-OH [{HL A1 ZS B3R5 (3 400 A1 1 628 cmt) LA K Si-O f i MR P hifiidRsh (1107 Al
986 cm?t /ity) . RIAZMAN) 2:1 JZREEM AR IRLHS, —J7 T, =458 AR 4R
i EE RS RM O EFIAHEAER, M Si-O WKL ES . 5— i, Ko+
WAL N AR 58 T K> F 53R O R FULEERESKS FRIMEER, MFKESE
BT 5RO R FAHEAERL, [Fith, MRbnid H 485 R A B AEH A X E TR .
A R 0 R B B 6@ 5 Si-O MR R B 7 e (1] Ba A 5b) , SR TH H 4 JE Ak
RITTHRTE K o BEIFAR RPN E DTRRAE Y, (EH RN E SR AN (B 5¢) « Zito 4
CanEef s SMiAT) 1R B B JE 5 i A B 2 (R 5L FTIR WEALF% (an Al-OH $R3H I
% 5~15 cmrt) B, i A 7 S A FR IR 0G0 R Tt T BBV T L AR R S AL N E )
YRR, XY R A A A e MR R T

34

4 R B A R B AR T AR B AR AR B 2 P B R SR RN, LR
B pH FBEACITIR TS o 1ZVER S T3/ Y PR o 25 IR X ——FBifiss pH BT, 31 41 fa Ay %
FERGOR SR G 58, TSR s 1 IR YR T R T I ER RS BE . R
R Rt — IR R R B T RS ZDAMGIE S R, AR R T (A
Pb2*) B )RR, ELIRCBY 9 R 52 3R i L I ELRERAE  ERRAL RN, PEBRE (Weou) 2
FEH, A (weov) SR (Waipote) XTI P BE B AT SR P2 DTk . 7 < IR B
MocB I N R R Yy, HDE pH. RERG R AR SRR BRI
SERERBEAT Y, AT SIS Rl 5 [ E AT 9 A RO .

BEHK (References)

[1] Hou DY, Jia X Y, Wang L W, et al. Global soil pollution by toxic metals threatens agriculture and human health[J]. Science,
2025, 388(6744): 316-321.

[2] Yang Z P, Chang J Z, Li X Y, et al. The effects of the long-term freeze-thaw cycles on the forms of heavy metals in
solidified/stabilized lead—zinc—cadmium composite heavy metals contaminated soil[J]. Applied Sciences, 2022, 12(6): 2934.

[3] Xu L, Liu Y N, Wang J G, et al. Selective adsorption of Pb?* and Cu?* on amino-modified attapulgite: Kinetic, thermal dynamic
and DFT studies[J]. Journal of Hazardous Materials, 2021, 404: 124140.

[4] Huang C Y. Soil science[M]. Beijing: China Agriculture Press, 2000. [ & 5. +3E22[M]. Jbat A ER L H A, 2000.]

[5] Silveira J C, Oliveira F S, Schaefer C E G R, et al. Phosphatized volcanic soils of Fernando de Noronha Island, Brazil:
Paleoclimates and landscape evolution[J]. Catena, 2020, 195: 104728.

[6] Vilela E F, Inda AV, Zinn Y L. Soil genesis, mineralogy and chemical composition in a steatite outcrop under tropical humid
climate in Brazil[J]. Catena, 2019, 183: 104234.

[7] Huang W Z, Liu W S, Yu Y F. Permanent charge effects on ionic flow: A numerical study of flux ratios and their bifurcation[J].
Communications in Computational Physics, 2025, 30(2): 486-514.

[8] Wen X C, Li J Y, Song J, et al. Research progress on the acid-base properties of variable charge soils using potentiometric
titration[J]. Acta Pedologica Sinica, 2022, 59(4): 910-923. [IEF¢3%, ZESLT, A%, & HALRE VL 7T Al 28 Hfy 3R
TR AR o ) FR [J]. L3324, 2022, 59(4): 910-923.]

[9] Sari A, Tuzen M, Citak D, et al. Equilibrium, kinetic and thermodynamic studies of adsorption of Pb(I1) from aqueous solution
onto Turkish kaolinite clay[J]. Journal of Hazardous Materials, 2007, 149(2): 283-291.

