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CHAPTER 1 

1 Introduction 

 

1.1 Overview 

Cementitious materials are regarded as good candidates for the encapsulation and 

immobilization of nuclear wastes. They have been used as encapsulation matrices for the 

geological disposal of intermediate level radioactive wastes at nuclear fuel reprocessing plants in 

many countries [1]. Nuclear wastes are by-products of various activities (e.g., military, nuclear 

power generation, medicine) that contain a variety of radionuclides such as, cesium-137 (137Cs), 

iodine-129 (129I), plutonium-241 (241Pu), strontium-90 (90Sr), and technetium-99 (99Tc) [2]. 137Cs 

and 99Tc alone represent about 13% of fission product yield in nuclear wastes [3]. 137Cs is a high 

radiation fission product with β and γ emissions [4], and 99Tc is a β-emission fission product with 

a long half-life (211,000 years) [5]; both radionuclides present significant problems for nuclear 

waste management.  

Several physical and chemical interaction mechanisms between radionuclides and 

cementitious materials have been reported in the literature [6,7]: (i) precipitation as simple salts in 

the pores of the cement matrix; (ii) formation of complexes and colloids in the aqueous pore water 

solution; (iii) lattice incorporation in the major cement hydration products; and (iv) sorption at 

cement hydrate surfaces (i.e. physical and chemical adsorption). The specific mechanisms of 

immobilization, however, depend on the radionuclide type, concentration of radionuclides, and 

binding capacity of the cement phases. While experimental studies have been performed to 

investigate radionuclide ion interaction mechanisms and cement matrix uptake potential [8,9], the 

fundamental mechanisms of interaction of radionuclides with the cement phases remain not well 

understood. At the molecular scale, current experimental techniques are challenged by various 

limiting factors, including instrument resolution [10,11]. Particularly, the interaction mechanisms 

of 137Cs and 99Tc with important cement phases, including crystalline C-S-H phases and ettringite, 

have only been addressed by a few studies [12,13]. A fundamental understanding of the adsorption 

mechanisms of radionuclides on different cement phases is thus important to evaluate the 

immobilization processes of 137Cs and 99Tc to cement phases and to design cement waste forms 

with better performance. 



2 
 

Hypothesis: The chemical performance of cement waste forms is related to the chemical 

composition of cementitious materials. Different hydrated cement phases are expected to provide 

different adsorption capacities for radionuclides. It is hypothesized that calcium-silicate-hydrate 

(C-S-H) and calcium aluminate phases (e.g., ettringite), two main products of Portland Cement 

(PC) hydration, play a critical role in the immobilization of cesium and technetium through 

adsorption.  

1.2 Objectives and Approach 

The overall objective of the research was to develop a fundamental understanding on an 

atomic-scale level of the interaction mechanisms of Cs+ and TcO4
- ions with Calcium-Silicate-

Hydrate (C-S-H) and calcium-aluminate-sulfate hydrate (i.e. ettringite), two main products of 

cement hydration. Three crystalline structures were used as mineral analogs for C-S-H: 

tobermorite 9Å, tobermorite 14Å, and jennite.  This work is significant both because the topics 

have not been studied in detail and because of the depth at which this work will look into the 

interaction mechanisms. 

To date, interactions between Cs+ ions and cement pastes have been mainly investigated 

by experimental methods [14–18]. Although it has been agreed that C-S-H plays an important role 

in the adsorption of Cs+ ions on cement paste, the mechanisms of interaction and adsorption onto 

the different cement phases are not yet fully understood. A variety of interaction mechanisms have 

been suggested in the literature [19–21], and studies concerning the Cs retention capacity of PC 

paste have indicated conflicting or different results [22–26]. Studies concerning the interactions 

between Cs+ ions and C-S-H phases have indicated that the interaction mechanisms depend on the 

type of ions, as well as the properties of the solid phases [12,27]. The adsorption capacity of 

different cementitious materials for 137Cs, with respect to Kd, ranged from 0.1 to 34,000 mL/g. The 

estimated Kd values for C-S-H ranged from 7 to 6,900 mL/g [14,28]. The large variation of Kd 

values for 137Cs on the hydrated cement were influenced by the chemical composition of the 

cementitious materials, the chemical composition of the solution (i.e. the initial concentration of 

99Cs in the solution, the type of the contact solution and the pH of the system), and the equilibration 

time [14,28]. In addition, most research concerning 99Tc immobilization by cementitious materials 

has been focused on the interaction between less mobile Tc(IV) (Tc4+) ions and cementitious 

materials in reducing environments [29,30]. Only a few researchers have studied the interaction 
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between pertechnetate (TcO4
-) ions and cement pastes [31,32]. The adsorption capacity of different 

cementitious materials for 99Tc, with respect to Kd, ranged from 0.7 mL/g for Tc(VII) to 6,000 

mL/g for Tc(IV) [28,33,34]. Cementitious materials showed lower adsorption capacity of 99Tc 

under oxidizing conditions, and the valence state of 99Tc was a key parameter of its sorption 

behavior on cementitious materials.  The fundamental interaction mechanisms between Cs+, TcO4
- 

ions, and cement phases need to be investigated systematically at an atomic level, so that 

knowledge can be provided to design waste forms with better performance. 

Molecular dynamic simulation has been widely used to investigate the interaction 

mechanisms between a variety of ions and cement phases, or clay minerals. Results have indicated 

that tobermorites and jennite were capable of adsorbing ions such as Na+, K+ and Sr2+ [35–37]. 

Cs+ ions can be adsorbed on the surfaces of some clay minerals as inner-sphere and outer-sphere 

complexes [38–43]. Although a classic forcefield for TcO4
- ions has been developed, calculations 

have only been performed to investigate the hydration energy and aqueous interaction between 

TcO4
- ions with other ions [44]. Little to no research exists on the interfacial interaction between 

TcO4
- ions and cement phases. The three specific objectives addressed in this dissertation are: 

1. Develop a framework for evaluating the adsorption mechanisms of radionuclides onto 

cement phases. This framework includes monitoring convergence of the simulations to 

equilibrium and developing a data analysis methodology. 

2. Investigate the adsorption mechanisms, including interaction energy and structural and 

dynamical properties of Cs+ ions on the surfaces of 9Å tobermorite, 14Å tobermorite, and 

jennite. 

3. Investigate the adsorption mechanisms, including interaction energy and structural and 

dynamical properties of TcO4
- ions on the surfaces of 14Å tobermorite, jennite, and 

ettringite. 

 

MD simulations were used to investigate the fundamental interaction mechanisms of Cs+ ions (i.e. 

0.5M CsCl) with 9Å tobermorite, 14Å tobermorite, and jennite and the interaction mechanisms of 

TcO4
- ions (i.e. 0.2M KTcO4) with 14Å tobermorite, jennite, and ettringite. Although the 

concentrations of radionuclides in nuclear waste tanks (0.00002 to 0.00019M for Cs+ [45] and 

0.00005M for TcO4
- [46]) are higher than those used in the present research, chemical interactions 
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are not involved in MD simulations; therefore, the interaction mechanisms between radionuclides 

and cement phases were not affected by the concentration of radionuclides in the models. The 

atomic-scale energetic, structural, and dynamic properties of the interface between the aqueous 

solution containing Cs+ ions or TcO4
- ions and the cement phases were analyzed by using relative 

atomic density profiles, radial distribution function (RDF), coordination number (CN), atomic 

density contour maps, diffusion coefficient, adsorption energy and hydration energy, and local 

structure analysis. 

1.3 Structure of the Dissertation 

This dissertation is organized into six chapters. Chapter 2 contains a review of relevant 

literature pertaining to the research in this dissertation. Chapter 3 discusses the methodology used 

for evaluating the adsorption mechanisms of Cs+ ions and TcO4
- ions onto cement phases using 

MD simulations, including evaluation of the convergence of the simulations to equilibrium and 

the data analysis methodology used, in particular the determination of the location of the inner-

sphere and outer-sphere regions. Chapter 4 discusses the interaction mechanisms of Cs+ ions with 

the basal surfaces of 9Å tobermorite, 14Å tobermorite, and jennite. Chapter 5 discusses the 

interaction mechanisms of TcO4
- ions with the basal surfaces of 14Å tobermorite, jennite, and 

ettringite. Chapter 6 summarizes the results and presents recommendation for future work. 
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CHAPTER 2 

2 Background 

 

2.1 137Cs and 99Tc 

137Cs, among the many radioactive fission products, has drawn special attention because of 

its unique physical and chemical properties. It is commonly produced through nuclear fission of 

uranium-235 (235U) and other fissionable isotopes in nuclear reactors and nuclear weapons testing 

[47]. 137Cs has a half-life of 30.17 years [48]. Most 137Cs first decays to a metastable nuclear 

isomer of barium, barium-137m (137mBa), through beta emission. This then decays through γ 

emission to stable  barium-137 (137Ba) [49]. 137Cs is highly soluble in water, and it efficiently 

travels through the air.  137Cs binds strongly to soil and concrete, and plants growing in or nearby 

contaminated soil can readily take up 137Cs [47]. 137Cs is not typically found in the environment in 

large quantities; significant 137Cs contamination often results from mishandling of an industrial 

source of 137Cs, a nuclear detonation, or a major nuclear accident [47].  While it is used in medical 

devices and industrial gauges [47], external and internal exposure to 137Cs in humans can cause a 

variety of adverse health effects, including dermal injuries, radiation sickness and even death, 

depending on the radiation dose [50].   

99Tc naturally occurs in the earth’s crust in very small amounts, and most of 99Tc is 

produced through nuclear fission [51]. 99Tc is a key radionuclide in spent nuclear fuel (SNF) and 

high-level waste (HLW) [52]. 99Tc is also a byproduct of nuclear weapons explosions [51]. The 

half-life of 99Tc is 210,000 years [52]. A short-lived form of 99Tc (with a half-life of 6 hours), 

technetium-99m (99mTc), is also a component of nuclear reactor gaseous and liquid effluent. 99mTc 

is can be found as a component of industrial and medical wastes, and it is used as a medical 

diagnostic tool [51]. The environment naturally contains very low concentrations of 99Tc, 

although some plants and aquatic life can concentrate 99Tc and fix mobile 99Tc into less mobile 

99Tc organics, oxides, and sulfides [53–55]. Exposure to 99Tc from the environment under normal 

circumstances is unlikely. However, higher concentrations of 99Tc may be found close to 

contaminated facilities, including federal weapons facilities and nuclear fuel cycle facilities [51], 

which may increase the probability of exposure. Once in the human body, 99Tc is readily 

transferred to the bloodstream and concentrates in in soft tissues. As with any other radioactive 
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material, exposure to radiation can result in cancer or other adverse health effects [51]. However, 

the body constantly excretes 99Tc once it is ingested [51]. 

2.2 Cementitious Materials and the Hydrated Phases 

The chemical composition of cementitious materials can be represented on the CaO-Al2O3-

SiO2 ternary diagram [56]. PCs are generally characterized by higher calcium content and lower 

silica and aluminum content than supplementary cementitious materials, with exception of fine 

limestone [56]. The silica-to-alumina and silica-to-calcium weight ratios in supplementary 

cementitious materials can be extended to 2, which is higher than those in PC [56–58]. 

Due to the wide range of chemical composition of cementitious materials, different hydrate 

phases are generated during the hydration process (Figure 2.1) [56]. The large field of 

compositions of the C-S-H phase in the hydrated CaO-Al2O3-SiO2 ternary diagram indicates that 

C-S-H is the most important phase in cement paste. Cement paste generated by blending of PC 

with supplementary cementitious materials will lead to the formation of C-S-H with a lower 

CaO/SiO2 (C/S) ratio, and the formation of other cement phases, such as alumino-ferrite-

monosulfate (AFm). Because the limits of the hydrate phases possibly generated are not well 

known, especially with respect to the amount of alumina which can be incorporated, the boundaries 

shown in Figure 2.1 are only an approximation [56]. 

 

Figure 2.1. Hydrated phases in the CaO-Al2O3-SiO2 system (adapted from [56]). 

SiO2

CaO Al2O3

SiO2 gel
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C3AH6 Al(OH)3 gel

wt%
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2.2.1 Crystalline Calcium Silicate Hydrates (C-S-H)  

C-S-H phases are the most abundant phases in PC paste [59–62]. C-S-H phases are formed 

by the hydration of tricalcium silicate (C3S) or β-dicalcium silicate (β-C2S), which together 

constitute about 75% of a PC paste by weight [63]. The structure of C-S-H has been widely studied 

but is still poorly understood, because it has a wide range of chemical compositions [64–67]. Single 

phase C-S-H has C/S ratios of 0.41-1.85 [65]. The C/S ratios of C-S-H in PC paste are in the range 

of 1.2 to 2.1 [68]. In most cases, the C/S ratio is near 1.7 [59,68]. If a paste contains supplementary 

cementitious materials such as silica fume, fly ash, and ground granulated blast-furnace slag, the 

mean value of the C/S ratio is much reduced, to less than 1 in some cases [68]. The molar H2O/SiO2 

(H/S) ratios are in the range of 0.5-2.5 [69], and these values are influenced by the mechanism of 

C-S-H formation [59].  

Given the fact that concrete is the most widely used building material in the world, the 

structural and mechanical properties of cement paste have been intensively studied, and various 

models have been proposed for the nanostructure of C-S-H gel. Two categories of models have 

been proposed: one category included monomer-based models, where the silicate anions were 

entirely monomeric; the other category included dreierkette-based models, which were primarily 

derived from the structure of 14Å tobermorite (and a variety of other minerals) [70]. 

Monomer-based models were suggested by some researchers during the 1950s and 1960s, 

when people first began developing models for C-S-H [71]. Bernal [71] studied a series of cement 

types and suggested that a greater part of the hydrated phases includes monomeric silicate anion 

[SiO2(OH)2]
2−. Two hydrated calcium silicates, with the general formula 

Ca[SiO2(OH)2][Ca(OH)2]x[H2O]y  were proposed, where x is between 0 and 0.5 for CSH(I) and 

held at 1 for C2SH(II). However, while monomeric hydrated silicate species were the only 

observed species during the induction period of hydrating cement, monomer-based models were 

not consistent with the experimentally observed distribution of linear silicate chains for the C-S-H 

that formed afterwards [66].  

Linear silicate chain structures for the C-S-H have been more widely accepted, and a 

variety of dreierkette-based models have been proposed since the 1950s [71–73]. In dreierkette-

based structures, silicate tetrahedra are coordinated to the central Ca-O sheet on both sides and 

repeat every three units in linear kinked chains. Two of the three tetrahedra, which share O-O 
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edges with the Ca-O part of the central layer, are referred to as ‘paired’ tetrahedra (P). The third 

tetrahedron, which shares an O atom at the pyramidal apex of a CaOx polyhedron and connects the 

two paired tetrahedra, is referred as a ‘bridging’ tetrahedron (B) [70].  

Most of dreierkette-based models include tobermorite-like structures; however, the C/S 

ratio in an intact 14Å tobermorite structure is 0.83 [72], which is lower than the value observed 

experimentally in C3S or neat PC pastes, i.e., 1.7–1.8 [68]. This issue was addressed in dreierkette-

based models by incorporating defective silicate chains: some of the bridging tetrahedra are 

replaced by interlayer Ca2+ ions so that the C/S ratio was raised above 0.83. Two categories of 

dreierkette-based models were proposed based on this method of raising the C/S ratio: the first 

category is characterized by tobermorite-like structures interstratified with layers of calcium 

hydroxide [74,75]; the second category is characterized by tobermorite-like structures intermixed 

with those of a jennite-like structure [61].  

A classic dreierkette-based model of C-S-H is Taylor’s 1986 model that classified C-S-H 

into C-S-H(I) and C-S-H(II) [61]. The former is structurally similar to 14Å tobermorite, and the 

latter is structurally similar to jennite [61]. This C-S-H system is described by an ideal solid 

solution with hybrids jennite (CaO)1.67(SiO2)1·(H2O)2.1 and 14Å tobermorite (CaO)0.83 

(SiO2)1·(H2O)1.3. Although C-S-H gel is amorphous, at the nanoscale it presents a short range 

ordered structure [76]. A sequence of finite silicate chains containing up to 3n-1 tetrahedra (where 

n= 1, 2, 3, …) is generated by removing bridging tetrahedra intermediated between none (infinite 

length chains) and all (dimers) [70]. This finite chain structure is consistent with the silicate chain 

structure observed in hardened C3S and PC pastes [68,70]. The length of silicate chains for C-S-H 

in PCs vary from 2 in young pastes to about 5 in mature pastes. The silicate chains with length of 

20 or greater can be found in blended cement pastes cured at high temperatures [70,77].  

The crystalline structure of 14Å tobermorite (Ca5Si6O16(OH)2·7H2O) is built up of complex 

layers [78] (Figure 2.2). In each layer, seven-fold coordinated calcium cations form a central CaO2 

sheet on both sides with dreierketten arrangement (i.e. silicate chains with periodicity of three 

tetrahedra). The distance between two CaO2 sheets is 14Å. The interlayer spaces between two 

complex layers are occupied by calcium cations and water molecules [70,78].  
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Jennite (Ca9Si6O18(OH)8·8H2O) (Figure 2.3) is another crystalline C-S-H that has 

dreierkette silicate chains with a much higher C/S ratio (C/S ratio of 1.5) [79]. Jennite has a similar 

structure to tobermorite; the main difference is that about half of the oxygen sites on the CaO 

polyhedra sheets are not linked to silicate chains but to OH- groups [79].  

Beyond the 14Å tobermorite  and jennite discussed in Taylor’s model, 9Å tobermorite [80] 

has also been widely accepted as a useful model to study amorphous C-S-H gel [13]. 9Å 

tobermorite has a similar crystalline structure to 14Å tobermorite, but with two main differences: 

the basal space between two complex layers is 9Å, and it does not contain interlayer water 

molecules. 

 

Figure 2.2. Schematic diagram showing dreierkette chains present in 14Å tobermorite  along (1 0 

0) as described in [78]. Blue balls and octahedra – Ca; yellow tetrahedral – Si; grey lines – H; red 

lines – O. 

z 
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Figure 2.3. A projection of the jennite crystalline structure  as viewed along (1 0 0) as described 

in [79]. Blue balls and octahedra – Ca; yellow tetrahedral – Si; grey lines – H; red lines – O. 

 

2.2.2 Calcium-aluminate-sulfate Hydrate (Ettringite) 

Ettringite (Ca6[Al(OH)6]2(SO4)3·∼26H2O) represents ~10% of weight at the early 

hydration stage of PC paste [81] and is also of interest because the formation of ettringite can cause 

expansion and cracking, eventually affecting the durability of cement paste [82]. Ettringite can be 

found at the early hydration stages of PC [19]. Ettringite in cement is formed mainly through two 

interactions: (1) gypsum and other sulfate compounds interact with calcium aluminate; (2) 

portlandite and monosulfoaluminate interact with sulfate [83]. The crystal structure of ettringite 

was first proposed by Moore and Taylor [84]: ettringite has a column-based structure with 

empirical composition [Ca3[Al(OH)6]·12H2O]3+, with sulfate ions and remaining water molecules 

between columns (Figure 2.4).  

z 

y x 
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Figure 2.4. A projection of the ettringite crystalline structure as viewed down along (0 0 1) as 

described in [84]. Blue balls – Ca; pink octahedral - Al; orange balls - S; grey lines – H; red lines 

– O.  

 

2.3 137Cs immobilization in Cementitious Materials  

Immobilization of cesium ions (Cs+) in cement pastes has been studied by using a variety 

of experimental methods, including batch sorption experiments [14–16], high resolution 133Cs 

solid-state nuclear magnetic resonance (NMR) spectroscopy [17,18], and X-ray diffraction 

spectroscopy [17,22]. The binding capacity of the cement matrix for Cs+ ions has been shown to 

be affected by the chemical composition of the cement paste because different cement phases have 

different binding capacities and mechanisms [9,85,86]. 

While some research has shown that PC pastes are not very effective in immobilizing Cs+ 

ions with the majority of the Cs+ ions found as free ions in the interstitial cement pore water [22–

25],  other research has indicated that the diffusivity of Cs+ ions in PC was significantly lower than 

that of Na+ ions, which suggested the binding of Cs+ ions onto PC paste [26]. On the other hand, 

it was generally agreed that Cs+ ions adsorbed on PC have a high leaching rate [87]. The leaching 

tests, which were carried out according to the American National Standards Institute/American 

National Standards (ANSI/ANS), provided only qualitative information and indicated that PC had 

“acceptable” to “good performance” in capturing Cs+ ions [88–92].  

The interaction mechanisms between Cs+ ions and cement phases are still not well 

understood. It has been reported in the literature that Cs+ ions are highly adsorbed by calcium 

silicate compounds and hydroxide and that electrostatic adsorption of Cs+ ions can occur on the 

x 

y 
z 
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surface of cement phases [19,20]. It has also been suggested that the adsorption of Cs+ ions 

increased at lower C/S ratios [19], and that a decrease of pH was concomitant with a decrease of 

the C/S ratio and a corresponding increase in surface sites with high affinity for Cs+ ions [14]. 

However, the opposite effect was found by other researchers. The adsorption of Cs+ ions has been 

found to increase with increasing CaO/Al2O3 (C/A) ratio and with increasing C/S ratio [15]. A 

matrix composition low in Al2O3 and nearly equimolar in SiO2 and CaO content proved to be the 

best for Cs retention [15].  

Supplementary cementitious materials have been shown to improve Cs binding capacity 

and decrease the leachability of Cs+ ions [93].  Blends of PC and blast furnace slag can effectively 

immobilize Cs+ ions because of the generation of Magnesium-Silicate-Hydrate (M-S-H) gel, 

which is a principal adsorbent of large ionic radii alkali ions, such as Cs+ ions [94,95]. Silica fume 

can improve the retention of Cs+ ions because silica fume react with other oxides and generated 

stratlingite (2CaO-Al2O3-SiO2-8H2O or C2ASH8 or C-A-S-H), which can help Cs trapping [96]. 

Cs+ ions were found chemically bound to the C-A-S-H with low C/S ratio or aluminosilicate gel 

[97]. Cationic exchange between Cs+ ions and Ca2+ ions (Cs+ - Si4+ <-> Ca2+ - Al3+) was proposed 

for the adsorption of Cs+ ions in C-A-S-H [98]. Particularly, densified silica fume agglomerates 

blended in cement pastes contained unreacted silica that adsorbed Cs and increased the 

immobilization of Cs+ ions [99].  

