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ABSTRACT 

Understanding the mechanisms of interactions and immobilization of radionuclides in cement systems 

at the molecular level is key to developing safe and novel solutions for the long-term storage of nuclear 

wastes. The molecular level adsorption mechanisms of cesium (Cs+) ions onto tobermorite 9Å, 

tobermorite 14Å, and jennite – three crystalline structural analogues for calcium-silicate-hydrates, the 

main components in cement-based materials, were investigated using molecular dynamics (MD) 

simulations. Convergence monitoring of the simulations, using the root mean square displacement with 

average correlation analysis, indicated that MD trajectories of 10-15 ns were needed given the size of 

the selected computational cell to properly capture the dynamic process of adsorption. Cs+ ions 

adsorbed as inner-sphere complexes at the tobermorite surfaces, while they showed lower affinity for 

jennite. The charge and structure of the surface layer strongly influenced the adsorption mechanisms of 

Cs+ ions. Strong association with the hexagonal cavities of the silica sites were seen at the tetrahedral 

SiO4 surface of the tobermorite structures. Cs+ ion adsorption was attributed to co-ion adsorption at the 

octahedral CaO6 surface of tobermorite 9Å, cation exchange at that of tobermorite 14Å, and 

electrostatic interaction with the surface hydroxyl groups for jennite. Distribution coefficients of Cs+ ions 
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onto cement pastes derived from molecular dynamics by taking the surface structure and dynamics of 

Cs+ ions directly into account showed range of overlap with experimental results. 
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1. Introduction 

Cementitious materials are commonly used in barrier systems and as cementitious waste forms for the 

containment and immobilization of radionuclides [1, 2]. While experiments have indicated that 

cementitious materials can be effective for containing radioactive wastes [3-5], the understanding of the 

corresponding mechanisms has been largely limited to the continuum properties at the macro- and 

micro-scales, while molecular-level details are largely absent. Yet, understanding on a fundamental level 

the complex processes of radionuclide interfacial reactivity and immobilization in cement systems is of 

foremost importance to provide the scientific basis necessary for the design and prediction of long-term 

performance of suitable and innovative waste storage solutions. Experimental characterization of the 

structural and dynamic properties of such complex systems is challenging and difficult to resolve with 

current experimental techniques because of the broad range of length and time scales involved. 

Molecular dynamics (MD) simulations provide a useful tool for understanding atomistic scale surface 

and interfacial phenomena and have been successfully employed to study the adsorption of water and 

various ions onto mineral surfaces, including clay minerals and cement phases [6-13]. 

Cesium-137 (137Cs), a major by-product of nuclear fission, is a medium half-life (30.2 years [14]) 

radionuclide of special concern from a radiological safety point of view because of its high mobility in 

the environment and its decay to a metastable gamma emitter. Immobilization of cesium ions (Cs+) in 

cementitious materials has been studied by using a variety of experimental methods, including batch 

sorption experiments; high-resolution, solid-state nuclear magnetic resonance (NMR) spectroscopy; and 

X-ray diffraction spectroscopy [15-23]. It has been reported [3, 21, 24-26] that the binding capacity for 

Cs+ ions depends on the chemical composition of the cement paste and calcium-silicate-hydrate phases 

(C-S-H), and cesium retention was found to increase with decreasing calcium to silicon (Ca/Si) ratios [27]. 

While MD simulations of Cs+ ion immobilization in C-S-H and atomistic details of the adsorption process 
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have recently been reported [28-30], the effect of different C-S-H structures and surface characteristics 

remain unclear. Yet, experimental results have shown that different C-S-H phases have different 

adsorption capacities. Understanding the relationship between structure and adsorption performance is 

key to establishing guidance in designing better cementitious barrier and waste form formulations for 

immobilization of radioactive wastes and to control material properties and performance. 

Molecular dynamics simulations were used in this study to investigate the adsorption mechanisms of 

cesium at the molecular level onto tobermorite 9Å, tobermorite 14Å, and jennite – three crystalline 

structural analogues for C-S-H, the main components in cement-based materials. Tobermorite is 

typically used as an analogue for C-S-H phases that have low Ca/Si ratios (less than 1) while jennite is 

used to describe the structure of C-S-H of high Ca/Si ratios (greater than 1.5) [31-33]. While other C-S-H 

phase models with variable Ca/Si ratios have been recently proposed in the literature [34-37], the goal 

here was to understand the mechanisms of adsorption of Cs+ ions on well characterized and deflectless 

surfaces. Tobermorite and jennite are layered structures that allowed for the study of the mechanisms 

of adsorption on two chemically different surfaces with two types of interaction sites (six surfaces total) 

– one at the tetrahedral side and one at the octahedral side of a layer of each model structure. These 

defectless surface layers possessed different characteristics including position of the surface calcium 

cations and presence of hydroxyl groups between the silicate chains and provided a blueprint to better 

understand the relationship between the structure of the surface layer and adsorption performance. 

The adsorption properties (structural, energetic, and dynamic) of Cs+ ions at the tetrahedral and 

octahedral side of each model layer were characterized using relative atomic density profiles and 

contour maps, radial distribution function, interaction energies, and diffusion coefficients. Molecular 

distribution coefficients were derived and upscaled for the first time to the macroscale (laboratory 

scale) by taking the surface structure and dynamics of Cs+ ions directly into account. This paper provides 

new insights into the mechanisms of adsorption at the atomistic scale of radionuclides and reports the 
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role of different C-S-H structures, surface characteristics, and features on the immobilization of 

radionuclides in cement-based materials. 

2. Computational details 

2.1. Simulation models and computational cells 

Three defectless crystalline structures were used as mineral analogues for C-S-H [38]: tobermorite 9Å 

(Ca5Si6O16(OH)2; Ca/Si = 0.83), tobermorite 14Å (Ca5Si6O16(OH)2·7H2O; Ca/Si = 0.83), and jennite 

(Ca9Si6O18(OH)6·8H2O, Ca/Si = 1.5). The tobermorite structures are characterized by calcium polyhedral 

layers with silicate chains of wollastonite-type (periodicity of three tetrahedra) connected on both sides. 

The jennite structure consists of ribbons of edge-sharing calcium octahedra, silicate chains of 

wollastonite-type, and additional calcium octahetra. Tobermorite 9Å and tobermorite 14Å represented 

two different degrees of hydration of tobermorite with the wider the basal spacing (9Å and 14Å 

correspond to basal spacing), the greater the degree of hydration [39]. The tobermorite structures were 

modeled according to the unit cells reported by Merlino et al. [40] for tobermorite 9Å (triclinic crystal) 

and Bonaccorsi et al. [41] for tobermorite 14Å (monoclinic crystal). Sixteen (16) unit cells (2×4×2) of the 

tobermorite 9Å and twelve (12) unit cells (3×4×1) of the tobermorite 14Å were used to create two 

supercells with dimensions of a = 22.31Å, b= 29.21Å, c = 21.71Å, α = 101.8°, β = 92.83°, γ = 89.98° and a 

= 26.94Å, b = 29.70Å, c = 27.99Å, α = 90°, β = 90°, γ = 123.25°, respectively. The jennite structure was 

modeled according to the unit cell reported by Bonaccorsi et al. [42] using a total of twenty four (24) 

unit cells (3×4×2) to create a supercell with dimensions of a = 31.73Å, b = 21.78Å, c = 21.86Å, α = 101.3°, 

