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Molecular mechanism of amino protonation and long-term
immobilization performance of APTES-MgO stabilized copper-

contaminated soil under acid rain leaching

DING Yifei, SUN Xiuli, HE Bingkun, SHI Xianzhi
(School of Fiber Engineering and Equipment Technology, Jiangnan University, Wuxi 214122, Jiangsu, P. R. China)

Abstract: This study aims to investigate the molecular mechanism by which y -Aminopropyltriethoxysilane
(APTES) undergoes amino protonation, bridges anions, and complexes Cu®" to form the APTES' - SO, -
Cu’" ternary complex in acidic environments, so as to address the technical issue of secondary Cu*" release from
MgO-carbonation-stabilized copper-contaminated soil under long-term acid rain stress. Based on density
functional theory, quantum chemical calculations were performed via Gaussian software to reveal the
thermodynamic mechanism of APTES hydrolysis and self-condensation, as well as the adsorption and
complexation mechanism of Cu*™ under varying acidic conditions. The existence of the ternary complex was

further validated by infrared spectral calculations. LLong-term leaching tests were conducted to comprehensively
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evaluate the release law of Cu®" under different pH values and leaching intensities, which validated the long-

term immobilization characteristic of amino protonation bridging on Cu*". The test results showed that when the

pH of the acidic leachate decreased from 5.5 to 4, the cumulative release of Cu® " decreased instead of

increasing, and the release amount was only 1/20 to 1/27 of that in the unstabilized soil. The triple-driven

molecular mechanism of APTES-MgO synergistic stabilization and the proposed stabilization method can

realize efficient and long-term stabilization of copper-contaminated soil even under extreme acid rain conditions,

which can be applied to the green remediation practice of heavy metal-contaminated soils.

Keywords: copper-contaminated soil; carbonation; <y -Aminopropyltriethoxysilane(APTES); acid rain;

molecular mechanism
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Table 1 Main chemical composition of silt and MgO
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Table 2 Electronic energy and Gibbs free energy of computational models

T A ML F g /(kJ/mol) 2857 1E / (kI /mol) A W A B AE/(kJ/mol)
KWK APTES —2433482.12 714.06 —2432768.01
APTES ik —1814 222.63 305. 71 —1813916.95
Tk —2913126.70 136. 37 —2912990. 44
Koy —200 630. 82 9.07 —200621. 63
- —407 053. 38 143.70 —406 909. 60
APTES %k —3427 830.05 617.81 —3427212.27
APTES 4 % {k& —6454 428.13 1182.77 —6453 245. 35
APTES A E & —9481026. 74 1767.55 —9479 259. 26
K G BT — 1718 444.56 279.00 —1718165.57
11448 —31331999.12 607. 35 —3331391. 84
2:1 585 —4.945716. 62 922.65 —4 944 794. 02
APTES-clay W [t % —4727 405. 70 498. 08 —4726 907. 65
APTES-clay i 4 —4727415. 16 508. 72 —4 726 906. 33
HIALRTF I APTES — 1814 647.47 347.51 —1815087.66
L R i —2 350 272. 70 —39.22 —2350 311. 90
“JTLEEY —4165812. 81 357. 96 —4165 454. 69
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Fig.2 Schematic diagram of the leaching test apparatus

and the internal structure of the leaching column
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Table 3 Experimental scheme for acid rain leaching tests

SERMERT R ER K /min R
K FR pH (A . —
i/ A H 3 i 5 9 mL
1 9.0 4.5 13.5
3 27.1 13.5 40.6
6 54.1 27.1 81.2
12 108.3 54.1 162. 4
24 216.6 108. 3 324.9
7.5.5.4
36 324.9 162. 4 487.3
60 541.5 270.7 812.2
84 758. 1 379.0 1137.1
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Table 4 Thermodynamic parameters of APTES

hydrolysis, self-condensation and interfacial adsorption
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Fig.3 Schematic diagram of APTES hydrolysis and self-condensation process with Gibbs free energy changes
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Table 5 Thermodynamic parameters of Cu

* complexation with (protonated) APTES
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the formation of the ternary bridging complex
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Fig. 6 Variation of Cu’ release concentration under

different acid rain pH conditions
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Fig.7 Release behavior of Cu’* under different leaching

intensities

U8 W pH B 1 3 AR 28 W 15 K, i AR 8 Ak B Cu® R AR
T Tk 2 I VAR 0B R pHL A 1 R IR S 3 R 5 eI . 78 pH
1B 4 1 5 R v o BE bR IR S5 1 R R AR A 13 4F
Cu”" BB I8 9. 552 mg, F gtk 100 0. 461
mg, i & 7 Ja # 1 20 % (18 8(a) ) o 78 i 5 B ik K

MR AR EA L C BRI EE -2 EE
23.874 mg, &1k + (0.876 mg) #Y 27 £i5 (& 8
(b)) o A [F] bk 8 5iR B Ko AN [m] 2 W B 458, B 4k 1
() Cu* 2B EY R FHFR T RBEEL L, XY
APTES-MgO & 3 7£ 54 % [ 5 58 B2 X W 38 T A7)
AIRRRL S Cu™ [ Fa B

M, = 20 XV, (5)

A M E ¢ i RV, mg; Co Cu® B



B XX BT R K, F . BAMET APTES —MgO # % 4877 3 £ 69 R R T4 5 F Huh) B K 20 13 45 % 9

TR mg /15 V, kg A 408 IBURE IsF 1] 8] B P 9K 9
PRER, L5 itk ag it a], A .

O ik — 20 WA Cu® B 3 ) o AR, SR
Elovich 75 & (30 (6) ) Xt 2 BUR i 2147 #1045 70 #r
UG M2 an &l 8(c) M 8(d) i 7 , B 24 2 B e e 5
FEANFR 6PN

M,=a-+bXIn(z) (6)
K ibkug s e, H o R IHEE R A, 6 Cu®
TR IO SR B B0, FRAE Cu™ DN = v A W RS il 22 VA P
) BE 7, b /N Ak R A RSO B 7, 0 R
DU T3 XL ey o

£R6 Cu"ERBMEElovich FEMESH

Table 6 Fitting parameters of Elovich equation for cumulative Cu** release
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Fig. 8 Cumulative Cu’* release and Elovich model fitting curves under acid rain leaching
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