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Abstract: [ Objective 1 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
H20 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 Pb2* 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: Pb?*; Soil minerals; lon adsorption; Polarization; Polarization induced covalent bonding
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TP R ANat B2, THENa B, RUAZpHAME T R T E A 5 . I 5E pH6~10f) Hi fif 5 Al
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Table 1 The specific surface areas of montmorillonite, kaolinite, silica and hematite

W25 EL Mineral type Al(m2-gh) BET/(m2-g%)

Z A1 Montmorillonite 759.3+46.5a 56.5b
A Kaolinite 22.82+2.13¢c 17.50¢
ZHAEE Silica 175.6+23.7b 181.7a
FREY™ Hematite 15.50+3.39¢ 11.99¢

T A, SR SRS DI E RIS D IR ELRIHAR . BET, Ak /R-BOKR-REnE S i LR TR . RIS RN G 5808 R 70
BRI LR EARAAE B3 25 (P<0.05) . Note: A, the specific surface area of minerals measured by the combined determination of
surface properties; BET, the specific surface area measured by Brunauer-Emmett-Teller. Different lowercase letters in the same column
indicate that there is a significant difference in the specific surface area of minerals measured by the same method (P< 0.05).
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2.1.4 RmEgmE  mE i~ B U, EME pH &N, FhiA. s A AR R T
Hid7 S R B S9 RN M. AR, FEhiA. BEAREIS AR EE N TENAG
S AR, HRHL R ER, SIS AR E IR k. Flu0, 76 pH oy 10 240, S
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H, IR IO AN E PLIE I AL RGN T 0.487 8 eanl (eo NHL T HLE, ag NH/RF12)
F—J0, HIsHUE N PIE, EH RS2 LIy MR INOE T s FIIRE /. IXRLE
SEEIZE T, RIEOJR T 5H M2 28 PUsE 7] ] GE L BUELAT AL 5, Ak 2 BERRAE AR AL T L0 5
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Fig. 1 Surface charge number of montmorillonite (a), kaolinite (b), silica (c) and hematite (d) ,surface charge density of montmorillonite (e),

kaolinite (f), silica (g) and hematite (h), surface electric field strength of montmorillonite (i), kaolinite (j), silica (k) and hematite (I) under

different pH conditions

2.2 POZ* 724 ) 2R TH A IR B T2 185

2 NANE pH 264E R PO ER YR I EAZ/R (Langmuir) W BHERE 2. P WL B =8 pH
APER B S T se N (B 2) o fEARIKREE R, P2 [l Bt 12 8 o -1 v B 1 384 i im )k 384K, 1
TEERE T, P50 YR N 5E4r, EDEEPEPIRES .. FHIE pH FIFERREE 244 T, POZEA[FEINT
VIR EFENRES, HEIMURICY: Fha. 8. Sa. . g, 7E
pH4 FISPATR S 0.002 mol-L B, ZMif. miéfa . EARE. A8 L Po> I i & 4> 714 18.58.
1.84. 2.65. 1.05cmol-kg?.
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Fig. 2 The adsorption isotherms of Pb?* on the surfaces of montmorillonite (a), kaolinite (b), silica (c) and hematite (d) under different pH
conditions (with the lines fitted to the Langmuir equation)

P2 (1) P 5 28 @ I Langmuir 253 IR B 77 REEAT 90045«
C C + 1
N Nyt DNy
b, o NAREERD PO> IR, mol-Lt: N ORI, cmol-kg?; Ne AEEJE PhZ HIHEA
Wb, cmol-kg™s b N5 REA IS Langmuir #4, L-mol?.
2] N 5 c IR RE], BIAIRG R b 5 N, W13 2 o MRIEE 2 ATA1, [F—F0 4
XF Ph2* R AR B B RE pH A3 ANTTAE . pH FRAR, HY 4 AR B AL s g i, AT BELAS S P2+ F IR
b AN FI AR TN P2 TR I EEAE AR 22 57, o, SR X P2 AL AR B B fe K, 7 %1 33.06
cmol-kg, NIHALH PN 4 £5~7 5.
*® 2 NEWIRARSRAERRBIENFHESH

Table 2 Characteristic parameters of the Langmuir equation experimental data on different mineral surfaces

