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Abstract: [ Objective ] Dissolution reactions of clay minerals are one of the essential processes contributing to natural soil
acidification and mineral weathering. However, the surface reaction mechanism of mineral dissolution remains unclear.
[ Method ] The strong electric field generated by the surface charges of minerals induces a new type of covalent bonding between
the oxygen (O) atoms on the mineral surface and the hydrogen (H") ions, a phenomenon known as polarization-induced covalent
bonding (PICB). In this study, montmorillonite (MMT), kaolinite (KLI), and illite (ILI) were selected to explore the interfacial
reaction mechanisms promoting the dissolution of clay minerals by PICB using mineral dissolution analysis and hydrothermal
experiments. [ Result ] The dissolution density of mineral elements increases with decreasing pH, and the initial stage of mineral
dissolution aligns with the three processes of chemical weathering: desalination, desilicification, and ferrallitization. The PICB
significantly enhanced the H" adsorption energy density (y;;(0)), and the absolute value of y;4(0) increased with the decrease of pH,
indicating an interaction between H' and the mineral. Also, the surface was stronger under low pH conditions, and a consistent
critical pH of 3.0 was observed based on both the theoretical analyses of yy(0) and the dissolution density of mineral elements as a
function of pH. At pH < 3.0, the PICB was significantly enhanced, resulting in a notably weakened Si-O bonding energy and a
substantial increase in the dissolution efficiency of silicate minerals. Although the dissolution behaviors of various minerals
exhibited significant variations in response to pH, they can be described as a function of yy(0), indicating that yy(0) has an
important influence on the structure of clay minerals. Moreover, the enhancement of yy(0) resulted in a higher content of SiO, in
the hydrothermal reaction products of MMT, accompanied by a subsequent reduction in the residual products represented by
AL O;. [ Conclusion ] This study quantified the impact of H'-mineral bonding on the chemical weathering of minerals and
revealed that the PICB between H' and surface O atoms of minerals enhanced the yy(0) of H' on the mineral surface and
weakened the Si-O bond energy, thus significantly affecting the dissolution reactions of clay minerals. The results provide
theoretical insights for proposing targeted modulation techniques aimed at enhancing the structural stability of minerals.

Key words: Mineral weathering; Soil acidification; Surface reaction; Solid-liquid interface; Covalent interaction

KRR L3 2 (5 1t S IC vk L HIRY 30%, JLF
d P BRI R 1Y 50%, HREE iRk 2
M RFEE AT, WRMBZEY KN, 3mSR+
AR Ty, FRARM A A K AOUEES ALY, SRS b
HEaE, B EEECEY TS, B 1 R i
(R 14 T2 XoF - S i 7 A 7™ R 1Y) B TR O, AT
£ A RN

ABF (H) B2 HIEhEZENsm s+ 16 20
T2 80 4R, WF5E 48 i ot 1 et i 4 2 1 Bk 141 fie
PEE WA Y Lasaga ZEUUl & THERIIESE T 3%
—PI% . Lasaga I Luttge ™45 H %5 fif B A5 R
W i 2 Ph T RTE RO, Ml v o B i
I TR VA S ) — A B BERRAE o BT T T
FE AL B )2 A R BR T-O-T J2 Th i 4
g, TR SE PO A (ST AL FUEIA (AL Al
Mg ) FHEF RS, SR, X IR RESE 2 B iR
PEAAET 2010 By 10 1 SR i W s Ak B
Pl DL T + ek ) AR A2 T O s A
G Bilan, FERIEA N5 BA ( Montmorillonite,
MMT) S, Al PR RS Si iy [E] I

POHUR IR G, Al o BeRAE f i AL/ST B2 IR L ]
BAL T4l MMT BBE/R F1'?, Grybos 5L $s 4
YRS Tl fe, xXEXRp RS+
HEE, (HIA T P PRI Tk 76 e B S i
FIEEIHL

B0 WA B R SRS, SR AETER]
B AR F 7 A 1 K i B AT RE A TR IR U 2
Ao RFr s g, B SR, ER
TH Y RE A AERNERB ST, REA (0) 7
- T B S BH B - 0 A1 2 B0 23 A AR AR X R 2R Ak
U1, v i Bl e B 2 A 2 il 2 st
FM O JEF 5 FHE 2 (B 4 i &) W R B s g, DA T
T AL S E R (PICB) MO, b4/
DAIRFZMA T 4 v Si-O Bt A i B, (2 E 0y 45 e i 1A