2.3.1 Interactions of 137Cs with Amorphous C-S-H 

Batch adsorption experimental data suggested that electrostatic interactions occurred 

between Cs+ ions and C-S-H gel [14,17,18]. The C-S-H surface was negatively charged due to the 

ionization of silanol groups (Si-OH) [8,17,18]. The interaction mechanism between Cs+ ions and 

C-S-H was regarded as an ion-exchange process between Cs+ ions and alkali ions (Na+, K+) on 

negatively charged sites [100], or acidic silanol (Si–OH) sites [8]. Cs+ ions adsorbed to C-S-H 

were suggested to form two types of sites with weak and strong affinities. At both sites, Si-OH 

groups interacted with Cs+ ions to generate Si-OCs. However, the adsorption of Cs+ ions to C-S-

H gel was dominated by adsorption to strong sites. Therefore, the two-site adsorption model could 

be simplified to a one-site model, except at high Cs concentrations, at which the strong sites have 

become saturated [18]. The desorption experiment results showed that the adsorption of Cs+ ions 
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onto C-S-H gel involved a shortening of silicate chains, and that hydroxide played an important 

role in this process [67]. 

X-ray microanalysis indicated that a large portion of Cs+ ions can be captured by C-S-H 

[17]. Some research has suggested physical interaction between Cs+ ions and C-S-H, due to the 

amorphous property of C-S-H, and C-S-H intermolecular channels can contribute to the physical 

entrapment of Cs+ ions [22]. Other research suggested that Cs+ ions substituted the interlayer sites 

of C-S-H [68,101,102]. NMR results have indicated that Cs+ was highly adsorbed on C-S-H; Cs+ 

ions directly interacted with the oxygen atoms carried by the bridging silicon to form inner-sphere 

complexes [103,104].  

2.3.2 Interactions of 137Cs with Tobermorites 

The interactions between Cs+ ions and tobermorites have been mainly studied by using 

experimental methods [12,27,105–107]. The interaction mechanisms have been shown to depend 

on the structure of the solid phase. For example, the mechanisms for the interactions between Cs+ 

ions and 11Å tobermorite were found to be different from the interaction between Cs+ ions with 

14Å tobermorite [105,106].  

Experimental data indicated that the uptake of Cs+ ions to 11Å tobermorite might be 

attributed to the crystallo-chemical incorporation of Cs+ in a layered lattice framework [27]. The 

Cs+ fixation in the layered lattice framework of the 11Å tobermorite was also confirmed by the 

expansion of the d spacing from 11.336Å to 11.596Å. Other experimental data indicated that the 

uptake of Cs+ ions in 11Å tobermorite was partly due to the breaking of bonds from planar and 

edge surface sites of the layered lattice [107]. 

14Å tobermorite showed a smaller ion exchange capacity with Cs+ ions than 11Å 

tobermorite [12]. It was suggested that the uptake of Cs+ to 14Å tobermorite resulted from the 

exchange of surface Ca2+ cations and the exchange of protons from broken bonds of silicate chains. 

The small exchange capacity of 14Å tobermorite and small Cs+ exchange distribution coefficient 

(Kd) indicated that there were no Ca2+ ions present in the interlayer space and exchange was not 

taking place. The Kd for Cs+ ions and 14Å tobermorite was smaller than that for Cs+ ions and 11Å 

tobermorite (10 and 12 meq/100g, respectively).  
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Although the interactions between Cs+ ions and cementitious materials, as well as some 

specific phases in cement paste, have been widely studied, the interaction mechanisms are still not 

well understood. This is most likely due to the multi-phase nature of cement paste, and the fact 

that the interaction mechanisms were significantly affected by the experimental conditions 

(temperature, concentration of liquid phases, etc.). Therefore, it is important to find a way to study 

the fundamental interaction mechanisms between Cs+ ions and cement phases of interest in an 

environment without intervening external factors.  

2.4 99Tc immobilization in Cementitious Materials 

2.4.1 Speciation of 99Tc in the Cement Matrix 

The stable form of 99Tc under aerobic conditions is TcO4
- [108,109]. The speciation of Tc 

is very sensitive to the redox potential, Eh, of the system, and it also depends on the pore water 

chemistry, which is characterized by high amounts of alkaline earth metal and hydroxyl ions (pH 

> 12) in most cements [110].  

The solubility of 99Tc is significantly lowered under reducing conditions compared to 

oxidizing conditions. Low Eh values in cementitious waste forms can be imposed by blending 

specific additives, e.g., iron blast furnace slag (BFS), and/or the corrosion of the steel containers, 

which leads to the formation of magnetite [110]. pH values as low as 11 and Eh values as low as 

−400 mV have been measured in blended PCs [111]. In a low pH-Eh environment, 99Tc is present 

as hydrous oxide (Tc4+) (Figure 2.5). 

PC and fly ash pastes both have high pH and Eh values (pH ~ 13.5 and Eh ~ 250mV for 

PC, pH ~12 and Eh ~ 50mV for fly ash) [111], and theoretical calculations indicated that under 

these pH-Eh conditions, the dominant redox species of 99Tc is TcO4
- [110] (Figure 2.5).  
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Figure 2.5. Solubility limits for Tc according to the national education association (NEA) database， 

[Tc] = 1e-7M (adapted from [110]). 

 

2.4.2 Retention of 99Tc in the Cement Matrix 

PC and fly ash grouts have been shown to be marginally acceptable for retention of 

radioactive TcO4
- [32]. Experimental data have indicated that the primary adsorption mechanism 

was anion exchange, and that the exchange with Ca2+ ions was weak; the distribution coefficient 

Kd ranged from 0.8 to 96 mL/g [32]. 

Leaching tests have shown that ground blast furnace slag could improve the leach 

resistance of cement-based waste forms for 99Tc [29,32,109]. Compared to PC paste, cement 

materials made with blast furnace slag or solidified slag had fewer and smaller pores, which slowed 

99Tc from leaching. Moreover, the resulting reducing environment could convert TcO4
- ions to a 

less soluble Tc4+ species and effectively immobilize 99Tc as TcSx or TcO2•xH2O [29,30]. When 

ground blast furnace slag was added to the grout, the uptake performance of 99Tc was significantly 

improved: the leachability index (LI) of 99Tc was reduced by several units from 10.5 to 6.1 

[109,112]; the effective diffusion coefficient (Deff) of 99Tc was 10 times smaller than that in 

ordinary grout [29]; and the Kd was greater than 1000 mL/g, which was much higher than that 

under aerobic conditions (i.e., Kd = 0.8 – 96 mL/g) [32].  
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2.5 Molecular Dynamics (MD) Modeling of the Interactions between Ions and Clay 

Minerals/ Cement Phases 

2.5.1 MD Studies of Adsorption onto Cement Phases 

Although tobermorite, jennite and ettringite have been studied using MD simulations, most 

studies to date have focused on structural and mechanical properties of cement phases [113–122]. 

Those studies concerning dynamic properties either focused on the interactions between cement 

phases and other ions or molecules, such as Na+, Sr2+ ions, and H2O molecules [13,35–

37,123,124], or used forcefields other than the ClayFF forcefield that was used in this work 

[117,118,125,126]. Results from the literature have shown that tobermorites and jennite were 

capable of adsorbing and incorporating ions. Alkali ions such as Na+ and K+ ions can be adsorbed 

both on the surface and penetrate into the silicate channels of 9Å tobermorite and jennite to interact 

with oxygen atoms on the silicate chains, and interactions in the silicate channels were suggested 

to be chemical bonding [35]. The alkali ions associated with the solid phase had low diffusion 

coefficients, which were much lower than the ions in bulk solution [35,36]. H2O molecules in the 

silicate channels and above the surface developed integrated H-bond networks with surface sites 

and demonstrated the following features: large density, layered arrangement, preferred orientation, 

and low diffusion coefficient [35,36]. Sr2+ exchanged with interlayer Ca2+ in the 9Å tobermorite 

structure and was bonded to the solid phase while the integrity of the silicate chains was 

maintained. The 9Å tobermorite structure has been shown to be a good candidate for immobilizing 

radioactive 90Sr [37]. 14Å tobermorite adsorbed Ca2+ due to the negative interfacial charge, and 

Ca2+ ions interacted with hydroxyl O through strong electronic attraction. However, the stability 

of surface adsorbed Ca2+ can be disturbed by counterions, such as Cl- ions in the solution, and 

eventually diffuse away from the surface [124].  

2.5.2 MD Studies of Adsorption of Radionuclides onto Clay Minerals 

The interactions between Cs+ ions and clay minerals — mica, illite, smectite (such as 

montmorillonite, bentonite, hectorite and beidellite) — have been studied by using MD 

simulations. The results suggested that the interactions were thermodynamically favorable and that 

Cs+ ions formed both inner-sphere and outer-sphere complexes while interacting with these clay 

minerals. Cs+ ions competed with other ions present in the solution, such as Na+ ions, as well as 

water molecules to adsorb on the solid phases [38–42,127–130]. The results indicated Cs+ ions 

mainly formed a single type of inner-sphere complex on basal surfaces while interacting with illite 
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and mica [127,129,130]. Different edge sites were observed in illite, and Cs+ ions adsorbed 

primarily at edge sites where cleaved pockets were exposed at the edge surface [127].  

When Cs+ ions interacted with smectite, inner-sphere complexes coexisted with outer-

sphere complexes, and inner-sphere complexes were preferentially formed [38–42]. For smectite 

hydrates, partially hydrated Cs+ ions generally formed two different types of inner-sphere 

complexes with the basal surface: above the center of the surface (ditrigonal or hexagonal) cavities, 

and above surface Si tetrahedral [39–41].  The surface of smectite contained various hexagonal 

cavity sites (H-sites) and tetrahedral Si sites (T-sites), which were capable of coordinating Cs+ 

ions. The preference of Cs+ ions interacting with different sites was illustrated by the following 

sequence: tetrahedrally substituted H-sites > nonsubstituted H-sites > tetrahedrally substituted T-

sites > nonsubstituted T-sites [40,41]. Especially, on the surface of montmorillonite, Cs+ ions 

adsorbed on tetrahedrally substituted H-sites and formed exclusively inner-sphere complexes. Cs+ 

ions adsorbed on other sites formed both inner-sphere and outer-sphere complexes with roughly 

equal probability [40]. Cs+ ions were found strongly coordinated to bridging O on the clay surface, 

and diffused much more slowly than in bulk solution [39,42].  

While the mechanical and structural properties of ettringite have been studied using MD 

simulation [131,132], interaction mechanisms between ettringite and ions have not been studied 

in detail [13]. However, some of these MD simulations were performed with ClayFF forcefield 

[13], which has also been used to study the interfacial dynamic properties for other cement phases.  

MD simulations and density functional theory (DFT) MD simulations have been applied 

to study the interactions between TcO4
- and other ions or water molecules in aqueous solution 

[133–135]. The adsorption of TcO4
- ions on a mesoporous amorphous silica known as self-

assembled monolayers on mesoporous supports (SAMMS) has also been investigated using MD 

simulations [136]. The application of MD simulations on the TcO4
- ions has been drawing more 

and more attention. The classical forcefield parameters of TcO4
- ions used in this work have just 

been developed [44], and the structural and dynamic properties of hydrated TcO4
- ions in aqueous 

phase have been studied. The hydration free energy obtained by using the classic forcefield method 

has been proved to be comparable with the value obtained by using theoretical calculation [137] 

and a quantum physics simulation [44]. The comparisons indicated that the forcefield parameters 

were reliable. MD simulation data on the interactions between TcO4
- ions and cement phases or 
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other clay minerals have not been published yet; therefore, this work is meaningful to both future 

theoretical and experimental work.  

2.6 Conclusions and Literature Gaps  

While the interaction of Cs+ and TcO4
- ions with cementitious phases have been studied in 

the literature using mostly experimental methods, the mechanisms of adsorption are still not well 

understood most likely due to the wide range composition of C-S-H.  

The adsorption processes of ions on the basal surface/interface of the cement phases are 

strongly influenced by the following parameters: (1) the structure and composition of the cement 

phases substrate; and (2) the composition and structure of the near-surface solution and its 

dynamics, which are different from that of the bulk liquid phase [39]. MD simulation has been 

used to study the interfacial adsorption mechanisms between crystalline C-S-H phases and other 

ions and has also been used to study the interaction between Cs+ ions and other clay minerals. The 

adsorption of Cs+ ions on the surfaces of crystalline C-S-H phases can be envisioned given the fact 

that Cs+ ions had strong interaction with smectite. 

PC was studied because it is the most widely used cementitious waste form although blast 

furnace slag blended cementitious waste forms may be more effective to immobilize 99Tc. 

Moreover, understanding the interaction mechanisms between PC paste and TcO4
- is the key to 

decreasing leaching and designing better waste forms for 99Tc.  

Although MD has been widely used to study the interfacial interactions between ions and 

solid phases, the interactions between Cs+ ions and crystalline C-S-H phases have only been briefly 

studied. Furthermore, the interaction mechanisms between TcO4
- ions and cement phases have 

never been addressed using MD simulations. It is necessary to study the fundamental interaction 

mechanisms between radionuclides (i.e. Cs+ and TcO4
-) and specific cement phases (i.e. crystalline 

C-S-H and ettringite) at the atomic level with molecular dynamics (MD) simulations, so that this 

knowledge could be used to improve the performance of future waste forms. 
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CHAPTER 3 

3 MD Simulation and Data Analysis Methods 

 

3.1 Overview and Objectives 

The MD simulation results are influenced by the following factors: (1) the equilibrium 

status of the system, (2) the amount of data used for data analysis, and (3) the methods employed 

for data analysis. This chapter develops a framework for evaluating the interaction mechanisms of 

radionuclides with cement phases that includes monitoring convergence of the simulations to 

equilibrium and developing a data analysis methodology that can provide statistically reliable 

results.   

3.2 Methods Used to Construct the Solid-Liquid Interface Computational Cell 

Two different methods to construct the solid-liquid interface computational cells were 

investigated. In method 1, the liquid and solid phases were first built individually and then stacked 

on top of each other. In method 2, the water molecules and ions were placed into a vacuum between 

two layers of solid phases. 

Method 1. Method 1 was widely used in the literature in previous MD studies [138–140] 

to investigate interfacial interactions between liquid and solid phases. To simulate the interaction 

of 9Å tobermorite with an aqueous solution, the 9Å tobermorite was cleaved parallel to the (0 0 1) 

and (0 0 -1) crystallographic planes in such a way that only hydroxyl groups were exposed on the 

surfaces. The (0 0 1) surface was characterized by tetrahedral SiO4 chains with Si-bonded 

hydroxyls pointing out, and the (0 0 -1) surface was characterized by an octahedral CaO6 layer 

with the Ca-bonded and Si-bonded hydroxyl groups pointing out. Interlayer water molecules were 

evenly distributed on both surfaces. A layer of liquid phase with the same a and b length of the 

solid phase and a thickness of 50Å was built. The thickness of the layer of aqueous solution was 

large enough to effectively eliminate direct interaction between the two solution/solid interfaces 

[139]. Cs+ and Cl- ions were randomly inserted in the midplane of the aqueous region to avoid 

biased adsorption. The 9Å tobermorite crystal and solution were kept charge neutral. Periodic 

boundary conditions were applied in all three dimensions. Each phase was geometry optimized 
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before the solid-liquid-solid structure was built up. The geometry optimization was then performed 

on the whole structure. 

Method 2. Both layers of 9Å tobermorite used in method 1 were used in method 2 to build 

the simulation box, with a 50Å thick vacuum in between and the tetrahedral SiO4 and the 

octahedral CaO6 surfaces facing the vacuum. Then H2O molecules, Cs+ ions, and Cl- ions were 

packed into the vacuum. The concentration of the solution was made to match the data measured 

by experiment [141]. Periodic Boundary Conditions (PBC) were applied in all three dimensions. 

Each layer was geometry optimized individually by constraining the other layers. Then geometry 

optimization was performed on the whole structure. 

Evaluation of the two methods described above was conducted by visualizing the 

computational cell after 1 nanosecond (ns) of MD simulation and comparing the density of the 

liquid phase before and after MD simulation. 

Constructing the solid-liquid interface computational cells with method 1 posed several 

difficulties: 1) a vacuum layer was automatically placed (by Materials Studio) between the liquid 

layer and the solid layer to avoid overlap between these two layers, which increased the volume 

of the liquid phase during the MD simulation (i.e. after the MD simulation began, the vacuum 

layer disappeared and that volume became associated with the liquid layer) and eventually changed 

the concentration of the solution; 2) a void area was generated in the middle of the solution after 

equilibration of the system with the canonical ensemble (NVT) (Figure 3.1a); and 3) with Materials 

Studio, the aqueous phase was only allowed to be built as a cubic, tetragonal, or orthorhombic 

lattice. As a result, the angle of aqueous lattice had to be changed to match the cell parameters of 

the solid phase, which would change the concentration of solution. 

Compared to method 1, method 2 had several advantages: 1) the space between the liquid 

phase and the solid phase was eliminated; 2) the dimension of the liquid layer could be matched 

with that of the solid phase; 3) void areas in the liquid phase were no longer observed after MD 

equilibration (Figure 3.1b); and 4) the vacuum between the solid layers represented the pore space, 

which was more realistic. 
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Figure 3.1. Configuration of simulations with two different methods after 1 ns of MD simulation: 

(a) method 1 and (b) method 2. Void area was seen in the middle section for method 1. 

 

3.3 The Effect of Different Ensembles to Equilibrate the Liquid-Solid Interface 

Computational Cell 

After finishing the geometry optimization of the models and choosing method 2 to 

construct solid-liquid interface computational cells, MD simulations were performed with 

different ensembles to equilibrate the systems. Then 13-20ns of MD simulation were performed 

for further data analysis. 

According to the postulate of the ergodic hypothesis, for an isolated system at equilibrium, 

all the accessible states are equally probable over a long-time period, independently from the initial 

time, positions, momenta for a given number of atoms (N) in a volume (V) and at a constant energy 

(E). Thus, the property average over time and the average over all the states (ensemble average) at 

the equilibrium are the same [101, 102].  However, real physical systems are usually either too 

small to follow the ergodic hypothesis or contain at least some uncertainty in energy. Therefore, 

an alternative is to simulate a system, which is coupled with an external thermal bath by applying 

(a) (b) 
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canonical ensemble (NVT). In other cases, for systems with unknown parameters, such as the 

density and the chemical composition of the system, isothermal-isobaric ensemble (NPT) or grand-

canonical ensemble (µVT) could provide more useful simulation results. In the present work, the 

computational cells were equilibrated in two different ways to study the effect of different 

ensembles on the performance of MD simulation: (i) NVT ensemble; (ii) NPT ensemble was added 

to NVT ensemble in a cascade manner. NPT ensemble was necessary to relax the solid-liquid-

solid system and adjust the size of the simulation cell so that the system could reach the energy 

minimum point and the physical state of the liquid phase could maintain realistic. 

3.4 Convergence Monitoring of the Simulations to Equilibrium 

Several techniques for the definition of the equilibrium of a system in MD simulation exist 

and have been reported in the literature [142], including intramolecular interaction energy, number 

of hydrogen bonds, root mean square fluctuations (RMSF), torsion angle transition cluster 

counting [143], structural histograms of cluster [144], principle component analysis [145], and 

configurational energy [146]. A very common technique is the root mean square deviation 

(RMSD), which describes the spatial difference between two static structures.  

In present work, the NPT MD followed by NVT MD strategy was used to equilibrate the 

system. This methodology was applied due to the requirement of maintaining the concentration of 

the liquid phase and the fact that NPT ensemble is closer to experimental conditions. However, 

after the energy, temperature, pressure and some of the structural properties (size, density of the 

supercell) of the system become stabilized, NVT ensemble was preferred to continue the MD 

simulation to decrease simulation time. NPT ensemble MD was performed for 400 picoseconds 

(ps) even though the energy, temperature, pressure, cell parameters of the supercell and the density 

of the liquid phase became stable several ps after NPT ensemble MD started. Then 1 ns of NVT 

ensemble MD was used to continue to equilibrate the system. The trajectory of a second NVT 

ensemble MD, which was named data acquisition, was recorded every 0.1 ps. The length of data 

acquisition depended on the dynamic convergence of the system and the requirement of statistic 

reliability of data analysis [35,124,147,148]. The length of the data acquisition ranged from 13 ns 

to 20 ns, and the last 5 ns to 6 ns of equilibrated trajectory in data acquisition was used for all the 

data analysis.  



23 
 

The convergence to equilibrium of the system was evaluated by calculating the Root Mean 

Square Displacement (RMSD) of ions and the first layer atom on the surface because the purpose 

of this research was to study the properties of solid-liquid interface. RMSDs were calculated 

between the starting point of the NVT ensemble MD simulation and all succeeding frames; the 

plateau of RMSD values was considered equilibrium [149–153]. Particularly, the RMSD values 

in the z-direction were used as the most important factors to evaluate the adsorption equilibrium 

because the surfaces were parallel to the xy-plane; the movement of ions on the surface in the z-

direction was related to the adsorption-desorption process.  

3.4.1 Equilibrium Monitoring of Cs+ Ions on the Surface of Crystalline C-S-H Phases 

The first layer of atoms on the SiO4 tetrahedral surface ((0 0 1) plane) included hydroxyl 

oxygen, bridging oxygen with tetrahedral substitution, and silica ions at the surface in the first 

layer of silicate chains, as well as O in the interlayer water molecules and hydroxyl groups at the 

interface for the 14Å tobermorite and jennite models. Although same types of atoms at the surfaces 

of crystalline C-S-H phases were selected to calculate the RMSD, the amounts of atoms were 

different due to the different structures. The total number of atoms in the first layer and thus used 

for the RMSD calculation were 60 for the 0.5M CsCl/9Å tobermorite system, 69 for the 0.5M 

CsCl/14Å tobermorite system, and 92 for the 0.5M CsCl/jennite system (Figure 3.2). All systems 

were assumed to have reached equilibrium at the end of the simulation. The data acquisition 

trajectories were segmented into a series of 1-ns pieces (10,000 frames) at a running 0.1-ns interval 

(1,000 frames) backwards. This process generated 140 or 130 pieces of trajectories, which were 

overlapping. The interval mean and corresponding running mean (i.e. the mean calculated from 

the last frame of the data acquisition trajectory to the first frame of trajectory segment) for the 

RMSD curves in the z-direction were calculated for each piece of trajectory, then compared. If the 

running mean and interval mean started to diverge, and the difference was larger than maximum 

difference between the running mean and interval mean, the system was considered unequilibrated. 

The RMSD plateaus continued for at least 5 ns (Figure 3.3). The results indicated that at the 

tetrahedral SiO4 surfaces, the 0.5M CsCl/9Å tobermorite system reached equilibrium at ~6 ns, 

0.5M CsCl/14Å tobermorite model reached equilibrium at ~1 ns, and 0.5M CsCl/jennite model 

reached equilibrium at ~4.2 ns.  
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Based on the results from RMSD and analysis of the total number of ions adsorbed per unit 

area, the last 6-8 ns of all the trajectories (8 ns for tobermorites and 6 ns for jennite) were sampled 

for structural, statistical, and dynamical analysis. The large sampling was used to ensure statistical 

reliability of the data. 
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Figure 3.2. The RMSD of Cs+ ions and the first layer atoms at the tetrahedral SiO4 surfaces of: (a) 

9Å tobermorite, (B) 14Å tobermorite and (c) jennite. 

