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 Phyllosilicate clay minerals have been proposed as a possible buffer material to be used 11 

in deep geological repositories containing high-level waste and used nuclear fuel. This work 12 

precisely characterizes ion interactions with two types of adsorption sites present in these clays: 13 

MgAl’ substitutions and undercoordinated edge surface atoms. A number of unique structural 14 

models were considered to represent the diverse local environments that ions in these systems are 15 

likely to encounter. Using molecular dynamics simulation with the CLAYFF potential, the spatial 16 

distribution, interlayer composition, and residence times of Na+ and Cl- ions as radionuclide 17 

analogs in pyrophyllite and montmorillonite clay models were investigated to identify the most 18 

favorable conditions for sequestration. The most significant factor impacting ion adsorption was 19 

found to be the localization of charge density at substitution sites. In a montmorillonite system in 20 

which substitution sites were distributed evenly to produce a low charge density, sequestration 21 

performance was found to be comparable to pyrophyllite. 22 
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1. Introduction 41 

 42 

 Nuclear energy production is an attractive way to satiate the growing energy demands 43 

 of our society due to its low carbon footprint relative to fossil fuels (Kharecha and Hansen, 44 

2013; Michaelides and Michaelides, 2020; Omri and Saadaoui, 2023). However, the radioactive 45 

high-level waste (HLW) and used nuclear fuel (UNF) generated as byproducts in nuclear reactor 46 

facilities poses a challenge to the health and safety of surrounding communities and the 47 

environment at large. One solution for safe disposal of these dangerous byproducts proposed by 48 

multiple national agencies is to use deep geological repositories (Preter, 2002; Bradbury and 49 

Baeyens, 2003; Ramı́rez et al., 2005; Butler, 2010; Altmann et al., 2012). These repositories are 50 

the final stage of the nuclear fuel cycle and as such must remain stable and performant on the 51 

timescale of one million years (Wall et al., 2022). Clay minerals are stable over these geological 52 

timescales and offer additional beneficial properties that make them excellent candidates as 53 

buffer materials for these proposed repositories, including high sorption and ion exchange 54 

capacity, swelling to limit permeability in water, and high availability in the Earth’s crust (Van 55 

Olphen, 1991; Ferrage et al., 2005; Rotenberg et al., 2010; Miller and Wang, 2012). In addition 56 

to protecting the waste package from its surroundings, the buffer material must be capable of 57 

sequestering radionuclides in the event of a container breach (Butler, 2010; Geckeis et al., 2013). 58 

Fission products such as iodine-129 and technetium-99 are critical targets for sequestration due 59 

to their high mobility in water and tendency to form a variety of polyatomic ions (Meena and 60 

Arai, 2017; Zhu et al., 2017; Moore et al., 2020).   61 

 Atomic resolution calculations and simulations have proven to be a valuable tool in 62 

developing an understanding of engineered buffer materials for HLW and UNF disposal (Wang 63 

and Liu, 2012; Sun et al., 2015; Zheng et al., 2023). In particular, molecular dynamics (MD) 64 

simulations are capable of probing the dynamical behavior of these materials at the nanoscale. 65 

Prior works have used MD simulation in the context of evaluating possible clay buffer materials 66 

to predict anion exclusion from hydrated interlayers (Tournassat et al., 2016), the diffusivity of 67 

solvated ions (Kosakowski et al., 2008; Ngouana W. and Kalinichev, 2014; Greathouse et al., 68 

2016), and the structure of edge terminations (Newton et al., 2016).  69 

To address the phenomenon of anion exclusion, which is particularly impactful when 70 

considering the sequestration of anionic radionuclides such as iodate (IO3
-) and pertechnetate 71 

(TcO4
-), Tournassat et al. (2016) simulated a (110) terminated montmorillonite nanoparticle 72 
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adjacent to a region of dilute NaCl solution, referred to as the mesopore. MgAl
’ substitutions in 73 

their system were randomly distributed throughout three montmorillonite sheets to produce a 74 

mean  charge density of -0.1 Cm-2, approximately -0.29 electrons per unit cell (e/u.c.), with the 75 

stipulation that substitutions could not be located near edge surfaces. The authors used three 76 

simulation cells which differed in interlayer water content (and by extension interlayer spacing) 77 

to assess the accessibility of the interlayer. The two water-layer system, which was the lowest 78 

degree of hydration tested, was found to completely exclude Cl- ions from the interlayer while 79 

both three- and five-layer systems were found to accommodate the anion. In all three systems, 80 

Na+ ions were found to occupy the interlayer at a higher concentration than the mesopore.  81 

Kosakowski et al. (2008) advanced our understanding of interlayer dynamics by 82 

determining water and ion diffusivities in mixed Na-Cs-montmorillonite from Monte Carlo and 83 

MD simulations. They found that in interlayers with low hydration (monolayer water coverage) 84 

