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Abstract 
Geopolymers are a relatively new class of material that has many broad applications, 

including use as a substitute for Ordinary Portland Cement (OPC), use in soil 

stabilisation, fire resistant panels, refractory cements, and inorganic adhesives. The 

synthetic alkali aluminosilicate structure of geopolymer results in a highly versatile 

material that can be synthesised en masse, cost competitively and from a wide variety 

of aluminosilicate bearing raw materials.  

Despite the commercial promise and technical viability of the technology, the 

fundamental understanding of the chemical structure and characteristics of 

geopolymeric materials, and to some degree the academic rigor of some aspects of 

the science related to geopolymers, leave a lot to be desired. In particular, the 

understanding of the effects of Si/Al ratio and alkali cation type on the molecular 

structure of the binder, and how these relate to the microstructure and mechanical and 

thermal properties are poorly understood.  

The thesis explores the structure and characteristics of a systematic multi-dimensional 

matrix of geopolymers derived from metakaolin, a relatively pure aluminosilicate 

source. The thesis addresses the determination of the core molecular structure of 

geopolymers by solid-state NMR spectroscopy, and how this is altered by the nominal 

Si/Al ratio and alkali cation type. The chemical ordering is observed to reduce with 

Si/Al ratio and with inclusion of potassium over sodium. Most significantly, the 

presence of Al-O-Al linkages is identified for the first time in specimens with Si/Al ratios 

close to unity, by the application of 17O NMR techniques on geopolymers. The role of 

molecular structure and gel chemistry of geopolymers is elucidated, and links are 

drawn to understand the development of the microstructure and physical properties of 

the material. The thermal evolution of geopolymeric gels derived from metakaolin is 

investigated in terms of physical and structural development when exposed to 

temperatures up to 1000˚C. The response of geopolymers to heating is characterised 

into four regions regardless of the extent of shrinkage or crystallisation. Several critical 

material performance relationships exist that are related to both the microstructure and 

chemical composition.  

The thesis presents an updated structural model of geopolymers to include new 

insights obtained from application of solid-state NMR techniques and thermal analysis. 
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The improvements in structural understanding described in the thesis have the 

potential to affect all aspects of geopolymer science.  
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Chapter 1  
Introduction 
Geopolymers are synthetic materials formed by the aqueous alkali-activation of solid 

particles. Though alkali-activation does not necessarily prescribe the presence or 

requirement of either silicon or aluminium, geopolymers are generally, but not 

exclusively, considered to be primarily alkali aluminosilicates. Geopolymer activating 

solutions are based on alkali hydroxide solutions, generally containing variable 

amounts of dissolved silicon. The presence of large amounts of silicon and aluminium 

in minerals, clays and industrial wastes and ashes makes these materials common for 

use as feedstocks in geopolymerisation. Geopolymers are principally known for their 

high compressive strength, acid resistance and waste encapsulation capability, though 

the inorganic framework structure renders these materials intrinsically fire-resistant. 

Currently there is little understanding of the thermophysical properties and thermal 

stability of geopolymers, which is required for holistic understanding of the 

performance of geopolymers exposed to fire or applications that require high 

temperature resistance. The thesis systematically investigates the effects of the Si/Al 

ratio and alkali cation (predominantly sodium and potassium) on the structure and 

thermal evolution of geopolymers synthesised from commercial metakaolin. 

The structure of geopolymers was initially defined by Davidovits (1991) to be a 3-

dimensional matrix of silicon and aluminium in tetrahedral geometry linked by oxygen 

atoms. Alkali cations are associated with the aluminium to provide a single positive 

charge to balance the negative charge on the AlO4
- group. The Davidovits model 

describes the matrix as being comprised of three structural units, polysialate (-Si-O-A-

l), polysialate-siloxo (-Si-O-Al-Si-), and polysialate-disiloxo (-Si-O-Al-O-Si-O-Si-) based 

on the presence of only Si-O-Si and Si-O-Al linkages. The Davidovits model excludes 

Al-O-Al linkages, based on interpretation of the Loewenstein Rule (1954) for aluminium 

avoidance. In the more than two decades since the development of this structural 

model of geopolymeric materials, there has been little progression of this structural 

perspective by utilisation of modern experimental techniques. While being the 

backbone of all understanding of geopolymers, the Davidovits model is fundamentally 

simplistic, and does not incorporate or predict the effects of variation in Si/Al ratio or 

the alkali cation type. Without a structural model that can predict and understand the 
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effect that these core compositional variables have on the structure of the material it is 

impossible to understand the macro-scale mechanical and thermal properties of the 

material. This is the core objective of the thesis.  

The thesis is presented as a collection of closely related chapters that are based on 

journal publications written during the PhD candidature of Peter Duxson. Therefore, 

each chapter in the thesis can be read in isolation without the cumulative knowledge 

from prior chapters or detracting significantly from the whole of the thesis as a 

document. This does result in some information being repeated in the introductions of 

the chapters, though this also allows for each experimental chapter to be framed in 

more detail. 

Chapter 2 of the thesis explores the published literature on the structural properties of 

geopolymers at ambient conditions and high temperatures. A general history of 

geopolymer science is presented. The different conceptual models of geopolymer 

structure are analysed critically by evaluating each in terms of its success in describing 

the system. The fundamental chemistry and processes occurring during geopolymer 

synthesis are explored, with emphasis placed on structural studies by NMR. Due to the 

small volume of literature describing the thermal properties and evolution of 

geopolymer structure at high temperatures, a general review of the thermal evolution 

characteristics and behaviour of other natural and synthetic alkali aluminosilicate 

systems is presented. 

Chapter 3 provides a summary and details of the experimental methods and 

techniques used throughout the thesis, and the theoretical and conceptual basis of the 

experimental geopolymer system derived from metakaolin.  

The deficiency of experimental data to explore the affect of variation in Si/Al ratio and 

alkali cation type on the structure of geopolymers is addressed in Chapters 4-6, which 

entail multinuclear NMR studies and statistical thermodynamic modelling of the 

molecular structure of geopolymers. The Davidovits model of geopolymer structure is 

extended to accommodate for the observation and prediction of Al-O-Al linkages by 

NMR and thermodynamic modelling. An expanded structural perspective is developed 

that represents the aluminosilicate backbone structure of geopolymer by measurement 

and prediction of (1) the distribution of aluminium around tetrahedral silicon centres, 

represented as Q4(mAl) sites, where 0 ≤ m ≤ 4, and (2) the quantity of T-O-T linkages, 

where T is Si or Al. The effects of different alkali cations on the extent of reaction and 

structure of geopolymer are discussed. 
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Chapters 7 and 8 explore the relationships between composition, microstructure and 

mechanical properties of geopolymers. Though some investigations have explored the 

effect of composition on mechanical properties from an empirical viewpoint, these 

chapters relate the mechanical properties of a systematic series of specimens with the 

microstructures observed, their porosity and to the underlying solution chemistry 

during their formation. The understanding developed in these chapters relies heavily 

on the conceptual and structural model of geopolymer structure described in Chapters 

4 to 6. 

The understanding of molecular structure, microstructure, porosity and mechanical 

properties determined in Chapters 4 to 8 is applied to describe the thermal 

characteristics of geopolymers under constant heating rates and after annealing at 

temperatures up to 1000˚C (Chapters 9 to 13). Firstly, the thermal transport properties 

of geopolymers up to 100˚C and in different humidity environments are elucidated in 

Chapter 9. The thermal shrinkage and weight loss characteristics of geopolymers 

synthesised from sodium activating solutions are determined in Chapter 10, with 

mechanistic discussion of the processes occurring during thermal evolution. Chapter 

11 extends the discussion on the thermal evolution of Na-geopolymers to include 

structural changes occurring during thermal exposure. The effect of alkali cations on 

these phenomena is detailed in Chapter 12, with special reference to microstructural 

evolution with temperature. The effect of alkali cation type on crystallisation of mineral 

phases and structural evolution in geopolymers at high temperature is explored with 

quantitative XRD and FTIR in Chapter 13.  

Chapter 14 presents a summary of the work in the thesis, with the main developments 

of knowledge drawn from each chapter to form a model for the structure and structural 

development of geopolymers synthesised from metakaolin during exposure to 

temperatures up to 1000˚C. 
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Chapter 2  
Critical literature review 

2.1 A history of geopolymer technology 
The term ‘Geopolymer’ was first applied to X-ray amorphous aluminosilicate binders 

formed through hydrothermal synthesis of aluminosilicates in the presence of 

concentrated alkaline or alkaline silicate solutions by Joseph Davidovits (1979). 

Davidovits’ aim was to create an inorganic analogue of composite organic construction 

materials and take advantage of the intrinsic heat-resistant, inflammable and non-

combustible nature of inorganic materials after numerous plastic-related catastrophic 

fires in France between 1970 and 1973. The first geopolymers were synthesised from 

mixtures of kaolinite, quartz and sodium hydroxide solution of varied concentrations, 

which were cured at 150°C to form a solid material with appreciable mechanical 

properties. Currently, geopolymers are synthesised from a large variety of 

aluminosilicate materials, with sodium hydroxide solution now more broadly described 

as the alkaline activating solution, which is composed of any alkali cation and 

predominantly contains predissolved silicon. The range of common synthesis 

temperatures in the literature varies from ambient to mildly hydrothermal. Davidovits 

coined the word ‘Geopolymer’ in order to emphasise what he thought were the key 

aspects to the technology; ‘Geo’ referring to the inorganic nature of the material, and 

‘polymer’ to infer a structure analogous to that of organic polymers. 

Since the desired market for geopolymers is predominantly a replacement for Ordinary 

Portland Cement (OPC), geopolymer research programs were initially focused on 

aligning the science of geopolymers with traditional cement technology and related 

forums. OPC binders are based mainly on hydration reactions of calcium oxide and 

silicon dioxide to form calcium silicate hydrates. Therefore, the chemistry of OPC 

binders is of an intrinsically different nature to that of geopolymers, which is more 

closely aligned with zeolites and aluminosilicate gel formation. However the reaction 

mechanism, structure and properties of geopolymers are still poorly characterised. The 

lack of a mature structural and chemical science tradition in geopolymer technology 

results in the intrinsic differences in chemistry and structure of geopolymers and OPC 

being often neglected or missed completely by industry and researchers, who are 
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primarily focused on civil engineering aspects of materials research. This gives rise to 

confusion regarding the properties and suitability of geopolymers for specific 

applications, which has adversely affected the development of the technology. Highly 

alkaline solutions are used in geopolymerisation, which is naturally correlated with the 

deleterious effects of the alkali–aggregate reaction in OPC systems. The tendency to 

avoid usage of high concentrations of alkali in OPC is, therefore, at odds with a 

fundamental requirement of geopolymer synthesis, leading to a poor understanding of 

geopolymers by cement scientists. The chemistry of geopolymers therefore needs to 

be explicated to avoid misinterpretation. 

In many respects the greatest strength of geopolymer technology is also its greatest 

weakness in terms of development from a fundamental point of view. The raw 

materials utilised in geopolymers are incredibly diverse and there is little restriction on 

the purity, particle size, composition or morphology of material that can be utilised. 

Therefore, much research has been conducted utilising a wide variety of highly 

localised and specific raw materials, such as fly ashes from specific power stations, 

which does not provide general results that may be applied to all geopolymer systems 

equally. Furthermore, the simplicity of the synthesis, which requires only combining 

solution and solid components to result in a ‘good’ specimen further enhances 

accessibility, diversity and a plethora of common synthesis methods, which may not be 

available to more highly technical materials. The diversity and simplicity of geopolymer 

synthesis, therefore, exemplifies its practical benefits for mass scale application in the 

construction industry, but also creates a headache for researchers in that there is no 

single obvious system for fundamental characterisation and elucidation, which may 

then be applied to local materials, processes and applications. Therefore, researchers 

are posed with several key questions, which at present remain unanswered: (1) What 

is the governing chemistry of geopolymerisation?; (2) What are geopolymeric materials 

most closely analogous to, in terms of their structure and behaviour?; (3) What is the 

most appropriate system and conditions on which to conduct fundamental research?; 

(4) How much attention should be paid to showing the commercial possibilities and 

applications of geopolymers, now that a critical mass of material is available 

demonstrating its ease of synthesis and versatility of properties? 

Although the majority of geopolymer literature involves use of the technology in 

construction applications, the intrinsic fire-resistance of the material separates it 

especially from OPC, and has been left largely unexplored from a fundamental point of 
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view. Therefore, there is a need to investigate the thermal evolution and characteristics 

of geopolymers and relate these properties to a fundamental understanding of the 

system. Geopolymers are part of a large family of synthetic alkali aluminosilicate 

materials. Others include, sol-gels, colloidal gels, hydrogels, xerogels, aerogels, 

zeolites, ceramics and glasses, all of which have their own structural characteristics 

and peculiarities, which enable them to be uniquely identified as discrete materials to 

the scientific community. Similarly, geopolymers, no doubt, have identifying 

characteristics that make them a unique definable class of material, although much 

attention has focused on aligning geopolymers as a system analogous with glass, 

alkali-activated cement, gel or sols. The thesis will serve to characterise geopolymers 

from a molecular level bonding point of view through to macro-scale properties at 

ambient and elevated temperatures. The physical and structural evolution of a 

systematic family of geopolymers from ambient conditions through to 1000˚C will serve 

to elucidate the characteristics that define geopolymers as their own class of material, 

and provide an understanding as to how the properties of geopolymers may be 

manipulated and tailored on a fundamental level to achieve desired properties, 

particularly in terms of thermally demanding applications. 

2.2 Initial chemistry and characterisation of 
geopolymerisation 
In the late 1970’s when Davidovits was first working with geopolymers, he felt there 

was no appropriate or equivalent nomenclature capable of describing the structure of 

geopolymers. Indeed, there was little published literature on the structure of X-ray 

amorphous aluminosilicate materials until the mid 1980’s. Therefore, Davidovits (1991) 

defined geopolymers to have a backbone structure analogous to organic polymers, 

and created a nomenclature to describe the connectivity of the 3-Ddimensional 

framework structure of linked SiO4 and MAlO4 tetrahedra (where M is a monovalent 

cation ie. Na+, K+). This nomenclature was determined based on the observation that 

geopolymers were amorphous to X-rays and contained exclusively tetrahedrally 

coordinated silicon and aluminium by observation in NMR. The nomenclature calls for 

three linear oligomeric building units, called ‘polysialates’ (Davidovits, 1991). The term 

‘sialate’ is an abbreviation for silicon-oxo-aluminate and is used here to describe the 

bonding of silicon and aluminium by bridging oxygen. Poly(sialates) are said to have 

an empirical formula of: 
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( ){ } OH.AlOSiOM 222 wpzp                              Equation 2.1 

where: p is the degree of polycondensation, z is either 1, 2 or 3 and w describes the 

water content of the composite. The poly(sialate) oligomers are described as chain 

and ring polymers with Si4+ and Al3+ in IV-fold coordination with oxygen and range from 

amorphous to semi-crystalline (Davidovits, 1991). The oligomeric building units are 

depicted below: 
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Davidovits (1991) describes the geopolymeric binder as having a three-dimensional 

network structure, yet the polysialate oligomers are 2-Dimensional and their 

description as ring and chain polymers has not been experimentally verified in the 

literature. Furthermore, the three polysialate oligomers does not provide for the 

possibility of Al-O-Al linkages. Though Al-O-Al linkages are thermodynamically 

unfavourable in aluminosilicate systems, they are not strictly forbidden (Sauer and 

Engelhardt, 1982; Tossell, 1993). Hence, the polysialate oligomers under-specify the 

connectivity of each SiO4 and AlO4 centre in 3-Dimensional space, and fail to allow for 

the possibility of Al-O-Al linkages. The early published work of Davidovits (1988b; 

1988a; 1991; 1994) utilising the polysialate nomenclature is often referenced when 

introducing geopolymer technology, including the current work. These works provide 

the first widely available measurement and discussion of key properties including 

strength, setting, heavy metal encapsulation, acid-resistance, industrial waste 

utilisation, and fire-resistance in the literature, and the citation of these works to 

introduce the history of the technology is largely justified. However, the unavailability of 

sensitive tools for the analysis of the X-ray amorphous geopolymer structure at that 

time renders these works largely devoid of in depth discussion of the structure and 

chemistry of geopolymerisation. Therefore, as much of the current literature is heavily 
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based on this seminal work that introduces the polysialate nomenclature, the 

oligomeric interpretation of the structure of geopolymeric binder has become 

commonplace in the field of geopolymer research. The practical application of the 

polysialate nomenclature is often limited to the description of the nominal Si/Al ratio of 

specimens (Barbosa and MacKenzie, 2003a), though even this is insufficient for 

description of compositions with non-integer Si/Al ratios. 

A short time after Davidovits created the polysialate description of geopolymer 

structure an intense period of investigation of aluminosilicate minerals and zeolites 

spawned, where another notation for describing the backbone of alkali aluminosilicate 

systems was presented. The notation Qn(mAl), where 0 ≤ m ≤ n ≤ 4, n is the 

coordination number of the silicon centre and m is the number of Al neighbours, is 

used to describe the connectivity of a silicon tetrahedron bridged through oxygen to 

aluminium and to other silicon centres. This notation, as first described by Engelhardt 

(1982) can be used for explicitly characterising aluminosilicate systems including 

glasses, gels, zeolites and minerals in experimental and modelling investigations. The 

3-Dimensional basis of the Qn(mAl) notation is illustrated in Figure 2.1, where n is 4 

corresponding to tetrahedral geometry observed in geopolymers. For this reason, this 

notation will be adopted in the thesis in preference to the dimensionally inadequate 

polysialate oligomer description. The Engelhardt notation is flexible and can describe 

aluminosilicate materials irrespective of the degree of ordering, which makes it well 

suited for application to geopolymers that have non-prescribed ordering on any length 

scale at this stage. 

 

Figure  2.1 3-Dimensional coordination of silicon centres described by the Q4(mAl) notation of 
Engelhardt (1982).  
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2.3 Conceptual models of the structure of geopolymers 
In order to provide a fundamentally based and self-consistent description of 

geopolymer physical and structural evolution during thermal exposure, it is critical to 

have an accurate conceptual and structural model for the material formation process 

and properties at lower temperatures. Of the many conceptual models of 

geopolymerisation published in the literature, there are two broad categories; zeolite 

analogue and glass models. Each of these views stems from different underlying 

principles, and predicts differing response of geopolymers to exposure to high 

temperatures. 

Models that base themselves loosely around zeolite formation assume that as 

geopolymers are made from a tetrahedral aluminosilicate framework, they fall 

somewhere on a free energy diagram between a totally amorphous material and 

crystalline zeolite, which is the highest known energy crystalline material in the 

composition envelope. According to these models, geopolymeric materials will tend to 

transition from amorphous to crystalline zeolite with time. The differences in the 

conceptual models based on this underlying principle regard whether zeolite phases 

are present from synthesis as nanocrystals (Provis et al., 2005c), or whether they form 

from zeolite precursors (Palomo et al., 1999b), though the difference between these 

two concepts is often so small as to lie in semantics.  

The structure of geopolymers is often described broadly by the term ‘X-ray amorphous’ 

(Barbosa et al., 2000; Alonso and Palomo, 2001b; Granizo et al., 2002). The major 

feature of powder X-ray diffraction (XRD) patterns of geopolymers is a featureless 

‘hump’ centred at approximately 27-29° 2θ (Figure 2.2). However, authors have also 

noted formation of phases described as either semicrystalline or polycrystalline on 

several occasions (Davidovits, 1991; Palomo and Glasser, 1992; Krivenko, 1994; 

Palomo et al., 1999a; van Jaarsveld and van Deventer, 1999a; Xu and van Deventer, 

2000b; van Jaarsveld et al., 2002; Cioffi et al., 2003; Rowles and O'Connor, 2003; Yip 

et al., 2003c), particularly where no soluble silicon is present in the alkali activating 

solution. These observations follow the original work of Barrer and Mainwaring (1972a; 

b). Despite no detailed crystallographic investigation of the properties and formation of 

these phases, it is clear that the structure of geopolymers is not as simple as to be 

labelled as ‘X-ray amorphous’, semicrystalline or polycrystalline. Indeed, discussion of 

molecular level structure from observation of XRD diffractograms is rather futile, since 

amorphous materials are extremely poorly defined by this method. Furthermore, XRD 
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is unable to detect crystals smaller than approximately 5-10 nm in size due to 

excessive line broadening (Cullity, 2001). A deeper level of structural characterisation 

is required to enhance the understanding of crystalline phase formation, or lack 

thereof, in geopolymeric systems. 

 

Figure  2.2 Typical X-Ray diffractograms of geopolymeric materials from Davidovits (1991). 

A variation on the understanding of crystallinity in geopolymers claims that they are the 

amorphous analogue of zeolites (Xu and van Deventer, 2000b; Palomo and de la 

Fuente, 2003), since geopolymers are synthesised under similar hydrothermal 

conditions and often utilise the same raw materials, including metakaolin and fly ash. 

Description of a seemingly structureless material using a convenient crystalline 

paradigm appears fanciful on the surface, however, the analogy of geopolymers being 

zeolites has been utilised to describe the dehydration of geopolymers observed in DTA 

experiments as resulting from loss of ‘zeolitic water’ (Davidovits, 1982; Krivenko, 1994; 

Rahier et al., 1996b) to some effect. The fact that zeolite phases have been detected 

in some geopolymers (Davidovits and James, 1988; Davidovits, 1991; Palomo and 

Glasser, 1992; Skurchinskaya, 1994; van Jaarsveld et al., 1998; Palomo and Palacios, 

2003; Rowles and O'Connor, 2003) appears to add strength to this conceptual view, 

albeit the specimens in which zeolites are observed have poor mechanical properties 

or are cured at higher than practical temperatures. In the absence of conventional 

experimental evidence affirming zeolite phase formation in all generic geopolymers, 

Provis et al. (2005c) have reinterpreted geopolymer literature in terms of the possible 

formation of regions of nanocrystalline zeolite precipitates.  

Provis et al. (2005c) concluded that geopolymer XRD diffractograms appear similar to 

those observed during the formation of zeolites (Yang et al., 2000). The presentation 

of geopolymers being comprised of nanocrystalline zeolite inclusions is consistent with 
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the original description of Davidovits (1991), who suggested that the polysialate 

oligomers have amorphous to semi-crystalline morphology. Though the 

reinterpretation of geopolymer data yielded no definitive corroboration of the zeolite 

conceptual model, recent work by Provis et al. (2005d) has shown that isothermal DSC 

heat evolution data of geopolymer synthesis may be modelled by adopting a reaction 

mechanistic model based on zeolite formation in conjunction with an amorphous 

polymer, and predict the major calorimetric events. While this approach for 

investigating the structure of geopolymers is clearly valid and meritorious, it lacks 

prima facie evidence, such as indexed electron diffraction patterns in support of its 

contention. Nonetheless, the implications of zeolite phases being present in large 

quantities in all geopolymeric materials are extremely broad, including the ability to 

apply a large bank of knowledge from zeolite science quickly to geopolymer science. 

On the face of things, the concept of geopolymers containing crystalline regions seems 

logical, since zeolites are more thermodynamically stable than a purely amorphous 

material. However, it must be considered that the formation of zeolites occurs in an 

unrestrained environment, such as dilute aqueous solution, where structural 

rearrangement and nucleation are not geometrically hindered. Geopolymer systems 

are synthesised in viscous and highly strained solutions, where only sufficient water is 

available to maintain solvation of silicate species and alkali, while allowing wetting of 

the solid aluminosilicate source. Therefore, the mechanical work required to form 

zeolite crystals, which are of lower density than an amorphous phase, must be 

considered when stating the thermodynamic preference for formation of zeolite 

phases.  

A subsection of the nanocrystalline zeolite conceptual model describes the X-ray 

amorphous structure of geopolymers as an aluminosilicate gel (Palomo and Glasser, 

1992; van Jaarsveld et al., 1998; Lee and van Deventer, 2002b; van Jaarsveld et al., 

2002; Lee and van Deventer, 2003; Phair et al., 2003b). The description of 

geopolymers as amorphous analogues of zeolites led to the proposal that the structure 

of geopolymeric materials should be closely related to aluminosilicate gels from which 

zeolites are often synthesised (Palomo et al., 1999a; b; Krivenko and Kovalchuk, 

2002). Though the binder phase in geopolymers is often referred to as a gel, there has 

been little fundamental explication of this conceptual model in terms of properties and 

structure. A great deal of knowledge exists describing the mechanisms of formation, 

properties and behaviour of silicate gels formed from various methods (Brinker and 

Scherer, 1990). Therefore, there is a history of methods and procedures for 
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characterising these materials that could quickly and easily be adopted in geopolymer 

science if a clear and demonstratable link between geopolymers and silicate gels 

could be made. 

The second paradigm used to describe geopolymer structure and understand their 

properties is based around glass chemistry and science. Authors often describe the 

structure of geopolymers as ‘glassy’ (Davidovits, 1991; 1996a; Rahier et al., 1996b; 

1997; Palomo et al., 1999a; Barbosa et al., 2000; Allahverdi and Škvára, 2001a; 

Rahier et al., 2003a), which is based on the amorphous appearance of geopolymers to 

XRD, 29Si and 27Al NMR, and the use of genuinely glassy raw materials, such as fly 

ash, as feed stocks. Adoption of this paradigm ignores a fundamental difference in the 

synthesis and formation of geopolymers and glasses. The synthesis of geopolymers 

involves a condensation-polymerisation reaction from aqueous aluminosilicate 

solution, whereas glass formation is a physical process of supercooling melts at a rate 

to hinder crystallisation and formation of long-range order.  Geopolymerisation relies 

on a specifically aqueous reaction, alkaline pH values, the presence of alkali cations to 

charge-balance aluminium in tetrahedral co-ordination, and ambient to mildly 

hydrothermal curing conditions. Glass formation does not require the presence of 

water or alkali (ie. binary aluminosilicate glasses) and occurs from a cooling of a liquid 

melt. Geopolymerisation generally may occur in an isothermal environment, such as 

ambient curing. Therefore, the products formed from these two processes are 

expected to display fundamental differences in chemical and physical structure, which 

can be easily identified by modern analytical techniques. The analogy drawn between 

geopolymeric materials and glass is superficial and not based on any fundamental 

understanding of respective structures and serves no practical purpose understanding 

the binder material formed. Despite this, the use of genuinely glassy feed stocks does 

allow for analysis of the effects of alkaline reaction on the raw material to be 

performed. Lee and van Deventer (2003) investigated reaction of fly ash by FTIR, 

where only a small fraction of the raw material is converted to geopolymeric binder. 

Though glass literature may be used to analyse the raw material in these instances, it 

is invalid to utilise the same literature to discuss the binder phase. Thus, raw material 

independent analysis methods are required, such as NMR. 

Since geopolymers are often interpreted in terms of zeolite and glass science, 

selection of experimental techniques and interpretation of the resultant data are often 

based heavily on the assumptions that are specific to each structural model. 
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Therefore, adoption of a structural model for interpretation of data, and the 

assumptions that are implicit therein, can lead to erroneous, inappropriate and 

unsubstantiated conclusions. Davidovits’ (1991) structural model of geopolymers, 

being an inorganic polymer formed from discrete oligomeric building units, provided a 

paradigm for subsequent experiments to be formulated in terms of polysialate (PS) 

polysialate-siloxo(PSS) and polysialate-disiloxo(PSDS) compositions (Si/Al ratio of 1,2 

and 3 respectively) with an assumed molecular structure. Although no experimental 

data have been reported to suggest the presence of non-bridging oxygen (NBO) in the 

framework of geopolymeric materials, the use of the term ‘glass’ to describe the binder 

implies the existence, and therefore implied acceptance of such concepts. Indeed the 

results of Rahier et al. (1997) show that the heat of reaction during geopolymerisation 

is inherently linked to the ratio of Al/M (where M is an alkali cation). The heat of 

reaction has been reported to increase until the Al/M ratio reaches unity, beyond which 

no greater heat is released. Furthermore, a maximum in both compressive and tensile 

strength of metakaolin-derived geopolymers is found when Al/M is unity (Kaps and 

Buchwald, 2002). Excess alkali is often seen to be consumed as alkali carbonates 

(Rowles and O'Connor, 2003). These results suggest that the alkali content required to 

maximise reaction is closely tied to aluminium content, and that alkali cannot be 

incorporated in the framework by creation of non-bridging oxygen sites.  

Geopolymeric binders are described as being amorphous and yet crystalline at the 

same time (Davidovits, 1991), both zeolites and glassy within the same work (Rahier 

et al., 1996b), and an amorphous analogue of a crystalline material (Davidovits, 1991). 

There is little consistency in the understanding of geopolymer structure and 

relationships between fundamental structure and properties in the literature, mainly 

due to the lack of fundamental structural enquiry. It is clear from the current lack of a 

holistic understanding of geopolymer structure and formation, that for a meaningful 

study of the structural and physical evolution of geopolymers during thermal exposure, 

a reinvestigation of geopolymer structure and properties at ambient conditions is 

required. A model for geopolymerisation is required that is not based on a paradigm 

that has implicit assumptions that may not be valid.   

2.4 Characterisation of the structure of geopolymers 
The level of detailed geopolymer characterisation is generally poor in the literature. 

Indeed, the commonplace acceptance of the polysialate nomenclature and structural 

model exemplifies that superficial understanding of geopolymer structure. Indeed, the 
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understanding of what constitutes material structure varies substantially between 

disciplines, with chemists, physicists, chemical engineers, civil engineers and materials 

scientists (to name but a few) all having different concepts of description, as it applies 

in each discipline. Therefore, the differing concepts and delimitations of structure must 

be clarified from the outset in order to avoid confusion. On an atomic length scale 

geopolymers are comprised of metal cations of Si4+ and Al3+ (often referred to as T 

atoms in molecular diagrams) linked together by oxygen anions, O2-. Clusters of these 

atoms linked together are described as the short-range ordering. Short-range ordering 

is limited to the two or three next-nearest-neighbours of the atom under consideration 

The short-range order can be described in varying detail, from merely atomic 

connectivity to bond lengths, angles and correlation distances between non-covalently 

linked neighbouring atoms. A basic conceptual view of geopolymer short-range 

ordering, incorporating only atomic connectivity is illustrated in Figure 2.3. The 

molecular ordering and next-nearest neighbour ordering of X-ray amorphous materials 

is generally most successfully investigated by Nuclear Magnetic Resonance (NMR). 

 

Figure  2.3 A proposed conceptual view of geopolymer short-range ordering from Barbosa et al. 
(2000). 

The scale of consideration in the order of 10’s to 100’s of nanometres is considered to 

be the microstructure. This incorporates the medium to long range ordering of 

geopolymers and is commonly investigated using microscopic techniques such as 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). 

Typical images illustrating some microstructures of geopolymer across these length 

scales are presented in Figures 2.4 and 2.5. 
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Figure  2.4 SEM micrograph of geopolymer synthesised from metakaolin and sodium silicate. 

Nominal chemical composition is NaAlSi2O6·5.5H2O. 

 

Figure  2.5 TEM bright field micrograph of geopolymer synthesised from metakaolin and potassium 

silicate. Nominal chemical composition is KAlSi2O6·5.5H2O. 

2.4.1 Short-range ordering 

NMR methods form the basis for much of structural determination and molecular 

dynamics in organic chemistry. Routine methods for collecting spectra of important 

nuclei of geopolymers, such as 29Si, 27Al, 23Na, 17O, 2H and 1H, have been developed 

and well understood since the 1980’s. The straightforward application of NMR in 

liquids relies on rapid, random motion of molecules to average particular nuclear 

magnetic interactions to zero or discreet isotropic values, which results in narrow lines. 

However, obtaining NMR spectra of materials in the solid-state was initially thought to 
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be impossible. Solids and other immobile systems (eg. absorbed species) are highly 

constrained, making the nuclear magnetic interactions substantial. This results in very 

broad to featureless resonances that mask differences in the transition frequencies of 

nuclei in difference structural environments.  

NMR experiments have been developed since the 1980’s to overcome the line 

broadening issues associated with solid-state NMR: magic-angle spinning, high-power 

decoupling, multiple pulse sequences and multiple quantum experiments (Klinowski, 

1984; Engelhardt and Michel, 1987; Medek et al., 1995). Solid-state NMR is currently 

still an area of extremely rapid experimental and instrumental development, particularly 

for experiments to observe nuclei that suffer from large quadrupolar interactions, which 

include 23Na, 27Al, 17O, and 2H that are of specific interest to researchers in geopolymer 

science. Therefore, in comparison to organic systems, where high resolution structural 

information has been obtainable for some time, new methods are becoming available 

for probing inorganic systems, such as geopolymers, on a quite literal day to day 

basis. Hence, understanding of the structure of geopolymers by NMR is now possible 

in ways that have previously not been available, and provides a largely unexplored 

scientific realm. 

29Si, 27Al and 17O MAS NMR are indispensable tools in structural research of inorganic 

silicates, aluminosilicates, organosilicane compounds and silicon polymers. 

Complications arise when studying 27Al and 17O, since these nuclei have substantial 

nuclear quadrupolar moments, giving rise to substantial additional line broadening, 

which reduces the resolution of spectra as to be largely uninformative. Despite this, 

high resolution spectra of quadrupolar nuclei can be obtained by use of specialised 

experiments and high magnetic field instruments. Unfortunately, the relative 

abundance of the NMR active oxygen nuclei, 17O, is 0.034%, making isotopic 

enrichment the only possible method to achieve a sufficient signal to noise for data 

acquisition. Therefore, 17O NMR spectra are unlikely to be utilised routinely for analysis 

of geopolymer systems, but it may be utilised for specific cases to elucidate critical 

structural information that cannot be determined otherwise. 

The elucidation of long-range order in highly crystalline materials has played a 

predominant role in the past and is sill of considerable interest when studying 

geopolymer systems containing crystalline phases. However, there is a need for 

detailed investigations of local order in X-ray amorphous systems (Provis et al., 

2005c). A more thorough understanding of the structure of geopolymeric materials on 
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this scale will aid in the understanding of their bulk properties. Techniques such as 

High Resolution TEM (HRTM) (van Jaarsveld, 2000a), Extended X-ray Adsorption 

Fine Structure (EXAFS), X-ray and Neutron Powder Diffraction  methods (Phair et al., 

2003a), and high-resolution NMR (Rahier et al., 1997; Barbosa and MacKenzie, 

2003a; b) are all suitable for providing specific information on geopolymer structure. 

Furthermore, efforts to incorporate computer and molecular modelling provide a new 

approach to understand aluminosilicate structures from a fundamental point of view (a; 

Provis and van Deventer, 2004a; Provis et al., 2005d). However, the use of solid state 

NMR to elucidate the structure of both X-ray amorphous and crystalline materials has 

proven to be very effective, especially for determining the formation and structural 

ordering of amorphous aluminosilicate systems in particular (Zhang et al., 1996; Lee 

and Stebbins, 2000; Lee, 2004b). The progress has by and large been achieved 

through simple application of the aforementioned solid-state techniques: magic-angle 

spinning, high power decoupling, multiple-pulse sequences and multiple quantum 

experiments. 

 

Figure  2.6 27Al MAS  NMR spectrum of a metakaolin derived geopolymer, from Davidovits (1991). 

Davidovits (1988b) pioneered NMR investigations of geopolymers in the 1980’s. 27Al 

MAS NMR investigations of metakaolin-based geopolymers determined that reacted 

samples contain predominantly Al(IV) with trace amounts of Al(VI) (Davidovits, 1991). 

An 27Al MAS NMR spectrum of geopolymer is presented in Figure 2.6. Metakaolin is 

known to contain approximately equal populations of Al(IV), Al(V) and Al(VI) and 

therefore, it was proposed that during the course of geopolymerisation, Al(V) and 

Al(VI) were converted to tetrahedral sites with an associated alkali cation to maintain 

electronic neutrality (Davidovits, 1991). Conversion of aluminium to Al(IV) is expected 

in the highly alkaline environment for geopolymerisation and has been widely observed 

in zeolite systems. Remnant Al(VI) observed in the 27Al spectra of geopolymers is 
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thought to result from unreacted metakaolin and not the formation of Al(VI) as part of 

geopolymeric binder. Davidovits (1991) showed that 29Si MAS NMR spectroscopy can 

be used to reveal a broad resonance at –94.5ppm, which was likened to that of 

tetrahedral silicon in zeolite gels prior to crystallisation. Davidovits (1991) speculated 

that the broad peak at –94.5ppm was comprised of all five possible silicon Q4(mAl) 

species, as seen in previous investigations of aluminosilicate systems (Klinowski, 

1984). Davidovits’ conceptual view of how the different structural Q4(mAl) sites 

contribute to 29Si MAS NMR spectra is shown in Figure 2.7. 

 

Figure  2.7 29Si MAS NMR spectrum of metakaolin derived geopolymer, from Davidovits (1991). 

Davidovits’ original NMR work has been replicated numerous times with geopolymers 

formed from different raw materials, confirming that the original results are 

representative of all geopolymers (Hos et al., 2002; Xu and van Deventer, 2003a). 

Rahier et al. (1996a) collected a large number of 29Si MAS NMR spectra of 

geopolymers with varied Si/Al ratios. However, only the peak width and position were 

noted, with little detailed understanding of geopolymer structure displayed. Van 

Jaarsveld and van Deventer (1999a; 1999; 2002c) compared the 27Al  and 29Si  MAS 

NMR spectra of geopolymers containing metal contaminants, with little variation 

observed. However, the spectra in these investigations suffer from poor resolution and 

low signal-to-noise, which make identification of any changes that occur in these 

specimens difficult to observe, especially given the nominally featureless nature of the 

resonances from the outset. Xu and van Deventer (2003b) characterised the 

aluminium environments of starting materials and compared them with geopolymer 

specimens using 27Al MAS NMR. Whilst also suffering from poor signal-to-noise, the 

interpretation of these results also suffers from poor phase processing and large 

contributions from quadrupolar line broadening due to the relatively low-field of the 
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NMR instrument. Similar investigations on higher-field instruments would be of 

significant value. 

A calorimetric study of metakaolin/calcium hydroxide geopolymers (Alonso and 

Palomo, 2001b) used 29Si and 27Al MAS NMR in an attempt to characterise variation in 

molecular structure with alkali concentration in the activating solution. The 29Si MAS 

NMR spectra shown in Figure 2.8 are not normalised or of sufficient signal-to-noise to 

provide any certainty in the interpretation of the spectra. At best, these spectra may be 

interpreted as exhibiting some change in peak width, as opposed to the variation in 

Q4(mAl) species as claimed. The 27Al MAS NMR spectra presented in the work of 

Alonso and Palomo (2001b) are also not normalised, which distorts the interpretation.  

 

Figure  2.8 29Si MAS NMR spectra of geopolymers with poor signal-to-noise, from Alonso and 

Palomo (2001b). 

Barbosa et al. (2000; 2003a; b) utilised NMR to determine the setting characteristics of 

geopolymeric materials synthesised using sodium alkaline solutions and some thermal 

properties of systems synthesised on both sodium and potassium alkaline solutions. 

The specimens investigated were formulated with non-systematically varied H2O/M2O 

content (where M was Na or K) and between 50-66% of the stoichiometric requirement 

of alkali according to the work or Rahier et al. (1996a). The curing conditions utilised 

were short by comparison to most investigations and involved a ‘drying’ step, which is 

unique to this group. The drying step may have been included due to the inability to 

get all specimens to chemically cure. Therefore, drying may result in the formation of a 

silicate bonded system rather than a 3-Dimensional aluminosilicate framework. In 

order to determine the difference between geopolymers that would cure and those that 
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would not, 29Si solution NMR was used to show the disappearance of individual silicon 

species during curing. Barbosa et al. (2000; 2003b) claim that the 29Si spectra of 

geopolymers are unaffected by composition  or thermal treatment, which directly 

contradicts previous work of Rahier et al. (1997), which showed a systematic change 

in 29Si spectra with composition. Barbosa et al. (2003b) presented 29Si and 27Al NMR 

spectra of specimens after treatment at elevated temperature in combination with XRD 

diffractograms showing the crystallisation of geopolymers to form leucite and kalsilite 

above 1000˚C. In light of the NMR evidence provided by Barbosa et al. (2003b) in 

contradiction with Rahier et al. (1997), the level of accuracy attributed to the structural 

information of geopolymers subjected to elevated temperatures presented by Barbosa 

et al. (2003b) must be viewed with caution. Therefore, to understand the effects of 

heating on the structure of geopolymers, it would be ideal to determine the effect of 

composition on the NMR characteristics of a systematic series of geopolymers under 

ambient conditions and then observe changes after heating and reconcile these data 

with that of Barbosa et al. (2003b). 

Singh et al. (2005) investigated the curing of geopolymers with solid-state NMR with 

similar results, suggesting that geopolymers may be formed from using low weight 

fractions of metakaolin with large amounts of silicate solution to increase the Si/Al ratio 

of specimens. The spectra of the cured geopolymers appear similar to those of 

Barbosa et al. (2000), who claim them to be poorly cured. This work fails to show that 

the materials synthesised are geopolymeric and not simply silicate bonded composite 

containing metakaolin. Indeed, the activating solution would react with the metakaolin 

to produce soluble silicon and aluminium, however, low availability of aluminium would 

make it impossible for the large excess of alkali to be incorporated into a structure by 

charge balancing association. Therefore, the excess alkali must be associated with 

terminal oxygen on silicate oligomers resulting in a predominantly silicate glass 

material, which is clear from the results. If these materials were to be subjected to 

immersion in water the silicate glass would dilute and the material would likely 

fragment and redissolve. This work demonstrates a lack of understanding of the role of 

both the alkali and aluminium in geopolymerisation, and how the association of alkali 

with aluminium is critical to the structure.  

Palomo et al. (2004) deconvoluted 29Si MAS NMR spectra to characterise fly ash and 

relate properties to geopolymers synthesised from the materials. It was found that the 

deconvolution procedure utilises up to nine peaks to fit the spectra, which is large 
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compared to the expected number of peaks. Mahler (1995) investigated the 

importance of constraints on deconvolution of 29Si MAS NMR spectra, finding that 

selection of appropriate parameters and peak locations based on the reasonable 

expectation of components in the material investigated is critical in obtaining 

meaningful results. The fitting procedure used in the deconvolution of Palomo et al. 

(2004) is not adequately explained given the large number of peaks and variation in 

peak widths observed. Some form of sensitivity analysis or justification for the 

deconvolution procedure allows for little certainty to these claims reported. 

Nonetheless, deconvolution of 29Si MAS NMR spectra could provide a method for 

determining the actual Qn(mAl) speciation in geopolymers and geopolymer raw 

materials, provided that the fitting procedure is constrained to represent the sites that 

are possible in the system in accordance with Mahler (1995).  

Though NMR spectroscopy has been utilised as one of the primary methods for 

analysis of geopolymer systems as outlined, it has also been used as a supporting 

method in numerous investigations. Hos and McCormick (2002) and Lecomte and 

Liegeois (2003) used 29Si  and 27Al  MAS NMR to show that melt-quenched 

aluminosilicate glass, metakaolin and calcined white clay could be converted into 

geopolymeric material, respectively. Here, the ability of NMR to show that the co-

ordination of aluminium in the solid raw material is altered from Al(VI) and Al(V) to 

predominantly Al(IV) provides a clear indication of the extent of structural 

reorganisation of aluminium. Furthermore, shifts in the 29Si spectra also indicate 

structural reorganisation of silicon sites.  

Similarly, Allahverda and Škvára (2001a; b) successfully applied 29Si MAS NMR to 

demonstrate the effect of leaching geopolymer in nitric acid. The 29Si spectra show a 

reduction in the most positive end of the spectra, which is associated with silicon sites 

co-ordinated with aluminium. The complementary 27Al MAS NMR spectra are 

conclusive, showing a reduction in the amount of tetrahedrally coordinated aluminium. 

Allahverda and Škvára (2001a; b) concluded that the change in the NMR spectra were 

due to reductions in the aluminium content of the specimen, specifically of Al(IV), 

which makes up the geopolymeric framework. This work provides the most successful 

application of NMR to geopolymers since the initial work of Davidovits (1988b), clearly 

demonstrating the ability of NMR to determine tangible and meaningful relationships 

between observations and the structure of the geopolymeric material. 
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Though not utilised to a large extent in geopolymer research, Phair and van Deventer 

(2001; 2002a; b) used solution-state NMR to characterise both silicate and aluminate 

solutions to attempt to correlate solution properties with those of the resulting 

materials. The focus surrounded pH related variation in properties of solutions, with 

little quantification of concentration being accounted for. These results do not add to 

previous knowledge available in the literature (Swaddle, 2001) and were unable to 

show a correlation with the structure of geopolymers, unlike that of Allahverda and 

Škvára (2001a; b). In later work, Phair et al. (2003b) utilised solid-state NMR to draw 

comparisons between aluminosilicate hydrogels and geopolymers during the early 

stages of curing. This work provides a good example of many applications of NMR in 

the role of supporting evidence, where NMR spectra provide no substantive link 

between material structure and other corroboratory data.  

The initial application of NMR spectroscopy by Davidovits (1991) to the study of 

geopolymeric materials allowed for the most fundamental structural characteristics of 

the framework to be elucidated. Unfortunately, since this pivotal work the sum total of 

solution and solid-state NMR on geopolymeric materials to date can be summarised as 

predominantly superficial. The use of NMR in geopolymer research plays a minor role 

to support or shroud other experimental techniques. Claims of changes in molecular 

structure are often extracted from spectra of insufficient signal-to-noise to allow 

certainty and confidence in the results or that are poorly interpreted with respect to the 

literature. In only a handful of investigations has NMR been utilised to demonstrate a 

link between the characteristics of the material on a molecular level and the properties 

measured by another method. Furthermore, there has been no further fundamental 

elucidation of geopolymer structure, exhibiting a deeper and more insightful view of the 

mechanism of formation or interactions. Given the rapid development of solid-state 

NMR techniques in recent years, there is a great potential to reinvestigate the structure 

of geopolymers by NMR with greater resolution and sensitivity than in the past. 

2.4.2 Microstructure 

Recent microstructural analysis of geopolymers carried out using predominantly 

Scanning Electron Microscopy (SEM) has identified regions of the binder that have 

been labelled ‘geopolymeric gel’ (Palomo et al., 1999b; Phair et al., 2000; Lee and van 

Deventer, 2002b; c; d; Cheng and Chiu, 2003; Yip et al., 2003a; Yip and van Deventer, 

2003), such as identified in Figure 2.4 in the preceding section. The chemical 

composition of these regions determined by Energy Dispersive X-ray analysis (EDX) 
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has been reported to vary between Si/Al ratio of 1.6-2.0 (Xu and van Deventer, 2002b; 

c); however, the molecular structure of these regions is yet to be identified. The 

microscopic understanding of geopolymeric gel is hindered though, since most 

analysis has been completed on binders synthesised from impure materials such as fly 

ash and ground granulated blast furnace slag (GGBFS), which contain a large amount 

of unreacted material and unknown quantities of impurities dispersed in the gel 

(Palomo et al., 1999b; Lee and van Deventer, 2002a; b; c; Yip and van Deventer, 

2003). Therefore, the microstructure of geopolymeric composites, not the 

geopolymeric binder itself, have been the object of interest in published investigations.  

 

Figure  2.9 The SEM micrograph of fly ash derived geopolymer, from Lee (2002). 

A typical SEM micrograph of a fly ash geopolymer is presented in Figure 2.9. Several 

characteristics of these systems can be observed. Firstly, the microstructure is 

extremely inhomogeneous. The material contains a high fraction of unreacted fly ash, 

bound together by geopolymeric gel in the interstices of the unreacted particles. 

Furthermore, in order to provide a representative view of the microstructure, the field of 

view is large for SEM analysis, in the order of 10000 µm2. This results in a poor 

microscopic understanding of the structure of the gel binder itself, because the gel 

binder is no longer the focus of the investigation. The morphology and large amount of 

unreacted fly ash is prohibitive for collection of high quality SEM images. The large 

spherical particles often dislodge from the binder during sample preparation, which 

complicates the analysis of the cross section. The uneven surface then compromises 

the accuracy of EDX analysis, since both a flat and chemically homogenous material is 

assumed. The high level of unreacted material also makes it difficult to determine the 
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nominal Si/Al ratio of specimens for comparison with measurements made by EDX, 

based on the known Si/Al ratios of the components.  

The use of metakaolin (calcined kaolin clay) as an aluminosilicate source eliminates 

many of these issues. Metakaolin provides a more pure readily characterised starting 

material. The chemical content is closely constrained approximately at a Si/Al ratio of 

1. The particle morphology is more uniform and understood, being similar to the plate 

structure of the kaolin from which it is formed.  By use of phase pure kaolin clay as a 

starting material, the final metakaolin is pure and highly reactive. All of these factors 

greatly enhance the ability to synthesise geopolymeric materials that are more highly 

reacted and with a more well understood chemical content than specimens 

synthesised form industrial waste derived aluminosilicates. Metakaolin-based 

geopolymers are a convenient ‘model system’ upon which analysis can be carried out, 

without the unnecessary complexities introduced by the use of fly ash or slag as raw 

materials. The microstructure of a typical metakaolin geopolymer is shown in Figure 

2.10. It can be observed that the microstructure is extremely homogeneous, contains 

only a small fraction of material left unreacted, is representative at higher 

magnification, and is readily polished to higher tolerances compared to the fly ash 

specimen in Figure 2.9. Therefore, the use of metakaolin allows for more detailed 

analysis of the properties, chemical composition and structure of the geopolymeric 

binder. 

 

Figure  2.10 SEM micrograph of a geopolymer derived from metakaolin. 
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The microstructure of geopolymeric binders with different compositions has not been 

investigated in isolation. Xu and van Deventer (2002a; b; c) briefly noted some of the 

microstructural details of mixed clay/feldspar geopolymers, once again focussing on 

the existence of unreacted material and their morphology. Rowles and O’Connor 

(2003) completed an optimisation of compressive strength of geopolymers based on 

metakaolin by variation in the chemical composition, with several SEM micrographs of 

different matrices being provided. However, no link was demonstrated between the 

microstructure of specimens with their mechanical properties. Kriven and Bell (2004) 

and Kriven et al. (2003; 2004b) have recently focused on identifying the morphology, 

microstructure and properties of geopolymeric gels derived from high purity raw 

materials, including calcined phase pure kaolin and synthetic atomically homogeneous 

amorphous mixed oxide powders. The work of Kriven et al. (2003; 2004b) follows from 

the original high resolution electron microscopy studies of van Jaarsveld (2000b) and 

Cheng and Chui (2003). Bell and Kriven (2004) have shown some systematic 

differences in the pore structure of geopolymers dependent on the alkali cation mixture 

in the activating solution, and a high level of microscopic resolution of the 

geopolymeric gel (Kriven et al., 2003). Unfortunately, these studies are focussed on a 

single nominal Si/Al ratio of 2. Hence, the link between chemical composition and 

mechanical properties identified by Rowles and O’Connor (2003) was not further 

elucidated in these studies.  

2.5 Structural determination of alkali aluminosilicate 
materials by NMR spectroscopy 
This section details some key literature concerning the characterisation of 

aluminosilicate materials by NMR and the information discerned from these 

investigations. Since aluminosilicates are one of the largest families of materials on 

earth, there is a plethora of information available, so this review is not exhaustive. The 

aim is to describe the main characteristics of different aluminosilicate systems, the 

experimental methods employed to determine these characteristics, and how they 

compare and may relate to geopolymeric materials. This should provide a solid basis 

to determine an appropriate regime of characterisation for geopolymers and also frame 

the current understanding of geopolymers within a larger set of aluminosilicate 

materials.  
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2.5.1 Molecular structure and Loewenstein’s Rule in 
aluminosilicates 

The understanding of the short-range ordering of aluminosilicate materials such as 

zeolites, minerals, and glasses has been immensely improved and deepened through 

application of NMR spectroscopy. The initial work appeared in the literature in 1980-81 

(Lippmaa et al., 1980; Engelhardt et al., 1981b; Klinowski et al., 1981; Lippmaa et al., 

1981; Ramdas et al., 1981). The wealth of applications of predominantly 29Si and 27Al 

solid-state NMR has been applied to structural studies of silicate and aluminosilicate 

materials, including natural and synthetic minerals, silicates, aluminosilicates, zeolites 

and glasses. 29Si and 27Al solid-state NMR are exploited by most research groups and 

manufacturers dealing with silicate and aluminosilicate science. These techniques 

have been used largely to determine the structures of zeolites and minerals, however 

numerous studies have been undertaken on other synthetic and natural silicate and 

aluminosilicate systems.  

The short-range ordering of silicon and aluminium within tetrahedral framework 

structures has been the subject of significant theoretical work and controversy for over 

50 years. The most significant early work on short-range structural analysis of 

aluminosilicates is by Loewenstein (1954). Loewenstein’s Rule states that no two 

aluminium ions can occupy the centres of tetrahedra linked by one oxygen, and was 

based on the Pauling (1929) radius ratio rule. It is often assumed, either explicitly or 

implicitly, to be obeyed strictly in aluminosilicate structures (Davidovits, 1991; 

Akporiaye et al., 1996; Harris et al., 1997; Rowles and O'Connor, 2003). However, 

there is no theoretical basis for strict application of aluminium avoidance, but rather a 

thermodynamic preference giving a strong tendency towards avoidance of Al-O-Al 

bonds.  

Lattice energy (Cohen and Burnham, 1985; Bell et al., 1992) and combined ab initio 

molecular mechanics calculations (Catlow et al., 1996) have shown that this tendency 

is due primarily to the exothermicity of the reaction described in Equation 2.2, both in 

solution and in the solid state. 

[ ] [ ] [ ]≡≡⇔≡≡+≡≡ Al-O-Si 2     Al-O-Al      Si-O-Si  ∆H = -ve        Equation 2.2 

Free energy minimisation considerations may therefore be used to interpret the 

observed tendency towards Al-O-Al avoidance in aluminosilicate structures. The 

unfavourable formation of Al-O-Al bonds in solution is believed to be largely 
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responsible for the short-range ordering of silicon and aluminium centres in 

hydrothermally synthesised aluminosilicates (Catlow et al., 1996). Significant degrees 

of Si/Al disorder have been observed in melt-quenched glasses (Lee and Stebbins, 

1999; 2000), synthetic feldspars  (Phillips et al., 1992) and natural minerals (Sokolova 

et al., 1996; Sherriff et al., 1998; Stebbins et al., 1999b). A Monte Carlo simulation of 

Si/Al ordering in ultramarines over a wide range of synthesis temperatures showed a 

sudden decrease in ordering at approximately 500˚C, with the high-temperature 

regime producing essentially random ordering (Gordillo and Herrero, 1992). Similar 

temperature effects were incorporated into the simple statistical model of Lee and 

Stebbins (1999)  via a Boltzmann-type exponential term. Graphical representation of 

the calculated distribution of Q4(mAl) species by Lee and Stebbins (1999) is presented 

in Figure 2.11.  

 

Figure  2.11 Calculated distributions of Q4(mAl) species with respect to variation of composition 

and degree of Al avoidance (Q). mAL refers to Q4(mAl). (a) random distribution of Si and Al (Q = 0), 
(b) Perfect Al avoidance (Q = 1), (c) Q = 0.85, (d) Q = 0.99, from Lee and Stebbins (1999). 

However, such calculations have never before been applied to geopolymeric materials, 

with the amorphicity of these materials and the lack of reliable data regarding atomic 

configurations within the binder phase combining to make such analysis very difficult. 

As with other aluminosilicates, chemical ordering is primarily determined by the 

exothermicity of Equation (2.2). The enthalpy of Equation 2.2 is dependent on several 

factors including the cations present and the positions of the centres within the network 

structure (Cohen and Burnham, 1985; Navrotsky et al., 1985; Lee and Stebbins, 

1999). It is generally understood that bond ordering energies in minerals are 
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insensitive to composition providing that the variation is only in the ratio of the ordering 

cations, in this case Si and Al (Bosenick et al., 2001). However, it is entirely possible 

that the energies will change in the presence of different charge-balancing cations, 

such as sodium and potassium. Framework cation substitution in the second 

coordination sphere of a particular tetrahedral site has been calculated to contribute 

approximately ±20% to the value of the bonding energy (Palin et al., 2001). However, 

this effect is difficult to account for explicitly, and is therefore often neglected in 

simulations of Si/Al ordering (Myers et al., 1998; Vinograd and Putnis, 1999). 

Therefore, it is reasonable to expect that some degree of Al-O-Al linkages can be 

expected in the short range Si/Al ordering of geopolymers. Quantification of the silicon 

centres in terms of Q4(mAl) centres is sufficient to provide the total T-O-T populations 

which can be utilised for thermodynamic modelling. Furthermore, Al-O-Al linkages can 

be directly observed with 17O 3Q-MAS NMR experiments (Stebbins et al., 1999b; 

Cheng et al., 2000; Lee and Stebbins, 2000; Lee, 2004a), as shown in Figure 2.12.  

 

Figure  2.12 17O 3QMAS NMR spectrum of LiAlSiO4 glass. The contour intervals show intensity in 

arbitrary units and are drawn from 3% to 98% of highest peak intensity with spacing of 5%, from 
Lee and Stebbins (2000). 

The level of sophistication and experimental results in the field of Si/Al ordering in 

aluminosilicates is well advanced, with the exception of geopolymers. Geopolymer 

literature maintains that the Loewenstein Rule is strictly adhered and that it is 

impossible to determine any quantitative information on the Si/Al ordering in terms of 

Q4(mAl) centres in geopolymers from NMR. The implications of Al-O-Al linkages being 

present in geopolymers alone are substantial and worthy of investigation. Whilst 
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understanding the thermodynamics of geopolymerisation is of vital importance from a 

theoretical point of view, such understanding also has profound practical implications. 

Al-O-Al linkages are energetically weaker than Si-O-Al and Si-O-Si linkages, providing 

a site for depolymerisation and degradation of the binder from water to occur, as has 

been observed in zeolite systems (McDaniel and Maher, 1976; Stebbins et al., 1999b). 

High-energy sites will also lower the energy barrier for thermal decomposition and 

crystallisation of the amorphous gel, which will play a large role in determining the 

thermal stability of geopolymers. The thesis will investigate these aspects of 

geopolymeric materials.  

2.5.2 Aluminosilicate minerals 

Since aluminosilicate materials are the most abundant minerals in the earth’s crust, 

they have attracted corresponding attention from mineralogists and researchers. The 

structure of aluminosilicate minerals can be derived by substitution of AlO4
- for SiO4 

tetrahedra in the framework of silicate structure types with cations in the interstices of 

the framework to compensate the negative charge of the AlO4
-. The overall structure of 

aluminosilicate minerals is similar to the base framework of geopolymeric materials, 

although geopolymers lack the rigid short to long-range order. The presence of 

aluminium in the framework has two fundamentally important implications for 

application of NMR to the structural studies of aluminosilicates. 27Al NMR can be used 

in addition to 29Si to study the framework structure, and secondly, characteristic low-

field shifts of peaks appearing in 29Si NMR spectra are observed for each Si-O-Al 

linkage around a silicon nucleus (Engelhardt and Michel, 1987). 

The difficulties in identifying the structure of individual mineral phases by traditional X-

ray diffraction arise from lack of purity and long-range order. Furthermore, identification 

of the Si/Al distribution is difficult by X-ray diffraction due to the similar atomic weight 

and scattering factors of Si and Al. Therefore, NMR has proven to be a valuable tool to 

complement X-ray methods and provide information about the Si/Al ordering and 

structural transformations such as those induced by thermal and mechanical 

treatment. Spectra of numerous layer silicates and aluminosilicates have been 

collected and published in the past decades, with minerals of prime interest in 

geopolymer science including kaolin [Al4(Si4O10)(OH)8] (Barron et al., 1983; Magi et al., 

1984; Thompson, 1984), dickite [Al4(Si4O10)(OH)8] (Komarneni et al., 1985), analcime 

(Kim and Kirkpatrick, 1998) (Figure 2.13),  feldspars (Kirkpatrick et al., 1985) and 

others, which are discussed in the section of this chapter relating to phase relations of 
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alkali aluminosilicates. Of particular interest is the structural changes in kaolin upon 

thermal treatment to form metakaolin (MacKenzie et al., 1985), which is the raw 

material chosen for synthesis of geopolymers in the thesis. Despite the fact that 

geopolymers lack the crystal structure of minerals, and therefore the highly resolved 

spectra, the chemical shifts and electronic shielding data that can be extracted from 

data collected from aluminosilicate minerals can be applied to the understanding and 

interpretation of geopolymer NMR data. 

Line splitting due to the presence of distinct Q4(mAl) centres can be observed in the 
29Si NMR spectra of layer silicates with significant levels of aluminium in the 

tetrahedral sheet. Increasing substitution of aluminium in the second co-ordination 

sphere of silicon results in the formation of Q4(1Al), Q4(2Al) and Q4(3Al) centres 

respectively, with systematic desheilding occurring with increasing coordination with 

aluminium and allowing assignment of the peaks to Q4(mAl) centres possible. Typical 

chemical shifts are ± 2 ppm of –91 ppm for Q4(0Al), -87 ppm for Q4(1Al), -82 ppm for 

Q4(2Al) (Sanz and Serratosa, 1984), and –76 ppm for Q3(3Al) (Magi et al., 1984). 

 

Figure  2.13 Room-temperature 29Si MAS NMR spectra for two analcimes from Arizona and Quebec, 

adapted from Kim and Kirkpatrick (1998). 

It was originally assumed that there were no Al-O-Al linkages present in the tetrahedral 

sheet of analcime (ie. Loewenstein’s Rule applies). Therefore Si/Al ratios were 

calculated from the Q4(mAl) intensities, I4,m according to Equation 2.3: 
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Good agreement between Si/Al ratios calculated from chemical compositions and 29Si 

NMR were found for several layer aluminosilicates (Sanz and Serratosa, 1984).  More 

recently, the adherence of minerals to this principle have been confirmed by higher 

resolution 17O 3QMAS NMR experiments (Lee et al., 2003). Therefore, if geopolymers, 

too, may be confirmed as adhering to Loewenstein’s principle as is currently thought, 

accurate Si/Al ratios may be readily determined from 29Si NMR spectra. 

The structure of tectoaluminosilicates is more closely aligned with that of geopolymers, 

being based on a three-dimensional framework of SiO4 and AlO4 tetrahedra linked by 

all corners. As in geopolymers, the negative charge on the AlO4
- tetrahedra is 

neutralised by non-framework cations occupying voids in the structure. Different Si/Al 

distributions, framework topologies, cations and cation locations give rise to numerous 

distinctive structures of feldspars and zeolites. No attempt here will be made to detail 

the structure and mineralogy of feldspars, other than to point to specific progress made 

through use of NMR techniques, and that since these materials have many structural 

similarities on a molecular level, there is much that may be learnt from analysis of 

feldspar NMR literature.  

The 29Si chemical shifts of feldspars are comprised of all Q4(mAl) centres, from –83 

ppm for Q4(4Al) to –107 ppm for Q4(0Al). Linewidths vary from 1-2 ppm to 20 ppm, 

depending on the degree of Si, Al order. Paramagnetic impurities such as Fe, which is 

a common impurity in minerals and some materials used in geopolymerisation, such 

as fly ash, serve to affect line width. However, this does not rule out the application of 

NMR to paramagnetic containing materials. Indeed, the changes caused by 

paramagnetic impurities may be used to quantify their effects on the structure. Since 

fly ash is not utilised as a material for synthesising geopolymers in the thesis, 

discussion of paramagnetic impurities and their effects on NMR spectra will not be 

discussed further. 

Quadrupolar broadening renders 27Al NMR spectra far less informative than 29Si. Peak 

splitting due to structurally distinct tetrahedral Al centres cannot be observed in simple 

1-Dimensional experiments. Isotropic chemical shifts of tetrahedral aluminium in 

feldspars are observed in the range 54-69 ppm (Engelhardt and Michel, 1987), 

identical to that observed in geopolymers (Davidovits, 1988b). The lack of resolution of 
27Al MAS NMR spectra of geopolymers is not related to the amorphicity of the 
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structure, since single broad resonances of varied width are observed for phase pure 

feldspars, and only poorly resolved doublets or shoulders are observed in perthites 

(Engelhardt and Michel, 1987).  

2.5.3 Zeolites 

Zeolites are the largest group of tectoaluminosilicates, with in excess of 50 structurally 

distinct topologies established (McDaniel and Maher, 1976). The word Zeolite comes 

from the Greek words zeo (to boil) and lithos (stone), used to originally describe the 

behaviour of stillbite, which loses water upon heating. This observation typifies the 

characteristic of zeolites to be able to lose large amounts of water held in their 

structure without structural collapse. The porous structures contain cavities of well-

defined molecular size, which depends on the exact framework topology. Dehydrated 

zeolites are able to absorb and desorb a wide range of organic and inorganic 

molecules based on their size to allow passage through the well defined channels, 

giving rise to the alternate name of molecular sieve. The charge balancing cations are 

loosely bound in the pores to charge balance the negative charge on the aluminium 

sites in tetrahedral co-ordination. The charge balancing cations can be readily 

replaced by other cations in solution, such as H+, resulting in acidic properties, which 

account for the catalytic activity of zeolites. Though geopolymeric materials do not 

have the rigid framework topology of a zeolite, the presence of zeolite phases in some 

geopolymers, and some conceptual models being based on the basis of zeolite 

thermodynamics (discussed in section 2.3), suggests that geopolymeric materials may 

exhibit similar cation location and exchange properties. The importance of cation type, 

location and the effect that these factors have on the properties of geopolymer 

reactivity, dehydration and thermal properties are of prime importance in the thesis. 

The pioneering 29Si NMR studies of zeolites were published by Lippmaa (1981), 

Engelhardt (b; 1981b), and Klinowski (1981; 1981; 1982). The first 27Al NMR studies of 

zeolites were published by Freude and Behrens (1981) at the same time. The areas of 

zeolite research detailed in the literature can be categorised as framework and Si/Al 

ordering studies, effects of cations on NMR spectra, modification and transformations 

such as dealumination and ion exchange, and zeolite synthesis, all of which are of 

interest to geopolymer science. 

Since zeolites are formed from tetradehra of SiO4 and AlO4, the standard Q4(mAl) 

notation is often replaced with a slightly more succinct notation of Si(mAl), with m = 0 – 
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4. In principle, assuming that all Q4(mAl) sites are crystallographically equivalent, a 29Si 

NMR spectrum of a zeolite can be comprised of up to five peaks. Substitution of each 

aluminium into the second co-ordination sphere of a SiO4 tetradehron results in an 

approximate 5 mm low field shift (Engelhardt and Michel, 1987). Therefore, 

quantitative analysis of 29Si spectra allows determination of the Q4(mAl) populations of 

a zeolite specimen. Problems arise where there are more than one type of 

crystallographically equivalent Q4(mAl) centre, which leads to splitting of individual 

Q4(mAl) peaks and substantial peak overlap. However, peak splitting of non-equivalent 

Q4(mAl) centres can provide more detailed information on framework topology. 

However, the poor short-range ordering observed in geopolymeric materials suggests 

that even resolution of individual Q4(mAl) sites is generally not observed. 

Qualitative information on the ordering of the Si/Al framework can be determined from 

the full-width-half-maximum (FWHM) of the individual Q4(mAl) peaks, where highly 

ordered and crystalline zeolites typically exhibit FWHM in the order of 2-5 ppm. Semi-

crystalline to amorphous zeolites are characterised by broad and strongly overlapping 

peaks, more typical of geopolymers. Correlations can therefore be determined 

between chemical sifts, FWHM, Si-O-T bond angles and distances, which can be 

utilised in more detailed structural determination. The determination of the Al/Si 

distribution and elucidating whether geopolymeric materials adhere to Loewenstein’s 

principle are of critical importance to progressing the understanding of geopolymeric 

materials molecular structure as has been demonstrated for zeolites. The properties 

and areas of investigation carried out in zeolite science are extremely relevant in 

geopolymer science and can be applied to geopolymer science. 

2.5.4 Aluminosilicate glass 

The structure of alkali silicate and alkali aluminosilicate glasses are of considerable 

interest in the field of geopolymer research for two reasons. Firstly, the structure of 

geopolymers has often been likened to glass and secondly because local structure has 

been shown to play a large role in the physical and chemical properties of glass. 

Glasses are highly disordered amorphous systems that may be described by a 

distribution of structure forming centres. Lack of resolution has proven to be a 

hindrance to characterisation of glasses, however high-resolution solid-state NMR 

techniques have recently improved the ability to distinguish Q4(mAl) centres. Since the 

distribution of silicon centres in glasses is much greater than in minerals and other 

crystalline materials, the 29Si line widths of glasses are much broader and lack fine 
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structural information. The broad peaks result not only from variation in Si-O-T bond 

angle but also bond lengths of chemically equivalent Q4(mAl) centres. Nonetheless, 
29Si MAS NMR has been able to provide a level of insight into the structure of silicon 

containing glasses that is unrivalled. 

Overlap of the different Q4(mAl) resonances together with a large range of Si-O-T 

angles result in broad structureless 29Si NMR spectra. Murdoch et al. (1985) 

postulated that the increase in line width observed in the 29Si spectra of KalSi3O8 (17.3 

ppm) NaAlSi3O8 (18.0 ppm) and CaAlSi3O8 (22.3 ppm) glasses was a result of cations 

polarising Q4(mAl) centres according to the following equilibrium: 

( ) ( )[ ] ( )[ ]Al1QAl1QAlQ 444 ++−⇔ mmm               Equation 2.5 

While polarising of the Q4(mAl) distribution would cause line width broadening, bond 

angle and second nearest neighbour effects could also contribute significantly. 

Nepheline (NaAlSiO4) and anorthite (CaAl2Si2O8) with Si/Al =1 exhibit more narrow 

resonances (13.3 and 17.1 ppm respectively) than the Si/Al = 3 glasses, due to the 

numbers of different Q4(mAl) centres being reduced as the Loewenstein avoidance 

principle becomes significant.  

The 27Al NMR spectra of glasses yield broad structureless signals with chemical shift 

in the approximate range of 50-75ppm, typical for tetrahedraly co-ordinated aluminium. 

Some octahedral aluminium sites resonating at approximately –3 to 10 ppm have also 

been observed in calcium aluminosilicate glasses. Furthermore, 27Al NMR spectra of 

glasses have been shown to not sample all Al sites present, with up to 90% of signal 

intensity being lost (Kirkpatrick et al., 1985; MacKenzie et al., 1985). The reduced 

intensity of 27Al NMR spectra result from highly distorted aluminium sites, whose lines 

may be so broad as to be undetectable, due to quadrupolar interactions or large 

variety of chemical shifts. 

Poor spectral resolution of silicon in glassy and amorphous materials similar in 

chemistry to geopolymers has been overcome by adopting Gaussian peak 

deconvolution of spectra to separate and quantify Q4(mAl) species (Lee and Stebbins, 

2000). Quantification of network ordering has allowed development of models for 

describing speciation of silicon according to the Q4(mAl) species notation (Ramdas et 

al., 1981; Klinowski et al., 1982). Recent investigations of alkali aluminosilicate glasses 

and minerals have identified the existence of significant quantities of Al-O-Al forcing a 

paradigm shift from explicit adherence to Loewenstein’s Rule (Lee and Stebbins, 1999; 
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2000; Lee et al., 2003). The current methodology for describing the Si/Al distribution in 

aluminosilicate materials is to include a parameter to describe the extent to which 

aluminium strays from a purely random distribution (Phillips et al., 1992; Lee and 

Stebbins, 1999; Stebbins et al., 1999a; b; Lee and Stebbins, 2000; Stebbins et al., 

2001). Imperfect aluminium avoidance provides a flexible framework for describing the 

extent of Al-O-Al avoidance dependent on the energy penalty associated with the 

formation of Al-O-Al compared to Si-O-Al linkages, the latter of which are energetically 

favourable (Loewenstein, 1954). 

2.5.5 Aluminosilicate gels 

Inorganic gels have been extensively studied for the last two decades, due to their 

usefulness in ceramics, for porous membranes, sensors, thermal insulation and optical 

films (Brinker and Scherer, 1990). These gels are typically synthesised from alkoxides 

or aqueous salts by two-step condensation polymerisation techniques (Brinker and 

Scherer, 1990). The structure and properties of inorganic gels is well understood in 

terms of the mechanism of formation and characterisation. Inorganic gels, in particular 

silicate and aluminosilicate gels are of particular interest since they are a synthetic 

material similar to geopolymers. Indeed, the fact that many of these systems are 

synthesised in aqueous alkaline media is of particular interest.  