(c) 

(b) 

(a) 
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Figure 3.3. Interval mean and running mean for the z-direction RMSD of Cs+ ions and the first 

layer atoms at the at the tetrahedral SiO4 surfaces of: (a) 9Å tobermorite, (b) 14Å tobermorite, and 

(c) jennite. 
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3.4.2 Equilibrium Monitoring of TcO4
- Ions on the Surface of Cement Phases 

The equilibrium of TcO4
- adsorption on the CaO6 surfaces of cement phases was evaluated 

with the same methods described in section 3.2.1. The first layer atoms on the CaO6 surfaces of 

14Å tobermorite and jennite included all the hydroxyl oxygen, bridging oxygen with tetrahedral 

substitution, and silica ions at the surface in the first layer of silicate chains, as well as interlayer 

Ca ions at the interface. The first layer atoms on the CaO6 surface of ettringite included all the 

sulfur and aluminum atoms in the first layer of SO4 and AlO6 groups, as well as interlayer Ca ions 

at the interface. Although same types of atoms at the surfaces of cement phases were selected to 

calculate the RMSD, the amounts of atoms were different due to the different structures. The 

number of atoms in the first layer and thus used in the RMSD calculation were 68 for 0.2M 

KTcO4/14Å tobermorite and 68 for 0.2M KTcO4/jennite, and 61 for 0.2M KTcO4/ettringite, 

respectively. The data acquisition trajectories were segmented to a series of 1-ns pieces (10,000 

frames) at a running 0.1-ns interval (1,000 frames) backwards (Figure 3.4). This process generated 

190 pieces of trajectories that were overlapping. By comparing the running mean and the interval 

mean of the RMSDs in the z-direction, the results indicated that 0.2M KTcO4/14Å tobermorite 

system reached equilibrium at ~11.5 ns, 0.2M KTcO4/jennite system reached equilibrium at ~12.5 

ns, and 0.2M KTcO4/ettringite system reached equilibrium at ~11.0 ns (Figure 3.5). For the sake 

of consistency, only the last 6 ns of trajectories of all the systems were collected for data analysis. 
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Figure 3.4. RMSD of TcO4
- ions and the atoms of first layer on the octahedral CaO6 surfaces of: 

(a) 14Å tobermorite, (b) jennite, and (c) ettringite. 

 

 

(a) 

(b) 

(c) 
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Figure 3.5. RMSD along the z-direction, and corresponding interval mean and running mean TcO4
- 

ions and the first layer of surface element: a) 14Å tobermorite; b) jennite and c) ettringite. 
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3.5 Inner-Sphere and Outer-Sphere Regions 

The data were analyzed in terms of inner-sphere and outer-sphere complexes.  

3.5.1 Definition of Inner-Sphere and Outer-Sphere Complexes 

An ion binds at the surface of clay minerals either as an inner-sphere complex or an outer-

sphere complex. An inner-sphere surface complex has no water molecule interposed between the 

surface functional group and the small cation or molecule it binds, whereas an outer-sphere surface 

complex has at least one such interposed water molecule [154]. The inner-sphere and outer-sphere 

complexes have different configurations and interaction mechanisms with the surface. Therefore, 

the identification and characterization of inner-sphere and outer-sphere complexes are critical to 

understand the reactivity of the surface. 

Inner-sphere and outer-sphere complexation models have been best described by the triple 

layer model (TLM), which has been extensively used to characterize the clay minerals/aqueous 

phase interface interaction [155–158].  

The electrical double layer (EDL) is a liquid region developed at the solid-liquid interface 

due to the surface charge of solid phase. The EDL contains oppositely charged counterions to 

maintain the electroneutrality of the solid-liquid interface (Figure 3.6). The EDL includes the Stern 

layer and the diffuse layer. The charge and electrostatic potential distributions within the Stern 

layer are assumed to be linear [159]. The distribution and electrostatic potential of ions within the 

diffuse layer is described by the Poisson-Boltzman relation [159]. The TLM includes three planes 

that divide the Stern layer into two sublayers: the inner-sphere region and the outer-sphere region. 

The solid surface is defined by the 0-plane, the d-plane is the boundary between the Stern layer 

and the diffuse layer, and the β-plane is located between the 0-plane and d-plane. The inner-sphere 

region is located between the 0-plane and β-plane; it includes all the dehydrated ions bound directly 

to the surface (inner-sphere complexes). The outer-sphere region consists of hydrated counterions 

(outer-sphere complexes) and is located between the β-plane and d-plane; all diffuse swarm species 

are located beyond the d-plane. The outer-sphere complexes and the diffuse swarm species exhibit 

similar physical and chemical properties, as evidenced by some NMR studies of cation adsorption 

on mineral surfaces, which found out that NMR did not really distinguish outer-sphere complexes 

from diffuse swarm species [104].  
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Theoretical studies concerning the TLM described the distance from the surface (0-plane) 

to the inner edge of the diffuse layer (d-plane) as 1 to 2 counterions, or hydrated counterions, 

diameters [160–162]. The thickness of a Stern layer ranged from 2 to 10Å depending on the 

counterion and degree of hydration assumed near the surface [163]. However, these theoretical 

studies only provide the methods to locate the β-plane and d-plane in MD simulations. Two main 

methods have been used in the literature to locate the β-plane and d-plane in MD simulations.  

Using concentration profiles of oxygen in water molecules. Some researchers have used 

the concentration profiles of oxygen in water molecules to define the location of β-plane and d-

plane [128,164,165]. Marry, et al. [128] stated that the distributions of water oxygen and hydrogen 

atoms were almost independent of the nature of the counterions, because most water molecules 

did not belong to the solvation shell of counterions. However, this result conflicted with the 

definition that each counterion has an individual electrostatic plane which depends on the 

crystallographic radius of the counterion.  
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Figure 3.6. Conceptual model of EDL structure and TLM (top) and electrostatic potential ψ(z) 

(bottom, relative to a reference state in the bulk liquid) as a function of distance from a negatively 

charged surface according to the TLM [158]. Inner-sphere region is highlighted by blue, outer-

sphere region is highlighted by red. 

 

Using concentration profiles of counterions. Another way to define the location of the β-

plane and d-plane is to use the concentration profiles of counterions. The electrostatic potential for 

the Stern layers are explained by the following mathematical formulas: 

 𝜓𝛽 − 𝜓𝑜 =
−𝜎𝑜
𝐶1

                                            (1) 

 𝜓𝑑 − 𝜓𝛽 =
−𝜎𝑑
𝐶2

                                            (2) 

 
𝐶 = 𝜀

𝐴

𝑑
 

                                           (3) 

 

Where  

σo is the surface charge density (solid structural charge plus the charge of all species 

adsorbed in the 0-plane); 
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σd is the excess charge in the diffuse layer; 

ψo, ψβ and ψd are the electrostatic potentials at the 0-, β-, and d-planes; 

C is the capacitance, in farads; C1 is the capacitance between 0- and β-planes, C2 is the 

capacitance between β- and d-planes; 

A is the area of overlap of the two plates, in square meters; 

ε is the permittivity (sometimes called the dielectric constant) of the material between the 

plates; 

d is the separation between the plates, in meters; 

 

These formulas imply that the electrostatic potential of each layer depends on the 

permittivity (ε) of the layer. The permittivity for aqueous solutions depends on the concentration 

of the solution [166,167]. The TLM assumes that the permittivity is homogeneous in each layer. 

The change of the slope of electrostatic potential in between the two layers indicates the sudden 

change of concentration (capacitance and electrostatic potential are related to the concentration of 

the ions), which can be illustrated by the concentration profiles of counterions. By employing this 

interpretation, the structure of the TLM could be predicted by the concentration profiles of 

electrolyte counterions [168].  

 

3.5.2 Identification of Inner-Sphere and Outer-Sphere Regions for Cs+ Ion Adsorption 

For Cs+ ion adsorption, the method used to define the location inner-sphere and outer-

sphere regions consisted of combining the relative atomic density profiles of water molecules and 

ions (Figure 3.7). The relative atomic density profile was plotted based on the position of nuclei. 

The relative atomic density profiles of oxygen in water molecules was used as an indicator of the 

occurrence of inner-sphere complexes and outer-sphere complexes, and the relative atomic density 

profiles of counterions was used to locate inner-sphere region and outer-sphere region. The 

boundary between the outer-sphere region and diffuse ion swarm was defined by the shoulder of 

the second peak in Cs profile due to the smooth transition of electrostatic potential on the d-plane 

(Figure 3.6). To sum up, the inner-sphere region and the outer-sphere region were defined as: 

• The layer where the first peak of Cs+ ions beyond the surface located was defined as the 

inner-sphere region if there was not a peak for water O between the surface and the peak 

of Cs+ ions;  

https://en.wikipedia.org/wiki/Relative_static_permittivity
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• If the inner-sphere complexes exist, the lowest point between first and second peak of Cs+ 

ions and was the boundary between inner-sphere region and outer-sphere region;  

• The layer where the second peak of Cs+ ions beyond the surface located was defined as the 

outer-sphere region if there was a peak for water O between the surface and the peak of 

Cs+ ions;  

• The middle point of the shoulder of the second peak of Cs+ ions was defined as the 

boundary between outer-sphere region and diffuse ion swarm. 
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Figure 3.7. Relative atomic density profiles of: (a) 9Å tobermorite/0.5M CsCl, (b) 14Å 

tobermorite/0.5M CsCl, and (c) jennite/0.5M CsCl. Color code: black – Cs, red – Cl, blue – water 

O. Inner-sphere region is highlighted in blue, outer-sphere region is highlight. Thickness of inner-

sphere region: 1.38Å for 9Å tobermorite, 1.31Å for 14Å tobermorite, respectively; thickness of 

outer-sphere region: 2.17Å for 9Å tobermorite, 2.63Å for 14Å tobermorite, respectively. 
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3.5.3 Identification of Inner-Sphere and Outer-Sphere Regions for TcO4
- Ion Adsorption 

For TcO4
- ion adsorption, the determination of the inner-sphere and outer-sphere regions 

on the surfaces of 14Å tobermorite, jennite, and ettringite followed the method described in section 

3.3.2 (Figure 3.8). The adsorption of TcO4
- ions was observed on the octahedral CaO6 surfaces of 

14Å tobermorite and ettringite. On the octahedral CaO6 surface of 14Å tobermorite and ettringite, 

relative atomic density profiles of Tc ions were zoomed in and combined with the relative atomic 

density profiles of O in water molecules to identify the inner-sphere complexes and outer-sphere 

complexes on the surfaces. The relative atomic density profile of O in water molecules showed no 

peak between the surface and the first peak of Tc on the surface of 14Å tobermorite. There was at 

least one peak of water O between the surface and the second major Tc peak, which indicated that 

near the surface of 14Å tobermorite TcO4
- ions formed both inner-sphere and outer-sphere 

complexes. The tails of the Tc profile indicated that surface Tc complexes had the chance to diffuse 

out of the surface area to the diffuse swarm and even to the bulk solution. On the other hand, on 

the surface of ettringite, there was an obvious peak of water O between the surface and the Tc 

profile, which indicated that on the surface of ettringite, TcO4
- ions only generated outer-sphere 

complexes. 

 

 

Figure 3.8. Relative atomic density profiles of Tc ion and O in water molecules at the surface of: 

a) 14Å tobermorite and b) ettringite. Inner-sphere region was highlighted in red, outer-sphere 

region was highlighted in blue. 
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3.6 Residence Time and Adsorption Stability 

The residence time of the inner-sphere and outer-sphere complexes was used to identify 

stable adsorption events. An inner-sphere adsorption event was qualified as stable if the Cs+ ion 

stayed in the inner-sphere region for at least 0.7 ns for computational efficiency. Previous research 

indicated [169] that if an ion stayed in the inner-sphere region longer than 0.5 ns, it was a stable 

inner-sphere adsorption. In the present work, the z-coordinates of each Cs+ ion were plotted as a 

function of time to determine the duration of stable inner-sphere adsorption (Figure 3.9, Figure 

3.10, and Figure 3.11). The adsorption events of Cs+ ions that stayed in the inner-sphere region 

longer than 0.5 ns were summarized (Table 3.1 for the 9Å tobermorite/0.5M CsCl system, and the 

summary for other systems was provided in Appendix A). The results indicated that most of Cs+ 

ions remained in the inner-sphere region for 0.5~1.0 ns; 1.4 ns was the maximum time that Cs+ 

ions remained in the inner-sphere region of 9Å tobermorite. The adsorption events of Cs+ ions that 

remained in the outer-sphere region longer than 0.25 ns and that of aqueous species that remained 

in the bulk solution without approaching the surfaces longer than 0.5 ns (i.e. stable aqueous 

species) were also summarized (Table 3.1 for 9Å tobermorite/0.5M CsCl system, and the summary 

for other systems was provided in Appendix A). To ensure adsorption stability, 0.7 ns was used in 

this work as the criterion to determine the stable inner-sphere complexes and the stable aqueous 

species; 0.25 ns was used as the criteria to determine the stable outer-sphere complexes.  

The same criteria were used to identify stable TcO4
- ions adsorption (Figure 3.12, Figure 

3.13, and Figure 3.14). The summaries of residence times for TcO4
- ions in different regions are 

provided in Appendix A. 
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Figure 3.9. The residence time of each Cs+ ions in inner-sphere and outer-sphere regions at the 

tetrahedral SiO4 surface of 9Å tobermorite, as derived from the z-coordinates of Cs+ ions during 

the data collection. The Cs+ ions were numerically labeled, as shown in the legend (e.g., Cs7 

represents the 7th Cs+ ion, Z7 represents the z-coordinates of the 7th Cs+ ion, one of the stable events 

was highlighted). 
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Table 3.1. The duration of Cs+ ions adsorbed as stable inner-sphere complexes and outer-sphere 

complexes on the tetrahedral SiO4 surface of 9Å tobermorite, and diffuse ions in the bulk solution. 

Cs+ ions 

index 

Inner-sphere period 

(frame number, >5000 

frames) 

Outer-sphere period 

(frame number, >2500 

frames) 

Diffuse ion (frame 

number, >5000 frames) 

Z1 N/A 72500-75000(~0.25ns), 

78500-81000(~0.25ns) 

112502-120001(0.7ns) 

Z2 131181-138079(0.6ns) N/A N/A 

Z3 127913-143194(1.5ns), 

143868-150001(0.6ns) 

N/A 83144-91037(0.7ns), 

104028-109159(0.5ns) 

Z4 88313-96281(0.7ns), 

108598-113755(0.5ns), 

118790-125363 (0.6ns) 

72500-75000(~0.25ns), 

145000-148000(~0.3ns) 

N/A 

Z5 74038-88579(1.4ns), 

89840-99891(1.0ns) 

N/A 114959-139063(2.4ns) 

Z6 N/A N/A N/A 

Z7 90020-98415(0.8ns), 

109247-115661(0.6ns) 

138000-141000(~0.3ns) N/A 

Z8 N/A N/A 72074-81243(0.9ns) 

Z9 133459-138677(0.5ns), 

122956-131255(0.8ns) 

87000-89500(~0.25ns) 70958-78312(0.8ns) 

Z10 108948-114460(0.5ns), 

122956-131255(0.8ns) 

146800-149300(~0.25ns) N/A 

Z11 N/A 116500-

119000(~0.25ns), 

70000-75086(0.5ns), 

87454-103001(1.5ns), 

118807-130025(1.0ns) 

Z12 94190-102075(0.7ns), 

112270-117774(0.5ns) 

N/A 79543-85239(0.5ns),  

127758-134002(0.6ns), 

139317-147419(0.8ns) 

N/A: not available 
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Figure 3.10. The residence time of each Cs+ ions in inner-sphere and outer-sphere regions at the 

tetrahedral SiO4 surface of 14Å tobermorite was derived from the z-coordinates of Cs+ ions during 

the data collection. The Cs+ ions were numerically labeled, as shown in the legend (e.g., Cs4 

represents the 4th Cs+ ion, Z4 represents the z-coordinates of the 4th Cs+ ion, one of the stable events 

was highlighted). 

Cs7 Cs8 

Cs9 



43 
 

 

Cs1 Cs2 

Cs3 Cs4 

Cs6 Cs5 



44 
 

 

Figure 3.11. The residence time of each Cs+ ion in inner-sphere and outer-sphere regions at the 

tetrahedral SiO4 surface of jennite was derived from the z-coordinates of Cs+ ions during the data 

collection. The Cs+ ions were numerically labeled, as shown in the legend (e.g., Cs2 represents the 

2nd Cs+ ion, Z2 represents the z-coordinates of the 2nd Cs+ ion, no stable adsorption event was 

observed. One inner-sphere interaction event was highlighted with a green box, this event was 

used to calculate inner-sphere interaction energy). 
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Figure 3.12. The residence time of Tc7+ in inner-sphere and outer-sphere regions at the octahedral 

CaO6 surface of 14Å tobermorite was derived from the z-coordinates of Tc7+ ions during the data 

collection. The Tc7+ ions were numerically labeled, as shown in the legend (e.g., Tc4 represents 

the 4th Tc7+ ion, Z4 represents the z-coordinates of the 4th Tc7+ ion). 
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Figure 3.13. The residence time of Tc7+ in inner-sphere and outer-sphere regions at the octahedral 

CaO6 surface of ettringite was derived from the z-coordinates of Tc7+ ions during the data 

collection. The Tc7+ ions were numerically labeled, as shown in the legend (e.g., Tc4 represents 

the 4th Tc7+ ion, Z4 represents the z-coordinates of the 4th Tc7+ ion). 
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Figure 3.14. The residence time of Tc7+ in inner-sphere and outer-sphere regions at the octahedral 

CaO6 surface of jennite was derived from the z-coordinates of Tc7+ ions during the data collection. 

The Tc7+ ions were numerically labeled, as shown in the legend (e.g., Tc4 represents the 4th Tc7+ 

ion, Z4 represents the z-coordinates of the 4th Tc7+ ion). 

 

 

 

Tc1 Tc2 

Tc3 Tc4 

Tc5 



48 
 

3.7 Adsorption Energy Evaluation 

The calculation of the adsorption energy was computationally expensive. For statistical 

reliability, a 1-ns inner-sphere adsorption event was sampled, and the adsorption energy was 

calculated for each frame. Over this period of data collection, 10,000 points were collected. To 

determine how many points must be sampled from this data set to yield a representative population, 

a series of Monte Carlo analyses were performed for this data set. A 100 out of 10,000 points 

sampling strategy was proposed. Monte Carlo analyses were performed by randomly sampling 

100 points from this data set for 10,000 times. For the adsorption of Cs+ or TcO4
- ions on surface 

of cement phases, the results indicated that for all the random samplings, the difference of the 

average of each random sampling comparing to the overall averaged interaction energy ranged 

from 1% to 10% (Figure 3.15, Figure 3.16 and Figure 3.17). The combination of the averaged 

value and standard deviation for a random sampling can well represent the overall data. Therefore, 

for each stable adsorption event, the inner-sphere adsorption energy was calculated every 10 ps 

(i.e. every 100 frames) and the corresponding standard deviation was calculated. This procedure 

was performed for every qualified event; then the overall inner-sphere adsorption energy was 

averaged from all the qualified events and corresponding standard deviation was calculated.  
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Figure 3.15. Monte Carlo analysis for the inner-sphere adsorption energies and corresponding 

standard deviation of one inner-sphere adsorption event of 0.5M CsCl/9Å tobermorite. 
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Figure 3.16. Monte Carlo analysis for the adsorption energies of TcO4
- ions and corresponding 

standard deviation of one adsorption event on the surface of 14Å tobermorite: (a) inner-sphere 

adsorption before co-ion adsorption; (b) inner-sphere adsorption after co-ion adsorption; (c) outer-

sphere adsorption type 1 before co-ion adsorption; (d) outer-sphere adsorption type 1 after co-ion 

adsorption; (e) outer-sphere adsorption type 2. 

(a) (b) 

(c) (d) 

(e) 
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Figure 3.17. Monte Carlo analysis for the adsorption energies of TcO4
- ions and corresponding 

standard deviation of one adsorption event on the surface of ettringite: (a) outer-sphere adsorption 

type 1 and (b) outer-sphere adsorption type 2. 

 

3.8 Summary and Conclusion 

Relative atomic density profiles and adsorption densities were calculated from all 

equilibrated data acquisition trajectories (i.e. the last 6-8 ns of trajectories). Most of the other 

calculations (i.e. adsorption energy, radial distribution function, coordination number, and 

diffusion coefficient) were performed on individual stable adsorption events, and averaged values 

were presented as final data. Detailed methods are summarized in the following table:  

Table 3.2. Data analysis methods. 

Data analysis Methods 

Convergence to 

equilibrium 

▪ RMSD and interval adsorption density were calculated over the 

entire data acquisition trajectory. The interval adsorption 

densities were plotted every 1 ns of trajectory.  

▪ The adsorption was considered to converge when the RMSD of 

ions plateaued and the interval adsorption density did not 

significantly increase or decrease within these time frames.  

▪ To ensure statistical reliability, the plateau of RMSD and the 

stability of interval adsorption density had to last for at least 5 ns.  

▪ The last 6-8 ns of trajectories for each system were collected for 

subsequent analysis. 

Relative atomic density 

profiles 

▪ Relative atomic density profiles were averaged over the last 6-8 

ns of trajectories for each system. 

(a) (b) 
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Adsorption density 

(number of ions per unit 

surface area) 

▪ Adsorption density was integrated from the relative atomic 

density profiles for adsorbed ions. 

Contour maps ▪ Contour maps for interfacial atoms were calculated from the last 

1 ns trajectory during the equilibrium trajectories. 

Adsorption energy ▪ Data analysis was performed for each qualified event, the 

averaged value for all the events were presented as final data, 

standard deviation was calculated if necessary.  Radial distribution 

function (RDF) 

Coordination number 

(CN) 

Diffusion coefficients 

Local structure analysis 

(bond length, angle, 

dipole moment) 

Water orientation ▪ Water orientation was calculated for all water molecules located 

20Å above (i.e. from the surface up to 20Å) 

Hydration energy ▪ A cell of the same size with the liquid phase was built using only 

water molecules and one ion. The hydration energy was 

calculated by a module of Materials Studio, convergence was 

met. 

 

This chapter discussed the methods employed in the present work for MD simulations, 

particularly the evaluation of equilibrium and the methods used for data analysis. The MD 

simulations were performed long enough (13 ns to 20 ns) to reach equilibrium, and the amount of 

trajectory collected (6 ns to 8 ns) for data analysis was able to guarantee statistical reliability. Data 

analysis was performed on stable adsorption events to make sure that the final results were accurate 

and representative.  
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CHAPTER 4 

4 The Adsorption of Cs+ Ions on the Surfaces of Crystalline C-S-H Phases 

 

This chapter is planned to be submitted for peer-review publication. 

 

4.1 Overview 

137Cs is a fission product readily produced in the nuclear fuel cycle. The high solubility, 

high decay energy (where 137mBa emits γ-rays, and it is a decay product of 137Cs), and high 

chemical reactivity of 137Cs make it one of the most problematic constituents of nuclear waste [4]. 

