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Chapter 1. 
_________________________________________________________ 

 

General introduction 

 

 

This chapter provides a general introduction of this research project. A short summary on 

the current status of technology and the main challenges of alkali-activated materials, as 

well as the existing research opportunities in this field, are highlighted. Finally, the 

objectives, the scope of the research, the methodology and an outline of the thesis is 

presented. 
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1There exists a long debate over the terminology and definitions of alkali-activated materials and geopolymers, without a common 

agreement being reached. In this thesis, the term AAMs will be used and will cover both definitions. 

1.1 Research background 

The development of modern societies requires the utilization of long-term, reliable, and 

cost-effective infrastructural materials. With the building industry acting as a pushing factor 

of economic growth [1,2], concrete arises as one of the main representatives of this 

scenario, especially in emerging countries [3–5]. Due to its substantial performance, 

longevity, and wide-spread availability, the world has heavily relied on its implementation 

in different applications, making it the most utilised man-made material around the globe 

[6]. However, such positive features are coupled with a few negative environmental aspects, 

mainly arising from its production chain. The production of Portland cement (PC), the main 

component of concrete mixtures, requires the extraction of non-renewable resources and a 

makes use of a highly energetic process. It is estimated that the cement and concrete 

industries represent up to 9 % of all industrial water usage (2012) [7], as well as 7 % of the 

total global energy consumption (2018) [8]. Moreover, the massive decarbonisation of CaCO3 

during its production process – with an average CO2 coefficient emission of 0.86 kg CO2/kg 

of clinker [9,10] – accounted for 5-7 % of the total global CO2 emissions in the years 2020 

and 2021 (2.6 Gton) [9,11,12].  

The newest environmental policies concerning the reduction of CO2, such as the European 

Green Deal and the Inflation Reduction Act in the United States, demand the development 

of low CO2-emission solutions from players of the construction industry. The search for 

different building options, in vogue in the scientific community since the second half of the 

20th century, brought several potential options for the field. The alternatives to lower the 

environmental impact of this industrial sector are based on extending the service life of 

concrete structures [13–18], on improving the circularity of old structures by 

implementation of recycled binder and recycled aggregates [19–23], and on the use of 

alternative binding materials using different sources of non-recyclable disposed byproducts 

[24–28]. Among the existing possibilities of the latter, alkali-activated materials (AAMs), or 

geopolymers1, excel as one of the most mature options available in the market, given the 

extensive research performed over their performance and durability [29–35]. AAMs are 

composed of (calcium) aluminosilicate sources (so-called precursors), mainly regarded as 

byproducts from different industrial sectors, reacted with alkaline sources (so-called 

activator) to form a cementitious matrix physically similar to what is observed in hydration 

reactions of PC [36]. The precursors can be categorized as high- and low-Ca materials, and 

this classification represents major implications on their behaviour in forming a hardened 

binder. The majority of the raw materials implemented in AAMs are also widely implemented 

as supplementary cementitious materials (SCMs) in blends with PC, given the proximity in 

chemistry and performance of both systems – for instance, the Dutch standard NEN EN 197-

1 allows a maximum content of 95 % of blast furnace slag in the composition of CEM III.  
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2 The ground granulated blast furnace slag will be described throughout the thesis simply as “slag”. 
3The coal fly ashes will be described throughout the thesis simply as “fly ash”. Distinction will be made over the chemistry of 

the material, defining it as either calcareous fly ash of siliceous fly ash. 

Table 1.1: Summary of reported data on global production and expected demand of precursors for AAMs, and 

of Portland cement – values in million tonnes per annum. 

 Slag Fly ash Portland cement 

Production volume 

2021 

383 [37] 650-700* [38] 4200 [39] 

Estimated production 

2025 

420 [37] 700*, **[40] 4700 [39] 

Variation – 2018-2025 10 %  Up to 7 % 12 % 
*The amount of produced fly ash was estimated from the conversion of coal consumption for energy generation (2.312x107 

J/kg of coal – The American Physical Society), with a ash/coal ratio of 0. 10  

(https://www.jera.co.jp/en/sustainability/environment/waste/coal-ash). 

 

While the currently accessible literature allows satisfactory knowledge over the 

performance of hardened binders, issues concerning the marketability of conventional 

precursors, and consequently of AAMs, arise. In general, the availability of byproducts is not 

expected to follow the global demand of cement in the following years. As summarized in 

Table 1.1, the Portland cement demand is expected to reach a total of 4700 million tons by 

2025 [39]. The increased demand from 2021 to 2025 is approximately 3 % and 6 % more than 

the expected availability of blast furnace slag2 and coal fly ash3, the two most available and 

utilised commercial precursors. It is important to state that the availability of fly ash, in the 

second half of the decade, is projected to become stagnated or even to decrease [40], as 

the world is currently looking for alternative energy sources over coal. Additionally, the 

supplies of these alternative raw materials are geographically limited to regions in which 

they are produced. Finally, the variation in chemistry and mineralogy, influenced by their 

source materials and processing conditions of primary industrial processes, contributes to 

limiting a wider implementation of this technology.  

The inconsistency in the chemistry of precursors imposes, what is potentially, the most 

difficult challenge to this class of materials. Conversely to their application as SCMs in blends 

with PC, which can rely on clinker as a standardized material to buffer their variations, 

changes in the chemical composition of precursors have an enormous impact in the 

performance and service-life of AAMs [29,41,42]. As observed in Figure 1.1, the CaO contents 

of fly ashes and slags reported in scientific literature presents variations up to 35 wt% and 

25 wt%, respectively – the presence of CaO  in the initial composition of precursors is an 

important parameter to be analyzed, since it can, among others, have a significant impact 

over the nature of the reactions taking place for each precursor, i.e. latent hydraulic or 

pozzolanic [43–46]. This issue is maximized in the cases of fly ashes (Figure 1.1a): in addition 

to the higher variability with respect to CaO content, they present wide fluctuations in the 

contents of SiO2 and Al2O3. As a consequence, the changes in the Ca/(Si+Al) ratios are much 

more significant in fly ashes when compared to slags, and can represent extra complexity 

in understanding their reaction mechanisms. 

Along with chemical composition, the reactivity and performance of AAMs can be influenced 

by an extensive range of variables. Consequently, it is not yet possible to derive an universal 

approach which predicts the performance and service-life of AAMs, despite the many efforts 

made by researchers throughout the world [47–49]. These multiple variables can be 

categorized in two main groups:

https://www.jera.co.jp/en/sustainability/environment/waste/coal-ash
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• Intrinsic factors inherent to the precursor: Chemical composition, mineral phases 

and quantity of amorphous material, all which have immediate impact on the 

microstructure and intrinsic reactivity of the precursor(s); 

• Extrinsic factors: Processing and curing conditions of the AAM, such as nature and 

concentration of chosen activator, particle size distribution of precursor, mixing 

time and speed, use of admixtures, blending ratios (in case of a mixture of two 

or more precursors), temperature and time of curing, all which can be controlled 

by the operator. 

The non-homogeneous availability of the main raw materials has driven the attention of 

researchers on the study of unconventional precursors [50–54], using alternative sources of 

wastes in different regions. Mostly, ashes from biomass and solid waste incineration present 

considerable potential to be used in blended systems with traditional precursors. And 

although this could partially solve the issue of global supply of raw materials, it would raise 

an extra concern within the intrinsic factors, widening of the range of chemistry and 

mineralogy of available binders.  

The development of models able to estimate the performance and the service-life of AAMs 

could partially solve the issue of variation in chemistry and mineralogy. Based on chemical 

composition of reactive portions, thermodynamic modelling is a strong tool used to predict 

the equilibrium phase assemblage of cementitious systems [55–57]. However, a definitive 

implementation is currently limited to alkali-activated systems composed of high-Ca 

precursors [58], as literature is still missing reliable information over the thermodynamic 

data of reaction products observed in the alkali-activation of low-Ca materials. 

Efforts on producing solid and extensive quantitative studies, evaluating the combined 

effect of both intrinsic and extrinsic factors on reactivity and performance of AAMs, would 

increase the public trust in this class of materials. Moreover, the improvement of modelling 

tools could facilitate the comprehension and the estimation of performance of such 

materials in long-term conditions. Consequently, extended implementation and increased 

marketability of the technology could be achieved. This research targeted a comprehensive 

understanding over the influence of these factors on different stages of alkali-activating 

reactions. From the early stages until the obtainment of hardened and mature 

microstructures, a coupled effect of binder chemistry with temperature and time was 

quantitatively measured.  By the combination of experimental observations and simulation 

techniques, the addition of new features to GeoMicro3D [59], an in-house developed 

numerical modelling tool, was performed. This extension allowed the observation of the 

evolution of digitized microstructures of AAM-mixtures in different scenarios of precursors 

and curing conditions. 

 



6 1. General introduction 

 

 

Figure 1.1: Distribution of chemical compositions of a) coal fly ashes and b) blast furnace slags reported in 

literature. 

 

1.2 Research aim and objectives 

This PhD project focuses on addressing the challenges of non-homogenous availability and 

variable chemistry of precursors. The primary aim of this project is to define correlations 

between the chemistry and curing conditions of alkali-activated binders with features of 

their microstructures. This study will involve the understanding of the different mechanisms 

involved in the individual stages of alkali-activated reactions, investigating the influence of 

multiple variables in each stage, leading to the development of reliable microstructure 

modelling tools which can estimate the performance and service life of these binders. To 

achieve this, the following objectives have been defined: 

• To understand the effects of intrinsic and extrinsic factors on the kinetics of 

dissolution of different precursors, 

• To clarify and correlate the different reaction mechanisms of AAMs according to 

characteristics of the mixture – nature and concentration of activators, type of 

precursor, and curing procedure, 

• To characterize the evolution and maturation of (Ca-bound) sodium 

aluminosilicate hydrate (N-(C-)A-S-H) gels in both high- and low-Ca binders, 

• To comprehend the effect of blending proportions of precursors in mature 

microstructures, 

• To extend the possibilities of coupled kinetic-thermodynamic modelling tools, by 

simulating the microstructural evolution of alkali-activated materials made with 

low-Ca binders and blended precursors. 

It is important to clarify that this research will not evaluate each precursor mentioned in 

Section 1.1 individually. Instead, it will focus on a range of compositions that encompasses 

most of them. This approach should provide sufficient coverage of the majority of options 

discussed in the literature and available for practical use.  
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1.3 Research scope 

The approach selected in this research was on the utilization of synthetic glasses resembling 

slags, siliceous fly ash and calcareous fly ash, as precursors. This allowed the evaluation of 

completely amorphous structures, eliminating one intrinsic variable of the system (degree 

of crystallinity) and thus facilitating the interpretation of results. The synthetic precursors 

were subjected to study in early- and secondary-stages of alkali-activation. The results of 

the experimental observations were used for the extension of thermodynamic models and 

numerical simulation of alkali-activated materials. To maximize the comprehension of 

phenomena involved in such alkaline systems, the following restrictions were applied: 

• The synthetic glasses were composed of only SiO2, Al2O3 and CaO. The Si/Ca 

atomic ratio of the glasses varied from 0.7 (representing blast furnace slag) to 

4.1 (representing siliceous-fly ash). 

• Highly-diluted conditions, with a 1:1000 ratio of glass against sodium hydroxide 

and sodium silicate solutions, were prepared to simulate the early-stage 

reactions of the synthetic glasses. 

• The same activators were chosen for the study of alkali-activated pastes. Pastes 

were characterized after 1, 7 and 28 days. 

• The kinetics of dissolution and hardened pastes of alkali-activated fly ash-like 

glasses were studied at 20 °C and 60 °C, while slag-like glasses were analyzed 

only at 20 °C. 

• The water/precursor ratio of the analyzed pastes was 0.40 for slag-like glasses 

and 0.35 for fly ash-like glasses. 

• No admixtures were used in the pastes 

• Both thermodynamic modelling and numerical simulations were performed to 

evaluate the characteristics of the alkali-activated materials up to 7 days. 

• Both thermodynamic modelling and numerical simulations were validated with 

simplified chemistry of precursors, following the strategy of the synthetic 

precursors. 

 

 

1.4 Research methodology 

The present research is intended to cover different phenomena involved in alkali-activated 

systems, following the sequence depicted in Figure 1.2: the first instants of the reactions 

will be investigated through the study of the dissolution kinetics of precursors in alkaline 

media; the early-stage reactions will cover the mechanisms of nucleation of reaction 

products and their influencing factors; and the later-stages will evaluate the evolution of 

these new phases into the obtainment of mature microstructures. 
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Figure 1.2: Distribution of the scope of this research in the different stages of alkali-activating reactions. 

After the synthesis process, the initial mineralogy and chemistry of the synthetic glasses 

was characterized and compared to standard precursors, to assure the validity of the chosen 

approach. Detailed structural analysis was performed with Fourier transform infrared (FTIR) 

spectroscopy. The connectivity of the glass network and the availability of Si Qn(mAl) and 

AlIV-AlV-AlVI units was evaluated with Raman spectroscopy and solid state magnetic angle 

spinning 29Si and 27Al nuclear magnetic resonance (29Si MAS NMR and 27Al NMR), being 

quantitatively compared to the glass networks of naturally occurring slags and fly ashes 

according to their chemistry.  
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The early-stage of reaction was evaluated with dissolution experiments in highly diluted 

conditions. With a liquid/solid ratio of 1000, small quantities of powdered glasses were 

dissolved in 1:1000 sodium hydroxide and sodium silicate solutions up to 72 hours at 20 °C 

and 60 °C. This allowed the determination of a common empirical forward dissolution rate 

equation of the three main cations, based on chemical composition and environmental 

conditions – temperature and alkalinity. The characterization of residual material, after 

dissolution, was performed and used to assess which mechanisms take place in young and 

fresh mixtures. Differential thermogravimetry (DTG), FTIR, X-ray diffraction (XRD) and 

Raman spectroscopy were among the techniques used to evaluate the existence and the 

nature of reaction products formed in these initial stages.  

The continuous evaluation of microstructure evolution, from fresh mixtures up to 28 days, 

was performed with pastes activated with the same activators as dissolution experiments. 

The differences in reaction mechanisms, according to the activator of choice, were observed 

via XRD, FTIR, and scanning electron microscopy (SEM) of polished surfaces of hardened 

pastes. With this experimental approach, it was possible to distinguish the phase assemblage 

of low- and high-Ca binders, and the influence of temperature on the final microstructure. 

The implementation of selective dissolution of hardened pastes allowed the separation of 

the two main short-range ordered reaction products in alkali-activated materials: calcium 

(sodium alumino)silicate hydrate (C-(N-A-)S-H) gels and sodium (calcium) aluminosilicate 

(N-(C-)A-S-H) gels. The combination of this technique with SEM, and XRD coupled with 

Rietveld refinement, provided a precise study of the degree of reaction and phase 

formation. This allowed the quantitative correlation of the observed reaction products with 

the chemistry of the binder, leading to the determination of reactivity indices which could 

accurately predict the final phase assemblage based on characteristics of the mixture. 

To extend the existing thermodynamic models of AAMs, N-A-S-H gels with Si/Al atomic ratios 

of 1, 2 and 3 were synthesized in inert atmosphere conditions. The determination of 

solubility products allowed the empirical derivation of other thermodynamic properties: 

standard Gibbs free energy of formation, standard enthalpy of formation, and standard 

entropy of formation. The combination of kinetic experimental observations with the 

improved thermodynamic database of low-Ca precursors were included in GeoMicro3D. The 

agreement between simulated and experimental results proved that the extended tool was 

able to cover a wide range of precursors – in individual or blended scenarios – and activators, 

accurately delivering a digital microstructure. 

 

1.5 Research outline 

This thesis is divided in five parts, as illustrated in Figure. 1.3. PART I covers the background 

and the motivation for this PhD project, with a summary of the most important information 

necessary to understand the findings presented. PART II focuses on the characterization of 

binders and on the effects of chemistry and processing conditions on initial stages of alkali-

activation. The evolution of microstructure, from initial stages until a mature hardened 

matrix is obtained, is covered in PART III. PART IV contains the coupled thermodynamic and 

kinetic modelling of alkali-activated materials based on synthetic precursors, as well as the 

conclusions over the extended models developed during this project. Finally, PART V 

summarizes the main conclusions, contributions of this research, and offers 
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recommendations and suggestions for future work on this research topic. The content of 

each chapter is summarized as follows: 

• Chapter 2 contains a literature review about the main aspects of alkali-activated 

materials, the definition of different classes of binders and the stages of 

reaction. A summary of the effect of intrinsic and extrinsic factors on the 

evolution of reaction is given, and the current available modelling tools are 

discussed. 

• Chapter 3 explores and explains the differences in the network of reactive 

portions of high- and low-Ca precursors according to their initial chemical 

composition. The synthetic precursors obtained in this study were validated 

versus blast furnace slags and coal fly ashes described in literature as standard 

raw materials in alkali-activating systems. 

• Chapter 4 presents the evolution of the kinetics of dissolution, according to the 

alkalinity of the solution and the environmental temperature. The rates of 

dissolution, in far-from-equilibrium conditions, were obtained for Ca, Si and Al, 

and an empirical correlation of dissolution rates considering chemistry, 

temperature and alkalinity was determined. 

• Chapter 5 investigates the initial stages of phase precipitation reaction, 

characterizing which phenomena takes place in the nucleation processes of 

reaction products according to characteristics of mixture. The distinct conditions 

required to nucleate C-(N-A-)S-H and N-(C-)A-S-H gel-like phases were defined. 

• Chapter 6 follows the evolution of microstructure of individual and blended 

precursors. The definition of type and quantity of nucleated phases in hardened 

matrixes allowed the development of phase assemblage indices, which provided 

good agreement in the prediction of phase assemblage based on mix design and 

curing conditions. 

• Chapter 7 promotes the implementation of novel thermodynamic data of N-(C-

)A-S-H gels in the modelling of alkali-activated binders. The accuracy of the 

extended model was evaluated versus the experimentally determined quantities 

of Ca-limited gels observed in fly ash-activated systems and blended systems with 

blast furnace slag. This chapter also covers the extension of the GeoMicro3D tool 

with the empirical and thermodynamic findings throughout the whole thesis. The 

newly derived dissolution rates and early-stage reactions were compared to the 

simulated conditions, and the digitized mature microstructure was compared to 

experimental findings and to the empirically derived reactivity indices. 

• Finally, Chapter 8 presents a summary of the scientific contributions of this 

research regarding reaction mechanisms of low-Ca, high-Ca and blended 

precursors in alkali-activated systems. Based on experimental evidence, fine 

tuning of binder chemistry can be performed and tailor-designed systems can be 

employed according to performance requirements, while reliable digitized 

microstructure can be used for further performance and durability simulation 

tools.  
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Figure 1.3: Outline of this thesis. 
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Chapter 2.  
_________________________________________________________ 

 

Literature survey  

 

The concept of alkali-activated materials has been cited in literature for more than 7 

decades. Since then, the efforts of researchers have raised the fundamental understanding 

and the maturity of these binders, and several successful examples of applications in large-

scale projects can be found throughout the world, proving their long-term performance 

and durability. The present Chapter provides a brief summary of the current state-of-the-

art of this technology, displaying the main concepts of these systems, the in-depth 

investigation of the individual stages of reaction, and the characterization of the 

microstructural evolution through various experimental and modelling techniques. At the 

end, the existing possibilities for new research works will be addressed, opening the path 

for the developments to be explored in this thesis.
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4It has been argued that glasses are not truly amorphous, as they still display atomic organization in short ranges, and can be 
considered as micro-crystals. In this thesis, the terms glass, amorphous and vitreous will be used as synonymous of amorphous 
materials. 

2.1 Introduction 

This chapter presents a brief literature survey on the different stages involved in alkali-

activating reactions, from the selection of raw materials until obtaining a hardened 

cementitious matrix and stable reaction products. A brief description of the requirements 

of appropriate precursors is given, and issues concerning inconsistency and availability of 

resources, which currently imposes a major limitation on the marketability of AAMs, are 

detailed. The available conceptual models of the kinetics of dissolution of precursors, as 

well as the mechanisms of nucleation of reaction products, will be described considering 

experimental observations. Finally, the chapter will include an overview of the 

thermodynamic and numerical modelling tools currently available for alkali-activated 

systems. Based on this literature survey, the gaps in scientific knowledge, the most relevant 

topics to be investigated, and the contributions of this dissertation to overcome these 

limitations are stated. 

 

2.2 The concept of alkali-activated materials 

Alkali-activated materials are obtained by the chemical reaction between an alkaline 

activator (a solution of hydroxide, silicate, or highly concentrated sulfates and carbonates 

of alkaline and alkaline-earth elements) and precursors comprising silicates with 

intermediate-to-low calcium content [46]. This reaction results in a hardened cementitious 

matrix, which is physically similar to hydrated Portland cement (PC), but presents mild 

differences in the final microstructure and chemical composition [46,60,61]. The term 

‘intermediate-to-low-calcium’ distinguishes precursors from the minerals present in clinker: 

the former presents Ca/Si ratios up to 1.5, while the latter accounts for minerals in which 

CaO is by far the most representative portion, with Ca/Si ratios in the range of 2.0-3.0 

[62,63].  

 

2.2.1 Selection of raw materials  

2.2.1.1 Precursors 

The ideal structure of a precursor should be consisted of either amorphous portions in 

significant volumes, or crystals of ordered structures in the nanoscale range, and comprise 

the presence of reactive oxides, enabling the precipitation of reaction products similar to 

phases obtained via the hydration of PC [63,64]. The extent and the composition of the 

amorphous – also termed as glass4 or vitreous – region majorly influences the final features 

of the hardened binder, and the main expected components are SiO2, Al2O3, CaO, with minor 

quantities of MgO and Fe2O3. The possibility of reusing byproducts from different industrial 

sectors represents an excellent environmental advantage of AAMs over other binders [65–

72]. Considering chemistry requirements, a vast list of disposable materials presents 

potential to be used as a binding component, either alone or in combination with others in 

blended systems. Table 2.1 details several byproducts that are commonly mentioned in 

literature, along with the primary industrial process of each.  
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Table 2.1: Industrial by-products reported in the literature as precursors for AAMs (add their main oxides). 

Primary industrial 

process 

Resulting by-product – 

potential precursor 
Typical components (wt%) 

Foundries and 

metal recovery 

plants 

Blast furnace slag SiO2 + CaO + Al2O3 > 75 %* 

Basic oxygen furnace slag 
CaO + SiO2: 50-65 %;  

Fe2O3: 10-30 % [73] 

Electric arc furnace slag 
CaO + SiO2 + Al2O3: 40-60 %;  

Fe2O3: 30-45 % [74] 

Non-ferrous slags -** 

Thermal power 

plants 

Coal fired fly ashes 
SiO2 + Al2O3 + Fe2O3: 40-90 %;  

CaO + MgO: 0-35 %* 

Coal fired bottom ashes 
SiO2 + Al2O3 + Fe2O3: 70-90 %;  

CaO + MgO: 0-10 % [75] 

Production of 

aluminium 
Red mud 

Fe2O3: 30-60 %; Al2O3: 10-20 %;  

SiO2: 3-50 % [76] 

Incineration of 

organic wastes 

Rice husk ashes SiO2 > 85 %*** 

Sugar cane bagasse ashes SiO2 > 70 %; CaO: 1-15 %*** 

Palm oil fuel ashes SiO2: 50-70 %; CaO: 3-10 %*** 

Municipal wastes 

Municipal solid waste 

incineration ashes 
SiO2: 17-75%; CaO: 15-70% [54] 

Recycled glass SiO2: 55-75 %; CaO < 20 % [77] 

Wood construction ashes CaO: 30-70 %; SiO2: 10-40 %*** 
*Source: this research. 

**The typical components of non-ferrous slags are not listed due to their dependence on the ore, i.e. nature of the metal 

obtained in the primary industrial process. 

***Source: Work developed in the same research group. Detailed compositions will be given in Appendix A. 

Conventionally, precursors can be classified as high-Ca and low-Ca materials. This distinction 

promotes differences in their initial mineralogy and the involved reaction mechanisms, as 

schematically shown in Figure 2.1, and will be used through the whole thesis. Ca-rich 

materials usually display a higher amorphous degree and can be activated under moderate 

alkaline conditions, leading to the formation of variations of calcium silicate hydrate (C-S-

H) gels, which can also be modified by the incorporation of Al (C-(A-)S-H). Additional 

variations occur by the uptake of alkaline elements forming the glass network – resulting in 

the formation of C-(N/K-)A-S-H and C-(N/K-)S-H gels (where N and K stand for Na2O and K2O, 

respectively), and their quantity and nature depends on the distribution of these secondary 

oxides [58,78–80]. The second group of precursors is comprised of Al- and Si-rich materials, 

such as fly and bottom ashes (coal fly ash, municipal solid waste incineration bottom ash, 

rice husk ash, biomass ashes) and metakaolin, and usually requires more aggressive 

conditions to initiate the activation process (high alkalinity and curing temperatures above 

ambient), resulting mainly in the formation of sodium-potassium aluminosilicate hydrate 

(N/K-A-S-H) gels [81–84].  

Out of the many existing possibilities, blast furnace slags and coal fly ashes present the most 

relevant commercial potential, and have been extensively studied and implemented in 

large-scale projects for over 60 years [46]. As the two materials promote the reutilization 

of industrial residues, they require beneficiation steps prior to application as precursors, 

which can impact their characteristics and consequently their behaviour on alkali-activating 

reactions. 
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Figure 2.1: Conceptual chemicals reactions of alkali-activated materials, according to the Ca content of the 

precursor and activator – Elemental ratios obtained from [85–90] 

Coal Fly Ashes 

Coal fly ash is obtained as a valuable waste from thermo-electrical power plants, as 

illustrated in the scheme of Figure 2.2. When pulverized coal is inserted into furnaces for 

combustion and further energy generation, the non-combustible inorganic compounds melt 

and fuse in the form of droplets. These droplets are captured by exhaustion and separated 

from flue gases using electrostatic or mechanical precipitators, being cooled down to form 

spherical glassy particles ready for a secondary use [91]. Two main types of coal are used 

for energy obtainment: anthracite and bituminous coals are older and found in deeper layers 

of the soil, rich in carbon and silicon dioxide and being the optimum choice for power plants; 

sub-bituminous coals are found in shallower layers and contain lower levels of carbon 

[91,92]. These two classes present a well-defined division of the generated fly ash according 

to ASTM C-618. Siliceous fly ashes, or class F, obtained from the burning of high grade coals 

[93,94], contain low levels of calcium and a summed quantity of SiO2, Al2O3 and Fe2O3 higher 

than 70 %, while calcareous fly ashes, or class C, obtained from burning low grade coals, 

present high levels of calcium and a summed quantity of the other three main oxides 

between 70 % and 50 % [91,95].  

Fly ashes present 40-90 % of vitreous material in its internal structure. This value can 

fluctuate according to the initial coal mineralogy, coal particle size distribution, and cooling 

conditions of the molten material. Particles of different sizes will quench at different rates: 

the smaller allow a more intense heat exchange with the environment, resulting in 

accelerated cooling a higher amorphous degree; large particles can allow internal 

recrystallization of the still-molten inner material by the slower cooling rate, increasing the 

residual crystalline volume [96,97]. The nature and quantity of the remaining crystalline 

phases are dependent on the overall mineralogy of the initial coal. Mostly, quartz is the 

main mineral found in fly ashes, since SiO2 is the first or second main component of these 

materials. Minor quantities of mullite, hematite, tricalcium aluminate and lime can also be 

found according to the grade of the burnt coal [98–100].  
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Figure 2.2: Schematic production processes of primary sources of coal fly ash. Source: author. 

 

Blast furnace slag 

Blast furnace slag is formed by the thermo-chemical reduction of iron ore inside blast 

furnaces for production of pig iron, the first component for steel manufacturing [46], which 

is schematically shown in Figure 2.3. The contaminants of the iron ore react with coke and 

the hot air inside the furnace to form a phase called slag, which is separated from the 

molten iron in the skimmer [83,101]. At the end of the melting process, the temperature of 

the slag is approximately 1500 °C, and the cooling method is essential to determine its 

properties and reactivity. Conventionally, water-cooling is used to enhance the heat 

exchange and accelerate the cooling rate, promoting a larger volume of amorphous material 

at the end of the process. Finally, the cooled slag is ground into a fine powder before being 

suitable to be used as a binder in cementitious systems – it is also commonly termed as 

ground granulated blast furnace slag (GGBFS). Slags commonly present CaO as its main 

component, followed by SiO2, Al2O3 and variable quantities of MgO. The chemistry directly 

impacts the final reactivity, and can be measured by the basicity index (weight ratio of the 

sum of MgO and CaO related to the sum of ASiO2 and Al2O3). This index determines the 

hydraulic level of the slag, which is directly related to its reaction mechanism as a 

cementitious binder – this will be further discussed in this thesis. Although not as remarkable 

as in fly ashes, variations in chemistry can still be expected in slags due to the source of the 

iron ore and the use of burning gases to enhance the burning capacity of the blast furnace 

[102]. 
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Figure 2.3: Schematic production processes of primary sources of blast furnace slag. 

 

2.2.1.2 Activators 

Activators display a combined role of catalyser and reaction media, facilitating the initial 

dissolution process of precursors and accelerating the stage of precipitation and 

stabilization of new solid reaction products [103]. In essence, these materials must present 

sufficient alkalinity to promote the breakage of the amorphous network of the precursors, 

and their concentrations should be optimized to avoid flash setting and to provide an 

adequate media for the precipitation and growth of stable reaction products [104]. In most 

applications, these components are prepared as liquid solutions in a separate step prior to 

the mixture with precursors, allowing sufficient time to promote a homogeneous distribution 

of reactive aqueous species.  

The efficiency of an activator lies on the correct choices of types and concentrations of the 

alkalis, which can be correlated to the characteristics of the precursor. For instance, the 

differences in the dissolution behaviours of high- and low-Ca precursors demands specific 

characteristics from the activators:  

i. lower alkalinity levels are required to promote dissolution in high-Ca precursors 

requires due to their disordered network. Consequently, accelerated dissolution 

rates are obtained with the initial release of Ca and immediate formation of C-

(N-A-)S-H gels, observed by higher calorimetric response in initial moments [105–

107].  

ii. higher concentrations of the activator and higher temperatures are usually 

required in the activation of low-Ca precursors due to their highly-polymerized 

structure, targeting the achievement of a similar dissolution and accelerated 

formation of reaction products [46,108]. 
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In general, an increased concentration of alkalis in aqueous media accelerates the reaction, 

favouring a stronger cohesion of the hardened matrix and, consequently, improving the 

mechanical performance of AAMs [62]. However, this enhancing effect is expected to occur 

until an upper threshold value, as the excess of alkaline ions can lead to additional issues in 

terms of workability, evolution of microstructure, and lifecycle assessment [109–111]. Flash 

setting and increased viscosity of the binder are among the main issues arising from 

extremely high pH levels of the activator [83], limiting to the continuity of the early-stage 

reactions and promoting the formation of a coarse microstructure. In addition, the excess 

of alkaline ions can favour the formation of expansive products via alkali-silica reactions or 

the occurrence of efflorescence at later stages [62,63], which compromises the long-term 

performance of concrete elements. Finally, high concentrations of activators can negatively 

influence the decarbonization potential of the binder, as activators present the highest 

global warming potential among the components of AAMs [112]. 

In practical terms, the majority of activators are composed of Na- or K-containing 

hydroxides, carbonates or silicates [46,113]. In the first two cases, the molarity of the 

alkaline solution and the ratios of Na2O/K2O over precursor (𝑛, or mass of alkaline oxide per 

100 g of precursor) are the main governing parameters. With respect to sodium or potassium 

silicates, the silica modulus (𝑀𝑠) of the solution calculated by Equation. 2.1: 

𝑀𝑠 =
[𝑆𝑖𝑂2]

[𝑀2𝑂]
                                                                                                                              (2.1), 

where 𝑆𝑖𝑂2 reresents the molar quantity of the oxide and 𝑀2𝑂 represents the molar quantity 

of either 𝐾2𝑂 or 𝑁𝑎2𝑂. When metallic silicate solutions (also termed waterglass) are used, 

the 𝑀𝑠 of the activator is the main influencing factor in the overall reaction of the binder. 

For instance, the excess of the silicate modulus has been reported to cause a rapid 

workability loss of alkali-activated slag mixtures [114], causing a series of other issues to 

the mixture: limited setting time attributed to the accumulation of primary C-(N-A)-S-H-

type gels [107,114,115], and uncontrolled stiffening process have been frequently reported 

in silicate-activated slag [116–118], leading to great challenges in practical aspects of the 

binders during mixing, delivery, pumping, casting, and consolidation of fresh mixtures.  

Table 2.2 summarizes the main parameters of the alkaline solutions, i.e. the alkali 

concentration and the silicate modulus, and their optimal dosage for low- and high-Ca 

precursors. The alkali content and the silica modulus, in combination with the binder 

characteristics, govern the chemistry of the mix design formulation and thus the reaction 

mechanisms, directly affecting the mechanical properties of the material [110,119]. Due to 

the countless possible binders-activators combinations, it is difficult to generalise the effect 

of the system chemistry on the mechanical performance. For this reason, it is necessary to 

find and highlight recurring behaviours and correlations between chemistry and mechanical 

performance. 
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5The Commonwealth of Independent States (CIS) is a regional intergovernmental organization in Eurasia, and is composed of 
the following countries: Armenia, Azerbaijan, Belarus, Kazakhstan, Kyrgyzstan, Moldova, Russia, Tajikistan and Uzbekistan. 

Table 2.2: Main characteristics of the alkaline solutions used for the production of AAMs [64]. 

 
Alkaline potential 

of the solution 

Dosage of 

M2O*(n) 
Ms = SiO2/M2O 

Low-calcium systems (CaO 

content < 10 wt%) 
High 7.0 – 9.0 wt% 1.0 – 2.0 

High-calcium systems (CaO 

content > 10 wt%) 
Low 3.0 – 6.0 wt% ~ 0.75 

*M stands for the specific cation, usually K or Na. 

 

2.2.2 Challenges of conventional precursors 

2.2.2.1 Geographical distribution and future availability 

The practical implementation of slags and fly ashes is dependent on the existence of their 

primary industrial processes. In this context, the availability of these two precursors is 

strongly linked to the geographical distribution of raw materials for these two industries, 

illustrated in Figure 2.4. Coal was source for nearly 35 % of total global electricity in 2020 

[120,121]. Approximately 85 % of global coal reserves are available in North America, 

Oceania, CIS5 countries and Asia, with the latter being responsible for approximately 80 % 

of total global coal consumption in 2020 [120]. However, coal-based energy is bound to 

massive CO2 emissions [40], and the world is expected to gradually reduce and replace this 

type of energy by renewable sources. In this aspect, although global consumption of coal 

presents a discrete increasing trend [38], a few regions of the planet have already lowered 

its use. While Asia displays continues to raise its levels of coal consumption, with China 

operating over 3000 coal power plant stations in 2020 (Global Energy Monitor), Europe has 

nearly halved its coal consumption for energy production from 14.02 exaJoules (2010) to 

7.70 exaJoules (2020) [38], a trend which has been followed by the majority of the 

continents. Up to 2040, the use of coal as an energy vector is expected to account for only 

22 % of total global energy generation, and an excepted limited availability of fly ashes is 

expected for the construction industry.  

The availability of blast furnace slag is directly related to production levels of pig iron, as 

approximately 300 kg of slag are generated for each ton of pig iron produced in blast 

furnaces [122]. However, global production of pig iron displays a decelerated growth rate, 

with total production in the range of 1.3 billion tons in 2019 and 2020 [123] – with China 

being responsible for over 60 % of total amount. Production levels are expected to grow at 

low rates for the next 10 years, reaching 1.5 billion tons only in 2030 [124]. Recycling rates 

have distinct numbers in different locations for both precursors. In general, slag is a more 

mature product and presents higher reutilization rates in construction industry. Within the 

biggest consumers of this raw material, Europe immediately reuses approximately 82 % of 

its production according to 2018 (Euroslag), while the Nippon Slag Association reports that 

Japan has a recycling rate of 80 %. Reports from China present varying numbers with 

recycling rates reaching values as high as 95 %, while reports from the United Stages 

Geological Survey (USGS) have shown increasing slag import rates since 2017 to meet the 

demand of the domestic cementitious materials industry. These trends indicate that, 

similarly to fly ashes, the availability of slags is expected to be restricted in the coming 

years.
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Figure 2.4: Distribution of the global production of raw materials used in the obtainment of blast furnace slag 

and coal fly ash [38,122]. 

 

2.2.2.2 Inconsistency of chemistry 

Both fly ashes and slags present a wide variation of chemical compositions and mineralogy, 

which are dependent on different factors for each group of material. Coals contain a high 

quantity of organic components, and the coal grade of the local source combined with the 

secondary combustible materials have direct impact on the final chemical composition of 

fly ash [46]. It can also be expected that, within a same batch, fly ashes will present 

heterogeneities on its characteristics: different particle sizes go through different cooling 

rates, which consequently leads to a variation in levels of vitreous material and differences 

in reactivity according to fineness of the material [96]. Moreover, the implementation of 

coal in co-combustion powerplants – which is a common trend to reduce CO2 emissions during 

the generation of energy – can lead to the contamination of the molten material, thus 

altering the final chemical composition. For instance, Sarabèr [125] and Wu et al. [126] 

demonstrated that the use of agricultural wastes, such as poultry dung, and of rejects from 

paper production, can increase the CaO content of the ashes, but the glass quantity is 

reduced in approximately 25 %. Similarly, Faleschini et al. [127] reported an increased 

content of unburned material when refuse-derived fuels (RDF) – mainly composed by papers 

and plastics – are burnt in combination with coal, which results in delayed setting and 

decreased strength of concrete when used as SCM. 

With respect to slag, processes occurring inside blast furnaces are mainly controlled by 

temperature and mineralogy of the iron ore [128]. Coke, a coal-derived carbon-rich and high 

purity material, is used as fuelling agent, accounting for nearly 25 % of the total raw 

materials used in this process. The reduction of the ore and conversion into metallic iron is 

promoted by carbon monoxide obtained from the combustion of coke. The resulting slag is 

rich in residual SiO2 and Al2O3 after the reduction and release of metallic Fe. The resulting 

molten material has a high viscosity and impedes the processing of the byproduct. For that 

reason, fluxes, such as limestone and dolomite, are added to the blast furnace to control 
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the viscosity of the slag, by inducing the inclusion of MgO and CaO into the molten material 

[129]. The amount of added fluxes should be optimized: sufficient material should be added 

to allow proper depolymerization of the liquid slag, but not in excess, as it could lead to 

the precipitation of solid calcium silicates, increasing the viscosity [130]. The composition 

of slags can be better controlled if proper care is taken on the choice and dosage of all raw 

materials, but mild variations are still expected according to the availability of resources. 

Due to the larger number of variables on the primary production process, fly ashes tend to 

display a less homogeneous performance when used in AAMs in comparison to slag. Table 

2.3 presents the changes in chemistry of the two precursors, considering a vast database of 

compositions and quantitative analysis reported in scientific papers from 2010 to 2020 for 

each material – see Appendix A for more details. In nearly all reported slags, CaO is the 

main component, and the high Ca/Si ratios facilitate the formation of Ca-containing 

hydrated gels from early moments over other phases. While the composition of siliceous fly 

ashes is dominated by SiO2 and Al2O3, calcareous fly ashes represent an intermediate 

material in terms of chemistry, which is also reflected by the intermediate reactivity 

observed for this group of precursors. Additionally, the higher amorphous fraction of slags 

compared to fly ashes, which can be quite significant in some cases, adds an extra 

complicating factor on the activation of low-Ca precursors.  

 

2.2.3 The introduction of chemistry-based approaches 

The wide range of solid precursors and processing parameters introduces additional 

complexity to AAMs, significantly affecting the fresh and hardened binder properties. While 

this brings a certain versatility to this technology, allowing fit-for-purpose formulations, 

each mix design differs from the other in terms of reaction mechanisms. Currently, there 

are no standardized mixtures and only few regulations that promote a large-scale 

implementation of alkali-activated binders in individual countries – United Kingdom, 

Ukraine, Switzerland, and Australia [131]. A few authors have attempted to derive unified 

approaches, correlating factors such as activator proportions, precursor chemistry, water 

content, and the presence and content of admixtures to the performance of AAMs 

[47,48,132]. This could lead to the future design of performance-based approach standards 

and regulations, as AAMs were proved to display even superior performance and durability 

over PC-based materials in some aspects [29–33]. 

 
Table 2.3: Distribution of oxides, atomic ratios and amorphous degree of fly ashes and slags reported in 

scientific literature. 

Precursor CaO (wt%) SiO2 (wt%) Al2O3 (wt%) Ca/Si 
Amorphous 

content 

Granulated 

blast furnace 

slag 

30-56 21-41 4-18 0.92-2.86 > 95%* 

Fly ash – C** 20-28 21-41 2-14 0.53-1.43 53-89% 

Fly ash – F** 1-14 36-67 16-39 0.01-0.43 44-86% 
*The amorphous content of slag is assumed to be larger than 95%, as all data concerned water cooled slags. 