AR PIEELEF LY (A . kA
( Kaolinite, KLI). fF]f (Ilite, ILI)) AHFFEXT
%, NN [FIRR AT A% th T R AT 54T,
FIH B E Al, Mg, Fe 5 Si BUfb AR 6 R f#
B AL B, I3 T 0E A4 b B0 B R AE H
S O Ry PICB, [z ILME F e

http://pedologica.issas.ac.cn



6 Y] AR A H S R AT BB AR S N AR R e A 2 P v i 1965

PERE L Wy AR A R B 2 T B R BILR AR
3 L IR AL R A B SR

1 PRSIk
1.1 BHEXE

A3 PR — 52 5 B 10 2k 0 W RO TR 5 I A
T, A —ERBR RS R . R TS TR
RIS T I EMRIZLN , MRV nA T 35 St i
Ji. MMT. KLI, ILI 915§ 5 HLfg B3 5 0.05 5%
0.1 mol'L ' KNO;. 1 mol-L! NaCl. 0.1 mol-L! NaCl,
B FEG A BAE 8 MMT-0.05, MMT-0.1. KLI-1
ILI-0.1, SE5 7 ik g ol | SCRk[17-19]. % H#E
FEBEFE, 18] B — 52 A e B B 7 AR L 0 5 i S5
MMT LR EAL (S) FHE Fac#i (CEC) 4
4 750 m*g ' F199.8 cmol-kg M7, KLI # S Fil CEC
435K 8.16 m*-g VRN 1.5 cmol-kg 'Y, ILI (1) S Al
CEC 23914 124 m*g '™ 38 cmol-kg 12!,
1.2 kI

S RIS Ly 2 0 1 B R 101
R0 Pl FE, BENS B B i S 56 v i )
FAAR ARG B, LR 1 5 A 285 4 R 384k 2 M I
il LA g 04 A fb e A b B AR M AR R, R
AR MMT RS R 2 (i MMT
kAWZE W RIETYERET UM EARAA, S
H1 CEC 20 %4 725 m*g ™' I 115 cmol-kg ' ¥
S B I AT AL SR ZE Y, B T EE RN ] 43 )
WEN 523 K A 10 d, [FIEFZE 298 K T A%
A e AR Y B W TR 2 g TR
MMT MRS, SRS AN B 80 mL ( 0.3,
0.5. 0.7 fil 1 mol-L™" HCI R Ab#H ), S by 28 %% B4
B RS TPl ( BPG-AH/BH, |15 5525
WA ho RWMEHRE, RNV HKREE 24 h,
BUHFE AT E— 2B Ab B, B B VRS RS B 0
EL (8000 rmin', 5min). WEE B, M
H pH, HAUKBRIKDIIE, BOREBHBEF, HE
5. E—KELE, BOETE 343 K AT
P24 he TS, KEFESRPEIFE T 0.25 mm i,
I3 % A B AR
1.3 FREFHESH

FEAHTE 378 K NHET, RBRIK AL AN IO

T 18 5 08 I SR FH 28 Ul 4 S S e B AR 21 4
Fei%4 (FT-IR ) ( Spectrum Two, Perkin-Elmer, 3%
) D e L e 2 A0k 8] . fdi ] PerkinElmer
Spectrum Quant #/EXTARTHAY FT-IR DG 462k 17
30T R X SFLHOGIEL ( XRF ) ( Arladvant x
Intellipower TM 3600, Thermo Fisher Scientific, 3¢
=) JFRCE NG T R 2T R M =5 .
14 THYLERBAHEE

T YIICRE N EE (py/vi) R B TH AR R
YiocR g, A AN

PV, = ES' (1)
mSv;

K, o AW i CEWRE (molm ™), V HIE
fR R WIMAR (m*), m W YFEE (g), S H
THHEREGH (m>g!), v, HILR | ¥ ER
B(FE1),

x1 BFBRIRPHLITYRITENITERY

Table 1 Stoichiometric coefficients of various elements in clay
minerals during the dissolution experiment

%5 Code Vsi Val VMg
MMT-0.05"7 2.95 1.32 0.56
MMT-0.117! 2.95 1.32 0.56

KLI-11! 2.00 2.00
IL1-0.11"8 3.55 1.72 0.44
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Table 2 Surface properties parameters of minerals in dissolution experiments
GE LN
R/t Background S/ N/ g (0) pu (0)/ ym (0)/
pH 0 (0)/V
Mineral type electrolyte/ (m>g") (emolkg™) /(Cm?) (mol'm™) (kI'm?)
(mol-L™)