In the case of silicate gels formed from alkaline silicate solutions, the molecular 

precursors are silicate oligomers. The solution chemistry of alkaline silicate and 

aluminosilicate chemistry will be reviewed later in this chapter. These molecular 

precursors of gels undergo condensation reactions to form larger oligomeric 

precursors that evolve into particles, precipitates or gels (Scherer, 1999b). If the 

condensation reactions are faster than bond breaking, then the oligomeric clusters 

grow to become fractals. Since the rate of increase in the mass of the fractal structures 

is proportional to the radius raised to a power less than 3, the density decreases as the 

radius of the cluster grows (the volume increases with radius cubed). Therefore, the 

fractal clusters occupy increasingly large volumes of space as they grow, until they fill 

all free space, at which point a continuous network of solid is developed by links 

formed between clusters. The formation of links between clusters is called percolation. 

At the time a continuous network spans the entire volume, the sol is transformed into a 

gel (Brinker and Scherer, 1990). 
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Inorganic gels are of particular interest to geopolymer research since they are 

synthesised by similar means and under similar conditions. However there are also 

many differences, which distinguish them as different materials. Despite these 

differences, such as the source of aluminium and silicon species, the overall 

processes occurring in both systems are likely to be similar and guided by the same 

thermodynamics. Therefore, there is a large volume of literature dealing with 

characterisation of these processes and the effects these have on the overall 

properties of the material.  

The formation of these gels has been investigated by NMR by several authors, with 

the condensation of small monomer and dimer species forming larger oligomers in 

response to different pH values, temperatures and additions of alcohol. 29Si and 27Al 

NMR have been used extensively to investigate the structure, kinetics and composition 

of gels and their formation (Bell, 1999). Assink and Kay (1991) modelled the kinetics of 

gel formation by 29Si NMR at varied initial silicon concentrations. The effect of 

changing pH was noted by 29Si NMR with differing reaction rates for different silicon 

species being observed, suggesting multiple reaction pathways (Brunet and Cabane, 

1993). Further work proposed different oligomers forming due to varied water/alkoxide 

mixtures in the instance of an organosilane source of silicon (Brunet et al., 1991). The 

effect of different cations on the gelation has been studied numerous times (Dent 

Glasser and Harvey, 1984a; 1984b; Patra and Ganguli, 1994). Indeed, different 

cations have been shown to directly solvate the silicate species by formation of ion-

pairs (Sanchez and McCormick, 1991). Furthermore, the electronic properties of the 

cation have a significant effect on the condensation reactions during gel formation, 

with potassium being particularly favourable at forming ion-pairs.  

The incorporation of aluminium in silicate gels from organic precursors has been 

studied by multinuclear 27Al, 29Si, 13C and 17O NMR (Pozarnsky and McCormick, 1995). 

Gelation was seen to be accompanied by expansion of aluminium coordination by 

nucleophilic attack of silanol groups. Increased water contents were observed to 

increase the rate of siloxane linkage formation.  (Gaboriaud et al., 1998; Chaumont et 

al., 1999) 

The synthesis of silica gels from aqueous alkali silicate solutions has been extensively 

studied (MunozAguado and Gregorkiewitz, 1997). The effects of pH, silicon 

concentration, reaction time and temperature are all critical factors. 29Si NMR 

determined the polycondensation occurs immediately after mixing of reagents. The 
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rates of polycondensation were observed to be roughly second order at low pH values, 

however in highly alkaline solutions it was found that the order of the rate of 

condensation increased rapidly. The pH was also found to have a large effect of pore 

size. The influence of Li, Na and K cations and the SiO2/M2O ratio on the state of 

polymerisation and mechanism of formation on silica gels has also been investigated 

by NMR and SAXS. Lithium was found to enhance polymerisation, with light scattering 

being used to determine the size and number of particles during gelation (Gaboriaud et 

al., 1998; Chaumont et al., 1999). 

The effect of batch concentrations and order of mixing of molecular species on the 

chemical composition of gels has been found to have very little effect on the chemical 

composition of gels, with batch compositions having a linear effect on gel composition 

(Krznariæ et al., 1997). The nature of the source of aluminium (organic precursor, 

hydroxide or sodium aluminate) on the structure and properties of aluminosilicate gels 

has been studied. The average pore size and pore volume decreased as the gel 

SiO2/Al2O3 ratio decreased. Gels synthesised from Al(OH)3 were found to have a 

range of different strength Bronsted and Lewis acid sites with the strongest sites being 

in specimens synthesised with NaAlO2  (Occelli et al., 1998).  

2.6 Dissolution processes in geopolymerisation 
Dissolution of minerals is one of the oldest scientific studies of man. Early studies 

focussed on observations of mineral and rock weathering. By the time Merrill (1897) 

published the milestone book A treatise on Rocks, Rock-Weathering and Soils, the 

majority of the processes controlling weathering rates of geological processes had 

been identified and many of the experimental methods still used today had been well 

established. More recently these studies have branched out in parallel with the 

advances in physics and chemistry to include fundamental development of theories 

based on statistical and quantum mechanics (Lasaga and Kirkpatrick, 1981), and the 

specific effects of aqueous species on dissolution and precipitation reactions at 

mineral surfaces (Hochella et al., 1990). Furthermore, advances in mineral dissolution 

have been permitted by recent improvements in X-ray spectroscopic, NMR and 

surface force analytical techniques (Hawthorne and Brown, 1988). The advent of high 

power computers allows increasingly complex and large ab-initio calculations to be 

made on geochemical systems from first principles. 
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Typical solution properties in geopolymerisation are high pH (13+), high ionic strength 

(Na+ or K+), and low water content (10-25 wt% H2O).  Secondly, the materials utilised 

for the most commercially applicable mixtures are industrial wastes, such as fly ash 

and blast furnace slag. These materials are impure and have inconsistent composition 

and material properties. Mainly for these reasons, the dissolution of these materials 

has not been studied in depth. Although kaolinite (Xu and van Deventer, 2002b), 

feldspars (Xu and van Deventer, 2002a) and other aluminosilicate minerals (Xu and 

van Deventer, 2000b) have been utilised in some experimental research on 

geopolymers, the majority of research has utilised fly ash and blast furnace slag 

(Palomo et al., 1999b; van Jaarsveld and van Deventer, 1999b; Lee and van Deventer, 

2002d; Yip et al., 2003a). Calcined high purity kaolinite, metakaolin, has been adopted 

for many investigations due to its high reactivity compared to other phase pure 

minerals (Xu and van Deventer, 2000b) and purity compared to industrial wastes 

(Palomo and Glasser, 1992; Rahier et al., 1996a; Granizo and Blanco, 1998; Palomo 

et al., 1999a; Alonso and Palomo, 2001a; 2001b; Granizo et al., 2002; Cioffi et al., 

2003; Kriven et al., 2003; Rowles and O'Connor, 2003). More recently, the search for 

ultra-pure, well defined materials has led to some use of synthetic glasses (Hos et al., 

2002), and powders (Kriven et al., 2004b). 

The bulk of dissolution studies in the literature have been completed on minerals, due 

to their geological importance. Of the literature available in the field of dissolution, the 

most relevant systems to geopolymer technology are aluminosilicate minerals, such as 

kaolinite (Carroll-Webb and Walther, 1988; Carroll and Walther, 1990)  and feldspars 

(Holdren and Speyer, 1985; Gautier et al., 1994; Stillings and Brantley, 1995; Harouiya 

and Oelkers, 2002), glasses (Hamilton et al., 2000; 2001), aluminosilicate gels 

(Antonic et al., 1993; 1994a; b), and quartz (Schwartzentruber et al., 1987; Brady and 

Walther, 1990; Gratz and Bird, 1993a; b; Worley et al., 1996; Xiao and Lasaga, 1996; 

Dove, 1999). Generally speaking, the dissolution rates of silicate minerals are 

controlled by processes occurring at the mineral surface (White and Brantley, 1995). 

When phases react with aqueous solutions at far from equilibrium conditions, there is 

an initial rapid surface exchange of hydrogen cations for alkali cations followed by a 

period of incongruent dissolution leaving a leached surface layer generally non-

stoichiometric relative to the Si/Al ratio in the bulk minerals (Chou and Wollast, 1984). 

At longer times, dissolution becomes stoichiometric with respect to the original Si/Al 

ratio of the mineral, exhibiting a constant steady-state dissolution rate.   
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The dissolution rate of kaolin has been shown to be dependent on solution pH, and 

slightly incongruent, even after up to 1000 hours (Carroll-Webb and Walther, 1988). 

This has been attributed to preferential Al removal over Si from the mineral-solution 

interface. Both the Al and Si dissolution rates increase with increasing pH at pH > 8. 

Carroll-Webb and Walther  (1988) proposed that the pH-dependent dissolution rates of 

aluminosilicates may be explained by a surface complexation model, where the rate 

limiting step is the detachment of metal cations from the surface. The surface reaction 

is thought to be promoted by the adsorption of OH-
(aq), which weakens and breaks the 

metal cation framework bonds. The dissolution rates above pH 9 increase because the 

probability of OH-
(aq) adsorption to a specific metal cation site increases. The 

dissolution rate of aluminosilicates was proposed to be a function of the independent 

adsorption reactions occurring at the metal cation surface sites, the relative number of 

the various types of sites, and the metal cation framework bonding. At 25˚C dissolution 

was found to be incongruent, whereas at 60˚C kaolinite exhibited congruent 

dissolution. This was ascribed to the rate of breaking of Al-O bonds increasing relative 

to the rate of breaking of Si-O bonds at the increased temperature.  

Gautier et al. (1994) determined the steady state dissolution rates of a natural 

potassium rich feldspar as a function of chemical affinity and solution composition at 

150˚C and a pH of 9. The dissolution rates were found to be an inverse function of 

aqueous Al concentration. The inverse dissolution relationship with respect to Al 

concentration has also been shown for albite and kaolinite (Oelkers et al., 1994). The 

fact that the dissolution rates of K-feldspar were found to be dependent on aqueous Al 

concentration led the authors to suggest that the rate is a function of mineral saturation 

state. The variation of the rate with chemical affinity and Si/Al ratio was also shown to 

be described using the concept of rate control by decomposition of a Si-rich, Al-

deficient precursor complex.  

Hamilton et al. (2001) investigated three sodium aluminosilicate glasses with Si/Al 

ratios, of 1, 2 and 3, which were then dissolved over a large pH range. Dissolution was 

slowest at near-neutral pH and increased under acid and basic conditions. Dissolution 

rate at all pH values increased with decreasing Si/Al ratio. The pH dependence of 

dissolution was higher for the phase with Si/Al ratio of 1 than the phase with Si/Al 

ratios of 2 and 3. The use of glasses of variable composition was shown to be critical 

for investigation of the mechanisms of dissolution of aluminosilicate minerals. 
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Schwartzentruber et al. (1987) derived rates at 80˚C and 90˚C as a function of pH in 

alkaline solutions, finding a general increase in dissolution rate with pH in sodium 

hydroxide solutions. The mechanism of dissolution was represented by a simple 

kinetic model, involving an intermediate stage of silicate ion chemisorption on the 

surface of quartz. This model highlighted the large affinity of dissolved silica for the 

solid surface. It was shown that at low dissolved silica concentrations, the adsorbed 

layer can largely cover the solid surface, which has the action of retarding further 

dissolution. Schwartzentruber et al. (1987) also noted the increased complexity of the 

silicon system at increased silicon concentrations with the formation of multiple silicate 

species. Brady and Walther (1990) measured quartz dissolution rates as a function of 

pH and ionic strength at 25˚C and 60˚C. They modelled the system using a rate law, 

which took into account the speciation at the quartz-solution interface observed by 

Schwartzentruber et al. (1987). The dissolution rates in basic solutions were found to 

be directly proportional to the negative charge on the silica surface, which changed 

with ionic strength and pH. Figure 2.14 shows the comparison between the measured 

values of dissolution and the predictions of Brady and Walther (1990).  

 

Figure  2.14 Comparison of quartz dissolution rates with model predictions (shown as the solid 

line), Brady & Walther (1990). 

The proportionality of dissolution to the surface charge was confirmed by Gratz and 

Bird (1993a).  The dissolution rate was observed to decrease linearly with saturation, 

indicating that the precipitation reaction is first order in dissolved silicon. A simple 

equation was shown to describe the rate of quartz dissolution above the isoelectric 

point. Furthermore, it was shown that this equation could be easily modified to 
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describe powders and sands. This allows for the rate law, which Brady and Gratz 

(1993b) developed from single-crystal measurements, to be applied to complex 

materials and minerals, irrespective of surface roughness. They developed rate 

equations for dissolution from a smooth-face, which were shown to agree with 

observations. They were able to predict differences in activation energy between 

smooth and rough faces. Gratz and Bird (1993a) thought it was not possible to isolate 

a single dissolution mechanism; either attack by hydroxide (on neutral sites) or water 

(on charged sites).  

Worley et al. (1996) investigated the effect of hydroxide ion concentration and ionic 

strength on quartz dissolution in NaOH, NaOH/NaCl and NaOH/Na2SiO4 solutions. 

The dependency of the quartz dissolution rate on OH-
(aq) and Na+

(aq) concentration was 

determined in NaOH/NaCl solutions. The work extended the range of kinetic data for 

quartz, which agreed with previous work mentioned. No variation in the reaction order 

of hydroxide was determined with increasing temperature. The dissolution rate was 

observed to be slower by about 40% in NaOH/Na2SiO4 solutions than in NaOH/NaCl at 

total sodium concentrations greater than 0.01 M. Xiao and Lasaga (1996) discussed 

the detailed molecular mechanisms of quartz dissolution in basic solutions, specifically 

the catalytic effect of OH- in promoting the dissolution process. The molecular 

trajectories of adsorption, the transition state, and the breakdown of the Si-0-Si bond to 

form the products have been obtained to produce a first principles ab initio view of 

quartz dissolution. Despite the ab initio point of view, the authors were unable to 

determine whether dissolution occurred by either or both of the two mechanisms 

outlined by Gratz and Bird (1993a).  

In the study of aluminosilicate gel dissolution, Antonic (1993) found that a gradual 

increase of Al and Si concentrations in the liquid phase until equilibrium concentrations 

of each species were reached. The Si/Al ratio in the solution phase is equal to the Si/Al 

ratio of the gel, implying that dissolution occurs congruently (Antonic et al., 1993). The 

rate of dissolution was shown to be directly proportional to the external surface area of 

the gel particles and the degree of undersaturation. The dissolution process was 

thought to be a result of two processes, being forward and backward reactions. It was 

proposed that the forward reaction is controlled by the breakage of Si-O-Al bonds on 

the surface of the gel particles, and hence is a factor of OH-(aq) concentration. The 

backward reaction is controlled by the formation of these bonds, and hence the 

speciation and concentration of aluminium and silicon species in solution are critical 
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(Antonic et al., 1994a). The mechanism of dissolution was found to be the same 

throughout the temperature range 60˚C - 80˚C. The activation energy of the forward 

and backward dissolution reactions did not vary over this temperature range. However, 

the forward reaction was found to be rate limiting (Antonic et al., 1994b).  

 

Figure  2.15 Leaching of metakaolin in the presence of ultrasonication. Solution: 7.5 M or 10 M 

NaOH. U – with ultrasonication, H – high speed mixing (800 min-1), and L – low speed mixing (400 
min-1), from Feng et al. (2004). 

Despite the large amount of literature available for the well-defined systems above, 

very little literature is available for dissolution of industrial wastes, metakaolin or 

ceramic powders, which are more important in the study of geopolymer science. The 

dissolution of metakaolin is generally interpreted in terms of its derivative kaolinite. 

There has not been any specific studies of metakaolin dissolution, though some 

publications have measured dissolution as part of the work. Feng et al. (2004) 

investigated the effects of ultrasound on the dissolution of metakaolin in alkaline 

solutions as part of a broader investigation of the effects of ultrasound on 

geopolymeric materials. Figure 2.15 shows the effect of both alkali concentration and 

ultrasonication on metakaolin dissolution. The amount of aluminium in solution is high 

initially, whilst the concentration of silicon was observed to increase slowly for up to 

five hours before reaching close to equilibrium conditions. After 8 hours the 

concentrations of silicon and aluminium are similar. These results are in line with 

observations of most aluminosilicate materials, according to the de-alumination 

mechanism (Oelkers et al., 1994). This indicates that metakaolin may be generally 

interpreted by literature used to describe most aluminosilicate materials and that 
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detailed investigation of dissolution is not strictly required before a good mechanistic 

understanding of geopolymerisation of metakaolin can be elucidated.  

 

 

Figure  2.16 The effects of cations on the dissolution profiles of Al, Si, Ca, and Mg from fly ash as a 

function of time in (a) NaOH and (b) KOH from, from Lee and van Deventer (2002d).  

Another main raw material that can be used in geopolymerisation is fly ash. Again, no 

specific literature regarding the dissolution of fly ash in an alkaline medium exists. 

However, given the importance of understanding the general characteristics of fly ash 

dissolution to geopolymer science, many dissolution studies have been carried out in 

conjunction with other investigations. Particularly, Lee and van Deventer (2002d) 

investigated the effects of silicon concentration in the dissolution media on the 

transient concentrations of silicon and aluminium. The effects of both sodium and 

potassium on the dissolution of silicon, aluminium and calcium were investigated. It 
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was found that sodium alkaline solutions had a higher initial rate of dissolution and a 

slightly higher extent of dissolution after 168 h, as shown in Figure 2.16. The 

concentrations of silicon are higher than aluminium, which reflects the nominal Si/Al 

ratio of the initial fly ash. It was also shown that the effect of increasing concentrations 

of silicon in the alkaline media served to alter the process of dissolution. Figure 2.17 

shows the concentrations of silicon, aluminium and calcium in solution from dissolution 

experiments involving media containing initial concentrations of soluble silicon. 

Generally, low-to-mid range levels of soluble silicon in the activating solution served to 

decrease the concentrations of dissolved silicon, aluminium and calcium. However, 

increased dissolution of cation was observed at the highest initial silicon dosages. The 

work of Lee and van Deventer (2002d) represents the most incisive investigation of fly 

ash dissolution in highly alkaline media to date.  

More fundamental studies of glassy materials have been undertaken on basaltic glass. 

Basaltic glass with inclusions of mullite and quartz may be considered analogous to fly 

ash. Basaltic glass is considered geologically important since it is naturally produced in 

large volumes and contributes substantially to the natural environment (Brady, 1991). 

Therefore, there is literature available for describing basaltic glass dissolution in a 

variety of pH values, temperatures and ionic strength solutions (Gislason and Eugster, 

1987; Gislason and Arnorsson, 1993; Wolff-Boenisch et al., 2004), which may be used 

for understanding dissolution of glassy wastes such as fly ash. However, since the use 

of fly ash will not be considered in the thesis, the literature on basaltic glass will not be 

covered in further detail.  

2.7 Silicate and aluminosilicate chemistry in 
geopolymerisation 
The structure of aluminosilicate gels is determined by the solution phase speciation 

and chemical reaction mechanisms. Once silicon and aluminium species are released 

by dissolution, they are incorporated into the bulk solution phase. Therefore, 

understanding the chemistry and oligomeric composition of the alkaline silicate 

solutions of varied compositions from which geopolymers are synthesised is critical. 

Furthermore, the understanding of the constituents of those solutions and how they will 

be affected by processing conditions and the simultaneous mechanisms occurring 

throughout geopolymerisation is essential. 
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Figure  2.17 The effects of soluble silicate concentration in the leaching solutions on the 

dissolution profiles of (a) aluminium, (b) silicon, and (c) calcium, for SiO2/Na2O ratios of (A) 0, (B) 
0.0237, (C) 0.0475, (D) 0.0712, (E) 0.1190, (F) 0.3560, (G) 0.712, and (H) 0.949, from Lee and van 
Deventer (2002d).  

2.7.1 Solubility and speciation of silicon in alkaline solutions 

Next to oxygen, silicon (29.5 wt%) is the most abundant element on earth (O'Neill, 

1994), invariably associated with oxygen as silicon dioxide, SiO2, and in siliceous 

rocks, minerals and soils. The most common form of silicon is quartz, a crystalline form 

of SiO2 (O'Neill, 1994). Silicates are based on tetrahedra of (SiO4)4- , which are joined 

at the corners via oxygen to form chains, sheets or three dimensional networks. 
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Dissolution of silicates in aqueous solution is due to the hydrolysis of Si-O-Si bonds, 

resulting in the liberation of silicic acid, Si(OH)4-xOx
x- and other more complex silicon 

containing species into the aqueous phase. The concentration of silicon in the 

aqueous phase at equilibrium is strongly dependent on pH and is controlled by 

different processes, such as dissolution and precipitation, adsorption and desorption, 

silicon morphology and complexation, as discussed in Section 2.6. Some typical 

values of silicon concentrations in water are presented in Table 2.1. It can be observed 

that the typical values for amorphous silica are an order of magnitude higher than that 

of quartz, owing to the thermodynamic stability of quartz and the very slow rate of 

silicon crystallisation from solution. 

Table  2.1Concentration of Si in some situations, from Farmer (1986). 

 Si (mg/l) 

Soil Solution 1 - 40 

Ground Water 0.8 – 15 

Sea Water 1-7 

Amorphous Silica 36-70 

Quartz 5 

 

The effect of high pH values on the solubility of silicon is complicated by the speciation 

of silicon in alkaline silicate solutions. Alkaline silicate solutions, commonly referred to 

as water glass, are a very common industrial chemical and have been broadly 

understood in terms of silicon concentration, pH and viscosity for many decades. 

However, due mainly to technological and experimental difficulties, the actual 

molecular structure of the solvated silicon was not understood until recently. With the 

development of solution NMR methods in the 1980’s at increasingly higher field 

strength, structural, thermodynamic and kinetic information of 29Si and 17O nuclei in the 

silicate solutions could be obtained without perturbation of the solutions. Since 29Si 

spectra are comprised of sharp line widths, detailed structural information can be 

determined from 29Si spectra regarding the speciation of silicon in solution (Harris et 

al., 1982; Harris and Knight, 1983a; Knight et al., 1986; Kinrade and Swaddle, 1988a; 

Knight et al., 1988; Hendricks et al., 1991).  
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The speciation of silicon in solution is far from simple, with originally eighteen 

unambiguous silicate species having been identified from 29Si-29Si homonuclear 

decoupling NMR experiments (Harris and Knight, 1983a; b). Currently there are over 

twenty assigned anionic structures known to be present in concentrated silicate 

solutions (Swaddle et al., 1994). These species are represented in schematic form in 

Figure 2.18.  

Since silicic acid (Si(OH)4) is acidic, various deprotonated species of the monomer are 

present in solution depending on pH. Values for the deprotonation constants of silicic 

acid are widely known (pKa(1) = 9.5-9.9, pKa(2) ~ 12.7, pKa(3) ~ 15 and pKa(4) < 15 

(Iler, 1979). The different forms of the monomer are therefore simply represented by 

Si(OH)4-xOx-, where x is the degree of deprotonation. 

 

Figure  2.18 Silicate anions that have been unambiguously identified in aqueous alkali silicate 

solutions by 29Si NMR. Filled circles represent Si atoms, tetrahedrally coordinated by oxygen 
atoms; connecting lines represent links through bridging oxygen atoms, from Swaddle (2001). 

The degree of oligomerisation of aqueous silicate solutions is favoured by low 

alkalinity, high silicon concentration and low temperatures (Kinrade and Pole, 1992). 

Connectivity of silicon centres is described by the letter Q, as tetrahedral silicon is 

quadrifunctional in tetrahedral coordination, with a superscript indicating the number of 

siloxane linkages (Si-O-Si) attached to that centre. 29Si NMR resonances for Q0 
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(monomer), Q1 (terminal silicon), Q2 (singly bridging) and Q3 (corner of cage species) 

centres can be easily identified; however Q4 centres are hard to detect in solution 

NMR experiments since they are most likely in the form of colloidal silica and would 

not therefore be easily excited. 

The various silicate centres have been shown to be more acidic than the monomer 

with typical pKa(1) values of 6.5, inferring that in alkaline conditions all Q3 centres 

should be fully deprotonated, with Q2 centres having one proton at mild pH ~10-11, but 

none in more alkaline conditions typical of geopolymerisation (Lee and van Deventer, 

2002d). The effect of this in terms of the kinetics of silicate exchange will be discussed 

below. 

2.7.2 Effect of alkali cations on silicate speciation 

According to Kinrade and Pole (1992), the factors that affect the equilibrium of silicon 

in alkaline solutions can be grouped as either electrostatic or non-electrostatic 

interactions. Non-electrostatic interactions pertain to uncharged species and are 

generally explained by the water-clathrate analogy (formation of solvent cavities) with 

the expected consequence being to decrease the activity of water (the bulk solvent), 

which should promote increased silicate condensation via elimination of one water 

molecule. Soluble alcohols and amines therefore increase the connectivity of silicate 

solutions without preferentially favouring any particular species (Kinrade and Pole, 

1992). Alkali metal cations alter the properties of silicate solutions due to electrostatic 

interactions on both solvent and solute molecules. Small cations are considered 

structure-making and larger cations structure breaking with respect to a water lattice. 

This theory applies where increased polymerisation can be explained by the 

electrostrictive water-structuring effect. As electrostatic interaction between larger 

cations and water molecules is not thought to extend much beyond the primary 

hydration sphere, the increase in larger silicate oligomers for larger ions cannot be 

understood, where the electrostatic interaction decreases from Li+ to Cs+.  

Kinrade and Pole (1992) showed that silicate-ion paring was responsible for the largest 

contribution to intermolecular shielding. Silicate-ion pairing decreases the electrostatic 

repulsion between silicate species; hence promoting interaction between paired 

species. The increased interaction is counteracted by strongly paired cations resisting 

formation of siloxane bonds. The resultant net increase in polymerisation corresponds 

with decreasing charge ratio (charge/radius) Li+ < Na+ < K+ < Rb+ < Cs+. This is the 
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dominant effect in solutions typical of geopolymerisation, where the amount of water 

available for solvation is low and the concentrations of both silicon and cations are 

equitable. Large cations stabilise larger structures by decreasing the reactivity of 

terminal centres, and labile structures such as rings and cages, to hydrolysis.  

2.7.3 Speciation of aluminium in alkaline solutions 

The dominant species of aluminium when in aqueous solution above pH 6.2 is 

tetrahedral Al(OH)4
- (Martin, 1990), hence throughout the entire alkaline pH range. 

Minor amounts of (HO)3AlOAl(OH)3
2- and Al(OH)6

3- have been observed by 27Al NMR 

in concentrated aluminium solutions (6M) (Moolenaa et al., 1970) and systems of 

extremely high alkalinity (23M NaOH) (Akitt and Gessner, 1984), respectively. 

However these are conditions not typical of geopolymerisation and can be disregarded 

as significant in the context of aluminium speciation in the solution phase during 

geopolymerisation. Importantly, there is no evidence of deprotonation of tetrahedral 

Al(OH)4
- to create species such as Al(OH)3O2- regardless of alkalinity. Therefore, only 

the reaction of Al(OH)4
- should be considered in reaction mechanisms.  

2.7.4 Speciation of aluminosilicates in alkaline solutions 

In highly alkaline hydrothermal conditions, thermodynamic data governing the reaction 

of monomeric aluminium and silicon suggest that the reaction is highly favourable as 

∆H is +67 kJ mol-1 (Farmer and Lumsdon, 1994; Pokrovski et al., 1996). 

Al(H2O)6
3+ + Si(OH)4  (H2O)5AlOSi(OH)3

2+ + H+ + H2O                       Equation 2.6 

Due to the complex oligomerisation of silicon, the varying degrees of deprotonation of 

the silicon centres in alkaline conditions, and the tendency of aluminosilicate solutions 

to gel, quantitative studies of solutions with high silicon concentration are 

experimentally difficult. Dent Glasser and Harvey (1984a) were able to show that 

under highly alkaline conditions metastable solutions of aluminosilicates in 

concentrations in the order of tens of mole per litre are obtainable. North et al. (2001) 

extended these observations to solutions of a more broad range of Si/Al ratios. 

Although aluminosilicates have a low solubility at equilibrium, solutions of 

aluminosilicate species can remain supersaturated for many hours prior to precipitation 

(Faimon, 1996). Since kinetics of silicon precipitation are unclear, predicting reaction 

products is difficult as they are likely to be determined by kinetic not thermodynamic 

factors. 
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Lifetimes of aluminosilicate solutions prior to gelation and/or precipitation are highly 

dependent on complicated interactions involving the alkali metal cation M+, 

temperature of reaction and the concentrations of SiO2, Al2O3, M2O and H2O (Krznariæ 

et al., 1997; 1998; Krznariæ and Subotiæ, 1999). The tendency to define the solution 

according to nominal batch concentrations of silicon and aluminium has been adopted 

due to the unknown degree of oligomerisation of both silicate and aluminosilicate 

species. However, through careful choice of silicate solution concentration, the number 

of silicate oligomers can be reduced so that formation of aluminosilicate polymers in 

solutions can be inspected by use of 29Si and 27Al NMR.  

Yokoyama et al. (1988) was able to obtain the formation constant of the presumed 

reaction in Equation 2.7 for very dilute alkaline conditions using 27Al NMR: 

(HO)4-xSiOx
x- + Al(OH)-  (HO)3AlOSiOx(OH)3-x

(x+1)- +H2O            Equation 2.7 

Yokoyama et al. (1988) found evidence of oligomeric aluminosilicate species in low 

concentration alkaline solutions, but none in more highly alkaline 1M NaOH solutions. 

This suggested that the oligomerisation of aluminosilicates is hindered by 

deprotonation of silicon centres. Several aluminosilicate species have been identified 

on this basis and are presented in Figure 2.19, and are generally supported by 27Al 

NMR (Kinrade and Swaddle, 1989; McCormick et al., 1989b; Mortlock et al., 1991).  

 

Figure  2.19 Structures of aqueous aluminosilicate species assigned from 29Si and 27Al NMR 

spectra. Numbering follows that of silicate species in Figure 2.18 with open circles representing Al 
atoms, taken from Swaddle (2001). 

The speciation of aluminosilicate species is primarily affected by the Si/Al ratio of the 

solution (Harris et al., 1997), as shown in Figure 2.20. The connectivity of alumina 

tetrahedra is described similarly to silicon, with q4(mSi) referring to alumina centres 

connected to m surrounding silicon tetrahedra (Provis et al., 2005b). The bands 

observed in Figure 2.20 located at 80, 75, 70, 65 and 60 ppm correlate to q0, q1, q2, q3 
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and q4, respectively. It can be observed that the relative intensity of the more highly 

connected centres increases with Si/Al ratio. 

 

Figure  2.20 27Al spectra of aluminosilicate solutions at 25ºC with composition of 0.875 molar SiO2 

and Si/Al ratios of (a) 5, (7.5), (c) 10, (d) 20 and (e) 50,  from Harris et al. (1997). 

Furthermore, the speciation of aluminium is affected greatly by pH (Samadi-Maybodi et 

al., 2001), as shown in Figure 2.21. It can be observed that aluminosilicate oligomers 

polymerise considerably with increasing pH in alkaline solutions. At the highest 

measured pH of 12.78, Samadi-Maybodi et al. (2001) detected 13 distinct aluminium 

sites. Therefore, in the high pH environment of geopolymerisation, similar speciation of 

aluminosilicate oligomers would be expected.  

Azizi et al. (2002) investigated the role of alkali metal cations on aluminosilicate 

solutions by 27Al NMR spectroscopy. The differences in the distribution of 

aluminosilicate anions were investigated between aluminosilicate solutions containing 

sodium, potassium and tetraalkylammonium cations. Figure 2.22 shows the 27Al NMR 

spectra of these solutions and the similarity of the NaOH and KOH solutions. 

Unfortunately, quadrupolar broadening makes complete peak resolution impossible 

and no quantification was attempted in this work. Therefore, any small differences in 

speciation cannot be discussed here. However, one outcome of this work was the 

observation that aluminosilicate solutions do not quickly reach equilibrium, in the order 

of an hour, especially when compared to alkaline silicate solutions. Figure 2.23 shows 

the evolution of the aluminosilicate species with time by 27Al NMR. It was found that 

pure sodium aluminosilicate solutions equilibrate almost twice as fast as mixed alkali 
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aluminosilicate solutions, which suggests the role of the alkali cation would have a 

large effect on the aluminosilicate oligomers formed and the products of 

geopolymerisation. 

 

 

 

Figure  2.21 27Al NMR spectra at ambient probe temperature of an aluminosilicate solution as a 

function of pH: (a) 12.78, (b) 11.80, (c) 10.88, (d) 9.9, (e) 9.5, (f) 8.9 and (g) 8.15, from Samadi-
Maybodi et al. (2001). 
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Figure  2.22 High-resolution 27Al NMR spectra at ambient temperature of (a) NaOH, (B) KOH), (C) 

tetraalkylammonium hydroxide, and (d) NaOH/) tetraalkylammonium hydroxide aluminosilicate 
solutions with the compositions Si = Al = M, from Azizi et al. (2002). 

2.7.5 Kinetics of silicate and aluminosilicate species exchange 

The oligomerisation of concentrated silicate solutions used in geopolymerisation as 

seen by 29Si NMR shows too many species present to determine any meaningful 

exchange kinetics of SiO4 units. Investigation of exchange kinetics, therefore, requires 

reduction of the number of species present by operating at high alkalinity, moderate 

silicon concentration and elevated temperatures. The high pH has the added effect of 

retarding the rate of silicate exchange to offset the increased temperature, making 

detection by NMR possible (Kinrade and Swaddle, 1988b). 

Silicon exchange rates measured by line broadening of NMR signals can be 

considered only semi-quantitative as high concentration and paramagnetic impurity of 

the alkali have been shown to induce broadening (Dent Glasser and Harvey, 1984b; 

Kinrade and Swaddle, 1986). By using a technique of Selective Inversion Recovery 

(SIR), Creswell et al. (1984) avoided the line broadening issue. SIR works by tracking 

the transfer of magnetisation through spectra collected with differing delay cycles. 

Since transfer occurs only through chemical exchange, unambiguous quantitative rate 

constants for various silicate-silicate species, longitudinal relaxation times T1 and 

stoichiometric silicate concentrations can be measured. SIR was able to confirm that 

deprotonation of silicate centres retards silicate exchange, hence playing a critical role 

in the exchange processes and reactivity of highly alkaline silicate solutions. 
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Figure  2.23 Vertically stacked plots of the evolution with time of the 27Al NMR spectra of 

KOH/NaOH aluminosilicate solution with composition Al = Na, Si and KOH equal to 0.014, 0.014 
and 0.028 M, respectively, after rapid mixing of fresh sodium aluminate and aged KOH silicate 
solution. Spectra separated with no time interval in absolute intensity mode. From bottom to top, 
the spectra have the following order in the series: 1, 2, 3, 4, 7, 10, 10 and 18, from Azizi et al. 
(2002). 

Equations 2.8 and 2.9 describe the chemical breakdown of the siloxane linkage in 

silicate species. It is expected that in highly concentrated silicate solutions the rate of 

decomposition of large oligomers containing Q2 and Q3 centres will therefore be 

hindered by the lack of protonated sites. 

≡Si-OH + HO-Si ≡  ≡Si-O-Si≡ + H2O              Equation 2.8 

≡Si-O- + HO-Si≡  ≡Si-O-Si≡ + OH-               Equation 2.9 

Kinrade and Swaddle (1988b) found that Al-substituted silicate ions underwent silicate 

exchange much faster than purely silicate ions. Creswell et al. (1984) showed through 

2D 27Al-EXSY NMR spectra that the more highly connected AlIII sites in aqueous 

aluminosilicate species are relatively kinetically inert, with equilibrium being reached 

over many hours in solutions prepared at room temperature, but that exchange 

processes of less connected AlIII sites were rapid in comparison confirming the findings 

of Kinrade and Swaddle (1988b). 

North and Swaddle (2000) were able to show that small aluminosilicate species are 

104 times more reactive than small silicate oligomers at 0°C. The exchange rates of 
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purely silicate oligomers only become comparable at a temperature of approximately 

90°C. This temperature range is typical of geopolymer synthesis, inferring that the 

chemical exchange processes during curing are greatly altered by differing curing 

temperatures, which will in turn have an effect on the microstructure. 

Swaddle (2001) concluded that the greater lability of aluminosilicate species over 

silicate species is likely due to the ability of the aluminate ion Al(OH)4
- to retain all of its 

protons in highly alkaline solutions compared to silicic acid (HO)4-xSiOx
x-, and therefore 

be more able to participate in condensation reactions. The deprotonation of the silicate 

centres is coupled with its higher connectivity due to oligomerisation, further reducing 

the available sites of protonation, leading to the kinetic stability of cyclic and cage 

structures. Further kinetic stability of cyclic and cage structures is due to steric 

hindrance of Si substitution mechanisms which involve the expansion of the co-

ordination number beyond four. In contrast, Al centres incorporated in acyclic species 

are more able to increase their coordination number beyond four than silicon. 

However, when Al is constrained in tetrahedral geometry as in the cyclic trimer, no 

exchange is detected at 0˚C at high pH. Small acyclic aluminosilicate species are 

much more reactive than any silicate oligomers and all ring and cage structures are 

particularly unreactive, irrespective of containing Al. 

2.8 Thermal properties of geopolymers and 
aluminosilicates 
This section will provide a summary of the properties of geopolymers exposed to 

elevated temperatures, as has been reported in the literature. Following this, the 

thermodynamic phase relations of alkali aluminosilicates will be presented to show the 

most stable forms of the alkali aluminosilicate systems that comprise geopolymers. 

Although much of the thermodynamic information regarding all aluminosilicate 

materials is covered in the derivation of phase diagrams for the relevant ternary and 

quaternary systems, many investigations of other classes of alkali aluminosilicates 

exposed to elevated temperatures have been conducted. These investigations have 

generally focused on specific elements, such as thermal properties, measuring 

structural evolution and phase transitions. With a view to describing the evolution and 

transition of geopolymers toward the most thermodynamically stable phase at elevated 

temperature, these works are reviewed from an experimental and theoretical point of 

view. 
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2.8.1 Geopolymers 

Despite one of the key benefits of geopolymers being their intrinsic fire resistance, 

there have been only minor investigations into the thermal properties of geopolymeric 

binders (Davidovits, 1979; 1991; Rahier et al., 1996b; Barbosa and MacKenzie, 2003a; 

b; Cheng and Chiu, 2003). Davidovits’ (Davidovits, 1979; 1988b; 1991; 1994; 1999) 

early work was based mainly around the intrinsic capabilities of geopolymers as an 

inorganic material. Rahier et al. (1996b; 1997) demonstrated for the first time the 

thermal shrinkage and weight loss of geopolymeric materials made from metakaolin. 

The aim of the thermal property investigation was to demonstrate the non-reversible 

changes that occur in geopolymers during their first heating. Rahier et al. (1996b; 

1997) linked the thermal shrinkage to the weight loss, though this was not adequately 

substantiated by data showing the evolution of the molecular structure related to water 

loss. Cheng and Chiu (2003) demonstrated the thermal insulation and heat resistant 

properties of blast furnace slag-based geopolymers by heating one side of plate 

specimens with flame and measuring the temperature of the opposite face. These 

experiments showed that geopolymers do indeed have promise as a fire resistant 

material and as a thermal insulator, but failed to relate these properties to the structure 

and composition of the material. In general, the literature on thermal properties is not 

focused on understanding the thermal properties of geopolymers in terms of the 

response or resistance of the binder or composite to thermal evolution.  

Barbosa and MacKenzie (2003a; b) demonstrated that geopolymers derived from 

metakaolin base exhibit crystalline phases in powder XRD diffractograms after heating 

to temperatures in excess of 1000˚C. Barbosa and MacKenzie (2003a; b) claim that 

some geopolymers are thermally stable up to 1400˚C, with no changes in 29Si NMR 

spectra or XRD diffractograms observed until minor amounts of mullite crystallise in 

excess of 1000˚C. Despite this, significant change in 23Na and 39K NMR spectra were 

observed of both sodium and potassium geopolymers. Barbosa and MacKenzie 

(2003a; b) interpret the changes in the 23Na 39K spectra in terms of a ‘glass’ model 

described by the authors previously (Barbosa et al., 2000). In this model the charge 

balancing cations are not associated with aluminium, rather with water in framework 

cavities, which ignores the requirement for electro-neutrality of the framework. It is 

claimed that the migration of the 23Na resonance from approximately –5 ppm to –20 

ppm indicates a change in the location of the cation as it associates closer with 

bonding oxygen attached to aluminium, which implies a fundamental change in the 
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structure of the material and contradicts the claims made of high temperature thermal 

stability. Despite issues of self consistent argument, this work serves to confirm the 

original claims of Davidovits (1991) that potassium geopolymers outperform sodium 

geopolymers in thermal applications. 

Table  2.2 Composition and properties of geopolymers, prepared with Na2O/SiO2 fixed at 0.3 and 

H2O/SiO2 fixed at 11, from Fletcher et al. (2005). 

 

Unfortunately, the use of the Davidovits’ nomenclature by Barbosa and MacKenzie 

(2000; 2003a; b) limits the description and interpretation of the results presented in the 

respective articles. Thermal analysis is carried out on one (Rahier et al., 1996b) or 

occasionally two (Barbosa and MacKenzie, 2003b) specimens of different composition, 

with little regard paid to keeping H2O/M2O ratio constant (Barbosa and MacKenzie, 

2003b), or consideration of the effect of Si/Al ratio. Fletcher et al. (2005) went some 

way to addressing the lack of data on geopolymers with a more broad range of Si/Al 

ratios, with chemical compositions from this contribution presented in Table 2.2 

Unfortunately, the value of this work is negated by the fundamental flaw in the 

formulation of these specimens, with the Na2O/Al2O3 ratio of these specimens 

massively exceeding unity in almost all specimens. As has been asserted in Section 

2.3 of this chapter, Rahier et al. (1996a) clearly demonstrated that the M/Al ratio of 

geopolymers cannot exceed unity. Where the M/Al ratio exceeded unity in these 

specimens plastic deformation was observed (Fletcher et al., 2005), which indicates 

that these specimens are not cured chemically, rather are silicate bonded. While 

investigation of a wider range of Si/Al ratio specimen geopolymers is clearly needed 

for a more clear understanding of the physical and thermal evolution of geopolymers 
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subjected to elevated temperatures, the methodology adopted in this work is invalid 

and will not be considered further in the thesis.  

To date there has been no detailed study into the thermal evolution of geopolymers. 

Barbosa et al. (2000; 2003a; b) used 27Al and 29Si MAS NMR, XRD, TG and FTIR to 

measure changes occurring as a result of thermal treatment of one sodium and two 

potassium based geopolymers, however no systematic attempt to quantify or 

determine the fundamental aspects of thermal stability was made. Similarly, 

Schmucker and MacKenzie (2005) investigated the microstructural evolution of a 

single sodium geopolymer specimen. The initial work of Rahier et al. (1996a; b; 1997) 

displayed a systematic investigation of some properties of geopolymeric binders. 

Despite this, only minimal data was presented on the thermal evolution of specimens, 

with no systematic study made. While some aspects of the physical and structural 

evolution of geopolymers have been presented, no single study or group of studies 

have addressed a systematic series of specimens from the perspective of structural 

and physical evolution. It is clear that two fundamental aspects must be addressed in 

combination to elucidate the thermal evolution characteristics of geopolymers: (1) 

There needs to be a wider understanding of the effect of Si/Al ratio and alkali cation on 

the structure of a control system of geopolymers; and (2) The control system must be 

subjected to a systematic study of thermal evolution in terms of both structural and 

physical evolution. To successfully characterise a control system of geopolymers, the 

molecular structure, microstructure and physical properties must be understood by a 

self-consistent mechanistic and structural model. The model of the control system 

must then be applied to elucidate the physical and structural evolution of geopolymers 

observed at elevated temperatures. 

2.8.2 Phase relations in the system Na2O-K2O-Al2O3-SiO2 

Despite the different types of naturally occurring and synthetic aluminosilicates that are 

known to exist, all systems are ultimately bound to the same thermodynamic 

constraints. Clearly at close to ambient conditions, thermodynamic considerations are 

not dominant, as many metastable amorphous and crystalline aluminosilicates exist, 

including gels and zeolites. Therefore, much of aluminosilicate chemistry is dominated 

by kinetics and local free energy minima. However, at elevated temperatures 

thermodynamics becomes more important as thermal energy dominates processes 

and kinetic processes increase rate dramatically. Zeolites and aluminosilicate gels 

decompose at elevated temperature and either crystallise to form the 
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thermodynamically stable phase, a glass of nominal composition or a mixture of the 

two. Therefore, the study of any material subjected to elevated temperature will 

ultimately be governed by thermodynamics, with the most stable thermodynamic 

phases forming. 

The phase diagrams for the elements that compose geopolymers are of great interest 

to geologists, as silicon and aluminium are the two most abundant rock-forming metals 

in the earths crust. Furthermore, alkali feldspars are another important group of 

minerals. Therefore, there is a wealth of information on the phase composition of these 

systems under many conditions of temperature and pressure. In this investigation, the 

most relevant are those pertaining to ambient and elevated temperatures at ambient 

atmosphere. For each of the two principal ternary geopolymeric systems containing 

sodium and potassium, there are three limiting binary systems, M2O-SiO2, Al2O3-SiO2 

and M2O-Al2O3, where M is either Na or K.  However, from the nominal chemical 

composition of geopolymers in Equation 2.1, the most relevant phase diagrams are the 

ternary Na2O-Al2O3-SiO2 (Schairer and Bowen, 1956) and K2O-Al2O3-SiO2 (Schairer 

and Bowen, 1955) systems, which were first determined in the early part of the 

twentieth century, but were only published in the 1950’s due to the disruption of the 

world wars. The phase diagrams for these systems are presented in Figures 2.24 and 

2.25.  

Based on the M/Al ratio of geopolymers being optimised at unity (Rahier et al., 1996a; 

Kaps and Buchwald, 2002), and the limitation of solubility of silicon in the activating 

solution (Iler, 1979) being approximately SiO2/M2O of two, the chemical compositions 

of geopolymers derived from metakaolin lie on an envelope between MAlSiO4 and 

MAlSi2O6, where M is one of or a mixture of sodium or potassium. By cross-

referencing this compositional range with the phase diagrams in Figures 2.24 and 2.25 

with the typical compositions of geopolymers, the expected thermodynamically stable 

phases can be determined. These are principally nepheline (NaAlSiO4), jadeite 

(NaAlSi2O6) and albite (NaAlSi3O8) for sodium geopolymers, kaliophilite (KAlSiO4), 

orthorhombic KAlSiO4, leucite (KAlSi2O6) and KAlSi3O8 for potassium geopolymers, 

and nepheline [(Na,K)AlSiO4]. However, jadeite is only stable at extremely high 

pressures, and is not expected to form under any conditions that geopolymers should 

be subjected to in the thesis (ie. ambient pressure).  
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Figure  2.24 The phase relations in the system Na2O-Al2O3-SiO2 from Schairer and Bowen (1956). 

Since these initial phase investigations, the complexities of the alkali aluminosilicate 

systems presented above have been studied ad nauseam. However, for the purposes 

of the thesis, there is no need to delve into the mineralogy of high temperature phase 

transitions at this stage. A simple understanding of the thermodynamically stable forms 

of alkali aluminosilicates of various compositions that are expected to form at elevated 

temperatures will suffice. 
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Figure  2.25 The phase relations in the system K2O-Al2O3-SiO2, from Schairer and Bowen (1955). 

2.8.3 Thermal properties of systems similar to geopolymers  

From Section 2.5, it is clear that the properties of geopolymeric materials are 

somewhat similar to aluminosilicate gels and zeolites, especially when compared to 

the properties and structure of the other classes of aluminosilicates, such as minerals 

and glass. The thermal properties of geopolymeric materials outlined in the literature in 

Section 2.8.1 show that geopolymers are similar to both zeolites and amorphous 

aluminosilicate gel. The thermal and structural characteristics of these two systems will 

be reviewed in more detail. 

2.8.3.1 Aluminosilicate gels 

Gel structures are bicontinuous liquid-solid systems on colloidal length scales 

(Scherer, 1999b). Therefore, in thermodynamic terms, gel is far from equilibrium 

(equilibrium for a silica at ambient conditions is quartz). The large surface area of gels 

formed by the micro-segregation of the solid-liquid system contributes a large 

additional energy to the system. Therefore, the energy of the system is decreased by 

forming more compact structures, such as amorphous particles, and further so by 
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crystallisation to more thermodynamically stable phases, ultimately those outlined in 

phase diagrams as in Figures 2.25 and 2.26. The impediment of the gel in a high 

energy state is considered to be due to the effectively irreversible bonding between 

framework atoms, such that the gel is kinetically impeded (Brinker and Scherer, 1990). 

In contrast, bonding of terminal groups is far more liable, allowing more rapid 

detachment and reattachment to form more continuous bonds. This process is called 

restructuring or transformation. This process results in the inward transport of 

monomeric species from the periphery of clusters to the centre to form a more dense 

structure. Simulations have shown that even small amounts of restructuring can lead 

to large changes in the density of the clusters (known as skeletal density) (Meakin, 

1988).  

In cases where extensive transformation occurs, large highly cross-linked particles are 

formed that separate from suspension, called precipitates (Brinker and Scherer, 1990). 

Precipitates are different from gels since they do not fill space. The binding phase in 

Ordinary Portland Cement (OPC) is an example of a precipitate (Scherer, 1999b). 

Once gelation occurs, condensation reactions continue as oligomers attach to the 

network. The flexibility is reduced as thermal motion of the network brings branches 

and clusters into contact, whereupon new bonds can form (Brinker and Scherer, 

1990). The formation of new bonds results in expulsion of pore fluid, called syneresis. 

Syneresis causes shrinkage of gels in the order of a few percent and can occur over 

several weeks, months or even years (Jefferis and Sheikh Bahai, 1995). Syneresis 

reduces the surface area of the gel and increases the elastic modulus (Brinker and 

Scherer, 1990).  

Inorganic gels typically have solids content below 10%. The fractal dimension of 

clusters of a 5 vol% solids silica gel was approximately 25 nm (Vacher et al., 1988). 

The structure of inorganic gels differs greatly from organic gels. Inorganic gels are 

much stiffer than organic gels. The elastic behaviour of inorganic gels is relatively 

constant with temperature, whereas organic gels exhibit huge changes in volume.  

Due to the high surface area of inorganic gels, reaction occurring at the liquid-solid 

interface can dramatically change the composition of the gel. Almost any composition 

of gel can be made from almost all elements in the periodic table, typically resulting in 

an amorphous hydrous oxide. Some elements, such as Si, Al, Ti and Zr readily form 

three-dimensional networks, whereas others are predisposed to form small particles.  
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Inorganic gels have been shown to be especially useful in production of dense bulk 

glasses and glass ceramics at comparatively lower temperatures than traditional 

methods. The densification of gels to glass has been shown to be strongly dependent 

on gel microstructure, gelation and aging conditions (Fahrenholtz et al., 1991; Grandi 

et al., 2004). Figure 2.26 shows characteristic dilatometric and thermogravimetric data 

of a silicate gel during thermal evolution. Originally the densification of inorganic gels 

was considered to be a sintering process of a skeletal framework with a structure 

similar to melted glass. However, the structure of inorganic gels differs significantly 

from glasses, and is comprised of a wide range of structures ranging from weakly to 

highly cross linked clusters that exist in varying states of compaction due to the liquid-

solid state of the system and varied solids fractions. Therefore, the densification and 

transformation process from a gel into a glass must be affected by the gel structure 

both thermodynamically and kinetically. 

  

Figure  2.26 Thermal shrinkage and weight loss of inorganic gel heated at a rate of 0.5˚Cmin-1, from 

Brinker et al. (1985). 

The high surface area created by the liquid-solid interfaces provides a large free 

energy, which is available to provide a driving force during sintering and viscous flow 

(Brinker et al., 1985; Scherer et al., 1985). Since gels are not fully cross-linked, the 

skeletal density is lower than fully dense glasses. When water is eliminated during 

dehydration by Equation 2.10 from Brinker and Scherer (1990) , there is a release of 

energy which contributes to densification. 
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( ) OHSiOOHSi 224 2+→  14.9kJ/mol∆Gf(298K) −=            

Equation 2.10 

Typical silica gels release approximately 20 to 100 J/g resulting from elimination of 

water during dehydroxylation. However, the free energy of formation of siloxane 

linkages is greatly dependent on the Si-O-Si bond angle, which further complicates 

densification as a result of molecular structuring (Brinker and Scherer, 1990).  

 

Figure  2.27 Linear shrinkage of a silicate gel measured at constant heating rates, from Brinker et 
al. (1985). 

Since the gel to glass transition involves reduction in surface area (viscous sintering) 

and free volume (structural relaxation and dehydroxylation) (Brinker et al., 1985; 

Scherer et al., 1985), the kinetics of these processes are dependent not only on the 

physical and chemical structure of the gel, but also the thermal history and thermal 

processing conditions. Structural relaxation and sintering are material transport 

processes, and are therefore kinetically bound. Furthermore, since the gel system is a 

formed from a bi-continuum of liquid-solid, with the liquid usually being water, the 

amount of water in the structure is well known to reduce the activation energy for 

viscous flow (Kim and Lee, 1997; Leko and Mazurin, 2003). Therefore, both the 

amount of water and its distribution, which are a function of gel structure (Brinker and 

Scherer, 1985), are important to the kinetics of gel densification. The kinetic 

constraints of gel densification are shown in Figure 2.27, which shows the effect of 

different constant heating rates on the extent of thermal shrinkage of a silicate gel. 
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Furthermore, the uneven distribution of hydroxyl groups resulting from high liquid 

fractions makes clear identification of a Tg almost impossible during continuous 

shrinkage (Brinker et al., 1985; Scherer et al., 1985). The lack of an observable Tg in 

inorganic gels may be a result of obscuring by combined effects of structural 

relaxation, viscous sintering, dehydroxylation, it may also be a sign that the structure of 

gels is under continuous change during the gel-glass transition and therefore has no 

well defined Tg. 

Aside from gel structure, the gel microstructure has been shown to have a large effect 

on the kinetics of gel densification. Inorganic gels have the ability to form large 

monolithic structures with controlled porosity and composition. However, when making 

large specimens several problems can be encountered, such as cracking during 

dehydration and both cracking and bloating during densification. In comparing several 

xerogels and aerogels, Grandi et al. (2004) found that is was important to optimise the 

pore size and specific surface area in order to avoid cracking. Reduction in the weight 

loss during densification was shown to be a large factor in eliminating cracking. 

By tuning the physical properties of aluminosilicate gels, such as surface area from 

500m2/g to as low as 1m2/g, Fahrenholtz et al. (1991) showed it was possible to 

drastically affect the phase evolution and densification behaviour during heat 

treatment. The structural characteristics of compositionally analogous gels have been 

observed during heating with NMR, DTA and XRD with different products of 

crystallisation being identified as a result of different surface area prior to densification. 

Furthermore, Fahrenholtz et al. (1991) observed that the chemical homogeneity of gels 

affects the products of crystallisation. The dehydration of silicate and borosilicate gels 

has been tracked by 1H NMR observation of silanol groups, while the 29Si chemical 

shift was used to correlate to the cross-link density (Yang and Woo, 1996). The 

densification process in this case was thought to result from two temperature 

dependent steps, being dehydration below 450˚C and densification above 450˚C.  

If geopolymeric materials are structurally analogous to other inorganic gels, then their 

physical and structural evolution during heating should be characteristically similar. 

Figure 2.28 shows the thermal shrinkage of a sodium geopolymer, which behaves 

significantly differently to the silicate gel in Figure 2.26. The different behaviour of 

geopolymers and traditionally derived silicate gels strengthens the argument that 

geopolymers can be characteristically defined as a unique synthetic aluminosilicate 

material, which is explored in the later chapters of the thesis. 
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Figure  2.28 Thermal shrinkage of sodium geopolymer with Si/Al ratio of approximately 2, from 

Barbosa and MacKenzie (2003b). 

2.8.3.2 Zeolites 

Although geopolymers are nominally X-ray amorphous, it has been discussed in 

Section 2.3 that some geopolymers contain zeolite phase. Therefore, the behaviour of 

zeolites during thermal exposure is of importance in understanding the evolution of 

geopolymers with low Si/Al ratios, and is likely to aid in understanding the behaviour of 

all X-ray amorphous geopolymers. 

One of the main applications of zeolites is as molecular sieves or selective adsorbents. 

Zeolites are able to readily adsorb and desorb molecules of a size determined by their 

structure and composition by variation in temperature and pressure. As the majority of 

zeolites are synthesised in aqueous media, the process of dehydration is important 

and is the focus of many zeolite investigations (Milligan and Weiser, 1937; Galwey, 

2000). Thermogravimetric analysis is the accepted method for investigation of 

dehydration at elevated temperatures, with the differential weight loss often used to 

highlight different regions of weight loss associated with different reactions or 

mechanisms (Siegel et al., 1983). 
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Figure  2.29 Dehydration isobar and X-ray diffraction patterns for scolecite, from Milligan and 

Weiser (1937). 

Dehydration of zeolites may occur to some extent without major alteration of their 

structure. Indeed, zeolites are of industrial interest for their ability to cycle through 

dehydration – rehydration processes many times without significant deterioration. 

Upon total dehydration, some zeolites undergo irreversible structural changes 

including structural collapse of the highly open framework. Zeolites of the faujasite 

framework have multiple cation sites with no stoichiometry associated with the number 

of water molecules bound to the framework. In these systems the effect of dehydration 

on the structure and physical properties can be pronounced as water molecules are 

present as guests in the host zeolite structure. However, other zeolites such as 

analcime, a zeolite phase observed in some potassium geopolymers, contains water 

molecules that are tightly coordinated to the cations and framework oxygen sites, 

resulting in differing dehydration mechanisms and a differing effect. Zeolites exhibiting 

non-stoichiometric and stoichiometric dehydration are presented in Figures 2.29 and 

2.30. Therefore, for differing dehydration mechanisms there will be different 

relationships between temperature and weight loss.  

For non-stoichiometric phases, typically smooth losses in weight with time are 

observed. When dehydration is only partially reversible, dehydration results in 

topological changes, and the TG curve may involve step changes. Dehydration is often 

complex, with specific temperature regions promoting dehydration from different sites 

and sources, which may also be observed as individual or overlapping endotherms in 
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Differential Thermal Analysis (DTA) thermograms. After complete dehydration, 

amorphisation and recrystallisation of the zeolites occur to form denser aluminosilicate 

phases. Crystallisation is detected in DTA as an exotherm without any alteration 

observable in TGA (Barrer and Langley, 1958a). In general, all zeolite DTA 

thermograms exhibit a broad endotherm at lower temperatures due to dehydration (< 

300˚C), though zeolites that dehydrate via structural change exhibit sharp endotherms 

at specific temperatures, higher than the broad low temperature endotherm typical of 

non-stoichiometric dehydration (Barrer and Langley, 1958a). 

 

Figure  2.30 Dehydration isobar and X-ray diffraction patterns for stilbite, from Milligan & Weiser 

(1937). 

The properties of zeolites at elevated temperatures are of importance, due to their use 

as catalysts and adsorbents. Therefore, there is a large volume of literature describing 

the properties and structural evolution of zeolites at elevated temperatures, which may 

aid in the understanding of geopolymer thermal evolution. As geopolymers are closely 

linked to zeolites, in synthesis, chemistry and structurally, their properties at elevated 

temperature are expected to be similar in many respects. 

Zeolites are useful so long as they maintain their functionality. Therefore, studies of 

zeolites differ from investigations of other materials such as minerals and glasses, in 

that they are described by their stability, or thermal stability. As mentioned previously, 

zeolites are only metastable phases, and at elevated temperatures they decompose 

into the thermodynamically stable phases discussed in Section 2.8.2. However, it is 
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the susceptibility of zeolites to change or alteration, often without complete structural 

degradation, that makes zeolite stability so crucial to investigation of geopolymers. 

Changes at temperature sometimes dramatically alter some properties of zeolite 

behaviour and limit their use and application, but others are reliant on it. It is the 

application specific definition of thermal stability that makes elucidation of thermal 

characteristics different to other definitively measurable properties. Rather than 

regimentally define thermal stability, it is best to describe the properties of a material at 

elevated temperature and determine their thermal stability in context of application.  

The crystal structure of zeolites collapse at elevated temperature (McDaniel and 

Maher, 1976). The temperature of structural collapse is generally termed the 

temperature of thermal stability. However, the collapse of the structure is not 

necessarily linked with dehydration. The factors affecting thermal stability as defined 

by the temperature of structural collapse are associated with the framework geometry. 

However, there has been no clear link between density, openness and other 

framework features identified to date. Indeed, faujasite, which is one of the most open 

zeolites frameworks display a high thermal stability (Li and Rees, 1985). The clearest 

link between thermal stability and structure lies in the Si/Al ratio. High Si/Al ratios tend 

to be more thermally stable (Li and Rees, 1985). The temperature of the exothermic 

peak in DTA thermograms of faujasites based on La, Ca and Na is presented in Figure 

2.31 for X and Y type sodium zeolites.  

 

Figure  2.31 (a) Thermal stability of faujasites in the sodium, calcium and lanthanum forms as a 

function of Si/Al ratio. (b) Thermal stability of faujasites in the sodium form as a function of the 
number of Na+ ions per unit cell, from Li and Rees (1985). 
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Thermal stability is often related to the intensity of peaks in XRD diffractograms. Peaks 

originating from zeolite phase reduce in intensity throughout heating. When peaks no 

longer appear in the diffractograms, the zeolite is fully decomposed. Zeolites that 

exhibit identical XRD diffractograms can have different properties (McDaniel and 

Maher, 1976). Therefore, other methods are employed for linking to decomposition 

and thermal stability. Specific surface area, pore volume, IR spectra are all used to 

determine structural change (Bremer et al., 1973). The most common method for 

determining thermal stability utilises the fact that structural collapse is exothermic. 

Therefore, an exothermic peak in a DTA thermogram indicates the limit of thermal 

stability. Typical DTA thermograms for different ion exchanged zeolites of the 

chabazite framework are presented in Figure 2.32.  

 

Figure  2.32 (a) Differential thermal analysis, and (b) thermogravimetric curves of ion-exchanged 

natural chabazites with Al2O3:SiO2 = 1 : 5.05, from Barrer and Langley (1958a). 

Zeolite DTA thermograms can be generalised as having three prominent features: an 

endotherm between ambient temperature and 300˚C is caused by dehydration of the 

zeolite cages and volatile structure directing organics; the first of two exotherms is a 

result of the structural collapse of the crystal structure into an amorphous phase, 

followed by a second exotherm resulting from crystallisation of the amorphous phase 

into a more thermodynamically stable phase (Bish and Carey, 2001). Unfortunately, 
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reproducibility of these experiments is poor, due to the nature of the decomposition 

process being dependent on many variables, such as heating rate, sample size, 

particle size and instrumentation (Bremer et al., 1973; McDaniel and Maher, 1976). 

However, it is generally accepted that DTA provides a good means of comparison 

when conducted under the same conditions. 

As well as exhibiting typical features of zeolites in thermal analysis, Figure 2.32 also 

exemplifies the trend observed with different charge balancing cations in the 

framework. The temperature at which the exothermic peak associated with structural 

collapse appears increases in the order Li < Na < K < Rb (Barrer and Langley, 1958a). 

Indeed, the start of the peak is only just visible for the Rb-zeolite. Furthermore, the 

NH3-zeolite exhibits a peak arising from the decomposition of the ammonium ion. 

Zeolites synthesised using organic cations exhibit more complex thermal behaviour 

and will not be discussed further here, as similar cations are not used in the synthesis 

of geopolymers. However, the improved thermal stability of K-geopolymers compared 

to Na-geopolymers has been observed by Barbosa and MacKenzie (2003a), and 

correlates with observations of zeolites in Figure 2.32. 

 

Figure  2.33 (a) Dilatometric and (b) thermogravimetric curves of NH4-clinoptilolite, from Dell’Agli et 
al. (1999). 
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The reason for the increased thermal stability of zeolites containing larger alkali 

cations is unclear to date, although it has been proposed that larger cations are able to 

support the structure better after dehydration (Barrer and Langley, 1958a). This 

mechanism has also been proposed for increased strength of potassium geopolymers 

compared to sodium geopolymers (Xu and van Deventer, 2000b). Similar trends have 

been observed in other zeolite systems, and are summarised elsewhere (McDaniel 

and Maher, 1976). Collapse of the crystal structure is exothermic, as there is a 

reduction in the net surface energy of the system when the structure densifies. 

Therefore, collapse is also accompanied by a reduction in the surface area of the 

material, which can be measured by nitrogen adsorption methods.  

The thermal densification and shrinkage of zeolites is technically difficult to study, 

mainly because of the need for single-crystals of sufficient size or materials free of 

porosity. Nonetheless, powdered compacts have been used to measure the thermal 

shrinkage of zeolite materials, and have been able to show the effects of different 

cations on thermal properties. Some of the framework structures investigated include 

chabazite (Colantuono et al., 1996), zeolite A (Colantuono et al., 1997), and 

clinoptilolite (Dell'Agli et al., 1999). The thermal shrinkage of zeolite is small compared 

to that of silicate gels (Brinker et al., 1985) and geopolymers (Rahier et al., 1996b; 

Barbosa et al., 2000), typically in the order of 1-3% up to a temperature of 600-800˚C. 

Despite the smaller magnitude of thermal shrinkage observed in zeolite systems, the 

characteristics of thermal shrinkage are very similar to that of geopolymers. Figure 

2.33 shows the thermal shrinkage and weight loss of a NH4-clinoptiloite from Dell’Agli 

et al. (1999). The shape of the thermal shrinkage curve is almost identical to that of 

geopolymeric materials observed elsewhere (Rahier et al., 1996b), implying that there 

may be more in common between geopolymeric materials and zeolites than their 

structural differences would suggest. Therefore, the main findings of the thermal 

densification studies of zeolites should be noted; (1) Shrinkage of zeolite is dominated 

at low temperature by dehydration, then (2) thermal collapse, which onsets at 

approximately 300-450˚C. Despite the similarity of the thermal shrinkage curve, there 

is a substantial difference in the thermogravimetric curve presented in Figure 2.33 and 

those characteristic of geopolymers. 

The densification and collapse of zeolites have also been observed by XRD, 29Si and 
27Al  NMR spectroscopy and FTIR. All of these methods are able to interrogate the 

structure of the materials on the molecular length scale and provide detail as to the 
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evolution of the material with thermal treatment. The collapse and subsequent thermal 

crystallisation of zeolite A can be observed in the stacked XRD diffractograms 

observed by Coyler et al. (1997) in Figure 2.34. Similar methodology for interrogating 

specimens at incrementally heated stages has yielded the progressive change of 

zeolites using FTIR (Aronne et al., 2002). However, FTIR suffers from complicated 

spectral analysis, due to the large numbers of spectral bands that sum to the final 

observed spectra. Lee and van Deventer (2003) encountered similar issues in the 

analysis of geopolymeric materials. Despite this, FTIR can be utilised to correlate with 

other structural events, but lacks the precision of other methods.  

 

Figure  2.34 In situ beam-decay corrected XRD powder patterns of zeolite Zn/Na-A from 595˚C to 

811˚C, at a heating rate of 1.7˚Cmin-1, from Coyler et al. (1997). 

NMR spectroscopy is able to uniquely interrogate single nuclei; the sensitivity and 

ability for NMR to observe subtle changes in structure resulting from thermal treatment 

are greatly enhanced compared to FTIR. 29Si and 27Al have been used to identify 

changes in the environment of different ion exchanged zeolites (Clayden et al., 2003) 

and thermally treated zeolite phases (Colyer et al., 1997). Figure 2.35 shows the 

changes in 29Si and 27Al NMR spectra of zeolite A when thermally treated at 1100˚C. 

The broadening of 29Si spectrum indicates a decrease in the ordering in molecular 

structure and the appearance of a second peak at 0 ppm in the 27Al spectrum 

correlates to the appearance of octahedral coordinated aluminium. 
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Figure  2.35 Ex-situ solid-state (a) 29Si and (b) 27Al NMR for zeolite Zn/Na-A. The as prepared 

material is shown above and the material after heat treatment at 1100˚C below, from Coyler et al. 
(1997). 

2.9 Summary of the literature and motivation for the 
thesis 
The broad aim of the thesis is to provide a fundamental understanding of the effect of 

elevated temperatures on the evolution and properties of geopolymers. In order to gain 

a fundamental understanding of the processes occurring in geopolymers at elevated 

temperatures, an accurate structural description of the system at ambient conditions is 

required. However, from the review of the literature, it is apparent that the 

understanding of the molecular structure of geopolymers and the relationship this 

bears to physical properties is not sufficient for these purposes. While there is a great 

deal of literature investigating broad properties of a wide variety of geopolymeric 

materials, the broad focus of the experimental work has resulted in a relatively 

superficial understanding of the system. Indeed, the structural understanding of 

geopolymers is currently based on an ad hoc montage of the conceptual models for 

the description of zeolites, gels and glasses. Therefore, a structural model of 

geopolymers needs to be developed that can demonstrate an understanding of the 3-

Dimensional molecular structure and also explain the most fundamental material 

properties of geopolymers. As the thesis will focus on the thermal evolution of 

geopolymers, it is critical for the new model to accurately describe and predict both the 
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structure and physical characteristics of geopolymers, since significant physical and 

structural evolution of the material occurs at elevated temperatures. The thesis will 

provide a large volume of data on a well controlled metakaolin system, and will be able 

to elucidate the important characteristics of geopolymers during their formation and 

thermal evolution up to 1000˚C. 

From the review of existing literature and experimental evidence describing the 

structure and properties of geopolymers there are several key aspects of geopolymer 

science that will be addressed in the re-evaluation of geopolymer structure in Chapters 

4 to 9 of the thesis: 

• Whilst there is no single existing conceptual model that allows description of all 

characteristics of geopolymers, it is apparent that the two most closely linked 

systems are that of zeolites and aluminosilicate gels. While the literature suggests 

that geopolymers have much in common with these systems, there are some 

specific differences between geopolymers and zeolites and traditional silicate gels, 

which the thesis aims to elucidate. 

• Although there has been some basic structural characterisation of geopolymers, 

primarily using NMR techniques, there appears to be very little detailed information 

currently available with regard to the molecular structure, next-nearest neighbour 

ordering and the role of the alkali cation in affecting the level of reaction, molecular 

structure, microstructure and thermal evolution. The role of the alkali cation on the 

structure and performance of alkali aluminosilicate materials has been well 

demonstrated in this chapter for other synthetic and natural aluminosilicate 

systems; however no structural studies of geopolymers have yet been performed.  

• It is known that the concentration of soluble silicon in the activating solution of 

geopolymers affects greatly the mechanical properties of geopolymers. Despite 

this, there  has been little fundamental exploration of the effect the Si/Al ratio, 

determined from the concentration of silicon in the activating solution, has on the 

intrinsic molecular structure, microstructure or thermal evolution of geopolymers. 

The role of the Si/Al ratio is known to affect the thermal stability and mechanical 

properties of minerals and zeolites in particular, though the effects of one of the 

most basic variables in geopolymer science is largely unknown. 

• Based on the three key motivating areas outlined above, an experimental system 

will be designed in Chapter 3, encompassing the compositional variation required 
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for a broad and systematic investigation of geopolymer molecular structure, 

physical properties and thermal evolution. 

• Chapter 4 will explore the effect of alkali cations on the incorporation of aluminium 

into geopolymeric gels with a broad range of Si/Al ratios by use of 27Al and 2H MAS 

NMR. Though the dissolution of the raw materials used in geopolymerisation is not 

the primary focus of the thesis, the importance of dissolution cannot be 

underestimated in the formation of geopolymers and the final structure of the 

hardened composite. The effect of chemical composition on the extent of reaction 

of metakaolin, measured by the amount of Al(VI) sites observed in 27Al MAS NMR 

spectra will also be explored in Chapter 4. 

• Chapter 5 elucidates the molecular structure of geopolymer specimens by 29Si 

MAS NMR. The 29Si spectra will be deconvoluted into 5 peaks, to represent and 

determine the Q4(mAl) site distributions in specimens with different alkali cation 

and Si/Al ratio. The effects of alkali cation and Si/Al ratio on the molecular structure 

will then be elucidated by comparing the experimental results with a statistical 

thermodynamic model description of geopolymers.  

• Chapter 6 will employ isotopically enriched 17O specimens to probe the 

environment of oxygen in geopolymers, in combination with 2-Dimensional multiple 

quantum NMR techniques on ultra high-field NMR instruments. Application of very 

sensitive and high resolution NMR techniques to geopolymeric materials will 

demonstrate the ability to determine accurate structural information on the X-ray 

amorphous molecular structure. 