**Classification of fly ash according to ASTM C618. 
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Figure 2.5: Countries with more significant production of primary processes of potential precursors of AAMs – 

Full data available in the Appendix A. 

In addition to the inconsistent mix design, the future availabilities of both fly ash and slag 

do not follow the forecast of cement demand (see Table 1.1 in Chapter 1). One alternative 

approach to overcome the inconsistent supply and performance is the implementation of a 

chemistry-based approach, which considers the overall binder composition, accounting for 

both precursor and activator. This would widen the range of alternatives, as it could include 

conventional and non-conventional raw materials. If a combination of two or more 

precursors is allowed, the definition of an optimum mix design is facilitated by making use 

of locally available raw-materials, thus expanding the potential geographical range of 

application of this technology. For instance, ashes obtained from biomass wastes such as 

rice husk (RHA), palm oil fuel (POFA), and sugar cane bagasse ashes (SCBA), have been 

extensively studied in the past years as components in blended AAM mixes, reaching 

satisfactory performance when combined with slag and even with PC [65,133–137]. These 

byproducts are widely available in warmer climates, and noticeably tend to be distributed 

where conventional precursors are not available. The map shown in Figure 2.5 highlights the 

five main global producers of the source materials for slag and fly ash, and for the 

aforementioned biomass wastes. It is therefore clear that an expanded the list of precursors 

increases the capillarity of raw materials, and consequently can enhance the commercial 

and technical potential of AAMs. 

Biomass ashes display, along with siliceous fly ashes, low overall-Ca content. Within this 

same group, other types of wastes easily found in all regions of the planet are on evidence 

in scientific literature [50] including municipal solid waste incineration ashes, recycled 

glasses, silica fume and red mud. There has been some recent focus of researchers on the 

use of other ashes which are produced in limited parts of the world but require specific 

processes, such as sewage sludge (SSA) [138], wood construction biomass waste ashes (BWA) 

[139,140] and paper sludge ashes (PSA) [141,142]. This last group of materials usually 

present a higher Ca content than the previous, but their applications as partial replacement 

for blast furnace slag or fly ash have been positively assessed in the technical literature in 
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some circumstances. Figure 2.6 presents an overall view of the chemical composition of  

several alternatives of precursors mentioned in literature, considering their contents of 

CaO, SiO2 and Al2O3. The chemistry of non-conventional materials fluctuates from Si-rich to 

Ca-rich compounds, while always maintaining Al2O3 values below 40 %. As the supply of these 

byproducts is limited compared to conventional ones, a chemistry-based approach could be 

a supporting factor on the development of blended mixtures for instance, by taking 

advantage of the main features of two or more materials, and will be the main point of 

investigation of this thesis. Consequently, mix design of AAMs could be tailor-designed 

according to the locally available raw-materials, expanding the potential geographical range 

of application of this technology. 

 

Figure 2.6: Variability of main oxides in the chemical composition of conventional and alternative precursors 

for AAM mixes. *Red mud presents significant amounts of Fe2O3 up to 50 wt%. 
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2.3 Structural characterization of precursors  

The reaction potential of a precursor is linked to two main characteristics of the amorphous 

portion within its microstructure: total volume and connectivity, and chemical composition, 

two features which are strongly correlated. Additionally to the lack of long-range order, 

glass structures can be modified at the atomic short-range organization range by the 

presence of a few elements, and these alterations have a significant impact on the overall 

reaction process. A glass structure comprises, essentially, two types of components 

[143,144]: 

i. network forming (NWF) oxides, which present stronger M—O bonds and are more 

thermodynamically stable, forming strong and cohesive structures [143];  

ii. and network modifying (NWM) oxides, which disrupt M—O bonds and lower the 

overall ordering range of the local structure, 

where M stands for metallic elements. The reactive portions of slags and fly ashes is 

composed by calcium aluminosilicate glasses, in which SiO2 is the main NWF. Si presents a 

tetrahedral coordination (with SiO4 as basic unit), and each oxide of the network can be 

shared with other tetrahedra in disordered forms, forming different structures as seen in 

Figure 2.7. Shared oxygen sites in between two tetrahedra are named bridging (T) O sites, 

and the connections made these elements in the silicate network can be disrupted by the 

presence of NWM oxides of alkaline and alkaline-earth elements. NWMs promote the 

breakage of Si—O bonds in bridging points and form separate Si—O—M+ bonds following the 

reaction displayed in Equation 2.2 [10]. The result is an even shorter range of atomic order 

due to the formation of non-bridging oxygen (NBO) sites – in AAM-precursors, CaO, MgO, 

Na2O and K2O are the most common NWMs [143]. By reducing the total amount of bridging 

oxygens, NWMs decrease the overall cohesion of the microstructure and reduce the energy 

barrier required to initiate dissolution and further stages of reaction [145,146]. 

≡ Si − O − Si ≡    +    M2O →   ≡ Si − O − M+   +    M+ − O − Si ≡                            (2.2) [143]. 

Al2O3 presents a dual behaviour, as it can assume the role of both network former and 

modifier oxides [147,148]. The contribution of Al to the overall network is dependent on its 

availability compared to alkali and alkali-earth components. In general, Al is mainly 

expected to act as network former in tetrahedral coordination (AlIV) when there is an excess 

of alkaline elements [143,149] – with M+n/Al ratio above 1, where M is the corresponding 

modifying element and n is the positive charge of the modifying cation. When acting as 

network form, Al usually substitutes Si in previously occupied sites, converting the basic 

unit into [AlO4]
-. As the natural coordination of aluminum is octahedral (AlVI), the basic unit 

of Al-tetrahedra has a coordination number of 4, resulting in a negatively charged site. 

Hence, AlIV requires the presence of a charge balancing cation to maintain the local 

electrical neutrality [143]. Oppositely, when Al3+/Mn+ ratio is above 1, octahedrally 

coordinated (also termed sixfold) Al is the main observed nature [150]. It is assumed that, 

as long as the glass system is able to supply sufficient charge balancing elements, Al can 

completely assume the role of network former [96,151].  
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Figure 2.7: Silicate structures formed by sharing O in tetrahedral SiO4 sites [144]. 

In glass structures, silicate sites are classified according to the amount of oxygen atoms 

shared between one or more tetrahedra. These units, or species, are identified with the Si 

Qn(mAl) notation type. n refers to the quantity of connected units, and m indicates the 

number of Al atoms substituting Si in tetrahedral coordination. The value of n varies from 

0, representing an individual SiO4 unit, to 4, representing a fully connected network, and 

the value of m varies from 0 to 3 [152]. The identification and further quantification of each 

silicate unit can be achieved by solid state magic angle spinning nuclear magnetic resonance 

(MAS NMR) of different nuclei. MAS NMR allows an individual element investigation as it 

evaluates interactions of specific nuclei with close neighbours according to the initial 

magnetic field. The sketch in Figure 2.8 illustrate the differences in pure Si-species (Figure 

2.8a) and Al-substituted Si-species (Figure 2.8b) as measured by 29Si NMR spectroscopy, and 

how to identify each one according to their characteristic responses [143,152]. Additionally, 
27Al MAS NMR can be used to identify the three different Al-O units, as fourfold (AlIV), fivefold 

(AlV) and sixfold (AlIV) coordination also have their own characteristic chemical shifts 

[152,153]  – see Figure 2.8c. 

In general, the inclusion of Ca in aluminosilicate glasses increases the frequency of Si species 

with low connectivity. The depolymerization effect of NWM elements has been described 

by many authors, and they induce a clear distinction between slags and fly ashes, for 

instance. Fly ashes can present up to 90 % of Si Q4 species and nearly no remaining individual 

SiO4 (Si Q0) units, while slags display mainly networks with dimers and trimers (Si Q1 and Q2, 

respectively) [152,154,155]. The response of 27Al MAS NMR also changes according to the 

quantity of modifying cations. Kucharczyk [156] demonstrated that, in synthetic CaO-Al2O3-

SiO2 glasses, chemical shifts of AlIV are more evident with increasing Ca/Al ratio, as AlV and 

AlVI related signal is no longer observed above a CaO/Al2O3 ratio of 1.45. Additionally, 
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Neuville et al. [157] reported a structure fully composed by fourfold-Al in similar glasses at 

CaO/Al2O3 = 1, while traces of network modifying Al are still observed in percalcic glasses. 

This last observation is of great importance, as it can show the complexity of establishing 

absolute rules for vitreous materials due to the high level of structural disorder. 

To some extent, the connectivity of the microstructure can be quantified and provide vital 

information over the reaction potential of a material. The calculation of the ratio of non-

bridging oxygens to bridging oxygens (NBO/T) is often implemented in the literature 

[143,147,148], but requires sophisticated and complex techniques and modelling tools to be 

precisely determined. With respect AAMs, it can be summarized that increasing content of 

NWM compounds raise the structural disorder of amorphous regions, leading to an enhanced 

the reactivity of raw materials in alkali-activated systems. 

The depolymerization effect of Ca can have significant influence in the short-range 

structures of the glass phases of precursors. In X-ray diffraction (XRD) patterns, relationships 

between the CaO content of the precursor with the maximum 2θ angle value of the diffuse 

scattering has been described by different authors. Diamond [158] and McCarthy et al. [159] 

were among the first authors to report such structural relationships, as they determined 

trends valid for low- and high-Ca fly ashes containing from 0.9 wt% to 20 wt% of CaO, by 

creating a database of 178 samples from different sources in USA. Goto et al. [160] extended 

this relationship by including the structural characterization of synthetic glasses mimicking 

the composition of slags. As shown in Figure 2.9, the results indicated a quasi-linear trend 

up to 50 wt% CaO content, which covers slags and siliceous fly ashes – the linear relationship 

is interrupted between a CaO wt% range of 20-30 wt%, as calcareous ashes display similar 

structures despite of their Ca content, with similar maximum 2θ diffraction angles between 

30-32°. 

The relationships described by the authors suggested differences in the short-range ordered 

structures for both high- and low-Ca precursors. The diffraction maxima of siliceous fly ashes 

are close to a few aluminosilicate dominated structures – mullite (2θ = 25.97°; PDF# 00-015-

0776) and sillimanite (2θ = 26.19; PDF# 00-001-0626) – and to pure SiO2 phases like 

cristobalite (2θ = 21.95°; PDF# 00-011-0695), the latter being in agreement with structural 

characterization of metakaolin [161–166]. The diffraction patterns of slags often present 

maxima 2θ angles resembling Ca-Al-rich phases such as gehlenite (2θ = 31.36°; PDF# 00-020-

0199) and åkermanite (2θ = 31.13°; PDF # 00-035-0592), and calcareous fly ashes are in the 

intermediate region between both areas. As conventional precursors display variable levels 

of residual crystalline phases, it is easily assumed that the glass structures resemble what 

would be stable crystalline arrangements formed by the locally available atoms [167]. This 

observation is in line with many results available in the literature [48,95,98,168,169], which 

cite fly ashes with residual mullite contents up to 22 % [100], and slags displaying well 

defined residual presence of gehlenite, åkermanite and different forms of calcium 

aluminates [170,171]. 
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Figure 2.8: Typical ranges of chemical shifts for 29Si and 27Al MAS NMR of: a) SiO4 tetrahedra; b) Al-substituted 

SiO4 tetrahedra; and c) Al-O units (adopted from [152]). 

 

 

Figure 2.9: Correlation of the maximum 2θ position with the CaO content (wt%) of different precursors [160].  
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2.4 Kinetics of alkali-activating reactions 

The reaction potential of an alkali-activated system, which comprises the early stages of 

reaction and the evolution and final features of its microstructure, are largely dependent 

on the mixture design and on processing conditions. In a simplified way, the reactivity of 

precursors can be directly linked to the initial content of CaO, especially in initial stages 

[172], and at room temperature, materials with low or no content of Ca will display a 

delayed reaction. Consequently, the reaction mechanisms involved in AAMs are mostly Ca-

dependent: precursors can be classified as latent hydraulic (materials which require only 

water and react in a later stage of hydration process when the pH of the pore solution is 

high enough to trigger dissolution) and pozzolanic (material which required the presence of 

calcium hydroxide to trigger its dissolution) [44,45], and this classification can indicate the 

ideal conditions of the reaction media (type and concentration of activator and 

temperature) which are most appropriated for different precursors.  

The evolution of the reaction can be followed using different techniques, and each stage of 

the overall reaction requires its specific techniques [173]. The dissolution of precursors and 

the evolution of pore solution can be observed in highly-diluted systems [174–176]. By 

implementation of a solution/precursor volume above 1000, the initial phase precipitation 

is significantly delayed, allowing the study of very-early moments of reaction. In this same 

scenario, the evolution of cation concentration with time, which is  ideal for the obtainment 

of dissolution rates, is performed using inductively coupled-plasma optical emission 

spectroscopy (ICP-OES) or microwave plasma-atomic emission spectrometer (MP-AES). In the 

next stage, essential information over the evolution of the kinetic of reaction can be 

observed, among other techniques, by isothermal calorimetry and scanning electron 

microscopy [173,177]. The former quantifies the evolution of heat release, intimately 

correlated with enthalpy of formation of reaction products, while the latter provides a 

visualization of the microstructure in higher magnification. Moreover, spectroscopy 

techniques and X-ray diffraction provide information over the nature and quantity of phases 

in equilibrium at different times [99,178,179], proving to be powerful tools in the 

characterization of AAMs. 

 

2.4.1 Dissolution 

Alkali-activating reactions begin with the dissolution of the precursor as the first stage, 

which occurs immediately after contact with the alkaline activator [113]. Dissolution is a 

continuous process that promotes the breakage of covalent and ionic bonds from the glass 

network, releasing reactive aqueous species to the surrounding media. The phenomena of 

dissolution is triggered by the ionic strength of the liquid activating solution [63,180,181], 

and the rate of detachment of elements from the original framework is dependent on the 

polymerization degree of the aluminosilicate network of the precursor [143,148].   

The scheme shown in Figure 2.10 illustrates the steps and provides the basic reactions 

involved in the dissolution of raw materials – Step A indicates the initial system. The process 

begins by a proton exchange mechanism between aqueous species and cations loosely bound 

to the glass network [113] – both network modifiers (light red) and charge compensators 

(orange). This triggers a significant release of Na+, Ca2+, and other network modifying 

elements into the aqueous solution, as described in the Step B [113], and is often described 
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as a cationic leaching process. The H+ proton adsorbed in this exchange mechanism has a 

smaller ionic radius than the alkaline cations, which induces extra disorder to the local 

structures and facilitates the sequential steps [182]. Further on, hydrolysis of primary and 

stronger covalent bonds of bridging oxygen atoms begins (Steps C, D and E), and the 

precursor is continuously consumed as the formation of reactive layers reduces the original 

particles. The intensity of this stage is directly equivalent to the alkalinity of the aqueous 

media, as higher pH leads to a higher concentration of OH- species. The hydrolysis can 

happen due to breakage of aluminosilicate chains or opening of rings into smaller chains 

[183]. Although usually congruent dissolution is assumed [148,184], a few authors claim a 

faster dissolution of Al species, with Si dissolution occurring on a further step [180,181], as 

Al-O are normally weaker than Si-O bonds. Steps C and D describe the earlier hydrolysis of 

Al-O bonds in successive stages: first, O-AlO2
--OH and is formed in the reactive interface by 

the disruption in one bridging oxygen; sequential hydrolysis take place in Al-O bonds until 

individual Al sites reacts with additional H+ protons from the solution to form Al(OH)4
-, a 

reactive Al-aqueous species [180]. The hydrolysis of Si-O bonds follows a similar two-stage 

reaction (Steps E and F), with the formation of Si(OH)4 aqueous species. The overall scheme 

describes the stage of the maximum dissolution rates of the precursor. The release of 

cations to the media occurs at independent rates, and is not influenced by the solution 

feedback solution [185]. This accelerated dissolution stage is termed forward dissolution, 

and will be decelerated once a supersaturation level of reaction products is achieved 

[186,187].  

A few studies have focused on evaluating the influence of chemical composition on the 

initial stages of alkali-activating reactions, also termed forward dissolution period, which 

covers the stages prior to the stable precipitation of reaction products. Using a liquid to 

solid ratio of 1000, Snellings et al. [184] investigated the dissolution kinetics of synthetic 

glasses resembling blast furnace slag, siliceous, and calcareous fly ashes in sodium hydroxide 

(NaOH) solutions. The author reported forward dissolution rates of Si (r+,Si) and Al (r+,Al) up 

to one order of magnitude higher for percalcic glasses when compared to low-Ca, as shown 

in Figure 2.11. With a similar setup, Schöler et al. [148] obtained a reaction degree around 

6 times higher for synthetic glasses resembling blast furnace slag in comparison to siliceous 

fly ash-like glasses as measured by the cation concentration present in the pore solution 

after 7 days of experiment.  
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Figure 2.10: Illustrated scheme of the dissolution of precursors in alkaline solutions. 
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Figure 2.11: Influence of the content of CaO of synthetic glasses on different properties: a) forward dissolution 

rate of Si (chart adapted from data available in [184]); and b) degree of reaction (chart adapted from data 

available in [148]). 

With the evaluation of slag dissolution in high-pH solutions, Zuo [175] combined with the 

data from Snellings and developed equations that predicts the forward dissolution rate of Si 

and Ca. Based on the structural parameters of precursor and alkalinity of the solution, a 

good agreement among the two set of data was found. The author based the study on the 

quantity of NBO of slag, which can represent an extra complexity when evaluating additional 

precursors. Aiming the understanding of the effect played by Mg, Hamdam et al. [172] 

compared the dissolution behaviour of synthetic slags obtained in the MgO-CaO-SiO2-Al2O3 

system. With fixed Si and Al contents, the authors did not observe significant changes in 

dissolution rates arising from a gradual substitution of CaO by MgO, in agreement with the 

non-observed changes in glass structure. With respect to fly ashes, Gangapatnam et al. [188] 

demonstrated that the quantity of the amorphous phase is crucial on determining the 

dissolution kinetics rate of these materials. By comparing two ashes with very similar 

chemistry, the authors reported that changes in concentrations of Si and Al are proportional 

to the reduction of the total amorphous volume of the ashes – a 30 % drop in total amorphous 

volume led to cation concentrations approximately 35 % lower when compared to ashes with 

larger amorphous portions.   

 

2.4.2 Precipitation of reaction products 

After the initial reaction stage, the release of elements begins to be decelerated and the 

precursor leaves the forward dissolution behaviour [113,189]. This occurs due to the 

supersaturation of reactive species in the reaction media, and the scenario becomes 

favorable for the initial nucleation of solid reaction products. Along with the initial 

dissolution, the visualization of these sequential stages can be performed with in-situ 

isothermal calorimetry, which measures the heat flow of the reaction with time as both 

network breakage and nucleation occur through exothermic reactions [173].  
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Figure 2.12: Example isothermal calorimetry curves of alkali-activated materials: a) high-Ca precursors 

activated with single components and b) silicate or carbonate solutions; c) low-Ca precursors cured at room 

temperature and d) temperatures above 50 °C. 

In general, all precursors display an initial heat release peak, related to the initial 

dissolution process, but the sequence of calorimetric response is dependent on 

characteristics from both precursor and activator. Example curves are shown in Figure 2.12: 

a two-peak curve is expected for the alkali-activation of slag. In systems activated with 

hydroxide solutions (Figure 2.12a), the initial peak is correlated to the initial fast dissolution 

rate of the precursor (Stage I), followed by an induction period (Stage II), an acceleration 

period, characterized by a second wave of element release and the nucleation and growth 

of reaction products [44,106,108] (Stage III), and a final deceleration period of the reaction 

(Stage IV). This final stage represents a gradual densification of the microstructure, in 

processes controlled by diffusion of residual reactive species [190]. When a silicate solution 

or a carbonate solution is implemented (Figure 2.12b), the induction period is extended, 

due to the lower pH of the solution [191], and a broader and a less intense dissolution peak 

is obtained in Stage I. In low-Ca systems cured at room temperature (Figure 2.12c), 

especially when hydroxides are used as activators, not only a slower detachment of cations 

from the network is observed, but a less pronounced mechanism of nucleation and growth 

of new phases is expected, also resulting on less intense initial peak and an extended 

induction period [106,192]. If a higher temperature curing regimen is implemented, despite 

the activator, the expected calorimetric response is similar to the typical behaviour of 

silicate/carbonate-activated slags (Figure 2.12d), with increased heat flow in the dissolution 

period [175,192] and accelerated nucleation of reaction products [190].   

The different calorimetric response arising from the activating solution, in alkali-activated 

slag, were illustrated by Ravikumar et al. [193] and Bilek Jr et al. [191], using different 
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silicate modulus and different molarities of sodium hydroxide, respectively. As seen in 

Figure 2.13a, a reduction in the alkalinity of the solution (denoted by larger silicate modulus 

or lower NaOH concentration) postponed and decreased the height of the peaks related to 

the acceleration period [193]. In the second case (Figure 2.13b), the authors suggest an 

optimized NaOH concentration of 7 M: increased reactivity is observed until this upper 

threshold value of NaOH, and above it, flash setting and hindered nucleation are expected 

[191]. With respect to low-Ca precursors, Chithiraputhiran et al. [106] studied the 

differences in responses of alkali-activated fly ash using NaOH solutions at 25 °C, 35 °C and 

40 °C. In agreement with literature, only one calorimetry peak is observed for pastes cured 

at 25 °C. Increasing temperature, not only increases the height of the initial peak related 

to dissolution, but also leads to formation of a secondary peak related to a second wave of 

nucleation of new phases. Sun [194] evaluated the effect of temperature on heat release of 

alkali-activated pastes using individual fly ash and metakaolin as precursors and NaOH as 

activator. Figure 2.13c shows an evident improved reactivity when temperature is increased 

from 20 °C to 40 °C, with clear observation of acceleration periods for fly ash. It can be 

also noticed that the metakaolin-containing system displayed a smaller area under the 

calorimetry curve (Figure 2.13d). Although the height of the initial peak is higher for 

metakaolin than for fly ash (due to higher amorphous content), lack of Ca in the 

microstructure inhibits formation of further reaction products, and therefore the 

exothermal response of the paste is lower. 

 

Figure 2.13: Examples of isothermal calorimetry investigation of alkali-activated materials: alkali-activated 

slags using a) silicate modulus [193]; and b) NaOH concentrations (concentration is indicated by the index 

followed by the SH - sodium hydroxide code) [191]; c) NaOH-activated fly ash and d) metakaolin cured at 

different temperatures (adopted from [194]). 
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2.4.3 Reaction mechanisms  

The cementitious matrix formed in hardened alkali-activated systems consists of short-range 

ordered hydrated gels and secondary products, and the level of Ca supplied by the precursor 

controls both the sequence of reactions and the main characteristic of the main reaction 

products. With respect to mechanisms, Suraneni et al. and Ramanathan et al. [44,45] 

investigated the reactivity of 54 alternative binders divided in 12 groups, through 

thermogravimetric analysis and isothermal calorimetry experiments – although the authors 

labeled them as SCMs, these binders are also described in literature as precursors in alkali-

activated systems. The authors reported that, although aspects such as amorphous content 

and particle fineness display influence in the final reactivity, Ca-rich binders can be 

classified as latent hydraulic materials, since it requires the consumption of lower amounts 

of alkaline species to display a relatively high heat of reaction. Figure 2.14 shows the 

different classifications, in which most of the tested metallurgical slags (SL) are in the field 

of latent hydraulic materials, while low-Ca materials, such as fly ashes (FA) and silica fume 

(SF), are located in the region of pozzolanic materials. Additionally, limestone (LS), quartz 

(Q) and basalt fines (BF), materials notoriously with high quantities of crystalline fractions, 

are considered inert.  

Concerning reaction products, the hydrated gels to be formed can be categorized in two 

main groups according to the role of Ca, as schematically illustrated in Figure 2.15. In Ca-

rich systems, it acts as both anchor for nucleation of CaO sheets surrounding silicate chains 

with variable level of AlIV substitution, and as charge compensator of [AlO4]
- sites  along with 

other alkaline species (C-(N-A-)S-H-type gels) [62,63]; in systems containing low-Ca 

precursors, it is either incorporated in N/K-(C-)A-S-H gels [83,103] as charge balancing 

species, or it is consumed to form secondary reaction products. C-(N-A-)S-H-type gel displays 

lower Ca content (showing usually a Ca/Si ratio approximate to 1.0) and higher Al content 

(with Al/Si ratio in the range of 0.1-0.2) than PC-formed C-S-H [58,195–197]. The C-(N-A-)S-

H gel is described in the literature as a low order version of tobermorite, which is one of 

the crystalline analogous structures of C-S-H – it is common sense to define the structure of 

C-S-H as being a poorly ordered jennite-like or 1.4 nm tobermorite-like phase, with 

alternate layers of CaO and finite silicate chains [58,196]. N/K-(C-)A-S-H-type gels are often 

regarded as a precursor of zeolite structures or nanostructured zeolites. These gels present 

similarities in the chemical composition minerals and structural arrangement with this class 

of mineral, as reported for X-ray pair distribution functions [198,199], and with the course 

of reaction, the initially formed disordered species can go through rearrangements and 

display structural organization depending on the conditions of the reactive media.  
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Figure 2.14: Definition of reactivity indexes of different SCMs/precursors based in heat release and calcium 

hydroxide consumption [44]. 
*Abbreviations: FA – Fly ash; SL – Slag; SF – Silica fume; CC – Calcined clay; GLWA – Ground lightweight aggregates; Q – Quartz; LS – Limestone; 

BOFS – Basic oxygen furnace slag; MSWIFA – Municipal solid waste incineration fly ash; P – Pumice; GG – Ground glass; BF – Basalt fines. 

In both classes of precursors, secondary reaction products are commonly observed, 

contributing up to 15 % of the volume of the final microstructure of the hardened binder 

[89,108]. The type and amount of these phases is dependent on the presence of secondary 

oxides, on the curing conditions, and on the alkalinity of the solution [89,178,200], and their 

bulk compositions are usually out of the chemical composition stability range of the primary 

hydrated gels. The two main secondary products in high-Ca based systems are a Mg-Al 

layered double hydroxides (LDH) and AFm-type phases [58,201]. The first category 

comprises hydrotalcite-resembling phases, which are formed by alternate layers of brucite 

(Mg(OH)2) and gibbsite (Al(OH)3), is usually anchored at the surface of the particles of the 

precursor due to the low mobility of Mg, consuming the majority of Mg atoms supplied by 

the precursor [55,57,195,202], and is only observed with a MgO content above 5 wt% 

[58,203]. Authors have also reported that varying levels of MgO will not show effect on the 

chemical composition of C-(N-A-)S-H, and that the secondary oxide is only responsible for 

the formation of LDH or other additional reaction products [204,205]. AFm-type phases 

display a similar structural arrangement of LDHs, but the alternate layers are composed by 

gibbsite and portlandite (Ca(OH)2). In such structures, Ca2+ can be substituted by either Al3+ 

or Fe3+, with anions providing charge-balancing conditions on the second layer [204].  

In low-Ca systems, zeolites represent the most common secondary reaction products. As 

previously described, these phases comprise a group of crystalline materials with similar 

chemical composition to N/K-(C-)A-S-H gels but with a highly connected tetrahedral 

aluminosilicate network, displaying a channelized structure with high surface area 

[206,207]. Due to their similarity, N/K-(C-)A-S-H gels are considered nano-structured zeolite 

species which will not display a full crystallization behaviour due to insufficient curing 

conditions [99]. The type of zeolite to be nucleated is highly dependent on parameters of 

the reaction, such as H2O/SiO2 and OH-/SiO2 ratios, amount of cations, Si/Al ratio, and 

SiO2/Na2O ratio [99].  
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Figure 2.15: Conceptual model of alkali-activation of low- and high-Ca precursors (flowchart adapted from 

[83]). 

 

2.4.4 Characterization of hardened binders 

Given the low crystallization degree of hydrated gels, the distinction between the two main 

reaction products in alkali-activated binders is a complex process, being satisfactorily 

achieved only at qualitative level by use of spectroscopy techniques. Fourier transform 

infrared spectroscopy (FTIR) provides information over building units of different amorphous 

gels, distinguishing pure C-S-H gels and C-(N-A-)S-H gels from modified N-A-S-H through the 

shifting of vibration spectra, according to variable Si/Ca and Si/Al ratios [208–211]. As an 

example, Walkley et al. [212] investigated the evolution of microstructure of alkali-

activated synthetic slag (CaO-Al2O3–SiO2 system) and synthetic fly ash (Al2O3–SiO2 system) 

powders using sodium silicate as activator (see Figure 2.16). The intense bands observed 

between 900-1000 cm-1, typical for the stretching vibrations of Si–O–T (with T representing 

both Si and Al) bonds, become sharper in slag-like glasses. In addition to the shoulder 

observed at 875 cm-1, attributed to [AlO4]
- vibrations, a homogeneous presence of C-A-S-H 

phases, with low structural variation, is identified. Contrarily, the fly ash-system presents 

a broad band observed in the same spectral range. Silicate activated materials naturally 

increase the Si/Al ratio of the reaction products, decreasing the crosslinks of N-A-S-H chains, 

and thus hindering the growth of such gels in more ordered structures. The broad vibrations 

are an indication of 2-dimensional aluminosilicate chains, which can display different 

lengths and silicate coordination with variable Si/Al in each phase.   
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Figure 2.16: FTIR spectra of precursor and alkali-activated pastes of synthetic glasses: a) CaO-Al2O3-SiO2 

system; and b) Al2O3-SiO2 system (adopted from [211,212]). 

The use of 29Si MAS-NMR (MAS NMR) complements the observations from FTIR spectroscopy, 

as the deconvolution of the spectra into individual curves allows a more detailed assessment 

of the microstructure of AAMs. Peng et al. [213] investigated the influence of the activator 

type and concentration on the final structure of N-A-S-H gel in alkali-activated fly ash. The 
29Si MAS NMR spectra of waterglass-activated systems presented a more Gaussian-like profile 

when compared to NaOH-activation – see Figure 2.17a. The deconvolution of the main curve 

indicated a wider presence of individual peaks 85-100 ppm range, typical of long and 

connected silicate chains (Si Q2 and Q3), while increased concentration of hydroxide pushed 

the spectra towards more negative chemical shifts, assigned to crosslinked structures (Si 

Q4). In waterglass media, Bernal et al. [82] compared the 29Si MAS NMR spectra of alkali-

activated slag and fly ash. The shift of the curve to higher values in slag-systems, typical of 

a dimer- and trimer-dominated structures, indicates that C-(N-A-)S-H and C-S-H nuclei tend 

to be smaller, as the highly alkali content and Al-substitution hinders the formation of bigger 

chains. 

Scanning electron microscopy (SEM) is an additional tool used to investigate the initial stages 

and the phase assemblage of hardened binders. The initial reactivity of fly ash particles, in 

NaOH solutions, was evaluated by Kuenzel and Ranjbar [214], who reported a strong 

influence played by temperature on this process. As demonstrated in Figure 2.18a, the 

dissolution process was progressively more significant from 25 °C to 145 °C, as nearly no 

alteration was observed initially, while only residual crystalline phases were detected at the 

highest temperature. The early-reactions and surface anchoring capacity of slag were 

evaluated by Bilek et al. [215] in waterglass and sodium hydroxide media. With isolated slag 

particles in suspensions with a liquid/solid ratio of 10, the authors verified that, in 

waterglass-based systems, a homogeneous and smooth surface was covering all particles, 

while NaOH promoted the nucleation of a porous network of reaction products – see Figure 

2.18b. The envelopment of the surface of the precursor favours a homogeneous distribution 

of reaction products. In combination with reactive species provided by the activator, the 

initially precipitated phases will be able to grow in all directions, forming a densified 

hardened matrix combining with. Contrarily, the higher pH promoted by sodium hydroxide 

facilitates the localized dissolution of slag and the nucleation of outer products in specific 

directions, potentially resulting in a coarser microstructure.  
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Figure 2.17: Deconvoluted 29Si MAS NMR spectra for a) alkali-activated fly ash with different activators [213]; 

and b) alkali-activated slag and fly ash with waterglass [82]. 

The distribution of different phases within the microstructure can also be visualized, if 

chemical analysis are implemented with electron microscopy. Nedeljkovic [216] successfully 

performed phase segmentation on backscattered electron (BSE) images of polished surfaces, 

identifying distinct features in hardened binders comprised of individual slag and blended 

with fly ash (1:1). The author reported clear differences in the phase assemblage with 

respect to the interface between precursors and cementitious matrix, as shown in Figure 

2.19. When slag is individually activated (S100), a large proportion of Mg-containing phases 

is visible, as expected for the formation of hydrotalcite in regions closer to slag particles. 

In blended systems (S50), formation of Mg-bearing rim phases is combined with C-A-S-H gel, 

which can be detected in interfacial zones between unreacted fly ah particles and the 

cementitious matrix. Moreover, both pastes presented an intimate mix of different hydrated 

gels, which, as discussed earlier, is a feature of alkali-activated binders.  
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Figure 2.18: a) SEM micrographs of residual fly ash particles after 2 hours dissolution in 8 M NaOH solutions in 

different temperatures (adopted from [214]); b) slag surfaces after 24 hours of alkali-activation in suspensions 

with sodium silicate and sodium hydroxide (adopted from [215]). 

 

2.5 Modelling of alkali-activated materials 

2.5.1 Thermodynamic modelling for phase assemblage 

The visualization of the evolution of hardening reactions, along with a quantification of final 

reaction products, represents a great interest for the applications of alkali-activated 

systems, as they can support predictive models of performance and service-life. In this 

scenario, thermodynamic modelling provides information about equilibrated systems at 

specific time periods, and can be a powerful tool not only to understand the influences of 

intrinsic and extrinsic factors on the distribution of reaction products and pore solution of 

mixtures, but also to predict degradation mechanisms arising from different causes, such as 

carbonation and chloride-penetration related issues. 
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Figure 2.19: Phase assemblage of sodium silicate alkali-activated pastes of individual slag (S100) or combined 

with fly ash (S50), cured for 1 year (adopted from [216]).  

Thermodynamic modelling of PC-based pastes [57,203,217], and the implementation of blast 

furnace slag [58,108,197,218], – as either SCM or precursor for AAMs – have been extensively 

investigated and validated with experimental findings. The level of accuracy of this type of 

models depends on the quality of the input thermodynamic data of raw-materials and 

potential phases to be formed. Myers et al. [58] worked on the development of C-(N-A-)S-H 

species and derived a model containing end-members of C-S-H, C-A-S-H, C-N-S-H and C-N-

A-S-H groups with Ca/Si and Si/Al ratios in the range of 0.67-1.25 and 3.80-4.00 respectively. 

The Ca/Si used indicate that Ca2+ is the dominant cation in the gels, since they are above 

the ratio value of 0.72, which indicates individual growth of C-A-S-H-type species according 

to Fernández-Jiménez [219]. The model developed by Myers accounts for consistent 

thermodynamic data of C-(N-A-)S-H species, hydrotalcite-like phases, a few zeolite phases, 

and other crystalline phases commonly found in hydration/alkali-activation reactions 

[58,220,221].  

The thermodynamic data of N-(C-)A-S-H gels is not fully developed up to now, which limits 

modelling of systems containing low-Ca precursors. The obtainment of solubility product 

and other relevant thermodynamic properties is a complex process, involving the synthesis 

of gels and long-lasting experiments, and several practical factors can influence the final 

results. A few authors experimentally determined the thermodynamic data of gels with Si/Al 
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ratios up to 3 [222–225], with satisfactory agreement among the reported results, while Zuo 

[175] used parameter fitting models to derive data for gels with ratios up to 4. More recently, 

Chen et al. [226] expanded the existing databases by determining the thermodynamic 

properties of Ca-bearing N-A-S-H gels with Ca/Si ratios up to 0.20. However, experimental 

observations demonstrated that N-A-S-H gels can reach Si/Al as high as 5, especially if 

waterglass is used as activator [88–90], while the roles of Ca in these species, and therefore 

their Ca/Si ratios, are not yet fully understood. The validation of experimentally derived 

data is not easy to be performed, as N-A-S-H gels are less stable than its crystalline zeolite 

counterparts. Recently, Ma and Lothenbach [207] developed an extensive database of 

zeolites, containing 36 different phases comprised of Al-, Na-, Si-, K-, and Ca- bearing 

phases, which can extend the modelling potential of alkali-activated materials.  

Ke and Duan [227] investigated the influence of incremental amounts of slag on the modelled 

phase assemblage of waterglass-activated systems, simulating a blending of low- and high-

Ca precursors. The increasing content of Ca, from the addition of slag, shifts the reaction 

products from a N-(C-)A-S-H-dominated structure, denoted by the formation of zeolites, to 

a C-(N-A-)S-H stable scenario, with secondary Mg-containing phases – see Figure 2.20a. The 

authors also developed a machine learning based tool able to predict the strength of the 

binder according to chemistry, reporting lower performance when CaO is in the range of 10-

25 %. Such behaviour can be expected, as fly ash is known for having delayed reactions in 

blended systems, which require slag contents above 50 % to enhance the overall reactivity 

of the system [228,229]. Ke et al. [230] evaluated the degradation caused by CO2, also in 

waterglass-activated slag systems (Figure 2.20b), demonstrating that at high carbonation 

levels, the formation of calcite and Na,Ca-aluminosilicate, arising from the commonly 

reported dissociation of C-N-A-S-H into CaCO3 and disordered N-A-S-H gel, dominate the 

equilibrated structure. Moreover, Zuo [231] simulated the effect of chloride salts on the 

phase assemblage of alkali-activated slags using the same activator, predicting the 

formation of Friedel’s salt ([Ca2Al(OH−)6 ∙ 2H2O]+) by the dissociation of katoite and 

hydrotalcite, and the binding of Ca and Al arising from the destabilization of C-(N-A-)S-H 

gels (Figure 2.20c). 

 

2.5.2 Microstructure modelling through combined kinetic and thermodynamic 

approaches 

Although thermodynamic modelling can predict an equilibrated phase assemblage, it 

requires the amount of reacted material – i.e. degree of reaction – as input. This parameter 

can be rather difficult to be obtained, requiring quantitative XRD analysis or grayscale 

threshold calculations obtained from SEM [173]. For that reason, there are only few 

available studies which can satisfactorily estimate the degree of reaction in alkali-activated 

systems, based on characteristics of the binder. Recently, Mills and Wagner [232] developed 

a kinetic model which correlates the evolution of shear modulus with the amount and the 

Si/Al ratio of precipitated N-A-S-H gel in fly ash activated mixtures. Caron et al. [233] 

proposed a model which predicts the evolution of reaction degree in waterglass-activated 

slags, with different silicate modulus. The authors considered the different mechanisms 

arising from differences in pH and Si-species concentrations, influenced by the silicate 

modulus of the activator, and successfully validated the proposed with data obtained in 

literature, obtaining a R2 greater than 0.95. In addition, the same group combined this 
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model with prediction of phase assemblage, correlating the equilibrated structure with 

mechanical performance of alkali-activated binders [234]. Through experimental analysis 

made with nanoindentation, the authors were able to satisfactorily predict the Young’s 

modulus of pastes and concretes, and the influence of parameters of the mixture in the 

mechanical properties.  

With respect to the combination of kinetic models with mechanisms of phase precipitation, 

a few authors focused on the prediction of reaction products of alkali-activated fly ashes 

and metakaolin. Provis et al. [235] were among the first authors to propose models to 

characterize the structural arrangement of N-A-S-H-type gels, evaluating the influence of 

the Si/Al ratio of the precursor, the Na content of the precursor, and the reaction 

temperature in the formation of such species through mathematical correlations. In a 

sequential work, Monte Carlo simulations were implemented by White et al. [236] to observe 

the influence of activators in the nucleation and coalescence of disordered N-A-S-H species 

during the activation of metakaolin, distinguishing the formation of clustered species with 

NaOH and surface-anchored species in waterglass solutions. With a similar concept, the 

HydratiCA model [237], which was originally developed to simulate the hydration of cement, 

was expanded through the work of Valentini [238]. That author utilized the reaction-

diffusion model based on stochastic algorithms and reaction kinetic equations to identify 

the delayed influence of waterglass in the nucleation of N-A-S-H gels, which then acted as 

seeds for the formation of zeolite-like structural arrangements. 

 

Figure 2.20: Thermodynamic modelling of waterglass-activated slags: a) effect of CaO wt%; b) effect of CO2; 

and c) effect of Cl- on phase assemblage (adopted from [227], [230], and [231], respectively). 
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More recently, the combination of kinetic with thermodynamic modelling of alkali-activated 

materials was proposed by Zuo [175], on an attempt to obtain a digital visualization of their 

reaction processes of these binders. The numerical simulation tool, called GeoMicro3D, 

combines aspects of precursor dissolution, reactive mass transport, probability of nucleation 

of reaction products, and thermodynamic equilibrium, allowing the observation of the 

evolution of the microstructure at different ages. The pioneer work of the author was 

validated with the obtainment of digital microstructures of alkali-activated slag systems, 

which are in accordance with individual thermodynamic modelling [218] and with 

experiments for NaOH and waterglass-activated binders [108]. The results reported by the 

author indicated agreement with the degree of reaction of the precursor, the pore solution, 

the overall porosity, and the distribution of reaction products throughout the cementitious 

matrix, as the model provided the observation of the spatial distribution of different phases 

in the microstructure – see Figure 2.21. 

