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Table 1 Crystal cell parameters of pennine

aA bA A @) ) ) Volume/A® Space Group

5332 9224 14414 90 97.07 90 703.5
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Table 2 Statistical table of diffraction peak-related parameters

20/(°) Height Area Area/% Shape Skew FWHM/(°) Crystallinity/%

6.442 23764 110417 7.14 1.000 0.832 0.060 92.86

8.433 401 249003 16.1 1.000 -0.887 9.774 16.10
12.645 3922 84170 5.44 0.230 0.103 0.367 94.56
12.672 18261 103779 6.71 0 0.900 0.107 93.29
12.685 41601 138919 8.98 0 0.826 0.063 91.02
18.943 32440 174430 11.28 1.000 0.287 0.069 88.72
18.960 17845 87825 5.68 0 0.900 0.092 94.32
25.280 72506 423835 27.41 0.531 0.378 0.088 72.59
28.719 1251 5738 0.37 0.338 0.541 0.076 99.63
31.693 17229 110783 7.16 0.450 0.303 0.100 92.84
35.464 1264 27025 1.75 1.000 0.279 0.280 98.25
36.899 1131 12886 0.83 0 —-0.509 0.214 99.17
37.869 693 12798 0.83 1.000 —-0.699 0.248 99.17
39.987 584 4870 0.31 0.411 —-0.756 0.428 99.69
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Table 3 Parameters of SPC water model

Model ron/A Ouomn/(®) dofe gue &(10°kImol™)  o/A

SPC  1.000 109.47  -0.82 0.41 0.6502 3.1656

e is elementary charge; r is bond length; @ is bond angle; q is electric charge;

¢ is potential energy.
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Table 4 Energy change before and after geometric optimization

Valence energy/(kcal-mol™)

Non-bond energy/(kcal-mol™)

Sorp. Status Bond Angle Torsion Total van der Waals Electrostatic Total
0 S 292.72 0 0 292.72 8349.75 -103 286.13 —94 807.81
G 87.32 0 0 87.32 7493.75 —104 535.84 -96 903.71
2 S 319.19 0 0 319.19 8392.70 —-103 330.61 —94937.91
G 87.58 0.31 0 87.89 7541.75 —104 584.56 —97 042.81
4 S 345.67 0 0 345.67 8436.02 —103 387.69 -94951.67
G 93.90 0.65 0 94.54 7 555.35 —104 622.86 -97 067.51
6 S 372.14 0 0 372.14 8485.62 —103 443.06 —94 957.44
G 90.94 1.31 0 92.25 7 629.65 —-104 697.86 —97 068.21
8 S 398.61 0 0 398.61 8523.04 —103 458.03 —94 934.99
G 94.01 2.62 0 96.63 7 660.74 —104 742.58 -97 081.85
10 S 425.09 0 0 425.09 8567.53 —-103 513.60 —94 946.07
G 96.33 2.46 0 98.78 7 695.30 —104 786.34 -97091.03
12 S 451.56 0 0 451.56 8 608.95 —103 573.49 —94 964.53
G 101.80 2.64 0 104.44 7730.52 —104 842.46 -97 111.94
14 S 478.04 0 0 478.04 8899.61 -103 623.21 —94 723.61
G 99.67 2.85 0 102.52 7 880.96 —-104 920.37 -97039.42
16 S 504.51 0 0 504.51 8 695.80 -103 668.31 -94972.51
G 102.22 3.82 0 106.04 7 827.62 —-104 951.01 -97123.39
18 S 530.99 0 0 530.99 8737.70 -103 694.75 —94 957.06
G 104.85 5.48 0 110.32 7861.99 —104 989.72 -97127.73
20 S 557.46 0 0 557.46 8792.71 —-103 760.54 —94 967.83
G 111.20 5.54 0 116.74 7915.83 -105072.71 -97 156.88
22 S 583.93 0 0 583.93 8827.04 —-103 801.67 —94 974.64
G 106.96 4.59 0 111.54 7978.38 -105137.31 -97158.93
24 S 610.41 0 0 610.41 8 869.53 —103 805.04 —94935.5
G 109.78 6.26 0 116.04 8031.67 —105 184.64 -97 152.96
26 S 636.88 0 0 636.88 8927.30 —-103 786.53 —94 859.23
G 114.34 4.60 0 118.93 8 082.88 —105 245.25 -97162.37
28 S 663.36 0 0 663.36 8950.02 -103911.44 —94961.42
G 116.48 5.56 0 122.04 8152.13 —-105 349.75 -97197.62
30 S 689.83 0 0 689.83 8993.10 —-103 952.45 —94959.35
G 120.59 6.67 0 127.27 8 188.59 —-105 386.79 —97198.20
32 S 716.30 0 0 716.30 9027.58 —-104 010.22 —94 982.65
G 121.35 8.73 0 130.07 8199.34 —105 384.43 -97185.10