• Chapter 7 will investigate the relationship between the microstructure and 

mechanical properties of Na-geopolymers derived from metakaolin. The 

knowledge of the molecular structure of geopolymers gained in Chapters 4 to 6 will 

be used in combination with gel chemistry to explain the relationship between the 

molecular structure, mechanical properties and microstructures of geopolymers. 

The structure and properties of geopolymeric materials will be explored by 

methods of gel density similar to those used with silicate gels explored in this 

chapter. The physical description of geopolymer as a bi-continuous liquid-solid 

system, with the aluminosilicate framework and water being the solid and liquid 

components, respectively, will be explored in detail for the sodium system. The 

concepts and importance of gel chemistry in determining the skeletal density of 
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geopolymer gel will be introduced as the basis of a new conceptual understanding 

of geopolymers. 

• Chapter 8 will then extend the study of physical properties to include systems 

synthesised with different alkali cations and mixtures of alkali cations in 

accordance with the system outlined in Chapter 2. The effect of the alkali cation 

and Si/Al ratio on the compressive strengths and Young’s modulii of geopolymers, 

and the statistical relationships between the compositional variables will be 

explored. Chapter 8 will introduce the fundamental idea that geopolymers are a 

transient system, with the development of properties with time to be elucidated. 

• Chapter 9 will explore the use of thermophysical transport properties to probe the 

microstructure of geopolymers. The thermophysical properties of geopolymer have 

not been explored in the literature, and this chapter will provide a large bank of 

entirely new experimental data. Furthermore, it will be demonstrated that thermal 

conductivity can be utilised as an indirect measure of the interconnectivity of 

geopolymeric gels, that can verify the key experimental findings of Chapters 4 to 8. 

• The structural model that will be developed in Chapters 4 to 9 will provide a 

consistent model of the system that incorporates a large volume of systematically 

determined experimental evidence of the molecular structure, microstructure and 

physical properties at ambient conditions. Chapters 10 to 13 will explore the 

physical and structural evolution of geopolymers throughout heating up to 1000ºC. 

• Chapter 10 will characterise the physical evolution of Na- geopolymers using a 

methodology similar to that used for silicate gels, based on the evolution of the 

pore structure, thermal shrinkage, weight loss, and evolution of the skeletal density 

during the first heating. The effect of Si/Al ratio on the characteristics of 

geopolymers will be elucidated. 

• Chapter 11 will provide a structural perspective on the thermal evolution of sodium 

geopolymers, building on the data collected in Chapter 10. Ex-situ quantitative 

XRD and FTIR will form the experimental basis for understanding the evolution of 

geopolymers with a broad range of Si/Al ratios at high temperature in order to 

provide an explanation of the changes in physical structure observed in Chapter 

10. The use of NMR to characterise the thermal evolution of geopolymers will also 

be discussed. 
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• Chapters 12 and 13 will extend the knowledge developed in the exploration of the 

thermal evolution of Na-geopolymers from Chapters 10 and 11 to systems with 

potassium and mixed alkali (sodium and potassium). The use of different cations to 

tailor the properties and evolution of geopolymers will be investigated. 

Furthermore, the effect of thermal hysteresis and heating rate on the evolution of 

geopolymers will be investigated in terms of molecular evolution processes of 

structural relaxation and densification. 

• Chapter 14 will draw together the main findings of the experimental chapters of the 

thesis and present a new conceptual model of geopolymerisation. The strength of 

the conceptual model to predict the properties and structure of geopolymers at 

ambient conditions and also the thermal evolution up to high-temperatures will be 

explored. 
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Chapter 3  
Experimental methodology and methods 

Section 3.2 of this chapter is based on the publication “Nanostructural Design of 
Multifunctional Geopolymeric Materials”, Ceramic Transactions, 2006, in press. 

3.1 Introduction  
The aim of the thesis is to firstly re-evaluate the current understanding of geopolymer 

structure, from molecular structure to physical properties of geopolymers. A new 

conceptual model is developed, that is able to understand and predict the effects of 

variation in Si/Al ratio and alkali cation type. The new conceptual model will then be 

applied to understanding the thermal evolution of geopolymers, including dehydration, 

physical evolution, structural evolution, crystallisation and thermophysical properties at 

elevated temperatures. The methodology of the thesis is not to determine optimal 

properties or geopolymer formulations for one specific application, but rather to 

understand the structure and thermal evolution of a model system of geopolymers 

from a fundamental point of view based on an experimentally rigorous approach. 

This chapter describes the research methodology and experimental methods utilised in 

the body of the thesis. A brief technical background to the underlying basis for each of 

the techniques will be provided as well as sampling procedures. Techniques 

considered include: X-ray Diffraction (XRD), multinuclear Nuclear Magnetic 

Resonance (NMR) spectroscopy, Differential Thermal Analysis (DTA), 

Thermogravimetry (TG), Dilatometry (Dil), Scanning Electron Microscopy (SEM) 

incorporating Energy Dispersive X-ray Spectrometry (EDS), Focussed Ion Beam 

Milling (FIB), Scanning Transmission Electron Microscopy (STEM), specific surface 

area measurement using the Brunauer-Emmett-Teller (BET) method, compressive 

strength and Young’s modulus determination and thermophysical property 

determination by use of the Transient Plane Source (TPS) technique. 
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3.2 Research methodology 

3.2.1 Raw material selection 

One of the major benefits of geopolymer technology is the ease of synthesis and 

application. Making a geopolymer is literally as easy as mixing some calcined clay in a 

bucket with alkaline solution. The flexibility in synthesis materials and conditions 

results in a lack of standardised experimental compositions and processing 

techniques. Studies utilise a plethora of different solid raw materials, activating 

solutions, curing conditions, sample geometries and naming conventions making 

comparison of experimental data difficult and qualitative at best. Recent studies by 

Rahier et al. (1996a; b; 1997; 2003a) and Rowles and O’Connor (2003) have 

attempted to address this problem of comparison by basing a set of experiments on a 

systematic series of metakaolin-based geopolymers. Within this system a wide variety 

of Si/Al ratios have been investigated by variation of the activating solution 

composition.  

Metakaolin provides an aluminium source with reasonably well-defined stoichiometry 

of close to 2SiO2·Al2O3. Since metakaolin is formed from calcination of kaolin, the 

calcination procedure can cause different properties of metakaolin such as bulk 

aluminium and silicon co-ordination, specific surface area as well as standard material 

properties such as particle size distribution (Nicholson and Fulrath, 1970; MacKenzie 

et al., 1985; Rocha and Klinowski, 1990; Granizo et al., 2000; Cioffi et al., 2003). 

Therefore, it is important for a suite of experimental work to be completed on a 

standardised raw material, which is well characterised. Although metakaolin is in one 

aspect a poorly defined material on a topological level, it is the most pure abundant 

naturally occurring material. Use of a totally synthetic raw material is now being 

adopted by Kriven et al. (2004b). Unfortunately, synthetic raw materials are difficult to 

manufacture on a scale that would allow for synthesis of large specimens.  

The use of metakaolin (calcined kaolinite clay) as an aluminosilicate source eliminates 

many of these issues by providing a purer, more readily characterised starting 

material, thereby greatly enhancing the understanding that may be obtained by 

analysis of the final reaction products. Metakaolin-based geopolymers are a 

convenient ‘model system’ upon which analysis can be carried out, without the 

unnecessary complexities introduced by the use of impure materials, such as fly ash or 

slag as raw materials. Therefore, the experimental system investigated in the thesis 
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will follow the work of Rahier et al. (1996a) by being based on metakaolin as the solid 

aluminosilicate source.  

Metakaolin used in the thesis was purchased under the brand name of Metastar 402 

from Imerys Minerals, UK. The metakaolin contains a small amount of a high 

temperature form of muscovite (PDF 46,0741) as impurity. The chemical composition 

of metakaolin determined by X-Ray Fluorescence (XRF) was 2.3⋅SiO2.Al2O3, and is 

presented in greater detail in Table 3.1. The Brunauer-Emmett-Teller (1938) (BET) 

surface area of the metakaolin, as determined by nitrogen adsorption on a 

Micromeritics Tristar 3000  instrument, is 12.7 m2/g, and the mean particle size (d50) 

was 1.58 µm. Metastar 402 was selected due to exhibiting a ultra low calcium content, 

as a pure aluminosilicate geopolymer system was desired for analysis.  

Table  3.1 Chemical composition of Metastar 402 determined by X-ray Fluorescence. 

Metal oxide component Percentage composition (w/w) 

Fe2O3 0.78 

MnO 0.01 

TiO2 0.02 

CaO 0.10 

K2O 2.68 

SO3 0.33 

P2O5 0.11 

SiO2 54.51 

Al2O3 40.32 

MgO 0.41 

Na2O 0.09 

3.2.2 Processing and mix proportioning 

Within a metakaolin based system a wide variety of Si/Al ratios and alkali composition 

can be investigated by variation of the activating solution composition. Differential 

Scanning Calorimetry (DSC) has been utilised by Rahier et al. (1997) to show that the 

heat of reaction during geopolymerisation is inherently linked to the Al/M ratio (where 
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M is an alkali cation). The heat of reaction has been seen to increase until the Al/M 

ratio reaches unity, beyond which no greater heat is released. Furthermore, Kaps and 

Buchwald (2002) found a maximum in both compressive and tensile strength of 

metakaolin-based geopolymers when Al/M ratio was unity. It can be inferred from 

these results that a stoichiometric amount of alkali is required in the reaction mixture to 

balance aluminium released during dissolution of the raw materials. A corollary of this 

result is that the geopolymer structure does not contain non-bridging oxygen as in 

glass structures. Despite this, Rowles and O’Connor (2003) found the optimum 

strength of metakaolin-based geopolymers by simultaneous variation of both Al/M and 

Si/Al ratios. Furthermore, additional water was added to the activating solution to 

‘achieve consistency in the fluidity’. Water content has been shown to effect the 

strength of geopolymers (Rahier et al., 1997), therefore, seemingly arbitrary alteration 

of the H2O/M2O ratio introduces artefacts into the trend observed. The effect of Si/Al 

ratio on strength and microstructure at constant H2O/M2O content should therefore be 

independently investigated, and will be adopted for the experimental system in the 

thesis. 

The most common method for varying the composition of geopolymers based on the 

same solid aluminosilicate source is by manipulation of the activating solution. The 

concentration of dissolved silicon in the activating solution is measured as SiO2/M2O, 

where M is the sum of alkali cations. Therefore, when the Al2O3/M2O ratio of a 

geopolymeric mix is used to determine the amount of alkali silicate activator required, 

the SiO2/M2O ratio of the activating solution can be used directly to measure an 

accurate Si/Al ratio. The Si/Al ratio is used in preference to SiO2/Al2O3 in order to avoid 

confusion since aluminium is not present in octahedral coordination. Aluminium within 

a geopolymeric binder is in tetrahedral geometry, which requires a charge balancing 

cation to maintain electronic neutrality. Manipulation of the silicon content of 

geopolymers by this method is, however, restricted by the physical limits of silicon 

solubility in alkali solutions. Typical H2O/M2O ratios of approximately 11 are limited to 

SiO2/M2O ≤ 2. Therefore the nominal Si/Al ratio of a metakaolin-based geopolymer 

with Al/M of unity is limited to 1 ≤ Si/Al ≤ 2. Fumed silica has been added to the solid 

raw material component of geopolymers to artificially increase the Si/Al ratio beyond 

that obtainable in the activating solution (Singh et al., 2004; Fletcher et al., 2005). 

However, samples synthesised by this method of silicon addition exhibit evidence of 

unreacted silicon in the 29Si MAS NMR spectra, plastic deformation, and are 

categorised as poorly reacted (Barbosa et al., 2000; Singh et al., 2002). Therefore, 
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manipulation of the Si/Al ratio of specimens in the thesis will be achieved by 

dissolution of amorphous silica into the alkaline activating solution prior to use in 

experiments. This also allows for the alkali composition of the activating solution and, 

hence the charge balancing cation in the geopolymer framework to be easily varied by 

use of different alkali hydroxides (ie. NaOH and KOH). 

3.2.3 Curing conditions 

The published curing conditions implemented in the research of geopolymeric systems 

are widely a varied, resulting in similarly varied and often contradictory results. Initial 

studies published by Davidovits (1982) quoted curing temperatures of up to 150˚C, 

while temperatures in more recent  published literature vary from 40˚C (Yip and van 

Deventer, 2003), 60˚C (Barbosa et al., 2000), or investigations specifically 

investigating varied curing temperatures (Alonso and Palomo, 2001a; b). Curing 

temperature is known to have a large effect, however curing time at elevated 

temperature and post curing treatments and storage are often varied between 

experiments also. Curing periods vary from 24 hours (Rahier et al., 1996a; Lee and 

van Deventer, 2004), to as little as 3 hours (Barbosa et al., 2000; Cheng and Chiu, 

2003). Furthermore, both sealed and unsealed containers are often used for curing, 

with almost all ageing of samples being conducted in non-sealed environments, 

introducing dehydration effects to sample reproducibility and trends observed. In rare 

cases, inappropriate methods such as sample drying periods at elevated temperatures 

have been employed to enhance setting of ‘poorly cured’ geopolymers (Barbosa et al., 

2000). 

Therefore, the experimental work in the thesis will utilise a curing temperature of 40˚C, 

where specimens are sealed from interaction with the environment during curing and 

ageing prior to analysis. This removes the physical processes associated with 

exposure and water loss from affecting the properties of the geopolymeric binder. 

Therefore, the inherent effect of composition can be studied without introducing 

artefacts associated with loss of water during curing as discussed above. Dehydration 

of specimens during curing and ageing determined by transient weight loss was 

therefore negligible (<1%).  
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3.3 Specimen preparation 

3.3.1 Activating solutions 

Alkaline silicate solutions with composition SiO2/M2O = R (0.0, 0.5, 1.0, 1.5 and 2.0), 

Na/[Na+K] = A (0.00, 0.25, 0.50, 0.75 and 1.00) and H2O/Na2O = 11 were prepared by 

dissolving amorphous silica (Cabosil M5, 99.8% SiO2) in appropriate alkali hydroxide 

solutions until clear. Solutions were stored for a minimum of 24 hours prior to use to 

allow equilibration. Alkali hydroxide solutions were prepared by dissolution of KOH and 

NaOH pellets (Merck, 99.5%) in Milli-Q water, with all containers kept sealed wherever 

possible to minimise contamination by atmospheric carbonation. 2H and 17O labelled 

samples were synthesised in the same manner as described above with the exception 

that 99.99% 2H2O (Aldrich, St. Louis, MI) and 20% H2
17O were substituted for distilled 

water, respectively. 

3.3.2 Geopolymer synthesis 

Geopolymer samples were prepared by mechanically mixing stoichiometric amounts of 

metakaolin and alkaline silicate solution to give Al2O3/M2O = 1, forming a homogenous 

slurry. After 15 minutes of mechanical mixing the slurry was vibrated for a further 15 

minutes to remove entrained air before being transferred to Teflon moulds and sealed 

from the atmosphere. Samples were cured in a laboratory oven at 40°C and ambient 

pressure for 20 hours before being transferred from moulds into sealed storage 

vessels. The samples were then maintained at ambient temperature and pressure until 

testing. Specimens were synthesised with different Si/Al ratios by use of the five 

different concentrations of alkali activator solutions, R = 0.0, 0.5, 1.0, 1.5 and 2.0 with 

each of the five alkali ratios, A = 0.00, 0.25, 0.50, 0.75 and 1.00. This resulted in up to 

twenty-five different sample compositions with nominal chemical composition 

( ) O5.5HAlOSiOKNa 222 ⋅− zyy 1 , where y is 0.00, 0.25, 0.50, 0.75 and 1.00 is z is 1.15, 

1.40, 1.65, 1.90 and 2.15. For ease of discussion in the thesis, the five alkali series will 

be referred to as Na, Na75, Na50, Na25 and K (ie no Na), representing each of the 

five alkali ratios, A = 1.00, 0.75, 0.50, 0.25 and 0.00, respectively. 

3.4 Characterisation methodology and techniques 
The elucidation of a clear link between the structure and thermal properties of 

geopolymers requires an appropriate analytical methodology incorporating techniques 
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that will yield the most pertinent information. Discussions of the key methods for 

molecular and microscopic characterisation have been surveyed in the literature 

review in Chapter 2. However, characterisation of thermal evolution specifies a more 

broad range of techniques. Relevant techniques include dehydration, structural 

evolution during heating, thermal shrinkage, crystallisation, and measurement of 

thermophysical properties such as thermal conductivity, diffusivity, and thermal 

expansion.  

3.4.1 Electron microscopy 

Electron Microscopy was performed using an FEI XL-30 FEG-SEM, and a Phillips 

CM200 (FEI Company, Hillsboro, OR, USA) and Jeol 2010 TEM (Tokyo, Japan). 

Samples were polished using consecutively finer media, prior to final preparation using 

1µm diamond paste on cloth. As geopolymers are intrinsically non-conductive, 

samples were coated using a gold/palladium sputter coater to ensure that there was 

no arching or image instability during micrograph collection. A control sample was 

prepared using different coating thicknesses, a different coating medium (osmium) and 

left uncoated (analysed in a FEG-ESEM with 2 Torr pressure) to ensure 

microstructural detail was not altered by sample coating. The sample coating routine 

finally selected was found to accurately display the microstructure of the geopolymer 

without affecting any details or introducing artefacts in the coating process. TEM 

specimens were prepared by Focussed Ion Beam (FIB) milling of a thin section using a 

Focused Ion Beam xP200 (FEI Company, Hillsboro, OR, USA). The specimens were 

analysed by bright field (BF) imageing. 

3.4.2 Compressive strength and density 

Ultimate compressive strength and Young’s modulus were determined using an 

Instron Universal Testing Machine using a constant crosshead displacement of 0.60 

mm/min. Specimens were cylindrical,  25 mm in diameter and 50 mm high to maintain 

a 2:1 aspect ratio. Sample surfaces were polished flat and parallel to avoid the 

requirement for capping. All values presented in the current work are an average of 6 

samples with error reported as average deviation from mean. Nominal sample density 

was measured by averageing calculated density given by the weight of each of the 6 

samples divided by their volume prior to compressive strength testing. 
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3.4.3 X-ray diffraction (XRD)  

XRD random powder diffractograms of geopolymer specimens were collected on a 

Philips PW 1800 diffractometer with CuKα radiation generated at 20 mA and 40kV. 

Specimens were step scanned from 5-70o 2θ at 0.02o 2θ steps integrated at the rate of 

4.0 s per step Quantitative XRD analysis was performed using the Relative Intensity 

Ratio (RIR) method and a 20% internal standard of periclase (MgO), allowing for 

determination of crystalline and amorphous content of each specimen. 

3.4.4 FTIR spectroscopy 

IR spectra were recorded from 4000 cm-1 to 400 cm-1 using a Varian 7000 FTIR (Palo 

Alto, CA) fitted with a Golden Gate MKII ATR accessory (Woodstock, GA) with 

diamond top-plate and ZnSe lenses. Spectra were collected with 32 transients at a 

resolution of 2 cm-1 at room temperature in absorption mode. 

3.4.5 Nuclear Magnetic-Resonance spectroscopy 

Solid-state NMR 
27Al and 23Na spectra were obtained at 130.249 MHz and 132.219 MHz, respectively, 

with a Varian (Palo Alto, CA) Infinity 500 NMR spectrometer (11.7 T). A 2.3 mm high 

speed Chemagnetics broadband MAS pencil probe was used to acquire the MAS 

spectra at spinning speeds of 15 kHz with spectra referenced to Al(NO3)3(aq) and 

NaCl(aq), respectively. Spectral widths for both 27Al and 23Na were 50 kHz with typically 

4096 and 512 transients collected, respectively. 2H spectra were collected at 46.076 

MHz on a Varian Inova 300 NMR spectrometer (7.05 T) using a 5 mm zirconia rotor at 

spinning speeds of 5 kHz, referenced to 2H2O. The spectral width was 100 kHz with 

1024 transients and 100 Hz of line broadening. A simple pulse sequence with a single 

π/2 pulse (of order 3 µs) was used in all experiments with recycle delays of at least 5 

times T1 as measured by the saturation recovery method, typically 1s for 2H, 23Na and 
27Al. 

29Si NMR spectra were obtained at a Larmor frequency of 59.616 MHz with a Varian 

(Palo Alto, CA) Inova 300 NMR spectrometer (7.05 T). Powdered specimens were 

packed into 5 mm zirconia rotors for a Doty (Columbia, SC) broadband MAS probe. 

Spectra were acquired at spinning speeds of 5 kHz with peak positions referenced to 

an external standard of tetramethylsilane (TMS). 1024 transients were acquired using 
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a single π/2 (4.8 µs) pulse and recycle delays typically 15-30 s, being at least 5 times 

T1 as measured by the saturation recovery method, which are typical of the short 

relaxation delays that have been observed in geopolymeric materials previously 

(Barbosa and MacKenzie, 2003b). Several spectra were collected using considerably 

longer recycle delays to ensure no components with more typical longer silicon T1 

relaxation times were omitted. 50 Hz line broadening was applied to all spectra prior to 

deconvolution. 

Solution NMR 
29Si NMR spectra for solutions with R = 0.5, 1.0, 1.5 and 2.0 were obtained at a Larmor 

frequency of 119.147 MHz with a Varian (Palo Alto, CA) Inova 600 NMR spectrometer 

(14.1 T). Spectra were collected using a 10 mm Doty (Columbia, SC) broadband 

probe. Between 128 and 256 transients were acquired using a single 70˚ pulse of 

about 8 µs and recycle delays of typically 20 s to ensure full relaxation of all species. 

The spectra of all other compositions were collected using a Varian (Palo Alto, CA) 

UnityPlus 400 NMR spectrometer (9.4 T) at 79.412 MHz using a 5 mm Doty 

(Columbia, SC) broadband probe, between 2048 and 4096 transients were acquired 

using a single 70˚ pulse of about 10 µs and 20 s recycle delay. This pulse sequence 

results in NMR spectra that are quantitative with respect to the concentration of 29Si in 

differing environments. The spectral quantification of high and low concentration 

solutions was measured on both NMR spectrometers using different field strengths to 

ensure field-independent analysis, and the results were found to be consistent. All 

spectra were referenced to monomeric silicate, Si(OH)4.  

3.4.6 Nitrogen adsorption / desorption 

N2 adsorption/desorption plots of powdered specimens were carried out with a 

Micromeritics Tristar 3000 (Norcross, GA). The air (water) desorption was performed 

at 100˚C for typically 24 hours. Surface areas were calculated with an accuracy of 

10%, from the isotherm data using the Brunauer, Emmet and Teller (1938) (BET) 

method. Mesopore diameter distributions and cumulative pore volumes were 

determined with the Barret, Joyner, Halenda (1951) (BJH) method using the 

desorption data. The total pore volume, Vp, was derived from the amount of vapour 

adsorbed at a relative pressure close to unity, by assuming that pores filled 

subsequently with condensed adsorptive in the normal liquid state.  
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3.4.7 Thermal analysis (DTA) / (TGA) / (TMA) 

Simultaneous DTA and TGA measurements were performed on a Perkin-Elmer 

Diamond DTA/TGA with platinum sample crucibles. Experiments were performed 

between 25˚C and 1050˚C at a heating and cooling scan rate of 10˚Cmin-1 with a 

Nitrogen purge rate of 200 mLmin-1. Dilatometric measurements were performed on a 

Perkin-Elmer Diamond TMA at a constant heating rate of 10˚Cmin-1 unless otherwise 

indicated and a Nitrogen purge rate of 200 mLmin-1. 

3.4.8 Thermophysical property measurement 

The surfaces of specimens used in thermophysical property measurement were 

polished to ensure good thermal contact.  Thermal conductivity, thermal diffusivity and 

specific heat were measured with a Hot-Disk thermal constants analyser (Hot-Disk AB 

Uppsala, Sweden). The Hot-Disk utilises the transient place source (TPS) method for 

simultaneous transient measurement of thermal constants (Gustafsson, 1991). 

Detailed description of TPS theory is provided elsewhere (Gustafsson, 1991). The 

sensor was placed between the polished surfaces of each pair of specimens. 

Measurements at varied humidity were made at 40˚C, with specimens allowed to 

equilibrate inside the controlled humidity chamber. Due to the size of specimens in the 

current work, equilibration times were in the order of weeks. Measurements taken at 

higher temperatures were made by placing specimens in a standard laboratory oven at 

the prescribed temperature (40˚C to 100˚C). The probe diameter and heat power were 

respectively equal to 3.556 mm and 0.05–0.1 W, while heating time was 80 s. The 

values of the thermal conductivity, thermal diffusivity and specific heat were 

determined by fitting the thermogram with a uni-dimensional heat diffusion model 

(Gustafsson, 1991). Each measurement quoted in the current work is the mean of 20 

individual measurements, with error of +/- 0.003 Wm-1K-1 for thermal conductivity, +/- 

0.004 Wmm-2 for thermal diffusivity, and +/- 0.035 MJm-3K-1 for specific heat. 

Due to the small error associated with these measurements, error bars for thermal 

conductivity are accounted for in the size of data points in figures. However, the 

mathematical derivation of specific heat values from the thermophysical transport 

values induces a significant increase in uncertainty about thermal diffusivity and 

specific heat measurements, which is reflected in the greater degree of scatter and 

uncertainty of the thermal diffusivity and specific heat measurements. The uncertainty 

associated with these measurements is < 5%. 
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3.4.9 Specific gravity measurement 

Bulk specific gravities of geopolymers were determined by the Archimedes method, 

with air and water being the two media. Specimens with cylindrical geometry 

(approximately 5 mm diameter, 10 mm length) were used in all measurements. 
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Chapter 4  
The effect of alkali cations on aluminium 
incorporation in geopolymeric gels 

This chapter is based on the publication of the same name in Industrial & 
Engineering Chemistry Research, 2005, Vol. 44, Issue 4, pages 832-839. 

 
In geopolymeric gels, aluminium is known to have tetrahedral coordination and to be 

associated with an alkali cation to satisfy electronic neutrality. However, the 

mechanism of aluminium incorporation and the effects of different synthesis 

parameters are not well understood. 2H, 27Al and 23Na MAS NMR techniques are 

utilised in this chapter to elucidate the structural properties and mechanism of 

aluminium incorporation in metakaolin-based geopolymers. Na+
(aq) and Al(OH)4

-
(aq) 

species are detected in the pore solution of geopolymers with Si/Al ratio ≤ 1.40, and 

found to be directly related to the concentration of soluble silicate in the activating 

solution used for synthesis. The relative concentration of Na+
(aq) in sodium and mixed-

alkali geopolymers indicated a preferential incorporation of potassium into 

geopolymeric gels during curing. This chapter demonstrates a direct link between the 

composition of the silicate activator and aluminium incorporation in geopolymeric gels. 

4.1 Introduction 
Magic-Angle-Spinning MAS NMR was used by Davidovits (1991) to determine the 

coordination of silicon and aluminium within geopolymeric binders. This work was seen 

as a major breakthrough in the understanding of generic geopolymer structure 

(Davidovits, 1988b). The results of NMR experiments demonstrated that metakaolin-

based geopolymers contain predominantly Al(IV) with trace amounts of Al(VI). 

Metakaolin contains Al(IV), Al(V) and Al(VI), thus during the course of 

geopolymerization, Al(V) and Al(VI) are converted to tetrahedral geometry and an 

alkali cation is associated to maintain electronic neutrality (Davidovits, 1991). Due to 

the highly reactive geometry, all Al(V) is believed to be consumed during reaction with 

small amounts of Al(VI), originating from unreacted metakaolin, remaining to form part 
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of the hardened material. In the decade and a half since until recently, there has been 

little expansion of Davidovits’ initial work. 

29Si MAS NMR spectra from Davidovits’ initial investigations exhibited a predominantly 

featureless broad resonance at –94.5 ppm, similar to that of silicon in tetrahedral 

geometry in zeolite gels prior to crystallisation (Davidovits, 1988b). The observed 

resonance was thought to be comprised of the five silicon Q4(mAl) centres as seen in 

previous investigations of aluminosilicates (Klinowski, 1984). NMR experiments have 

since been conducted on geopolymers derived from different raw materials, and these 

confirm that the original results are also representative of these geopolymers (Xu and 

van Deventer, 2003a).  

Singh et al. (2002) attempted to determine the chemical reaction mechanism for 

geopolymerisation at ambient conditions by the study of two samples utilising 27Al and 
29Si MAS NMR. Phair and van Deventer (2002b) investigated the link between the pH 

of the alkali silicate activating solution and mechanical properties of geopolymers using 
29Si solution NMR to determine speciation in the alkaline silicate solutions. These 

studies, however, were unable to identify links between the NMR results and structural 

characteristics. In addition to 27Al and 29Si MAS NMR, 23Na and other nuclei such as 
39K have been investigated, but the focus of these studies has not been on the effect 

of alkali on the generic geopolymer structure (Xu and van Deventer, 2002c; Barbosa 

and MacKenzie, 2003a; Xu and van Deventer, 2003a). 

Conflicting results in the literature suggests that both bound and unbound components 

of water exist in the pore and framework structure of a geopolymer after hardening 

(Rahier et al., 1996b; Xu and van Deventer, 2003a), which greatly affects the 

mechanistic understanding of aluminium incorporation. Xu and van Deventer (2003a) 

utilised Differential Scanning Calorimetry (DSC) to observe an increase in the 

temperature at which a large endothermic peak occurred in geopolymer specimens 

synthesised using a mixture of feldspars (Na,K-AlSi3O8) and kaolinite (Al2Si2O5(OH)4). 

The results show that the temperature for the endothermic peak associated with 

dehydration varies slightly with composition, but is too low to suggest that strong 

bonds exist between water and geopolymeric gel. The work of Xu and van Deventer 

(2003a) correlates with the earlier work of Rahier et al. (1996b), who combined DSC 

and Thermogravimetry (TG) to measure the weight loss and energy flux associated 

with the heating of geopolymers. Both hydroxyl groups and bound H2O can be clearly 

identified using 1H and 2H MAS NMR as peaks off the main isotropic water resonance. 
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NMR therefore presents a powerful means for further elucidation of the environment of 

water residing in geopolymeric gels after hardening. 

The current chapter represents a systematic investigation of the role of alkali cation 

and soluble silicate concentration on the incorporation of aluminium in metakaolin-

based geopolymers, using 2H, 27Al and 23Na MAS NMR. Further understanding of the 

molecular structure of geopolymeric gel will be elucidated by investigating changes 

observed in NMR spectra of geopolymers with different compositions. Since changes 

in molecular structure and aluminium incorporation should be most easily identified in 

specimens with Si/Al ratios of approximately unity, where the possible effect of non-

Loewenstein behaviour is maximised, samples with such ratios will be investigated. As 

opposed to 1H, 2H is a quadrupolar nucleus so deuterium spectra of bound nuclei 

result in quadrupolar splitting, so D2O was used to provide greater potential to observe 

bound water. 27Al and 23Na MAS NMR was used to gain insight into relationships 

between the alkali cation and the aluminium environment in geopolymers. 

Furthermore, by applying high-field and fast spinning rates, which improve greatly the 

resolution of 27Al MAS NMR spectra, the intensity of Al(VI) in spectra was used to 

provide a relative measure of the amount of unreacted phase in geopolymers. 

4.2 Results and discussion 

4.2.1 Environment of water in geopolymers 

Figure 4.1 shows typical 2H MAS NMR spectra obtained from Na-geopolymers of 

differing Si/Al ratios. The single broad centreband of high intensity is typical of 

aluminosilicate glasses and minerals (Eckert et al., 1988; Schaller and Sebald, 1995). 

Spectra of geopolymers are characteristic of solid-state NMR powder patterns 

containing deuterium-bearing species exhibiting isotropic mobility at room temperature 

(Eckert et al., 1988). Thus, water and hydroxide ions are present in the form of liquid-

like ‘pools’ or inclusions. However, from these 2H MAS NMR spectra it is impossible to 

distinguish between the resonances of deuterium in molecular water and hydroxide in 

this instance, although there does appear to be a small chemical shift difference in 

Figure 4.1(a) compared to Figure 4.1(b-d).  The chemical shift in this instance is 

possibly due to the high pH of the pore solution. 
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Figure  4.1 2H MAS NMR spectra of Na-geopolymers with Si/Al ratios of (a)1.15, (b)1.40, (c)1.65 and 

(d)2.15. * indicates spinning sidebands. 

The linewidth of the central band shown in Figure 4.1 increases from 10 ppm to 45 

ppm as the Si/Al ratio is increased from 1.15 to 2.15, indicating a progressive decrease 

in hydrogen mobility from more anisotropically constrained species. Water and excess 

hydroxide are therefore likely to be constrained in pores of decreasing size as the 

silica content of geopolymers is increased. There is however no evidence of a broad 

hydroxyl resonance in any spectra as observed routinely in aluminosilicate glasses. 

Broad, low intensity resonances in glasses are attributed to depolymerisation of the 

framework by reaction of water with bridging oxygen to form surface -OH groups and 

minerals such as kaolinite and dickite (Al2Si2O5(OH)4), which contain water in their 

crystalline structures. Clearly the Si/Al ratio greatly affects the environment of water in 

geopolymers and hence would affect results obtained via thermal analysis such as TG 

and DSC, as previously observed by Xu and van Deventer (2003a).  

4.2.2 Incorporation of aluminium in the framework structure 

The 27Al MAS NMR spectra of metakaolin presented in Figure 4.2 show three broad 

overlapping peaks at ~58-60 ppm, ~28 ppm and ~2 ppm attributed to Al(IV) Al(V) and 

Al(VI) respectively, typical of metakaolin (MacKenzie et al., 1985). Al(V) is the most 
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abundant co-ordination form of aluminium in metakaolin having similar amounts of 

Al(IV) and Al(VI), although exact quantification has not been performed. 

-150-100-50050100150
Frequency (ppm)

* *

 

Figure  4.2 27Al MAS NMR spectrum of metakaolin. * indicates spinning sidebands. 

27Al MAS NMR spectra of Na-, NaK- and K-geopolymers are presented in Figures 4.3 - 

4.5 respectively. The spectra exhibit three resonances, dominated by the peak at 60 

ppm indicating tetrahedrally coordinated aluminium. The dominance of Al(IV) has been 

widely reported and confirms that geopolymerisation converts Al(V) and Al(VI) into 

Al(IV) (Davidovits, 1988b). The resonance peak at approximately 28 ppm of Al(V) 

present in metakaolin was not observed in any 27Al MAS NMR spectra (Figures 4.3 – 

4.5), which indicates that all Al(V) is consumed during geopolymerisation, as expected. 

Furthermore, the highly reactive nature of Al(V) arising from its strained coordination 

would result in large amounts of monomeric Al(OH)4
- being released from metakaolin 

upon addition of the silicate activator, as has been observed numerous times for 

aluminosilicate materials (Walther, 1996; Bauer and Berger, 1998). Monomeric 

aluminium is then incorporated into the matrix via the formation of aluminosilicate 

oligomers. Al(OH)4
-
(aq)

 resonates at approximately 80 ppm and was detected in 27Al 

MAS NMR spectra of geopolymers with Si/Al ratio ≤ 1.40 (Figures 4.3 – 4.5), indicating 

that aqueous aluminium is present in these geopolymer specimens two weeks after 

preparation. 
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Figure  4.3 27Al MAS NMR of Na-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90 

and (e) 2.15. * indicates spinning sidebands. 

The presence of aqueous aluminium in the pores of geopolymers has not been 

reported in previous 27Al MAS NMR investigations and provides insight into the 

reaction mechanism and factors governing aluminium incorporation during 

geopolymerisation. A consequence of aluminium being present in the pore solution is 

to render the reported Si/Al ratio of geopolymers with Si/Al ≤ 1.40 slightly higher, since 

a fraction of the aluminium released during dissolution is not incorporated into the 

matrix. The fact that geopolymers with Si/Al close to unity do not appear to completely 

incorporate all aluminium released during dissolution in the aluminosilicate matrix is of 

significant interest. This result suggests that geopolymers with compositions in this 

range cannot simply be described by their Si/Al ratio, or have an assumed molecular 

structure. To understand the presence of aqueous aluminium in the pores of 

geopolymers, the mechanism of formation needs to be understood in greater detail.  
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Figure  4.4 27Al MAS NMR spectra of NaK-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 

1.65, (d) 1.90 and (e) 2.15. * indicates spinning sidebands. 

The presence of Al(OH)4
-
(aq) in these samples may in part be due to partial dissolution 

of Al-O-Al linkages by the alkaline solution found in the pores. Al-O-Al bonds are 

thermodynamically possible at these compositions and are weaker than Al-O-Si and 

Si-O-Si bonds and would be preferentially dissolved. Since there is a reduced energy 

penalty for formation of Al-O-Al in K-geopolymers than in NaK and Na-geopolymers 

respectively, there is expected to be more Al-O-Al in K-geopolymers (Bosenick et al., 

2001). Hence, if the presence of Al(OH)4
-
(aq) is linked to dissolution of Al-O-Al, then 

more Al(OH)4
-
(aq) would be expected in the pores of K-geopolymers, which is not 

reflected in the data. Therefore, the Al(OH)4
-
(aq) present in the pores is not likely to 

result from the dissolution of aluminium from Al-O-Al bonds and is discussed later. 

Several 29Si and 27Al NMR studies into the speciation of aluminosilicates in aqueous 

alkaline solutions have observed several stable aluminosilicate species (Swaddle, 

2001). In aluminosilicate solutions containing Si/Al =1, the majority of aluminium is 

present in the form of Al(OH)4
-
(aq), in equilibrium with silicate oligomers and small 

quantities of oligomeric aluminosilicate species (Azizi et al., 2002). At Si/Al ratios > 5, 

aluminium is mostly incorporated into a variety of aluminosilicate oligomers that have 

been identified in detail elsewhere (Harris et al., 1997). Of all the aluminosilicate 

species, the most stable is reported to be the cyclic trimer with a Si/Al ratio of 2. It 

follows then that the Si/Al ratio in the solution phase during geopolymerisation must 
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also be critical in determining the speciation of aluminium in aluminosilicate oligomers, 

which are the building blocks from which the binder is thought to form. 
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Figure  4.5 27Al MAS NMR spectra of K-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65, 

(d) 1.90 and (e) 2.15. * indicates spinning sidebands. 

Dissolution studies of aluminosilicate materials have found that there is an initial high 

rate of aluminium dissolution due to the formation of an aluminium deficient layer, 

followed by stoichiometric release of silicon and aluminium (Oelkers et al., 1994; 

Oelkers and Gislason, 2001). Therefore, the metakaolin used in this experiment is 

expected to release initially monomers of silicon and aluminium in the ratio of Si/Al <<1 

followed by a period of approximately equal release of silicon and aluminium. A recent 

study of the leaching characteristics of metakaolin under conditions of 

geopolymerisation has reported such behaviour (Feng et al., 2004). Therefore, the 

amount of silicon available in solution from the alkaline silicate activator at the point of 

initial mixing is thought to play a defining role in determining the speciation of 

aluminium throughout the entire reaction.  

Upon mixing, the solution-phase of the slurry in geopolymers synthesised using 

activating solutions containing little, if any, soluble silicate will contain Si/Al ratios that 

are less than unity. Hence a high proportion of the aluminium in solution will be present 

as Al(OH)4
-
(aq). Although the mechanisms of geopolymer and zeolite precipitation are 

poorly understood, the two main theories agree that the formation of Al-O-Al sites is 

highly unfavourable from a thermodynamic point of view (Davis and Lobo, 1992). As 
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condensation in the solution-phase occurs, aluminosilicate species will polymerise and 

precipitate out in the solid-state, which will disturb the equilibrium of aluminosilicate 

species in the solution-phase. It has been shown that aluminium is incorporated into 

aluminosilicate oligomers where the nominal Si/Al of these oligomers is greater than 

unity (Azizi et al., 2002). Hence, it is believed that during polymerization the rate of 

silicon precipitation from solution will exceed that of aluminium, reducing the Si/Al ratio 

in the solution phase. It is known that dilute alkali aluminosilicate solutions require up 

to 100 minutes to reach equilibrium, which may be extended due to the high viscosity 

of the geopolymeric slurry (Azizi et al., 2002). Therefore the rate of exchange in the 

solution-phase during polymerization will be insufficient to incorporate aluminium into 

aluminosilicate species at the rate with which they are expected to precipitate. Thus, a 

high concentration of Al(OH)4
-
(aq) in the solution-phase at the initiation of setting would 

suggest that it is likely for Al(OH)4
-
(aq) to be in excess after all silicon is consumed from 

the solution-phase, as observed in the 27Al MAS NMR spectra of the three 

geopolymers synthesised using silicate free activator solutions (Figure 4.3 – 4.5).  

Geopolymers synthesised using activator solutions containing higher concentrations of 

silicon will result in the reaction solution containing Si/Al ratios >>1 the instant that 

mixing is initiated. As high concentrations of aluminium are released in the first period 

of dissolution, the Si/Al ratio in the solution will decrease until the rates of silicon and 

aluminium dissolution are similar. The Si/Al ratio of the solution during reaction will, 

therefore, depend greatly on two factors: (1) the amount of aluminium released prior to 

equimolar dissolution of silicon and aluminium from metakaolin, and (2) the initial 

concentration of silicon present in the activator solution. For geopolymers synthesised 

using activating solutions with SiO2/M2O ≥ 1, the Si/Al ratio in the solution will be 

greater than unity, since the concentrations of silicon initially in the solution are large 

compared to the amount of aluminium initially dissolved. Hence, the majority of 

aluminium will be incorporated into aluminosilicate oligomers, which are then 

consumed during polymerization. Consequently, no resonance associated with 

Al(OH)4
-
(aq) would be observed in any geopolymer synthesised using activator solutions 

with SiO2/M2O ≥ 1 (i.e., nominal Si/Al ratio ≥ 1.65) as seen in Figures 4.3 -4.5. 

The observed decrease in the intensity of the Al(OH)4
-
(aq) resonance at 80 ppm for 

geopolymers as the silicon concentration in the activator solution was increased can 

be explained by increased levels of aluminosilicate oligomerisation during reaction. 

Furthermore, a decrease in intensity of the Al(OH)4
-
(aq) resonance as the proportion of 
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potassium in the activator solution was increased is also observed (Figures 4.3 – 4.5). 

Although aluminosilicate solutions exhibit no difference in the final speciation of 

aluminosilicate oligomers dependent on alkali cation, dilute sodium aluminosilicate 

solutions have been shown previously to reach equilibrium in approximately 70 min, 

which is 30% faster than for mixed sodium and potassium (1:1) solutions (Azizi et al., 

2002). The time required for equilibration is significant when compared to curing 

periods of geopolymers, which have been estimated to be in the order of hours 

depending on composition and curing conditions (Lee and van Deventer, 2002a). 

Differences in the rate that aluminosilicate solutions containing different alkali cations 

approach equilibrium provide a possible explanation for the decrease in intensity of the 

Al(OH)4
-
(aq) resonance with inclusion of potassium, compared with that observed for 

Na-geopolymers (Figure 4.5 and 4.3). 

The initial setting of geopolymers will occur when the rate of dissolution is surpassed 

by the rate of condensation and precipitation of aluminosilicate species. The Si/Al ratio 

in the solution-phase will decrease due to the selective precipitation of aluminosilicate 

oligomers. The remaining aluminosilicate species in the solution-phase will begin to 

depolymerise, as Si/Al ratios less than approximately 2 favour formation of high 

concentrations of Al(OH)4
-
(aq) at equilibrium (Azizi et al., 2002). The rate of this process 

is significantly faster in sodium solutions compared with mixed-alkali and potassium 

only solutions. Thus, sodium aluminosilicate solutions will depolymerise faster than 

solutions containing potassium, resulting in a higher concentration of Al(OH)4
-
(aq) in 

solution when all aluminosilicate species are consumed. This reasoning assumes that 

Na-geopolymers contain no more dissolved species in solution than K-geopolymers. 

This statement will be discussed in more detail later in this chapter. 

Unfortunately, determining the speciation of highly concentrated alkali aluminosilicate 

solutions by NMR is very difficult due to line broadening, gelation and rapid exchange 

rates. Furthermore, determining the speciation of aluminium and silicon in 

concentrated slurries is even more problematic and has not been sufficiently realised. 

Singh et al. (2002) attempted to study the formation of geopolymers using 29Si and 27Al 

MAS NMR, but were unable to resolve transient changes in aluminosilicate speciation 

during setting due to spectral overlap of solid-state NMR resonances. A study of 

aluminosilicate speciation during the dissolution and curing periods of 

geopolymerisation will be investigated in future work, so as to provide further insight 
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into differences in the structure and performance of geopolymers synthesised using 

different alkali cations. 

4.2.3 Qualification of unreacted phase in geopolymers 

A negative shift (2-3 ppm) in the Al(IV) resonance was observed in the series of 27Al 

MAS NMR spectra of Na-geopolymers with Si/Al ratio varying from 1.15 to 2.15 (Figure 

4.3). Similar trends are seen in the 27Al spectra of NaK- and K-geopolymers presented 

in Figures 4.4 and 4.5. Multiple resonances in the chemical shift range of Al(IV) from 

56 ppm to 61 ppm have been observed by spectral deconvolution in framework 

aluminosilicates resulting from non-equivalent tetrahedral aluminium geometries 

(Mozgawa et al., 2002). The amount of unreacted phase in metakaolin-based 

geopolymers has been observed to be significant in SEM micrographs (Rowles and 

O'Connor, 2003). Therefore, the area under the Al(IV) resonance in 27Al MAS NMR 

spectra will not yield a sensible measure of reactivity, as it would infer almost complete 

reaction. Unreacted Al(IV) in metakaolin could resonate at a slightly different frequency 

than Al(IV) in the binder but attempts at similar deconvolution of 27Al spectra of 

geopolymers in the current work were unable to identify separate and distinct 

resonances. The shift in resonance is, however, consistent with slight variation of 

average electronic environments resulting from increasing amount of silicon in the 

second co-ordination sphere of aluminium as silica content is increased. The 

tetrahedral geometry of aluminium in the binder does not in itself appear to be affected 

by changes in Si/Al ratio or alkali cation. 

Although the 27Al MAS NMR spectra are dominated by the resonance associated with 

Al(IV), a small resonance at 3 ppm from Al(VI) in metakaolin remains and was 

observed in all 27Al spectra of geopolymers in the current work. Although the three 

aluminium sites in metakaolin are not dissolved at equal rates, it is well known that 

Al(VI) is the more stable than Al(V) and Al(IV). Therefore, Al(VI) will be the last 

geometric form of aluminium to be completely consumed during reaction. Although the 

pulse length used in the 27Al NMR experiments is not sufficient to excite the entire 

spectral width, the integral of Al(VI) resonances in spectra represent a comparative 

measure of the quantity of Al(VI) remaining in the newly formed geopolymer matrix. 

The amount of Al(VI) in specimens, therefore correlates with the amount of metakaolin 

in reacted geopolymers.  
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Figure 4.6 displays the values of the integrated intensities of Al(VI) in each of the 15 

geopolymer specimens as a percentage of the total amount of detected aluminium. 

Geopolymers synthesised using alkali activators not containing soluble silicon (ie. 

nominal Si/Al ratio = 1.15) exhibit almost identical amounts of Al(VI). At higher nominal 

Si/Al ratios the amount of Al(VI) increases monotonically. Geopolymers synthesised 

using potassium activator solutions exhibit the lowest concentration of Al(VI) in 

geopolymers for each Si/Al ratio. Na-geopolymers exhibit the highest amounts of 

Al(VI). Moreover, it can be seen that the difference in the amount of Al(VI) between 

samples with different alkali cations becomes more pronounced with increasing Si/Al 

ratio. Previous studies have investigated the effect of alkali concentration on the 

mechanical properties of geopolymers, using leaching tests to determine the extent of 

reaction. Increases in pH were found to increase strength, which was attributed to 

greater dissolution of raw material (Phair and van Deventer, 2002b; Feng et al., 2004). 

The trend exhibited by the integration of 27Al MAS NMR spectra supports these 

previous results and is able to provide a direct comparison between specimens. 
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Figure  4.6 Percentage of Al(VI) in geopolymer samples: (■) Na-geopolymers, (♦) NaK-geopolymers 

and (▲) K-geopolymers. 

Earlier work relied on leaching experiments to compare the differences in materials 

and conditions used in geopolymerisation, to provide detailed information of solution-

phase speciation (Lee and van Deventer, 2002d). 27Al MAS NMR provides a tool for 

quantitatively comparing the amount of unreacted material in geopolymers utilising 
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information determined directly from hardened samples. There is, therefore, a 

tremendous opportunity to extend the use of NMR techniques in combination with 

leaching experiments to provide both solution phase and solid-state dissolution 

information. 

The increase in the amount of Al(VI) in geopolymers as a function of increasing 

nominal Si/Al ratio (Figure 4.6) is likely a result of several factors rather than one 

controlling process. As discussed above, the concentration of silicon and the alkali 

type in the activator solution play a critical role in the solution-phase speciation 

resulting in varying levels of Al(OH)4
-
(aq) existing in the pores of hardened geopolymers. 

Mineral weathering studies have determined that dissolution rates of aluminosilicate 

minerals are greatly reduced in the presence of silicon and aluminium in the leaching 

solution by inhibiting the dissolution mechanism at the surface of the particles (Oelkers 

et al., 1994). Increasing the concentration of silicon in the activating solution would, 

therefore, be expected to decrease the overall rates of dissolution as was detected in 

geopolymers regardless of alkali type (Figure 4.6.). 

The viscosity and pH of alkaline silicate solutions are highly dependent on silicon 

concentration, Na/K ratio and water content. Different amounts of more than 20 

oligomers are present in highly concentrated alkali silicate solutions (Swaddle et al., 

1994). The viscosity of alkaline silicate solution increases with silicon concentration, 

but potassium silicate solutions are less viscous than analogous sodium bearing 

solutions (van der Donck and Stein, 1993). The decrease in viscosity has been linked 

with potassium stabilising larger silicate oligomers in solution by formation of cation-ion 

pairs with silicate oligomers to a greater extent than sodium (Kinrade and Pole, 1992). 

Dissolution of silicon in potassium hydroxide solutions, therefore, may consume less 

water than in sodium hydroxide solution, resulting in a lower viscosity of potassium 

than sodium silicate solutions (Kinrade and Pole, 1992). The rate of mass transfer in 

solutions is linearly proportional to viscosity; hence a decreased viscosity will improve 

the rate of mass transport to and from reaction interfaces and contribute to an increase 

in the amount of material dissolved during reaction. From the perspective of viscosity, 

geopolymers synthesised using potassium activator solutions would thus be expected 

to have less unreacted metakaolin than sodium geopolymers, which is observed in 

Figure 4.6. 

The pH of solutions is known to have an exponential effect on the dissolution rate of 

aluminosilicate materials and will, therefore, be strongly linked to the extent of reaction 
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(Oelkers et al., 1994). The concentration of free hydroxide has been shown to 

decrease with increasing addition of silicon to alkaline solutions, since a proportion is 

consumed in breaking Si-O-Si bonds (Svensson et al., 1986). The stabilising effect of 

potassium on larger silicate oligomers combined with potassium hydroxide being more 

basic than sodium hydroxide solutions (Kaps and Buchwald, 2002), results in 

potassium activating solutions containing a greater amount of free hydroxide available 

for dissolution of the raw material. Therefore, potassium activating solutions have a 

higher pH and promote dissolution at a faster rate than sodium and mixed-alkali 

solutions and result in less unreacted material, which supports the trends observed in 

the data (Figure 4.6).  

It is clear from 27Al MAS NMR spectra used to determine the amount of Al(VI) in 

geopolymers (Figure 4.6) and from the detection of Al(OH)4
-
(aq) in the pore solutions of 

hardened geopolymers, that the composition of the alkali activating solution plays a 

critical role in determining the speciation of the solution-phase and the extent of 

metakaolin dissolution during the course of geopolymerisation. The silicon 

concentration, pH and viscosity of the activating solution affect the amount of 

unreacted metakaolin in hardened samples, but it is unclear from this investigation to 

what degree each factor contributes. Nevertheless, increased dissolution of Al(VI) will 

result in greater amounts of dissolved species prior to polymerisation. Therefore, more 

dissolved species will be expected in K-geopolymers than in NaK and Na-

geopolymers, respectively, supporting the reasoning proposed earlier in this article to 

explain the presence of Al(OH)4
-
(aq) in the pore solution. 

Investigation of metakaolin-based geopolymers by 29Si MAS NMR determined that the 

distribution of silicon and aluminium in geopolymers could be adequately described 

only by allowing the possibility of Al-O-Al linkages in the geopolymeric binder, which is 

discussed in more detail in Chapter 5. It is determined in Chapter 5 that a small 

proportion of aluminium was not incorporated into the binder for geopolymers with 

Si/Al ratios close to unity. Further investigations of the molecular structure of 

geopolymeric binder should, therefore, focus on the direct determination of whether Al-

O-Al linkages exist in binders with Si/Al ratios approaching unity. 

4.2.4 The role of alkali in aluminium incorporation 

The 23Na MAS NMR spectra of sodium geopolymers in Figure 4.7 show two distinct 

resonances. The broad resonance at –4 ppm appear in all 23Na spectra of 
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geopolymers and is attributed to sodium associated with aluminium in a charge 

balancing capacity within the binder framework. The chemical shift and shape of the 

resonance is unchanged in all spectra, inferring that there is no measurable change in 

the association method or environment of sodium with aluminium in geopolymers at 

different Si/Al ratios. The narrow resonance at 0 ppm identified in the spectra of 

sodium geopolymers with Si/Al ratio ≤ 1.40 is typical of isotropic sodium that would be 

located in the pore solution. The intensity of this resonance decreased as the Si/Al 

ratio of geopolymers increased and was undetectable at Si/Al ratio ≥1.65. Na+
(aq) was 

only detected in the same geopolymers as Al(OH)4
-
(aq), linking their presence to one 

another and to highly mobile 2H. Thus Na+
(aq) appears to be present in the pore 

solution of geopolymers containing Al(OH)4
-
(aq) to maintain electronic neutrality. 

-40-30-20-100102030
Frequency (ppm)

(a)

(b)

(c)

(d)

(e)

 

Figure  4.7 23Na MAS NMR spectra of Na-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65, 

(d) 1.90 and (e) 2.15. 

The detection of aqueous sodium and aluminium in the pores of geopolymers with 

Si/Al ratio ≤1.40 also suggests that sodium is not incorporated into the framework 

without associating with aluminium. It has been reported that in cases where excess 

alkali is added to geopolymers relative to the amount of available aluminium, exposure 

of the excess alkali to the atmosphere results in the formation of carbonates which has 

a deleterious effect on material properties (Lee and van Deventer, 2002c). Unlike alkali 

aluminosilicate glasses, there is no resonance in the 23Na spectra presented 

suggesting the presence of sodium associated with non-bridging oxygen, inferring that 

geopolymers can only incorporate sodium into the framework by association with 

aluminium in a charge balancing capacity. Although the structure of geopolymers is 
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often interpreted from the perspective of glass literature (Lee and van Deventer, 2003), 

it is apparent from the results in the current work that geopolymers have distinctly 

different structural characteristics. 

23Na MAS NMR spectra from geopolymers synthesised using mixed (1:1) sodium and 

potassium activator solutions are presented in Figure 4.8. All spectra exhibit the broad 

resonance at –4 ppm. Geopolymers synthesised with Si/Al ratio ≤ 1.40 displayed a 

second narrow resonance at 0 ppm similar to the sodium geopolymers (Figure 4.7), 

but the relative intensities of the resonances are clearly different. The intensity of the 

narrow resonance at 0 ppm associated with Na+
(aq) is more intense in NaK-

geopolymers (Figure 4.8) than in Na-geopolymers (Figure 4.7), suggesting that there is 

proportionally more sodium in the solution phase of NaK-geopolymers than in Na-

geopolymers. Since Al(OH)4
-
(aq) was detected in K-geopolymers, K+

(aq) must also be 

present in the pore solution to maintain electrical neutrality. Thus, potassium is 

preferentially incorporated into the geopolymer framework in mixed-alkali 

geopolymers. 

-40-30-20-100102030

Frequency (ppm)
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(b)

(c)
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Figure  4.8 23Na MAS NMR spectra of NaK-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 

1.65, (d) 1.90 and (e) 2.15. 

Factors governing the difference in speciation of alkali silicate solutions resulting from 

solvation effects are possibly responsible for preferential incorporation of potassium in 

NaK-geopolymers. Potassium is more readily associated with silicate and 

aluminosilicate anions than sodium via cation-ion pairing, due to a lower charge 

density (McCormick et al., 1989a; Kinrade and Pole, 1992). Furthermore, the hydration 

sphere of sodium contains 6-7 water molecules, which are more strongly bound than 
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the 8 water molecules in the primary hydration sphere of potassium (Tóth, 1996). 

Since there are only 5.5 water molecules per cation in the activator solutions used in 

the current work (not accounting for water required to solvate silicate and 

aluminosilicate species), the minimisation of energy occurring from sodium and 

potassium competing for water in their hydration spheres may be a critical driving force 

in the incorporation of aluminium during geopolymerisation. Water molecules, which 

are released as condensation of aluminosilicate oligomers proceeds during setting, will 

migrate into the hydration spheres of surrounding cations. During this process, it will 

be more energetically favourable for sodium to adsorb the released water and for 

potassium to remain closely associated with oligomers or be incorporated into the 

geopolymeric binder. Energetic differences in the hydration processes of the alkali 

cations affecting the dissolution and setting mechanisms of geopolymerisation are 

likely to provide a basis for understanding the differences between the chemistry of 

geopolymers and zeolites.  

4.3 Summary 
Fifteen geopolymers were synthesised using sodium, potassium and mixed-alkali 

silicate activators of different silicon concentration, and characterised by 2H, 23Na and 
27Al MAS NMR. 2H MAS NMR spectra identified resonances associated with water and 

the hydroxide ion. Broadening of 2H NMR resonances was seen in geopolymers as the 

nominal Si/Al ratio increased. Geopolymers with Si/Al ratio ≤ 1.40 were characterised 

by a narrow resonance attributed to deuterium species with isotropic mobility. 

Geopolymers with Si/Al ratio ≥1.65 contained deuterium species in more restricted 

environments, most likely a result of decreased pore size. 2H MAS NMR did not 

differentiate between the resonances from water and hydroxide molecules. There was 

no evidence of chemically bound water, corresponding to previous findings of Xu and 

van Deventer (2003a).  

The role of alkali cations and soluble silicon concentration in the incorporation of 

aluminium in geopolymers was investigated using 27Al and 23Na MAS NMR. Al(OH)4
-
(aq) 

was identified in all geopolymer samples with Si/Al ratio ≤1.40 irrespective of the alkali 

composition. 23Na MAS NMR identified Na+
(aq) in the pores of sodium and mixed-alkali 

geopolymers, where Na+
(aq) would provide a charge balancing role for Al(OH)4

-
(aq). 

Furthermore, K+
(aq)

 would be expected to be present in potassium geopolymers. The 

presence of aqueous aluminium in geopolymers is believed to be as a result of the 

Si/Al ratio in the solution phase being less than unity. Geopolymers with Si/Al ratio ≥ 
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1.65 did not exhibit a resonance for Al(OH)4
-
(aq) in the 27Al MAS NMR spectra, which 

clearly demonstrates a link between the composition of the activator solution and the  

incorporation of aluminium in the binder. 

The broad resonance for sodium associated with aluminium in the 23Na MAS NMR 

spectra of sodium containing geopolymers did not exhibit a change in chemical shift as 

the Si/Al ratio changed, inferring that the mechanism of sodium incorporation was 

unaffected. The presence of Na+
(aq) in the pores together with no evidence of 

resonances resulting from sodium associations with non-bridging oxygen suggests that 

sodium is only incorporated into geopolymeric binders via a charge-balancing role with 

aluminium. Proportionally higher concentrations of Na+
(aq) present in mixed-alkali 

geopolymers suggest that potassium is preferentially incorporated into the 

geopolymeric binder. In addition, the intensity of Al(VI) was used to compare the 

amount of unreacted phase in geopolymer specimens. Trends identified in Al(VI) 

intensity were used to investigate the effects of cation and soluble silicon concentration 

on aluminosilicate source dissolution and their effects on aluminium incorporation. The 

amount of unreacted phase in geopolymers was found to increase with the nominal 

Si/Al ratio and the Na/K ratio in the activating solution.  

It is clear from the results presented in this chapter that alkali cation type has an effect 

on the incorporation of aluminium in the molecular structure of geopolymers. 

Furthermore, the incorporation of aluminium is also affected by the nominal Si/Al ratio. 

The extent to which alkali cation and nominal Si/Al ratio affect the molecular structure 

of geopolymers is explored in Chapter 5 by 29Si MAS NMR. 
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Chapter 5  
29Si NMR study of structural ordering in 
aluminosilicate geopolymer gels  

 
This chapter is based on the publication of the same name in Langmuir, 2005, Vol. 

21, Issue 7, pages 3028-3036. 
 

In Chapter 4, the incorporation of aluminium in geopolymer gels with varied alkali 

cation type and nominal Si/Al ratio were explored with 27Al MAS NMR. In this chapter, 

a systematic series of aluminosilicate geopolymer gels is synthesised and then 

analysed using 29Si MAS NMR in combination with Gaussian peak deconvolution to 

characterise the short-range ordering in terms of T-O-T bonds (where T is Al or Si). 

The effect of nominal Na2O/(Na2O+K2O) and Si/Al ratios on short-range network 

ordering is quantified by deconvolution of the 29Si MAS NMR spectra into individual 

Gaussian peaks representing different Q4(mAl) silicon centres. The deconvolution 

procedure developed in this work is applicable to other aluminosilicate gel systems. 

The short-range ordering observed here indicates that Loewenstein’s Rule of perfect 

aluminium avoidance may not apply strictly to geopolymeric gels although further 

analyses (presented in Chapter 6) is required to quantify the degree of aluminium 

avoidance. Potassium geopolymers appeared to exhibit a more random Si/Al 

distribution compared to that of mixed-alkali and sodium systems. This work provides a 

quantitative account of the silicon and aluminium ordering in geopolymers, which is 

essential for extending our understanding of the mechanical strength, chemical and 

thermal stability, and the fundamental structure of these systems.  

5.1 Introduction 
Inorganic alkali aluminosilicate gels, formed from the reaction of mineral clays or 

aluminosilicate-bearing industrial wastes with alkali silicate solutions at temperatures 

of 40-80˚C, are commonly referred to as geopolymers (Davidovits, 1991), low-

temperature aluminosilicate glass (Rahier et al., 1996a), hydroceramics 

(Krishnamurthy et al., 2001) or alkali-activated cement (Palomo and de la Fuente, 

2003). In the absence of a definitive nomenclature, the term geopolymer, though not 
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necessarily the most accurate or appropriate name to describe these materials, will be 

applied in the current work since the overwhelming majority of published articles utilise 

this nomenclature. These materials have been studied for several decades, due to 

their excellent mechanical and thermal properties, and are suitable for use in a wide 

range of areas including construction and refractory applications.  

Early investigations speculated that the overall molecular structure of the 

aluminosilicate gel could be described by three oligomeric building units using a 

unique ‘polysialate’ nomenclature (Davidovits, 1991). The term ‘sialate’ is an 

abbreviation for silicon-oxo-aluminate and is used to describe the bonding of silicon 

and aluminium by a bridging oxygen. Poly(sialates) are said to have an empirical 

formula of: 

( ){ } OH.AlOSiOM 222 wpzp                 Equation 5.1 

where M is an alkali metal cation (Na+ or K+), p is the degree of polycondensation and 

z is either 1, 2 or 3. The three poly(sialate) oligomers are described as chain and ring 

polymers with Si4+ and Al3+ in IV-fold coordination with oxygen and range in form from 

amorphous to semi-crystalline. The oligomeric building units where z is 1, 2 and 3 are 

depicted below: 
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z = 2: Poly(sialate-siloxo)  
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z = 3: Poly(sialate-disiloxo)  
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       Equation 5.2c 

Despite the fact that Davidovits (1991) describes geopolymers as having a three-

dimensional network structure, the polysialate nomenclature proposed by Davidovits 

(1991) inherently does not entirely describe the full connectivity of each silicon and 

aluminium centre or how they relate to one another in a continuous network. However, 

this nomenclature is commonplace in the field of geopolymer research and is 

frequently used more to describe the nominal Si/Al ratio rather than the molecular 

structure and does not provide for description of systems with non-integer Si/Al ratios. 
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Furthermore, the inclusion of water in the structural formula (Equation 5.1) infers that 

water forms an integral part of the geopolymeric structure, which is yet to be fully 

substantiated.  

The notation Qn(mAl), where 0 ≤ m ≤ n ≤ 4, n is the coordination number of the silicon 

centre and m is the number of Al neighbours, is used to describe the connectivity of a 

silicon tetrahedron bridged through oxygen to aluminium and to other silicon centres. 

This notation as first described by Engelhardt (1982), is used universally for explicitly 

characterising aluminosilicate systems including glasses, zeolites, gels and minerals in 

experimental and modeling investigations, and is adopted here in preference to 

polysialate nomenclature. The presence of non-bridging oxygen sites in the 

geopolymeric systems studied here was considered to be negligible, with 17O NMR 

spectra of isotopically enriched specimens in Chapter 6 confirming this assertion. 

Previous NMR studies have shown that all silicon and aluminium sites are observed to 

be in tetrahedral coordination and, therefore, geopolymeric gels have cross-link 

density n = 4 (Rahier et al., 1996a; Barbosa et al., 2000).  

Recent microstructure analyses of geopolymers carried out using Scanning Electron 

Microscopy (SEM) and energy dispersive X-ray analysis (EDS) (Phair et al., 2000; Lee 

and van Deventer, 2002d; Xu and van Deventer, 2002c; Cheng and Chiu, 2003; Yip et 

al., 2003a) have investigated the chemical composition of the gel formed from a variety 

of raw materials (metakaolin, feldspar, fly ash and blast furnace slag). These studies 

have reported the composition of the gel to vary between Si/Al ratios of 1.6-2.0; clearly 

showing that a continuum of gel compositions exists. However, the molecular structure 

of these regions is yet to be identified. X-ray diffraction (XRD) experiments undertaken 

previously have yielded no discernable structural information (Davidovits, 1991), with 

diffractograms appearing analogous to aluminosilicate gels and zeolite precursors. 

Transmission Electron Microscopy (TEM) studies indicate the possibility of 

nanocrystalline regions within the gel, but the conditions in which these phases appear 

have not been strictly determined (Yip et al., 2003a). 

Davidovits (1991) and subsequent authors have assumed Loewenstein’s Rule (1954) 

to apply to geopolymers, stating that ‘no two aluminium ions can occupy the centres of 

tetrahedra linked by one oxygen’, hence forbidding Al-O-Al linkages and constraining 

the environment of every aluminium ion to Al(OSi)4. However, substitution of different 

alkali metal cations and mixed alkali systems has been shown in Chapter 4 to affect 
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the incorporation of aluminium into the gel, suggesting the structuring of geopolymers 

is more complex than first proposed.  

29Si MAS NMR spectroscopy in the initial investigations revealed a broad resonance at 

–94.5 ppm that was likened to that of tetrahedral silicon in zeolite gels prior to 

crystallization (Davidovits, 1991). Davidovits (1991) speculated that the broad peak at 

–94.5 ppm was comprised of all five possible silicon Q4(mAl) species, as seen in 

previous investigations of aluminosilicate systems (Klinowski, 1984). Davidovits’ 

original observation has been replicated numerous times using geopolymers formed 

from different raw materials, confirming that the original results are representative of all 

geopolymers (Hos et al., 2002; Xu and van Deventer, 2003a).  

The short-range ordering of aluminosilicate materials such as zeolites, minerals and 

glasses have been investigated with great success using NMR spectroscopy 

(Engelhardt et al., 1981b; Klinowski, 1984; Engelhardt and Michel, 1987; Phillips et al., 

1992; Lee and Stebbins, 1999). The lack of spectral resolution for silicon in glassy and 

amorphous materials similar in chemistry to geopolymers has been overcome by 

adopting Gaussian peak deconvolution to separate and quantify Q4(mAl) species (Lee 

and Stebbins, 1999). Quantification of network ordering has allowed development of 

models for describing speciation of silicon according to the Q4(mAl) notation (Ramdas 

et al., 1981; Klinowski et al., 1982). Recent investigations of alkali aluminosilicate 

glasses and minerals have identified the existence of significant quantities of Al-O-Al, 

forcing a paradigm shift from explicit adherence to Loewenstein’s Rule (Lee and 

Stebbins, 2000). The current methodology for describing the Si/Al distribution in 

aluminosilicate materials is to include a parameter to describe the extent to which 

aluminium strays from a purely random distribution (Phillips et al., 1992; Lee and 

Stebbins, 1999; b; Stebbins et al., 1999b; Lee and Stebbins, 2000; Stebbins et al., 

2001). Imperfect aluminium avoidance provides a flexible framework for describing the 

extent of Al-O-Al avoidance, dependent on the energy penalty associated with the 

formation of Al-O-Al compared to Si-O-Al linkages, the latter being more energetically 

favourable (Loewenstein, 1954). No such detailed investigations of geopolymeric gel 

systems as yet have been reported. 

In this chapter, the molecular structure of metakaolin-based geopolymers synthesised 

with different Si/Al ratios and charge-balancing cations (Na+ and K+) is investigated 

using 29Si MAS NMR. Si/Al and alkali ratios were controlled by variation of activator 

solution composition (SiO2/M2O and Na2O/[Na2O+K2O]). Gaussian deconvolution of 
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NMR spectra separated into framework Q4(mAl) species was employed to determine 

quantitatively speciation dependence on Si/Al and alkali ratio, and which allowed 

comparison of network ordering between systems. Since the cross-link density is 

maximum for tetrahedral systems, the bond distributions are limited to Si-O-Si, Si-O-Al 

and Al-O-Al. By assuming that the Al-O-Al density in all specimens is low, which is 

valid for all specimens with the exception of those with ratio very close to unity, the 

Si/Al ratio of a specimen can be calculated from NMR determined bond distributions 

using the following equation, where )Al(Si mI is the intensity of each peak in the 

deconvoluted 29Si spectra (Engelhardt and Michel, 1987): 
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m

m ImISi/Al                Equation 5.3 

Equation 5.3 provides an internal check of consistency for the experimental results. 

This calculated Si/Al ratio, although slightly overestimated when Al-O-Al linkages are 

present, provides a means to ensure that the deconvolution is accurate with respect to 

the nominal composition. 

5.2 Results and discussion 
Since this work aims to quantitatively determine the short-range ordering of the 

intrinsic geopolymeric gel, it is critical to be able to identify the signal from the gel as 

distinct from unreacted material, in this case metakaolin. The 29Si MAS NMR spectrum 

of metakaolin used in the current work is presented in Figure 5.1. The broad 

resonance centred at –100 ppm is consistent with previous studies of metakaolin and 

is attributed to a flattened silicon conformation compared to that of uncalcined kaolin 

(MacKenzie et al., 1985). Although the exact structure of metakaolin is not well 

defined, it can be described as being composed of Q4(1Al) silicon centres (Rocha and 

Klinowski, 1990). The resonance of any unreacted metakaolin present in synthesised 

geopolymers is expected to be unchanged and contribute a component to the NMR 

spectra of geopolymeric materials presented in the current work, and thus allow the 

influence of unreacted material to be accounted for during spectral interpretation. 

The 29Si MAS NMR spectra of geopolymers presented in Figures 5.2 - 5.4 exhibit a 

typically broad resonance, as previously observed (Davidovits, 1991), centreed at –85 

to –93 ppm. Previous studies have noted three sharp resonances between –80 to –

100 ppm in 29Si spectra that indicate specimens are not fully reacted (Singh et al., 
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2002; Lecomte et al., 2003). These resonances result from unreacted silicate 

oligomers that have not been bound to the gel. The absence of well-resolved features 

in the spectra presented here indicates that all specimens were fully cured and no free 

soluble silicon components are present in the pore solution. 

-150-130-110-90-70-50
Frequency (ppm)  

Figure  5.1 29Si MAS NMR spectrum of metakaolin. 