 

Figure 2.21: Simulated microstructure evolution of alkali-activated slag (adopted from [175]). 
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2.6 Identification of research gaps and the motivation of this research 

The present Chapter provided a summary of the extensive research efforts made on the 

characterization of alkali-activated materials, specifically on characterizing and correlating 

their microstructural features with characteristics of the binder and the reactive media. 

The present state-of-the-art of the literature demonstrated a substantial knowledge on the 

different stages occurring in alkali-activating reactions, and special focus has been given to 

fly ashes and slags, as these represent the most mature available precursors. Despite the 

current understanding, the challenges presented in the beginning of the Chapter open new 

research possibilities, and an in-depth investigation of the influence of chemical 

compositions and curing methods could strengthen the acceptance and the applicability of 

these binders: 

• Dissolution kinetics of precursors: Experimental evaluations of dissolution 

mechanisms have been satisfactorily performed, but they were limited to 

temperatures in the range of 20 °C and have been majorly performed for slag-based 

precursors. The current literature provides equations proposed to predict the 

dissolution rates of slag, according to the chemical composition of the precursor and 

to the alkalinity of the solution.  

The existing structure-dissolution correlations rely on the quantitative knowledge of 

NBOs in the framework of the precursor, a parameter of complex and often 

inaccessible determination. Therefore, there is room for the extension and 

simplification of these models, including the effect of high-temperature processes 

and the validation of a wider range of chemical compositions, covering both high- 

and low-Ca precursors. 

 

• Reaction mechanisms: The assessment of the kinetics of reaction of alkali-activated 

materials, and their correlations with the chemistry of the binder (considering both 

activator and precursor), have been mainly performed through qualitative 

approaches. These studies allow an estimation of the quantity and the distribution 

of reaction products in the microstructure of different systems. However, few studies 

cover the very early stages of reaction, limiting the knowledge on the precipitation 

of the first nuclei of reaction products which directly impact important practical 

parameters on the processing of these binders, such as fresh properties and setting 

time.  

The possibility to combine observations of dissolution kinetics with the nucleation of 

the first nuclei of disordered gels, evaluating the influence of structure and on these 

mechanisms, opens a new window of investigation. Moreover, the development of a 

quantitative study, correlating intrinsic (chemical composition of the precursor) and 

extrinsic factors (curing regime and conditions of the activator) of the binders to the 

phase assemblage of reaction products, would result in service-life and performance 

prediction models with higher accuracy. 

 

• Modelling tools: Current kinetic and thermodynamic models, individually, provide 

sufficiently reliable information about the extent of reaction and the phase 

assemblage of alkali-activated materials. The combination of the two approaches on 

microstructural modelling has been validated for individual slag-based systems, but 

have not been yet implemented for the equilibrium analysis of low-Ca precursors 
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under different activators and curing temperatures, or for the combination of two 

or more precursors.  

The validation of the thermodynamic data of N-(C-)A-S-H gels could enhance the 

modelling possibilities of alkali-activated materials, by extending the range of 

covered raw materials and processing parameters. Finally, the combination of 

correlations observed in kinetic phenomena-related experiments with quantitative 

prediction of phase assemblage, and their inclusions on tools such as GeoMicro3D, 

could deliver a powerful instrument on the accurate modelling of digital 

microstructures, essential for the expansion of the technology of AAMs. 

 

• Chemistry-temperature based approach: The establishment of correlations between 

mechanical properties and chemical compositions of alkali-activated binders has 

been attempted by different authors, but the existing datasets are limited to few 

precursors and do not show a great agreement among them. In addition, the 

observed influences of temperature in the type and structural organization of 

reaction products raise additional challenges, making it more difficult to estimate 

the performance and service-life of alkali-activated binders. Especially in systems 

with low-Ca precursors, the choice of a curing regime can easily modify its behavior, 

and should always be accounted for during the definition of such correlations. 

The combination of the previous topics would promote the definition of multiple 

chemistry-temperature based relationships, which could facilitate the prediction of 

the behaviour of different alkali-activated binders in several environments. If 

performance-based standards are to be implemented in the near future, an in-depth 

understanding of the role of each element in the structural characteristics of 

precursors, and consequently in the development of the microstructure and 

performance of AAMs, would extend the range of potential precursors and activators 

whilst providing a greater level of confidence in the structural characteristics of 

these binders. 

As alkali-activated materials demonstrate environmental advantages and a high potential to 

be regarded as a solution for the present and future of the building industry, there is a 

motivation for in-depth study of their reaction mechanisms, and how they are influenced by 

characteristics of the raw materials and external reaction parameters. Targeting aspects 

that directly influence the practical application of these binders, from fresh mixtures until 

mature systems, is the main objective of this research, and the development of 

binder/process-microstructure correlations will be discussed in the next chapters of this 

thesis. 
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Chapter 3. 

_________________________________________________________ 

Synthesis and microstructural characterization of  

glasses resembling conventional precursors 

 

 

 

The mineralogy of the most common precursors utilised in alkali-activated materials can 

be considered of high complexity, due to the mixture of amorphous and highly disordered 

phases with residual crystalline structures. As discussed in Chapters 1 and 2, this brings 

additional challenges on the study of these binders and limits the applicability of these 

binders. Hence, a fundamental understanding of the various structures present in different 

precursors can facilitate the understanding of their reaction mechanisms, enhancing the 

reliability of alkali-activated materials. This Chapter presents the initial part of this thesis, 

comprising the preparation and characterization of synthetic glasses resembling 

commercial precursors. It was concluded that all precursors presented heterogeneity at 

sub-microscopic level, which is directly influenced by their respective chemical 

composition. Ca was shown to have multiple roles in glass structures according to its initial 

content, shifting from simple charge balancing cation to playing a pivotal role in the 

formation of certain phases. The conclusions over the influence of chemical composition in 

the disordered structures of precursors will be used as base for the remainder of this thesis.
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3.1 Introduction 

The chemical composition and the mineralogy of precursors have been shown to directly 

impact their reactivities and significantly influence the microstructure and the performance 

of alkali-activated binders [46]. Within the amorphous portion of a precursor, the 

connectivity of the glass network is largely ruled by the amount of network modifying oxides. 

While Si is the main contributor to the formation of rigid structures, alkali and alkali-earth 

elements play an important role in disrupting the connections between tetrahedra of Si- and 

Al-species, resulting in progressively depolymerized networks directly proportional to their 

content [143,150]. However, understanding the effect of each modifying element on the 

overall reaction mechanism is rather complex. With respect to network modifiers, this thesis 

focuses on the comprehension of the influence played by CaO in two aspects: the 

characteristics of amorphous structures; and the reactivity of low- and high-Ca precursors.  

The approach of this research was on the synthesis of glasses with chemical compositions 

replicating the amorphous portion of commercial alkali-activation precursors. By doing so, 

a simplification of complex structures can be achieved, thus facilitating the observation of 

fundamental phenomena occurring at different stages of alkali-activating reactions.  

This Chapter evaluates the influence of the main components (SiO2, Al2O3 and CaO) on the 

connectivity of the network of synthetic precursors, describing the role of each and their 

expected effects on the reaction potential of precursor materials. The different types of 

disordered structures formed in each glass were characterized using spectroscopic 

techniques and X-ray diffraction, and the heterogeneities in the structures were addressed. 

At the end of Chapter, a summary of the identified phases is provided, along with a 

schematic illustration explaining the role of Ca in the destabilization of aluminosilicate 

structures. The results and conclusions from this Chapter lay the groundwork for further 

research, as the microstructure of the synthetic glasses was observed to align with those of 

commercial slags and fly ashes. Figure 3.1 shows the position of this Chapter as the initial 

part of the structure of the thesis structure. 

 

Figure 3.1: Schematic illustration of the structure of this thesis, highlighting the contributions of Chapter 3.  
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3.2 Materials and Methods 

3.2.1 Synthesis of glasses resembling slags and fly ashes 

Four different precursors, with simplified chemical compositions based on the CAS (CaO- 

Al2O3-SiO2) system, were synthesized using a melting and quenching glass production 

method. Initially, stoichiometrically controlled quantities of reagent-grade SiO2 (99.95 %), 

Al2O3 (98 %), and CaCO3 (precipitated, 99 %, analytical grade) were mixed in a Retsch PM100 

planetary ball mill for 2 hours at 200 rpm, in an 1:1 isopropanol (99.8 %) dispersion. The 

mixed dispersions were  dried overnight at 105 °C, resulting in homogeneous powdered 

mixtures. The powders were then hand-pressed into alumina crucibles for melting in a 

Carbolite HTF1700 furnace. All glasses were exposed to a two-step melting route: firstly, 

from room temperature to 950 °C at a heating rate of 5 °C/min, with a 1 hour dwell time 

to ensure slow decarbonation of CaCO3; and secondly, from 950 °C to a maximum 

temperature of 1600 °C at a heating rate of 10 °/min, with a 2-hour dwell time. Shortly 

before the end of the second dwelling period, the molten material was immediately poured 

in a water bath to prevent crystallization of the glasses. After quenching, the obtained 

glasses were dried overnight at a conventional oven at 105 °C. Finally, the dried material 

was crushed, milled and sieved according to the desired particle size for each experiment. 

As each glass production process yielded 30-50 g of material, several batches were 

performed to accommodate all experiments. Among the synthetic precursors, the main 

distinguishing feature was the Ca/Si ratio, ranging from 0.25 to 1.40. The four glasses were 

designed to replicate siliceous fly ash (Si-FA), calcareous fly ash (Ca-FA), and blast furnace 

slags (BFS-1 and BFS-2), and the target chemical compositions are detailed in Table 3.1. 

 

3.2.2 Characterization of synthetic precursors  

The chemical compositions of the synthetic glasses were determined using a Panalytical 

Axios Max wavelength dispersive X-ray fluorescence instrument (XRF). The efficiency of the 

quenching process was assessed by X-ray diffraction (XRD) to evaluate whether the 

precursors presented residual crystalline structures. The XRD patterns were obtained using 

a Bruker D8 Advance diffractometer coupled with Cu-Kα radiation (λ = 1.54 Å), with a 

scanning range of 8°-100° 2θ, a step size of 0.020° 2θ and a dwell time of 2 seconds per 

step. 

Table 3.1: Range of chemical compositions of each group of synthetic glass. 

Glass 

Target normalized* oxide content 

(mol) 
Target atomic ratios 

SiO2 Al2O3 CaO Si/Al Ca/Si 

Si-FA 1.00 0.33 0.25 1.50 0.25 

Ca-FA 1.00 0.33 0.50 1.50 0.50 

BFS-1 1.00 0.33 1.00 1.50 1.00 

BFS-2 1.00 0.33 1.40 1.50 1.40 

               *Normalized to the content of SiO2. 
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The internal structures were characterized using different spectroscopic techniques. 

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy was 

performed using a PerkinElmer Spectrum 100 FT-IR device with a universal ATR attachment, 

with a total of 32 scans and a resolution of 4 cm-1. Raman spectroscopy was performed using 

a Renishaw inVia confocal Raman imaging microscope equipped with a 50x objective. A green 

laser with a wavelength of 532 nm was chosen as the excitation source. A total of 10 

accumulations were obtained using 1 % laser power and an exposure time of 10 s. The total 

spectra were deconvoluted by 50 % Lorentzian/Gaussian functions, using a first guess for 

the centre and full width at half-maximum (FWHM) of each peak according to values 

described in literature. The deconvolution process followed two stages, as described in 

[239]. Initially, the vibration peaks attributed solely to Si-O bonds were identified, allowing 

a quantitative estimation of Si Qn units through the implementation of Raman scattering 

coefficients. The summation of the individual vibrations of Si-O bonds was performed, 

enabling the obtainment of an envelope curve accounting for all Si-O interactions. As Al-O 

and Si-O contributions are partially overlapped in a Raman spectra  [240], the subtraction 

of all Si-related vibrations allowed the observation of an Al-O dedicated spectra. 

Sequentially, a second deconvolution process was performed, enabling a qualitative analysis 

of the Al Qn sites. 

Solid state magnetic angle spinning nuclear magnetic resonance (MAS NMR) was 

implemented for comparison and validation of the Si Qn observations made with Raman. MAS 

NMR measurements were performed using a Bruker Ascend 500 magnet (11.7 T) equipped 

with a NEO console operating at 27Al and 29Si resonance frequencies of 130.32 and 99.36 MHz 

respectively, using both 4 and 3.2 mm three channel MAS probe heads. The MAS rate was 

set between 10 and 15 for all measurements. Single pulse one-dimensional (1D) 

measurements were recorded for both 27Al and 29Si, with pulse lengths of 1.5  µs and 3.5 µs 

respectively. Recycle delays of 3 s for 27Al and 5 to 60 s for 29Si were set, allowing complete 

recovery of magnetization between scans. Deconvolution of the 29Si spectra was achieved 

using a Gaussian function with a first guess for the centre and width of each peak. The 

resulting quantities were compared against Raman deconvoluted values, validating the use 

of the latter for further characterization in this research.  

Among the three different spectroscopy-based techniques, FTIR provides the simplest 

qualitative overview of the presence and influence of CaO in Si- and Al-dominated 

compounds, facilitating the mapping of alkali-activating reactions in subsequent steps of 

the thesis. While both NMR and FTIR spectroscopy provide a quantitative approach to 

studying Si- and Al-dominated structures, NMR requires longer testing times. Comparing the 

spectra from these two techniques, using Raman scattering coefficients, confirmed the 

validity of Raman spectroscopy as a more efficient and straightforward method for further 

characterization in this project.  

 

3.3 Results 

3.3.1 Chemical composition of synthetic precursors 

The chemical compositions of synthetic precursors, measured after all production batches, 

are exhibited in Figure 3.1 – see Appendix B for the detailed compositions of all batches. 

The four categories of glasses were distinguishable among them, as each group had its own 
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particular oxide content range. Significant variations in chemistry within each group were 

not observed, particularly for the synthetic fly ashes. However, a wider fluctuation in 

chemical composition was noted for the synthetic slags, with a total CaO content difference 

of 8.4 wt% between all members of BFS-2 category. These changes can be attributed to two 

factors: a potential contamination of Al from the crucible – the higher content of Ca leads 

to a lower melting point and consequently less viscous molten material, which can more 

easily detach Al from the crucible wall [143,241]; and the change in supplier of CaCO3. 

Figure 3.2 also compares the targeted and experimental Ca/Si elemental ratios, as it 

represents one of the main parameters used in this thesis to evaluate the behaviour of alkali-

activating systems. It is worth noting that the higher melting point of fly ash-type glasses, 

due to the lower CaO content, reduced the final quantity of obtained material after the 

complete synthesis and grinding process. Therefore, it required extra production batches 

than synthetic high-Ca precursors. In the following Chapters, the specific chemistry of 

glasses used in each experiment will be given. 

The chemical compositions of the synthetic precursors was also compared to nominal 

compositions of commercial materials. The ternary diagram shown in Figure 3.3 illustrates 

the CaO-Al2O3-SiO2 distribution of synthesized glasses along with the vitreous portions of fly 

ashes and slags reported in the literature. In general, the synthesized glasses closely match 

the chemistries the groups they represent. The Ca-FA glasses are positioned in one of the 

extremities of the range of commercial calcareous fly ashes, representing an intermediate 

position between fly ashes and slags. However, such materials are known to display a 

considerably wide variation in chemistry, especially regarding CaO [29]. It is worth 

mentioning that commercial precursors usually present minor quantities of other cations 

working as network modifiers, which can induce small changes on the overall chemistry and 

structure of amorphous regions. With respect to siliceous fly-ashes, commercial 

compositions present lower contents of CaO than the synthetic ones. In the present 

research, a Si/Ca ratio higher than 4 was not possible to be obtained due to their extremely 

high melting temperatures – the maximum safe working temperature of the HTF furnace 

used was 1600 °C, which restricted the production of glasses with melting points above 1550 

°C. 

 

Figure 3.2: Chemical composition of several batches of synthetic glasses, according to their categories, 

obtained by X-ray fluorescence – secondary y-axis indicate the target and experimental Ca/Si ratios. 
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Figure 3.3: Ternary diagram representing the chemical composition of amorphous portions of commercial and 

synthetic fly ashes and slags – see Appendix B for detailed compositions. 

 

3.3.2 Structural analysis of synthetic precursors 

3.3.2.1 X-ray diffraction 

The XRD patterns of two batches of each synthetic precursor are shown in Figure 3.4a. The 

patterns displayed correspond to the most extreme compositions within each precursor 

categories. All diffractograms demonstrated typical characteristics of amorphous materials, 

as a broad hump, with no additional peaks. It was not possible to spot differences between 

the two plots of a same category, while each group of precursors presented different 

characteristics among them. The centre of the hump shifts to higher 2θ angle values with 

increasing CaO content (average of 30.54° – BFS-2; 29.87° – BFS-1; 27.03° – Ca-FA; 26.51° – 

Si-FA), showing a strong influence of network modifying elements on the glass network. This 

characteristic follows the observations made by Diamond [158] and McCarthy [159], who 

observed a direct correlation between the maximum intensity of the 2θ value and the CaO 

content of different fly ashes. Moreover, the larger degree of polymerization of the network, 

in low-Ca materials, approximates the centre of the hump to the main diffraction peak of 

crystalline SiO2 structures like quartz (PDF# 00-046-1045; 2θ = 26.6°) and cristobalite (PDF# 

00-011-0695; 2θ = 21.9°), while the synthetic slags shift the centre of hump towards Ca-Al-

rich phases such as tricalcium aluminate – C3A (3CaO·Al2O3, PDF# 00-038-1429, 2θ = 33.2°) 

and mayenite – C12A7 (12CaO·7Al2O3, PDF# 00-006-0413, 2θ = 33.4°). 
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Table 3.2: Chemical compositions and molar ratios of commercial precursors (amorphous portions) used for 

structural comparison with synthetic glasses. 

Precursor 
Oxide content (wt%) 

Si/Ca 2θ max 
SiO2 Al2O3 CaO MgO 

Commercial BFS 34.18% 9.05% 44.10% 7.40% 1.38 31.49 

Synthetic BFS-2 36.76% 19.53% 42.97% - 1.37 30.54 

Commercial Si-FA 43.2% 18.78% 3.96% 2.11% 0.10 24.25 

Synthetic Si-FA 56.23% 29.45% 13.35% - 0.25 26.51 

 

Figure 3.4b compares the XRD patterns of the two extreme cases of synthetic glasses, Si-FA 

and BFS-2, with commercial siliceous fly ash and commercial slag conventionally used in the 

same laboratory – see Table 3.2 for chemical compositions. The amorphous humps, centred 

at 24.25° (fly ash) and at 31.49° (slag) in the commercial materials, align closely with the 

values obtained for both synthetic glasses, evidencing that the simplified precursors can 

satisfactorily replicate natural structures. It must be stated that this similarity is observed 

despite some variations in the cation content of the amorphous composition. The content 

of Al2O3 in the amorphous portion of the commercial slag is approximately 10 wt % lower 

than in the synthetic one, while the commercial fly ash displays a similar difference in CaO 

content. These small fluctuations suggest mild internal differences in the vitreous regions 

when comparing both nominal and synthesized precursors, which however, are not sufficient 

to undermine their overall resemblance. 

 

Figure 3.4: XRD patterns of synthetic precursors: a) four synthetic glasses obtained in this research; b) 

comparison of synthetic glasses and commercial (comm.) precursors. 
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Due to their condition of existence under metastability, glasses are usually heterogeneous 

at sub-microscopic level [96], and such differences are only perceived up to a scale of a few 

hundred angstroms. This can be, for instance, the result of a separation of the melt into 

two or more metastable vitreous phases during cooling [34]. The sequence of this chapter 

will attempt to evaluate these differences and to establish a relationship with the initial 

chemistry of the synthetic glasses. 

 

3.3.3.2. Fourier transform infrared spectroscopy 

Figure 3.5 shows the FTIR spectra of one batch of each of the four synthetic precursors. All 

glasses exhibit a broad band centred between 880-938 cm-1, attributed to the asymmetric 

stretching of bridging oxygens in Si―O―T units (T = tetrahedral Si or Al), a feature normally 

observed in the network of aluminosilicate precursors [172,211,242,243]. The shift of this 

band towards higher wavenumbers, proportional to the overall SiO2 content, is expected 

due to fewer disruptions in the microstructure [210], similarly to the shift observed in the 

2θ centre of XRD patterns – see Figure 3.3. As reported by Handke et al. [244], the breakage 

of Si―O―T bonds, which is directly correlated to the presence of network modifying oxides, 

promotes the formation of non-bridging Si-O- sites, decreasing the average coordination 

number of the aluminosilicate framework. Consequently, the higher concentration of non-

bridging oxygens (NBOs) reduces the covalent nature of the network as a whole, and favors 

more ionic behaviour of the structure. This results in a weaking of molecular vibrations of 

Si―O―T bonds in shared units [245,246], as observed by the broadening of the main band in 

slag-glasses. 

Glass Si-FA displays a shoulder at 1040 cm-1, and the interpretation of which is debated in 

literature. Some authors claim it is specific to asymmetric vibration of Si―O―Si 

[181,210,243], indicating a densely packed silicate network. However, the infrared spectra 

of natural aluminosilicate minerals, such as sillimanite and andalusite, polymorphs of the 

Al2SiO5 mineral series, are also active at this frequency range [247]. These bands could 

therefore be assigned to the vibration of SiO4 units connected to AlO5 or AlO6 species, which 

are present in these two minerals. Hence, it can be assumed that the low Ca content in Si-

FA promotes isolated regions of pure Al-Si glasses, in which Ca has little influence over the 

disruption of the local networks.  

Moreover, all glasses exhibit a small band centred at approximately 680 cm-1, attributed to 

the asymmetrical stretching vibration of Al-O bonds present in AlO4 groups [248,249]. This 

band becomes broader and less evident with decreasing Ca content. These interactions are 

in agreement with the presence of fourfold coordinated Al in the presence of an excess of 

charge balancing cations [143], becoming less evident in systems lacking Ca. 
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Figure 3.5: FTIR spectra of the four categories of synthetic precursors. 

The comparison of FTIR spectra of the four groups of glasses does not show significant 

differences among them, as all precursors present a fully amorphous calcium aluminosilicate 

structure. However, with the course of this research, this technique will be helpful to 

elucidate the different behaviour of each material during dissolution experiments and for 

hardened pastes of blended glasses. 

 

3.3.3.3 Solid state NMR and Raman spectroscopy 

Investigation of Si-O-T bonds  

The full Raman spectra of synthetic glasses, plotted in Figure 3.6a, corroborate the 

observations from FTIR analysis. Low-Ca glasses show stronger resonances in the 300-700 

cm-1 range, as this region represents the continuous silicate and aluminosilicate chains 

[250]. Additionally, the region attributed to Si Qn units shifts towards higher wavenumbers 

with decreasing Ca content, indicating a stronger presence of highly polymerized SiO4 sites. 

The similar pattern observed in the full 29Si MAS NMR spectra, shown in Figure 3.5b, 

emphasizes that individual and loosely connected tetrahedra units are more evident in slag-

like glasses, potentially contributing to a more reactive network.  
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Figure 3.6: Spectra of synthetic glasses obtained with different spectroscopy techniques: a) Raman and b) 29Si 

NMR. The dashed lines represent the full spectra, and the solid lines represent the deconvoluted spectra. 

The deconvoluted curves of both Raman and 29Si MAS NMR spectra, shown in Figures 3.6a 

and 3.6b, respectively, were used to quantitatively determine the Si Qn units. By using 
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Raman scattering coefficients [239], it was possible to compare the results obtained in both 

techniques, which displayed similar results as indicated in Figure 3.7. The low- and high-Ca 

precursors displayed significantly different responses in the two spectroscopy 

measurements. The proportion of fully connected Si Q4 units decreased from 70.31 % in Si-

FA, to 25.86 % in BFS-2 (Raman spectra), while individual tetrahedra (Si Q0) were virtually 

not present in fly ash-like glasses, indicating the strong effect played by CaO on destabilizing 

the network of the synthetic precursors.  

The depolymerization effect of Ca is more clearly observed in the plots of Figures 3.8a and 

3.8b, which shows a quasi-linear correlation between the Ca fraction in the precursors and 

the sum of Si Q0 and Q1 units, and with the sum of Q3 and Q4 units (R2 = 0.99 and 0.89, 

respectively). The correlation was proposed using information obtained from the synthetic 

precursors described in this Chapter, and commercially available precursors analyzed in 

literature – Blotevogel et al. [251] studied slags which were rich in silicate sites with low 

coordination, given the high concentration of modifying cations in its composition; 

conversely, fly ashes were reported to contain a high number of chain-like (Si Q2) and 

connected chain (Si Q3) structures [208], similarly to the synthetic precursors. In summary, 

it is observed that the initial chemistry of the amorphous portion allows a direct indication 

of its structural order, and overall behaviour of one precursor, which is primarily influenced 

by the presence of Ca. This could offer a practical and simplified approach to study the 

polymerization degree of the network than the determination of NBO/T ratios, which 

requires complex techniques and data treatment for the obtainment of accurate results. It 

is worth mentioning that other modifying species, such as Mg or alkali-earth elements, can 

act along with Ca on the disruption of the aluminosilicate network – this can explain the 

mild differences observed in the slope of the trendlines calculated for synthetic glasses-only 

and for all precursors. The effect of these other modifying elements will not be covered in 

this work. 

 

Figure 3.7: Quantitative determination of Qn(Si) sites using Raman and 29Si NMR techniques – see Appendix B 

for the full details of the experiment. 
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Figure 3.8: Correlation between the fraction of Ca and the quantitative distribution of Qn(Si) sites in synthetic 

and commercial precursors [208,251]: a) depolymerized units; b) polymerized units – see Appendix B for 

detailed structural analysis. 

The interpretation of 29Si MAS NMR deconvolution, shown in Figure 3.7, provides further 

evidence of the role played by Ca in aluminosilicate frameworks. The plot shown in Figure 

3.9, combining data from the present work and from literature [208], indicates a logarithmic 

relationship between Al-substituted Si Q4 sites versus the Ca/Al ratio of each glass. The 

substitution and formation of AlO4 sites within continuous silicate chains has long been 

known to occur preferentially in sites with higher polymerization [151], which explains the 

significant presence of Si Q4(3Al) and Q4(2Al) units. The plot also indicates that slag glasses, 

identified in the high Ca/Al region, present low substitution degrees. This might be 

considered an unexpected trend, since structures with large proportions of CaO are known 

to enhance the chemical shifts of AlIV [252,253] – this feature was also observed in the FTIR 

spectra, as bands assigned to AlO4 units were progressively stronger with higher Ca contents 

(Figure 3.5). It is suggested that Ca induces the stabilization of separate structures 

containing AlIV, where Si-species are not the main network former, either by the combination 

of multiple AlO4 units or the formation of isolated calcium-aluminate-like structures – this 

will be discussed in details in Section 3.4.2. 

 
Figure 3.9: Correlation between AlIV substitution in highly-polymerized sites and the Ca/Al molar ratio of 

commercial and synthetic precursors – including additional data adopted from [208] available in Appendix B. 
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Investigation of Al-related interactions 

The contributions of the main Si―O interactions, in the Raman spectra of each synthetic 

glass (Figure 3.6a), were used to obtain the accumulated contribution of silicate structures 

to the overall spectra. By subtracting this Si-enveloped line, it was possible to visualize in 

more detail the contributions of Al―O to the overall Raman spectra with lower interference 

from Si. The deconvoluted Al-related spectra, plotted in Figure 3.10, indicate three major 

features of Al interactions to the amorphous network. All glasses displayed a strong band in 

the 575-595 cm-1 interval, attributed to Al―O―T interactions which can still be influenced 

by Si-containing sites [240]. These bands are assigned to the transverse motion of bridging 

oxygens within Al―O bonds in fourfold coordination, typical of a network forming site, and 

gradually decrease in intensity with Ca/Si ratio. This type of interaction arises from the 

influence of two types of structural units: six-membered rings of interconnected Al-

substituted and Si-tetrahedra [254,255], indicated by enhanced signals in fly ash-type 

glasses; and triclusters of tetrahedral sites, which form smaller rings by the sharing of two 

bridging oxygen one with the other [151,255]. In addition, slag-like glasses display two 

distinct bands in the 650-700 cm-1 range, assigned exclusively to the bending of 

interconnected AlO4 units [254,256].  

The final region, above 700 cm-1, is attributed to the interaction of bridging oxygens in SiO4 

units with octahedral units of Al. More specifically, this band is characteristic of vibrations 

occurring in dioctahedral minerals, where two of three available octahedral positions are 

occupied [257]. In phylosilicate minerals [258,259] the intrinsic properties of an adjacent 

cation in octahedral coordination affects the Si―O―Si vibration in bridging positions, and 

the Raman position determines a few aspects of the structure. Hence, although bands in the 

Al spectra from 700-800 cm-1 are often attributed to Si-O interactions [149,260], the 

presence of AlVI intensifies the spectra in this region. With a lower Ca/Si ratio, the band 

slightly shifts to higher wavenumbers upshifts and increases in intensity. This behaviour 

suggests the promotion of densely packed vitreous regions, as a less pronounced disruptive 

presence of Ca maintains more consistent bond lengths and, consequently, more consistent 

Si―O binding force constants [260]. 
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Figure 3.10: Deconvoluted Al-O Raman spectra of synthetic precursors – T = tetrahedral Si or Al. 

The 27Al MAS NMR spectra, displayed in Figure 3.11, present a broad hump spanning from 

approximately 75 to -50 ppm in all glasses. These broad bands covers the three main states 

of Al: AlIV, AlV and AlVI. However, it is not possible to define specific positions on the curves, 

which prevents the quantitative determination of the Al units. It is interesting to mention 

that such a broad spectrum is not so commonly observed in commercial slags, which usually 

show stronger and defined peaks of AlIV and mild presence of AlV and AlVI – it should be kept 

in mind that the current research had glasses produced only with Ca as NWM and a very fast 

cooling rate. Additionally, the 27Al MAS NMR experiments here were performed with a 

magnetic field of 11.6 T. The use of higher magnetic fields is advised to avoid quadrupolar 

interactions which interfere in the final spectra [152,261].  

In a system depleted in Ca, the higher ordering level of the network forces Al to play a 

crucial part in the network formation. The low level of alkaline oxides may also intensify 

the miscibility gap between Al and Si [262], leading to the formation of separate regions of 

Al-rich and Si-rich structures via a spinodal-like decomposition phenomena [96], as 

evidenced by the strong Al―O―Al bands centred at 575-595 cm-1. The analysis of the 

synthetic glasses with energy dispersive X-ray, through scanning electron microscopy, did 

not identify heterogeneities in their chemistries. Therefore, it is suggested that the 

synthetic fly ash-type glasses do not present a fully homogeneous amorphous structure, but 

instead have isolated regions with distinct structural characteristics at sub-microscopic 

scales.  
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Figure 3.11: 27Al MAS NMR spectra obtained for the four synthetic glasses. 

 

3.4 Discussion 

3.4.1 Glass phase segmentation with XRD 

The 2θ angle of the maximum intensities in the amorphous hump of the synthetic glasses 

was shown to shift to higher values with increasing CaO content, as indicated in Figure 3.4. 

A similar correlation was first studied by Diamond [158], who reported a linear trend valid 

for low- and high-Ca fly ashes containing from 0.9 wt% to 20 wt% of CaO. McCarthy et al. 

[159] supported this correlation by creating a database of 178 samples from different 

sources in the USA, deriving a similar, although not identical, trend. However, the linear 

relationship was interrupted at an upper CaO wt% threshold of approximately 20 wt% in both 

cases, as all calcareous ashes appear to have a maximum 2θ diffraction angle between 30-

32°.  

It is well known that fly ashes are not fully amorphous products [96,98], with crystalline 

phases accounting for as much as 50 % of their overall structure [263]. Residual regions with 

ordered structures are mainly formed during the cooling stage of the coal residue after 

combustion, attributed to low heat exchange rates usually occurring in the inner core of the 

ash particle [96]. In both siliceous and calcareous fly ashes, quartz and other Si-dominated 

phases are among the main remaining structures after cooling [168,169,263,264], while Ca 

is usually kept in disordered regions due to its facilitated mobility in melt states [265] among 

other factors. It is then reasonable to assume that the correlations proposed by Diamond 

and McCarthy would show better agreement if only the amorphous composition of the fly 

ashes were considered. 

The precursors synthesized in this Chapter were designed to simulate the compositions of 

both blast furnace slags and fly ashes. In this study, the highest CaO content reached 49.1 

wt%, while the maximum XRD peak intensity remained at a 2θ value close to 30°. These 
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results are similar to the work of Goto et al. [160], who synthesized 13 different slags using 

a similar procedure. By combining both sets of data with the characterization of the 

commercial precursors described in Sections 3.3.1 and 3.3.2, it was possible to extend the 

observations made by Diamond and McCarthy. Figure 3.12 shows the logarithmic relationship 

that is proposed to correlate the chemical composition of amorphous portions with 

maximum 2θ angle, represented as (CaO/SiO2·CaO/Al2O3) vs. 2θ), in both low- and high-Ca 

compounds. The evolution of the correlation clearly presents separated regions in both 

ends. Additionally to the crystalline phases of SiO2 quartz (2θ = 26.6°) and cristobalite (2θ 

= 21.9°), Si-FA glass displays a diffraction maximum close to those of aluminosilicate 

dominated structures – e.g. mullite (Al6Si2O13; 2θ = 25.9; PDF# 00-015-0776) and sillimanite 

(Al2SiO5; 2θ = 26.2 PDF# 00-001-0626). Meanwhile, the maxima for synthetic slags resemble 

those observed in gehlenite (Ca2Al(AlSi)07; 2θ = 31.4°; PDF# 00-020-0199). 

As the plot in Figure 3.12 shows a two-region curve, it is plausible to assume that the shift 

of the maximum diffraction peak reflects a transition from Si-dominated phases to a high-

Ca type of glass structures for precursors of alkali-activated systems. This observation is in 

agreement with several results available in the literature [48,95,98,168,169], with mullite 

representing up to 22 % [100] of the mineralogical composition of fly ashes, and slag 

displaying residual presence of structures in the melilite-group [170,171], with gehlenite 

representing the Mg-free phases and calcium aluminates – such as C3A and mayenite – 

appearing in some steel slags [266,267]. 

 

3.4.2 Interactions between SiO4 and AlO4/AlO6 groups in fly ash-type glasses 

In aluminosilicate melts, some immiscibility between Al2O3-rich and SiO2-rich components is 

usually observed within a specific Al2O3 content range of 30 to 50 wt% [262]. The 

immiscibility phenomenon occurs mainly due to the high energy barrier to accommodate 

AlO6 octahedra in the corner-shared network of SiO4, or Al-substituted tetrahedra in existing 

silicate structures. This phenomenon extends the presence of pure SiO2 phases up to Al2O3 

contents around 30 at% [150,262]. Outside the miscibility gap, Al either incorporates in SiO4 

units in fourfold coordination in the lower end [153,268], or fully behaves as a fundamental 

component in mullite-like structures in octahedral coordination in the upper end. In the 

present research, all glasses had a SiO2/Al2O3 ratio within the immiscibility range, with Al 

representing 29 to 37 wt% of the normalized composition, considering only the two oxides.  

 

Figure 3.12: Correlation of the maximum 2θ position with chemistry of synthetic glasses – including additional 

data adopted from [160], with estimation of max 2ϴ angle values detailed in Appendix B. 
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In the presence of network modifying oxides, the miscibility gap has been demonstrated to 

be inhibited or hindered, as these cations reduce the energy required for the 

accommodation of AlO4
- sites due to their charge-balancing role [262,269]. In the current 

work, even a minor presence of CaO in synthetic fly ash-glasses appears to limit the 

formation of pure silicate regions, due to the significant Al-O-T interactions identified with 

Raman spectroscopy (Figure 3.10). The signal responses in the ranges of 550-600 and 650-

700 cm-1 are both assigned to AlO4 contributions in the Al-O Raman curve, but only the first 

one is observed in fly ash-type glasses here. This region is assigned to the transverse motions 

of bridging oxygens in Al-O bonds, resulting from three dimensional frameworks of shared 

SiO4 and AlO4 sites [254,255]. As the 29Si NMR spectroscopy indicated high levels of Al-

substitution in tetrahedral sites (Figure 3.9), it is assumed that such structures are formed 

by the attachment of Ca2+ as charge compensator. After Ca is fully consumed, Al atoms in 

fourfould coordination are combined into tricluster tetrahedral regions, composed of three 

AlO4 units sharing one common bridging oxygen [253,255,270]. These oxygens form a natural 

charge-balancing mechanism [150,271], with the presence of one tribridging oxygen for 

every Al-substitution, excluding the requirement for the presence of Ca2+. Both Al-

substitution and the formation of triclusters suggest that Al can be incorporated into 

separate glass phases within low-Ca glasses. 

Additionally, fly ash glasses also displayed stronger reflections above 700 cm-1, resulting 

mainly from SiO4-AlO6 interactions. As this region is influenced by Si-related vibrations, it is 

difficult to attribute it to one specific type of structure. Literature suggests that it arises 

from the interaction between Si-tetrahedra sites with Al-octahedral sites, typically seen in 

orthosilicate minerals [257,272]. However, electron orbitals in AlO5 and AlO6 related bands 

might overlap with each other each other [273], creating issues with confident assignment. 

As reported by Zhai et al. [260] and Schneider et al. [273], Al in fivefold coordination is 

usually observed in the formation of sillimanite or mullite structures, as an unstable 

formation of AlO6 units. The presence of five- and six-fold coordinated Al is in agreement 

with the observed 27Al NMR bands (Figure 3.11), which become broader with decreasing Ca 

content. Moreover, the observation of sillimanite-typical bands in the FTIR spectra (1040 

cm-1 – see Figure 3.5), especially in Si-FA glass, strengthens the hypothesis of AlO6-containing 

structures coexisting with SiO4-AlO4 interactions. 

The qualitatively determined structure of low-Ca precursors, summarized in Table 3.3, 

highlights several features, particularly regarding the combined roles of Si and Al. It is 

concluded that there exists an intimate mixture of regions of mullite- or sillimanite-like 

structures, which display interactions of SiO4 with AlO4 and SiO4 with AlO5/AlO6 groups, but 

a clear distinction between the contributions of each phase was not possible. As the slow 

cooling of pure silicate melts generates cristobalite as a final phase [96], the formation of 

structures resembling Al-modified cristobalite is reasonable, since aluminosilicate glasses 

are known for displaying distinct silicate-rich structures with lower contents of Al2O3 

[268,269]. In addition to the previous statement, a minor presence of triclusters of AlO4 was 

inferred from Al-related Raman bands – see Figure 3.10. This is somehow expected since 

these structures have been reported as nucleation sites for mullite crystallization in 

aluminosilicate glasses [274]. 
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Table 3.3: Summary of the findings of glass structures of the four synthetic glasses, with a qualitative 

definition of the presence of each resembled phase. 

Phase 

resemblance 

Ratios Si-FA Ca-FA BFS-1 BFS-2 

Ca/Si 0.23 0.47 1.04 1.41 

Ca/Al 0.40 0.81 1.96 3.31 

Mullite 

Identification ↑↑↑ ↑↑ ↑ ↑ 

Evidence 

XRD: (2θ < 28°) 

Raman: (700-800 

cm-1) 

FTIR: (1040 cm-1) 
27Al NMRa: 

(centre < 38 

ppm) 

XRD: (2θ < 28°) 

Raman: (700-800 

cm-1) 

Raman: (700-800 

cm-1) 

Raman: (700-800 

cm-1) 

Al-modified 

cristobalite 

Identification ↑↑ ↑↑ ↑ ↑ 

Evidence 

XRD: (2θ < 28°) 

Raman: (550-650 

cm-1) 

FTIR: (938 cm-1) 
29Si NMR: (Q4(2Al) 

+ Q4(3Al) > 35 %) 

XRD: (2θ < 28°) 

Raman: (550-650 

cm-1) 

FTIR: (938 cm-1) 
29Si NMR: 

(Q4(2Al) + 

Q4(3Al) > 30 %) 

Raman: (550-650 

cm-1) 

Raman: (550-650 

cm-1) 

Gehlenite 

Identification – ↑ ↑↑ ↑↑ 

Evidence – 

29Si NMR: (Q2 ~ 

23%) 

XRD: (2θ > 29.5°) 
29Si NMR: (Q2 ~ 

38%) 

XRD: (2θ > 29.5°) 
29Si NMR: (Q2 ~ 

38%) 

Calcium 

aluminates 

Identification – – ↑↑ ↑↑ 

Evidence – – 

XRD: (2θ > 29.5°) 

Raman: (650-700 

cm-1) 

FTIR: (680 cm-1) 
27Al NMR: (50.2 

ppm) 

XRD: (2θ > 29.5°) 

Raman: (650-700 

cm-1) 

FTIR: (680 cm-1) 
27Al NMR: (55.8 

ppm) 

↑↑↑ – Dominant phase supported by multiple techniques and literature. 