1 kcal/mol=4.184 kJ/mol; S is the parameter after adsorption test ; G is the parameter after geometry optimization.
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Table S Energy change of Pennine model after kinetic simulation

Valence energy/(kcal-mol ™)

Non-bond energy/(kcal - mol ')

sorp Bond Angle Torsion Total Van der Waals Electrostatic Total
0 110.557 0 0 110.557 8007.231 —104 668 -96 660.8
2 114.568 0 0 114.568 8007.445 —-104 663 -96 655.4
4 113.118 4.119 0 117.237 7979.883 —-104 632 -96 652.0
6 115.120 2.512 0 117.632 7993.263 —104 650 -96 657.0
8 105.191 2.927 0 108.118 7984.167 —104 667 -96 682.4
10 113.584 1.275 0 114.859 7 988.430 —104 657 —96 668.5
12 113.688 9.669 0 123.357 8003.909 —104 710 —96 705.8
14 117.493 8.014 0 125.507 7962.717 —104 682 -96 719.0
16 116.660 6.700 0 123.360 7 962.885 —104 625 -96 662.0
18 123.420 8.027 0 131.447 7 968.865 —104 657 —96 687.9
20 123.504 10.211 0 133.715 7 940.985 —104 597 —96 655.9
22 122.804 9.447 0 132.251 7917.943 —104 538 -96 620.2
24 125.760 11.622 0 137.382 7934.224 —104 602 -96 667.4
26 122.378 14.477 0 136.855 7 940.691 —104 594 -96 653.0
28 127.791 12.745 0 140.536 7951.288 -104 678 -96 727.0
30 120.174 12.809 0 132.983 7 905.659 —104 568 -96 662.0
32 121.068 11.098 0 132.166 7932.551 —104 670 -96 737.1
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Fig. 15 Radial distribution functions of interlayer water molecules
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Table 6 Hydrogen bond parameters corresponding to each adsorption quantity under Kinetic simulation

Sorp. Arerage number Average length/A Average angle/(°) Coordination number of H Coordination number of O
5 158 2.117 144.92 1.15 0.54
10 189 2.118 142.12 1.28 0.63
15 221 2.119 139.97 1.40 0.73
20 262 2.138 137.95 1.56 0.85
25 304 2.149 136.33 1.71 0.97
30 339 2.151 135.27 1.81 1.07
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Fig. 16 Radial distribution functions of interlayer water and
clay mineral hydroxyl ions
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Extended Abstract

Introduction  Clay mineral crystals are mostly formed by stacking layers of silicon-oxygen tetrahedral sheets and
aluminum—oxygen octahedral sheets. They basically have water absorption and expansion because of their unique layered crystal
structure. Clay minerals after hydration and expansion usually cause serious engineering problems, which have a negative impact on
engineering construction. They have received extensive research attention. It is generally believed that the hydration expansion of clay
minerals is mainly divided into two stages, i.e., crystal expansion and osmotic expansion. Crystal expansion is caused by the
expansion of water molecules into the interlayer of clay minerals. Permeation expansion is due to the lattice substitution of clay
minerals, which leads to the imbalance of valence and electricity of the crystal. Massive exchangeable ions are gathered on the surface
of the crystal. After these ions are dissociated in water, they will repel each other with negative charge under the action of the
diffusion double layer, resulting in expansion. Compared with osmotic expansion, the degree of crystal expansion is small, kaolinite,
illite, pennine and other interlayer cation-free clay minerals do not have an expansibility. However, the problem of expansion disaster
occurs under the working condition rich in pennine, indicating the research value of pennine hydration expansion. However, the water
absorption characteristics, expansion characteristics and hydration mechanism of pennine in nano-scale are not yet clear, and related
research needs to be carried out. In this paper, a molecular dynamics study on water absorption of mesophyll pennine was carried out
to explain the hydration characteristics of mesophyll pennine nanocrystal structure. The changes of energy, structure and chemical
bond of mesophyll pennine in the process of hydration expansion were discussed.

