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Abstract 

Undoubtedly, we need to become increasingly aware of the changes and problems 

introduced to our environment. Oil sands industrial waste disposal and greenhouse gas 

emission are the two major by-products of the industrial processes that cause environmental 

concerns, such as huge tailing ponds and global warming. Reducing the impact of these 

harmful by-products on our environment is inevitable and based on many studies clay 

minerals can be useful in this regard. However, due to the complex structure of the minerals, 

experimental procedures cannot always provide a decent insight into the interaction and 

reaction of minerals with the environment. Nowadays, with advancements in computing 

facilities, computer molecular simulation is a powerful tool which enables us to describe the 

behavior of the materials in different conditions in more details in higher resolution in 

molecular levels.  

For treatment of oil sands tailings, alkali-activation of these tailings is considered as an 

appropriate solution which turns tailing ponds to the geopolymer through 

geopolymerization. The geopolymerization involves the dissolution of aluminosilicates in an 

alkali solution followed by the polymerization of the dissolved aluminate and silicate 

oligomers to form an amorphous geopolymer. It is generally accepted that the dissolution 

determines the properties of the resultant geopolymer. Accordingly, in the first part of the 

study (chapter four, five and six), a series of molecular dynamics (MD) simulations were 

carried out in the isothermal-isobaric (NPT) ensemble at 298 K and 1 atm to study the initial 

stage of dissolution process that takes place at the two basal surfaces (tetrahedral and 
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partially deprotonated octahedral) of kaolinite in alkali media. Two different alkali media 

containing Na+ and K+ cations were modeled at 1 M, 3 M, and 5 M concentrations. The 

influence of structural vacancies on the interaction of the basal surfaces of kaolinite exposed 

to alkali media was studied in chapter five and the chapter six is particularly aimed at 

elucidating the dissolution mechanism of kaolinite in alkali media with the presence of 

aqueous medium contaminants. The MD results showed that cations migrated to the vicinity 

of the deprotonated sites, trigging the dissociation of the nearby surface hydroxyl and 

aluminates groups into the solution. However, Na+ and K+ exhibited different dissolution 

mechanisms. In particular, Na+ induced more dissociation of the surface hydroxyl groups, 

whereas K+ resulted in more dissociation of aluminate groups.  

Regarding the defect sites, Al vacancies on the octahedral surface promoted the 

dissolution of aluminate groups into the solution compared to the surface without Al 

vacancies. However, there existed a vacancy concentration (2 Al vacancies per 576 Al atoms) 

at which the dissolution amount was the maximum and above which the dissolution 

decreased with increasing Al vacancy concentration. In presence of inorganic salts 

contaminants (i.e., CaCl2 and MgCl2) atomic density profiles show that all cations including 

those from the contaminants adsorbed on the two basal surfaces intensifying the 

dissociation of the aluminate groups from the deprotonated octahedral surface. The number 

of the aluminate groups dissociated decreased with increasing contaminants concentration. 

Structural analyses of the deprotonated octahedral surface indicated that the crystallinity of 

the surface decreased with increasing simulation time and alkali solution concentration. No 

dissolution of the tetrahedral surface was observed for all systems studied. 
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In chapter seven, MD simulation was used to study the role of water in the intercalation of 

carbon dioxide in a model Mg-Al-Cl-hydrotalcite mineral at ambient pressure and 

temperature. It was observed that high CO2 storage capacity could be achieved at low water 

concentrations or even without the presence of water. However, high water concentrations 

could also yield similar CO2 storage capacity but in this case, the presence of water led to a 

significant interlayer spacing expansion. The expansion was due to the change in the 

orientation distribution of the CO2 molecules. Analyzing the orientation of CO2 molecules 

revealed that they preferred to orientate parallel to the mineral surface at low water 

concentrations. However, as water concentration increased, CO2 molecules exhibited a wider 

range of orientations with a significant fraction of them oriented perpendicular to the 

mineral surface, especially at high CO2 concentrations. Also, it was observed that water 

molecules formed extensive hydrogen bonds network. 
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Chapter 1 

1. Introduction 

1.1. Motivation 

Over the past century, nature has been unintentionally damaged by using the resources 

found in nature by some industries. In spite of valuable products produced through the 

industrial processes, such as oil and gas extraction, these processes have generated waste 

materials leading to the appearance of a series of harmful and severe environmental 

problems, such as global warming and long-term waste disposal. For example, the oil sands 

industry is one of the key industries in Canada which provides the needs of oil and its by-

products to North America. Although this industry provides long term energy resources, its 

operation is not so environmentally friendly. In order to reduce the impact of oil sands 

tailings on the environment, massive amount of waste disposal in the form of tailings should 

be removed after bitumen extraction. Process water, clay minerals, residual bitumen and 

some other organic and inorganic components exist in the oil sands tailings which sits in 

ponds for decades or even centuries. Beside the environmental problems, many toxic 

components existent in these tailings threaten the animal species life in Alberta (Fig. 1-1). 

Mineral hydration and changing the form of such these tailings (solidification) are of the 

serious concerns of oil sands industry. 
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Figure 1-1 Tailing and waste products of oil sands industry have severe effect on the environment (extracted 

from: www.thestar.com/covering_the_oilsands.html). 

For solidification of tailings, its components should be analyzed and characterized. In 

recent years, many studies have been devoted on extraction of valuable materials and 

components such as TiO2 from tailings, but there is no success to make it solid in economical 

way. Another serious environmental problem of the extraction and usage of fossil fuels is 

greenhouse gas emission which is considered as a main cause of global warming. The most 

environmentally problematic part of greenhouse gas emission is considered to be CO2 

emission. As indicated in Fig. 1-2, many industries which are using fossil fuels as their energy 

sources increase the CO2 concentration in the atmosphere which cannot be balanced by 

nature. 
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Figure 1-2 Emission of CO2 from different industries lead to the increase in carbon concentration in the 

atmosphere 1 (extracted from: http://www.oica.net/category/climate-change-and-co2/). 

To solve the environmental problems of these industries, it is not possible to shut down 

these industries due to the global needs for their products. Therefore, many researches have 

been conducted towards reducing the negative effects of these harmful waste materials. To 

reduce the oil sands tailings impact, one may consider changing them to the environmentally 

friendly products by removing the toxic components, recovering the water and solidifying 

the rest. With reference to CO2, it is essential to capture CO2 from the atmosphere and change 

it to the other products. Many studies have been done in order to reduce the CO2 

concentration in the atmosphere by capturing CO2 before and/or after combustion process; 

however, the reliable storage is necessary to prevent CO2 from escaping. Cap rocks and 

layered minerals are one of the most practical materials for CO2 capture and storage; 

however, their permeability would change due to the interaction of CO2 with the clays.  

To minimize the impact of these environmental problems, many experimental studies 

have been done and some of them showed successful outputs. For example, some studies 

have suggested that changing the pH of the tailings by addition of NaOH leads to the more 
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interaction of clay minerals in tailings. However, the details of the effect of NaOH on clays, 

such as kaolinite which is abundantly found in tailing, is not clear yet. Regarding the CO2 

emission, the effect of water entrapment on CO2 capturing process as well as the effect of CO2 

on the properties of its storage materials are sometimes difficult to be understood 

experimentally. In addition, understanding the complex structure of the clay minerals and 

the mechanism of their intercalation with water medium cannot be obtained by 

experimental works, especially, since many of the layered materials are restricted to micro- 

and nano-sized morphologies and are less suitable for experimental analysis. In fact, to fully 

understand the changes of the mineral crystal surface and the processes within the mineral-

water interface, it is necessary to study the interface changes via advance powerful 

computing techniques 2. In this situation, theoretical approaches and molecular modeling 

techniques, such as molecular dynamics simulation, allow us, to some extent, understand the 

process at the molecular level.  

Nowadays, computers provide a powerful tool which can help scientists to study the 

behavior of materials at the atomic and molecular levels. Molecular simulation is a powerful 

method that can reveal some details of the system behavior under different conditions and 

can provide higher resolution insight into the atomic interaction of the system. However, the 

computer simulation is in its early stage and prediction of the properties of materials just by 

molecular simulation and without any help from experimental data is not possible. 

Therefore, by considering some previous experimental data, we have tried to understand the 

reason of some behavior of the system in a hope of finding some valuable points to save 

environments. For understanding behavior of some materials, the experimental analysis 

provides the general information about the final product of the process; however, for 



5 
 

understanding the fundamental details more investigation is needed. The necessary steps of 

understanding a problem from scientific point of view is shown in Fig. 1-3. 

 

Figure 1-3 analyzing a problem steps from scientific viewpoint. 

 

Depending on our knowledge about the process and how clear it is, different methods of 

modeling and simulation from atomic level to macro levels can be considered (Fig. 1-4).  As 

mentioned earlier, in spite of substantial advancements in computing power, this is not 

possible to model every details of the systems and as such it is needed to simplify systems 

prior to molecular modeling. However, from these simplified models valuable details could 

be obtained which can facilitate the explanation of the system behavior in many aspects. 
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Figure 1-4 Different levels of modeling and simulation 3. 

 

Therefore, the objectives of this thesis is to evaluate and understand the mechanism of 

interaction of minerals with selected environments. To study the treatment of clay minerals, 

present in oil sands tailings, kaolinite, the most abundant component in the tailings, was 

chosen to study the interaction of alkali solutions with kaolinite at molecular level. Several 

previous studies have shown that geopolymerization process is a cost effective technique to 

alter the tailings to the cross-linked inorganic polymer which is fairly solid and 

environmental friendly. Geopolymerization is the activation of aluminosilicate source 

material, e.g., kaolinite, in alkali solution. A series of molecular dynamics simulations were 

carried out to investigate and understand the mechanism of interaction of kaolinite in alkali 
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solution in the early stage of the geopolymerization process. In the second part of this thesis, 

hydrotalcite, an abundantly found mineral in nature and also easy to synthesize, was chosen 

in an effort to evaluate its capacity to capture and store CO2 at ambient condition using 

molecular dynamics simulation. 

1.2. Objectives of the Research Project 

 Studying the mechanism of the interaction of kaolinite basal surfaces with aqueous 

medium containing different alkali cations (e.g., Na+, K+ and Na+/K+) 

 Influence of structural vacancies on the interaction of basal surfaces of kaolinite and 

alkali solution 

 Evaluation of the effect of process water impurities, such as MgCl2 and CaCl2, on the 

interaction of kaolinite with alkali solution  

 Studying the capacity of Clˉ-hydrotalcite to capture and storage CO2 at ambient condition 

 Effect of Clˉ-hydrotalcite water concentration on the CO2 adsorption capacity 

 Influence of KCl impurity on the Clˉ-hydrotalcite CO2 capture and storage capacity 
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Chapter 2 

2. Background 

2.1. Tailings 

Although oil sands industry provides the sources of oil and its by-products to North America, 

the waste materials generated in the form of tailings cause severe environmental problems. 

Tailings, which contain process water, clays, minerals and metals along with inorganic and 

organic chemicals 4, are generally discharged into a large above ground structures - tailings 

ponds - where they await reclamation 5. Large sand/mineral particles in tailings can be 

separated as they settle quickly to form stable deposits. However, as shown in Fig. 2-1, finer 

clay particles known as mature fine tailings (MFT) remain suspended in the form of sludge 

and take years or centuries to settle and to solidify 6. This has led to the accumulation of 

millions of cubic meters of MFT in the Fort McMurray region of Alberta alone as a 

consequence of bitumen mining operations 7 or in central Florida due to the phosphate 

deposits minerals recovery 8.  
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Figure 2-1 Anatomy of oil sands tailing (Extracted from: http://www.oilsandsmagazine.com/ 
technical/mining/tailings/directive-074) . 

 

Despite efforts on increasing the settling rate of the tailings for efficient water recycling 

and to compact the tailings sediment, increasing the settling rate of tailings is still one of the 

main challenges in tailings management 9. Large storage volume and long time-scale tailings 

treatment need result in the large environmental footprints for individual site after tailings 

production (Fig. 2-2) 10. These environmental challenges include tailings management and 

mitigation of impact from inorganic and organic contaminants present and emission of 

biogenic greenhouse gases (CH4 and CO2) 11. The severe and sometimes irreversible 

economic and environmental consequences of poor tailings management, emphasize the 

necessity of considered and careful tailings management of the environmental and economic 

challenges 12. Tailings water chemistry (e.g., ionic strength and pH) is critical for the 

settlement of fine clays. Existence of residual organic substance on the clay particle surfaces 

during mineral processing led to the hydrophobicity of clay particles 13.  To control the pH 

during mineral processing some chemical aids such as sodium hydroxide (NaOH) are often 
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added which also adjusts the wettability of clays 14. Due to the role of clays existent in tailings 

on tailings settlement, they have drawn extensive attention in the recent years. However, 

understanding the interactions among clay particles is one of the most critical issues for the 

study of tailings and their disposal.  

 

 

Figure 2-2 Oil sands tailings pond (Extracted from CAPP website). 

 

2.1.1. Tailings Treatment Technologies 

Tailings treatment technologies are controlled by; (i) the operation and maintenance 

expenses that the tailings ponds impose due to the amount of tailings produced every day 

and (ii) the need to reduce influences on the surrounding natural environments. Tailings 

treatment includes land reclamation and water recovery which can be reused within mining 

processes. The treatment technologies available for dewatering tailings can be categorized 

as 9:  

- Physical/Mechanical processes which include the use of different technologies to separate 

tailings water without using any chemicals (e.g., filtration, centrifuging, heating, and 

electrical treatments). 
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- Chemical/biological processes include changing the properties of the tailings to make the 

water/solid separation easier (e.g., thickening, using flocculants, and bio-drying). 

Geopolymerization is a method for tailing solidifications in which chemicals, such as 

hydroxide or silicate-hydroxide, are added to the tailings to form a geopolymer-like material. 

Work done by Nusri et al. 15 showed that the surface geopolymerization of MFT led to the 

condensation and solidification of tailings. 

2.1.1.1. Geopolymer and Geopolymerization 

The French scientist and engineer, Prof. Joseph Davidovits, invented the term ‘geopolymer’ 

which referred to alkali-activated aluminosilicate cements 16. Geopolymer is also called as 

mineral polymers, inorganic polymers, inorganic polymer glasses, alkali-bonded ceramics, 

alkali ash material, soil cements, hydroceramics, and a variety of other names 16–18. In 

general, since the late 1970s, the term ‘geopolymer’ has been applied to a wide range of alkali 

hydroxide- or silicate-activated aluminosilicate binders of composition M2O.mAl2O3.nSiO2, 

usually with m ≈ 1 and 2 ≤ n ≤ 6. M represents one or more alkali metals 19.  

Geopolymers has become increasingly widespread over the past several decades as the 

need for high-performance and/or environmentally sustainable alternatives for Portland 

cement intensifiers 19. However, the underlying mechanisms controlling geopolymer 

formation and aluminosilicate source material dissolution are currently not well understood 

20,21. Geopolymers can be produced by alkaline activation of aluminosilicates obtained from 

industrial wastes 22–25, calcined clays 26–28, natural minerals 29, or mixtures of two or more of 

these materials 30. To dissolve the silica and alumina from precursor material as well as to 

catalyze the condensation reaction, alkali metal salts and/or hydroxide are necessary. 
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Although there is not a proper agreement on geopolymer structure, it is possible to state 

that geopolymers consist of alumina and silica tetrahedrally interlinked alternately by 

sharing all the oxygen atoms. A polymeric structure of Al-O-Si constitutes the main building 

blocks of geopolymeric structure. Since aluminum in the structure is in 4-fold position, some 

cations such as Na, K, Ca and other metallic cations must be presented to keep the structure 

neutral 31. It is still not clear whether these ions play a charge-balancing role or are actively 

bonded into the matrix. The mechanism of immobilization is expected to be the combination 

of chemical and physical interactions. Basically, geopolymer is formed in a similar manner 

as the zeolite do 32. However, zeolites usually form in closed hydrothermal systems but 

geopolymers do not. Furthermore, geopolymers are amorphous to semi-crystalline, whereas 

zeolites are usually crystalline in nature (Fig. 2-3). 
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Figure 2-3 The process sequences of formation of zeolite and geopolymer 33. 

Due to the complexity of understanding the geopolymerization process, molecular 

simulation can reveal the effect of alkali hydroxide on the aluminosilicate materials which is 

one of the subject of this thesis.  

2.1.2. Clay Minerals 

Clay minerals are abundantly found in soils and sedimentary rocks. The properties of clay 

minerals such as acidity, high surface area and cation exchange capacity (CEC) make them 

play important roles such as catalysts, supports and adsorbents for toxic substances 34. Clay 
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minerals are commonly phyllosilicates or layer silicates. There are two basic components to 

the structure: a sheet of atoms in tetrahedral situation (corner-connected atom) and a sheet 

of edge-sharing octahedra. Figure 2-4 illustrates the atoms to form both tetrahedra and 

octahedra, whereas Figure 2-5 illustrates the linkages of each to form the two varieties of 

sheets. 

 

Figure 2-4 (a) Tetrahedron structure of Si and (b) octahedron structure of Al atoms in clay minerals structure. 

 

2.1.2.1. Tetrahedral Sheets 

The dominant atom in the tetrahedron is the Si4+ cation, however, sometimes the A13+ cation 

can occur also at this site and caused stacking defaults in the structure. This is important 

because the substitution of A13+ for Si4+ produces a charge that must be balanced somewhere 

in the structure. Clay particles obtain electric charge by substitution of cations in the layers. 

A negative charge occurs when a tetravalent silicon ion is replaced by a trivalent aluminum 

ion because of the similar morphology of the ions. This charging mechanism is known as 

isomorphous substitution of ions. The charges on basal planes are considered permanent 

charges, independent of pH while primary alumina and silica bonds broken along particle 
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edges lead to pH dependent charges 35. In order to form a tetrahedral sheet, three corners of 

each tetrahedron connected together (Fig. 2-4). For each corner that is shared between two 

tetrahedra, only one oxygen is involved in the connection which means fewer oxygens needs 

to complete a sheet of tetrahedra compared to the same number of individual and unlinked 

tetrahedra.  

 

Figure 2-5 Top view of (a) tetrahedral and (b) octahedral surface. 

 

 

 

Figure 2-6 Front view of octahedral and tetrahedral sheets connected together via bringing oxygens. 
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2.1.2.2. Octahedral Sheets 

The octahedral sheet is formed by edge-sharing octahedral and in different clay, different 

cations can be found in the octahedral position. However, mostly trivalent cations such as 

Al3+ is in the octahedral and in order to balance the charge of the structure it is required that 

for every two octahedra that contain Al3+, there is an empty octahedron. The position of Al3+ 

and vacant sites is illustrated in Fig. 2-5 b which is the reason for calling this structure 

"dioctahedral". In Contrast, in a "trioctahedral" sheet all three sites are occupied, which 

occurs for octahedra occupied by divalent cations (e.g., Mg2+). Structural impurities usually 

occur in clay structures as in many phyllosilicates a small number of divalent cations can be 

found in a dioctahedral sheet or a small number of trivalent cations is in a trioctahedral sheet. 

This phenomenon caused a small deficiency in charge of the structure that must be 

compensated elsewhere in the structure. 

2.1.2.3. Layers 

In order to form a layer in phyllosilicates the two octahedral and tetrahedral sheets must 

join together. The lateral dimensions of the two sheets are close to each other therefore it is 

possible to join them together. By sharing the oxygen atoms from the two surfaces, some 

oxygens are common junction between the two sheets. Thus, some of the oxygens that belong 

to the tetrahedral sheets also belong to the octahedral sheet. Only the hydroxyl ions do not 

link directly to the tetrahedra. 

2.1.2.4. Interlayer Material 

Some cations such as Na+, K+, Ca2+, or Mg2+ or even organic molecules can be placed in the 

interlayer regions of phyllosilicates. Regularly, depending on the nature of the cation, polar 
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H2O molecules enter the interlayer. For example, high amounts of H2O go into the interlayer 

with Na+, whereas many fewer H2O molecules enter the interlayer with Ca. In addition, it is 

fairly easy to replace interlayer cations with other material, as long as there is a large amount 

of that material in the immediate environment. For example, an aqueous solution containing 

many Na+ cations around a montmorillonite grain will readily allow for Na+ to exchange for 

K+, if K+ is in the interlayer. Therefore, these cations are often called "exchangeable cations". 

To understand how cation exchange works, it is necessary to define "internal" vs "external" 

surfaces of a clay particle and to determine how they attract cations and anions. The internal 

surfaces are the two planes of atoms on either side of the interlayer space at the base of the 

tetrahedral and octahedral sheets. External surfaces are the broken edges of the layer. 

Because there are no broken bonds on the internal surfaces the internal surfaces attract both 

cations and anions. In contrast, however, the external surfaces generally attract negatively 

charged anions because the cations on the broken surface require the negative charge to 

compensate.  

Scanning electron microscopy image of layered structure of kaolinite and tetrahedral and 

octahedral sheets of kaolinite are shown in Fig. 2-7. These layers are held together partly by 

van der Waals forces and partly by hydrogen bonds from the hydroxyl groups of the 

octahedral sheet. Three-layered clay particles, such as illite or montmorillonite, comprise an 

octahedral aluminum-oxide sheet in between two tetrahedral silicon-oxygen sheets. 
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Figure 2-7 (a) Scanning electron microscopy image of kaolinite 36 and (b) Its atomic structure. The color 

scheme is: purple for aluminum, yellow for silicon, red for oxygen, white for hydrogen. 

