+ %
Acta Pedologica Sinica

DOI: 10.11766/trxb202501090018 CSTR: 32215.14.trxb202501090018
FEREE, HIR, TEUR, BN HTEC B SRR T R IO R R L E D). e, 2025,
TANG Yuting, XIAO Shuang, DING Wuquan, LI Hang, LIU Xinmin. Polarization-Induced Covalent Bonding Between H" and Surface O

Atoms Promotes Clay Mineral Dissolution[J]. Acta Pedologica Sinica, 2025,

H 5 & E SR T HRES MR RS+
H4aR

JEREE L, B R, TEOR %, 2= A R

(1. FHHES RS R R s =, P RIS Rt, TR 400715; 2. MR SR HAR BRI E S ==, HEKL
H2ERE, HEK 402160)

1 E: LT WIERR PR AR IR R SRR —, (ER I AR RN 0 2R TR SEATL AR AT AN
Mo AR HLA = AR B LA R TR (O) RF5ER T (HYD ZIES AR AR EA e, Bl
S4NMER (PICBY. UZERA (MMT). &4 (KLD FFRLA (LD AT S, B Y0 o i fik st
5, PR PICB (RBERE 0 WV e () FR 1 S SIAL . B FTES SRR, 0 Wb o3 %5 FERE pH BRI o, v
SRR BRI 5 45 B SR Ak BEREAL . B BRI =ML 2 XL B . PICB 358 T HYRFHBESEE (ru(0)), H.|yn(0)|
B8 pH FRAKIMIG R, RAMK pH 645 T H 51 YR IAR BAE A E 5. BB 5S04 R R, H-0 Wi i3
A Ve A 7o 2008 S B IR A pH o 3.0 24 pH < 3.0 I, PICB WIRH958, S3(Si-O BEAEW Lmtas, wERREL
TR RRKIER . REART R CRE BN pH MM RIHEKER, BHRIREHEES )%
AL MM FE— I, R pu(0)X 3 LA WSS B BRI, A pa(0)F3558R, MMT K#UR N F=YH Sio: & &
. Bh ALOs HARRIIHRF=MIMEZ I8 /D . HE-T YRGS S0/ AS5R T 00 YR O JR T 1 yu(0) M k51542
Si-O #fE, MIM{EHEN WS iRk . AW E =R T H-S55 Y AR X Pk KA IR, A3 i Y4 i
Fa e Y B IR LRI TR T

KR TR IR, RIS, BRI A EAEH

FEZES: S1533 XHEFRERD: A

Polarization-Induced Covalent Bonding Between H* and Surface O Atoms Promotes Clay
Mineral Dissolution

TANG Yuting', XIAO Shuang!, DING Wuquan?, LI Hang!, LIU Xinmin'?

(1. Chongqing Key Laboratory of Interface Process and Soil Health, College of Resources and Environment, Southwest University, Chongqing
400715, China; 2. Chongqing Key Laboratory of Environmental Materials & Remediation Technologies, Chongqing University of Arts and
Science, Chongqing 402160, China)

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.
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[ 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 (yu(0)), and the absolute value of yu(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 yu(0) and the
dissolution density of mineral elements as a function of pH. At a 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 yn(0), indicating that yn(0) has an important influence on the structure of clay minerals. Moreover, the enhancement
of yu(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 Al2Os.  [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
yu(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.
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Table 1 Stoichiometric coefficients of various elements in clay minerals during the dissolution experiment
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MMT-0.05[17] 2.95 1.32 0.56
MMT-0.1017] 2.95 1.32 0.56

KLI-111 2.00 2.00

ILI-0.1018 3.55 1.72 0.44
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Fig. 1 Schematic diagram of the orbital hybridization of O atoms on clay mineral surfaces and the PICB between H and O atoms
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Fig. 2 The dissolution density variations of mineral elements as a function of pH in dissolution experiments involving MMT, KLI, and ILI
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Fig. 3 The variation of Mg/Si ratio (a) and Si/(Al+Fe) ratio (b) with time at pH~1 for MMT-0.05
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Table 2 Surface properties parameters of minerals in dissolution experiments

T 5% HL AT

[EESL Background S N a(0) »(0) pu(0) o)

Mineral type electrolyte P /(m*g™) /(cmol-kg™) /(C-m™) A /(mol-m™2) /(kJ-m™)
/(mol-L)