Cs+ ions were immobilized and tended to adsorb to the hexagonal cavities present in the 85 

tetrahedral sheet of the montmorillonite. The diffusivities of water and Na+ ions were found to be 86 

similar to each other at all levels of hydration, approaching their bulk values beyond tetralayer 87 

water coverage. The clay model used in that study included no edge terminations and had an 88 

ordered arrangement of charged substitution sites which limits its applicability to only highly 89 

idealized interlayer structures. 90 

Greathouse et al. (2016) expanded upon the work of Kosakowski et al. (2008) by 91 

analyzing the effects of net charge, cation species, water content, and temperature in a similar 92 

montmorillonite interlayer system. They reported that a charge on the lower end of 93 

experimentally reported results (-0.375 e/u.c.) produced a more hydrophobic interlayer condition 94 

which led to increased diffusivity of both water and ions relative to a highly charged (-0.75 95 

e/u.c.) clay sheet. Interlayer hydration was only found to have a significant impact on diffusivity 96 

in the monolayer water coverage condition. At 2- and 3-layer water coverage, ions become fully 97 

hydrated and were found to move more freely through the interlayer. The diffusivity of ions in 98 

the interlayer was determined to be almost the same as that in bulk electrolyte solutions of the 99 

same concentration. Furthermore, diffusion behavior in the interlayer fluid maintained the trend 100 

observed in bulk solution that higher concentrations of electrolyte produce lower diffusion 101 

coefficients. However, this study was conducted using an infinite interlayer representation which 102 

is a limited analog to real clay nanoparticle systems, which contain edge terminations. 103 
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While Kosakowski et al. (2008) and Greathouse et al. (2016) conducted extensive work 104 

characterizing the effects of interlayer composition and environmental conditions on ion 105 

diffusivity, one structural variable left unevaluated by the authors is the effect of substitutional 106 

disorder in the montmorillonite clay sheet. Ngouana W. and Kalinichev (2014) addressed this 107 

limitation by introducing three unique structural models of montmorillonite. Their most uniform 108 

model, referred to as Uni, contained only octahedral substitutions arranged on a uniform 109 

rectangular grid. Two disordered models, RanO and RanTO, contained a random distribution of 110 

substitutions limited to the octahedral sheet or mixed between the octahedral and tetrahedral 111 

sheets respectively. Restrictions were applied to the RanO and RanTO models to ensure that 112 

there was at least one Al site between every substitution site. They reported that the interlayer 113 

spacing was similar across all three models and that the same four distinct binding sites for ions 114 

on the tetrahedral sheet were active in each model. These findings suggested that substitutional 115 

disorder has a negligible impact on the behavior of interlayer ions, However, they did not 116 

consider the effect of edge surfaces which, when paired with varying degrees of substitutional 117 

disorder, may impact interlayer composition and ionic diffusivity.  118 

In contrast to the previously introduced works which focused their efforts on 119 

characterizing behaviors of the interlayer region, Newton et al. (2016) used a combination of ab-120 

initio and classical MD simulations to develop an atomistic model of the montmorillonite edge 121 

surface. They found that excess negative charge at edge terminations due to solvent accessible 122 

octahedral substitutions tended to produce more disordered edge structures than models with 123 

bulk octahedral substitutions. While the work was thorough in its analysis of clay edge surface 124 

structures, it did not consider charge-compensating ions which are likely to behave differently in 125 

the near-edge and bulk substituted models.   126 

 Through this review of the relevant literature, a significant knowledge gap relating 127 

specifically to the behavior of ions in the presence of edge-terminated montmorillonite sheets as 128 

a function of the arrangement of their octahedral substitution sites has been identified. To close 129 

this gap, the current work analyzes a series of MD simulations on clay edge models with 130 

substitutions placed specifically to create unique, representative, chemical environments at the 131 

edge surfaces and in the deep interlayer region. The resulting simulated trajectories from each 132 

model are used to assess how the presence of excess negative charge in different locations 133 
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relative to the edge termination influences the favorable adsorption sites, interlayer composition, 134 

and dynamical behavior of ions. 135 

 136 

2. Simulation Cell and Computational Methodology 137 

 138 

2.1 Clay Edge Structures 139 

 140 

In this work, two structurally similar dioctahedral clays were considered: pyrophyllite 141 

and montmorillonite. Both clays have a 2:1 sheet structure in which the outer sheets are silicon 142 

tetrahedrally (T) coordinated to oxygen and the inner sheet is aluminum octahedrally (O) 143 

coordinated to oxygen. Each of these aluminum octahedral cages contains one oxygen atom that 144 

is also bound to a hydrogen atom to form a structural hydroxyl group. These hydroxyl groups are 145 

connected to either the top or bottom of the octahedron in a regular alternating pattern. These 146 

sheets arrange as repeating TOT units which weakly coordinate across a hydrated interlayer 147 

region via van der Waals interactions. Pyrophyllite, an aluminosilicate with the formula 148 

AlSi2O5(OH), differs from montmorillonite only in the occupancy of its cationic sites. In 149 

montmorillonite, partial substitutions of magnesium in the place of octahedral aluminum induce 150 

a net negative charge on the structure which is counterbalanced by aqueous cations in the 151 

interlayer. In this work, Na+ was chosen as the counterion, but equally proportioned Na+/Cl- pairs 152 

were also included to provide a statistically viable sample of ion trajectories to analyze. 153 