One of the methods for safely disposing 137Cs is to immobilize it with cementitious materials, 

mainly conventional Portland cement [170]. Preventing 137Cs release from closed waste tanks 

requires a deep understanding of the nature of its association with the waste solids and waste form.  

The most important component of hydrated Portland cement is C-S-H. C-S-H is an 

amorphous and porous material, although experimental results from different techniques such as 

29Si nuclear magnetic resonance (NMR), X-ray diffraction (XRD), and infrared (IR) studies 

[65,171–173] revealed that C-S-H has a short range ordered structure at the atomistic scale. Most 

knowledge regarding the C-S-H gel has been gained from its comparison with fully crystalline 

calcium silicate hydrates such as 14 Å tobermorite and jennite. 14 Å tobermorite is composed of 

calcium oxide layers ribbed on both sides by silicate chains forming a layered structure, with water 

molecules and extra Ca ions in the interlaminar space [78]. The structure of jennite is similar to 

that of tobermorite with two main differences. First, in jennite the bridging tetrahedral of the 

silicate chains is also connected to the calcium oxide layer. Second, only half of the Ca2+ atoms in 

jennite are linked to the oxygen of the silicate groups while the rest are coordinated to hydroxyl 

groups from the calcium oxide layer [79]. Beyond the 14Å tobermorite  and jennite, 9Å 

tobermorite [80] has also been widely accepted as a useful model to study the amorphous C-S-H 

gel [13]. 9Å tobermorite has a similar crystalline structure to 14Å tobermorite, but with two main 

differences: 1) the basal space between two complex layers is 9Å and 2) 9Å tobermorite does not 

contain interlayer water molecules. These three structures were used as models for crystalline C-

S-H phases in the present work. 
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C-S-H plays an important role in the interaction between cement paste and Cs+ ions. 

Experimental data (e.g. X-ray microanalysis [17] and NMR [103,104]) indicated that that Cs+ was 

highly adsorbed on C-S-H [103,104] in hydrated PC. A variety of interaction mechanisms were 

suggested. Some researchers suggested physical entrapment of Cs+ ions in the C-S-H 

intermolecular channels due to the amorphous property of C-S-H [22]. Other suggested interaction 

mechanisms between C-S-H and Cs+ ions included substitution in the interlayer sites [68,101,102]; 

direct interaction with the oxygen atoms carried by the bridging silicon and generation of the inner-

sphere complexes [103,104]; shortening of silicate chains in C-S-H gel [67]; particularly, 

electrostatic interactions (i.e. an ion-exchange process) between Cs+ ions and alkali ions (Na+, K+) 

on negatively charged sites [100] or acidic silanol (Si–OH) sites [8,14,17,18].  

The interactions between Cs+ ions and crystalline C-S-H phases have rarely been addressed. 

Batch sorption experiments indicated that 14Å tobermorite exhibited a small ion exchange 

capacity with Cs+ ions [12]. The Cs+ exchange distribution coefficient (Kd) was small (10 meq/100 

g), and the uptake of Cs+ ions by 14Å tobermorite resulted from the exchange of protons from 

broken bonds of silicate chains.  

The fate of radioactive wastes in the environment is related to the capability of 

natural/synthetic phases to immobilize contaminants and decrease the concentration in the liquid 

phase in contact with wasteform. A fundamental atomic-level understanding of these phenomena 

can be provided by Molecular Dynamic (MD) simulations. Although 9Å tobermorite, 14Å 

tobermorite, and jennite have been studied using MD simulations, previous studies mainly focused 

on structural and mechanical properties of these cement phases [113–122]. Those studies 

concerning dynamic properties either focused on the interactions between cement phases and other 

ions or molecules, such as Na+, Sr2+ ions, and H2O molecules [13,35–37,123,124], or used 

forcefields other than the ClayFF forcefield used in this work [117,118,125,126]. The results in 

previous studies indicated that tobermorites and jennite were capable of adsorbing some ions. 

Alkali ions such as Na+ and K+ ions can be adsorbed both on the surface and penetrate into the 

silicate channels of 9Å tobermorite and jennite to interact with different structure oxygen, and the 

interactions in the silicate channels were suggested to be chemical bonding [35].  

MD simulation has been used to study the interfacial adsorption mechanisms between 

crystalline C-S-H phases and other ions [35–37,124], such as Na+, Sr2+, etc. The principal focus 
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here is on investigating the adsorption mechanisms of Cs+ ions on three different crystalline C-S-

H phases: 9Å tobermorite, 14Å tobermorite, and jennite. The molecular-scale energetic, structural, 

and dynamic properties of the interface between an aqueous solution containing CsCl and 

crystalline calcium-silicate-hydrate (C-S-H) phases were analyzed using relative atomic density 

profiles, radial distribution function (RDF), coordination number (CN), atomic density contour 

maps, diffusion coefficient, adsorption energy and hydration energy. 

4.2 Computational Methods 

4.2.1 Simulation Models and Computational Cells 

The crystalline C-S-H structures (i.e., 9Å tobermorite, 14Å tobermorite, and jennite) were 

modeled according to the widely used unit cell models proposed by Merlino et al. [80] and 

Bonaccorsi et al. [78,79], respectively. Each crystalline C-S-H structure ( 

Table 4.1) was cleaved along the (0 0 1) and (0 0 -1) crystallographic directions to produce 

two solid surfaces: the tetrahedral SiO4 surface and the octahedral CaO6 surface. To simulate the 

interfacial interactions between the two crystalline C-S-H solid surfaces and the 0.5M CsCl 

aqueous solution, two layers of geometrically optimized crystalline C-S-H structures separated by 

a 50Å thick vacuum layer between the tetrahedral SiO4 surface and the octahedral CaO6 surface 

were used to build the different computational cells (Table 4.2). The thickness of the layer between 

adjacent crystalline C-S-H planes was sufficiently large to effectively exclude direct interaction of 

one crystalline C-S-H solid surface with another and preclude the effects of small confined spaces. 

Water molecules, Cs+ ions, and Cl- ions were then packed into the vacuum layer to create the 0.5M 

CsCl solution (Table 4.3). The concentrations of 137Cs in tanks of Hanford site ranged between 

0.02 and 0.19 mM [45], which were several orders of magnitude lower than the concentration 

simulated in present work. The much higher concentration was chosen because one of the purposes 

of present work was to study the adsorption capacity of crystalline C-S-H phases. CsCl solution 

was designed to saturate the adsorption sites to ensure that all interaction mechanisms could be 

observed (i.e. inner-sphere and outer-sphere adsorption). In all cases, the Cs+ and Cl- ions were 

initially positioned away from the surfaces at the middle plane of the liquid phase (i.e. ~25Å away 

from the surfaces) (Figure 4.1). Periodic boundary conditions were applied along the three space 

dimensions. 
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Table 4.1. Crystallographic lattice parameters of the supercells constructed for the crystalline C-

S-H structures. 

 9Å tobermorite  14Å tobermorite jennite 

a/ Å 22.31 26.94 31.73 

b/ Å 29.21 29.70 21.78 

c/ Å 21.71 27.99 21.86 

α/deg 

β/deg 

γ/deg 

101.08 

92.83 

89.98 

90.0 

90.0 

123.25 

101.3 

96.98 

109.65 

 

Table 4.2. Crystallographic lattice parameters of the C-S-H structures/liquid phase simulation 

cells. 

 a/Å b/Å c/Å α/deg β/deg γ/deg 

0.5M CsCl/jennite 31.9 21.9 103.9 101.3 96.98 109.65 

0.5M CsCl/9Å tobermorite 22.3 29.2 100.5 101.08 92.83 89.98 

0.5M CsCl/14Å tobermorite 20.0 29.4 109.5 90.0 90.0 123.25 

 

Table 4.3. CsCl solution details. 

 Concentration 

(M) 

Densitya 

(g/cm3) 

Number of 

Cs+ 

Number of 

Cl- 

Number of 

H2O 

9Å tobermorite 0.5 1.062 12 12 1274 

14Å tobermorite 0.5 1.062 9 9 925 

jennite 0.5 1.062 11 11 1230 

a[21] 
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Figure 4.1. MD simulation cell of the geometry optimized configuration of: (a) 9Å tobermorite; 

(b) 14Å tobermorite; (c) jennite in contact with CsCl 0.5M solution. Purple balls: Cs+ cations; 

green balls: Cl- anions; yellow tetrahedral:  Si; red lines: O; Grey lines: H; blue balls: Ca. 

 

4.2.2 Forcefield 

The CLAYFF forcefield [126] was used to describe the atomic interactions in the three 

crystalline C-S-H structures and their interactions with the different aqueous solutions. The 

uniqueness of this forcefield is in the treatment of metal-oxygen interactions as nonbonded 

interactions; the only bonded interactions explicitly defined are the water and hydroxyl interactions. 

This forcefield has been successfully used in the literature to model the structure and dynamic 

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

solutions containing Cs+ or Cl- ions [13,169] and has been demonstrated to be suitable for 

tobermorites and jennite [36,122,124,174]. 

(a) (b) (c) 
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4.2.3 MD Simulations 

MD simulations were performed using Materials Studio 7.0 (Biovia, Inc., San Diego, CA). 

After geometry optimization of each constructed computational cell, 400 ps of NPT-ensemble MD 

simulations were employed to relax the computational cell. A portion of the solid structure located 

6Å below the interface was then constrained and maintained fixed during the simulation. The solid 

phase was partially constrained to decrease the simulation time. Meanwhile, the impact of 

interfacial interaction on the surface structure could be investigated with the free near surface solid 

layer method. Each energy minimized computational cell was then subjected to an NVT-ensemble 

of MD simulations of 1,000 ps with a time step of 1.0 femtosecond (fs) at 298K for thermodynamic 

equilibration. The Nosé-Hoover-Langevin (NHL) thermostat was used to keep the temperature 

constant. The cut-off distance for non-bond energy was 9.5Å. The dynamic trajectory was then 

recorded at 100-fs intervals for an additional 13 ns of NVT-ensemble MD simulation for jennite 

structure (where Cs+ ions had weak affinity to jennite, so that smaller amount of trajectory was 

collected for further data analysis), and 15 ns of NVT-ensemble MD for 9Å tobermorite and 14Å 

tobermorite structures.  

4.2.4 Data Analysis 

4.2.4.1 Convergence of Equilibrium 

The equilibration status of each trajectory was evaluated by calculating the Root Mean 

Square Displacement (RMSD) [149–153] of the atoms located in the first layer of the solid surface 

and the ions (i.e. Cs+ and Cl- ions) in the solution. Particularly, the RMSD on the z-direction was 

evaluated, because movement of ions in the z-direction are associated with the adsorption-

desorption process. The first layer atoms on the SiO4 surfaces included all the hydroxyl oxygen, 

bridging oxygen with tetrahedral substitution, and silica ions at the surface in the first layer of 

silicate chains, as well as O in the interlayer water molecules and hydroxyl groups at the interface 

for 14Å tobermorite and jennite models. The first layer atoms on the CaO6 surfaces included all 

the hydroxyl oxygen, bridging oxygen with tetrahedral substitution and silica atoms at the surface 

in the first layer of silicate chains, and interlayer Ca ions at the surface for all the three models. 

For 0.5M CsCl/14Å tobermorite, the first layer of atoms also included O in the interlayer water 

molecules. For 0.5M CsCl/jennite, the first layer of atoms also included O in the interlayer water 

molecules and hydroxyl groups at the interface. The equilibration of the interface was determined 

by the plateau of the RMSD curves in the z-direction. The systems were assumed to have reached 
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equilibrium before the end of the simulation (i.e. the final part of each RMSD curve was assumed 

to be part of a plateau that could be represented as a mean with random error). The data acquisition 

trajectories were segmented to a series of 1-ns segments (10,000 frames) at a running 0.1-ns 

interval (1,000 frames) from the end of the simulation (where equilibrium was assumed) back to 

the beginning. This process generated 140 or 120 piece-wise trajectory segments that overlapped 

(i.e. 140 for tobermorite models and 120 for jennite model). The interval mean was calculated for 

each trajectory segment (i.e. 10,000 points). The running mean (i.e. the mean calculated from the 

last frame of the data acquisition trajectory to the first frame of the selected trajectory segment) 

was compared to the interval mean, up to the last crossover point between the running mean curve 

and the raw RMSD curve. The last crossover point (relative to the end of the simulation) was 

assumed to represent the approximate beginning of the plateau. Typically, a statistical test on the 

difference in means (running versus interval) was used to identify the beginning of the plateau 

(i.e. when the means are significantly different); however, the results of any such test (e.g. a t-test 

at a 5% significance level) would indicate that the beginning of the plateau was proximate to the 

selected crossover point because of the large numbers of RMSD points used to estimate the running 

and interval means. Furthermore, selecting the last crossover point instead of the actual beginning 

of the plateau that would be obtained using a statistical test would not significantly change the 

statistics for the plateau. The end of the trajectory segment that corresponds to the last crossover 

point was used to define the beginning of the plateau. 

4.2.4.2 Relative Atomic Density Profiles 

Relative atomic density profiles were computed along the (0 0 1) direction (i.e. 

perpendicular to the solid/aqueous solution interface) to define inner-sphere and outer-sphere areas 

beyond the interface and to quantitatively analyze the structure of the interfaces. Relative atomic 

density profiles were averaged over the equilibrated phase of trajectories. The interactions of Cs+ 

ions and associated Cl- ions with the tobermorite and jennite surfaces were analyzed in terms of 

inner-sphere and outer-sphere adsorption. Inner-sphere adsorption was considered as the 

adsorption mechanism when the ions bind directly to the surface with no intervening water 

molecules and little mobility in the plane parallel to the surface for a long simulation period (700 

ps) (where the residence time for a stable inner-sphere adsorption was 500 ps in a previous MD 

study [169]). Outer-sphere adsorption was characterized by the presence of intermediate water 

molecules between the ions and the surface and the complexes stayed in the outer-sphere region 
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longer than 250 ps. The inner-sphere region was defined by the first peak of Cs+ ions beyond the 

surface; the outer-sphere region was defined by the second peak of Cs+ ions. The first layer of O 

atoms in the solid structure was used to define the solid surface. For all three crystalline C-S-H 

structures, the O from the hydroxyl groups was chosen as the marker for the surface. The inner-

sphere region thus corresponded to the region that was within 1-2Å from the surface and the outer-

sphere region extended from the end of the inner-sphere region up to 4Å. 

4.2.4.3 Atomic Density Contour Maps 

Atomic density contour maps were plotted to indicate the possibility of finding ions at 

different locations for cross-sectional slices at various distances from the surface (i.e. xy-plane), 

and provided visual insight into the spatial correlation between the ions and the surface adsorption 

sites and the relative horizontal and vertical mobility of the ions. 

4.2.4.4 Water Orientation 

The influence of the solid surface charge on the orientation of water molecules was also 

examined by calculating the angles between the dipole vector of each water molecule that was 

located up to 20Å away from the surfaces ((0 0 1) plane) in the normal direction. 

4.2.4.5 Radial Distribution Function and Coordination Number 

Radial distribution functions (RDF) were calculated the along the z-direction between Cs+ 

ions and bridging O (Cs-Ob), hydroxyl O (Cs-Oh) and bridging O with tetrahedral substitution 

(Cs-Obts) for stable inner-sphere complexes. RDFs were first calculated for each inner-sphere 

adsorption event, then overall RDFs of each pair were plotted by averaging the corresponding 

RDFs of each inner-sphere adsorption event. Coordination Numbers (CN) were calculated by 

averaging the CN within the first coordination shell (i.e. from 0 to the end of the first RDF peak) 

for each frame of inner-sphere adsorption events. 

4.2.4.6 Interaction Energy and Hydration Energy 

To estimate whether a complex would remain at the surface of the different crystalline C-

S-H structures, the inner-sphere adsorption energies and hydration energies were calculated. Inner-

sphere adsorption energy was calculated every 10 ps for each qualified inner-sphere adsorption 

event. Averaged inner-sphere adsorption energies and corresponding standard deviations were 

calculated from all the inner-sphere adsorption events. The calculation of the adsorption energy 
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was computationally expensive. For statistical reliability, a 1-ns inner-sphere adsorption event was 

sampled and the adsorption energy was calculated for each frame. Over this period of data 

collection, 10,000 points were collected. To determine how many points must be sampled from 

this data set to yield a representative population, a series of Monte Carlo sampling tests were 

performed for this data set. A 100 out of 10,000 points sampling strategy was selected. Monte 

Carlo sampling tests were performed by randomly sampling 100 points from this data set for 

10,000 times. The results indicated that for 10,000 random samples of 100 points, the difference 

of the average of each random sampling compared to the overall averaged interaction energy was 

~1%. The standard deviation was small with respect to the interaction energy (i.e. ~2%), which 

indicated that the complexes had stable structures. The averaged value for a random sampling 

represented well the overall data. Therefore, for each stable adsorption event, the inner-sphere 

adsorption energy was calculated every 10 ps (i.e. every 100 frames) and the corresponding 

standard deviation was calculated. This procedure was performed for each qualified event; then 

the overall inner-sphere adsorption energy was calculated from all the qualified events. 

4.2.4.7 Dynamic Properties 

The diffusion coefficients of stable complexes at the crystalline C-S-H surface/aqueous 

phase systems were calculated by the mean square displacement (MSD) to provide information 

about the mobility for complexes at different distances (inner-sphere region, outer-sphere region 

and bulk solution) from the surface. Diffusion coefficients were averaged from that of each stable 

adsorption or stable aqueous event, and standard deviations were calculated. 

4.3 Results and Discussion 

4.3.1 Convergence of Equilibrium 

The equilibrium of the adsorption-desorption process at the solid-liquid interface was 

evaluated for all the three systems with the RMSD curves in the z-direction (Figure 4.2 and  

Figure 4.3). The results indicated at the SiO4 surfaces, the 0.5M CsCl/9Å tobermorite 

model reached equilibrium at ~6.9 ns, 0.5M CsCl/14Å tobermorite model reached equilibrium at 

~3.7 ns, and 0.5M CsCl/jennite model reached equilibrium at ~4.8 ns. At the octahedral CaO6 

surface, the 0.5M CsCl/9Å tobermorite model reached equilibrium at ~3.7 ns, 0.5M CsCl/14Å 

tobermorite model reached equilibrium at ~1.3 ns, and 0.5M CsCl/jennite model reached 

equilibrium at ~3.3 ns. For consistency, the last 6-8 ns of all the trajectories (8 ns for tobermorites 
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and 6 ns for jennite) were sampled for further structural, statistical, and dynamical analysis. The 

large sampling guarantees statistic reliability for data analysis. 
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Figure 4.2. RMSD along the z-direction and corresponding interval mean and running mean for 

Cs+ ions and the first layer of atoms on the tetrahedral SiO4 surfaces of: (a) 9Å tobermorite, (b) 

14Å tobermorite, and (c) jennite.  
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Figure 4.3. RMSD along the z direction and corresponding interval mean and running mean for 

Cl- ions, Cs+ ions and the first layer atoms on the octahedral CaO6 surfaces of: (a) 9Å tobermorite, 

(b) 14Å tobermorite, and (c) jennite.  
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4.3.2 Molecular Mechanisms of Cs+ Ion Binding to the Crystalline C-S-H Basal Surfaces 

Different adsorption capacities of the three crystalline C-S-H structures were observed for 

Cs+ (Figure 4.4, Table 4.4). The Cs+ ion binding capacity increased in the sequence jennite < 14Å 

tobermorite < 9Å tobermorite. For the 9Å tobermorite structure, ca. 54% of the total Cs+ ions (with 

standard deviation of 4.5%) were adsorbed at the tetrahedral SiO4 surface and ca. 10.4% of the 

Cs+ ions were surface bound at the octahedral CaO6 surface. This percentage decreased to ca. 48% 

for Cs+ ions (with standard deviation of 5.4%) at the tetrahedral SiO4 surface and ca. 4.6% at the 

octahedral CaO6 surface for the 14Å tobermorite structure. The lowest adsorption capacity was 

observed for the jennite structure with only ca. 3.3% of the total Cs+ ions (with standard deviation 

of 2.2%) surface bound at the tetrahedral SiO4 surface and ca. 5.0% at the octahedral CaO6 surface. 

For all three crystalline C-S-H structures, Cs+ ions were found preferentially located at the 

tetrahedral SiO4 surfaces while small amounts of Cs+ ions were adsorbed to the octahedral CaO6 

surfaces; Cl- ions were located at the octahedral CaO6 surfaces (Figure 4.4). For the jennite 

structure, small amounts of Cl- ions (1.6%) were also found at the tetrahedral SiO4 surface due to 

counter-ion driven adsorption. 
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Figure 4.4. Relative atomic density profiles for three different C-S-H crystalline phase-0.5M 

systems: (a) 9Å tobermorite, (b) 14Å tobermorite, and (c) jennite. Color key: black (Cs), red (Cl), 

magenta (O), blue (Si), green (Ca). The inner-sphere region is highlighted in blue while the outer-

sphere region is highlighted in red. Red dash line corresponds to the surface. 
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Table 4.4. Adsorption statistics for inner-sphere region and the total surface for different crystalline 

C-S-H structure/0.5M CsCl aqueous solution interfaces.  

The octahedral CaO6 surfaces 

  Inner-sphere Cs complexes Total adsorbed Cs 

 Ntot Nad ρ 

(1/nm2) 

Xad 

(%) 

Nad ρ(1/nm2) Xad 

9Å tobermorite 12 1.17 0.18 9.7 1.25 0.19 10.4 

14Å tobermorite 9 0.34 0.07 3.8 0.42 0.08 4.6 

jennite 11 0.15 0.02 1.3 0.55 0.08 5.0 

Ntot: total number of Cs+ ions in the system.  

Nad: total number of Cs+ ions adsorbed in the inner-sphere region.  

Xad: percentage of the Cs+ adsorbed.  

ρ: adsorption density. 

Std: standard deviation. 

 

4.3.2.1 Tetrahedral SiO4 Surface 

Well-defined inner-sphere and outer-sphere complexes were present for Cs+ ions at the 

tetrahedral SiO4 surface of all the three crystalline C-S-H phases. For the tobermorites, Cs+ ions 

were mainly adsorbed as inner-sphere complexes, as indicated by a pronounced peak of Cs+ ions 

in the inner-sphere region (i.e., 1-2Å from surface) (Figure 4.4). However, for jennite, although 

Cs+ ions showed similar adsorption patterns as those at the tetrahedral SiO4 surfaces of 

tobermorites, the relative atomic density of inner-sphere complexes and outer-sphere complexes 

was lower than that in the bulk solution, which indicated that the adsorption of Cs+ ions was not 

favorable at the tetrahedral SiO4 surface of jennite. Moreover, co-ion adsorption might also 

increase the amount of Cs+ ions adsorbed at the tetrahedral SiO4 surface of jennite.  

