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Fig. 1. Molecular system for studying the swelling pressure of Ca-montmorillonite in water. The color code for clay atoms: orange:

Ca ion, red: O, white: H, yellow: Si, cyan: Al, pink: Mg. Water molecules are not explicitly shown.
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Table 1.  Lennard-Jones parameters and partial charges of water, montmorillonite, and ion.

JE TRk REZ# 0;/nm eS8 e;/ (kcal-mol ') L g/e

0 0.31656 1.554 x 107! ~0.8200

x H 0.00000 0.000 0.4100
£2:2790) 0.31656 1.554 x 107! ~0.9500

AR RSO 0.31656 1.554 x 10 ~1.0808

FHH 0.00000 0.000 0.4250

RO 0.31656 1.554 x 10 ~1.0500

- H/NHEARBAL R EO 0.31656 1.554 x 101! ~1.1808
A DA B EO 0.31656 1.554 x 107! ~1.1688

IAYTGEENSST 0.33020 1.841 x 10° 2.1000

PUTH A Al 0.33020 1.841 x 10° 1.5750

NI A AL 0.42712 1.330 x 10° 1.5750

J\IfiAEMg 0.52643 9.030 x 107 1.3600

BT Ca 0.28720 1.000 x 10 2.0000
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Fig. 2. Swelling pressure curves of saturated montmorillon-

ite at 298 K and 5 MPa. Data for Na-montmorillonite is
taken from Ref. [1].
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THA RSS2 A PRI K T B Tt 5 2

Table 2.  Swelling pressures of Ca-montmorillonite
at different temperatures and d-spacings and the cor-
responding standard deviations obtained from mo-
lecular dynamics simulations.

Wk /MPa KT (bRiE2: /MPa
T= T= T= T= T= T =
208 K 400 K 500 K 298 K 400 K 500 K

1.40  577.940 275.174 263.519 27.583 15.886 2.875

s T ]

/nm

1.50  75.841 110.869 157.569 2.784 5.279 4.072
1.60  40.637 84.617 92.147 1.887 0.719 0.482
1.70  -6.800 10.744 23.476 0.689 0.155 0.609
1.75  10.575 16.781 20.106 0.349 0.408 0.445
1.80  22.749 25.890 23.449 0.195 0.286 0.401
1.85  13.275 14.241 13.884 0.285 1.186 0.364
1.90 3.893 5913 6.174 0482 0.629 0.077
1.95 -4.018 -2.307 0.121 0.369 0.149 0.858
2.00 2926 -0.923 -0.730 0.325 0.350 0.142
2.10 3313 3.142 0.664 0.583 0.184 0.423
2.15 2.276 1388 -1.376 0.361 0.411 0.401
2.20 1.044 -0.584 -2.034 0.220 0.144 0.177
230  -0.528 0.103 -1.714 0.404 0.442 0.176
240  -0.246 -0.184 -1.763 0.126 0.291 0.204
2.60 0.844 -0.639 -2.068 0.402 0.198 0.291
3.00 -0.082 -0.502 -1.084 0.130 0.223 0.244
3.50 0.050 -0.331 -0.572 0.107 0.125 0.060
4.00 0.048 0.003 -0.084 0.193 0.057 0.158
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RS HKZEO /2R, A7 FFLH LA
JKEPE B AT H AL, AKAAE LT Iosem. it
Hb, Y d BRI, FEIT 52 A R B — R A
JEKZ 8 B A IR ARFEE d B2 AL LA,
X 15 BH 52 B A 6 i 2 KA B K AR FE . AR
1M, FEITSE A R RS = 2 2K E RS
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Fig. 3. Equilibrium density profiles of water near one quasi-isolated clay surface (a) and inside Ca-montmorillonite pore with vari-
ous d-spacings ((b)—(1)) at 298 K and 5 MPa. In ((b)—(1)), the shifted density profile from (a) are plotted as dashed(dotted) lines.

z = 0 corresponds to the center of the pore.
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Fig. 4. Equilibrium density profiles of Ca ion near one quasi-isolated clay surface (a) and inside Ca-montmorillonite pore with vari-
ous d-spacings ((b)—(1)) at 298 K and 5 MPa. In ((b)—(1)), the shifted density profile from (a) are plotted as dashed(dotted) lines.

x = 0 corresponds to the center of the pore.
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Table 3.

meters at 5 MPa and various temperatures.