The low level of intensity at –100 ppm observed in all specimens suggests that the 

Q4(1Al) component of the spectra present in the specimens is low, implying that the 

signal resulting from metakaolin has been largely diminished. Comparison of the 27Al 

MAS NMR spectra of analogous specimens with metakaolin in Chapter 4 confirms 

these observations. The low intensity in the region attributed to metakaolin could be a 

result of metakaolin being almost completely consumed during synthesis or from the 

signal intensity being reduced significantly by disruption of the network resulting from 

the dissolution process (MacKenzie et al., 1985). Whilst full reaction is desirable, it is 

not essential for accurate interpretation of spectra to be made, as long as artifacts from 

unreacted material do not significantly affect the interpretation of the spectra. The 

spectra of geopolymers presented in the current work thus represent an accurate 

measure of the 29Si MAS NMR resonances from the geopolymeric gel in each of the 

specimens, and are therefore suitable for comparison on the basis of Si/Al and alkali 

metal ratio. 
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Figure  5.2 29Si MAS NMR spectra of Na-geopolymers with Si/Al ratios of: (a) 1.15, (b) 1.40, (c) 1.65, 

(d) 1.90, and (e) 2.15. 
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Figure  5.3 29Si MAS NMR spectra of NaK-geopolymers with Si/Al ratios of: (a) 1.15, (b) 1.40, (c) 

1.65, (d) 1.90, and (e) 2.15. 

5.2.1 The effect of alkali metal cations on Si/Al ordering 

The influence of the Si/Al ratio on the short-range ordering of geopolymers can be 

elucidated by inspection of the 29Si MAS NMR spectra in Figures 5.2 – 5.4. The 

chemical shift at which maximum peak intensity occurs in each spectrum recorded for 

geopolymer specimens is presented in Figure 5.5. Geopolymers synthesised with Si/Al 
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ratios ≤ 1.65 exhibit a significant difference in peak resonance frequencies dependent 

on alkali metal content. The chemical shift exhibited by geopolymers of the same Si/Al 

content systematically increases from -86.1 ppm to –84.9 ppm in the order of K < NaK 

< Na. Clearly, differences in the properties of sodium and potassium result in the 

different peak frequencies observed, with NaK specimens exhibiting a median 

frequency resulting from the mixed effects of the combined alkali system. 

Geopolymers with nominal Si/Al ratios > 1.65 display similar resonance frequencies at 

each Si/Al ratio irrespective of changes in alkali cation, which suggests that the effects 

causing shifts in peak frequencies at lower Si/Al ratio are not significant in specimens 

with higher silica content (>1.65). 

 

-150-130-110-90-70-50
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Figure  5.4 29Si MAS NMR spectra of K-geopolymers with Si/Al ratios of: (a) 1.15, (b) 1.40, (c) 1.65, 

(d) 1.90, and (e) 2.15. 

Shifts of resonance resulting from the differing properties of charge balancing cations 

in aluminosilicate materials can occur due to changes in either relative intensities of 

each Q4(mAl) component or shifts in the resonance frequency of the individual Q4(mAl) 

silicon centres that sum to form the overall resonance. Changes in intensity of 

components would reflect a change in the Si/Al ordering within the gel, whereas shifts 

in component resonances can result from changes in electron shielding resulting from 

cation interactions that may not directly alter the Si/Al ordering. 
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Figure  5.5 29Si chemical shift at maximum intensity for MAS NMR spectra of metakaolin-based 

geopolymers: (▲) Na-geopolymers, (■) NaK-geopolymers, and (♦) K-geopolymers. Error bars are 
confined within the size of the symbols. 

Shifts in peak resonance of up to 5 ppm have been reported between components of 

crystalline sodium and potassium aluminosilicate systems (Engelhardt and Michel, 

1987). The cation-induced shift effects for each Q4(mAl) site have been observed to be 

similar for all Q4(mAl) sites within a particular cation form of hydrated aluminosilicate. 

Furthermore, the spectral shape, intensity and line width, in general, have not been 

observed to be affected by cation substitution. The resonance shifts for Q4(mAl) in 

crystalline materials with various cations result from different cation locations 

(Engelhardt and Michel, 1987) and cation-induced next-nearest-neighbour effects 

arising from differences in field strength between the cations associated with 

aluminium (Murdoch et al., 1985). The amorphous structure of the gel does not provide 

for specific frequency shifts induced by differing cation locations, and next-nearest-

neighbour effects are expected to be minimal since sodium and potassium have 

similar field strengths. Therefore, slight shifts in resonance of spectra are most likely 

due to cation interactions, but these would be expected to be similar across the entire 

series of specimens. The similarity of spectra at higher Si/Al ratios suggests that 

cation-induced frequency shifts are not primarily responsible for the spectral 

differences in low Si/Al specimens. The spectral differences must be due to other 

interactions, such as frequency shifts of Q4(mAl) sites with differing Si/Al ratio 
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(aluminium-induced next-nearest-neighbour effects) and different cation-induced 

molecular structuring.  
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Figure  5.6 Peak width (FWHH) of the broad resonance in 29Si MAS NMR spectra of geopolymers 

with Si/Al ratio, for: (▲) Na-geopolymers, (■) NaK-geopolymers, and (♦) K-geopolymers. Error bars 
are confined within the size of the symbols. 

5.2.2 The effect of Si/Al ratio on molecular structure 

As shown in Figure 5.5, increasing the nominal Si/Al ratio of specimens resulted in the 
29Si MAS NMR resonance of spectra shifting to lower frequencies (more negative 

chemical shifts), attributed to replacement of aluminium first cation neighbours with the 

more shielding nucleus, silicon (Engelhardt and Michel, 1987). Resonances became 

increasingly asymmetric (Figures 5.2 – 5.4) as the nominal Si/Al ratio increases, and 

the FWHH also increased (Figure 5.6). Relatively symmetric resonances from 

specimens with Si/Al ratio close to unity are expected for both fully random 

distributions of T-O-T (where T is Al or Si) linkages and systems constrained by strict 

aluminium avoidance according to existing models (Lee and Stebbins, 1999). 

Increasing asymmetry observed in higher Si/Al ratio specimens is typical of 

resonances comprised of multiple broad components. The FWHH of 29Si MAS NMR 

spectra from Na, NaK and K-geopolymeric gels with the same Si/Al composition were 

similar (Figure 5.6), confirming that there is no effect from different cations on peak 

width and shape. Furthermore, the similarity in peak shape and width infers that the 

moment of the peak is not changing. Englehardt and Michel (1987) determined that 
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there is an approximate –5 ppm shift in the resonance of a Q4(4Al) centre with the 

replacement of each aluminium by silicon, with Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al) and 

Q4(0Al) resonating at approximately –84, -89, -93, -99 and –108 ppm, respectively in 

crystalline aluminosilicate systems. However, the frequency of Q4(mAl) sites shifts to 

higher frequencies in materials of the same structure with increasing Si/Al ratio, due to 

aluminium-induced next-nearest-neighbour effects (Engelhardt and Michel, 1987). 

Therefore, when deconvoluting the intrinsic geopolymer gel spectra into individual 

Q4(mAl) sites, the frequency of each peak is expected to shift to successively higher 

frequencies with increasing Si/Al ratio, whereas the effect of cations is expected to be 

less and more uniform in comparison. 

5.2.3 Deconvolution of 29Si MAS NMR spectra to determine 
Q4(mAl) site populations 

The contribution of John Provis in the deconvolution of spectra presented in the thesis 

is acknowledged, as reflected in his PhD thesis (2006) entitled “Modelling the 

formation of geopolymers”. 

Deconvolution of 29Si spectra is commonplace in zeolite and crystalline aluminosilicate 

systems where resonances are narrow and well resolved (Engelhardt and Michel, 

1987). Lee and Stebbins (1999) were able to successfully deconvolute broad 

unresolved 29Si spectra of aluminosilicate glasses, using a Gaussian peak for each of 

the five possible Q4(mAl) species ranging from zero to four Al neighbours, with peak 

positions adopted from extensive studies of crystalline aluminosilicates (Engelhardt 

and Michel, 1987). Lee and Stebbins (1999) worked with a highly constrained system, 

with the relative deconvoluted peak areas specified, whereas in the current work the 

deconvolution procedure was applied to determine the relative peak areas. Therefore, 

the system is less constrained and there are significant differences in the requirements 

and implementation of the fitting procedure. Deconvolution was undertaken using the 

GNU Scientific Library (GSL) ver1.4 (Bristol, UK) implementation of the Levenberg-

Marquardt χ2 minimization algorithm (Galassi et al., 2003) to analyse the spectral 

region of interest. A Gaussian weighting function was introduced to minimise the 

effects of noise in the tails of the main peak for the deconvoluted peak intensities. 

Intensity of the five Q4(mAl) peaks was allowed to vary freely. Peak chemical shifts 

and full width at half height (FWHH) were allowed to vary, subject to compliance to the 

nominal Si/Al ratio of each specimen.  
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Previous discussions of 29Si MAS NMR highlight the pitfalls of spectral deconvolution 

performed without constrained parameters (Mahler and Sebald, 1995). Therefore, the 

chemical shifts and peak widths in this study were confined to those reported 

previously (Mahler and Sebald, 1995; Lee and Stebbins, 1999), to ensure physically 

relevant results. Slightly more accurate fits of the data could have been made using 

the Pearson VII lineshape, which has more adjustable parameters, however the added 

complication is not justified in this instance due to the broad featureless nature of the 

silicon spectra. Therefore, the fits were optimised within the constraints of a fully 

Gaussian peak shape. 

A full sensitivity analysis was carried out to determine the level of uncertainty involved 

in the deconvolution procedure. All peak positions were sequentially varied by ±0.2 

ppm, and all widths by ±0.5 ppm. These values were found initially during the fitting 

procedure to be approximately representative of the largest variations in peak position 

and width that would still produce a relatively plausible deconvolution of the spectra. 

The peak heights and therefore areas were calculated with each different set of 

parameters. Analyses with variations in peak positions and widths were carried out 

sequentially and independently. The error margin calculated by summing the 

uncertainties from the two analyses is approximately ±5%. 

Deconvoluted 29Si MAS NMR spectra are shown in Figures 5.7 – 5.9 for Na-, NaK- and 

K-geopolymers, respectively. The fractional areas of the constituent peaks are 

presented in Figure 5.10, with the peak positions used for Q4(mAl) species in the 

deconvolution presented in Figure 5.11. Peak widths at half height were between 7.5 

ppm and 9 ppm, which is consistent with deconvolution results obtained for spectra of 

amorphous aluminosilicate (Lee and Stebbins, 1999). To check for consistency, the 

deconvoluted results were compared with the nominal Si/Al ratios of the samples 

(Figure 5.12). The compositions calculated from the deconvoluted peak intensities very 

closely match the nominal chemical compositions. Changes in peak intensity going 

from silicon centres highly coordinated with aluminium to those more coordinated with 

silicon (Figure 5.10) resulted as the Si/Al ratio increased. 

Typical mineral and zeolite 29Si MAS NMR spectra can be deconvoluted 

straightforwardly into Q4(mAl) sites since the peaks are significantly narrower due to 

crystalline ordering. However, aluminosilicate glasses and gels exhibit broad 

featureless spectra similar to geopolymeric gels. Although more difficult, deconvolution 

is still possible to yield the aluminium and silicon distributions (Lee and Stebbins, 
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1999). As observed in this work, the similar changes in resonance frequency and width 

of geopolymer spectra and those of aluminosilicate glasses are indicative of a similar 

short-range ordering and is expected given the analogous chemical composition of 

these systems. Since the chemical composition of each sample is known, calculating 

theoretical Si/Al ratios from the intensities of the deconvoluted sites provides a strong 

test of internal consistency. 
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Figure  5.7 Deconvolution results for 29Si MAS NMR spectra of Na-geopolymers with Si/Al ratios of: 

(a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90, and (e) 2.15. Heavy lines are the experimental spectra and feint 
lines show the fitted curves for each component. 
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Figure  5.8 Deconvolution results for 29Si MAS NMR spectra of NaK-geopolymers with Si/Al ratios 

of: (a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90, and (e) 2.15. Heavy lines are the experimental spectra and 
feint lines show the fitted curves for each component. 

The peak frequency positions used in the deconvolution were consistent with a small 

cation-induced peak frequency shift, and a 2-5 ppm frequency shift (Engelhardt and 

Michel, 1987) due to changes in Si/Al ratio. Notably, the peak positions of Si/Al = 1.15 

samples are significantly different from the other compositions, suggesting a different 

structure. These geopolymeric gels were synthesised by reaction of metakaolin with 

alkali hydroxide solution without the addition of silicate in the activating solution, which 

has been shown to result in the eventual formation of zeolitic phases in systems with 

the same composition as considered in the present work (Barrer et al., 1968; Barrer 

and Mainwaring, 1972b; Palomo et al., 1999a). The presence of zeolites in each of the 

1.15 specimens has been confirmed by XRD. In these specimens, the effect of cation-

induced frequency shifts became significant and was seen to have a greater effect 
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than for the Q4(mAl) sites of samples with higher Si/Al ratios, which are highly stable 

and remain in an amorphous gel state. At higher Si/Al ratio only small shifts in Q4(mAl) 

site frequencies were observed, consistent with aluminium-induced next-nearest-

neighbour effects. 
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Figure  5.9 Deconvolution results for 29Si MAS NMR spectra of K-geopolymers with Si/Al of: (a) 

1.15, (b) 1.40, (c) 1.65, (d) 1.90, and (e) 2.15. Heavy lines are the experimental spectra and feint 
lines show the fitted curves for each component. 

The intensities of Q4(mAl) sites for each composition with Si/Al ≥ 1.65 in Figure 5.10 

were not affected by the alkali metal cation and appear rather similar, confirming that 

different cations do not affect the molecular structure of the intrinsic geopolymer gel for 

the higher Si/Al range. However, significant differences in Q4(mAl) site populations 

were observed for geopolymeric gels with Si/Al ≤ 1.40. This trend was particularly 

evident for the Si/Al = 1.15 specimens, where the Q4(4Al) and Q4(3Al) site populations 

were markedly different. 
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Figure  5.10 Fraction of silicon sites present as: (a) Q4(4Al), (b) Q4(3Al), (c) Q4(2Al), and (d) Q4(1Al). 

Errors in each component are ±5%. 

K-geopolymers exhibited a lower fraction of Q4(4Al) (Figure 5.10a) and higher 

concentrations of Q4(3Al) (Figure 5.10b) compared to the Na- and NaK-geopolymers. 

The distribution of silicon centres observed in K-geopolymers implies that the Si/Al 

ordering in geopolymeric gel of K-geopolymers is more random or disordered than in 

Na-geopolymers. The increased disorder of NaK specimens compared to that of Na 

specimens can be observed in the 23Na MAS NMR spectra presented in Figure 5.13, 

which compares two geopolymer gel compositions with Si/Al ratios of 1.65 and 2.15. 

The single broad resonance in each spectrum can be attributed to the charge 

balancing cation associated with a bridging oxygen located near an aluminium cation 

in the framework structure. The resonance is observed to be deshielded slightly by a 

change from pure sodium to a mixed alkali system but more significantly the 

resonances can be seen to broaden by several ppm with the introduction of potassium, 
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supporting a decrease in order as indicated by the spectral deconvolution. Clearly, the 

cation type affects the molecular structure of geopolymeric gels, and the structure is 

not determined solely as a function of Si/Al ratio, as Loewenstein type behaviour would 

suggest. Cation type also affects the incorporation of aluminium into the framework of 

geopolymeric gels, with potassium being incorporated preferentially into the 

framework, which is discussed in greater detail in Chapter 4.  
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Figure  5.11 Peak frequency of Q4(mAl) silicon sites used in deconvolution of 29Si MAS NMR 

spectra: (■) Na-geopolymers, (▲) NaK-geopolymers, and (♦) K-geopolymers. 
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Figure  5.12 Comparison of nominal and deconvoluted Si/Al ratios: (■) Na-geopolymers, (▲) NaK-

geopolymers, and (♦) K-geopolymers. 
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Clearly the application of Loewenstein’s avoidance rule to geopolymers requires some 

re-evaluation. By excluding Al-O-Al linkages, Loewenstein’s Rule predicts that at Si/Al 

ratios close to unity the silicon and aluminium ordering in alkali aluminosilicates should 

become heavily skewed towards complete Q4(4Al). This was not the case for 

geopolymers, in particular K-geopolymers. In Chapter 4, small quantities of Al(OH)4
-
(aq) 

(up to approximately 1% of total aluminium) have been identified in the pores of 

geopolymers with Si/Al ratio close to unity. However, the amount of aqueous 

aluminium observed was in the order Na > NaK > K, suggesting that the low levels of 

Q4(4Al) in K-geopolymers are related to significant levels of aluminium not in Q4(4Al) 

co-ordination at low Si/Al ratios. This implies that a degree of Al-O-Al linkages may be 

present to maintain full connectivity. Although the deconvolution of 29Si MAS NMR 

spectra does not provide direct evidence or quantification of the populations of Al-O-Al 

linkages, experimental methods such as 17O NMR may provide such information and 

are explored in Chapter 6. The different extents of disorder resulting from the use of 

sodium and potassium charge-balancing cations in geopolymers may be correlated 

with the observed differences in the behaviour of these cations in geopolymerisation. 

Experimental evidence (Xu et al., 2001) and theoretical calculations (Xu and van 

Deventer, 2000a) suggest that sodium affects geopolymerisation by increasing the 

initial dissolution rate, while potassium accelerates the polycondensation/gelation 

reactions involved in setting (McCormick and Bell, 1989; Cioffi et al., 2003). 

Furthermore, the short-range ordering of systems incorporating sodium is greater than 

that of potassium systems (Rahier et al., 1997). The faster setting of potassium 

systems and greater crystallinity of sodium systems suggest sodium geopolymers 

have more time to reorganise prior to setting, which results in a greater degree of 

order. Clearly, specific energetic and entropic effects of different cations on the 

molecular structure of the geopolymeric class of aluminosilicate gels should be 

investigated more fundamentally with consideration of non-Loewenstein Si/Al ordering 

effects.  
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Figure  5.13 23Na  MAS NMR spectra of Na- and NaK-geopolymers with Si/Al ratios of: (a) 1.65, and 

(b) 2.15.  

5.3 Summary 
The effect of different charge-balancing cations on the molecular structure of 

aluminosilicate geopolymer gels has been determined by deconvolution of the single 

broad resonance 29Si MAS NMR spectra into component Gaussian peaks that 

represent the different Q4(mAl) species in an aluminosilicate framework. The internal 

consistency of the deconvolution process was confirmed by comparison of nominal 

and calculated Si/Al ratios for each specimen. Since geopolymeric gels are largely 

amorphous, the effects of different cations on Q4(mAl) site frequencies were negligible, 

while increases in Si/Al ratio caused the Q4(mAl) positions to shift to higher 

frequencies, as has been reported for analogous systems. 
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Differences in resonance position in the 29Si MAS NMR spectra of geopolymeric gels 

of low Si/Al ratio appeared to result from changes in the molecular structure, once the 

possibility was eliminated of cation-induced and next-nearest-neighbour effects 

altering the Q4(mAl) site frequencies. The Si/Al distribution of Na-, NaK- and K-

geopolymers was compared, with no significant difference in ordering observed at 

Si/Al ratios >1.65. However, concentrations of Q4(4Al) and Q4(3Al) were different for K-

geopolymers at low Si/Al ratios. The lower Q4(4Al) and higher Q4(3Al) fractions 

signified a difference in the ordering within geopolymers of differing alkali type. Indeed, 

the ordering observed in K-geopolymers suggests a more disordered structure and the 

presence of Al-O-Al linkages, which is contrary to previously proposed theoretical 

models of geopolymers. Further in-depth analysis of the Si/Al ordering is required to 

quantify the degree of aluminium avoidance. 

The inference that the chemical ordering of geopolymers is affected by alkali cation 

type, and that Al-O-Al bonds exist in geopolymers with low nominal Si/Al ratios are 

explored in Chapter 6 by 17O NMR.  
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Chapter 6  
Structural ordering in geopolymers by 17O 
3QMAS NMR spectroscopy  

John Provis was largely responsible for the modelling work in section 6.3 of this 
chapter, which is based on the publication “A statistical thermodynamic model for Al/Si 

ordering in aluminosilicates”, in Chemistry of Materials, 2005, Vol. 17, Issue 11, 
pages 2976-2986, and work in Provis (2006). 

 
Chapter 5 presented 29Si MAS NMR data that implied that the chemical ordering in 

geopolymers was affected by alkali cation type and nominal Si/Al ratio. In this chapter, 

direct experimental evidence is presented showing the presence of Al-O-Al and Si-O-

Si linkages in geopolymeric gel with Si/Al ratio close to unity using 17O 3QMAS NMR at 

19.6 T. The qualitative observance of T-O-T linkages (where T is either Si or Al) by 

NMR spectroscopy validates a model of geopolymer structure that has been presented 

in the literature recently by Provis et al. (2005b). A greater degree of Al/Si disorder is 

predicted in potassium containing systems by thermodynamic predictions developed in 

this contribution, and is confirmed in Na- and K-specimens with Si/Al ratio of unity. The 

implications of the structural model presented in this chapter are wide-reaching, 

affecting all aspects of emerging geopolymer technology from reaction mechanisms, 

kinetics, mechanical property development, acid and thermal resistance, and long term 

durability and stability.  

6.1 Introduction 
The short-range ordering of silicon and aluminium in geopolymeric gels is still poorly 

understood in comparison to other natural and synthetic aluminosilicate materials. 

However, systematic NMR spectroscopic investigations of geopolymers in Chapters 4 

and 5 have elucidated more detailed structural information regarding the environments 

of water, 29Si, 27Al and 23Na than previous investigations. From the investigations in 

these chapters it is clear that the alkali cation has a significant effect on the Al,Si order 

in specimens with low Si/Al ratios. The effect of alkali cation type on the Al,Si ordering 

in geopolymeric gels has been substantiated by deconvolution of 29Si  MAS NMR 

spectra in Chapter 5 and a statistical thermodynamic model (Provis et al., 2005b), 
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which observed and predicted K-geopolymers to have a less ordered structure than 

Na-geopolymers. 

The role of alkali cations (sodium and potassium) and soluble silicon concentration in 

the incorporation of aluminium in geopolymers has been investigated using 27Al and 
23Na MAS NMR in Chapter 4. Al(OH)4

-
(aq) was identified in the pores of all sodium, 

mixed-alkali(1:1) and potassium geopolymers with Si/Al ratio ≤1.40. 23Na MAS NMR 

also identified Na+
(aq) in the pores of sodium and mixed-alkali geopolymers, implying 

that M+
(aq) (M = Na and K) provides charge balance to Al(OH)4

-
(aq). The measurement 

of aqueous aluminium in the pores of geopolymers in varying amounts as a function of 

both alkali cation type and nominal Si/Al ratio demonstrates that the short-range 

ordering of geopolymeric gels is sensitive to these parameters. The presence of 

Al(OH)4
-
(aq) is thought to result from low Si/Al ratio in the solution phase during curing, 

which results in poor incorporation of aluminium into oligomeric aluminosilicate 

species. However, 27Al MAS NMR was unable to differentiate between the short-range 

ordering of the specimens analysed due to the small chemical shifts in the framework 

Al(IV) tetrahedra observed. Despite this, 27Al spectra showed that the nature of the 

alkali cation in the activating solution has an effect on the overall reactivity of 

specimens and the incorporation of aluminium in the geopolymeric gel. 

Utilising analogous specimens, the effect of the charge-balancing cations and nominal 

Si/Al ratio on the molecular structure of geopolymer gels was determined by 

deconvolution of 29Si MAS NMR spectra into component Gaussian peaks that 

represent the different Q4(mAl) species in a tetrahedral aluminosilicate framework in 

Chapter 5. Differences in the resonance position observed in 29Si MAS NMR spectra of 

specimens of low Si/Al ratio were observed to result from changes in the molecular 

structure, rather than cation-induced and next-nearest-neighbour effects altering the 

Q4(mAl) site frequencies. The short-range ordering of Na-, NaK- and K-geopolymers 

was compared, with no significant difference in ordering observed at Si/Al ratios >1.65. 

However, concentrations of Q4(4Al) and Q4(3Al) were markedly different for K-

geopolymers at low Si/Al ratios. The lower Q4(4Al) and higher Q4(3Al) fractions show 

that there is a different short-range ordering of silicon and aluminium in geopolymers of 

differing alkali type, which necessitates the presence of Al-O-Al linkages to allow 

variation in Al,Si bonding.  

The presence of Al-O-Al bonds was thought to be forbidden in geopolymeric materials 

due to a long-held understanding that Loewenstein’s Rule of aluminium avoidance 
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applies to the description of Si/Al ordering in geopolymeric materials (Davidovits, 1991; 

Rowles and O'Connor, 2003). Despite the tendency to avoid Al-O-Al linkages, 

significant differences in the degree of Si/Al disorder have been observed in melt-

quenched glasses (Lee and Stebbins, 1999; 2000), synthetic feldspars (Phillips et al., 

1992) and natural minerals (Sokolova et al., 1996; Sherriff et al., 1998; Stebbins et al., 

1999b). Temperature effects on the level of disorder in aluminosilicate glass were 

incorporated into a simple statistical model of Lee and Stebbins (1999) via a 

Boltzmann-type exponential term. Provis et al. (2005b) recently developed a more 

fundamentally based statistical thermodynamic model for describing the Si/Al ordering 

in geopolymers. This model relied solely on a single parameter to describe the energy 

penalty associated with formation of Al-O-Al, which is dependent on the presence of 

differing cations. The magnitude of the energy penalty is mainly affected by different 

cations, since it is generally understood that bond ordering energies in minerals are 

insensitive to composition provided that the variation is only in the ratio of the ordering 

cations, in this case Si and Al (Bosenick et al., 2001). The output of the model was 

compared to the deconvoluted 29Si MAS NMR data relating sample composition to the 

distribution of Q4(mAl) centres determined in Chapter 5  with a high degree of 

accuracy. Again, this implicates the necessary incorporation of both substantial effects 

of cation type on the short-range ordering in geopolymers, and the allowance of Al-O-

Al linkages to form part of the framework linkages. 

In spite of these recent developments in determining the short-range ordering of 

network cations in aluminosilicate geopolymer gels, direct experimental evidence of Al-

O-Al linkages in geopolymers and the extent of Al avoidance has not yet been 

available. The lack of direct experimental evidence is mainly because 29Si and 27Al 

NMR spectra for geopolymers are unresolved, making determination of populations of 

Si sites with varying numbers of Al neighbours impossible. 17O NMR can more directly 

measure the framework ordering by elucidating the atomic configuration around the 

bridging oxygen anions and measure their site populations. Application of 17O NMR is 

generally hampered by two factors; (1) line broadening caused by quadrupolar 

interactions, and (2) despite the fact that oxygen is the most atomically abundant 

element in geopolymers the natural abundance of the NMR active isotope of oxygen, 
17O, is extremely low (0.037%) making detection of and naturally occurring 17O 

impossible. The quadrupolar interactions result in 17O MAS NMR spectral lines being 

broad and weak, hence, yield no definitive structural information. However, Triple-

Quantum Magic Angle Spinning (3QMAS) techniques are able to enhance greatly 
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resolution of quadrupolar nuclei (Medek et al., 1995; Smith and van Eck, 1999) and 

allow the structural analysis of oxygen sites including those in aluminosilicate glasses, 

minerals and zeolites (Stebbins et al., 1999a; b; Lee and Stebbins, 2000). 

Since the natural abundance of 17O is extremely low, specimens need to be 

isotopically enriched with the NMR active isotope for a signal to be observable. The 

two most common techniques for specimen enrichment are exchange at elevated 

temperature and pressure for extended periods of time (Lee et al., 2003) and 

preparation with labelled raw materials. The latter method has been selected for this 

work, as it allows selective enrichment of material formed during geopolymerisation 

and does not require alteration of the synthesis conditions. Fortuitously, isotopic 

enrichment using 17O is distinct from 27Al and 29Si NMR experiments that are non-

selective due to their comparatively high natural abundance of NMR active isotopes. 
29Si and 27Al NMR probe aluminium and silicon distributed in both the geopolymeric gel 

and unreacted phase, making interpretation more difficult as explored previously in 

Chapters 4 and 5.  

It is outlined in Chapter 5 that geopolymers with Si/Al ratio close to unity are the most 

likely to exhibit a degree of network disorder to produce Al-O-Al linkages. However, the 

lower bound Si/Al ratio of geopolymers derived from metakaolin in the present work is 

limited by the nominal composition of 2.3⋅SiO2.Al2O3. Therefore, a synthetic 

aluminosilicate powder derived from the steric entrapment method (Nguyen et al., 

1999) has been implemented to achieve specimens with Si/Al ratios of unity. This 

study provides the thermodynamic predictions of the T-O-T linkages in geopolymeric 

materials and then compares the predictions with 17O MAS and MQMAS NMR 

spectroscopic data to validate the structural model.  

6.2 Experimental details specific to this chapter 

6.2.1 Preparation of isotopically enriched 17O specimens 

Metakaolin from Imerys (UK) under the brand name of Metastar 402 was used as the 

solid aluminosilicate source in this chapter for metakaolin derived specimens. 

Synthetic chemically pure aluminosilicate powder with composition (2:1)SiO2.Al2O3 was 

provided by the Kriven research group (University of Illinois at Urbana-Champaign). 

Details of preparation are provided elsewhere (Nguyen et al., 1999). 
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Alkaline solutions with H2O/M2O = 11 (M = Na  and K) were prepared by dissolving 

NaOH and KOH (Merck, Germany) in water containing 20% H2
17O. Where required, 

alkaline silicate solutions with composition SiO2/M2O = R (0.5 and 1.0) were prepared 

by dissolving amorphous silica in alkaline solutions until clear. Solutions were stored 

for a minimum of 24 hours prior to use to allow equilibration.  

The geopolymer samples were prepared by reaction of aluminosilicate powder with a 

stoichiometric amount of alkaline or alkaline silicate solution (SiO2/M2O = 0, 0.5, and 

1). The nominal chemical compositions of the specimens were 

( ) O5.5HSiOAlOKNa 2zy-1y ⋅ , where 1.00 ≤ z ≤ 1.65 and y = 0 or 1. After 

homogenisation, the specimens were cured in a sealed environment at 40˚C for 24 

hours then stored at ambient conditions for one week until used in NMR experiments. 
27Al and 29Si NMR and X-Ray powder diffraction analysis were used to characterise 

the specimens, confirming their molecular ordering to be analogous to geopolymer 

specimens in Chapters 4 and 5. For ease of discussion, the specimens derived from 

metakaolin will be referred to as MA, where M is the alkali cation type and A is the 

Si/Al ratio, while those derived from the synthetic aluminosilicate powder will be 

referred to as Na-PVA and K-PVA for Na- and K-geopolymers with Si/Al ratio of 1.00 

respectively. 

6.2.2 NMR spectroscopy 

Solid-state NMR spectroscopy was performed at 19.6 T (112.43 MHz for 17O nuclei) at 

the National High Magnetic Field Laboratory (Tallahassee, Florida), using a Bruker 

DRX spectrometer and a 4-mm MAS probe. All 17O chemical shifts were referenced to 

tap water. Spinning speeds for MAS and MQMAS experiments were 10 kHz. 17O 

3QMAS NMR spectra were collected using a shifted-echo pulse sequence composed 

of two hard pulses with duration of 3.5 µs and 1.5 µs. The recycle time for all 

experiments was 0.2 s. The Hahn-echo was used to obtain 1D spectra. Spectra of all 

specimens were recorded in the as-cured state and after drying to remove isotropic 

contributions from pore solution. MQMAS spectra were analysed by performing 2D 

Fourier transformations by a factor of 19/12 to yield 2D spectra with either an isotropic 

component along the F1 spectral axis and an anisotropic component along the F2 axis 

(Massiot et al., 1996), or by 3 to provide a pure quadrupolar component along the F1 

axis. 
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6.3 Model development 
The model of Provis et al. (2005b) will be used as a starting point for the quantitative 

analysis of the degree of Al-O-Al bond formation expected within a geopolymeric 

binder. This model was developed initially for comparison to 29Si MAS NMR data, and 

so will be recast here in terms of T-O-T bond formation. Full derivations of all 

equations may be found in Provis et al. (2005b), and so will not be repeated here. It is 

assumed that the geopolymeric binder phase is fully cross-linked, consistent with the 

absence of a significant non-bridging oxygen peak in the spectra presented later in the 

work, and also with the results of previous NMR investigations of Rahier et al. (1996a). 

The basic formulation of this model was originally applied by Efstathiadis et al. (1992) 

to ordering within an amorphous Si-C-H alloy. Here, the model will be presented on a 

2-component basis for ordering of tetrahedral SiO4/2 and AlO-
4/2 centres within an 

aluminosilicate network, as described in more detail by Provis et al. (2005b). 

The generally accepted basis for description of short-range order in aluminosilicates is 

Loewenstein’s rule (1954), which states that no two aluminium ions can occupy the 

centres of tetrahedra linked by one oxygen, ie. Al-O-Al bonds will not be formed in a 

tetrahedral network structure. This ‘rule’ is often assumed to be obeyed strictly in 

aluminosilicate structures. However, there is no firm thermodynamic basis for strict 

application of aluminium avoidance, but rather an energetic preference against Al-O-Al 

bond formation. Theoretical calculations have shown that this tendency is due primarily 

to the exothermicity of Equation 6.1 both in solution and in the solid state. 

[ ] [ ] [ ]Si-O-Si Al-O-Al 2 Si-O-Al≡ ≡ + ≡ ≡ → ≡ ≡                                          Equation 6.1 

Free energy minimisation considerations may therefore be used to interpret the 

observed tendency towards Al-O-Al avoidance in aluminosilicate structures, and to 

predict the expected extent of Al-O-Al bonding under different sets of conditions. The 

energy penalty associated with Al-O-Al bond formation in solution is believed to be 

responsible for the observed short-range ordering in hydrothermally synthesised 

aluminosilicates (Catlow et al., 1996). Increasing temperature has been shown to 

increase the extent of disorder (Gordillo and Herrero, 1992; Lee and Stebbins, 2000). 

The heat released by reaction 6.1 is dependent on several factors including the cations 

present and the positions of the centres within the network structure. This energy is 

therefore treated as a model parameter denoted Ω and defined by Equation 6.2, where 

E(I-O-J) represents the energy of a bond linking tetrahedral centres I and J. A 
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discussion of the process of fitting Ω values using experimental 29Si MAS NMR data, 

as well as some of the sources of error in this procedure, is presented elsewhere 

(Provis et al., 2005b). 

= 2E(Si-O-Al)  E(Si-O-Si)  E(Al-O-Al)- -Ω                                             Equation 6.2 
 
The Gibbs free energy of mixing (network formation), GM, may be expressed as the 

sum of entropy and enthalpy terms: 

M M MG  = H  - TS                                                                                            Equation 6.3 
 
The entropy of mixing is given by the Boltzmann equation: 

MS  =  ln Bk Γ                                                                                                 Equation 6.4 
 
where Γ is the number of distinct states the system may occupy. Γ is then given 

approximately by ΓSiΓAl, where ΓI is the number of possible configurations of 

tetrahedral sites containing framework cation I (Onabe, 1982; Efstathiadis et al., 1992). 

Due to the equivalency of each of the 4 bonds linked to any given tetrahedral site, 

Equations 6.5 and 6.6 may be obtained. These expressions relate to a system of N 

tetrahedral sites, N(Si) = xN of which are silicon and N(Al) = (1-x)N are aluminium. NI,J 

is defined as the concentration of centres of type I bonded via I-O-J bonds to sites of 

type J (Efstathiadis et al., 1992), with NAl,Si = NSi,Al . 

( )
4

Si
Si,Si Si,Al

Si  !
! !

N
N N

⎛ ⎞
Γ = ⎜ ⎟

⎝ ⎠
                                                                                   Equation 6.5 

 

( )
4

Al
Al,Al Si,Al

Al  !
! !

N
N N

⎛ ⎞
Γ = ⎜ ⎟

⎝ ⎠
                                                                                 Equation 6.6 

 
Substituting Equations 6.5 and 6.6 into 6.4 and simplifying by use of Stirling’s 

approximation, Equation 6.7 is obtained (Provis et al., 2005b). This equation is given in 

terms of the ‘normalised bond concentrations’ nI,J of each type of bond (Efstathiadis et 

al., 1992), where nI,J = NI,J/N(Si), and is asymptotically correct in the limit of large N(Si). 

( ) ( ) ( ) ( )M B Si,Si Si,Si Al,Al Al,Al Si,Al Si,Al
1S 4 Si  ln ln 2 ln ln

1
x xk N n n n n n n

x x
−⎡ ⎤⎛ ⎞= − + + + ⎜ ⎟⎢ ⎥−⎝ ⎠⎣ ⎦

  

                                                                                                                      Equation 6.7 
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The enthalpy of mixing for a system of N atoms may be expressed in terms of heats of 

formation of free tetrahedra H0(I) and bond energies E(I-O-J) by Equation 6.8. 

( ) ( ) ( ) ( )

( ) ( )
M 0 4 / 2 0 4 / 2 Si,Si

Si,Al Al,Al

1H   Si  [H SiO H MAlO 2 E Si O Si

                             4 E Si O Al 2 E Al O Al ]

xN n
x

n n

−
= + − − −

− − − − − −
    Equation 6.8 

 
Equations 6.3, 6.7 and 6.8 may then be combined to give an expression for GM in 

terms of the normalised bond concentrations. Differentiation with respect to nAl,Al, with 

the observation that Si,Si

Al,Al

1
n
n

∂
=

∂
 and Si,Al

Al,Al

1
n
n

∂
= −

∂
, then allows the use of Equation 6.2 to 

replace the combination of E(I-O-J) terms in Equation 6.8 by Ω. Setting M

Al,Al

G 0
n

∂
=

∂
 and 

simplifying then gives Equation 6.9 

2
Si,Al

Si,Si Al,Al B

exp
2

n
n n k T

⎛ ⎞Ω
= ⎜ ⎟

⎝ ⎠
                                                                                Equation 6.9 

 
Combining Equation 6.9 with a mole balance (Equations 6.10 and 6.11) and solving 

algebraically, Equation 6.12 is obtained. This is an analytical expression for the degree 

of Al-O-Al bonding in terms of x, Ω, and T. 

Si,Si Si,Al +  = 1n n                                                                                            Equation 6.10 
 

Si,Al Al,Al
1 +  = xn n

x
−                                                                                    Equation 6.11 

 

( )

2

B B B

B

1 2 1exp 2 2 exp 2 4 exp 1
2 2 2

% Al-O-Al 100 1 2
2 exp 1

2

x
x k T x k T k T

x x

k T

⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞− Ω Ω Ω⎛ ⎞⎜ ⎟− + + − + + −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠= − + ⋅⎜ ⎟
⎛ ⎞⎛ ⎞Ω⎜ ⎟−⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎜ ⎟⎝ ⎠⎝ ⎠

 

                                                                                                                     Equation 6.12 
 
The energy penalty Ω was calculated previously (Provis et al., 2005b) to be 40 ± 5 

kJ/mol for Na systems and 30 ± 2 kJ/mol for K systems.  

6.4 Results and discussion 
Figure 6,1 shows the 17O MAS NMR spectra of Na-geopolymers with 1.15 ≤ Si/Al ≤ 

1.65. It can be observed that each spectrum contains a single featureless resonance, 
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ascribed to bridging framework oxygen centres. The peak in the Na1.15 specimen is 

narrower than those of the Na1.40 and Na1.65 specimens, which is likely to be a result 

of partial crystallisation of this specimen to form faujasite.  Together with a broadening 

of the peak with increasing Si/Al ratio, the frequency of maximum intensity can be 

observed to shift to more negative values. The shift in peak position is indicative of 

deshielding of the centre from the increase in silicon. However, the shift in peak 

position is small compared to that observed in 29Si MAS NMR of analogous 

specimens. Therefore, it is impossible to determine the distribution of silicon and 

aluminium around the bridging oxygen from the 17O MAS NMR spectra in Figure 6.1. 

-50050100 ppm

(a)

(b)

(c)

 

Figure  6.1 17O MAS NMR spectra of Na-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40 and (c) 

1.65. Specimens synthesised from Metastar 402. 

The 3QMAS of Na-geopolymers derived from metakaolin in the current work are 

presented in Figure 6.2. The Si-O-Al and Si-O-Si peaks are clearly identified in the 

Na1.40 and Na1.65 specimens, at – 47 ppm and – 65 ppm in the isotropic dimension 

respectively. As expected, the amount of Si-O-Si detected increases with increasing 

Si/Al ratio. Shoulders can be observed on the main Si-O-Al peak in the Na1.15 

specimen, at – 38 and – 62 ppm in the isotropic dimension. The shoulder at – 62 ppm 

can be attributed to a small resonance from Si-O-Si, while the shoulder at – 38 ppm 

may result from a minor quantity of Al-O-Al linkages or structurally distinct oxygen sites 

present in faujasite (Readman et al., 2004), which is a small constituent of the Na1.15 

specimen (and is discussed later in this chapter). It is worthy to note that only NMR 

peaks of bridging oxygen sites are observed. Small contributions from hydroxyl groups 
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may be hidden by peak overlap, and are insignificant for thermodynamic 

considerations here, although will play a larger role in determining thermal evolution 

properties. 

 

Figure  6.2 17O 3QMAS NMR spectra of Na-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40 and (c) 

1.65. Contour lines show intensity in arbitrary units and are drawn from 1.25% to 99% of highest 
peak intensity, increasing in multiples of 1.4. Specimens synthesised from Metastar 402. 

(a) 

(c) 

(b) 
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Figure  6.3 Predictions of T-O-T populations of Na-geopolymer with Si/Al ratios between 1 and 2.15, 

based on model of Provis et al. (2005b).  

Figure 6.3 shows the application of the statistical thermodynamic model developed 

earlier in the paper to predict the T-O-T site distributions for Na-geopolymers with 

varying Si/Al ratios (assuming 90% reactivity after Provis et al. (2005b)). It can be 

observed that the model predicts that 94.11% of all oxygen will be present in Si-O-Al 

linkages in the Na1.15 specimen, with only 0.18% and 5.74% present as Al-O-Al and 

Si-O-Si, respectively. Therefore, it would be unlikely that Al-O-Al sites would be 

observed by 3QMAS NMR in the Na1.15 specimen. Furthermore the predicted amount 

of Si-O-Si in a specimen with Si/Al ratio of 1.15 exhibiting perfect aluminium avoidance 

(Loewenstein, 1954) is 5.53%, which is impossible to distinguish from the shoulder 

observe in Figure 6.2a at –62 ppm in the isotropic dimension. In general, 3QMAS NMR 

has been applied for qualitative studies because the efficiency of the zero to triple 

quantum (3Q) excitation and 3Q to single quantum conversion depends on Cq (Medek 

et al., 1995), which adds further complication to quantification of T-O-T site populations 

in the current work. Therefore, validation of the thermodynamic predictions is best 

achieved by investigation of specimens with Si/Al ratios close to unity, where the 

quantity of Al-O-Al is maximised. This procludes the use of the natural clay utilised in 

the preparation of specimens in Figures 6.1 and 6.2. Furthermore, the model predicts 

that the alkali cation will alter the energy penalty associated with Equation 6.1, thus 

altering the Al,Si ordering, with use of potassium resulting in a greater degree of 

disorder.  
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Figure 6.4 shows comparisons of the predicted distributions of Al-O-Al and Si-O-Si in 

Na- and K-geopolymers. Significant quantities of all three T-O-T linkages should be 

observed in specimens with Si/Al ratios of 1.00, with a greater degree of disorder 

observed in K-specimens. However, the quadrupolar coupling constant of bridging 

oxygen in potassium aluminosilicates is larger than for sodium and lithium silicates and 

aluminosilicates (Clark and Grandinetti, 2000; Lee and Stebbins, 2000; Clark and 

Grandinetti, 2005), so it is expected that the resolution of sites in K-geopolymer will be 

somewhat reduced by line broadening. However, the use of high-field (19.6T) in the 

current work should serve to reduce the effect of quadrupolar broadening, because the 

chemical shift difference will increase in frequency terms, while the quadrupolar 

interaction will remain the same independent of the field.  
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Figure  6.4 Predictions of Al-O-Al and Si-O-Si populations of (■) Na- and (♦) K-geopolymers with 

Si/Al ratios between 1 and 2.2, based on model of Provis et al. (2005b).  Solid data points represent 
Si-O-Si and hollow Al-O-Al. The vertical scale is selected to highlight Al-O-Al and Si-O-Si 
populations at Si/Al ratios close to unity. 

Figure 6.5 shows the 17O 3QMAS NMR spectra of Na- and K-PVA geopolymers with 

Si/Al ratio of 1.00. The spectra are sheared by a factor of 3, so that the F1 dimension 

is comprised of only quadrupolar interactions, allowing for more clear separation of 

linkages based on differences in quadrupolar interactions. The spectrum of K-

geopolymer shows clear evidence of all three T-O-T linkages, with the peaks of Al-O-

Al and Si-O-Al being overlapped from 0 to –2 kHz, and a small region associated with 



Chapter 6 

 143

Si-O-Si centred at –3 kHz. A small peak can be observed in the spectrum at 

approximately 80 ppm in the F2 dimension, which is currently not assigned. Despite 

this, the clear observation of Al-O-Al in the K-PVA specimen in Figure 6.5a provides 

the first direct evidence of non-Loewenstein Al,Si ordering in geopolymers, though 

imperfect ordering has been implied from 29Si MAS NMR investigations in Chapter 5. 

The Na-PVA geopolymer in Figure 6.5b shows similar features as that of the K-PVA 

specimen in Figure 6.4a, although the degree of disorder is reduced, indicated by the 

smaller Al-O-Al and Si-O-Si resonances. The reduction in disorder in Na-geopolymer 

compared with K-geopolymer in Figure 6.5 correlates extremely well with predictions 

from the model in Figure 6.4. In comparison to aluminosilicate glasses (Lee and 

Stebbins, 2000), the poor separation of the different T-O-T linkages implies that the 

framework structure of geopolymers is highly disordered leading to broad peaks and 

that the different T-O-T linkages are structurally similar. 

Figure 6.6 presents the XRD diffractograms of the low Si/Al ratio specimens in the 

current work and the PVA powder with Si/Al ratio of 1.00. It can be observed that the 

Na-geopolymers with Si/Al ratios close to unity contain an amount of crystalline 

material (less than 30% as determined by quantitative XRD using the RIR method). 

However, the K-PVA specimen is observed to be X-ray amorphous. Therefore, the 

appearance of the peaks in all specimens with Si/Al ratios close to unity can be 

assigned to Al-O-Al, rather than structurally distinct oxygen sites in crystalline 

frameworks. Indeed, the similarity of the NMR peak positions for Na-PVA and K-PVA 

indicates that the morphology of the bridging oxygen sites in geopolymers is largely 

independent of alkali cation type. However, the peaks in the K-PVA specimen are 

observed to be broader, which is both a result of the greater degree of disorder, lack of 

crystalline phase and the increase quadrupolar interactions in potassium bearing 

systems. 
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Figure  6.5 17O 3QMAS NMR spectra of (a) K- and (b) Na-geopolymer with Si/Al ratio of 1.00. 

Contour lines show intensity in arbitrary units and are drawn from 1.25% to 99% of highest peak 
intensity, increasing in multiples of 1.4. Spectra are sheared by a factor of 3 in order to isolate 
quadrupolar interactions in the F1 dimension. 

 

(a) 

(b) 
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Figure  6.6 XRD diffractograms of Na1.15, Na-PVA, K-PVA and the PVA powder used in the current 

work. Peaks in the Na1.15 specimen correlate with faujasite. 

6.5 Summary 
This chapter provides the direct evidence of Al-O-Al linkages and structural disordering 

in geopolymers with low Si/Al ratios by 17O 3QMAS NMR of isotopically enriched 

specimens. The degree of Al,Si ordering is observed to agree extremely well with the 

predictions of a statistical thermodynamic model, with K-geopolymers exhibiting less 

Al,Si order, ie. more Al-O-Al and Si-O-Si linkages than in Na-geopolymers. The basis 

for the variation in chemical ordering is the reduction in the entropy of aluminosilicate 

mixing in the presence of potassium compared to sodium. This work serves as an 

experimental validation of a highly flexible and fundamentally based structural model of 

geopolymeric materials that has been proposed in Chapters 4 and 5 and by Provis et 

al. (2005b; 2005c). The implications of this model will affect all aspects of geopolymer 

science, from understanding the reaction mechanism, structural reorganisation, 

property development, acid resistance and long term thermodynamic and structural 

stability.  In particular, the effect of geopolymer structural on mechanical properties 

and thermal stability are investigated in greater depth in the further chapters of the 

thesis.  



The structure and thermal evolution of metakaolin geopolymers 

 146 



Chapter 7 

 147

Chapter 7  
Understanding the relationship between 
geopolymer composition, microstructure 
and mechanical properties 
This chapter is based on the publication of the same name in Colloids and Surfaces 
A: Physiochemical and Engineering Aspects, 2005, Vol. 269, Issue 1-3, pages 47-

58. 
 

A mechanistic model accounting for reduced structural reorganisation and 

densification in the microstructure of geopolymer gels with high concentrations of 

soluble silicon in the activating solution has been proposed. The mechanical strength 

and Young’s modulus of geopolymers synthesised by the alkali activation of 

metakaolin with Si/Al ratio between 1.15 and 2.15 is correlated to their respective 

microstructures through SEM analysis. The microstructure of specimens is observed to 

be highly porous for Si/Al ratios ≤ 1.40 but largely homogeneous for Si/Al ≥ 1.65, and 

mechanistic arguments explaining the change in microstructure based on speciation of 

the alkali silicate activating solutions are presented. All specimens with a 

homogeneous microstructure exhibit an almost identical Young’s modulus, suggesting 

that the Young’s modulus of geopolymers is determined largely by the microstructure 

rather than simply through compositional effects as has been previously assumed. The 

strength of geopolymers is maximised at Si/Al = 1.90. Specimens with higher Si/Al 

ratio exhibit reduced strength, contrary to predictions based on compositional 

arguments alone. The decrease in strength with higher silica content has been linked 

to the amount of unreacted material in the specimens, which act as defect sites. This 

work demonstrates that the microstructures of geopolymers can be tailored for specific 

applications. 

7.1 Introduction 
The term geopolymer was first applied by Davidovits (1991) to alkali aluminosilicate 

binders formed by the alkali silicate activation of aluminosilicate materials. 

Geopolymers are often confused with alkali-activated cements, which were originally 

developed by Glukhovsky (1994) in the Ukraine during the 1950’s. Glukhovsky (1994) 
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worked predominantly with alkali-activated slags containing large amounts of calcium, 

whereas Davidovits (1991) pioneered the use of calcium-free systems based on 

calcined clays. Although research in this field has been published using different 

terminology including ‘low-temperature aluminosilicate glass’ (Rahier et al., 1996a), 

‘alkali-activated cement’ (Palomo and de la Fuente, 2003) and ‘hydroceramic’ (Siemer, 

2002), the term ‘geopolymer’ is the generally accepted name for this technology. The 

backbone matrix of geopolymers is an X-ray amorphous analogue of the tetrahedral 

alkali aluminosilicate framework of zeolites. Due to their inorganic framework, 

geopolymers are intrinsically fire resistant and have been shown to have excellent 

thermal stability far in excess of traditional cements (Barbosa and MacKenzie, 2003b). 

Geopolymers have also been shown to exhibit superior mechanical properties to those 

of Ordinary Portland Cement (OPC) (Palomo and Glasser, 1992; Xu and van 

Deventer, 2000b; Kriven et al., 2003). However, compared to other technologies there 

is not yet a substantial body of research focused on understanding the relationships 

between composition, processing, microstructure and the properties (eg. mechanical 

strength) of geopolymers.  

The majority of published studies on geopolymer systems have focused on composite 

fly ash/blast furnace slag systems. In most cases the analysis has been limited to 

observation of X-ray diffractograms and the ultimate compressive strength, which are 

standard techniques in cement science. Meanwhile, microstructural detail has been 

less intensely investigated, due largely to the complexities involved in analysis of 

materials formed from such highly inhomogeneous aluminosilicate sources. The use of 

metakaolin (calcined kaolinite clay) as an aluminosilicate source eliminates many of 

these issues by providing a purer, more readily characterised starting material, thereby 

greatly enhancing the microstructural understanding that may be obtained by analysis 

of the final reaction products. Metakaolin-based geopolymers are a convenient ‘model 

system’ upon which analysis can be carried out, without the unnecessary complexities 

introduced by the use of fly ash or slag as raw materials. 

The effect of different calcium containing raw-materials (Xu and van Deventer, 2003b; 

Yip and van Deventer, 2003), other ionic additives (Lee and van Deventer, 2002b), 

curing conditions (van Jaarsveld et al., 2002) and post-curing chemical treatments 

(Palomo et al., 1999a) on compressive and/or flexural strength have been investigated 

in some depth. However, few other relevant mechanical properties, in particular 

density and Young’s modulus, have been measured in these studies. These properties 
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are highly significant in architectural and structural applications, as well as being a 

valuable tool by which the relationship between structure and properties may be 

understood. The general aim of initial investigations was to demonstrate the utility of 

geopolymers in a broader context, but with limited analysis of the underlying 

mechanisms. As such these investigations have proven valuable, but lack a systematic 

approach to determining the effects of basic compositional variables and processing 

conditions on intrinsic geopolymer properties and microstructure. 

Initial studies of geopolymer microstructure focused on identification of unreacted 

particles and determining the chemical composition of the binder in systems 

synthesised from multi-component materials, such as blast furnace slag and fly ash 

(Lee and van Deventer, 2002d; Xu and van Deventer, 2002c; Yip and van Deventer, 

2003). Geopolymers have been shown to have a microporous framework, with the 

characteristic pore size being determined by the nature of the alkali cation or mixture 

of cations used in activation (Kriven and Bell, 2004). Studies of fly ash-based 

geopolymeric systems identified quartz and mullite particles that act as micro-

aggregates in the final matrix, with evidence of unreacted glassy aluminosilicates. It is 

therefore thought that the glassy material acts as the source of aluminium and silicon 

for the gel in these systems. Fracture surface analysis of clay-based systems shows 

sheets of unreacted particles lodged in the gel (Xu and van Deventer, 2002c). The 

presence of potentially reactive aluminosilicate particles in hardened geopolymer 

indicates that hardening is completed prior to complete dissolution of raw materials (Xu 

and van Deventer, 2002c; Yip et al., 2003b). As would be expected from simple mass 

transport considerations, the initial particle size and/or specific surface area of 

metakaolin has been shown to affect significantly the rate and extent of dissolution 

during geopolymerisation (Rahier et al., 2003b).  

The link between composition and strength has been investigated previously for 

sodium silicate/metakaolin geopolymers, and whilst it was hinted that there was a link 

between mechanical strength, composition and microstructure, none was elucidated 

(Rowles and O'Connor, 2003). A geopolymer composition with optimised mechanical 

strength was identified to occur at an intermediate Si/Al ratio. However it would be 

expected that the strength of fully condensed tetrahedral aluminosilicate network 

structures should increase monotonically with silica content, due to the increased 

strength of Si-O-Si bonds in comparison to Si-O-Al and Al-O-Al bonds (de Jong and 

Brown, 1980). Therefore, the relationship between Si/Al ratio and the mechanical, 
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physical and microstructural properties of geopolymers needs to be determined, with 

reference to a new mechanistic understanding of geopolymerisation. 

The most critical element of geopolymerisation that has only been briefly explored is 

the transformation from liquid precursor to ‘solid’ gel and the mechanisms of 

densification (Lee and van Deventer, 2002d). This provides the key to controlling the 

nanostructure, porosity and properties of geopolymers so they may be tailored for 

specific applications. Gelation results from hydrolysis-polycondensation of aluminium 

and silicon containing species, resulting in a complex network swollen by water 

trapped in the pores. Aluminosilicate gels formed by the sol-gel process are made of 

primary globular polymeric entities 0.8-2.0 nm in diameter, which are densely packed 

according to the hydrolysis-polycondensation rate and the water content (Colomban, 

1998). Structural reorganisation of the network occurs by continued reaction and 

expulsion of the water into larger pores. The effect of the main compositional 

parameter of geopolymers, the Si/Al ratio, on the gel transformation densification 

process and how this affects the physical properties of geopolymers has not been 

explored. 

The compositions of geopolymers in this chapter have been formulated to ensure that 

the Al/Na ratio is constant at unity, providing sufficient alkali to enable complete charge 

balancing of the negatively charged tetrahedral aluminium centres, while maintaining a 

constant H2O/Na2O ratio of 11. The composition of the geopolymers studied is 

therefore controlled by varying the composition of the activating solutions by addition 

of soluble silicate. The differences in microstructure between geopolymers of different 

composition are able to be characterised by SEM and therefore correlated with basic 

macro-scale physical properties: ultimate compressive strength, Young’s modulus and 

superficial density. The relationship between composition and properties is to be 

explored by firstly confirming the trends in mechanical strength observed by Rowles 

and O’Connor (2003) and then linking these results to the microstructure of the 

specimens. Furthermore, through investigation of the activating solution by 29Si NMR 

and interpretation of the resulting microstructures in terms of gel transformation, a 

greater understanding of the mechanistic processes occurring during the latter stages 

of geopolymerisation can be determined. 
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7.2 Results and discussion 
The average compressive strengths and Young’s moduli of the five different 

compositions of geopolymer studied in the current work are summarised in Figure 7.1. 

The compressive strengths determined in the current work confirm the trends 

observed in similar previous work (Rowles and O'Connor, 2003).The Young’s modulus 

of each sample was calculated from the linear stress/strain response prior to failure. 

The observed variation in Young’s modulus for each composition is comparatively 

smaller than that observed for the ultimate compressive strength, particularly at higher 

Si/Al ratios where the variation in strength between samples increases (It should be 

noted that error in compressive strength of geopolymers has previously been 

notionally estimated to be ±5%). This suggests that the Young’s moduli of 

geopolymers are a more characteristic measure of the mechanical properties of each 

composition, whereas the greater deviation in the measured ultimate compressive 

strength suggests that the failure mechanism contributes significantly to the measured 

strength. Observed ultimate compressive strength data should therefore be considered 

as a distribution rather than a discrete value. Investigations focused specifically on 

describing the distribution of the ultimate compressive strength of geopolymers are 

currently being undertaken, using much larger sample populations to ensure that the 

observed distributions are statistically sound. 

The compressive strength of geopolymers is observed to increase by approximately 

400% from Si/Al = 1.15 to Si/Al = 1.90 before decreasing again at the highest Si/Al 

ratio of 2.15. The improvement in mechanical strength is essentially linear over the 

region 1.15 ≤ Si/Al ≤ 1.90. However, the same trend is not observed in the Young’s 

moduli, where the Si/Al = 1.90 specimen displays only a minor increase above Si/Al = 

1.65. This suggests that the improvement in mechanical strength and Young’s 

modulus in the region 1.15 ≤ Si/Al ≤ 1.90 may be related, but not intrinsically linked.  

Indeed, the Young’s modulus may be said to be essentially constant to within 

experimental uncertainty in the region Si/Al ≥ 1.65.  

SEM micrographs of geopolymers over the composition range of interest exhibit 

significant change in microstructure with variation in Si/Al ratio (Figure 7.2). The 

change in microstructure appears most dramatic between Si/Al ratios of 1.40 - 1.65. 

Specimens with Si/Al ≤ 1.40 exhibit a microstructure comprised of large interconnected 

pores, loosely structured precipitates and unreacted material, corresponding to low 

mechanical strength and Young’s modulus. Geopolymers with Si/Al ratio ≥ 1.65 are 
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categorised by a largely homogeneous binder containing unreacted particles and 

some smaller isolated pores a few microns in size. 
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Figure  7.1 Young’s moduli (▲) and ultimate compressive strengths (■) of geopolymers. Error bars 
indicate the average deviation from the mean over the six samples measured. 

The microstructures of geopolymers with Si/Al ratio ≥ 1.65 do not change significantly 

with increasing Si/Al ratio. However, there is a slight decrease in the observed porosity 

in the specimen with Si/Al ratio of 1.90, which correlates with the observed maxima in 

compressive strength and Young’s modulus in this specimen (Figure 7.2). Therefore, 

improvement in microstructural homogeneity provides a strong reasoning for the 

increase in mechanical properties at lower Si/Al ratios, but there is nothing directly 

observable in the SEM micrographs that can explain what is responsible for the 

decrease in strength above the maximum. Theoretically, Si-O-Si linkages are stronger 

than Si-O-Al and Al-O-Al bonds (de Jong and Brown, 1980), meaning that the strength 

of geopolymers should increase with Si/Al ratio since the density of Si-O-Si bonds 

increases with Si/Al ratio. The decrease in mechanical strength between specimens 

with Si/Al ratio of 1.90 and 2.15 suggests that other factors begin to affect the 

mechanical properties. However, the similarity in appearance of the microstructures of 

geopolymers with Si/Al ≥ 1.65 correlates well with the almost constant Young’s moduli 

of these specimens. Therefore, it is apparent that the Young’s modulus of 
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geopolymers is closely linked with the microstructure, whereas one or more other 

parameters must play a role in determining the ultimate mechanical strength. 

Geopolymers are known to contain amounts of unreacted solid aluminosilicate source, 

metakaolin in this case, (Xu and van Deventer, 2002c; Kriven et al., 2003), which is 

confirmed by the plate-shaped voids observed in the SEM micrographs in Figure 7.2. 

These voids are produced during the polishing process as the soft, plate-like 

metakaolin particles remaining unreacted are torn from the binder phase. However, 

there is no definitive and accurate method for quantitatively determining the amount of 

unreacted material in a particular specimen. From the micrographs in the current work 

it can be seen that the level of unreacted material varies between specimens, and 

would therefore be expected to have correspondingly varying effects on their 

mechanical properties. Metakaolin is weak and will be expected to act as a point 

defect in the structure, locally intensifying the stress in the binder and precipitating 

failure. Therefore, for any qualitative or semi-quantitative description of the effect of 

unreacted material on the strength of geopolymers, a measure of the amount of 

unreacted material is required.  

27Al MAS NMR was used to correlate the amount of Al(VI) and the amount of 

unreacted phase in metakaolin-based geopolymers in Chapter 4. While this method 

does not provide an unequivocal quantification of the unreacted content, it is able to 

detect a trend in the amount of Al(VI) in all specimens studied, matching theoretical 

expectations. The amount of unreacted material has been observed to increase with 

Si/Al ratio. It is thought that greater amounts of unreacted material increase the defect 

density in the specimens and have a deleterious effect on the mechanical strength of 

geopolymers. This effect is particularly pronounced at high Si/Al ratios, where the 

amount of unreacted phase has been observed to be at a maximum. Therefore, the 

reduction in mechanical strength of geopolymer with high Si/Al ratios can be 

understood by incorporating the concept of a defect density resulting from unreacted 

material. It also stands to reason that with an increased defect density, the number of 

potential pathways to failure similarly increases. This would lead to an increased 

distribution in the measured compressive strengths of individual specimens, as 

observed in Figure 7.1.  
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Figure  7.2  SEM micrographs of Na-Geopolymers with Si/Al ratio of (a) 1.15, (b) 1.40, (c) 1.65, (d) 

1.90 and (e) 2.15. 
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Figure  7.3 N2 isotherms of sodium geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65, (d) 

1.90 and (e) 2.15. 

Pore sizes in the order of < 5µm are observed in the micrographs of geopolymers with 

Si/Al ≥ 1.65 (Figure 7.2). The binder at the interface of some of these pores can be 

seen to have a layered texture. This apparent layered texture is an artefact created by 

particle pullout of the plate-structure in metakaolin during polishing as opposed to 
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pores filled with solution. Previous SEM micrographs of fracture surfaces of clay 

derived geopolymers do not show the same large pores, confirming the affect of 

polishing on the porosity observed in polished cross-sections (Xu and van Deventer, 

2002c). The cross-sectional area of the pores caused by particle pullout indicates that 

the amount of unreacted material in the samples once cured is significant. Unreacted 

particles can be seen to be loosely wedged in the structure of geopolymers with Si/Al < 

1.65 and do not appear be tightly adhered to the binder. Due primarily to the dramatic 

changes in microstructure with Si/Al ratio, it is impossible to confirm from SEM 

micrographs whether the trend in the amount of unreacted particles in geopolymers 

supports the theoretical predictions and trends observed in Chapter 4. Furthermore, 

not all of the pores in the specimens with Si/Al ≥ 1.65 appear to result from particle 

pullout. Some pores appear to be a result of pooling from regions of water that are 

generated in the polycondensation and transformation step of geopolymerisation. The 

sizes of these pores range from microns to less than 10 nm in diameter (below the 

resolution of SEM) (Bell and Kriven, 2004), further complicating attempts to gauge the 

amount of unreacted phase in metakaolin geopolymers and provide corroboratory 

evidence to support findings in Chapter 4. 

Nitrogen adsorption/desorption isotherms of the specimens in the current work are 

shown in Figure 7.3. All specimens have a type IV isotherm with a hysteresis loop, 

though the characteristic shape of the isotherms and volume of nitrogen adsorbed per 

unit volume of specimen change remarkably with Si/Al ratio. At Si/Al ratio of 1.15, the 

volume of nitrogen adsorbed initially is large, indicating the high volume of large 

interconnected pores in the specimen as observed in Figure 7.2. At higher Si/Al ratios, 

the initial volume of nitrogen adsorbed is lower, indicating a characteristic change in 

pore distribution and a more reduced volume of freely accessible pores. The volume of 

nitrogen adsorbed decreases as the Si/Al ratio increases, which results in a decrease 

in the pore volume, Vp, presented in Table 7.1. The pore volume is observed to 

decrease from 0.206 cm3/g to 0.082 cm3/g as the Si/Al ratio of the specimens 

increases. The hysteresis loop measured between the adsorption and desorption 

isotherms is observed to become larger and occurs at lower relative pressures with 

increasing Si/Al ratio, with the exception of the specimen with Si/Al ratio of 2.15, which 

has the smallest pore volume. The change in hysteresis loop characteristics indicates 

a change in the distribution of pores within the specimens. 2H and 1H MAS NMR in 

Chapter 4 have shown that the pore size in geopolymers decreases with increasing 

Si/Al ratio.  
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Figure  7.4 Pore volume distribution of Na-geopolymers. 

The change in pore volume distributions of sodium geopolymers is summarised in 

Figure 7.4. The pore volume distribution of geopolymers can be observed to shift into 

smaller pores as the Si/Al ratio increases. However, the pore size distribution of the 

specimen with Si/Al ratio of 1.15 is observed to be bimodal, which can be explained by 

the large volume of interconnected pores in combination with some level of crystallinity 

in alkali activated specimens, which is discussed greater detail in Chapter 7. The 

nitrogen adsorption/desorption characteristics of geopolymers (Figure 7.3) confirm the 

observations in the SEM micrographs (Figure 7.2) that the increase in nominal Si/Al 

ratio results in large changes in the microstructure and pore distribution of 

geopolymers.  

The nominal densities of geopolymers with varying Si/Al ratios are also presented in 

Table 7.1. The density of geopolymers is seen to increase from 1.683 g/cm3 to 1.798 

g/cm3 in the range 1.15 ≤ Si/Al  ≤ 2.15. The increase in nominal density of 

geopolymers observed with increasing Si/Al ratio results from the higher proportion of 

solid components due to addition of silicon to the activating solution. This provides an 

activating solution of higher density, and so mixing a given amount (calculated on a 

solute-free basis to maintain constant overall H2O/Na2O) of this solution with a 

particular amount of metakaolin will give a product of higher nominal density.  
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Table  7.1 Density, cumulative pore volume and calculated skeletal density of geopolymer 

specimens. 

Specimen Si/Al Vp ρgel (g/cm3) ρskeleton (g/cm3) 

1.15 0.206 1.683 2.57 

1.40 0.205 1.695 2.60 

1.65 0.187 1.718 2.53 

1.90 0.143 1.777 2.38 

2.15 0.082 1.798 2.11 

 

The large decrease in pore volume of geopolymers with increasing Si/Al ratio (Table 

7.1) infers that accompanying the change in pore distribution from large to small pores, 

the increase in Si/Al ratio results in a net increase in the volume of gel for only a slight 

increase in nominal density. Pore volume is related to the skeletal density, which 

represents the density of the geopolymer gel, and the nominal density by the following 

relation: 

skeletongel
pV

ρρ
11

−=                  Equation 7.1 

where Vp is the specific pore volume, ρgel equals the bulk gel density and ρskeleton 

equals the density of the solid phase which comprises the skeletal framework. This 

relation assumes that pores that are inaccessible to N2 during the 

adsorption/desorption experiment are part of the skeletal framework. The calculated 

skeletal densities of the geopolymer gel are shown in Table 7.1 and presented in 

Figure 7.5. The skeletal density is observed to decrease with increasing Si/Al ratio, 

whilst nominal density increases. The increase in apparent gel volume in the polished 

micrograph cross-sections in Figure 7.2 must therefore result from the decreased 

skeletal gel density in these specimens, rather than a greater nominal density. This is 

in line with the porosity within the geopolymer monoliths becomes more highly 

distributed in small pores inaccessible to N2 as the Si/Al ratio increases. A decrease in 

skeletal density with increasing Si/Al ratio, while maintaining a relatively constant 

nominal density results in a larger volume of gel. The larger gel volume leads to a 
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progressively more homogenous microstructure as observed in the micrographs in 

Figure 7.2. The larger gel volume allows stress during compression to be spread over 

a larger area, resulting in less strain and higher Young’s modulus. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

1.15 1.40 1.65 1.90 2.15
Si/Al Ratio

D
en

si
ty

(g
/c

m
3 )

 

Figure  7.5 Comparison of (▲) nominal and (■) skeletal densities of Na-geopolymers. 

The change in pore distribution and localised gel density must result from differences 

in the mechanism of geopolymerisation under conditions of higher concentrations of 

soluble silicon in the activating solution. The change in mechanism hinders 

aggregation of pores (syneresis) during polycondensation and hardening, leaving more 

small pores distributed around the gel framework, rather than smaller numbers of large 

pores. Hindered syneresis is likely to result from factors such as reduced lability of gel 

precursors during polycondensation in highly siliceous specimens (Scherer, 1999a), 

which hinders reorganisation and reduces the permeability through aggregation of 

water in certain regions of the gel. Furthermore, the observed differences in 

microstructure can be seen to affect other physical properties of the gel such as 

adsorption and desorption (Figure 7.3), and be likely to also affect ion exchange and 

chemical encapsulation characteristics. The ability to control microstructural 

characteristics of geopolymers will allow future geopolymer formulations to be tailored 

on a microstructural and chemical level for specific applications. 

The largest change in the microstructure of geopolymers in the current work appears 

to occur between the specimens with Si/Al ratios of 1.40 and 1.65. SEM micrographs 

of geopolymers with Si/Al ratios between 1.45 and 1.60 are presented in Figure 7.6, 

allowing closer analysis of the change in microstructure observed in Figure 7.2. The 
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microstructures are comprised of both homogeneous and porous regions of gel. The 

homogeneous regions are seen to comprise a greater proportion of the cross section 

as the Si/Al ratio increases. The transition from the porous microstructure observed in 

geopolymers with Si/Al ≤ 1.40 to the largely homogeneous microstructure where Si/Al 

≥ 1.65 is essentially continuous in the region between 1.40 and 1.65. Therefore, the 

factors influenced by the soluble silicon concentration in the activator that directly 

affect microstructural evolution during reaction must be in a critical transition in this 

concentration region. 

  

  

Figure  7.6 SEM micrographs of geopolymers with Si/Al ratios of (a) 1.45, (b) 1.50, (c) 1.55 and (d) 

1.60. 

Dissolution studies of aluminosilicate materials have found that the initial rate of 

aluminium dissolution is higher than that of silicon, due to the formation of an 

aluminium deficient layer, followed by stoichiometric release of silicon and aluminium 

(Oelkers et al., 1994; Oelkers and Gislason, 2001). Therefore, it is expected that the 

metakaolin used in this experiment will initially release monomeric silicon and 

aluminium in the ratio of Si/Al < 1 followed by a period of approximately equal release 

(c) (d) 

(a) (b) 
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of silicon and aluminium. A recent study of the leaching characteristics of metakaolin 

under conditions of geopolymerisation has confirmed this expectation (Feng et al., 

2004). Therefore, the amount of silicon available in solution from the alkaline silicate 

activator at the point of initial mixing would be expected to play a defining role in 

determining the speciation of aluminium throughout geopolymerisation, which has 

been shown in Chapter 4 to affect the incorporation of aluminium into the gel. 
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Figure  7.7 29Si NMR spectra of sodium silicate solutions used in the synthesis of geopolymer 

specimens in the current work with SiO2/Na2O ratios of (a) 0.5, (b) 1.0, (c) 1.5 and (d) 2.0. 
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The 29Si NMR spectra of the sodium silicate activating solutions used in preparation of 

each of the specimens analysed in the current work are presented in Figure 7.7. The 

solution used in the synthesis of the specimen with Si/Al = 1.15 contains no soluble 

silica, and so is not shown. The connectivity of each silicon centre can be described 

using the nomenclature of Engelhardt et al. (1975). Each site is designated Q, since 

each atom is coordinated with four oxygen atoms, with the number of linkages with 

other silicon atoms indicated with a subscript and the degree of deprotonation ignored. 