Montmorillonite can also exist with aluminum substitutions in the tetrahedral silicon sheet, but 154 

the effect of AlSi
’ substitutions is outside the scope of this work. Experimentally, both clays are 155 

observed to be monoclinic, but prior works have shown that they can be approximated as 156 

orthorhombic in simulation without significantly impacting the dynamics of the system 157 

(Ngouana W. and Kalinichev, 2014; Greathouse et al., 2016). Single crystal X-ray diffraction 158 

data by Lee and Guggenheim (1981) measured the a and b lattice parameters of pyrophyllite to 159 

be 5.16 Å and 8.97 Å respectively. The c axis spans the width of the interlayer region and is thus 160 

sensitive to water content; for a dehydrated system the measured value was 9.35 Å.    161 

To best understand the interactions between ions and clay edges in a variety of local 162 

environments, four unique simulation cells were created: three montmorillonite systems with 163 

unique arrangements of isomorphic MgAl
’ substitutions and a pyrophyllite system which served 164 

as a charge neutral reference state. Each system consisted of three trans-vacant dioctahedral 165 

(empty octahedral site situated on the mirror plane) phyllosilicate clay sheets, three water-166 
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saturated interlayers, and a central bulk water mesopore which, in addition, contained all the Na+ 167 

and Cl- ions at system initialization (Figure 1). The clay sheets were cleaved to expose the 110A 168 

termination described by Lavikainen et al. (2015). This termination has consistently been 169 

reported as one of, if not the most, favorable edge termination by prior theoretical works (White, 170 

1988; Bickmore et al., 2003; Churakov, 2006; Liu et al., 2014; Newton and Sposito, 2015; 171 

Newton et al., 2016; Ta et al., 2023). However, unlike prior works on phyllosilicate edge 172 

structures (Churakov, 2006; Tournassat et al., 2016), additional -OH or -H groups were not 173 

applied to heal the undercoordinated edge atoms. Instead, molecular water and the Na+ and Cl- 174 

ions in the system neutralized any localized charge on the edge surfaces. A more detailed 175 

description of the coordination of exposed edge atoms is provided in the Supplemental 176 

Information. After equilibration, the (100) d-spacing between clay sheets was measured to be 177 

18.9 +/- 0.1 Å, the length of the simulation cell measured along the width of the mesopore was 178 

96.5 +/- 0.2 Å, and the depth measured parallel to the edge surfaces was 46.7 +/- 0.2 Å. These 179 

dimensions were comparable to the 3WL system analyzed by Tournassat et al. (2016). Each 180 

montmorillonite system contained 96 MgAl
’ substitutions, which corresponds to a net charge of -181 

0.33 e/u.c.. A unit cell consisted of two Al0.833Mg0.167Si2O5(OH) formula units and had the same 182 

lattice dimensions as pyrophyllite. Recent experimental characterization work by Qiu et al. 183 

(2020) reported the unit cell charge density of montmorillonite to be in the range of -0.69 to -184 

0.38 e/u.c. Increasing the number of substitutions to create a charge density which is 185 

representative of the experimental value would require substitution sites to be placed outside of 186 

the distinct locations that were of interest in this work. Therefore, this work employed a 187 

substitution scheme which produced a charge density that was as close as possible to the 188 

experimental range but still allowed for analysis of the effect of the substitutions’ precise 189 

location. The pyrophyllite system contained 180 Na+/Cl- ion pairs in solution with 5978 water 190 

molecules to form a concentration of 1.47 mol/dm3 which is equivalent to 37% of the solubility 191 

limit in water at 298.15 K (Pinho and Macedo, 2005). In the montmorillonite systems, an 192 

additional 96 Na+ ions were included to neutralize the net negative charge induced by MgAl
’ 193 

substitutions which brought the total concentration up to 45% of the solubility limit. The 194 

individual ion concentrations were 1.47 mol/dm3 for Cl- and 2.25 mol/dm3 for Na+. A higher 195 

concentration than is necessary for charge neutralization was chosen to provide ample data in the 196 

resulting simulated trajectories. 197 



 

7 

 

The three montmorillonite systems under investigation in this work are referred to as 198 

MMT-central, MMT-edge, and MMT-equidistant. The suffix describes the arrangement of MgAl
’ 199 

substitutions within the clay sheet. In the MMT-central system all substitutions were localized to 200 

the center of the interlayer region, i.e., as far away as possible from the mesopore edge. In the 201 

MMT-edge system the opposite scenario was investigated as substitutions were placed directly 202 

on the terminated clay edges. The MMT-equidistant system represented an intermediate case in 203 

which the substitutions were evenly spaced throughout the sheets so as not to create a highly 204 

localized charge density at the edge or in the center. 205 

 206 

 207 
Figure 1: Snapshot of the fully equilibrated pyrophyllite simulation cell. For clarity, the water molecules are 208 

rendered with low opacity. Atom types illustrated as follows: Na+ (blue), Cl- (orange), O (red), Octahedral Al 209 