↑↑ – Significant presence, confirmed by multiple techniques. 

↑ – Minor presence, suggested by only one technique. 

 

3.4.3 Influence of CaO in the destabilization of glass network 

In general, the addition of alkaline and alkaline-earth elements has a dual effect on the 

glasses studied in this chapter: charge compensation of AlO4
- sites and network 

depolymerization [143]. This depolymerization limits the ordering range of SiO4 units, 

resulting in a less covalent network [96]. In this study, the broad signals observed in the 27Al 

MAS NMR spectra – see Figure 3.11 – suggest structural disorder arising from the inclusion of 

CaO in the glass network. The centre of the chemical shift, stronger in the AlIV-attributed 

region for all glasses, becomes more positive with increasing Ca/Al ratios, due to the change 

in the nature of the first neighbors [270]. The very broad nature of the spectra also indicates 

that there are contributions related to four-, five- and sixfold Al-coordination hidden under 

the broad spectra in all four synthetic glasses.  

At first glance, one might consider the presence of multiple Al coordination to be 

contradictory, since the abundance of Ca2+ at CaO/Al2O3 ratios above 1 promotes the 

stabilization of AlO4
- units [96]. Through both experimental analysis and molecular dynamics 

simulations, the average coordination number of Al has been extensively observed to be 
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lowered to values closer to four in the presence of excess Ca in CAS systems [151,153]. 

However, whether Al fully acts as a network former in percalcic glasses is still in debate. 

Through high-field 27Al NMR, Neuville [270] identified a continuous presence of AlV in 

different percalcic glasses in the CaO-Al2O3-SiO2 system, with similar chemistries to glasses 

BFS-1 and BFS-2. Additionally, sixfold coordinated Al has been reported to be present in CaO-

Al2O3 melts [153] and peralkaline aluminosilicate glasses modified with MgO and CaO [149], 

when only fourfold coordination would conventionally be expected.  

In the four synthetic glasses discussed here, different coordination numbers of Al could not 

be fully resolved in a quantitative approach, and would require an approach such as complex 

multi-quantum NMR analysis coupled with molecular dynamics simulations for a precise 

determination. Nonetheless, the qualitative information obtained with both 27Al MAS NMR 

(Figure 3.11) and Raman spectroscopy (Figure 3.10) delivers important structural 

information, as summarized in Table 3.3. In the former technique, AlIV vibrations appeared 

to be stronger in Ca-rich glasses, and in the latter, the second AlO4 related vibrations range 

(650-700 cm-1), attributed to interactions of interconnected AlO4 units, is observed only in 

high-Ca precursors. As initially summarized in early work by Englehardt [96], AlIV is the 

dominant species when CaO > Al2O3, and the exact role of Al is dependent on the total CaO 

content. For instance, in gehlenite (with Ca/Al = 1), Al-substitution occurs mainly in chain-

like linkages of SiO4 (Si Q2) [154]. The analysis made with 29Si NMR for slag-glasses showed a 

significant presence of Si Q2 species (Figure 3.7), potentially characterized as Si Q2(1Al) and 

Q2(2Al) units. This observation indicates the strong formation of structures resembling 

gehlenite in both BFS-2 and BFS-1, as this phase is composed of corner sharing tetrahedral 

dimers [275].  

Moreover, it is suggested that the higher CaO content in the slag-type glasses, especially in 

glass BFS-2, promoted the formation of isolated calcium-aluminate structures depleted in 

Si, as evidenced by the shift of the maximum 2θ angle in the XRD patterns (Figure 3.3) in 

addition to spectroscopic analysis. In Ca-Al systems with high Ca content, AlIV species can 

be combined to form either triclusters or 6-membered rings of AlO4 units [253]. In both 

cases, Ca occupies the cavities of the rings in either 6- or 8-fold coordination, forming 

structures typically found in tricalcium aluminate (C3A) and mayenite (C12A7) [253,276–278].   

The formation of separate phases is supported by the presence of calcium-aluminum rich 

inclusions (CAIs) observed during cooling processes of Ca-Mg-Si-Al melts simulating chondrite 

meteorites. The crystallization sequence of such components converts a spinel-type (Al2O3, 

1550 °C) structure into gehlenite (Ca2Al2SiO7, 1400 °C) and further into anorthite 

(CaAl2Si3O8, 1260 °C) [279], promoting a reduction of the Al ratio of these structures 

influenced by lower maximum temperatures and slower cooling rates of the melt [280]. In 

the present work, the formation of pure Al2O3 phases is not expected for glasses BFS-2 and 

BFS-1 due to their low content of Al. Alternatively, it is here suggested that the formation 

of Al-Ca rich structures occurs in the first instants after quenching, while the inclusion of Si 

into new phases takes place in secondary stages. This assumption aligns with the 

configurational entropy of CaO-Al2O3-SiO2 minerals [275], which identifies two different 

tetrahedral sites (T1 and T2) in Mg-free gehlenite: T1 sites are occupied exclusively by Al, 

while T2 sites display a mixture of AlO4 and SIO4 [281]. Additionally, gehlenite was also 

observed as an intermediate product in the synthesis of various calcium aluminate phases 

[282], which may help to explain the higher reactivity of high-Ca precursors. 
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With respect to the role of Ca, its coordination number has been shown to change according 

to its total content in CAS systems. Octahedral coordination is the natural form of this 

element in CaO, and this could be an initial guess of the predominant nature when acting 

either as a networking modifier or as a charge compensator [252,283]. However, a few 

observations show distinct roles for Ca. For instance, Petkov et al. [283] reported 

coordination numbers as low as 5.2 when CaO/Al2O3 is lower than 1, while Shimoda et al. 

[284] found values close to 8 in systems with Ca/Al = 1.43. Ca in higher coordination is 

typically observed in crystalline C3A and C12A7 phases [253], which can support the 

observations made with spectroscopy techniques in this Chapter.  

The schematic drawings in Figure 3.13 provide a better visualization of the roles of Ca in 

the formation of different amorphous structures in aluminosilicate glasses, based on its 

initial content. At the lower CaO levels, mullite-type structures or cristobalite-like regions 

are favored, with Al substitution in tetrahedral site. The former which combines SiO4 units 

with Al in both octahedral and tetrahedral coordination, is favored in significantly limited 

presence of Ca, which instead utilised the AlO4 triclusters to function as charge-balancers, 

while the latter already counts with the presence of Ca2+ for the same purpose. In the higher 

end, Ca is suggested to present a fundamental phase forming role, inducing the stabilization 

of gehlenite-type structures combining both SiO4 and AlO4 units or isolated calcium 

aluminate structures, which partially explain the higher reactivity of high-Ca components.  

Thus, in addition to acting as a depolymerizing and charge balancing agents, Ca appears to 

promote the formation of calcium aluminate and high-Ca aluminosilicate structures, given 

the strong evidences that both gehlenite- and calcium aluminate-type structures like 

structures in glasses resembling slags. 

 

Figure 3.13: Schematic representation of the roles played by Ca in the structure of aluminosilicate glasses. 
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3.5 Conclusions and outlook 

This chapter evaluated the strong influence of chemical composition on the framework 

structure of synthetic glasses resembling slags and fly ashes,  The approach of this chapter 

is based on the use of four different techniques – XRD, FTIR, MAS NMR, and Raman 

spectroscopy – to study the internal structure of synthetic precursors, with each technique 

complementing the others. X-ray diffraction (XRD) provided a broad view of how the 

presence of Ca presence induced a major change in the framework, from an Al-Si-dominated 

to a Ca-Al-dominated structure. Infrared (FTIR) and Raman spectroscopy allowed for the 

characterization of short-range interactions, detailing Si-O and Al-O interactions within 

different structural units. Finally, nuclear magnetic resonance (NMR) offered a 

complementary assessment of the framework regarding nuclei interaction with close 

neighbours. By combining the three spectroscopic techniques, it was possible to define a 

preferential fourfold coordination of Al in slag-glasses, while fly ash glasses presented strong 

responses in the AlO6 range, whilst still displaying Al-substitution in tetrahedral sites.  

Based on the experimental results obtained, the following conclusions and observations are 

given: 

• The synthetic glasses successfully replicated the chemical composition and the 

structure of the amorphous portions of commercial precursors. Despite some minor 

differences in atomic ratios, particularly in the overestimation of Ca content, due to 

equipment limitations, the diffraction patterns showed clear similarities when 

comparing commercial and synthetic precursors.   

• By combining the present results with data reported in literature, a correlation of 

the diffraction pattern was established with respect to the content of Ca of each 

glass. Fly ash-glasses displayed diffraction angle maxima in the same range as Al-Si- 

and Si-rich minerals, such as mullite and cristobalite. On the other hand, slag-glasses 

shifted the amorphous hump towards Ca-Al-rich phases, such as gehlenite and some 

calcium aluminates. 

• Differences at sub-microscopic level were identified with spectroscopic techniques, 

as the glass structures were observed to be heterogeneous below this scale. 

Synthetic fly ashes displayed separate regions with mullite-like structures, 

characterized by strong interactions between SiO4 and AlO5-AlO6 regions, and Al-

substituted cristobalite. The absence of extra network modifying oxides favored a 

residual presence of Al in fourfold coordination, which is not typically observed in 

CAS glasses. The formation of triclusters of Al- and Si-tetrahedra, observed in Raman 

spectra, assumed the role of charge compensation of [AlO4]
- units due to the low 

content of Ca.  

• In slag-glasses, a strong presence of AlIV was identified through Raman and infrared 

spectroscopy. In combination with the significant presence of Si Q2 and Q3 units and 

XRD patterns, the formation of gehlenite-like regions was assumed. Moreover, the 

observation of AlO4-exclusive clusters, typically seen in calcium aluminate minerals, 

suggests the formation of isolated regions in which Si is not present. 

• Finally, it is possible to conclude that Ca has varying roles within the whole glass 

structure, shifting from charge balancer, mainly in low-Ca glasses, to network 

modifier and even as the nuclei of isolated Ca-Al structures, in high-Ca compounds. 
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It is suggested that Ca plays both roles in all glasses due to their highly disordered 

structure, but a quantitative analysis could not be resolved.   

The heterogeneities in the glass structures evaluated in this chapter is extremely important 

for determining the reaction potential of each precursor in alkali-activation. Even with a 

qualitative phase determination, studying the initial stages of reactions can be more 

assertively correlated to the chemical composition of the precursor, allowing a precise 

prediction over reaction mechanisms in alkali-activated systems. The findings from Chapter 

3 will be instrumental in establishing correlations between chemistry and dissolution 

kinetics in Chapter 4, and between chemistry and the degree of reaction/phase assemblage 

in Chapter 6. 
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Chapter 4.  

_________________________________________________________ 

Dissolution kinetics of synthetic precursors 

 

 

 

When solid precursors are mixed with an alkaline activating solution, the process of 

dissolution and leaching of reactive species immediately starts, being the first step in the 

sequence of reactions of alkali-activated materials. The full understanding of the different 

phenomena occurring at this stage is rather complex, being highly influenced by intrinsic 

and extrinsic factors of each binder as described in Chapter 1. This Chapter investigates 

the true effect of precursor chemistry, concentration of the alkaline activator, and 

temperature, on the kinetics of dissolution, observing the evolution of element release 

with time for synthetic glasses. Ca was observed to be the triggering element in the 

dissolution of all synthetic glasses at 20 °C through ion-exchange processes, but different 

mechanisms were found to take place at higher temperatures. At the end, this Chapter 

provides an empirical estimation of the dissolution rates of Ca, Si, and Al at different 

temperature, and an excellent agreement was observed between the experimental rates 

and the values obtained by the derived equations.
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4.1 Introduction 

The kinetics of dissolution of precursors provide vital information over the initial stages  of 

the reaction of alkali-activated systems. During this period,  the solution becomes 

supersaturated with reactive species, eventually leading to the nucleation of the first 

reaction products. Dissolution and initial phase precipitation are the main processes that 

influence fresh properties and the initial heat release of the mixture, which directly impact 

practical procedures during the application of alkali-activated materials. These factors can 

dictate the optimum mixing, casting, and demolding methods and times according to the 

choice of raw materials. The extent and intensity of this first stage are influenced by both 

the initial features of the amorphous portion of the precursors and the aqueous media in 

which the reaction takes place. Therefore, a detailed study on the initial reaction, and an 

understanding of the factors that influences it, is crucial for comprehending the entire 

reaction process. 

The processes and mechanisms of glass dissolution (or corrosion) have been widely studied 

in the field of nuclear waste management [182,285,286], where glass materials are 

considered efficient for waste immobilization. The progress of the dissolution process is 

measured by  alteration on the surface of the reactive material, and is divided into three 

stages, as schematically shown in Figure 4.1:  

I. Forward period, characterized by the fast release of reactive mobile species 

(e.g., Na+, K+) via ion-exchange or interdiffusion processes and hydrolysis of Si-O 

and Al-O bonds [287];  

II. Residual period, with the achievement of an equilibrated dissolution rate due to 

the formation of a passivating layer on the surface of glass particles;   

III. Resumption period, when a secondary acceleration of the dissolution rate is 

triggered by changes in saturation degree of the dissolving media [186,288].  

Alkali-activated systems present a significantly more aggressive environment compared 

to the likely immersion environments of glasses used in nuclear waste immobilization 

applications, due to both alkalinity and possible high temperature. The resumption of 

an accelerated dissolution, seen in Stage III, can either continue as a steady corrosion 

process or take up to several years to occur for nuclear waste glasses [288,289], while 

the same phenomena may occur within hours  in AAMs. The fast reactions involved in 

alkali-activated systems can sometimes cause overlap between two or more stages, 

which might lead to misinterpretations of the overall reaction process [189,290]. 

 

Figure 4.1: Schematic correlation of the evolution of glass alteration during dissolution processes. 
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Studies on the kinetics of dissolution are usually performed in far-from-equilibrium 

conditions, focusing mainly on the forward period, which describes the mechanisms 

occurring prior to the initial precipitation of reaction products. Such scenario is achieved 

with the implementation of highly diluted conditions, which prevent rapid supersaturation 

with respect to the most common reaction products, facilitating the study of early reactions 

in alkali-activated systems. By using a solution-to-glass ratio of 1000 and even 2000, some 

authors have analyzed the evolution in the concentration of the main elements and 

empirically derived forward dissolution rates. These rates can then be used to study initial 

phase precipitation and strength development [148,172,175,184,188,291]. 

High-Ca glasses are expected to display higher dissolution rates [81,291,292], and therefore 

greater reactivity. The quick release of network modifying agents initiates the dissolution 

of a precursor. This selective element detachment indicates an initial leaching of reactive 

species, which are then available to combine with others and form the first nuclei of 

reaction products [113]. For instance, Snellings [184], and Newlands and Macphee [291], 

evaluated the influence of chemistry on the forward dissolution rates of synthetic glasses 

composed only of Ca, Si and Al oxides. In both works, the authors reported dissolution rates 

one order of magnitude higher in percalcic glasses resembling blast furnace slags than for 

glasses resembling fly ashes, with Ca leading the dissolution process in such binders. Ca is 

also observed to rapidly react with secondary available species to form reactive surfaces in 

the particles of glasses, delaying a significant release of Si and Al into secondary dissolution 

stages [291]. Schöler et al. [148] used more complex systems with synthetic glasses 

containing other network modifying elements, and reported the additional influence of Al 

on dissolution and overall reactivity of the tested binders, as this element is known to be 

leached from the precursor particles prior to Si [293,294]. 

Ca is distinguished from other NWMs because it can more easily combine with OH or Si-

species to precipitate phases in the initial moments, like portlandite (Ca(OH2) or other Ca-

based hydrates [79,295]. For these reasons, Ca-containing minerals can present hydraulic 

behaviour, which means that an alkaline environment is not strictly required to initiate the 

dissolution. In contrast, low-Ca precursors are considered pozzolanic, and thus require 

accelerating agents such as increased temperature or alkalinity, to enhance their dissolution 

and consequently their reactivity [45,168]. 

This Chapter aims to understand the true effect of precursor chemistry on the kinetics of 

dissolution by observing the evolution of element release with time for the four different 

synthetic glasses obtained in Chapter 3. Alkaline environments were used to evaluate the 

effect of pH, and different temperatures were tested to examine the dissolution 

characteristics of low-Ca precursors. The element leaching process was correlated to the 

structural characterization of the synthetic precursors, including the residual structure of 

the unreacted portion of each glass. In the end, a dissolution rate-based theory, considering 

chemical composition, temperature and alkalinity, was developed to determine the forward 

dissolution rate of the three elements in the synthetic glasses. Figure 4.2 shows the position 

of Chapter 4 as the final component in Part II of this thesis, providing data on how glass 

structures influence the initial stages of reaction of alkali-activated materials. 
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Figure 4.1: Schematic illustration of the structure of this thesis, highlighting the contributions of Chapter 4. 

 

4.2 Materials and methods 

4.2.1 Preparation of synthetic glasses for dissolution experiments 

The synthetic precursors used in this chapter were obtained as part of the production 

batches described in Chapter 3. For this experimental campaign, glasses with relatively high 

particle sizes were used to slow the dissolution kinetics. This approach allowed for testing 

over longer periods of time to observe the evolution of cation concentration, preventing the 

precipitation of the first reaction products [296]. After the quenching step, the glasses were 

ground and milled to achieve a 𝑑10 size of approximately 60 μm. The particle size 

distribution was measured by laser diffraction, and the average density of each glass was 

measured using an Anton Paar Ultrapyc 5000 pycnometer through helium gas displacement. 

The specific surface area (𝑆𝑆𝐴) of the initial glasses was estimated using the geometric 

method according to McGrail et al. Equation 4.1 [297]: 

𝑆𝑆𝐴 =
6

𝜌∙𝑑𝑒𝑓𝑓
                                                                                                                                                 (4.1), 

where 𝑚 is the mass of the glass sample (𝑔), 𝜌 is the density of the particle (𝑔/𝑐𝑚3), and 

𝑑𝑒𝑓𝑓 is the effective particle diameter obtained by Equation 4.2 which considers the 

maximum (𝑑𝑚𝑎𝑥) and minimum (𝑑𝑚𝑖𝑛) particle sizes: 

𝑑𝑒𝑓𝑓 =
(𝑑𝑚𝑎𝑥−𝑑𝑚𝑖𝑛)

ln (𝑑𝑚𝑎𝑥/𝑑𝑚𝑖𝑛)
                                                                                                                                   (4.2). 

The specific chemical composition and the physical characteristics of the utilised batches 

are given in Table 4.1, and the cumulative particle size distribution is shown in Figure 4.3. 
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Figure 4.3: Cumulative particle size distribution of the studied glasses, obtained by laser diffraction 

 

4.2.2 Dissolution experiments 

Far-from-equilibrium conditions are usually achieved in highly diluted systems, preventing 

the precipitation of reaction products in the initial stages. Following similar approaches 

described in literature [148,176,184], the dissolution experiments were carried out with a 

solution/glass ratio of 1000. 1 L of sodium hydroxide (NaOH) solutions were used to dissolve 

1 g of powdered glass in polyethylene vessels pre-cleaned with nitric acid and deionized 

water. The solutions were adjusted to three different molarities using a 50 % commercial 

liquid NaOH (Brenntag, Dordrecht, Netherlands) and deionized water. The four glasses were 

tested in 0.15 M, 1.5 M and 3 M media at room temperature (20 °C ± 5 °C). After corrections 

made with activity coefficients, calculated through thermodynamic modelling (see section 

4.2.3 for more details, these concentrations yielded pH values calculated to be equal to 

13.04, 13.97 and 14.27, respectively, which are in the range of the pore solution observed 

in Portland cement systems, and activations performed in moderate and highly-alkaline 

environments [90,175,184].  Additionally, glasses Si-FA and Ca-FA were subject to the same 

solutions in a closed environment at 60 °C. The solutions were constantly stirred at a low 

rotational rate (~250 rpm) for the whole period of the experiment. Samples were collected 

at 5 min, 10 min, 15 min, 30 min, 45 min, 1 hour, 2 hours, 4 hours, 6 hours and 24 hours for 

each system. Approximately 10 mL of solution was collected from the vessels with a syringe 

in every sampling, and immediately vacuum filtered using a Whatmann 2.5 μm filter paper. 

The filtered samples were stored in a cooled chamber at 4 °C for further investigation. After 

each sampling, fresh NaOH solution of the original concentration was added to maintain a 

constant solution-to-initial surface area ratio. 
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Table 4.1: Chemical composition and physical characteristics of synthetic glasses used in dissolution 

experiments. 

Glass 

Normalized* content 

(mol) 
𝒅𝟏𝟎 

(μm) 

𝒅𝟓𝟎 

(μm) 

𝒅𝟗𝟎 

(μm) 

S 

(m²/g) 

ρ 

(g/cm³) 

SiO2 Al2O3 CaO 

Si-FA 1.00 0.31 0.25 60.5 91.6 128.4 0.0110 2.60 

Ca-FA 1.00 0.29 0.53 61.5 90.4 122.6 0.0113 2.71 

BFS-1 1.00 0.31 1.21 61.8 88.9 123.7 0.0099 2.88 

BFS-2 1.00 0.25 1.52 64.9 94.3 123.0 0.0098 2.96 
*Normalized to the content of SiO2. 

The temporal evolution in concentrations of Si, Al and Ca, was measured by inductively 

coupled plasma-optical emission spectroscopy (ICP-OES). Prior to analysis, samples were 

diluted in 1:10, using a 0.2 vol% solution of nitric acid. Analysis was performed using a 

PerkinElmer Optima 5300DV ICP-OES spectrometer.  

 

4.2.3 Thermodynamic calculations 

Thermodynamic calculations were carried out to obtain effective saturation indices (ESI) of 

the most commonly observed solid phases in alkali-activated systems. This parameter 

supports the comprehension of the formation of reaction products during initial reaction 

stages, based on the presence and concentrations of aqueous species in the pore solution of 

cementitious systems. ESIs were individually calculated for each reaction product using 

Equation 4.3: 

𝐸𝑆𝐼 =
1

𝑁
∙ log (

𝐼𝐴𝑃

𝑘𝑠𝑝
)                                                                                                                                     (4.3), 

where 𝑁 indicates the number of species participating in the reaction, 𝐼𝐴𝑃 is the ion activity 

product which measures the effective activity of species at the moment of analysis, and 𝑘𝑠𝑝 

is the solubility product of the phase under analysis. Positive values of ESI indicate 

supersaturation in the aqueous media and potential phase nucleation, while negative values 

indicate undersaturation and absence of phase precipitation [175]. In the present work, ESI 

is solely used to verify whether phase precipitation was avoided during dissolution 

experiments, as the goal of the experimental setup was to promote negative saturation 

indices for all phases – i.e. ensuring that far-from-equilibrium conditions were maintained. 

The 𝐼𝐴𝑃 is calculated by the ratio of the activities, or effective concentration, of products 

and reagents of a chemical reaction. The aqueous dissociation of SiO2 Equation 4.4 is used 

as an example for the calculation of the 𝐼𝐴𝑃 of this reaction, according to Equation 4.5: 

𝑆𝑖𝑂2 + 2𝑂𝐻− ↔ 𝐻2𝑂 + 𝑆𝑖𝑂3
−                                                                                                                  (4.4), 

𝐼𝐴𝑃 =
{𝐻2𝑂}∙{𝑆𝑖𝑂3

−}

{𝑆𝑖𝑂2}∙{𝑂𝐻−}2                                                                                                                                     (4.5). 

The activity of each ionic species was determined using the Gibbs energy minimization 

software GEM-Selektor 3.4 (GEMs) [298,299]. The software activity calculations are 

performed using the built-in extended Debye-Hückel equation in Truesdell-Jones, shown in 

Equation 4.6:
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6The activities of water and pure solids is equal to 1. Refer to [85,86] for more information on  thermodynamics of cementitious 
materials.  

log 𝛾𝑖 =
−𝐴𝑦𝑧𝑖

2
√𝐼

𝐼+𝐵𝑦𝑎𝑖√𝐼
+ 𝑏𝑦𝐼                                                                                                              (4.6), 

where 𝑧𝑖 is the charge of each species 𝑖, 𝐼 is the ionic strength of the solution, 𝑎𝑖 is a ion 

size parameter set at 3.31 for all charged ions, 𝐴𝑦 and 𝐵𝑦 are pressure and temperature 

dependent coefficients,  and 𝑏𝑦 is a semi-empirical parameter equal to 0.098 which uses 

NaOH solutions, at 25 °C, as base. The modelling tool considered the concentration of 

elements measured by ICP-OES and the Nagra-PSI thermodynamic database [221] for the 

calculation of activities of aqueous species, and the solubility products of the main reaction 

products observed in alkali-activated systems with available data in literature for 

calculation of effective saturation indices6. Table 4.2 details the chemical reactions and 

solubility products of the phases considered in this analysis, and Table C.1 in the Appendix 

C details the thermodynamic properties of the aqueous species. Solid phases containing Mg 

and Fe were not considered in this analysis of synthetic binders, although they are likely to 

precipitate in standard alkali-activated systems. 

 

4.2.4 Characterization of residual powder 

After the final sampling, the solution was vacuum filtered under the same conditions 

described in section 4.2.2, and the residual powders were collected to observe whether 

nucleation had occurred. The filtered material was washed with deionized water in two 

cycles until a pH of 7 was reached, then submerged in isopropanol for 48 hours to prevent 

any further dissolution or precipitation of reaction products. The samples were then filtered 

again, dried for 10 minutes at 40 °C in a closed oven, and vacuum stored.  

Table 4.2: Dissolution reactions and equilibrium solubility products of reaction products in synthetic alkali-

activated systems considered for thermodynamic calculation of effective saturation indices. 

Solid phase Dissolution reactions log 𝒌𝒔𝒑 Ref. 

C-A-S-H 

(5CA) 

(𝐶𝑎𝑂)1.25 ∙ (𝐴𝑙2𝑂3)0.125 ∙ (𝑆𝑖𝑂2) ∙ (𝐻2𝑂)1.625 

↔ 1.25𝐶𝑎2+ + 𝑆𝑖𝑂3
2− + 0.25𝐴𝑙𝑂2

− + 0.25𝑂𝐻− + 1.5𝐻2𝑂 
-10.75 [30] 

C-N-A-S-H 

(5CNA) 

(𝐶𝑎𝑂)1.25 ∙ (𝑁𝑎2𝑂)0.25 ∙ (𝐴𝑙2𝑂3)0.125 ∙ (𝑆𝑖𝑂2) ∙ (𝐻2𝑂)1.25 

↔ 1.25𝐶𝑎2+ + 𝑆𝑖𝑂3
2− + 0.25𝐴𝑙𝑂2

− + 0.5𝑁𝑎+ + 0.25𝑂𝐻− + 1.5𝐻2𝑂 
-10.40 [30] 

Na-C-S-H 

(INFCN) 

(𝐶𝑎𝑂) ∙ (𝑁𝑎2𝑂)0.3125 ∙ (𝑆𝑖𝑂2)1.25 ∙ (𝐻2𝑂)1.1875 + 0.375𝑂𝐻− 

↔ 𝐶𝑎2+ + 1.5𝑆𝑖𝑂3
2− + 0.625𝑁𝑎+ + 1.375𝐻2𝑂 

-10.70 [30] 

C-S-H  

(T2C) 

(𝐶𝑎𝑂)1.5 ∙ (𝑆𝑖𝑂2) ∙ (𝐻2𝑂)2.5 

↔ 1.5𝐶𝑎2+ + 𝑆𝑖𝑂3
2− + 𝑂𝐻− + 2𝐻2𝑂 

-11.60 [30] 

Portlandite 

(CH) 
𝐶𝑎(𝑂𝐻)2 ↔ 𝐶𝑎2+ + 2𝑂𝐻− -5.20 [31] 

N-A-S-H 

(NASH_1) 

(𝑁𝑎2𝑂)0.5 ∙ (𝐴𝑙2𝑂3)0.5 ∙ (𝑆𝑖𝑂2) ∙ (𝐻2𝑂) 

↔ 𝑆𝑖𝑂3
2− + 𝐴𝑙𝑂2

− + 𝑁𝑎+ − 2𝑂𝐻− + 2𝐻2𝑂 
-6.51 [11] 

Katoite 

(C3AH6) 
𝐶𝑎3𝐴𝑙2(𝑂𝐻)12 ↔ 3𝐶𝑎2+ + 2𝐴𝑙(𝑂𝐻)4

− + 4𝑂𝐻− -20.50 [31] 

Strätlingite 

(C2ASH8) 

𝐶𝑎2𝐴𝑙2𝑆𝑖𝑂2(𝑂𝐻)10 ∙ 3𝐻2𝑂 

↔ 2𝐶𝑎2+ + 2𝐴𝑙(𝑂𝐻)4
− + 𝑆𝑖𝑂(𝑂𝐻)3 + 𝑂𝐻− + 2𝐻2𝑂 

-19.70 [31] 

C4AH13 𝐶𝑎4𝐴𝑙2(𝑂𝐻)14 ∙ 6𝐻2𝑂 ↔ 4𝐶𝑎2+ + 2𝐴𝑙(𝑂𝐻)4
− + 6𝑂𝐻− + 6𝐻2𝑂 -25.25 [31] 

Si-hydrogarnet 

(C3AS0.84H4.32) 

𝐶𝑎3𝐴𝑙2(𝑆𝑖𝑂4)0.84(𝑂𝐻)8.64

↔ 3𝐶𝑎2+ + 2𝐴𝑙𝑂2
− + 0.84𝐻𝑆𝑖𝑂3

− + 3.16𝑂𝐻− + 2.32𝐻2𝑂 
-26.70 [32] 
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Differential thermogravimetric analysis were performed on the glasses after dissolution 

using a Netzsch TG-449-F3-Jupiter thermoanalyzer, in a temperature range from 40 °C to 

900 °C, a heating rate of 10 °C/min, and an argon purge atmosphere of 70 mL/min. 

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy and Raman 

spectroscopy analysis were performed on the residual glasses following the same 

specifications described in section 3.3.2. Deconvolution of the spectra was performed, 

aiming at the individual identification of Si- and Al-related interactions in the overall Raman 

response. 

 

4.3 Results 

4.3.1 Dissolution mechanisms at room temperature 

4.3.1.1 Influence of solution pH in dissolution kinetics 

0.15 M NaOH solutions 

The measured concentrations of Ca, Al and Si, in 0.15 M NaOH solutions, are shown in Figure 

4.4. It is possible to observe, in all glasses, a non-steady regime occurring up to 2 hours of 

sampling (region I), followed by a linear evolution in concentrations until the end of the 

experiment. This initial non-linear behaviour has been identified by other authors [184,300], 

and is characteristic of a complex process, involving the competition of several mechanisms 

[301,302]. Given the high pH of the solution, this can be understood as an instantaneous 

disequilibrium shock, where weakly-bound atoms are immediately released from the 

framework after contact with solution, through a combination of leaching, ion exchange and 

dissolution reactions [301]. As a result, Ca shows the highest concentration during this initial 

period in all experiments, especially in fly ash-type glasses. The maximum measured 

concentration was 1.63 times larger in Si-FA than BFS-2 (Si-FA = 0.077 mmol/L; BFS-2 = 0.047 

mmol/L). This can be an indication of the presence of internal Ca-rich structures in slag 

glasses, which strongly binds Ca atoms into the amorphous portion, making them less 

susceptible to initial leaching in such structures. Such observation arises from the observed 

presence of gehlenite- and calcium aluminate structural units in the synthetic precursors, 

detailed in Chapter 3. 

After 2 hours, a steady dissolution takes place for Si and Al until 24 hours (region II), with 

different slopes being observed depending on the precursor. The intense release of 

elements, driven by the  hydrolysis of Si- and Al-O bonds, produces localized negatively 

charged surface sites, due to the presence of Si-O- and Al-O- bonds [176,303]. This second 

observed period corresponds to Stage I of the glass dissolution theory described in the 

Introduction section of this chapter – see Figure 4.1 and related discussion – as all elements 

are continuously detached from the framework at a rapid dissolution rate. This regime 

allows for the calculation of forward dissolution rates, which will be discussed in the next 

sections. In all glasses, Ca deviates from the linear trend after 6 hours. This behaviour was 

more prominent in fly ash-type glasses, where Ca concentrations decrease from 6 to 24 

hours, resulting in a final Ca concentration that is three times lower (0.03 mmol/L) than the 

value observed for BFS-2 (0.10 mmol/L).  
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Figure 4.4: Temporal variation of concentrations of Ca, Al and Si, as measured by ICP-OES, in synthetic glasses 

dissolved in 0.15 M NaOH solutions: a) Si-FA; b) Ca-FA; c) BFS-1; and d) BFS-2. 

In order to identify the consequences of the decelerated release of Ca, effective saturation 

indices (ESI) were calculated using the concentration values measured at different times. 

Especially in the absence of other ionic species, Ca is known to show high compatibility with 

OH-, leading to the formation of portlandite [79,304], which could partially consume Ca 

from the solution. However, the plots displayed in Figure 4.5 do not show positive saturation 

indices for any phase, including portlandite, in the two most extreme glasses (Si-FA and BFS-

2). One possible explanation is the adsorption of aqueous Ca2+, and the formation of a porous 

Ca-rich layer in the reactive surfaces [305]. The exposed negative sites of the substrate can 

easily attach positively charged species, forming a non-continuous passivating layer and 

preventing the diffusion of OH- into inner layers of the reacting glass [306,307]. This 

assumption could also partially explain the non-linearity of the evolution of Si 

concentrations after 6 hours, particularly in slag-type glasses.  
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Figure 4.5: Effective saturation indices (ESIs) calculated for the potential precipitation of reaction products 

during the dissolution of synthetic glasses in 0.15 M NaOH solutions: a) glass Si-FA; b) glass BFS-2 – refer to 

Table 4.2 for the code of each phase. 

Additional important information can be obtained from the results shown in Figure 4.4, 

distinguishing the first mechanism taking place during dissolution of precursors. A linear 

evolution in Ca concentration was observed up to 6 hours. Beyond this point, the Ca/(Si+Al) 

ratios of the measured concentrations, normalized to the same ratio in the original 

composition of each synthetic glass, were significantly higher in fly ash-type than in slag-

type glasses, as summarized in Table 4.3. The previous chapter discussed the more 

polymerized structure formed in fly ash glasses, with both Si-FA and Ca-FA displaying Si Q3 

and Q4 species occupying over 80 % of the SiO4 units. The slower release of Si and Al from 

these two precursors demonstrates their enhanced preference for ion-exchange processes 

in the early stages of dissolution, following conventional dissolution mechanisms in alkaline 

media [189,308,309]. This behaviour is assumed to be directly correlated with the 

polymerization degree of the original glass framework. Consequently, the intense hydrolysis 

of aluminosilicate structures is delayed in these less reactive systems, occurring only at 

later stage due to the high energy barrier required to break the polymerized framework of 

fly ash-type glasses, even under far-from-equilibrium conditions. 

 1.5 M and 3 M NaOH solutions 

The influence of pH on the release of Ca, measured for glasses Si-FA and BFS-2, is illustrated 

in Figure 4.6. In the plots, two distinct behaviours can be noticed between the two 

precursors. The non-steady period was observed to be more influenced by the NaOH molarity 

of the solution in Si-FA than in BFS-2, as the maximum Ca concentration shifted from 0.07 

mmol/L (1.5 M NaOH – Figure 4.6a) to 0.21 mmol/L (3 M – Figure 4.6b) for the fly ash-type 

glass in the first samplings. However, different from the observations at 1.5 M NaOH, higher 

alkalinity hindered a continuous release of Ca in the second stage of dissolution, as the 

measured concentrations at 6 and 24 hours were similar (Figure 4.6 b). Similarly, BFS-2 

presented a decelerated cation release after 6 hours in both solutions. The final measured 

concentrations, after 24 h, were similar for the two glasses regardless of the NaOH molarity 

– 0.08 and 0.11 mmol/L for Si-FA, and 0.26 and 0.24 mmol/L for BFS-2 at 1.5 M and 3 M 

NaOH, respectively. In such cases, other details should be evaluated. The length of the 

steady period was shortened for the fly ash-type glass in a higher pH environment, as the 

changes in measured Ca concentrations were negligible from 2 to 24 hours. For BFS-2, the 

net concentration change in the forward period must be taken into account. Increasing the 
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molarity of NaOH to 3 M (Figure 4.6d) represented a net change in Ca concentration of 0.14 

mmol/L, approximately 70 % higher than the measured difference in 1.5 M NaOH solution 

(Figure 4.6c). These observations suggest the existence of a maximum concentration of Ca 

that is in equilibrium with the surrounding solution under far-from-equilibrium conditions, 

and that the local pH affects the time needed to achieve a threshold cation concentration, 

depending on the composition of each respective glass. 

 

Figure 4.6: Evolution of concentrations of Ca observed for different alkali concentrations: Si-FA glass at a) 1.5 

M and at b) 3 M; and BFS-2 glass at c) 1.5 M and d) 3 M NaOH solutions. 

 

Table 4.3: Summary of Ca-related dissolution data measured in 0.15 M NaOH solutions. 

Glass 
Ca/(Si+Al) ratio in 

original glass  

Normalized Ca/(Si+Al) in the 

solution at  6 h 

Si-FA 0.16 2.42 

Ca-FA 0.33 1.06 

BFS-1 0.68 0.37 

BFS2 1.00 0.27 
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Characterization of residual dissolution powder 

The high concentrations measured during the initial stages, coupled with the hindered 

evolution of the steady period, suggests that Ca is being quickly consumed for the nucleation 

of solid products in 1.5 M and 3 M NaOH solutions, unlike what was observed in lower 

alkalinity conditions. In order to evaluate this assumption, differential thermogravimetry 

(DTG) tests were performed on the residual powders collected after the dissolution under 

these two conditions. The DTG curves, plotted in Figure 4.7, display mass loss peaks 

characteristic of the dehydroxylation of portlandite (centred at approximately 475 °C) for 

all glass systems. The formation and stabilization of Ca(OH)2 should not be a surprise, as the 

coupling of Ca and OH- is favoured by the delayed release of Si-species in all conditions 

[79,205]. Interestingly, it was not possible to establish a correlation between the areas under 

the Ca(OH)2 related peaks and the chemical composition of the glasses, as no incremental 

increase or decrease of these signals was observed according to the Ca content in the 

original glass. In literature, portlandite is often described as an activated complex of the 

alkaline dissolution of Ca-containing minerals. In initial stages, it is formed as a metastable 

intermediate phase prior to the irreversible precipitation of stable new solid products 

[186,310]. It can be thus suggested that portlandite is being successively precipitated and 

dissolved in the aqueous media, due to the high solution/glass ratio and the constant 

stirring. 

The formation of unstable compounds can also explain the differential water loss peak 

centred at approximately 570 °C, which is attributed to poorly-ordered calcium carbonate 

phases [311,312] due to the decomposition of metastable portlandite nuclei [79]. Under 

such high liquid/solid ratios, the reactive glasses are solids are extremely susceptible to 

carbonation, being prone to carbonation and formation of a vaterite-like compound. As 

indicated by Sauman [313], this phenomenon can occur even during the short exposure time 

during transport of the solid residue to the DTG device, and in the present work, carbonation 

might have resulted from the washing cycles of the glasses after dissolution was ceased. A 

mild precipitation of Ca-based hydrated gels is observed for slag glasses at 3 M solutions, 

arising from a more significant Si dissolution. Nonetheless, the total amount of precipitated 

gel during the experiments can be considered negligible, which confirms that the 

experimental setup was reliable in maintaining the forward dissolution period conditions. 

 

Figure 4.7: DTG curves of the four synthetic glasses measured after dissolution experiments performed with: a) 

1.5 M; and b) 3 M NaOH solutions. 
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The evolution of Si/Al ratios with time, normalized to the initial glass chemistry, also 

distinguishes the dissolution mechanisms of the two groups of precursors. The plots in Figure 

4.8 show that, after the non-steady period, Al is more easily detached from the network 

than Si regardless of the alkalinity and initial glass chemistry. This observation has been 

made before by a few authors [211,314], as Al-O bond energies are weaker than Si-O [315], 

facilitating their earlier hydrolysis. The atomic ratios, after quickly reaching their maximum 

values, tend to decrease following a logarithmic-like trend towards what appears to be a 

steady value after the 24 hours of the experiment. This can be an extra indication of the 

deceleration in dissolution rates, characteristic to the end of the first stage in the classic 

theory of glass dissolution. The final values at 24 hours, however, show significant 

differences between the two glasses. The high-Ca precursor displays a more significant 

release of Al in both solutions, resulting in a final Si/Al ratio (normalized to initial atomic 

ratio) approximately a factor of two lower than the values calculated for glass Si-FA – 0.42 

versus 0.70 at 1.5 M, and 0.36 versus 0.57 at 3 M. A few assumptions can be made here:  

I. The release of one Ca atom can facilitate the hydrolysis of Al-O bonds in AlO4
- 

sites that were being charge-balanced by it; as high-Ca precursors were shown in 

Chapter 3 to have a large concentration of AlIV, accelerated leaching of Al is likely 

to occur.  