Therefore Q0 denotes the monomer Si(OH)(4-x)Ox
x-, Q1 indicates each of the silicon 

atoms in a dimer and also terminal silicon atoms on larger oligomers and so on. Full 

descriptions of the designation of the more than 20 different silicate oligomers that 

have been identified are available elsewhere (Swaddle et al., 1994). The regions of the 

spectra relating to each of the different types of Q-centres are indicated in Figure 7.7. 

Subscript c indicates that the sites are present in a 3-membered ring, which can be 

observed separately from chains or larger rings due to the deshielding effects of the 

ring strain in these species. It can be observed that as the concentration of silicon 

increases, the number of larger oligomers increases. 

For the purposes of this investigation it is important to have a quantitative view of the 

speciation of the sodium silicate solutions at the time of mixing with the metakaolin. 

The connectivity of the silicate solutions is summarised in Figure 7.8. A large change 

in speciation can be observed between the solutions with SiO2/Na2O ratios of 0.5 and 

1.0, with the amount of monomer decreasing by approximately 50%. These solutions 

are those used in the synthesis of the specimens with Si/Al ratios of 1.40 and 1.65 

respectively. Furthermore, the majority of all silicon centres are incorporated in non-

monomeric species in all solutions except that with SiO2/Na2O = 0.5. During reaction 

and prior to gelation, small aluminate and silicate species are released by dissolution 

of the solid aluminosilicate source, in this case metakaolin. The Si/Al ratio of the 

solution during reaction will, therefore, depend greatly on two factors: (1) the amount of 

aluminium released prior to equimolar dissolution of silicon and aluminium from 

metakaolin, and (2) the initial concentration of silicon present in the activator solution. 

For geopolymers synthesised using activating solutions with SiO2/M2O ≥ 1, the Si/Al 

ratio in the solution will always be greater than unity, since the concentrations of silicon 

initially in the solution are large compared to the amount of aluminium initially 

dissolved. Dissolution increases the concentration of soluble silicon and initiates the 

formation of aluminosilicate oligomers identified elsewhere (Swaddle et al., 1994). 

Therefore, the speciation within the solutions will tend to become more polymerised as 
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dissolution proceeds, and specimens activated with more concentrated solutions will 

always be more polymerised than less concentrated solutions. Oligomers link together 

to form clusters, which is called gelation. The clusters then continue to reorganise and 

react as the geopolymer gel develops and hardens. The rates of the exchange 

processes occurring in the solution phase between the species identified in Figure 7.7 

and the aluminosilicate species thus formed (North and Swaddle, 2000) will therefore 

play a major role in determining the structure and conformation of the gel. Though 

many factors affect the reaction of silicates in alkaline solution, including deprotonation 

state, these factors are considered here as lumped terms that are essentially affected 

primarily by the silicon concentration. 
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Figure  7.8 Connectivity histogram obtained by integrating 29Si NMR spectra of sodium silicate 

solutions for SiO2/Na2O = 0.5, 1.0, 1.5 and 2.0. The error associated with each bar is ±2%. 

Silicon is several orders of magnitude less labile than aluminium in solution at room 

temperature due to the total protonation of aluminium at high pH, which catalyzes 

exchange processes (North and Swaddle, 2000). Furthermore, once aluminium is 

incorporated in stable cyclic species, its lability is greatly reduced (North and Swaddle, 

2000). Therefore, it has been found that in aluminosilicate solutions where the Si/Al 

ratio is greater than 5, all aluminium is incorporated in stable cyclic and larger 

aluminosilicate species (Azizi et al., 2002). In solutions where the Si/Al ratio is smaller, 

the bulk of all aluminium is present as monomeric Al(OH)4
- (Azizi et al., 2002). 

Furthermore, the reduced silicon concentration in these solutions leads to a less 
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polymerised distribution of silicon species as observed in the sodium silicate solution 

with SiO2/Na2O of 0.5 in Figure 7.7. Hence, the solution phase of geopolymers with 

solutions having a low SiO2/Na2O ratio in the initial activating solution is expected to be 

comprised of large amounts of small labile species such as silicate and aluminate 

monomer and aluminosilicate dimer. In specimens with higher SiO2/Na2O 

concentrations in the initial activating solution, the majority of the aluminium liberated 

from dissolution is expected to be incorporated in stable aluminosilicate species with 

the remaining silicon to be consumed by large stable silicate oligomers. Hence, the 

lability of geopolymeric gel synthesised with low SiO2/Na2O ratios in the initial 

activating solution will be much greater than that of specimens with higher SiO2/Na2O 

ratios. 

The lability of the solution phase is critical in determining the microstructure of 

geopolymers. After gelation, transformation occurs due to continued reaction or 

structural reorganisation, which causes the expulsion of fluid from the interstices of the 

structure into the bulk. This process, syneresis, can result in the break-up of the gel 

into discrete regions of less porous gel (Jefferis and Sheikh Bahai, 1995), such as that 

observed in Figure 7.2. Lower SiO2/Na2O ratios have been shown to promote 

syneresis in aluminosilicate grouts (Jefferis and Sheikh Bahai, 1995). Therefore, the 

smaller and more labile species present in the solution phase and gel structure of 

geopolymer with lower SiO2/Na2O ratios in the activating solution allow a greater 

degree of structural reorganisation and densification of the gel prior to hardening. In 

specimens with higher soluble silicate concentrations, the reorganisation of the gel 

structure is hindered by the slow rate of exchange between the cyclic or cage-like 

oligomeric species present. Hence, hardening will occur when the gel has only formed 

small and perhaps not fully condensed and cross-linked clusters. This means that the 

porosity appears uniformly distributed throughout the microstructure on a length scale 

that is below observation using SEM, and also suggests the possibility of chemically 

bound water in the form of silanol or aluminol groups. The transition from a solution 

with sufficient lability to reorganise and densify can be observed to occur in the region 

from 0.5 < SiO2/Na2O <1.0, where the amount of small silicate species decreases 

rapidly in preference for larger silicate oligomers (Figure 7.8). Furthermore, the 

reduced lability of the gel with increasing Si/Al ratio will tend to reduce the rate of 

dissolution of metakaolin and promote lower conversion rates as expected and 

previously observed in Chapter 4. 
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A TEM micrograph of a section of geopolymer with Si/Al = 2.15 is presented in Figure 

7.9. Small clusters of aluminosilicate gel can be seen to be dispersed within a highly 

porous network, confirming the expected morphology of the gel structure. The sizes of 

these clusters are on average approximately 5-10 nm. Although geopolymers are often 

termed as ‘amorphous’, the small size of the clusters in Figure 7.9 would result in 

severe line broadening of peaks in X-ray diffraction even if crystalline phases were 

present within them. The conceptual framework of nanocrystal formation in 

geopolymers is dealt with elsewhere in detail (Provis et al., 2005c), but the structure of 

the geopolymeric gel observed in Figure 7.9 supports the contention. The structural 

ordering of these gel clusters, their interconnectivity, their physical, thermal and 

chemical properties, and their morphological changes over time will play a crucial role 

in understanding geopolymer science and its application-specific formulation. 

 

Figure  7.9 BF TEM image of geopolymer with Si/Al ratio of 2.15. 

7.3 Summary 
A new mechanistic model for the gel transformation process occurring during 

geopolymerisation has been proposed, accounting for changes observed in the 

microstructure and mechanical properties of geopolymer specimens formed by sodium 

silicate activation of metakaolin. This demonstrates that the characteristics of 

geopolymers can be tailored for application specific microstructural, chemical, 

mechanical and thermal properties requirements.  
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Specimens with Si/Al ratio ≤ 1.40 exhibit a microstructure comprised of clustered 

dense particulates with large interconnected pores observed by SEM. Specimens with 

Si/Al ≥ 1.65 appear homogeneous with porosity distributed in small pores largely below 

observation in SEM micrographs. Closer inspection of the microstructure of 

geopolymers with 1.40 ≤ Si/Al ≤ 1.65 revealed that the evolution of the microstructure 

with increasing silicon content is rapid yet continuous within the small compositional 

region. The change in microstructure has been shown by nitrogen adsorption to be a 

result of an increased volume of gel in these specimens, as the skeletal density of the 

gel decreases. Inspection of the higher Si/Al ratio specimens using TEM revealed that 

the microstructure of the gel is comprised of clusters of gel on the order of 5-10 nm, 

interspersed by a highly distributed pore structure. The change in microstructure is a 

result of variation in the lability of silicate species within the sodium silicate activating 

solutions that control the rate of structural reorganisation and densification during 

geopolymerisation. Greater lability allows extensive gel reorganisation and 

densification and facilitates pores to aggregate resulting in a microstructure comprised 

of dense gel particles and large interconnecting pores, whereas reduced lability 

promotes a decreased localised gel density and distributed porosity. Lability of the gel 

during geopolymerisation has been linked to the concentration of soluble silicon in the 

sodium silicate activating solution, with higher lability promoted by low silicon 

concentration.  

The increase in gel volume allows for a greater cross-section of gel to support 

compression loads, explaining the increase of Young’s modulus until the 

microstructures become largely homogenous at Si/Al ratio of 1.65. Therefore, increase 

in Young’s modulus is thought mainly a product of increased homogeneity of the 

microstructure and not simply improvement in the strength of the actual binder. There 

is a rapid increase in the compressive strength of geopolymers with increasing Si/Al 

ratio. However, specimens with Si/Al = 2.15, the highest ratio achievable with the 

synthesis technique used in this investigation, exhibit a reduced strength compared to 

those with Si/Al = 1.90. The reduction in ultimate compressive strength of the highest 

Si/Al ratio geopolymer is believed to be a result of the effects of unreacted material, 

which is very soft and acts as a defect in the binder phase. Similar effects are not 

observed in the Young’s modulii of the specimens due to the different structural 

parameters controlling each of these properties. Therefore, to achieve a geopolymer 

with high strength and Young’s modulus, an intrinsically porous gel microstructure is 

required.  
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This chapter shows that the nominal Si/Al ratio has a large affect on the physical 

properties and microstructure of geopolymers. From Chapters 4 to 6 it is shown that 

the alkali cation type also has an affect on geopolymer structure. Therefore, the effect 

of alkali cation type on the mechanical properties of geopolymers is explored in 

Chapter 8. 
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Chapter 8  
The effect of alkali and Si/Al ratio on the 
development of mechanical properties of 
metakaolin-based geopolymers  
This chapter is based on the publication of the same name submitted to Colloids and 

Surfaces A: Physiochemical and Engineering Aspects, submitted Dec 9th 2005. 
 

In Chapter 7 the effect of nominal Si/Al ratio on the physical properties and 

microstructure of geopolymers synthesised with sodium as the alkali cation were 

explored. Chapter 8 extends the investigations in Chapter 7 by employing statistical 

analysis of a systematic series of geopolymers varying alkali type (sodium and 

potassium) and Si/Al ratio after 7- and 28-days ageing. This is used as a basis for 

observing the development of mechanical properties with time. Minimal change in the 

compressive strength of specimens is generally observed in specimens of different 

alkali or between 7 and 28 days of ageing. However, mixed-alkali specimens with high 

Si/Al ratio exhibited significant increases in strength, while pure alkali specimens 

displayed decreased strength. The development of Young’s modulus of geopolymers 

between 7- and 28-days is observed to be dependent on alkali, with the Young’s 

moduli of Na-specimens decreasing at low Si/Al ratio, but increasing at high Si/Al ratio, 

while K-specimens exhibit the opposite effect. Mixed-alkali specimens all exhibit 

nominal change in Young’s moduli, without any significant effect of Si/Al ratio being 

observed.  

8.1 Introduction 
Geopolymeric materials are usually synthesised using activating solutions based on 

the alkalis of sodium and potassium. These two elements are able to form highly 

concentrated aqueous solutions and solvate large amounts of silicon, both of which 

are critical for geopolymerisation. Geopolymeric materials synthesised with different 

alkali cations exhibit marked differences in Si/Al ordering (as discussed in Chapters 4 

to 6), thermal stability (Davidovits, 1991; Barbosa and MacKenzie, 2003b; Barbosa 

and MacKenzie, 2003a) and setting properties (van Jaarsveld and van Deventer, 

1999b). To some extent, the effect of alkali cation on the mechanical properties of 
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geopolymers has been observed (van Jaarsveld and van Deventer, 1999b; Xu and van 

Deventer, 2000b; Xu et al., 2001; Xu and van Deventer, 2003a). Despite the apparent 

effects of alkali, there has been no systematic investigation to determine the extent to 

which alkali type will affect the development of the mechanical properties of 

geopolymers. 

The molecular structure of geopolymers is described by 27Al and 29Si NMR 

spectroscopy as a matrix of alumina and silica tetrahedra joined at the corners with 

oxygen. Alkali cations are associated with aluminium, where the AlO4 groups have a 

single negative charge due to aluminium(III) being in tetrahedral co-ordination. A study 

of the effect of alkali cations (sodium and potassium) on the molecular ordering of the 

geopolymer gel concluded that the concentration of silicon in the activating solution 

plays a large role in aiding the incorporation of aluminium into the matrix via solution 

phase speciation with silicon, discussed in Chapter 4. Similarly, the nature of the alkali 

cation also contributes to the level of reaction of the solid aluminosilicate source, as 

well as the level of aluminium incorporation (Chapter4). Potassium was found to 

promote a greater degree of reaction of metakaolin, and a higher degree of aluminium 

incorporation compared to sodium and mixed-alkali (1:1) systems (Chapter 4). 29Si 

MAS NMR has been used in Chapter 5 to determine the molecular structure of the 

geopolymer gel synthesised with different alkali cations. It has been shown that 

geopolymers synthesised with potassium possess a lesser degree of Si/Al ordering 

than those of mixed-alkali (1:1) or sodium systems, respectively. The thermodynamic 

basis for the increased ordering of the gel with smaller cations has been described in 

Chapter 6. The differences in molecular structure of geopolymeric gels based on 

different cations should result in some differences in the development of mechanical 

properties. However, the degree to which the small differences in structure described 

above will affect gel properties is unknown. 

It is well known that the concentration of silicon in the activating solution of 

geopolymers has a significant effect on compressive strength (Rowles and O'Connor, 

2003). The effect of the concentration of silicon in the alkali activating solution has 

been investigated on systems utilising both fly ash (Lee and van Deventer, 2002a; d) 

and metakaolin (Rowles and O'Connor, 2003) as solid aluminosilicate sources. 

Furthermore, the relationship between geopolymer composition, microstructure and 

mechanical properties has been conducted by the study of geopolymers synthesised 

from metakaolin with composition ( ) O5.5HAlOSiONa 22z2 • , where 1.15 ≤ z ≤ 2.15 in 
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Chapter 7. It was observed that there is a large increase in the compressive strength 

of geopolymers formed from metakaolin by addition of large quantities of silicon in a 

sodium-based alkali activating solution. The improvement in mechanical properties 

correlated with the increase in the volume of geopolymeric gel at a relatively constant 

nominal density, resulting in a more homogenous microstructure. The change in 

microstructure was linked to the chemical processes occurring in the solution phase 

during reaction. It was found in Chapters 4 to 6 that geopolymers based on different 

alkali cation exhibit molecular structures. Furthermore, differences in viscosity, lability 

and speciation in alkali silicate solutions with different cations may result in alteration 

of the processes occurring during reaction, which will manifest as differences in the 

development of microstructure and mechanical properties.  

Though not explicitly stated in the study of mechanical properties, it has often been 

assumed or neglected that the properties of geopolymers are not strictly deterministic. 

Every material has inherent uncertainty in mechanical and chemical parameters, 

generally described by a distribution type or distribution variable, which form the basis 

of our understanding of the reliability of materials. It has been noted in Chapter 7 that 

the mechanical properties of metakaolin based geopolymers exhibit an error 

associated with the measurement of compressive strength, and that this was subject to 

variation with Si/Al ratio. However, the variation in mechanical strengths was not 

readily linked to either composition, or constant fraction of mechanical strength. The 

effect of composition on reliability and variance of mechanical properties has never 

been explicitly investigated in geopolymeric materials, and may provide another 

measure of material character from which to differentiate specimens of similar mean 

mechanical properties. In order to gauge the variance of mechanical properties, 

modest sample populations are required to provide meaningful mean and variance 

values. Therefore, the number of specimens of each composition prepared for analysis 

in the current work will allow for a degree of freedom sufficient for statistical analysis of 

sample populations by T- and F-tests, which are able to measure the significance of 

differences in both the mean mechanical strength and standard deviation of two 

sample populations. 

In this chapter a systematic statistical study is presented of the development of the 

mechanical properties of geopolymers between 7- and 28-days with composition 

( ) O5.5HAlOSiO)K(Na 22z2y1y ⋅− , where 0 ≤ y ≤ 1 and 1.15 ≤ z ≤ 2.15, correlated to their 

microstructure, porosity and molecular structure. The statistical significance of 7-day 
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mechanical properties is discussed in detail to serve as a basis of comparison with 28-

day values. The effect of different alkali on the development of axial compressive 

strength, Young’s modulus, and microstructure will then be discussed. Differences in 

the development of mechanical properties are expected to manifest themselves as 

changes in gel structure, such as skeletal density, degree of reactivity, or changes in 

microstructure. 

8.2 Statistical analysis 
The significance of data may be determined by application of simple F- and T-tests, 

which test the hypothesis of two sample populations’ variance and mean being the 

same. If populations are shown to have unequal standard deviations using the F-test, 

then they need not be subjected to the T-test to determine if their mean strengths are 

equal. Equation 8.1 represents the F-test, which is used to calculate the probability of 

the likelihood that two variances are the same. 

2
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=F                      Equation 8.1 

Where ui is the larger of the two specimen population standard deviations being 

compared, and uj is the lower. The more this ratio deviates from 1, the stronger the 

evidence for the hypothesis to be rejected, implying unequal population standard 

deviations.  This F value may be compared with ( )αF , which is the critical value of the 

F-distribution with 2n - 2 degrees of freedom and a significance level of α. Here, n is 6, 

the number of samples of each composition, giving a degree of freedom (df) of 10. The 

( )αF  values for different significance levels are shown in Table 8.1. If F > Fcritical
 then 

the hypothesis that the groups of specimens have equal standard deviations is 

rejected. 

Similarly, the T-test is used to determine if two population means are equal, and is 

defined by: 
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Where ūi and ūj are the mean strengths of two specimen populations. This T value may 

be compared with ( )αT , which is the critical value of the T distribution, analogous to 
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that of the F-Distribution. The ( )αT  values for different significance levels are shown in 

Table 1. If T > Tcritical
 then the hypothesis that the groups of specimens have equal 

mean strengths is rejected.  

Table  8.1 Critical values of the F- and T- distributions for the F- and T-tests at different confidence 
levels, α, respectively. 

α 0.1 0.05 0.01 0.001 

( )αF  3.45 5.05 10.96 29.7 
( )αT  1.81 2.23 3.17 4.59 

8.3 Results and discussion 

8.3.1 Effect of Si/Al ratio on compressive strength 

Figure 8.1 shows the compressive strengths of geopolymer specimens synthesised at 

five different Si/Al ratios from alkali solutions with five different alkali cation ratios. 

Some of these data incorporate values from Chapter 7. It can be seen that the 

compressive strength of all alkali ratios (ie. Na, Na75, Na50, Na25 and K) is increased 

as the Si/Al ratio increases from 1.15 to 1.90. A small decrease is observed in 

compressive strength in all series of specimens beyond Si/Al = 1.90. Specimens with 

different alkali composition exhibit similar compressive strengths at a given Si/Al ratio, 

suggesting that the difference in mechanical properties between specimens of different 

alkali mixture is in the order of 10-20%, which is typical for properties of chemically 

analogous glasses, where ionic diffusion is not involved (Day, 1976). Notably, K 

specimens were notionally stronger than Na specimens in the mid Si/Al region, where 

alkali effects have been observed previously (Xu et al., 2001). However, this trend is 

not observed throughout the entire series, suggesting that the differences in the 

properties of different alkali materials are complex.  

The standard deviation of the compressive strengths of the specimens in Figure 8.1 

are presented in Table 8.2, from which F and T-tests were calculated. The F-value 

comparisons are not presented here, as only 5 of the 20 comparisons exhibited a 

confidence of > 90% of having different standard deviations. Of these, each is also 

identified by T-test analysis below as exhibiting different mean compressive strengths. 

Figure 8.2 shows the T-values for comparisons of the sample populations of 

geopolymer specimens of the equivalent alkali composition at different Si/Al ratio. It 

can be observed in Figure 8.2 that 17 of the 20 population comparisons exhibit at least 

99% confidence that their mean strength values are different. A confidence of at least 
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90% is associated with the specimen populations of sodium geopolymer with Si/Al 

ratios of 1.90 and 2.15 being different. The only population comparisons that do not 

exhibit a strong confidence of a difference in mean compressive strengths are those 

related to the three highest Si/Al ratios of the Na25 series. This will be explored later in 

this chapter. It may otherwise be generalised that the compressive strength of 

geopolymers initially improves with increasing Si/Al ratio regardless of alkali 

composition, and that a decrease in compressive strength is observed above a Si/Al 

ratio of 1.90. Alkali composition does not appear to change the characteristic trends in 

compressive strength of geopolymers with an increase in Si/Al ratio. 

 

 

Figure  8.1 Compressive strength of geopolymer specimens recorded at 7-days after preparation. 

Values for Na-specimens are taken from Chapter 7. 
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Table  8.2 Standard deviations of the compressive strengths (MPa), ustrength, and Young’s modulus 
(GPa), umodulus, of geopolymer specimens. Values for pure sodium specimens are taken from 
Chapter 7. 

     Si/Al 1.15 1.40 1.65 1.90 2.15 
Alkali ustrength  umodulus ustrength  umodulus ustrength umodulus ustrength umodulus ustrength  umodulus 

Na 3.3 0.37 4.8 0.12 3.4 0.25 12.5 0.34 8.3 0.25 

Na75 1.8 0.12 4.0 0.25 10.6 0.34 2.8 0.25 12.8 0.20 

Na50 1.8 0.25 3.3 0.34 6.9 0.25 6.0 0.20 9.5 0.23 

Na25 1.4 0.34 1.6 0.25 10.4 0.20 11.3 0.23 15.5 0.18 

K 2.9 0.25 2.5 0.20 11.1 0.23 10.4 0.18 17.1 0.19 
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Figure  8.2 T-Values for comparisons between compressive strength of geopolymers at different 
Si/Al ratio. Horizontal dashed lines represent the T(α) values in Table 1. Columns with open tops 
indicate their value is in excess of 10. 

8.4 Effect of Si/Al on Young’s modulus 
The mean Young’s modulus of each geopolymer specimen investigated in the current 

work is presented in Figure 8.3. It can be observed that the Young’s moduli of 

geopolymers increase for specimens with Si/Al ≤ 1.65, as observed for the mean 

compressive strengths in Figure 8.1. However, beyond Si/Al ratio of 1.65, the Young’s 

moduli of geopolymers exhibit similar values, which have been observed for the 

sodium system in Chapter 7. There is a general trend in the decrease of Young’s 

modulus with increasing potassium content at low Si/Al ratio. However, at higher silica 
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contents a maximum of Young’s modulus is recorded with mixed-alkali compositions 

(ie. Si/Al ≥ 1.90).  

The numerical values for the standard deviation of the Young’s moduli from which the 

T- and F-values were calculated are presented in Table 8.2. T-values, which present 

the greatest statistical differences between specimen populations comparing the 

Young’s moduli of geopolymer sample populations with different Si/Al ratio, are 

presented in Figure 8.4. It can be seen that there is statistical certainty of at least 

99.9% that geopolymer specimens with Si/Al ≤ 1.65 exhibit different Young’s moduli. 

The statistical certainty of the Young’s moduli are comparatively greater than the 

measured values of compressive strength in Figure 8.2, implying that the Young’s 

modulus of the geopolymer specimens is more reliable than the compressive strength. 

The statistical significance of the Young’s moduli comparisons decreases for Si/Al > 

1.65. The specimen populations with Si/Al ratios of 1.90 and 2.15 exhibit a weak 

correlation compared to Si/Al ≤ 1.65, implying that there is a reduced likelihood of them 

being different, which is observed in the similarity of their values in Figure 8.3. It is 

interesting that a clear maximum in compressive strength is observed in Figure 8.1 

with Si/Al ratio of 1.90, yet this is not necessarily so for Young’s modulus in Figure 8.3 

(ie. Young’s modulus values for Si/Al > 1.65 are similar). 
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Figure  8.3 Elastic moduli of geopolymer specimens recorded 7 Days after preparation. Values for 
pure sodium specimens are adopted from Chapter 7. 

It has been shown in Chapter 7 that the relationship between the Si/Al ratio of Na-

geopolymers and Young’s modulus is closely linked to the microstructure. It can be 

observed in Figure 8.4 that the statistical significance between sodium geopolymers 

only decreases to below 99.9% confidence when comparing Si/Al ≥ 1.65. The 
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decrease in confidence that these values are different correlates with previous 

findings, that specimens with Si/Al ≥ 1.65 exhibit similar values for Young’s modulus. 

The comparisons of Young’s moduli for the potassium geopolymers exhibit a similar 

trend in decreasing statistical difference between the Young’s moduli of specimens 

with Si/Al > 1.65. However, the sample populations with mixed-alkali compositions (ie. 

Na75, Na50, Na25) exhibit significant confidence that the Young’s moduli between the 

specimens with Si/Al ratios of 1.65 and 1.90 are different. This suggests that there is 

some interaction of mixed-alkali that changes the mechanical behaviour of these 

specimens. This will be discussed in the following sections. Despite the differences in 

behaviour at high Si/Al ratio, both measures display similar trends of rapid increase at 

low Si/Al ratio. Small differences are observed between the behaviour of the different 

alkali series, in particular the mixed-alkali specimens in the high Si/Al ratio region. At 

high Si/Al ratio, geopolymers in the current investigation appear to exhibit a small 

increase in compressive strength and Young’s modulus compared to the Na and K 

systems, which may be a result of mixed-alkali interactions.  
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Figure  8.4 T-Values for comparisons between Young’s moduli of geopolymers at different Si/Al 
ratio. Horizontal dashed lines represent the T(α) values in Table 8.1. Columns with open tops 
indicate their value is in excess of 10. 

8.4.1 Effect of alkali cation on compressive strength 

It can be observed from Figure 8.1 that the selection of different alkali compositions 

does have some effect on the compressive strength. At a Si/Al ratio of 1.15 there is 

general decrease in the compressive strength of geopolymers with a decrease in 



The structure and thermal evolution of metakaolin geopolymers 

 178 

sodium content. In the compositional range of 1.40 ≤ Si/Al ≤ 1.90 there is a trend of the 

mixed-alkali compositions being generally stronger than either Na or K specimens. At 

the highest Si/Al ratio studied in the current investigation, there is no trend in alkali 

composition and strength that can be observed. By comparing the Na and K results 

presented in Figure 8.1 it can be seen that the Na specimens are stronger at the Si/Al 

ratios of 1.15 and 2.15, but the K specimens exhibit a slightly higher compressive 

strength in the intermediate compositions. This suggests that the effect of alkali on 

compressive strength is varied across the Si/Al ratios investigated in the current work.  

The results of the T-test comparisons at each of the five Si/Al ratios are presented in 

Figure 8.5. Columns in Figure 8.5 are marked with hatching, where the F-test identifies 

a significant difference between specimen populations based on standard deviation. At 

the Si/Al ratio of 1.15 (Figure 8.5a), it is observed by the high T-values that any 

addition of potassium at this composition results in a definite change in mechanical 

properties of the specimens. While all specimens exhibit a strong confidence of having 

a different compressive strength to Na specimens, K specimens are less distinct from 

the mixed-alkali compositions. Small additions of potassium affect greatly the 

mechanical properties of these specimens. The large effect of potassium may be 

expected from the observation that potassium is preferentially incorporated into 

geopolymeric gels during formation, as discussed in Chapter 4 and that the 

compressive strength of potassium geopolymer is expected to be weaker at low Si/Al 

ratios due to lower levels of Al/Si ordering compared to sodium systems, as shown in 

Chapter 6. 

The compressive strength of K specimens with Si/Al ratio of 1.40 is greater than Na 

specimens (Figure 8.1). The mixed-alkali specimens exhibit strengths in excess of the 

Na or K systems, which may be the result of a ‘mixed-alkali effect’ (MAE), with the 

maximum strength being observed in Na50 specimens. The low T-values in Figure 

8.5b imply there is a poor confidence in the suggestion that all but the Na specimens 

exhibit a different compressive strength to the potassium containing systems (ie. Na75, 

Na50, Na25 and K). However, the F-test reveals that some mixed-alkali compositions 

exhibit different standard deviations to one another. Although the mean properties of 

the mixed-alkali specimens are similar, the variation in standard deviation suggests 

that alkali does have some effect on the structure, even if it is not reflected in the mean 

compressive strength.  
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It is more readily observed that there is an increase in the strengths of mixed-alkali 

specimens with Si/Al ratio of 1.65 (Figure 8.1). Though consistently higher 

compressive strengths of mixed-alkali specimens can be observed in Figure 8.1, the T-

values (Figure 8.5c) show that there is only a strong correlation to suggest that the Na 

specimens are significantly different to the mixed-alkali compositions. The T-values 

suggest there is some significance in the mixed-alkali specimens being stronger that 

the K specimens, the confidence of which is reduced from the Na75 and Na50 

specimens to the Na25 specimens. The decrease in statistical confidence of 

differences in the mechanical behaviour of the mixed-alkali specimens compared to K 

specimens as the sodium content decreases (ie. Na75 ≈ Na50 > Na25) implies that 

the MAE, which leads to the increase in observed strength, is somewhat reduced at 

high potassium content (ie. Na75). However the low T-values of K specimen 

comparisons compared to the Na specimens comparisons implies that the MAE is 

greatly influenced by the inclusion of potassium. The very low T-values of the 

comparisons between mixed-alkali specimens imply their mechanical properties are 

very similar. This trend can also be observed to a lesser, but notable extent in the 

specimens with Si/Al ratio of 1.40 (Figure 8.5b). The similar mechanical properties of 

all mixed-alkali specimens suggest that more than a simple mechanism of preferential 

incorporation of potassium being responsible for the differences in mechanical 

properties of these specimens. Molecular structure considerations from 29Si NMR data 

in Chapter 5 would predict Na-specimens being strongest, with a monotonic decrease 

with inclusion of potassium. 

The Si/Al ratio of 1.90 consistently exhibits the highest compressive strength of 

specimens in this investigation, regardless of alkali composition (Figure 8.1). The 

strengths of Na and K specimens appear similar at this composition, while the mixed-

alkali specimens appear to exhibit higher compressive strengths, particularly those 

with proportionally higher sodium content (Figure 8.1). However, the T-values in Figure 

8.5d are generally low, indicating that there is little statistical difference in the mean 

compressive properties of the specimens with Si/Al ratio of 1.90. This may be a result 

of T-values being heavily affected by the standard deviation of the sample populations. 

At Si/Al ratio of 1.90, the Na and K specimens exhibit a standard deviation in 

compressive strength two to four times that of the high sodium content mixed-alkali 

specimens (ie. Na75, Na50). Only the specimens exhibiting the largest difference in 

mechanical properties, being the mixed-alkali specimens, exhibit a substantial 

confidence that their compressive strengths are different. However, the large variation 
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in the standard deviation of these specimens in many of the comparisons exhibiting 

large F-values indicates that despite their similar mean strengths the specimens may 

indeed be different. These comparisons are marked on Figure 8.5d with hatching.  

The specimens with the highest Si/Al ratio cannot be separated by the T-test (Figure 

8.5e). The F-test reveals that the Na and K specimens exhibit different standard 

deviations, suggesting that these two materials are different as also observed in 

specimens with Si/Al ratio of 1.90. All specimens with a Si/Al ratio of 2.15 have a 

compressive strength that can be statistically shown to be lower than specimens with 

Si/Al ratio of 1.90 (Figure 8.2), yet also have the highest standard deviations of 

compressive strength (Table 8.2). The increase in standard deviation could be due to 

the effect of unreacted material, which has been discussed in Chapter 7. The decrease 

in the magnitude of T-values in Figure 8.5 as the Si/Al ratio increases may be 

expected from a combination of structural perspectives. From NMR spectroscopic 

analysis in Chapters 4 to 6 it is known that the molecular structure of geopolymers is 

affected by alkali cations, particularly at low Si/Al ratio.  Potassium promotes a more 

disordered framework structure and a higher proportion of Al-O-Al linkages, which 

weakens the framework. The effect of cation on the structure has also been observed 

to decrease as potassium in the specimen is replaced by sodium. The effect that alkali 

cations have on the structure has also been shown to decrease as the Si/Al ratio 

increases, resulting in negligible difference in structure at the higher Si/Al ratio 

specimens investigated in the current work. Therefore, the similarity in mechanical 

properties at high Si/Al ratio specimens, yet significantly higher strength of Na 

specimens at low Si/Al ratio may be understood by molecular structure considerations. 

The decrease in compressive strength of the highest Si/Al ratio specimens has been 

linked to the increase in unreacted material present in these specimens in Chapter 7. 

The general increase in standard deviation of the compressive strengths of specimens 

between Si/Al ratio of 1.90 and 2.15 observed in all series of alkali compositions, and 

the increase of unreacted material observed in these systems supports this reasoning. 

The high standard deviations in strength and the similar molecular structure clarify the 

resulting decrease of confidence in the difference of the compressive strength of the 

specimens as the Si/Al ratio increases. However, the increased strength of mixed-

alkali specimens in the mid-Si/Al region cannot be understood by existing knowledge 

of geopolymer structure. The effect of alkali on the structure of geopolymeric materials 

appears to extend beyond simply molecular structure and Al/Si ordering 

considerations. 



Chapter 8 

 181

8.4.2 Effect of alkali cation on Young’s modulus 

The trends observed in the Young’s moduli of geopolymers in Figure 8.3 appear 

similar to those of compressive strength in Figure 8.1. However, upon closer 

inspection there are some key differences. From Figure 8.3 it can be observed that K 

specimens exhibit lower Young’s moduli than those of Na in the region 1.15 ≤ Si/Al ≤ 

1.90, with K exhibiting a slightly greater value at the highest Si/Al ratio of 2.15. Values 

of Young’s moduli at a constant Si/Al ratio are generally within +/- 10%, suggesting 

that alkali effects are small as might be expected (DeGuire and Brown, 1984). Similar 

trends are observed in the values of Young’s moduli of pure and mixed-alkali sodium 

and potassium glasses of analogous chemical composition (Matusita et al., 1974; Day, 

1976; DeGuire and Brown, 1984). However, the effect of Si/Al ratio on the Young’s 

moduli of geopolymeric materials in the current study is clearly not analogous to 

glasses. Therefore, the prima facie observation in Chapter 7 that the Young’s modulus 

is more greatly determined by the microstructure than the chemical composition is 

supported. A more detailed understanding of the trends on Young’s modulus can be 

observed from T-test values presented in Figure 6. Results of the F-test do not add 

any additional information to the analysis of Young’s modulus and are not discussed.  

The Young’s modulus values of geopolymers with a Si/Al ratio of 1.15 in Figure 8.3 

exhibit a mixed-alkali trend, typical of other aluminosilicates (Matusita et al., 1974; 

DeGuire and Brown, 1984), with a minimum value observed at Na25. The Young’s 

modulus of Na is significantly higher than those of the other composition specimens. 

The significance of this difference is confirmed in Figure 8.6a, where the comparisons 

between the Na and all other alkali compositions show greater than 99% confidence 

that this value is different to other compositions. The Na75 and Na50 specimens are 

observed to be different than the Na25 and K specimens with the highest potassium 

content. This trend contrasts with the compressive strength observations in Figure 8.5, 

where all specimens with potassium exhibit similar strengths. Nonetheless, even small 

potassium concentrations significantly decrease the value of the Young’s modulus in 

geopolymers with Si/Al ratio of 1.15. This is consistent with the Young’s moduli of 

aluminosilicates increasing with field strength of the alkali cation (Matusita et al., 

1974).  
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Figure  8.5 T-Values for comparisons between compressive strength of geopolymers by Na/K ratio 
for Si/Al ratio of (a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90 and (e) 2.15. Horizontal dashed lines represent 
the T(α) values in Table 8.2. Columns with open tops indicate their value is in excess of 10. 
Hatching indicates F-Test confidence of > 90%. 

Specimens with a Si/Al ratio of 1.40 exhibit a similar trend, whereby an increase in 

potassium content decreases the Young’s moduli of specimens (Figure 8.3). However, 

Figure 8.6b shows that the concentration of potassium required to effect a significant 

decrease in Young’s modulus is 50%. Furthermore, the magnitude of decrease is 

reduced in comparison to the specimens with Si/Al ratio of 1.15. The slight appearance 

of a negative MAE may still be observed (ie. mixed-alkali composition exhibits lower 

value than the Na and K specimens), though this cannot be statistically confirmed as 

significant (Figure 8.6b). At Si/Al ratio of 1.65, a monotonic decrease in Young’s 
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modulus from Na to K specimens can be observed in Figure 8.3. Similar to the 

specimens with Si/Al ratio of 1.40, the Na and Na75 specimens exhibit similar Young’s 

moduli, with the Na50, Na25 and K specimens observed to have similar, yet lower 

Young’s moduli. The significance of the correlation between the Na and Na75 

specimens and the higher potassium content specimens is observed to reduce 

significantly between the Si/Al ratio of 1.40 and 1.65 (Figure 8.6b-c). The decrease in 

the difference of the alkali effect in this compositional range suggests that the effect of 

different alkali on the Young’s modulus is reduced, but potassium content still 

significantly reduces the values recorded. This supports the understanding of 

geopolymer molecular structure and the preferential inclusion of potassium, as 

observed for compressive strength. Since the alkali acts in a charge balancing 

capacity with aluminium in geopolymers, it is not directly involved in the network 

structure. Therefore, as the Si/Al ratio increases, the affect of alkali on the properties 

has been shown to be reduced in Chapter 5 and this is observed in the Young’s moduli 

in Figure 8.3.  

The values of the Young’s moduli at high Si/Al ratio exhibit similar values, as 

evidenced by their low T-values (Figure 8.6d-e). The difficulty in observing differences 

between the Young’s moduli of specimens with high Si/Al ratio appears similar to that 

of compressive strengths discussed above, with increases in standard deviation with 

Si/Al ratio being detrimental to the confidence of statistical analysis. At high Si/Al ratio 

the mixed-alkali specimens exhibit the highest Young’s moduli, with the K specimens 

exhibiting slightly higher values than the Na specimens, similar to compressive 

strength. These observations are not expected on purely compositional grounds (Day, 

1976) and may be a result of geopolymeric gel development at early ageing. 
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Figure  8.6 T-Values for comparisons between Young’s modulus of geopolymers by Na/K ratio for 

Si/Al ratio of (a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90 and (e) 2.15.. Horizontal dashed lines represent the 
T(α) values in Table 8.2. Columns with open tops indicate their value is in excess of 10. 

8.4.3 Mechanical properties of geopolymers at 28-days 

It can be observed in the present investigation that the effect of alkali on the 

mechanical properties of a geopolymer is small but significant at 7-days after 

synthesis. However, it has been found previously that geopolymeric materials 

generally exhibit some change in compressive strength in the first month after 
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synthesis (Lee and van Deventer, 2004). The 28-day compressive strengths of 

geopolymers are presented in Figure 8.7. The strength of geopolymers increases for 

1.15 ≤ Si/Al ≤ 1.90. A large decrease in compressive strength between  Si/Al ratio of 

1.90 and 2.15 is observed for the Na, Na75 and K specimens, while only a nominal 

decrease in strength is observed for Na50 and Na25 specimens. Despite the 

differences at Si/Al ratio of 2.15, the general trend in strength at 28-days is remarkably 

similar to 7-day strength (Figure 8.1). 

 

Figure  8.7 Compressive strength of geopolymer specimens at 28-days.  

A comparison of the compressive strength of the Na, Na50 and K specimens at 7- and 

28-days is presented in Figure 8.8. The largest changes in strength occur with 

increases in the mixed-alkali specimens with high Si/Al ratio, and decreases in the high 

Si/Al ratio Na and K specimens. With the exception of the Na specimen with Si/Al ratio 

of 1.40, both the Na and K systems exhibit a trend of strength that is stable or 

increases at low Si/Al ratio, and increasingly declines with increase of Si/Al ratio, 

suggesting that the pure alkali gel is somehow increasingly unstable at high Si/Al ratio. 

In contrast the mixed-alkali specimens exhibit remarkably stable compressive strength 

in all but the lowest Si/Al ratio, and a large increase in strength at Si/Al ratio of 2.15. 

Although the high Si/Al ratio K specimens exhibit reduced strengths, it appears from 

the exceptional strengths of high potassium content specimens (ie. Na50 and Na25) in 

Figure 8.7 that significant proportions of potassium in the structure are favourable for 

mechanical strength development over time. Neither the reduction in compressive 
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strength of pure alkali specimens or the increase in compressive strength of mixed-

alkali specimens at high Si/Al ratio can be understood from the current literature. 

Although it is well established that there are structural changes occurring in 

geopolymeric gels within the first month that alter their mechanical properties, it is 

clear from Figure 8.8 that these changes are also subject to alteration by alkali 

composition. 
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Figure  8.8 Change in compressive strengths of specimens between 7- and 28-days on a relative 
basis, given as percentage change from 7-day to 28-day values. 

The Young’s moduli values of geopolymers at 28-days are provided in Figure 8.9. The 

Young’s moduli of each alkali series are observed to follow the general trend to that of 

the specimens after 7-days, where the Young’s modulus increases in the region 1.15 ≤ 

Si/Al ≤ 1.65 and is almost identical in the region 1.65 ≤ Si/Al ≤ 2.15. However, 

comparison of the 7-day and 28-day values provided in Figure 8.10 shows that there 

are systematic changes to the Young’s modulus occurring as a result of ageing. The 

Young’s moduli of Na specimens are observed to decrease slightly at low Si/Al ratio, 

yet improve with increasing Si/Al ratio (≈10%). In contrast, the K specimens exhibit an 

improved Young’s modulus at low Si/Al ratio (≈15%), but reduces significantly with an 

increase in Si/Al ratio. The Na50 specimens exhibit a nominal change of less than 5% 

reduction in Young’s modulus, which is constant for all Si/Al ratios. After 28-days of 

ageing, there are clear trends observed in the Young’s modulus of geopolymers. At 

low Si/Al ratio (1.15 ≤ Si/Al ≤ 1.40) there is a negative MAE observed in the Young’s 
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moduli of geopolymers, with Na specimens exhibiting a higher value than K, and Na25 

or Na50 exhibiting a minimum value. At higher Si/Al ratio (1.65 ≤ Si/Al ≤ 2.15) there is 

a similar MAE observed, with Na specimens again exhibiting a higher Young’s 

modulus than K. However, in the high Si/Al ratio region the MAE is positive (ie. the 

mixed-alkali specimens exhibit greater values than the pure alkali systems) (Figure 

8.9). The magnitude of the MAE increases with Si/Al ratio in this region, and appears 

to be maximised at high sodium content at Si/Al ratios of 1.65 and 1.90, but Na25 at 

Si/Al ratio of 2.15. The observance of a negative MAE at low Si/Al ratio and a positive 

MAE at high Si/Al ratio is not expected when compared with trends observed in other 

alkali aluminosilicate systems (Day, 1976). Given the clear separation of the two 

different MAE regions, the different behaviour may be linked to the two different 

microstructures observed in these specimens in Chapter 7. 
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Figure  8.9 Young’s moduli of geopolymer specimens at 28-days.  

From Chapters 4 to 6, the molecular structure of K geopolymer is known to be less 

ordered than that of Na-specimens. Figure 8.11 shows XRD diffractograms of 

geopolymers with Si/Al ratio of 1.15 in the current work at 7-, 28- and 90-days. The 

crystalline phases observed in these diffractograms are due to zeolite structures, 

which have been identified previously(Barrer and Mainwaring, 1972b). Na-specimens 

with a Si/Al ratio of 1.15 were observed to become more ordered (observance of 

crystalline phase) after only 7-days (Figure 11a), which has been observed 

widely(Barrer and Mainwaring, 1972b; Duxson et al., 2005). The crystalline phase 

development in the Na-specimen after just 7-days may contribute to the specimen’s 

high early Young’s modulus compared to other alkali compositions, that are observed 

to be amorphous to XRD (Figure 8.11b-c). The K specimen exhibits a crystalline phase 
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after 28 days (Figure 8.11c), implying a slow process of reorganisation after synthesis, 

which may explain the large increase in Young’s modulus observed in K specimens at 

low Si/Al ratio between 7- and 28-days (Figure 8.10). However, the Na50 specimen did 

not develop a crystalline phase until between 28- and 90-days (Figure 8.11b). The very 

slow rate of structural reorganisation and transformation observed in the Na50 

specimen is consistent with the nominal development in the Young’s moduli of these 

specimens observed in Figure 8.10. The development of the Young’s modulus of the 

Na-specimen between 7- and 28-days may be related to continued reaction within the 

specimen. From Chapter 4, it is known that Na-specimens contain more unreacted 

material than do K- and Na50-specimens, and that the amount of unreacted material 

increases with Si/Al ratio. Given the rapid rate of structural reorganisation of the Na-

specimen with Si/Al ratio of 1.15 observed in Figure 8.11, it may be possible that the 

increase in Young’s modulus of Na-specimens at high Si/Al ratios is related to 

prolonged reaction of metakaolin and production of geopolymer gel for structural 

support.  Therefore, the production of gel would be expected to be greatest in Na-

specimens as the transformation is more rapid and there is a larger amount of material 

to transform. The relative increase in the strength of Na-specimens compared to K-

specimens in Figure 8.8 correlates with this reasoning. However, the overall decrease 

in the strength of the highest Si/Al ratio Na- and K-specimens remains poorly 

understood. On the basis of increased Young’s modulus of the Na-specimens and 

small decreases in values of the K-specimens, it is unlikely that the mechanism of 

Young’s modulus development and compressive strength deterioration between 7 and 

28-days are related. 
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Figure  8.10 Comparison of 7-day and 28-day Young's moduli, given as percentage change from 7-
day to 28-day values. 
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Figure  8.11 XRD Diffractograms of (a) Na, (b) Na50 and (c) K geopoylmers at 7-, 28- and 90-days, 
having a Si/Al ratio of 1.15. 

Some of the mechanical properties of geopolymers may be understood by applying the 

existing knowledge of the effects of alkali cation on the molecular structure of an 

aluminosilicate framework. However, the current understanding of geopolymerisation 

does not extend so far as to include aspects of alkali interactions, especially at high 

Si/Al ratio, that may account for the emergence of a positive MAE, which is observed 

to become more prominent over time and the deterioration of strength in pure alkali 

specimens. There has been limited study into the mechanical properties of mixed-

alkali aluminosilicate materials, namely because the MAE is primarily concerned with 

processes that involve the transport of ions within a material structure (Day, 1976). 

Furthermore, most alkali aluminosilicate materials studies have been glasses, where 

compressive strength is not a commonly measured property.  As such, there has been 
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little investigation of the mechanism of mixed-alkali interactions in terms of mechanical 

properties.  

Figure 8.12 shows TEM micrographs of three regions of Na50 geopolymer with a Si/Al 

ratio of 2.15. All micrographs appear amorphous under selected area diffraction. It can 

be observed that there are two characteristically different regions of the microstructure 

that are not observed in the Na and K specimens shown in Chapter 7 and elsewhere 

(Kriven et al., 2003; 2004b). Typically homogenous regions, similar to those observed 

for pure alkali systems appear in the microstructure (Figure 8.12a) while other regions 

of the microstructure appear to exhibit some type of phase-segregation (Figure 8.12c) 

identified by differing contrast. Figure 8.12b shows a transitional zone between the two 

characteristically different microstructures suggesting that the appearance of the 

microstructure is not related to specimen thickness or beam damage. Although these 

regions are amorphous under selected electron diffraction, chemical inhomogeneity in 

either Si/Al ratio or alkali composition may be responsible for the contrast observed in 

the micrographs (Figures 8.12b-c). The contrast observed in the micrograph implies 

that alkali composition is likely to be the cause, as silicon and aluminium have similar 

atomic weights. The nano-segregation observed in the Na50 specimen could be 

responsible for the increased compressive strength of the mixed-alkali specimens 

between 7- and 28-days, as the level of unreacted material is known to decrease with 

increasing content of potassium (Chapter 4) and does not appear to be reflected in the 

compressive strengths in Figures 8.1 and 8.7. There is currently not enough 

experimental evidence showing how the microstructure of geopolymers with different 

Si/Al ratio and alkali composition develops with time to propose a mechanism 

responsible for the simultaneous decrease in strength in pure alkali specimens of high 

Si/Al ratio, while there is a significant increase in the properties of mixed-alkali 

specimens as observed in the current work.  

The effect of alkali on the development of mechanical properties of geopolymers is 

likely to be linked to numerous factors, including but not limited to changes in the level 

of unreacted material, as discussed in Chapter 4, and the distribution of porosity 

shown in Chapter 7, though these have not been explicitly investigated in the literature. 

However, a difference in the microstructure of geopolymers on the nanometer length 

scale, as observed in Figure 8.12 that may be the result of alkali driven phase 

separation has not yet been considered. Further in-depth investigation is required to 

identify the mechanism responsible for the increase in strength of the mixed-alkali 
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specimens and the weakening of the pure alkali specimens of high Si/Al ratio during 

ageing. The evidence presented here shows that the strength, Young’s modulus and 

microstructure of geopolymeric materials are fundamentally altered by alkali 

composition, and that the effect of alkali on mechanical properties differs with time and 

Si/Al ratio. These effects must be considered in formulating an extended theoretical 

understanding of geopolymerisation incorporating gel formation, to supplement the 

current structural understanding that is currently based on molecular structure and 

thermodynamic considerations explored in Chapters 4 to 6. Previous investigation of 

the Na-system has concluded that a complex process of gel reorganisation and 

densification must occur during geopolymer synthesis, which results in the volume and 

density of gel produced during synthesis being greatly affected by the Si/Al ratio, or 

more specifically the concentration of soluble silicon in the activating solution. Given 

the differences in viscosity (van der Donck and Stein, 1993), speciation and chemical 

reactivity and lability (Swaddle et al., 1994; Swaddle, 2001; Provis et al., 2005a) of 

alkali aluminosilicate solutions with different alkali cations, it is likely that these aspects 

of aluminosilicate chemistry and phase separation must be incorporated into any view 

of the geopolymerisation process before a full understanding of the trends observed in 

the current work may be accounted for. The effect of different alkali cations on the 

time-dependent transformation/crystallisation of low Si/Al ratio specimens shown here 

(Figure 8.11) must be explored and included in mechanistic descriptions. Interpretation 

of crystallisation in geopolymers has been discussed recently (Provis et al., 2005c), 

but greater experimental evidence is required, especially at high Si/Al ratio.  

Geopolymerisation is a highly complex transient reaction system. All of the important 

chemical processes and physical properties of the material are greatly altered at 

different stages of reaction, including synthesis, early strength development and long-

term ageing (Lee and van Deventer, 2002a). Although geopolymers reach close to 

maximum strength after only 7-days (Figures 8.1 and 8.7), the changes in compressive 

strength, Young’s modulus and crystallinity of specimens in the current work suggest 

that the transient nature of geopolymerisation extends into longer time periods, and 

that the development is dependent on the combination of alkali and Si/Al ratio. The 

significant differences in the development of Young’s modulus with Si/Al ratio and 

cation between 7-days and 28-days (Figure 8.10), implies that the action of both the 

cation and Si/Al ratio are important in determining the long-term physical property 

development of geopolymers. As such, an understanding of the microstructure of each 
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system is critical in determining how the solution chemistry is altered during synthesis 

and ageing, and how this will affect the mechanical properties of the material.  

  

 

Figure  8.12 TEM BF images of Na50 geopolymer with Si/Al ratio of 2.15, showing (a) homogeneous 
(b) transitional and (c) phase segregated regions of the microstructure. 

8.5 Summary 
A systematic study of the effect of alkali composition and Si/Al ratio of geopolymeric 

materials synthesised from metakaolin has been performed. Statistical analysis of the 

compressive strengths and Young’s moduli of specimens in the current work was 

performed by T-Test and F-Test analysis in order to determine the significance of alkali 

and Si/Al ratio on the mean value and standard deviation of geopolymer compressive 

strengths and Young’s moduli. The results of the statistical analysis showed that the 

(a) 

(c) 

(b) 
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trends in compressive strength and Young’s modulus in Chapter 7 were observed in 

geopolymers of different alkali compositions. Comparison of specimens with different 

alkali composition indicated that the effect of alkali on the mechanical properties of 

geopolymers is small after 7-days. However, after 28-days the compressive strengths 

of mixed-alkali specimens with Si/Al ≥ 1.90 was observed to increase by up to 30%, 

compared to Na and K specimens, which were observed to decrease in strength. The 

Young’s moduli of specimens exhibited two distinctly different mixed-alkali effects after 

28-days curing. In specimens with Si/Al ≤ 1.40 ratio the mixed-alkali specimens 

exhibited reduced values compared to Na and K specimens, whereas in specimens 

with Si/Al ≥ 1.65 the mixed-alkali specimens exhibited maximum Young’s moduli 

values.  The change in the effects of alkali with Si/Al ratio may be related to the two 

different microstructures observed to form in the same specimens. The development of 

Young’s modulus between 7- and 28-days was observed to be dependent on alkali, 

with the Young’s modulus of sodium specimens decreasing at low Si/Al ratio, but 

increasing at high Si/Al ratio, and K specimens exhibiting the opposite effect. Mixed-

alkali specimens all exhibited nominal change in Young’s moduli, without any 

significant effect of Si/Al ratio observed. The development of mechanical properties of 

geopolymers investigated in the current work highlights the importance for 

microstructural analysis of geopolymers of varied Si/Al ratio, and alkali content with 

time to determine the basis for the reduction in compressive strength of pure alkali 

specimens, and increase in compressive strength of mixed-alkali specimens of high 

Si/Al ratio between 7- and 28-days. 

Chapters 7 and 8 have shown that nominal Si/Al ratio and to a lesser extent alkali 

cation type affect the microstructure and physical properties of geopolymers. The 

effect of these parameters on the thermophysical properties of geopolymers is 

explored in Chapter 9. 
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Chapter 9  
Thermal conductivity of metakaolin 
geopolymers used as a first approximation 
for determining gel interconnectivity  
This chapter is based on the publication of the same name submitted to Industrial & 

Engineering Chemistry Research, submitted 15th Feb 2006. 
 

The thermal conductivities of a systematic series of metakaolin-derived Na-, NaK-, and 

K-geopolymers is measured under a range of different environmental conditions, 

including varied Relative Humidity (RH) and temperature. It is found that the thermal 

conductivity of geopolymers is closely linked with the specific heat, with little variation 

in thermal diffusivity observed in different conditions. The thermal transport properties 

of specimens are found to not change significantly under ambient humidity from 40˚C 

to 100˚C, indicating the thermal stability of geopolymers at above ambient operating 

conditions. The Hashin-Shtrikman model for conductivity in bi-phasic solids is applied 

to determine the thermal conductivity of the intrinsic geopolymer binder and a first 

approximation of the interconnectivity of the gel. The connectivity of the gel is found to 

increase with increasing Si/Al ratio of specimens and in the order Na > NaK > K, which 

correlates well with observations by SEM. 

9.1 Introduction 
It is shown in Chapters 7 and 8 that the microstructure of geopolymeric materials is 

known to vary considerably with composition and processing conditions. While the 

effects of microstructure and composition on mechanical properties have been 

investigated earlier in the thesis, there has been little investigation into quantifying the 

microstructural connectivity of geopolymeric gels. Furthermore, previous knowledge of 

geopolymeric properties has been focused on compressive strength (Rowles and 

O'Connor, 2003), acid resistance (Palomo et al., 1999a) and thermal stability (Barbosa 

and MacKenzie, 2003a), whereas thermal transport properties have not yet been 

studied. Thermophysical properties assume a fundamental role in the application of 

geopolymeric materials in high temperature environments, especially for use in 

accurate heat transfer calculations for either refractory or architectural applications. 
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While compositional factors must be investigated, it is clear that the large range of 

microstructures observed for geopolymeric gels will have a significant effect on the 

thermal properties, which must also be elucidated. 

Geopolymeric binders can be described as a diphasic gel of water and aluminosilicate 

binder. Geopolymer compositions in the current work can be nominally described by: 

( ) OHSiOMAlO 222 wz ⋅                 Equation 9.1 

where M represents the alkali cation, z is the nominal Si/Al ratio, w is the molar ratio of 

water and alkali. Alkali cations are required to balance the negative charge on AlO4
- 

tetrahedral groups. Therefore, the amount of alkali and aluminium in each specimen is 

controlled to be equimolar. Water is required as a reaction intermediate, and is 

expelled during condensation to form pores and create the diphasic structure. The 

distribution of water in the diphasic gel composite (as porosity) is determined namely 

by solution chemistry during formation, which is shown in Chapters 4 and 7 to be 

primarily a function of the Si/Al ratio and alkali cation type, while the absolute pore 

volume is determined by the nominal water content. As the nominal water content 

affects many of the solution properties, the stoichiometric amount of water in Equation 

9.1 is held constant with respect to alkali, rather than constant with respect to the 

weight fraction of solid as is common in Ordinary Portland Cement (OPC) systems. 

The change in the distribution of water in the gel is also observed to affect greatly the 

microstructure in Chapter 7, which is reflected in dramatic improvement in the 

mechanical properties of specimens when the water is distributed in small pores 

presented in Chapters 7 and 8. The size of pores formed in these geopolymers has 

been observed to be so small as to be effectively part of the skeletal framework, which 

reduces the effective density of the gel and reduces the accessible pore volume. 

Though the effect of alkali on the mechanical properties of geopolymers is small, it is 

shown in Chapters 4 to 6 that the molecular structure is directly affected by the 

presence of different alkali cations. This has also been predicted by a statistical 

thermodynamic model of Al,Si ordering in geopolymers (Provis et al., 2005b). 

Therefore, the distribution and interconnectivity of the pore structure, the short-range 

ordering of the gel phase and nominal composition are all likely to play a role in 

determining the thermophysical transport properties of geopolymer. 

Given that a large volume fraction of geopolymer composite structures is comprised of 

water, the thermophysical properties of geopolymeric materials are expected to vary 

with the humidity of the working environment at ambient conditions and especially 
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during first heating. Furthermore, the variations in pore size distributions are likely to 

result in different responses to humidity. Like refractory concretes, geopolymers have 

a transitional nature, due to change in their microstructure as a function of time and 

temperature (explored in Chapter 8), and as a consequence of dehydration (explored 

in Chapters 10 and 12), dehydroxylation and crystallisation (explored in Chapters 11 

and 13). The thermal shrinkage and weight loss of geopolymers after exposure to 

elevated temperatures are investigated as both a function of Si/Al ratio in Chapter 10 

and alkali cation in Chapter 12. Crystallisation of mineral phases has also been 

observed at temperatures in excess of 600˚C (Barbosa and MacKenzie, 2003a; 

Barbosa and MacKenzie, 2003b) and is explored in greater detail in Chapters 11 and 

13. Therefore, changes in the thermophysical properties of geopolymer are expected 

during these transitional periods, mainly due to loss of water, changes in structural 

ordering and pore structure. 

The current work will focus on the effect of humidity and specimen composition on the 

thermal conductivity, thermal diffusivity and specific heat of a systematic series of 

geopolymers with nominal composition ( ) O5.5HSiOAlOKNa 2zy-1y ⋅ , where 0 ≤ y ≤ 1 

and 1.15 ≤ z ≤ 2.15. Thermophysical properties were measured simultaneously with 

the transient plane technique from 40˚C to 100˚C and different humidity environments. 

The Hashin-Shtrikman (1962) (HS) model for conductivity in bi-phasic solids is applied 

to determine the intrinsic conductivity of the gel, and provide a first approximation of 

the interconnectivity of the gel phase from measured data.  

9.2 Theory 
The thermal conductivity of a homogenous biphasic composite may be determined 

using the HS model. The thermal conductivity of a biphasic composite consisting of a 

homogenous matrix, in this case the geopolymer gel phase, containing a volume 

fraction of spherical inclusions, assumed to be the pores, is described by the HS lower 

and upper bounds, after Weiderfeller et al. (2004): 
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where Compositeλ , Gλ  and Wλ  are the thermal conductivities of the bulk composite 

specimen, the gel phase and pore fluid, respectively. Wx is the pore fraction, which is 

determined from the nominal water content, assuming that all water in the specimens 

is present in the final structure as accessible pores. The effects of this assumption are 

dealt with later in the article. In Chapter 6, Vp was used to describe the measurable 

pore volume of geopolymers by the nitrogen adsorption technique. Here, Wx  is used to 

describe the nominal pore volume of the specimens rather than Vp, as Wx  is 

determined directly from the water content as opposed to a measurement. As such, 

Wx  is more important in the discussion of thermal conductivity as water will play a 

major role, comapred to Vp, which is technique dependent. 

Like many properties of geopolymeric materials, the observed values are often of the 

material on a macro scale. Similarly, measurement of thermal conductivity will involve 

the measurement of the composite biphasic structure. Therefore, it is possible to 

calculate the thermal conductivity of the gel phase in as-cured geopolymer, Gλ , as Wλ  

is known, Wx is determined by the nominal water content, and Measuredλ  may be readily 

measured with appropriate instrumentation. The calculated thermal conductivity of the 

gel phase may then be utilised in further analysis of the thermophysical transport 

properties of the composite. However, Equations 2 and 3 are dependent only on the 

pore fraction of the two phases, and do not account for the variation in distribution and 

morphology of the porosity in geopolymers that is explored in Chapter 7. The 

interconnectivity of the conductive phase in the HS model has been described 

elsewhere according to Schilling and Partzsch (2001): 

−+

−−
= HS

Composite
HS

Composite

HS
CompositeMeasured

iX
λλ
λλ

                Equation 9.4 

where iX  theoretically varies between 0 and 1, for completely discontinuous 

distribution and infinite interconnectivity, respectively. However, the HS model is 

generally applied where the two phases in the composite material are well known, and 

the HS upper and lower bounds have more physical significance. Unfortunately, due to 

the aqueous and heterogeneous polycondensation of geopolymeric gel during 

synthesis, it is impossible to synthesise fully dense geopolymer gel. Therefore, this 
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adds significant uncertainty to the values of gel interconnectivity that can be obtained, 

which is discussed in more detail in the text of the article. 

9.3 Results and discussion 
Figure 9.1 shows the thermophysical properties of geopolymers with nominal 

composition ( ) O5.5HSiOAlOKNa 2zy-1y ⋅ , where 0 ≤ y ≤ 1 and 1.15 ≤ z ≤ 2.15. The 

measurements were made of specimens as-cured in a 100% humid environment at 

40˚C. It can be observed in Figure 9.1a that the thermal conductivity of geopolymers 

does not vary significantly with Si/Al ratio, which is not expected based on the different 

chemical composition of these specimens. This aspect is addressed in greater detail 

later in the work. The thermal conductivity of specimens with different alkali ratio  is 

increased by approximately 0.02 Wm-1K-1 in the order K < NaK < Na,. This is well 

outside experimental uncertainty. The thermal conductivity of potassium is known to be 

approximately half that of sodium (Bouledroua et al., 2005), so the decrease in thermal 

conductivity of geopolymers with increasing potassium content can be expected on a 

purely compositional basis. However, the small variation in the thermal conductivity 

with alkali observed in Figure 9.1a implies that the alkali cation plays only a minor role 

in the transport of heat through the structure in the as-cured state. The minor effect of 

alkali on the thermal conductivity may be related to the alkali playing only a charge-

balancing role in the framework structure, rather than a network former. As heat 

energy primarily travels as phonons along the structural backbone, consisting of 

network forming aluminium and silicon cation, the minimal effect of alkali as observed 

in Figure 9.1a may be understood.  

The effect of alkali on the rate of thermal transport is more correctly represented by 

thermal diffusivity, which determines the speed of heat propagation by conduction in 

transient environments (Figure 9.1b). It can be observed that the thermal diffusivity of 

geopolymers is essentially constant with variation in alkali and Si/Al ratio, suggesting 

that the thermal transport in as-cured specimens is not sensitive to composition. The 

similarity of the thermal diffusivity measurements in Figure 9.1b implies that the main 

difference in the thermal transport properties of as-cured geopolymer reside in their 

specific heats, as observed in Figure 9.1c. The mathematical derivation of specific 

heat values from the thermophysical transport values induces a significant increase in 

error, which is reflected in the greater degree of scatter and uncertainty of the thermal 

diffusivity and specific heat measurements. However, it can be observed that the 
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specific heat of geopolymers generally increases in the order K < NaK < Na. Indeed, 

there is a slight decrease in specific heat with increasing Si/Al ratio across all alkali 

series.  
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Figure  9.1 (a) Thermal conductivity, (b) thermal diffusivity and (c) specific heat of (♦) Na-, (▲) NaK- 

and (■) K-geopolymers with Si/Al ratio between 1.15 and 2.15 measured as cured in 100% humid 
environment at 40˚C. 

Similar to thermal conductivity, the specific heat of sodium is double that of potassium 

(Shaw and Caldwell, 1985). Therefore, the small increase in specific heat generally 

observed with increasing sodium content in Figure 1c may be understood based on 

the increase in specific heat of sodium. The small fraction of alkali in these specimens, 

in the order of 10 wt%, explains why only a small change in thermophysical properties 

is observed in specimens of differing alkali ratio. In contrast, the composition of the as-
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cured specimens contains a large fraction of free water (27-38 wt%); this represents a 

substantial component of the structure. Water has a large specific heat (4.168 MJm-3K-

1) in comparison to most alkali aluminosilicate materials (eg. basalt is 2.5 MJm-3K-1) 

(Sachdev et al., 1995/1996). Therefore, it would be expected that the thermophysical 

properties of as-cured geopolymers would be dominated by the presence of water 

more than alkali type. Hence, as the weight fraction of water is reduced with increasing 

Si/Al ratio, the specific heat is observed to be reduced slightly. 

Table  9.1 Values for the specific gravity (cm3g-1) and pore fraction of geopolymer specimens in the 

current work. Density calculated by the Archimedes method in water and air, and the pore fraction 
calculated using the density of water at 40˚C (Bigg, 1967) and the weight fraction of water from the 
nominal composition of each specimen. 

Specimen Density 
Wx  Specimen Density

Wx  Specimen Density 
Wx  

Na1.15 0.596 0.590 NaK1.15 0.588 0.580 K1.15 0.584 0.566

Na1.40 0.579 0.573 NaK1.40 0.577 0.559 K1.40 0.573 0.547

Na1.65 0.572 0.550 NaK1.65 0.569 0.538 K1.65 0.568 0.524

Na1.90 0.569 0.526 NaK1.90 0.566 0.515 K1.90 0.560 0.506

Na2.15 0.564 0.505 NaK2.15 0.560 0.496 K2.15 0.555 0.488

 

Total pore volumes and densities of geopolymers in the current work are presented in 

Table 1. The pore volume fraction, Wx , was calculated by determining the mass 

fraction of water (from the nominal composition) and specific gravity of each specimen 

by the Archimedes method, and assuming all porosity is filled with water. Therefore, 

the volume fraction of water (ie. pores) in geopolymer can be readily determined. The 

accessible pore volume of geopolymers (to nitrogen adsorption in Chapter 7) differs 

substantially from the total pore volumes in Table 9.1. However, for description of the 

specimens in the current work, all volume that is not occupied by binder can be 

considered to be occupied by water, making this assumption valid in this context.  

Using the values of  Wx  and Compositeλ  in Table 9.1 and Figure 9.1 respectively, the 

thermal conductivity of the binder phase, Gλ , can be calculated from Equation 9.2. 

Only the upper bound solution is required, as the thermal conductivity of composite 

geopolymer is greater than water at 40˚C, being 0.6294 Wm-1K-1 (Ramires et al., 
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1995). Therefore, the thermal conductivity of binder phase must be greater than 

Compositeλ , prescribing the use of only the upper bound in calculating a gel phase 

conductivity from the HS model. 

Figure 9.2 shows the calculated values for the thermal conductivity of the geopolymer 

binder phase, Gλ , as determined from Equation 9.2. For all Si/Al ratios, the thermal 

conductivity of the binder increases in the order Na > NaK > K, which correlates with 

the trend observed in Figure 9.1a. However, the magnitude of difference in the thermal 

conductivities of the specimens based on alkali cation type is significantly larger for 

Gλ , in the order of 0.1 Wm-1K-1, as opposed to 0.02 Wm-1K-1 for Compositeλ . Unlike the 

similar values of Compositeλ  observed in Figure 9.1a, Gλ  can be generally observed to 

decrease slightly with increasing Si/Al ratio for all alkali compositions. This and the 

larger magnitude of difference between the different alkali series indicate that Gλ  is 

affected by chemical composition, but that this trend is obscured Figure 9.1a by the 

variation in nominal water content of geopolymers in the current work. Other factors 

likely to affect the thermal conductivity of the gel include the short-range ordering of 

the binder, gel density, and the interconnectivity of the composite. Compared to an 

amorphous tetrahedral silicon network, introduction of aluminium in tetrahedral 

geometry requires the presence of a charge balancing cation. Therefore, when 

considering geopolymeric binder it is not possible to isolate the effects of aluminium 

and alkali from one another without violation of electronic neutrality. Despite this, it is 

well known that geopolymeric materials are not fully reacted, and that it is possible to 

make specimens with non-stoichiometric compositions of aluminium and alkali, which 

also greatly affects the level of reaction. Investigation of the effects of alkali 

stoichiometry would provide a valuable extension of this work in the future.  

Nonetheless, changes in short-range ordering observed in Chapters 4 to 6, and the 

solution chemistry in the system investigated in the current work give rise to the 

variation in the distribution of porosity and skeletal density shown in Chapter 7, both 

with increasing Si/Al ratio (in Chapter 7) and alkali cation (in Chapter 8). These 

inherent characteristics of geopolymers synthesised with different alkali activating 

solutions make it difficult to interpret the trend observed in Figure 9.2, especially since 

Gλ  is calculated assuming that the binder thermal conductivity is represented by the 

HS upper bound. In physical terms, this relates to the microstructure containing a 

perfectly homogeneous interconnected porosity. In reality, it is shown in Chapter 7 that 
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the microstructures of geopolymers vary considerably with increasing Si/Al ratio. 

Despite this, reduction in the short-range ordering and skeletal density of the gel with 

increasing Si/Al ratio would be expected to reduce the thermal conductivity with 

increasing Si/Al ratio. However, increases in cation and aluminium content are known 

to disrupt phonon transport (Murashov, 1999), which may counteract this effect 

somewhat. The validity of the values of Gλ  in Figure 9.2 can be further elucidated by 

measurement of Compositeλ  under different conditions, where the pore conductivity 

should vary without significant change of Gλ . 

The thermal conductivities and specific heats of geopolymers in the current work 

measured at 50% RH at 40˚C and after re-equilibration at 100% RH are shown in 

Figure 9.3. There is a clear reduction in the thermal conductivity values for all 

specimens (Figure 9.3) compared to the as-cured state (Figure 9.1). From values of 

approximately 0.77 Wm-1K-1 in the as cured state, geopolymers in the current work 

with Si/Al ratio of 1.15 exhibit thermal conductivities of 0.42 Wm-1K-1 at 50% RH, which 

constitutes a reduction in the order of 50%. The thermal conductivity of specimens is 

observed generally to increase monotonically, with a 50% increase observed from the 

values of the Na1.15 specimen and the Na2.15 specimen. This trend is contrary to 

expectations, based on the reduction in water content with increasing Si/Al ratio, and 

must be explained by microstructural aspects. Similar to the values observed in Figure 

9.1a, the thermal conductivity of Na-geopolymer is greater than NaK- and K-

geopolymer specimens for each Si/Al ratio measured at 50% RH. In reduced humidity 

environments the difference between the observed thermal conductivity of specimens 

with different alkali ratio increases with increasing Si/Al ratio, which is likely to be 

related to the different pore distributions in these specimens and characteristics 

associated with the different alkali cation types. Despite the general trend of increasing 

thermal conductivity with increasing Si/Al ratio, the thermal conductivities of K- and 

NaK-specimens with Si/Al ratios of 1.40 measured at 50% RH exhibit reduced values 

compared to specimens with Si/Al ratio of 1.15, while the Na-specimens with Si/Al 

ratios of 1.15 and 1.40 exhibit similar values. This may be a result of the competing 

effects of reduction in the short-range ordering shown in Chapters 4 to 6 and the 

aluminium/alkali content of these specimens with increasing Si/Al ratio as discussed 

above. 
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Figure  9.2 Calculated thermal conductivity of (♦) Na-, (▲) NaK- and (■) K-geopolymer gel phase, 

Gλ , with Si/Al ratio between 1.15 and 2.15. 