0.05 KNO; 1.10 750.0 99.8 0.128 —-0.090 4.14x1072 -2.55
0.05 KNO; 1.98 750.0 99.8 0.128 —0.113 1.15x1072 -8.83x107"
0.05 KNO; 3.04 750.0 99.8 0.128 -0.117 1.12x1073 —-8.92x1072
MM 0.05 KNO; 3.97 750.0 99.8 0.128 -0.116 1.24x107* -9.90x1073
0.05 KNO; 7.01 750.0 99.8 0.128 -0.117 8.17x107* —6.54x10°°
0.1 KNOs 1.09 750.0 99.8 0.128 —0.083 1.35x107° —7.66x1072
0.1 KNOs 2.11 750.0 99.8 0.128 —0.098 2.11x107* —1.41x1072
0.1 KNOs 3.63 750.0 99.8 0.128 —-0.100 5.61x107° -3.83x107*

1 NaCl 0.95 8.2 1.5 0.177 —-0.059 6.16x1072 -2.50
1 NaCl 1.94 8.2 1.5 0.177 —-0.061 7.08x1073 —2.96x107"
1 NaCl 2.94 8.2 1.5 0.177 —-0.061 6.65x107* —2.79%x1072
KLIM! 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 1.18x10°° —4.93x107*
1 NaCl 5.70 8.2 1.5 0.177 —-0.061 1.05x10°° —-4.38x10°°
1 NaCl 6.05 8.2 1.5 0.177 —-0.061 2.36x107° -9.90x10°°
0.1 NaCl 1.60 124.0 38.0 0.296 —-0.135 1.93x10™ —1.78x10!

L 0.1 NaCl 2.60 124.0 38.0 0.296 —0.141 1.20x1072 -1.15
0.1 NaCl 3.60 124.0 38.0 0.296 -0.142 8.31x10™* —-8.06x1072
0.1 NaCl 4.70 124.0 38.0 0.296 -0.142 3.93x107 -3.82x1072

SR, N R ECE, B CEC TMESE; o(0)RMHATEEE: o(0)RI AL pu(0)FTH HYR M L yu(0) HIRFHRE R
Note: S is the specific surface area; N is the surface charge number approximately estimated by CEC; 4(0) is the surface charge density; ¢(0) is the

surface potential; pp(0) is the surface H" adsorption density; and yu(0) is the H" adsorption energy density.
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Fig. 4 The surface H" adsorption density (a) and the H adsorption energy density (b) at the MMT, KLI, and ILI surface as a function of 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
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2.4 H' 5 YR E(ERIZHIET 1SR
DN W S I L 5 R S P AT D A R SRR O BETE MIMIT £ 5 I B BRI R 7K A S B SR B o
FE IR BE IR N BEAT SEIR2 0 T I K S R, AR S SN ) o (EBEIRLEE AN 298 K EJH 45 523 K,
MEHIRFFAZL . MY MMT BRIIIET 5 298 Al 523 KIS wers yu(0) (38 3D,
#3298 #1523 K B MMT REZK B4 H B IR BE R0 Bt AE 2
Table 3 Adsorption energy and adsorption energy density of H" in MMT and its hydrothermal products at 298 and 523 K

. Ny 1k Wel Weov y1(0)

G

Temperature /nm /(kJ-mol™") /(kJ-mol™) /(Jrm2)
Code
/K

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

Uk SURZEEERS, o BHEIEFIRE: weoy SEMPEAIRE: 0.3H. 0.5H. 0.7H. 1.0H 735 "4 T 0.3, 0.5, 0.7 Fl 1 mol-L~! HCI 41
TR, FFH. Note: 1/x is double layer thickness; we is electrostatic interaction energy; weoy 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.