(green), Tetrahedral Si (blue), H (pink). 210 

 211 

2.2 Molecular Dynamics Simulations 212 

 213 

All molecular dynamics simulations in this work were executed in LAMMPS (Plimpton, 214 

1995; Thompson et al., 2022) and all initial atomic coordinate files were generated using the 215 

Moltemplate software package (Jewett et al., 2021). The mesopore and interlayer regions were 216 

packed with 1.0 g/cm3 of water and the Na+/Cl- ions were arranged on a grid in the mesopore and 217 

allowed to diffuse out during equilibration so as not to preemptively bias the composition of the 218 
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interlayers. Interactions within the clay sheet were modeled using the CLAYFF potential 219 

developed by Cygan et al. (2004). Water in the mesopore and interlayer regions was modeled 220 

using the SPC/e potential of Berendsen et al. (1987) with the SHAKE algorithm (Ryckaert et al., 221 

1977) turned off. Our preliminary benchmark calculations (included in the Supplemental 222 

Information) showed that disabling SHAKE results in better agreement with experimental 223 

measurements of bulk water diffusivity. Lennard-Jones parameters for aqueous Na+ and Cl- ions 224 

were adopted from the work of Smith and Dang (1994). Non-bonded interactions between 225 

dissimilar species were fit using LAMMPS’ arithmetic mixing strategy. Coulombic contributions 226 

were evaluated using the Ewald sum method. The boundaries of the simulation cell were treated 227 

as periodic in all dimensions. Therefore, when describing phenomena occurring in the “center” 228 

of the clay sheet, they will appear on the far left and right of the visible simulation cell because 229 

the cell is centered on the mesopore. 230 

Equilibration was carried out in multiple phases. The first was an energy minimization step in 231 

which the total energy was converged to a tolerance of 10-6 kcal/mol. Using the energy 232 

minimized system as a starting point, a simulation in the NVT ensemble was run for 2.0 ns with 233 

a timestep of 0.5 fs and a target temperature of 300 K. During this first NVT phase only water 234 

molecules were allowed to move. Then, a second 2.0 ns phase was conducted in which both ions 235 

and water molecules were allowed to move freely. Following the NVT phase, an NPT simulation 236 

was conducted for another 2.0 ns, again using a timestep of 0.5 fs, with a pressure target of 1 atm 237 

and a temperature target of 300 K. During the NPT phase the volume of the cell was allowed to 238 

relax anisotropically. Throughout all equilibration phases the clay sheets were made rigid using 239 

the LAMMPS fix setforce, following the precedent set by similar works (Rotenberg, 2007; 240 

Hedström and Karnland, 2012; Hsiao and Hedström, 2015). This implementation allows the 241 

constant pressure algorithm to optimize the interlayer spacing without shifting atoms in the clay 242 

sheet relative to each other. Benchmark calculations showed that when the rigid constraint was 243 

not applied during equilibration the clay sheets would oscillate in a wave-like motion that did not 244 

settle down over the course of the equilibration. It is expected that this effect is an artifact of 245 

system size, and the simulations would eventually stabilize if a wider clay sheet were 246 

investigated; however, the computational cost of such large simulations is prohibitive. After 247 

equilibration the setforce restriction was applied only to the octahedral sheet to allow more 248 
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flexibility in the basal planes. The production simulations were conducted in the NVT ensemble 249 

for a duration of 10 ns using a timestep of 0.5 fs and a temperature target of 300 K.  250 

 251 

3. Results 252 

 253 

3.1 Spatial Distribution of Na+ and Cl- Ions 254 

 255 

 This section provides a qualitative overview of the features in each clay model that are 256 

evident from visual inspection of the ionic trajectories. In subsequent sections, quantitative 257 

analyses expand upon these observations to robustly characterize the behavior of ions across 258 

each environment. Figure 2 illustrates the MD trajectories of the Na+ (blue) and Cl- (orange) ions 259 

over the course of a 10 ns production simulation in NVT. Green points highlight the position of 260 

the octahedral Al sheet. In montmorillonite systems, red ‘X’s denote the positions of MgAl
’ 261 

substitution sites within the octahedral sheet. All other species were excluded from this 262 

visualization. Vertical dashed lines delineate the interlayer/mesopore boundary (IMB) which was 263 

defined as the position of the outermost oxygen on the clay edge termination. The figure was 264 

composed by superimposing the xz-plane projected positions of each ion in 200 snapshots 265 

exported every 50 ps. The positions were plotted with low opacity at each snapshot so that 266 

regions which accumulate ions appeared as bright hotspots and regions with a lower ion density 267 

appeared to be more dispersed. Each subplot corresponds to a unique system.  268 

 269 

 270 
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 271 

Figure 2: Positions of Na+ (blue) and Cl- (orange) ions projected onto the xz-plane of the simulation cell. Positions 272 

taken from 200 snapshots over the course of a 10 ns NVT simulation are superimposed. Octahedral Al is shown in 273 

green and MgAl
’ substitutions are denoted by red ‘X’s. The vertical dashed lines represent the interlayer mesopore 274 

boundary. Each subplot corresponds to a unique system: (a) Pyrophyllite, (b) MMT-central, (c) MMT-edge, (d) 275 