β = 96.98°, and γ = 109.65°. Each structure was then cleaved through the (001)  and (001�) 
crystallographic planes below the calcium oxide layer, thus creating, for each structure, two types of 

exposed solid surfaces (Fig. 1), one made of SiO4 tetrahedra chains with Si-bonded hydroxyls pointing 

upwards (tetrahedral SiO4 surface) and one made of CaO6 octahedra groups and Si-bonded hydroxyls 
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pointing downwards (octahedral CaO6 surface). The tetrahedral SiO4 and octahedral CaO6 surfaces of 

tobermorite 14Å contained, in addition, water molecules and that of jennite contained water molecules 

and hydroxyl groups. Each cleaved structure was then geometrically optimized. Three different three-

dimensional simulation boxes were then constructed from each cleaved structure by placing a 50-Å thick 

vacuum layer between the tetrahedral SiO4 surface and the octahedral CaO6 surface (Fig. 2). Water 

molecules, cesium ions (Cs+), and chloride ions (Cl-) were then packed into the vacuum layer of the 

simulation boxes to create a 0.5 mol/L cesium chloride (CsCl) solution with a density of ca. 1 g/cm3. Both 

tetrahedral SiO4 and octahedral CaO6 surfaces were thus exposed to the aqueous solution, allowing for 

examination of both surfaces simultaneously and direct comparisons of the results. Cl- ion was selected 

as the counterion to create an electro-neutral system (total charge of zero). CsCl is the most common 

form in spent nuclear fuel and nuclear wastes [43], and, therefore, it is important to understand the role 

of Cl- ions in the adsorption process of Cs+ ions. The Cs+ and Cl- ions were initially positioned at ca. 25Å 

away from the surfaces. The concentration of cesium was chosen unrealistically high (0.5 mol/L 

compared to less than 0.2 mmol/L found in the tanks at the Hanford site [40]) to study the adsorption 

capacity of each crystalline structure and possibly probe multiple binding events by allowing for 

saturation of the adsorption sites. This choice had, however, no practical consequences because the 

water molecules were still preponderant and no chemical reactions could take place during the MD 

simulations. The thickness of the solution layer was also sufficiently large (50 Å) to effectively exclude 

direct interaction of one solid surface with another, preclude the effects of small confined spaces, and 

minimize the influence of the two oppositely charged surfaces on the Brownian motion, thus providing 

bulk-like behavior away from each surface. Periodic boundary conditions were applied along the three 

space dimensions. 
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Fig. 1. (a) Schematic representation of the tobermorite and jennite structures in the (100) plane showing 
the cleavage planes and (b) and (c) plan views of the cleaved surfaces of tobermorite 9Å (T9Å), 
tobermorite 14Å (T14Å), and jennite showing the tetrahedral SiO4 and octahedral CaO6 surfaces, 
respectively. [silicon (Si): yellow tetrahedra; calcium (Ca): blue balls; hydrogen (H): grey lines; oxygen 
(O): red lines]. 
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Fig. 2. Snapshot of the initial configuration of the computational cells comprised of 0.5M cesium 
chloride (CsCl) solution in contact with the tetrahedral SiO4 and octahedral CaO6 surfaces of: (a) 
tobermorite 9Å (T9Å), (b) tobermorite 14Å (T14Å), and (c) jennite. [cesium (Cs): purple balls; chloride 
(Cl): green balls; calcium (Ca): blue balls; hydrogen (H): grey lines; oxygen (O): red lines; silicon (Si): 
yellow tetrahedra]. 
 

2.2. Force field and MD simulation procedure 

The CLAYFF force field [44] as parameterized for cement systems [9] was used to describe the atomic 

interactions in the three crystalline structures and their interactions with the CsCl solution. This force 

field was chosen because it is less computationally expensive than a reactive force field or ab initio 

techniques and was, therefore, considered to be more efficient for studying adsorption mechanisms, 

which require sufficiently long simulation times for reliable conclusions, even though its validation to 

date with benchmark experiments remains limited for surface and interfacial properties [45]. However, 
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this force field has been successfully used in the literature to model the structure and dynamic 

properties of hydrated mineral systems, including cement phases and their interfaces with aqueous 

solutions [6, 9, 10, 13] and has been demonstrated to be suitable for tobermorite [9, 46] and jennite 

[47]. Intermolecular interactions (i.e., water–tobermorite(jennite), water–ion, and ion–

tobermorite(jennite)) were calculated as the sum of the electrostatic term for all the Coulomb 

interactions between partial atomic charges, a 12-6 Lennard-Jones term [48] for the short-range van der 

Waals dispersive interactions, and the bond stretch and angle bend terms of hydroxyl groups. Lennard-

Jones parameters of unlike atoms were calculated according to the Lorentz-Berthelot combining rules 

[49, 50]. Table 1 shows the force field parameters for all nonbonded interactions. A “spline cut-off” 

method (spline-on distance = 8.5Å and spline-off distance = 9.5Å) was used to treat the non-Coulomb 

interactions, and all long-range electrostatic interactions were treated using the Ewald summation 

method [51] with a precision of 0.001 kcal/mol. 

MD simulations were performed using Materials Studio 7.0 (BIOVIA, San Diego, CA). After geometry 

optimization of each constructed simulation box, 400ps of NPT-ensemble (fixed number of atoms, 

pressure, and temperature) MD simulations were employed to relax the simulation boxes. The position 

of the atoms in the portion of the solid structures located 6Å away from the interfaces with the aqueous 

solution was then restrained and maintained fixed to save computational time while allowing 

interactions at and near the solution–solid interfaces. Each energy minimized simulation box was then 

subjected to an NVT-ensemble (fixed number of atoms, volume, and temperature) of MD simulations for 

1ns with a time step of 1.0fs at 298K using the Nose-Hoover-Langevin thermostat for thermodynamic 

equilibration. The atomistic trajectories were then recorded at 100fs intervals for an additional 13-15ns 

of NVT-ensemble of MD simulations. 
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Table 1. CLAYFF Force field nonbonded parameters [9, 44]. 

Atom Type Charge (e) εii (Kcal/mol) σii (Å) 

Water hydrogen +0.410 --- --- 

Water oxygen -0.820 0.1554 3.1655 

Hydroxyl hydrogen +0.425 --- --- 

Hydroxyl oxygen -0.950 0.1554 3.1655 

Bridging oxygen -1.050 0.1554 3.1655 

Tetrahedral silicon +2.100 1.8405×10-6 3.3020 

Octahedral calcium +1.360 5.0298×10-6 --- 

Aqueous chlorine ion -1.000 0.1001 4.4000 

Aqueous cesium ion +1.000 0.1000 3.8310 

εii Lennard-Jones potential well depth. 
σii Lennard-Jones equilibrium distance. 