The tetrahedral SiO4 surfaces 

  Inner-sphere Cs complexes Total adsorbed Cs 

 Ntot Nad ρ 

(1/nm2) 

Xad 

(%)  

Std 

(%) 

Nad ρ 

(1/nm2) 

Xad 

(%) 

Std 

(%) 

9Å tobermorite 12 4.11 0.63 34.3 7.2 6.46 1.00 53.8 4.5 

14Å tobermorite 9 2.65 0.54 29.5 6.5 4.36 0.88 48.4 5.4 

jennite 11 0.17 0.03 1.6  0.37 0.06 3.3 2.2 
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A relatively larger fraction of the surface associated with Cs+ occurred in the inner-sphere 

region with ca. 34% of all Cs+ ions for 9Å tobermorite, ca. 29% for 14Å tobermorite and ca. 1.6% 

for the jennite structure, compared to the surface associated with Cs+ in both inner-sphere and 

outer-sphere regions with ca. 54% and 48% and 3.3% of all Cs+ ions for the 9Å tobermorite and 

14Å tobermorite and jennite structures, respectively (Table 4.4, Figure 4.5a). This result was 

consistent with experimental results from solid-state NMR spectroscopy previously reported in the 

literature that indicated inner-sphere adsorption as the main mechanism for Cs+ ions in hydrated 

C-S-H [17]. The difference in adsorption capacity between the three different crystalline C-S-H 

structures was motivated by structural differences of the basal tetrahedral SiO4 surface. The surface 

Ca layer of the jennite structure was located closer to the surface (~3.6Å) than that of the 

tobermorite structures (~4.5Å), making the adsorption of Cs+ in the inner-sphere region of jennite 

less favorable because of the more prominent repulsive interactions between Cs+ and Ca ions 

(Figure 4.6). The secondary peak observed in the outer sphere region of both tobermorite structures 

indicated adsorption of Cs+ also as outer-sphere complexes. The secondary peak in the outer-

sphere region, however, showed a similar area with the peak in the inner-sphere region for the 

jennite structure (ca. 1.7% vs ca. 1.6%), which indicated that at the tetrahedral SiO4 surface of 

jennite, outer-sphere adsorption was as important as inner-sphere adsorption, most likely due to 

the co-ion driven adsorption in the outer-sphere region. 

4.3.2.2 Octahedral CaO6 Surface 

At the octahedral CaO6 surfaces of all the three crystalline C-S-H phases, non-negligible 

adsorption behavior of Cs+ ions was observed. At the octahedral CaO6 surfaces of tobermorites, a 

pronounced Cs peak was observed in the inner-sphere region, while outer-sphere complexes were 

negligible. However, at the octahedral CaO6 surfaces of jennite, the peak of outer-sphere Cs 

complex was higher than that of inner-sphere Cs complex. Given the fact that the amount of Cl- 

ions adsorbed at the octahedral CaO6 surfaces was much larger than that of Cs+ ions at the same 

surface and the adsorption of Cl- ions occurred earlier than Cs+ ion at the (0 0 -1) surfaces, the 

adsorption of Cs+ ions at the octahedral CaO6 surfaces might be attributed to the adsorption of Cl- 

ions (i.e. co-ion adsorption).  

A significantly larger fraction of surface associated Cs+ occurred in the inner-sphere region 

with ca. 9.7% of all the Cs+ for 9Å tobermorite and ca. 3.8% for 14Å tobermorite compared to 
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10.4% and 4.6% of all surface bound Cs+ ions (inner-sphere and outer-sphere complexes). On the 

other hand, a relatively smaller fraction of surface associated Cs+ occurred in the inner-sphere 

region with a ca. 1.3% for jennite compared to 5.0% of all surface bound Cs+ ions (inner-sphere 

and outer-sphere complexes) (Table 4.4, Figure 4.5b). The difference in the adsorption 

mechanisms of Cs+ ions between the two tobermorite structures might be attributed to the location 

of the surface Ca ions. The positions of Ca ions on the surface of 14Å tobermorite were above the 

surface, while the positions of Ca ions on the surface of 9Å tobermomorite were below the surface 

(Figure 4.7). Ca ions above the surface of the 14Å tobermorite structure occupied part of the 

adsorption sites and made the formation of Cs complexes difficult. 

 

Figure 4.5. Adsorption density of Cs+ on (a) the tetrahedral SiO4 surface and (b) the octahedral 

CaO6 surface of all the three crystalline C-S-H phases. 
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Figure 4.6. Snapshot of the local structure at 12 ns at the tetrahedral SiO4 surface of (a) 9Å 

tobermorite, (b) 14Å tobermorite and (c) jennite showing the different location of the Ca layer 

with respect to the solid surface.  Color key: green (Cl), blue (Ca), yellow (Si), red (O), grey (H), 

purple (Cs). Red dash line corresponds to the surface. 

 

 

Figure 4.7. Snapshot of the local structure at 12 ns at the octahedral CaO6 surface of the (a) 9Å 

tobermorite and (b) 14Å tobermorite. Color key: green (Cl), blue (Ca), yellow (Si), red (O), grey 

(H). Red dash lines correspond to the surfaces. Blue dash lines correspond to the original positions 

of Ca ions. 
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4.3.3 Structure of the Crystalline C-S-H/Solution Interfaces 

4.3.3.1 Interface Water 

The adsorption of water was affected by the crystalline C-S-H structure type as seen from 

the relative atomic density profiles of oxygen atoms of water molecules (Figure 4.8). For all 

crystalline structures, the water molecules penetrated ~2-3Å into the silicate channels of both 

tetrahedral SiO4 and octahedral CaO6 surfaces. The strong oscillation of the water density (oxygen 

atom in water molecules) near the tobermorite structures indicated a stronger layering of the water 

molecules at the tobermorite surfaces compared to jennite. In contrast to tobermorites, the jennite 

structure possesses interlayer Ca-OH groups making the diffusion of the water molecules in the 

vicinity of the surface more difficult. The layering of water near solid-water interfaces has been 

previously observed in atomistic simulations at other mineral surfaces such as clay [175] and silica 

[176]. The water molecules in the vicinity of the tetrahedral SiO4 surface (i.e. up to 3-4Å) of the 

14Å tobermorite and 9Å tobermorite structures showed a preferential orientation (Figure 4.9) with 

the dipole vector pointing towards the silicate chain (i.e. dipolar angle distribution characterized 

by angles from 120° to 150° as shown in Figure 4.10), indicating that the tetrahedral SiO4 surface 

remained negatively charged and thus that all surface sites were not occupied by the Cs+ ions (i.e. 

the tobermorite tetrahedral SiO4 surface was not saturated and more Cs+ ions could be adsorbed). 

In contrast, the jennite structure had no influence on the orientation of the water dipoles (Figure 

4.9), which appeared oriented randomly as in the bulk. At the surface of jennite for a concentration 

of CsCl 0.5M, all the adsorption sites were occupied by Cs+ ions (Figure 4.6b) and a neutrally 

charged cavity was formed at the position of the Ca-OH groups. 
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Figure 4.8. Relative atomic density profiles of O in H2O molecules for three different crystalline 

C-S-H phases: (a) 9Å tobermorite, (b) 14Å tobermorite, and (c) jennite. The inner-sphere region 

is highlighted in blue while the outer-sphere region is highlighted in red. Red dash line corresponds 

to the surface. 
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Figure 4.9. Distribution of the angle between the water dipole and the normal vector for the surface 

of the tetrahedral SiO4 surface as a function of distance from the surface: (a) 9Å tobermorite, (b) 

14Å tobermorite, and (c) jennite for a CsCl concentration of 0.5M. Surface is indicated by 0.  

 

 

Figure 4.10. Snapshot at 12 ns of a water molecule with the OH groups pointing towards the silicate 

chain at the tetrahedral SiO4 surface of 14Å tobermorite. Color key: yellow (Si), red (O), grey (H), 

purple (Cs).   
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4.3.3.2 Adsorption Site Structural Information 

The atomic density contour maps at the tetrahedral SiO4 surface of the three crystalline C-

S-H structures showed a strong spatial correlation in the inner-sphere region (Figure 4.11) between 

Cs+ ions and the surface silicon (Si) and bridging oxygen atoms (Ob). The contour maps indicated 

that the 14Å tobermorite structure presented more structural changes than the 9Å tobermorite and 

jennite structures. Inner-sphere Cs+ ions were located preferentially at the cavities of the silicate 

chains in all three crystalline C-S-H structures and had little mobility in the plane parallel to the 

surface. Outer-sphere Cs+ complexes, on the other hand, showed higher mobility and less stability 

for the three crystalline C-S-H structures (Figure 4.12). 

Contour maps of the octahedral CaO6 surface of the tobermorite structures for inner-sphere 

Cs complexes (Figure 4.13) showed that the surface Ca ions became disordered. The surface Ca 

ions were more disordered at the octahedral CaO6 surface of 14Å tobermorite than 9Å tobermorite. 

The adsorption of inner-sphere Cs complexes most likely happened at the locations where surface 

Ca ions have diffused out of the surfaces; Cs+ ions could go through these locations and be 

adsorbed at the octahedral CaO6 surfaces.  
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Figure 4.11. Atomic density contour maps of the inner-sphere region of the tetrahedral SiO4 

surface of (a) 9Å tobermorite, (b) 14Å tobermorite, and (c) jennite in contact with 0.5M CsCl 

solution.  [Legend: red contours: surface bridging O atoms; black contours: O atoms of SiOH 

groups; brown contours: Si of SiOH groups; violet contours: Cs+ cations] 
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Figure 4.12. Atomic density contour maps of the outer-sphere region of the tetrahedral SiO4 

surface of (a) 9Å tobermorite, (b) 14Å tobermorite, and (c) jennite in contact with 0.5M CsCl 

solution. [Legend: red contours: surface bridging O atoms; black contours: O atoms of SiOH 

groups; brown contours: Si of SiOH groups; violet contours: Cs+ cations]. 
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Figure 4.13. Atomic density contour maps of the inner-sphere region of the octahedral CaO6 

surface of (a) 9Å tobermorite and (b) 14Å tobermorite in contact with 0.5M CsCl solution. 

[Legend: red contours: surface bridging O atoms; black contours: O atoms of SiOH groups; brown 

contours: Si of SiOH groups; teal contours: Ca cations; violet contours: Cs+ cations].  

 

The RDFs were calculated for inner-sphere Cs complexes at both surfaces of the 

tobermorites, mainly between Cs+ ions and structural O atoms (i.e. O atoms in the crystalline C-

S-H structures: bridging O, hydroxyl O, and bridging O with tetrahedral substitution).  At the 
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x 
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tetrahedral SiO4 surface of the tobermorites, Cs-Ob RDFs (RDF between the bridging O and Cs+ 

ions) presented a pronounced peak at ~3Å (Figure 4.14a and b), and ~3 Ob (bridging oxygen) 

atoms coordinated with one (1) Cs+ ion for the tobermorite structures (Table 4.5). Although one 

(1) Cs+ ion coordinated with the same number of Oh atoms in the first coordination shell (~3), the 

characteristic distance (R) of the Cs-Oh pair was larger than that of the Cs-Ob pair (Table 4.5). 

These results indicated that Cs+ ions adsorbed in the inner-sphere region of the tetrahedral SiO4 

surfaces of the tobermorites mainly coordinated with Ob atoms. The interaction between inner-

sphere Cs+ ions and bridging O with tetrahedral substitution (Cs-Obts) was weak; RDFs presented 

peaks at longer distances (~ 5Å) for both 9Å and 14Å tobermorite (Figure 4.14).  

Although RDFs for Cs+ ions at the octahedral CaO6 surface of 14Å tobermorite showed a 

similar pattern with those at the tetrahedral SiO4 surface (Figure 4.14b and d), Cs+ ions coordinated 

with less Ob and Oh in the first coordination shell at the octahedral CaO6 surface (Table 4.5). This 

result was thought to be due to the interaction between Cs+ ions and Cl- ions that adsorbed at the 

same surface. Adsorbed Cl- ions were located further away from the surface compared to the Cs+ 

ions. The attractive interaction between Cl- ions and Cs+ ions could contribute to the desorption of 

Cs+ ions at the surface. As a result, Cs+ ions coordinated with less O atoms.  

Though Cs-Ob RDF at the octahedral CaO6 surface of 9Å tobermorite showed a similar 

pattern to that at the tetrahedral SiO4 surface, the Cs-Oh and Cs-Obts RDFs had different patterns 

than those at the tetrahedral SiO4 surface (Figure 4.14a and c). Cs-Oh RDF had smaller R, which 

indicated that in the inner-sphere complexes, Cs+ ions were located closer to Oh compared to the 

inner-sphere complexes at the tetrahedral SiO4 surface (Table 4.5). The first Cs-Oh RDF major 

peak merged several peaks, which indicated the unstable coordination between Cs+ ions and Oh 

atoms. The Cs-Obts RDF only showed one major peak within the distance of 6Å at the octahedral 

CaO6 surface (Figure 4.14c), compared to two peaks at the tetrahedral SiO4 surface (Figure 4.14a). 

Cs+ ions adsorbed at the octahedral CaO6 surface of 9Å tobermorite coordinated with less Ob and 

Oh atoms in the first coordination shell compared to the inner-sphere complexes at the tetrahedral 

SiO4 surface due to attractive interaction between Cl- ions and Cs+ ions (Table 4.5). The different 

patterns for Cs-Oh and Cs-Obts RDFs at surfaces of 9Å tobermorite might be due to the difference 

between the surface structures.  
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The difference of the structure of inner-sphere Cs complexes between the tetrahedral SiO4 

surface and the octahedral CaO6 surface of tobermorites was mainly due to the presence of Ca 

layers. Ca ions at the octahedral CaO6 surfaces tended to leak out of the surfaces of tobermorites; 

Cs+ ions that could penetrate through the surface Ca layer interacted with the structure beneath the 

Ca layer, which was very similar to corresponding tetrahedral SiO4 surface. This result explained 

the similarity between the RDF patterns at the tetrahedral SiO4 surface and the octahedral CaO6 

surface.  

 

Figure 4.14. RDFs between inner-sphere Cs+ ions and different types of structural O at the 

tetrahedral SiO4 surface of: (a) 9Å tobermorite and (b) 14Å tobermorite; and the octahedral CaO6 

surface of: (c) 9Å tobermorite and (d) 14Å tobermorite. Ob is bridging O, Oh is hydroxyl O, and 

Obts is bridging O with tetrahedral substitution. 
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Table 4.5. Coordination number (N) and characteristic distance (R) of inner-sphere Cs complexes 

 N R(Å) 

 9Å tobermorite 14Å tobermorite 9Å tobermorite 14Å tobermorite 

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 

 

4.3.4 Adsorption Energies and Hydration Energies 

The inner-sphere adsorption energies were calculated for inner-sphere complexes at the 

tetrahedral SiO4 surfaces of all three crystalline C-S-H phases (Figure 4.15). The inner-sphere 

adsorption energy between Cs+ ions and 9Å tobermorite was -534.5 kcal/mol ± 8.5 kcal/mol (± 

indicated one sample standard deviation about the mean). The inner-sphere adsorption energy 

between Cs+ ions and 14Å tobermorite was -580.2 ± 8.2 kcal/mol. The inner-sphere adsorption 

energy between Cs+ ions and jennite was only -7.1 ± 14.0 kcal/mol, which indicated that the 

adsorption reaction was not thermodynamically favored. The hydration energy of Cs+ ion 

was -41.1 kcal/mol. The much lower inner-sphere adsorption energy of Cs+ ions on the surface of 

tobermorites compared to the hydration energy indicated that inner-sphere adsorption was 

energetically favorable. The lower hydration energy of Cs+ ion compared to the inner-sphere 

adsorption hydration energy of Cs+ ions on the surface of jennite indicated that the adsorption of 

Cs+ ions on the surface of jennite was not energetically favorable.  

The interaction energy between inner-sphere Cs complexes and the octahedral CaO6 

surface was calculated for tobermorites and compared with the interaction energy between inner-

sphere Cs complexes adsorbed at the octahedral CaO6 surface and Cl- ions (Table 4.6). The 

adsorption of Cs+ ions at the octahedral CaO6 surface was triggered by co-ion adsorption: Cl- ions 

adsorbed at the octahedral CaO6 surfaces and made the surface negatively charged, which attracted 
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Cs+ ions remaining in the bulk solution to adsorb at the octahedral CaO6 surfaces. The results 

indicated that the interaction between inner-sphere Cs complexes and the octahedral CaO6 surfaces 

was not energetically favorable. The occurrence of inner-sphere Cs adsorption was triggered by 

co-ion adsorption: Cl- ion adsorbed at the octahedral CaO6 surfaces attracted Cs+ ions from the 

bulk solution to the octahedral CaO6 surface. Those Cs+ ions were able to penetrate through the 

disordered surface Ca layers and interact with Ob and Oh atoms. The disordered Ca layers 

prevented the desorption behavior of inner-sphere Cs complexes and enhanced stable inner-sphere 

Cs complexes at the octahedral CaO6 surfaces. 
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Figure 4.15. Inner-sphere interaction energy and hydration energy of Cs ions for all the three 

crystalline C-S-H phases at the tetrahedral SiO4 surfaces. Note: vdW indicates van der Waals 

energies. 

 

Table 4.6. Interaction energies between inner-sphere Cs complexes and the octahedral CaO6 

surface surfaces and between inner-sphere Cs complexes and Cl- ions. 

 Interaction energy (kcal/mol) 

 octahedral CaO6 surface + inner-sphere Cs  Cl+ ions + inner-sphere Cs 

9Å tobermorite 374.60 ± 29.47 -465.37 ± 21.63 

14Å tobermorite 231.36 ± 35.00 -361.13 ± 38.60 
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4.3.5 Dynamic Properties at the Crystalline C-S-H Basal Surfaces 

In the inner-sphere regions of 9Å tobermorite and 14Å tobermorite, Cs+ ions diffused three 

to four orders of magnitude slower than in the bulk solution (0.00024×10-5 vs. 2.59×10-5cm2/s for 

9Å tobermorite and 0.00016×10-5 vs. 3.47×10-5cm2/s for 14Å tobermorite) (Figure 4.16, Table 

4.7), which indicated that the Cs complexes were stable in the inner-sphere region and unlikely to 

diffuse out from the surface. In contrast, the diffusion coefficients of Cs+ ions in the outer-sphere 

region were one order of magnitude lower than in the bulk solution for the 9Å tobermorite and 

14Å tobermorite structures (0.31×10-5 vs. 2.59×10-5 cm2/s for 9Å tobermorite and 0.27×10-5 vs. 

3.47×10-5 cm2/s for 14Å tobermorite) (Figure 4.16, Table 4.7). 

Inner-sphere Cs complexes diffused faster at the octahedral CaO6 surfaces compared to 

those adsorbed at the tetrahedral SiO4 surfaces (0.00045×10-5 vs. 0.00024×10-5 cm2/s for 9Å 

tobermorite and 0.0005×10-5 vs. 0.00016×10-5 cm2/s for 14Å tobermorite) due to the attractive 

interaction between Cl- ions and Cs+ ions at the octahedral CaO6 surfaces (Figure 4.16, Table 4.7).  

The calculated average diffusion coefficients for aqueous Cs+ ions in the bulk solution 

(2.59±1.19 - 3.47±0.64×10-5 cm2/s) were on the same magnitude with values found in the literature 

(1.19-2.36×10-5cm2/s) [177,178]. Experimental conditions could be very different from those in 

simulations; the data were close enough to confirm the reliability of simulation results. 
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Figure 4.16. Diffusion coefficients of inner-sphere, outer-sphere Cs complexes and Cs species in 

the bulk solution at the tetrahedral SiO4 surfaces. 

 

Table 4.7. Diffusion coefficient of Cs+ ions (10-5cm2/s). 

 9Å tobermorite 14Å tobermorite jennite   Experimental 

Aqueous      

Cs+ 2.59±1.19 3.47±0.64 3.11±1.35 1.19-2.36 a,b 

Cs+ adsorbed at 

tetrahedral SiO4 surface 

    

Inner-sphere 0.00024±0.00020 0.00016±0.000079 N/A  

Outer-sphere 0.31±0.25 0.27±0.18 N/A  

Cs+ adsorbed at 

octahedral CaO6 surface 

    

Inner-sphere 0.00045* 0.0005* N/A  

Outer-sphere N/A N/A N/A  

N/A = not applicable. 

* Insufficient data to estimate standard deviation. 

a [177] b [178] 
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4.4 Conclusions 

The energetic, structural, and dynamic behavior of water and ions at crystalline C-S-H 

surface-liquid phase interfaces have been studied on an atomic scale. Results obtained in the 

present work contribute toward a further understanding of the stability of cementitious waste forms 

and future design of new waste forms with better performance. The main findings are summarized 

as follows: 

• Cs+ ions were mainly adsorbed as inner-sphere complexes on the SiO4 surface of 9Å 

tobermorite and 14Å tobermorite. The adsorption capacity decreased in the sequence of: 

9Å tobermorite > 14Å tobermorite > jennite. 

• Cs+ ions mainly interacted with bridging O (Ob) to form inner-sphere complexes in which 

one Cs+ ion coordinated with three Ob atoms. 

• Inner-sphere adsorption of Cs+ ions at the SiO4 surface of 9Å tobermorite and 14Å 

tobermorite was energetically favorable, while not at the SiO4 surface of jennite.  

• Inner-sphere Cs complexes diffused four orders of magnitude slower than aqueous Cs+ 

ions, while outer-sphere Cs complexes were much mobile and diffused one order of 

magnitude slower than aqueous Cs+ ions. 

• Cl- ions adsorbed on the octahedral CaO6 surface of all the three crystalline C-S-H phases; 

the amount of Cl- ions adsorbed 5Å above the surfaces decreased in the sequence of: 9Å 

tobermorite > 14Å tobermorite > jennite. Ca ions played an important role in the adsorption 

of Cl- ions. 

• Water molecules showed a layered structure at the interface. The dipole moments had a 

preferred orientation up to 6Å above the SiO4 surface of 9Å tobermorite and 14Å 

tobermorite and up to 2Å above the SiO4 surface of jennite. 
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CHAPTER 5 

5 The adsorption of TcO4
- Ions on the Surface of Cement Phases 

 

This chapter is planned to be submitted for peer-review publication. 

 

5.1 Overview 

The long-lived radionuclide 99Tc is generated during the fission process of 235U. For every 

ton of enriched uranium fuel (3% 235U) that is consumed at a typical burn-up rate, nearly 1 kg of 

99Tc is produced. When released to the environment, plants and animals can take up 99Tc to an 

appreciable extent; thus the presence of 99Tc in the food chain is an obvious concern [179]. One of 

the preferred methods for safely disposing radioactive wastes is to immobilize them with concrete.  