II. The coupled higher dissolution of Ca and Al can also indicate the combined 

dissolution of the isolated regions rich in calcium aluminate structures described 

in Chapter 3, as minerals like mayenite and C3A are more prone to early 

dissolution than Si-rich phases [316]. On the other hand, Al has a strong presence 

in octahedral coordination in isolated structures of Si-FA that resemble mullite. 

AlO6 is naturally more stable than AlO4, due to its lower Lewis acidity [50], which 

increases the energy barrier for bond breakage and hinders a pronounced release 

of Al in low-Ca glasses.  

The validation of these assumptions is rather complex, and would require sophisticated 

analysis and possibly a broader range of investigated materials. Nonetheless, the next 

section attempts to provide answers to the different dissolution mechanisms observed at 

room temperature.  
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Figure 4.8: Normalized Si/Al ratios measured for the dissolution of synthetic precursors in different alkaline 

solutions: glass Si-FA in a) 1.5 M and b) 3 M; and glass BFS-2 in c) 1.5 M and b) 3 M NaOH solutions. 

 

4.3.2 Characterization of residual framework after dissolution 

4.3.2.1 Characterization through Raman spectroscopy 

Quantitative analysis of Si Qn sites 

Figure 4.9 compares the Raman spectra of unreacted (original synthetic glasses) and 

dissolved glasses in 1.5 M NaOH solutions. The plot clearly illustrates distinct mechanisms, 

as the differences in the curves change gradually according to the CaO content of the 

glasses. In the spectral range attributed to Si Qn sites (800 and 1200 cm-1), slag-type glasses 

display a significantly decreased intensity relatively to the other regions after dissolution, 

as the intensity of the solid lines are significantly lower than the dashed lines. The lower 

signal indicates a strong hydrolysis wave, responsible for disrupting the original 

aluminosilicate framework. On the other hand, fly ash-type glasses presented the opposite 

trend. The 400-600 cm-1 range of the curve for residual glasses was shown to decrease in 

intensity compared to the Si Qn-related spectral range. The low content of modifying 

elements favours a more covalent vitreous framework in low-Ca materials, which naturally 

shows a higher resistance to hydrolysis [310]. As this region of the spectra is mainly 
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attributed to vibrations in Si-O-T bonds, it can explain the lower reactivity commonly 

observed in fly ash-type glasses, which usually require longer periods to promote the 

depolymerization of the original network at room temperature [46,113]. 

The differences in how hydrolysis reactions take place are better explained by the values in 

Table 4.4. The large reduction in Si Q4 sites of Si-FA after dissolution, by approximately 25 

%, indicates that the glass framework is being slowly depolymerized, with the conversion of 

three-dimensional into chain-like structures – considering that Q2 species have doubled their 

quantity. It is noticeable that this trend is not followed in glass Ca-FA, as no significant 

variation in the quantity of silicate species was calculated among unreacted and residual 

glasses. It is here assumed that the stronger network  connectivity of glass Si-FA acts as an 

extra obstacle for the disruption of the whole framework. This observation is in agreement 

with the work from Oey et al. [317], as the authors reported reductions in the range of 1.5 

logarithmic units in the dissolution rates of commercial siliceous compared to commercial 

calcareous fly ashes, arising from the notoriously higher number of dissolution constraints 

generated by the higher structural rigidity of the former. For that reason, fully connected 

tetrahedral sites (Si Q4) must be the first ones to suffer hydrolysis after the initial etching 

of surface sites (Si Q3), as they are present in larger proportions in the unreacted structure 

of glass Si-FA.  

The above assumption is in agreement with the discussions of Hamilton et al. [318], who 

stated that the hydrolysis between two Si Q4 bonds, which is slower than in less polymerized 

units, serves as a network-opening reaction, being the rate controller of the overall 

dissolution of feldspar minerals [319]. Additionally, a few authors have showed that AlIV 

preferentially substitutes Si in the most polymerized sites of aluminosilicate glasses [320] 

to facilitate charge compensation [321], causing extra localized network distortions. In 

agreement with the previous section, the assumption of preferential hydrolysis of AlO4 sites 

which were being charge balanced by Ca2+ is strengthened, being further supported by the 

fact that hydrolysis of AlQ4-SiQ4 are more favourable than SiQ4-SiQ4 [288]. This process leads 

to a sequential breakage of the SiO4 sites that were originally connected to this Al atom, 

increasing the density of two-dimensional chain-like structures and decreasing the 

proportion of three-dimensional networks. The evaluation of this proposed sequence of 

reactions would require the characterization of residual dissolved glasses collected at 

earlier times, which will not be assessed in this research.  
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Figure 4.9: Raman spectra measured before and after dissolution experiments (1.5M NaOH) – dashed lines 

indicate unreacted and solid lines indicate residual glasses after 24 hours of dissolution. 

Conversely, the deconvoluted quantity of Si Q4 species in residual powders increased 

gradually for glasses with higher initial Ca content, and can be directly related to the 

relationship of Si/Al ratios calculated after 24 hours – see Figure 4.6. If a favoured hydrolysis 

of Al-O bonds in sites previously charge compensated by Ca2+ takes place as previously 

suggested, one could raise a point of contradiction, as Al is usually stated to display 

preferential substitution in Si Q4 sites [151]. In this case, two explanations can be provided: 

Mysen [322], supported by Henderson et al [253], stated that the location of the 

incorporated Al3+ is influenced by the Al/Si ratio of the glass, with substitution in dimers 

increasing in glasses with lower contents of Al. As the structure of unreacted glasses shows 

traces of Ca-Al-phases – see Section 4.4 for more details – fewer Al atoms would be 

incorporated into the silicate framework, reducing localized Al/Si ratios and favouring Al 

incorporation in Q2 sites. Otherwise, the more significant presence of Ca naturally increases 

the abundance of charge balancing elements, reducing the requirement of self-balancing by 

fully connected sites. In either case, it is a fact that Al displays higher dissolution rates in 

initial moments.  
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Table 4.4: Deconvoluted quantity of silicate species in the four synthetic glasses, before (unreacted) and after 

(residual) dissolution experiments, calculated with Raman spectroscopy. 

Glass Si Q0 Si Q1 Si Q2 Si Q3 Si Q4 

Si-FA 
Unreacted 0.02 % 0.62 % 11.63 % 17.42 % 70.31 % 

Residual 0.72 % 4.34 % 24.87 % 14.95 % 55.14 % 

Ca-FA 
Unreacted 0.01 % 1.59 % 22.97 % 21.50 % 53.92 % 

Residual 0.05 % 2.09 % 25.12 % 17.89 % 54.85 % 

BFS-1 
Unreacted 4.57 % 11.09 % 38.71 % 19.83 % 25.81 % 

Residual 4.31 % 11.56 % 21.91 % 20.74 % 30.47 % 

BFS-2 
Unreacted 8.93 % 14.67 % 38.78 % 11.76 % 25.86 % 

Residual 7.31 % 11.34 % 27.38 % 15.85 % 38.13 % 

 

Qualitative determination of Al sites 

Following the same procedure as in the previous chapter (see Section 3.2.2), the 

deconvolution of the overall Raman spectra resulted in an isolated curve for Al-O 

interactions. As shown in Figure 4.10, none of the Al contributions was ceased after 

dissolution, with selective release of Al being observed for all glasses. In general, when 

comparing the spectra of glasses dissolved for 24 hours with unreacted glasses, the intensity 

of the Al-O-T interactions in the 550-650 cm-1 range was much closer to both regions 

attributed to AlO4 and AlO6 in the former than in the latter. This indicates that the dissolution 

had a significantly higher impact in Al with tetrahedral coordination rather than other 

species. The preferential breakage and release of AlIV agrees with the previous assumption: 

hydrolysis takes place, initially, in AlO4 units which were being charge compensated by Ca2+, 

decreasing interactions between Si- and Al-tetrahedra without necessarily depolymerizing 

the entire framework. This is also supported by the negligible changes observed in the 650-

700 cm-1 range, attributed to the formation of triclusters of AlO4 groups – see Chapter 3 for 

more details. These Al-rich structures function as their own charge compensators [262], and 

the absence of Ca2+ eliminates a localized ion exchange, thus preventing a significant initial 

breakage of these units. Similarly, the interactions between Si-tetrahedra and Al-octahedra 

(700-800 cm-1) remained nearly intact for all glasses, suggesting that these structures are 

more compact and present a higher energy barrier for their disruption.  
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Figure 4.10: Al-O isolated Raman spectra before and after dissolution experiments of the synthetic glasses in 

1.5 M NaOH solutions: a) Si-FA, b) Ca-FA, c) BFS-1 and d) BFS-2. 

 

4.3.2.2 Characterization through Fourier transform infrared spectroscopy 

The residual glass framework can be visualized in more details in the FTIR spectra of glasses 

Si-FA and BFS-2, shown in Figures 4.11a and 4.11b, respectively. Following observations 

made using Raman spectroscopy (Figure 4.9), glass BFS-2 displayed lower intensities in the 

Si-O-T attributed band after dissolution, which was centred at 880 cm-1 in both unreacted 

and residual glasses. In addition, this main band displayed a step and the formation of two 

distinct areas, generating a new minimum value centred at 845 cm-1 for the dissolved glass. 

The newly formed band is characteristic of AlO4 species [85,211], equally to the bands 

centred at 680 cm-1 (attributed specifically to triclusters of tretrahedral-Al [320]), which 

were not influenced by dissolution.  
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Figure 4.11: FTIR spectra of unreacted and residual glasses after dissolution in 1.5 M NaOH solutions:  a) Si-FA, 

and b) BFS-2 – solid lines indicate residual glasses and dashed lines indicate unreacted glasses. 

The remaining features of the spectra in Figure 4.11b indicate a few similarities in the 

dissolution of glasses Si-FA and BFS-2. The sharp band observed at 717 cm-1 for residual Si-

FA (Figure 4.11a), which has a much smaller intensity in the slag-type glass, is attributed to 

bending vibrations of Si-O-Si in 6 membered rings [99,318] in the residual silicate structure. 

It is reasonable that these structures have a stronger reflection in fly ash-type glasses, which 

display a much denser initial framework due to the lower amount of modifying elements. 

The interesting point is that both glasses display small peaks centred at approximately 1200 

and 1150 cm-1: the first one is attributed to vibrations of AlO6 units, typical of mullite 

[245,323], while the second is characteristic of silica-gel and end-chain SiO4 structures 

[311]. The observation of the latter shoulder is in agreement with deconvolution of Raman 

spectra shown in Table 4.4, since the depolymerization of the network could lead to an 

increased amount of end-chain members. The presence of Al in sixfold coordination is also 

following the responses of Al-isolated Raman spectra, as all glasses displayed residual AlO6-

related interactions. It is important to state that these mullite-like structures were present 

in all unreacted glasses in minor quantities, being observed more clearly only in the 

framework of Si-FA. Finally, both spectra show contributions from CO3
2- compounds in the 

residual glasses (~1470 cm-1) [311,324], consistent with observations made using DTG (see 

Figure 4.7). These findings confirm the selective release of AlIV from Al-O-Si-rich over Al-rich 

regions during the initial stage, as AlO4-rich phases appeared to remain intact.  

 

4.3.3 Effect of temperature on dissolution of fly ash-type glasses 

The increase in temperature, from 20 °C to 60 °C, showed a major influence on the release 

of Ca in the Si-FA glass, according to the plots shown in Figure 4.12. This effect is amplified 

by the pH of the solution, with the differences in the final concentrations between the two 

temperatures progressively increasing with the molarity of NaOH molarity – measured 

concentrations were 2.33, 3.25 and 3.63 times higher at 60 °C compared to 20 °C for 0.15 

M, 1.5 M and 3 M solutions respectively. Moreover, the evolution of Ca release presented a 

linear trend throughout the whole experiment at 60 °C, even for the lowest molarity, 

contrarily to observations made at 20 °C. As demonstrated by Mercado-Depierre et al. [307], 
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the implementation of higher temperature increases the release rate of Si along with Ca, 

and induces the precipitation of C-S-H nuclei. However, the ion activity product of C-S-H 

has been demonstrated to be lowered at temperatures above 20 °C [325], especially at early 

hydration times. In the present setup, the resulting higher solubility caused by the increased 

temperature imposed a barrier over the formation of stable gels due to the effect of 

temperature in the solubility product of hydrated gels [326,327]. Nonetheless, the eventual 

precipitation of Ca-Si containing phases occurring in the bulk solution could prevent the 

formation of passivating layers in the reacting substrate [309], allowing a continuous release 

of Si and Al and extending the forward dissolution period.  

Following the behaviour of Ca, the combined influence of pH and temperature on the release 

of Si is displayed in Figure 4.13. The concentration of Si, measured at 24 h, versus the 

product of the initial OH- concentration with the SiO2 fraction in the original glass, showed 

two separate linear trendlines. The intensified effect of temperature is noticed by the 

change in the slope of the trendlines, which showed a higher angle for the 60 °C data. It is 

important to state that glass Si-FA displayed one point out of the trend at room temperature, 

which can be correlated to the potential entrapment of Si in passivating layers on the 

surface of the reacting particles, as this phenomenon is more favoured at lower 

temperatures [328,329], or to the combination of Si- with Ca-species for the formation of 

unstable nuclei. The measured Ca content at 6 hours was three times higher in 3 M than in 

1.5 M for Si-FA (0.11 versus 0.04 mmol/L). Such enhanced Ca concentration in the 

surrounding solution could favour the attachment of the element to form Ca-rich phases 

directly on or close to the surface, similarly to what is observed in slag-glasses at lower 

molarities.   

The higher slope observed in Figure 4.13 demonstrates that the combination of temperature 

and alkalinity forms a more energetic environment. It is thus interesting to observe the 

interaction between network forming agents in the overall dissolution. In the previous 

section, Al has been shown to be detached from the framework at higher rates at room 

temperature. However, implementation of higher temperature leads to final normalized 

Si/Al ratios close 1 in the two fly ash-type glasses, as summarized in Table 4.5. A very similar 

ratio was also observed at 2 h, which marks approximately the beginning of the steady 

dissolution period. The comparison of ratios calculated at different temperatures suggests 

that the occurrence of congruent dissolution of Si and Al requires higher temperatures. Gin 

et al. [308] demonstrated that, at lower pH within the alkaline range, the rate of hydrolysis 

of Si-O bonds is slower than the passivation of the reactive surface by the just-released 

cations. This agrees with the suggestion that Ca-rich altered layers are formed in lower 

alkalinities, while at higher pH, hydrolysis is more significant, thus increasing the release 

rate of Si into a congruent regimen with Al – note that, at 2 h, Si/Al increases with molarity 

of solution.  
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Figure 4.12: Temporal evolution of Ca concentration, measured in dissolution experiments of glass Si-FA (20 °C 

and 60 °C) at different concentrations of NaOH: a) 0.15 M; b) 1.5 M; and c) 3 M. 

 

Figure 4.13: Coupled influence of pH (denoted by the calculated OH- concentration with GEMs) and 

temperature (K) on the dissolution of Si measured at 24 hours, normalized to its original fraction – [Si] is the 

measured concentration of Si, [OH-] represents the calculated concentration of OH- according to the molarity 

of the solution, and xSiO2 represents the molar fraction of SiO2 in the original glass composition. 
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Table 4.5: Normalized Si/Al ratios in fly ash-glasses measured at 2 and 24 hours of dissolution experiments. 

Molarity Glass 
Normalized Si/Al ratio – 2 h Normalized Si/Al ratio – 24 h 

20 °C 60 °C 20 °C 60 °C 

0.15 M 
Si-FA 0.75 0.93 0.79 1.06 

Ca-FA 0.83 0.89 0.76 1.02 

1.5 M 
Si-FA 1.11 1.05 0.70 1.04 

Ca-FA 0.79 0.91 0.60 0.99 

3 M 
Si-FA 0.80 1.03 0.57 1.03 

Ca-FA 0.83 1.00 0.58 0.99 

 

4.3.4 Determination of forward dissolution rate equations 

The results reported in this section were used for the empirical determination of equations 

that predict the forward dissolution rates of Si, Ca and Al, accounting for chemical 

compositions, temperature and characteristics of the solution. These derivations also 

considered experimental data reported in literature by different authors in similar 

conditions. The forward dissolution rate (𝑟+ [𝑚𝑜𝑙/𝑚² ∙ 𝑠]) of one individual component within 

the overall glass structure is defined by equation 4.7 [330,331]: 

𝑟+,𝑥 =
𝑑(𝑥)

∆𝑡
∙

𝑉

𝑚∙𝑆𝑆𝐴
                                                                                                                                         (4.7), 

accounting for the linear change in concentration of 𝑥 with time (𝑑(𝑥) ∆𝑡⁄ , [𝑚𝑜𝑙/𝐿 ∙ 𝑠]), the 

initial mass of the whole compound (𝑚 [𝑔]), the volume of the solution (𝑉 [𝐿]), and the 

initial specific surface area of the compound (𝑆𝑆𝐴 [𝑚2/𝑔]). This rate represents the amount 

of leached material – in the present case, the amount of each component oxide that was 

released from the framework – relative to time, normalized by the surface area of the 

reacting glass, during the steady dissolution period. The calculated dissolution rates include 

a propagated experimental error of ± 25 %, as discussed by Snellings and Schöler [148,184], 

accounting for approximated variations of ± 20 % in the specific surface area of the glasses 

and ±10 % in the measured element concentration in the leachate solutions. 

 

4.3.4.1 Forward dissolution rate of Ca 

In the previous sections, the forward dissolution rate of Ca was observed to be influenced 

by three factors:  

i. The fraction of Ca in the original raw material, 

ii. The pH of the solution, indicated by the NaOH molarity, and 

iii. The temperature of the experimental setup.  

The influences of pH and temperature have been explored in the dissolution of both 

crystalline minerals [332–334] and glasses [186,301,310,314,331,335] utilizing different 

forms of Arrhenius-type relationships. This approach suggests that the dissolution rates show 

a linear correlation with pH and an exponential correlation with the temperature of the 

reactive media, as shown in Equation 4.8:  

𝑟+ = 𝐴 ∙ 𝑎𝐻+
𝑛 ∙ exp (

−𝐸𝑎

𝑅∙𝑇
)                                                                                                                           (4.8), 
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where 𝑟+ designates the forward dissolution rate, 𝐴 stands for a pre-exponential non-

temperature dependent parameter, 𝑎𝐻+ describes the influence of the pH of the media 

measured by the activity of hydrogen (𝐻+), 𝑛 is the order of the reaction, 𝐸𝑎 is the 

activation energy of the dissolution reaction, 𝑅 is the universal gas constant, and 𝑇 

designates the absolute temperature. Unlike Equation 4.7, the present work considered the 

activity of OH- (𝑎𝑂𝐻−) to evaluate the influence of solution pH in dissolution phenomenon, 

as the used concentrations of NaOH were higher than usually found in literature for this 

topic – 𝑎𝑂𝐻− was determined through thermodynamic modelling (GEMs) simulating  the initial 

conditions of each solution.  

 

Figure 4.14: Correlation of the logarithm of forward dissolution rates of Ca with the logarithm of the activity 

of aqueous OH- , at 20 °C, for a) synthetic glasses; b) commercial precursors from literature. 
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The chart in Figure 4.14 illustrates the impact of the OH- activity in the leaching of Ca, 

which includes both the synthetic glasses produced in this work and additional data sets 

from literature: Zuo [175], who obtained dissolution rates of one commercial slag at 

different NaOH concentrations (0.1 – 3 M) at 20 °C; and Chen (data to be published, obtained 

in the same laboratory), who performed dissolution experiments with commercial fly ash in 

different NaOH concentrations (1.5 M – 5 M) at different temperatures – see Appendix D for 

more details. For all the evaluated samples, the plots indicate a positive linear correlation 

of the logarithm of the dissolution rate with the logarithm of 𝑎𝑂𝐻−. Figure 4.14a shows the 

behaviour of the synthetic glasses produced in this work, and Figure 4.14b shows the 

correlations observed for the results reported in literature. In the two charts, the six 

calculated trendlines presented approximately the same slope, with a mean average of 0.26 

± 0.02.  

The strong agreement observed among the experimental setups, including this work and 

those of other authors, suggests that the slope can empirically define the order of the 

reaction influencing the activity of OH-. By implementing this correction factor in the pH of 

the solution, it was possible to verify the effect of the initial chemistry of each raw material 

in their respective Ca dissolution rates. The plots in Figures 4.15a (this work) and 4.15b (Zuo 

and Chen) illustrate the correlation of the forward dissolution rates with the corrected 

values of 𝑎𝑂𝐻−. While the two parameters presented a positive linear correlation among 

them, the trendlines of the six datasets showed differences in their respective slopes. It 

was observed that the trendlines belonging to slag-type glasses and the commercial slag had 

larger angles, strengthening the significant impact of the content of Ca in its initial release. 

This observation allowed the derivation of a linear relationship between the slope of each 

trendline and the fraction of Ca of the reactive materials, illustrated in Figure 4.15c – the 

Ca fraction of the commercial precursors considered their amorphous compositions. 
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Figure 4.15: Correlation of the forward dissolution rates of Ca with the reaction order corrected activity of 

aqueous OH- , at 20 °C, for a) synthetic glasses; b) commercial precursors from literature; c) influence of 

fraction of Ca in the slope of the individual trendlines shown in the previous plots.  

It is understood that the linear equation of the trendline shown in Figure 4.15c represents 

the pre-exponential factor of an Arrhenius-type relationship, indicating that the chemistry 

of the raw material has an additional influence on the activity of OH- in dissolution reactions. 

Based in the present observations, Equation 4.9 was empirically derived to estimate the 

forward dissolution rates of Ca at 20 °C considering the influence of the pH of the reactive 

media (indicated by 𝑎𝑂𝐻−), the reaction order (0.26), and the Ca fraction of the precursor 

under reaction, where 𝑥𝐶𝑎, 𝑥𝑆𝑖 and 𝑥𝐴𝑙 indicate the fractions of Ca, Si and Al in the 

composition of the glasses, respectively.  

log 𝑟+,𝐶𝑎 = 0.26 ∙ log(𝑎𝑂𝐻−) + log (3.3369 ∙
𝑥𝐶𝑎

(𝑥𝑆𝑖+𝑥𝐴𝑙)
+ 0.4428)                                                (4.9), 

The influence of temperature in the early release of Ca in fly ash-type glasses is illustrated 

in Figures 4.16a (Si-FA) and 4.16b (Ca-FA). These plots show the correlations between the 

logarithm of forward dissolution rates with the alkalinity of the solution, with the latter 

considering the activity of OH- corrected by both the empirical reaction orders and the 

influence of the pre-exponential factor (Ca-fraction based) previously determined. Similarly 

to the effect on the leaching of Si, shown in Figure 4.13, linear trendlines with higher slopes 

were obtained for the experiments carried out at 60 °C. Nearly-identical patterns were 

observed for the two glasses, as the slopes of the trendlines were significantly similar for 

both Si- and Ca-FA glasses at each respective temperature.  
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Figure 4.16: Influence of temperature in the forward dissolution rates of Ca in fly ash-type glasses: a) glass Si-

FA; and b) glass Ca-FA; c) influence over the reference temperature of 293.15 K. 

In an Arrhenius-type relationship, the exponential influence of temperature requires the 

determination of the activation energy of the reaction. Typically, the empirical definition 

of the activation energy of a system utilises datapoints obtained at multiple temperatures 

for an accurate estimation. However, for a same material, this parameter has been 

previously demonstrated to display variations according to the pH of the reactive media 

[333,336,337], inducing an additional challenge on empirically-defined correlations. In the 

present work, the determination of the activation energies of the dissolution reactions was 

not performed due to a combined limitation of tested temperatures with the use of more 

than one solution alkalinity. Conversely, the influence of temperature in the dissolution rates 

of Ca was performed through a direct correlation of the experimental results obtained at 60 

°C – 𝑟+,𝐶𝑎 (333.15 𝐾) – versus results obtained at 20 °C – 𝑟+,𝐶𝑎 (293.15 𝐾). By considering the 

former as variable and the latter as reference temperatures, the plot in Figure 4.15c 

presents the relationship between dissolution rates and the product of 𝐴 ∙ (𝑎𝑂𝐻−)0.26, 

corrected by an exponential term correlating a ratio of the two temperatures, considering 

the experimental data obtained in this work and the data from Chen obtained at 40 °C and 

60 °C. 

The high coefficient of determination (r² = 0.88) observed in the trendline  in Figure 4.15c 

suggests that the proposed  temperature correction term can be implemented for the 
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empirical definition of forward dissolution rates of Ca. By combining this observation with 

the previously defined parameters, Equation 4.9 was modified to consider, in addition to 

solution alkalinity and precursor chemistry, the influence of temperature in the empirically 

defined Equation 4.10: 

log 𝑟+,𝐶𝑎 (𝑇) = log (3.3369 ∙
𝑥𝐶𝑎

(𝑥𝑆𝑖+𝑥𝐴𝑙)
+ 0.4428) + 0.26 ∙ log(𝑎𝑂𝐻−) + log 𝑟+,𝐶𝑎 (293.15 𝐾) +

𝑇

674.78
+ 0.092      (4.10), 

where 𝑇 indicates the absolute temperature of the system (K), and 𝑇𝑟𝑒𝑓 indicates the 

reference temperature (293.15 K). 

 

4.3.4.2 Forward dissolution rates of Si and Al 

The data obtained in this work allowed for establishing a correlation between the dissolution 

rates of all the analysed elements from the original precursors. As the overall dissolution 

begins with ion exchange reactions of modifying oxides, the calculated forward dissolution 

rates of Si were observed to be linearly correlated with values obtained for Ca, corrected 

by the influence of temperature. It is worth noting that direct correlations between the 

dissolution of Si with glass chemistry and temperature, following a similar pattern as 

described in the previous section, were not achieved. The relationship displayed in Figure 

4.17a included the same reported data set from Zuo and Chen, confirming the accuracy of 

these empirical observations in different scenarios.  

Finally, a correlation between dissolution rates of Si and Al was established based on their 

initial fraction of each element on the reacting precursor. It should be emphasized that, 

following the discussion on selective Al dissolution from the Section 4.3.2, the plot in Figure 

4.17b demonstrates that Al tends to leach at higher rates than Si, with all values clustering 

in the upper half of the chart. By the combination all the declared correlations, equations 

4.11 and 4.12 were empirically defined for the forward dissolution rates of Si and Al, 

respectively: 

log 𝑟+,𝑆𝑖 = 0.9373 ∙ log 𝑟+,𝐶𝑎 ∙ (
293.15

𝑇
) − 0.5673                                                                              (4.11), 

log 𝑟+,𝐴𝑙 =
0.6516∙log 𝑟+,𝑆𝑖∙𝑥𝑆𝑖+0.2523

𝑥𝐴𝑙
                                                                                                         (4.12). 

 

Figure 4.17: Correlations established during dissolution experiments: a) forward dissolution rates of Ca versus 

Si; and b) forward dissolution rates of Si versus Al. 
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4.4 Discussion 

4.4.1 Selective dissolution of Ca- and Al-species 

In literature, the dissolution of glasses and minerals is often reported as a unique rate, 

which indirectly implies the assumption of stoichiometric release for all components 

[332,334]. However, this research demonstrated that this is not always the case, as elements 

were detached from the framework at different rates, influenced by the initial glass 

chemistry and conditions of the reactive solution. In multi-oxide minerals, the overall 

dissolution process should be a combination of individual relative dissolution rates credited 

to each component [338,339], and the same analogy can be implemented to multi-

component glasses. Since there is more than one pathway of network breakage that can 

take place [340,341], the dissolution of multi-component glasses is favoured in comparison 

with single oxide compounds.  

In alkaline environments, congruent dissolution of cations from multiple-oxide precursors 

has been reported by a few authors [59,176,292], but inter-elemental relationships change 

according to the composition of the amorphous portions. Using synthetic glasses, Snellings 

[184] demonstrated that the release of Si was congruent with Al in compositions resembling 

slags and fly ashes, but Ca leaching was accelerated in fly ash-like samples. Incongruent 

dissolution of highly polymerized glasses is somehow expected. As stated previously, 

dissolution starts with ionic exchanges, usually between hydrogen protons and metallic 

cations [113,189]. In fly ash glasses, the low initial CaO content results in a limited presence 

of Ca2+ as charge compensator, allowing a significant portion of Ca atoms to behave as a 

disruptive agent in the initial structure [151]. When assuming the role of network modifier, 

Ca2+ is mainly coordinated by NBOs, while bridging oxygens and charge compensation in AlO4
- 

sites promote a stronger ionic behaviour of Ca-O bonds [342]. Therefore, modifying cations 

are more weakly bound to the overall framework than charge compensating cations, 

facilitating the exchange with H+, and leading to higher immediate leaching.  

When plotting the concentrations of Ca versus Si measured at 6 hours, normalized to their 

initial contents, differences in reaction mechanisms are more clearly observed – the choice 

for a period of 6 hours is to maintain all data points still within the steady dissolution period. 

As shown in Figure 4.18, fly ash-related data points are found in the lower right side of the 

chart, which denote the more significant release of Ca over Si, while slag-glasses data points 

are closer to the line that determines congruent dissolution – i.e. [Ca]/Ca = [Si]/Si. It can 

also be noticed that an increased pH favours a larger deviation from stoichiometric release, 

as datapoints referring to fly ash glasses dissolved with a 3 M NaOH solution are the most 

outliers in the plot. Following the assumption previously made, the excess Na+ cations in 

higher alkalinity solutions accelerates Ca leaching in fly ash glasses, as a significant portion 

of Ca atoms are bound to NBO rather than forming strong ionic Ca-O bonds and are therefore 

available for ion exchange. 
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Figure 4.18: Dissolution rates of Ca and Si measured at 20 °C, relative to their initial fractions (xSi and xCa) in 

synthetic glasses. 

The conclusions from Chapter 3 stated that, at sub-microscopic levels, the structure of the 

synthetic glasses can be heterogeneous. The presence of isolated regions of the framework 

with distinct structures can therefore explain the non-congruent dissolution of Al compared 

to Si, which is not commonly reported in literature. Based on the dissolution experiments, 

the scheme shown in Figure 4.19 proposes the sequence of reactions leading to a favoured 

dissolution of Al:  

a) in AlO4 sites which require charge compensation, ion-exchange occurs between one Ca2+ 

(or one Na+ in Na-containing glasses) and one H+ (step I), leaving a localized negative charge 

(step II);  

b) the presence of one non-neutral site attracts water and NaOH molecules more easily, 

favouring alkaline hydrolysis of AlO4 on that region, but still leaving a localized negative 

charge (step III). Both H+ and Na+ are shown in the sketch as the two species are expected 

to favour bond breakage in alkaline solutions;  

c) a second alkaline hydrolysis reaction takes place in the same region, due to the 

unbalanced oxygen atom,  

d) releasing AlO2
-(OH)2 to the media (step IV). This aqueous Al species can either  

e) dissociate into AlO2
-, or consume more H+ to form aluminium hydroxide, two highly 

reactive species which will further coalesce with other cations and precipitate new phases 

[113,339]. This preferential Al release was progressively more intense with increasing 

alkalinity, probably due to the excess of OH- species in the solution.  

This observation provides a clear explanation for the differences in the stoichiometry of the 

release of Al and Si observed in current study, as well as reported in literature, as the 

majority of authors performed experiments at limited alkalinity. 
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Figure 4.19: Schematic preferential dissolution of Al in CAS glasses. 

 

4.4.2 Validation of dissolution rate equations 

The forward dissolution rates defined in Section 4.3.4 were compared against the 

experimental values determined both in this research and by other authors [175,184]. Figure 

4.20 shows the plot of the modelled dissolution rates of Ca, calculated using Equations 4.9 

(20 °C) and 4.10 (40 °C and 60 °C), versus the experimentally determined values. An 

excellent match between modelled and experimental values was observed, with all points 

falling within a margin of ±0.5 log units. Unlike what was reported by Zuo [175], the 

empirical equations proposed in this Chapter do not consider the ratio of NBO/T in the 

original glass network. As summarized in Chapter 2, the precise determination of this 

parameter can be complex and requires sophisticated techniques. Contrarily, the equation 
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defined in this Chapter indirectly considered this feature via the fraction of Ca in the 

unreacted precursor, which was shown to be the main influencing factor on the 

depolymerization of the network. This is visualized by the incremental increase of Si Q0 and 

Q1 units with increasing Ca content – see Figure 3.7 –and the presence of isolated Ca-Al glass 

structures of higher reactivity – see Section 3.4 for more details. 

The modelled forward dissolution rates of Si and Al were also compared with experimental 

values from various authors. As illustrated in Figure 4.21a, a good agreement was maintained 

with respect to Si, as the majority of the data points fall within the stipulated ± 0.5 log 

units range. However, the results reported by Snellings [184] deviated more than the others, 

especially in the most extreme compositions, with modelled values overestimating the 

dissolution rates of Si in fly ash-type glasses. That author performed all dissolution 

experiments in an environment with a pH of 13, which can decelerate the release rate of 

Si. The empirical equation defined in this Chapter considered the present experiments, 

along with data from Zuo and Chen, which relied on solutions with higher alkalinity. The 

increased pH enhanced the potential of ion-exchange reactions, and consequently 

facilitated the detachment of Si from the framework in sequential stages. Therefore, it 

could be expected that these equations estimate a higher release of some species in milder 

alkaline conditions. As the initial pH in the pore solution of alkali-activated materials is 

usually maintained between 13.5 – 14.5 [175,343–345], it is reasonable to accept the 

predictions given by the defined equations, especially in the mentioned range. However, 

extending the upper and lower limits of investigated alkalinities could improve the accuracy 

of the proposed model in milder environments.  

 

Figure 4.20: Comparison of experimental and calculated forward dissolution rates of Ca via the empirical 

equations defined in this work. 
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The relationship between modelled and experimental values of the forward dissolution rate 

of Al, seen in Figure 4.21b, showed the largest discrepancies among the three evaluated 

elements. The range of agreement was expanded to ± 1.0 log units, and larger variations 

were observed with the underestimation of predicted values. This was especially observed 

for the comparison of modelled vs. experimental data points obtained from the work of Zuo 

[175], who reported stoichiometric release of Al with respect to Si for commercial slag, and 

for the results from Chen obtained at 20 °C. With respect to the former, the slower predicted 

release of Al can be somehow expected if the dissolution rates of Si are considered. While 

that author reported congruent dissolution of Si and Al, the present results indicated that 

the dissolution of synthetic slags disfavoured immediate Si leaching, and the normalized 

release of Al was nearly two times faster – see Figure 4.8. Therefore, as the dissolution of 

Al is estimated based on Si-related rates, it is plausible that the modelled dissolution rates 

would slightly underestimate values given the slag composition in the work of Zuo. 

Additionally, despite being slightly underestimated at room temperature, the experimental 

data from Chen displayed a similar behaviour to synthetic fly ashes. The data points for 

rates predicted at 60 °C are positioned in the upper part of the chart, highlighting the 

significant influence played by temperature in the dissolution of low-Ca precursors. In 

Section 4.3.3, it was demonstrated that, despite the NaOH molarity, the final normalized 

Si/Al ratios increased when comparing dissolution data obtained at 20 °C and 60 °C (Table 

4.5), reaching values very close to 1.00. This leads to the conclusion at, at higher 

temperature, a congruent relationship between Si and Al is achieved, improving the 

accuracy of the modelled dissolution of Al at 60 °C. 

Dissolution experiments are challenging to replicate in the exact manner across different 

setups. As comprehensively summarized by Thorpe et al. [287], the attempt to establish a 

common test to understand the degradation and dissolution mechanism of glasses, mainly 

driven by the field of nuclear waste disposal glasses, has led to the development of over 20 

different methods through a continuous optimization, among standardized and non-

standardized ones. However, an agreement towards one common setup that could cover all 

aspects of glass dissolution has not been yet achieved due to the many variables observed 

in these systems. Along with requiring great planning and assertive sampling 

time/treatment/storage, they rely on different steps that individually present experimental 

errors related to the operator and the equipment. The estimated error from 10 – 25 % in the 

measured elemental concentration of the leachate can lead to variabilities in the range of 

0.15 – 0.20 log units in the calculated dissolution rates, as commonly used in literature and 

implement in this work. Additionally, a precise determination of specific surface areas is 

difficult to achieve. Different techniques used to determine the initial surface area, and the 

changes in the reactive surface are occurring during the experiment [287] can induce extra 

error factors into the determination and interpretation of dissolution rates. The 

normalization of the measured cation concentrations with respect to Brunauer-Emmett-

Teller (BET) determined surface areas can lower the obtained rates by a factor of 2-3, as 

determined by Icenhower et al. [310,331]. The datasets presented in Figures 4.18 and 4.19 

considered surface areas obtained using both techniques, which may explain some of the 

fluctuations observed in the trend behaviours.  
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Figure 4.21: Comparison of experimental and modelled forward dissolution rates of: a) Si and b) Al. 

 

4.5 Conclusions and outlook 

The understanding of the dissolution period of precursors provides crucial information for 

optimizing processing conditions, allowing for the enhancement or delay of the initial 

reaction. This chapter focused on studying the factors influencing the release of elements 

from the network of synthetic precursors, evaluating how chemistry, alkalinity and 

temperature affect forward dissolution rates of Si, Ca and Al. From the obtained results, 

the following conclusions can be drawn: 

• Leaching was observed immediately after contact of synthetic precursors with 

alkaline solutions, with Ca displaying the highest leaching rate during this non-steady 

period. Fly ash-type glasses showed enhanced Ca release within the first 2 hours of 

the experiment, suggesting that the element is more loosely bound to the glass 

framework when assuming the role of network modifier.  

• The pH of the solution affected the dissolution rates in all glasses, with shorter 

steady dissolution periods observed at higher alkalinities. At room temperature, Ca 

displayed the same saturation level at 1.5 and 3 M NaOH solutions, as the final 

measured concentrations were the same in both conditions for glasses Si-FA and BFS-

2. Ca was also observed to favour the formation of amorphous portlandite and 

carbonated phases, as ion-exchange processes favored the initial leaching of Ca 

before the release of Si and Al. 

• Different dissolution mechanisms were observed depending on the chemistry of the 

precursor. In slag-type glasses, the enhanced dissolution of Si and Al was attributed 

to a less depolymerized structure. Raman spectroscopy revealed that hydrolysis 

reactions took place simultaneously at SiO4 sites of all coordination levels, 

significantly impacting the continuity of aluminosilicate structures. Fly ash-type 

glasses displayed favoured initial disruption of ring structures, as the concentration 

of Si Q4 was significantly reduced after dissolution, especially for glass Si-FA. The 

high packing density of the framework suggests that the depolymerization of highly-

coordinated silicate sites is necessary prior to a significant hydrolysis of Si- and Al-O 

bonds. 

• Raman spectroscopy suggested that Al exhibited selective dissolution in tetrahedral 

coordination. This occurs by the favoured breakage of Al-O bonds in AlO4
- sites that 
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were charge balanced by Ca2+ cations, which appear to be weakened after the 

leaching of the latter in the ion-exchange stage. Additionally, clustered regions of 

Al-tetrahedra and SiO4-AlO6 were observed to suffer only minor modifications, 

showing that the Al-substituted tetrahedra sites (Al-modified cristobalite regions) 

are more likely to be disrupted in this period. 

• Infrared spectra of residual glasses displayed signals of mullite-like structures in both 

BFS-2 and Si-FA glasses after dissolution. Moreover, the main Si-O-T band of glass BFS-

2 was split in two distinct regions (Si-O-Al interactions and AlO4-rich residual 

structures), suggesting that phase separation plays an important role in the 

dissolution process. 

• A congruent dissolution behaviour of Si with respect to Al was observed in fly ash-

glasses at 60 °C, caused by accelerated dissolution rates due to the combined effect 

of alkalinity with temperature. The release of Ca was also enhanced, as higher 

temperatures promoted the dissolution of unstable nuclei of Ca-containing phases. 

• Finally, the empirical determination of forward dissolution rates proved successful, 

showing satisfactory agreement when experimental data from four different authors. 

Mild differences were observed in the predicted behaviour of Si, with the equations 

slightly overestimating dissolution rates at lower alkalinity. In fly ash- glasses, the  

lack of observed congruent dissolution regimen may underestimate the dissolution 

of Al at 20 °C, but predictions at increased temperature validated the defined 

equations.  

The results shown in this Chapter provide valuable insights into the kinetics and the residual 

structure of precursors after dissolution. The unexpected findings concerning the latter 

(portlandite precipitation and phase separation during dissolution) provide insights into 

mechanisms taking place in sequential stages, which will be explored in Chapter 5 of this 

thesis. The empirically defined equations showed to be suitable in considering the suggested 

selective dissolution processes, while displaying good agreement with other experimentally 

reported values in alkaline environments. Finally, it should be kept in mind that the 

formation of altered layers or activated complexes could have impacted the dissolution 

rates to some extent, which was not possible to be quantified. This subject will be 

considered in Chapter 8, during the modelling of dissolution rates according to numerical 

simulations.  