(11)

pH3 pH4 pH5
R Eitl Nsat/ b/ - Nsat/ b/ , Nsat/ b/ ,
Mineral type  (cmol-kg?)  (L-mol?) (cmol-kg®)  (L-mol?) (cmol-kg?)  (L-mol?)
£ e 30.06 673.4  0.987 32.32 676.6  0.981 33.05 1045  0.982
mi 5.21 1715  0.978 5.45 2550  0.925 5.52 521.5  0.921
TAEAREY 6.03 187.8  0.920 6.89 313.1  0.940 7.67 3737  0.939
TR 4.30 9298  0.992 4.39 156.8  0.988 4.79 2104  0.982

H: Ner EEJE PO EAR R YR E R BRI b, S5WRFHFER <M Langmuir %4 Note: N, the saturated adsorption capacity of Pb?
* on different mineral surfaces; b, the Langmuir constant related to adsorption energy.

®Montmorillonite, @Kaolinite, ®Silica, @Hematite.

FEE TN -FAgseseth, W ES AR MR EZER (B3 o MF pH &4 T, Zhi
A ZEAEERI IR AR T B AT B I K T PO W& . BN, 7E pH A 3 1), P 7ESEN AR
1) B K b B0 42.85 emol+y-kgt, 171 52 Wt A B 2 11 L far £l B/ 4 54.90 cmol kgt (B 3a) o Xf
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Fig. 3 The relationship between the adsorption capacity of Ph*" and the surface charge number on the surface of montmorillonite (a),
kaolinite (b), silica (c) and hematite (d) under different pH conditions

HI1& 4 mT%, WRBHAEAS FIESTEAIRED M) 3R 1) Ca? il B th s B O : BEA . 5L
BE IS SRR TERATSENA R Cat il E S Po> I RIS (K 4 &) , KW Pb*
FEAE R AT R I DA R O T H HT R SE 4 11095 » il fn Ca R i KT P2 I I B 4 b)),
ATREAE RN HH I 5 4 1505 . S8 A RETE pH3~5 B 11 47 FLfnf 22 7 4.87~18.29 cmoly-kg*(E 1 ¢
2 PhZ IR B BRI (< 1cmol-kg™) , 3X#R/r ) P2 Al g5 — AR T 2 DL B I EBY; 24 Ph2
R m (> 1 emol-kg™) » HARYFESHAE s, S8 Ca* il R s K1 PO IR B & (&40 .
JRERDTLE pH 3~5 INAF IR AT (B 1 d) , WAIRER A S U AER /D 1) Ca?t, Pb?+ 2 ZEDUSEAN F I
B, NI T2 PO IR B KT Ca? i i (E 4d) o
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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),
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PAEZERERY], ey ki e R R E R PO iR 7 s BREE . R, 332N SR Pl
PO2FER MDA I A FH 28 Je FLam B
2.3 MLSHABESHNMERT P -T MREHEEER IR

TR &L 2 1) PR BT 5 SR AN & 4 () Ca2 il T #ir 45 2R, BL Ca? iR, FIHI(G)PFAE P2
FEAN I WA T A ROBAT R AL fr, S5RINEE 3 s P?HEANR] 36 V3R i i R A R 80
REVMRUOIEI A A 8 AR, B, 1E pH3 I, P fEAN R L3y Y& -1
B WA RE N pr(EE N A)=1.769, pr(Fl&£1)=1.829, pr( %A fIE)=1.601, Sr(7~EkH)=1.488

(£3)

HIPICBAIPEIFTTHR A R A Z M8 KRB IMR IO Rl Sl A St ZRBkT (383D,
RRRACTE S I E RIS PO S YW AR R A B it — D e eAE R BRAedE i L
PAAC - FIANE AE S B TTHR,  BISE B VE Al Boout BaipoleM Boov, THELIRAIRIFTx, T T
ol F LA SRR O,  FEARRIpHZRAE T, PICBXS A R REU TTHR K T-PEIF.