The thermal conductivity of specimens recorded after re-equilibration at 100% RH are 

essentially constant with respect to changes in Si/Al ratio, though a slight decrease in 

conductivity with increase in Si/Al ratio can be observed in all alkali cation series. 

Despite the small reduction in thermal conductivity with increase in Si/Al ratio, the 

trend is similar to that observed of the as-cured specimens (Figure 9.1a), with sodium 

content increasing the thermal conductivity observed in both cases. However, it can be 

seen that the values of thermal conductivity of the specimens re-equilibrated at 100% 

RH are reduced compared to those recorded for the as cured specimens in Figure 

9.1a. This suggests that the specimens are subject to environmental hysteresis. 

Physical and structural changes may occur in the gel as a result of dehydration, similar 

to those that are observable upon exposure to high temperatures as shown in 

Chapters 10 to 13 and by Rahier et al. (1996b), though no significant indication of this, 

such as shrinkage, is observed. While it is clear that the geopolymer specimens in the 

current work are unable to fully rehydrate, the physical reason for this is unclear, but 

based on the lack of structural and physical alteration it is most likely to be related to 

microstructure and pore distribution. 

Though not presented here, the values for thermal diffusivity of all specimens are 

similar to values presented in Figure 9.1b. Therefore, the variation in thermal 

conductivity observed in Figure 9.3a must arise from changes in specific heat, 
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presented in Figure 9.3b. It can be clearly observed that the specific heats of 

geopolymers measured at 50% RH increase with increasing Si/Al ratio. Furthermore, 

difference between the values of the specific heat of Na-, NaK- and K-geopolymers 

increases significantly with increasing Si/Al ratio, implying that the alkali cation type 

plays a significant role in determining the amount of water retained in specimens at 

reduced humidity. The specific heats of the specimens re-equilibrated at 100% RH 

exhibit a decrease in values with increasing Si/Al ratio, consistent with the small 

reduction in conductivity observed in Figure 9.3a. Also, similar to Figure 9.1a, the 

significant variation in thermal conductivity of Gλ  predicted in Figure 9.2 and observed 

of Compositeλ  measured at 50% RH in Figure 9.3a is not only masked at 100% RH, but 

the trend is actually reversed. This appears to be largely related to the specific heat 

and water content, which are affected by the Si/Al ratio and alkali cation. Furthermore, 

the Si/Al ratio and alkali cation type also affect the microstructure significantly, which 

can play a role in determining the water content and thermal conductivity by hydration 

energetics and gel interconnectivity. 
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Figure  9.3 (a) Thermal conductivities and (b) specific heats of (♦) Na-, (▲) NaK- and (■) K-

geopolymers with Si/Al ratio between 1.15 and 2.15 measured as cured in 50% humid environment 
at 40˚C. Hollow data points represent measurements taken after re-equilibration of the specimens 
in 100% RH environment at 40˚C. 

The densities of geopolymers in the current work as-cured (100% RH), at 50% RH and 

after re-equilibration at 100% RH are presented in Figure 9.4. A theoretical dry density 

of specimens, based on the as-cured densities with nominal water content subtracted, 

is also presented in Figure 9.4. The dry density provides a comparison of the extent of 
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dehydration resulting from humidity. It can be observed that the as-cured density of 

specimens increases slightly with increasing Si/Al ratio for each of Na-, NaK- and K-

geopolymers, which is also observed in Chapter 8. Furthermore, the density at each 

Si/Al ratio increases marginally in the order K > NaK > Na, as would be expected 

based on the increase in mass of potassium compared to sodium. The density of all 

specimens is observed to be significantly lower when measured at 50% RH, implying 

the loss of significant water from pores as predicted from specific heat data in Figure 

9.3b.  

Evaporation of water from geopolymeric materials in unsaturated conditions is 

expected, given that water plays only an intermediary role in the synthesis, and does 

not contribute to the physical structure of the material as instracrystalline water (though 

water in pores is known to aid in compressive strength). There is a small level of 

hydroxyl groups present in geopolymer, presumably on the surface of the gel, which 

has been detected as mass loss above 250˚C in thermogravimetric investigations by 

Rahier et al. (1996a) and in Chapters 10 and 12. However, the presence of hydroxyl 

groups is not expected to affect significantly the loss of water from geopolymeric 

materials in different humidity environments due to their low abundance, as observed 

by 2H NMR in Chapter 4. Therefore, the large reduction in the specific heats of all 

geopolymers in Figure 9.3b can be linked with the reduction in the density of the 

specimens by loss of freely evaporable water at 50% RH (Figure 9.4). The densities of 

the specimens re-equilibrated at 100% RH are generally lower than the as-cured 

values, with a greater reduction in density observed of higher Si/Al ratios. Despite this, 

the NaK- and K-specimens with low Si/Al ratios exhibit largely identical densities after 

rehydration compared to the as-cured specimens. Therefore, it appears that 

specimens with low Si/Al ratios containing potassium are less subject to environmental 

hysteresis than those of high Si/Al ratio or those continuing only sodium. As the 

microstructure and accessible porosity of geopolymers change with Si/Al ratio and 

alkali cation, as presented in Chapter 7 and by the investigations of Bell and Kriven 

(2004), the change in rehydration behaviour of these specimens is likely to be closely 

related to either microstructural aspects or changes that may occur in the gel structure 

as a result of dehydration. However, no significant change in gel structure has been 

observed with exposure to 50% RH, making it more likely that microstructure plays a 

large role. 
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Figure  9.4 Bulk density of (a) Na-, (b) NaK- and (c) K-geopolymer specimens measured in different 

environments. 

Figure 9.5 shows the weight fraction of water present in geopolymer specimens at 

various conditions. It can be observed that the weight fraction of water in geopolymers 

as-cured is determined from the nominal water content. Therefore, the water content of 

specimens decreases with an increase in Si/Al ratio, ie the solid component of the 

specimen increases for the same stoichiometric content of water. Despite the initial 

variations in water content, the weight fractions of NaK- and K-geopolymers measured 

at 50% RH are remarkably similar at all Si/Al ratios. Also, the weight fractions of water 

in Na-specimens are nominally 0.03-0.05 units greater than for NaK- and K-

geopolymers, which exhibit similar values. The similarity of the weight fraction of water 

in specimens of the same alkali ratio at all Si/Al ratios implies that the water content in 
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geopolymers is closely related to the mass of binder to adsorb to, rather than 

microstructure or composition in terms of Si/Al ratio. Therefore, it is likely that the water 

content of specimens at reduced humidity is driven by the amount of water associated 

at the surface of the gel. The greater fraction of water present in Na-geopolymers 

compared to NaK- and K-geopolymers at reduced humidity is likely to be a result of the 

higher charge density of sodium, increasing its affinity for water (Kollman and Kuntz, 

1972; Babu and Lim, 1999). The similarity in the weight fractions of the NaK- and K-

systems implies that these specimens exhibit similar affinity for water at the surface of 

the gel.  
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Figure  9.5 Water content (wt. water/ wt. solid) of (♦) Na-, (▲) NaK- and (■) K-geopolymers 

determined from mass of specimens ( ) as-cured, (  ) 50% RH and ( ) 100% RH. 

After re-equilibration at 100% RH, the water content of geopolymers increases to 

values close to the as-cured values, with a clear trend of decreasing water content with 

increasing Si/Al ratio. The trend of decreasing water content with increasing Si/Al ratio 

at 100% RH implies that the water content is proportional to the total pore volume. 

However, the water contents of specimens with low Si/Al ratios are closer to the as-

cured level, in comparison to specimens with high Si/Al ratios. Therefore, it appears 

that the specimens with high Si/Al ratios are unable to rehydrate to the same extent as 

the low Si/Al ratio specimens. This suggests that the small pores in the microstructure 
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of the high Si/Al ratio specimens may be unable to rehydrate like the larger pores 

observed in the low Si/Al ratio specimens. 

  

  

  

Figure  9.6 SEM micrographs of (a) Na1.15, (b) Na2.15, (c) NaK1.15, (d) NaK2.15, (e) K1.15 and (f) 

K2.15 specimens. 

Figure 9.6 shows the microstructures of geopolymers with different alkali cation 

compositions with Si/Al ratios of 1.15 and 2.15. At low Si/Al ratio, the microstructures 

of Na-, NaK- and K-geopolymers exhibit markedly different microstructures. NaK- and 

K- specimens appear to exhibit larger pores compared to the finer microstructure of 

the Na-specimen. At higher Si/Al ratios, all geopolymers exhibit a largely 

homogeneous microstructure, with a seemingly smaller pore size. The variation in the 

(a) (b) 

(c) (d) 

(f) (e) 



The structure and thermal evolution of metakaolin geopolymers 

 210 

microstructures of geopolymers with low Si/Al ratios correlates with the ability of these 

specimens to rehydrate at 100% RH. The similarity of the densities and water content 

of NaK1.15 and K1.15 geopolymers as-cured and after rehydration signifies that these 

specimens are able to rehydrate more completely than the Na1.15 specimen (Figures 

9.4 and 9.5). Therefore, the microstructure of geopolymer gels does affect the extent 

of rehydration, with a smaller degree of rehydration in homogeneous gels. This 

observation correlates with the reduction in water content relative to as-cured values in 

geopolymers after re-equilibration at 100% RH with increasing Si/Al ratio. The physical 

interpretation of this observation may reside in the small pores of homogeneous gels 

remaining not filling upon rehydration, due to the higher than ambient pressure 

required to intrude pores smaller than 10 nm (Lefevre et al., 2004). It is widely known 

that the zeolites become more hydrophobic as the Si/Al ratio increases (Weitkamp et 

al., 1991). Therefore, it is expected that the hydrophobicity of geopolymers will 

increase with increasing Si/Al ratio. Thus, the ability of water to intrude into small pores 

is reduced with increasing Si/Al ratio, which correlates with the reduced levels of 

rehydration in high Si/Al ratio specimens.  

While it is apparent that the microstructure of geopolymers clearly affects the thermal 

transport properties, it is difficult to quantify the interconnectivity of the gel phase by 

the HS method in specimens without knowledge of the pore fluid. Since geopolymers 

contain a large water content at ambient or close to ambient conditions, it is necessary 

to determine the thermophysical properties at elevated temperatures, where the water 

content of the specimens is likely to be reduced. Figure 9.7 displays the thermal 

conductivity of specimens in the current work measured between 40˚C and 100˚C at 

ambient humidity. The thermal conductivity of geopolymers increases uniformly with 

increasing Si/Al ratio in all series, and increases in the order K < NaK < Na. It can be 

observed that the thermal conductivity of individual geopolymers does not vary 

significantly up to a temperature of 100˚C from the value recorded at 40˚C. Indeed, the 

thermal conductivity of some specimens can be observed to increase slightly in this 

temperature region, indicating some level of structural and physical evolution of the 

specimens in this region as explored in Chapters 10 and 12.  
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Figure  9.7 Thermal conductivity of (a) Na-, (b) NaK- and (c) K-geopolymers with Si/Al ratios of ( • ) 

1.15, (▲) 1.40, (□) 1.65, (♦) 1.90 and (■) 2.15, measured between 40˚C and 100˚C at ambient 
humidity (nominally 45%).  

Figure 9.8 shows the proportion of water remaining in Na-specimens after exposure to 

elevated temperatures and ambient humidity, calculated from measuring the weight of 

specimens at equilibrium. It can be observed that approximately 20% of all water 

present in the sample is lost between 40˚C and 100˚C. Although there is little change 

in the thermal properties of Na-specimens in this temperature range, the loss of a 

similar fraction of water is observed between the as-cured state and after re-

equilibration at 100% RH, which  results in reduction of thermal conductivity in the 

order of 0.1 Wm-1K-1. It is clear that the water lost in heating between 40˚C and 100˚C 

has a far lesser effect on thermal properties than similar amount of water lost as a 
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result of change in RH. Therefore, it is proposed that the water lost from variation in 

humidity is from bulk pores, and has a substantial effect on thermal conductivity by 

greatly affecting the conductivity of the bulk of the pores from that of water (0.6294 

Wm-1K-1) to that closer to air (0.025 Wm-1K-1). The water lost during heating is unlikely 

to be from fluid filled pores, but from water absorbed on the gel and hydrated to alkali 

cations. Therefore, the effect of adsorbed and hydrating water molecules on the 

conductivity of the pores as a whole will be small, due to the comparatively low thermal 

conductivity of air that fills the pore. This may explain insignificant influence of heating 

from 40˚C to 100˚C on the thermophysical properties.  
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Figure  9.8 Fraction of water present in Na-geopolymers after exposure to different environments. 

The increase in thermal conductivity with increasing Si/Al ratio in Figure 9.7 indicates 

that the effect of total pore volume is likely to be very important in determining the 

thermal conductivity of geopolymer. However, a reduction of conductivity in the order 

of 50% resulting from a 8-10% reduction in porosity is too large to be a result of only 

changes in traditional series and parallel conduction (Maqsood et al., 2004), implying 

that other factors are also likely to contribute significantly to determining the thermal 

conductivity. The microstructures of geopolymers with low Si/Al ratios contain larger 

pores (in the order of microns), while those of higher Si/Al ratio (ie. Si/Al ≥ 1.65) are 

highly homogeneous and contain nanometer sized pores in Figure 9.6. The change in 

the pore sizes by three orders of magnitude is not a result of the water content, rather 

differences in the gel chemistry during synthesis as explored in Chapter 7. 
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Conductivity is dominated by the smallest junctions of the path of high conductivity (the 

geopolymer phase in this case), hence, the overall conductivity is dominated by these 

junctions. Since all specimens contain similar water contents at 100˚C, the small pores 

in specimens with high Si/Al ratios result in a more interconnected structure, and may 

lead to a more efficient transfer of energy through the specimens, as observed in 

Figure 9.7.  

The microstructure of the specimens in the current work is shown in Chapter 12 to not 

be significantly altered by heating up to 100˚C. Hence the interconnectivity of the gel 

should be similar in all measurements in the current work. Therefore, the Schilling and 

Parstzsch (2001) interconnectivity parameter (Equation 9.4) can be evaluated by 

solving the upper and lower HS bounds for the thermal conductivity measurements of 

specimens as-cured and at 100˚C, which are a function of only the conductivity of the 

gel and the pores. Since the specimens measured at 100˚C have lower water content, 

the pores in these specimens can be assumed to contain mostly air, the thermal 

conductivity of which can be approximated by the thermal conductivity of air at 0.025 

Wm-1K-1. Figure 9.9 shows the values of iX  determined from the above description. 

The values of Gλ  determined from the procedure described above are within ±0.5% of 

those presented in Figure 9.2, thus are not presented for brevity. It can be observed 

that the gel interconnectivity increases with increasing Si/Al ratio, which correlates with 

the increase in microstructural homogeneity observed in Figure 9.6.  Furthermore, Na-

specimens can be observed to exhibit greater interconnectivity than NaK- and K-

specimens, respectively, which also correlates with microstructural observations. 

Indeed, the interconnectivity of the NaK-specimens at low Si/Al ratios (ie. Si/Al ≤ 1.40) 

is more closely related to K-geopolymers than Na-geopolymers, which not only 

correlates with the micrographs in Figure 9.6, but also the observation in Chapter 12 

that low Si/Al ratio NaK-specimens behave similarly to K-specimens. Furthermore, 

high Si/Al ratio NaK-specimens tend to have interconnectivity more closely likened with 

Na-geopolymers, which also correlates with Chapter 12.  
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Figure  9.9 Gel interconnectivity, iX , of (♦) Na-, (▲) NaK- and (■) K-geopolymers.  

From the definition of iX , values in excess of 1 are invalid. Therefore, the generally 

high values of iX  in Figure 9.9 are conspicuous, and indicate that assumptions made 

in the evaluation of the parameter are subject to error, namely the calculation of total 

pore volume and the assumed stability of gel conductivity. The HS model was 

developed for spherical porosity, which is clearly not fulfilled for the description of 

geopolymeric composites (Figure 9.6). However, the isotropic approach of the HS 

model gives a first approximation for describing the interconnectivity of geopolymeric 

materials, which appear to be valid in comparison to microscopic evidence. The high 

values of iX  observed in Figure 9.9 may not only reflect the non-ideal geometry of 

geopolymeric materials, but also that the assumption of geopolymeric binder being 

unchanged by heating up to 100˚C is an approximation. In the current work, the pore 

volume of geopolymers is determined from the nominal water content. However, it is 

proposed in Chapter 7 that the pore volume and gel volume (ie. skeletal density) of 

geopolymers are largely determined by the solution chemistry during synthesis. 

Therefore the total pore volumes in Table 9.1 are most likely subject to significant 

uncertainty, with porosity subject to variation due to changes in skeletal density as 

presented in Chapter7. Furthermore, the pore volume and gel density are known to 

vary to some degree in heating up to 100˚C as shown in Chapter 10. Revision of total 

pore volume (to vary with temperature and skeletal density) and Gλ  (to include 

possible densification effects) would have the effect of reducing  iX  to more physically 
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sensible values. However, inclusion of these small but significant structural changes in 

the specimens is not justified based on the accuracy with which these factors can 

currently be determined and the invalidity of the HS model for the geometry of 

geopolymers. Nonetheless, the analysis in Figure 9.9 provides a good first 

approximation at quantifying the effect of gel interconnectivity in geopolymers derived 

from metakaolin. 

9.4 Summary 
It has been shown that the thermal conductivity, diffusivity and specific heat of 

geopolymers derived from metakaolin are largely insensitive to Si/Al ratio in the as-

cured state. Despite this, the thermal conductivity of geopolymers decreases in the 

order Na > NaK > K, separated by approximately 0.02 Wm-1K-1, resulting from a 

reduction in specific heat. The decrease in specific heat is due to the lower specific 

heat of potassium compared to sodium. A theoretical measure of the conductivity of 

the binder has been determined by utilising the measured thermal conductivity and the 

thermal conductivity of water in the pores in combination with the total pore volume 

determined from nominal water content, according to the Hashin-Shtrikman model 

(1962). The thermal conductivity of the binder is observed to decrease with increasing 

Si/Al ratio, which is affected by both alkali cation density (associated with aluminium) 

and a reduction in structural ordering with increase in Si/Al ratio. This indicates that the 

similarity of thermal conductivities of the composite measured in the as-cured state is 

not due to the similar binder conductivity, but is a coincidence of varying water content 

and binder conductivity. 

Once exposed to environments below 100%RH the thermal conductivities of 

geopolymers are largely governed by large reductions in the specific heat resulting 

from dehydration of water from pores. When measured at 50% RH, the thermal 

conductivity of Na-geopolymers increases by over 50% with the increase of Si/Al ratio 

from 1.15 to 2.15, with similar trends observed for NaK- and K-systems but to a lesser 

extent. The extent of dehydration of geopolymers at 50% RH appears to be 

determined by the water content, which is constant for each series of Na-, NaK- and K-

geopolymers at all Si/Al ratios. When rehydrated (100% RH), the thermal conductivity 

of specimens does not recover to the as-cured values, which is linked with incomplete 

filling of small pores in geopolymers with high Si/Al ratios. These specimens are more 

hydrophobic than ones with low Si/Al ratios, and exhibit a higher than ambient 

pressure of intrusion for small pores. 
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The interconnectivity of the gel phase has a significant effect on the thermal 

conductivity of the specimens in the current work. The interconnectivity of each 

specimen in the current work has been evaluated by assuming that the pores in 

specimens measured at 100˚C contain air only. It has been shown that the 

interconnectivity of the gel increases with Si/Al ratio, and with increase in sodium 

content. Although the predictions of the gel interconnectivity are subject to significant 

error and uncertainty, the trends observed match closely microscopic evidence 

provided in SEM images. The Hashin-Shtrikman model for biphasic thermal 

conductivity has been shown as an effective method for evaluating a first 

approximation of the interconnectivity of geopolymeric gels. 

This findings of this chapter support the investigations in Chapters 7 and 8 that find 

alkali cation and nominal Si/Al ratio to be important parameters in determining the 

properties of geopolymers. In this chapter, alkali cation type is shown to have a more 

significant effect on the thermophysical properties of specimens than is it does on 

mechanical properties in Chapter 8. This indicates that both nominal Si/Al ratio and 

alkali cation type are important factors in determining the thermal properties of 

geopolymers. The effect of nominal Si/Al ratio alkali cation type on thermal properties 

and evolution are explored in Chapters 10 and 11, and Chapters 12 and 13 

respectively. 
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Chapter 10  
Physical evolution of Na-geopolymer 
derived from metakaolin up to 1000˚C  
This chapter is based on the publication of the same name in the Journal of Materials 

Science: Special Edition on Geopolymer Science, in press. 
 

The nominal Si/Al ratio is shown to affect the incorporation of aluminium (Chapter 4), 

molecular structure (Chapter 5), microstructure and physical properties (Chapter 7) 

and thermophysical properties (Chapter 9). In this chapter, the thermal shrinkage and 

weight loss of a systematic series of geopolymers with nominal composition of 

O5.5H)(SiONaAlO 2z22 ⋅  (1.15 ≤ z ≤ 2.15) are presented to explore the effect of 

nominal Si/Al ratio on thermal properties, and how this may correlate with the structure 

of the material determined in the thesis. The thermal behaviour of Na-geopolymers is 

varied, but may be categorised into four regions of behaviour exhibited by all 

specimens. This investigation explores the effect of nominal Si/Al on the processes 

and mechanisms of thermal shrinkage and weight loss throughout constant heating of 

Na-geopolymer. The overall thermal shrinkage of Na-geopolymer increases with 

increasing nominal Si/Al, with the onset temperature of structural densification 

occurring at lower temperature with increasing Si/Al. Thermal shrinkage is observed to 

result from capillary strain, dehydroxylation and viscous sintering in different 

temperature regions, and is explored by use of dilatometry, thermogravimetry, nitrogen 

porosimetry and use of different constant heating rates. 

10.1 Introduction 
Geopolymers may be considered to be chemically hardened monolithic aluminosilicate 

gels formed by partial dissolution and polycondensation of aluminosilicate materials, 

such as fly ash and calcined clays, in aqueous alkaline environments (Davidovits, 

1991; Palomo et al., 1999b). Geopolymers have been proposed as an alternative to 

traditional Ordinary Portland Cement (OPC) for use in construction applications, due to 

their excellent mechanical properties (as demonstrated in Chapters 8 and 9), low 

temperatures required for synthesis and their intrinsic fire resistance (Davidovits et al., 

1989). Like zeolites and some aluminosilicate gels, geopolymers are synthesised in 
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aqueous media, albeit much lower water weight fractions, typically less than 35%. Due 

to their excellent mechanical properties, the bulk of literature is focussed on the effect 

and application of different raw materials on the compressive strength of geopolymers 

(Yip et al., 2003a), chemical impurities (van Jaarsveld and van Deventer, 1999a), and 

the effect of the chemical composition of the alkali activating solutions (Phair and van 

Deventer, 2002b). Only a relatively small number of investigations have specifically 

studied the effects of high-temperature on geopolymeric gels (Rahier et al., 1996a; b; 

1997; Barbosa and MacKenzie, 2003a; b; Cheng and Chiu, 2003). Studies of 

geopolymeric gel have not explored the effect of gel Si/Al, alkali cation, raw material or 

impurities. Each of these factors plays a crucial role in determining the mechanical 

properties of geopolymers at ambient conditions and should also be expected to affect 

greatly the properties of geopolymers at elevated temperatures. 

It was shown in Chapters 4 to 6 that the geopolymer structure is formed from 

tetrahedrally co-ordinated aluminium and silicon atoms bridged with oxygen. The 

negatively charged aluminium in IV-fold coordination is balanced via association with 

monovalent cations, typically sodium and potassium, provided by the alkaline 

activating solution (Davidovits, 1991). The resulting inorganic gel is amorphous to 

electron diffraction (Davidovits, 1991; van Jaarsveld and van Deventer, 1999b; 

Barbosa and MacKenzie, 2003a), and exhibits a single broad hump in 29Si MAS NMR 

spectra, similar to aluminosilicate gels (Aiello et al., 1991). However, transformation of 

the amorphous gel into zeolite has been observed in Chapter 8, where structural 

reorganisation is rapid due to an open microstructure (Palomo et al., 1999a; Yip et al., 

2003a). The microstructure of geopolymers has been explored in Chapters 8 and 9, 

and has been observed to vary greatly depending on the Si/Al, which is the result of 

variation in the density of the aluminosilicate gel. It was argued in Chapter 7 that the 

change in microstructure is very important to the mechanical properties of 

geopolymers, with strength observed to increase generally with decreasing gel density.  

Rahier et al. (1996b) broadly investigated some thermal properties of a geopolymer of 

non-prescribed composition synthesised from metakaolin and sodium silicate solution 

(Na-geopolymer), primarily the dehydration and thermal shrinkage. The specimen 

investigated by Rahier et al. (1996b) exhibited shrinkage of approximately 6% during 

dehydration, without significant densification observed at higher temperatures 

(>600˚C).  More recently, the thermal characteristics of Na-geopolymer with a Si/Al of 

approximately two have been investigated, revealing a similar region of shrinkage 
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associated with dehydration, but also the specimen was observed to densify at 

approximately 800˚C (Barbosa and MacKenzie, 2003b). The different thermal 

shrinkage behaviour of these systems suggests that there are differences in the 

thermal behaviour of Na-geopolymers with differing composition, which is yet to be 

elucidated by systematic investigation. Furthermore, the dehydration and densification 

processes occurring in Na-geopolymers have not been determined. The microstructure 

of Na-geopolymer was shown in Chapter 7 to be highly dependent on Si/Al, which may 

play a significant role in determining the material’s thermal properties and the effect of 

elevated temperatures on it’s physical properties.  

The current work will focus on the effect of Si/Al on the thermal shrinkage and weight 

loss characteristics of Na-geopolymer synthesised from metakaolin. The processes of 

dehydration, dehydroxylation and densification will be systematically investigated in 

specimens with nominal composition O5.5H)(SiONaAlO 2z22 ⋅ , where 1.15 ≤ z ≤ 2.15. 

The chemical, physical and structural changes resulting from thermal exposure will be 

characterised by DTA, TGA, nitrogen porosimetry and dilatometry. The thermal 

behaviour of Na-geopolymers is characterised into four different regions, allowing for 

the comparison of geopolymeric gels to other synthetic aluminosilicate gel materials. 

10.2 Results and discussion 
The thermal shrinkage and weight loss of Na-geopolymers with 1.15 ≤ Si/Al ≤ 2.15 are 

presented in Figures 10.1 and 10.2, respectively. It can be observed that the overall 

thermal shrinkage of specimens is influenced greatly by the Si/Al. However, all 

specimens exhibit essentially identical characteristics of weight loss up to 1000˚C 

(Figure 10.2). All specimens exhibit nominal shrinkage up to 100˚C (Figure 10.1), while 

large amounts of weight are lost, presumably from evaporation of free water (Figure 

10.2), as observed for Na-geopolymers in previous work (Rahier et al., 1996b; 

Barbosa et al., 2000; Barbosa and MacKenzie, 2003b). A period of rapid thermal 

shrinkage is observed in all specimens between approximately 100˚C and 300˚C 

(Figure 10.1). 

By comparing Figures 10.1 and 10.2, it can be seen that the end of the initial region of 

rapid shrinkage coincides with a large decrease in the rate of weight loss from 

dehydration.  There is some effect of Si/Al on the onset temperature of the large period 

of shrinkage observed at approximately 100˚C. The onset temperature of shrinkage for 

low Si/Al specimens (ie. Na1.15 and Na1.40) is lower than for specimens with Si/Al ≥ 
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1.65 (Figure 10.1). The slow and constant thermal shrinkage of all specimens appears 

similar in the temperature region from 300˚C until the onset of rapid shrinkage in the 

specimens with Si/Al ratio ≥ 1.40 (Figure 10.1). The slow rate of thermal shrinkage 

between approximately 300˚C and 600˚C may be linked to the slow rate of weight loss 

observed in the thermogravimetric data (Figure 10.2). In contrast to specimens with 

Si/Al ≥ 1.40, the Na1.15 specimen exhibits only nominal thermal shrinkage beyond 

300˚C, with no readily observable region of rapid shrinkage at high temperature 

despite weight loss that appears similar to all other specimens. However, the Na1.15 

specimen does undergo some level of high-temperature thermal shrinkage, suggesting 

that is may be far more stable at high temperature compared to the higher Si/Al 

specimens rather than fundamentally different. Nonetheless, from Figure 10.1 it can be 

observed that some characteristic similarities may be observed in the thermal 

shrinkage of Na-geopolymers with different Si/Al, and also some fundamental 

differences. Si/Al can be observed to only have a small affect of the weight loss of Na-

geopolymers (Figure 10.2), yet thermal shrinkage changes significantly at 

temperatures in excess of 700˚C (Figure 10.1). Therefore, differences in the structure 

of the material, not specifically related to dehydration are likely to be significant in the 

determination of geopolymer thermal shrinkage at high temperature. 
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Figure  10.1 Thermal shrinkage of Na-geopolymers with Si/Al ratios of: (a) 1.15, (b) 1.40, (c) 1.65, (d) 

1.90 and (e) 2.15.  
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Small increases in temperature above ambient result  in all geopolymer specimens in 

the current work exhibiting significant weight loss and only nominal shrinkage, which 

correlates with previous observations (Rahier et al., 1996b; Barbosa et al., 2000; 

Barbosa and MacKenzie, 2003b). It can be seen from comparison of specimens with 

different Si/Al in Figure 10.1, that there is a compositional dependence of the onset 

temperature of initial shrinkage and the rate of weight loss. Both the rate of weight loss 

and the onset temperature of shrinkage decrease with increasing specimen Si/Al. The 

large fraction of weight loss observed below 300˚C is presumably due to the loss of 

evaporable water from large pores. As such, the porosity and pore distribution is likely 

to play a role in determining the rate of dehydration of the specimens in Figure 10.2b. 

Hydrous silicate gels formed by the sol-gel method exhibit gradual shrinkage once 

exposed to temperatures above ambient, in the order of a few percent by 200˚C in 

constant heating rate experiments (Brinker et al., 1985). The shrinkage is 

accompanied by a much lower fraction of dehydration, and is attributed to the increase 

in surface area due to desorption of water. Geopolymers are synthesised as monoliths, 

where water required in synthesis is distributed in the final diphasic structure (ie. gel 

and water). Therefore, geopolymers contain a relatively large amount of water 

available for evaporation in large pores, which would not result in capillary strain. This 

may account for the low temperature region of dimensional stability, despite the large 

amount of weight loss routinely observed in dilatometric investigations (Rahier et al., 

1996b; Barbosa et al., 2000; Barbosa and MacKenzie, 2003b). Once the freely 

evaporable water is removed from pores, the gel structure should be subjected to 

increases in surface area as water is liberated from the surface of the gel and small 

pores resulting in shrinkage as observed (Figure 10.1).  The gel contraction in this 

temperature region may be correlated with the reduction in surface area of specimens 

discussed later in this article. 

It can be observed in Figure 10.1 that the temperature of initial shrinkage increases 

with Si/Al < 1.65. Specimens with Si/Al ≥ 1.65 exhibit similar onset temperatures of 

shrinkage. In Chapter 7 it was shown that the mechanical properties of Na-

geopolymers rapidly improve for 1.15 ≤ Si/Al ≤ 1.65. It was observed that the Young’s 

modulus of Na-geopolymer increased from approximately 2.3 GPa for Na1.15 to 5.1 

GPa for Na1.65 and was similar in specimens with Si/Al ≥ 1.65. The large increase in 

Young’s modulus with increasing Si/Al would provide specimens of higher Si/Al with 

greater rigidity to resist the capillary strain forces developed during dehydration and 

may account for the additional dimensional stability of Na-geopolymers with Si/Al ≥ 
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1.65 in Figure 10.1. The increase in the temperature of initial shrinkage observed in 

Na-geopolymers with 1.15 ≤ Si/Al ≤ 1.65, with similar onset temperatures exhibited by 

specimens with Si/Al ≥ 1.65 supports this reasoning. 
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Figure  10.2 Percentage weight loss of geopolymers with Si/Al ratios of 1.15, 1.40, 1.65, 1.90 and 
2.15. (a) Ambient to 1000˚C, (b) Ambient to 400˚C. 

After the initial period of dimensional stability, Na-geopolymers exhibit an onset of 

rapid shrinkage between approximately 100˚C to 300˚C (Figure 10.1). The mechanical 



Chapter 10 

 223

properties of Na-geopolymers have been observed to vary substantially with Si/Al, 

which may explain the amount of thermal shrinkage observed in specimens after 

heating to 300˚C in Figure 10.1 (Rahier et al., 1996b; Barbosa and MacKenzie, 

2003b). The amount of thermal shrinkage decreases for 1.15 ≤ Si/Al ≤ 1.65, with 

specimens with Si/Al ≥ 1.65 exhibiting a similar extent of shrinkage. This trend is 

similar to that observed in the Young’s moduli of Na-geopolymers of analogous 

composition. A similar extent of shrinkage up to 300˚C has previously been observed 

by Barbosa and MacKenzie (2003b), who described the magnitude of the shrinkage as 

small, although it accounted for up to one third of all shrinkage observed in their 

investigations throughout heating to 1000˚C. Rahier et al. (1996b) attributed shrinkage 

observed below 300˚C to dehydroxylation. However, dehydroxylation generally occurs 

at temperatures well in excess of 250˚C. Therefore, evaporation of free pore water is 

more likely to account for the bulk of weight loss at these lower temperatures. The 

mechanism responsible for the thermal shrinkage observed up to 300˚C is discussed 

in more detail later in this article. 
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Figure  10.3 DTA thermograms of geopolymers with Si/Al ratios of: (a) 1.15, (b) 1.40, (c) 1.65, (d) 
1.90, and (e) 2.15. 

Figure 10.3 shows the DTA thermograms of Na-geopolymer with 1.15 ≤ Si/Al ≤ 2.15. It 

can be observed that there are two characteristic features of the thermograms; (1) a 

large endotherm at low temperature (up to 350˚C) and (2) a period of almost zero 

gradient. The exothermic peak observed only in the Na1.15 specimen at approximately 
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700˚C is typical of collapse of zeolitic frameworks. Faujasite has been observed in 

small amounts in the Na1.15 specimen in Chapter 8, which accounts for this 

exothermic peak. The endotherm observed in the thermogram of Na1.15 is broad and 

extends from ambient to 350˚C. As the Si/Al ratio of specimens increases, the upper 

bound of the endotherms decreases, and a distinct minimum of greater intensity can 

be observed to develop at approximately 120˚C (Figure 10.3e). The narrowing of the 

temperature range of dehydration in combination with the appearance of a distinct 

minimum in the dehydration endotherm with increasing Si/Al implies that a greater 

proportion of water is evaporated over a more narrow temperature band, which is 

confirmed by the cumulative weight loss data in Figure 10.2.  

The increased rate of water loss observed as the Si/Al ratio of specimens increases 

suggests a change in the structure of the material resulting in different characteristics 

of dehydration (Figure 10.2b). Although it has been observed in Chapter 7 that the 

pore size in Na-geopolymers decreases with increasing Si/Al ratio, it is apparent that 

the evaporation of free water in geopolymers is not restricted by pore size. In fact, the 

greater temperature span of the endotherm in Figure 10.3 suggests that Na-

geopolymers with low Si/Al (ie. Na1.15 and Na1.40) contain water that is more tightly 

bound within the gel. The low Si/Al specimens have been shown to contain zeolitic 

‘phase’ in Chapter 8 and elsewhere (Barrer and Mainwaring, 1972b), which tightly 

incorporate water into their cage-like structure.  Therefore, the higher temperature 

range of dehydration observed in these specimens may be understood. Furthermore, 

in the order of 80% of all weight loss is observed below a temperature of 300˚C (Figure 

10.2b), suggesting that the bulk of water in the structure of geopolymeric materials is 

present as freely evaporable water, with the remainder likely to be present as tightly 

adsorbed water in small pores or hydroxyl groups on the surface of the gel. Hydroxyl 

groups are slowly eliminated over a wide temperature region and are therefore unlikely 

to be observed in DTA thermograms. Therefore, the temperature at which the 

endotherm observed in the DTA thermogram ends punctuates the end of dehydration. 

From a temperature of approximately 300˚C until the onset of rapid shrinkage at 

approximately 600-750˚C, geopolymers undergo a region characterised by slow 

concurrent shrinkage (Figure 10.1) and weight loss (Figure 10.2a). Loss of weight from 

specimens is observed to last until approximately 750˚C for specimens with Si/Al ≤ 

1.40 and approximately 700˚C for specimens with Si/Al ≥ 1.65. Weight loss in this 

region is characteristic of elimination of water by condensation of silanol or aluminol 
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groups on the surface of the geopolymeric gel, according to the following generalised 

exothermic reaction: 

≡−+−≡ THOOHT   →  OHTOT 2+≡−−≡             Equation 10.1 

where T is Al or Si. The reaction of two hydroxyl groups results in the joining of two 

surface groups to form part of the aluminosilicate network. Dehydroxylation is therefore 

limited by several factors including the physical arrangement and dislocation of the 

hydroxyl groups and their reactivity. The exothermicity of Equation 10.1 is determined 

mainly by the T atoms (Catlow et al., 1996) and to a lesser degree the bond angle of 

the new linkage (Brinker and Scherer, 1990). Therefore, the exothermicity of 

dehydroxylation is ranked (Si + Al) > (Si + Si) > (Al + Al). Similar to the distribution of 

silicon and aluminium in geopolymer gel described in Chapters 5 and 6, the distribution 

of silanol and aluminol groups on the surface of the gel will be determined by the 

nominal Si/Al of the specimen. Hence, the energy released from dehydroxylation will 

increase with decreasing Si/Al, as the proportion of aluminol groups increases. 

Therefore, the increased temperature span of dehydroxylation of Na-geopolymer as 

the Si/Al decreases may be understood. Furthermore, the slight thermal shrinkage as 

observed in Figure 10.1 is expected during dehydroxylation from the physical 

contraction of the gel resulting from the creation of T-O-T linkages. Though the rate of 

shrinkage and weight loss in this region appear similar in all specimens (Figures 10.1 

and 10.2), the duration of shrinkage characteristic of dehydroxylation can clearly be 

observed to increase with decreasing Si/Al in Figure 10.1, confirming that the different 

ordering of silicon and aluminium in Na-geopolymers is important in determining the 

thermal properties. 
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Figure  10.4 BET surface area of Na-geopolymer annealed for two hours between ambient and 
1000˚C with Si/Al ratios of (▲) 1.15, (■) 1.40, (□) 1.65, (♦) 1.90, and (◊) 2.15. 

Figure 10.4 shows the BET surface area of Na-geopolymers in the current work, with 

corresponding pore volume values presented in Figure 10.5. Although the pore volume 

of geopolymers is shown to decrease with increasing Si/Al (Figure 10.5), it can be 

observed that the surface area of the gel accessible to nitrogen does not follow the 

same simple relation at ambient conditions. Though the pore volume may be predicted 

from consideration of solution chemistry, as discussed in Chapter 7, distribution of 

pore volume that determines the pore surface area is more complex, and is largely 

governed by the average pore size. Thus, the appearance of highly porous and 

accessible zeolite (faujasite) in the Na1.15 specimen accounts for its high BET surface 

area (Figure 10.4). The reduction in pore size that has been observed between Na1.40 

and 1.65 in Chapter 7 is reflected in the increase in BET surface area (Figure 10.4). At 

Si/Al ≥ 1.65 the BET surface area is observed to decrease progressively, which is a 

result of pore volume (Figure 10.5) being incorporated into the gel as pores too small 

to measure by nitrogen absorption. The reduction of accessible porosity in high Si/Al 

specimens (Figure 10.5) results in the decrease in skeletal density in these specimens, 

which was presented in Chapter 7. The small increases in the pore volume generally 

recorded at 100˚C (Figure 10.5) imply that mild heating evaporates free pore water, 

which leads to an increase in the overall pore volume of all specimens. Between 

ambient and 100˚C a decrease in BET surface area is observed (Figure 10.4), 
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suggesting a decrease in gel surface area from capillary strain induced contraction in 

the pore structure. This would explain the overall thermal contraction in this 

temperature region. Therefore, the increase of contraction with decrease in Si/Al 

observed in this region (Figure 10.1) is likely to be a result of the higher weight 

percentage of water in the low Si/Al specimens, given that the nominal composition is 

based on a constant stoichiometric quantity of water. By 300˚C it is apparent that the 

faujasite present in Na1.15 has collapsed, due to the greatly reduced surface area. In 

the temperature region of concurrent shrinkage and weight loss (300˚C to 600˚C), the 

BET surface area of all specimens is observed to decrease at a slow rate, supporting 

the constant surface area reduction driven by dehydroxylation. 
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Figure  10.5 Pore volume of Na-geopolymer annealed for two hours between ambient and 1000˚C 
with Si/Al ratios of (▲) 1.15, (■) 1.40, (□) 1.65, (♦) 1.90, and (◊) 2.15. 

High rates of shrinkage with little or no appreciable weight loss, also known as 

densification or sintering are observed in Na-geopolymers with Si/Al ≥ 1.40 (Figure 

10.1). Although the Na1.15 specimen does not undergo densification to the same or 

similar extent as higher Si/Al specimens, it does exhibit continual shrinkage above 

750˚C, where no loss of weight is recorded (Figure 10.2) similar to all other specimens. 

Therefore, some level of densification may be occurring in this specimen, albeit on a 

much smaller magnitude than higher Si/Al specimens. In contrast to shrinkage 

resulting from dehydroxylation observed from 300˚C, the onset temperature and extent 
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of densification observed in Na-geopolymer change greatly with Si/Al, suggesting 

composition and gel structure play a role in determining the onset temperature of 

densification.  

The derivative of dilatometric data in Figure 10.1 provides for a more sensitive 

determination of the onset and duration of shrinkage events, as presented in Figure 

10.6. It can be more clearly observed that the onset temperature of the initial region of 

shrinkage between 100˚C and 300˚C increases with Si/Al. Also the onset temperature 

of densification can be observed to increase with decreasing Si/Al from 610˚C for both 

Na2.15 and 1.90, to 700˚C for Na1.65, 750˚C for Na1.40 and 870˚C for Na1.15. In 

addition to the onset temperature of densification decreasing with increasing Si/Al, the 

temperature region spanning densification can be observed to also increase with Si/Al 

(Figure 10.6), as well as the distinct appearance of two partially overlapping peaks of 

densification in specimens with Si/Al ≥ 1.65. The increased width of the densification 

region corresponds with the increase in total densification observed with increasing 

Si/Al (Figure 10.1). However, the appearance of two peaks during the densification of 

geopolymers with Si/Al ≥ 1.65 in Figure 10.6 may be the result of either two separate 

densification events or the supposition of an expansion event, such as crystallisation, 

onto a broad densification. Before these questions may be understood, the mechanism 

of densification must be elucidated.  

The onset temperature of densification is generally related to the glass transition 

temperature, Tg, which is one measure of the energy required to break and re-form 

covalent bonds within the geopolymeric gel (Brinker and Scherer, 1990). This signifies 

an increase in mobility of the matrix, ie., a significant decrease in viscosity resulting in 

the softening of the material. In sodium aluminosilicates where Al/Na is unity, the 

composition and temperature dependence of viscosity would prescribe that the Tg of 

Na-geopolymers in the current work should slightly increase with Si/Al ratio, as the 

strength of Al-O bonds is weaker than Si-O in the presence of sodium (Catlow et al., 

1996). However, it is known from Chapter 4 that the amount of unreacted material in 

Na-geopolymers increases with Si/Al ratio, which has the effect of reducing the Al/Na 

ratio in the gel. Therefore, the Al/Na ratio of the gel would be expected to decrease 

with increase in the Si/Al of the specimen. Al/Na ratios below unity have the effect of 

lowering the viscosity of aluminosilicates (Catlow et al., 1996), which would explain the 

decrease in the onset temperature of densification with increasing Si/Al (Figure 10.6). 
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Figure  10.6 Differential linear shrinkage measured for Na-geopolymers with Si/Al ratios of (a) 1.15, 
(b) 1.40, (c) 1.65 and (d) 1.90 and (e) 2.15. Dotted lines are used to guide the eye. 

The decrease in densification temperature is not directly observable from surface area 

(Figure 10.4) or pore volume (Figure 10.5) measurements on specimens annealed at 

high temperatures due to their low resolution with respect to temperature. However, 

large decreases in the surface area and pore volume are observed for all specimens at 

temperatures > 700˚C, corresponding to the onset of densification in Figure 10.1. At 

temperatures > 800˚C all specimens exhibit negligible pore volume or surface area, 

implying that the material has either fully densified, or that the specimens’ porosity has 

become inaccessible. The densification of geopolymer gel may be determined by 

calculation of the skeletal density. Skeletal density is the density of the gel that is 

inaccessible to nitrogen in determining adsorption isotherms, and has been shown to 

decrease with increasing Si/Al of Na-geopolymer in Chapter 7. Skeletal density can be 

evaluated according to the following relation: 

skeletonnominal

11
ρρ

−=pV                Equation 10.2 

where Vp is the pore volume, ρnominal
 is the nominal density and ρskeleton is the skeletal 

density. The skeletal density of geopolymeric materials is a measure of the density of 

the skeletal framework of the gel itself, as opposed to the nominal density of the 

monolith, which is an averaged density of gel and pores. Since the skeletal density of 

the gel decreases with increasing Si/Al, the internal surface area of the gel increases, 

which increases the driving force for densification by providing a large free surface 
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energy (Scherer et al., 1985). As densification involves reduction in framework surface 

area, the extent and rate of densification should also be dependent on the physical 

and chemical structure of the gel. Therefore, the increased duration and extent of 

densification is also likely to be linked to the skeletal densities of specimens in the 

current work. 

The nominal density of specimens required for the calculation of skeletal density, 

obtained by annealing of cylindrical specimens for two hours, is presented in Figure 

10.7. It can be observed that the nominal density of specimens increases in similar 

temperature regions and magnitudes correspond to the linear shrinkage observed in 

Figure 10.1. However, a clear trend in the increasing density of specimens with 

increasing Si/Al after heating to 1000˚C is also evident, implying that the extent of 

densification increases with Si/Al, as predicted from consideration of the free energy 

driving force for skeletal densification. 
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Figure  10.7 Nominal density of Na-geopolymer with Si/Al ratios of (▲) 1.15, (■) 1.40, (□) 1.65, (♦) 
1.90, and (◊) 2.15. 

The calculated skeletal densities from the pore volume (Figure 10.5) and nominal 

densities (Figure 10.7) are presented in Figure 10.8. It can be observed that the 

skeletal density of Na-geopolymer increases rapidly in all specimens during the initial 

region of shrinkage between 100˚C and 300˚C, corresponding with capillary 

contraction of the gel in this temperature region. Furthermore, the slight increase of the 
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skeletal density during dehydroxylation between 300˚C and 600˚C is expected. 

However, the calculated skeletal densities of Na-geopolymers at temperatures > 

600˚C appear to be adversely affected by the pore volume measurements in Figure 

10.5. In particular the values for specimens with Si/Al ≤ 1.65 are observed to reduce 

below realistic values, which suggest that the massive reduction in pore volume and 

surface in Figures 10.4 and 10.5 may be the result of viscous flow and sintering of the 

gel. Viscous flow is consistent with the mechanism and order of densification observed 

in Figure 10.1, and has been widely observed in silicate gels (Brinker and Scherer, 

1990). Viscous flow would result in porosity being inaccessible to measurement by 

adsorption. Hence, the skeletal densities calculated in Figure 10.8 would appear to be 

artificially reduced. The skeletal density of specimens with Si/Al ≤ 1.90 exhibits 

behaviour typically observed during sintering, where the density increases as a result 

of skeletal densification. However, these values are also likely to be low, given the 

negligible pore volume measurements for these specimens at temperatures > 800˚C. 

Therefore, the skeletal density values in Figure 10.8 should not be adopted as 

absolute measures of the skeletal density of the gel. Rather, skeletal density shown in 

Figure 10.8 provides an indication that porosity in geopolymers does not remain 

accessible after densification. This suggests that the gel may undergo localised 

viscous sintering, which creates isolated porosity as opposed to a fully densified glass, 

and would account for the reduction in pore volume to zero in Figure 10.5 after the 

onset temperature of densification.  

The gel densification process is well known to be kinetically limited and several 

processes contribute to the overall densification at high temperature (Brinker et al., 

1985). Therefore, the rate of constant heating in dilatometric experiments should have 

a large effect on the densification process, including the extent of densification. Figure 

10.9 shows the linear shrinkage of Na1.65 for heating rates of 1, 2, 5, 10 and 20˚C 

min-1. The Na1.65 specimen was chosen as it exhibits a significant degree of 

densification. 
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Figure  10.8 Skeletal density of Na-geopolymer with Si/Al ratios of (▲) 1.15, (■) 1.40, (□) 1.65, (♦) 
1.90, and (◊) 2.15. 
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Figure  10.9 Linear shrinkage of Na-geopolymer with Si/Al ratio of 1.65 measured at heating rates of 
1˚Cmin-1, 2˚Cmin-1,5˚Cmin-1, 10˚Cmin-1, and 20˚Cmin-1. The arrow indicates increasing constant 
heating rate. 

It can be observed that the temperature of initial shrinkage is reduced by reduction in 

constant heating rate, and the onset temperature of densification appears to be similar 
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despite alteration of heating rate. However, there is no obvious trend linking constant 

heating rate to the extent of shrinkage observed at 1000˚C, implying that thermal 

shrinkage of Na-geopolymer is both increased and decreased by changes in constant 

heating rate at different temperature regions. Figure 10.10 shows the weight loss of 

Na1.65 subjected to increasing constant heating rates. It can be observed that slow 

heating rates result in greater loss of water with respect to temperature. The different 

rate of water loss becomes pronounced below 300˚C, with the difference in mass loss 

at 300˚C approximately maintained through to 1000˚C. As discussed earlier, water loss 

below 300˚C is predominantly from freely evaporable water. Slow constant heating 

rates would therefore be expected to result in faster evaporation with respect to 

temperature on a purely kinetic basis. The similarity of the 1˚Cmin-1 and 2˚Cmin-1 

weight loss curves up to 300˚C implies that weight loss during evaporation is not 

limited below 2˚Cmin-1, which is reasonable. The ultimate weight loss of specimens 

can be observed to increase with decreasing constant heating rate (Figure 10.10), 

suggesting that the rate of weight loss may be influenced by diffusion limited 

evaporation and kinetics of dehydroxylation from 300˚C until approximately 600˚C, 

where weight loss is halted. The effect of heating rate on weight loss decreases at the 

high heating rates, with the weight loss observed in Na1.65 specimens heated at rates 

of 10˚Cmin-1 and 20˚Cmin-1 being almost identical. The reduction in the effect of 

heating rate on weight loss at high rates implies that diffusion is not limiting weight 

loss, and that the process is limited somehow at higher heating rates, most likely by 

the physical dislocation of hydroxyl groups during dehydroxylation. The end of weight 

loss above the densification temperature may be a result of viscous sintering isolating 

condensed water from escape, and would result in the production of partially hydrous 

specimens, with implication discussed below. 
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Figure  10.10 Weight loss of Na-geopolymer with Si/Al ratio of 1.65 measured at heating rates of 
1˚Cmin-1, 2˚Cmin-1,5˚Cmin-1, 10˚Cmin-1, and 20˚Cmin-1. The arrow indicates increasing constant 
heating rate. 

From Figures 10.9 and 10.10 it is clear that there are four characteristic regions of 

geopolymer thermal shrinkage; Region I involves loss of freely evaporable water with 

only nominal shrinkage; Region II is delineated by the onset of initial shrinkage and the 

continued significant loss of weight; Region III is characterised by gradual loss of both 

weight and thermal shrinkage and; Region IV involves densification and sintering and 

is characterised by rapid thermal shrinkage and only nominal weight loss. These 

characteristics are observed in the thermal shrinkage and weight loss of the other Na-

geopolymers in the current work (Figure 10.1) and also in previous investigations 

(Rahier et al., 1996b; Barbosa et al., 2000; Barbosa and MacKenzie, 2003b), and 

appear to be characteristic of all Na-geopolymers.  
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Figure  10.11 Linear shrinkage of Na-geopolymer subjected to different heating rates in (♦) Regions 

I & II (≤ 350˚C), (■) Region III (350˚C to 700˚C) and (▲) Region IV (700˚C to 1000˚C).  

Figure 10.11 shows the degree of linear shrinkage observed in the different 

characteristic regions proposed for Na1.65 subjected to different constant heating 

rates. Regions I and II are amalgamated for simplicity, and represent shrinkage up to 

approximately 350˚C, with Region III representing shrinkage between 350˚C and 

700˚C, and Region IV incorporates all shrinkage above 700˚C. As can be observed in 

Figure 11, the amount of shrinkage in Regions I and II decreases slightly with 

increased heating rate as is also observed readily in Figure 10.9, and thermal 

shrinkage in Region III is independent of heating rate. However, thermal shrinkage 

observed in Region IV during densification increases considerably with increased 

heating rate. The increased weight loss with respect to temperature of Na1.65 in 

Regions I and II with decreasing constant heating rate corresponds with increasing 

shrinkage observed in Figure 10.9. The independence of thermal shrinkage in Region 

III from heating rate implies that shrinkage in this region is not kinetically limited and is 

a function of temperature alone, which is consistent with dehydroxylation being 

thermodynamically driven by Si/Al. The increase in the extent of densification with 

increasing constant heating rate in Region IV suggests that densification may be 

affected by an increased presence of water in the structure observed in Figure 10.10. 

The amount of water in the structure prior to densification reduces the activation 

energy for viscous flow (Brinker and Scherer, 1990). Hence, it is reasonable to suggest 
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that the increase in the extent of densification observed in Figure 10.11 may be a 

result of increased levels of water in the specimen. 

0 200 400 600 800 1000
Temperature (˚C)

δ(
∆

L/
L

0)
/δ

T 

(a)

(b)

(c)

(d)

(e)

 

Figure  10.12 Differential linear shrinkage of Na-geopolymer with Si/Al ratio of 1.65 measured at 
constant heating rates of (a) 1˚Cmin-1, (b) 2˚Cmin-1, (c) 5˚Cmin-1, (d) 10˚Cmin-1, and (e) 20˚Cmin-1. 

Figure 10.12 introduces the derivative of the dilatometric data for Na1.65 subjected to 

differing constant heating rates in Figure 10.9. It can be observed that the onset 

temperature of the shrinkage at the beginning of Region II is unchanged, but that the 

temperature at the maximum rate of shrinkage is increased by almost 100˚C with 

increased heating rate. Although the rate of shrinkage with respect to temperature is 

initially higher for low heating rates, the overall temperature span of Region II is similar 

for all heating rates. The rate of shrinkage in Region III is identical for all heating rates. 

The onset temperature of Region IV is not affected by heating rate. However, unlike 

Region II the temperature range of Region IV is substantially increased, from 

approximately 150˚C for the heating rate of 1˚C/min up to 300˚C for the heating rate of 

20˚C/min. Though the extent of shrinkage observed in Region IV is observed to 

increase with increasing heating rate (Figure 10.11), the increase in temperature span 

of Region IV with increasing constant heating rate implies that the densification 

process is kinetically limited to some degree. If the degree of densification is affected 

by water content, then differences in the viscosity of Na1.65 would be expected 
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throughout Region IV as a function of constant heating rate, and may itself also 

significantly influence the rate of shrinkage.  

Significantly, two distinct regions of shrinkage can be observed in all of the differential 

shrinkage data in Figure 10.12, though the separation of the two shrinkage events 

increases with the heating rate. The two peaks that appear during the densification of 

the same specimen occur at increased temperatures as the heating rate increases, 

suggesting that the second event is dependent on the first, and is not determined by 

temperature. Therefore, appearance of two peaks during densification may imply a 

cascading densification event, or that densification leads to crystallisation. Though no 

significant crystallisation has been observed in geopolymers synthesised from 

metakaolin heated in excess of 1000˚C in previous investigations (Barbosa and 

MacKenzie, 2003b), there is evidence to suggest that a more thorough investigation of 

the possibility of crystallisation of Na-geopolymers should be conducted, particularly 

given the appearance of a small exotherm consistent with crystallisation in the DTA 

thermogram of Figure 10.3.  

10.3 Summary 
The thermal densification and weight loss of Na-geopolymers with 1.15 ≤ Si/Al ratio ≤ 

2.15 have been investigated in this chapter. In general, the final extent of shrinkage 

and nominal density observed after heating to 1000˚C increase with Si/Al. Despite 

large differences in the overall extent of shrinkage and densification temperature, the 

weight loss observed in Na-geopolymers with different Si/Al is similar, implying that 

differences in thermal shrinkage are a result of the gel structure. However, the thermal 

shrinkage and weight loss of all specimens in this chapter can be categorised into four 

characteristic regions: Region I involves loss of freely evaporable water with only 

nominal shrinkage; Region II is delineated by the onset of initial shrinkage and the 

continued rapid loss of weight; Region III is characterised by gradual loss of both 

weight and thermal shrinkage and; Region IV involves densification by viscous 

sintering and is characterised by rapid thermal shrinkage and only nominal weight loss.  

The onset temperature of thermal shrinkage at the beginning of Region II was found to 

relate closely to the published Young’s moduli of Na-geopolymers. The mechanism of 

shrinkage is thought to be capillary shrinkage from evaporation of free water, with the 

extent of shrinkage in Region II increasing with water content (decreasing Si/Al). The 

rate of shrinkage in Region III was observed to be similar in all specimens, regardless 
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of Si/Al. However, the temperature span of Region III was found to be related to Si/Al 

via dehydroxylation. The high temperature required for condensation of aluminol 

groups is thought to increase the temperature required for complete dehydroxylation in 

specimens with low Si/Al.  

The onset temperature of densification in Region IV decreased with increasing Si/Al, 

due to incomplete incorporation of aluminium from metakaolin providing free sodium 

cations, which reduce the Tg of aluminosilicates. Unfortunately, calculation of the 

skeletal density of geopolymer was observed to be an unreliable method for following 

the extent of gel densification, but points to the mechanism of densification in Region 

IV being viscous sintering. 

Constant heating rate analysis elucidated that the total fraction of thermal shrinkage of 

Na-geopolymer up to 1000˚C is not obviously related to heating rate. The extent of 

thermal shrinkage observed at temperatures in Region II was observed to increase 

with heating rate, while densification of Na-geopolymer in Region IV increases with 

increased heating rate. The increase in densification with heating rate is thought to be 

a result of water being unable to diffuse out of the structure at high heating rates and 

becoming incorporated into the gel as a hydrous aluminosilicate. Water in the gel 

lowers the energy barrier to densification and increases the degree of viscous 

densification observed. 

This chapter shows the physical effects of thermal exposure of geopolymers with 

varied nominal Si/Al ratio. The changes in structure of the geopolymers discussed in 

this chapter are explored in Chapter 11. 
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Chapter 11  
Evolution of gel structure during thermal 
processing of Na-geopolymer gels 

 
This chapter is based on the publication of the same name submitted to Langmuir on 

11th Feb 2006. 
 

In chapter 10, the physical structure of geopolymers with varied nominal Si/Al ratio is 

explored. This chapter examines how the gel structure and phase composition of Na-

geopolymers derived from metakaolin with varied Si/Al ratio evolve with exposure to 

temperatures up to 1000˚C. Gels were thermally treated and characterised using 

quantitative XRD, DTA and FTIR to elucidate the changes in gel structure, phase 

composition and porosity at each stage of heating. It is found that the phase stability, 

defined by the amount and onset temperature of crystallisation, is improved at higher 

Si/Al ratios. Two different mechanisms of densification have been isolated by FTIR, 

related to viscous flow and collapse of the highly distributed pore network in the gel. 

Gels with low Si/Al ratio only experience viscous flow that correlates with low thermal 

shrinkage. Gels at higher Si/Al ratio, which have a homogeneous microstructure 

comprised of a highly distributed porosity, undergo both densification processes 

corresponding to a large extent of thermal shrinkage during densification. This chapter 

elucidates the intimate relationship between gel microstructure, chemistry and thermal 

evolution of Na-geopolymer gels, which is critical in characterising and developing 

geopolymers for use in high temperature applications. 

11.1 Introduction 
Although phase equilibria (Schairer and Bowen, 1956) and zeolite formation (Rees and 

Chandrasekhar, 1993) in the system Na2O-Al2O3-SiO2-H2O have been extensively 

studied, the thermal stability of amorphous synthetic materials within this system has 

been less rigorously investigated. Geopolymer gels constitute a broad class of 

materials that range from crystalline to appearing fully amorphous to X-ray diffraction 

(XRD). The effects of Si/Al ratio on the thermal shrinkage of geopolymers have been 

investigated previously in Chapter 10. It was shown that the thermal shrinkage of the 
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gels was observed to increase with Si/Al up to a point, which was closely related to the 

microstructure. Gels with high Si/Al ratio exhibited complex densification behaviour, 

which is currently poorly understood. 

The systematic investigation of the thermal shrinkage and weight loss of Na-

geopolymers derived from metakaolin in Chapter 10 identified significant differences in 

the response of the material to thermal exposure based on composition and absolute 

temperature. Gels with high silica content (Si/Al ≥ 1.65) were observed to experience a 

convoluted densification region during viscous flow, while those of lower Si/Al ratio 

experience what appeared to be a single densification event. The change in the 

densification process and the extent of densification with alkali cation type (sodium and 

potassium) and Si/Al ratio observed in the previous work was not investigated from a 

structural perspective. 

The structure of geopolymeric gels derived from metakaolin is reasonably well 

understood from NMR investigations in Chapters 4 to 6 and also from a 

thermodynamic point of view by Provis et al. (2005b) and in Chapter 6. Though not 

specifically applied to geopolymers derived from metakaolin, FTIR has also been 

successfully applied to characterise the structure of geopolymers and development of 

structure during reaction, albeit with less specific structural information (Palomo et al., 

1999b; Lee and van Deventer, 2003). Despite the understanding of as-cured 

geopolymer structure being reasonably advanced, there has been only minimal 

investigation of the structure and structural evolution of geopolymer gels during 

thermal exposure. Rahier et al. (1996b) published the first dilatometric and 

thermogravimetric analyses of geopolymer gels, though this work was focused more 

on reaction mechanisms than solely on high temperature structural characterisation. 

Investigation of thermal evolution by Barbosa and MacKenzie (2003b) of one Na-

specimen with Si/Al ratio of 2 was conducted utilising XRD, FTIR, dilatometry (TMA), 

thermogravimetry (TGA) and differential thermal analysis (DTA). Despite the large 

array of experimental techniques applied to explore the thermal evolution of the Na-

specimen in the work by Barbosa and MacKenzie (2003b), there was little discussion 

of the thermal evolution of the gel structure of the specimen with regard to the large 

degree of observed macroscopic shrinkage and changes in porosity. More in depth 

investigation of K-specimens with Si/Al ratios of 1 and 3 has been conducted by 

Barbosa and MacKenzie (2003a), predominantly with aid of NMR and XRD. 

Crystallisation of both specimens was observed at high temperatures by XRD and 
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NMR, and it was noted that the higher Si/Al ratio specimen was more resilient to 

crystallisation (Barbosa and MacKenzie, 2003a). These studies in conjunction with a 

more systematic investigation of the shrinkage and porosity of geopolymers during 

thermal exposure in Chapter 10, indicate that the structures of geopolymer gels 

undergo substantial change during heating, which has not yet been isolated.  

This investigation will systematically explore the structural evolution of metakaolin 

derived Na-geopolymer gels exposed to elevated temperatures by use of quantitative 

XRD, DTA and FTIR techniques. The structural evolution of a systematic series of gels 

with nominal chemical composition ( ) O5.5HSiONaAlO 2z2 ⋅ , where 1.15 ≤ z ≤ 2.15, will 

be reported by the measurement of onset temperature and quantity of crystallisation 

observed. Structural evolution that cannot be identified by XRD, such as 

dehydroxylation, structural relaxation and collapse of the pore structure will be 

explored by FTIR analysis of gels subjected to different temperatures.  

11.2 Results and discussion 
Figure 11.1 shows the XRD diffractograms of Na-geopolymer gels with nominal 

composition ( ) O5.5HSiONaAlO 2z22 ⋅ , where 1.15 ≤ z ≤ 2.15. It can be observed that 

the specimen with the lowest Si/Al ratio contains faujasite (PDF 12-0246). The other 

specimens exhibit diffractograms typical of geopolymers and X-ray amorphous alkali 

aluminosilicates (Yang et al., 2000), with a hump centred at 28-30 degrees 2θ. The 

hump that is attributed to the short range ordering of X-ray amorphous metal oxides 

can be observed to shift to lower angles as the Si/Al of specimens increases, implying 

that the averaged d-spacing of the material increases. An increase in the average 

spacing of atoms in the gel with increasing Si/Al is consistent with observations in 

Chapter 7 that the density of a geopolymeric gel decreases with increasing Si/Al ratio. 

Small amounts of muscovite (PDF 46-0741) may be observed in the diffractograms of 

all specimens, which are remnants of the impurity in metakaolin. The appearance of a 

crystalline phase in low Si/Al geopolymers highlights the large variation in short range 

ordering of these materials, which is affected by variation in the solution chemistry 

during synthesis. It is thought that this will affect the structural evolution during heating 

and the thermal properties of the specimen significantly. 
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Figure  11.1 XRD diffractograms of Na-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65, (d) 

1.90 and (e) 2.15. 

The FTIR spectrum of the raw material metakaolin and the spectra of Na-geopolymers 

as-cured are presented in Figure 11.2. The main asymmetric stretching band of T-O-T 

(T is Si or Al) in metakaolin can be observed at 1150 cm-1, with peaks at 550 cm-1 and 

450 cm-1 correlating to rocking vibrations of randomly distributed [AlO4]- and [SiO4]-

tetradehra (Farmer, 1974). The main feature of the FTIR spectra of Na-geopolymers in 

Figure 11.2 is the main asymmetric stretching band of T-O-T linkages, which is 

observed to shift from 950 cm-1 to 980 cm-1 with increasing Si/Al ratio. The increase in 

the wavenumber of the main T-O-T peak is commonly observed with the increase of 

Si/Al ratio in aluminosilicates (Farmer, 1974). Decreases in the Si/Al ratio of minerals 

and amorphous aluminosilicates result in a shift of the peak position of the main T-O-T 

stretching peak to lower wavenumbers, due to the reduced force constant of Al-O 

bonds compared to Si-O (Milkey, 1960; Dimitrijevic et al., 2004). However, changes in 

characteristic d-spacing and bond angles of the framework also alter the frequency of 

FTIR peaks, and will affect the overall T-O-T peak position, though to a lesser degree.  
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Figure  11.2 FTIR spectra of (a) the raw material metakaolin, and Na-geopolymers with Si/Al ratios 

of (b) 1.15, (c) 1.40, (d) 1.65, (e) 1.90 and (f) 2.15. 

The Na1.15 specimen can be seen to exhibit more peaks than the other specimens, 

correlating with the greater degree of Al-Si ordering present in this specimen, as 

observed in the XRD diffractogram in Figure 11.1. The lack of intense peaks present in 

the spectra of Na-geopolymers at approximately 1150 cm-1 (ie. the main peak in 

metakaolin) indicates that metakaolin is largely consumed during curing. However, the 

extent of reaction appears to reduce with increasing Si/Al ratio, evidenced by the small 

increase in the intensity of absorption at approximately 1150 cm-1, correlating to the 

main asymmetric stretching band of T-O-T of the metakaolin (Farmer, 1974). The 

increase in the amount of unreacted material in geopolymers with increasing Si/Al ratio 

correlates with previous 27Al MAS NMR measurements in Chapter 4. The observations 

of changes in chemical ordering observed in Figures 11.1 and 11.2 broadly support the 

conclusions made from 29Si NMR investigation of analogous specimens in Chapter 5. 

The DTA thermograms and derivative thermograms of Na-geopolymer gels are 

presented in Figure 11.3. It can be clearly observed in Figure 11.3i that there is only 

one significant exothermic peak present in any of the thermograms of Na-

geopolymers, and this is observed in the Na1.15 specimen.  The crystal structure of 
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zeolites is known to break down at elevated temperatures (Bish and Carey, 2001). 

Usually, zeolite thermograms are observed to have two exothermic peaks, the first 

associated with the thermal collapse of the zeolite framework and then a second that is 

due to the recrystallisation of the amorphous material to a more thermodynamically 

stable phase (Barrer and Langley, 1958a). Only one peak is observable in the 

thermogram of the gel containing zeolite phase (Figure 11.3i), suggesting that the 

zeolite phase either breaks down at approximately 700˚C, or that the zeolite phase has 

degraded without an attributable exotherm by thermal analysis and the peak in the 

thermogram is a result of a bulk crystallisation. Small broad peaks can be observed in 

the thermograms of the Na1.40 and Na1.65 specimens at approximately 900˚C, with 

very little evidence of significant reactions observable in the high Si/Al ratio specimens. 

The onset and offset of these peaks are more clearly observed in the derivative 

thermograms in Figure 11.3ii. The small peaks in the thermograms in Figure 11.3i are 

clearly identified in Figure 11.3ii with onset at 750˚C and 900˚C respectively. The 

temperatures of these peaks coincide roughly with the region of densification for Na-

geopolymers observed in thermal shrinkage analysis in Chapter 10, suggesting that 

these peaks may be linked to thermally induced polycondensation and viscous 

sintering. However, the significance of these peaks is minor in comparison with the 

exothermic peak in the Na1.15 specimen. The magnitude of the exotherms in Figure 

11.3ii is observed to decrease with increasing Si/Al ratio, implying that the intensity of 

the events associated with their appearance reduces with increasing Si/Al. Since it is 

observed that the extent of densification increases with Si/Al ratio, the reduction in the 

intensity of the peaks observed in Figure 11.3 with increasing Si/Al ratio suggests that 

they are not associated with the densification mechanism. From DTA analysis, it would 

appear that only the specimen with Si/Al of 1.15 undergoes significant discrete 

thermally induced reactions.  
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Figure  11.3 (i) DTA thermograms and (ii) derivative thermograms of Na-geopolymers with Si/Al 

ratios of (a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90 and (e) 2.15. 

XRD diffractograms of Na-geopolymers thermally treated up to 1000˚C are presented 

in Figure 11.4. It can be observed that the amount of faujasite in the Na1.15 specimen 

(indicated by the peaks at 23.3, 26.7, 30.3, 31, 32, and 33.2˚2θ) decreases gradually 

with heating up to 500˚C (Figure 11.4a), where essentially all faujasite is destroyed. 

The appearance of nepheline (PDF 35-0424) can be observed in all diffractograms of 

Na1.15 after annealing at temperatures in excess of 650˚C, indicated by the strong 

diffraction peaks at 20.5, 21.7, 23.2, 27.2, 29.7, 31.0 and 34.8˚2θ. The appearance of 

nepheline at 650˚C correlates with the exothermic peak observed for this specimen in 
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the respective DTA thermogram at a similar temperature (Figure 11.3i). Nepheline is 

the thermodynamically favoured phase of all Na-geopolymers investigated in this 

chapter (Schairer and Bowen, 1956). Jadeite (NaAlSi2O6), which is compositionally 

closer to the higher Si/Al specimens is only stable at extremely high pressures and is 

not expected to form under conditions utilised in the current work (Schairer and 

Bowen, 1956). Therefore, it is of little surprise that nepheline is observed as the 

crystalline phase formed in all specimens at high temperature (Figure 11.4). However, 

the appearance of significant amounts of nepheline in all Na-specimens is in contrast 

to a previous investigation of Na-geopolymer (Barbosa and MacKenzie, 2003b). In the 

previous investigation the heating schedule and specimen preparation are poorly 

defined and make comparison and reconciliation of this discrepancy impossible. 