Kaolinite is a good candidate for geopolymerization process and was studied in this study 

as this clay is abundantly found in MFT and also has its simple 1:1 structure to model by 

molecular simulation.   

2.1.2.5. Adsorption and Desorption 

Adsorption is defined as the accumulation of a matter at an interface of two phases, without 

the formation of crystal structure. However, in contrast, desorption is the loss of matter from 

the interface. The substance that accumulates at the interface is called adsorbate and the 

surface where accumulation takes place on is adsorbent. The term adsorptive refers to any 

chemical species in the bulk solution that may potentially be adsorbed. In contrast, the term 

sorbate, sorbent and sorptive apply in situations where the precise mechanism of solid-

liquid transfer is not known and may include surface precipitation or solid state diffusion. In 

a sorption or desorption reaction, a solute becomes associated with or dissociate from the 
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solid phase, respectively. Sorption-desorption processes generally comprise multiple 

reactions or steps involving solid and aqueous phase components 37. In addition to chemical 

reactions, i.e., formation or rupture of chemical bonds, these steps include transport 

processes, i.e., displacement of adsorptives in the liquid phase and adsorbates at the 

interface. 

Essentially, the fundamental physical and chemical properties of crystalline materials is 

dependent on their long-range crystal structure which is expressed internally as the periodic 

lattice. However, water is known as the most common solvent for most of materials. It is the 

dominant medium in which rocks and minerals interact through chemical precipitation and 

dissolution reactions. It is understood that the mobility of ions to and from sites in the solid 

bulk crystal is extremely limited through diffusion at room temperature. However, 

dissolution and precipitation reactions usually, to some extent, occur at the mineral-water 

interface. This interface is basically where the interaction between the surface atoms of the 

solid and the aqueous medium takes place.  

In addition to water molecules, the dissolved components in water, such as salts, 

hydrogen and hydroxyl ions, organic molecules and gases (e.g., CO2 and O2), interact with the 

mineral surface, resulting in a complex distribution of species and functional groups 

(moieties). This interaction at the liquid-solid interface alters both the surface layers of the 

crystal matter (i.e., mineral surface) and the boundary layer of the liquid. Although the bulk 

liquid may be in turbulent motion, e.g., a stirred reactor, the intermolecular attractive forces 

through the mineral surface and the liquid bring the velocity of fluid closely to zero, which is 

known as no-slip condition. In classical theory, this constraint reduces advection and 

turbulent at the surface. 
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The surface of a crystal matter is fundamentally different from its bulk. These differences 

comprise dangling bonds, surface molecular relaxation and chemical composition. However, 

the crystal structure of the surface is related (but not identical) to the crystal structure of the 

bulk. Those differences create a strong driving force to reorganize and equilibrate the 

surface with the liquid. This overall process is accomplished by reactions such as hydration, 

adsorption of dissolved components, protonation/deprotonation and detachment of 

adatoms.  

The interactions of the Mineral and water primarily happen at the external mineral 

surfaces 38, which are typically surface-controlled at the temperatures and pressures near 

the ambient condition. In the case of crystal dissolution, the term surface-controlled refers 

to the fact that the reaction rate is limited by the basic molecular processes that finally lead 

to the detachment of a molecule from the bulk crystal structure into the solution 39. In 

contrast, however, the surface-water interaction/reaction is called transport-controlled if 

the transport of molecules to and from the mineral surface in the bulk solution is rate limiting 

39. The latter case is observed if the transport of molecules into the solution is slower than 

all the processes that lead to the formation of an adatom. An example for such a situation is 

“no significant flow of the fluid across the mineral surface, i.e., stagnant fluid conditions often 

observed on internal surfaces”. In all other cases, the interaction/reaction becomes surface-

controlled. It is worth to recall that adsorption, surface nucleation, dissolution, and crystal 

growth are all microscopic processes that occur at the mineral surface. 

In fact, to fully understand the alterations of the mineral crystal surface and the processes 

within the mineral-water interface, it is needed to study the interface changes via advance 

powerful analytical techniques 40, which undoubtedly increases the complexity of the 
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mineral-water interface investigations. Moreover, if we approach the atomic scale in this 

attempt, direct observations of surface topography and particularly the dynamic changes of 

crystal surface due to adsorption/desorption and dissolution/growth processes become 

increasingly complicated or even infeasible. In this situation, theoretical approaches and 

molecular modeling techniques, such as molecular dynamics simulations, allow us, to some 

extent, understand the process at the molecular level. Particularly, by rapidly increasing the 

computer power, it has been possible to make substantial progress in this field. Therefore, 

in the recent decade, molecular modeling has become a powerful partner for the 

experimental/analytical studies. In 2001, Cygan and Kubicki 3 have assembled a 

comprehensive overview of the more recent modeling works. However, generally speaking, 

it is essential to decide at which level and size it is needed to investigate the system of 

interest.  

Molecular dynamics modeling of the mineral-surface interactions makes a significant 

contribution to our understanding of these processes. In particular, the modeling technique 

can provide detailed mechanisms at the molecular scale. This approach includes information 

on: type of bonding, reaction pathways, non-equilibrium configurations, and the energetics, 

i.e., electrostatic potentials. If sufficiently coupled with our proposed experimentation, this 

information can play an important role in eliminating hypotheses, focusing on new 

phenomena and systematizing available experimental data.  

2.2. CO2 Emission 

At the end of the 19th century, Arrhenius calculation showed a doubling of CO2 concentration 

in the atmosphere would raise the average temperature by 5°C or 6°C  41,42. Studies show 

that CO2 concentration in the atmosphere is 112 parts per million more in 2011 (392 ppm) 
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than prior to the beginning of the industrial revolution (280 ppm) in late 1970 42. CO2 is the 

major human-produced greenhouse gas, over half of which derives from energy sector 

activities. Major contributors to the increased concentration of CO2 in the atmosphere are 

power stations and the chemical and petrochemical industries. By increasing the 

concentration of the greenhouse gases in the atmosphere, heat-trapping capacity of the 

earth’s atmosphere increases through the greenhouse effect which has led to the global 

warming 43. Greenhouse gases include carbon dioxide (CO2), methane (CH4), water vapor 

(H2O), ozone (O3), nitrous oxide (N2O), and chlorofluorocarbons (CFCs) 42,44. Emission of CO2 

as the largest contributor and the fastest growing emitted component leads to the highest 

concern. The nature (oceans, plants, and soil) cannot consume carbon produced by human 

activities fast enough to reduce CO2 concentration in the atmosphere 45. Thus, to constrain 

the CO2 concentration in the atmosphere it is crucial to change the processes that humans 

produce and use energy. Dependence on the burning of the fossil fuels (petroleum, natural 

gas, and coal) for energy will lead to the rise in global temperatures between 1.4 and 5.8°C 

by 2100 46. However, due to fossil fuels low cost, low investment, availability of the fuels, 

many industries will continue to use fossil fuels as main energy source. Therefore, any 

reasonable approach for controlling the global temperature must reduce greenhouse gas 

(GHG) emissions without shutting down a fossil fuel-based energy infrastructure. In this 

regard, carbon capture and storage (CCS) technology can offer the flexibility in achieving 

greenhouse gas emission reductions while we are switching to an energy infrastructure 

based on less carbon-intensive fuels and renewable energies 47.  
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2.2.1. Carbon capture and storage (CCS) 

Many methods are developed to separate CO2 to a reasonable degree depending on the 

conditions of flue gas stream. The desired process for CO2 separation should be cost effective 

at typical pressure, temperature and composition of the flue gas 48. CO2 capture can generally 

be attained in two main modes: post-combustion or pre-combustion. In the post-combustion 

mode, at fixed point sources CO2 is separated from burning products containing N2, residual 

oxygen, water vapor, NOx and SO2. The capture process can be done at any stage of 

combustion stream from the combustor to the exhaust, but preferably after the removal of 

acid gases like SOx and NOx 49,50. Pre-combustion capture comprises fuel gasification into 

carbon dioxide and hydrogen. Afterwards products go through a water-gas shift to a high-

concentration stream of CO2 and H2. The CO2 is captured and the H2 is reacted with air 47,51. 

2.2.2. Technologies for CO2 Capture 

 Chemical and Physical Absorption  

In chemical and physical absorption, the CO2 is absorbed by a liquid in a closed circuit 

through countercurrent contacting of a gas in either a packed or trayed tower. CO2 can be 

regenerated either by thermal or pressure reduction equipment. According to Henry’s law 

the physically absorbed CO2 in the solvent can be regenerated using either or both heat and 

pressure reduction to produce a dry CO2 stream. Due to the large amount of heat which is 

required to regenerate the solvent this process is not a desirable process. Breaking the 

chemical bond between the CO2 and the chemical solvent is energy demanding process 

which significantly reduces the net efficiency of the power plant 50,52.  
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 Cryogenic Separation 

Cryogenic separation method separates the CO2 from the waste gases by cooling the gases to 

a very low temperature so that the CO2 can be liquefied and separated. The CO2 separated by 

this method is ready for transportation by pipeline which means CO2 purity after distillation 

can exceed 99.95% 47. However, the amount of the energy needed to liquidity the CO2 makes 

this process extremely energy intensive 53. 

 Membrane Separation 

Membranes are thin barriers that allow selective permeation of certain gases. In the 

polymeric membrane the molecules interact with the membrane to diffuse across either by 

solution-diffusion or by absorption-diffusion 47. Metallic membranes can be used for CO2 

recovery from gas stream 53, in this membrane based on the membrane pores size, only gas 

molecules below a certain size are able to pass through the pores. Although simplicity, the 

compact and lightweight system, multi-stage operation and low maintenance make the 

membrane separation a desirable process 53, the low purity of the CO2 constrains the usage 

of this process. Actually, the very selective membranes are not permeable, while permeable 

membranes allow other gases besides CO2 to permeate which results in a low purity stream 

of CO2 47. 

 Pressure Swing Adsorption (PSA) 

Pressure swing adsorption (PSA) is a gas separation process in which the adsorbent is 

regenerated by rapidly reducing the partial pressure of the adsorbed component. 

Adsorbents should have the ability to retain their adsorption capability upon releasing the 

adsorbed phase by changing the pressure or temperature. The central advantage of physical 
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adsorption methods is the potentially lower energy requirement to regenerate the sorbent 

material and the shorter regeneration time. Different adsorptive materials are used for PSA 

process such as a molecular sieve, zeolite and activated carbon 54. These adsorbents have 

high capacity for CO2 at ambient temperatures; however, they suffer from low CO2 capacity 

at elevated temperature. Hydrotalcites have been used as adsorbents for several 

applications and their use in the carbon dioxide adsorption at high temperatures was 

reported 55,56. HTlcs were found to be viable adsorbents for use in a high temperature PSA 

process for CO2 capture 57. 

2.2.3.  Hydrotalcite-like Compounds (HTlcs) 

Hydrotalcite-like compounds (HTlcs), also known as mixed metal layered hydroxides or 

layered double hydroxides (LDHs), was initially found in Sweden in around 1842. This 

structure is composed of positively charged brucite-like layers in which trivalent cations 

partially substitute for divalent cations located at the center of octahedral sites in the 

hydroxide layer. Hydrotalcite is among the group of minerals referred to as “non-silicate 

oxide and hydroxides”. It has many physical and chemical properties that are similar to those 

of clay minerals. Their layered structure, wide chemical composition, variable layer charge 

density, ion-exchange properties, and rheological and colloidal properties make hydrotalcite 

behavior similar to clay minerals. Moreover, because of their anion exchange properties 

hydrotalcites were referred to as anionic clays 58. Also, minerals such as hydrotalcite are 

good candidate to capture and storage CO2 between their layers. The CO2 adsorption capacity 

of Cl-hydrotalcite and interaction of CO2 with the layers are studied by molecular dynamics 

simulation. The scanning electron microscopy image and the molecular structure of 

hydrotalcite are shown in Fig. 2-4. 
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Figure 2-8 (a) Scanning electron microscopy of hydrotalcite 59 with Mg/Al = 3 and (b) its schematic structure. 

2.3. Summary of the Literature 

The environmental problems caused by the oil sands extraction and usage of oil and 

petroleum fuels have negatively affected human health and lives. To solve these problems, 

understanding the details of the molecular behavior involved can provide a good insight for 

their improvements. In this study, interaction between clay minerals, kaolinite in particular, 

and alkali solutions were studied. On the other hand, CO2 adsorption capacity of hydrotalcite 

was examined as well. 
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Chapter 3 

3. Molecular Dynamics Simulation 

3.1. Introduction 

Molecular dynamics (MD) simulation is a technique whereby the Newton’s equations of 

motion are solved for the trajectories of N particles interacting via prescribed potentials. The 

equations of motion for the N particles can be written as, 

               𝑚𝑟𝑖 ̈ (𝑡) =  𝐹𝑖(𝑡)                  (3.1) 

where the force on particle i at time t, Fi(t), depends on the positions of all of the other 

particles of the system at that time. Integrating the equations of motion then yields a 

trajectory that describes the microscopic state of a system as it evolves with time. A 

microscopic state of a system is described by the summation of the kinetic (K) and the 

potential (U) energies defined as Hamiltonian (H). 

𝐻(𝑟, 𝑝) = 𝐾(𝑝) + 𝑈(𝑟) = ∑
𝑝𝑖

2

2𝑚𝑖
+ 𝑈(𝑟)𝑁

𝑖=1       (3.2) 

where 𝑝 =  (𝑝1, … , 𝑝𝑁) and 𝑟 =  (𝑟1, … , 𝑟𝑁) are sets of atomic positions and momenta, while 

the 𝑚𝑖 is the mass of the 𝑖𝑡ℎ atom. Potential energy is described as a combination of bonded 

and non-bonded interactions between particles. The expressions for the potential energy 

and the associated parameters constitute the force field. By integrating the Hamiltonian 

equations of motion written as following for each particle in the system, 
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𝑑𝑝𝑖

𝑑𝑡
= −

𝜕𝐻(𝑟,𝑝)

𝜕𝑟𝑖
                              (3.3) 

𝑑𝑟𝑖

𝑑𝑡
=

𝜕𝐻(𝑟,𝑝)

𝜕𝑝𝑖
                                  (3.4) 

Molecular dynamics simulation will be conducted. According to the first equation, the 

force applied on each particle can be calculated which can be used for the calculation of the 

trajectory of each atom in the system by integrating Newton’s equation of motion which 

requires an integration algorithm. Although many algorithms have been proposed, what is 

essentially the simplest algorithm, known as the Verlet algorithm, is still thought to be one 

of the best 60. The Verlet algorithm 61 can be derived by considering the Taylor’s series 

expansion about the coordinate of a particle at time t, which is,  

𝑟𝑖(𝑡 + Δ𝑡) =  𝑟𝑖(𝑡) + 𝜐𝑖(𝑡)Δ𝑡 +
𝐹𝑖(𝑡)

2𝑚
Δ𝑡2 +

𝑟𝑖

3!
Δ𝑡3 + Ο(Δ𝑡4).      (3.5) 

Similarly,  

𝑟𝑖(𝑡 − Δ𝑡) =  𝑟𝑖(𝑡) − 𝜐𝑖(𝑡)Δ𝑡 +
𝐹𝑖(𝑡)

2𝑚
Δ𝑡2 −

𝑟𝑖

3!
Δ𝑡3 + Ο(Δ𝑡4)           (3.6) 

Adding these equations gives, 

𝑟𝑖(𝑡 + Δ𝑡) ≈  2𝑟𝑖(𝑡) − 𝑟𝑖(𝑡 − Δ𝑡) +
𝐹𝑖(𝑡)

𝑚
Δ𝑡2       (3.7) 

which contains an error term of order (Δ𝑡4). Equation (3.7) can be used in an MD simulation 

to advance the positions of the particles. Velocity of each particle at the time t is calculated 

by ‘velocity Verlet’ algorithm. In this regard, the same Taylor’s series expansion used in the 

original Verlet algorithm, Equation (3.5), is coupled to the following for the update of the 

velocities, 
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𝜐𝑖(𝑡 + Δ𝑡) =  𝜐𝑖(𝑡) +
𝐹𝑖(𝑡+Δ𝑡)+𝐹𝑖(𝑡)

2𝑚
Δ𝑡               (3.8) 

In the implementation of the velocity Verlet algorithm, the positions are first updated 

according to equation (3.7). From these new positions, the new forces can be calculated. 

Finally, the new velocities are computed according to the equation (3.8). It can be shown that 

this algorithm generates identical trajectories to the original Verlet algorithm 60. However, it 

has the advantage that both the positions and velocities of the particles are defined at the 

same instant of time. Because of this latter property, all of the simulations that have been 

performed for this thesis use the velocity Verlet algorithm. 

3.1.1. The quasi-ergodic hypothesis 

Using MD simulations, one can measure the microscopic dynamics of a system in thermal 

equilibrium. From these dynamics, time averages of any given functions of the positions and 

velocities of the particles can be calculated. However, the quantities of principal interest of 

molecular dynamics simulations all been defined in terms of ensemble averages. Thus, to 

compute these quantities with MD the time averages computed in MD simulations need to 

be linked to the ensemble averages. This link is provided by the ergodic hypothesis that the 

time average of an observable physical quantity equals to its ensemble average.  

〈… 〉ens = lim
𝜏→∞

1

𝜏
∫ … 𝑑𝑡

𝜏

0
                                       (3.9) 

This means that to make a relation between MD results and experiments, it is necessary 

to let the simulated system, evolve in the phase space for a sufficiently long time and fulfill 

the quasi-ergodic theorem.  
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3.1.2. Simulation ensembles 

Considering different thermodynamic parameters four different ensembles can be defined 

for MD simulation; however, the original MD ensemble is the micro canonical ensemble (with 

constant number of particles, volume and energy, NVE) which is energy conservative 

ensemble. Canonical ensemble (with constant number of particles, volume and temperature, 

NVT), isobaric isothermal ensemble (with constant number of particles, pressure and 

temperature NPT) and grand canonical ensemble (with constant chemical potential, 

pressure and temperature, µVT) are the other ensembles commonly used for MD simulation. 

There are several methods to control the temperature and pressure during MD simulation, 

However, the Nose-Hoover thermostat and barostat were used in this study. 

3.1.3.  Nosé-Hoover Thermostat 

An algorithm was proposed by Nosé 62 to control the system temperature and later it was 

further improved by Hoover 63, known as Nosé-Hoover thermostat. In this method, an 

additional degree of freedom is incorporated to the real physical system to represent the 

interaction of the system with a heat bath. The dynamic variable is defined with its own 

coordination (𝑠) and momentum (𝑝𝑠) in which the potential and kinetic energies are defined 

as Equations (3.10) and (3.11), respectively. 

𝑈𝑠 = (𝑁𝑓 + 1)𝐾𝐵𝑇0𝑙𝑛𝑠                   (3.10) 

       𝐾𝑠 =
1

2
𝑄

𝑑𝑠

𝑑𝑡
=

𝑝𝑠
2

2𝑄
                                    (3.11) 

where 𝑁𝑓 is the degree of freedom in the system, and 𝑄 and T0 are effective mass of the 

thermostat and the temperature of the heat bath, respectively. Hamiltonian of the system 

could be written as follows, 
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𝐻 = 𝐾(𝑝) + 𝑈(𝑟) +
𝑝𝑠

2

2𝑄
+ (𝑁𝑓 + 1)𝑘𝐵𝑇0𝑙𝑛𝑠                 (3.12) 

 

The only problem of the Nosé thermostat was the scaling of velocity with s leading to 

scaling of time, which improved by Hoover modification. In fact, Hoover replaced s with the 

thermodynamic friction coefficient, 𝜁 = 𝑝𝑠 𝑄⁄ . In addition, Hoover removed the degree of 

freedom by taking the formulation back to the real time. The equations of motion of real 

variables can be recovered as, 

𝑑𝑟𝑖

𝑑𝑡
=

𝑝𝑖

𝑚𝑖
 

𝑑𝑝𝑖

𝑑𝑡
= 𝑓𝑖 − 𝜁𝑝𝑖                             (3.13) 

𝑑𝜁

𝑑𝑡
=

1

𝑄
(∑

𝑝2

𝑚
− 𝑁𝑓𝑘𝐵𝑇0

𝑁

𝑖=1

) 

 

The effective mass of thermostat is usually definded as 𝑄 =  𝑁𝑓𝑘𝐵𝑇𝜏𝑇
2  where 𝜏𝑇  is the 

time constant of thermostat. If Q is high, the flow of energy between the physical system and 

the reservoir will be too slow and consequently, infinite Q corresponds to a NVE MD system. 

On the other hand, if Q is too low, then the energy oscillates unphysically, causing 

equilibration problems. If the energy of the extended system is conserved, then the Nosé-

Hoover thermostat reproduces the canonical ensemble of the real physical system in every 

respect. The corresponding Hamiltonian to the Hoover formulation is: 

𝐻 = 𝐾(𝑝) + 𝑈(𝑟) +
1

2
𝑄𝜁2 + 𝑁𝑓𝑘𝐵𝑇 ∫ 𝜁(𝑡)́

𝑡

0
𝑑�́�       (3.14) 
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In this thesis, this formulation which is called Nosé-Hoover thermostat was used in all 

molecular dynamics simulation to control the temperature. 

3.1.4. Nosé-Hoover Barostat 

The idea of including constant pressure condition to the systems was initially introduced by 

Anderson 64. In the original method, the size of the isotropic simulation cell was allowed to 

change; however, no change was in the shape to control the system pressure. Later, the 

Anderson method was extended by Parrinello-Rahman to allow the cell shape to change 65. 