MMT-equidistant. 276 

 277 

 One feature evident in all subplots of Figure 2 is the agglomeration of both Na+ and Cl- 278 

ions on each edge termination, just outside of the IMB. This feature is most clearly illustrated in 279 

Figure 2a which depicts pyrophyllite. A symmetrical split of Na+ density around the leading edge 280 

(projecting into the mesopore) and Cl- density near the trailing edge is consistent with the choice 281 

to leave any dangling bonds created during the edge cleavage unhealed. This finding is also 282 

supported by prior work from Ta et al. (2023) in which density functional theory calculations 283 

identified a negative partial charge on the undercoordinated oxygen on the leading edge and a 284 

positive partial charge on the undercoordinated Si on the trailing edge. In Figures 2b-d, the 285 

impact of MgAl
’ substitutions on the distribution of ions can be clearly contrasted with their 286 

distribution in the charge neutral pyrophyllite system.  287 

Figure 2b illustrates the MMT-central system. This system had the highest charge density 288 

(four substitutions in close proximity due to periodic boundary conditions) and its substitutions 289 

were located furthest from the IMB. In this system, Na+ ions were observed to adsorb onto the 290 

outer tetrahedral sheet. Visualizations of a typical arrangement of the adsorbed Na+ ions in this 291 

cluster and others are provided in the Supplemental Information. Note that because the 292 

simulation cell was defined as periodic in all dimensions, there are four substitution sites directly 293 

adjacent along the z-axis in each clay sheet. It can be seen that the ions were drawn towards the 294 

basal oxygen nearest each substitution site and occasionally penetrated the basal plane in the 295 
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center of the four aligned substitutions where charge density was highest. Furthermore, it is 296 

evident that in the interlayer region adjacent to the adsorbed Na+ ions, small but dense clusters of 297 

Cl- ions formed to neutralize the localized charge density. However, these anions remained 298 

solvated in the interlayer.  299 

 Figure 2c, which details the MMT-edge system, is the opposite to the previously 300 

discussed MMT-central system in that its substitution sites were placed as close as possible to 301 

the IMB. This arrangement resulted in a lower charge density because the substitutions on each 302 

side of the mesopore were no longer adjacent through the periodic boundary, but similar features 303 

were identifiable. Clusters of Na+ ions along the basal plane in the interlayer nearest to the MgAl
’ 304 

substitution sites were still evident. These cations underwent a similar adsorption process in 305 

which they densely clustered around the basal oxygen atoms nearest each substitution site, but 306 

full penetration into the tetrahedral sheet was never observed. The interior interlayer regions 307 

adjacent to these surface adsorbed ions did not form the same dense charge-compensating 308 

clusters of Cl- ions observed in the MMT-central system. Additionally, there was a markedly 309 

diminished amount of Na+ ions in the deep interlayer region on account of the lack of 310 

electrostatic driving force past the IMB.  311 

 The third montmorillonite system under consideration, MMT-equidistant, is presented in 312 

Figure 2d. Despite having the same overall number of substitutions as the other montmorillonite 313 

systems, this case represents the lowest charge density (aside from neutral pyrophyllite) due to 314 

the large distance between substitution sites. Additionally, this system’s substitutions were 315 

evenly spread between the IMB and central interlayer region which offers an interesting 316 

opportunity to study the behavior of ions outside the range of influence of the edge termination. 317 

Perhaps most evident in Fig. 2d is the lack of Na+ adsorption onto the clay’s basal planes which 318 

was seen in other montmorillonite systems. Na+ ions in this system tended to form a diffuse 319 

cloud in the interlayer region centered around each substitution site rather than converging to a 320 

fine point. There was no agglomeration of Cl- ions in the interlayer to counterbalance the 321 

presence of Na+ and the distribution of ions near the edge terminations was not visually 322 

distinguishable from that of pyrophyllite.  323 

 324 

3.2 Localized Concentration of Na+ and Cl- Ions 325 

 326 
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 To further characterize the composition of each system, the concentration of both Na+ and 327 

Cl- was projected along the width of the simulation cell as shown in Figure 3. Concentration was 328 

plotted relative to the baseline value of pyrophyllite and montmorillonite systems respectively. 329 

Recall that the pyrophyllite system was packed with ions to achieve 37% of the solubility limit of 330 

water, but in montmorillonite systems additional Na+ ions were needed to neutralize MgAl
’ 331 

substitution sites, bringing the concentration to 45% of the solubility limit. Measurements of 332 

concentration were discretized by dividing the simulation cell into 25 bins along its z-axis and 333 

calculating the concentration for each volume element.  334 

 335 

 336 

 337 

 338 

 339 

 340 
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 341 

 342 
Figure 3: Concentration of Na+ (blue) and Cl- (orange) ions relative to their bulk values projected along the z-axis of 343 

the simulation cell. Vertical dashed lines denote the IMB and red ‘X’s represent the positions of MgAl
’ substitutions. 344 