Nonetheless, it is apparent from comparison of the current work with the previous 

investigation that the importance of crystalline phase formation in geopolymeric gels 

lies not so much in the identification of phase formation, as that is determined by 

thermodynamics, but rather the onset temperature, rate and degree of crystallisation 

and the factors that drive these processes. 

Figures 11.4b-e show the XRD diffractograms for specimens with Si/Al ≥ 1.40 after 

thermal treatment. It can be observed that the specimens remain X-ray amorphous in 

excess of the temperature of that observed in the Na1.15 specimen (Figure 11.4a). 

There is a marked reduction in the intensity of the diffraction peaks in the specimen 

with Si/Al ratio of 1.40 after treatment at 700˚C (Figure 11.4b), compared to the Na1.15 

specimen (Figure 11.4a). Specimens with Si/Al ≥ 1.65 (Figures 11.4c-e) exhibit 

amorphous XRD diffractograms after exposure to 700˚C. The increase in resilience of 

the amorphous phase of Na-geopolymer to crystallisation with an increase in Si/Al is 

contrary to the trend observed in the thermal shrinkage of these specimens presented 

in Chapter 10, where the temperature of densification and sintering was observed to 

reduce by an increase in the Si/Al ratio. Therefore, it appears that phase stability and 

structural stability of Na-geopolymers are not implicitly linked. However, the reduction 

in the appearance of exothermic peaks in the DTA thermograms in Figure 11.3 may be 

indicative of the reduced extent and higher temperature of crystallisation observed in 

Figure 11.4. Therefore, it is apparent that at high Si/Al ratio Na-geopolymer densifies 

prior to crystallisation, while the opposite is true at low Si/Al ratio. Therefore, the link 

between the composition of geopolymer, the crystallisation temperature and 

densification needs to be more clearly understood. Further, the effects of impurities in 

the metakaolin can also affect crystallisation. 
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Figure  11.4 XRD diffractograms of Na-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65, (d) 

1.90 and (e) 2.15. Diffractograms collected on samples treated at ambient, and annealed for 2 
hours in 100˚C increments from Ambient to 500˚C, and 50˚C increments from 500˚C to 1000˚C. 
Lines next to figures indicate 100˚C increments. 

It can be observed that the intensities of diffraction peaks with respect to the 

amorphous background in specimens with Si/Al ≥ 1.90 reduces at temperatures 

approaching 1000˚C. This is indicative of a reduction in the crystalline content of these 

specimens. The reduction in the amount of nepheline at high temperature in high Si/Al 

ratio specimens may be indicative of incongruent melting of the crystalline phase in the 

amorphous phase, which is non-stoichiometric with respect to the nominal composition 

of the crystalline phase. The amount of crystalline phase and amorphous phase 

content in the thermally treated Na-geopolymers was determined by quantitative XRD 
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analysis using the Relative Intensity Ratio (RIR) method. The amounts of nepheline 

observed in thermally treated Na-geopolymer (at all Si/Al ratios) are presented in 

Figure 11.5. In Figure 11.5, the amount of nepheline can be observed to decrease as 

the Si/Al ratio increases, confirming the increase in the resilience of the amorphous 

phase to crystallisation stability observed visually by the XRD diffractograms in Figure 

11.4. The large exothermic peak observed in the DTA thermogram of the Na1.15 

specimen in Figure 11.3 correlates with the rapid increase in crystalline content in this 

specimen over the same temperature region. However, the Na1.40 specimen contains 

similar levels of crystalline content at 800˚C without the appearance of a large 

exotherm in the thermogram in Figure 11.3, implying that crystallisation may be rate 

limited. The crystalline content of specimens with Si/Al ratio ≤ 1.65 can be observed to 

increase up to 1000˚C.  

Specimens with Si/Al ratio ≥ 1.90 exhibit a decrease in the amount of crystalline 

content above 900˚C, which implies that amorphisation of the nepheline occurs at high 

temperature. In other investigations of Na-geopolymer with Si/Al ratio of 2, mullite 

( 232 2SiOOAl ⋅ ) was observed to form at high temperatures (Barbosa and MacKenzie, 

2003b; Schmucker and MacKenzie, 2005) and a unique mechanism of formation for 

this process was proposed. The formation of crystalline phases from geopolymer gel 

without the inclusion of alkali implies a low level of chemical homogeneity in the gel or 

significant amounts of unreacted metakaolin (which would form mullite at high 

temperature) (Bellotto et al., 1995), both of which are not observed in the current work 

and would be indicative of the thermal behaviour of unreacted phase rather than 

geopolymeric gel. Therefore, the mechanism proposed elsewhere will not be 

considered here to understand the phase relations in Figure 11.5. Therefore, the 

amorphisation of nepheline in specimens with high Si/Al ratio at high temperatures 

must be accounted for, with inclusion of the concurrent densifications of these 

materials (identified in Chapter 10) that also occurs in this temperature region.  
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Figure  11.5 The percentages of (■) faujasite and (♦) nepheline observed by quantitative XRD 

analysis in Na-geopolymers thermally treated up to 1000˚C with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 
1.65, (d) 1.90 and (e) 2.15.  
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Nepheline has a nominal Si/Al ratio of 1, which is significantly less than the 

stoichiometry of the specimens with high Si/Al ratio that exhibit a reduction in 

nepheline content above 800˚C. As jadeite does not form under ambient pressures it is 

impossible for stoichiometrically preferred phases with Si/Al ratio of 2 to form in high 

Si/Al Na-geopolymers. Therefore, formation of nepheline in high Si/Al Na-geopolymers 

also must result in the formation of an amorphous phase with a Si/Al ratio higher than 

the original nominal specimen. It is apparent from Figures 11.4 and 11.5 that at high 

temperatures the two-phase mixture of a high Si/Al ratio amorphous phase and a low 

Si/Al ratio crystalline phase is less stable than an amorphous phase of the original 

nominal Si/Al ratio. It has been shown in Chapter 10 that the shrinkage as a result of 

viscous sintering in the high Si/Al ratio Na-geopolymer specimens is larger than in the 

low Si/Al ratio specimens. Feldspars typically melt incongruently, so it is likely that the 

reduction in the amount of nepheline present in Na-geopolymer is due to the melting of 

nepheline and reabsorption into the amorphous phase.  

It was shown in Chapter 10 that Na-geopolymers with Si/Al ≥ 1.65 exhibit a convoluted 

densification during viscous sintering at high temperature, which appears to be 

comprised of two peaks from separate processes, the structural origin of which is not 

yet fully understood. The single step mechanism of densification observed in the 

Na1.40 specimen, that is present as presumably the first step in the more complex 

densification behaviour of Na-geopolymers with higher Si/Al ratios, is most likely due to 

viscous sintering. The second peak in densification during sintering was proposed in 

Chapter 10 to be a result of either expansion from crystallisation occurring during a 

wide densification region, or a two-step cascading densification process. The 

appearance of crystalline phase in all specimens in Figure 11.4, coupled with the 

temperature of crystallisation increasing with Si/Al ratio contrasts with the decreasing 

temperature of sintering in dilatometric studies. Furthermore, the convoluted 

densification process only appears in specimens of high Si/Al ratio despite 

crystallisation occurring in all specimens. This suggests that crystallisation does not 

have a large effect on the dilatometric curves of geopolymers compared to 

densification. Therefore, the convoluted densification of Na-geopolymers with high 

Si/Al ratios is likely to be due to two separate processes not linked to crystallisation, 

but more likely to be linked to the structural evolution of the remaining amorphous 

phase. Hence, XRD diffractograms cannot provide sufficient structural information to 

fully describe the structural evolution of geopolymers during heating, and must be 

supplemented by other techniques, such as FTIR. 
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Figure  11.6 FTIR spectra of Na-geopolymers with Si/Al ratios of (I) 1.15, (II) 1.40, (III) 1.65, (IV) 1.90 

and (V) 2.15. Spectra collected on samples treated at (a) ambient, and annealed for 2 hours in 
100˚C increments from (b) 100˚C to (e) 500˚C and 50˚C increments from (f) 550˚C to (p) 1000˚C. 

Although quantitative XRD provides critical information on the phase content of Na-

geopolymers at each temperature, it is apparent from dilatometric investigation in 

Chapter 10 that there are multiple processes occurring to the structure of the material 

throughout heating to 1000˚C, including capillary shrinkage, dehydration, 

dehydroxylation, structural relaxation, viscous sintering and structural densification. 

FTIR spectra of Na-geopolymers after thermal exposure are presented in Figure 11.6. 
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It can be observed that the peaks identified in the FTIR spectrum of Na1.15 in Figure 

11.2 (ie. at 450cm-1, 583cm-1, 670cm-1, 748cm-1, 950cm-1, 1014cm-1, and 1080cm-1), 

corresponding to faujasite, reduce in intensity with heating, which correlates with XRD 

diffractograms in Figure 11.4a. Peaks in the FTIR spectra at 470 cm-1 and 514 cm-1, 

700 cm-1 and 1085 cm-1 can be observed to appear at temperatures above 650˚C in 

the Na1.15 specimen. These correspond to the rocking vibrations of SiO4 and AlO4, 

and the bending and stretching vibrations of T-O-T linkages in nepheline, respectively 

(Farmer, 1974; Markovic et al., 2003). 

Furthermore, it can be clearly observed that a peak at 700 cm-1 emerges in the 

spectrum of the Na1.15 specimen exposed to 650˚C, and correlates with XRD in 

Figure 11.4a. Peaks at 470 cm-1, 514 cm-1 and 700 cm-1, as well as a shoulder at 1085 

cm-1 in the FTIR spectra of the Na1.15 specimen can be observed to increase in 

intensity at successively higher temperatures, confirming the increasing content of 

nepheline in this specimen as determined in Figure 11.5a. These same peaks are also 

observed in the specimens with higher Si/Al ratios in Figure 11.6ii-v, correlating with 

the temperature at which nepheline was observed in these specimens in the XRD 

diffractograms. However, the peak width of the peaks correlating to nepheline can be 

observed to increase with increasing Si/Al ratio of the specimens, indicating a 

reduction in ordering of these crystalline phases, which may be related to reduced 

crystal size or strain. Of greater importance than the confirmation of the phase content 

from XRD, it can be observed that the peak position and width at half height of the 

main asymmetric stretching peak of T-O-T can be observed to change significantly in 

all specimens in Figure 11.6. This indicates that significant structural changes are 

occurring to the framework structure of the specimen with each successive increment 

in temperature. Far less change is expected in the peaks observed at lower 

wavenumbers, as the rocking and bending vibrations are far less sensitive to change 

in coordination than the stretching band (Milkey, 1960). Therefore, analysis of the 

structural evolution of Na-geopolymer is most effectively concentrated on the main 

asymmetric peak at approximately 950-980 cm-1. 

The wavenumber of maximum intensity and the width at half maximum of the main 

asymmetric stretching peak of T-O-T measured from ambient to 1000˚C for all 

specimens in the current work are presented in Figure 11.7. The position of the peak 

maximum and peak width for the Na1.15 are essentially unaltered by heating up to 

400˚C (Figure 11.7a), during which 6 to 7% thermal shrinkage resulting from capillary 
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strain during dehydration is observed in Chapter 10. The lack of change in the peak in 

this temperature region implies that there is little change to the framework and ordering 

of the T-O-T bonds in this temperature region, despite the destruction of faujasite 

observed in XRD (Figure 11.4a) and Figure 11.6i. Between 400˚C and 600˚C the peak 

width can be observed to increase by more than 30 cm-1, though the wavenumber of 

maximum intensity does not change significantly. It is known from thermogravimetric 

and dilatometric analysis in Chapter 10 that this temperature region can be 

characterised by dehydroxylation. Therefore, the increase in peak width is likely to be 

related to an increase in the range of bond angles and distances present in the 

material that would be expected from thermally induced polycondensation reactions. 

The linkages formed during dehydroxylation are likely to be more strained and have a 

wide variation in bond length due to the physical dislocation of the terminal hydroxyl 

groups that require the high temperatures to initiate reaction.  Furthermore, similar 

position of maximum intensity would be expected, as an increase in the cross-linking 

density of the specimen should not alter the overall proportional populations of the 

three possible T-O-T linkages.   

In the temperature region from 600˚C to 700˚C the peak width and position of 

maximum intensity of the Na1.15 specimen can be observed to change rapidly. The 

decrease in the peak width correlates with the increasing level of nepheline from 

650˚C. The conversion of the amorphous aluminosilicate network to become partially 

ordered will reduce the range of bond angles and lengths, resulting in narrowing the 

observed peak width. In addition to the peak narrowing upon crystallisation, the 

position of the peak is expected to shift to that of the higher wavenumber more 

representative of pure nepheline at 1000 cm-1(Farmer, 1974), which is observed in 

Figure 11.7a. The wavenumber of peak intensity is observed to increase to above 980 

cm-1 after thermal treatment to 850˚C, before decreasing to below 970 cm-1 at 1000˚C. 

The decrease in the wavenumber of peak intensity is contrary to what would be 

expected given the continued increase in the nepheline content of this specimen 

observed in the XRD diffractograms (Figure 11.5a). Furthermore, the peak width can 

be observed to slightly increase from 700˚C to 1000˚C. Though there is no specific 

evidence that can be observed in the FTIR spectra to elucidate the specific cause of 

this trend, it is known from Chapter 10 that the pore structure of Na-geopolymers 

becomes inaccessible from 700˚C, which is thought to relate to viscous sintering. 

However, the small extent of thermal shrinkage observed in this specimen at high 

temperatures in Chapter 10 indicates that the loss of pore accessibility is not a result of 
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densification of the framework, but rather viscous sintering isolating the remaining 

pores from measurement. Therefore, some extent of viscous sintering is thought to 

occur in the Na1.15 specimen at high temperature, which explains the loss of structure 

in the material at high temperature observed in the FTIR spectra in Figure 11.6ii. The 

lack of thermal shrinkage observed for this specimen, despite experiencing some level 

of viscous sintering, is discussed in greater detail below. 

It is known from Chapter 10 that the specimens with higher Si/Al ratios are 

dimensionally far less stable at high temperatures than the Na1.15 specimen, and are 

expected to exhibit more complex behaviour in their FTIR spectra. The Na1.40 

specimen exhibits a slight increase in position of maximum intensity from ambient to 

100˚C and the Na1.65 specimen exhibits a gradual increase in wavenumber of 

maximum intensity up to 400˚C, while the Na1.90 and Na2.15 specimens show more 

rapid increase in position of peak intensity up to 200˚C. It is shown in Chapter 7 that 

the porosity of Na-geopolymers becomes more distributed in smaller pores with 

increasing Si/Al ratio. Furthermore, it is shown that the density of the geopolymeric gel 

decreases with increasing Si/Al ratio, which necessitates a high internal gel surface 

area. The greater internal surface area of the gel and the chemical composition of the 

more siliceous specimens should result in greater amounts of silanol groups, which 

exhibit a medium intensity band at 950 cm-1 due to the Si-O stretching in Si-OH groups 

(Hino and Sato, 1971), which weakens and moves to 970 cm-1 as the silanol groups 

condense to form Si-O-T groups. Therefore, the decrease in intensity of the spectra of 

the high Si/Al ratio specimens in the region of 950 cm-1 and the increase of the 

wavenumber of maximum intensity to higher wavenumbers at temperatures up to 

400˚C may be indicative of the condensation of the internal structure of the framework 

skeleton, whose density have been observed to increase substantially in the same 

temperature region up to 400˚C in Chapter 10.  

Beyond the initial increase of the wavenumber of maximum intensity at approximately 

100˚C, the position of the maximum peak intensity decreases monotonically up to a 

temperature of 700˚C in the Na1.40 specimen, along with a continued increase in peak 

width. Similar decreases in the peak position and peak width with increasing 

temperature are also observed in the specimens with Si/Al ≥ 1.65, lasting until regions 

of rapid increase in peak position at 650˚C to 700˚C, 600˚C to 650˚C and 400˚C to 

600˚C for Na1.65, Na1.90 and Na2.15 specimens, respectively. The decrease in the 

position of the T-O-T stretching peak is characteristic of the release of strain from T-O-
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T linkages at the surface of pores (Almeida and Pantano, 1990), known as structural 

relaxation (Brinker et al., 1985). As it is known from Chapters 4 and 7 that the porosity 

in geopolymers is known to be more highly distributed in specimens with Si/Al ratio ≥ 

1.65, the reduction in the wavenumber of maximum intensity can be understood as an 

indication of structural relaxation during the latter stages of dehydroxylation (Brinker et 

al., 1985; Almeida et al., 1990). The increase in the extent of peak shift observed 

between 200˚C to 300˚C and 400˚C to 600˚C with increasing Si/Al ratio of specimens 

also correlates with the increasingly distributed porosity in geopolymers with increasing 

Si/Al ratio and the greater degree of structural relaxation occurring in these specimens. 

Beyond the region of structural relaxation and dehydroxylation, a large increase in 

peak position and peak narrowing can be observed between 700˚C and 750˚C in the 

Na1.40 specimen, which correlates with the onset temperature of nepheline formation 

observed in Figure 11.4b. The decrease in peak position observed from 750˚C to 

850˚C corresponds with the onset of structural densification of this specimen shown in 

Chapter 10, though significant increase in the amount of nepheline in this temperature 

region (Figure 11.5b) results in the peak overall width continuing to decrease up to the 

temperature where nepheline formation ceases at 850˚C. The decrease in peak 

position during densification from 750˚C to 850˚C occurs in the same temperature 

region identified in Chapter 10 in which the pore volume of the specimen decreases 

during viscous flow. Generally, the position of the peak moves to higher wavenumbers 

during viscous sintering (Seco et al., 2000), corresponding to the densification of the 

aluminosilicate matrix. However, silica gels exhibit lesser mechanical properties than 

geopolymeric type materials, which changes the temperature and rate of structural 

evolution during heating. While the pore volume of silica gels decreases constantly 

with heating until close to full densification is achieved, the pore structure of 

geopolymers is resilient to collapse up to 600˚C-700˚C, where it is shown in Chapter 

10 that the pore volume collapses rapidly. Therefore, the decrease in peak position 

observed for all specimens with Si/Al ratio ≥ 1.40 may result from structural evolution 

occurring during the collapse of the pore network.  

Coulomb interactions in the network materials have long been known to lead to a 

splitting between longitudinal (LO) and transverse (TO) optic modes of the asymmetric 

stretching band of T-O-T linkages (Galeener and Lucovsky, 1976). The LO and TO 

bands for the stretching peak of T-O-T linkages are generally located close to each 

other and are rarely individually resolved. The LO is often observed to be a shoulder 



The structure and thermal evolution of metakaolin geopolymers 

 256 

on the high frequency edge of the main Si-O-Si stretching peak in silica gels (Seco et 

al., 2000). The LO is known to become increasingly active in silica gels of high porosity 

(Almeida and Pantano, 1990), with the ratio of LO/TO used to indirectly measure the 

porosity of gels during densification (Seco et al., 2000). Given that the molecular 

distribution of silicon and aluminium in geopolymers appears highly homogenous in 
29Si NMR investigations in Chapter 5, the LO and TO bands are likely to be closely 

related and impossible to be readily resolved. Given the high nominal pore volume of 

geopolymers presented in Chapter 7, the LO band is expected to contribute 

significantly to the main T-O-T peak in FTIR spectra prior to the collapse of the pore 

network. Therefore, the LO band should decrease in intensity rapidly over the narrow 

temperature region where the pore structure collapses, resulting in a decrease in the 

intensity on the high frequency edge of the main stretching peak, and a reduction in 

the overall position of maximum intensity. The reduction in peak position is observed in 

all specimens with Si/Al ≤ 1.40, where appreciable densification is observed in the 

dilatometric data presented in Chapter 10.  

The FTIR spectra of geopolymers with Si/Al ≥ 1.65 at high temperature are 

characterised by more broad peaks attributed to nepheline at 700 cm-1 and at 950-980 

cm-1 compared to specimens of lower Si/Al ratio. This correlates with both the reduced 

extent of crystallisation (Figure 11.5c-e), but also the greater extent of densification 

and structural reorganisation observed in these specimens at high temperature in 

Chapter 10. It can be observed that the peak positions of maximum intensity of the 

main T-O-T stretching peak for Na-geopolymers with Si/Al ≥ 1.65 exhibits two main 

regions of change in Figure 11.7c-e, correlating with the two main features of high 

temperature structural evolution highlighted above, crystallisation and densification. 

From analysis of Na-specimens with Si/Al ≤ 1.40, it can be seen that the densification 

process is associated with an increase in stretching peak width and a slight decrease 

in peak position (750˚C to 850˚C) after an initial peak position increase, while a 

narrowing of the peak width and increase in peak position are associated with 

crystallisation (700˚C to 750˚C). It has been observed in Chapter 10 that the onset 

temperature of densification of Na-geopolymers decreases with increasing Si/Al ratio, 

but that the onset temperature of nepheline formation increases with specimen Si/Al 

ratio (Figure 11.5). Therefore, the onset temperatures of densification of Na1.65, 

Na1.90 and Na2.15 being approximately 650˚C, 600˚C and between 550˚C and 600˚C 

respectively, can be correlated with the rapid increase in peak width and increase in 

maximum peak position corresponding to viscous flow observed in Figure 11.7c-e. The 
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onset temperature of crystallisation identified by XRD in Figure 11.4c-e correlates with 

both the second region of peak position increase and a simultaneous reduction in peak 

width, as observed for specimens with Si/Al ratio ≤ 1.40.  

The temperature span of densification, characterised by the reduction in peak position 

and increase in peak width can be observed to increase with increasing Si/Al ratio of 

the specimens in the current work, which correlates with the region of rapid thermal 

shrinkage presented in Chapter 10. In specimens that do not undergo a large extent of 

thermal shrinkage during densification, namely the Na1.15 specimen but to a lesser 

degree the Na1.40 specimen, no readily resolvable densification region can be 

identified in the peak width and position data. It was observed previously that the 

densification mechanism of geopolymers changed from a single step mechanism to 

become increasingly convoluted with increasing specimen Si/Al ratio. Given that 

crystallisation does not contribute to the change in densification mechanism, as the 

temperature of densification and formation of crystalline phase are not linked, another 

mechanism responsible for the observed change in densification mechanism must be 

proposed. As outlined above, the position of maximum intensity of the T-O-T stretching 

peak increases initially during densification, due to condensation and viscous flow 

(Seco et al., 2000) and then decreases in the latter stages of densification due to 

collapse of the pore network (Almeida and Pantano, 1990), in specimens with Si/Al 

ratio ≥ 1.65, which correlates with derivative dilatometric data in Chapter 10. In 

specimens that exhibit a far lower extent of thermal shrinkage during densification (ie. 

Si/Al ≤ 1.40), a single step densification process is observed, although it is unlikely that 

the collapse of the pore network will not affect the structure of the specimens to some 

small degree.  
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Figure  11.7 (▲) Wavenumber of maximum intensity and (■) peak width at half height of the main 

asymmetric stretching peak of T-O-T of Na-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 
1.65, (d) 1.90 and (e) 2.15. 
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It is known from Chapter 7 that Na-specimens with Si/Al ≤ 1.40 exhibit a more dense 

gel than specimens with higher Si/Al ratios. The dense gel of the low Si/Al ratio 

specimens is surrounded by large pores, which result in a matrix that is shown in 

Chapter 10 to be more resilient to structural densification. Specimens with higher Si/Al 

ratio exhibit a more homogenous microstructure, which is a result of changes in the 

solution chemistry during synthesis, and renders them with a highly distributed porosity 

and a less dense skeletal framework that is more susceptible to structural densification 

from collapse of these small pores. Although the specimens with low Si/Al ratio do not 

exhibit two clearly identifiable densification processes, it is more likely than not that the 

two densification processes observed at high Si/Al ratios both occur in specimens with 

lower Si/Al ratio (ie. Na1.15 and Na1.40), but that the effect of the pore network 

collapsing is less pronounced as the gel is more dense as-cured. Therefore, it is 

proposed that the two-step densification process observed in geopolymers of high 

Si/Al ratios is due to viscous flow and densification related to the collapse of the highly 

distributed pore network. In specimens of lower Si/Al ratio, where the gel is denser, 

only a single densification mechanism can be observed as the material contains 

predominantly large pores, which explains the greatly reduced extent of thermal 

shrinkage of these specimens.  

The current work elucidates the importance of gel Si/Al ratio, microstructure and 

porosity in the evolution and phase stability of Na-geopolymers. It is clear from the 

effect of the collapse of the highly distributed pore network during densification and the 

large impact this has on increasing the thermal shrinkage during densification, that it is 

critical to control closely the microstructure and porosity of geopolymeric materials 

designed for application in high temperatures. 

11.3 Summary 
It has been shown that nepheline forms in all Na-geopolymer gels in the current work, 

although the onset temperature of crystallisation increases with increasing Si/Al ratio 

from 650˚C at a Si/Al ratio of 1.15 up to 800˚C at a Si/Al ratio of 2.15. Furthermore, it 

has been shown that the extent of nepheline formation decreases with increasing Si/Al 

ratio. The amount of nepheline formed is reduced in specimens with Si/Al ratio ≥ 1.90 

from 900˚C to 1000˚C, which is likely to be the result of incongruent melting of 

nepheline and absorption back into the amorphous gel phase at high temperatures.  
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The formation of nepheline has been shown to not be linked with thermal shrinkage 

and densification observed in Chapter 10, as the onset temperature of densification 

decreases with Si/Al ratio, while the temperature  of initial crystallisation increases with 

Si/Al ratio. However, the mechanism of densification of Na-geopolymer gels has been 

elucidated by FTIR analysis, indicating that two main processes contribute to 

densification: viscous sintering and collapse of highly distributed pore networks. As 

Na-geopolymers with Si/Al ratio ≤ 1.40 exhibit dense gels with large pores, only 

densification from viscous sintering is observed. Specimens with higher Si/Al ratio, that 

are shown in Chapter 7 to have a homogeneous microstructure and a highly 

distributed gel pore network, exhibit both mechanisms of densification, with the 

collapse of the pore network responsible for the large extent of shrinkage observed in 

these specimens. 

The physical and structural thermal characterisation of geopolymers with variation in 

alkali cation in combination with nominal Si/Al ratio is continued in Chapters 12 and 13. 
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Chapter 12  
The effect of alkali cations on the physical 
evolution of metakaolin geopolymers during 
heating  

 
This chapter is based on the publication entitled “The thermal evolution of metakaolin 

geopolymers: Part 1 – Physical evolution” submitted to The Journal of Non-
Crystalline Solids on 16th Feb 2006. 

 

The physical evolution of materials during heating is a critical factor in determining 

their suitability and performance for applications ranging from construction to 

refractories and adhesives. In Chapter 10 the effect of nominal Si/Al ratio on physical 

evolution of geopolymers was explored. In the present chapter, the effect of different 

cations (sodium and potassium) on the physical evolution of geopolymeric materials 

derived from metakaolin is investigated for a range of specimens with Si/Al ratios 

between 1.15 and 2.15. It is observed that the effect of potassium is to reduce the 

thermal shrinkage, while thermal shrinkage increases with increasing Si/Al ratio in the 

presence of each alkali type. The thermal shrinkage behaviour of mixed-alkali 

specimens is observed to change from a mean of the sodium and potassium 

specimens at low Si/Al ratio to behave similarly to sodium specimens at high Si/Al 

ratios. It is clear from this investigation that alkali cations only have a significant effect 

on thermal shrinkage of geopolymer at low Si/Al ratios (≤ 1.65), while both Si/Al ratio 

and alkali cation have little effect on the extent of thermal shrinkage at Si/Al ≥ 1.65. 

12.1 Introduction 
The alkali aluminosilicate structure of geopolymeric gels renders them intrinsically fire 

resistant. The potential of using geopolymers as a fire resistant material with 

mechanical properties superior to traditional cements has been known for over two 

decades (Davidovits, 1991). More recently, geopolymers have been suggested as a 

low cost castable ceramic binder (Davidovits, 1979; Kriven et al., 2004a), with 

application in some ceramic and high-technology applications. The thermal properties 

of geopolymeric gels have not been fundamentally investigated; therefore the effect of 
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gel composition on thermal properties is unknown yet critical to the tailor-design of 

materials to suit applications. The ultimate objective of this research resides in 

predictive response modelling of geopolymeric structural members under load 

subjected to fire. Such models exist for cements and other binders, and require 

detailed thermophysical and thermomechanical data for their accuracy (Bažant and 

Kaplan, 1996). Therefore, it is important to understand firstly the evolution of 

geopolymer during thermal exposure, including thermal shrinkage, crystallisation, 

thermal conductivity and mechanical strength at elevated temperature. 

Initial investigations of the thermal properties of geopolymers have explored some of 

the basic responses of the material to exposure to elevated temperatures (Rahier et 

al., 1996b; 1997; Barbosa and MacKenzie, 2003a; b). The literature centres around 

simple measures of the ability of geopolymeric materials to resist structural 

degradation, as measured by crystallisation observed in XRD diffractograms (Barbosa 

and MacKenzie, 2003a; b). The changes in structure induced by elevated temperature 

have also been observed to be minor by NMR (Barbosa and MacKenzie, 2003a; b). 

Barbosa and MacKenzie (2003a) suggest that the structure of geopolymeric materials 

is incredibly resilient to exposure to high temperatures. Little to no change in the XRD 

and NMR structure was observed up to 1400˚C (Barbosa and MacKenzie, 2003a). In 

contrast, investigation of Na-geopolymers observed a large extent of linear shrinkage 

when exposed to elevated temperature (Rahier et al., 1996b; 1997; Barbosa and 

MacKenzie, 2003b). Two distinct regions of shrinkage have been observed, beginning 

at approximately 100˚C and 600˚C. These regions of physical change are indicative of 

structural changes occurring within the material. 

The physical evolution of geopolymers is characterised in Chapter 10 by a combination 

of methods including TMA, DTA, TGA and nitrogen porosimetry. The thermal 

shrinkage and weight loss of Na-geopolymer was shown to vary significantly with Si/Al, 

porosity and heating rate. The behaviour of Na-geopolymer is characterised by four 

regions of thermal shrinkage and weight loss observed in all specimens. The initial 

shrinkage observed by Rahier et al. (1996b) is linked with a region of capillary strain 

resulting from dehydration. The second large characteristic region of shrinkage is 

linked to structural densification by viscous sintering. The region of slow shrinkage and 

weight loss between the two densification regions was identified as dehydroxylation 

and condensation of silanol and aluminol groups on the surface of the gel combined 

with structural relaxation. The systematic study of specimens with 1.15 ≤ Si/Al ≤ 2.15 
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in Chapter 10 shows that increasing the Si/Al ratio decreased the onset temperature of 

densification and substantially increased the extent of densification. Investigation of 

physical evolution at heating rates between 1˚Cmin-1 and 20˚Cmin-1 determined that 

densification was increased as the heating rate increased, likely due to entrapment of 

water in the gel, which reduces the energy barrier to viscous sintering. Although it is 

shown throughout the thesis that alkali cation type affects the structure and 

mechanical properties of geopolymers, the effect of alkali has not yet been 

investigated on any aspect of the physical evolution of geopolymers synthesised from 

metakaolin. As alkali type is one of the most easily varied compositional constituents of 

geopolymer, investigation of the effect of the most common alkali on thermal 

properties is critical.  

This investigation elucidates the physical evolution of K-geopolymers with chemical 

composition ( ) O5.5HSiOKAlO 2z ⋅ , where 1.15 ≤ z ≤ 2.15, to determine whether the 

characteristic behaviour of Na-geopolymers investigated previously apply to 

geopolymers synthesised with different cations. Dilatometry, DTA and microscopy are 

used to relate the different extent and regions of thermal shrinkage exhibited by K-

geopolymer to changes in microstructure during thermal exposure. The thermal 

shrinkage and weight loss of geopolymers with chemical composition 

( ) O5.5HSiOAlOKNa 2zy-1y ⋅ , where 0 ≤ y ≤ 1, are then compared to determine the effect 

of different alkali cations and heating rates on the physical evolution and the extent of 

thermal shrinkage of geopolymers.  

12.2 Results and discussion 

12.2.1 Physical evolution of K-geopolymer 

Figure 12.1 shows the thermal shrinkage of K-geopolymers with 1.15 ≤ Si/Al ≤ 2.15. It 

can be observed that the shrinkage of K-geopolymers exhibits the same characteristic 

trends as those of Na-geopolymers reported in Chapter 10 and in the literature (Rahier 

et al., 1996b; Barbosa and MacKenzie, 2003b). In particular, the K1.15 specimen 

exhibits a remarkably small extent of shrinkage beyond 300˚C, as observed for Na-

geopolymer of the same Si/Al ratio presented in Chapter 10. Therefore, the shrinkage 

behaviour of K-geopolymer specimens will be separated into the same four 

characteristic regions outlined in the observations of Na-geopolymer in Chapter 10. 

Nominal shrinkage and large fractional weight loss are observed in Region I; Region II 
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begins with the onset of initial shrinkage at approximately 100˚C, lasting until the rate 

of shrinkage decreases and evaporation of free water is complete at about 300˚C; 

Region III is demarcated by gradual weight loss and shrinkage from dehydroxylation; 

and Region IV begins with the onset of densification by viscous sintering. 
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Figure  12.1 Thermal shrinkage of K-geopolymer from (i) ambient to 1000˚C and (ii) Regions I and II, 

with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90 and (e) 2.15. 
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The onset temperature of Region II for K-geopolymer occurs at approximately 70˚C, 

90˚C and 115˚C for specimens with Si/Al ratios of 1.15, 1.40 and ≥ 1.65 respectively. 

Region II shrinkage can be observed from the onset of shrinkage until about 250˚C to 

300˚C. The increase in the onset temperature of Region II with increasing Si/Al ratio is 

linked with the increase of the Young’s modulus of Na-geopolymer in Chapter 10. It is 

shown in Chapter 8 that the Young’s modulus of K-geopolymers is similar to Na-

geopolymer, suggesting the trend of increased onset temperature of Region II with 

increasing Si/Al ratio in Figure 12.1 may also be related to structural rigidity.  

Despite large compositional differences, specimens with Si/Al ≥ 1.65 exhibit almost 

identical thermal shrinkage with respect to temperature in Region II (up to 

approximately 300˚C).  Furthermore, at the upper temperature of Region II the K1.40 

specimen displays a similar extent of thermal shrinkage as the specimens with Si/Al ≥ 

1.65. In comparison to all other K-geopolymers, the K1.15 specimen clearly exhibits a 

reduced extent of shrinkage in Region II despite having the lowest onset temperature 

(Figure 12.1ii). 

The thermal shrinkage of the K1.15 specimen in Region III is nominal. A slight region 

of expansion observed at approximately 700˚C, which is discussed later in this article, 

may be related to expansion as a result of crystallisation. The specimen is observed to 

undergo only a very small extent of densification in Region IV (from 700˚C to 1000˚C). 

The specimens with Si/Al ≥ 1.40 exhibit almost identical thermal shrinkage in Region 

III, before the onset of a significant extent of shrinkage during densification in Region 

IV. The onset temperature of densification can be clearly observed to decrease with 

increasing Si/Al ratio. The overall shrinkage of the specimens also increases with Si/Al 

ratio, although specimens with Si/Al ≤ 1.65 exhibit a similar extent of densification after 

heating to 1000˚C.  

DTA thermograms of K-geopolymer in the current work are presented in Figure 12.2. It 

can be observed that a large endotherm appears from ambient temperature until 

approximately 300˚C in all specimens. The endotherm can be attributed to evaporation 

of free pore water and is also observed for Na-geopolymer in Chapter 10. The 

temperature span of the endotherm is observed to increase with decreasing Si/Al ratio. 

In addition, distinct minima appear in the endotherms at approximately 70˚C with 

increasing Si/Al ratio. These trends have also been observed during the dehydration of 

Na-geopolymer in Chapter 10, suggesting the characteristics of geopolymer 

dehydration is largely independent of alkali. However, the upper bound temperature of 
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dehydration in K-geopolymers with low Si/Al ratio is lower than for Na-geopolymer. 

This is likely to be a reflection of the comparatively decreased ordering of K-

geopolymer with low Si/Al ratio presented in Chapter 5 and 6. For instance, it is shown 

in Chapter 8 that the K1.15 specimen exhibits an amorphous XRD diffractogram after 

7-days ageing, while the Na1.15 specimens are partially crystalline after the same 

period of ageing. Therefore, the K1.15 specimen is unlikely to be able to retard 

dehydration compared to Na1.15 specimens, which contain intercrystalline water. 

Furthermore, the temperature of the minima in the endotherm of Na-geopolymer 

appears at approximately 100˚C, which is significantly higher than that observed in 

Figure 12.2 for K-geopolymer (ie. 70˚C). The decrease in the temperature of the 

minima is most likely a result of the decreased energy of hydration of K+
(aq) compared 

to Na+
(aq) (Kollman and Kuntz, 1972). Therefore, water is more easily liberated from the 

hydration shell of alkali cations associated with aluminium in K-geopolymer than Na-

geopolymer. 
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Figure  12.2 DTA thermograms of K-geopolymer with Si/Al ratios of (a) 1.15, (b) 140, (c) 1.65, (d) 

1.90 and (e) 2.15. Dotted lines at 300˚C and 400˚C aid in differentiation of initial endotherm. 

The thermogravimetric data of K-geopolymers in the current work are presented in 

Figure 12.3. The weight loss data indicate that the rate of water loss increases with 

Si/Al ratio, which is observed across the entire temperature range to 1000˚C. The 
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upper bound temperature of weight loss decreases as the Si/Al ratio of the specimens 

increases for 1.15 ≤ Si/Al ≤ 1.65, from approximately 750˚C to 700˚C and 600˚C, 

respectively. However, the temperature of final weight loss of specimens with Si/Al ≥ 

1.65 is similar. The loss of weight from geopolymer can be assumed to be entirely from 

water loss, by either evaporation of free water or condensation of hydroxyl groups. The 

thermogravimetric data in Figure 12.3 can be observed to contain two predominant 

events of evaporation of unconstrained pore water (< 300˚C) and liberation of water by 

condensation/polymerisation (> 300˚C). The temperature range of dehydration can be 

correlated with the endotherm in the DTA thermograms in Figure 12.2, with the minima 

in the endotherms of high Si/Al ratio specimens relating to the increased rate of 

dehydration in these specimens (Figure 12.3).  

Similar magnitudes of shrinkage and weight loss observed in specimens with Si/Al ≥ 

1.65 up to approximately 700˚C imply that the physical and chemical distribution of 

hydroxyl sites in these specimens is similar. The specimens with Si/Al ≤ 1.40 lose 

water over a greater temperature region, indicating that some of the hydroxyl groups 

on the surface of these specimens are more tightly bound than those on corresponding 

specimens at higher Si/Al ratio. The nominal Si/Al ratio of geopolymer specimens 

determines the proportion of silanol and aluminol groups on the surface of the gel, with 

higher Si/Al ratio specimens containing a greater proportion of silanol groups. 

Condensation of silanol or aluminol groups on the surface of the geopolymeric gel 

proceeds according to the following generalised exothermic reaction: 

OHTOTTHOOHT 2+≡−−≡→≡−+−≡                        Equation 12.1 

where: T is Al or Si. The energy of condensation for tetrahedral linkages follows the 

order Si-O-Al > Si-O-Si > Al-O-Al (Catlow et al., 1996). Therefore, it may be expected 

that comparatively higher temperatures will be required to fully dehydroxylate 

geopolymeric gel containing a greater proportion of aluminol groups, than those with 

larger amounts of silanol groups (ie. lower Si/Al ratio). A greater fraction of weight loss 

can be observed to occur during dehydroxylation ( ie. > 250˚C) in the specimens with 

Si/Al ≤ 1.40, compared to higher Si/Al ratio specimens. The differences in the 

proportion of water liberated during dehydroxylation may be indicative of differences in 

the porosity, microstructure and Al/Si ordering of the specimens with varying Si/Al 

ratios explored in Chapter 7. Larger proportions of the water in low Si/Al ratio 

specimens are likely to be a result of more water being incorporated into the material 

as hydroxyl groups or intercrystalline water in zeolite phases. 
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Figure  12.3 Weight loss of K-geopolymers measured by TGA from ambient to 1000˚C. The arrow 

indicates the increased rate of weight loss with increasing Si/Al ratios of specimens from 1.15 to 
2.15. 

The onset of Region IV in Figure 12.1 is observed to decrease with increasing Si/Al 

ratio, similar to Na-geopolymer in Chapter 10. The onset temperature of densification 

occurs approximately at 730˚C, 780˚C, 880˚C and 930˚C for specimens with Si/Al of 

2.15, 1.90, 1.65 and 1.40, respectively. The K1.15 specimen is essentially 

dimensionally stable up to 750˚C, beyond which only a small amount of shrinkage is 

observed. The minor amount of linear shrinkage observed in Region IV (ie. viscous 

sintering) of the K1.15 specimen is an order of magnitude less than that of the higher 

Si/Al ratio K-geopolymers, indicating that the mechanisms of thermal shrinkage 

responsible for densification in the higher Si/Al ratio specimens are not significant in 

this specimen. In contrast, the specimens with Si/Al ≤ 1.65 exhibit remarkably similar 

extents of densification, despite significant differences in chemical composition and 

onset temperature. The magnitude of thermal shrinkage of the K1.40 specimen is 

close to the average of the K1.15 and K1.65 specimens. The large increase in thermal 

shrinkage observed in the specimens with 1.40 ≤ Si/Al ≤ 1.65 occurs in Region IV, and 

indicates that there are large differences in the structure of these specimens that only 

become significant during viscous sintering, despite the small compositional difference. 

Despite this, almost identical thermal shrinkage behaviour is exhibited by K-

geopolymers over a wider compositional range (ie. 1.65 ≤ Si/Al ≤ 2.15), though there is 

approximately 150˚C difference in the onset temperatures observed for these 

specimens. Therefore, it appears that composition correlates strongly to the onset 

temperature for sintering, while the extent of shrinkage may be more closely related to 
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microstructure. Large changes in the microstructure and pore distribution of Na-

geopolymer are observed in the composition region 1.65 ≤ Si/Al ≤ 2.15 in Chapter 7, 

and may provide some idea to the difference in structure of the low Si/Al ratio 

specimens (ie. K1.15 and K1.40) and specimens with Si/Al ≥ 1.65. 

Figure 12.4 shows the microstructure of K-geopolymer specimens with 1.15 ≤ Si/Al ≤ 

2.15. It can be observed that the microstructure of K-geopolymer contains large pores 

in specimens with Si/Al ≤ 1.40. The large pores in the microstructure of the low Si/Al 

ratio K-geopolymer specimens may be attributed to a high degree of gel reorganisation 

during formation, similar to Na-geopolymer in Chapter 7. Specimens with Si/Al ≥ 1.65 

exhibit a more homogeneous microstructure, despite having similar nominal porosity 

(as water). The change in microstructure is due to large reductions in the pore size of 

these specimens as the Si/Al ratio is increased, as a result of the differences in 

solution chemistry during reaction. The change in the pore size distribution observed in 

Figure 12.4 can be correlated with the large increase of Young’s modulus of K-

geopolymer for Si/Al ≤ 1.65 observed in mechanical data presented in Chapter 8. The 

progressive change in microstructure for Si/Al ≤ 1.65, correlates with the increase of 

the initial temperature of shrinkage at the beginning of Region II observed in Figure 

12.1. The similar appearance of the microstructures for specimens with Si/Al ≥ 1.65 

also correlates with the similar onset temperature to Region II. However, at high 

temperatures the K-geopolymers with microstructures comprised of large pores (K1.15 

and K1.40) are significantly more resilient to structural densification than those with 

small pores (Si/Al ≥ 1.65), which is the opposite trend than observed for the onset 

temperature of Region II. The specimens with homogeneous microstructures exhibit 

large extents of shrinkage, implying that the distribution of porosity in these specimens 

and microstructural evolution with temperature may be related to the extent of 

densification observed.  
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Figure  12.4 SEM micrographs of K-geopolymer with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65 (d) 1.90 

and (e) 2.15 

Figure 12.5 shows the microstructures of K1.15 geopolymer after being exposed to 

temperatures of 300˚C, 600˚C and 1000˚C. The microstructure of the K1.15 specimen 

does not appear to undergo significant microstructural evolution as a result of 

exposure to temperatures up to 1000˚C, which may be expected from the small extent 

of shrinkage observed in Figure 12.1. The microstructures of K1.65 geopolymer 

specimens after being exposed to the same temperatures are presented in Figure 

12.6. The K1.65 specimen undergoes significant extent of thermal shrinkage after 

exposure to 300˚C and 1000˚C (Figure 12.1), and can be observed to undergo some 

(a) (b) 

(c) (d) 

(e) 
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extent of microstructural evolution during heating, especially at 1000˚C (Figure 12.6c). 

The K1.65 specimen without heat treatment (Figure 12.4c) can be observed to exhibit 

a largely homogeneous microstructure.  

  

 

Figure  12.5 SEM micrographs of K1.15 geopolymer after heating to (a) 300˚C, (b) 600˚C and (c) 

1000˚C at a constant heating rate of 10˚Cmin-1 before quenching.  

After heating to 300˚C (Figure 12.6a), the polished surface of the specimen can be 

observed to exhibit a less smooth surface, with numerous small pores and small 

cracks observed across the cross-section of the microstructure. The pores observed 

after heating to 300˚C are in the order of 100 nm in size, while the cracks are similarly 

wide, with lengths ranging from several hundred nanometres to several microns 

(Figure 12.6a). It is shown in Chapter 10 that the pore volume of Na-geopolymer 

increases upon heating to 300˚C, and correlates with the more open and porous 

appearance of the microstructure in Figure 12.6a. This suggests that dehydration 

causes contraction of the gel, resulting in aggregation of pores, which appear as pores 

that can be observed by SEM, and the development of cracks where capillary strain 

forces exceed the tensile strength of the gel. These observations are consistent with 

capillary strain causing the shrinkage observed in Region II and the localised micro-

cracking of the gel to release stress.  

(a) (b) 

(c) 
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Figure  12.6 SEM micrographs of K1.65 geopolymer after heating to (a) 300˚C, (b) 600˚C and (c) 

1000˚C at a constant heating rate of 10˚Cmin-1 before quenching. 

After heating to 600˚C the K1.65 specimen can be observed to exhibit a reduced 

number of cracks in the microstructure, though the remaining cracks are larger (Figure 

12.6b). The small pores readily seen in the microstructure at 300˚C are no longer 

observed, and the topography of the gel phase appears smoother. The reduction in the 

number of cracks, pores and smooth topography of the microstructure observed in 

Figure 12.6b implies that the gel undergoes a significant level of thermal relaxation and 

healing of small cracks, which is consistent with reduction in surface area and joining 

of surfaces that occur as a result of condensation during dehydroxylation (Brinker and 

Scherer, 1990). After heating to 1000˚C (Figure 12.6c), the microstructure of the K1.65 

specimen can be observed to exhibit a more textured surface, with dark regions 

several hundred nanometres in size seen in the gel phase. The exposed edges of 

large pores appear smoothed in comparison to the pores in the microstructures of 

specimens exposed to lower temperatures, implying the material has softened and the 

surface roughness has been reduced, driven by surface tension. The dark regions in 

the gel appear evenly dispersed in the gel phase and cannot be observed within 

unreacted material or preferentially located at the surface of large pores or surfaces. 

(a) (b) 

(c) 
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Therefore, the dark regions suggest a phase separation occurs within the gel, which 

may be indicative of nucleated crystallisation.  

Figure 12.7 shows XRD diffractograms of the K1.15 and K1.65 specimens subjected to 

the same conditions as those in the micrographs in Figures 12.5 and 12.6. It can be 

clearly observed in Figure 12.6b that the K1.65 specimen appears amorphous at 

600˚C, but peaks correlating to leucite (KAlSiO6) and kaliophilite (KAlSiO4) appear in 

the specimen exposed to 1000˚C. The appearance of leucite and kaliophilite in the 

K1.65 specimen only after exposure to 1000˚C supports the interpretation of the dark 

regions in the micrographs in Figure 12.7b. Although it cannot be observed in the 

micrograph presented in Figure 12.5c, from Figure 12.7a it can be observed that the 

K1.15 specimen also develops crystalline content correlating to kaliophilite after 

exposure to 1000˚C. Crystallisation in geopolymeric gel and the identification and 

quantity of phases formed at high temperature are analysed in greater detail in 

Chapter 13 by quantitative XRD. 

 

Figure  12.7 XRD diffractograms of (a) K1.15 and (b) K1.65 geopolymer at (i) ambient temperature 

and after annealing at (ii) 300˚C, (iii) 600˚C and (iv) 1000˚C. 



The structure and thermal evolution of metakaolin geopolymers 

 274 

The evolution of K-geopolymer microstructure in Figure 12.6 is consistent with the 

theoretical model for thermal shrinkage of geopolymers proposed in Chapter 10 based 

on nitrogen porosimetry and dilatometric results. The observation of gel softening in 

the K1.65 specimen between 600˚C and 1000˚C provides evidence to explain the 

large extent of shrinkage observed only where the homogeneous gel microstructure is 

observed (Figure 12.4c-e). In the low Si/Al ratio specimens the skeletal density of the 

gel is higher (determined in Chapter 7) with larger pores observed (Figure 12.4a-b) 

(Bell and Kriven, 2004). The skeletal density of the gel in the high Si/Al ratio 

specimens is lower, with porosity dispersed within the gel itself. Therefore, in the low 

Si/Al ratio specimens the gel is unable to undergo the same extent of capillary strain, 

structural relaxation and sintering upon heating as the high Si/Al ratio specimens, and 

less shrinkage is observed (Figure 12.1).  

12.2.2 The effect of alkali cation on physical evolution  

From analysis of K-geopolymer, it is clear that the main characteristics of geopolymer 

evolution during heating are present regardless of alkali cation (sodium of potassium). 

However, the structure and mechanical properties of geopolymers have been explored 

in Chapters 4, 5, and 6, and show that these properties are subtly affected by both the 

presence of different alkali cations, and some extent of mixed-alkali interactions. 

Furthermore, the effect of alkali cation is shown in Chapter 8 to change with Si/Al ratio 

in geopolymers. Figure 12.8 presents comparisons of the thermal shrinkage of Na-, 

NaK- and K-geopolymer with 1.15 ≤ Si/Al ≤ 2.15. The specimens generally exhibit 

thermal shrinkage in the order Na > NaK > K in Region II, with similar rates of 

shrinkage in Region III, while the onset temperature of Region IV appears to follow K > 

NaK ≈ Na. The NaK1.15 specimen appears to exhibit thermal shrinkage that is the 

mean of the Na1.15 and K1.15 specimens. In general, the behaviour of NaK-

specimens tends more to Na-geopolymer than K-geopolymer as the Si/Al is increased.  

The derivative of the dilatometric data is shown in Figure 12.9, which allows for clearer 

observation of changes in the rate of axial shrinkage and the onset temperatures of 

each region of thermal shrinkage.  The onset temperature of Region II is known to 

increase with Si/Al ratio for K-geopolymer (Figure 12.1) and Na-geopolymer (as shown 

in Chapter 10), but the effect of alkali on the onset temperature of Region II is yet to be 

identified. It can be observed in Figure 12.9 that the onset temperature of Region II is 

higher for K-geopolymer than Na-geopolymer at all Si/Al ratios. Also, the rate of 

shrinkage in Region II is lower for K-geopolymer than for Na-specimens (Figure 12.9).  
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Figure  12.8 Thermal shrinkage of Na-, NaK- and K-geopolymers with Si/Al ratios of (a) 1.15, (b) 

1.40, (c) 1.65 (d) 1.90 and (e) 2.15. Data for Na-geopolymers taken from Chapter 10. 
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Figure  12.9 Derivative thermal shrinkage of (─)Na-, (─)NaK- and (▬)K-geopolymer with Si/Al ratios 

of (a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90 and (e) 2.15. Data for Na-geopolymers taken from Chapter 10. 

It is thought that the increase in the onset temperature of Region II is linked to the 

improved mechanical properties of geopolymer with increasing Si/Al ratio. However, 

the similarity of the mechanical properties of Na- and K-geopolymer presented in 
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Chapter 8 does not correlate with the difference in the onset temperature of Region II. 

Despite the fact that mechanical properties are likely to play the major role in 

determining the onset temperature of Region II with respect to Si/Al ratio, it is clear 

from Figure 12.9 that the nature of the alkali cation also affects the onset temperature 

(independent of Si/Al ratio). Therefore, the behaviour of the NaK-geopolymer 

specimens should provide an insight into the way that alkali affects the thermal 

shrinkage. 

The NaK-specimens exhibit onset temperatures to Region II that are similar to K-

geopolymer for Si/Al ≤ 1.40 (Figure 12.9a-b), while specimens with Si/Al ≥ 1.65 exhibit 

onset temperatures more like Na-geopolymer (Figure 12.9c-e). The rate of shrinkage 

observed for the NaK-1.15 specimen in Region II is the mean of K1.15 and Na1.15 

specimens (Figure 12.9a). The rate of shrinkage observed of the NaK-specimens 

progressively increases to be similar to the rate of the Na-specimens with increasing 

Si/Al ratio, for Si/Al ≤ 1.90 (Figure 12.9b-d). The NaK2.15 specimen exhibits the 

greatest rate of shrinkage compared to the Na- and K-specimens (Figure 12.9e), the 

peak of which also occurs at a temperature below that of the Na2.15 specimen. At 

lower Si/Al ratios the temperature of peak shrinkage in Region II can be observed to 

follow the order K > NaK > Na.  

The behaviour of the NaK-specimens in Region II indicates that the role of the alkali 

cation in thermal shrinkage changes with Si/Al ratio. At low Si/Al ratios, NaK-

geopolymer appears to behave as the average of the pure Na- and K-specimens, 

while at higher Si/Al ratios the behaviour appears more heavily influenced by sodium 

than potassium cation. The rates of thermal shrinkage during Region III 

(dehydroxylation) are similar for Na-, NaK- and K-geopolymer specimens at each Si/Al 

ratio. Therefore, it appears that the alkali cation does not play a significant role in the 

extent of shrinkage of the gel during dehydroxylation. As only a small proportion of 

weight is lost as a result of dehydroxylation, it would not be expected that any small 

differences in shrinkage during the condensation of T-O-T linkages (T is Al or Si) with 

different alkali cations would greatly influence the overall extent of thermal shrinkage. 

The onset temperature and degree of thermal shrinkage in Region IV (viscous 

sintering) exhibit the greatest variation with alkali type. The specimens with Si/Al ratio 

of 1.15 are observed to undergo only nominal densification above 700˚C (Figure 

12.8a), especially when compared to higher Si/Al ratio specimens (Figure 12.8b-e). 

Clear onset temperatures of viscous sintering can be observed in Figure 12.9b-e, 
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indicated by the rapid decrease in the value of the derivative beyond a temperature of 

approximately 600˚C-800˚C. As observed in the previous section, the onset 

temperature of densification for K-geopolymer occurs approximately at 730˚C, 780˚C, 

880˚C and 930˚C for specimens with Si/Al ratios of 2.15, 1.90, 1.65 and 1.40, 

respectively. The onset temperature of sintering for K-geopolymer is clearly higher 

than the Na- and NaK-geopolymer specimens at all Si/Al ≥ 1.40 (Figure 12.9). The 

onset temperature of densification of Region IV is observed to decrease with 

increasing Si/Al ratio for all specimens. The reduction in the onset temperature to 

densification with increasing Si/Al ratio is proposed in Chapter 10 to relate to reduction 

in the softening temperature of the specimens at high temperature with increasing 

Si/Al ratio.  

While the strength of Al-O bonds is weaker than Si-O bonds in the presence of 

sodium, they are expected to be stronger when potassium is present as the charge-

balancing cation (Leko and Mazurin, 2003). Therefore, the onset temperature of 

densification of K-geopolymer should increase with decreasing Si/Al ratio, which is 

observed in Figure 12.8. The same trend of reducing densification temperature with 

increasing Si/Al ratio is observed in Na-geopolymer in Chapter 10, which should 

exhibit an increase in the onset temperature of densification with increasing Si/Al ratio 

if Al-O bond strength was to dominate. Furthermore, the effect of unreacted material in 

Na-geopolymer is thought to be important, leading to amounts of sodium not 

associated with aluminium in the gel (ie. Al/Na < 1). The reduction in Al/M ratio is 

widely known to reduce the softening temperature of alkali aluminosilicates (Schairer 

and Bowen, 1947; Bowen and Tuttle, 1950; Leko and Mazurin, 2003) and would 

explain a reduction in the densification temperature with increasing Si/Al ratio in Na-

geopolymer. Therefore, it may be implied that the effect of unreacted material on the 

gel composition has a larger effect than the changes in strength of Al-O bonds in the 

presence of different alkali cations.  

Taking into account the possible effects of unreacted material and bond strengths in K-

geopolymer, the onset temperature to densification should reduce with increasing Si/Al 

ratio, though it may be expected that the K-geopolymer specimens exhibit additional 

thermal stability from the increased strength of Al-O bonds compared to Na-

geopolymer, which is observed in Figure 12.8. Furthermore, it is shown in Chapter 4 

that the amount of unreacted material in K-geopolymers is less than Na-geopolymer, 

so the effect of the free potassium on softening may be reduced, which would further 
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increase the softening temperature. The analysis of the geopolymers in the current 

work is unable to distinguish between the effects of Al-O bond character and 

unreacted material on the basis of the data presented in the current work, and is 

worthy of further investigation. 

The onset temperature of Region IV is similar for all NaK-geopolymers and Na-

geopolymers. Indeed, the onset temperature of Region IV in NaK-geopolymers with 

Si/Al ≥ 1.40 (Figure 12.9b) is observed to be lower than that of the Na-specimens. For 

example, the NaK1.40 specimen begins to densify at a lower temperature (700˚C) than 

the Na-specimen (740˚C), while the K-specimen exhibits rapid shrinkage only at 800˚C 

(Figure 12.9b). The similar or reduced onset temperature to densification of NaK-

specimens is reasonable, given that the mechanism of densification proposed in 

Chapter 10 to be responsible for thermal shrinkage in Region IV is viscous sintering, 

which is preceded by softening of the gel. Therefore, the reduction in the onset 

temperature of densification for NaK-geopolymer below that of either Na- or K-

geopolymers is likely to be the result of a reduction in the viscosity of NaK-specimens 

near the eutectic in the quaternary Na2O-K2O-Al2O3-SiO2 system (Schairer and Bowen, 

1947; Bowen and Tuttle, 1950; Schairer, 1950; 1957). A reduction in the viscosity and 

softening temperature of specimens is likely to have a greater effect on densification 

temperature than changes in the bond strength due to the presence of potassium. It is 

also apparent from Figure 12.8b that the NaK1.40 specimen undergoes a greater 

degree of densification than the Na1.40 specimen, indicating that the reduction in the 

barrier to densification is reduced greatly in the presence of mixed-alkali, correlating 

with a reduction in viscosity.  

Sintering in specimens with Si/Al ≤ 1.65 exhibits a two-step densification process, as 

indicated by the two minima in Figure 12.9c-e. The maximum rate of densification for 

these specimens occurs in the order K > NaK > Na, implying that the addition of 

potassium hinders the onset of densification, but also increases the rate of 

densification once initiated. Furthermore, the difference in the densification 

temperature of the Na- and NaK-specimens compared to the K-geopolymers is 

observed to decrease with increasing Si/Al ratio in specimens with Si/Al ≤ 1.65 from 

200˚C, to 100˚C and < 100˚C, respectively. The reduction in the difference of the 

densification temperatures of Na-, NaK- and K-geopolymers with increasing Si/Al ratio 

shows that the influence of the alkali cation on the structure and thermal properties of 

geopolymer is reduced in comparison to other factors at Si/Al ≥ 1.65. This composition 
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range also correlates with the different microstructures observed for K-geopolymers in 

Figure 12.4 and has been observed also for Na-geopolymer in Chapter 10, implying 

that the change in microstructure and skeletal gel density observed in these 

specimens with increasing Si/Al ratio is the dominant feature in relation to determining 

the thermal shrinkage at high Si/Al ratio. Therefore, use of different alkali cation is of 

reduced significance when formulating geopolymers of high Si/Al ratio, but significant 

improvements in both onset temperatures of densification and overall thermal 

shrinkage can be made by use of low Si/Al ratios. 

The extent of thermal shrinkage of specimens in the current work may be quantified by 

separating the dilatometric data into the four characteristic regions described earlier. It 

can be observed in Figure 12.10a that the thermal shrinkage in Region II resulting from 

capillary strain increases in the order Na > NaK > K. The extent of shrinkage in Region 

II also increases slightly with Si/Al ratio. However, the increase in shrinkage for Na-, 

NaK-, and K-specimens with increasing Si/Al ratio is nominal for Si/Al ≥ 1.40.  A 

comparison of the weight loss of Na-, NaK-, and K-specimens with Si/Al ratio of 1.65 is 

presented in Figure 12.11, which exhibits characteristics typical of comparisons of 

specimens at all Si/Al ratios. It can be observed that the rate of dehydration decreases 

marginally in the order of K > NaK > Na. The higher rate of dehydration in K-

specimens is expected due to the reduced charge density of potassium cations 

compared to sodium, which results in a lower binding energy to water and a reduced 

temperature of dehydration (Coughlan and Carroll, 1976). However, given the 

increased rate of dehydration (Figure 12.11), and the marginally lower Young’s moduli 

of potassium specimens observed in Chapter 8, it would be expected that potassium 

containing specimens shrink more during dehydration from capillary forces (Brinker et 

al., 1985). The pore volume of geopolymer has been observed to increase with 

potassium content (Bell and Kriven, 2004). The increase in pore volume of potassium 

containing geopolymer implies that the skeletal density of the gel increases with 

potassium content. Therefore, the order of shrinkage exhibited by geopolymers of 

different alkali type in the current work may reflect larger capillary forces causing a 

greater extent of skeletal densification during dehydration in specimens with higher 

sodium content. 
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Figure  12.10 Thermal shrinkage of (■) Na-, (▲) NaK-, and (♦) K-geopolymers in (a) Region II, (b) 

Region III, and (c) Region IV. Data for Na-geopolymers taken from Chapter 10. 

Figure 12.10b indicates that the shrinkage of K-geopolymer during dehydroxylation in 

Region III is marginally greater than that of the Na- and NaK-specimens, which exhibit 

similar values across the Si/Al ratios investigated in the current work, especially at 

Si/Al ratio of 1.65. The greater extent of shrinkage exhibited by K-geopolymers in 

Region III is a result of the greater temperature range of dehydroxylation of K-

geopolymer, relating to the higher onset temperature of densification rather than an 

indication of a greater degree of dehydroxylation (Figure 12.8). Nonetheless, Figure 

12.10b indicates that the extent of shrinkage observed in Region III is small compared 

to that observed in Regions II and IV. Furthermore, the extent of shrinkage is 

essentially independent of Si/Al ratio and alkali type. Shrinkage during dehydroxylation 

is only likely to be affected by variation in the proportion of hydroxyl sites in the gel. As 

such, it is of little surprise then that the shrinkage of the gel is minimised in the 

specimens with Si/Al ratio of 1.15, which have the most dense gel of specimens in the 
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current work and the least number of hydroxyl groups. Therefore, in order to produce a 

geopolymer with low thermal shrinkage in Region III a dense skeletal gel appears 

favourable.  
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Figure  12.11 Comparison of the weight loss of Na-(thin line), NaK- (dotted line), and K- (bold line) 

geopolymers with Si/Al ratios of 1.65. 

Figure 12.10c shows the extent of thermal shrinkage occurring during densification 

and viscous sintering in Region IV. The amount of shrinkage during densification can 

be observed to generally increase with Si/Al ratio in all alkali series, with the exception 

of the Na1.90 specimen, which exhibits a small degree of thermal expansion prior to 

1000˚C. At high Si/Al ratio the extent of densification in NaK- and K-specimens 

appears to reach a maximum (Figure 12.10c), whereas the Na2.15 specimen exhibits 

a large degree of shrinkage, characterised by a constant rate of shrinkage at high 

temperature (> 900˚C), which is typical of viscous flow rather than densification. The 

NaK-specimens generally exhibit the highest extents of densification for Si/Al ≤ 1.90, 

which correlates with the observations in Figure 12.8. K-geopolymers exhibit a 

reduced extent of densification compared to the Na- and NaK-specimens (Figure 

12.10), despite the rate of densification in these specimens being greater than for the 

Na- and NaK- specimens (Figure 12.9). Despite some variation in the extent of 

shrinkage observed in Region IV with alkali cation, it is clear that the Si/Al ratio is the 

dominant factor in determining the extent of thermal shrinkage of geopolymers. 

Despite this, all specimens in the current work with analogous Si/Al ratios have the 

same nominal porosity (as water). Therefore, the small but significant increase in the 

extent of thermal shrinkage observed in Region IV of geopolymers resulting from 
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different alkali cations must arise from differences in the response of the gel to thermal 

treatment. The effect of alkali cation on the thermal shrinkage can be more clearly 

analysed by determining the effect of different heating rates of specimens with different 

alkali cations. 

12.2.3 Effect of heating rate on physical evolution 

It is well known that the gel densification process is kinetically limited (Brinker et al., 

1985), and from Chapter 10 that the rate of constant heating in dilatometric 

experiments has a large effect on the densification process of Na-geopolymer. Figure 

12.12 shows the linear shrinkage of K1.65 and NaK1.65 for heating rates of 1, 2, 5, 10 

and 20˚C min-1 to allow comparison of results for the Na1.65 specimen from Chapter 

10. It can be observed that the extent of thermal shrinkage reduces with increasing 

constant heating rate in Region I and II for both K- and NaK-geopolymer. However, 

there is no readily observable correlation between the final extent of thermal shrinkage 

after heating to 1000˚C and heating rate. The thermal shrinkage of NaK-geopolymer is 

observed to be greater than for K-geopolymer. 

Figure 12.13 shows the degree of linear shrinkage observed in the four regions of 

thermal shrinkage for Na-, NaK- and K-geopolymer with Si/Al ratio of 1.65 subjected to 

different constant heating rates. The extent of shrinkage in Regions I and II decrease 

slightly with increased heating rate for each alkali composition (ie. Na-, NaK- and K-

geopolymer) (Figure 12.13a). However, the extent of shrinkage observed in Region II 

can be observed to follow Na > NaK > K, as also observed readily in Figure 12.10. The 

extent of thermal shrinkage in Region III is similar for Na- and NaK-specimens and 

appears to be independent of heating rate (Figure 12.13b). The extent of thermal 

shrinkage for the K1.65 specimen is comparatively higher in Region III, and displays 

some level of dependence on heating rate, though there is no clear trend. The 

independence of thermal shrinkage in Region III from heating rate implies that 

shrinkage in this region is not kinetically limited and is a function of temperature and 

cation alone, and is consistent with previous findings that dehydroxylation is 

thermodynamically driven by Si/Al ratio.  
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Figure  12.12 Linear shrinkage of (a) K- and (b) NaK-geopolymer with Si/Al ratios of 1.65 measured 

at heating rates of 1˚Cmin-1, 2˚Cmin-1, 5˚Cmin-1, 10˚Cmin-1, and 20˚Cmin-1. The arrow indicates 
increasing constant heating rate. 

Thermal shrinkage observed in Region IV during densification and sintering increases 

considerably with increased heating rate in all specimens (Figure 12.13c), though the 

trend and absolute extent of densification are different in each specimen. In general, 

the extent of shrinkage follows the order NaK > Na > K. However, it can be observed 

in Figure 12.13c that the extent of densification observed in Region IV for geopolymer 

specimens heated at 5˚Cmin-1 is similar, but large differences in the extent of 

shrinkage are observed between these specimens at both low and high heating rates. 

Therefore, despite the similar appearance of the extent of densification for Na1.65 and 

NaK1.65 specimens at a heating rate of 5˚Cmin-1, the use of different heating rates is 
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able to identify significantly different densification characteristics of these specimens, 

which would not be observed by analysis at a single heating rate of 5˚Cmin-1. 

The variation in the extent of densification at different heating rates may be accounted 

for by consideration of the underlying processes that are likely to control the extent of 

densification. For instance, it is suggested in Chapter 10 that water may become 

entrapped in the specimen at increased heating rates (either as molecular water in 

small pores or as hydroxyl groups), which can reduce viscosity during sintering and 

increase densification. Indeed, the increase in heating rate alone may be sufficient to 

reduce the viscosity of the gel and result in increases in densification with heating rate 

(Brinker et al., 1985). The extent to which densification mechanisms are able to affect 

densification will be discussed in greater detail with respect to experimental evidence 

of structural evolution in Chapter 13. Nonetheless, at high constant heating rates, the 

extent of densification will ultimately be limited by eradication of porosity, which 

explains the limit of densification observed in all specimens in Figure 12.13. Therefore, 

it is conceivable that changes in material structure resulting from Si/Al ratio and alkali 

cation will directly affect the extent to which and rates where geopolymer densification 

in Region IV will vary with constant heating rate. 

The Na1.65 specimen exhibits a significant increase in the extent of shrinkage with 

increase of the heating rate from 1˚Cmin-1 to 5˚Cmin-1, while similar shrinkage is 

observed for heating rates greater than 5˚Cmin-1 (Figure 12.13c). The densification of 

the K1.65 specimen increases for heating rates up to 10˚Cmin-1, before remaining 

constant between 10˚Cmin-1 and 20˚Cmin-1. The increase in heating rate above which 

little change in the extent of densification of the K1.65 specimen is observed may 

relate to a faster rate of water diffusion from or polycondensation within the gel the K-

specimen compared to the Na-specimen, observed in Figure 12.11. Therefore, the 

difference between the rate of diffusion/polycondensation and the rate of constant 

heating is reduced, which reduces the increase in driving force for densification. The 

NaK1.65 specimen also exhibits an increase in densification with increasing heating 

rate, although the extent of shrinkage is constant for heating rates ≤ 5˚Cmin-1, and 

increases for 5˚Cmin-1 ≤ heating rate ≤ 20˚Cmin-1. The similarity in the extents of 

densification for heating rates ≤ 5˚Cmin-1, implies that the densification processes in 

the NaK1.65 specimen are faster than for the K-specimen, though little difference is 

observed at high temperature in Figure 12.11. However, higher rates of densification in 

mixed-alkali aluminosilicates are feasible, with transport processes in mixed-alkali 
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specimens being faster than in pure alkali specimens (Day, 1976). The structural 

evolution of geopolymer as a result of exposure to elevated temperature, including the 

effect of heating rate and annealing is explored in greater detail in Chapter 13. 
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Figure  12.13 Linear shrinkage of Na-, NaK- and K-geopolymer with Si/Al ratios of 1.65 subjected to 

different heating rates in (a) Regions I & II, (b) Region III and (c) Region IV. Data for Na1.65 taken 
from Chapter 10. 
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12.3 Summary 
It can be observed in this chapter that the thermal shrinkage of geopolymeric materials 

derived from metakaolin is greatly influenced by the composition of the alkali activating 

solution, both in terms of Si/Al ratio and alkali content (sodium and potassium). These 

elements appear to determine largely the characteristics of thermal shrinkage of 

geopolymers. The extent of thermal shrinkage observed in geopolymers based on 

different alkali compositions increases rapidly for 1.15 ≤ Si/Al ≤ 1.65, and is relatively 

constant at higher Si/Al ratios. Thermal shrinkage of all specimens can be categorised 

by four characteristic regions of structural resilience, dehydration, dehydroxylation and 

sintering. Microstructural analysis of K-geopolymer shows that the increase in thermal 

shrinkage with increasing Si/Al ratio relates to densification by reduction in porosity 

during dehydroxylation and sintering. Evolution of the microstructure is not readily 

observed for low Si/Al ratio specimens, which exhibit low thermal shrinkage. However, 

the microstructure of a high Si/Al ratio K-geopolymer was observed to exhibit 

significant effects of dehydration, dehydroxylation and viscous sintering. 

The extent of thermal shrinkage observed in the geopolymers in the current work 

decreases in the order Na > NaK > K for specimens with Si/Al ≤ 1.65. In contrast, 

similar extents of thermal shrinkage have been observed for all alkali series at high 

Si/Al ratio (ie. Si/Al ≥ 1.65). The alkali cation type has a large effect on the onset 

temperature of viscous sintering observed in dilatometric data at all Si/Al ratios, with K 

> NaK ≈ Na. The increase in resilience of K-geopolymer to densification is thought to 

be due to increased strength of Al-O bonds in the presence of potassium compared to 

sodium, which manifests itself as an increase in the softening temperature of the gel. 