Similar to his thermostat, the new degree of freedom was added by Nosé to the Andersen 

dynamics generating NPT ensemble through scaling of time. Hoover proposed a 

straightforward method to extend his formulation for canonical ensemble to the isothermal-

isobaric case 63. This was done by introducing a new reduced coordinate 𝑥 =
𝑟

𝑉1 𝐷⁄  for D 

dimensional system. Accordingly, the equation of motion (Equation (3.13)) can be extended 

as, 

𝑑𝑥𝑖

𝑑𝑡
=

𝑝𝑖

𝑚𝑖𝑉1 𝐷⁄   

𝑑𝑝𝑖

𝑑𝑡
= 𝑓𝑖 − (𝜂 + 𝜁)𝑝𝑖  

𝑑𝜁

𝑑𝑡
=

1

𝜏2 (
𝑇(𝑡)

𝑇0
− 1)                   (3.15) 

𝑑𝜂

𝑑𝑡
=

1

𝑄
𝑉(𝑃(𝑡) − 𝑃0)  

𝑑𝑉

𝑑𝑡
= 𝐷𝜂𝑉  

Although the canonical case is well reproduced by Hoover formulation, the NPT 

simulation using Equation (3.15) results in a distribution function which does not represent 
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exactly the NPT ensemble. However, this problem was solved by Melchionna et al. 66 through 

introducing the effective mass of barostat to the formulation developed by Hoover: 

𝑑𝑟𝑖

𝑑𝑡
=

𝑝𝑖

𝑚𝑖
+ 𝜂(𝑟𝑖 + 𝑅0)  

𝑑𝑝𝑖

𝑑𝑡
= 𝑓𝑖 − (𝜂 + 𝜁)𝑝𝑖  

𝑑𝜁

𝑑𝑡
=

1

𝜏2 (
𝑇(𝑡)

𝑇0
− 1)                   (3.16) 

𝑑𝜂

𝑑𝑡
=

1

�́�
𝑉(𝑃(𝑡) − 𝑃0)  

𝑑𝑉

𝑑𝑡
= 𝐷𝜂𝑉  

where �́� = 𝑁𝑓𝑘𝐵𝑇𝜏𝑝
2  is the effective mass of the barostat. 𝜏𝑝 and 𝑅0 are the barostat time 

constant and the center of mass of the system, respectively. The corresponding Hamiltonian 

equivalent to Gibbs free energy is written as, 

𝐻 = 𝐾(𝑝) + 𝑈(𝑟) +
1

2
𝑄𝜁2 +

1

2
�́�𝜂2 + ∫ (𝑁𝑓𝑘𝐵𝑇𝜁(𝑡)́

𝑡

0
+ 𝑘𝐵𝑇0)𝑑�́�                    (3.17)        

In this thesis, Melchionna modification of the Hoover algorithm which is called Nosé-

Hoover barostat was used to control pressure in MD simulations. 

3.1.5. Periodic boundary conditions 

In order to perform an accurate MD simulation, a very large system should be designed 

because the effect of the box edges on the system properties should be minimized. However, 

only systems with a finite, and usually relatively small (N ≈ 103 − 106) number of particles 

can be simulated. This introduces the problem of surface effects. Periodic boundary 

conditions (PBC) should be applied to mitigate the problem of surface effects. In this regard, 

it is imagined that the simulation box is replicated throughout space to make translated 



34 
 

images of itself to form an infinite lattice. A two-dimensional representation of PBC is 

illustrated in Figure 3-1. Under the PBC condition, if a particle moves in the main simulation 

box, its periodic replicas in neighboring boxes move in the exact same way.   

 

Figure 3-1 Periodic boundary conditions used in MD simulations. 

However, due to replication of the simulation box the interaction of particles with its 

images especially non-bonded interaction, which is non-physical, can occur. To avoid this 

problem which is called the minimum image convention, the dimensions of the cell should 

be (at least) twice of the interatomic interaction cut-off distance.  

3.2. Force Field 

To calculate potential energy of the system, the interactions between atoms in the molecular 

dynamics simulation should be calculated. In this regard, for each system a reliable force 

field should be used.  The force field uses a set of empirical formulas to mimic all interactions 

between atoms that are bonded as well as non-bonded interactions between atoms and 

molecules in molecular systems. In this thesis, all the simulations were done by using the 
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ClayFF force field which is defined to precisely model flexible clay minerals structures and 

their interaction with hydrated systems. In this force field, the total energy of the system is 

written as, 

𝐸𝑡𝑜𝑡𝑎𝑙 =  𝐸𝐶𝑜𝑢𝑙 + 𝐸𝑉𝐷𝑊 + 𝐸𝑏𝑜𝑛𝑑 𝑠𝑡𝑟𝑒𝑡𝑐ℎ𝑖𝑛𝑔 + 𝐸𝐴𝑛𝑔𝑙𝑒 𝑏𝑒𝑛𝑑       (3.18) 

The formalization of each of this energy is described in next section. 

3.2.1. Non-bonded Interaction    

In the ClayFF force field, the interaction between metal and oxygen is just described by non-

bonded parameters. Non-bond interaction is the summation of electrostatic interaction and 

Van der Waals interaction. 

3.2.1.1. Electrostatic Interaction 

Most of the energy of the system is produced due to the existence of ionic species in the 

system which is calculated based on the Coulomb’s low, 

𝐸𝐶𝑜𝑢𝑙 =
𝑒

4𝜋𝜀0
∑

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
𝑖≠𝑗        (3.19)    

where, is the charge of the electron, 𝜀0 is the dielectric permittivity of vacuum (8.85419 × 10-

12 F/m), 𝑞𝑖and 𝑞𝑗  are partial atomic charges on atoms i and j and 𝑟𝑖𝑗 is their distance.  

Despite the simple form of the Coulomb energy, it is in fact the most complicated atomic 

interaction to evaluate in an atomistic simulation. It is because Coulomb energy shows a slow 

decay in respect to separation distance of atoms due to the 
1

𝑟
 term, which makes it the long-

range component of the interatomic potential. The most applied solution to overcome the 

Coulomb energy problem is proposed by Ewald [55]. 
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 The Ewald summation and the PPPM algorithm 

The Ewald summation is basically used to evaluate the total potential energy of a system of 

interest including N interacting particles under periodic boundary conditions. Although 

Ewald summation was primarily developed for ionic systems 67, the Ewald method can be 

principally applied for any interaction potential. 

𝑉 =
1

2
∑ ∑ 𝜐(𝑟𝑖𝑗 + 𝑚𝐿)´

𝑚∈ℤ
𝑁
𝑖,𝑗=1,       (3.20) 

where 𝑟𝑖𝑗 = 𝑟𝑖 − 𝑟𝑗 . The periodic images of the particles are taken into account by the sum 

over m and the prime indicates that for 𝑚 =  0,  the case 𝑖 = 𝑗 must be omitted. However, 

Equation (3.20) turns into Equation (3.21) in the case of the Coulomb Potential, 

𝑉 =
1

2
∑ ∑

(𝑍𝑒)2

4𝜋𝜖0|𝑟𝑖𝑗+𝑚𝐿|
´
𝑚∈ℤ

𝑁
𝑖,𝑗         (3.21) 

Direct evaluation of the above summation is problematic due to the difficulty of its 

evaluation as it is being merely conditionally convergent 68, and practically due to the slowly 

decaying long-range part of the Coulomb potential. The essential step in the Ewald method 

is to separate the Coulomb term into two components, 

1

𝑟
=

𝑓(𝑟)

𝑟
+

1−𝑓(𝑟)

𝑟
        (3.22) 

The idea behind this splitting is as follows: 𝑓(𝑟) can be chosen so that the first part of 

Equation (3.22) is negligible beyond some (small) cutoff radius rmax, and so that the second 

part is a slowly varying function for all r, which means that its Fourier transform is well 

represented by only a few wave-vectors k. This allows the first short range part to be readily 

evaluated in real space, and the second-long range part in reciprocal space. The usual 

selection for 𝑓(𝑟) is the complementary error function, 
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𝑒𝑟𝑓𝑐(𝑟) =
2

√𝜋
∫ exp(−𝑡2) 𝑑𝑡

∞

𝑟
                  (3.23) 

which leads to the well-known Ewald formula for the total potential energy of the system 68, 

𝑉 = 𝑉(𝑟) + 𝑉(𝑘) + 𝑉(𝑠) + 𝑉(𝑑)     (3.24) 

where the contributions from real space (𝑉(𝑟)), reciprocal space (𝑉(𝑘)), self-energy (𝑉(𝑠)) 

and dipole correction (𝑉(𝑑)) are given by, 

𝑉(𝑟) =
1

2
∑ ∑

(𝑍𝑒)2

4𝜋𝜖0

𝑒𝑟𝑓𝑐(𝛼|𝑟𝑖𝑗+𝑚𝐿|)

|(𝑟𝑖𝑗+𝑚𝐿)|
´
𝑚∈ℤ

𝑁
𝑖,𝑗      (3.25) 

𝑉(𝑘) =
1

2𝐿3
∑

(𝑍𝑒)2

𝜖0𝑘2 𝑒𝑥𝑝(−𝑘2 4𝛼2⁄ )|𝑛(𝑘)|2
𝑘≠0         (3.26) 

𝑉(𝑠) = −
𝛼

√𝜋
∑

(𝑍𝑒)2

4𝜋𝜖0

𝑁
𝑖=1            (3.27) 

𝑉(𝑑) =
1

2𝜋𝜖0(1+2�́�)𝐿3
(∑ 𝑍𝑒𝑟𝑖

𝑁
𝑖=1 )2                    (3.28) 

In Equations (3.25) and (3.26), the parameter α can be tuned so that the evaluation is as 

efficient as possible 68. In Equation (3.26), 𝑛(𝑘) is the Fourier transform of the particle 

density, and the summation is over wave-vectors at the discrete values of 𝑘 consistent with 

the periodic boundary conditions. 

From Equations (3.24)-(3.28), the force on each particle 𝑖 in the simulation box can be 

calculated as, 

𝐹𝑖 = −∇𝑖𝑉 = −
𝜕

𝜕𝑟𝑖
𝑉                                (3.29) 

This final equation, in principle, completes the specification of the force calculation part 

of an MD program dealing with Coulomb interactions. In this force calculation, the real space 
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part of the force resulting from 𝑉 (𝑟) is directly evaluated, using some cutoff radius, and the 

reciprocal space sum resulting from 𝑉 (𝑘) is truncated at some maximum wave-vector. 

While the direct evaluation of the Ewald summation as outlined above in principle solves 

the problem of including long range interactions in an MD simulation, it has one main 

drawback: poor computational efficiency. This is mainly a result of the fact that direct 

evaluation scales with particle number N approximately as N2. In order to improve this 

scaling, a number of methods based on evaluating the long-range part of the potential on a 

grid have been developed. The idea behind these methods is that they allow the reciprocal 

space part of the Ewald summation to be evaluated using the fast Fourier transform, which 

itself scales as N log(N) (a significant improvement on N2). By choosing the real space cut-off 

to be sufficiently small, this improved scaling then essentially applies to the complete Ewald 

sum68. 

One of the various mesh implementations is the so-called particle-particle-paticle mesh 

(PPPM) algorithm 69. For details of this algorithm, the reader is referred to 68. All of the MD 

simulations performed by the author for this thesis used the PPPM algorithm for the Ewald 

summation.  

3.2.1.2. Van der Waals Interaction 

Van der Walls interaction includes the short-range repulsion associated with the increase as 

two atoms approach each other and attractive dispersion energy. Lennard-Jones 6-12 

function is the model commonly used for describing Van der Walls energy which is written 

as follows: 
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 𝐸𝐿𝐽 = ∑ 𝐷0,𝑖𝑗 [(
𝑅0,𝑖𝑗

𝑟𝑖𝑗
)

12

− 2 (
𝑅0,𝑖𝑗

𝑟𝑖𝑗
)

6

]𝑖≠𝑗                          (3.30)    

where 𝐷0,𝑖𝑗  and 𝑅0𝑖𝑗  are empirical parameters .  𝐷0,𝑖𝑗  is the depth of the potential well 

(potential value at the equilibrium atomic distance) and 𝑅0,𝑖𝑗 is the distance at which the 

potential equals to zero. In the ClayFF force field, interaction parameters between the unlike 

atoms are calculated by arithmetic mean rule for 𝑅0,𝑖𝑗 and the geometric mean rule for 𝐷0,𝑖𝑗 , 

𝑅0,𝑖𝑗 =
1

2
(𝑅0,𝑖 + 𝑅0,𝑗)      (3.31)    

𝐷0,𝑖𝑗 = √𝐷0,𝑖𝐷0,𝑗  

3.2.2. Bonded Interaction 

3.2.2.1. Bond stretching 

Phases containing hydroxyl groups require the stretch energy associated with each of the O-

H bonds. This bond energy similar to SPC water model is described by harmonic term written 

as follows: 

𝐸𝑏𝑜𝑛𝑑 𝑠𝑡𝑟𝑒𝑡𝑐ℎ = 𝑘1(𝑟𝑖𝑗 − 𝑟0)
2

                   (3.32)   

where  𝑘1 is a force constant and 𝑟0 is the equilibrium bond length.  

3.2.2.2. Angle bending 

To improve the vibrational behavior of hydroxyl groups, the angle bend term between a 

triplet of atoms 𝑖 − 𝑗 − 𝑘  is represented by a harmonic potential, 

𝐸𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑛𝑑 𝑖𝑗𝑘 = 𝑘2(𝜃𝑖𝑗𝑘 − 𝜃0)
2

                   (3.33)   
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where  𝑘2 is a force constant and 𝜃𝑖𝑗𝑘  is the bond angle for the metal-oxygen-hydrogen and 

𝜃0 represents the equilibrium bond angle.  
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Chapter 4 

4. Molecular Dynamics Study of the Dissolution Mechanism of 

Kaolinite Basal Surfaces in Alkali Media 

4.1. Introduction 

Over the past few decades, geopolymerization has attracted tremendous interests to alter 

the industrial wastes to geopolymers which can be used as construction materials.  

Properties of these materials are comparable to those of the Portland cement.  One major 

advantage of the geopolymerization process, compared with the Portland cement 

production process, is that the process requires much less energy, thereby less greenhouse 

gases emission.  Studies showed that the geopolymerization process reduces CO2 emission 

by about 80% 70,71. A geopolymer is essentially formed by the initial dissolution of the 

aluminosilicate source material in an alkali solution followed by the reaction of the dissolved 

aluminate and silicate oligomers to form a three-dimensional, amorphous structure 

interlinked tetrahedrally, alternatively sharing all oxygen atoms 72.  The tetrahedrally 

coordinated aluminum carries a negative charge that is balanced by an alkali cation (e.g., 

sodium (Na+)) 72,73. 

In the dissolution step, it is believed that the alkali solution (i.e., high pH) activates 

octahedral surfaces of the aluminosilicate source material by deprotonation 74.  This surface 

activation is considered as a necessary step for the subsequent dissolution of the aluminum 

(Al) and silicon (Si) containing species (oligomers) 33,75.  According to Xu et al. 76 the final 
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strength of a geopolymer highly depends on the Si/Al ratio of the gel phase (i.e., the oligomer 

solution) that is formed during the dissolution process.  It is worth noting that Si/Al ratios in 

the range of 2 to 3 generally yield geopolymers with higher compressive strengths.  

Therefore, understanding the dissolution process is essential for optimizing the 

geopolymerization processes and the resultant geopolymers 29,77,78. 

Researchers have evaluated the dissolution process of aluminosilicate source materials 

under different conditions in terms of alkali type, concentration, pH and temperature.  In 

most studies, kaolinite was used as the aluminosilicate source material.  Kaolinite, Al4Si4O10 

(OH)8, is a typical mineral with a 1:1 type layered structure, which comprises aluminum 

octahedral sheet and silicon tetrahedral sheet.  These two sheets are connected together by 

bridging oxygens (Al-O-Si).  For the tetrahedral sheet, a silicon atom is bound to three other 

silicon atoms through bridging oxygens (Si-O-Si) leading to the formation of the tetrahedral 

surface.  This arrangement of tetrahedral silicones forms six-membered silica ring on the 

surface that is called tetrahedral cavity.  For the octahedral sheet, each aluminum atom is 

connected to two oxygens of the tetrahedral sheet and shares four hydroxyl moieties with 

adjacent aluminum atoms.  Three of these hydroxyl moieties are oriented toward the 

external surface giving rise to the octahedral surface while the fourth one is oriented inward 

in the direction of the tetrahedral cavity 74,79.  All layers in kaolinite structure are kept 

together by weak hydrogen bonds between hydroxyl moieties extending from the octahedral 

surface of a layer to the basal oxygen atoms on the tetrahedral surface of the adjacent layer.  

Studies have shown that the bridging oxygen atoms on silicate surface tend to be highly 

hydrophobic 80,81. Blum et al. 82 showed that adsorption of proton at the silicate surface of 

kaolinite is very weak and the (Si-OH-Si)+ sites at the tetrahedral layer will not be detectable 
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by surface titration in the pH range studied.  Huertas et al. 74 studied the dissolution of 

kaolinite at ambient temperature and pressure over the pH range of 1 to 13.  Their findings 

confirm that the adsorption of protons at the Si sites of the kaolinite surface and edges is 

negligible and the limiting step for the dissolution of kaolinite in an alkali solution is the 

formation of an AlO- surface complex and the detachment of the Al atom from the structure.  

In fact, the octahedral surface becomes deprotonated at high pH (> 9).  Bauer and Berger 83 

studied the kinetics of the kaolinite dissolution in a solution containing K+ cations ranging 

from 0.1 to 4 M at various solid-solution ratios. It was reported that the rate-limiting step is 

the dissolution of the octahedral layer of kaolinite.  Carroll and Walther 84 studied the 

dissolution of kaolinite at 25, 60 and 80°C at various pH ranging from 1 to 12.  They found 

that at high pH, the detachment of Si from the kaolinite structure is slower than that of Al.  

On the other hand, Walther’s studies showed that under alkali conditions, formation of SiO- 

complexes controls the rate of the dissolution of kaolinite 85,86. Panagiotopoulou et al. 87 

studied the dissolution of different industrial aluminosilicate minerals and by-products in 

the alkali media.  The experimental results showed that the extent of dissolution of Al and Si 

atoms of the reactive materials, such as metakaolin, in the sodium hydroxide (NaOH) 

solution was ~40% higher than the KOH solution.  However, in the case of kaolin, the KOH 

solution yielded ~10% more dissolution of Al and Si atoms than the NaOH solution.  

Nevertheless, in both cases, more Si atoms were released to the solution.  Xu and Van 

Deventer 29 investigated the extent of dissolution of 16 different minerals in the alkali 

solutions and the subsequent geopolymerization processes.  It was concluded that in the 

presence of K+ and calcium (Ca+2) cations, the Si/Al ratio reached to 2.  Hajimohammadi et 
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al. 88 have found that the release of alumina in the early stage of the reaction leading to a 

more homogeneous geopolymer gel. 

In view of the apparent conflicting results of the interaction/dissolution of kaolinite in 

alkali media reported in the literature, in the present research, molecular dynamics (MD) 

simulation was utilized to study the interaction/dissolution mechanism of two basal 

surfaces of kaolinite at low (1 M) and medium (5 M) concentrations of three different alkali 

solutions at ambient condition (i.e., 298 K and 1 atm).  Here, it should be noted that alkali 

solutions with concentrations greater than 1 M have a pH close to 14 at room temperature.  

Since NaOH and KOH solutions are widely used in the geopolymerization process 29,89, in this 

study, alkali media containing Na+, K+ and a mixture of 50/50 Na+/K+ were studied. 

4.2. Simulation Method 

Interactions between kaolinite’s basal surfaces and the alkali solutions were modeled using 

the CLAYFF force field.  The CLAYFF force field is commonly used to model structural and 

dynamical properties of hydrated clay systems and their interfaces with fluid phases by 

other researchers 90–92.  The force field treats clay minerals made up of flexible structures.  

In particular, interactions between the oxygen and metal atoms in the clay lattice are 

described by short-range 12-6 Lennard-Jones (LJ) potentials and long-range Coulombic 

potential using ab initio atomic partial charges 93.  Therefore, interaction energy between 

metal and oxygen atoms is given by the sum of LJ and Coulombic potentials, 

𝐸𝑡𝑜𝑡𝑎𝑙 =  𝐸𝑐𝑜𝑢𝑙 + 𝐸𝐿𝐽 =
𝑒2

4𝜋𝜀0
∑

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
+𝑖≠𝑗 ∑ 𝐷0𝑖𝑗 [(

𝑅0𝑖𝑗

𝑟𝑖𝑗
)

12

− 2 (
𝑅0𝑖𝑗

𝑟𝑖𝑗
)

6

]𝑖≠𝑗                      (4.1) 
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where e is the charge of the electron, 𝜀0 is the permittivity of vacuum, qi and qj are ab initio 

partial atomic charges, rij is the distance between atoms i and j. 𝐷0𝑖𝑗  and 𝑅0𝑖𝑗  are empirical 

parameters.  All non-bonded and bonded parameters for the CLAYFF force field 90 used in 

this study are presented in Tables 1 and 2. 