The mobility and speciation of 99Tc are very sensitive to the redox potential (Eh) and pH 

of the system, as well as the hydrolytic and complexation equilibria. The solubility of 99Tc is 

significantly lowered under reducing conditions compared to oxidizing conditions. Low pH and 

Eh values in cementitious waste forms can be imposed by blending specific additives, e.g., iron 

blast furnace slag [110]. The addition of blast furnace slag or solidified slag produces cementitious 

waste forms with few and small pores, which slows 99Tc from leaching [29,32,109]. Moreover, 

99Tc mainly presented as a less soluble Tc4+ species under the reducing environment (from slag 

addition) and was effectively immobilized as TcSx or TcO2•xH2O [29,30]. Portland cement (PC) 

and fly ash pastes both have high pH and Eh values; the dominant redox species of 99Tc were 

highly soluble TcO4
- species under these pH-Eh conditions [110]. PC and fly ash grouts have been 

shown to be marginally acceptable for retention of TcO4
- ions. Experimental data indicated that 

the primary adsorption mechanism was anion exchange and that the exchange with Ca2+ ions was 

weak [32]. PC was studied because it is the most widely used cementitious waste form although 

blast furnace slag blended cementitious waste forms may be more effective to immobilize 99Tc. 

For the range of pH values (>12) present in cement leachates, 99Tc exists mainly as highly mobile 

TcO4
-. Therefore, understanding the interaction mechanisms between PC paste and TcO4

- is the 

key to decreasing leaching and designing high performance cementitious waste forms for 99Tc.  
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Cement paste is a truly complex material; it is porous, multicomponent, and multi-scalar. 

In PC, hydration products, such as ettringite, coexist with unhydrated clinkers of different sizes 

surrounded by C-S-H gel. C-S-H gel is one of the most important hydrated products and is mainly 

responsible for the cohesion of the cement paste. The C-S-H is an amorphous and porous material, 

although experimental results from different techniques such as 29Si nuclear magnetic resonance 

(NMR), X-ray diffraction (XRD), and infrared (IR) studies [171–173] revealed that it has a short 

range ordered structure at atomistic scale. Most knowledge regarding the C-S-H gel has been 

gained from its comparison with fully crystalline C-S-H such as 14Å tobermorite and jennite. 

While C-S-H gel is one of the most significant components in hydrated cement paste, ettringite 

also plays an important role in the chemistry of cement; ettringite can be found at the early 

hydration stages of Portland cement [180]. The formation of ettringite can cause expansion and 

cracking and eventually affect the durability of cement paste [82]. 14Å tobermorite, jennite, and 

ettringite were used as models for cement phases in the present work. 

Experimental studies have been conducted to evaluate the adsorption properties for TcO4
- 

of various oxides, hydroxides, silicates, sulfides, and activated carbon [179,181–183]. Results 

indicated that TcO4
- ions adsorbed weakly onto the solid phases, such as some clay minerals 

[179,181–183]. Experimental study indicated that bentonite was able to adsorb TcO4
- ions and 

decrease the diffusion coefficient of surface species; the adsorption mechanism was through 

physical adsorption to the sites on the surface, and adsorption was proportional to the specific 

surface area of bentonite [184]. Although reduction of Tc(VII) has been studied extensively [185–

187], relatively little is known about 99Tc adsorption under the hyper-alkaline conditions present 

in cementitious materials. 

A fundamental atomic-level understanding, interpretation, and prediction of immobilizing 

radionuclides with natural/synthetic phases can be provided by Molecular Dynamic (MD) 

simulations. Although 14Å tobermorite, jennite, and ettringite have been studied using MD 

simulations, previous studies mainly focused on structural and mechanical properties of these 

cement phases [113–122]. The studies concerning dynamic properties either focused on the 

interactions between cement phases and other ions or molecules, such as Na+, Sr2+ ions, and H2O 

molecules [13,35–37,123,124] or used other forcefields other than the ClayFF forcefield that is 

used in this work [117,118,125,126]. The results indicated that tobermorites and jennite were 
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capable of adsorbing some ions. Alkali ions such as Na+ and K+ ions can be adsorbed both on the 

surface and penetrate into the silicate channels of 9Å tobermorite and jennite to interact with 

different structural oxygen, and the interactions in the silicate channels were suggested to be 

chemical bonding [35]. 

MD simulations have also been applied to study the interactions between TcO4
- and other 

ions in aqueous solution or water molecules; the structural and dynamic properties of hydrated 

TcO4
- ions have also been studied [44,133–135]. The adsorption of TcO4

- ions on a mesoporous 

amorphous silica known as self-assembled monolayers on mesoporous supports (SAMMS) has 

also been investigated using MD simulations [136]. MD simulation data on the interactions 

between TcO4
- ions and cement phases or other clay minerals have not been published yet. 

MD simulations have been used to study the interfacial adsorption mechanisms between 

crystalline C-S-H phases and other ions and have also been used to study the interaction between 

TcO4
- ions and some solid phases. Previous studies separately investigated the two aspects that 

were combined in this work. This research will provide important information about cementitious 

waste form capacity and possible solutions for designing new waste forms for problematic 

constituents. The principal focus here is on immobilizing TcO4
- ions in three different cement 

phases: 14Å tobermorite, jennite, and ettringite. The molecular-scale energetic, structural, and 

dynamic properties of the interface between an aqueous solution containing KTcO4 and cement 

phases were analyzed by using relative atomic density profiles, radial distribution function (RDF), 

coordination number (CN), local structure analysis, diffusion coefficient, adsorption energy, and 

hydration energy. 

5.2 Theoretical Methods 

5.2.1 Simulation Models and Computational Cells 

MD simulations were performed employing three different crystalline structures: 14Å 

tobermorite, jennite, and ettringite. In the present work, a concentration of 0.2M KTcO4 was 

chosen to study the interaction mechanisms between TcO4
- ions and cement phases by analyzing 

structural, energetic, and dynamical properties (Table 5.1). The concentration of TcO4
- ions in the 

tank waste at the Hanford Site was thousands of times lower than the concentration that was used 

in present work (0.00005M [46] vs. 0.2M). Chemical interactions are not involved in MD 

simulations; therefore, the interaction mechanisms between radionuclides and cement phases were 
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not affected by the concentration of radionuclides in the models. The concentration of TcO4
- ions 

was chosen due to the limitation of the size of the computational cell that would have required to 

be significantly bigger to accommodate lower concentration while providing a sufficient number 

of TcO4
- ions in the cell to perform proper analysis. 

Table 5.1. Details for KTcO4 solution. 

 
Concentration 

(M) 

Density 

(g/cm3) 
N of TcO4

- N of K+ N of H2O 

14Å tobermorite  0.2 1 4 4 905 

Ettringite 0.2 1 5 5 1142 

Jennite 0.2 1 5 5 1200 

 

The 0.2M KTcO4/14Å tobermorite model and 0.2M KTcO4/jennite model were 

constructed in a similar way. 14Å tobermorite, Ca5Si6O16 (OH)2·7H2O, was modeled according to 

the unit cell structure proposed by Bonaccorsi et al. [78]. The structure used in the present work 

was composed of 12 unit cells (3×4×1 units in a, b, and c directions). The jennite structure, 

Ca9Si6O18(OH)6·8H2O, was modeled according to the unit cell structure proposed by Bonaccorsi 

et al. [79]. The jennite structure used in this work was composed of 24 unit cells (3×4×2 units in 

the a, b, and c directions) (Table 5.2). 14Å tobermorite and jennite were created by cleaving the 

crystal structure parallel to the tetrahedral SiO4 and the octahedral CaO6 surfaces under the 

interlayer Ca ions. On both surfaces, bridging silicate tetrahedrons were exposed to the solution. 

Interlayer water molecules of 14Å tobermorite and interlayer water molecules and hydroxyl groups 

of jennite were evenly distributed on both surfaces, while interlayer Ca ions were left on the 

octahedral CaO6 surface.  

Ettringite, Ca6[Al(OH)6]2(SO4)3·∼26H2O, was modeled according to unit cell structure 

described by Moore and Taylor [84]. The ettringite structure used in this work was composed of 6 

unit cells (2×3×1 units in the a, b, and c directions) (Table 5.2) and were created by cleaving the 

crystal structure perpendicular to the Al2O3 columns under intracolumn Ca ions. Column Ca ions 

and the water molecules coordinated with Ca ions were left on one surface, which was named the 
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octahedral CaO6 surface. The other surface was named the tetrahedral SO4 surface, which was 

characterized by tetrahedral SO4 groups pointing out (Figure 5.1). 

 

Figure 5.1. The characterization of the tetrahedral SO4 surface and the octahedral CaO6 surface of 

ettringite. 

Two layers of geometry optimized cement phases were used to build the simulation box, 

with a 50Å thick vacuum in between to avoid interaction between two surfaces. The designated 

pore width is in the range of the cement phases pore size that ranges from 50Å to 100Å, as proposed 

by Mindess et al. [188]. For 14Å tobermorite and jennite, the tetrahedral SiO4 and the octahedral 

CaO6 surfaces were facing the vacuum; for ettringite, the tetrahedral SO4 and the octahedral CaO6 

surfaces were facing the vacuum. After the supercells were built, water molecules, K+ ions, and 

TcO4
- ions were packed into the vacuum with the density indicated in (Table 5.1). Periodic 

boundary conditions (PBC) were applied in all three dimensions. 

 

 

 

 

 

octahedral CaO6 surface 

tetrahedral SO4 surface 
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Table 5.2. Crystallographic lattice parameters of simulated crystalline structures. 

 Ettringite  14Å Tobermorite Jennite 

a/ Å 22.31 26.94 31.73 

b/ Å 29.21 29.70 21.78 

c/ Å 21.71 27.99 21.86 

α/deg 

β/deg 

γ/deg 

101.08 

92.83 

89.98 

90.0 

90.0 

123.25 

101.3 

96.98 

109.65 

 

5.2.2 Forcefield 

In the present work, the CLAYFF forcefield [126] was used to describe the atomic 

interactions in the crystalline structures and their interactions with the aqueous solution. This 

forcefield has been successfully used to simulate the structure and dynamic properties of hydrated 

mineral systems and their interfaces with aqueous solutions [189]. Prior MD studies concerning a 

variety of cement phases, such as portlandite and tobermorites, demonstrated that the CLAYFF 

forcefield could provide reliable results for the structure and dynamic properties of the C-S-H gel, 

although the forcefield was not initially designed for cement systems [36]. However, the CLAYFF 

forcefield does not contain forcefield parameters for TcO4
- ions [190] and sulfate groups [191] in 

ettringite. Relevant parameters were found in literature and incorporated into the CLAYFF 

forcefield to perform MD simulations (Table 5.3). 
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Table 5.3. Forcefield parameters for TcO4
- and SO4

2- [44]. 

Nonbond parameters for TcO4
- and SO4

2- 

Atom type symbol qi ϵii (kcal/mol) σii (Å) 

Tc in TcO4
- Tc +2.720 1.0080 2.6550 

O in TcO4
- Otc –0.930 0.2090 3.8600 

S in SO4
2- so +2.300 0.8370 3.5500 

O in SO4
2- os –1.075 0.6500 3.2500 

Bond parameters for the TcO4
-  and SO4

2- 

Bond Stretch 

atom i atom j k1 (kcal/mol Å2) ro (Å) 

Tc Otc 2094.5 1.0000 

so os 2198.7 1.4870 

Angle Bend 

atom i atom j atom k k2 (kcal/mol rad2) θo (deg) 

Otc Tc Otc 585.8 109.47 

os so os 585.8 109.47 

 

5.2.3 Computational Methods 

MD simulations were performed using Materials Studio software (Accelrys, Inc., San 

Diego, CA). The crystalline structures were first geometrically optimized, then KTcO4 solution 

was packed in to the 50Å pore space between the two solid phase layers. After geometry 

optimization of each constructed computational cells, 400 ps of NPT-ensemble MD simulations 

were employed to relax the computational cells. A portion of the solid structure located 6Å below 

the interface was then constrained and maintained fixed during the simulation to decrease the 

simulation time. Meanwhile, the impact of interfacial interaction on the surface structure could be 

investigated with the free near surface solid layer method.  Each energy minimized computational 
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cell was then subjected to an NVT-ensemble of MD simulations of 1 ns with a time step of 1.0 fs 

at 298K for thermodynamic equilibration. The dynamic trajectory was then recorded at 100-fs 

intervals for an additional 20 ns of NVT-ensemble MD simulation. 

5.2.4 Data Analysis  

The equilibration status of each trajectory was determined by calculating the Root Mean 

Square Displacement (RMSD) of the atoms located in the first layer of the CaO6 surfaces and the 

aqueous species (i.e. TcO4
- ions) in solution [149,153]. Particularly, the RMSD in the z-direction 

was evaluated because the movement of ions in the z-direction is associated with the adsorption-

desorption process. The first layer atoms on the CaO6 surfaces of 14Å tobermorite and jennite 

included all the hydroxyl oxygen, bridging oxygen with tetrahedral substitution, and silica ions at 

the surface in the first layer of silicate chains, as well as interlayer Ca ions at the interface. The 

first layer atoms on the CaO6 surface of ettringite included all the sulfur and aluminum atoms in 

the first layer of SO4 and AlO6 groups, as well as interlayer Ca ions at the interface. The 

equilibration of the interface was determined by the plateau of the RMSD curves in the z-direction. 

The systems were assumed to have reached equilibrium by the end of the simulation (i.e. the final 

part of each RMSD curve was assumed to be part of a plateau that could be represented as a mean 

with random error). The data acquisition trajectories were segmented to a series of 1-ns segments 

(10,000 frames) at a running 0.1-ns interval (1,000 frames) from the end of the simulation (where 

equilibrium was assumed) back to the beginning. This process generated 190 piece-wise trajectory 

segments that overlapped. The interval mean was calculated for each trajectory 

segment (i.e. 10,000 points). The running mean (i.e. the mean calculated from the last frame of the 

data acquisition trajectory to the first frame of the selected trajectory segment) was compared to 

the interval mean, up to the last crossover point between the running mean curve and the raw 

RMSD curve. The last crossover point (relative to the end of the simulation) was assumed to 

represent the approximate beginning of the plateau. Typically, a statistical test on the difference in 

means (running versus interval) could be used to identify the beginning of the plateau (i.e. when 

the means are significantly different); however, the results of any such statistical test (e.g. a t-test 

at a 5% significance level) would indicate that the beginning of the plateau was proximate to the 

selected crossover point because of the large numbers of RMSD points used to estimate the running 

and interval means. Furthermore, selecting the last crossover point instead of the actual beginning 

of the plateau that would be obtained using a statistical test would not significantly change the 
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statistics for the plateau. The end of the trajectory segment that corresponds to the last crossover 

point was used to define the beginning of the plateau. 

Relative atomic density profiles were computed along the (0 0 1) direction (i.e. 

perpendicular to the solid/aqueous solution interface) to determine the occurrence of adsorption 

and to define the inner-sphere and outer-sphere regions beyond the interface. Relative atomic 

density profiles were averaged over the equilibrated phase of trajectories. The first layer of O 

atoms in the solid structure was used to define the solid surface. For the three cement phases, the 

oxygen of hydroxyl groups was chosen as the marker for the surface. The interactions of TcO4
- 

ions with the cement phases were analyzed in terms of inner-sphere and outer-sphere adsorption. 

Inner-sphere adsorption was considered as the adsorption mechanism when the ions bind directly 

to the surface with no intervening water molecules and little mobility in the plane parallel to the 

surface for a long simulation period (700 ps) (e.g. >500ps in literature [169]). Outer-sphere 

adsorption was characterized by the presence of intermediate water molecules between the ions 

and the surface, and the complexes stayed in the outer-sphere region longer than 250 ps. The inner-

sphere and outer-sphere regions were determined by comparing the location of the relative atomic 

density profiles of the Tc ion in TcO4
- ions and O in water molecules. The residence time of the 

inner-sphere and out-sphere complex were studied by plotting the z-coordinates of Tc in each 

TcO4
- ion as a function of time.  

Radial distribution functions (RDF) were calculated the along the z-direction between Tc 

in TcO4
-  ions and bridging O (Tc-Ob), hydroxyl O (Tc-Oh), bridging O with tetrahedral 

substitution (Tc-Obts), and Ca (Tc-Ca) for stable inner-sphere complexes. Due to the structure of 

TcO4
- ions, the RDFs between O in TcO4

- ions and Ca (Otc-Ca) were also analyzed to study the 

configuration of complexes. Then for each model, overall RDFs of each pair were plotted by 

averaging corresponding RDFs of each inner-sphere adsorption event. Overall Coordination 

Numbers (CN) were averaged by the CN of each frame from qualified events. RDFs and CNs for 

outer-sphere complexes were analyzed in the same way as for inner-sphere complexes. Instead of 

structural O (i.e. Ob, Oh, Obts), the configuration of outer-sphere complex was analyzed between 

Tc and O in water molecules (Tc-O*), and the corresponding CNs were calculated.   

To have an estimate of how energetically favorable it was to form a complex at the surface 

of different cement phases, the adsorption energies for inner-sphere and outer-sphere complexes 
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were compared to the hydration energies. Overall adsorption energies were averaged from all the 

adsorption events, and corresponding standard deviations were calculated. The calculation of the 

adsorption energy was computationally expensive. For statistical reliability, different types of 

inner-sphere adsorption events and outer-sphere adsorption events (before co-ion adsorption vs. 

after co-ion adsorption, type 1 outer-sphere adsorption vs. type 2 outer-sphere adsorption (Figure 

3.16 and Figure 3.17)) were sampled for 1 ns, and the adsorption energy was calculated for each 

frame. Over this period of data collection, 10,000 points were collected. To determine how many 

points must be sampled from this data set to yield a representative population, a series of Monte 

Carlo analyses were performed. A 100 out of 10,000 points sampling strategy was proposed. 

Monte Carlo analyses were performed by randomly sampling 100 points from this data set for 

10,000 times. The results indicated that for 10,000 random samples of 100 points, the difference 

of the averaged adsorption energy of each random sampling compared to the overall averaged 

interaction energy was less than 3%. Although the standard deviation of each random sampling 

showed significant variation compared to the overall standard deviation, the standard deviation 

was small with respect to the interaction energy (i.e. less than 20%). Therefore, the combination 

of the averaged value and standard deviation for a random sample can well represent the overall 

data. Therefore, for each stable adsorption event, the adsorption energy was calculated every 10 

ps (i.e. every 100 frames), and the corresponding standard deviation was also calculated. This 

procedure was performed for every qualified event; then the overall adsorption energy was 

averaged from all the qualified events and the corresponding standard deviation was calculated. 

Dynamic properties, including the diffusion coefficients of stable complexes in the cement 

phase/aqueous solution systems were calculated by mean square displacement (MSD) to provide 

information about the mobility for complexes at different distances (inner-sphere region, outer-

sphere region, and bulk solution) from the surface. Diffusion coefficients were averaged from that 

of each qualified event, and standard deviations were also calculated. 

5.3 Results and Discussion 

5.3.1 Equilibrium of the System 

The equilibrium of each model was evaluated by calculating the RMSD of the first layer 

elements and surface species (Figure 5.2). The RMSD in the z-direction of each system, which 

represented the adsorption - desorption process, approached a plateau at ~14 ns. The results 
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indicated that the 0.2M KTcO4/14Å tobermorite system reached equilibrium at ~11.5 ns, 0.2M 

KTcO4/jennite system reached equilibrium at ~12.5 ns, and 0.2M KTcO4/ettringite system reached 

equilibrium at ~11.0 ns. For consistency, only the last 6 ns of trajectories of all the systems were 

collected for data analysis. 
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Figure 5.2. RMSD along the z-direction, and corresponding interval mean and running mean for 

TcO4
- ions and the first layer of surface element: (a) 14Å tobermorite, (b) jennite, and (c) ettringite.  
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5.3.2 Relative Atomic Density Profiles and Identification of Inner-Sphere and Outer-Sphere 

Complexes 

Due to the limited size of each computational cell, only four or five TcO4
- ions were 

included in each model. The results showed that, for 0.2M KTcO4/14Å tobermorite, only one 

TcO4
- ion formed a stable inner-sphere Tc complex and two TcO4

- ions were adsorbed as the outer-

sphere complexes; for 0.2M KTcO4/ettringite, all the five TcO4
- ions formed stable outer-sphere 

complexes. 

The relative atomic density profiles indicated the adsorption capacity of TcO4
- at the 

surfaces of different cement phases. The profiles represented the collective atomic structures in 

equilibrium with 0.2M KTcO4 structure (Figure 5.3). On the octahedral CaO6 surfaces of 14Å 

tobermorite, two major peaks were observed, which indicated that at least two types of Tc 

complexes were adsorbed on the surface. There was a shoulder on the second peak, which 

indicated that either the adsorption was not stable or there were two subcategories of complexes 

in this region. Some K+ ions diffused into the octahedral CaO6 surface area of 14Å tobermorite; a 

pronounced K peak was observed, which indicated that the adsorption of TcO4
- ions on the 

octahedral CaO6 surface might be due to the co-ion effect. On the octahedral CaO6 surface of 

ettringite, only one major peak was observed; however, the distance between the surface and the 

highest point of the peak was about 3 Å. This distance was big enough to accommodate a layer of 

water molecules, which indicated that TcO4
- may have formed outer-sphere complexes on the 

surface of ettringite, and the Tc complexes might include water molecules. On the octahedral CaO6 

surface of jennite, no surface complexes were observed, and the relative atomic density profile of 

Tc was evenly distributed along the z-direction of the liquid phase, which indicated that the affinity 

of TcO4
- ions to the surface of jennite was weak. 

Adsorption of K+ ions on the tetrahedral SiO4 surface of 14Å tobermorite and jennite was 

observed. The high peak of the K profile on the tetrahedral SiO4 surface of 14Å tobermorite 

indicated strong interaction between K+ ions and the surfaces. However, the interaction between 

K+ ions and jennite was weak. On the tetrahedral SO4 surface of ettringite, several major peaks 

were observed near the surface area, which indicated strong interactions. However, sulfate leaked 

into the aqueous phase; therefore, it was impossible to define the surface. The adsorption of K+ 
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ions on the surface of cement phases was not the main interest of the present work. Therefore, no 

further analysis was conducted on the tetrahedral SiO4/SO4 surfaces. 

 

Figure 5.3. Relative atomic density profiles for three systems: (a) 0.2M KTcO4/14Å tobermorite; 

(b) 0.2M KTcO4/jennite; and (c) 0.2M KTcO4/ettringite. Note that the surfaces were shown by red 

dash lines; black dash lines represented the lowest point of the first few peaks from the surfaces. 

 

On the octahedral CaO6 surface of 14Å tobermorite and ettringite, relative atomic density 

profiles of Tc ions were zoomed in and combined with the relative atomic density profiles of O in 

water molecules to identify the inner-sphere complexes and outer-sphere complexes on the 

surfaces (Figure 5.4). The relative atomic density profile of O in water molecules showed no peak 

20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92

R
e

la
ti
v
e

 a
to

m
ic

 d
e

n
s
it
y

z (Å)

 Tc

 K

 Si

 O

 Ca

16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84

R
e

la
ti
v
e

 a
to

m
ic

 d
e

n
s
it
y

z(Å)

 Tc

 K

 Si

 O

 Ca

12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84

R
e
la

ti
v
e
 a

to
m

ic
 d

e
n
s
it
y

z (Å)

 Tc

 K

 Al

 Ca

 O

 S

(a) 

(b) 

(c) 

solid 

solid 

solid 



99 
 

between the surface and the first peak of Tc on the surface of 14Å tobermorite, and there was at 

least one peak of water O between the surface and the second major Tc peak. These results 

indicated that near the surface of 14Å tobermorite, TcO4
- ions formed both inner-sphere and outer-

sphere complexes. The tails of Tc profile indicated that surface Tc complexes had a chance to 

diffuse out of the surface area to the bulk solution. On the other hand, on the surface of ettringite, 

there was an obvious peak of water O between the surface and the Tc profile, which indicated that 

on the surface of ettringite, TcO4
- ions only generated outer-sphere complexes. 