FMIFWRET, WETE, HE MMT 1 wa 5 pyu(0) (R 3) BHK, RUPEET MR T H 5%
MO JRFZ MM EAMERH . fER—EET, BE S FRET S, watl Ky pu(0)E/h (£ 3), F
BRI EE N X ERE R 45, W omZ bR, e ERIRES, A N XU K T HP SR O 1%
MR, [ pr(0)HY5E, X SVEMESCIG RN Y0 H T EBE pu(0) IR 25 AR, (B 5). 4R
9], PICB % MMT Z5 4 il AR FURE TEOT 22 A B 25400 o

NI B HY S8 YA BAE R EREE RN PSS Mfdis, X 523 K AN ERRIET T MMT A [ B
FENREAT T FT-IR Al XRF 437, ZLAMEREE M SR 7 #Gr=4 Si-O Fifiii B (999 ~ 1077 em™)

“HIE (MMT) —XUE (MMT-0.3H) —»=I& (MMT-0.5H) —#.& (MMT-0.7H A1 MMT-1.0H)” ]
A FE, HBEERRIRE RN, WEHIERE (K 6). HYE MMT £ KK ERLIE Si-O #EE,
VIR PR (3R 3), fEEREREK (B 6). ARIBREEZM T, MMT KRB =Y Si-O i {f
LT 523 K I EERESR ST : MMT < MMT-0.3H < MMT-0.5H < MMTO0.7H < MMT-1.0H. O J&
T5 H 2 AW 3EAN A BAE A 2 — M+ 77, A Si-O T =T HY, S5 MMT 1 Si-
O FERARAIR/NT MMT ) ) S r=4016:251, MMT. MMT-0.3H 1 MMT-0.5H ] 913.9 em ! % Bt (&
6) J& T NR IR S5 ML A2 TR W R . BRAAESH MMT KK #=4) 78
839.4 cm! P BAL I THEAL AT (B 6) F£H 523 K I AI-Mg-OH %k, W49 Al. Fe. Mg,
Ca %54 B TCRAEMIETR PR (B 7). JHUN 785.4 cm ™ BG4 795.7 em!, WG & 4 o 48 3ol
AL, H-O ()1 PICB @i 855 Si-O BRe, AR R i 4 45 b fife A = A= B K52l
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Fig. 6 Infrared spectra of MMT and its reaction products in different acid concentrations at 523 K

523 K B AFRIERIE S MMT K=oy s iR B, BEE HOWREERIIG N, SiO, ()& &A1
o, HARFEY) (i AlLb,Os. MgO- Fe03) B2 i/ (R 4). IX— 5 HfE MMT R 58 % FE 1) %
AR (B 7, Bkt HS MMT R O JE TR THPUE IR A RN . I R REZ R (L)
—229)-m™2) FEME Y H7E MMT W %5 BEIRT—2.29 T-m2 i, MMT 82 f#fk (B 7). EREE
(022 pr(O) Ik TH & 25 T ARV R VR B, AN R HY PR (GR 3D, 1X 2 T XU E I Stern
JEAEARH SRR T B R BAEEERT, R SE BRI [ya(0) | FT Re S M ARAY ,  (HIX PRI AR A RIS it .

HYR BN ALOs FIFZIE AR =Yg, I 0.3 mol-L-' HCI 7K # = M., ALO;
£ MMT 1A 18.75%BE I 2 17.36%, UL H AR = H35598 /0 50% LA (3% 4D AHAEDIA 0.7 F1 1 mol-L~
VHCL 7K B T, & P58 97%L 1 (% 4). iX 5 MMT {ERPE 5% B I i) 2840 A7 78
ERFEL Wik, BEERERSAP B (B 3). MMT 18 S5 425 4b o 2 A A 28 T 465 4 HE B2 B R A
HYER/N, HHAME 7ot e, M5 Si ol Al RS SR fEss, Kt 2801 Al R
AT P A A PH 25 12 R I R 8,

% 4 523 K FERM/K R BRI =419 S4B AR

Table 4 Chemical composition of acidic hydrothermal reaction products at 523 K

% X} & & Relative content/%
Composition MMT MMT-0.3H MMT-0.5H MMT-0.7H MMT-1.0H

SiO, 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,05 4.61 1.76 0.23 0.080 0.049
CaO 3.18 0.57 0.014 0.009 0.009
KO0 0.09 0.04 0.04 0.03 0.03
Na,O 0.02 — 0.05 0.11 0.11
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Fig. 7 The relationship between the relative content of element oxides in hydrothermal products of MMT and the H™ adsorption energy

density at 523 K
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BRI - pHo pilvi B yu(0)IAZ AL 2 PRECC R, R H-H™ YR PICB {e it 2 L0 M s i s L. 4
Y ) Si-O BEREHOX BN AR AR R HISS, (R M) S5 M R A ) e R ORI DRIk, 5 IE
H' 530 O T ZIAlf) PICB, yu(0)/2 sz Lo M ite e ME B 2L R . ARHIF 0 L J5 -1 RUEE
7S TR A S KA SRR A (0 F7 T S AL, BTSSR A O R A R i 5B E SR AL
B fifho

2 #k (References)

[1] Dong Y, Yang J L, Zhao X R, et al. Soil acidification and loss of base cations in a subtropical agricultural watershed[J]. Science of the
Total Environment, 2022, 827: 154338.