Table 4-1 Nonbonded parameters used in the CLAYFF force field23 

Force field type Symbol Charge (e) D0 (kcal/mol) R0 (Å) 

water hydrogen 

water oxygen 

hydroxyl hydrogen 

hydroxyl oxygen 

bridging oxygen 

tetrahedral silicon 

octahedral aluminum 

aqueous sodium ion 

aqueous potassium ion 

h* 

o* 

ho 

oh 

ob 

st 

ao 

Na 

K 

0.410 

-0.820 

0.425 

-0.950 

-1.050 

2.100 

1.575 

1.000 

1.000 

 

0.1554 

 

0.1554 

0.1554 

1.8405⨯10-6 

1.3298⨯10-6 

0.1301 

0.1000 

 

3.5532 

 

3.5532 

3.5532 

3.7064 

3.7064 

2.6378 

3.7423 

 

Table 4-2 Bonded parameters used in the CLAYFF force field23 

Bond Stretching 

Species i Species j Ka (kcal/mol Å2) r0 (Å) 

o* h* 554.1349 1.0000 

oh ho 554.1349 1.0000 

Bond Angle 

Species i Species j Species k Kb (kcal/mol rad2) θ0 (deg) 

h* o* h* 45.7696 109.47 

 



46 
 

In the CLAYFF force field, interactions between water molecules are described by the 

simple point charge (SPC) water model, which has been used to study properties of bulk 

water and aqueous systems 94–97.  The atomic structure of kaolinite was taken from the 

crystal structure refinement data determined from neutron diffraction studies performed at 

1.5 K with well-characterized hydrogen position data 98.  According to reference 98 kaolinite 

has triclinic lattice structure with C1 symmetry and the lattice parameters are a = 5.1535 Å, 

b = 8.9419 Å, c = 7.3906 Å, and α = 91.926°, β = 105.046°, γ = 89.797°.  Three-dimensional 

periodic boundary conditions were employed to all simulations reported here and all 

dimensions of the cell were free to vary independently.  The simulation cell was built by 

repeating the kaolinite unit cell along the three axes (12 × 12 × 6 units in a, b, and c 

dimensions) which led to the formation of contained 864 kaolinite unit cells.  The aqueous 

part of simulation cells in this study contained 4,020 water molecules and 84 and 420 cations 

for 1 M and 5 M solutions, respectively.  First, the cell of 4,020 water molecules with the 

dimension of 61.7 Å ⨯ 107.2 Å ⨯ 18.6 Å was built based upon the density of water at ambient 

condition and was assembled with the basal surface of kaolinite (the ab plane) to create the 

solid-aqueous solution interface with the dimension of 61.7 Å ⨯ 107.2 Å⨯ 65.1 Å.  It is worth 

noting that kaolinite has two different (001) basal surfaces and building a simulation cell in 

this way allowed us to simultaneously study the interactions at both interfaces using 

molecular dynamics (MD) simulation.  Afterwards, cations were inserted in the solution 

region of the simulation cell in three different initial configurations, i.e., i. random 

distribution of cations in the solution region, ii. positioning of cations in the middle region of 

the solution and iii. Positioning of cations close to the octahedral surface in the solution.   
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We deprotonated the octahedral surface simply by manually removing (deleting) the 

hydrogen atoms from randomly selected hydroxyl groups on the octahedral surface before 

the MD simulations.  This led to an octahedral surface with both –OH and –O- moieties.   To 

ensure charge neutrality, a different number of hydrogen atoms (charge of hydrogen differs 

from those of the cations added) was removed on the octahedral surface so that a partially 

deprotonated octahedral surface was created.  Similar study of the deprotonated surface 

(charged surface) of amorphous silica in contact with Lithium and Cesium cations was 

studied by Hocine et al. 99. 

It is worth noting that the distance between the two layers of de-protonated octahedral 

surfaces was actually 62.9 Å (18.6 Å solution plus 44.3 Å of kaolinite).  Furthermore, water 

molecules (with a high dielectric constant of 78.54 at 25 °C) in between the kaolinite layers 

exhibit high screening effects, thereby substantially shortening the Bjerrum length (< 10 Å).  

Therefore, there are no significant interactions between the interfaces.  The degree of 

deprotonation was dependent on the solution concentration used in the model 74,79.  In the 

case of mixed Na+ and K+ solution, equal number of both cations was used.  For instance, in 

the 1 M solution containing the total number of 84 cations, there were 42 Na+ and 42 K+ 

cations dispersed within 4,020 water molecules.  It was assumed that most of the protons 

released into the solution in the vicinity of octahedral surface would react with the hydroxide 

ions to form water.  Therefore, we feel justified not to include both protons and hydroxide 

ions in the simulations.  In addition, there are no reliable force field parameters available for 

protons.  

All MD simulations were performed in isothermal-isobaric (i.e., NPT) ensemble 63,100 at 

298 K and 1 atm, using the Nose-Hoover thermostat and barostat 101,102 with relaxation times 
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of 0.1 and 1 ps, respectively. Velocity Verlet’s algorithm 61,103 was used to integrate the 

equations of motion of atoms in every 1 fs and long-range electrostatic interactions were 

evaluated every 1.0 fs with the particle-particle particle-mesh (PPPM) summation algorithm 

104.  At the early stage of performing all simulations, the system went through 100 ps NPT 

MD simulation to relax the structure and afterward 1,000 ps (i.e., 1 ns) of NPT MD simulation 

was run for data collection.  The cutoff distance of the CLAYFF force field is 8.5 Å meaning 

that once two atoms in the kaolinite structure is beyond such distance, the force field is not 

able to describe their interaction.  In our study, it was found that for the long simulations 

(e.g., > 1 ns simulation), such situations occurred.  Therefore, the simulation time was chosen 

to be 1 ns. It is worth noting that the systems were still stable for a longer time of simulation 

(i.e., 10 ns) which confirms the stability of the simulation systems; however, due to the force 

filed cutoff distance, the results were studied within 1 ns of simulation.  Radial distribution 

functions and atomic density profiles 61,102 in the [001] direction were utilized to analyze the 

structural changes.  All the simulations were carried out by using the LAMMPS (Large-scale 

Atomic/Molecular Massively Parallel Simulator) program 105 on Linux cluster and Materials 

Studio 8.0 software (Biovia Inc., San Diego, CA, USA) was used to create the simulation cells 

and visualize the results. 

4.3. Results and Discussion 

The initial configuration of the 1 M Na+ solution sandwiched between the two basal surfaces 

of kaolinite (tetrahedral and partially deprotonated octahedral surfaces are below and above 

the solution, respectively) and Na cations positioned in the middle of the solution region is 

shown in Fig. 4-1a.  As stated earlier, the simulations were conducted for different 

configurations of cations in the solution; however, we observed same results for different 
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initial positions of cations in the systems containing different cations, i.e., Na+, K+ and 50/50 

Na+/K+ solutions.  Accordingly, due to the similarity, the results of the simulations with one 

of the cations configuration are shown (i.e., cations positioned in the middle of solution). To 

statistically increase the accuracy of the results, each system with different cations 

configuration was studied three times. Figs. 4-1b and 1c depict snapshots of the same system 

after 10 ps and 1 ns of NPT MD simulation, respectively.  Fig. 4-1d shows the configuration 

of the basal surfaces exposed to a 5 M Na+ solution after 1 ns of NPT MD simulation.  It should 

be noted that at 5 M, compared with the 1 M solution, more surface hydroxyl groups of the 

initial partially deprotonated octahedral surface were further deprotonated.  Thus, as shown 

in Fig. 4-1d, there is much distortion occurred in the octahedral surface in the 5 M system 

than that in the 1 M system after the MD simulation.  However, in both cases, there was not 

much distortion occurred to the tetrahedral surface.  However, detailed analysis of the data 

discussed later in this section indicates that the solutions containing Na+ and K+ cations 

behaved differently in their interactions (dissolution) with the kaolinite basal surfaces.   
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Figure 4-1 The two basal surfaces of kaolinite in contact with a 1 M Na+ solution: (a) initial configuration, (b) 

a snapshot of the system described after 10 ps of NPT MD simulation, (c) a snapshot of the system after 1 ns 

of NPT MD simulation, and (d) a snapshot of the system in a 5 M Na+ solution after 1 ns of NPT MD simulation.  

All NPT MD simulations were carried out at 298 K and 1 atm.  The color scheme is: violet for aluminum, navy 

for silicon, white for oxygen, yellow for hydrogen, red for Na+ (a – c) and K+ (d) and blue dots are water. 

The results shown in Fig. 4-1 suggest that the interaction (dissolution) process started 

with the diffusion of Na+ (or K+) cations toward the octahedral and tetrahedral surfaces 

(mostly octahedral) at the early stage of the simulation (< 100 picoseconds).  Once the 

cations “adsorbed” on the deprotonated sites (i.e., Al-O--Al) on the octahedral surface, it 

started to distort the surface structure (see detailed discussion on the mechanisms later) and 

eventually led to the dissolution of hydroxyl and aluminate groups into the solution. 

Let’s define dissolution computationally at the outset.  Atoms (e.g., aluminum) that belong 

to the octahedral surface (initially in the crystalline phase) tend to have more neighboring 

atoms than those in the solution.  And this difference leads to the difference in their order 

parameters as defined by Lanaro and Patey in their work of quantifying the dissolution of 

sodium chloride in water41.  The order parameter is simply calculated by selecting an atom 
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of interest and counting the number of neighboring atoms of the same type or different type 

within a specified radius of the selected atom.  And this process is repeated for all atoms 

initially present in the octahedral surface as well as at different times during the MD 

simulation.  According to Lanaro and Patey 106, the value of the radius used does not greatly 

affect the resultant order parameters.  Given that the cutoff distance of the CLAYFF force field 

is 8.5 Å, a radius of 8 Å was used to calculate the order parameters.  The results showed that 

aluminum atoms associated with the octahedral surface had an average of 21.2 neighboring 

aluminum atoms, while those exhibited order parameters less than 12 were considered 

dissociated.  For oxygen atom in the hydroxyl groups on the octahedral surface, it had 16.7 

neighboring aluminum atoms but those with less than 4 were considered dissociated. In 

other words, if order parameters of aluminum and oxygen atoms initially present in the 

octahedral surface are less than 12 and 4, respectively, the atoms are considered to be part 

of the solution (i.e., dissociated), not that of the octahedral surface.   

Fig. 4-2 shows the dissociation of the hydroxyl and aluminate groups schematically.  As 

shown in Fig. 4-2a, at the early stage of simulation, a cation (Na+ in this particular case) 

adsorbs onto a deprotonated site on the surface.  This interaction leads to the continued 

increase in the interatomic distance between the neighboring hydroxyl group and the 

aluminum atom to which the hydroxyl group attached over the course of the simulation.  

When the order parameter of the oxygen atom is below 4.0, the hydroxyl group is considered 

dissociated.  On the other hand, as shown in Fig. 4-2b, interaction between the adsorbed 

cation and the deprotonated site can shift the positions of the aluminum atoms that are 

attached to the deprotonated site and consequently increases the interatomic distance 

between one of the aluminum atoms and its two bridging oxygen (Ob).  The interaction also 
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increases the interatomic distance between the oxygen atom that is shared between two 

aluminum atoms and one of those two aluminum atoms (see light blue lines in Fig. 4-2b).  

When the order parameter of the aluminum atom adjacent to the deprotonated is below 0.5, 

the aluminum atom and all the groups attached to it (see dark blue lines in Fig. 4-2b) are 

considered dissociated.  If there are additional neighboring deprotonated group(s) involved, 

different numbers of oxygen and hydrogen attached to the aluminum atom in question could 

dissociate in the form of aluminates, i.e., (AlOmHn)(m – n)- where m was observed to be 3 or 4.  

In the case shown in Fig. 4-2b, the aluminate dissociated is AlO4H3-.  The dissociation of the 

hydroxyl and aluminate groups led to the change in the coordination number of surface 

aluminum atoms from 6-fold (AlO6) to 5-fold (AlO5) and 4-fold (AlO4).  In both cases, this 

caused distortion to the octahedral surface structure.  The results are in agreement with 

previous experimental observation of Huertas et al. 74 in which the authors suggested that 

dissolution of kaolinite in alkali solution started with the de-protonation of the octahedral 

surface followed by the interaction between the cations and aluminum atoms presented in 

the octahedral surface. 

Fig. 4-3 summarizes the top views of a part of the octahedral surface exposed to various 

alkali solutions.  To show the structural distortion more clearly, all other types of atoms are 

removed except the aluminum atoms along with the hydroxyl groups on the octahedral 

surface.  Snapshots of the distortion of the octahedral surface in the presence of 1M and 5 M 

alkali solutions (after 1 ns of NPT MD simulation) are shown in Fig. 4-3 b, 4-3 d and 4-3 f and 

4-3 c, 4-3 e and 4-3 g, respectively.  It was observed that a dissociated hydroxyl group 

affected the surface structure in two ways.  Firstly, it changed the position of the connected 

aluminum atom, leading to a minor distortion to the surface structure.  Secondly, it caused 
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the formation of a vacancy in the structure.  As such, some neighboring aluminum atoms 

would tend to migrate to that vacancy leading to more distortion to the octahedral surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2 Schematic illustrations of the sequences of the dissociation (a) the OH group and (b) the aluminate 

group in the solutions containing Na+ and K+, respectively, as a result of interaction between a deprotonated 

site on the octahedral surface and the cations. 
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Figure 4-3 Part of the octahedral surface (top view) upon 1 ns NPT MD simulation at 298 K and 1 atm (a) 

initial structure, (b) 1 M Na+, (c) 5 M Na+, (d) 1 M K+, (e) 5 M K+, (f) 1 M 50/50 Na+/K+, (g) 5 M 50/50 

Na+/K+.  The color scheme here is violet, white, yellow, orange and dark green for Al, O, H, Na+ and K+, 

respectively. 

The aforementioned distortion was also confirmed by the radial distribution functions 

(RDFs) of the aluminum and oxygen atoms in the structure of the octahedral surface (see Fig. 

4-4).  In particular, the octahedral surface lost its crystallinity and turned to amorphous 

structure.  In the 1 M solution, the distortion on the surface is mostly due to the dissociation 
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of OHˉ groups.  As a result, most of aluminum atoms are still in 6-fold position (Fig. 4-4a).  In 

the cases of 5 M solutions, the change in the first peak position indicates that aluminum 

atoms in the octahedral surface changes from the octahedral to tetrahedral positions after 1 

ns NPT simulation 107. 
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Figure 4-4 Radial distribution functions of Al–O of the octahedral surface: (a) 1 M solutions and (b) 5 M 

solutions. 

The atomic density profiles (Fig. 4-5) clearly support the aforementioned dissolution 

process.  Owing to the similarity of the profiles of 1 M and 5 M solutions, we only show the 

profiles of the 1 M solutions here.  The atomic density profiles were calculated by averaging 
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the z coordinates of each atomic species during last 300 ps of the corresponding NPT MD 

simulation.  The number of specific atomic species at specific distance, i.e., ∆z, can be 

calculated by integration of atomic density profile over the slab of interest.  There are three 

distinct regions in the z direction as shown in Fig. 4-5.  Starting from the bottom, over the 

length of 0 - 22.2 Å, the cell is occupied by three layers of kaolinite (each layer contains one 

octahedral sheet and one tetrahedral sheet).  Over the length of 22.2 - 42 Å, it is the alkali 

solution.  And above 42 Å, there are another three layers of kaolinite.   

As shown in Fig. 4-5, in all three cases, both Na+ and K+ cations mostly adsorbed on the 

octahedral surface rather than the tetrahedral surface.  Comparison of the peak heights of 

the cations shows that there are more K+ cations adsorbed on the octahedral surface than 

Na+ cations at the same concentration.  In fact, K+ cations exhibited one peak (single layer) 

near the octahedral surface, whereas, Na+ cations showed two peaks (two layers).  All three 

atomic density profiles clearly show that Na+ cations are closer to the octahedral surface than 

K+ cations, which is attributed to smaller size of Na+ cations relative to K+ cations and 

consequently higher charge density of Na+ than K+ (see second and fourth columns in Table 

1).  Accordingly, Na+ cations can diffuse more into the octahedral surface, leading to the 

formation of first layer. 
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Figure 4-5 Atomic density profiles of aluminum atoms (black), cations (red), oxygen atoms (green) and 

hydrogen atoms (blue) after 1 ns of NPT MD simulations: (a) 1 M Na+ solution, (b) 1 M K+ solution and (c) 1 

M Na+/K+ solution. 

As stated earlier, the area under the peak of an atomic density profile for a specific type 

of atom at any specific z region signifies the number of such atom in that region.  Based upon 

the peaks of the hydrogen atoms before (not shown here) and after the MD simulation for 

both 1 M and 5 M solutions, it was found that more hydroxyl groups dissociated in the 

presence of Na+ compared to the other two cases (i.e., K+ and 50/50 Na+/K+) as depicted in 

Fig. 4-6.  It seems that Na+ cations with a higher charge density which leads to the formation 

of a stronger hydration shell, triggered more hydroxyl groups to dissociate.  The number of 

aluminum atoms (in the form of dissociated aluminate groups) that dissociated from the 

octahedral surface was also determined using the aluminum peaks over the z range of 20 to 
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22 Å for all systems.  The results showed that the number of dissociated aluminate groups is 

higher in the presence of K+.   

 

 

Figure 4-6 Relative atomic fractions of hydroxyl groups released into the alkali solution and aluminum atoms 

(in the form of aluminates) drifted away from their initial positions for the systems containing different 

cations at different concentrations: (a) 1 M and (b) 5 M. 

As shown in Fig. 4-6, the two cations affect the octahedral surface differently.  The cation 

with high charge density, i.e., Na+, caused more dissociation of hydroxyl groups from the 
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octahedral surface.  As shown in Fig. 4-7a, the number of hydroxyl groups released to the 

solution containing 5 M Na+ cation was ~30 after 1 ns simulation; however, relatively fewer 

number of hydroxyl groups left the octahedral surface to the K+ and Na+/K+ solutions.  In 

contrast, the cation with low charge density, i.e., K+, encouraged more dissociation of the 

aluminate groups, which consequently led to a significant distortion to the surface.  In the 

presence of 5 M K+ solution, the interaction of solution with the kaolinite octahedral surface 

led to the release of 15 aluminate groups to the solution after 1 ns simulation; however, 10 

and 4 aluminate groups were released for the Na+/K+ and Na+ solutions, respectively (Fig. 4- 

7b).   
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Figure 4-7 Number of (a) hydroxyl groups and (b) aluminum atoms dissociated from the octahedral surface 

and entered into the alkali solution versus simulation time for 5 M solutions containing different cations (i.e., 

Na+, K+, Na+/K+). 

Fig. 4-8 indicates the number of 6-, 5-, 4- and 3-fold aluminum atoms for the systems 

containing different cations after 1 ns NPT MD simulation.  The original octahedral surface 

comprises 576 aluminum atoms individually connected to 6 oxygen atoms.  For the 1 M 

solutions after the MD simulation, 55 ± 7 and 63 ± 4 aluminum atoms turned to 4-fold 
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position in the presence of Na+ and K+, respectively.  However, in the presence of a 50/50 

mixture of Na+ and K+, more than 35% aluminum atoms became 4-fold (85 ± 2) compared 

with the solutions containing only Na+ or K+.  Likewise, relatively more aluminum atoms 

turned to 4-fold position (520 ± 6) in the 5 M Na+/K+ solution relative to the Na+ (463 ± 11) 

or K+ (490 ± 9) solutions. A synergistic effect of both Na+ and K+ cations resulted in more 

aluminum atoms to loss their hydroxyl groups (caused by Na+) and bridging oxygen atoms 

(caused by K+), which led to slightly more distortion to the octahedral surface compared with 

the systems with Na+ or K+ alone. 
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Figure 4-8 Coordination numbers of the aluminum atoms on the octahedral surface of kaolinite, (a) 1 M 

solutions, (b) 5 M solutions. 

4.4. Conclusions 

In the present research, the dissolution of the basal surfaces of kaolinite in the alkali 

solutions containing Na+, K+ and 50/50 Na+/K+ cations was studied at low (1 M) and medium 

(5 M) concentrations at 298 K and 1 atm, using molecular dynamics (MD) simulation along 

with the CLAYFF force field.  The adsorption of the cations on the partially deprotonated 

octahedral surface resulted in the dissolution of the surface hydroxyl groups near the 

adsorption sites and the aluminum atoms (in the form of aluminates) associated with them.  

The MD simulation results are in agreement with the experimental observations performed 

by Huertas et al. (1999) in which the authors suggested that dissolution of kaolinite in alkali 

solution started with the de-protonation of the octahedral surface followed by the 

interaction of solution with the octahedral surface.  The MD results showed that the Na+ 
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solution triggered more surface hydroxyl groups to dissociate from the octahedral surface 

than the K+ solution.  In contrast, the K+ solution resulted in more dissociation of the 

aluminate groups than the Na+ solution.  The different dissolution mechanism of the two 

cations was attributed to the difference in the charge density of the two cations.  However, 

when the octahedral surface was exposed to a 50/50 Na+/K+ solution, more distortion to the 

surface occurred, suggesting that there was a synergistic effect of both Na+ and K+ cations.  