[10] Li K J, Kurniawan A, Christidis G E, et al. Interfacial interactions controlling adsorption of metal cations on montmorillonite[J].

American Mineralogist, 2024, 109(4): 633-655.

http://pedologica.issas.ac.cn



+ %
Acta Pedologica Sinica

[11] Qu W J, Wang H L, Li G D, et al. Efficient removal of Pb(ll), Cr(V1), and tetracycline hydrochloride from aqueous solutions
using UiO-66-AMP@PAN: Thermodynamics, kinetics, and isothermal adsorption[J]. Journal of Environmental Chemical
Engineering, 2023, 11(5): 110598.

[12] Du W, Li R, Liu X M, et al. Estimating Hofmeister energy in ion-clay mineral interactions from the Gouy-Chapman theory[J].
Applied Clay Science, 2017, 146: 122-130.

[13] Li Q Y, Yang S, Tang Y, et al. Asymmetric hybridization orbitals at the charged interface initiates new surface reactions: A
quantum mechanics exploration[J]. The Journal of Physical Chemistry C, 2019, 123(41): 25278-25285.

[14] Li H, Liu X M, Tian R, et al. Thoughts for the reconstruction of core knowledge system of basic soil science: Necessity,
theoretical and methodological basis[J]. Acta Pedologica Sinica, 2025, 62(1): 1-13. [Z5fift, XUHrE, M8, & £TETH
A R O AR A R E R TS W e U R [D]. 3R, 2025, 62(1): 1-13.]

[15] Liu X M, Chen WL, Tang Y, et al. Asymmetric response of transition metal cationic orbitals to applied electric field[J]. Journal
of Hazardous Materials, 2024, 468: 133718.

[16] Liu X M, Tang Y, Tian R, et al. Asymmetric orbital hybridization promotes polarization and covalent interactions between
heavy metal cations and charged surfaces[J]. Applied Surface Science, 2024, 656: 159689.

[17] Liu X M, Li H, Li R, et al. Combined determination of surface properties of nano-colloidal particles through ion selective
electrodes with potentiometer[J]. The Analyst, 2013, 138(4): 1122-1129.

[18] Arthur E, Tuller M, Norgaard T, et al. Contribution of organic carbon to the total specific surface area of soils with varying
clay mineralogy[J]. Geoderma, 2023, 430: 116314.

[19] Yu L Q, He A Z, Tian R, et al. Quantitatively distinguishing colloidal composition, surface property of differently sized
particles for permanently and variably charged soils[J]. Applied Clay Science, 2025, 265: 107651.

[20] Ouyang N X, Zhang P B, Zhang Y Z, et al. Cation exchange properties of subsurface soil in mid-subtropical China: Variations,
correlation with soil-forming factors, and prediction[J]. Agronomy, 2023, 13(3): 741.

[21] Liu D, Tian R, Feng B, et al. Polarisation-induced covalent interactions between H* and surface O atoms promote clay
aggregation[J]. European Journal of Soil Science, 2022, 73(4): e13286.

[22] Cao H, Liu X M, Feng B, et al. Effect of pH on the surface charges of permanently/variably charged soils and clay minerals[J].
Scientific Reports, 2024, 14: 23169.

[23] Wu Y B, Liu X M, Li R, et al. Hofmeister effect in ion adsorption kinetics on surface of yellow earth particles[J]. Acta
Pedologica Sinica, 2018, 55(6): 1450-1459. [ RI<{#, XUHTE, 4, 5. HOIERURR I E 7 W M3) 71 s 7hr ik
MI[I]. 3R, 2018, 55(6): 1450-1459.]

[24] Yang Z H, MaJ X, Liu F, et al. Mechanistic insight into pH-dependent adsorption and coprecipitation of chelated heavy metals
by in-situ formed iron (oxy)hydroxides[J]. Journal of Colloid and Interface Science, 2022, 608: 864-872.

[25] Liu X M, Li H, Li R, et al. Strong non-classical induction forces in ion-surface interactions: General origin of Hofmeister
effects[J]. Scientific Reports, 2014, 4: 5047.