2.3. Data analysis 

Convergence of the simulations to equilibrium. The convergence of the simulations was checked in terms 

of stability of the interface structure to ensure that adequate computational sampling had been 

achieved and monitored using the root mean square displacement (RMSD) method [8-12] with average 

correlation analysis. The RMSD was determined along the direction perpendicular to the interface 

between the aqueous solution and the solid structure (z-direction associated with the adsorption-

desorption process) for all atoms located at the aqueous solution–solid structure interface, which 

included all atoms located in the first layer of the solid structure (i.e., oxygen, hydrogen, calcium, and 

silicon) and the Cs+ and Cl- ions in solution located in the proximity of the surface. The water molecules 

were not included in the RSMD calculations. The RMSD fluctuated widely during the early stage of the 

simulations before reaching a plateau. The trajectories were segmented into series of 1-ns sliding 

segments (10,000 frames) at a running 0.1-ns interval (1,000 frames) starting from the last frame of the 

trajectory that was assumed to have reached an equilibrium state (plateau). The segmentation resulted 

in 140 overlapping trajectory segments of 10,000 points each for tobermorite 9Å and tobermorite 14Å 
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and 120 overlapping trajectory segments for jennite. The beginning of the plateau was defined by 

average correlation analysis. The RMSD interval average of each trajectory segment was calculated and 

compared with the RMSD moving average as calculated from the last frame of the data acquisition 

trajectory to the first frame of the selected trajectory segment. This point corresponded approximately 

to the last crossover point (relative to the end of the simulations) between the RMSD moving average 

curve and the raw RMSD curve. The end of the trajectory segments that corresponded to the last 

crossover points was thus used to define the beginning of the plateau (Fig. 3). The period over which 

convergence took place was not included in the subsequent analysis of the trajectory data and only the 

last 6-8 ns of all trajectories were used for structural, energetic, and dynamics analysis, including atomic 

density profiles in the direction perpendicular to the aqueous solution-solid interface, radial distribution 

functions, atomic density maps within planes parallel to the interface, water orientation, adsorption and 

hydration energies, and diffusion coefficients. 

 
Fig. 3. RMSD along the z-direction and corresponding RMSD interval average and RMSD moving average 
at the (a) tetrahedral SiO4 surface and (b) octahedral CaO6 surface of tobermorite 9Å, tobermorite 14Å, 
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and jennite. The RMSD included all atoms located in the first layer of each solid structure (i.e., oxygen, 
hydrogen, calcium, and silicon) and the Cs+ and Cl- ions located in the proximity of the surface. 

 

Inner-sphere and outer-sphere adsorption complexes. For each structure, the first layer of oxygen atoms 

from the hydroxyl groups was chosen as the marker of the surface. Inner-sphere adsorption complexes 

were characterized by a direct binding of the ion to the surface with no intermediate water molecules 

between the ion and the surface and low mobility in the plane parallel to the surface as indicated by 

residence times of at least 700ps (ranging from 700-1500ps and 700-1900ps for tobermorite 9Å and 

tobermorite 14Å, respectively). Inner-sphere adsorption has been reported in the literature as stable for 

residence time greater than 500 ps [43]. Outer-sphere adsorption complexes were characterized by the 

presence of intermediate water molecules between the adsorbed ion and the surface and a residence 

time of at least 250ps. 

Interaction energies. The inner-sphere adsorption energy was calculated for each inner-sphere 

adsorption event over a 1-ns duration every 10 ps (i.e., every 100 frames). This sampling strategy of 100 

points out of 10,000 points was determined using a Monte Carlo analysis. This procedure was 

performed for every qualified event (i.e., stable adsorption with residence time of at least 1 ns); then 

the overall inner-sphere adsorption energy was averaged from all the qualified events and a 

corresponding standard deviation was calculated. The adsorption energy between Cs+ ions for qualified 

events and each surface was obtained by calculating the energy of the equilibrated structure with the 

Cs+ ion adsorbed and subtracting from this the energy of the individual systems (i.e., energy of the 

structure alone and the ion alone). 

Molecular distribution parameters and a simplified upscaling to the macroscopic level. Molecular 

distribution coefficients of Cs+ ions at equilibrium were evaluated for each structure and surface type 

from the adsorption statistics as follows: 
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�������	���� / (2) 

 

Where  i = surface type (tetrahedral SiO4 surface or octahedral CaO6 surface); 

 j = structure type (tobermorite 9Å, tobermorite 14Å, or jennite); 

 K��	,��
 = molecular distribution coefficient (Å3/Å2) for structure j at surface type i at equilibrium; 

Ntot = total number of Cs+ ions in the system; 

N��_���,��
 = total number of Cs+ ions adsorbed at surface type i of structure j; 

#�	���	��	��	�����
�������	����  = thickness of solution layer = 50Å. 

 
To translate the results from molecular dynamics modeling describing the adsorption of cesium onto 

cement pastes to the macroscopic level (laboratory scale), a simplified explicit expression (ignoring 

important geochemical factors and the typical considerations of upscaling from the atomistic to 

continuum scales) for macroscale distribution coefficients was derived using a weighted average of the 

molecular distribution coefficients, K��	,��
, over the surface and structure types as follows: 

K� 	1�2
3! 4 = .∑ w��	K��	,�� 	1Å2Å74� /	× 10+89 	1�Å 4 ×	 8

	:*1;<=24 	×	ε� 	× ? @
�ABB* C�DE 				and	 ∑ w��� = 1 (3) 

KI 	1�2
3! 4 = 	∑ α�K� 	× 	:*:� 			and	 ∑ α�� = 0.5 − 0.7	 (4) 

Where  K� = macroscale distribution coefficient for structure j; 

 w�� = fraction of surface type i for structure j; 

ρj = bulk density of structure j (2.2-2.3 g/cm3 for tobermorite 14Å [32, 41, 52], 2.9 for tobermorite 9Å [32], 
and 2.3 g/cm3 for jennite [32, 42, 52]); 

ε� = bulk porosity of structure j (assumed to be the same as C-S-H gel where porosity is 28% [53]); 

d����
 = effective pore diameter for structure j (assume cylindrical pores where the (4/dj

eff) term is the ratio 

of the surface area to volume for the selected cylindrical pore; pore size diameter for C-S-H gel is 0.5-
10nm [54]; a range of 1-10nm was chosen for the calculation to accommodate 3 times the diameter of Cs+ 
ions); 

KI = macroscale distribution coefficient for cement paste (assuming only a single structure for bounding 
calculation purposes); 

α� = volume fraction of structure j (C-S-H typically represents 50-70% of the cement paste volume [55]); 
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ρ = bulk density of cement paste (estimated to be 1.28 to 1.63 g/cm3 using the relationships in Powers &
Brownyard [56] for water to cement ratios of 0.44 to 0.61 and degrees of hydration from 0.80 to 1.0 [57]).

3. Results and discussion

3.1. Atomic density profiles and adsorption statistics 

After only a few picoseconds of simulation, Cs+ ions diffused preferentially toward the tetrahedral SiO4 

surface for the tobermorite structures and, similarly, to both the tetrahedral SiO4 and octahedral CaO6 

surfaces for jennite. The slightly negative charge of the tetrahedral SiO4 surface attracted the Cs+ ions. 

The presence of Cs+ ions at the slightly positively charged octahedral CaO6 surface of all structures was 

accompanied by a significant presence of Cl- ions as seen from the snapshot configurations (Fig. 4), 

suggesting a Cl- ion driven adsorption of Cs+ ions at that surface. Notably, for the jennite structure, most 

of the Cs+ ions were found in the bulk solution during the time scale of the simulations, indicating a low 

affinity of Cs+ ions for the jennite mineral (Fig. 4c). 
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Fig. 4. Representative snapshot of the cesium chloride (CsCl) solution in equilibrium with the tetrahedral 
SiO4 and octahedral CaO6 surfaces of (a) tobermorite 9Å (T9Å), (b) tobermorite 14Å (T14Å), and (c) 
jennite. [cesium (Cs): purple; chloride (Cl): green; calcium (Ca): blue; hydrogen (H): grey; oxygen (O): red; 
silicon (Si): yellow]. 