 
Figure 5.4. Relative atomic density profiles of Tc ion and O in water molecules at the surface of: 

(a) 14Å tobermorite and (b) ettringite. The inner-sphere region was highlighted in red, and the 

outer-sphere region was highlighted in blue. 

 

5.3.3 Structural Properties of Tc Complexes on the Surface of 14Å Tobermorite 

K+ ions approached the octahedral CaO6 surface of 14Å tobermorite at 17.2 ns after data 

acquisition started. The relative atomic density profiles of Tc ions in TcO4
- and K+ ions within 

different time frames were plotted to compare the influence of K+ ions on the adsorption of TcO4
- 

ions (Figure 5.5). The results indicated that the presence of K+ ions on the surface did not affect 

the distance between the inner-sphere Tc complex and the surface. However, K+ ions on the surface 

pushed the outer-sphere complexes ~1.1Å further away from the surface. The presence of K+ ions 

on the surface also attracted the Tc complexes from the bulk solution into the outer-sphere region, 

as evidenced by the merging of the second and third peaks after the adsorption of K+ ions. The 
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results indicated that there might be two types of outer-sphere Tc complexes in the surface area of 

14Å tobermorite. 

 
Figure 5.5. The evolution of the location of Tc ion and K+ ions between: (a) 14-16 ns, (b) 16-17 

ns, (c) 17-18 ns, and (d) 18-20 ns. Note that K+ ions arrived at the surface area at 17.2 ns after the 

data acquisition started. The inner-sphere region was highlighted in red, and the outer-sphere 

region was highlighted in blue. 

 

5.3.3.1 Inner-sphere Tc Complex 

The radial distribution function (RDF), characteristic distance (R), and coordination 

number (CN) provided more specific information on the structures of complexes. For the inner-

sphere Tc complex, RDFs were plotted between Tc ions (Tc) and O ions in TcO4
- groups (Otc), 

different structural O (Obts, Ob, and Oh), O in water molecules (O*), and Ca ions to investigate 

the structure of inner-sphere Tc complex. The RDF results indicated that the inner-sphere Tc 

complex included TcO4
-, bridging O with tetrahedral substitution (Obts), and Ca ions (Figure 5.6). 

20 25 30 35 40 45 50 55 60

0

20

40

60

80

100

120

R
e

la
ti
v
e
 a

to
m

ic
 d

e
n

s
it
y

z(Å)

 Tc

 K

20 25 30 35 40 45 50 55 60

0

20

40

60

80

100

120

R
e

la
ti
v
e
 a

to
m

ic
 d

e
n

s
it
y

z (Å)

 Tc

 K

20 25 30 35 40 45 50 55 60

0

20

40

60

80

100

120

R
e

la
ti
v
e
 a

to
m

ic
 d

e
n

s
it
y

z (Å)

 Tc

 K

20 25 30 35 40 45 50 55 60

0

20

40

60

80

100

120
R

e
la

ti
v
e
 a

to
m

ic
 d

e
n

s
it
y

z (Å)

 Tc

 K

(a) (b) 

(c) (d) 

solid solid 

solid solid 

27.2Å 

27.2Å 

27.2Å 27.2Å 

29.4Å 
30.7Å 

30.7Å 

30.5Å 



101 
 

The TcO4
- ion has non-polar tetrahedral geometry in vacuum, which is in sp3 hybridization. 

However, the TcO4
- ion in the inner-sphere Tc complex was strongly polar; the Tc ion was 

relocated to the apex in a tetragonal pyramid geometry. The angles between the dipole moment of 

TcO4
- and the normal vector of surface were ~140° (Figure 5.7), which indicated that the TcO4

- 

ions had dipole moment pointing towards the surface; the Tc ions were located closer to the surface 

and the Otc atoms were located further away from the surface. RDF and CN results indicated that 

in the inner-sphere Tc complex, the Tc ion at the apex of TcO4
- pyramid was coordinated with 1 

Obts atom at the surface, and the distance between the Tc ion and the Obts atom was 2.287 ± 

0.053Å. The Ca ions were located closer to the Otc atoms. The Tc ion coordinated with 3-4 Ca 

ions (Figure 5.6). Co-ion adsorption did not affect the distance between the inner-sphere Tc 

complex and the surface; however, it significantly affected the structure of the inner-sphere Tc 

complex.  

 

 
Figure 5.6. RDFs of the inner-sphere Tc complex on the surface of 14Å tobermorite: (a) before 

co-ion adsorption and (b) after co-ion adsorption. 
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Figure 5.7. Orientation of the dipole moment of the inner-sphere Tc complex on the surface of 

14Å tobermorite. Note that dipole moment points from negative charge to positive charge in 

physics by convention. 

The major influence of co-ion adsorption on the structure of inner-sphere Tc complex was 

the configuration of Ca ions in the complex. Before the occurrence of co-ion adsorption, the Tc 

ion coordinated with 3-4 Ca ions (in most cases, 3 Ca ions), which was evidenced by the shoulder 

of the first peak of Tc-Ca RDF curve (Figure 5.6a). These 3 Ca ions were located beneath the base 

of the tetragonal TcO4
- pyramid and formed an irregular tetrahedron with Tc (Figure 5.8a, b and 

c, Table 5.4). After K+ ions were adsorbed on the surface, the inner-sphere complex contained 4 

Ca ions. These Ca ions were located beneath the base of the tetragonal TcO4
- pyramid and formed 

a square pyramid with the Tc ion (Figure 5.8d, e and f, Table 5.4).  

The configurations of TcO4
- ions in the inner-sphere Tc complex were almost identical 

before and after co-ion adsorption. The TcO4
- ions were in a square pyramid configuration, 

although the Otc-Tc-Otc edge angles showed more variation with each other before co-ion 

adsorption. The Tc-Otc bonds in the inner-sphere complex were longer than those in equilibrated 

TcO4
- tetrahedron in vacuum (1.704Å) [44], which indicated strong interaction between the Otc 

atoms and the Ca ions. The TcO4
- ions in the inner-sphere Tc complex were strongly polar, with 

dipole moments up to 11.6 Debye (D) (Table 5.4). 
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Table 5.4. Geometry of the inner-sphere Tc complex on the surface of 14Å tobermorite. 

 before co-ion adsorption after co-ion adsorption 

Tc-Otc bond length (Å) 1.714 ± 0.016 1.712 ± 0.017 

Otc-Tc-Otc Angles (°) 78.84 ± 2.23 78.77 ± 2.01 

angle 1 80.16 ± 2.06 78.73 ± 1.99 

angle 2 77.62 ± 2.00 78.64 ± 2.01 

angle 3 78.65 ± 2.05 78.66 ± 2.00 

angle 4 78.95 ± 2.05 79.08 ± 2.00  

Tc-Ca distance (Å) 3.67 ± 0.11 3.72 ± 0.11 

Ca-Tc-Ca Angles (°)  65.11 ± 3.25 

angle 1 72.68 ± 4.85 65.99 ± 2.95 

angle 2 130.77 ± 7.31 63.55 ± 2.94 

angle 3 80.68 ± 5.15 65.59 ± 3.28 

angle 4 N/A 65.34 ± 3.26 

Dipole moment (Debye) 11.65 ± 0.23 11.69 ± 0.23 
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Figure 5.8. Snapshots of the local structure of inner-sphere Tc complexes before co-ion adsorption 

on the surface of 14Å tobermorite: (a) the distance between Tc and Obts, Tc and Ca; (b) the Ca-

Tc-Ca angles; and (c) the Otc-Tc-Otc angles. After co-ion adsorption: (d) the distance between Tc 

and Obts, Tc and Ca; (e) the Ca-Tc-Ca angles; and (f) the Otc-Tc-Otc angles. For a clear view, 

water molecules were not shown. Legend: blue – Tc, red – O, green – Ca, yellow – Si. 
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5.3.3.2 Outer-sphere Tc Complex 

The outer-sphere Tc complex was classified based on the geometry of the TcO4
- ion in the 

complex. Two types of outer-sphere complexes were identified. The outer-sphere Tc complex type 

1 had the TcO4
- ion in tetragonal pyramid geometry and the outer-sphere Tc complex type 2 had 

the TcO4
- ion in tetrahedral geometry. 

The configuration of the outer-sphere Tc complex type 1 was affected by co-ion adsorption. 

Before co-ion adsorption, the outer-sphere Tc complex type 1 coordinated with 2 water O in the 

first hydration shell and with 2-3 Ca ions in the first Ca coordination shell (i.e. in most cases, 2 Ca 

ions). A second Ca coordination shell was also observed (Figure 5.9a). The outer-sphere Tc 

complex type 1 that formed after co-ion adsorption only had one Ca coordination shell with 3 Ca 

ions (Figure 5.9b). Instead of coordinating with the Obts atom in the inner-sphere Tc complex, the 

Tc ion in the outer-sphere Tc complex 1 coordinated with two water molecules through O, before 

and after co-ion adsorption. Co-ion adsorption affected the charge balance of the surface, which 

changed the angular orientation for the dipole moment of the TcO4
- ion from 40° to 140° (Figure 

5.10). 

 
Figure 5.9. RDF of the outer-sphere Tc complex type 1: (a) before K+ co-ion adsorption and (b) 

after K+ co-ion adsorption. 
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Figure 5.10. Orientation of the dipole moment of the outer-sphere Tc complex type 1 on the surface 

of 14Å tobermorite. Note that dipole moment points from negative charge to positive charge in 

physics by convention. 

Local structure and configuration statistical analysis indicated that before co-ion 

adsorption, 2 Ca ions were located beneath the base of the TcO4
- pyramid. In the case when a third 

Ca ion coordinated, the third Ca ion was located further away from the Tc ion compared to the 

other 2 Ca ions and was located above the base of TcO4
- pyramid (Figure 5.11). The Tc atom in 

the TcO4
- ions coordinated with the O atom in water molecules (Figure 5.11).  

The co-ion adsorption of K+ ions occupied surface sites and pushed the outer-sphere Tc 

complex type 1 away from the surface and changed the structure of the complex (Figure 5.12). 

The TcO4
- ion in the outer-sphere Tc complex type 1 kept tetragonal pyramid geometry. The apex 

Tc ion coordinated with 2 water molecules in the first hydration shell. Three (3) Ca ions were 

located beneath the base of TcO4
- pyramid and formed an irregular tetrahedron with the Tc ion 

(Figure 5.12).  
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Figure 5.11. Snapshots of the local structure of outer-sphere Tc complex type 1 before co-ion 

adsorption on the octahedral CaO6 surface of 14Å tobermorite: (a) the distance between Tc and 

water O, Tc, and Ca; (b) the Otc-Tc-Otc angles. For a clear view, water molecules are not shown. 

Legend: blue – Tc, red – O, green – Ca, yellow – Si, grey – H. 
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Figure 5.12. Snapshots of the local structure of outer-sphere Tc complex type 1 after co-ion 

adsorption on the octahedral CaO6 surface of 14Å tobermorite: (a) the distance between Tc and 

water O, Tc, and Ca; (b) the Ca-Tc-Ca angles; and (c) the Otc-Tc-Otc angles. For a clear view, 

water molecules are not shown. Legend: blue – Tc, red – O, green – Ca, yellow – Si, grey – H. 
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Like the inner-sphere Tc complex, the TcO4
- ion in the outer-sphere Tc complex type 1 

was in a square pyramid configuration, which was not significantly affected by co-ion adsorption. 

The Otc-Tc-Otc edge angles showed more variation with each other before co-ion adsorption. In 

the outer-sphere complex type 1, the Tc-Otc bonds were longer than those in equilibrated TcO4
- 

tetrahedron in vacuum (1.704Å) [44], which was attributed to the strong interaction between the 

Otc atom and the Ca ions. The TcO4
- ions in the outer-sphere Tc complex type 1 were strongly 

polar with a dipole moment up to 11.6 Debye (D) (Table 5.5). 

 

Table 5.5. Geometry of the outer-sphere Tc complex type 1 on the octahedral CaO6 surface of 14Å 

tobermorite. 

 before co-ion adsorption after co-ion adsorption 

Tc-Otc bond length (Å) 1.712 ± 0.016 1.712 ± 0.017 

Otc-Tc-Otc Angles (°) 78.91 ± 2.28 78.69 ± 2.06 

angle 1 78.09 ± 2.01 78.50 ± 2.02 

angle 2 79.68 ± 2.11 78.69 ± 2.03 

angle 3 77.81 ± 2.05 78.60 ± 2.03 

angle 4 80.07 ± 2.06  78.98 ± 2.11 

Tc-Ca distance (Å) 3.65 ± 0.11 3.70 ± 0.10 

Ca-Tc-Ca Angles (°)   

angle 1 N/A 65.63 ± 3.24 

angle 2 N/A 67.33 ± 3.87 

angle 3 N/A 97.90 ± 3.93 

Dipole moment (Debye) 11.63 ± 0.22 11.74 ± 0.22 

 

The outer-sphere Tc complex type 2 contained 2 Ca ions in the first Ca coordination shell. 

A second Ca coordination was centered at 5.27Å. The first hydration shell of the complex 

contained 18.05 ± 0.45 water molecules (Figure 5.13), which indicated that the TcO4
- ion was most 

likely fully hydrated.  

Local structure and geometry statistical analysis indicated that the TcO4
- ion kept the 

tetrahedral geometry, yet was slightly polar with a dipole moment equal to 0.43 ± 0.18 D. The 

weak polarity of the TcO4
- ion was most likely due to the interaction with the ambient environment: 

unequal changes in the internal bond angles and bond lengths of the ion. Therefore, it was difficult 

to determine the angular orientation of the tetrahedral TcO4
- ion. The length of the Tc-Otc bond 

was equal to 1.705 ± 0.017 Å, and the tedrahedral angles (edge central angle) were 109.45 ± 1.76 °. 

These values were almost identical to the values of bond length and tedrahedral angle when the 
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TcO4
- ion is in equilibrium in vacuum (1.705 Å and 109.47°). The Ca ions were located further 

away from the Tc ion in the TcO4
- group compared to the outer-sphere Tc complex type 1 (4.12 ± 

0.21Å vs. 3.70 ± 0.10Å).  

The TcO4
- ion in the outer-sphere Tc complex type 2 had similar geometry to that for the 

aqueous TcO4
- ion, and the characteristic distance (R) of the first hydration shell for both types of 

TcO4
- ion were comparable (4.35Å vs. 4.03Å) (Figure 5.13). However, the outer-sphere Tc 

complex type 2 contained many more water molecules in the first hydration shell compared to the 

aqueous TcO4
- ion (18.05 ± 0.45 vs. 5.76 ± 0.83 water molecules). The incorporation of Ca ions 

in the complex may affect the amount of water molecules, and the layered structure of water 

molecules in the surface region also contributed to the large amount of water molecules in the first 

hydration shell of the outer-sphere Tc complex type 2 (Figure 5.4). Although the first hydration 

numbers of the aqueous TcO4
- ion were comparable to the value found in other MD simulation 

(5.8), the characteristic distance (R) for the first hydration shell found in the present work was 

larger than the value found in the literature (4.03Å vs. 3.81Å [44]). The nature of hydration shell 

was affected by the counter-ions and the concentration of the solution. The concentration was 

particularly important as salt may form water-separated ion pairs and direct ion-pairs. In the 

present work, the relatively high concentrations resulted in competition with solute and solvent for 

the remaining water molecules, both reducing the total number of water molecules involved in first 

shell hydration and the shift of R [192].  

 

Figure 5.13. RDFs of the outer-sphere Tc complex type 2 on the octahedral CaO6 surface of 14Å 

tobermorite and RDF for the aqueous TcO4
- ion. 

 

0 2 4 6 8 10

0

2

4

6

8

10

R
D

F

z (Å)

 Tc-Ca

 Tc-O*

 Tc-O* aqueous



111 
 

 

Figure 5.14. Snapshots of the local structure of outer-sphere Tc complex type 2 on the octahedral 

CaO6 surface of 14Å tobermorite. Due to the large number of water molecules in the first hydration 

shell, water molecules are not shown for clarity. Legend: blue – Tc, red – O, green – Ca, yellow – 

Si, grey – H. 

 

5.3.4 Structural Properties of Tc on the Octahedral CaO6 Surface of Ettringite 

RDFs were calculated between the Tc atom in TcO4
- ions and the Ca ions (Tc-Ca), the Tc 

atom in TcO4
- ions, and the O atom in H2O molecules (Tc-O*) to investigate how Ca ions and H2O 

molecules coordinated with the TcO4
- ions. The results indicated that the TcO4

- ions formed two 

types of outer-sphere complexes on the surface of ettringite like those on the surface of 14Å 

tobermorite: the outer-sphere Tc complex type 1 and the outer-sphere complex type 2.   

The outer-sphere Tc complex type 1 contained 2 water molecules and 3 Ca ions: 3 Ca ions 

were located close to the Otc atoms, and the water molecules coordinated with the Tc ion through 

water O (Figure 5.15). The angles between the dipole moment of the outer-sphere complex type 1 

and the normal vector of the surface were greater than 90°, which indicated that the TcO4
- ion in 

the complex had the Tc ion pointing towards the surface. Two major peaks in the probability curves 

of the orientation were observed: one peak was located at 125° and another peak was located 165° 

(Figure 5.16). The change of the angular orientation of TcO4
- ions was due to the movement of Ca 

ions associated with the TcO4
- ion in the complex. 

(a) (b) 
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Figure 5.15. RDF of the outer-sphere Tc complex type 1 on the octahedral CaO6 surface of 

ettringite. 

 
Figure 5.16. Orientation of the dipole moment of outer-sphere Tc complex type 1 on the octahedral 

CaO6 surface of ettringite. 

Local structure and geometry statistical analysis (Figure 5.17, Table 5.6) indicated that in 

the outer-sphere Tc complex type 1, the TcO4
- ion was in a square pyramid geometry and was 

strongly polar with a dipole moment equal to 11.67 ± 0.22 D. The Ca ions were located beneath 

the base of the TcO4
- square pyramid and formed an irregular tetrahedron with the Tc ion. The 

values of the Ca-Tc-Ca edge angles showed large fluctuations, which confirmed the two major 

peaks of the orientation of dipole moment for the TcO4
- ion in the outer-sphere Tc complex type 

1. 
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Figure 5.17. Snapshots of the local structure of outer-sphere Tc complex type 1 on the octahedral 

CaO6 surface of ettringite: (a) the distance between Tc and water O, Tc, and Ca; (b) the Ca-Tc-Ca 

angles; and (c) the Otc-Tc-Otc angles. For a clear view, water molecules are not shown. Legend: 

blue – Tc, red – O, green – Ca, pink – Al, grey – H. 

 

(a) 

(b) 

(c) 
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The outer-sphere Tc complex type 2 on the surface of ettringite had a similar structure to 

that on the octahedral CaO6 surface of 14Å tobermorite: the Tc ion coordinated 2 Ca ions at about 

4.1Å (i.e. R = 4.1Å) in the first Ca coordination shell. The Tc ion coordinated with 20.97 ± 0.37 

water molecules in the first hydration shell, which indicated that the TcO4
- ion in the outer-sphere 

complex type 2 was most likely fully hydrated (Figure 5.18).  

 
Figure 5.18. RDF of the outer-sphere Tc complex type 2 on the octahedral CaO6 surface of 

ettringite. 

 

Local structure and geometry statistical analysis (Figure 5.19, Table 5.6) indicated that the 

TcO4
- ion in the outer-sphere Tc complex type 2 kept tetrahedral geometry; the length of Tc-Otc 

bonds and the values of tetrahedral angles in the outer-sphere Tc complex 2 were comparable with 

those in equilibrated TcO4
- tetrahedron (1.705Å  and 109.47°) [44]. The distances between the Tc 

ion and the Ca ions in the outer-sphere complex Tc type 2 were longer than those in the outer-

sphere Tc complex type 1 (4.12 ± 0.12Å vs. 3.70 ± 0.13Å). The dipole moment of the TcO4
- ion 

in the outer-sphere Tc complex type 2 was weak (Table 5.6), which was almost identical to the 

dipole moment of TcO4
- tetrahedron in the bulk solution (0.43 ± 0.19D vs. 0.43 ± 0.18D). 
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Figure 5.19. Snapshots of the local structure of outer-sphere Tc complex type 2 on the octahedral 

CaO6 surface of ettringite: (a) Ca-Tc-Ca angle, (b) Otc-Tc-Otc angle. Due to the large number of 

water molecules in the first hydration shell, water molecules are not illustrated. Legend: blue – Tc, 

red – O, green – Ca, pink – Al, grey – H. 

 

Table 5.6. Geometry for the outer-sphere Tc complexes on the octahedral CaO6 surface of 

ettringite. 

 outer-sphere complex type 1 outer-sphere complex type 2 

Tc-Otc bond length (Å) 1.713 ± 0.017 1.705 ± 0.017 

Otc-Tc-Otc edge angles (°) 78.82 ± 2.16 N/A 

Otc-Tc-Otc tetrahedral angles (°) N/A 109.46 ± 1.76 

Tc-Ca distance (Å) 3.70 ± 0.13 4.12 ± 0.12 

Ca-Tc-Ca Angles (°)   

angle 1 87.86 ± 14.39 N/A 

angle 2 87.93 ± 18.09 N/A 

angle 3 77.04 ± 5.08 N/A 

Dipole moment (Debye) 11.67 ± 0.22 0.43 ± 0.19 

 

5.3.5 Adsorption Energy and Hydration Energy 

The adsorption energy for the inner and outer-sphere TcO4
- ions at the surfaces of 14Å 

tobermorite and ettringite were compared to the hydration energy to determine the adsorption 

capacity of cement phases (Figure 5.20). The results showed that for 14Å tobermorite and 

ettringite, the adsorption energy of TcO4
- ion at the octahedral CaO6 surface (-489 ± 34 kcal/mol 

for inner-sphere Tc complex type 1, -602 ± 17 kcal/mol for inner-sphere Tc complex type 2,  -393 

± 14 kcal/mol for outer-sphere Tc complex type 1 before co-ion adsorption, -496 ± 42 kcal/mol 

(a) (b) 
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for outer-sphere Tc complex type 1 after co-ion adsorption, -263 ± 16 kcal/mol for outer-sphere 

Tc complex type 2) was more negative than the hydration energy of TcO4
- ion (-56 kcal/mol), 

which indicated that the adsorption was energetically favorable at the surfaces of 14Å tobermorite 

and ettringite. The adsorption energies between the TcO4
- ions and 14Å tobermorite and the TcO4

- 

ions and ettringite followed the sequence: inner-sphere Tc complex < outer-sphere Tc complex 

type 1 < outer-sphere Tc complex type 2. 