NaK-specimens are observed to behave more similarly to K-geopolymers at low Si/Al 

ratio, while they behave similarly to Na-geopolymer at high Si/Al ratio. The onset 

temperature of densification for geopolymers with different alkali cation is observed to 

reduce with increasing Si/Al ratio. The extent of densification observed during viscous 

sintering was observed to decrease in the order NaK > Na > K, also thought to be a 

result of the increase in the viscosity of these specimens in the same order. The extent 

of thermal shrinkage of geopolymers has been observed to increase with increasing 

constant heating rate for Na-, NaK- and K-geopolymer specimens with Si/Al ratio of 

1.65. The increase in densification with heating rate was observed to be dependent on 

alkali cation, implying that the rates of important processes occurring during 

densification are affected by the presence of different alkali cations. 
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The use of different cations in geopolymers intended for high temperature applications 

is only significant when using low Si/Al ratio compositions, and demonstrates that the 

alkali cation and Si/Al ratio play reduced roles in thermal shrinkage of geopolymer as 

the Si/Al ratio increases. The reduction in the effect of alkali and the dominance of 

nominal Si/Al ratio and microstructure on the thermal shrinkage properties of 

geopolymer, particularly at low Si/Al ratios, correlates with and validates the structural 

model of geopolymers which is introduced in Chapters 4 to 6.The effect of alkali cation 

type on the structural evolution of geopolymers exposed to elevated temperatures is 

explored in Chapter 13. 
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Chapter 13  
The effect of alkali cations on the phase 
stability and structural development of 
metakaolin geopolymers during heating  
This chapter is based on the publication entitled “The thermal evolution of metakaolin 
geopolymers: Part 2 – Phase stability and structural development” submitted to The 

Journal of Non-Crystalline Solids on 16th Feb 2006. 
 

The structural evolution of the series of geopolymers investigated in Chapter 12 is 

explored. The onset temperature of crystallisation, phase composition and 

densification of the specimens in the current work are determined by quantitative XRD, 

FTIR and dilatometric analyses. Alkali cation is observed to have no significant effect 

on the onset temperature of crystallisation and quantity of crystalline phase developed 

in geopolymers, though the phase composition of NaK- and K-geopolymers is more 

complex than Na-geopolymers, as is expected from phase diagrams. The amount of 

crystalline phase decreases in all systems with increasing Si/Al ratio, which is 

proportionally related to the extent of densification observed in Chapter 12. Despite 

similar phase composition of all geopolymers, the onset temperature of densification is 

observed to be higher in all K-geopolymers compared to the NaK- and Na-specimens 

of analogous Si/Al ratio. It is proposed that the increase in densification temperature is 

due to the increase in gel viscosity of K-geopolymer compared to Na- and NaK-

geopolymers. The effect of heating rate on the densification mechanisms of 

geopolymers is analysed, showing that the amount of crystalline phase and gel 

viscosity of geopolymers are critical in determining the extent of shrinkage during 

densification. An understanding of how both the chemical composition of geopolymers 

and the thermal heating schedule affect the structural development of geopolymers are 

important for understanding how geopolymers will react in high temperature 

applications. 

13.1 Introduction 
The ability to attain an excellent compressive strength of geopolymeric materials by 

proper mix design is well documented in Chapters 7 and 8 and in the literature 
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(Palomo et al., 1999b; Rowles and O'Connor, 2003). The correlation between 

increases in the silicate concentration in the activating solution and large increases in 

compressive strength is understood from Chapter 7 to relate mainly to the change in 

the microstructure of the material from containing large pores and a dense gel, to 

exhibiting a less dense gel with nanometre sizes pores. Despite the positive effects of 

the addition of silicon to the activating solutions of geopolymers, it is also shown in 

Chapters 10 and 12 that an increase in soluble silicate concentration leads to a 

massive increase in densification of the material at temperatures ranging from 600-

900˚C. Though the effects of alkali cation on compressive strength of geopolymers 

derived from metakaolin are not significant, the effect of alkali cation type (sodium 

and/or potassium) on the physical evolution of geopolymers during constant heating 

rate experiments has been shown to vary considerably in Chapter 12. In this chapter, 

the effect of alkali cation type (sodium and/or potassium) on the structural evolution 

and phase stability of geopolymers derived from metakaolin will be explored in more 

detail. 

Investigation of the physical evolution of Na-geopolymers derived from metakaolin in 

the system Na2O-Al2O3-SiO2 in Chapter 10 identified that specimens with high silica 

content (Si/Al ≥ 1.65) were observed to experience a convoluted densification region 

during viscous flow, while those of lower Si/Al ratio experienced what appeared to be a 

single densification event. The structural evolution of these specimens, in particular 

during the densification processes was explored by quantitative XRD and FTIR on 

specimens from ambient to 1000˚C in Chapter 11. All Na-geopolymers formed 

crystalline phase (nepheline) with thermal exposure above 650˚C, though the onset 

temperature of crystallisation decreased with increasing Si/Al ratio, and the extent of 

crystallisation decreased with increasing Si/Al ratio. The convoluted densification 

process in the specimens of high Si/Al ratio was attributed to two densification 

mechanisms of viscous sintering and collapse of the highly distributed pore network 

only present in the specimens of high Si/Al ratio. Therefore, the principles of mix 

design to achieve a high compressive strength by using high Si/Al ratios also results in 

providing a driving force for greater extents of densification, by reducing the density of 

the gel which collapses during densification. 

This chapter will firstly determine to what extent alkali cation type affects the structural 

evolution and phase stability of metakaolin derived geopolymers exposed to elevated 

temperatures by use of quantitative XRD, DTA and FTIR techniques. The onset 



Chapter 13 

 291

temperature and quantity of crystallisation and structural evolution observed of a 

systematic series of geopolymer specimens with nominal chemical 

composition ( ) O5.5HSiOAlOKNa 2zy-1y ⋅ , where 1.15 ≤ z ≤ 2.15 and 0 ≤ y ≤ 1, will be 

reported. The evolution of the structure of selected specimens with different alkali 

cation type will be subjected to different constant heating rates and annealing 

schedules in order to understand the effect that alkali cation has on the rates of 

evolutionary processes occurring during thermal exposure. 

13.2 Results and discussion 

13.2.1 Effect of alkali cation on structural evolution 

The type of alkali cation  (sodium and/or potassium) is shown in Chapters 4 to 12 and 

in the literature to affect the structure, mechanical properties (van Jaarsveld and van 

Deventer, 1999b; Xu and van Deventer, 2003a) and thermal behaviour (Barbosa and 

MacKenzie, 2003a; b) of geopolymers. Figure 13.1 presents the DTA thermograms 

and the derivative of the thermograms of K-geopolymers with nominal composition 

( )z22 SiOKAlO , where 1.15 ≤ z ≤ 2.15. It can be observed that the thermograms of K-

specimens are remarkably flat from approximately 400˚C to 800˚C (Figure 13.1i), 

indicating that these specimens have stable specific heats in this temperature region. 

The thermal stability implied in the DTA thermograms correlates extremely well with 

the onset temperature region of thermal densification observed in dilatometric data in 

Chapter 12. Similar to the physical evolution of Na1.15 in Chapter 10, only the K1.15 

specimen has a clearly observable exothermic peak, appearing above 1000˚C (Figure 

13.1i). The temperature of this exothermic peak is substantially increased compared to 

the analogous peak in the Na1.15 specimen in Chapter 11, which correlates well with 

trends observed for substitution of sodium for potassium in zeolites (Barrer and 

Langley, 1958b). Between the onsets of significant thermal evolution at 800˚C to 

1000˚C, two peaks can be observed in the DTA thermogram of the K1.15 specimen, 

which are more clearly defined in the derivative thermogram in Figure 13.1ii. Two 

peaks can also be observed in the derivative thermograms of the K-specimens with 

higher Si/Al ratios in Figure 13.1ii, though the intensity of the peaks is observed to 

decrease and become broader with increasing Si/Al ratio. Specifically, the intensity of 

the second peak decreases and broadens to a greater extent than that of the first 

peak. The onset temperature of the first peak appears to increase with Si/Al ratio, 
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which does not correlate with the decrease in densification temperature observed 

during the physical evolution of these specimens in Chapter 12, and may relate to 

crystallisation as observed in Na-specimens in Chapter11. Although not presented 

here, the DTA thermograms of NaK-geopolymers exhibit similar behaviour to the K-

specimens in Figure 13.1 and those of Na-geopolymers in Chapter 11. It is apparent 

from DTA analysis that with the exception of geopolymers with Si/Al ratios of 1.15 

(which contain zeolite phases, after Barrer and Mainwaring (1972a; b)), DTA is unable 

to differentiate the thermal evolution of geopolymers synthesised with different cation 

type. 
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Figure  13.1 (i) DTA thermograms and (ii) derivative thermograms of K-geopolymers with Si/Al 

ratios of (a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90 and (e) 2.15. 
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The results of ex-situ quantitative XRD analysis of K-geopolymers exposed to 

temperatures from ambient up to 1000˚C are presented in Figure 13.2 with 

comparisons to results from Chapter 11 for Na-geopolymers. The DTA thermograms of 

geopolymers, irrespective of alkali metal cation type (with the exception of the 

specimens with Si/Al ratio of 1.15), do not show intense exothermic peaks 

characteristic of crystallisation. Despite this, formation of crystalline phase is observed 

in all specimens with 1.15 ≤ Si/Al ≤ 2.15 in Na-geopolymers below 1000˚C (Figure 

13.2) from Chapter 11, which indicates that a slower mechanism of crystallisation 

occurs. Furthermore, crystalline phases are observed in the XRD diffractograms of 

heated K-geopolymers in the current work in Figure 13.2, which indicate that alkali 

cation type does not radically affect crystalline phase evolution processes. Kaliophilite 

(KAlSiO4 – PDF 11-0313) is observed in the K1.15 specimen from 650˚C (Figure 

13.2a), while both kaliophilite and leucite (KAlSi2O6 – PDF 38-1423) can be observed 

to form in K-geopolymers with 1.40 ≤ Si/Al ≤ 1.90 (Figure 13.2b-e). The temperature at 

which crystalline phase can be observed increases with Si/Al ratio, from 650˚C for the 

K1.15 specimen to 850˚C for the K2.15 specimen. This correlates with similar 

observations of crystalline phase formation in Na-geopolymers with analogous Si/Al 

ratios. (these are represented by dotted lines in Figure 13.2 for comparison). Although 

it is reported in the literature that K-geopolymer is more resilient to crystallisation than 

Na-geopolymer (Barbosa and MacKenzie, 2003a; b), the improvement in phase 

stability of K-geopolymer in Figure 13.2 is much smaller than previously reported, in 

the order of less than 50˚C with Na1.65 geopolymer being more resilient than K1.65 

(Figure 13.2c).  
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Figure  13.2 The percentage of (▲) Zeolite V, (●) faujasite, (◊) kaliophilite, (♦) potassian nepheline 

and (■) leucite observed by quantitative XRD analysis in NaK-geopolymer thermally treated up to 
1000˚C with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65, (d) 1.90 and (e) 2.15. 
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The appearance of both kaliophilite and leucite may be expected on a purely 

compositional basis. However, leucite is observed to form at a higher temperature than 

kaliophilite, and the amount of kaliophilite can be observed to decrease at high 

temperatures (ie. > 800˚C). This implies that the low Si/Al ratio crystalline phase either 

re-amorphises at high temperature or is converted into leucite. While the onset 

temperature of crystallisation is generally observed to increase with Si/Al ratio (Figure 

13.2), the proportion of crystalline phase in K-geopolymers decreases with increasing 

Si/Al ratio. Although it appears that the K2.15 specimen contains a larger proportion of 

crystalline phase compared to the K1.90 specimen, the sum of both kaliophilite and 

leucite phases in the K1.90 specimen exceeds the leucite content of the K2.15 

specimen at all temperatures. It can be clearly seen that leucite formation occurs only 

at 850˚C in the specimens with Si/Al ≥ 1.40, while the onset temperature of kaliophilite 

formation increases from 650˚C in the K1.15 specimen to 750˚C in the K1.90 

specimen. While the phase composition of Na-geopolymers is less complex than for K-

geopolymers, the same trend in phase quantity with Si/Al ratios and temperature is 

observed in Na-geopolymers. 

Quantification of the phase evolution of NaK-geopolymers by the RIR method from 

XRD diffractograms is presented in Figure 13.3. All specimens exhibit crystalline 

phase after heating to 1000˚C, though only the NaK1.15 specimen exhibits crystalline 

phases after curing at 40˚C. The phase composition of this specimen is comprised of 

faujasite (Na2Al2Si2.4O8.8•6.7H2O - PDF 12-0246) and Zeolite V (Na3K3Al3Si3O24•12H2O 

- PDF 39-0191), being sodium and mixed sodium and potassium forms of zeolite, 

respectively. Both of the zeolite phases present in the NaK1.15 specimen are 

destroyed after heating to 200˚C (Figure 13.3a). At 650˚C both the potassian form of 

nepheline (K(Na,K)3Al4Si4O16 - PDF 09-0338) and kaliophilite can be observed in the 

NaK1.15 specimen, indicating that the phase separated nature of the material is 

preserved after the destruction of the zeolite phases at 200˚C.  
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Figure  13.3 The percentage of (♦) kaliophilite and (■) leucite observed by quantitative XRD analysis 

in K-geopolymer thermally treated up to 1000˚C with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 1.65, (d) 
1.90 and (e) 2.15. Values for the amount of (▲) nepheline (PDF 35-0424) in Na-geopolymers with 
analogous Si/Al ratios, taken from Chapter 11. 
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Similar to Na- and K-geopolymers (Figure 13.2), specimens with Si/Al ≥ 1.40 exhibit no 

crystalline phase after curing at 40˚C, though both the potassian forms of nepheline 

and leucite are observed in the specimens with 1.40 ≤ Si/Al ≤ 1.90 heated to 

temperatures in excess of 650˚C, while only leucite is observed in the NaK2.15 

specimen. The onset temperatures of crystallisation in the NaK-specimens are similar 

to the Na- and K-specimens in Figure 13.2, increasing from 650˚C in the NaK1.15 

specimen to 850˚C in the NaK2.15 specimen. However, while leucite is only observed 

to form at temperatures in excess of 800˚C in K-geopolymer (Figure 13.2), leucite is 

observed to form below 800˚C in NaK1.40 and NaK1.65 specimens. The decrease in 

the crystallisation temperature of leucite in NaK-geopolymers may be related to the 

reduction of the viscosity of mixed-alkali aluminosilicates at elevated temperatures 

(Kim and Lee, 1997), which allows for structural reorganisation of the structural unit 

within the gel at lower temperatures to facilitate crystallisation. From Figures 13.2 and 

13.3 it can be observed that the phase formation behaviour of K- and NaK-

geopolymers is more complex than that observed of Na-geopolymer in Chapter 11. 

This is due to the ability of the systems K2O-Al2O3-SiO2
 and Na2O-K2O-Al2O3-SiO2 to 

form stable forms of MAlSiO4 and MAlSi2O6 at ambient pressures, unlike the system 

Na2O-Al2O3-SiO2, where only NaAlSiO4 can form. Nonetheless, the crystalline contents 

of geopolymers of different alkali cation type appear similar, especially given that the 

accuracy of RIR analysis is ± 5%.  

Figure 13.4 presents the sum total of crystalline phase present in Na-, NaK- and K-

geopolymers subjected to heating from ambient to 1000˚C. It can be observed that the 

amounts of crystalline phase present in all geopolymers of different alkali at each Si/Al 

ratio are comparable, though K-geopolymers of low Si/Al ratio are comparatively more 

resilient to crystallisation than NaK- and Na- specimens, respectively. However, at high 

Si/Al ratios the trend is reversed, which is an indication of the effect of the NaK- and K-

systems being able to form stable crystalline phases with Si/Al ratio of 2. It can be 

observed that the amount of crystalline phase present decreases with increasing Si/Al 

ratio in each of the three series, though this trend is less evident in K-geopolymers, 

where specimens with Si/Al ≥ 1.65 exhibit similar amounts of crystalline phase.  

It is apparent from comparison of the physical evolution of geopolymers with different 

alkali cations presented in Chapter 12 that K-geopolymer is more resilient to heating 

than Na-geopolymer, and that the physical stability of all geopolymers is greatly 

reduced with increasing Si/Al ratio. The thermal expansion of potassium 
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aluminosilicate porcelains is affected by the amount of crystalline content (Mackert and 

Evans, 1991), and the same may be expected of geopolymers. The increase in 

physical shrinkage of geopolymers with increasing Si/Al ratio presented in Chapter 12 

correlates well with the reduction in crystalline content of geopolymers with increasing 

Si/Al ratio in Figure 13.4. However, when comparing the crystalline content of 

geopolymers based on alkali cation, it is apparent that despite the fact that K-

geopolymers exhibit the least thermal shrinkage, they contain similar or less crystalline 

content than Na- and NaK-geopolymers. Therefore, the inverse relationship between 

the crystalline content of geopolymers (Figures 13.2 and 13.3) with the extent of 

thermal shrinkage in Chapter 12 cannot explain the different extents of shrinkage 

observed of geopolymers with different alkali cations by itself. The differences in 

thermal shrinkage of geopolymers with different alkali cation type must then be 

somewhat related to the evolution of the amorphous portion of the gel. Since highly 

crystalline specimens (ie. low Si/Al ratio) exhibit low extents of shrinkage, the majority 

of shrinkage of the gel must reside in the densification of the amorphous phase. 
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Figure  13.4 Total crystalline phase content of (♦) Na-, (■) NaK-, and (▲) K-geopolymers at 1000˚C. 

Further evidence of this can be observed at high temperatures (ie. > 800˚C), where the 

nepheline content of Na- and NaK-geopolymers decreases, as well as the kaliophilite 

content of K-geopolymer. Leucite is observed to generally increase above 800˚C, but 
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can be observed to decrease above 900˚C. The decrease in crystalline content at high 

temperature is most likely related to melting during sintering.  

Analysis of ex-situ FTIR spectra of heated geopolymers is utilised in Chapter 11 to 

determine aspects of structural evolution of the amorphous phase in Na-geopolymers. 

The wavenumbers of peak intensity and the peak width at half height of the main T-O-

T stretching peak of K- and NaK-geopolymers determined from FTIR spectra of 

thermally heated specimens are presented in Figures 13.5 and 13.6, respectively. The 

features of the data determined from FTIR spectra of Na-geopolymers are discussed 

in detail in Chapter 11, and are presented in Figure 13.5 for comparative purposes 

only. For Na-specimens the peak width and peak position can be used in combination 

to determine the onset temperature of different events that occur during structural 

evolution with heating, principally crystallisation and structural densification. Narrowing 

of the main peak generally indicates crystallisation by the reduction in the variation of 

bond geometries. Increases in peak width are observed in Chapter 11 and the 

literature (Seco et al., 2000) to occur during densification of geopolymers and other 

silicate gels, where the network structure is substantially reorganised by viscous 

sintering and destruction of the pore network.  

It can be observed in Figure 13.6 that the onset temperatures of crystallisation for all 

NaK-geopolymers can be evidenced by a reduction in peak width. Peak narrowing 

occurs from a temperature of 600˚C in the NaK1.15 specimen. The onset temperature 

of peak narrowing progressively increases up to the temperature region from 800˚C to 

1000˚C in the NaK2.15 specimen, which correlates with the onset temperatures of 

crystallisation observed in Figure 13.3. The extent of peak narrowing is also observed 

to be proportional to the extent of crystallisation in Figure 13.3. However, the trend is 

not so easily observed in the K-specimens in Figure 13.5. While it is clear that the T-O-

T peak narrows upon crystallisation for the K1.15 and K1.40 specimens, the 

magnitude of peak narrowing is largely reduced for the K1.65, K1.90 and K2.15 

specimens at 700˚C-750˚C, 700˚C to 800˚C, and 850˚C to 1000˚C respectively. 

Despite this, the temperatures where peak narrowing is identified in Figures 13.5 and 

13.6 correlate extremely well with values obtained by quantitative XRD analysis for the 

onset temperature of crystallisation of both NaK- and K-geopolymers (Figures 13.2 

and 13.3).  
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Figure  13.5 (▲) Wavenumber of maximum intensity and (■) peak width at half height of the main 

asymmetric stretching peak of T-O-T of K-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 
1.65, (d) 1.90 and (e) 2.15. Data indicated with white centres is for Na-geopolymers taken from 
Chapter 11. 
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Figure  13.6 (▲) Wavenumber of maximum intensity and (■) peak width at half height of the main 

asymmetric stretching peak of T-O-T of NaK-geopolymers with Si/Al ratios of (a) 1.15, (b) 1.40, (c) 
1.65, (d) 1.90 and (e) 2.15. 
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The phase composition of K- and NaK-geopolymers at high temperature is more 

complicated than Na-geopolymers. Both systems contain two crystalline phases and 

amorphous phase, which provides a basis from the more subtle trends observed in the 

peak width and peak position during crystallisation. The published peak positions of 

the T-O-T stretching peak of leucite, kaliophilite and nepheline are 1038 cm-1 (Farmer, 

1974), 950 cm-1 (Dimitrijevic and Dondur, 1995) and 1000 cm-1 (Farmer, 1974) 

respectively. This makes identification of crystallisation by migration of the maximum of 

peak intensity or peak narrowing difficult in K- and NaK-geopolymers, with more than 

one peak from crystalline phase contributing to the broad convoluted T-O-T peak 

observed in FTIR spectra. The effect of multiple phases is expected to be particularly 

evident in K-geopolymers, where the peak positions of kaliophilite and leucite bracket 

the nominal geopolymer peak position (950 cm-1 to 987 cm-1). It can be observed in the 

FTIR spectra of the K2.15 specimen, presented in Figure 13.7, that six of the seven 

main peaks in the spectra of the K2.15 specimen heated between 900˚C to 1000˚C 

correlate with that observed in the literature (Farmer, 1974). However, the peak 

position of the main T-O-T stretching peak shifts to approximately 960 cm-1, which 

appears to be the result of a narrow band appearing in the spectra at high temperature 

in this region. The lower peak position may relate to a leucite composition with Si/Al 

ratio less than two, which would correlate with the decrease in T-O-T peak position 

(Farmer, 1974). Therefore, the peak position of the K-specimens with 1.15 ≤ Si/Al ≤ 

1.65 exhibits little change during heating, as their nominal peak position is close to that 

of both kaliophilite and the form of leucite observed in geopolymers. However, in the 

K1.90 and K2.15 specimens, where the nominal peak position is higher than that of 

kaliophilite and leucite, the peak position is clearly observed to shift to lower 

wavenumbers during crystallisation to approximately 960 cm-1. 

It can be observed that after mild heating, many of the geopolymer specimens exhibit 

a large increase in T-O-T stretching peak position, up to temperatures of typically 

100˚C-200˚C (Figures 13.5 and 13.6). The shift in peak position is also accompanied 

by an increase in the peak width in the same temperature region. From the maximum 

in peak position between 100˚C and 400˚C, the peak is observed to decrease in 

wavenumber up to the temperature where structural densification has been observed 

in dilatometric investigations, ranging from 550˚C to 900˚C. The shift in peak position 

to lower wavenumbers correlates with gradual increase in peak width in all specimens. 
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The physical evolution of geopolymers from ambient up to densification by viscous 

sintering is shown in Chapters 10 and 12 to be dominated by dehydration, 

dehydroxylation and structural relaxation. Therefore, the initial shift of the peak position 

to higher wavenumbers, followed by a shift to lower wavenumber prior to densification 

must be understood. 
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Figure  13.7 FTIR spectra of K-geopolymer with Si/Al ratio of 2.15. Spectra collected on samples 

treated at (a) ambient, and annealed for 2 hours in 100˚C increments from (b) 100˚C to (e) 500˚C 
and 50˚C increments from (f) 550˚C to (p) 1000˚C. 

In Chapter 12 it is shown that the endotherm for dehydration observed in the DTA 

thermograms of geopolymers spans from ambient to approximately 250˚C-300˚C. In 

this temperature region more than 80% of all water loss is observed in constant 

heating rate experiments. The temperature span of the endotherm associated with 

dehydration is observed to decrease with Si/Al ratio for both the Na-geopolymers in 

Chapter 10 and K-geopolymers in Chapter 12. The rate of dehydration and 

dehydroxylation is observed to increase with the decrease in charge density of the 

alkali cation (Na > K), which is related to the energy of hydration of these cations 

decreasing with decreasing charge density (Oparin et al., 2004). Therefore, the initial 
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increase in peak position is thought to relate to the period characterised by 

dehydration, which correlates the initial shift of the T-O-T peak to higher wavenumbers 

with the shorter temperature span of dehydration with increasing Si/Al ratio.  

Though there is no clear evidence of a distinct shoulder responsible for silanol or 

hydroxyl groups in T-O-T peak in FTIR spectra (Figure 13.7), it is likely that the shift of 

the T-O-T peak is related to the reduction in the intensity of a band related to 

dehydration and dehydroxylation or a shift in the bands contributing to the overall 

featureless peak. Most likely the apparent increase in peak position is due to reduction 

in the medium intensity band related to hydroxyl groups at 950 cm-1 (Hino and Sato, 

1971), as has been proposed to explain the structural evolution of Na-geopolymer in 

Chapter 11. However, this has not yet been confirmed by correlation with the broad 

band attributed to hydroxyl groups at approximately 3000-3600 cm-1 in FTIR spectra.  

Figure 13.8 shows 2-Dimensional representation of the decrease in the intensity of the 

broad hydroxyl band at 3000-3600cm-1 for Na- and K-geopolymers of both low and 

high Si/Al ratios. It can be observed that the Na1.15 specimen (Figure 13.8a) shows a 

gradual decrease in the hydroxyl band intensity, compared to the more rapid loss of 

intensity observed in the Na2.15 spectra in Figure 13.8b. The loss of the vast majority 

of hydroxyl groups from the Na2.15 specimen by 200˚C correlates with the large 

increase in the peak position up to 200˚C. The more gradual loss of intensity observed 

in the Na1.15 specimen up to 700˚C corresponds extremely well with the significant 

loss of weight observed of this specimen in the same temperature region in Chapter 

10. There is only a minor shift in peak position observed in this specimen, which is 

likely to be due to the lower wavenumber of the T-O-T peak, which is close to the 

expected frequency of silanol groups. The intensity of hydroxyl bands in K1.15 and 

K2.15 specimens in Figure 13.8c-d is less than those of Na-geopolymers of 

comparable Si/Al ratios. This correlates with the more rapid loss and the greater 

proportion of freely evaporable water in K-specimens compared to Na-specimens 

presented in Chapter 12. The lesser amount of hydroxyl groups present in the K2.15 

specimen at ambient temperature compared to the Na2.15 specimen also explains 

why only a small shift in T-O-T peak position is observed though heating up to 600˚C 

in Figure 13.5. 
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Figure  13.8 Two-dimensional representations of the FTIR spectra of (a) Na1.15, (b) Na2.15, (c) 

K1.15, and (d) K2.15 geopolymers between 2500cm-1 and 4000cm-1. All spectra are normalised to 
the absorbance of the T-O-T band. Greyscale levels indicate band intensity, with dark regions 
showing high intensity. 

Despite the difficulty in discerning the differences in the structural evolution of 

geopolymers with different alkali prior to densification and crystallisation, the onset 

temperature of densification can be observed by the onset of rapid peak broadening in 

Figures 13.5 and 13.6. The onset temperature of the peak broadening correlates 

extremely well with thermal shrinkage observed in dilatometric investigations in 

Chapter 12. Furthermore, it can be observed that the magnitude of the increase in 

peak width of the main T-O-T stretching peak broadly correlates with the extent of 

shrinkage observed in these specimens. It has been shown that the rapid positive shift 
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in peak position followed by a rapid decrease observed in the Na1.65, Na1.90 and 

Na2.15 specimens at 650˚C-750˚C, 600˚C to 750˚C and 500˚C to 800˚C respectively, 

can be correlated with the collapse of the highly distributed pore network present in 

these specimens, as observed by SEM in Chapters 7 and 8. T-O-T peak position 

generally increases during structural densification (Seco et al., 2000), though a 

decrease in peak position can be linked with the reduced intensity of the longitudinal 

optic (LO) compared to the transverse optic (TO) with the reduction in pore volume of 

silicate gels (Almeida et al., 1990; Almeida and Pantano, 1990).  

Shifts in the peak position to lower wavenumbers corresponding to pore collapse, as 

introduced in Chapter 11, can be observed in K-geopolymers at 850˚C to 900˚C 

(Figure 13.5a), 900˚C to 950˚C (Figure 13.5b), 800˚C to 900˚C (Figure 13.5c) and 

850˚C to 900˚C (Figure 13.5d-e) in the K1.40, K1.65, K1.90 and K2.15 specimens, 

respectively. Similarly, shifts can also be observed between 850˚C to 900˚C for the 

NaK1.40 and NaK1.65 specimens (Figure 13.6b and 13.c), and 800˚C to 850˚C for the 

NaK1.90 specimen (Figure 13.6d). These values correlate extremely well with the 

temperature of the second region of shrinkage observed during densification in 

Chapter 12. These observations validate the structural model of densification proposed 

previously in Chapter 11, and show the same mechanisms of densification to be 

occurring in Na-, NaK- and K-geopolymers. The NaK2.15 was not observed to exhibit 

the convoluted densification mechanism like other specimens during physical evolution 

in Chapter 12. This atypical behaviour is likely to be related to the reduced viscosity of 

this specimen at high temperatures (Kim and Lee, 1997), that may result in the 

constant creep and flow exhibited by this specimen during dilatometry. The behaviour 

of the NaK2.15 specimen exemplifies the large effect of both Si/Al ratio and alkali 

cation on the structural and physical evolution of geopolymers exposed to high 

temperatures. It is apparent that the resilience of K-geopolymers to high temperature 

densification relates to the viscosity of the geopolymer gel phase, which is explored in 

Chapter 12. Despite the slightly higher temperature of densification observed of K-

geopolymers compared to NaK- and Na-geopolymers, the extent of densification 

appears to be largely governed by microstructure and not alkali type.  

From the analysis in the current work it is apparent that the onset temperatures of 

thermal evolution of geopolymer structure are largely insensitive to alkali cation. 

Furthermore, the extent of densification is linked inversely to the quantity of crystalline 

phase present in each specimen, and is proportional to the extent of densification of 
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the amorphous gel. Crystallisation of the gel results in a thermally resilient structure, 

while differences in the viscosity of the amorphous phase at high temperature due to 

different alkali cations can explain the lesser degree of densification of K-geopolymers 

compared to NaK- and Na-specimens. However, at this stage there is little 

fundamental explanation of the reduction in the extent of crystallisation with increasing 

Si/Al ratio observed in all alkali systems, though microstructure is likely to have a large 

effect on controlling the ability of the gel to rearrange and crystallise. This emphasises 

the importance of designing the microstructure of geopolymeric materials by both 

formulation and manipulation of the solution chemistry by processing conditions. 

13.2.2 Effect of heating rate on the extent of densification 

Understanding the effect of heating rate on the physical and structural evolution of 

geopolymers is critical, since the heating rates of materials subjected to fire loading 

and in refractory applications vary considerably. In terms of physical evolution, the 

extent of geopolymer densification during viscous sintering is shown in Chapters 10 

and 12 to increase with increase of constant heating rate. However the total extent of 

shrinkage from ambient to 1000˚C is not simply a function of heating heat, as the 

extent of shrinkage observed prior to densification is favoured by low heating rates. 

The extent to which heating rate will affect crystallisation and structural evolution in 

geopolymeric gels is currently unknown. Despite this, it is clear that gel densification 

and crystallisation are not linked phenomena, as gel densification temperature is 

observed to decrease with increasing Si/Al ratio, while the onset of crystallisation is 

observed to increase with Si/Al ratio. However, weight loss of geopolymer has been 

observed to decrease with increasing heating rate, implying a greater hydroxyl content 

in specimens subjected to higher heating rates. Increases in hydroxyl content are 

known to increase the extent of crystallisation of gels and glasses (Kreidl and Maklad, 

1969), and is suggested in Chapter 10 as a possible cause for the different extents of 

densification observed when specimens are subjected to different heating rates. Gel 

densification and crystallisation processes are well known to be kinetically limited 

(Brinker et al., 1985), and that the rate of constant heating in dilatometric experiments 

has a large effect on the densification process of Na-, NaK- and K-geopolymers, as 

shown in Chapters 10 and 12. Currently the differences in the structure and phase 

evolution of specimens subjected to different heating rates have not been investigated.  

Figure 13.9 shows the XRD diffractograms of Na1.65, NaK1.65, K1.65 and Na2.15 

specimens subjected to heating rates of 1, 2, 5, 10 and 20˚C min-1 up to 1000˚C before 
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quenching in air. It can be observed that the Na1.65 specimen exhibits no change in 

the phase composition or quantity after heating to 1000˚C, however significant 

differences are observed for all other specimens. The phase composition of the 

NaK1.65 and K1.65 specimens heated at 1˚Cmin-1 is a mixture of two phases, identical 

to that presented in Figures 13.2 and 13.3. Increase in the constant heating rate can 

be observed to alter the phase composition of these specimens. A reduction in the 

amount of leucite observed in both NaK1.65 and K1.65 specimens, indicated by the 

reduction in the strong peaks at approximately 26.5˚2θ and 27.5˚2θ. After being 

heated to a temperature of 1000˚C at a heating rate of 20˚Cmin-1 little to no leucite can 

be observed in the XRD diffractograms of these specimens. It is also observed that the 

quantity of kaliophilite increases slightly with higher heating rates in the K1.65 

specimen, indicated by the increase in intensity of the strong line near 29˚2θ. Despite 

this, reduction in the amount of nepheline (strong line at 29-30˚2θ) can be observed in 

the NaK1.65 specimen at high heating rates. Although the Na1.65 specimen exhibits 

no change in the phase composition when subjected to different heating rates, the 

Na2.15 specimen shows similar trend in the reduction of the amount of nepheline with 

increasing heating rate, as observed in the NaK1.65 specimen. Therefore, it is clear 

that the heating rate (ie. thermal history) of geopolymers affects the phase 

composition. The extent that the phase composition of geopolymers is altered by 

heating rate is affected by both alkali cation type and Si/Al ratio, and is therefore 

complex to study.  

The crystallisation and evolution of amorphous potassium aluminosilicates have 

received greater attention than those of sodium aluminosilicates in the literature, as 

they are used widely in dental porcelain for their low thermal expansion. Glasses with 

analogous composition to leucite are generally studied, so little is understood as to the 

effect of thermal history on non-stoichiometric compositions. The focus of this style of 

investigation has been on the variation in the co-efficient of thermal expansion of fired 

compacts with different thermal histories, rather than the evolution of structure on first 

heating. Nonetheless, it has been shown that the crystallisation rate of leucite is low 

compared to other phases (Tosic et al., 2002), and that the amount of leucite formed 

decreases with the number of firings (Mackert and Evans, 1991). Furthermore, the 

amount of leucite observed to form in dental porcelains has been shown to decrease 

with heating above 900˚C, although this has not been observed in Figure 13.2 

(Mackert and Evans, 1991). No kinetic or thermal history studies of structural evolution 

have been done on sodium or mixed alkali (sodium and potassium) aluminosilicate 
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systems in similar compositional regions, which makes interpretation of the data in 

Figure 13.9 difficult. The slow crystallisation rate of leucite observed in other studies 

correlates well with the XRD diffractograms in Figures 13.9b-c (Tosic et al., 2002). The 

similar phase composition of the Na1.65 specimens subjected to different heating 

rates implies that the formation of nepheline is not kinetically limited. However, it can 

be deduced from the complete lack of leucite formation at high heating rates in 

NaK1.65 and K1.65 specimen that formation of potassium based compounds is 

kinetically restrained. The kinetic limitation of leucite may relate to the ionic radius of 

potassium being higher, which would be more hindered from rearrangement required 

for crystallisation to occur.  

 

Figure  13.9 XRD diffractograms of (a) Na1.65, (b) NaK1.65, (c) K1.65 and (d) Na2.15 geopolymers 

subjected to heating from ambient to 1000˚C at constant heating rates of 1˚Cmin-1, 2˚Cmin-1, 
5˚Cmin-1, 10˚Cmin-1, and 20˚Cmin-1, from back to front respectively. 

The FTIR spectra of Na1.65, NaK1.65 and K1.65 specimens subjected to different 

heating rates up to 1000˚C are presented in Figure 13.10. It can be observed that the 

peak at approximately 650 cm-1, characteristic of leucite, reduces in intensity in both 

the NaK- and K-specimens with Si/Al ratio of 1.65, corresponding with the XRD 

diffractograms in Figure 13.9. The peak widths at half height and peak positions of the 

main T-O-T stretching peak determined from the FTIR spectra are shown in Figure 

13.11. It can be observed that the peak widths of Na- and NaK- specimens increase 
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with heating rate, implying that the specimen is less ordered. While this is clear from 

the XRD diffractograms for the NaK1.65 specimen (Figure 13.9b), the similarity in 

phase composition of the Na-specimen after different heating regimes (Figure 13.9a) 

suggests that the structure of the amorphous phase differs considerably. In contrast, 

the peak width of the K1.65 specimen is largely unaffected by different heating rates. 

The peak position of the NaK1.65 and K1.65 specimens is observed to shift to higher 

wavenumbers, which is most likely a result of the reduction in the amount of leucite in 

these specimens, as the peak position of leucite occurs at a wavenumber of 960 cm-1. 
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Figure  13.10 FTIR spectra of (i) Na-, (ii) NaK-, and (iii) K-geopolymers with Si/Al ratios 1.65, (IV) 1.90 

subjected to constant heating rates of (a) 1˚Cmin-1, (b) 2˚Cmin-1, (c) 5˚Cmin-1, (d) 10˚Cmin-1, and 
20˚Cmin-1 from ambient to 1000˚C. 
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The mechanisms responsible for shrinkage of geopolymers during heating up to 

1000˚C, viscous flow, structural relaxation and polycondensation, are all kinetically 

limited. The rates of these processes will all be affected by the extent of 

polymerisation, the free volume and the rate of water diffusion from the specimen. 

Condensation of the structure by elimination of water increases the connectivity of the 

gel and decreases the ability of the material to rearrange without straining or breaking 

of bonds. Broadly speaking, the free volume is the difference in volume between a 

material and a fully densified glass, and is associated with the space between 

molecules in a sample. Therefore, the free volume is largely influenced by porosity, 

skeletal densification and structural relaxation. Diffusion of water is proposed to be 

linked with the extent of densification of Na-geopolymers in Chapter 10, as water and 

hydroxyl content reduces the energy barrier to densification and viscous flow of silicate 

gels (Brinker and Scherer, 1990). 

Thermal shrinkage is increased by low heating rates up to the point of structural 

densification in all geopolymers, shown in Chapter 12, while the inverse is true from 

the onset of densification. Furthermore, thermogravimetric data in Chapters 10 and 12 

suggest that the extent of weight loss from geopolymers is increased by low heating 

rates, with the main differences in weight loss observed below the onset temperature 

of densification. Slow heating rates prior to densification allow for a greater degree of 

polycondensation and structural relaxation, with more time spent at each temperature 

increment. In specimens subjected to higher heating rates, the diffusion of water and 

the rate of condensation limit the extent of polycondensation in the specimen. A lesser 

extent of structural relaxation will also occur at higher heating rates, with a structural 

configuration conducive to more rapid arrangement preferred over the most 

thermodynamically favourable, which would be closer to the structure achieved at 

lower heating rates. However, higher extents of condensation at low temperature make 

the gel more rigid, and unable to relax as effectively, thus only a slight reduction in the 

degree of shrinkage is observed in all geopolymers in Chapters 10 and 12 subjected to 

high heating rates prior to densification.  
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Figure  13.11 (▲) Wavenumber of maximum intensity and (■) peak width at half height of the main 

asymmetric stretching peak of T-O-T of (a) Na- (b) NaK- and (c) K-geopolymers with Si/Al ratio of 
1.65 subjected to constant heating rates between 1˚Cmin-1 and 20˚Cmin-1 from ambient to 1000˚C. 

Structural densification occurs when the softening temperature of the material is 

reached, and viscous sintering begins to contribute to shrinkage since the structure is 

able to move more freely (Brinker and Scherer, 1990). The increased movement in the 

gel allows for the more rapid shrinkage via structural relaxation, condensation and 

elimination of porosity. Therefore, the decreased extent of polymerisation and less 

relaxed structure in the specimens subjected to high heating rates contribute to 

increasing the rate of shrinkage in these specimens during densification. However, it is 

also clear from Chapters 10 and 12 that structural densification is kinetically limited, 

with the onset of shrinkage delayed at higher heating rates due to the decreased 

amount of time spent at each temperature increment at high rates. Therefore, it would 
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be expected that the reduction in the amount of time spent at each temperature 

increment would reduce the extent of shrinkage with increasing heating rate.  

It is known that the extent of shrinkage in silicate gels can be described by the integral 

of time divided by viscosity. Thus, the viscosity of the gel during densification is critical 

in determining the rate of shrinkage. The viscosity of silicate gels increases with the 

extent of condensation and decreases with increases in free volume, as the structure 

becomes more and less confined, respectively (Brinker et al., 1985; Brinker and 

Scherer, 1990). Therefore, the initial retardation of shrinkage during densification is 

likely to be related to the kinetic limitation by high heating rates, while the increase in 

the rate of shrinkage observed during densification is due to reduction in the viscosity 

of the gel phase for any temperature increment, dT, as the heating rate dT/dt is 

increased (where T is temperature and t is time) (Brinker et al., 1985). The reduction in 

viscosity from the increase in free volume and decreased polymerisation must 

compensate for the decreased time at temperature increment, since the extent of 

shrinkage is observed in Chapters 10 and 12 to increase with heating rate. As 

reduction in the viscosity of geopolymer during densification is thought to be the 

responsible for the increased extent of thermal shrinkage, effecting a change in the 

heating rate during experiments should be able to separate the differences in structure 

of the material resulting from different thermal histories. 

The thermal shrinkage of K1.65 specimens exposed to constant heating rates of 

1˚Cmin-1 and 20˚Cmin-1 from ambient to 1000˚C is compared with a specimen heated 

at 1˚Cmin-1 from ambient to 720˚C and at 20˚Cmin-1 from 720˚C to 1000˚C in Figure 

13.12. It can be observed that the extent of thermal shrinkage of all specimens is 

extremely similar after being exposed to vastly different heating rates up to 720˚C. 

Despite this, the different heating rates are expected to result in different structures of 

the specimens subjected to heating rates of 1˚Cmin-1 compared to those of the 

specimen heated at 20˚Cmin-1. The specimen heated at 1˚Cmin-1 should have a larger 

extent of condensation and structural relaxation than the specimen heated at 20˚Cmin-

1, due to the increase in the amount of time spent at each temperature increment. At 

the temperature where the heating rate is increased from 1˚Cmin-1 to 20˚Cmin-1, it can 

be observed that the rate of thermal shrinkage is slowed dramatically in the 

temperature range from 720˚C to 760˚C. This suggests that the rate of shrinkage is not 

simply related to heating rate, as the rate of shrinkage should only increase if that 

hypothesis were correct. Therefore, the reduction in the rate of shrinkage suggests 
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that the structure of the specimen heated at 1˚Cmin-1 is in a structural configuration 

that is more relaxed, and that the period of low shrinkage experienced after the heating 

rate changes is related to the rearrangement of the structure to one capable of 

evolving at a more rapid rate.  
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Figure  13.12 Linear shrinkage of K1.65 geopolymer heated at (a) 1˚Cmin-1 and (b) 20˚Cmin-1, from 

ambient to 1000˚C, while (c) heated at 1˚Cmin-1 up to 720˚C and at 20˚Cmin-1 from 720˚C to 1000˚C. 

The increase in the temperature of significant thermal shrinkage during densification in 

Chapters 10 and 12 indicates that the onset of densification is kinetically limited. The 

thermal shrinkage of the specimen subjected to varied heating rates exhibits identical 

shrinkage to the specimen subjected to a single heating rate of 20˚Cmin-1 by 900˚C. 

This denotes that densification is only kinetically limited initially, and quickly becomes 

limited by free volume and the extent of polycondensation, which directly affect 

viscosity. The different extents of thermal shrinkage observed for all three specimens 

after heating to 1000˚C in Figure 13.12 indicate that the overall extent of shrinkage 

observed during densification is affected by both the structure of the material prior to 

densification and the heating rate during densification. The increased level of 

polymerisation experienced by the specimens subjected to slower heating rates prior 

to densification (ie 720˚C) results in a lower capacity for shrinkage by polymerisation 

during densification, and shows that the rate of shrinkage is reduced by the reduction 
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in viscosity of the gel phase. However, the increase in heating rate clearly has the 

effect of increasing the extent of shrinkage during densification (Figure 13.12), as the 

extent of shrinkage of the specimens subjected to low heating rate initially would be 

similar after heating up to 1000˚C. Therefore, it is clear that several mechanisms are 

responsible for shrinkage of geopolymers during densification, all of which are closely 

linked by thermal history and heating rate.  

From analysis of geopolymers with varied Si/Al ratios it was deduced that the extent of 

crystallisation in geopolymers is inversely related to the extent of densification. 

Therefore, any changes in the amount of crystalline phase in geopolymers as a result 

of thermal treatments (Figure 13.9) will have an effect on the extent of densification. 

When the amount of crystalline content is reduced by increasing heating rate, the 

volume of amorphous content subject to densification is increased. This will result in 

the effects of heating rate on the gel to be amplified to some extent. From Chapter 12, 

it is observed that the trends observed in the extent of densification of Na-, NaK- and 

K-geopolymers subjected to variation in constant heating rate were different. Na-

geopolymers exhibited a significant increase in thermal shrinkage only at low heating 

rates. NaK-geopolymers only exhibited significant increase in thermal shrinkage at 

high heating rates, while K-geopolymers showed an increase in densification 

throughout heating rates of 1˚Cmin-1 to 20˚Cmin-1. These trends may be understood by 

combining the effects of heating rate on the amount of crystalline phase in 

geopolymers and gel viscosity. The amount of crystalline phase is not affected by 

heating rate in Na-geopolymers, but the increase in densification at low heating rates 

is a result of reduction in viscosity. The lower viscosity of NaK-geopolymers results in 

the extent of shrinkage at 1˚Cmin-1 and 2˚Cmin-1 being similar, though at high heating 

rates the reduction in crystalline content of NaK-specimens in combination with 

reduced viscosity amplifies the increase in densification observed in these specimens. 

Similarly, the densification of K-geopolymers is affected by reduction in viscosity at low 

heating rates, and increased by reduction in crystalline content at high heating rates. 

Therefore, it is clear that gel composition, structure and thermal history all play critical 

roles in determining the extent of thermal shrinkage and thermal evolution of 

geopolymers. 

13.3 Summary 
The effect of alkali on the structural evolution of metakaolin-derived geopolymers has 

been systematically explored up to 1000˚C. It has been shown that the phase 
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composition of NaK- and K-geopolymers is more complex than Na-geopolymers, since 

these systems are able to form two crystalline phases within the amorphous 

geopolymer structure at high temperature. Both kaliophilite and leucite have been 

observed to form in K-geopolymers, with the potassian form of nepheline and leucite 

observed in NaK-geopolymers at elevated temperatures. The amount of crystalline 

phase observed to form in geopolymers decreases with increasing Si/Al ratio in all 

systems, regardless of alkali, which appears inversely related to thermal shrinkage 

observed in Chapter 12. However, the effect of alkali on the onset temperature of 

crystalline phase formation and extent of crystalline phase formation are remarkably 

similar in all systems. Therefore, the phase composition of geopolymers cannot 

explain the reduced extent of thermal shrinkage observed in K-geopolymers at high 

temperature compared to Na- and NaK-geopolymers by itself. 

Analysis of the peak width and position of the main T-O-T stretching peak of FTIR 

spectra of geopolymers subjected to thermal treatment was used to corroborate the 

onset temperature of crystalline phase formation in geopolymers, indicated by a 

narrowing of the peak and a shift of the T-O-T peak towards the native wavenumber of 

the crystalline phase observed. The peak width of all specimens was observed to 

increase rapidly during densification, with the extent of peak broadening correlating 

loosely with the extent of densification physically observed by dilatometry. The 

convoluted densification mechanism observed in the physical evolution of NaK- and K-

geopolymers has been correlated with the collapse of the pore network. The higher 

densification temperature of K-geopolymers compared with NaK- and Na-geopolymers 

correlates with the lower softening temperatures and viscosity of sodium and mixed-

alkali aluminosilicates compared to potassium aluminosilicates. Therefore, the 

increase in the extent of thermal shrinkage of geopolymers in the order K < Na < NaK 

is related to the greater extent of viscous flow occurring in the amorphous component 

of the gel phase in these specimens. 

The effect of heating rate on several geopolymer specimens was investigated, with 

higher heating rates resulting in more disordered structure, as indicated by an increase 

in the peak width of the main T-O-T stretching peak in FTIR spectra and reduction in 

the extent of crystallisation in NaK- and K-geopolymers. The reduction in crystalline 

content is largely due to leucite not forming at high heating rates. In contrast, the 

phase composition of Na1.65 geopolymer appears unaffected by heating rate. The 
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effects of heating rate on the extent of crystallisation and the viscosity of the gel phase 

combine to determine the extent of densification of geopolymers at high temperature. 

It is apparent that both the thermal history and alkali cation and Si/Al ratio contribute 

significantly to the thermal evolution of geopolymers, which must be considered when 

proposing to use geopolymers in applications where exposure to high temperatures is 

a possibility. The effect of heating rate on thermal evolution is of particular interest, as 

it is clear that the phase composition and thermal shrinkage are altered by heating 

rates likely to be experienced by specimens subjected to fire loading. The likely 

parameters of structural relaxation, extent of condensation and free volume have been 

identified to all be active in determining the thermal evolution of geopolymers.  





Chapter 14 

 319

Chapter 14  
Conclusions 
Geopolymers are a versatile type of synthetic inorganic material with a broad range of 

potential fields of application, including service at high temperatures. However, much 

of the knowledge associated with geopolymer science is linked with simplistic 

formulation based on empirical correlations and assumed mechanisms. Without a 

more detailed structural and theoretical framework, addressing and understanding the 

high temperature evolution of geopolymer structure and the resulting properties and 

performance of the material is impossible. The inadequacy of much of the current 

literature for describing the properties and development of the material at ambient and 

high temperatures was explored in Chapter 2 of the thesis. In the absence of a 

substantiated molecular structure that could understand or predict the effects of 

variation in Si/Al ratio or alkali cation type, or a clear scientific basis for microstructure 

and property relationships, it was deemed necessary to reinvestigate the molecular 

structure, microstructure and properties of geopolymers at ambient conditions prior to 

investigation of the material at elevated temperatures. As such, the class of materials 

termed geopolymers is too broad for investigation. Therefore, the model system of 

metakaolin was utilised in the thesis to study the structure and properties of the alkali 

aluminosilicate binder, without considering complications associated with additional 

framework or non-framework cations. The experimental methodology of the metakaolin 

system used in the thesis is explored in Chapter 3. A fundamentally based and 

experimentally verified structural model for the molecular level bonding of geopolymers 

with varied Si/Al ratios and alkali cation type was established in Chapters 4 to 6. 

Microstructural and physical property relationships and mechanisms were developed 

to explain the reaction mechanism and development of geopolymers in Chapters 7 and 

8. Finally, the thermal evolution of geopolymers has been elucidated from both a 

physical and structural perspective in the latter section of the thesis, from Chapters 9 

to 13. 

The molecular structure and chemical ordering of geopolymers derived from 

metakaolin was investigated by solid-state NMR in Chapters 4 to 6. A multi-

dimensional matrix of geopolymers was utilised to probe the effects of chemical 

composition and gel chemistry on structure and properties. For the purpose of 
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characterisation by solid-state NMR, the matrix was comprised of fifteen differently 

formulated geopolymers with varied Si/Al ratio and alkali cation type. A complete 

multinuclear NMR investigation was carried out, including probing of 2H, 23Na and 27Al, 
29Si and 17O nuclei by MAS and MQMAS NMR techniques.  

The role and possible inclusion of water in the structure of geopolymeric gel has been 

proposed in the literature, though no direct evidence has been presented. The 2H MAS 

NMR was employed in Chapter 4 to determine the strength of association of water in 

geopolymers with varied Si/Al ratios. Broadening of 2H NMR resonances was seen in 

geopolymers as the nominal Si/Al ratio increased. Specimens with low Si/Al ratios (ie. 

Si/Al ≤ 1.40) were characterised by narrow resonances attributed to deuterium species 

with isotropic mobility. In contrast, geopolymers with Si/Al ratio ≥1.65 contained 

deuterium species in more restricted environments, which results from a large 

reduction in pores size that was corroborated by SEM micrographs in Chapter 7. 

Although 2H MAS NMR was unable to differentiate between the resonances from 

water and hydroxide molecules, no evidence of chemically bound water, 

corresponding to previous findings of Xu and van Deventer (2003a) and the 

conceptual models of Barbosa and Mackenzie (2000) was observed. Therefore, the 

role of the large volume of water present in hardened geopolymeric gels appears to be 

non-structural. Water required for the mediation of aqueous dissolution, transportation 

and structural reorganisation eventually resides in pores of varying size. Though pore 

fluid may aid in macroscopic properties, such as mechanical strength, this contribution 

is a result of reinforcement and support rather than chemically derived.  

The role of alkali cations and soluble silicon concentration in the incorporation of 

aluminium in geopolymers was also investigated using 27Al and 23Na MAS NMR in 

Chapter 4. The broad resonance for sodium associated with aluminium in the 23Na 

MAS NMR spectra of sodium containing geopolymers did not exhibit a change in 

chemical shift as the Si/Al ratio changed, inferring that the mechanism of sodium 

incorporation was unaffected. No evidence of resonances resulting from sodium 

associations with non-bridging oxygen suggested that sodium is only incorporated into 

geopolymeric binders via a charge-balancing role with aluminium. This is consistent 

with the use of a glass structural paradigm being inappropriate, and also implies that 

the crosslink density of tetrahedral AlO4
- and SiO4 groups that comprise the framework 

structure of geopolymers is four. 23Na MAS NMR also identified Na+
(aq) in the pores of 

sodium and mixed-alkali geopolymers. Al(OH)4
-
(aq) was identified in all geopolymer 
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samples with Si/Al ratio ≤1.40 irrespective of the alkali composition. The presence of 

Na+
(aq) corresponded with that of Al(OH)4

-
(aq), to maintain electroneutrality.  The 

presence of aqueous aluminium in geopolymers is believed to be as a result of the 

Si/Al ratio in the solution phase being less than unity. Geopolymers with Si/Al ratio ≥ 

1.65 did not exhibit a resonance for Al(OH)4
-
(aq) in the 27Al MAS NMR spectra, which 

clearly demonstrates a link between the composition of the activator solution and the  

incorporation of aluminium in the binder. Further evidence of this was observed in 23Na 

MAS NMR spectra, where proportionally higher concentrations of Na+
(aq) were 

observed in mixed-alkali geopolymers. This suggested that potassium is preferentially 

incorporated into the geopolymeric binder.  

The effect of alkali activator chemical composition on the structure of geopolymeric 

gels was explored further in Chapter 5 by deconvolution of the single broad resonance 

observed in 29Si MAS NMR spectra into component Gaussian peaks that represent the 

different Q4(mAl) species. The internal consistency of the deconvolution process was 

confirmed by comparison of nominal and calculated Si/Al ratios for each specimen. 

The largely amorphous structure of geopolymeric gels rendered the effects of different 

cations on Q4(mAl) site frequencies as negligible, while increases in specimen Si/Al 

ratio caused the Q4(mAl) positions to shift to higher frequencies. Differences in 

resonance position in the 29Si MAS NMR spectra of geopolymeric gels of low Si/Al 

ratio appeared to result from changes in the molecular structure, once the possibility 

was eliminated of cation-induced and next-nearest-neighbor effects altering the 

Q4(mAl) site frequencies. The distribution of silicon and aluminium in Na-, NaK- and K-

geopolymers was compared, with no significant difference in ordering observed at 

Si/Al ratios >1.65. However, concentrations of Q4(4Al) and Q4(3Al) were different for K-

geopolymers at low Si/Al ratios. The lower Q4(4Al) and higher Q4(3Al) fractions 

observed in these specimens signified a difference in the ordering within geopolymers 

of differing alkali type. Indeed, the ordering observed in K-geopolymers suggests a 

more disordered structure and the presence of Al-O-Al linkages, which is contrary to 

previously proposed theoretical models of geopolymers described in the literature 

review (Chapter 2). 

The assertion that different levels of disorder were present in the chemical ordering of 

silicon and aluminium of geopolymeric gels was elucidated further in Chapter 6, which 

provided a 17O MAS and MQMAS investigation of 17O isotopically enriched specimens. 

A statistical thermodynamic model to describe the bonding of oxygen sites in 
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geopolymers was also developed in Chapter 6 to provide fundamental corroboration of 

experimental data. Direct evidence of Al-O-Al linkages and structural disordering in 

geopolymers with low Si/Al ratios was presented for the first time in Chapter 6 from 17O 

3QMAS NMR. The degree of chemical ordering of silicon and aluminium was observed 

to agree extremely well with the predictions of the statistical thermodynamic model, 

with K-geopolymers exhibiting lesser degree of chemical ordering, ie. more Al-O-Al 

and Si-O-Si linkages than in Na-geopolymers. The basis for the variation in chemical 

ordering is the reduction in the entropy of aluminosilicate mixing in the presence of 

potassium compared to sodium, which formed the basis of the thermodynamic model. 

The 17O 3QMAS NMR evidence and thermodynamic predictions presented in Chapter 

6 agree with the conclusions drawn from solid-state NMR investigations in Chapters 4 

and 5. These NMR investigations constitute a wide ranging and comprehensive 

multinuclear characterisation of the molecular structure and chemical ordering of 

geopolymers with varied Si/Al ratio and alkali cation type. 

A new mechanistic model for the gel transformation process occurring during 

geopolymerisation was proposed in Chapter 7, accounting for changes observed in the 

microstructure and mechanical properties of a wide variety of geopolymers. 

Specimens with Si/Al ratio ≤ 1.40 exhibited a microstructure comprised of clustered 

dense particulates with large interconnected pores observed by SEM. Specimens with 

Si/Al ≥ 1.65 appear homogeneous with porosity distributed in small pores largely below 

observation in SEM micrographs. These findings of pore structure correlated extremely 

well with structural observations made by 2H MAS NMR in Chapter 4. The change in 

microstructure has been shown by nitrogen adsorption to be a result of an increased 

volume of gel in these specimens, as the skeletal density of the gel decreases. A TEM 

micrograph of a specimen with Si/Al ratio of 2.15 revealed that the microstructure of 

the gel is comprised of clusters of gel in the order of 5-10 nm, interspersed by a highly 

distributed pore structure. The change in microstructure is a result of variation in the 

lability of silicate species within the sodium silicate activating solutions that control the 

rate of structural reorganisation and densification during geopolymerisation, which 

draws heavily on observations made by 23Na and 27Al MAS NMR in Chapter 4. Greater 

lability during synthesis allows extensive gel reorganisation and densification and 

facilitates pores to aggregate resulting in a microstructure comprised of dense gel 

particles and large interconnecting pores, whereas reduced lability promotes a 

decreased localised gel density and distributed porosity. Lability of the gel during 
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geopolymerisation has been linked to the concentration of soluble silicon in the sodium 

silicate activating solution, with higher lability promoted by low silicon concentration.  

Chapter 7 also provided a detailed and systematic investigation of the mechanical 

strengths of Na-geopolymers. The increase in gel volume provides a greater cross-

section of gel to support compression loads, which results in the increase of Young’s 

modulus of geopolymers until the microstructures become largely homogenous at Si/Al 

ratio of 1.65. The increase in Young’s modulus is related to microstructure and not 

simply improvement in the strength of the actual binder. Increase in the compressive 

strength of geopolymers with increasing Si/Al ratio has been widely observed and was 

reproduced in Chapter 7. However, specimens with Si/Al = 2.15, the highest ratio 

achievable with the synthesis technique used in the thesis, exhibit a reduced strength 

compared to those with Si/Al = 1.90. The reduction in ultimate compressive strength of 

the highest Si/Al ratio geopolymer is believed to be a result of the effects of unreacted 

material, which is very soft and may act as a defect in the binder phase. The intensity 

of Al(VI) was used to compare the amount of unreacted phase in geopolymer 

specimens in Chapter 4. The amount of unreacted phase in geopolymers was found to 

increase with the nominal Si/Al ratio and the Na/K ratio in the activating solution. 

Therefore, at high Si/Al ratios, geopolymers contain increased amounts of unreacted 

phase that are believed to reduce mechanical strength. 

The systematic investigation of chemical composition on mechanical properties was 

extended to include the effect of both alkali composition and Si/Al ratio in Chapter 8. 

Statistical analysis of the compressive strengths and Young’s modulus of specimens 

was performed by T-Test and F-Test analysis to determine the significance of alkali 

and Si/Al ratio on the mean value and standard deviation of geopolymer compressive 

strengths and Young’s moduli. The results of the statistical analysis showed that the 

trends in compressive strength and Young’s modulus in Chapter 7 were observed in 

geopolymers of different alkali compositions. Comparison of specimens with different 

alkali composition indicated that the effect of alkali on the mechanical properties of 

geopolymers is small after 7-days. However, after 28-days the compressive strength of 

mixed-alkali specimens with Si/Al ≥ 1.90 was observed to increase by up to 30%, 

compared to Na and K specimens, which were observed to decrease in strength. The 

Young’s moduli of specimens exhibited two distinctly different mixed-alkali effects after 

28-days curing. In specimens with Si/Al ≤ 1.40 ratio the mixed-alkali specimens 

exhibited reduced values compared to Na and K specimens, whereas in specimens 
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with Si/Al ≥ 1.65 the mixed-alkali specimens exhibited maximum Young’s moduli 

values.  The change in the effects of alkali with Si/Al ratio may be related to the two 

different microstructures observed to form in the same specimens. The development of 

Young’s modulus between 7- and 28-days was observed to be dependent on alkali, 

with the Young’s modulus of sodium specimens decreasing at low Si/Al ratio, but 

increasing at high Si/Al ratio, and K specimens exhibiting the opposite effect. Mixed-

alkali specimens all exhibited nominal change in Young’s moduli, without any 

significant effect of Si/Al ratio observed. The development of mechanical properties of 

geopolymers investigated in the current work highlights the importance for 

microstructural analysis of geopolymers of varied Si/Al ratio, and alkali content with 

time to determine the basis for the reduction in compressive strength of pure alkali 

specimens, and increase in compressive strength of mixed-alkali specimens of high 

Si/Al ratio between 7- and 28-days. 

Chapters 7 and 8 provide a comprehensive characterisation of the mechanical 

properties and microstructures observed of the matrix of geopolymers derived from 

metakaolin used in the thesis. Chapters 9 to 13 focus on the thermophysical properties 

and thermal evolution of these same specimens. Chapter 9 explores the 

thermophysical transport properties of geopolymers subjected to different Relative 

Humidities (RH) and temperatures up to 100˚C. This is the first time that the thermal 

conductivity, diffusivity and specific heat of geopolymers have been presented. 

It is shown in Chapter 9 that the thermal conductivity, diffusivity and specific heat of 

geopolymers derived from metakaolin are largely insensitive to Si/Al ratio in the as-

cured state. Despite this, the thermal conductivity of geopolymers decreases in the 

order Na > NaK > K, separated by approximately 0.02 Wm-1K-1, resulting from a 

reduction in specific heat of the alkali cation. The Hashin-Shtrikman model is utilised to 

determine the thermal conductivity of the geopolymeric binder. The thermal 

conductivity of the binder is observed to decrease with increasing Si/Al ratio, which is 

affected by both alkali cation density (associated with aluminium) and a reduction in 

structural ordering with increase in Si/Al ratio. Thermal conductivities of geopolymers 

are largely governed by large reductions in the specific heat resulting from dehydration 

of water from pores below 100% RH. When rehydrated (100% RH), the thermal 

conductivity of specimens does not recover to the as-cured values, which is linked with 

incomplete filling of small pores in geopolymers with high Si/Al ratios. These 

specimens are more hydrophobic than ones with low Si/Al ratios, and exhibit a higher 
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than ambient pressure of intrusion for small pores. The interconnectivity of the gel 

phase has a significant effect on the thermal conductivity of geopolymers. The 

interconnectivity of the gel has been determined to the first approximation using the 

Hashin-Shtrikman model, and shows that the interconnectivity increases with Si/Al 

ratio, and with increase in sodium content. These trends match closely to microscopic 

evidence presented in Chapters 7 and 8.  

Chapters 10 and 12 explore the physical evolution of geopolymers up to 1000˚C. The 

thermal shrinkage and weight loss of all geopolymers have been categorised into four 

characteristic regions: Region I involves loss of freely evaporable water with only 

nominal shrinkage; Region II is delineated by the onset of initial shrinkage and the 

continued rapid loss of weight; Region III is characterised by gradual loss of both 

weight and thermal shrinkage and; Region IV involves densification by viscous 

sintering and is characterised by rapid thermal shrinkage and only nominal weight loss. 

The onset temperature of thermal shrinkage at the beginning of Region II was found to 

relate closely to the Young’s moduli of geopolymers presented in Chapters 7 and 8. 

The mechanism of shrinkage is thought to be capillary shrinkage from evaporation of 

free water, with the extent of shrinkage in Region II increasing with water content 

(decreasing Si/Al). The rate of shrinkage in Region III was observed to be similar in all 

specimens, regardless of Si/Al. However, the temperature span of Region III was 

found is related to Si/Al via dehydroxylation. The high temperature required for 

condensation of aluminol groups is thought to increase the temperature required for 

complete dehydroxylation in specimens with low Si/Al. The onset temperature of 

densification in Region IV decreased with increasing Si/Al for all alkali series, due to a 

reduction of the gel Tg.  

The extent of thermal shrinkage observed in the geopolymers in the current work 

decreases in the order Na > NaK > K for specimens with Si/Al ≤ 1.65. Despite this, 

similar extents of thermal shrinkage have been observed for all alkali series at high 

Si/Al ratio (ie. Si/Al ≤ 1.65). The alkali cation type has a large effect on the onset 

temperature of viscous sintering observed in dilatometric data at all Si/Al ratios, with K 

> NaK ≈ Na. The extent of densification observed during viscous sintering was 

observed to decrease in the order NaK > Na > K, which is related to the increase in the 

viscosity of these specimens in the same order. The extent of thermal shrinkage of 

geopolymers has been observed to increase with increasing constant heating rate for 

Na-, NaK- and K-geopolymer specimens with Si/Al ratio of 1.65. The increase in 
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densification with heating rate was observed to be dependent on alkali cation, implying 

that the rates of important processes occurring during densification are affected by the 

presence of different alkali cations. 

Chapters 11 and 13 elucidate the structural evolution of geopolymers during heating 

up to 1000˚C. Crystalline phase was identified in all geopolymers studied in the thesis 

after heating to temperatures well below 1000˚C. The phase composition of NaK- and 

K-geopolymers is more complex than for Na-geopolymers, since these systems are 

able to form two crystalline phases within the amorphous geopolymer structure at high 

temperature. Both kaliophilite and leucite have been observed to form in K-

geopolymers, with the potassian form of nepheline and leucite observed in NaK-

geopolymers at elevated temperatures, while only nepheline is observed to form in Na-

geopolymers. The amount of crystalline phase observed to form in geopolymers 

decreases with increasing Si/Al ratio in all systems, regardless of alkali, which appears 

inversely related to thermal shrinkage observed in Chapters 10 and 12. However, the 

effect of alkali on the onset temperature of crystalline phase formation and extent of 

crystalline phase formation are remarkably similar in all systems. The phase 

composition of geopolymers does not explain the reduced extent of thermal shrinkage 

observed in K-geopolymers at high temperature compared to Na- and NaK-

geopolymers. 

The mechanism of densification of geopolymers was elucidated by FTIR analysis, 

indicating that two main processes contribute to densification: viscous sintering and 

collapse of highly distributed pore networks. As geopolymers with Si/Al ratio ≤ 1.40 

exhibit dense gels with large pores, only densification from viscous sintering is 

observed. Specimens with higher Si/Al ratio, that have a homogeneous microstructure 

and a highly distributed pore network, exhibit both mechanisms of densification, with 

the collapse of the pore network responsible for the large extent of shrinkage observed 

in these specimens. Analysis of the peak width and position of the main T-O-T 

stretching peak of FTIR spectra of geopolymers subjected to thermal treatment was 

used to corroborate the onset temperature of crystalline phase formation in 

geopolymers, indicated by a narrowing of the peak and a shift of the T-O-T peak 

towards the native wavenumber of the crystalline phase observed. The convoluted 

densification mechanism observed in the physical evolution of geopolymers has been 

correlated with the collapse of the pore network. The higher densification temperature 

of K-geopolymers compared with NaK- and Na-geopolymers correlates with the lower 
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softening temperatures and viscosity of sodium and mixed-alkali aluminosilicates 

compared to potassium aluminosilicates. Therefore, the increase in the extent of 

thermal shrinkage of geopolymers in the order K < Na < NaK is related to the greater 

extent of viscous flow occurring in the amorphous component of the gel phase in these 

specimens. The effect of heating rate on several geopolymer specimens was 

investigated, with higher heating rates resulting in more disordered structure, as 

indicated by an increase in the peak width of the main T-O-T stretching peak in FTIR 

spectra and reduction in the extent of crystallisation in NaK- and K-geopolymers. The 

reduction in crystalline content is largely due to leucite not forming at high heating 

rates. In contrast, the phase composition of Na1.65 geopolymer appears unaffected by 

heating rate. The effects of heating rate on the extent of crystallisation and the 

viscosity of the gel phase combine to determine the extent of densification of 

geopolymers at high temperature. 

From Chapters 10 to 13 it is apparent that both the thermal history, alkali cation and 

Si/Al ratio contribute significantly to the thermal evolution of geopolymers, which must 

be considered when proposing to use geopolymers in applications where exposure to 

high temperatures is a possibility. The use of different cations in geopolymers intended 

for high temperature applications is only significant when using low Si/Al ratio 

compositions, and demonstrates that the alkali cation and Si/Al ratio play reduced 

roles in the extent of thermal shrinkage of geopolymer as the Si/Al ratio increases. The 

effect of heating rate on thermal evolution is of particular interest, as it is clear that the 

phase composition and thermal shrinkage is altered by heating rates likely to be 

experienced by specimens subjected to fire loading. The likely parameters of structural 

relaxation, extent of condensation and free volume have all been identified to be active 

in determining the thermal evolution of geopolymers.  

The thesis presents a systematic investigation of structural ordering, microstructure, 

physical properties and thermal evolution of geopolymers derived from metakaolin. 

The effects of variation in Si/Al ratio and alkali cation type (sodium and potassium) 

have been explored extensively in each of these main areas of investigation. A 

structural model for describing the molecular structure of geopolymers, based on 

Q4(mAl) silicon sites and q4(nSi) aluminium sites has been presented that fits with 

experimental observations, including the presence of Al-O-Al linkages. This model can 

account for a continuum of chemical compositions and explain the variations in 

chemical ordering observed in geopolymers by use of a fundamentally based statistical 
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thermodynamic model. The gel chemistry and density of geopolymeric binder has 

been shown to be of critical importance in determining the microstructure, compressive 

strength, Young’s modulus and thermal evolution of geopolymers. Though the phase 

stability of geopolymers synthesised using sodium and/or potassium is remarkably 

similar, there are large differences in the thermal performance of these specimens at 

low Si/Al ratio. The viscosity of the amorphous portion of the gel is critical in 

determining the high temperature properties of geopolymers.  

This study provides an extensive set of data on geopolymeric materials derived from 

metakaolin, and can be utilised as a basis for the systematic study of  (1) the 

molecular structure, microstructure and mechanical properties of geopolymers derived 

from differing raw materials, such as fly ashes and industrial wastes, where impurity 

phases and dissolution will provide increased complexities; (2) the thermomechanical 

properties of geopolymers derived from metakaolin; and (3) a more in depth structural 

characterisation of geopolymers derived from pure raw materials using sophisticated 

solid-state NMR techniques, including Dynamic Angle Spinning (DAS),  Rotational 

Echo Double Resonance (REDOR), further Multiple Quantum Magic Angle Spinning 

(MQMAS) and Multiple Quantum Heteronuclear Coherence experiments. In particular, 

it is clear that solid-state NMR holds the key to solving questions regarding the 

extended framework topology and the role and location of impurity phases and 

species. 
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