 

At the tetrahedral SiO4 surface of all structures, two distinct peaks of Cs+ ions, indicative of two layers of 

adsorbed Cs+ ions, were observed (Fig. 5). The first Cs+ ion peak was centered at ca. 1-2Å from the solid 

surface while the second broader peak was centered at ca. 2-4Å. The first layer of adsorbed Cs+ ions 

formed inner-sphere Cs surface complexes while the second layer formed outer-sphere complexes. The 

inner- and outer-sphere adsorption of Cs+ ions was in agreement with recent results reported in the 

literature for MD simulations on tobermorite 11Å [28] and C-S-H with a Ca/Si ratio of 1.1 (modified 
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tobermorite 14Å) [30]. Inner- and outer-sphere adsorption has also been reported for adsorption of 

organic additives on C-S-H, including uranyl as a model for radionuclides [13]. The larger, narrower 

peaks of Cs+ ions in the inner-sphere region in conjunction with the distinct presence of a second layer 

of Cs+ ions suggested a strong interaction between Cs+ ions and the surface. At the octahedral CaO6 

surface, only one distinct peak of Cs+ ions was observed for the tobermorite structures and two broad 

peaks were seen for jennite. For both tobermorite structures, most of the Cs+ ions present at the 

octahedral CaO6 surface were found within the inner-sphere region as seen from the presence of a small 

inner-sphere Cs+ ion peak and absence of outer-sphere complexes (i.e,. no peak of Cs+ ions in the outer-

sphere region on the time scale of the simulations). The Cs+ ion peaks seen at the tetrahedral SiO4 

surface of the tobermorite structures had a much greater height than those at the octahedral CaO6 

surface, consistent with a greater adsorption of Cs+ ions at the tetrahedral SiO4 surface. 

To further quantify Cs+ ion adsorption and the information inferred from the snapshot configurations 

and atomic density profiles, adsorption statistics (Table 2) were obtained by integrating the areas under 

the atomic density peaks of the various profiles over the inner-sphere and outer-sphere regions. 

Different adsorption capacities and molecular distribution coefficients for Cs+ ions were observed for the 

three crystalline structures and two surface types of each structure. For the tobermorite structures, the 

total number of Cs+ ions adsorbed per unit surface area at the tetrahedral SiO4 surface was much 

greater than that at the octahedral CaO6 surface (1.0/nm2 vs. 0.19/nm2, respectively, for tobermorite 9Å 

and 0.88/nm2 vs. 0.08/nm2, respectively, for tobermorite 14Å) while for jennite, both surfaces had 

comparable total numbers of Cs+ ions adsorbed (0.06/nm2 vs. 0.08/nm2, for the tetrahedral SiO4 and 

octahedral CaO6 surfaces, respectively). 
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Fig. 5. Relative atomic density profiles of the 0.5M CsCl solution in equilibrium with the tetrahedral SiO4 
and octahedral CaO6 surfaces of (a) tobermorite 9Å, (b) tobermorite 14Å, and (c) jennite. Region 1 
(highlighted in blue) corresponds to the inner-sphere region; region 2 (highlighted in pink) corresponds 
to the outer-sphere region. The black dashed lines indicate the solid surfaces. [Color key: purple (Cs), 
green (Cl), red (O), yellow (Si), and blue (Ca)]. 
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Tetrahedral SiO4 surface. The Cs+ ion binding affinity for the tetrahedral SiO4 surface increased in the 

sequence jennite < tobermorite 14Å < tobermorite 9Å. For tobermorite 9Å, ca. 54% of the total Cs+ ions 

were surface-bound at the tetrahedral SiO4 surface. This percentage was ca. 48% for tobermorite 14Å 

and ca. 3.5% for jennite. These results are consistent with the literature experimental results [27] that 

indicated that Cs+ ions increases with decreasing Ca/Si ratio. Of the adsorbed Cs+ ions, as much as 65% 

were adsorbed primarily as inner-sphere complexes for the tobermorite structures, while for jennite the 

small fraction of adsorbed Cs+ ions was similarly distributed as inner-sphere (ca. 46%) and outer-sphere 

(ca. 54%) complexes. The number of Cs+ ions adsorbed per unit surface area was ca. 0.63/nm2 and ca. 

0.54/nm2 as inner-sphere versus ca. 1.0/nm2 and ca. 0.88/nm2 total for tobermorite 9Å and tobermorite 

14Å, respectively. In contrast, the number of Cs+ ions adsorbed per unit surface area for jennite was ca. 

0.03/nm2 as inner-sphere versus ca. 0.06/nm2 total. The difference in adsorption capacity between the 

three structures was motivated by differences in the location of the atoms near the tetrahedral SiO4 

surface, creating different surface structures. The surface calcium layer of the jennite structure was 

located closer to the solid surface (ca. 3.6Å) than that of the tobermorite structures (ca. 4.3-4.4Å), 

making the adsorption of Cs+ ions at the surface of jennite less favorable because of the more prominent 

repulsive interactions between Cs+ ions and calcium ions (Fig. 6). The adsorption of Cs+ ions at the 

surface of jennite was furthermore accompanied by the presence of Cl- ions in the outer-sphere region 

(Fig. 5c), suggesting co-ion driven adsorption as the likely adsorption mechanism for Cs+ ions at the 

tetrahedral SiO4 surface of jennite. In all cases, no calcium cations were predicted to be released from 

the surface into the bulk solution, indicating that the adsorption of Cs+ ions at the tetrahedral SiO4 

surface did not displace calcium from the surface, which was in agreement with recent MD results 

reported in the literature for C-S-H with a Ca/Si ratio of 1.1 [30].  
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Fig. 6. Snapshot of the local structure at the tetrahedral SiO4 surface in equilibrium with the CsCl 
solution for (a) tobermorite 9Å (T9Å), (b) tobermorite 14Å (T14Å), and (c) jennite, showing the relative 
position of the calcium layer with respect to the marker of the solid surface. [cesium (Cs): purple balls; 
chloride (Cl): green balls; calcium (Ca): blue balls; hydrogen (H): grey lines; oxygen (O): red lines; silicon 
(Si): yellow lines]. Red dash line corresponds to the solid surface marker (first layer of oxygen atoms 
from hydroxyl groups). 

 

Octahedral CaO6 surface. The Cs+ ion binding affinity to the octahedral CaO6 surface was significantly 

lower than the affinity to the tetrahedral SiO4 surface. Only ca. 10% of the total Cs+ ions were surface-

bound for tobermorite 9Å and ca. 5% for both tobermorite 14Å and jennite. The lower amount of Cs+ 

ions at the octahedral CaO6 surface was indicative of the repulsive effect of the surface on cations. The 

adsorption of Cs+ ions at the octahedral CaO6 surface was mediated by the strong interaction of Cl- ions 

with that surface. The percentage of all Cl- ions that were present within 5Å of the octahedral CaO6 

surface was ca. 62% for tobermorite 9Å, ca. 40% for tobermorite 14Å, and ca. 39% for jennite. In all 

cases, some calcium cations were released from the surface and diffused into the bulk solution. 

