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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 ɓ and ɔ emissions [4], and 99Tc is a ɓ-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. 
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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 [14ï18]. 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 [19ï21], and studies concerning the Cs retention capacity of PC 

paste have indicated conflicting or different results [22ï26]. 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+ [35ï37]. 

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

complexes [38ï43]. 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 ɔ 

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 earthôs 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 [53ï55]. 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-Al 2O3-

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 [56ï58]. 

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-Al 2O3-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-Al 2O3-SiO2 system (adapted from [56]). 

SiO2

CaO Al2O3

SiO2 gel
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C3AH6 Al(OH)3 gel
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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 [59ï62]. C-S-H phases are formed 

by the hydration of tricalcium silicate (C3S) or ɓ-dicalcium silicate (ɓ-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 [64ï67]. 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]
2ī. 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 [71ï73]. 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 ópairedô 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 óbridgingô 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., 1.7ï1.8 [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 Taylorôs 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, é) 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 Taylorôs 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 ï Ca; yellow tetrahedral ï Si; grey lines ï H; red 

lines ï O. 

z 

y x 
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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 ï Ca; yellow tetrahedral ï Si; grey lines ï H; red lines ï O. 

 

2.2.2 Calcium-aluminate-sulfate Hydrate (Ettringite) 

Ettringite (Ca6[Al(OH)6]2(SO4)3·Ḑ26H2O) 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 ï Ca; pink octahedral - Al; orange balls - S; grey lines ï H; red lines 

ï 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 [14ï16], 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 [22ï

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 

ñacceptableò to ñgood performanceò in capturing Cs+ ions [88ï92].  

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-Al 2O3-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 (SiïOH) 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 [12,27,105ï107]. 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 

ī400 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) databasĕ  

[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 TcO2ÅxH2O [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 ï 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 [113ï122]. 

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 [13,35ï

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 ð mica, illite, smectite (such as 

montmorillonite, bentonite, hectorite and beidellite) ð 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 [38ï42,127ï130]. 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 [38ï42]. 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 [39ï41].  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 

[133ï135]. 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 [138ï140] 

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.  
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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 [149ï153]. 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. 
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