Materials and method The ring cutter samples with different pennine contents (i.e., 0%, 20% and 100%) were prepared with
pennine mixed with quartz. The no-load expansion rate was measured. The particle size of the soil sample was controlled to be 200
mesh (0.075 pm), the density of the soil sample was 1.8 g/em’, and the initial water content was 10%. The hydration degree of
pennine with different water contents was analyzed by thermogravimetric analyzer, and the water content controlled was 0%, 5% and
10%. The microstructure and crystal parameters of pennine samples were analyzed by X-ray diffractometer and scanning electron
microscope. The crystal model was established based on the results of the microscopic test. The sorption module was used to carry out
the adsorption test. A hydration model containing different amounts of water molecules was established through the adsorption test.
The geometry optimization task under the Forcite module was used to optimize the structure of the model. The molecular dynamics
simulation of the model was carried out using the Dynamics task under the Forcite module, and the expansion deformation of pennine
was simulated via dynamic calculation under the NPT ensemble. The Clayff force field suitable for clay minerals was used in the
simulation process. The simulated temperature is 298 K and the simulated pressure is 0.001 GPa. The time step is 1 fs, the number of
iteration steps is 100 000, and the truncation radius is 12.5 A. The charge calculation method is the Forcefield Assigned. The
non-bond energy Coulomb interaction was calculated by the Ewald sum method. The van der Waals interaction energy was calculated
by an atom-based method.

Results and discussion The experimental results of the no-load expansion rate show that the no-load expansion rate of the ring
knife sample increases with the increase of the content of pennine, indicating that the pennine has an expansibility. The
thermogravimetric analysis shows that the higher the initial water content is, the higher the degree of hydration of the pennine will be.
In addition to the free water adsorbed between the particles, some water molecules are bonded between the crystal layers via hydrogen
bonding. The results of molecular dynamics simulation show that pennine is electrically neutral due to the simultaneous substitution
of high-valence cations and low-valence cations, so the crystal expansion occurs. After the water molecules enter the interlayer, they
are embedded in the hexagonal holes of the silicon-oxygen backbone layer. The oxygen atoms in the water molecules form a
hydrogen bond connection with the hydroxide ions in the talc layer, which controls the hydration limit of the pennine crystal. In the
process of hydration and expansion of pennine, it is dominated by electrostatic interaction energy, and followed by van der Waals
force, and the bond stretching energy is the smallest. Compared with montmorillonite, pennine hydration is more difficult. The peak
of the radial distribution function of water molecules shifts to the right as the degree of hydration increases, indicating that the spacing
of water molecules and the diffusivity of water molecules increase. After massive water molecules enter the crystal, the total number
of hydrogen bonds increases, the average coordination number of oxygen atoms and hydrogen atoms increases. However, the

hydrogen bond length increases, the bond angle decreases, and the crystal expands.

Conclusions The experimental and simulation results showed that when water molecules entered the interlayer of the crystal,
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pennine expanded slightly, which was consistent with kaolinite and illite without cations in the interlayer. The hydration expansion of
pennine conformed to the linear growth law as a whole. Pennine crystals continued to expand until the limit as the hydration degree
increased. The lattice constants in the limit state were a of 21.52 A, b of 18.61 A, and ¢ of 14.54 A. The limit adsorption amount of the
crystal was controlled by the crystal structure. After water molecules entered the interlayer of the crystal, the adsorption site was in
the hexagonal holes of the silica backbone layer, and each hexagonal hole could only adsorb one water molecule. When the
water-absorbed pennine expanded under dynamic conditions, the electrostatic interaction energy was the largest, the van der Waals
force was the second, and the bond stretching energy was the smallest. When water molecules entered the interlayer of pennine,
hydrogen bonds could be formed or strengthened. The coordination number of hydrogen and oxygen and the length of hydrogen bond
formed increased, but the bond angle decreased with the increase of the number of water molecules.

Keywords pennine; hydration expansion; molecular simulation; radial distribution function