Furthermore, more than 80% of all the Cs+ ions found at the octahedral CaO6 surface of tobermorite 9Å 

and tobermorite 14Å were adsorbed as inner-sphere complexes. The difference in Cs+ ion adsorption 

capacity of the octahedral CaO6 surface of tobermorite 9Å and tobermorite 14Å was thought to be the 

result of the relative position of the surface calcium cations with respect to the bulk solution and the 
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silicate chains of the solid surface (Fig. 7). The surface calcium cations were closer to the bulk solution 

and above the silicate chains for tobermorite 14Å while they were positioned between the silica sites for 

tobermorite 9Å. Thus, the surface calcium cations were able to diffuse out of the solid surface more 

easily for tobermorite 14Å than tobermorite 9Å, providing more potential sites for Cs+ ion adsorption. 

However, the difference in surface structure between tobermorite 14Å and tobermorite 9Å was also 

thought to have led to the greater propensity of detachment of the Cs+ ions that was observed at the 

octahedral CaO6 surface of tobermorite 14Å, resulting in a lower percentage of stable Cs+ ions adsorbed 

at that surface. In contrast, the octahedral CaO6 surface of tobermorite 9Å provided more stable Cs+ ion 

adsorption. Cs+ ion adsorption at the octahedral CaO6 surface was thus the result of the attraction of Cl- 

ions to the surface, the subsequent diffusion of calcium cations away from the surface into the bulk 

solution, and the dynamic adsorption of Cs+ ions at that surface. Cs+ ion adsorption and diffusion of 

calcium away from the solid surface further suggested a cation exchange mechanism (i.e., exchange 

between calcium cations and Cs+ ions at the solid surface) for tobermorite 14Å. 

In contrast, for jennite, outer-sphere adsorption was more preponderant with ca. 73% of the Cs+ ions 

present at that surface found as outer-sphere complexes. Compared to the tobermorite structures, the 

octahedral CaO6 surface of jennite had hydroxyl groups between the silicate chains (Fig. 7). The 

presence of these hydroxyl groups was thought to favor electrostatic interactions with hydrated Cs+ ions 

and lead to outer-sphere adsorption. Electrostatic association of hydrated Cs+ ions with hydroxyl groups 

to form outer-sphere complexes had been previously reported in the literature for clay minerals [58]. 

The adsorption mechanisms of Cs+ ions at the surface of the tobermorite and jennite structures were 

dictated by the charge and structure of the solid surface layer. The results furthermore revealed that the 

characteristics and features of the solid surface structure influenced greatly the mechanisms of 
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adsorption, the adsorption capacity of the surface, and the ratio of inner to outer-sphere Cs+ ion 

adsorbed. 

 

 

Fig. 7. Snapshot of the local structure at the octahedral CaO6 surface in equilibrium with the CsCl 
solution for (a) tobermorite 9Å (T9Å), (b) tobermorite 14Å (T14Å), and (c) jennite showing the initial 
relative position of the surface calcium cations (blue dash line) with respect to the bulk solution and the 
silica sites and the diffusion of the calcium cations away from the surface into the bulk solution. [cesium 
(Cs): purple balls; chloride (Cl): green balls; calcium (Ca): blue balls; hydrogen (H): grey lines; oxygen (O): 
red lines; silicon (Si): yellow lines]. 
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Table 2. Cesium ion adsorption statistics as determined from atomic density profiles. 

   Tetrahedral SiO4 Surface  Octahedral CaO6 Surface 

   Inner-sphere  Total (Inner + Outer)  Inner-sphere  Total (Inner + Outer) 

 Ntot  Nad_in Xad_in ρ������  Nad_tot Xad_tot ρ������� K��	  Nad_in Xad_in ρ������  Nad_tot Xad_tot ρ������� K��	 
Tobermorite 9Å 12  4.11 34.3% 0.63  6.46 53.8% 1.00 75.3  1.17 9.7% 0.18  1.25 10.4% 0.19 14.6 

Tobermorite 14Å 9  2.65 29.5% 0.54  4.36 48.4% 0.88 51.7  0.34 3.8% 0.07  0.42 4.7% 0.08 5.0 

Jennite 11  0.17 1.6% 0.03  0.37 3.4% 0.06 1.8  0.15 1.3% 0.02  0.55 5.0% 0.08 2.7 

Ntot  Total number of Cs+ ions in the system. 
Nad  Number of Cs+ ions adsorbed (inner-sphere, Nad_in or total, Nad_tot). 
Xad  Percentage of the total number of Cs+ ions Nad represents (inner-sphere, Xad_in or total, Xad_tot). 

ρsurf Number of Cs+ ions per unit surface area (1/nm2; inner-sphere, ρ������ or total, ρ�������). 
K��		 Molecular distribution coefficient (Å3/Å2) at equilibrium. 
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3.2. Structural properties 

3.2.1. Water molecules 

The water molecule structure at the surfaces of the tobermorite structures and jennite was influenced 

by the surface charge, structural differences of the surface, and hydrogen bonding (H-bonding). A clear 

layering of the water molecules near the tetrahedral SiO4 and octahedral CaO6 surfaces was observed 

with distinct peaks indicative of the formation of hydration layers and a more ordered structure than 

was in the bulk solution (Fig. 8). The layering of water molecules near solid surfaces has been previously 

observed in atomistic simulations at other mineral surfaces such as clay [46] and silica [47]. In all 

systems, the water molecules could be seen to interact directly with the surfaces, penetrating ca. 2-3Å 

into the silicate channels of the surfaces and forming dense ordered layers. This ‘‘wall effect’’ extended 

ca. 9Å (ca. three water molecule diameters) from both surfaces into the bulk solution, beyond which the 

water density converged to ca. 1g/cm3. The layering of the water molecules was more pronounced at 

the tobermorite surfaces than at the surfaces of jennite as seen from a stronger oscillation of water 

density near the tobermorite surfaces with various peaks and valleys that decayed and converged to the 

bulk value. 

The distribution of water molecule orientation was also examined as a function of distance from the 

surface in increments of 1Å (Fig. 9). In the layer nearest the tetrahedral SiO4 surface (distance of up to 

1Å), the water molecules spread over a range of orientations across the plane parallel to the surface 

with broad dipole vector angular distributions that presented two main peaks centered around ca. 65° 

and 130° for tobermorite 9Å; three main peaks centered around ca. 60°, 110°, and 150° for tobermorite 

14Å; and one main peak centered around ca. 60° for jennite. As the distance from the surface increased 

from 1 to 5Å, the angular distributions of the water molecules shifted toward higher angles and a 

preferred orientation with the dipole vector pointing towards the silicate chain (i.e., angles from 120° to 

150°) for both tobermorite structures (Fig. 9). The localized negative surface charges at the tetrahedral 
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SiO4 surface of tobermorite 9Å and tobermorite 14Å were thought to create an electrostatic field that 

aligned the water molecules and induced an orientational order of the water molecules that persisted 

up to ca. 5Å from the surface before the orientation relaxed to close to that of the bulk solution 

orientation. The effect of surface charge on the orientation and ordering of water molecules has been 

previously reported in the literature [9, 59]. 