 



 

 



 

109 

 

Chapter 5.  

_________________________________________________________ 

Early-stage reactions of alkali-activated synthetic 

precursors 

 

 

 

The early stages of reaction of alkali-activated materials is directly correlated to the 

microstructure development of each formulation, having direct impact in their behaviour 

as fresh mixtures and in the evolution of properties during the stages of hardening. The 

combined choices of activator and precursor with curing procedures dictate the mechanisms 

of phase precipitation, affecting among others, the pore solution, strength development, 

porosity distribution and overall stability of the systems under reaction. This Chapter aims 

to correlate the dissolution kinetics of synthetic precursors with the first moments of 

microstructure development, correlating the elemental leaching at initial stages with the 

saturation and development of the initial reaction products. At the end, the influences of 

temperature and activator in slag-type and fly ash-type glasses is given, and a distinction 

between homogeneous and heterogeneous precipitation is concluded through a 

combination of different experimental techniques aided by visualizations made through 

scanning electron microscopy.
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5.1 Introduction 

As discussed in Chapter 4, the dissolution process of precursors in alkaline media is either 

coupled with, or immediately followed by the precipitation of new solid phases. 

Understanding the nucleation mechanisms and the nature of these initial solid products is 

essential, as these phases provide insight into the ongoing reaction stages (both continuous 

dissolution and growth of reaction products) and strength development. In that sense, the 

study of early-stage properties is as important as the evaluation of long-term performance 

and durability of AAMs, given the strong impact they play on the fabrication routes and on 

the nature of the application of these materials [177,346]. For instance, the precipitation 

and distribution of reaction products have a great impact on the rheology and the 

development of yield stress in fresh mixtures [104,114,115,347]. A proper understanding of 

these phenomena could support the tailored design of mixtures and fabrication processes.  

The illustration in Figure 5.1 schematically shows a general correlation between the 

evolution in heat release and the mechanisms of dissolution phase precipitation in alkali-

activated systems. After the first contact of the precursor with the alkaline solution, the 

initial system transits through the wetting and dissolution period (I.), a physical phenomenon 

involving the coupled cation leaching and initial complexation of reactive species into nuclei 

of new solid phases [205,348] during the forward dissolution regimen [189] – see Chapter 4 

for more details. This accelerated dissolution is then slowed (I. – II.), as surrounding media 

becomes supersaturated with certain species, lowering the chemical affinity for the 

continuity of dissolution. This moment, characterized by the induction period (II.), can be 

strengthened by the formation of passivating layers on the surface of precursors – whether 

this layer is formed or not is dependent on the chemistry of the raw material and alkalinity 

of the solution [328,349]. The following stages involve different chemical phenomena and 

occur due to the precipitation of new reaction products (III.) and the growth of initially 

nucleated phases (IV.), representing the acceleration peak in calorimetry tests. The reaction 

then shifts into diffusion-controlled processes, similar to the fourth period observed in 

calorimetric curves (see Figure 2.10), which will lead to the growth and stabilization of solid 

products [189,350]. Moreover, the formation of new phases represents the consumption of 

aqueous species, bringing them again into undersaturated conditions. The chemical affinity 

for dissolution of the precursor is again increased, which can lead to a second, but slower, 

element release [288,351].  

Early-stage properties, whether related to consistency or strength development, can be 

influenced by both external factors and intrinsic characteristics of the raw materials. Among 

the external factors, high pH environments and implementation of temperature favour the 

initial dissolution of glasses and accelerate the precipitation of new solid phases. By studying 

the evolution of rheology in fresh alkali-activated fly ash pastes, Kashani et al. [352] found 

that, at room temperature, the use of alkali hydroxides accelerated the strength 

development of slag-based pastes compared to sodium silicate due to the higher alkalinity, 

while Sun et al. [353] reported an increase in viscosity and yield stress correlated with higher 

the silicate modulus of waterglass solutions. Similarly, Rifaai et al. [354] reported a 

progressively faster development of yield stress with higher molarity of NaOH solution. This, 

however, occurred up to a maximum concentration of 8 M, as higher molarities resulted in 

hindered polymerization despite the enhanced dissolution rate due to the supersaturation 

of reactive species, and stronger repulsive forces between particles. Additionally, the 
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authors stated that temperature has been concluded to impact the mechanical behaviour 

more significantly than the molarity of the solution. Palacios et al. [355], stated that a mild 

increase in silicate modulus, from 0 to 0.25, at 65 °C, was shown to increase the yield stress 

in 44 % whilst maintaining a similar activation energy of reaction, indicating that 

temperature enhances the reaction potential of waterglass without necessarily changing the 

reaction mechanism. 

Among the intrinsic properties, the presence of alkali and alkali-earth elements is essential 

to disrupt the polymerized networks formed by Si-O bonds [113,143,158,356], and to 

accelerate the evolution of the microstructure. As an extrinsic factor, the increase in 

alkalinity of the activator has a similar influence, and both conditions play crucial additional 

roles in the chemistry of reaction products. For instance, Deir et al. [357] found that slag-

based pastes, activated with waterglass and cured for 1 day at 50 °C, achieved 

approximately 2.5 and 2.8 times higher compressive strength values than pastes made with 

calcareous and siliceous fly ashes, respectively, with the same activator and curing 

conditions. Moreover, the authors reported that, with the same silicate modulus, increasing 

Na2O content led to the formation of C-(A-)S-H gels with higher Ca/Si ratios in slag-based 

pastes. In a similar trend, Le Saout et al. [88], verified a change of Ca/Si from 0.89 to 0.82 

in 1 day old alkali-activated slag pastes, when activated with NaOH and waterglass 

respectively, while the degree of hydration decreased from 47 % to 41 %. Al has also been 

shown to directly influence the phase assemblage of mortars and pastes made with synthetic 

glasses in the first three days of reaction, particularly increasing the formation of AFm 

phases [156,211]. In Ca-free systems, the Si/Al ratio of N-A-S-H gel has been found to follow 

the initial elemental ratios in a quasi-linear trend, as the NaOH-activation of sodium 

aluminosilicate synthetic glasses reached final ratios of 1.7 and 5.3 after 20 hours of curing 

at 80 °C (initial element ratios of  2.0 and 6.3, respectively). 

With respect to the nature of initial reaction products, the distinction between the Ca-rich 

and other gels is hard to achieve, as hardened cementitious matrices are composed of a 

continuous mixture of different reaction products. A few authors have implemented phase 

segmentation through chemical analysis [108,177,210,214,358–361], which has showed to 

be helpful in the observation of secondary reaction products within the hardened matrix. 

With respect to hydrated gels, their nanoscale structural arrangements imposes extra 

challenges, as they are usually intermixed forming agglomerated regions composed of 

several gels with different chemical compositions. The implementation of selective 

dissolution based on a combination of salicylic acid and methanol (SAM), suggested initially 

by Takashima [362], can be used on an attempt to quantify the amount of each gel. This 

treatment is considered suitable for the dissolution of Ca-containing amorphous and short-

range ordered structures, such as C-S-H, C-A-S-H and C-N-A-S-H. In longer curing periods, 

SAM dissolution has been successfully used for the qualitative study and quantification of N-

A-S-H gel in alkali-activated blends of slag and fly ash [210,363]. In a system composed of 

only SiO2, CaO, and Al2O3, selective dissolution becomes an important tool to distinguish 

nucleation paths of each phase, as the amount of secondary products becomes limited. 

However, it should be noticed that this environment can produce an aggressive media, which 

can also partially dissolve small agglomerates of aluminosilicate structures which do not 

contain Ca as charge balancing cation [364]. 
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Figure 5.1: Schematic correlation between precursor mechanisms of dissolution and phase precipitation and 

isothermal calorimetry curves in alkali-activated systems. 

The available literature highlights  the influence of chemical composition on the overall 

reactivity of alkali-activated binders. It is still not clear how composition affects the kinetics 

of phase nucleation and growth after initial element release in the first steps of dissolution. 

In order to understand the mechanisms involved in the early stages of alkali-activation, this 

Chapter investigates the effect of chemistry on the precipitation of phases in the initial 

stages of alkali-activation reactions. The realization of dissolution experiments in alkaline 

solutions of synthetic glasses with simplified composition, similar to siliceous and calcareous 

fly ashes and blast furnace slags, and the study of residual solid material, provided a 

detailed assessment of the influence of each element on initial reaction mechanisms of 

AAMs. The study demonstrated distinct paths on the formation of reaction products 

according to the initial characteristics of the precursor, indicating that small changes in 

chemistry can have large impacts on the development of properties of alkali-activated 

binders. The results obtained in this Chapter will be used as basis for understanding the 

reaction path of different mixtures and their influences at later stages of the 

microstructure, and will support the validation of the microstructure modelling tool, which 

will  be described in Chapter 7. Figure 5.2 shows the position of Chapter 5 within the study 

of microstructure evolution in this thesis. 
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Figure 5.2: Schematic illustration of the structure of this thesis, highlighting the contributions of Chapter 5. 

 

5.2 Materials and methods 

5.2.1 Preparation of coarse synthetic precursors  

The synthetic glasses used in this chapter were obtained as part of the melting/quenching 

procedures described in Chapter 3. As the goal of this experimental campaign was to observe 

the initial precipitation of reaction products, fine glasses were used to accelerate the 

dissolution and promote the nucleation of new phases. The synthetic glasses were prepared 

following the procedure described in Section 3.2.1 in Chapter 3. After quenching and drying, 

glasses were ground and milled until the obtainment of a 𝑑50 size of approximately 25 μm. 

Similar to the description in 4.2.1, the particle size distribution was measured by laser 

diffraction. Two different batches of glasses were used in this chapter: the first batch, 

consisting of all four synthetic glasses, was used for dissolution experiments of fine 

particles; the second batch was used for the preparation of pastes, by alkali-activating the 

glasses Si-FA and BFS-2. The compositions of each batch along with physical particle 

characteristics are detailed in Table 5.1, and the particle size distributions are shown in 

Figure 5.3. These compositions comprise the several batches of synthetic glasses prepared 

throughout this thesis, as described in Section 3.3. 
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Table 5.1: Chemical composition, measured by X-ray fluorescence, and physical characteristics of the synthetic 

glasses used for dissolution experiments and for casting pastes. 

 Glass 
Normalized* content (mol) 𝒅𝟏𝟎 

(μm) 

𝒅𝟓𝟎 

(μm) 

𝒅𝟗𝟎 

(μm) SiO2 Al2O3 CaO 

Dissolution 

Si-FA 1.00 0.32 0.23 4.81 27.54 61.63 

Ca-FA 1.00 0.33 0.49 5.10 28.70 58.72 

BFS-1 1.00 0.33 1.00 3.93 23.46 58.86 

BFS-2 1.00 0.39 1.39 3.94 22.01 52.16 

1-day 

paste 

Si-FA 1.00 0.31 0.25 4.23 26.08 58.42 

BFS-2 1.00 0.25 1.53 5.10 22.15 57.99 
*Normalized to the content of SiO2. 

 

5.2.2 Dissolution experiments and study of residual dissolution material 

The study of dissolution kinetics performed in this chapter followed a similar procedure to 

the experiments described in Section 4.2.2 in Chapter 4. The main difference between the 

two experimental campaigns was in the particle sizes of synthetic glasses. While glass 

particles of d50 between 89 and 94 µm were implemented in previous Chapter, the present 

experiments evaluated the dissolution kinetics of finer particles, with a d50 of approximately 

25 µm. The choice of lower particle sizes was made to promote the precipitation of reaction 

products in different conditions, as this Chapter aims to understand the effect of glass 

chemistry and activating solution into the phenomena of precipitation of reaction products.  

Highly-diluted systems, with a liquid/glass ratio of 1000, were prepared in two different 

scenarios. A 1.5 M sodium hydroxide solution was prepared by the dilution of a 50 % 

commercial liquid NaOH (Brenntag, Dordrecht, Netherlands) in deionized water. A sodium 

silicate (waterglass) solution, maintaining the same Na2O concentration and a silicate 

modulus of 1.5, was prepared by the mixture of NaOH with a commercial waterglass solution 

(PQ Corporation, Eijsden, Netherlands. SiO2 = 30.5 %; Na2O = 15.0 %; H2O = 54.5 %) and 

deionized water. Using NaOH, the four glasses were submitted to test at room temperature 

(20 ± 5 °C), while Si-FA and Ca-FA were dissolved at 60 °C, in a closed shaking incubator 

with controlled temperature.  With waterglass, Si-FA was tested at room (20 °C) and high 

temperature (60 °C), and glass BFS-2 was tested only at 20 °C. In each system (glass + 

solution), samplings were collected after 1, 24 and 72 hours of experiment, and separate 

setups were prepared for each sampling time. The temporal evolution in concentrations of 

Si, Al and Ca, and the calculations of effective saturation indices of the main reaction 

products were performed using the same procedures described in Sections 4.2.2 and 4.2.3, 

respectively.  
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Figure 5.3: Particle size distribution of glasses used for: a) dissolution experiments; and b) preparation of 

pastes. 

After sampling the liquid phase from each dissolution setup, residual solid material was 

collected by vacuum filtration of the entire solution. The remaining material was washed 

with deionized water for two times, immerged in isopropanol for 24 hours, filtrated again, 

and stored in a vacuum desiccator prior to analysis.  

 

5.2.2.1 In-situ isothermal calorimetry of alkali-activated pastes 

A total of 6 pastes were prepared by the alkali-activation of glasses Si-FA and BFS-2. In order 

to simulate the environment promoted by dissolution experiments, two activating solutions 

were formulated: system N8S0 consists of NaOH solution with 8 wt% Na2O with respect to 

the mass of synthetic glass, and system N8S12 consists of a waterglass solution with the 

same amount of Na2O and a silicate modulus of 1.5. In-situ calorimetry tests were performed 

using a TAM Air calorimeter (TA Instruments), and data referring to heat release of each 

paste was collected for 24 hours. Glass BFS-2 was subject to activation in both N8S0 and 

N8S12 systems at 20 °C, while pastes with glass Si-FA were mixed with each activating 

solution and cured at 20 °C and 60 °C. For the preparation of in-situ conditions, the glass 

powders were kept in a glass ampoule inside the equipment at the desired temperature for 

24 hours prior to mixing, and the activator was kept in a syringe. After this period, the 

activator was injected into the glass ampoule, and the pastes were mixed for three minutes 

with an external stirrer, allowing the recording of the calorimetric response from the onset 

of reaction.  

After each calorimetry test, the pastes were removed from the sample holders, crushed, 

and immerged in isopropanol for one week to stop the hydration. The crushed pastes were 

utilised for further characterization of microstructure. 

 

5.2.2.2 Characterization of residual materials from dissolution and calorimetry tests 

Following the methods described in Sections 3.2.2 and 4.2.2, the microstructure of the 

residual dissolution materials and the crushed pastes were analyzed using X-ray diffraction 

(XRD) (Bruker D8 Advance), differential thermogravimetric (DTG) analysis (Netzsch TG-449-

F3-Jupiter), and attenuated total reflection Fourier transform infrared (ATR-FTIR) 
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spectroscopy (PerkinElmer Spectrum 100 FT-IR). Additionally, scanning electron microscopy 

(SEM) was performed to evaluate the surface conditions during early stage reactions of 

dissolution and the interface between unreacted particles and the cementitious matrix of 

pastes. Backscattered and secondary electron images were obtained with a FEI Quanta FEG 

650 instrument with acceleration voltages between 5 – 15 kV. Both dissolution residue and 

crushed pastes were carbon coated prior to microscopic analysis. 

 

5.2.2.3 Selective dissolution treatment  

A selective dissolution treatment with salicylic acid and methanol (SAM) was performed to 

evaluate the mechanism of precipitation of N-A-S-H gel in the 1 day cured pastes. Following 

the procedures described by different authors [108,210,363,365], 1 g of crushed paste was 

dissolved for 2 hours in a solution containing 60 g of methanol and 4 g of salicylic acid. After 

the treatment, the solution was filtrated and the residual material was washed with 

methanol and dried at 105 °C for 2 h. The resulting powder was characterized using DTG 

and FTIR measurements, providing important structural information about the obtained N-

A-S-H gel. 

 

5.3 Results 

5.3.1 Dissolution experiments in NaOH solutions at 20 °C 

5.3.1.1 Influence of glass chemistry in dissolution kinetics 

The evolution of elemental concentrations up to 72 hours of dissolution of fine glasses in 

NaOH solutions, measured at room temperature, is presented in Figure 5.4. It is possible to 

distinguish two different behaviours when comparing high- and low-Ca precursors. For the 

low-Ca precursors, (i.e., fly ash-type glasses), presented a continuous evolution of all 

elements through the  experiment, with a more pronounced increase in Ca concentration 

seen from 24 to 72 hours – particularly in glass Ca-FA. Due to the higher initial fractions of 

Al and Si, these two elements had a stronger presence in the solution of the Si-FA sample at 

24 h. After 72 hours, both elements presented virtually the same concentrations in the two 

fly ash-type glasses, indicating a similar reaction pattern in both precursors.  

Conversely, the concentrations of Si and Al leached from high-Ca precursors (i.e., slag-type 

glasses) presented a steep increase, from 1 to 24 hours, and a deceleration (BFS-1) or a mild 

drop (BFS-2), from 24 to 72 hours. This behaviour indicates the consumption and coupling 

of the two cations with each other and with other species, suggesting that nuclei of new 

solid phases are formed within the first 24 hours of dissolution. In glass BFS-1, the 

concentration of Ca reached the maximum value after 1 day, while a continuous but slight 

depletion was measured for BFS-2 since the first sampling. It is well known that, with higher 

fractions of network modifying oxides, ion-exchange processes are enhanced, which leads 

to an acceleration of the initial leaching of these elements [182,297,349]. In this context, 

the higher fraction of CaO in BFS-2 favours a faster supersaturation of Ca2+, and consequently 

accelerates its coupling with other aqueous species.  
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Figure 5.4: Temporal element evolution measured from NaOH solutions at 20 °C. 

At 24 hours, the measured values of all elements were lower in the two fly ash-type glasses. 

The limited leaching of Ca slows the dissolution and reaction processes as a whole, extending 

the duration of the forward dissolution period of low-Ca precursors (see Chapter 4 for more 

details). Consequently, the measured concentrations of Al and Si were up to 30 % higher for 

slag-type glasses at this period, with the latter dropping from 1.33 (BFS-2) and 1.34 (BFS-1) 

mmol/L to 1.26 (Si-FA) and 1.04 (Ca-FA) mmol/L, respectively. Such observations are in 

agreement with the findings in the literature for different groups of precursors. Schöler et 

al. [148] reported forward dissolution rates of Al 19 times higher in synthetic slags (xCaO = 

0.37) compared to synthetic siliceous fly ash (xCa = 0.08). Similarly, Singh et al. [188] 

evaluated the influence of Ca content in the dissolution of Si and Al in siliceous fly ashes, 

reporting concentrations of the two elements up to 1.5 times higher in the leachate in the 

same period for materials with higher initial CaO content, by comparing fly ashes with 2.46 

wt% CaO versus 1.65 wt% CaO. 
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5.3.1.2 Characterization of residual dissolution materials with thermogravimetric analysis 

Differently from the regime observed in Chapter 4, the use of finer glass particles and the 

longer experimental period in this study are expected to drive the dissolution towards Stage 

II, when the solution becomes supersaturated and promotes the formation of different 

reaction products – see Section 4.3.1. The evidence of this phenomenon is seen in different 

levels in the DTG curves plotted in Figure 5.5. The delayed nucleation process in low-Ca 

binders resulted in small or non-existent peaks in the 50 – 150 °C region in Figures 5.5a and 

5.5b, which correspond to the evaporation and dehydroxylation of hydrated gel phases 

[173,219]. In Figure 5.5a, a small peak can be observed in this region after 24 hours of 

dissolution, which disappears in the last measurement of glass Si-FA. The limited dissolution 

of Si and Al favours the speciation of Ca2+ and OH-. This phenomenon is better observed by 

the significant response in the regions centred at approximately 475 °C and 570 °C, 

attributed to portlandite [156,366] and poorly-ordered calcium carbonate phases, such as 

aragonite [324], as the latter is usually observed due to carbonation of amorphous Ca(OH)2 

[311]. Conversely, Figure 5.5b shows a small peak in the gel phases region after 72 hours, 

with decreased signals arising from the presence of portlandite and amorphous carbonate-

related phases for the calcareous fly ash-type glass. These observations arise from the 

stronger evolution of all elements in the 24 – 72 hours period for Ca-FA – the increases in 

concentrations of Al, Si and Ca in this period were 0.43, 0.80 and 0.46 mmol/L, respectively, 

for Ca-FA, compared to 0.28, 0.54 and 0.16 mmol/L for Si-FA, as illustrated in Figure 5.4.  

In alkali-activated systems, the formation of hydrated gels occurs by a polymerisation-like 

phenomenon of several aqueous species, leading to the precipitation of small solid nuclei  

(or simply units) in the bulk solution [367], or by reactions anchored at the surface of 

precursor and filler particles [368,369]. In both cases, the time required for the coalescence 

and conversion of these small agglomerates into stable nanostructured C-S-H- and N-A-S-H-

like phases is dependent on the chemical degradation of the precursor and supersaturation 

levels [367,370]. In the present fly ash-type glasses, it is more likely that small agglomerates 

of ionic species are formed at the surface of reactive particles than in the solution, as the 

lower dissolution rates calculated in Chapter 4 favour undersaturation levels in the whole 

solution – see section 5.3.1.1 for more detailed discussions. As described in the literature 

[307,371], Ca-species can be easily attached to the negatively charged surfaces of reactive 

particles in glass-solution interfaces, forming units of altered layers with C-S-H-like 

compositions that are easily dissolved at high pH [349] and in constant stirring conditions 

[372]. Therefore, the limited initial content of CaO suggests that, in both Si-FA and Ca-FA, 

the initially detected gels are still unstable and could not bind other positively-charged 

species, facilitating the dissociation of unstable surface units.  
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Figure 5.5: DTG curves of residual powders collected after room temperature NaOH-dissolution at different 

periods: a) glass Si-FA; b) glass Ca-FA; c) glass BFS-1; and d) glass BFS-2. 

Slag-type glasses displayed potential for immediate phase precipitation due to their 

naturally higher CaO fractions, and consequently, higher reactivity. The curves shown in 

Figures 5.5c and 5.4d indicated the formation and carbonation of portlandite after the first 

sampling, as the initially measured concentrations of Ca in BFS-1 and BFS-2 were 

significantly higher than in fly ash-type glasses. At 24 h, Ca was still more noticeable in high-

Ca precursors, although the concentrations of Si and Al did not show great variation among 

all glasses in the 24–72 hours period. The increased water loss arising from C-S-H-like phases 

indicates the coalescence of small units into stable gel particles. This phenomenon is 

followed by the presence of mass loss peaks centred at approximately 700 °C, attributed to 

the decarbonation of stable CaCO3
 [156,324] after 3 days of dissolution. It is here suggested 

that the growth of initially formed gel nuclei occurs at the expense of the destabilization of 

portlandite, dissociating it and allowing complexation of Ca2+ with Si- and Al-species. This 

reaction prevented the CO2 uptake by Ca(OH)2, favouring the decalcification of C-(N-A-)S-H 

gels into calcite following conventional carbonation processes. Finally, the remaining 

presence of portlandite and aragonite after 72 h, in glass BFS-2, arises from an excess of 

Ca2+ in solution over other species after gel stabilization, as dissolution experiments 

indicated that the pore solution was depleted in Si and Al at this time. 

In addition to the primary reaction products, the DTG curves illustrate a mild formation of 

secondary phases in high-Ca glasses. The weight loss detected between 200 and 300 °C can 

be attributed to the formation of different Ca-Al-containing phases, such as hydroxy-AFm 

(C4AH13) and katoite (C3AH6), with both phases displaying loss of water from octahedral 
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layers within this temperature range [173]. These layered double hydroxide (LDH) and 

hydrogarnet phases are some of the most common secondary reaction products in alkali-

activated cements – especially those derived from high-Ca precursors [373], and are formed 

by the coupling of octahedral sites of Ca and Al, charge balanced by OH-, which is favoured 

in systems with low Si in pore solutions [374]. 

 

5.3.1.3 Calculation of effective saturation indices 

Formation of primary phases: 

Following the previous experimental observations, the formation of hydrated gel-phases was 

observed in all four glasses at some point. A quick precipitation of C-(N-A-)S-H and N-A-S-H 

structures is expected in alkaline environments [114,375,376], but the exact nature of the 

formed gels is difficult to determine. With respect to gel distinction, the calculation of 

effective saturation indices (ESIs) of the most common gels provides extra information about 

preferential phase formation [56,377]. The results detailed in Table 5.2 show that, 

interestingly, the highest final ESIs of gel phases are calculated for the glass Ca-FA, which 

showed only minor signs of C-(N-A)-S-H/N-A-S-H formation in the DTG curves. In slag-type 

glasses, the saturation indices of all gels were nearly unchanged from 24 to 72 hours, while 

fly ash-type glasses presented a significant increase in the same period. The combination of 

positive calculated indices with negligible gel formation for Si- and Ca-FA demonstrates how 

unstable this initial phase formation stage can be. It is noticed that, besides being positive, 

a minimum ESI value must be achieved to allow the growth of stable reaction products. As 

nuclei of solid compounds require time to coalesce and become energetically favourable, a 

thermodynamic stability threshold must be met to overcome kinetic constraints and allow 

the setting of new phases [378,379], but the precise determination of this threshold ESI was 

not performed. Initial units, spontaneously formed by speciation of Ca2+ with silicate species 

or with OH- in supersaturated conditions [369,380], are thermodynamically stable [381]. 

Although their precipitation and coalescence are linearly correlated with the saturation 

index [382], the true value of the growth rate depends on several parameters, such as 

temperature, quantity of crystallites and presence of secondary phases [367,370]. 

Therefore, the absence of phases detected by DTG does not reflect the supersaturation 

level of the solutions, which probably display the presence of several nuclei which were not 

anchored in reactive surfaces – it is worth mentioning that the resolution of DTG is not 

sufficiently high to identify the presence of unstable solid nuclei at nanoscale ranges. 

The formation of Ca-containing gels is observed to be more dependent on absolute 

concentrations than on ratios of aqueous species. In all cases, C-S-H (T2C), followed by Na-

bound C-S-H and C-A-S-H, was the most thermodynamically stable phase independent of the 

measured Ca fraction among the three elements, which fluctuated from 14 % (Si-FA – 24 h) 

to 32 % (BFS-1 – 72h). Contrarily to C-S-H, supersaturation of N-A-S-H gel was only calculated 

in only two samplings under specific conditions of the pore solution. The Ca fraction in the 

pore solution had a major influence on gel stability, as positive indices for the N-A-S-H phase 

were obtained with Ca/(Si+Al) ratios below 0.30. It is here suggested that, above this 

threshold, Ca binding with Si- and Al- species is more energetically favourable than Si-Al 

interactions. This is somehow expected from electrostatic considerations, as negative 

aluminate and silicate ions – e.g. SiO(OH)3- and Al(OH)-4 – are supposed to be repelled from 

each other, while Ca2+ can be attracted to either negative units. Similar trends have been 
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observed by other authors in blended mixtures of slags and fly ashes, with C-A-S-H being 

proposed to be the main reaction products in mixtures containing up to 70 % of slag 

[219,228,383], and the formation of porous surface-anchored C-S-H gels being favoured in 

portlandite rich solutions in fly ash systems [306]. However, there must be also sufficient Al 

in the pore solution to allow its incorporation into tetrahedral sites and favour the 

stabilization of N-A-S-H-like units, since Si/Al ratios above 1.70 resulted in negative 

saturation indices for glass Si-FA. As determined by Fernández-Jiménez et al [293], Al-rich 

gels are more likely to be formed in initial stages, due to the higher normalized dissolution 

of Al [180] and the preferential breakage of Al-O over Si-O bonds in initial stages. The Si/Al 

ratios of initial N-A-S-H nuclei have been experimentally demonstrated to be between 1 

[384] and 1.4 [293] up to 8 hours of reaction, following the element ratios observed in the 

present pore solutions.  

Formation of secondary reaction products: 

The plots in Figure 5.6 showed that the ESIs of Ca-Al-rich phases and portlandite are higher 

than calculated values for hydrated gels in the two most extreme glasses (Si-FA and BFS-2). 

Hydroxy-AFm (C4AH13) was the most supersaturated compound, with a saturation index after 

72 hours of 0.50 and 0.67 for Si-FA and BFS-2, respectively. For glass BFS-2, the accelerated 

release of Si and Al, favoured by its intrinsically higher reactivity, induced an immediate 

supersaturation of all phases, which was maintained relatively constant throughout the 

whole experiment. Due to the favourable binding of Ca with Al-species, BFS-2 showed signals 

related to katoite (C3AH6) and hydroxy-AFm (C4AH13) in the DTG curves already after 24 h. 

Despite the lower calculated indices, the formation of strätlingite (C2ASH8) should also be 

considered, as this phase can combine all elements in solution and accommodates Al in both 

octahedral and tetrahedral coordination [385,386]. In thermogravimetric experiments, 

strätlingite reflections can be hidden under other LDH phases as it presents loss of interlayer 

water between 200 and 300 °C [173]. It is, however, unlikely that it would remain stable at 

later stages despite displaying supersaturation indices, as it has been observed to be stable 

only at very limited fractions of Al in pore solution [114,387] 

Table 5.2: Summary of elemental ratios and ESIs calculated for the primary reaction products phases from 

experimental findings in NaOH-dissolution at 20 °C. 

Glass 
Dissolution 

period 

Element ratio ESI 

Si/Al Ca/(Si+Al) 
C-S-H 

(T2C) 

Na-C-S-H 

(INFCN) 

C-(A-)S-H 

(5CA) 

C-(N-A-)S-H 

(5CNA) 

N-A-S-H 

(NASH_1) 

Si-FA 
24 h 1.71 0.15 0.32 0.14 0.15 0.05 - 0.07 

72 h 1.76 0.16 0.43 0.23 0.24 0.13 - 0.01 

Ca-FA 
24 h 1.54 0.22 0.33 0.14 0.15 0.06 - 0.09 

72 h 1.66 0.28 0.53 0.28 0.30 0.18 0.01 

BFS-1 
24 h 1.37 0.46 0.53 0.26 0.30 0.18 - 0.04 

72 h 1.33 0.23 0.51 0.27 0.29 0.17 0.02 

BFS-2 
24 h 1.37 0.32 0.47 0.23 0.26 0.14 - 0.04 

72 h 1.26 0.31 0.46 0.22 0.25 0.14 - 0.04 
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Figure 5.6: Effective saturation indices (ESIs) calculated for secondary reaction products during the 1.5 NaOH-

dissolution of glasses: a) Si-FA and b) BFS-2. 

Similarly to hydrated gels, it can be noticed that positive saturation indices are not 

sufficient to indicate the nucleation (formation) of secondary phases, and that there exists 

an ESI threshold which regulates the stable formation of reaction products. This is especially 

observed in the siliceous fly ash-type glass, which showed positive indices for all phases 

after 24 hours, and supersaturation with respect to portlandite at all periods. The constant 

presence of portlandite, also detected in the dissolution of coarse glasses in Chapter 4, 

suggests that it is formed as an activated intermediate complex by the speciation of Ca with 

OH- anions formed, consuming aqueous Ca while Si- and Al-species are not yet available 

[381]. This is supported by the DTG curves of glasses Ca-FA and BFS-1, as the formation and 

growth of C-S-H-like gels decreases the peaks of portlandite and amorphous carbonated 

phases in both cases.  

 

5.3.1.4 Characterization of initially precipitated phases 

X-ray diffraction analysis: 

The residual powders collected after 3 days of dissolution were characterized using X-ray 

diffraction, supporting the identification of the early-precipitated phases. As seen in Figure 

5.7, the broad amorphous hump was still present in all residual glasses without major 

modifications. In all cases, the centre of the hump did not show major shifts compared to 

the original glasses, which demonstrates that the highly-diluted conditions only promoted 

the breakage of the most superficial regions of glass particles, maintaining the bulk 

structure still intact. Minor peaks of new phases were identified in all samples after 72 hours 

of dissolution. The formation of gel phases in the four glasses, except Si-FA, is evidenced by 

the presence of peaks characteristic of tobermorite (PDF # 00-029-0331) [89,388], being 

more strongly observed in Figure 5.7b for slag glasses-based systems. These reflections are 

also similar to Al-modified tobermorite, but the determination of the exact type of gel 

formed at such stages is not feasible from XRD reflections alone. Following the 

thermogravimetric analysis, both slag-type glasses displayed the presence of hydroxy-AFm 

(C4AH13 – PDF # 00-002-0077), which had the highest supersaturation degree calculated 

among all phases. The exposure of the residual material to the atmosphere led to the 

formation of carbonated phases, which were observed to be different according to the 

reactivity of each glass. Monocarboaluminate (Ca4Al2(CO3)(OH)12·5H2O – PDF # 00-036-0377) 

and calcite (CaCO3 – PDF # 00-005-0586) were detected in both BFS-2 and BFS-1, arising from 

the carbonation of hydroxy-AFm and C-S-H phases, respectively. Minor reflections of 



124 5. Early-stage reactions of alkali-activated synthetic precursors 

  

strätlingite (C2ASH8 – PDF # 00-029-0285) were also observed for high-Ca precursors. 

Strätlingite can be formed alternatively to C-A-S-H gel in high-Al environments, as it 

combines Si, Al and Ca in more ordered structures [55,374]. Finally, the peaks attributed to 

all secondary phases were higher in BFS-2, following the more significant water release 

measured between 200 and 300 °C from thermogravimetric analysis.  

In fly ash-type glasses, reflections attributed to portlandite (PDF # 00-044-1481), aragonite 

(PDF  # 00-033-0268), and hemicarboaluminate (Ca4Al2(CO3)0.5(OH)13·5.5(H2O) – PDF # 00-

036-0129), were detected. The nature of the detected CO2-bound phases is influenced by 

the type of precipitated primary and secondary products.  The carbonation of C-(N-A)-S-H 

produces both hemicarboaluminate and monocarboaluminate, according to the level of CO2 

contamination, as increasing carbonation degree induces the formation of the latter [389]. 

With the current results, it is suggested that hemicarobaluminate is formed not necessarily 

by lower contamination level, but instead by the insufficient presence of Ca-containing 

units, while stable gels would be prone to full carbonation, converting into 

monocarboaluminate.  

Scanning electron microscopy: 

The visualization of residual particles after dissolution test via SEM, shown in Figure 5.78 

supported the suggested distinct paths of phase precipitation, according to the class of each 

precursor. Low-Ca glasses displayed an agglomeration of particles and only minor surface 

alteration after 3 days – see Figures 5.8a and 5.8b. The limited reactivity of Si-FA, which 

displayed the lowest concentrations of Ca during dissolution experiments, completely 

hindered the formation of visible altered layers, as there were not sufficient Ca2+ to be 

attached and form surface ionic complexes. In Ca-FA, the surface of reactive particles was 

partially covered by agglomerated species, as observed in the enlarged images. The 

conversion of leached layers into a passivating film should not be favourable, given the high 

alkalinity of the solution [176,349]. Instead, it is assumed that leached layers are the first 

step in the precipitation process, providing anchoring and growth points for initially formed 

nuclei following a heterogeneous nucleation path [368,369]. These surface reactions are 

also observed to occur concurrently with formation of surface etching pits (highlighted by 

the yellow dashed frames), promoted by localized chemical attack typically formed in highly 

unsaturated conditions during dissolution of glasses and minerals [288,390].  

 

Figure 5.7: X-ray diffraction patterns of residual powders collected after 72 hours of NaOH-dissolution: a) fly 

ash glasses; b) slag glasses – bright background lines represent the unreacted glasses in all plots. 
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Conversely, the surfaces of glass particles were completely modified by the precipitation of 

reaction products in both high-Ca glasses. The enlarged areas suggest the formation of 

thicker and continuous layers, arising from the attachment of aqueous species in larger 

proportions. As described by Dove et al. [391], dissolution requires less energy to occur in 

naturally rough sites in mineral surfaces. It can be assumed that the depolymerized 

structure of slag-glasses promotes the formation of regions of higher stress, generating sites 

which resemble dislocation cores in crystalline minerals [392], creating natural steps and 

increasing the total roughness of the surface. As dissolution rates and heterogeneous 

nucleation are directly proportional to specific surface area [310,338,382], these natural 

surface defects can favour an accelerated alteration of glass particle, thus enhancing the 

overall reactivity. 

 

Figure 5.8: Observation, with SEM, of residual surfaces of glasses dissolved for 72 hours in 1.5 M NaOH 

solutions at 20 °C: a) glass Si-FA; b) glass Ca-FA; c) glass BFS-1; d) glass BFS-2. 
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5.3.1.5 Influence of temperature on early-stage reactions 

Influence of NaOH as activator: 

The application of temperature is often used to enhance the reaction potential of precursors 

with natural lower reactivity [54,393,394]. The concentrations of Si, Al and Ca, measured 

during the dissolution of fly ash glasses in 1.5 M NaOH solutions, at room temperature (20 

°C) and 60 °C, are given in Table 5.3. It is noticed that both Si and Al are present in 

significantly higher concentrations in the high-temperature scenario. This observation is in 

agreement with the calculated forward dissolution rates at 60 °C, which were 20-36 times 

higher for Si, and approximately 10 times higher for Al, when comparing with values 

obtained at 20 °C – see Chapter 4 and Appendix C for more details. On the other hand, Ca 

release did not present the same behaviour, as concentration values were maintained in the 

same range throughout the whole experiment despite being initially higher at 60 °C when 

comparing concentrations measured at 1 h. 

The limited release of Ca compared to Si and Al, throughout the whole experiment, indicates 

that ion-exchange processes are suppressed by chemical attack through hydrolysis. This 

could be favoured by a deeper penetration of the alkaline solution triggered by the high-

temperature, which increases the potential of disruption of Si-O and Al-O bonds from the 

original glass framework. This assumption is supported by simulated dissolution scenarios 

described in literature. Kalahe et al. [395] observed that the dissolution of Na+ doubled from 

25 °C to 90 °C, but cation binding in the reactive surface decreased, while Deng et al. [396] 

reported a continuous increase in the accumulated number of reactions per unit volume 

(nm³) with temperature in modelled sodium silicate glasses, which were a factor of 1.6 

higher at 77 °C compared with 27 °C. With the current results, it is thus suggested that the 

prompt leaching of Ca occurs in similar way as observed at 20 °C, and the accelerated and 

continuous release of Si and Al, driven by favoured Si-O and Al-O hydrolysis, promotes an 

immediate binding between Ca and the two elements to form the initial solid nuclei. To 

support this assumption, it is stated that the low initial CaO contents of the fly ash-type 

glasses ease the chemical affinity for Ca dissolution, and as the just-leached species are 

readily bound to other Al- and Si-ions, Ca concentrations in solution are maintained in a 

pseudo-steady-state behaviour. 

Table 5.3: Evolution of element concentration in the dissolution of fly ash-type glasses at room temperature 

and at 60 °C, in 1.5 M NaOH solutions. 

Glass 

Element concentration (mmol/L) 

1 h 24 h 72 h 

Al Si Ca Al Si Ca Al Si Ca 

Si-FA 

(60 °C) 
0.79 1.29 0.34 3.68 5.20 0.18 4.30 5.98 0.31 

Si-FA 

(20 °C) 
0.21 0.37 0.23 0.74 1.26 0.30 1.03 1.81 0.47 

Ca-FA 

(60 °C) 
0.76 1.26 0.55 2.69 2.96 0.29 3.81 4.00 0.22 

Ca-FA 

(20 °C) 
0.31 0.52 0.32 0.68 1.04 0.37 1.11 1.84 0.83 
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Characterization of residual materials with DTG analysis: 

The precipitation of reaction products after dissolution experiments is better visualized in 

the DTG curves, plotted in Figure 5.9. Differently from room temperature experiments 

(Figure 5.4), strong signals between 50 – 200 °C, attributed to the formation of hydrated 

gels, are already seen in both glasses at 24 h. The increased peaks in this region indicates 

that the coalescence of stable solid nuclei is achieved in earlier periods at 60 °C, as the 

thermogravimetric responses were intensified up to 72 hours of dissolution. The reduced 

presence of portlandite-related peaks (470 °C), combined with the formation of stable 

calcium carbonate (650 – 750 °C) support the stabilization of hydrated gels. Combined with 

a larger peak area for nanostructured gels, glass Ca-FA displayed residual evidence of 

disordered carbonates and a mild portlandite response after 72 h. Despite showing lower Ca 

concentration than glass Si-FA in the last dissolution sampling, the Ca/(Si+Al) ratio (0.04) of 

Ca-FA was slightly higher than the calculated value for Si-FA (0.03), indicating Ca binding 

with OH- due to insufficient amounts of Si and Al in the solution. 

At 60 °C, Ca-containing phases still display a remarkable influence on early precipitation 

mechanisms, as shown in Figure 5.10. The calculation of effective saturation indices for 

both glasses indicated that N-A-S-H gels are not favored until the end of the experiment. 