MMT!7 0.05 KNO; 1.10 750.0 99.8 0.128 -0.090 4.14x107 -2.55
0.05 KNO; 1.98 750.0 99.8 0.128 -0.113 1.15x107 -8.83x10™"
0.05 KNO; 3.04 750.0 99.8 0.128 -0.117 1.12x10°7 ~8.92x107?
0.05 KNO; 3.97 750.0 99.8 0.128 -0.116 1.24x107* -9.90x107°
0.05 KNO; 7.01 750.0 99.8 0.128 -0.117 8.17x10°* —6.54x10°°
0.1 KNO; 1.09 750.0 99.8 0.128 -0.083 1.35x107 ~7.66x1072
0.1 KNO; 2.11 750.0 99.8 0.128 —0.098 2.11x10™ ~1.41x107?
0.1 KNO; 3.63 750.0 99.8 0.128 -0.100 5.61x10° -3.83x107*

KLI™ 1 NaCl 0.95 8.2 1.5 0.177 -0.059 6.16x107? -2.50
1 NaCl 1.94 8.2 1.5 0.177 -0.061 7.08x107 —2.96x10™"
1 NaCl 2.94 8.2 1.5 0.177 —0.061 6.65x107 —2.79%1072
1 NaCl 3.76 8.2 1.5 0.177 -0.061 1.10x107* -4.62x107°
1 NaCl 4.73 8.2 1.5 0.177 -0.061 1.18x107° -4.93x107*
1 NaCl 5.70 8.2 1.5 0.177 -0.061 1.05x107 ~4.38x107°
1 NaCl 6.05 8.2 1.5 0.177 —0.061 2.36x10°° —-9.90x107°
LI 0.1 NaCl 1.60 124.0 38.0 0.296 -0.135 1.93x10°" ~1.78x10'

0.1 NaCl 2.60 124.0 38.0 0.296 -0.141 1.20x107 -1.15
0.1 NaCl 3.60 124.0 38.0 0.296 —0.142 8.31x107* -8.06x1072
0.1 NaCl 4.70 124.0 38.0 0.296 —0.142 3.93x107° —3.82x1072

TE: SIREM; NREEMHEE, B CECIEMAA; o (0) REHEMAHE; ¢ (0) REHA; pu (0) RKIA HLMEE;

(0 )H™ I Fhf fE

3

% B . Note: S is the specific surface area; N is the surface charge number approximately estimated by CEC; o( 0 )is the surface

charge density; ¢ (0) is the surface potential; py (0) is the surface H" adsorption density; and yy (0 ) is the H" adsorption energy density.

FETHTH " 1 5 3¢

2

Surface H" adsorption density/(mol-m™)

o
[
=)

0.15

o
_
S

0.05

0.00

pH

K4 MMT., KLI, ILI7E9 #5050 bR H R
Fig. 4 The surface H" adsorption density (a) and the H adsorption energy density (b ) atthe MMT, KLI, and ILI surface as a function of

a)
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® MMT-0.1
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H"adsorption energy density/(—kJ-m™)

— )
o O

14
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pH in dissolution experiments
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Fig. 5 The dissolution density variations of different mineral

elements as a function of H" adsorption energy density in dissolution
experiments

24 H 5§ YHEEEREHNET WEHRRFE

Shy TR S i X B i S 0 P ) 5 A AR
B, BTt MMT 7E (iR B2 R 5 W A8 7K A 52 iy S 36
TE (= Ve FE TR T AT SIS R 13 KO %, 4
SRR R IREE M 298 K FJFE 523 K, @
YIS AR S MRS MMT (0 26 mE 3153 298 K
F1 523 KBFAY wery yu (0) (R 3),

FFEEE T, IRETm, H'S MMT 89 wa 5 yu
(0)(F£3) BEM%, RUNREFA M T H 5% O
JRFZ BIA EAE R . EF—RETS, ME H BT
WREEF R, wa Ry (0) /N (3R 3), RS
WSS OB E B R4, r g eom FUGR G, wh AR
WS, MEREET IR T H S5RM O 1Y%tk
B, Al e (0) 3R, X 5 S TR [E TP
JCHRBE yu (0) BZRALZE AL (B 5), 45 RE
W1, PICB X MMT 2544 fift A FURE i 0 2 A 22500 .