In the layer nearest the octahedral CaO6 surface (distance of up to 1Å), the water molecules spread over 

a range of orientations across the plane parallel to the surface with broad angular distributions that 

presented one main peak centered around ca. 90° for tobermorite 9Å, ca. 60° for tobermorite 14Å, and 

ca. 100° for jennite, as a result of the positively charged tetrahedral CaO6 surface. As the distance from 

the surface increased from 1 to 5Å, the angular distributions of the water molecules shifted toward 

lower angles and a preferred orientation with angles less than 90° for tobermorite 14Å while broadened 

for tobermorite 9Å, indicating a greater range of possible orientations for the water molecules. The 

more persistent orientation of the water molecules at the octahedral CaO6 surface of tobermorite 14Å 

compared to that of tobermorite 9Å was thought to be the result of the difference in the structure of 

the octahedral CaO6 surface with the relative position of the calcium cation layer closer to the bulk 

solution for tobermorite 14Å, thus having a longer range impact on the orientation of the water 

molecules.  

For jennite, in contrast, the angular distributions of the water molecules broadened relatively quickly as 

the distance from the tetrahedral SiO4 and octahedral CaO6 surfaces increased, indicating a greater 

range of possible orientations for the water molecules, and showed no preferential orientation of the 

water molecules for both surfaces beyond a distance of 2Å with angular distribution that then resemble 

that of the bulk solution. The wide range of orientations of the water molecules near both surfaces of 

jennite was thought to be due to the presence of the surface hydroxyl groups. The ability of the surface 
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hydroxyl groups to act as both H-bond donors to the water oxygen atoms and H-bond receptors from 

the water hydrogen atoms, led to a wide range of water orientation. The central role of hydrogen 

bonding between hydroxyl surfaces and water molecules has previously been reported in the literature 

[60, 61]. The formation of hydrogen bonding at both surfaces of jennite was further believed to have 

limited the adsorption of Cs+ ions and favored outer-sphere adsorption. 

The water orientation and thickness of water layering near the tetrahedral SiO4 and octahedral CaO6 

surfaces of the tobermorite and jennite structures depended on the surface charge and was influenced 

by the characteristics and features of the solid surface layer. The competition of water molecules and 

Cs+ ions for the surfaces further influenced the mechanisms of Cs+ ion adsorption as inner-sphere or 

outer-sphere complexes. 
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Fig. 8. Relative atomic density profiles of oxygen in water molecules as a function of distance from the 
tetrahedral SiO4 and octahedral CaO6 surfaces for (a) tobermorite 9Å, (b) tobermorite 14Å, and (c) 
jennite. 
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Fig. 9. Distribution of orientation of the water molecule dipole vector with respect to the vector normal 
to the surface as a function of distance from the surface for (a) tobermorite 9Å, (b) tobermorite 14Å, 
and (c) jennite. Also shown is a snapshot of a water molecule with the OH groups pointing toward the 
silica tetrahedral for tobermorite 14Å. [hydrogen (H): grey lines; oxygen (O): red lines and balls; silicon 
(Si): yellow lines]. 

 

3.2.2. Adsorption site structural information 

The atomic density contour maps – probability of finding an atom at a certain location with contours 

enclosing regions of higher probability – for the tetrahedral SiO4 surfaces of tobermorite 9Å, tobermorite 

14Å, and jennite (Fig. 10) showed a strong spatial correlation in the inner-sphere region between Cs+ 

ions, the surface silicon (Si), and the bridging oxygen atoms (Ob). In all cases, inner-sphere Cs+ ions were 

preferentially located at the hexagonal cavities of the silica sites and showed little mobility in the plane 

parallel to the surface with the lowest mobility seen for the tetrahedral SiO4 surface of tobermorite 14Å. 

The role of the silica adsorption sites has been previously reported in the literature for Cs+ and uranyl 
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ions [13, 30]. Outer-sphere Cs+ ions showed, in contrast, greater mobility and less stability (Fig. 10). The 

atomic density contour maps at the octahedral CaO6 surface of tobermorite 9Å and tobermorite 14Å 

revealed significant disorder in the position of the calcium cations that was more pronounced for the 

surface of tobermorite 14Å and indicated the presence of relatively stable inner-sphere Cs+ ions found in 

locations where calcium cations had previously diffused out of the surface, suggesting cation exchange. 

In addition, for tobermorite 9Å, a spatial correlation between Cl- ions and adsorbed Cs+ ions could be 

observed, suggesting co-adsorption of Cl- and Cs+ ion pairs at the negatively charged silica sites, which 

was not seen at the octahedral CaO6 surface of tobermorite 14Å and jennite. The contour maps also 

showed the existence of a strong spatial correlation between the surface calcium cations and Cl- ions for 

all structures, indicating the formation of cation-anion ionic pairs as the primary mechanism of 

adsorption for Cl- ions at the octahedral CaO6 surface of both tobermorite structures and jennite. 
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Fig. 10. Atomic density contour maps of (a) inner-sphere and outer-sphere regions of the tetrahedral 
SiO4 surface and (b) inner-sphere region of the octahedral CaO6 surface in equilibrium with CsCl solution 
for tobermorite 9Å (T9Å), tobermorite 14Å (T14Å), and jennite. [Color key: red contours: surface 
bridging oxygen atoms; black contours: oxygen atoms of silanol (Si-OH) groups; brown contours: silicon 
(Si) of Si-OH groups; blue contours: calcium cations; violet contours: Cs+ ions; green contours: Cl- ions]. 
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Radial distribution functions (RDFs) – probability of finding an atom at a distance r from a reference 

atom – for interatomic distances between inner-sphere Cs+ ions and oxygen atoms in the silicate chains 

along with the coordination numbers (CNs) were used to provide further insights into the structure of 

the adsorption sites and local environment of the Cs+ ions at the tetrahedral SiO4 surface and octahedral 

CaO6 surface of tobermorite 9Å and tobermorite 14Å (Fig. 11 and Table 3). The RDF of the Cs+–Cl- ion 

pair was also characterized at the octahedral CaO6 surface (Table 3). The intensity of the peaks indicated 

the likelihood of association with a certain atom and the position of the first peak represented the 

distance to the nearest neighbor atom. 

Tetrahedral SiO4 surface. The distribution of interatomic distances between inner-sphere Cs+ ions and 

bridging oxygen atoms (Cs+–Ob) and inner-sphere Cs+ ions and hydroxyl oxygen atoms of silanol (Si-OH) 

groups (Cs+–Oh) exhibited a sharp peak centered around 3.2Å and 4.3Å, respectively, followed by 

multiple, successive peaks of lower intensity (Fig. 11a and b), confirming the previous observations of a 

strong association of inner-sphere Cs+ ions with the oxygen in the silicate chains at the tetrahedral SiO4 

surface of both tobermorite structures. In comparison, the interaction between inner-sphere Cs+ ions 

and the bridging O with tetrahedral substitution (Cs+–Obts) was weak with RDF peaks at longer distances 

(ca. 5Å) for both tobermorite structures. The closer distance of the inner-sphere Cs+ ions with the 

bridging oxygen atoms (3.21Å and 3.19Å for tobermorite 9Å and tobermorite 14Å, respectively) 

compared to that with the hydroxyl oxygen atoms (4.33Å and 4.29Å) further indicated that the majority 

of the Cs+ ions were most likely adsorbed on inner-sphere sites coordinated with ca. 3 surface bridging 

oxygen atoms. 