For 14Å tobermorite, both the inner-sphere Tc complex and outer-sphere complex type 1 

were affected by co-ion adsorption, and the adsorption energies for the TcO4
- ions in both 

categories of complexes decreased after the co-ion adsorption when compared to adsorption 

energies for corresponding TcO4
- ions before co-ion adsorption. Both inner-sphere Tc complex 

and outer-sphere Tc complex type 1 contained one more Ca ion after co-ion adsorption, which 

indicated that the Ca ions played an important role on the adsorption of the TcO4
- ions to the 

surfaces of cement phases. The adsorption energy for the inner-sphere Tc complex was more 

negative than those for both type of outer-sphere Tc complexes on the surface of 14Å tobermorite 

mainly because only the inner-sphere TcO4
- ion coordinated with the main structure of 14Å 

tobermorite; the inner-sphere Tc complex contained an Obts ion. The effect of the distance 

between the surface and the complexes on the adsorption energy was uncertain because different 

configurations of the complexes would also affect the adsorption energy. 
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Figure 5.20. Adsorption energy between TcO4
- ions and cement phases. Note: w/K+ indicated with 

K+ co-ion adsorption. 

5.3.6 Dynamic Properties 

The effect of interfacial interactions on the molecular mobility of the surface and bulk 

TcO4
- ions was studied by using the diffusion coefficient calculated from the mean square 

displacement (MSD). In the bulk solution, TcO4
- ions diffused three to four orders of magnitude 

faster than the surface species. The range of diffusion coefficients of the aqueous TcO4
- ion (Figure 

5.21) was comparable with other MD data (1.717 × 10-5 cm2 s-1 [193]) and represented an 

underprediction of 17% compared to the experimental data of 1.950 × 10-5 cm2 s-1 [194]. The inner-

sphere TcO4
- ions diffused one order of magnitude slower than the outer-sphere TcO4

- ions on the 

surface of the 14Å tobermorite (Figure 5.21). Although there were two types of outer-sphere 

complexes on the surfaces of 14Å tobermorite and ettringite, the diffusion coefficients for the 

different types of complexes were comparable. Co-ion adsorption on the surface of 14Å 

tobermorite did not affect the dynamic properties of the inner-sphere and outer-sphere complexes. 

The large standard deviations for the diffusion coefficient of outer-sphere complexes on both the 

surface of 14Å tobermorite and ettringite were most likely due to the change of the configuration 

of outer-sphere complexes: the variation of amount of water molecules and Ca ions associated 

with TcO4
- ions.  
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Figure 5.21. Diffusion coefficients of the inner-sphere and outer-sphere complexes and aqueous 

species in all the three models. 

 

5.4 Conclusions 

Molecular dynamics simulations were performed to study the molecular-scale energetic, 

structural, and dynamic properties of the interface between an aqueous solution containing 0.2M 

KTcO4 and cement phases (14Å tobermorite, jennite, and ettringite). Results indicated the 

adsorption of TcO4
- ions on the octahedral CaO6 surfaces of 14Å tobermorite and ettringite was 

energetically favorable, whereas no adsorption was observed on the octahedral CaO6 surface of 

jennite.   

On the octahedral CaO6 surface of 14Å tobermorite, TcO4
- ions formed one type of inner-

sphere and two types of outer-sphere Tc complexes (i.e. outer-sphere Tc complex type 1 with 

tetragonal geometry and outer-sphere Tc complex type 2 with tetrahedral geometry). The inner-

sphere Tc complexes contained Obts, TcO4
-, and Ca ions.  Outer-sphere Tc complexes contained 

water molecules, TcO4
-, and Ca ions. TcO4

- ions in the inner-sphere Tc complex and the outer-

sphere Tc complex type 1 were in square pyramid geometry and were strongly polar. Co-ion 

adsorption mainly affected the configurations of Ca ions in these complexes. TcO4
- ions in the 
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outer-sphere Tc complex type 2 kept tetrahedral geometry. On the octahedral CaO6 surface of 

ettringite, TcO4
- ions only formed two types of outer-sphere Tc complexes consisting of water 

molecules, TcO4
-, and Ca ions: outer-sphere Tc complex type 1 with square pyramid TcO4

- ion 

and outer-sphere Tc complex type 2 with tetrahedral TcO4
- ion. Dynamic properties indicated that 

surface TcO4
- ions had much lower mobility than aqueous TcO4

- ions: inner-sphere complexes 

diffused three to four orders slower than the aqueous species. 

Interlayer or intercolumn Ca ions played an important role in the adsorption of TcO4
- ions: 

TcO4
- ions formed complexes with Ca ions; therefore, effective TcO4

- ion immobilization on the 

surface of cement phases requires surface Ca ions remain at their original positions. The long-term 

performance of cementitious waste forms for TcO4
- ions is, therefore, particularly challenged when 

subjected to calcium leaching [21]. 
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CHAPTER 6 

6 Summary and Perspective for Future Work 

 

The goal of this research was to study the fundamental interaction mechanisms between 

137Cs, 99Tc ions, and cementitious materials at the atomic scale. This chapter presents a summary 

of the results of the interactions between Cs+ ions and crystalline C-S-H phases (9Å tobermorite, 

14Å tobermorite, and jennite) as well as a summary of the results of the interactions between TcO4
- 

ions and cement phases (14Å tobermorite, jennite, and ettringite). Further research is suggested 

based on the findings from this work. 

 

6.1 Summary of Main Results 

The present work yielded the following results for the interaction between Cs+ ions and 

crystalline C-S-H phases (9Å tobermorite, 14Å tobermorite, and jennite): 

• Cs+ ions formed inner-sphere and outer-sphere complexes on the tetrahedral SiO4 surface 

of crystalline C-S-H phases. The adsorption capacity decreased in the sequence of: 9Å 

tobermorite > 14Å tobermorite > jennite. Most adsorbed Cs+ ions interacted with bridging 

O (Ob) on the SiO4 surfaces to form inner-sphere complexes, in which one Cs+ ion 

coordinated with about three Ob atoms.  

• Inner-sphere adsorption of Cs+ ions at the SiO4 surface of 9Å tobermorite and 14Å 

tobermorite was energetically favorable while not favored at the SiO4 surface of jennite. 

Inner-sphere Cs complexes diffused at a rate four orders of magnitude lower than aqueous 

Cs+ ions, while outer-sphere Cs complexes were much mobile and diffused at a rate one 

order of magnitude lower than aqueous Cs+ ions. 

• Co-ion driven adsorption of Cs+ ions was observed at the octahedral CaO6 surfaces of all 

the three crystalline C-S-H phases. At the surfaces of tobermorite, inner-sphere adsorption 

was dominant over outer-sphere adsorption. Cs+ ions adsorbed at the octahedral CaO6 

surfaces and interacted with Ob atoms, but coordinated with less Ob atoms than the inner-

sphere Cs complexes at the tetrahedral SiO4 surfaces. 
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• Water molecules showed a layered structure at the interface of 9Å tobermorite, 14Å 

tobermorite, and jennite at both the tetrahedral SiO4 surface and the octahedral CaO6 

surfaces of all the three crystalline C-S-H phases. The dipole moments had preferred 

orientations up to 6Å above the SiO4 surface of the 9Å tobermorite and 14Å tobermorite, 

whereas the dipole moments displayed a preferred orientation only up to 2Å above the 

tetrahedral SiO4 surface of jennite. 

 

MD simulations were used to study the interactions between TcO4
- ions and cement phases 

(14Å tobermorite, jennite, and ettringite) and led to the following results: 

 

• The adsorption of TcO4
- ions on the octahedral CaO6 surfaces of 14Å tobermorite and 

ettringite was energetically favorable, whereas no adsorption was observed on the 

octahedral CaO6 surface of jennite. No adsorption was observed on the tetrahedral SiO4 

surface of 14Å tobermorite and jennite, or on the tetrahedral SO4 surface of ettringite. 

• On the surface of 14Å tobermorite, TcO4
- ions formed one type of inner-sphere and two 

types of outer-sphere Tc complexes (i.e. outer-sphere Tc complex type 1 and outer-sphere 

Tc complex type 2). The inner-sphere Tc complexes contained bridging oxygen with 

tetrahedral substitution (Obts), TcO4
-, and Ca2+ ions. Outer-sphere Tc complexes contained 

water molecules, TcO4
-, and Ca2+ ions. TcO4

- ions in the inner-sphere Tc complex and the 

outer-sphere Tc complex type 1 were in square pyramidal geometry and were strongly 

polar. Co-ion adsorption mainly affected the configurations of Ca2+ ions in these 

complexes. TcO4
- ions in the outer-sphere Tc complex type 2 kept tetrahedral geometry.  

• On the surface of ettringite, TcO4
- ions formed two types of outer-sphere Tc complexes 

consisting of water molecules, TcO4
-, and Ca2+ ions: outer-sphere Tc complex type 1 with 

square pyramidal TcO4
- ion and outer-sphere Tc complex type 2 with tetrahedral TcO4

- ion. 

The dynamic properties indicated that surface TcO4
- ions had much lower mobility than 

aqueous TcO4
- ions: inner-sphere complexes diffused three to four magnitudes slower than 

aqueous species. 
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6.2 Perspectives for Future Work  

The present work applied short-term MD simulation (<20 ns) to investigate the energetic, 

dynamic, and structural properties at the interfaces between aqueous phases containing 

radionuclides and cement phases at the atomic scale. Although the present work provided 

fundamental knowledge about interaction mechanisms, the models applied need additional work 

to be applied to nuclear waste forms under field conditions. To design nuclear waste forms with 

better performance, the following factors should be considered in future research: 

• Computational cells with larger sizes should be designed to accommodate more 

radionuclides at lower concentrations. The concentrations of solutions in the present work 

are higher than those found in the pore solutions of cementitious waste forms. Larger 

computational cells are required for models with more realistic concentrations, while 

maintaining enough ions in the solution to guarantee statistical reliability of the results.  

• An amorphous realistic molecular model of cement hydrates is suggested to replace the 

crystalline C-S-H phases to study the interaction between radionuclides and the C-S-H 

[195]. In this case, a CLAYFF modified forcefield – CSHFF – might provide more accurate 

results [196]. 

• The cement pore solution contains a variety of ions including Na+, K+, Ca2+, Mg2+, Al3+, 

Fe2+, etc., to maintain ionic strengths in the range of 0.03-0.29M and pH-values in the range 

of 12.4-13.5 for fresh cement paste [197]. The pH-values of cement pore solution would 

be lower in long-term conditions due to aging, including carbonation [56]. The pH-value 

of a fully carbonated paste has been reported to be about 7 [198]. All these chemical 

properties should be included to design a more realistic model. 

• MD simulations longer than 20ns are suggested to evaluate the long-term performance of 

cementitious materials, especially for the cementitious waste forms for TcO4
- ions. Based 

on the results of the present work, Ca ions played an important role in the immobilization 

of TcO4
- ions. Although most surface Ca ions stayed within inner-sphere and outer-sphere 

regions in the scope of present work, a complete decalcification might occur in long-term 

MD simulation and eventually desorb all the TcO4
- ions. Further MD simulations could 

involve cement phases with different degrees of decalcification to study the effect of Ca 

leaching on the adsorption of TcO4
- ions.  
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11Å tobermorite, Am. Mineral. 94 (2009) 156–165. 

[114] P. Faucon, J.M. Delaye, J. Virlet, J.F. Jacquinot, F. Adenot, Study of the structural 

properties of the C-S-H(I) by molecular dynamics simulation, Cem. Concr. Res. 27 (1997) 

1581–1590. 

[115] P. Faucon, J.F. Jacquinot, J.M. Delaue, J. Virlet, Molecular dynamics simulation of Al3+ 

and Na+ substitutions in the tobermorite structure, Philos. Mag. Part B. 75 (1997) 769–783. 

[116] P. Faucon, J.M. Delaye, J. Virlet, Molecular Dynamics Simulation of the Structure of 



133 
 

Calcium Silicate Hydrates: I. Ca4+xSi6O14+2x(OH)4−2x(H2O)2(0 ≤x≤ 1), J. Solid State 

Chem. 127 (1996) 92–97. 

[117] M.J. Abdolhosseini Qomi, F.J. Ulm, R.J.-M. Pellenq, Evidence on the dual nature of 

aluminum in the calcium-silicate-hydrates based on atomistic simulations, J. Am. Ceram. 

Soc. 95 (2012) 1128–1137. 

[118] H. Manzano, E. Masoero, I. Lopez-Arbeloa, H.M. Jennings, Shear deformations in calcium 

silicate hydrates, Soft Matter. 9 (2013) 7333. 

[119] D. Hou, Z. Lu, T. Zhao, Q. Ding, Reactive molecular simulation on the ordered crystal and 

disordered glass of the calcium silicate hydrate gel, Ceram. Int. 42 (2016) 4333–4346. 

[120] L. Liu, A. Jaramillo-Botero, W.A. Goddard, H. Sun, Development of a ReaxFF reactive 

force field for ettringite and study of its mechanical failure modes from reactive dynamics 

simulations, J. Phys. Chem. A. 116 (2012) 3918–3925. 

[121] J.J. Thomas, H.M. Jennings, A.J. Allen, Relationships between composition and density of 

tobermorite, jennite, and nanoscale CaO-SiO2-H2O, J. Phys. Chem. C. 114 (2010) 7594–

7601. 

[122] D. Hou, T. Zhao, H. Ma, Z. Li, Reactive molecular simulation on water confined in the 

nanopores of the calcium silicate hydrate gel: Structure, Reactivity, and mechanical 

properties, J. Phys. Chem. C. 119 (2015) 1346–1358. 

[123] J.P. Korb, P.J. McDonald, L. Monteilhet, A.G. Kalinichev, R.J. Kirkpatrick, Comparison of 

proton field-cycling relaxometry and molecular dynamics simulations for proton-water 

surface dynamics in cement-based materials, Cem. Concr. Res. 37 (2007) 348–350. 

[124] D. Hou, Z. Li, Molecular dynamics study of water and ions transport in nano-pore of layered 

structure: A case study of tobermorite, Microporous Mesoporous Mater. 195 (2014) 9–20. 

[125] A. Al-Ostaz, W. Wu, A.H.-D. Cheng, C.R. Song, A molecular dynamics and 

microporomechanics study on the mechanical properties of major constituents of hydrated 

cement, Compos. Part B Eng. 41 (2010) 543–549. 



134 
 

[126] R.T. Cygan, J.-J. Liang, A.G. Kalinichev, Molecular models of hydroxide, oxyhydroxide, 

and clay phases and the development of a general force field, J. Phys. Chem. B. 108 (2004) 

1255–1266. 

[127] L.N. Lammers, I.C. Bourg, M. Okumura, K. Kolluri, G. Sposito, M. Machida, Molecular 

dynamics simulations of cesium adsorption on illite nanoparticles, J. Colloid Interface Sci. 

490 (2017) 608–620. 

[128] V. Marry, B. Rotenberg, P. Turq, Structure and dynamics of water at a clay surface from 

molecular dynamics simulation, Phys. Chem. Chem. Phys. (2008). 

[129] S.S. Lee, P. Fenter, K.L. Nagy, N.C. Sturchio, Monovalent ion adsorption at the muscovite 

(001)-solution interface: Relationships among ion coverage and speciation, interfacial water 

structure, and substrate relaxation, Langmuir. 28 (2012) 8637–8650. 

[130] S. Hiroshi, Structure and dynamics of water on Li+ -, Na+ -, K+ -, Cs+ -, H3O+ -exchanged 

muscovite surfaces: A molecular dynamics study, Geochim. Cosmochim. Acta. 75 (2011) 

63–81. 

[131] S. Hajilar, B. Shafei, Mechanical failure mechanisms of hydrated products of tricalcium 

aluminate: A reactive molecular dynamics study, Mater. Des. 90 (2016) 165–176. 

[132] P. V. Coveney, W. Humphries, Molecular modelling of the mechanism of action of 

phosphonate retarders on hydrating cements, J. Chem. Soc. Faraday Trans. 92 (1996) 831. 

[133] M. Buhl, V. Golubnychiy, Binding of pertechnetate to uranyl(VI) in aqueous solution. A 

density functional theory molecular dynamics study, Inorg. Chem. 46 (2007) 8129–8131. 

[134] R. Schurhammer, G. Wipff, Liquid-Liquid Extraction of Pertechnetic Acid (Tc VII ) by Tri-

n-butyl Phosphate: Where Is the Proton? A Molecular Dynamics Investigation, J. Phys. 

Chem. B. 115 (2011) 2338–2348. 

[135] H. Cho, W.A. De Jong, B.K. McNamara, B.M. Rapko, I.E. Burgeson, Temperature and 

isotope substitution effects on the structure and NMR properties of the pertechnetate ion in 

water, J. Am. Chem. Soc. 126 (2004) 11583–11588. 



135 
 

[136] C.D. Williams, Simulating the Selective Adsorption of Pertechnetate to Oxyanion-

SAMMS, University of Sheffield, 2014. 

[137] Y. Marcus, The Properties of Solvents, Wiley, 1999. 

[138] J. Wang, A.G. Kalinichev, R.J. Kirkpatrick, Effects of substrate structure and composition 

on the structure, dynamics, and energetics of water at mineral surfaces: A molecular 

dynamics modeling study, Geochim. Cosmochim. Acta. 70 (2006) 562–582. 

[139] J. Wang, A.G. Kalinichev, R.J. Kirkpatrick, R.T. Cygan, Structure, energetics, and 

dynamics of water adsorbed on the muscovite (001) surface: A molecular dynamics 

simulation, J. Phys. Chem. B. 109 (2005) 15893–15905. 

[140] J. Wang, A.G. Kalinichev, R.J. Kirkpatrick, Asymmetrie hydrogen bonding and 

orientational ordering of water at hydrophobic and hydrophilic surfaces: A comparison of 

water/vapor, water/talc, and water/mica interfaces, J. Phys. Chem. C. 113 (2009) 11077–

11085. 
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APPENDIX A 

SUPPLEMENTARY MATERIALS FOR CHAPTER 3 

 

Figure A.1. RMSD of Cl- ions and the atoms of first layer on the octahedral CaO6 surfaces of: (a) 

9Å tobermorite, (b) 14Å tobermorite, and (c) jennite. 

 

(b) 

(a) 

(c) 
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Table A.1. The duration when Cs+ ions adsorbed as stable inner-sphere complexes and outer-

sphere complexes on the tetrahedral SiO4 surface of 14Å tobermorite and diffuse ions in the bulk 

solution. 

Cs+ ions 

index 

Inner-sphere period 

(frame number, >5000 

frames) 

Outer-sphere period (frame 

number, ~2500 frames) 

Diffuse ion (frame 

number, >5000 frames) 

Z1 77544-83894(0.6ns), 

83899-91226(0.7ns), 

140052-150001(0.9ns) 

120000-123000(~0.3ns), 

132000-135000(~0.3ns) 

N/A 

Z2 N/A N/A 143062-150001(0.6ns) 

Z3 109014-143452(3.4ns) 91000-93500(~0.25ns), 

96000-99000(~0.30ns) 

70000-80456(1.0ns) 

Z4 78318-85558(0.7ns), 

85717-91122(0.5ns), 

91124-110523(1.9ns), 

110527-118162(0.7ns) 

136000-138500(~0.25ns), 

139500-142000(~0.25ns) 

N/A 

Z5 130082-135102(0.5ns), 

135963-141240(0.5ns) 

N/A 70000-75763(0.5ns), 

85109-128290(4.3ns) 

Z6 80690-85240(0.5ns), 

89067-94929(0.5ns) 

N/A 139562-150001(1.0ns) 

Z7 N/A 104000-107000(~0.30ns), 

119500-122000(~0.25ns) 

131250-145920(1.4ns) 

Z8 N/A 70000-73000(~0.30ns), 

127000-130500(~0.25ns) 

73189-79523(0.6ns), 

98886-110083(1.1ns) 

Z9 109763-116616(0.6ns), 

118659-129852(1.1ns) 

131000-134000(~0.30ns) 

145000-148000(~0.30ns) 

76532-89051(1.2ns) 

N/A: not available 

Table A.2. The duration when TcO4
- ions adsorbed as stable inner-sphere complexes and outer-

sphere complexes on the surface of 14Å tobermorite and diffuse ions in the bulk solution. 

TcO4
- ions 

index 

Inner-sphere period 

(frame number, >5000 

frames) 

Outer-sphere period 

(frame number, ~2500 

frames) 

Diffuse ion (frame 

number, >5000 frames) 

Z1 140000-200001 (6ns) N/A N/A 

Z2 N/A 174958-200001 (2.5ns) 140000-174563 (3.4ns) 

Z3 N/A N/A 140000-147634 (0.7ns),  

149563-200001 (5ns) 

    

Z4 N/A 140000-156109 (1.6ns), 

163157-200001 (3.6ns) 

N/A 
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Table A.3. The duration when TcO4
- ions adsorbed as stable inner-sphere complexes and outer-

sphere complexes on the surface of 14Å tobermorite and diffuse ions in the bulk solution. 

TcO4
- ions 

index 

Inner-sphere period 

(frame number, >5000 

frames) 

Outer-sphere period 

(frame number, ~2500 

frames) 

Diffuse ion (frame 

number, >5000 frames) 

Z1 N/A 140000-147956 (0.7ns), 

148069-200001 (5.2ns) 

N/A 

Z2 N/A 140000-174869 (3.4ns), 

183769-193241 (0.9ns), 

193267-200001 (0.6ns) 

N/A 

Z3 N/A 140000-148921 (0.8ns), 

162014-200001 (3.7ns) 

N/A 

Z4 N/A 140000-200001 (6ns) N/A 

Z5 N/A 140000-200001 (6ns) N/A 
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APPENDIX B 

SUPPLEMENTARY MATERIALS FOR CHAPTER 4 
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Figure B.1. Adsorption density of Cl- ion up to 5Å above the octahedral CaO6 surfaces. 

 

Table B.1. The adsorption density of Cl- and Cs+ ions 5Å above the octahedral CaO6 surfaces. 

  Total adsorbed Cl Total adsorbed Cs 

 Ntot Nad ρ 

(1/nm2) 

Xad (%) Nad ρ 

(1/nm2) 

Xad 

9Å tobermorite 12 7.43 1.15 61.9 1.26 0.19 10.54 

14Å tobermorite 9 3.63 0.74 40.3 0.48 0.10 5.28 

jennite 11 4.33 0.66 39.4 0.65 0.10 5.93 

Ntot: total number of Cs+ or Cl- ions in the system. Nad: total number of Cs+ or Cl- ions adsorbed 

in the inner-sphere region. Xad: percentage of the Cs+ or Cl- ions adsorbed. ρ: adsorption density. 

 

 

 

 