Dissolution of the tetrahedral surface was not observed in the present work. 
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Chapter 5 

5. Influence of Structural Al and Si Vacancies on the Interaction of 

Kaolinite Basal Surfaces with Alkali Cations: A Molecular 

Dynamics Study 

5.1. Introduction 

Geopolymers are amorphous aluminosilicate polymer networks that are synthesized using 

aluminosilicate source materials in a high concentrated alkali media at ambient or slightly 

elevated temperatures 15,16,108.  In general, it is believed that the geopolymerization reaction 

involves two steps.  The first step is the dissolution of the source material, a crystalline 

aluminosilicate material, into aluminate and silicate monomers.  The second step is the 

reaction of the dissolved aluminate and silicate monomers to form amorphous geopolymer 

networks 29,77.  The dissolution step determines the resultant structures of the monomers, 

thereby determining how does the geopolymerization reaction proceed and properties of 

the final products.  

Kaolinite is an aluminosilicate source material which is abundantly found in nature and 

industrial waste such as oil sand tailings 74,79,109.  Kaolinite possesses a layered structure 

containing aluminum and silicon in its octahedral sheet and tetrahedral sheet, respectively.  

And it is commonly used as the source material for the geopolymerization process 110,111.  It 

has been observed that the type and concentration of alkali cation significantly affect the 
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geopolymerization process 110,111.  The effect of the type and concentration of alkali cation 

on the dissolution process of kaolinite has been studied experimentally extensively.  And 

most of the studies used kaolinite with imperfect crystalline structure 112.  Defects, 

particularly point defects, have been commonly found in natural kaolinite 113–115.  As a result, 

many of the physical and chemical properties of kaolinite may be fundamentally changed by 

the presence of point defects.  Several studies have been devoted to understand the structure 

of kaolinite and to identify the typical types of defects present in its structure 115–122.  In 

kaolinite, these point defects may take the form of impurity atoms or ions, in interstitial or 

interlayer sites or directly replace the normal lattice ions. Additional possibilities include 

lattice vacancies which are present at different concentrations in all crystalline materials 

112,113.  Vacancies present in the octahedral surface hydroxyl groups and Al and Si vacancies 

in the octahedral and tetrahedral layers, respectively, are the most common types of 

vacancies in the kaolinite crystal structure 114.  However, systematic investigation on the 

effect of vacancies on the dissolution of kaolinite with various alkali cations are scanty.  Li et 

al. 120 studied the effect of Si vacancy on the tetrahedral surface on the adsorption capability 

of kaolinite tetrahedral surface by molecular dynamics simulation method.  They found that, 

in the presence of vacancy, more Na+ and Pb2+ cations can adsorb onto the surface.  Since any 

further processing of kaolinite essentially takes place through dissolution and re-formation 

of the Al and Si groups (such as the geopolymerization process of kaolinite), the study of the 

influence of vacancies on the dissolution of kaolinite is of special interest. 

The (001) plane is the cleavage plane of kaolinite as well as the main exposed surface of 

kaolinite crystals and the -OH groups in the aluminum octahedral (001) plane have been 

shown to be the most active sites of the kaolinite 114,123.  Accordingly, this plane has been 
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extensively used in various studies 79,124 of kaolinite. In this work, the effect of two typical 

vacancy defects in the (001) plane of kaolinite on the dissolution of kaolinite with solutions 

containing Na+ and K+ cations was investigated.  In all systems of interest, H vacancies were 

initially created on the octahedral side.  This phenomenon is known as surface deprotonation 

74,125, which take places when kaolinite is exposed to the alkali solution.  The work done by 

Šolc et al. 124 showed that kaolinite tetrahedral surface is hydrophobic while defect silanol 

(Si-OH) is hydrophilic 115.  As such, the Si vacancy can regulate the hydrophobic/hydrophilic 

property of tetrahedral surface of kaolinite and consequently it may influence the 

tetrahedral surface dissolution in alkali medium. 

In general, the study of dissolution of kaolinite in the presence of different vacancies is 

extremely complicated experimentally. As such, molecular dynamics (MD) simulation 

provides an effective alternative for evaluating the influence of the surface vacancies on the 

dissolution of two basal surfaces of kaolinite in the presence of different Al and Si vacancies 

exposed to an alkali medium. The two typical alkali solutions (i.e., Na+ and K+) at 3 M and 5 

M concentrations at ambient condition (i.e., 298 K and 1 atm) were studied. 

5.2. MD Simulation Method 

Kaolinite (Al4Si4O10(OH)8) structure was taken from neutron diffraction studies performed 

at 1.5 K 126.   Kaolinite is 1:1 layer clay mineral that each layer contains one octahedral sheet 

and one tetrahedral sheet.  The simulation cell in this study contains 6 layer of kaolinite 

which obtained by iterating kaolinite unit cell along the three axes (12⨯12⨯6 units in a, b, 

and c dimensions) resulted in the 864 kaolinite unit cells.  Afterwards, a series of defect sites 

were created manually on the octahedral surface as shown in Fig. 5-1; two Al vacancies by 

removing two aluminum atoms of an aluminate ring on the octahedral surface (blue atoms 
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in Fig. 5-1a), four Al vacancies by removing two aluminum atoms of three aluminate rings 

(two of them are shared between two rings) connected together (blue atoms in Fig. 5-1b) 

and six Al vacancies by removing three aluminum atoms of two close aluminate rings (blue 

atoms in Fig. 5-1c).  Fig. 5-1d, 5-1e and 5-1f show the top view of the corresponding 

octahedral surfaces after the removal of aluminum atoms.  

 

Figure 5-1 Top view of the kaolinite’s octahedral surface before the removal of Al atoms for the cases (a) 2, 

(b) 4 and (c) 6 Al vacancies.  Here, Al atoms shown in blue were removed. Figures 1(d), 1(e) and 1(f) show the 

structures after the removal of the Al atom (atoms colored in blue in Figures 1(a), 1(b) and 1(c)) but before 

the molecular dynamics simulation. The color scheme here is purple, red and white for Al, O and H, 

respectively.  For easy viewing, only surface Al, O and H atoms are shown. 

In addition, 24 lattice aluminum atoms (a combination of 2 and 4 Al vacancies) which 

were randomly distributed throughout the octahedral surface were removed to construct 

the system with high concentration of Al vacancies.  To maintain the neutrality of the 

systems, adequate numbers of Na+ or K+ cations (same as cation in the solution) relative to 

the number of Al vacancies were added below the tetrahedral sheet (to the hexagonal cavity 

below the octahedral surface).  The motivation for using these particular defect types stems 
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from the electron microscopy studies of the kaolinite structural defects 116,127–129. 

Accordingly, the defects found on the tetrahedral and octahedral surfaces were greater than 

the size of one missing atom (i.e., in the size of few nanometers) 129–132, which indicates that 

several atoms close together were missing on the surfaces.  In addition, Croteau et al. 130 

showed that the defects in the kaolinite structure have a trench shape which is formed by 

the absence of connected Al and Si atoms on the tetrahedral and octahedral surfaces, 

respectively. As such, this suggests the necessity of removing nearby atoms to create 

kaolinite structural defects.  However, due to the computational limitations, high number of 

vacancies on the surfaces similar to what observed by electron microscopy cannot be 

simulated.  However, removing specific number of atoms performed on this work is within 

the limits of current computational power.  Similar to Al vacancies, the same pattern and 

number of Si atoms were removed from the tetrahedral surface (Fig. 5-2 a, 5-2 b and 5-2 c 

for 2, 4 and 6 Si vacancies, respectively).  In addition, 24 Si vacancies were created in the 

same way as in the case of 24 Al vacancies.  The dangling O atoms of the defect sites on the 

tetrahedral surface were saturated by hydrogen atoms to fulfil charge neutrality of the 

system. Note that all these defect sites are smaller than the previous studies 120,130. 
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Figure 5-2 Top view of vacancies on the kaolinite tetrahedral surface before running simulation for (a) two, 

(b) four and (c) six Si vacancies. The color scheme here is yellow, red and white for Si, O and H, respectively. 

For clarification, solely surface Si, O and H atoms are shown. 

We created the aqueous part of the simulation cell with the dimension of 61.7 Å ⨯ 107.2 

Å ⨯ 18.6 Å in a ⨯ b ⨯ c directions containing 4,020 water molecules and then located this 

fluid part adjacent to the kaolinite (001) basal plane.  In fact, due to the periodic boundary 

condition, aqueous part was inserted between octahedral and tetrahedral surfaces of 
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kaolinite.  Then, different numbers of cations, i.e., 252 for 3 M and 420 for 5 M, in three 

different initial configurations were placed in the solution region of the simulation cell, i.e., i. 

cations were randomly distributed in the solution, ii. cations were positioned in the middle 

region of the solution and iii. cations were placed close to the octahedral surface in the 

solution.  Afterward, adequate number of hydrogen atoms were randomly selected and 

manually removed from the octahedral surface before performing any simulation to fulfil the 

charge-neutrally of the system.  In fact, it was assumed that proton and hydroxide ions react 

near the surface and form water.  Therefore, these ions were manually removed.  

Nevertheless, the reaction of hydroxide ions and surface protons and formation of water 

cannot be modeled by classical force field in MD simulation.  The degree of deprotonation 

was dependent on the solution concentration resulted in the formation of both –OH and –O- 

groups on the octahedral surface.  It is believed that high screening effects of water molecules 

inhibit significant interactions between the interfaces in between the kaolinite surfaces by 

shortening the Bjerrum length (< 10 Å).   

The CLAYFF force field 133 , which has been widely used to model clay minerals 

79,92,120,124,134, was used to model kaolinite- alkali solution interaction.  Non-bonded terms, 

particularly interactions between the oxygen and metal atoms in the clay lattice, are only 

defined through the short-range 12-6 Lennard-Jones (LJ) potentials and long-range 

Coulombic potential, using ab initio atomic partial charges 133, which allow the atoms to move 

freely in the structure.  Due to the flexibility of the clay structure in this force field and also 

the conjunction with SPC water model, CLAYFF has been demonstrated to be accurate to 

simulate hydrated minerals and aqueous-mineral interfaces 95–97,135.  LAMMPS (Large-scale 

Atomic/Molecular Massively Parallel Simulator) program105 was used to perform all the 
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simulations on Linux cluster.  Materials Studio 8.0 software (Biovia Inc., San Diego, CA, USA) 

and VMD 136 software were used to create the simulation cells and visualize the results, 

respectively.  All MD simulations were conducted in isothermal-isobaric (i.e., NPT) ensemble 

102,137 at 298 K and 1 atm, and Nose-Hoover thermostat and barostat 63,101 were used with 

respective relaxation times of 0.1 and 1 ps.  During the simulation, all dimensions of the cell 

fluctuate independently.  The Varlet’s algorithm 61,103 was used to update positions by 

integrating the equations of motion of atoms every 1fs. The simulations were performed 

under periodic boundary conditions in three dimensions, with the long-range electrostatics 

treated by the particle-particle particle-mesh (PPPM) summation algorithm 138.  The cutoff 

radii for the non-bonded van der Waals interactions and the Ewald summation of the 

electrostatics was chosen to be 8.5 Å.  All simulation systems initially went through 100 ps 

NPT MD simulation to relax the structure followed by 1,000 ps (i.e., 1 ns) simulation run for 

data collection.  Each simulation was conducted three times with different initial 

configurations of Al and Si vacancies to statistically increase the accuracy of the results.  

Radial distribution function (RDF) 139 was utilized to study the degree of crystallinity of the 

octahedral surface.  In addition, the release of the atoms from kaolinite structure as a 

function of simulation time was analyzed.  

The order parameter, similar to which defined by Lanaro and Patey 106, was utilized to 

determine if the atom is a part of the surface or released in the solution.  The order parameter 

is calculated by counting the number of atoms surrounding a selected atom of interest within 

a specified radius from the selected atom. Due to the cutoff distance of the CLAYFF force field 

(8.5 Å), the radius of 8 Å was chosen in this study.  To calculate the average, this process was 

repeated for all atoms initially presented in the octahedral surface at different times during 
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the MD simulation.  It is worth noting that the atoms (e.g., aluminum) that belong to the 

octahedral surface (solid) have more neighboring atoms than those in the solution.  The 

aluminum atoms connected to the octahedral surface had an average of 19.5 neighboring 

aluminum atom within 8 Å for the system containing twenty-four Al vacancies, whereas 

those exhibited order parameters less than 14 were considered dissociated.  In addition, in 

the system with twenty-four Al vacancies, each oxygen atom in the hydroxyl group on the 

octahedral surface had 16.7 neighboring aluminum atoms, however; after simulation those 

oxygen atoms with 5 neighboring aluminum atoms were considered dissociated.  In the other 

words, if order parameter of aluminum and oxygen atoms (which were initially belonging to 

the octahedral surface) was less than 14 and 5, respectively, during the simulation, atoms 

were considered to be a part of the solution (dissociated and dissolved into the solution). For 

the cations, based on the order parameter definition, if the number of aluminum atoms 

around a cation is greater than 13.6, that cation is considered as diffused within the 

octahedral surface. 

5.3. Results and Discussion 

The structures of the octahedral surface containing 2, 4, and 6 Al vacancies in contact with a 

5 M Na+ solution after 1 ns NPT MD simulation are shown in Fig. 5-3 a, 5-3 b and 5-3 c, 

respectively.  As shown, the spatial arrangement of the atoms on the octahedral surface was 

distorted (such atoms surrounding the Al vacancies are highlighted for easy viewing).  The 

octahedral surface lost its crystallinity and the Al atoms remaining on the surface mostly 

turned into 4-fold position.  And it seems that more vacancies created long chains of 4-fold 

Al atoms. As mentioned earlier, for each concentration of vacancies, simulations were 
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repeated using three different initial configurations of cations in the solution and similar 

results were obtained.  Therefore, only one set of results is shown here.  

 

 

 

Figure 5-3 Top view of the kaolinite’s octahedral surface with (a) 2, (b) 4 and (c) 6 Al vacancies in contact 

with a solution containing 5 M Na+ after 1 ns of NPT MD simulation.  The color scheme here is purple, red, 

white and navy for Al, O, H and Na+, respectively. For ease viewing, only surface Al, O and H atoms along with 

Na+ are shown. 
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Numbers of aluminate groups dissociated from the octahedral surface in the cases of 3 M 

and 5 M Na+ systems are shown in Fig. 5-4 a and 5-4 b, respectively.  Overall, it is clear from 

the figures that Al vacancies led to higher levels of dissociation of moieties containing Al 

atoms in comparison with the system with no vacancies.  In the system without vacancies 

(the reference system), only 2.5 and 4 aluminate groups dissociated into the 3 M and 5 M Na+ 

solutions, respectively.  However, the system with 2 vacancies exhibits the highest number 

of dissociated Al atoms and interestingly, when the number of vacancies is above 2, the 

number of dissociated Al atoms decreases with increasing number of vacancies but it is still 

higher than those of the reference system.  It is obvious that the number of dissociated Al 

atoms increases with increasing Na+ concentration. 
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Figure 5-4 Mean numbers of Al atoms in the kaolinite’s octahedral surface containing different amounts of Al 

vacancies completely dissociated into the Na+ solutions as a function of simulation time (a) 3 M and (b) 5 M. 

This above observation can be explained in terms of the interaction of Na+ with the atoms 

in the region of the surface containing Al vacancies.  In the reference system, cations initially 

attracted to the O- (or OH groups) on the partially deprotonated octahedral surface lengthen 

the distances (weaken the interatomic forces) between the O- (or OH groups) and the atoms 

attached to them.  As a result, some O- (or OH groups) dissociated into the solution. This 

process is schematically shown in Fig. 5-5 a and 5-5 b for the dissociation of OH groups from 

the octahedral surface.  As shown in Fig. 5-5 c, if two or more cations simultaneously attract 

to the two or more O- (or OH groups) that are parts of an aluminate group, the interaction 

leads to an increase in the distances of the Al atom and its bridging oxygen atoms (Obs).  

When an Al atom loses its two Ob atoms, the aluminate group (Al atom along with 4 OH 

groups (or O-) dissociates from the octahedral surface (see Fig. 5-5 d) and dissolves into the 

solution in the form of (AlOmHn)(m – n)-. Here, m was observed, from our simulations, to be 3 

or 4 and m > n.  And the number of hydrogen atoms dissociated along with the aluminate 
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group depends on the degree of deprotonation on the surface.  It is worth mentioning that 

based on the study of Sperinck et al. 107 and the current study, the remaining Al atoms on the 

octahedral surface turn into 5- and 4- fold from their initial 6- fold coordination due to the 

loss of the OH and/or aluminate groups.  It was observed that the cations, which diffused 

into the surface, balanced the negative charge of the remaining aluminate groups in the 

surface. 

  

 

 

 

 

 

 

 

 

Figure 5-5 Dissociation mechanisms of (a, b) an OH group and (c, d) an aluminate group from the NPT MD 

simulations. 
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Let us examine the octahedral surfaces with Al vacancy.  Fig. 5-6 shows the difference 

between the structures of the octahedral surface without and with vacancies.  Fig. 5-6 a 

shows the position of Al atom (blue) in the octahedral surface that will be removed prior to 

the simulation to generate an Al vacancy (Fig. 5-6 b).  In the structure without vacancies (Fig. 

5-6 a), each oxygen atom is connected to 3 other atoms.  However, once a vacancy is created 

(i.e., the Al atom (blue) is removed), the surface oxygen atoms (red circles) were connected 

to only one Al atom (green) as shown in Fig. 5-6 b.  This will in turn lead to stronger 

interaction between these oxygen atoms with the Al atom (green atom in Fig. 5-6 b) as 

charges of the oxygen atoms are more negative.  Accordingly, the interaction of the surface 

oxygen atoms with the cations resulted in weakening the interaction between the Al atom 

(green) and the bridging oxygen atoms, thereby facilitating the dissociation of the Al atom 

along with the OH groups associated with it.  In addition, considering the situation in which 

the surface hydroxyl group is deporotonated, the oxygen atom will become more neagtive 

(i.e., stronger interaction with the cations), which helps the dissoultion of the Al atom. 
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Figure 5-6 Configuration of the Al atoms on the octahedral surface (a) in the reference system and (b) in the 

system containing Al vacancies during a NPT MD simulation. 

Given the above described dissolution mechanism involving an Al vacancy, it is expected 

that more Al vacancies would provide more highly negative charged oxygen atoms to 

interact with the cations, thereby increasing the dissociation amount of the Al atoms.  Given 

this reasoning, it was totally unexpected that there existed a maximum amount of Al atoms 

dissociated when the octahedral surface contained 2 Al vacancies.  This was because cations 

were not able to diffuse into the octahedral surface with only 2 Al vacancies as much as in 

the systems with 4 or 6 Al vacancies (more free volume).  As mentioned earlier, the 

dissolution process that took place at regions without or with Al vacancies, would change 

the 6-fold Al to negatively charged 5- and 4-fold Al.  If a cation can diffuse into the octahedral 

surface, it will be attracted to such Al atoms.  This will in turn stop the attack of the cation to 

the 6-fold Al.  In the systems containing 24 Al vacancies, a decrease in the tendency of Al 

atoms to dissociate from the octahedral surface was more evident.   
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The RDFs of the octahedral surface Al and O atoms exposed to a 5 M Na+ solution upon a 

1 ns NPT MD simulation are shown in Fig. 5-7.  As shown, by increasing the number of Al 

vacancies on the octahedral surface, the height of the first peak in the RDF decreases, 

suggesting that more Al vacancies lead to more distortion of the surface.  Similar behavior 

was also observed for the 3 M Na+ solution (not shown here). 

 

 

 

 

 

 

 

 

Figure 5-7 Radial distribution functions derived from the NPT MD simulations for Al atoms and structural O 

atoms on the kaolinite’s octahedral surface in contact with a 5 M Na+ solution without and with different 

amounts of Al vacancies. 

The results of the systems containing K+ cations (Fig. 5-8) are similar to those of the 

systems containing Na+.  However, more Al atoms dissociated in both 3 M and 5 M K+ 

solutions compared to the corresponding Na+ solutions. This is attributed to the difference 

in their sizes.  Owing to the smaller size of Na+ (i.e., higher charge density), Na+ exhibits 
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interaction with Oˉ (or OH groups) on the partially deprotonated octahedral surface and 

therefore, increases the tendency of the dissociation of Oˉ (or OH groups), not the moieties 

containing Al atom.  Also, due to its smaller size of Na+, it can easily diffuse into the kaolinite 

surface and interact with the negatively charged 5-fold and 4-fold aluminum atoms.  Na+ does 

not attack the 6-fold aluminum atoms.  On the other hand, the K+ cations tended to interact 

with the 6-fold Al atoms.  As a result, it triggered more dissociation of moieties containing Al 

atoms.   
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Figure 5-8 The average number of Al atoms in kaolinite structure completely released to the solution area as 

a function of time in the existence of Al vacancies for K+ solution at concentrations of (a) 3 M, (b) 5 M. 

 

Average numbers of Na+ and K+ cations diffused into the octahedral surface after 1 ns NPT 

MD simulation are shown in Fig. 5-9.  It is clear from the figure that numbers of Na+ and K+ 

cations presented in the octahedral surface increase with increasing cation concentration 

and surface Al vacancies. 
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Figure 5-9 Plot of the average number of cations (Na+ and K+) diffused into the octahedral surface against the 

number of Al vacancies for the 3 M and 5 M solutions. 

The effect of Si vacancies in the tetrahedral surface on the dissociation of Si atoms were 

also examined.  Top views of the tetrahedral surfaces with 2, 4 and 6 Si vacancies exposed to 

a 5 M Na+ solution after 1 ns NPT MD simulation are shown in Fig. 5-10 a, 5-10 b and 5-10 c, 

respectively.  Compared to the octahedral surfaces, there are minimal structural changes 

occurred to the tetrahedral surfaces.  Fig. 5-11 shows the corresponding RDFs.  Reduction in 

height of the first peak shows that the number of O atoms around each Si atom on the 

tetrahedral surface decreased as some Si and O atoms changed their positions especially for 

the system with 24 Si vacancies. However, slight decreases in the heights of the other peaks 

demonstrate that the tetrahedral surface more or less preserves its crystalline structure.  