Octahedral CaO6 surface. A similar pattern to that at the tetrahedral SiO4 surface was observed for the 

interatomic distance distributions between inner-sphere Cs+ ions and oxygen atoms of tobermorite 14Å, 

with a sharp peak centered around 3.2Å for the Cs+–Ob distribution, 4.4Å for the Cs+–Oh distribution, and 

a peak at a longer distance of ca. 5Å for the Cs+–Obts distribution (Fig. 11d). The similarity in RDF pattern 
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at the octahedral CaO6 surface of tobermorite 14Å with that at the tetrahedral SiO4 surface was 

consistent with the diffusion of calcium cations away from the surface that provided a path for the Cs+ 

ions to interact with the silica sites in a way similar to that at the tetrahedral SiO4 surface. For 

tobermorite 9Å (Fig. 11c), while a similar interatomic distance distribution to that at the tetrahedral SiO4 

surface between inner-sphere Cs+ ions and bridging oxygen atoms was seen (first peak centered around 

3.3Å), a smaller distance between inner-sphere Cs+ ions and hydroxyl oxygen atoms, was, however, 

observed with a peak centered around 3.7Å (versus around 4.3Å at the tetrahedral SiO4 surface). 

Notably, the majority of the inner-sphere Cs+ ions adsorbed at the octahedral CaO6 surface of both 

tobermorite structures coordinated with fewer surface bridging oxygen atoms and fewer surface 

hydroxyl oxygen atoms of Si-OH groups (ca. 2 versus 3 for each at the tetrahedral SiO4 surface; Table 3). 

This difference in coordination numbers at the octahedral CaO6 surface was attributed to the attractive 

interaction of Cs+ ions with Cl- ions that adsorbed at that surface. For tobermorite 9Å, a strong 

association of inner-sphere Cs+ ions with Cl- ions was seen from the RDF (Fig. 11e) with a sharp peak 

centered around 3.6Å and a coordination number of one (1) for inner-sphere Cs+ ions with Cl- ions (Table 

3), confirming co-adsorption of Cl- and Cs+ ion pairs at the negatively charged silica sites as the 

adsorption mechanism for Cs+ ions at the octahedral CaO6 surface of tobermorite 9Å. In contrast, for 

tobermorite 14Å, the low coordination number and larger distance between Cs+ ions and Cl- ions (ca. 

10Å for the peak of greatest intensity; Fig. 11) indicated that while Cl- ions played a mediating role in the 

adsorption, inner-sphere adsorption at that surface was most likely cation exchange. For jennite, the 

sharp peak centered around 3.8Å seen in the RDF between inner-sphere Cs+ ions and Cl- ions indicated 

the strong association of Cs+ ions with the neighboring Cl- ions to form ion pairs at the octahedral CaO6 

surface of jennite. 
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Fig. 11. Radial distribution functions (RDFs). (a) and (b) show RDFs between inner-sphere Cs+ ions and 
structural oxygen atoms at the tetrahedral SiO4 surface of tobermorite 9Å (T9Å) and tobermorite 14Å 
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(T14Å); (c) and (d) show RDFs between Cs+ ions and structural oxygen atoms at the octahedral CaO6 
surface of T9Å and 14Å; and (e) shows RDFs between inner-sphere Cs+ ions and Cl- ions. [Ob: bridging 
oxygen atoms; Oh: hydroxyl oxygen atoms; Obts: bridging oxygen atoms with tetrahedral substitution]. 

 

Table 3. Coordination numbers and characteristic distances of inner-sphere Cs+ ions at the tetrahedral 
SiO4 surface and octahedral CaO6 surface of tobermorite 9Å (T9Å) and tobermorite 14Å (T14Å). 

 Coordination numbers (CNs) Characteristic distances* (Å) 

 T9Å T14Å T9Å T14Å 

Tetrahedral SiO4 surface 

Cs+–Ob 3.0 2.9 3.21 3.19 

Cs+–Oh 3.1 3.1 4.33 4.29 

Octahedral CaO6 surface 

Cs+–Ob 2.0 2.0 3.27 3.19 

Cs+–Oh 2.0 2.0 3.67 4.41 

Cs+–Cl- 1.0 0.23 3.53 3.59 (ca. 10Å for 
peak of greatest 
intensity) 

Cs+–Ob: Inner-sphere Cs+ ions and bridging oxygen atoms. 
Cs+–Oh: Inner-sphere Cs+ ions and hydroxyl oxygen atoms of silanol (Si-OH) groups. 
Cs+–Cl-: Inner-sphere Cs+ ions and Cl- ions. 
*First peak of the distribution. 
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3.3. Interaction energies 

Compared to the bulk liquid phase hydration energy of -41.1kcal/mol, the inner-sphere Cs+ ion 

adsorption at the tetrahedral SiO4 surface was more favorable in energy for tobermorite 14Å than 

tobermorite 9Å (-580.2±8.2 kcal/mol and -534.5±8.5 kcal/mol, respectively) and far less favorable for 

jennite (-7.1±14.0 kcal/mol) (Table 4). Cs+ ions are single charged, large size ions for which the water 

molecules of the hydration shell are not tightly bound [8]. In the case of the tobermorite structures, it 

was energetically favorable for Cs+ ions to lose part of their hydration sphere and adsorb directly to the 

surface as inner-sphere complexes. The more favorable inner-sphere Cs+ ion adsorption energy for 

tobermorite 14Å (more negative) compared to tobermorite 9Å was consistent with a slightly smaller 

interaction distance between the inner-sphere Cs+ ions and the tetrahedral adsorption sites (average 

distance between the Cs+ ions and the bridging and hydroxyl oxygen atoms of the Si-OH groups of 3.74Å 

for tobermorite 14Å vs. 3.77Å for tobermorite 9Å). In contrast, for jennite, the solvation energy of Cs+ 

ions was more negative than the inner-sphere adsorption energy indicating that it was not as favorable 

for Cs+ ions to adsorb directly to the surface at the expense of the hydration shell. Because of their weak 

interaction with the jennite tetrahedral SiO4 surface, Cs+ ions formed only short-lived complexes that 

remained immobilized on a timescale of less than 250ps and thus could not be regarded as adsorbed. 

The inner-sphere Cs+ ion adsorption at the octahedral CaO6 surface of the two tobermorite structures 

was not energetically favorable as indicated by positive adsorption energy values (Table 4). The 

occurrence of inner-sphere Cs+ ion adsorption at the octahedral CaO6 surfaces was mediated by the 

affinity of Cl- ion for that surface. The Cs+ and Cl- ion pair interaction at the octahedral CaO6 surface was, 

furthermore, more favorable in energy for tobermorite 9Å (-465.4±21.6 kcal/mol) than for tobermorite 

14Å (-361.2±38.6 kcal/mol), which was consistent with the closer proximity of Cl- and Cs+ ions at the 

octahedral CaO6 surface of tobermorite 9Å (3.9Å versus 10Å at the surface of tobermorite 14Å) and the 

mechanism of co-adsorption of Cl- and Cs+ ion pairs at that surface. 
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Table 4. Energy of inner-sphere Cs+ ions at the tetrahedral SiO4 surface and octahedral CaO6 surface of 
tobermorite 9Å (T9Å), tobermorite 14Å (T14Å), and jennite.  