Water dielectric constants and coupling para-
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Fig. 5. Swelling free energy curves of saturated montmoril-
lonite at 298 K and 5 MPa.
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Fig. 6. Swelling pressure curves of saturated Ca-montmoril-

lonite at various temperatures and 5 MPa.
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Fig. 7. Equilibrium density profiles of water near one quasi-isolated clay surface (a) and inside Ca-montmorillonite pore with vari-
ous d-spacings ((b)—(1)) at 5 MPa. In ((b)—(1)), the shifted density profiles from (a) are plotted as dashed(dotted) lines. z = 0 cor-

responds to the center of the pore.
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Fig. 8. Swelling free energy curves of saturated Ca-mont-

morillonite at various temperatures and 5 MPa.
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Abstract

The swelling of Ca-montmorillonite at elevated temperatures is important for many applications including
geological disposal of radioactive waste, subsurface carbon sequestration, and shale gas exploration. However,
the experimentally observed swelling behaviors of Ca-montmorillonite contacting liquid water and the
temperature effects on the swelling pressure are not well understood. In this work, molecular dynamics
simulations are carried out to study the swelling of Wyoming Ca-montmorillonite with a d-spacing (d) range of
1.40-4.00 nm at 5 MPa and various temperatures (298-500 K). The ClayFF and SPC are adopted for modeling
Ca-montmorillonite and water, respectively. The simulation box is measured to be 11.15, 3.66, and 28.00 nm in
the z-, y-, and zdirection. Atomistic pistons are used to control the bulk pressure of the water environment,
and the implicit walls are implemented for preventing the ions from leaking from the pore into the water
environment. The clay atoms are fixed during the simulation and the swelling pressure is calculated through
dividing the force by the area. The equilibrium time is at least 20 ns and the production time falls in a range of
50-88 ns. The swelling pressure results show that for small d, high temperature reduces the magnitude of the
oscillating curve of swelling pressure and also reduces the range of d where hydration force dominates the
swelling pressure. This temperature effect is due to the weakened hydration force as evidenced from the
weakened water density distributions inside the pore. For large d, high temperature reduces the swelling
pressure, which is consistent with the experimental result, and increases the range of d where double layer force
dominates the swelling pressure. The reduction of the swelling pressure can be explained by the enhanced ion
correlation that reduces the double layer force according to the strong coupling theory, given that the calculated
coupling parameters at higher temperatures are smaller. The swelling pressures are negative at elevated
temperatures and large d, which prevents the clay from further swelling. However, the classical Poisson-
Boltzmann (PB) equation predicts the positive double layer force since the ion correlation effect is not
considered in the PB equation. Furthermore, the calculated swelling free energy curve shows that at 298 K and
5 MPa, it is difficult for Ca-montmorillonite to swell beyond a d-spacing of around 1.9 nm, which is in good
agreement with the experimental result. The energy barrier for Ca-montmorillonite to swell to large d is larger
than that for Na-montmorillonite, which means that it is more difficult for Ca-montmorillonite to swell to large
d. This behavior is consistent with experimental observation and can be explained by the larger ion correlation
effect in the Ca-montmorillonite system. These findings enhance the understanding of swelling of Ca-
montmorillonite at elevated temperatures and could help to engineer better barrier materials for nuclear waste
storage.

Keywords: molecular dynamics simulation, swelling pressure, Ca-montmorillonite, ion correlation effect

PACS: 31.15.xv, 62.25.—g, 68.08.De, 73.30.+y DOI: 10.7498/aps.71.20211565

* Project supported by the Key Program of the National Natural Science Foundation of China (Grant No. 51936001), the
National Natural Science Foundation of China (Grant No. 51874262), the King Abdullah University of Science and
Technology (Grant Nos. BAS/1/1351-01, URF/1/4074-01, URF/1/3769-01), and the Talent Introduction Scientific Research
Startup Foundation of China University of Mining and Technology, China (Grant No. 102521155).

1 Corresponding author. E-mail: yafan.yang@cumt.edu.cn

1 Corresponding author. E-mail: shuyu.sun@kaust.edu.sa

043102-12


http://doi.org/10.7498/aps.71.20211565
http://doi.org/10.7498/aps.71.20211565
mailto:yafan.yang@cumt.edu.cn
mailto:yafan.yang@cumt.edu.cn
mailto:shuyu.sun@kaust.edu.sa
mailto:shuyu.sun@kaust.edu.sa
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

	1 引　言
	2 计算方法
	2.1 测量膨胀压力的体系设置
	2.2 分子动力学模拟细节

	3 结果与讨论
	3.1 钙蒙脱石的膨胀特性
	3.1.1 水化作用
	3.1.2 双电层作用
	3.1.3 膨胀自由能
	3.1.4 对比钠蒙脱石膨胀特性

	3.2 高温下钙蒙脱石的膨胀特性
	3.2.1 高温下的水化作用
	3.2.2 高温下的双电层作用
	3.2.3 高温下的膨胀自由能


	4 结　论