[26] Liu X M, Ding W Q, Tian R, et al. How ionic polarization affects stern potential: An insight into hofmeister effects[J]. Soil
Science Society of America Journal, 2016, 80(5): 1181-1189.

[27] He H P, Xie X D, Guo J G. Thermal stability of cation exchanged montmorillonite[J]. Journal of Mineralogy and Petrology,
2000, 20(1): 1-3. [fi=F, i%etl, SLR. BT CMERAMPFEERT ], 9 4%E 1, 2000, 20(1): 1-3]

[28] Ma Q, Chen Z X, Li R. Influence of electrochemical properties of montmorillonite/purple soil surface on ion adsorption
behavior[J]. Journal of Southwest University (Natural Science Edition), 2024, 46(12): 169-179. [ i, FRAER, 2%, S
i P - 3R TR A P T B8 TR B AT N RIS IAII]. V8 R K 2 3R (SRR 2R, 2024, 46(12): 169-179.]

[29] Ling W T, Li XY, He J Z, et al. Interaction between heavy metals adsorption-desorption and charge character of soils[J].
Chinese Journal of Sail Science, 2002, 33(6): 456-460. [&Bils, 42540, PHALIE, 5. 4383 M far ik 5 = 4 e Bt -
R IAH LG R [J]. 3@k, 2002, 33(6): 456-460.]

[30] Li R, Li H. Comparison study between Mg?*-K* and Ca?*-K* exchange Kinetics under electric fields at the solid-liquid interface

http://pedologica.issas.ac.cn



+ %
Acta Pedologica Sinica

of soil[J]. Acta Physico-Chimica Sinica, 2010, 26(3): 552-560. [Z4, Z=fii. LIEURi R i /EH T - il Mg?-K*
5 Ca?-K" 33l 71 = M LA 7L []. B4 32540, 2010, 26(3): 552-560.]

[31] Liu X M, Tang Y T, Hu F N, et al. Effects of atom/ion orbital hybridization at the soil solid-liquid interfaces and their
environmental implications[J]. Acta Pedologica Sinica, 2026, 63(1): 11-24. [XI3rék, RiFus, HIER, . HIRE- A
JRFTBS T8 Z A RN B IR BE = X [J]. 482441k, 2026, 63(1): 11-24.]

[32] Yang X D, Zhou Z Y, L J L, et al. Characteristics and mechanisms of cadmium adsorption kinetics in arable soil under the
influence of electric field[J]. Chinese Journal of Soil Science, 2026, 57(1): 218-228. [ 4, A, BXW, 5. HIHE
Wi A b L SRR B B A7 SRR E S ML D], L@, 2026, 57(1): 218-228.]

[33] LiQY, ShiWY, Yang QY. Polarization induced covalent bonding: A new force of heavy metal adsorption on charged particle
surface[J]. Journal of Hazardous Materials, 2021, 412: 125168.

[34] Yu X B, Wei C H, Ke L, et al. Preparation of trimethylchlorosilane-modified acid vermiculites for removing diethyl phthalate
from water[J]. Journal of Colloid and Interface Science, 2012, 369(1): 344-351.

[35] Yang L, Wu P X, Liu S, et al. Adsorption of Cd(1I) and tetracycline by amphoteric surfactants modified montmorillonite[J].
Acta Scientiae Circumstantiae, 2016, 36(6): 2033-2042. [##k, 278, X, % BHASHSE A K FER R R
W B eI FE[J]. FABER} 544K, 2016, 36(6): 2033-2042.]

[36] Parikh S J, Goyne K W, Margenot A J, et al. Soil chemical insights provided through vibrational spectroscopy[M]//Advances
in agronomy. Amsterdam: Elsevier, 2014: 1-148.

[37] Heng L S, Wang D Z, Jiang X et al. Relationship between Fe, Al oxides and stable organic carbon, nitrogen in the yellow-
brown soils[J]. Environmental Science, 2010, 31(11): 2748-2755. [#iFly>, FACK, ¥, &, EEHESBEAM 5 11T
FEPEAHUBRFI R C R[], SR, 2010, 31(11): 2748-2755.]

(SRfEHIE: PR

http://pedologica.issas.ac.cn