Moreover, no Si groups dissolved into the solution.  The same behavior was observed for the 

system containing K+ cations. 
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Figure 5-10 Top view of vacancies on the kaolinite’s tetrahedral surface after 1 ns NPT MD simulation run for 

5 M Na+ solution for the systems containing (a) two, (b) four and (c) six Si vacancies.  The color scheme here 

is yellow, red, white and navy for Si, O, H and Na+, respectively. For easy viewing, only surface Si, O and H 

atoms along with Na cations are shown. 
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Figure 5-11Radial distribution functions derived from MD simulations for Si atoms and structural O atoms on 

the tetrahedral surface of kaolinite in contact with a 5 M Na+ solution without vacancies and kaolinite with 

different numbers of Si vacancies. 

5.4. Conclusions 

In this work, the dissolution of the two basal surfaces of kaolinite (i.e., tetrahedral and 

partially deprotonated octahedral surfaces) with different amounts of Al and Si vacancies 

exposed to two alkali solutions, one with Na+ cations only while the other K+ cations only, at 

concentrations of 3 M and 5 M and ambient conditions was studied using molecular 

dynamics (MD) simulation along with the CLAYFF force field.  The existence of Al vacancies 

on the partially deprotonated octahedral surface resulted in more dissociation of Al groups 

compared with the octahedral surface with no Al vacancies.  However, the dissolution 

amount exhibited a maximum at a relatively low vacancy concentration (2 vacancies per 576 
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Al atoms), above which the dissolution amount decreased with increasing concentration of 

Al vacancy.  However, increasing the number of Al vacancies led to more distortion to the 

octahedral surface, thereby decreasing its crystallinity as confirmed by the corresponding 

radial distribution functions.  And such observations took place in both Na+ and K+ solutions.  

Si vacancies in the tetrahedral surface of kaolinite increased the interaction of cations with 

the surface; however, no Si groups dissociated from the surface even at the existence of high 

numbers of vacancies, thereby retaining its crystallinity.   
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Chapter 6 

6.  Effect of Inorganic Salt Contaminants on the Dissolution of 

Kaolinite Basal Surfaces in Alkali Media: A Molecular Dynamics 

Study 

6.1. Introduction 

Geopolymers are alkali-activated aluminosilicate gels with a highly cross-linked amorphous 

network 16. These materials have shown significant potential in construction applications 

and can be considered as an alternative to Portland cement. Geopolymers are acid-, heat- 

and fire- resistant. Owing to the possibility of considerable savings in greenhouse gas 

emissions 24,140,141, these materials have attracted scientific interest in recent years.  

Generally speaking, a geopolymer is made by dissolving a solid aluminosilicate source 

material (e.g., kaolinite, one form of clay minerals) in highly concentrated alkali solutions 

and subsequently reacting such dissolved monomers to form a three-dimensional network 

structure 16.  The effect of alkali solution on clay minerals has been the subject of studies for 

a number of years 83,142–147.  It is generally agreed that the quality and properties of the final 

product are greatly dependent on the dissolution process (i.e., the monomers formation 

process) 88 and the availability of aluminate in the starting materials controls geopolymer 

gel properties 148,149.  However, the first stage of the dissolution of the clay mineral is less 

documented under highly alkali conditions.  The dissolution process is assumed to be surface 

controlled at ambient temperature and pressure 29,142,143,150,151, which means that the 

dissolution is limited by the basic molecular processes that finally lead - in the case of crystal 
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dissolution - to the detachment of segments from the bulk crystal structure into the solution 

150.  The dissolution of kaolinite in an alkali solution involves the initial interaction between 

the OHˉ anions and the octahedral surface which contains a high number of hydroxyl 

moieties, leading to the deprotonation of the surface 74,150.  Following the deprotonation, the 

surface exhibits a high affinity for the cations present in the alkali solution.  Consequently, 

owing to the interaction between the cations and the deprotonated octahedral surface, 

hydroxyl moieties and aluminate groups dissociate from the surface and release into the 

solution.  The mechanism of interactions of Na+ and K+ alkali cations with the kaolinite basal 

surfaces was discerned in detail in our previous work 152,153.  However, there are some 

factors which may affect the interaction of alkali cations with the surfaces such as structural 

defects of source material and contaminants present in the source material or in the aqueous 

medium.  The interaction of the alkali cations (i.e., Na+ and K+) with the kaolinite basal 

surfaces in the presence of different concentrations of Al and Si vacancies on the octahedral 

and tetrahedral surfaces was studied previously and it was found that the structural 

vacancies affect the number of moieties dissociated from the octahedral surface 153.  

Chloride salts such as CaCl2 and MgCl2 are believed to be always present in water varied 

from 250 mg/L to more than 60,000 mg/L for intake water and basin brines, respectively 

154.  However, the concentration of these salts in the solution is usually high enough to 

influence the geopolymerization process due to the usage of waste disposals as source 

materials as well as the re-usage of the water concentrated by the salts in further processing.  

Lee et al. 155 investigated the effect of inorganic salts on the strength of the final geopolymer 

by adding 0.4 M of KCl, MgCl2 and CaCl2 individually to the alkali solution.  They suggested 

that the presence of these chloride salts in the solution led to the formation of new phase in 
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final geopolymer product which affected the strength of the geopolymer.  In addition, it was 

reported by Kucche et al. 156 that the presence of contaminants at 0.1 M concentration 

resulted in some beneficial effect on the properties of final product with no deterioration in 

its comprehensive strength. However, no detailed evaluation was carried out on any changes 

in the dissolution process of the source material in the existence of salt contaminants. 

Further literature surveying overall indicated a lack of documented studies on the 

dissolution of kaolinite in the alkali media in the presence of salt contaminants. 

Since the properties of the final geopolymer product is highly dependent on the initial 

dissolution of the source material and the dissolution process is greatly affected by the type 

and concentration of alkali cations and contaminants, the present work focused on the study 

of the influence of the inorganic salts (i.e., CaCl2 and MgCl2), which can be ionized in the 

aqueous medium, on the dissolution process of kaolinite in different alkali media. In 

particular, molecular dynamics (MD) simulation was utilized to study the dissolution of the 

two basal surfaces of kaolinite in the alkali solutions containing different aqueous 

contaminants. Systems containing 3 M and 5 M of two neat alkali solutions widely used in 

geopolymerization process (i.e., Na+ and K+) 29,89 with different concentrations of MgCl2 and 

CaCl2 contaminants were studied.  For this purpose, the amount of salt contaminants was 

selected at a relatively low concentration of 0.1 M to moderate and relatively high 

concentrations of 0.3 M and 0.5 M. All MD simulations were conducted at ambient condition, 

i.e., 298 K and 1 atm. 

6.2. MD Simulations Methodology 

Initial atomic coordinates of kaolinite were taken from the Bish 98 neutron diffraction 

studies. The unit cell formula is (Al4Si4O10(OH)8) and the silicon and aluminum atoms are 
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positioned at the tetrahedral and octahedral coordination, respectively.  The unit cell is 

neutral.  A supercell containing 12 × 12 × 6 unit cells in the x, y, and z directions with an 

approximate dimension in the xy plane of 62 Å × 107 Å was created.  Subsequently, a bulk 

water phase containing 4,020 water molecules with the dimensions of 61.7 Å ⨯ 107.2 Å ⨯ 

18.6 Å in x ⨯ y ⨯ z directions was created and brought into contact with the kaolinite (001) 

basal plane (i.e., the octahedral surface).  The entire system was subjected to three-

dimensional periodic boundary conditions.  This led to the situation that the water phase is 

in contact with both the octahedral and tetrahedral surfaces.  To build 3 M and 5 M NaOH or 

KOH solutions, 252 and 420 of the corresponding cations were added to the water phase.  

Cations were placed in three different initial configurations: random distribution in the 

solution, the middle region of the solution and close to the octahedral surface in the solution.  

Experimentally, it was observed that the octahedral surface is deprotonated in an alkali 

environment.  Therefore, we manually deprotonated certain number of hydroxyl moieties 

on the model octahedral surface to maintain the neutrality of the systems.  The number of 

hydrogen atoms removed from the octahedral surface was dependent on the solution.  Here, 

it was assumed that hydroxide ions were not present in the solution as they were consumed 

in the deprotonation reaction.  Similar approach of modeling the deprotonated surface (i.e., 

charged surface) of the amorphous silica was used by Hocine et al. 99.  Also, it is worth noting 

that water molecules exhibit high screening effects (i.e., short Bjerrum length (< 10 Å)), 

thereby significantly reducing the interactions between the interfaces that sandwiched the 

solution.  Effect of salt contaminants on the dissolution process was studied by adding 

different numbers of CaCl2 and MgCl2 molecules to the solution part of the simulation cell 

that contained either Na+ or K+ cations.  Concentrations of contaminants were 0.1 M, 0.3 M 
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and 0.5 M.  Systems containing one type of contaminant (i.e., CaCl2 or MgCl2) and a 50/50 

mol/mol mixture of two contaminants (i.e., CaCl2 + MgCl2) were used. For instance, a system 

containing 0.1 M contaminants includes 8 CaCl2 or MgCl2 molecules or a mixture of 4 CaCl2 

molecules and 4 MgCl2 molecules.  It should be noted that the contaminant molecules would 

dissociate in the ion form in water. 

All interaction parameters were taken from the ClayFF force field 90 and will be briefly 

defined here.  ClayFF allows flexibility of clay layers which has been demonstrated by several 

previous researches 79,90,92,120,124,134 to accurately reproduce structural and spectroscopic 

properties of clays as well as dynamical and energetic properties of clay layers and aqueous 

interfaces 157–160.  Other than bonded interactions required for kaolinite hydroxyl groups and 

water molecules, potential energies were calculated from pairwise non-bonded, i.e., 

electrostatic and van der Waals, interactions. The flexible SPC water model was used for Van 

der Waals parameters of oxygen atoms in ClayFF 135. MD simulations were performed with 

the LAMMPS code 105 at a temperature of 298 K and pressure of 1atm for all systems.  

Interactions were evaluated every 1 fs with a real-space cutoff distance of 8.5 Å.  The long-

range electrostatic interactions were evaluated with the particle-particle particle-mesh 

(PPPM) summation algorithm 104 and a precision of 1.0 × 10−5.  Model systems were 

thermally equilibrated using an initial 100 ps simulation in the isothermal-isobaric (i.e., NPT) 

ensemble 100,102, followed by an additional 1,000 ps simulation in the same ensemble.  

Temperature and pressure were controlled by Nose-Hoover thermostat and barostat 63,101 

with respective relaxation times of 0.1 and 1 ps while all dimensions of the unit cells were 

allowed to fluctuate freely. All the simulation unit cells were built by Materials Studio 8.0 

software (Biovia Inc., San Diego, CA, USA) software and OVITO 161 and VMD 136 software were 
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used to visualize the results.  As mentioned, each simulation was conducted three times with 

three different initial configurations of cations in the solution to statistically increase the 

accuracy of the results.  Radial distribution function (RDF) 139 was utilized to study the 

degree of crystallinity of the octahedral surface.  In addition, the release of the atoms from 

kaolinite structure as a function of simulation time was analyzed.  

Similar to Lenaro et al. work 106, an order parameter was defined to determine if an atom 

belonging to the surface dissolved in the solution or not.  Accordingly, the order parameter 

is calculated by counting the number of Al atoms surrounding a selected atom of interest 

within a specified radius from the selected atom.  Owing to the cutoff distance of 8.5 Å used 

in the ClayFF force field, a radius of 8 Å was chosen in this study to calculate the order 

parameter.  To calculate the average, this process was repeated for all atoms initially 

presented in the octahedral surface at different MD simulation times.  The number of 

aluminum atoms around an aluminum atom on the octahedral surface within 8 Å is ~21.2. If 

this number for any aluminum atom in the simulation cell becomes ≤12, the aluminum atom 

is considered as a dissociated one from the surface.  Likewise, if the number of aluminum 

atoms surrounding oxygen atom of the octahedral surface hydroxyl groups, which is ~16.7 - 

within 8 Å - when the atom belongs to the surface, reaches to ≤4, the oxygen atom is no longer 

considered as a part of the surface structure.  In the other words, during the simulation, if 

the order parameter of aluminum and oxygen atoms of kaolinite octahedral surface became 

less than 12 and 4, respectively, these atoms were considered to be a part of the solution. 

6.3. Results and Discussion 

We carried out a total of 108 molecular dynamics simulations (2 alkali cation types × 2 alkali 

cation concentrations × 3 contaminant types × 3 contaminant concentrations × 3 initial 
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configurations).  To illustrate what typically would take place during these simulations, we 

use the solutions containing 3 M Na+ cations and 0.1 M, 0.3 M and 0.5 M CaCl2 with all species 

initially placed in the middle of the solutions as examples (see Fig. 6-1).  It was observed that 

both Na+ and Ca2+ cations in the solution tended to migrate towards both octahedral and 

tetrahedral surfaces just after 100 ps of 1 ns simulations.  However, more cations adsorbed 

onto the octahedral surface due to the presence of the deprotonated sites.  On the other hand, 

although some Clˉ were attracted by the adsorbed cations, a considerable amount of such 

anions remained dispersed in the solution. The adsorption of Clˉ to cations was more evident 

at higher salt contaminant concentrations due to the presence of higher number of Clˉ in the 

system.  As a result, upon 1 ns simulations of the model solutions, some aluminate groups 

and OHˉ moieties dissociated from the octahedral surface and migrated into the solutions 

leading to the local distortion of the octahedral surface.  The dissolution is not easily seen at 

the scale shown in Fig. 6-1.  The dissolution mechanism was primarily dominated by the 

interaction of the cations in the solution with the deprotonated sites on the octahedral 

surface of kaolinite similar to what presented and discussed in our previous work 152,153 for 

the systems with no salt contaminants.  However, due to the presence of cations with higher 

charge densities (i.e., Ca2+ and Mg2+) as a result of the existence of salt contaminants in the 

solution, stronger interactions took place between the cations and the surface deprotonated 

sites. Such dissolution processes did not occur on the tetrahedral surface.  
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Figure 6-1 Initial configurations of the 3 M Na+ systems (all species initially placed in the middle of the 

solutions) containing (a) 0.1 M CaCl2, (c) 0.3 M CaCl2 and (e) 0.5 M CaCl2, and the corresponding final 

configurations of the systems of (b) 3 M Na+-0.1 M CaCl2, (d) 3 M Na+-0.3 M CaCl2, (f) 3 M Na+-0.5 M CaCl2, 

after 1 ns NPT simulation. The color scheme is: orange for aluminum, navy for silicon, white for oxygen, 

yellow for hydrogen, pink for Na+, blue for Cl⁻, red for Ca2+ and tiny blue dots are water. 

 

The atomic density profiles of Al atoms and ions in the 3 M Na+ solutions containing 8, 26 

and 42 CaCl2 molecules (i.e., 0.1, 0.3 and 0.5 M) are shown in Figs. 6-2 a-c.  As indicated, some 

of the cations adsorbed onto the octahedral surface while some of them diffused within the 
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surface, one peak above the surface while one below the surface.  In the system containing 3 

M Na+ and 8 CaCl2, both Na+ and Ca2+ cations diffused into the surface.  In the Na+ and Ca2+ 

systems, the Ca2+ cations behaved somewhat similar to Na+ cations on the octahedral surface.  

However, Mg2+ cations in the 3 M Na+ and 8 MgCl2 system behaved differently (Fig. 6-2d).  In 

particular, Mg2+ cations did not diffuse into the octahedral surface and only a layer of 

adsorbed cations was formed on the surface. By increasing the MgCl2 concentration in the 

solution from 8 molecules to 26 and then to 42 molecules (Figs. 6-2e and 6-2f), some of the 

Mg2+ cations started to diffuse into the octahedral surface.  Overall, both Na+ and Ca2+ cations 

showed stronger adsorption to the octahedral surface in comparison with Mg2+ cations.  In 

addition, in the concurrent presence of Ca2+ and Mg2+ in the solution, at the low contaminant 

concentration, a strong peak of Ca2+ was observed adjacent to octahedral surface indicating 

a stronger interaction between the surface and Ca2+ cations in comparison with Mg2+ (Fig. 6-

2g). By increasing the contaminant concentration (Fig. 6-2h-i), although sharp peak of Mg2+ 

close to the octahedral surface revealed its strong affinity to interact with the surface, more 

Ca2+ cation diffused through the surface compared with Mg2+. Difference in the adsorption 

behavior could be explained in terms of the differences in their charge density. The higher 

charge density of Mg2+ cations (leading to the formation of stronger hydration shell around 

it) led to stronger interaction with the anions, i.e., Clˉ, in the solution, thereby reducing its 

tendency to adsorb onto the octahedral surface.  In fact, there seems more Mg2+ and Clˉ 

density peak overlaps than those of Ca2+ and Clˉ or Na+ and Clˉ.  The ionic charge density 

(Cmm-3) was calculated using the formula 𝑛𝑒/(1.33𝜋𝑟3), where r is the ionic radii value by 

Shannon-Prewitt in mm 161 and e and n are the electron charge (1.6×10-19 C) and the ion 

charge, respectively.  According to the formula, the charge density of Mg2+ cations was 
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calculated to be 120 Cmm-3.  The charge density values of Ca2+ and Na+ cations were 

calculated to be 52 Cmm-3 and 24 Cmm-3, respectively. Due to the similarity of ADP graphs 

of other studied system just 3 M Na+ system is shown here. The ADP graphs for 5 M Na+ 

solutions can be found in the supplementary information file. 
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Figure 6-2 Atomic density profile of the 3 M Na+ system containing (a) and (b) 8 CaCl2 molecules, (c) 8 MgCl2 

molecules and (d) 4 CaCl2 and 4 MgCl2 molecules, (e) 26 CaCl2 molecules, (f) 26 MgCl2 molecules, (g) 13 CaCl2 

and 13 MgCl2 molecules, (h) 42 CaCl2 molecules, (i) 42 MgCl2 molecules and (i) 21 CaCl2 and 21 MgCl2 

molecules.  
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The number of dissociated aluminate groups from the octahedral surface in the presence 

of 3 M Na+ and 5 M Na+ solutions and different contaminant type and concentrations is shown 

in Fig. 6-3.  In the 3 M Na+ solution, the number of aluminate groups dissociated from the 

octahedral surface was around 2.5 upon 1 ns NPT MD simulation (the black curves in Figs. 

6-3a, 6-3b and 6-3c).  However, presence of low concentrations of contaminants in the 

solution (either type) increased the number of aluminate groups dissociating from the 

octahedral surface (red and green curves in Figs. 6-3a, 6-3b and 6-3c).  Nonetheless, owing 

to the difference in the charge density values of Ca2+ and Mg2+ cations, the number of 

dissociated aluminate groups of solutions containing CaCl2 and MgCl2 differ slightly.  The 

system containing 50/50 CaCl2 and MgCl2 contaminant mixture showed similar behavior to 

those solutions containing only one type of contaminant.  On the other hand, at 0.5 M of 

contaminants (blue curves in Figs. 6-3a, 6-3b and 6-3c), owing to the presence of a high 

number of anion (Clˉ) in the solution, such anions tended to adsorb on the cation layer 

adsorbed to the octahedral surface, weakening the interaction between the adsorbed cations 

and the surface which in turn reduced the number of dissociated aluminate groups.  In the 

cases of 5 M Na+ solution (Figs. 6-3d, 6-3e and 3f), the effect of contaminants on the 

dissolution of aluminate groups is similar to that of the 3 M Na+ solutions except that the 

number of dissociated aluminate groups is much higher at low contaminant concentrations 

but not at 0.5 M. 
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Figure 6-3 The number of aluminate groups dissociated from the octahedral surface as a function of 

simulation time in the presence of (a) 3 M Na+ and different concentrations of CaCl2, (b) 3 M Na+ and different 

concentrations of MgCl2 molecules, (c) 3 M Na+ and different concentrations of 50/50 CaCl2 and MgCl2 

mixture, (d) 5 M Na+ and different concentrations of CaCl2, (e) 5 M Na+ and different concentrations of MgCl2 

and (f) 5 M Na+ and different concentrations of 50/50 CaCl2 and MgCl2 mixture. 
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The simulation results suggest that the presence of low concentration of cations with 

higher charge density (i.e., Ca2+ and Mg2+) in comparison with Na+ and K+ (discussed in the 

next section) facilitated the dissociation of the aluminate groups from the octahedral surface. 

Our previous studies 152 showed that the dissociation of an aluminate group from the 

octahedral surface occurred while two or more alkali cations (i.e., Na+ and K+) 

simultaneously adsorbed and interacted with a locally deprotonated site on the octahedral 

surface; therefore, interaction of aluminate group with the cations with higher charge 

density (i.e., Ca2+ and Mg2+) resulted in more easily dissociation of the aluminate group from 

the surface. 

The number of aluminate groups dissociated from the octahedral surface in the presence 

of K+ cation at concentrations of 3 M and 5 M and different type and concentration of 

contaminants is shown in Fig. 6-4.  Similar dissolution trends (i.e., high dissolution amounts 

at low contaminant concentrations but low dissolution amount at high contaminant 

concentration) were obtained but the results of K+ cation showed that there were much more 

dissolution taking place on the octahedral surface compared to the solutions containing Na+. 