3 NEWYIRE P> BH BT REFIARNTSHILERR

Table 3 Composition of charge coefficient and effective valence state of Pb?* on the surfaces of different minerals

RV
Mineral type pH f Br Peoul.  Pdipole Beov. Z7' Z'coul.  Z'dipole  Z'cov.
EEe] 3 3y51/2 1769 1 0237 0532 3538 2 0474  1.064
Montmorillonite 4 3\/5_1 /2 1781 1 0.237 0.544 3.561 2 0.474 1.087
5 351 /2 1797 1 0237 0559 3593 2 0474 1119
el 3 3¢/51 /2 1829 1 0237 0592 3658 2 0474  1.184
Kaolinite 4 351 /2 1832 1 0237 0595 3.664 2 0474  1.190
5 351 /2 1882 1 0237 0645 3.764 2 0474  1.290
AR 3 3451 /2 1.601 1 0237 0364 3.202 2 0.474  0.728
Silica 4 351 /2 1612 1 0237 0375 3224 2 0474  0.750
5 351 /2 1632 1 0237 0395 3264 2 0474 0.790
V7RIS 3 3451 /2 1488 1 0237 0251 2976 2 0474  0.502
Hematite 4 351 /2 1511 1 0237 0275 3.023 2 0474  0.549
5 351 /2 1549 1 0237 0312 3.098 2 0474  0.624
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de f, BEANZTRNHUER BRI REG fr, BROBAREG Peous Baipote LI Beov ST HIRFEACTE R o WAl 3G 5155 T4 F LA R AR AL
FFIMERLEA A REBCT TR Zr, ARINE: Z'cou~ Z'dipole VAR Z' con T MNEEARAE T . WAL IG 58 S A FH AR AL 75 S 3R A
FEA M AR5k, Note: fis the coefficient of the wave function energy of the hybridized orbital of the outer electron of the ion; fr is
the effective charge coefficient; Beou. faipole @nd Seov. are the contributions of Coulomb interaction, polarization-enhanced induction, and
polarization-induced covalency to the effective charge coefficient, respectively. Z;" is the effective valence; Z’cou., Z'dipole aNd Z'cov. 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)
K6 &KW (1) RE PICB IEMILHER], HIREERM B A, R E e 5 A4 s
(7 I 75 1R v DA A P A% Ry 1) — ARG RS T, P2 AT AR MR B D9 32, o S B RE G 172 DL,
H. PICB HISEM e KT PEIF fItALEE. FEA pH 221k, (HIRAETTRR B0, XRIRAE R
Wiy Pb?* 5 S Mi A R I AR ALAE T, s i R . (2) FERRIESR AT TR /R BRI 3R 77 IEHEL, Pb?
FEFRERD MO i HERRAER], AR STk i KBV MR OIS AERT BB o RABfER]. 4
Pbz" 5 /R R M R 1 A& T SN B 2 RIS, WAL S AR g i, WP B RE sk i K. R
& PEIF HRALBERI SRR & BEAN PICB KL M Re /N, (EH AR BALHAER L R i . (BAS —
S, AKX PICB Hefirfe 52 ML RE, KAEJa It — BRI
PA_E I3 MR B, PO e 380 1 2 10 PO W PR g SR ARMT o B2 T e ol 8] 5 WL HEAT 58 ) IR . IR
BT A 28, SRR R R AR . R TR Sk B S S Re S
XRF Al FT-IR 73 HrilE s, P2 fE A+ (LA MR B ) RIER FH B 5SS B B4k,
RUAH EAE R R AZ O AL . 80 B REBEIGAE, Ml PhZ BRI AL LA & v 0. X E
USESHESRFAEER, HESERPFEERBRARRE, FEC NG RN 1t
filh,  HAZWEFE b s AR B AP AT 7 60 min, 18 TS24, 1K U A m] AR R A A o0 PSR
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Fig. 6 Contributions of Coulomb energy (Wcoul), dipole energy of polarization-enhanced induced force (Wdipole), and covalent energy of
polarization-induced covalent bonding (Wcov.) to the adsorption energy of Pb?* on the surface of soil minerals at pH 3 (a), 4 (b), and 5 (c)
24 E€R-TREMEEIERRIINEIERIE
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Fig.7 Fourier transform infrared spectroscopy (FT-IR) absorption spectra of montmorillonite (a), kaolinite (b), silica (c), and hematite (d)
in the region of 1 500 -400 cm™ after adsorbing Pb?, FT-IR absorption spectra of montmorillonite (e), kaolinite (), silica (g), and hematite (h)
in the region of 4 000 -1 200 cm'* after adsorbing Pb?*
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