[2] Lai H W, NiN, Shi R'Y, et al. Contrasting effects of biochar and Ca(OH), on alleviating plant aluminum toxicity during soil acidification:
A simulation study[J]. Acta Pedologica Sinica, 2023, 60(4): 1017-1025. [SRZZ1H, {5k, W25, 2. AW R A Ca(OH), L fif T3t
LR A RS EE I DL LURE AR [T]. L3 AEAR, 2023, 60(4): 1017-1025.]

[3] Kicinska A, Pomykata R, Izquierdo Diaz M. Changes in soil pH and mobility of heavy metals in contaminated soils[J]. European Journal
of Soil Science, 2022, 73(1): e13203.

[4] Chou L, Wollast R. Steady-state kinetics and dissolution mechanisms of albite[J]. American Journal of Science, 1985, 285(10): 963-993.
[5] Lasaga A C, Soler ] M, Ganor J, et al. Chemical weathering rate laws and global geochemical cycles[J]. Geochimica et Cosmochimica
Acta, 1994, 58(10): 2361-2386.

[6] Lasaga A C, Luttge A. Variation of crystal dissolution rate based on a dissolution stepwave model[J]. Science, 2001, 291(5512): 2400-
2404.

[7] Cappelli C, Yokoyama S, Cama J, et al. Montmorillonite dissolution kinetics: Experimental and reactive transport modeling interpretation[J].
Geochimica et Cosmochimica Acta, 2018, 227: 96-122.

[8] Schott J, Saldi G D, Zhu C, et al. Mechanisms controlling albite dissolution/precipitation kinetics as a function of chemical affinity: New

http://pedologica.issas.ac.cn



+ %
Acta Pedologica Sinica

insights from experiments in *Si spiked solutions at 150 and 180 °C[J]. Geochimica et Cosmochimica Acta, 2024, 374: 284-303.

[91Li K W, Xu R K. Effect of aluminum oxides on the activation of aluminum during phyllosilicate minerals and red soil acidification[J]. Acta
Pedologica Sinica, 2024, 61(6): 1557-1567. [Z=FHT, #RA°4H0. ALY EIREERR 20 M A2 IR A AR P R TE AL IR s il [J]. T3
ik, 2024, 61(6): 1557-1567.]

[10] Chen M M, Zhang S R, Liu L, et al. Influence of organic fertilization on clay mineral transformation and soil phosphorous retention:
Evidence from an 8-year fertilization experiment[J]. Soil & Tillage Research, 2023, 230: 105702.

[11] Zhao Y, Yang J L, Xu Z, et al. Stoichiometry of base cations and silicon of cambosols derived from different parent materials as leached
by simulated acid rain[J]. Acta Pedologica Sinica, 2023, 60(5): 1456-1467. Ak, %435, ¥, 5. BRI ME FARRER & B 4K
LR R B SRR OCR[T]. IR, 2023, 60(5): 1456-1467.]

[12] Metz V, Amram K, Ganor J. Stoichiometry of smectite dissolution reaction[J]. Geochimica et Cosmochimica Acta, 2005, 69(7): 1755-
1772.

[13] Grybos M, Michot L J, Skiba M, et al. Dissolution of anisotropic colloidal mineral particles: Evidence for basal surface reactivity of
nontronite[J]. Journal of Colloid and Interface Science, 2010, 343(2): 433-438.

[14] 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.

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

[16] LiQ Y, Liu X M, Shi W Y. Orbital asymmetric hybridization enhances surface Lewis acid-base reactions of charged clay catalysts[J].
Applied Surface Science, 2022, 575: 151731.

[17] Rozalén M L, Huertas F J, Brady P V, et al. Experimental study of the effect of pH on the kinetics of montmorillonite dissolution at
25 °C[J]. Geochimica et Cosmochimica Acta, 2008, 72(17): 4224-4253.