In fact, due to the higher charge density of Na+ relative to K+, Na+ has higher ability to 

dissociate the Oˉ or OHˉ moieties from the octahedral surface rather than aluminate groups 

in comparison with K+.  The mechanisms involved in the dissociation of aluminate groups 

and Oˉ or OHˉ moieties from the octahedral surface in the presence of Na+ or K+ solutions are 

discussed elsewhere 152. 
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Figure 6-4 The number of aluminate groups dissociated from the octahedral surface as a function of 

simulation time in the presence of (a) 3 M K+ and different concentrations of CaCl2, (b) 3 M K+ and different 

concentrations of MgCl2, (c) 3 M K+ and different concentrations of a 50/50 mol/mol mixture of CaCl2 and 

MgCl2, (d) 5 M K+ and different concentrations of CaCl2, (e) 5 M K+ and different concentrations of MgCl2 and 

(f) 5 M K+ and different concentrations of a 50/50 mol/mol mixture of CaCl2 and MgCl2. 
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The crystalline structures of the octahedral surface after 1 ns NPT MD simulation were 

compared with that of the initial structure using the radial distribution functions (RDFs) of 

the aluminum and oxygen atoms of the octahedral surface (see Fig. 6-5).  Obviously, the 

octahedral surface lost its crystallinity to some extent in the systems containing 3 M Na+ and 

aqueous contaminants, as the number of peaks and the heights of the peaks (except the first 

peak) decrease.  There also exists a shift in the position of the first peak to the left, indicating 

that aluminum atoms in the octahedral surface changed their positions from octahedral to 

tetrahedral positions. Although at high concentration of contaminants, the number of 

dissociated aluminate groups decreased, adsorption of cations on the surface caused change 

in aluminum coordination and consequently distortion of the surface structure.  As shown in 

Fig. 6-5, regardless of the type of aqueous contaminants, similar crystallinity decreasing 

trends were observed for the systems containing Ca2+ and Mg2+ cations.  Furthermore, 

similar to the 3 M Na+ systems shown here, the octahedral surface structure was altered 

when the surface was exposed to 5 M Na+ as well as 3 M and 5 M K+ alkali solutions 

with/without aqueous contaminants. The RDF graphs of the other systems are shown in 

Appendix A. 
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Figure 6-5 Radial distribution functions of Al – O of the octahedral surface for 3 M Na+ alkali solutions 

containing (a) CaCl2 at different concentrations and (b) MgCl2 at different concentrations. 
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On the other hand, some of the Na+, K+, Ca2+ and Mg2+ cations were adsorbed to the 

tetrahedral surface of kaolinite. Atomic density profile graphs show that more Ca2+ cations 

adsorbed to the tetrahedral surface in comparison with Mg2+, which could be due to the 

strong interaction between Mg2+ and Clˉ as mentioned before.  However, there was 

essentially no change in the crystallinity of the tetrahedral surface and no dissociation of 

species from the such a surface was observed. 

6.4. Conclusion 

The surface dissolution of kaolinite’s basal surfaces in neat Na+ or K+ alkali solutions with 

inorganic salt contaminants at room temperature and pressure was studied. MgCl2 and CaCl2, 

the two typical contaminants present in industrial water, were used in this work.  In general, 

in the case of K+ cations, more aluminate groups dissociated from the kaolinite octahedral 

surface in comparison with the Na+ solution due to the lower charge density of K+ than that 

of Na+. It was observed that aqueous contaminants such as MgCl2 and CaCl2 influenced the 

amount of the aluminate groups dissociated from the octahedral surface.  Low concentration 

of contaminants in both neat Na+ and K+ solutions triggered more dissolution of aluminate 

group from the octahedral surface due to the higher charge density values of Ca2+ and Mg2+ 

cations relative to those of Na+ and K+ cations.  However, at highest concentration of 

contaminants used (i.e., 0.5 M), a considerable amount of Cl⁻ anions clustered around the 

cations nearby the octahedral surface and screened the interaction between such cations and 

the octahedral surface, decreasing the number of aluminate groups dissociated from the 

surface. In all systems, the crystallinity of the octahedral surface decreased as a result of the 

surface aluminate groups changing their 6-fold position to 4-fold.  Nonetheless, there was no 

dissolution taking place on the tetrahedral surface, at least within the simulation time used. 
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Chapter 7 

7. Molecular Dynamics Study of the Role of Water in the Carbon 

Dioxide Intercalation in Chloride Ions Bearing Hydrotalcite  

7.1. Introduction 

According to a recent report of the Intergovernmental Panel on Climate Change (IPCC), a 

significant reduction in worldwide greenhouse gas emissions is needed in order to alleviate 

the global warming situation162,163. It is generally believed that carbon dioxide (CO2) 

emissions as a result of the consumption of fossil fuels are the major cause of global 

warming162,164,165.  One of the most promising short term solutions for the mitigation of the 

problem is carbon capture and storage (CCS) as a substantial reduction in the consumption 

of fossil fuels, at least in the near future, is not pragmatic51,166,167.  In this regard, technologies 

have been developed to capture CO2 and to transport the captured CO2 to a permanent 

storage location51.  The technology of CO2 storage comprises the injection of CO2 into deep 

geological formations such as traps formed by clays that are expected to inhibit CO2 from 

escaping.  Geological clays or synthetic minerals can be considered as potential materials for 

long-term storage of industrially generated CO2168. The ability of minerals to retain CO2 

depends on their permeability and geo-mechanical property evolution168,169.  

Hydrotalcites, a class of anionic clays, have attracted attention in recent years due to the 

their desirable properties such as lower energy of regeneration, retention of capacity after 

multiple cycles and suitable kinetics of CO2 adsorption at ambient conditions51,170.  
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Hydrotalcite is a layered double hydroxide (LDH) with a crystal structure similar to that of 

brucite.  

The general form of hydrotalcite-like materials is [𝑀(1−𝑥)
𝐼𝐼 𝑀𝑥

𝐼𝐼𝐼(𝑂𝐻)2]
𝑥+

(𝑥 𝑚⁄ )𝐴𝑚−. 𝑛𝐻2𝑂, 

where 𝑀𝐼𝐼 is the divalent metal cation (typically, Mg2+, Fe2+, Mn2+, Ni2+ and Zn2+) and 𝑀𝐼𝐼𝐼 is 

the trivalent metal cation (typically, Al3+, Fe3+, Cr3+ and Co3+) and x is the fraction of trivalent 

cations in the structure and m is the charge of the anion.  Owing to the cation substitution, 

hydrotalcites contain positive charges which are neutralized by positioning anions between 

layers171–173.  Each Mg2+ in the brucite-like structure is in the octahedral position and 

coordinated to six OHˉ groups51,174.  The hydrotalcite layers are stacked on top of each other 

and are held together by hydrogen bonding175.  Measurement of CO2 adsorption isotherms 

at 298 K on various hydrotalcite samples with different combinations of trivalent and 

divalent cations, including Ni-Al, Co-Al, Cu-Al, Zn-Al, and Mg-Al revealed that the framework 

made up of Mg2+ and Al3+ cations showed the best performance for carbon capture and 

storage167,170.  In such a system, positive charges of the layers are counterbalanced by 

interlayer anions (e.g., chloride ions Clˉ) that are usually hydrated allowing for expansion or 

contraction of the interlayer distances of the material depending on the relative humidity176.  

The water concentration between hydrotalcite layers determines the c-dimension of the 

hydrotalcite unit cell.  And experimental results revealed that the c-dimension of the Clˉ 

bearing hydrotalcite does not expand beyond 23.9 Å at high relative humidity and ambient 

pressure175,177.  

Rodrigues et al. compared CO2 adsorption capacities of a hydrotalcite at three different 

temperatures (293, 473, and 573 K) and showed that CO2 adsorption was maximum at 573 

K and lowest at 473 K165.  They suggested that the main reason for lower CO2 adsorption 
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capacity of hydrotalcite at 473 K compared to 293 K is a decrease in the interlayer spacing 

of the hydrotalcite by heating.  However, it was observed that removal of water (H2O) 

molecules at higher temperatures caused an increase of void space which increased the 

capacity of CO2 adsorption165,167.  Presence of water between hydrotalcite layers at low 

temperatures leads to the hydration of dry CO2 injected into hydrotalcite.  The experimental 

data of CO2 adsorption capacity of hydrotalcite in wet and dry conditions showed that under 

dry conditions, maximum adsorption was 0.61 mmolg-1, while under wet conditions,  the 

adsorption capacity increased to 0.71 mmolg-1 178.  Also, Alpay et al. found a 10% increase in 

the adsorption capacity of hydrotalcite under humid conditions 56,167. 

Modifying hydrotalcite structure by incorporating alkali metal cations improves its CO2 

adsorption capacity.  Oliveira et al.179 reported that hydrotalcites promoted by cesium or 

potassium exhibit significant improvements in adsorption capacity compared to those 

without modification.  They suggested that the reason for the CO2 adsorption in the alkali-

modified hydrotalcites is the presence of additional interactions with the alkali cations.  

Sircar et al.180 reported 0.52 mmolg-1 of CO2 capacity for a potassium carbonate promoted 

hydrotalcite at 673 K when dry gas mixture containing 70% CO2 and 30% N2 at a total gas 

pressure of 1 bar was injected 181.  They also reported that exposure of hydrotalcite to a wet 

gas stream increased the CO2 adsorption capacity considerably to 0.76 mmolg-1 at the same 

operating temperature 181.  

In order to optimize the storage capacity of hydrotalictes, understanding the interactions 

between captured CO2 and the mineral in the presence of water is crucial as these molecules 

between layers can alter some of minerals properties such as porosity and permeability.  

Also, the long term storage of CO2 in minerals can lead to the formation of cracks and fracture 
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in such minerals 168,182.  In the present work, molecular dynamics (MD) simulation was 

carried out to study the role of water in the CO2 storage capacity of a model Clˉ bearing 

hydrotalcite at room temperature and pressure.  The CO2 diffusion coefficients were also 

calculated at different CO2 and water concentrations.  

7.2. Molecular Models and Simulation Details 

MD simulations were carried out using the Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS) package 105.  The ClayFF force field90 which comprises non-bonded 

(electrostatic and van der Waals) terms for metal and oxygen interaction parameterized to 

model layered minerals such as hydrotalcite was used.  In ClayFF, the pairwise energy 

between atoms i and j is given by: 

𝐸𝑡𝑜𝑡𝑎𝑙 =  𝐸𝑐𝑜𝑢𝑙 + 𝐸𝑉𝐷𝑊 =
𝑒2

4𝜋𝜀0
∑

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
+𝑖≠𝑗 ∑ 𝐷0𝑖𝑗 [(

𝑅0𝑖𝑗

𝑟𝑖𝑗
)

12

− 2 (
𝑅0𝑖𝑗

𝑟𝑖𝑗
)

6

]𝑖≠𝑗                              (7.1) 

where e is the charge of the electron, 𝜀0 is the permittivity of vacuum, qi and qj are ab initio 

partial atomic charges, rij is the distance between atoms i and j. 𝐷0𝑖𝑗  and 𝑅0𝑖𝑗  are empirical 

parameters.  The flexible single point charge (SPC) 135 model was used for the water 

molecules and the layer hydroxyl groups.  For CO2, a recently developed flexible potential 

including intramolecular bond stretching and angle bending was used 183.  The general 

expression for the total potential energy is: 

𝐸𝑡𝑜𝑡𝑎𝑙 =  𝐸𝑐𝑜𝑢𝑙 + 𝐸𝑉𝐷𝑊 + 𝐸𝑆𝑡𝑟𝑒𝑡𝑐ℎ +  𝐸𝐵𝑒𝑛𝑑           (7.2) 

where harmonic potentials are used for the bond stretching and angle bending terms.  The 

Lennard-Jones parameters for interaction of unlike atoms was calculated using the 

Lorentz−Berthelot mixing rule 184.  The simulations were performed under periodic 
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boundary conditions, and the particle−particle particle−mesh (PPPM) Ewald method 138,184 

was used to ensure convergence of the long-range electrostatic energy.  The cutoff distance 

for the van der Waals interactions was set at 8.5 Å and the velocity Verlet algorithm 61,103 was 

used to integrate Newton’s equations of motion with a time step of 1 fs.   

Hydrotalcite-like materials in general have a three-layer rhombohedral lattice with the 

hexagonal unit-cell parameters of a = 3.054 Å, c = 22.81 Å; space group R3m 185.  To simulate 

the structure of layered double hydroxide, 3D orthogonal models with the dimension of 

73.98 Å × 64.55 Å × 22.91 Å (x × y × z) were generated.  The Mg : Al ratio in the structure was 

retained as 3 : 1 as this ratio is considered to be optimum for carbon dioxide capture 167,170.  

On account of the substitution, mineral layers gain positive charges which are counter-

balanced by 290 chloride ions in total positioning in the interlayer regions of the simulation 

cell.  The stoichiometry of the system is Mg3Al(OH)8 0.67 Cln H2O.  The number of water 

molecules per unit cell in hydrotalcite materials can broadly vary depending on the nature 

of the anion, relative humidity and sample history 172.  The simulation cell used here 

contained 432 unit cells of hydrotalcite and overall 5,474 atoms in the structure before the 

addition of H2O or CO2 molecules.  The amount of CO2 in the mineral interlayer space was 

varied from 0.08 to 1 molecule per unit cell that corresponded to storage capacities over the 

range of 0.32 to 3.85 mmolg-1 while the water concentration from 0 to 2 H2O molecules per 

unit cell.  All of the systems studied in this work are shown in Table 1.  The total number of 

H2O molecules in each simulation cell is shown in the same table.  
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Table 7-1 Numbers of H2O and CO2 molecules used in the interlayer spacing of the model hydrotalcite. 

H2O content 
Concentration of CO2 

 

36 CO2 
(0.08/unit 

cell) 
(0.32  mmolg-1) 

84 CO2 
(0.2/unit cell) 
(0.75  mmolg-1) 

120 CO2 
(0.27/unit cell) 
(1.12  mmolg-1) 

216 CO2 
(0.5/unit cell) 
(1.92  mmolg-1) 

432 CO2 
(1/unit cell) 

(3.85  mmolg-1) 

0 H2O A0 
B0 C0 D0 E0 

36 H2O 
0.084/unit cell 

A1 B1 C1 D1 E1 

72 H2O 
0.167/unit cell 

A2 B2 C2 D2 E2 

144 H2O 
0.334/unit cell 

A3 B3 C3 D3 E3 

432 H2O 
1.00/unit cell 

A4 B4 C4 D4 E4 

864 H2O 
2.00/unit cell 

A5 B5 C5 D5 E5 

 

For each system, 100 ps MD simulation was performed using the NPT ensemble at T = 300 

K and P = 1 atm to relax the structure.  An equilibration run of 5 ns was carried out followed 

by a 5 ns production run, also in the NPT ensemble, with pressure coupling permitting each 

dimension of the cell to fluctuate independently.  Pressure and temperature were controlled 

by Nóse-Hoover barostat and thermostat 63,101 with a relaxation time of 1 and 0.1 ps, 

respectively.  The radial distribution functions (RDF) and CO2 diffusion coefficients were 

calculated to analyze the structure and dynamics of H2O and CO2 in the mineral interlayer 

spacing.  The Materials Studio 8.0 software (Biovia Inc., San Diego, CA, USA) was used to 

create the structure and VMD 136 software was used for visualization. 

7.3. Results and Discussion 

Figure 7-1 shows the front view of the two layers of hydrotalcite and the interlayer species 

(H2O, CO2, Clˉ) used in the present work.  
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Figure 7-1 Schematic representation of the front view of the Cl-hydrotalcite/H2O/CO2 system used in the 

present work. Color scheme: H2O molecules are shown in light blue, CO2 molecules are shown in black (C) and 

red (O), green balls are chlorine ions, Mg, Al, O, and H atoms that make up of hydrotalcite are shown in navy, 

light red, white, and light yellow, respectively. 

All dimensions of the simulation cell were allowed to change independently during the 

NPT MD simulations.  However, it was observed that changes in the x and y dimensions were 

negligible.  The expansion of the z dimension of the simulation cell intercalated by water at 

different concentrations (no CO2) is shown in Figure 2.  Obviously, by increasing the amount 

of water (i.e., increasing the H2O/Clˉ ratio), the total z dimension of the cell (containing three 

layers) increased and reached 23.7 Å which is consistent with the experimental results 

obtained from previous studies175,177.  Figure 7-2 seems to suggest that the interlayer spacing 

could increase with increasing H2O/Clˉ ratio beyond 3.  However, this was not observed 

experimentally.  Therefore, we used systems with H2O/Clˉ ratios over the range of 0 to 3 in 

the subsequent NPT MD simulations.  Nonetheless, the increase in z dimension was small 
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(23.0 to 23.75 Å), suggesting that z dimension may level off at the H2O/Clˉ ratio of 3 in 

practice.  It is worth noting that, a H2O/Clˉ ratio corresponds to 2 H2O molecules per 

hydrotalcite unit cell (or 864 H2O molecules in the model hydrotalcite used). 
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Figure 7-2 Change in the z dimension of the simulation cell as a function of the H2O/ Clˉ ratio. 

 

To understand the behavior of the CO2 in the interlayer regions, atomic density profiles 

(ADP) of CO2 in the interlayer regions were calculated for different CO2 hydration states.  The 

ADPs show that regardless of concentrations of CO2 and H2O, the interlayer species form a 

single layer in the interlayer regions.  This result is in good agreement with the results of 

Wang et al.177 that a complete single layer of H2O and Clˉ formed in the interlayer regions of 

hydrotalcite.  Owing to the similarity of the ADPs of all the systems shown in Table 1, only 

the ADP of the C5 system which contained 120 CO2 and 864 H2O is shown in Figure 7-3. The 

ADP graphs for other systems can be found in the supplementary information file.  
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Figure 7-3 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 120 CO2 and 864 H2O. 

 

Figure 7-4 shows the calculated simulation cell z dimension as a function of the number 

of H2O molecules per hydrotalcite unit cell with different numbers of intercalated CO2 

molecules. The intercalation of CO2 caused expansion of the interlayer spacing but 

magnitudes of the expansion were small and comparable to that caused by water alone (see 

Figure 7-2), especially at low CO2 concentrations (i.e., A, B and C series in Table 1), the 

simulation cell expansion is less than 0.5 Å regardless of the water concentration; however, 

by increasing the number of CO2 molecules to 216 (i.e., 1.92 mmolg-1), the cell expanded 

drastically (1.5 Å in system D5 (1.92 mmolg-1) and 5 Å in system E5 (i.e., 3.85 mmolg-1)).  The 

results suggest that high H2O and CO2 concentrations yielded interlayer spacing expansion. 
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Figure 7-4 The z dimension of simulation cell as a function of number of water molecules per number of 

hydrotalcite unit cell at fixed numbers of CO2 molecules. 

 

Ability of water molecules to form an extended hydrogen bonding network and 

orientation of CO2 molecules are believed to be the two key factors causing the expansion of 

the hydrotalcite minerals56,168.  Due to the non-swelling nature of Clˉ-hydrotalcite in water 

177, orientations of CO2 molecules may be the reason for the observed expansion.  In this 

regard, we determined orientations of CO2 molecules in the interlayer regions of Clˉ-

hydrotalcite and the results are shown in Figure 7-5.  As indicated in Figures 5a, 5b and 5c, 

at low water concentrations, orientations of CO2 molecules, quantified by the angle between 

their molecular axes and the normal of the mineral surface, at various CO2 concentrations 

were parallel to the mineral surface (i.e., 90º), especially at high CO2 concentrations.  

However, at high H2O concentrations (i.e., systems D5, E4, and E5), CO2 molecules tended to 
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adopt a wider range of angles with a significant fraction of them at 20º and 160º (i.e., parallel 

to the normal of the surface) as shown in Figures 5d and 5e. It seems that such orientation 

led to the expansion of the interlayer spacing observed in Figure 7-4. 
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Figure 7-5 Histograms of angular distribution for CO2 orientation relative to the axis normal to mineral 

surface at different water concentrations: (a) 36 H2O, (b) 72 H2O, (c) 144 H2O, (d) 432 H2O, and (e) 864 H2O. 

Figure 7-5 suggests that structure of the first layer of water molecules adjacent to the CO2 

molecules may have changed from low to high water concentration to allow the CO2 

molecules to adopt a wider range of orientations.  We therefore determined the RDF graphs 

of H (H2O) – O (CO2) and the results are shown in Figure 7-6.  As the figure shows, when the 

water concentration increases, the first peak becomes more pronounced and shifts to the left 

(from 4 to 3.5 A), indicating that there are more water molecules with their hydrogen atoms 

pointing towards the oxygen atoms of the CO2 molecules and their interatomic distances are 

also reduced.  This was attributed to the dipole-quadrupole interactions between the H2O 

and CO2.  Please note that the oxygen atoms in the CO2 model carried a charge of -0.35 while 

the hydrogen atoms of H2O model carried a charge of +0.41.  Table 7-2 shows the number of 

such close, oriented contacts between the hydrogen of water and oxygen of the CO2 

molecules.  As shown, systems with high water concentrations (i.e., C4, D4, E4, A5, B5, C5, D5 
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and E5) show high number of such contacts.  And within these systems, the ones with high 

CO2 concentrations exhibit high swelling (i.e., systems D5, E4, and E5). 
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Figure 7-6 O (CO2) – H (H2O) radial distribution function at different water concentrations: (a) 36 H2O, (b) 72 

H2O, (c) 144 H2O, (d) 432 H2O, and (e) 864 H2O.  
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The swelling behavior is also manifested in the self-diffusion coefficient of CO2 molecules 

in the interlayer spacing as shown in Figure 7-7.  In particular, the high diffusivity of CO2 in 

swollen systems E4, D5 and E5 leads to a minimum in the series 4 (i.e., 1 H2O/hydrotalcite 

unit cell) and series 5 (i.e., 2 H2O/hydrotalcite unit cell) data.  Nonetheless, the data suggest 

that the CO2 diffusivity and the CO2 storage capacity of the model Clˉ ions bearing hydrotalicte 

are not related which differs from the observation of Choi et al.167 that the existence of H2O 

molecules positively affects the CO2 adsorption capacities of hydrotalcite-like compounds.  