Each subplot corresponds to a unique system: (a) pyrophyllite, (b) MMT-central, (c) MMT-edge, (d) MMT-345 

equidistant. 346 

 347 

 One trend which becomes evident from inspection of Figure 3a is the tendency for the ion 348 

concentrations in the interlayer to be lower than in the mesopore. The concentration of the two 349 

ions was nearly identical throughout the simulation cell except for the near-IMB region where 350 

Na+ and Cl- peaks separated and reach concentrations greater than the bulk value. This behavior 351 

closely resembles that identified in Figure 2a where the Na+ clusters formed closer to the 352 

mesopore on the leading edge of the IMB and the Cl- clusters formed closer to the interlayer. 353 

 Concentration profiles in the MMT-central system (Figure 3b) retained the strong Na+ 354 

peaks around MgAl
’ substitution sites found in Figure 2b. However, this visualization shows that 355 

Cl- concentration increased only slightly in the same region indicating that the observed 356 

compensating clusters in the adjacent interlayer were more diffuse. Throughout the remainder of 357 

the interlayer, concentrations of both ions remained below the bulk concentration. In the 358 

mesopore, Na+ was found to be at bulk concentration levels while Cl- was in excess. 359 
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 The MMT-edge concentration profiles presented in Figure 3c display sharp peaks of both 360 

Na+ and Cl- near the IMB. On the interior side of the IMB, directly adjacent to the MgAl
’ 361 

substitution sites, a significant drop in the concentration of Cl- was observed. This finding 362 

contrasts with the behavior of the MMT-central system where Cl- accumulated with Na+ at the 363 

substitution sites to neutralize local charge density. This behavior is likely due to the presence of 364 

strongly adsorbed Na+ ions on the edge surface which act as a sink for incoming Cl- anions that 365 

would otherwise be drawn deeper into the interlayer. Throughout the interlayer, the concentration 366 

of both ions remained below the bulk value although Cl- tended to be higher than Na+ after the 367 

initial drop at the substitution sites. In the mesopore, Cl- concentration was found to be in excess 368 

of the bulk value. 369 

 In Figure 3d, the MMT-equidistant concentration profile was unique in that the Na+ 370 

concentration in the interlayer was only slightly greater than the bulk value near substitution 371 

sites. Despite the presence of MgAl
’ substitution sites which provide an electrostatic driving force 372 

for Na+ to cluster in the interlayer, the cation was found in nearly equal proportion within the 373 

mesopore and near the edge terminations. The behavior of Cl- near substitution sites was like that 374 

of the MMT-edge profile; Cl- was clearly disfavored near substitutions and displayed a 375 

significant decrease in concentration where Na+ concentration rose. The concentration of Cl- rose 376 

higher than Na+ near the IMB although the peaks were identical in location to those found in 377 

pyrophyllite.  378 

 379 

3.3 Residence Time of Adsorbed Na+ and Cl- Ions 380 

 381 

 In order to capture the dynamical behavior of these phyllosilicate clay systems at edge 382 

surfaces and substitution sites, Figure 4 reports the distribution of residence times of ions in 383 

equally sized slices along the simulation cell. Residence times were derived from ion trajectories 384 

exported every 1 ps over the course of the final 1 ns of simulation time. A residence event is 385 

triggered when an ion enters a bin it did not occupy in the prior snapshot and continues until the 386 

ion moves to another bin. Each event for each ion is reported in Figure 4 which means that there 387 

are more data points than ions because most ions pass through multiple bins over the course of 388 

the simulation. When interpreting these results, it is important to consider how the geometry of 389 

the simulation cell intersects with the boundaries of each bin. For bins in the interlayer, the clay 390 

sheets reduce the total traversable volume. This reduction in traversable volume is not present for 391 
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mesopore bins. The effect of this difference is that residence times in the interlayer are artificially 392 

lower than those in the mesopore because ion motion in the interlayer is primarily two 393 

dimensional while ions in the mesopore have a full range of motion. It is not expected that this 394 

effect hinders the analysis of residence times because it is not strong enough to mask the 395 

electrostatic interactions between ions and substitution/edge sites as evidenced in Figure 4. 396 

Furthermore, it is important to note that the most frequently recorded residence time in each bin 397 

is just 1 ps because that is the minimum step size and the ions are flowing freely. To highlight the 398 

more interesting longer residence events, a curve is superimposed over each subplot which 399 

represents the 95th percentile residence time for each ion type in each bin. 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 
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 411 

 412 

 413 

Figure 4: Residence times of Na+ (blue) and Cl- (orange) ions projected along the z-axis of the simulation cell. 414 

Residence times are calculated in 25 equally sized bins. For clarity, Na+ and Cl- data points have been offset from 415 

each other about the center of each bin. Vertical dashed lines denote the IMB and red ‘X’s represent the positions of 416 