[18] Kohler S J, Dufaud F, Oelkers E H. An experimental study of illite dissolution kinetics as a function of pH from 1.4 to 12.4 and temperature
from 5 to 50 °C[J]. Geochimica et Cosmochimica Acta, 2003, 67(19): 3583-3594.

[19] Huertas F J, Chou L, Wollast R. Mechanism of kaolinite dissolution at room temperature and pressure Part II: Kinetic study[J]. Geochimica
et Cosmochimica Acta, 1999, 63(19/20): 3261-3275.

[20] Schindler P W, Stumm W. Aquatic surface chemistry[M]. New York: John Wiley & Sons, 1987.

[21] Frédérique B. Les minéraux argileux et leur hétérogénéité superficielle: influence de la nature des cations compensateurs superficiels de
1" illite sur les mécanismes d' adsorption de gaz[D]. Nancy: Institut National Polytechnique de Lorraine, 1998.

[22] Li SY, He H P, Tao Q, et al. Kaolinization of 2 : 1 type clay minerals with different swelling properties[J]. American Mineralogist, 2020,
105(5): 687-696.

[23] Bentabol M, Lamarca-Irisarri D, van Driessche A E S, et al. Illitization of montmorillonite in ammonium solutions under hydrothermal
conditions[J]. Applied Clay Science, 2024, 258: 107478.

[24] 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]. Analyst, 2013, 138(4): 1122-1129.

[25] 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.

[26] Sposito G. The surface chemistry of soils[M]. Oxford: Oxford University Press, 1984.

[27] Valiské M, Boda D. The effect of concentration- and temperature-dependent dielectric constant on the activity coefficient of NaCl
electrolyte solutions[J]. Journal of Chemical Physics, 2014, 140(23): 234508.

[28] Liu X M, Hu F N, Ding W Q, et al. A how-to approach for estimation of surface/Stern potentials considering ionic size and polarization[J].
Analyst, 2015, 140(21): 7217-7224.

[29] Li H, Hou J, Liu X M, et al. Combined determination of specific surface area and surface charge properties of charged particles from a
single experiment[J]. Soil Science Society of America Journal, 2011, 75(6): 2128-2135.

[30] 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. [ WR2R, = /LK, Ri&, 5. HUALREEVEMT 7T v 28 Hfar L e I RO o itk (0], &

http://pedologica.issas.ac.cn



+ %
Acta Pedologica Sinica

AR, 2022, 59(4): 910-923.]

[31] Jackson M L, Sherman G D. Chemical weathering of minerals in soils[J]. Advances in Agronomy, 1953, 5: 219-318.

[32] Hu S W, Liu T X, Li F B, et al. The abiotic and biotic transformation processes of soil iron-bearing minerals and its interfacial reaction
mechanisms of heavy metals: A review[J]. Acta Pedologica Sinica, 2022, 59(1): 54-65. [#A1H: 30, XA, 25554, & IR WA
AR A e R B S < BN MLA FR T FERE R (1], E AR, 2022, 59(1): 54-65.]

[33] 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.

[34] Shoaib M, Khan S, Wani O B, et al. Hybrid microstructure of smectite clay gels revealed using neutron and synchrotron X-ray scattering[J].
Communications Materials, 2023, 4: 93.

[35] Wei P C, Zheng Y Y, Zaoui A, et al. Atomistic study on thermo-mechanical behavior and structural anisotropy of montmorillonite under
triaxial tension and compression[J]. Applied Clay Science, 2023, 233: 106817.

[36]LiCJ, Xu'Y Q, Yang Y, et al. Evolution of chemical bonding and crystalline swelling-shrinkage of montmorillonite upon temperature
changes probed by in situ Fourier transform infrared spectroscopy and X-ray diffraction[J]. Langmuir, 2022, 38(46): 14227-14237.

[37] Wang X, Kuang Y B, Le J B. Recent advances in calculating potential of zero charge and Helmholtz capacitance of metal/aqueous solution
interfaces from ab initio molecular dynamics[J]. Current Opinion in Electrochemistry, 2023, 40: 101341.

[38] Mo B B, Lian B. Study on feldspar weathering and analysis of relevant impact factors[J]. Earth Science Frontiers, 2010, 17(3): 281-289.
[FEM, ER. KA KR RSENaRER ). HAERTZE, 2010, 17(3): 281-289.]

(RfERE: » )

http://pedologica.issas.ac.cn