Similarly to room temperature dissolution, a threshold Ca concentration seemed to control 

the preferential gel formation. N-A-S-H is thermodynamically favoured at Ca/(Si+Al) ratios 

above 0.03, which is 10 times lower than the threshold ratio observed at 20 °C. Although 

there is limited available data evaluating the effect of temperature on solubilities of both 

C-(N-A-)S-H and N-A-S-H, they have been observed to increase with temperature [326,327], 

but at a higher rate for the latter. Regarding Ca-containing phases, Lothenbach et al. [203] 

reported changes in solubility product less than 0.5 log units for the crystalline phases of 

tobermorite (-8.0 < 𝑘𝑠𝑝< -7.5) and jennite (-6.5 < 𝑘𝑠𝑝< -6.0) from 25 °C to 75 °C, while Myers 

estimated differences in the same range for C-A-S-H gels with variable Al content, with 𝑘𝑠𝑝 

values between -9.5 and -8.5 among four different gel end members. On the other hand, Ma 

and Lothenbach [207] evaluated the changes in solubility for zeolites faujasite-X (Si/Al = 2) 

and faujasite-Y (Si/Al = 1.25), which are considered crystalline counterparts of amorphous 

N-A-S-H gels with low Si/Al ratio. Those authors estimated variations of 𝑘𝑠𝑝 up to 1.2 log 

units for the two phases, ranging from -8.9 to -6.5 (normalized to Si ratio). These results 

can support the influence of temperature on the extended undersaturation levels of N-A-S-

H observed at 60 °C, despite the enhanced dissolution of Si and Al.  
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Figure 5.9: DTG curves of residual material collected after dissolution at 60 °C: a) Si-FA; b) Ca-FA. 

Calculation of effective saturation indices (ESI): 

ESI calculations demonstrated that C-S-H is the most likely phase to be formed (T2C), 

followed by Na-bound C-S-H (INFCN), C-A-S-H (5CA) and C-N-A-S-H (5CNA) gels. This is 

strengthened by the XRD patterns of both glasses after 72 hours of dissolution, also shown 

in Figure 5.11. Reflections of Al-substituted tobermorite 1.4 nm (PDF # 00-026-0331) were 

observed in both patterns, showing that Ca-based gels are still strongly formed despite the 

low Ca content in fly ash-glasses. In Ca-FA, strong evidence of vaterite (PDF # 00-033-0268) 

was also detected. This polymorph of calcium carbonate is usually formed during initial 

carbonation stages in low relative humidity environments [82], and is expected to convert 

to the most stable calcite form with time. Along with Ca-rich products, the diffractograms 

display reflections of zeolite-like phases, such as faujasite-X (PDF # 00-039-1380), 

hydroxysodalite (PDF # 01-072-2329), and chabazite-Na (PDF # 00-031-1271), due to the 

arrangement of Si-O-Al in small ordered units. It should be also stated that additional gel-

related reflections are still expected, as both C-(N-A-)S-H and N-A-S-H gels present 

additional amorphous structures hidden in the overall XRD curve. Therefore, a quantitative 

determination of each formed gel and the validation of the calculated saturation indices is 

not feasible through XRD analysis and would require additional experiments. 
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Figure 5.10: Calculated ESI’s at different periods, and XRD patterns of residual powders after 72 hours of 

dissolution at 60 °C: a) Si-FA; and b) Ca-FA. 

 

5.3.2 Dissolution experiments in waterglass solutions: characterization of residual 

material 

Differential thermogravimetric analysis: 

The DTG curves of residual Si-FA glass collected after dissolution in waterglass solutions, at 

room temperature, are plotted in Figure 5.11. The positive influence in phase precipitation 

promoted by the liquid sodium silicate is observed by the earlier reflections related to 

portlandite and aragonite – peaks centred at approximately 470 and 560 °C respectively – 

which are already detected after 1 hour of dissolution. A mild reflection related to hydrated 

gels, between 100 and 150 °C, is also observed at 1 hour and 24 h, but the reflection is 

absent after 3 days. Moreover, the evidence of carbonated portlandite is kept constant 

throughout the whole experiment. It can be inferred that waterglass bursts an immediate 

reaction, due to the quicker coupling of Ca2+ with Si-species into small crystallites [397]. 

However, the stabilization of these phases is only achieved in later stages not covered in 

this experimental setup.  
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Figure 5.11: Differential thermogravimetric curve of residual Si-FA glass after dissolution in waterglass 

solutions, at 20 °C. 

Fourier transform infrared spectroscopy analysis: 

The effect of solution type on dissolution and gel formation can be evaluated using FTIR 

analysis, comparing the residual materials (solid line) with the original glasses (dashed line). 

The differences for glass Si-FA in various setups are shown in Figure 5.12. At room 

temperature (Figure 5.12a), the residual materials did not show significant differences from 

one solution to the other. In both spectra, remanent Al-Si rich structures are observed with 

bands centred at approximately 1200 and 1150 cm-1, assigned to vibrations of AlO6 in mullite-

like structures [245,323] and vibrations of Q4 SiO4 units in silica gel and quartz [248,361]. 

Moreover, the shoulders located at 1040 cm-1 were still present after dissolution, which is 

attributed to a densely packed Si-O-Si network by asymmetric vibration of silicate units 

[181,210,243]. The reflections observed at 717, 636 and 553 cm-1 are attributed to different 

vibrations of Si-O-Si and Si-O-Al bonds, which form secondary building units occurring in 

single and double structures of different zeolite phases [206,210]. Double rings (636 cm-1) 

have stronger signals in NaOH-exposed samples than single rings (717 and 553 cm-1), since 

the lower content of aqueous Si favours interlocking of aluminosilicate units in three 

dimensional structures [206,304,398]. The main and broadest band in the spectra, located 

between 1100 – 850 cm-1, is assigned to Si-O-T interactions [172,211,242,243]. Compared to 

unreacted glass, the shift of this region displayed moderate differences according to the 

solution. In NaOH solutions, the Si-O-T band did not present changes with respect to 

unreacted glasses. In less alkaline solutions, promoted by waterglass, the centre of the band 

moved towards lower wavenumbers, which is an opposite trend to what is commonly 

observed in systems with an overall higher Si content. In the latter system, it could be 

assumed that the lower alkalinity promotes a continuous leached layer with a greater 

binding of Ca and silicate species in the reactive surface. As the carbonation related bands 

detected at 1470 cm-1 [212,399] are more intense, this supports the facilitated carbonation 

of unstable Ca- and Si- containing species formed close to the surface of glass particles. 
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Figure 5.12: FTIR spectra of the residual material collected after dissolution of Si-FA in NaOH and waterglass 

solutions at: a) 20 °C and b) 60 °C – dashed lines indicate spectra of the original glass, and solid lines indicate 

spectra of the residual glasses. 

Figure 5.12b indicates that the influences of the alkaline solution are more clear at 60 °C. 

Initially, the bands at approximately 1600 cm-1 are attributed to chemically bound water 

[193,228,400]. In agreement with DTG curves (Figure 5.11), this evidences the presence of 

stable reacted phases in both glasses, which was not significantly observed in the spectra 

of samples dissolved at 20 °C. The centre of the Si-O-T band also showed major differences 

according to each solution. In waterglass systems, the availability of aqueous Si-species 

facilitated the stabilization of aluminosilicate chains with higher Si/Al ratios [87,206], thus 

shifting the band towards higher wavenumbers. Contrarily, sodium hydroxide promoted the 

formation of fewer variations of structural units in terms of both chain length and Si/Al 

ratios, resulting in the narrowing of the band centred at 954 cm-1. In both scenarios, 

incorporation of AlO4 is observed in the 874 cm-1 region, assigned to the asymmetrical 

stretching of tetrahedrally-coordinated Al in Si-O-Al bonds within both N-A-S-H and C-(N-A-

)S-H gel [205,211]. In NaOH systems, small peaks centred at 798 and 665 cm-1 are observed, 

which are typical of symmetric stretching of Si-O-Si in quartz [87,245,401]. These reflections 

suggest that 3-dimensional Si-rich small structures are formed already in the initial stages 

of reaction, which facilitate the growth of zeolite phases at longer stages of the reaction. 

Conversely, in waterglass systems, a minor band at 774 cm-1 indicates the formation of Na-

chabazite (Na2Al2Si4O12·6H2O) [207], suggesting a moderate formation of organized units 

with a Si/Al ratio of 2. 

Scanning electron microscopy: 

The study of residual glass surfaces, shown in Figure 5.13, allows an easier comprehension 

over the different paths taking place at each solution. When exposed to liquid sodium 

silicate, the glass particles suffer less localized attacks and, instead, have a more 

homogeneous dissolution, as a reduced quantity of etching pits was observed at 20 °C 

(Figure 5.13a). The formation of ‘steps’ in the surface of glasses, highlighted by the yellow 

dashed frames, appears to be a delamination process by the release of continuous flakes, 

which has been previously observed in pharmaceutical glasses [402,403]. It is proposed that 

after initial leaching process, the quick complexation of leached Ca2+ with OH- and hydrated 

SiO3
2-, intensified by the significant initial concentration of the latter two species in the 

alkaline solution, facilitates the adsorption of positive species in the negatively-charged 

reactive surfaces, facilitating the formation of longer chain-like precipitates. In a combined 
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scenario of alkalinity with constant stirring, the detachment of these precipitates results in 

the breakage of neighbouring Si-O and Al-O bonds, releasing larger glass flakes to the 

aqueous media following a fibrous-like fracture pattern. This type of surface alteration, 

strongly observed after 24 h, converts into the presence of platelet-like agglomerates after 

72 hours (highlighted by the yellow dashed circles), due to the association of Ca2+ mainly 

with Al-species. Early precipitation of layered double hydroxides and portlandite, with 

similar morphologies, have been identified before in the dissolution of glass fibres in NaOH 

[189], as well as during the use of calcium sulfoaluminate cements for waste contention 

[404]. In both cases, the formation of such precipitates can occur due to the attachment of 

Al in reactive surfaces, which is energetically more favourable than the initial incorporation 

in existing C-S-H structures in high liquid/solid ratios [189], and to the formation of 

portlandite, as supported by the DTG curves in this period – see Figure 5.5.  

At higher temperature (Figure 5.13b), the mechanisms of dissolution are slightly different. 

A combination of delamination with etching pits is observed at 24 hours (green dashed 

frames), with the observation of minor gel formations in localized regions of reactive 

surfaces (blue dashed frames). The high temperature regime facilitates hydrolysis processes 

[405], leading to a more aggressive attack reaching deeper portions of the glass framework. 

At longer periods, the precipitation of LDHs is suppressed by the formation of larger 

disordered hydrated gel regions, which cover a large portion but not the whole reactive 

surfaces. These gel structures are probably formed in regions which were previously altered 

in initial stages, covering delaminated and etched areas of the original glass (green dashed 

frame at 72h).  

 

Figure 5.13: SEM micrographs of residual Si-FA glass particles after dissolution in waterglass solutions at: a) 20 

°C, and b) 60 °C. 
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In NaOH solutions, the combination of alkalinity and temperature results in a significantly 

more aggressive environment, as observed in the SEM micrographs in Figure 5.14. Several 

etching pits are observed after only 1 hours of dissolution, better visualized in the enlarged 

images (green dashed frames). This surface attack occurs concurrently with the mild 

formation of altered layers in isolated regions, considering significantly higher dissolution 

rates at 60 °C compared to 20 °C. After 72 h, the particles are completely covered, and it 

is not possible to observe residual signs of unreacted surfaces. The reaction products form 

a thicker and porous layer – compared to waterglass-activated systems – with disordered 

morphology, as it is not possible to visualize structural ordering in one preferential direction.  

The differences in the SEM micrographs suggest the promotion of two distinct reaction 

mechanisms, according to the conditions of the aqueous media. In both cases, at 60 °C, a 

significant amount of hydrated gels have been identified by DTG analysis. In waterglass 

systems, the observation of residual intact regions of glass surfaces indicates that a 

nucleation processes far from reactive surfaces dominates the reaction. The use of sodium 

silicate favours a naturally high initial concentration of silicate species in solution, which 

promotes the homogeneous precipitation of small crystallites in different locations of the 

solution. As the collection and characterization of residual material considers only the 

residual solid portion of the solution, the majority of nuclei that were eventually formed in 

the bulk solution will be eliminated during filtration, especially if the critical nuclei size to 

overcome kinetic constraints has not been achieved yet – the pore size of the utilised filter 

paper was 2.5 μm. Conversely, sodium hydroxide favours a heterogeneous nucleation 

regime, with gel precipitation being mainly anchored by glass surfaces since the first 

instants of the reaction.  

The DTG curves demonstrated that stable nanostructured gels were formed earlier in NaOH 

than in waterglass systems, as the former had peaks in the 50 – 150 °C region already after 

24 h.  Homogeneous nucleation seems to be a slower process, arising from a potential slower 

dissolution rate in such conditions. The silicate-rich environment limits the coalescence and 

growth of small crystallites, as it promotes the adsorption of Si-species in their surface 

[406,407]. Moreover it also reduces the chemical affinity for SiO2 dissolution, limiting the 

dissolution reaction as a whole [351]. On the other hand, NaOH induces a higher reactivity 

in initial moments with the earlier formation of altered layers, which convert into hydrated 

gels in sequential steps. In the ongoing reaction, this favours an outward growth of surface 

products, which will eventually bind with surface anchored gel in adjacent particles. The 

connection between coarse gel structures between two particles creates both a diffusion 

barrier for the continuity of dissolution, and entrapped irregular porosity  [190,202]. This is 

commonly reported during alkali-activation of both high- and low-Ca precursors, as NaOH 

promotes a higher reactivity in initial moments [115,352], but an overall similar-to-lower 

degree of reaction when compared with sodium silicate solutions [111,175,408]. 
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Figure 5.14: SEM micrographs of residual glass particles after dissolution in NaOH solutions at 60 °C. 

 

5.3.3. Characterization of early reaction kinetics with in-situ isothermal calorimetry 

Pastes of glasses Si-FA and BFS-2, activated with sodium hydroxide and waterglass, were 

monitored for the first 24 hours of reactions with in-situ calorimetry. The evolution of heat 

flow, shown in Figure 5.15, showed clear differences between the two glasses at 20 °C. The 

variations in dissolution peaks, according to the activator, were more pronounced in the 

activation of Si-FA (Figure 5.15a). The use of waterglass significantly influenced the duration 

and intensity of the peak, reaching 8.27 mW/g compared to 3.95 mW/g for NaOH-activation. 

As the dissolution rate of low-Ca precursors is significantly hindered at room temperature, 

the absence of aqueous silicate species in NaOH-systems limits the nucleation of crystallites 

in the bulk solution, and probably reduces the amount of reactions occurring on top of glass 

surfaces. Implementation of waterglass favours a homogeneous-like precipitation of 

reaction products and mildly enhances the reaction potential of the system, as it maintained 

a calorimetric sign higher in all moments. However, this precipitation still occurs at a low 

rate, resulting on an overall limited reaction in the first 24 hours, which has been reported 

many times for low-Ca precursors [83,156,177]. 
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Figure 5.15: Isothermal calorimetry curves for glasses activated at at 20 °C in NaOH and waterglass solutions: 

a) glass Si-FA; and b) glass BFS-2. 

The effect of waterglass on widening and increasing the height of dissolution peak was also 

detected in the alkali-activation of BFS-2 (Figure 5.15b). In the NaOH-activated system, an 

earlier deceleration of the curve followed the initial dissolution wetting and dissolution 

period. Although the formation of a subsequent an acceleration peak was not clear, the heat 

flow was kept nearly constant for approximately 8 hours before dropping to the lowest 

values, which were higher than the signal from waterglass-activated glass at 24 h. In system 

N8S12, the first peak indicates that reactions follow a similar reaction path as observed for 

Si-FA, due to the availability of aqueous species from the activator. The influence of 

activator on the early-reaction has also been reported by a few authors. Sun et al [104] 

found similar initial patterns in alkali-activated slags, as a progressively increasing silicate 

modulus widened the first dissolution peak and further delayed the acceleration period, 

until eventually it was not observed with an Ms equal to 2. Bilek et al. [215] reported an 

extended induction period of 24 hours in pastes activated with sodium silicate, while NaOH 

promoted an acceleration period after 3 hours of reaction.  

At 60 °C, the reactions are significantly accelerated for glass Si-FA in both activating 

scenarios, as observed in Figure 5.16. Following the observations made at room temperature 

for both Si-FA and BFS-2, the use of waterglass widens the dissolution peak, but the 

difference in intensity is not as remarkable as seen at 20 °C. The SEM micrographs (Figure 

5.14) demonstrated that both dissolution and gel formation appeared to be enhanced in 

NaOH solutions, in agreement with the increased calorimetric response in initial moments 

of reaction. Despite the limited hydrolysis and etching pits occurring due to the lower pH of 

the pore solution in a waterglass-based system (Figure 5.13b), the aqueous silicate species 

create a more homogeneous distribution of solid nuclei in the bulk solution. As stated by 

Aretxabaleta and Manzano [397], the speciation between Ca2+ and H3SiO4
-, bound to 5 water 

molecules and a hydroxyl group to complete the coordination of Ca, is a highly exothermic 

process, which results in a rise in the early calorimetric response. Therefore, the first peak 

in waterglass-systems represents both dissolution and initial phase nucleation, as the two 

phenomena are occurring concurrently with each other, promoting a higher heat flow in the 

first hours of reaction. Furthermore, it hinders the formation of an induction period 

[177,409], as the solution is expected to remain in supersaturated conditions since earlier 

moments due to the presence of liquid silicate species, hindering the intensity but extending 

the forward dissolution period.  
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Figure 5.16: Isothermal calorimetry curves of the first 24 hours of glass Si-FA activated with NaOH and 

waterglass at 60 °C: a) heat flow evolution and b) cumulative heat release versus time. 

Finally, the acceleration period promoted by NaOH boosts both the precipitation and the 

polymerization of solid phases, evidenced by the signals of chemical attack and surface 

anchored reaction products earlier than in waterglass systems through SEM imaging (Figure 

5.14). The lower Si/Al ratio of the binder resulting from the use of sodium hydroxide is 

expected to facilitate the connection of Al-O-Si nuclei, favoured by the preferential 

dissolution of Al from the precursor [179,212]. The resulting phenomenon is a more rapid 

crosslinking of Al-rich species, leading to the formation of nuclei of nanocrystalline sites, 

thus generating additional acceleration peaks in alkali-activated low-Ca precursors. 

Conversely, waterglass systems favour the formation of amorphous gels of higher Si/Al ratio, 

which requires more time for a structural rearrangement into more ordered phases [25,79]. 

As a consequence, the accumulated heat release is larger at 24 hours in the N8S0 system, 

which is explained due to the exothermic nature of crosslinking processes [179]. 

 

5.4 Discussion 

5.4.1 Effect of chemistry on initial degree of reaction 

In alkali-activated systems, the differences in reaction mechanisms are influenced by both 

binder chemistry – considering precursor and activator – and curing temperature. 

Correlations between degree of reaction and chemistry have been observed by several 

authors, mainly concerning long stages of alkali-activation [47,48,410–413]. At early ages, 

the establishment of parameters based on intrinsic and extrinsic variables is not so simple, 

and requires the early characterization of such materials.  

With the present results obtained by in-situ isothermal calorimetry, it was possible to 

associate the reactivity of the system with the binder chemistry of each paste made with 

glasses Si-FA and BFS-2, as shown in Figure 5.17. The combination between the fractions of 

Ca and Na, and the ratio of total Si with Si fraction only from the precursor, resulted in a 

nearly-linear correlation (R² = 0.962) with the accumulated heat release of pastes cured for 

24 hours at room temperature. The reactivity of a system is known to be directly influenced 

by the presence of network modifying oxides in the glass composition [45,156] and the 

concentration of the alkaline solution [88,193,360]. In this context, Ca presence favours the 
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depolymerization of the glass frameworks, and the presence of Na indicates a higher 

alkalinity, with the latter indirectly facilitating the hydrolysis processes and the acceleration 

of the forward dissolution period. The proposed correlation is in agreement with the results 

reported by Kucharczyk et al. [156], as the authors stated a reduction in the degree of 

reaction of CAS glasses from approximately 30 % to 6 % after the first 24 h, as the Ca content 

was reduced from 50 mol% to 5 mol%, respectively. 

With respect to waterglass solutions, the aqueous silicate species had an additional positive 

effect in the overall reaction, whilst maintaining the linear correlation in Figure 5.17 for 

pastes cured at 20 °C. However, when compared to NaOH-activated glasses, SEM 

micrographs demonstrated a less significant formation of reaction products covering glass 

surfaces during early stages – see Figures 5.8 and 5.13. As observed by Sun et al. via cryo-

SEM [104], sodium silicate solutions promote less flocculated systems in the surroundings of 

particles of precursors, and smaller nuclei of reaction products are homogeneously 

distributed in the bulk matrix, while NaOH favours a quick precipitation of hydrated gels 

and secondary phases anchored in the precursor surface. Consequently, despite generating 

higher heat release for the activation of both Si-FA and BFS-2, waterglass-based systems can 

still present lower degrees of reaction. Reductions in the degree of reaction of slags 

activated with waterglass, compared to sodium hydroxide, have already been reported by 

Ben Haha et al. [408] and Le Saout et al. [88] in different magnitudes, after 24 hours of 

curing. Therefore, in combination with the present results, it can be concluded that phase 

precipitation dominates over the heat release of dissolution of precursors in the first day of 

reaction of alkali-activated binders.  

The implementation of higher curing temperatures changed the reaction mechanisms, and 

it was not possible to extend the relationship proposed for systems cured at 20 °C in Figure 

5.17 to the data for 60 °C. The results reported in Section 5.3.1.4 demonstrated that the 

leaching of Ca through ion-exchange processes, responsible for triggering the forward 

dissolution of Si and Al at room temperature, is limited at 60 °C. This occurs due to the 

higher ionic strength of the solution, which favours the strong occurrence of hydrolysis of 

Si-O and Al-O bonds regardless of Ca release [405]. It is thus suggested that the forward 

period changes its behaviour in higher temperatures, occurring simultaneously with a 

significant formation of primary nuclei of reaction products. However, this feature is limited 

only to Si and Al, since a continuous increase in concentrations of the two elements, 

combined with a nearly-constant concentration of Ca, was measured up to 72 hours of 

dissolution experiments, despite the observation of DTG peaks of nanostructured gels. Singh 

et al. [188] observed similar behaviour in the dissolution of fly ashes at 20 °C and 60 °C. 

Those authors found that, at similar alkalinity, the release of Ca was only 3-8 % higher, while 

Si concentration increased almost 80 % at higher temperature. These observations are 

corroborated by the work from Kuenzel and Ranjbar [214], who reported that the dissolution 

of fly ash is more dependent on temperature than on alkalinity. It is therefore proposed here 

that Ca is no longer the driving mechanism of reactivity of precursors at high temperature, 

with Si and Al being the main drivers for alkali-activation along with the activator. 
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Figure 5.17: Correlation of binder chemistry with accumulated heat release, after 24 hours of curing, of Si-FA 

and BFS-2 pastes activated with both waterglass and NaOH. 

 

5.4.2 Precipitation mechanisms in low-Ca precursors 

Figure 5.18 shows secondary electron SEM micrographs of crushed paste particles used in 

the isothermal calorimetry tests performed at 60 °C. The crushing of the pastes provide an 

interesting visualization of the interactions between glass particles and the alkaline 

solutions, providing information on the mechanism of phase precipitation and the interface 

between cementitious matrix and precursor. It can be easily noticed that there are clear 

differences in the surface of glass particles according to the activating solution. Figure 5.18a 

depicts a very intense presence of etching pits of different sizes, distributed through all the 

unreacted particles. These affected areas arise from the strong chemical attack fostered by 

the combination of temperature with alkalinity, resulting in larger areas than what is 

observed in waterglass systems. It is possible to observe the formation of crystallites of 

different sizes inside and in the vicinity of these areas (highlighted in the yellow dashed 

frames). It is thus assumed that localized attacks, via hydrolysis, are essential to promote 

these areas as the initial nucleation sites in sodium hydroxide-rich media. Conversely, the 

N8S12 system depicted in Figure 5.18b presented a cleaner homogeneous surface, with a 

less pronounced amount of etching pits (green dashed frames) and the presence of long and 

continuous steps (blue dashed frames). The few visible etching pits demonstrate that 

homogeneous nucleation is less dependent on chemical attack and alkalinity as 

heterogeneous reactions, while the steps indicate that products with longer and continuous 

chains are favored in such solutions. 

In NaOH-systems (Figure 5.18a), the formation of a surface-anchored percolated network of 

different zeolite-like materials has been reported in literature before for low-Ca precursors. 

In such media, the reactive surfaces in early stages are comprised of a porous layer formed 

by small crystals of aluminosilicate structures, following the same pattern seen in Figure 

5.14. The composition of these products is dependent mainly on the chemistry of the binder, 

and the use of additional techniques is necessary to accurately define the nature of such 
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zeolites. For instance, Álvares-Ayuso et al. [414] used XRD to identify the presence of 

chabazite, zeolite 4A and zeolite NaP1 in fly ash pastes activated with 12 M NaOH, while 

Ferrand et al. [415] and Ribet and Gin [351] reported the formation of analcime and Na-

phillipsite in glasses dissolved with NaOH for long periods. On the other hand, the more 

homogeneous distribution of nucleation sites in waterglass systems creates a continuous but 

amorphous gel without a strong preferential orientation [48,398]. As a consequence, a 

stronger interface bonding is created between the hardened matrix and the residual 

unreacted particles.  

Among the two solutions, the main differences are observed in the images with the highest 

magnification in Figure 5.18, more precisely in the surface conditions arising from each 

activator. The use of waterglass (Figure 5.18b) promoted a rougher surface, which arises 

probably due to the pronounced binding of Ca2+ and other positive species in the top layers 

of the glass particles. This leached layer induces the formation of small and homogeneously 

distributed granules, which can easily attach crystallites formed in the bulk solution. The 

smoother glass surfaces, observed in NaOH-systems (Figure 5.18a), indicate that granules of 

nucleation sites are not so well distributed, reducing the adhesion of glass particles with 

reaction products. Although this was not the object of study of this research, such 

differences in the nucleation path and matrix-precursor interface are expected to have a 

significant impact in the strength development in the fresh state of pastes with low-Ca 

materials. These initial observations indicate that an optimum balance between dissolution 

and nucleation rates can be achieved via an appropriate dosage of activator, considering 

alkalinity and availability of reactive liquid sites. 

The sketch in Figure 5.19 presents an illustration of the different reaction paths arising from 

the use of different activating solutions in low-Ca precursors. In a system based on sodium 

hydroxide (Figure 5.19a), the formation of crystallites in the bulk solution is limited in the 

first moments of reaction, and the initial reaction products are majorly anchored in surface 

spots which were heavily attacked by hydrolysis (5.19b). In a second step, this results in the 

formation of a porous network of reaction products strongly attached to etching spots in the 

reactive surface (5.19c). On the other hand, the use of sodium silicate (5.19d) promotes a 

more homogeneous distribution of etching pits with smaller areas (5.19e). This leads to a 

stronger attachment of reaction products to the reactive surface, whilst nucleation is still 

observed in regions more far from the reactive surfaces (5.19f), leading to refined 

microstructure of the hardened binder. The sketch is also in agreement with the discussion 

made in the previous section: while the glass displays a higher dissolution degree in NaOH-

based systems, the amount of reaction products in waterglass-solutions is higher in the first 

day of reaction. 

 



140 5. Early-stage reactions of alkali-activated synthetic precursors 

  

  

Figure 5.18: Secondary electron SEM micrographs of crushed paste particles of glass Si-FA activated with a) 

NaOH and b) waterglass solutions at 60 °C, cured for 24 h. 

It is here concluded that, for low-Ca precursors, the type of nucleation strongly affects the 

structure of the N-A-S-H gel to be formed. Homogeneous-like precipitation of reaction 

products favours a more cohesive gel, as small nuclei easily coalesce with each other into a 

continuous layer of reaction products. The result is a strong adhesion of the matrix to 

unreacted particles with reduced porosity. The implementation of hydroxide-based 

activators gives a noticeable attack into the precursor top layers, accelerating the 

dissolution rate but not necessarily the overall reaction process by the formation of stable 

reaction products. As a consequence, reaction products are poorly distributed throughout 

the microstructure, and the resulting matrix has a percolated porous network of nanosized 

disordered zeolite structures. 

 

5.4.3 Mechanisms of N-A-S-H gel precipitation 

During the early stages of the activation reactions of low-Ca glasses, the nucleation and 

stabilization of nanostructured hydrated gels was only favoured at 60 °C, as demonstrated 

in section 5.3.1.4.  As Ca no longer presents the role of main reaction driver in this curing 

regime, it could be assumed that N-A-S-H has preferential formation over other Ca-

containing gels. However, the calculation of effective saturation indices displayed the 

opposite trend, as C-S-H was demonstrated to be the most thermodynamically likely phase 

to be precipitated, while the formation of N-A-S-H gel was favoured only in secondary steps.  

The implementation of the selective dissolution treatment with salicylic acid and methanol 

(SAM), which is able to dissolve amorphous and short-range ordered Ca-based reaction 

products [363] and allow a dedicated study of other gels, provided interesting observations 

concerning the kinetics of precipitation of N-A-S-H-like phases at 60 °C in Si-FA-containing 

pastes. As seen in Figures 5.20a and 5.20b, a slightly higher weight loss was measured up to 

300 °C for the SAM-residue material collected from NaOH-activated pastes, typically 

attributed to the loss of bound water in hydrated gels [173,416]. This follows the higher 

weight loss measured for pastes before selective dissolution, and the difference among the 
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two activators is the same before and after SAM treatment. Although the measurement of 

water loss is not necessarily linearly correlated with degree of reaction, as it is not possible 

to determine the exact amount of structural water bound to each gel phase, the higher loss 

follows the more intense calorimetric response measured for the system N8S0 in the same 

period. Additionally, in NaOH-activated paste, the release of water was slightly shifted 

towards higher temperatures, which can be an indication of the entrapment of water in the 

porous network of reaction products observed in Figure 5.14, formed by nanostructured gels 

resembling zeolite. 

 

Figure 5.19: Schematic illustration of the different precipitation mechanisms in NaOH- and waterglass-

activated systems. 
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Differences in N-A-S-H precipitation on each solution are better visualized with FTIR analysis 

in Figures 5.20c and 5.20d. The Si-O-T-related band, centred between 950-1000 cm-1 

[172,211,242,243], moves to higher wavenumbers in both pastes after the SAM treatment. 

This shift is somehow expected, as the removal of Ca increases the Si fraction in the reaction 

products. Still in this region, system N8S12 presented a higher Si/Al ratio in its 

aluminosilicate chains, displaying the highest value for the centre of the Si-O-T band. An 

interesting feature of the curves is the shoulder observed at 903 cm-1 in both systems, 

attributed to Si Q2 bonds [361]. The stronger reflection observed in waterglass-activated 

paste suggests a more pronounced chain-like formation of N-A-S-H gel with sodium silicate. 

Conversely, the presence of zeolite-like reflections [87,190,207,318,417,418], stronger in 

N8S0, confirms the structural differences in the residual gels according to the activator, 

supporting the water loss observed at higher temperature being caused by the porosity of 

the matrix containing short-range ordered zeolite structures.  

As a conclusion, it was demonstrated that very similar quantities of N-A-S-H gel are formed 

regardless of the activating solution after 24 hours of curing at 60 °C. The nature of the 

activator has a major influence on the structure of the gels, which were observed to be 

more ordered in NaOH-based systems. A quantitative determination of these phases could 

not be resolved, as it is not possible to determine the formula of each gel, especially with 

respect to water content. Lastly, the combination of thermodynamic calculations with 

experimental observations implies that the precipitation of N-A-S-H-like phases occurs 

simultaneously with Ca-containing gels. These latter phases represent a significant portion 

of the reaction products, forming a hardened matrix which presents an intimate 

interconnection between different nanostructured gels. 
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Figure 5.20: Characterization of Si-FA-containing pastes cured for 1 day at 60 °C, before and after SAM 

treatment: DTG measurements of systems a) N8S0 and b) N8S12, and FTIR of systems c) N8S0 and d) N8S12. 

 

5.5 Conclusions and outlook 

The visualization and analysis of early stages of reactions provide important information on 

the structure and distribution of the primary reaction products, as these features have 

direct impact on the fresh properties and strength development of cementitious binders. 

The study of the dissolution kinetics of fine powders intentionally drove the reaction into 

the next stage, favouring the initial formation of solid phases. By analyzing the residual 

powder collected after dissolution, it was possible to qualitatively determine the nature 

and the volume of the primary reaction products, strongly linked to the reaction potential 

of each system. Further on, the calorimetric and image evaluation of pastes cured for 24 

hours allowed the establishment of a connection between nucleation processes and 

stabilization of solid phases. 

This chapter targeted the comprehension of the effect of chemistry and temperature on the 

distinct precipitation mechanisms in the alkali-activation of synthetic glasses, evaluating 

also the influence of time in the precipitation of the first solid nuclei and mechanisms 
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involved on their growth and stabilization. Based on the results presented, the following 

conclusions and observations were defined: 

• The calculation of effective saturation indices indicated that there is a minimum 

supersaturation degree required to allow the stability of a phase. This effect arises 

from the size of the crystallites that are precipitated in initial stages, as they require 

time to coalesce and form nuclei above a critical volume to become 

thermodynamically stable. 

• The reactivity of a system can be evidenced by the nature of the carbonated phases 

that were identified. In slag-type systems, formation of calcite and 

monocarboaluminate indicated the carbonation of C-S-H-like phases. In fly ash-type 

systems, the formation of hemicarboaluminate indicated insufficient gel 

precipitation, as the formation of hydrated gels was hindered at 20 °C for fly ash 

glasses. 

• Ca was the main driver for the reactivity of synthetic glasses at room temperature. 

At 60 °C, the mechanisms were changed, and hydrolysis reactions were favoured on 

top of ion-exchange reactions in initial moments. 

• Si-FA and BFS-2 presented similar differences regarding nucleation mechanisms 

according to the activator of choice. In both cases, the formation of leached layers 

was only evidenced in waterglass-based systems.  

• Differences in activating solutions promoted different nucleation mechanisms. NaOH 

provided a significant anchoring effect on the reactive surfaces, triggered by the 

strong hydrolysis promoted by the highly alkaline environment. The lower alkalinity 

of sodium silicate reduced the chemical attack on the glass surfaces, promoting a 

more homogeneous distribution of reactive spots. Combined with the nucleation of 

small solid nuclei far from the reactive surfaces, due to the presence of aqueous 

silicate species, such systems promote a stronger envelopment of the reactive 

surfaces, resulting in a higher cohesion between the matrix and the unreacted 

precursor. 

• The use of a curing temperature of 60 °C was vital to comprehend the effect of the 

activating solution on the early reaction kinetics. In glass Si-FA, NaOH promoted a 

faster dissolution of the precursor up to 24 h, accelerating the precipitation of 

reaction products at the surface of the precursor. Sodium silicate accelerated the 

initial formation of small crystallites but hindered their further growth, resulting in 

a reduced overall reaction degree. 

• In low-Ca precursors, the precipitation of N-A-S-H-like gels is significantly limited at 

room temperature, and occurs concurrently with Ca-based gels at 60 °C. With either 

activator, the final matrix is composed of an intimate mixture of both types of gels. 

The use of NaOH facilitates the formation of nanosized ordered structures, resulting 

in a porous network with stronger zeolite-like preferential orientations. 

The characterizations of reaction mechanisms performed in this Chapter, at such early ages, 

can be used for optimization of mixtures based on microstructure and strength 

development. Combined with the identification of the reactivity of a system, the 

determination of the structure of the primary reaction products is vital on the 

comprehension of the development of features still in fresh states, and on the setting of the 

system. The presented findings will be explored and extended in Chapter 6, which will 

evaluate the evolution of microstructure with time. The obtainment of mature and stable 
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microstructures will be correlated to the initial mechanism of reaction, and the influence 

of temperature and chemistry on the sequential stages of reaction will be addressed. 
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Chapter 6.  

_________________________________________________________ 

Phase assemblage of alkali-activated pastes with 

synthetic precursors 

 

 

 

In alkali-activated materials, the composition and the behaviour of a stable microstructure 

are dependent on the degree of reaction of the precursor(s) and in the distribution of 

reaction products in the bulk activated matrix. Similarly to the descriptions made in the 

previous chapters, these characteristics are highly influenced by both intrinsic and extrinsic 

factors of the mixture, and the large amount of existing variables in these binders creates 

challenges on the development of application-driven formulations. This Chapter aims to 

establish correlations between binder formulation and curing parameters to the evolution 

of hardened microstructures, identifying how each parameter influences the reaction 

potential of a system and the distribution of reaction products. At the end, the work 

proposes empirically-defined correlations which quantifies the degree of reaction and 

distinguishes the contributions of the main categories of reaction products to the overall 

phase assemblage within the hardened microstructure of alkali-activated binders. 
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6.1 Introduction 

Differences in the reaction kinetics of alkali-activating systems have been identified, 

multiple times, to be influenced by the nature of the components of the mixtures 

[193,204,348,357,419,420]. From changing the overall porosity [110,344,412] to favouring 

specific reaction products [89,200,365], mild fluctuations in the proportions or chemical 

compositions of raw materials can promote significant impacts in the sequence of reactions, 

affecting the development of properties in fresh state and hardened conditions. 

Independent of the specific activators and precursors, the main reaction products are 

generally categorized within Ca-dominated or Al-Si-rich phases. The first group comprises 

the commonly observed variations of calcium silicate hydrate (C-S-H) gels, accounting for 

the presence of Al as replacement in tetrahedral sites in SiO4 chain structures, and a mild 

uptake of Na (or K, although the analysis here will refer solely to Na) as an additional charge-

balancing cation – forming the category of C-(N-A-)S-H gels. The second is formed by sodium 

aluminosilicate hydrate (N-A-S-H) gels and zeolites, composed of frameworks of SiO4 and 

AlO4 tetrahedra, mainly charge-balanced by Na but which can also display a minor uptake 

of Ca as charge balancing cation – forming the category of N-(C-)A-S-H gels.  

Since the two main reaction products will mainly display short-range ordering of their 

structures, they are usually found intimately mixed with each other in a hardened 

cementitious matrix. A few authors have attempted to distinguish the formation of the two 

categories, establishing threshold chemical compositions based on atomic Ca/Si, Na/Ca and 

Si/Al ratios [89,219,421,422] via energy dispersive spectroscopy (EDS) analysis. However, 

these results are restricted to a post-reaction assessment, and a quantitative estimation 

based on inputs of the mixtures have only been recently assessed using thermodynamic 

modelling [227]. Despite being a promising alternative, the lack of consistent databases for 

amorphous N-(C-)A-S-H gels represents a challenge in the thermodynamic modelling of 

alkali-activated binders. The prediction of the formation of Al-Si-rich reaction products 

through zeolite-phases is often performed in literature, but the naturally more stable 

configurations of these crystalline products over amorphous gels results in a kinetic 

limitation of thermodynamic models, preventing the observation of the crystallization 

phenomena of disordered N-(C-)A-S-H species and consequently overestimating the final 

amounts of zeolites in stable systems.  

This chapter aims to establish a three-way correlation in alkali-activated binders, 

connecting the mixture design (chemistry) to the degree of reaction and the phase 

assemblage of reaction products. Based on experimental observations, the influence of 

chemistry, temperature and age on kinetics of reaction were evaluated in 18 different 

mixtures. The methodology developed in this experimental campaign targets the distinction 

of the main reaction products in the amorphous and semi-crystalline portions of hardened 

binders, working as an additional tool to the post-reaction investigations described in 

literature. Finally, empirically-defined indices are proposed to estimate the quantitative 

formation of each category of reaction products, based on the chemistry of the raw 

materials and the curing temperature. Figure 6.1 illustrates the position of Chapter 6 as the 

final part of the study of microstructure evolution in the present thesis, which will provide 

the final inputs and validation criteria for the modelling tools to be developed in Chapter 7. 
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Figure 6.1: Schematic illustration of the structure of this thesis, highlighting the contributions of Chapter 6. 

 

6.2 Materials and methods 

6.2.1 Preparation of synthetic precursors 

The synthetic glasses used in this chapter were obtained via the melting/quenching 

procedures described in Chapter 3 – see Section 3.1. The glasses were activated to obtain 

of pastes, which were subjected to different curing regimes (time and temperature) and 

further characterized by different techniques. After quenching and drying, the synthetic 

precursors were ground and milled, targeting a 𝑑50 of approximately 25 μm. Three different 

batches of glasses were used in this chapter: two groups, comprised of the four categories 

of precursors, were used for the preparation of pastes cured for 7 and 28 days at 20 °C – 

one group per curing age; one group, comprised of synthetic fly ash-type glasses, was used 

for pastes cured at 60 °C – the same group was used for both curing ages. The use of different 

batches for each group of samples was required because a limited amount of material 

(approx. 50 g) was obtained from each batch in the glass synthesis process – see Chapter 3 

for more details. The compositions of each batch are detailed in Table 6.1, and the particle 

size distributions are shown in Figure 6.2. 
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Table 6.1: Chemical composition of synthetic glasses used to produce pastes, according to the curing method 

of each batch – compositions normalized to the molar content of SiO2, as measured by X-ray fluorescence. 