MgAl
’ substitutions. Each subplot corresponds to a unique system: (a) pyrophyllite, (b) MMT-central, (c) MMT-417 

edge, (d) MMT-equidistant. 418 

 419 

 All subplots of Figure 4 indicate that a small number of Na+ and Cl- ions remained 420 

adsorbed to the edge surface for at least 400 ps. This finding is consistent with the bright 421 

hotspots of Cl- on the trailing edge and Na+ on the leading edge of each clay sheet presented in 422 

Figure 2. Interestingly, the residence times of both ions were not always equal despite similar 423 

hotspots for each shown in Figure 2. While it is expected that both Na+ and Cl- would tend to 424 

congregate at edge surfaces to heal the undercoordinated oxygen and silicon atoms respectively, 425 

it is likely that the difference in residence times between Cl--Si and Na+-O pairs is due to 426 

geometric features of the edge structure. Based on the CLAYFF parameters which drive these 427 

simulations, the magnitude of the partial charge on the undercoordinated basal oxygen and the 428 

undercoordinated tetrahedral silicon are equivalent. Pairing this with the fact that equilibrium 429 

distances between both pairs are similar, differences in electrostatic interaction strength can be 430 
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eliminated as a contributing factor. Recalling the arrangement of the edge structure from Figure 431 

1, it can be seen that the undercoordinated oxygen projects out into the mesopore and is highly 432 

exposed to water while the undercoordinated silicon is largely insulated by the overhanging edge 433 

of the clay sheet and is accessible only through a small concave region adjacent to the interlayer. 434 

Therefore, it follows that Na+ ions being drawn to the undercoordinated oxygen would be more 435 

frequently carried away by highly mobile water molecules than their less exposed Cl- 436 

counterparts.  437 

In the pyrophyllite system (Figure 4a), residence times throughout the interlayer and 438 

mesopore were consistently less than 200 ps. It is only near the IMB that prolonged residence 439 

was observed. Aside from the small set of strongly interacting Cl- outliers, Na+ ions tended to 440 

reside on the edge for a maximum of 300 ps and less strongly bound Cl- ions for a maximum of 441 

500 ps. Furthermore, it is evident that residence times of both species were elevated in the 442 

mesopore bins directly adjacent to those centered on the IMB. However, the same effect was not 443 

observed on the interlayer side of the IMB. This suggests that the electrostatic influence of the 444 

edge terminations extends approximately 4 Å into the mesopore and asymmetrically affects 445 

mesopore ions. 446 

 Figure 4b illustrates how MgAl
’ substitutions in the MMT-central system significantly 447 

increased the residence times of Na+ ions in the interlayer. A small number of Na+ ions adjacent 448 

to substitution sites remained static for the full 1 ns duration of the data collection period. The 449 

precise arrangement of these low-mobility cations can be found in the Supplemental Information. 450 

In addition to this small group of strongly interacting ions, Cl- ions in the same region were 451 

observed to also increase in residence time to over 200 ps – more than twice the value recorded 452 

throughout the rest of the interlayer. This increase in Cl- residence time reflects the presence of 453 

the charge compensating clusters of Cl- ions adjacent to Na+ interlayer adsorption sites shown in 454 

Figure 2b. Near the IMB, residence times were consistent with those observed in pyrophyllite. 455 

 When substitutions were placed on the edge surface, the differences in residence time 456 

profiles relative to the neutral pyrophyllite system could only be distinguished along the IMB. 457 

Along the edge surface, a select number of Na+ cations were observed to remain adsorbed for the 458 

full 1 ns data collection period. In Figure 4c, residence times for both ionic species were 459 

observed to peak near the IMB and remained below 200 ps throughout the rest of the system. A 460 

more subtle difference from Figure 4a is that the increased residence times near the IMB were no 461 



 

18 

 

longer asymmetrically distributed on the mesopore side, but now extended into the interlayer 462 

side as well. This behavior was expected due to the presence of the MgAl
’ substitutions driving 463 

cations to congregate in the interlayer just past the trailing edge of each clay sheet termination. 464 

Another difference from the pyrophyllite case is that the ions in the MMT-edge system tended to 465 

produce a wider range of residence times. In pyrophyllite, there were very few points above 300 466 

ps aside from the IMB adjacent Cl- ions, but in MMT-edge the distribution was split more evenly 467 

between 0 and 1000 ps for both ionic species. 468 

 In Figure 4d, the presence of evenly distributed substitution sites in the MMT-equidistant 469 

system produced a profile of residence times that was almost identical to those found in 470 

pyrophyllite. Even in bins containing MgAl
’ sites, the residence times for either ion did not 471 

exceed 200 ps. Near the IMB, the same trends were observed where a select few Cl- ions tended 472 

to remain adsorbed at the edge surface for over 500 ps while Na+ ions were more mobile and had 473 

a peak residence time of approximately 400 ps. Figure 4d illustrates that the low charge density 474 

associated with this arrangement of substitutions was insufficient to retain ions in the interlayer.  475 

 476 

4. Discussion 477 

 478 

 Comparing the results across each system of interest, it is evident that localized charge 479 

density is the primary driving force controlling the distribution of ions. Two sources of charge, 480 

unhealed edge terminations and MgAl
’ substitution sites, control the electrostatics in each system. 481 