W H 58 YA BAE B FEE SIS 0P 45
FfEAAR, XF 523 K BERREIFRER T MMT K H
FEYIBEAT T FT-IR 1 XRF 5087 . ZLANGTE 7 i b &
R T I Si-O B EE (999 ~ 1077 em')
“HLE (MMT) —3E (MMT-0.3H) — =&
( MMT-0.5H ) —ifs ( MMT-0.7H Al MMT-1.0H )"
MRt R, ELRE S PRV BE A B I, BB I EE RS
(&l 6). H7E MMT KU E I E Si-O HEHE,
WAL M (3£ 3), rEAERERAL (& 6). AN
FREE A, MMT MR N =P Si-O hrffi 2
BT 523 K BB B SR 55 T : MMT < MMT-0.3H <
MMT-0.5H < MMTO0.7H < MMT-1.0H, O J& 75 H"

F£3 298 K #1523 K Bt MMT REKB AR H A9 0% M sEFNIR Fi sE 25 5

Table 3 Adsorption energy and adsorption energy density of H" in MMT and its hydrothermal products at 298 K and 523 K

45 Code R Temperature/K 1/k/nm we/ (kJ-mol™) Weoy/ (kJ'mol™) yu (0) / (Jm?)
MMT-0.3H 298 0.56 -7.89 -48.09 -0.90
MMT-0.5H 298 0.43 -6.75 —41.15 -1.28
MMT-0.7H 298 0.37 -6.04 -36.79 -1.60
MMT-1.0H 298 0.31 -5.32 —32.40 -2.01
MMT-0.3H 523 0.74 -11.66 -71.02 -1.32
MMT-0.5H 523 0.58 -9.79 -59.63 -1.85
MMT-0.7H 523 0.49 -8.64 -52.63 -2.29
MMT-1.0H 523 0.41 -7.51 —45.75 -2.84

TE: Ve SR RIREECY; wo il AEFIBE s weoy SEMVEFIRE; 0.3H, 0.5H, 0.7H, 1.0H 43 3IF/R4L+F 0.3, 0.5, 0.7 Al 1 mol-L™' HCI
SR HIZKIAN, TRl Note: 1/x is double layer thickness; w is electrostatic interaction energy; we, is the covalent action energy; 0.3H, 0.5H, 0.7H,

1.0H represent the hydrothermal reaction under conditions of 0.3, 0.5, 0.7, and 1 mol-L"' HCI, respectively. The same below.
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Fig. 6 Infrared spectra of MMT and its reaction products in
different acid concentrations at 523 K
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o v B R TR KRB AR SBR[y (0) |
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HVR RN ALOs 1452 M #6 HoAx =) () 5%
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Pl 50%LA 1 (% 4). HAENA 0.7 A1 1 mol-L™
HCI 7K B, £ 723080 97%L (3R 4),
X 5 MMT 76 R M 454 Bifi 45 o] (1] A5 A0 A7 A 15t R 2
Rk . RS AL (B 3). MMT FE45H
AR Ak i A P S R T A # RS BT Ak, HR AR
AN, SHAAMHE Tl B, M5 Si ot Al JE
WA Y RS, PR SR AL A RO 5K
HoAlh PH S 718 Ay B PY

3 48 i

B LW IC R R R pH BRI
BRI R pH A0 T 50T A AR
HYE 2 R, iy (0) (B pH R
R Jyu (O [BBIETHEYS piv; BISEEEE AT 5
T—EHIEF pHo pi/vi BE yu (0) AZEFLLEE PREOC
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Table 4 Chemical composition of acidic hydrothermal reaction products at 523 K

A% FHX}F & Relative content/%
Composition MMT MMT-0.3H MMT-0.5H MMT-0.7H MMT-1.0H

Si0, 67.09 78.42 89.64 98.41 98.97
ALO; 18.75 17.36 9.14 0.551 0.308
MgO 5.56 1.31 0.12 0.049 0.043
Fe,O5 4.61 1.76 0.23 0.080 0.049
CaO 3.18 0.57 0.014 0.009 0.009
K,O 0.09 0.04 0.04 0.03 0.03
Na,O 0.02 — 0.05 0.11 0.11
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oxides in hydrothermal products of MMT and the H" adsorption
energy density at 523 K
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