 

 

Figure 7-7 CO2 diffusion coefficient as a function of CO2 concentration in Cl⁻ ions bearing hydrotalicte with 

different H2O concentrations. 
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Table 7-2 The number of H2O and CO2 close contacts due to dipole-quadrupole interaction for the systems 

listed in Table 7-1. 

H2O content Concentration of CO2 

 36 CO2 
(0.08/unit cell) 
(0.32  mmolg-1) 

84 CO2 
(0.2/unit cell) 

(0.75  mmolg-1) 

120 CO2 
(0.27/unit cell) 
(1.12  mmolg-1) 

216 CO2 
(0.5/unit cell) 

(1.92  mmolg-1) 

432 CO2 
(1/unit cell) 

(3.85  mmolg-1) 

36 H2O 
0.084/unit cell 

0.1 ± 0.01 0.1 ± 0.02 0.1 ± 0.02 0.1 ± 0.02 0.2 ± 0.01 

72 H2O 
0.167/unit cell 

0.2 ± 0.01 0.2 ± 0.02 0.5 ± 0.03 0.5 ± 0.03 0.5 ± 0.03 

144 H2O 
0.334/unit cell 

0.3 ± 0.01 0.4 ± 0.01 0.5 ± 0.01 0.5 ± 0.01 1 ± 0.20 

432 H2O 
1.00/unit cell 

1.7 ± 0.15 2.1 ± 0.20 2.3 ± 0.10 2.6 ± 0.10 3.1 ± 0.10 

864 H2O 
2.00/unit cell 

2.1 ± 0.30 2.2 ± 0.30 2.6 ± 0.25 3.8 ± 0.40 5.8 ± 0.45 

 

Numbers of hydrogen bonds donated by water to water and chloride ions of the systems 

at various H2O and CO2 concentrations are shown in Table 3.  As indicated, increase in the 

water content within the interlayer regions led to the formation of larger hydrogen bond 

network.  This result seems to suggest that extensive hydrogen bond network and 

orientation of CO2 molecules led to the interlayer spacing expansion 56,168.  The RDF graphs 

representing the hydrogen bond analysis can be found in Appendix B. 
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Table 7-3 Number of hydrogen bonds of the systems at different H2O and CO2 concentrations listed in Table 7-
1. 

H2O content Concentration of CO2 

 36 CO2 
(0.08/unit cell) 
(0.32  mmolg-1) 

84 CO2 
(0.2/unit cell) 

(0.75  mmolg-1) 

120 CO2 
(0.27/unit cell) 
(1.12  mmolg-1) 

216 CO2 
(0.5/unit cell) 

(1.92  mmolg-1) 

432 CO2 
(1/unit cell) 

(3.85  mmolg-1) 

36 H2O 
0.084/unit cell 

1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.2 ± 0.2 

72 H2O 
0.167/unit cell 

1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.2 1.3 ± 0.2 1.5 ± 0.2 

144 H2O 
0.334/unit cell 

1.5 ± 0.1 1.5 ± 0.1 1.5 ± 0.1 1.5 ± 0.1 1.6 ± 0.2 

432 H2O 
1.00/unit cell 

2.2 ± 0.1 2.2 ± 0.1 2.2 ± 0.2 2.3 ± 0.2 2.3 ± 0.2 

864 H2O 
2.00/unit cell 

2.9 ± 0.1 2.9 ± 0.1 3.0 ± 0.1 3.0 ± 0.2 3.1 ± 0.1 

 

The RDF graphs of interlayer CO2 molecules and hydrotalcite -OH groups showed that low 

to moderate concentrations of water do not affect the interaction of CO2 and the OH groups 

(Fig. 7- 8a-c); however, by increasing the water content to 432 H2O, in the presence of 432 

CO2 molecules, the number of CO2 molecules surrounding -OH groups decreased (Fig. 7-8d). 

Likewise, the number of CO2 molecules around -OH groups in the presence of 864 water in 

the interlayer region was decreased. A shift of first peak to the right (Fig. 7-8e) indicated an 

increase in the distance between the CO2 and -OH groups. A more significant shift from 2 Å 

to 3.5 Å in the RDF first peak took place particularly for the E5 system (in the presence of 

high number of water and CO2 molecule). This behavior could be explained in terms of the 

simulation cell expansion at this concentration as well as formation of a large hydrogen bond 

network of water.  
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Figure 7-8 . O (CO2) – H (OH) radial distribution function at different water concentrations: (a) 36 H2O, (b) 72 

H2O, (c) 144 H2O, (d) 432 H2O, and (e) 864 H2O. 

 

7.4. Conclusions 

Hydrotalcite mineral is experimentally shown to be a potential CO2 capture and storage 

material at ambient conditions.  In this work, we used molecular dynamics simulation to 

study the role of interlayer water in CO2 capture of Mg-Al-Cl-hydrotalcite mineral.  CO2 

concentrations used in this work encompassed a range of storage capacities of the mineral 

(0.32 – 3.85 mmolg-1) while water concentration varied from 0.084 to 2.00 water 

molecules/hydrotalcite unit cell.  Simulation results showed that the difference between the 

mineral with low and high water concentrations was the orientation of the CO2 molecules 

and the extent of hydrogen bonds network formed by water.  At low water concentration, 

majority of CO2 molecules in the interlayer spacing aligned parallel to the mineral surface 

while at high water concentrations, they tended to adopt a wider range of orientations with 
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a significant fraction of them orientating perpendicular to the mineral surface as high water 

concentrations encouraged more dipole interaction between water and CO2 molecules.  Also, 

water molecules in such cases formed extensive hydrogen bonds. 

 

 

 

 

 

 

 

 

 

 

 

 

 



136 
 

 

Chapter 8 

8. Conclusion and Future Work 

8.1. Summary and conclusion  

Minerals are considered as decent candidates for solving environmental problems such as 

oil sands tailings and CO2 emission. Clay minerals are the main component of MFT (mature 

fine tailing) and kaolinite is abundantly found in this tailing and many other waste disposals. 

Therefore, treatment of this mineral can be considered as an applicable solution to solidify 

oil sands tailings. Furthermore, due to the layered structure of the clay minerals, they can be 

used as a container or storage for small molecules or ions.  

Geopolymerization is newly developed method in which the aluminosilicate source 

materials turn into inorganic cement or geopolymer. In this process aluminosilicate source 

material should dissolve into the alkali solution and then go throw condensation and 

solidification. However, this process is very fast and complicated and not easy to understand 

by experimental process. Also clay minerals have complicated structure and chemistry of 

their dissolution needs to study precisely to be able to control the condensation and 

solidification process. Molecular simulation is very powerful tool to study the dissolution of 

clay minerals and in this work kaolinite basal surfaces dissolution in alkali solutions was 

studied by molecular dynamics simulation.  

In chapter 4, the dissolution of the basal surfaces of kaolinite in the alkali solutions 

containing Na+, K+ and 50/50 Na+/K+ cations were described at low (1 M) and medium (5 M) 



137 
 

concentrations at 298 K and 1 atm, using molecular dynamics (MD) simulation along with 

the CLAYFF force field.  The adsorption of the cations on the partially deprotonated 

octahedral surface resulted in the dissolution of the surface hydroxyl groups near the 

adsorption sites and the aluminum atoms (in the form of aluminates) associated with them.  

The MD simulation results are in agreement with the experimental observations performed 

by Huertas et al. (1999) in which the authors suggested that dissolution of kaolinite in alkali 

solution started with the de-protonation of the octahedral surface followed by the 

interaction of solution with the octahedral surface.  The MD results showed that the Na+ 

solution triggered more surface hydroxyl groups to dissociate from the octahedral surface 

than the K+ solution.  In contrast, the K+ solution resulted in more dissociation of the 

aluminate groups than the Na+ solution.  The different dissolution mechanism of the two 

cations was attributed to the difference in the charge density of the two cations.  However, 

when the octahedral surface was exposed to a 50/50 Na+/K+ solution, more distortion to the 

surface occurred, suggesting that there was a synergistic effect of both Na+ and K+ cations.  

Dissolution of the tetrahedral surface was not observed. 

Vacancies are common point defects which are exist in most of the crystalline materials.  

In order to study the effect of structural vacancies on the clay dissolution process, the 

dissolution of the two basal surfaces of kaolinite (i.e., tetrahedral and partially deprotonated 

octahedral surfaces) with different amounts of Al and Si vacancies exposed to two alkali 

solutions, one with Na+ cations only while the other K+ cations only, at concentrations of 3 M 

and 5 M and ambient conditions was studied using molecular dynamics (MD) simulation 

along with the CLAYFF force field.  The existence of Al vacancies on the partially 

deprotonated octahedral surface resulted in more dissociation of Al groups compared with 
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the octahedral surface with no Al vacancies.  However, the dissolution amount exhibited a 

maximum at a relatively low vacancy concentration (2 vacancies per 576 Al atoms), above 

which the dissolution amount decreased with increasing concentration of Al vacancy.  

However, increasing the number of Al vacancies led to more distortion to the octahedral 

surface, thereby decreasing its crystallinity as confirmed by the corresponding radial 

distribution functions.  And such observations took place in both Na+ and K+ solutions.  Si 

vacancies in the tetrahedral surface of kaolinite increased the interaction of cations with the 

surface; however, no Si groups dissociated from the surface even at the existence of high 

numbers of vacancies, thereby retaining its crystallinity.   

The surface dissolution of kaolinite’s basal surfaces in neat Na+ or K+ alkali solutions with 

inorganic salt contaminants at room temperature and pressure was studied. MgCl2 and CaCl2, 

the two typical contaminants present in industrial water, were used in this work.  In general, 

in the case of K+ cations, more aluminate groups dissociated from the kaolinite octahedral 

surface in comparison with the Na+ solution due to the lower charge density of K+ than that 

of Na+. It was observed that aqueous contaminants such as MgCl2 and CaCl2 influenced the 

amount of the aluminate groups dissociated from the octahedral surface.  Low concentration 

of contaminants in both neat Na+ and K+ solutions triggered more dissolution of aluminate 

group from the octahedral surface due to the higher charge density values of Ca2+ and Mg2+ 

cations relative to those of Na+ and K+ cations.  However, at highest concentration of 

contaminants used (i.e., 0.5 M), a considerable amount of Cl⁻ anions clustered around the 

cations nearby the octahedral surface and screened the interaction between such cations and 

the octahedral surface, decreasing the number of aluminate groups dissociated from the 

surface. In all systems, the crystallinity of the octahedral surface decreased as a result of the 
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surface aluminate groups changing their 6-fold position to 4-fold.  Nonetheless, there was no 

dissolution taking place on the tetrahedral surface, at least within the simulation time used. 

Hydrotalcite mineral is experimentally shown to be a potential CO2 capture and storage 

material at ambient conditions.  In this work, we used molecular dynamics simulation to 

study the role of interlayer water in CO2 capture of Mg-Al-Cl-hydrotalcite mineral.  CO2 

concentrations used in this work encompassed a range of storage capacities of the mineral 

(0.32 – 3.85 mmolg-1) while water concentration varied from 0.084 to 2.00 water 

molecules/hydrotalcite unit cell.  Simulation results showed that the difference between the 

mineral with low and high water concentrations was the orientation of the CO2 molecules 

and the extent of hydrogen bonds network formed by water.  At low water concentration, 

majority of CO2 molecules in the interlayer spacing aligned parallel to the mineral surface 

while at high water concentrations, they tended to adopt a wider range of orientations with 

a significant fraction of them orientating perpendicular to the mineral surface as high water 

concentrations encouraged more dipole interaction between water and CO2 molecules.  Also, 

water molecules in such cases formed extensive hydrogen bonds.   

8.2. Recommendation for the future work 

Dissolution of clay minerals is very complex topic and understanding the chemistry of this 

process needs more work and knowledge. The dissolution of kaolinite basal surfaces was 

studied in this work. However, the dissolution of other surfaces of kaolinite specially edge 

surfaces can reveal important information about the dissolution process. 

Structural defects affect the rate of the dissociation of clay minerals. The effect of 

structural vacancy on the kaolinite octahedral surfaces dissolution was described in chapter 
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5. Other kind of defects, such as structural impurities and stacking faults, are abundantly 

found in clay minerals structure. The influence of these types of defects in the structure of 

kaolinite can affect the dissolution process.  

There are other kinds of clay minerals in the oil sands tailings and some other waste 

disposals. Studying the effect of alkali solution on different clay minerals can provide 

insightfully information about the chemistry of the dissolution process of the tailings.  
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Appendix A 

Radial Distribution Function Graphs 

The RDF graphs of 5 M Na+ and 3 M K+ systems containing different concentrations of CaCl2 

and MgCl2 impurities are shown in Fig. A-1. 

 

 

 

 

Figure A- 1 Radial distribution functions of Al – O of the octahedral surface for the systems of (a) 5 M Na+ 

CaCl2, (b) 5 M Na+ MgCl2, (c) 3 M K+ CaCl2 and (d) 3 M K+ MgCl2. 
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Atomic Density Profile 

 

18 20 22 24 26 28 30 32 34 36 38 40 42

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
to

m
ic

 d
e
n
s
it
y
 (

a
.u

.)

Z (Å)

 Al

 Na

 Ca

 Cl

18 20 22 24 26 28 30 32 34 36 38 40 42

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
to

m
ic

 d
e

n
s
it
y
 (

a
.u

.)

Z (Å)

 Al

 Na

 Mg

 Cl

18 20 22 24 26 28 30 32 34 36 38 40 42

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
to

m
ic

 d
e
n
s
it
y
 (

a
.u

.)

Z (Å)

 Al

 Na

 Ca

 Cl

 Mg

 

18 20 22 24 26 28 30 32 34 36 38 40 42

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
to

m
ic

 d
e

n
s
it
y
 (

a
.u

.)

Z (Å)

 Al

 Na

 Ca

 Cl

18 20 22 24 26 28 30 32 34 36 38 40 42

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
to

m
ic

 d
e
n
s
it
y
 (

a
.u

.)

Z (Å)

 Al

 Na

 Mg

 Cl

18 20 22 24 26 28 30 32 34 36 38 40 42

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
to

m
ic

 d
e
n
s
it
y
 (

a
.u

.)

Z (Å)

 Al

 Na

 Ca

 Cl

 Mg

 

18 20 22 24 26 28 30 32 34 36 38 40 42

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
to

m
ic

 d
e

n
s
it
y
 (

a
.u

.)

Z (Å)

 Al

 Na

 Ca

 Cl

18 20 22 24 26 28 30 32 34 36 38 40 42

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
to

m
ic

 d
e
n
s
it
y
 (

a
.u

.)

Z (Å)

 Al

 Na

 Mg

 Cl

18 20 22 24 26 28 30 32 34 36 38 40 42

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
to

m
ic

 d
e

n
s
it
y
 (

a
.u

.)

Z (Å)

 Al

 Na

 Ca

 Cl

 Mg

 

Figure A- 2 Atomic density profile of the 5 M Na+ systems containing (a-c) CaCl2 molecules, (d-f) MgCl2 

molecules and (g-i) CaCl2+MgCl2 molecules. 
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Appendix B  

Atomic Density Profile  
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Figure B- 1 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 36 CO2 and 36 H2O. 
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Figure B- 2 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 84 CO2 and 36 H2O. 
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Figure B- 3 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 120 CO2 and 36 H2O. 
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Figure B- 4 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 216 CO2 and 36 H2O. 
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Figure B- 5 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 432 CO2 and 36 H2O. 
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Figure B- 6 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 36 CO2 and 72 H2O. 
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Figure B- 7 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 84 CO2 and 72 H2O. 
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Figure B- 8 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 120 CO2 and 72 H2O. 
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Figure B- 9 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 216 CO2 and 72 H2O. 
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Figure B- 10 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 432 CO2 and 72 H2O. 
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Figure B- 11 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 36 CO2 and 144 H2O. 
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Figure B- 12 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 84 CO2 and 144 H2O. 
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Figure B- 13 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 120 CO2 and 144 H2O. 
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Figure B- 14 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 216 CO2 and 144 H2O. 
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Figure B- 15 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 432 CO2 and 144 H2O. 
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Figure B- 16 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 36 CO2 and 432 H2O. 
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Figure B- 17 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 84 CO2 and 432 H2O. 
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Figure B- 18 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 120 CO2 and 432 H2O. 
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Figure B- 19 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 216 CO2 and 432 H2O. 
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Figure B- 20 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 432 CO2 and 432 H2O. 
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Figure B- 21 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 36 CO2 and 864 H2O. 

 

0 5 10 15 20 25

0.00

0.05

0.10

0.15

0.20

0.25

0.30

D
e
n
s
it
y
 P

ro
fi
le

 (
a
.u

.)

Z (Å)

 C

 O
w

 Cl

 

Figure B- 22 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 84 CO2 and 864 H2O. 
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Figure B- 23 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 216 CO2 and 864 H2O. 
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Figure B- 24 Atomic density profiles of interlayer H2O and CO2 in the simulation cell along the z dimension 

(perpendicular to the mineral surface) for the system containing 432 CO2 and 864 H2O. 
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Radial Distribution Function Graphs 

 

 

Figure B- 25 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 36 CO2 and 36 H2O in the interlayer region. 
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Figure B- 26 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 84 CO2 and 36 H2O in the interlayer region. 
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Figure B- 27 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 120 CO2 and 36 H2O in the interlayer region. 
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Figure B- 28 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 216 CO2 and 36 H2O in the interlayer region. 
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Figure B- 29 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 432 CO2 and 36 H2O in the interlayer region. 
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Figure B- 30 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 36 CO2 and 72 H2O in the interlayer region. 
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Figure B- 31 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 84 CO2 and 72 H2O in the interlayer region. 
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Figure B- 32 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 120 CO2 and 72 H2O in the interlayer region. 
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Figure B- 33 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 216 CO2 and 72 H2O in the interlayer region. 
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Figure B- 34 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 432 CO2 and 72 H2O in the interlayer region. 
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Figure B- 35 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 36 CO2 and 144 H2O in the interlayer region. 
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Figure B- 36 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 84 CO2 and 144 H2O in the interlayer region. 
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Figure B- 37 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 120 CO2 and 144 H2O in the interlayer region. 
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Figure B- 38 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 216 CO2 and 144 H2O in the interlayer region. 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

9

10

g
 (

r)

r (Å)

 Cl - H (H
2
O)

 Cl - H (OH)

1.5 2.0 2.5 3.0 3.5 4.0

0

1

2

3

4

5

6

7

8

9

10

 Cl - H (H
2
O)

 Cl - H(OH)

n
 C

l 
- 

H

r (Å)

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

7

8

9

10

g
 (

r)

r (Å)

 O (H
2
O) - H (H

2
O)

 O (H
2
O) - H (OH)

0.5 1.0 1.5 2.0 2.5 3.0

0

1

2

3

4

5

6

7

8

9

10

r (Å)

 O (H
2
O) - H (H

2
O)

 O (H
2
O) - H (OH)

n
 O

 (
H

2
O

) 
- 

H
1 2 3 4 5 6 7 8

0.0

0.5

1.0

1.5

2.0

g
 (

r)

r (Å)

 O (CO
2
) - H (H

2
O)

 O (CO
2
) - H (OH)

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0

1

2

3

4

5

6

7

8

9

10

 O (CO
2
) - H (H

2
O)

 O (CO
2
) - H (OH)

n
 O

 (
C

O
2

) 
- 

H

r (Å)



189 
 

 

 

Figure B- 39 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 432 CO2 and 144 H2O in the interlayer region. 
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Figure B- 40 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 36 CO2 and 432 H2O in the interlayer region. 
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Figure B- 41 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 84 CO2 and 432 H2O in the interlayer region. 
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Figure B- 42 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 120 CO2 and 432 H2O in the interlayer region. 
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Figure B- 43 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 216 CO2 and 432 H2O in the interlayer region. 
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Figure B- 44 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 432 CO2 and 432 H2O in the interlayer region. 
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Figure B- 45 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 36 CO2 and 864 H2O in the interlayer region. 
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Figure B- 46 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 84 CO2 and 864 H2O in the interlayer region. 
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Figure B- 47 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 120 CO2 and 864 H2O in the interlayer region. 
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Figure B- 48 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 216 CO2 and 864 H2O in the interlayer region. 
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Figure B- 49 Pair Radial distribution functions and integrated nearest-neighbor coordination numbers for Clˉ 

- H pairs and O (H2O) - H pairs and O (CO2) – H pairs in the interlayer of Mg/Al Clˉ- hydrotalcite computed 

from MD simulations. There are 432 CO2 and 864 H2O in the interlayer region. 
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