The distribution of ions around edge terminations was broadly consistent with Na+ favoring the 482 

leading edge of each termination (closest to the mesopore) and Cl- congregating on the tailing 483 

edge (closest to the interlayer).  However, the magnitude of ion clusters at clay edges could be 484 

influenced by the presence of MgAl
’ substitutions. As evidenced by Figs. 2c and 3c, the MMT-485 

edge system sequestered a greater amount of Na+ ions at edge terminations than all other systems 486 

due to the presence of charged substitutions in close proximity. In other montmorillonite systems 487 

where substitution sites were placed far from the edges, the distribution and number of ions 488 

adsorbed on the edge facets was close to that of the charge neutral pyrophyllite system. 489 

Substitution sites, alternatively, may be positioned in order to drive an influx of ions into the 490 

interlayer. High charge density in the MMT-central systems led to not only an influx of Na+, but 491 

also a secondary cluster of Cl- which served to counterbalance the cations adsorbed to the basal 492 

plane of the clay sheet. In the MMT-equidistant system, which was lower in charge density, such 493 
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strong accumulation of Na+ was not observed which in turn eliminated the need for a secondary 494 

cluster of compensating Cl-. In fact, from inspection of Figures 2d and 3d, the MMT-equidistant 495 

system was found to exclude Cl- from the interlayer more so than any other. When residence 496 

times were considered, it became clear that both the pyrophyllite (Figure 4a) and MMT-497 

equidistant (Figure 4d) systems failed to capture ions in the interlayer for any significant 498 

duration. Alternatively, the MMT-central system was capable of drawing ions into the interlayer 499 

and sequestering them on the order of 1 ns as can be seen in Figure 4b. Interestingly, MMT-500 

central was capable of retaining not only Na+ as one would expect from simple electrostatic 501 

interactions, but also Cl- which was observed to have elevated residence times upwards of 200 502 

ps. This suggests that a higher charge density may be necessary to adsorb ions using a 503 

montmorillonite clay base if special care is not taken to design the sheet in such a way that 504 

substitutions tend to be clustered. 505 

 In the context of clay buffer materials, these results help researchers better understand the 506 

criteria to consider when manufacturing or modifying the base clay. The results of this work have 507 

shown that even without any octahedral substitutions in the clay sheet, exposed edge surfaces are 508 

able to consistently sequester both cations and anions from solution. This finding suggests that 509 

during processing, it may be optimal to minimize the volume of individual clay particles in a 510 

suspension so that the maximal amount of surface area is exposed and available for ions to 511 

adsorb to. However, strides may still be made to improve sequestration performance within the 512 

interlayer. Our simulations predict that an even distribution of substitution sites throughout a clay 513 

sheet significantly underperforms a sheet in which the substitutions are clustered close together 514 

despite both sheets having the same net charge. While this may be a more difficult variable to 515 

tune from a synthesis perspective, the finding opens the door to future research into 516 

methodologies that can offer better control over the precise arrangement of substitutions in the 517 

octahedral sheet. Furthermore, this work does not consider how AlSi
’ substitutions in the 518 

tetrahedral sheet may change the sequestration performance of the clay. In future work, an 519 

investigation into this additional substitution type or a combination of both tetrahedral and 520 

octahedral substitutions may paint a fuller picture of ion capture in hydrated phyllosilicate clay 521 

edge models. 522 

 523 

5. Conclusions 524 
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 By comparing simulations of distinct clay edge models with varying electrostatic 525 

environments, the effect of both unhealed edge surfaces and MgAl’ substitution sites on ion 526 

sequestration can be characterized. It is evident that regardless of the distribution or presence of 527 

octahedral substitution sites, edge terminations can effectively retain both anionic and cationic 528 

species. In the absence of additional local charge from substitution sites these edge terminations 529 

can adsorb ions for durations on the order of 400 ps. However, the inclusion of nearby 530 

substitutions drastically increased the performance to 1 ns which was the longest duration tested. 531 

Furthermore, particular arrangements of octahedral substitutions can contribute to varying levels 532 

of ion concentration and selectivity in the interlayer. The arrangement found to limit Cl- 533 

penetration most was the evenly distributed MMT-equidistant which exhibited drastically 534 

reduced Cl- concentration in the interlayer relative to the mesopore. An alternative high local 535 

charge density configuration, MMT-central, was found to draw both Na+ and Cl- into the deep 536 

interlayer and effectively retain Na+ ions for up to 1 ns. As expected, charge neutral pyrophyllite 537 

was identified as the least selective in controlling specific ion concentrations in the interlayer.  538 

 These findings are valuable in the context of radionuclide sequestration. Building on the 539 

results of this work, two key design considerations for clay buffer materials have been identified: 540 

maximizing exposed surface area can result in enhanced sequestration performance under any 541 

substitution conditions, and evenly distributed substitutions in the interlayer enhance anion 542 

exclusion relative to systems with high localized charge density.  543 

 544 
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