 Interaction Energy 
(kcal/mol) 
 
Cs+ ions–surface 

Ion-pair Energy 
(kcal/mol) 
 
Cs+ ions–Cl- ions 

Hydration Energy 
(kcal/mol) 
 
Cs+ ions–water 

Tetrahedral SiO4 surface    
T9Å -534.5 ± 8.5 --- -41.1 
T14Å -580.2 ± 8.2 --- -41.1 
Jennite -7.2 ± 14.0 --- -41.1 

Octahedral CaO6 surface    
T9Å +231.4 ± 35.0 -465.4 ± 21.7 -41.1 
T14Å +374.6 ± 29.5 -361.2 ± 38.6 -41.1 

 

3.4. Dynamic properties 

The mean square displacement (MSD) was used to provide quantitative assessment of the mobility of 

the Cs+ ions at the tetrahedral SiO4 surface of the two tobermorite structures. Due to the small number 

of Cs+ ions found at the surfaces of jennite and at the octahedral CaO6 surface of both tobermorite 

structures, the MSD of Cs+ ions was not determined at these surfaces. Based on the MSD results (Fig. 

12), the values of the diffusion coefficients in the bulk solution were in the range of 1.4-4.5×10-9 m2/s, 

which was similar to those reported in the literature from experimental studies (1.2-2.5×10-9 m2/s; [62, 

63]). A significant reduction in the MSD values for Cs+ ions, resulting in much slower diffusion rates (0.4-

4.4×10-13 m2/s), was observed in the inner-sphere region relative to the bulk solution (as much as 3 

orders of magnitude) with a plateau reached after only a few picoseconds (Fig. 12). The dramatically 

lower mobility in the inner-sphere region further demonstrated the ability of the bridging oxygen atoms 

of the silica sites from the tetrahedral SiO4 surface to immobilize the Cs+ ions. In contrast, the reduction 

of the MSD values for Cs+ ions was significantly less in the outer-sphere region (as much as one order of 

magnitude), indicating weaker adsorption of the Cs+ ions in the outer-sphere region. The greater 

mobility of Cs+ ions in the outer-sphere region (0.06-0.6×10-9 m2/s) was further consistent with the 

shorter-lived Cs+ ion complex formation in that region (residence time of ca. 250 ps) and the more 
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diffuse outer-sphere trajectories over the surface as observed from the atomic density contour maps. 

Low diffusion coefficients of Cs+ ions in the inner sphere, consistent with a strong adsorption, have also 

be recently reported for MD simulations of the adsorption of Cs+ ions in C-S-H gel nanopores [30]. 

 

Fig. 12. Mean square displacement (MSD) evolution as a function of time for Cs+ ions in the bulk solution 
and inner-sphere and outer-sphere regions of the tetrahedral SiO4 surface of (a) tobermorite 9Å (T9Å) 
and (b) tobermorite 14Å (T14Å). 
 

3.5. A simple upscaling of cesium molecular distribution parameters to the macroscopic level 

Given the range of parameters shown for Eq. 1 through 4, the estimated macroscale distribution 

coefficients for cesium ranged from 2.8×10-5 to 2.6×10-3 m3/kg for tobermorites 9Å and 14Å, and were 

the lowest for jennite, ranging from 9×10-6 to 1.2×10-4 m3/kg. The pore diameter had the most 

significant influence on the values of the macroscale distribution coefficients with a higher value for the 

smallest pore diameter. These results on pure mineral phases led to an estimated distribution 

coefficient for Cs+ ions onto cement paste that ranged from 7.6×10-6 to 1.3×10-4 m3/kg for jennite and 

2.5×10-5 to 3.3×10-3 m3/kg for tobermorites. In contrast, experimental values of observed distribution 

coefficients reported in the literature for Cs+ ions onto various cement and concrete systems [24, 64-66] 

range from 2×10-4 to 4×10-1 m3/kg. The MD derived distribution coefficients for Cs+ ions onto cement 

paste showed overall agreement with that reported from experiments in the upper range (-3.7 to -2.5 in 
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log10 units) corresponding to the tobermorites but were up to ca. 4 log units lower in the lower part of 

the range representing the estimates for jennite (Fig. 13). While the upscaling attempt showed promise, 

the study is based on a limited number of simulations in simplistic systems without consideration of 

concentration, composition, pH, ionic strength, and important geochemical factors such as co-

precipitation, affecting sorption in laboratory experiments. The study further showed the need for 

additional MD simulations and a more comprehensive study of upscaling from molecular scale to bulk 

scale. 

 

 

 

Fig. 13. Ranges of values of MD derived and experimental distribution coefficients for Cs+ ions onto 
cement paste. 
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4. Conclusions 

The mechanisms of adsorption of Cs+ ions to the surfaces of different calcium-silicate-hydrate analogues 

– tobermorite 9Å, tobermorite 14Å, and jennite – have been investigated on a molecular scale using 

molecular dynamics modeling. This study provided new insights into the role of different calcium-

silicate-hydrate phases on the immobilization of radionuclides in cementitious materials and revealed 

that the immobilization mechanisms were greatly influenced by the charge and structure of the solid 

surface layer. The main findings can be summarized as follows: 

� Cs+ ions with their large radius and low hydration energy preferred to be adsorbed as inner-

sphere complexes at the tetrahedral SiO4 and octahedral CaO6 surfaces of tobermorite 9Å and 

tobermorite 14Å, while they showed low affinity for jennite. 

� Water molecule orientation and thickness of water layering near the surfaces of the tobermorite 

structures and jennite were influenced by the surface charge, structural differences of the 

surface layer, and hydrogen bonding. The competition of water molecules and Cs+ ions for the 

surfaces further influenced the mechanisms of Cs+ ion adsorption as inner-sphere or outer-

sphere complexes, and the formation of hydrogen bonding at the surfaces of jennite was 

thought to have limited the adsorption of Cs+ ions and favored outer-sphere adsorption. 

� At the tetrahedral SiO4 surface of the tobermorite structures, Cs+ ions formed strong inner-

sphere complexes with little mobility that were associated with the hexagonal cavities of the 

silica sites and coordinated with ca. 3 surface bridging oxygen atoms. Cs+ ions formed, however, 

only weak outer-sphere complexes on this surface as indicated from a greater mobility and less 

stability of the outer-sphere Cs+ ions. The occurrence of Cl- ion driven adsorption at the surface 

of jennite was found, and the role of the calcium layer in the low affinity of Cs+ ion for jennite 

was shown. 
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� At the octahedral CaO6 surface, Cs+ ion adsorption was governed by the strong attraction of Cl- 

ions to that surface, the subsequent diffusion of calcium cations away from the surface into the 

bulk solution, and the characteristics of the surface layer, including position of surface calcium 

cations (tobermorite 9Å and tobermorite 14Å) and presence of hydroxyl groups between the 

silicate chains (jennite). Cs+ ion adsorption was primarily inner-sphere for tobermorite 9Å and 

tobermorite 14Å, while it was primarily outer-sphere for jennite. Cs+ ion adsorption was 

attributed to co-adsorption of Cl- and Cs+ ion pairs at the negatively charged silica sites of the 

octahedral CaO6 surface of tobermorite 9Å and cation exchange (i.e., exchange between calcium 

cations and Cs+ ions) at the surface of tobermorite 14Å. For jennite, Cs+ ion adsorption was 

thought to be through electrostatic interactions with the surface hydroxyl groups. 
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