 Glass Type 

Chemical composition (normalized 

molar ratios) 

SiO2 Al2O3 CaO 

7-days 

paste 

Si-FA Siliceous fly ash 1.00 0.34 0.23 

Ca-FA 
Calcareous fly 

ash 
1.00 0.34 0.48 

BFS-1 Blast furnace slag 1.00 0.37 0.99 

BFS-2 Blast furnace slag 1.00 0.31 1.25 

28-days 

paste 

Si-FA Siliceous fly ash 1.00 0.33 0.24 

Ca-FA 
Calcareous fly 

ash 
1.00 0.34 0.52 

BFS-1 Blast furnace slag 1.00 0.35 1.10 

BFS-2 Blast furnace slag 1.00 0.35 1.42 

60 °C – 

cured 

pastes 

Si-FA Siliceous fly ash 1.00 0.31 0.25 

Ca-FA 
Calcareous fly 

ash 
1.00 0.32 0.51 

 

6.2.2 Preparation of pastes 

Pastes were prepared by the activation of synthetic glasses with four defined activating 

solutions: systems N4S0, N8S0 and N12S0 were NaOH solutions with 4 wt%, 8 wt% and 12 wt% 

of Na2O per mass of glass, and system N8S12 was a waterglass solution, with 8 wt% of Na2O 

per mass of glass, and a silicate modulus of 1.5. The activators were prepared following the 

description in Section 5.2.2, aiming for a water/precursor ratio of 0.40 for the slag-type 

glass based mixtures, and 0.35 for fly ash-type glass based mixtures – changes followed 

suggestions made by [175] due to the lower water demand of fly ashes. Additionally, pastes 

with blended precursors were prepared using mixtures of the two most extreme glasses, 

BFS-2 and Si-FA, with mass ratios of 70:30, 50:50, and 30:70, respectively named B70, B50 

and B30 according their content of BFS-2.  

The activating solutions N8S0 and N8S12 were used to activate each of the synthetic 

precursors, cured at 20 °C for 7 and 28 days in sealed conditions. Fly ash-type glass based 

pastes (glasses Si-FA and Ca-FA) were also cured following a two-step procedure: 7 days at 

60 °C, and then at 20 °C up to a total of 28 days of curing, under sealed conditions – these 

pastes will be referred as 60 °C-cured for the remainder of the Chapter. The hardened pastes 

were characterized after 1, 7, and 28 days of curing. Activators N4S0 and N12S20 were used 

for limited experiments with glasses BFS-2 and Si-FA, cured only for 7 days at 20 °C (both 

glasses) and at 60 °C (Si-FA only). Table 6.2 details the mixtures used for this Chapter. 
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Figure 6.2: Particle size distribution of glasses used for: a) pastes cured for 7 days at 20 °C; b) pastes cured for 

28 days at 20 °C; c) pastes cured at 60 °C. 

 

6.2.3 Characterization of hardened pastes 

After each specific curing regimen, part of the pastes were crushed and immersed in 

isopropanol solution for one week to allow solvent exchange and stop their hydration. 

Afterwards, the crushed materials were characterized using X-ray diffraction (XRD) and 

Fourier transform infrared (FTIR) spectroscopy. The analysis followed the descriptions 

detailed in Section 3.2.2, for the former, and 4.2.2, for the latter.  

The remaining portions of the pastes were impregnated in epoxy after solvent exchange 

treatment, ground with SiC sandpaper and polished with diamond pastes down to a particle 

size of 0.25 μm. The polished samples were characterized with scanning electron microscopy 

(SEM) coupled with energy dispersive spectroscopy (EDS) in order to evaluate the 

distribution and composition of reaction products, and to characterize the residual particles 

of unreacted precursors and their interface with the hardened cementitious matrix. 20-25 

backscattered electron (BSE) images were obtained for each mixture at 7 and 28 days, using 

the same specifications detailed in Section 5.2.4. The ilastik machine learning software [17] 

was implemented to perform phase segmentation of the microstructure, distinguishing 

unreacted particles from pores and hardened matrix. The ilastik software is a versatile 

trainable tool, being able to distinguish different image features in cement microstructures 

via pixel classification [423,424]. The segmentation was performed according to the grey 

level of each pixel and characteristics of the neighbouring units, classifying them within one 
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of the three categories. An example of this procedure is shown in Figure 6.3 for a 28-days 

cured B50 specimen (N8S12 system) activated with waterglass. 

If a statistically sufficient quantity of images is used, the area of unreacted particles in a 

two-dimensional image can be assumed to be equal to their volume fraction in a three-

dimensional analysis [173]. This approach allowed the estimation of the degree of reaction 

of each paste. As the initial volume fraction of the synthetic precursors in each paste is 

easily calculated via the mixture design details, a relative change in the amount of 

unreacted material allows the determination of the reaction degree, at a specific age, 

according to Equation 6.1: 

𝛼(𝑡) = (1 −
𝑉𝑡

𝑉0
) ∙ 100%                                                                                                                            (6.1), 

where 𝛼(𝑡) is the degree of reaction at time 𝑡, 𝑉𝑡 is the volume fraction of the precursor at 

time 𝑡, and  𝑉0 is the initial volume fraction of the precursor.  

Table 6.2: Details of pastes prepared for alkali-activation and further characterization. 

System Precursor Na2O
a SiOb Water/precursor 

Curing 

temperature 

N8S0 

BFS-1 8.0 % - 0.40 20 °C 

BFS-2 8.0 % - 0.40 20 °C 

Ca-FA 8.0 % - 0.35 
20 °C / 60 

°C 

Si-FA 8.0 % - 0.35 
20 °C / 60 

°C 

B70c 8.0 % - 0.40 20 °C 

B50d 8.0 % - 0.40 20 °C 

B30e 8.0 % - 0.40 20 °C 

N8S12 

BFS-1 8.0 % 11.6 % 0.40 20 °C 

BFS-2 8.0 % 11.6 % 0.40 20 °C 

Ca-FA 8.0 % 11.6 % 0.35 
20 °C / 60 

°C 

Si-FA 8.0 % 11.6 % 0.35 
20 °C / 60 

°C 

B70c 8.0 % 11.6% 0.40 20 °C 

B50d 8.0 % 11.6 % 0.40 20 °C 

B30e 8.0 % 11.6 % 0.40 20 °C 

N4S0f 

BFS-2 4.0 % - 0.40 20 °C 

Si-FA 4.0 % - 0.35 
20 °C / 60 

°C 

N12S0f 

BFS-2 12.0 % - 0.40 20 °C 

Si-FA 12.0 % - 0.35 
20 °C / 60 

°C 
aWeight percentage of Na2O with respect to the mass of precusor. 
bWeight quantity of SiO2 with respect to the mass of precursor, aiming a silicate modulus of 1.5 
cObtained by a mixture of 70 wt% of glass BFS-2 and 30 wt% of glass Si-FA. 
dObtained by a mixture of 50 wt% of glass BFS-2 and 50 wt% of glass Si-FA. 
eObtained by a mixture of 30 wt% of glass BFS-2 and 70 wt% of glass Si-FA. 
fPastes prepared exclusively for characterization with isothermal calorimetry and X-ray diffraction. 
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Figure 6.3: Application of phase segmentation on a BSE image of a B50 specimen obtained in the present work, 

activated with waterglass (system N8S12) and cured for 28 days: a) original image obtained via SEM; b) 

segmented image. 

With respect to EDS analysis, element mapping was performed using a Thermoscientific 

Magnaraw detector in Si-FA-containing pastes cured at 60 °C. The edxia method [425] was 

implemented for the distinction of the hardened matrix and unreacted particles. This 

approach generated a hypermap with over 500,000 data points, allowing a detailed 

characterization of the chemical composition of the hardened matrices.  

Additionally, hardened pastes were subjected to a selective dissolution treatment using a 

solution of salicylic acid and methanol (SAM), which promotes the dissolution and 

elimination of amorphous and short-range ordered C-(N-A-)S-H gels from the microstructure 

of the hardened pastes – see section 5.2.5 for more details. This procedure promoted the 

isolation of N-(C-)A-S-H and other secondary phases, allowing a dedicated characterization 

of their structures, and a quantitative determination of each category of reaction products 

in the hardened binder.  

 

6.2.4 Isothermal calorimetry 

The evolution of kinetics of reaction for all mixtures was monitored using isothermal 

calorimetry, via the preparation of additional paste samples. Following the details given in 

Table 6.2, a total of 5 g of binder was prepared for each mixture. The synthetic glasses were 

added to the designed solutions and the mixtures were stirred for three minutes prior to 

being added to the calorimeter. The calorimetric response was recorded during first seven 

days of reaction, at 20 °C for all glasses, and also at 60 °C for fly ash-activated glasses. For 

blended precursors, the heat release was measured for 14 days, allowing the monitoring of 

any delayed reactivity of one of the components. The specifications of the device are given 

in section 5.2.3. 

 

6.2.5 Quantitative determination of reaction products 

Quantitative X-ray diffraction (QXRD) analysis was performed for all pastes after 28 days of 

curing, aiming at the determination of the amount of each reaction product formed within 
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the hardened cementitious matrixes. Following the solvent exchange process, the crushed 

materials were mixed with 10 wt% ZnO (PDF # 00-036-1451) as internal standard. The XRD 

scans were performed using the procedures described in Section 3.2.2. The quantitative 

calculations were performed using the Rietveld refinement method via the Profex-BGMN 

[426] software, considering crystalline anisotropic and texture refinement corrections, 

following suggestions made in [173]. The structures considered for the calculation are shown 

in Table 6.3, which considers all reaction products identified in the assessment of pastes 

without ZnO throughout this research. Figure 6.4 displays an example of the output results, 

obtained via the refinement of pastes made with glass BFS-2, activated with waterglass 

(system N8S12). 

This research proposes a methodology to estimate the fractions of reaction products 

separated in three categories: C-(N-A)-S-H gels as amorphous structures dominated by Ca; 

N-(C-)A-S-H gels as amorphous gels with low or no Ca-content, and zeolite-like compounds; 

and other secondary Ca- and Al-favoured crystalline phases, such as strätlingite, katoite and 

AFm phases. By using an internal standard of known weight, it is possible to distinguish the 

weight fraction of each phase and calculate the proportion of amorphous material with any 

software dedicated to QXRD analysis. In hardened pastes, the amorphous portion is 

comprised of unreacted precursors, disordered C-(N-A-)S-H and disordered N-(C-)A-S-H gels. 

The determination of the degree of reaction of each paste, using phase segmentation of 

SEM micrographs, allowed the subtraction of the contents of unreacted glasses from the 

amorphous fraction determined by the Rietveld refinement. Additionally, the weight loss 

measured during the SAM extraction method was used to subtract the contributions of Ca-

dominated phases to the same region. By combining these techniques, it was possible to 

quantitatively distinguish the proportions of unreacted material and each gel type to the 

overall amorphous region, along with the quantification of secondary reaction products. 

These values were used to propose a Phase assemblage index of formation of each category 

of reaction products, and will be detailed in Section 6.4.2 and in Appendix E. 

Table 6.3: Phases considered for the quantitative determination of reaction products via QXRD analysis – when 

structural files were not available within the ICDD PDF 4+ database, the closest structures from the Crystal 

Open Database (COD) were used. 

Category of 

reaction products 
Phase Structure ID 

Crystalline 

counterparts of  

C-(N-A-)S-H gels 

14 Å tobermorite PDF # 00-026-0331 

Al-substituted tobermorite COD 1527001 

9 Å tobermorite COD 9013974 

Crystalline 

counterparts of  

N-(C-)A-S-H gels 

Chabazite-Na COD 9014093 

Faujasite-Y COD 1538323 

Hydroxysodalite PDF # 01-072-2329 

Natrolite PDF # 00-045-1413 

Gismondine PDF # 00-020-0452 

Other crystalline  

Ca-rich phases 

Katoite PDF # 00-024-0217 

Strätlingite COD 9005059 

Monocarboaluminate COD 1000459 

Calcite PDF # 00-005-0586 

 



156 6. Phase assemblage of alkali-activated pastes with synthetic precursors 

  

 

Figure 6.4: Example output of QXRD performed for paste made with glass BFS-2, activated with waterglass 

(system N8S12), using Rietveld refinement method via Profex-BGMN [20] software – individual characterization 

of reaction products detailed in Table 6.3. 

 

6.3 Results and discussions 

6.3.1 Activation of individual precursors – 20 °C 

6.3.1.1 Reaction kinetics and microstructure 

Assessment of the evolution of heat release:  

The isothermal calorimetric characterization of pastes cured for 7 days, at 20 °C, is shown 

in Figure 6.5a and 6.5b, for systems N8S0 and N8S12, respectively. In general, the highest 

calorimetric responses were measured with pastes made with slag-like glasses, independent 

of the activator. Moderate differences in the reaction kinetics are identified according to 

the precursor. 

In Figure 6.5a, four distinct stages are highlighted for NaOH-based systems. After the 

wetting and dissolution peak (I), a short deceleration period was observed (II) with different 

durations according to each precursor, characterized by a mild change in the slope of the 

descending initial peak. Slag-type glasses displayed wider and longer dissolution periods 

lasting up to 50 min, while the same stage was ceased after approximately 30 min for fly 

ash-type glasses. The intensity of the measured heat flow during the second stage was 

directly proportional to the Ca content of the precursor. As both precursor dissolution and 

formation of Ca-containing nuclei are exothermic processes [194,397,427], the initial 

periods of reaction are expected to be more significant in slag-type glasses due to the 
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quicker supersaturation of the solution with reactive species, arising from higher CaO 

contents. In a similar way, the same chemistry-heat release correlation was observed in the 

subsequent acceleration stage (III). However, a significant increase in the calorimetric 

response was measured only for pastes made with glass BFS-2, indicating that structural 

changes might have occurred in this period – this will be further discussed in the next 

Section. Sequentially, the same precursor displayed a quick drop in the measured heat flow 

entering the last stage of reaction (IV), while glass BFS-1 presented a slower and continuous 

deceleration, prolonging the length of the third period. In fly ash-type glasses, a nearly-

steady signal was measured during the third stage, which was extended with similar 

intensity into the fourth stage. It is still possible to observe small variations in the last 

period, leading to short periods of increased heat release credited to a delayed reaction 

characteristic – highlighted in the red circles.  

The calorimetric signal measured in pastes activated with waterglass (Figure 6.5b) showed 

distinct reaction features. For both high- and low-Ca glasses, the first period (I) was 

extended to approximately 3 – 5 hours and 1 hour, respectively, suggesting that the 

precipitation of the first reaction products takes place concurrently with glass dissolution 

via a homogeneous-like mechanism, following observations made in Section 5.3.3. Similar 

conclusions have already been obtained in Chapter 5, as the presence of liquid silicate 

species, supplied by the waterglass solution, facilitates the formation of crystallites of Ca-

Si and Ca-Al species in the initial moments of reaction, enhancing the initial heat release of 

the system. Sequentially, all pastes presented a deceleration stage with changes in the slope 

of the curves (II). However, it was not possible to distinguish clear subsequent acceleration 

periods, conversely to observations made for system N8S0. Similar exothermic responses 

have been addressed during the activation of metakaolin [428] and slag [107], as an 

increasing silicate modulus promoted a continuously reduced intensity of the acceleration 

stage until it became unnoticed above Ms = 1.5. In the present work, all samples displayed 

a final constant drop in the heat flow rate, reaching the final stage of reaction (III). The 

second period occurred at earlier age and was longer in fly ash-type glasses, and the final 

deceleration of the curves was initiated after 10 hours of reaction. Slag-type glasses had an 

extended deceleration-like period, which lasted up to 24 hours of reaction before a 

continuous drop in heat release was measured. 

Considering a broader range of activators, the non-linear effect of Na2O concentration on 

the reaction of pastes containing glasses Si-FA and BFS-2 can be observed from the chart in 

Figure 6.6. The obtained results indicated that, depending on the precursor, the influence 

of the activating solution on the evolution and total heat release has different trends. For 

both fly ash- and slag-like glasses, the total heat released during 7 days of curing increased 

from systems N4S0 (83.1 and 172.5 J/g, respectively) to N8S0 (112.9 and 193.0 J/g), and 

dropped for system N12S0 (88.7 and 190.1 J/g). 

In general, it is expected that an increased alkalinity – denoted by the higher concentration 

of Na – accelerates the dissolution kinetics and increases the exothermic response of a 

system up to a threshold value [46,357,429]. The plot in Figure 6.6 indicated that this 

threshold changes according to the nature of the precursor positively impacting the degree 

of reaction. Glass Si-FA presented a more significant drop in cumulative heat release when 

the Na2O concentration increased from 8 wt% to 12 wt%. In system N4S0, the alkalinity is 

probably insufficient to pronouncedly promote the breakage of Si-O and Al-O bonds, limiting 

the initial reaction of the low-Ca precursor. Conversely, at 12 wt%, Na2O was shown to be in 



158 6. Phase assemblage of alkali-activated pastes with synthetic precursors 

  

excess. As the dissolution rate of a precursor is directly controlled by the alkalinity of the 

system (indicated by the pH of the solution), an enhanced initial release of Si- and Al-species 

took place in system N12S0, promoting a quick supersaturation of the aqueous phase and 

increasing the initial calorimetric response of the reaction.  

Figure 6.6 also provided the ratio of heat release measured at 7 days to 1 day, providing 

insights into the development of a reaction. For glass Si-FA, a mild increase in Na2O was 

effective in improving the initial and secondary stages of alkali-activation, with system N8S0 

displaying the highest final (7 days) and highest ratio (7 days / 1 day) of cumulative heat 

release. Among all Si-FA based pastes activated with NaOH, the calculated ratio of heat 

release was the lowest in system N12S0, as the reaction was significantly limited after an 

initial burst of dissolution. In this scenario, two potential explanations can be given: the 

solubility of N-A-S-H gel is known to be higher with increasing pH [219], reducing the 

polymerization phenomena between Al- and Si-species [179,194,430,431] – this can 

influence the phase precipitation stage, lowering the exothermic response after the first 

day of reaction; additionally, the high supersaturation indices in initial moments trigger a 

premature coagulation of small solid nuclei and the formation of a thick layer of reaction 

products surrounding the reactive glass particles [307] – this would lead to a limitation in 

the diffusion of reactive species from the inner parts of the precursor particles, limiting the 

continued dissolution of the precursor. 

Figure 6.5: Heat flow evolution of pastes made with synthetic glasses and activated with a) sodium hydroxide 

(N8S0); and b) waterglass (N8S12) – all samples were cured at 20 °C for 7 days. 
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Figure 6.6: Relationship of the evolution of cumulative heat release with final values measured in the 20 °C 

isothermal calorimetry test of alkali-activated pastes using glasses Si-FA and BFS-2. The pH values were 

calculated via thermodynamic equilibrium using GEMs – see Appendix E for more details of the individual 

calorimetry curves. 

With respect to waterglass, the addition of aqueous silicate further reduces the pH of the 

reactive media and hinders the dissolution of Si-FA. As a consequence, the overall reaction 

and final cumulative exothermic response is limited (88.2 J/g). However, the aqueous 

silicate species supplied by the activator can work as seeding agents in the early stages of 

reaction [181]. Their presence is expected to accelerate the nucleation of reaction products 

and to induce a higher initial calorimetric response. This enhanced nucleation step densifies 

the reactive matrix, and limits the reaction to more diffusion-controlled processes in 

sequential stages. Consequently, system N8S12 had the lowest heat release ratio of 7 days/1 

day among all pastes made with glass Si-FA. Finally, it is worth mentioning that no significant 

acceleration periods were observed in the alkali-activation of Si-FA in the four mixtures – 

see Appendix E for more details on the individual isothermal calorimetry experiments – 

which is credited to the low reactivity of fly ash-type glasses at room temperature. 

The influence of Na2O concentration was slightly different in pastes containing glass BFS-2. 

In general, the 7 days cumulative heat did not show great variations among the four 

activating solutions, but a few observations are interesting to be addressed. In system N4S0, 

the mild alkalinity was sufficient to promote an overall significant reaction considering the 

cumulated calorimetric response after 7 days. At 8 wt%, Na2O could be considered to be 

already in excess, with system N8S0 displaying the lowest calculated values of heat release 

ratio (1.36, vs. 1.73 in system N4S0). However, the cumulative measured values at 7 days, 

in both N8S0 and N12S0 systems, indicated that the excess of alkalis did not limit the 

reaction as a whole. In very alkaline systems, the acceleration stage is usually retarded 

[191,194], and the same trend was observed in the present work.  
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In system N12S0, the deceleration period was extended for nearly 9 extra hours when 

compared to the other NaOH solutions – see Figure E.2 in Appendix E. A less intense 

acceleration peak was identified after 10 hours of reaction. This promoted a limited 

cumulative heat release in the first 24 h, but intensified the reaction at later stages, as the 

highest heat release ratio 7 days/1 day was calculated in system N12S0. Conversely to what 

was observed for glass Si-FA, the continuation of the reaction at such high alkalinity for glass 

BFS-2 could have occurred due to a few reasons related to the more reactive nature of the 

precursor: the residual glass framework after the initial dissolution period still had a 

relatively high Ca concentration, which kept the reaction at higher rates in secondary 

stages; higher initial dissolution promoted less glass surface alteration and more intense 

phase precipitation in the bulk matrix, hindering the effect of surface passivation – these 

will be addressed in the next sections. Finally, the prolonged dissolution period in 

waterglass-activated systems, which also accounts for the early homogeneous-like 

nucleation mechanism – see Chapter 5 for more details – promotes an intense heat release 

in the first day of reaction and a low heat release ratio 7 days/1 day, similarly to Si-FA-

containing pastes. As BFS-2 is naturally more reactive, the overall reaction is more intense, 

resulting in a final exothermic response (181.4 J/g) of the same magnitude as in NaOH-

activated pastes. 

X-ray diffraction (XRD) study of microstructure: 

The evolution of microstructure of the two most extreme glasses, from 1 day to 28 days, is 

illustrated in the XRD patterns plotted in Figure 6.7. In general, the intensity and quantity 

of solid phase-related peaks decreased with time independent of the precursor and the 

activator, resulting in an unexpected trend compared to the literature. Several authors have 

found that, with time, nuclei of ordered structures grow in preferential directions, forming 

crystalline phases of low-range order [211,212,228,409]. Moreover, pastes activated with 

waterglass displayed more amorphous characteristics with both precursors, with the 

absence of intense peaks at all ages.  

In pastes made with glass Si-FA, the early observation of zeolite-like reflections is stronger 

than for BFS-2, although the latter displays an overall more intense presence of peaks. When 

Si-FA is activated with NaOH (Figure 6.7a), it is possible to distinguish, at 1 day, small peaks 

related to faujasite-Y (Fy), Na-chabazite (Ch) and hydroxysodalite (Sd). The introduction of 

waterglass as activator significantly reduced the early formation of zeolitic compounds 

(Figure 6.7b), as only faujasite-Y and natrolite (N) were detected. The presence of different 

Ca-containing phases, with the identification of strätlingite (St) and variations of 

tobermorite-related phases (C1, C2 and C3 – see the legend in Figure 6.7 for structural details 

of each phase), was observed at early stages in both solutions, but system N8S12 promoted 

stronger presence of these phases. Potentially, the quick complexation between the initially 

released Ca-species with the readily available aqueous silicates not only facilitates the 

formation of variations of Ca-Si-phases, but also delays the precipitation of units with high 

Al-Si-purity, following observations made in [104,178].  
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Figure 6.7: Evolution of mineralogy of alkali-activated synthetic glasses in different paste systems: glass Si-FA 

activated with a) NaOH (N8S0) and b) waterglass (N8S12); and glass BFS-2 activated with c) NaOH (N8S0) and 

d) waterglass (N8S12). 

At 28 days, the binders displayed an amorphous characteristic in the two Si-FA-based 

systems. As the reaction has been shown to be delayed in low-Ca precursors via isothermal 

calorimetry (see Figure 6.6), it is here expected that the late precipitation and limited 

growth of reaction products is responsible for this amorphization process. The attachment 

of new nuclei with various structural arrangements into existing ones, during the diffusion-

controlled stage of reaction, creates continuous reaction products without preferential 

ordering directions, reducing the overall structural arrangement. As the coalescence and 

transformation into crystalline phases is a very slow process [432], the hardened alkali-
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activated matrix is expected to display amorphous-like characteristics at 28 days, with a 

similar diffraction response as the unreacted precursor – although it should be stated that 

structural rearrangement into more ordered products could still take place at long periods 

[192,409]. 

Similar observations are found for pastes containing glass BFS-2, as system N8S0 (Figure 

6.7c) resulted in a higher density of identifiable peaks compared to system N8S12 (Figure 

6.7d). At 1 and 7 days, a minor presence of secondary reaction products like katoite (K) and 

strätlingite is observed along with disordered tobermorite variations. Katoite-related signals 

are absent at 28 days, while strätlingite is reduced in intensity, indicating that they have 

either been intermixed with other gel phases or simply converted into different structures. 

A significant presence of gel-related phases was observed at 28 days. It is also possible to 

distinguish the formation of gismondine (G) and faujasite-Y in both scenarios, which can 

occur due to the binding or the ionic-exchange of Ca with existing Si-Al structures [433,434], 

or directly as a secondary reaction product. However, only the latter is still observed at 28 

days, showing sharper peaks in NaOH-activated pastes. In system N8S12, the older samples 

appear to initiate the process of growth of specific phases, as the intensities of Ca-

dominated phases and faujasite-Y are slightly higher. 

Microstructure visualization with scanning electron microscopy (SEM): 

As previously mentioned, the growth of the matrix into a more amorphous nature occurs in 

the opposite direction of trends usually reported in literature. In the present pastes, the 

use of scanning electron microscopy supports the findings from XRD and provides better 

conclusions regarding the unexpected behaviour of the studied mixtures.  

Figure 6.8 displays a comparison of BFS-2 pastes, in both N8S0 and N8S12 systems, cured for 

7 and 28 days. It is possible to see that, independent of the activator, the cementitious 

matrix becomes more dense with the course of time, as a decreased open porosity is 

visualized. The observation of the formation of denser matrices at 28 days suggests that 

phases which were formed in the initial moments are slowly embedded into the cementitious 

matrix during secondary reaction stages, when the reaction becomes diffusion-controlled as 

described in the discussion over the evolution of heat release earlier in this Section. Since 

the present research made use of glasses of high purity, it is suggested that the limited 

formation of secondary phases, a phenomenon commonly observed in systems based on 

synthetic precursors [156,211,435], enhances the growth potential of disordered hydrated 

gels as the main reaction products. Thus, the reduction in intensity of ordered phases 

observed in the XRD patterns, such as strätlingite, katoite, or even zeolite-like reflections, 

occurs due to the amorphization of the hardened matrix. However, it is important to state 

that this process could be only temporary, as slow diffusion-controlled processes could lead 

to the conversion of disordered phases into crystalline structures at later age [373,436]. 

With respect to the distribution of reaction products, differences among the activators are 

very clear. At 7 days, two distinct morphologies are observed in the hardened matrix in 

system N8S0 (Figure 6.8a). Platelet- or needle-like phases are formed in the porous regions, 

and their edges are connected to thick layers of reaction products surrounding unreacted 

glass particles. While these inner rim products are commonly observed in NaOH (or KOH) 

activated pastes, due to the early precipitation of hydrates anchored at the surface of 

dissolving slag particles [178,204], it is suggested that the phases connecting these regions 
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represent a mixture of Si-incorporated calcium aluminates – i.e. strätlingite – and C-(A-)S-H 

phases, as they have been observed to promote bridges between slag grains [437,438]. The 

growth into a needle- or plate-like morphology could have occurred due to the porous 

microstructure, which allowed their grow in a preferential direction similarly to the sheet-

growth phenomena of C-S-H [439,440]. At 28 days, the hardened binder showed a more 

dense characteristic. The presence of the needle-like phases is still visible but less evident, 

and they appear to be incorporated into the bulk matrix. Following the densification of the 

matrix compared to 7-day cured pastes, it can be concluded that a delayed formation of 

outer products fills the initial porosity, preventing the ordered growth of existing structures 

whilst attaching them to the continuous matrix. 

 

Figure 6.8: BSE images of the evolution of microstructure of BFS-2-based pastes, from 7 to 28 days, according 

to the activating solution: a) NaOH (N8S0) and b) waterglass (N8S12). 
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In system N8S12 (Figure 6.8b), the microstructure is more dense in general. The higher 

precipitation rates in initial moments, arising from the high concentration of aqueous 

silicates, facilitate the formation of a continuous and amorphous matrix instead of a larger 

variety of nanosized structures [175,441]. Therefore, changes in the morphology of reaction 

products are less clear. At both ages, the cementitious matrix appears to be more continuous 

than in NaOH-activated pastes, and older samples displayed a very dense and amorphous 

characteristic as expected from the XRD patterns – see Figure 6.7. At 7 days, the interface 

between the matrix and a few glass particles is slightly porous, with the precipitation of 

short-ordered plate-like phases – most likely strätlingite, according to XRD reflections. 

These phases are completely incorporated into the matrix at 28 days, which displays a strong 

adhesion with rim products surrounding BFS-2 particles. Moreover, the formation of layers 

of inner phases appears to be thinner than in system N8S0, providing an extra indication of 

the intense phase precipitation occurring distantly from the precursor in waterglass 

solutions. 

The effect of the chemistry of the precursor on the morphology of the hardened matrix, for 

the other three synthetic glasses, is observed in Figure 6.9 for 28-day cured N8S0 systems. 

The lower intrinsic reactivity of precursors with decreasing CaO contents leads to an 

increased visual porosity in the cementitious matrix. In Si-FA-based pastes, it is possible to 

observe the chemical attack on the surface of glass particles and the poor bonding between 

their surfaces with the hardened matrix, as they appear isolated within the bulk 

microstructure. It should be stated that, in these images, the porosity might be 

overestimated due to cracking occurring during sample preparation. Nonetheless, this 

phenomenon emphasizes the weakly formed alkali-activated matrix in a low-reactivity 

environment with low Ca and high Na contents (8 wt% Na2O)  [46,442,443]. In pastes 

produced from glass Ca-FA, the observation of chemical attack on the glass surfaces is still 

visible but less prominent, since it is possible to visualize an adhesion between rim products 

and the bulk matrix. 

In general, glass BFS-1 promoted a significantly more continuous matrix than fly ash-type 

glasses. The favored formation of C-S-H-like phases, due to the higher content of CaO in 

slag-type glasses, promotes a space-filling effect of the porous matrix in Al-Si-rich 

environments, reducing the overall porosity of the microstructure [444]. It is possible to 

visualize, similarly to observations made for BFS-2-based pastes, short plate or needle-like 

products embedded within the matrix, most likely due to a mild formation of strätlingite. 

Moreover, the matrix appeared to have a strong adhesion with inner products, whilst 

visualization of chemical attack via etching pits was still possible.  
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Figure 6.9: Backscattered SEM visualization of the morphology of the hardened pastes of NaOH-activated BFS-

1, Si-FA and Ca-FA glasses, cured for 28 days – representation of system N8S0. 

In waterglass-activated systems, it is not possible to visualize clear differences among pastes 

based on the same three glasses, via the images in Figure 6.10. Following the trends 

observed in NaOH-activated pastes, the decreasing CaO content leads to the formation of a 

progressively less dense matrix. However, even in the activation of glass Si-FA, the matrix 

appeared to be dense and a good cohesion between rim products and bulk matrix was 

obtained, following the amorphous characteristics of the XRD patterns – see Figures 6.7 and 

6.8. 

 

6.3.1.2 Determination of degree of reaction 

The degree of reaction, determined by phase segmentation of SEM micrographs, can be 

correlated with the chemistry of the whole binder, accounting for both precursor and 

activator. The values detailed in Table 6.4 show the progressive increase in reactivity of 

systems according to the Ca content of the precursor, at both 7 and 28 days. Similar 

influences of chemistry have been addressed before by Ke and Duan [227] and Winnefeld et 

al. [412], who reported a combined effect of CaO and MgO on the evolution in strength and 

degree of reaction of alkali-activated fly ashes and metakaolin, and slags, respectively. It is 

interesting to emphasize that, in the present work, the calculated reaction degrees can be 

considered overall low, as values up to 70 % have been reported under similar conditions 
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[175,360,420,445,446]. It is assumed that, since the synthetic glasses represent pure and 

quite rapidly reactive environments, a content of 8 wt% of Na2O is sufficiently high to boost 

the reaction in initial moments, creating thick layers of surface anchored-reaction products 

that prevent a significant diffusion of species from the inner cores of the precursor, thus 

hindering the continued dissolution of the glass at later stages.  

Although an evolution in the calculated reaction degrees was observed as a function of time, 

different characteristics were observed according to the activating solution. Waterglass 

provided an additional effect on the reaction kinetics, providing an enhanced reactivity to 

the pastes from 7 to 28 days at a higher rate than sodium hydroxide for all precursors. As 

indicated in the SEM micrographs (Figures 6.8, 6.9 and 6.10), two aspects contributed to 

this effect: the rim products were thinner, and the cementitious matrices were significantly 

more dense in the outer product regions of N8S12 systems compared to N8S0. The first effect 

facilitates the continuous breakage of the glass network, as the diffusion barrier for 

dissolved species is lower in later stages. The second phenomenon indicates the contribution 

of homogeneous-like nucleation, which has a delayed effect on the reaction kinetics but 

results in a more cohesive and stronger matrix. The characteristics of waterglass have a 

great impact on the overall porosity of the system [447–449]. The correlation between 

silicate modulus, matrix density and evolution of reaction degree of precursors is not 

covered in this work but deserves more attention, as there is currently no consensus 

regarding the influence of silicate modulus above 1.5 on the porosity of alkali-activated 

binders in general [450,451]. 

Figure 6.10: Scanning electron microscopy images of hardened pastes, cured for 28 days at room temperature, 

activated with waterglass – representation of system N8S12. 
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6.3.2 Activation of individual precursors – 60 °C 

6.3.2.1 Reaction kinetics and microstructure 

Isothermal calorimetry and XRD: influence of activator reaction mechanisms: 

The evolution of the activation of glass Si-FA at 60 °C was monitored using isothermal 

calorimetry through the first 7 days of reaction. As shown in Figures 6.11a and 6.11b, the 

calorimetric response of the pastes presented different characteristics compared to the 20 

°C cured ones – see Figure 6.5. In systems N8S0 and N12S0 (Figure 6.11a), after the 

dissolution period (I), a very short deceleration takes place for a few tens of minutes (II) 

before a new acceleration period occurs (III). A short-term increased response has been 

measured before in systems containing 8 wt% Na2O [106,194], with temperature being 

observed to move the occurrence of this phenomena to earlier time. Differently from those 

previous works, the third stage of the pastes here is followed by another attenuation and 

further intensification of the calorimetric curve (IV), which precedes the diffusion 

controlled stage of the reaction (V). Additionally, the second acceleration peak was earliest 

in the highest alkalinity environment: in system N12S0, it was measured after only 5 hours 

of reaction, while the same response took place only on the second day of curing for system 

N8S0.  

In the lowest alkalinity environments (Figure 6.11b), the reaction was observed to have only 

three stages. After the initial wetting/dissolution peak (I), the calorimetric signal displayed 

a continuous deceleration (stage II) before the reaction entered its final stage (III). In the 

paste activated with N8S12, the overall behaviour showed a similar trend to what was 

observed with N4S0, as a continuous deceleration was measured after the initial dissolution 

period. However, the dissolution peak with N8S12 showed a maximum heat release 

approximately 2.5 times higher, indicating that the reactivity was significantly enhanced, 

especially in the first hour.  

When sodium hydroxide was the activator, the exothermic response changed according to 

the alkali dosage. In these situations, the reaction potential of low-Ca precursors was shown 

to be directly controlled by the NaOH concentration of the solution. Although this is not 

necessarily different from the influence of the activator at room temperature, the 

synergistic influence of temperature and alkalinity appeared to avoid a limitation of the 

reaction, from 1 to 7 days, in system N12S0.  

Table 6.4: Evolution of the degree of reaction of alkali-activated pastes calculated at 7 and 28 days of curing – 

calculation via phase segmentation of SEM micrographs. 

Activator Glass 

Ca 

fraction 

(mol%) 

Degree of reaction 

(7 days) 

Degree of 

reaction 

(28 days) 

Ratio of degree 

of reaction 

(28 days / 7 

days) 

NaOH 

(N8S0) 

Si-FA 0.15 34 ± 2 % 38 ± 4 % 1.10 

Ca-FA 0.27 33 ± 5% 34 ± 3 % 1.03 

BFS-1 0.42 36 ± 4% 41 ± 3 % 1.11 

BFS-2 0.51 39 ± 3% 43 ± 2 % 1.12 

Waterglass 

(N8S12) 

Si-FA 0.13 32 ± 4% 42 ± 3 % 1.32 

Ca-FA 0.24 37 ± 3% 43 ± 2 % 1.17 

BFS-1 0.38 38 ± 3% 44 ± 3 % 1.17 

BFS-2 0.46 40 ± 4% 54 ± 2 % 1.33 
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The mineralogical features resulting from these different reaction processes (as measured 

by their calorimetric responses) are observed in Figure 6.10c, as shown by the XRD patterns 

of pastes after 7 days. The high alkali dosage in systems N8S0 and N12S0 resulted in the 

detection of several peaks related to zeolite phases, consistent with the high exothermic 

response of both. Similarly to pastes cured at room temperature (Figure 6.7), the 

mineralogical structure of the hardened pastes resembled units of faujasite-Y (Fy), 

gismondine (G), natrolite (N), Na-chabazite (Ch) and hydroxysodalite (Sd). The presence of 

variations of C-(N-A-)S-H phases (C1, C2 and C3) indicate that N-(C-)A-S-H-like structures are 

not the sole phase even in low-Ca systems, as Ca-containing phases co-exist in the hardened 

matrix. Interestingly, these phases were stable in the most mature systems, conversely to 

what was observed at room temperature. At 20 °C, acceleration periods were not measured 

in low-Ca containing pastes (Figure 6.5), and the initially formed short-range ordered 

structures were embedded in the amorphous matrix with the course of reaction. These 

short-term bursts of heat release observed in the calorimetric response of pastes N8S0 and 

N12S0 indicate a strong conversion of gel units into ordered structures. Conversely, systems 

N4S0 and N8S12 presented similar features to those induced by the room temperature curing 

regime, as the microstructures were nearly completely amorphous, corresponding to the 

lack of measured acceleration peaks. The main difference among the two systems is the 

detection of gismondine-like reflections in N8S12, which indicates Ca-binding to structures 

in which Al and Si are the main components, while N4S0 displayed exclusively the formation 

of Ca-dominant phases (C1 and C3)– as N-A-S-H has already been demonstrated to be formed 

at secondary stages, in Chapter 5. 

Study of morphology of hardened pastes by SEM: 

Figure 6.12 shows SEM micrographs of the pastes made with glass Si-FA, cured at 60 °C for 

28 days. In general, the bulk matrix was significantly more cohesive and continuous than 

what was observed with room temperature curing – see Figures 6.9 and 6.10. The influence 

of the activator nature is seen in two different aspects. In the more alkaline system (N8S0 – 

Figure 6.12a), it is possible to visualize a more aggressive attack on the reactive surfaces 

(yellow dashed frames), with multiple etching pits present in the edges of the unreacted 

particles – see also the enlarged images. These reactive spots are linked to the surrounding 

cementitious matrix, which appears to have a good adhesion with unreacted particles. 

System N8S12 (Figure 6.12b) shows a milder attack on glass surfaces, with less frequent 

etching pits better distributed through the reactive surfaces (blue dashed frames) – from 

the images with lower magnification, it is not possible to distinguish whether one system or 

the other had better adhesion between particles and matrix, as extra porosity occurred 

during sample preparation. 

The second point of distinction arising from the choice of activator is better visualized in 

the enlarged images. Clearly, a more continuous matrix is observed in waterglass-activated 

pastes, due to the homogeneous precipitation mechanism of reaction products occurring in 

these solutions – see Section 5.3.2 for more details. With NaOH as activator (Figure 6.12a), 

the observation of a discontinuous network suggests that the different structural units 

initially formed have unrestricted preferential growth directions. It is here assumed that, 

conversely to system N8S12, the lacking homogeneous precipitation mechanism reduces the 

density of solid nuclei in the bulk solution and allows a higher degree of growth freedom for 

the reaction products, resulting in the formation of a caged-like porous microstructure 

instead of a continuous matrix, as shown in the enlarged section of Figure 6.12b. These 
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observations are consistent with results from X-ray diffraction (Figure 6.11c) which showed 

the presence of several zeolite-like reflections in NaOH-activated pastes and a fully 

amorphous characteristic of the pattern for the waterglass-activated paste. 

 

Figure 6.11: Study of the influence of the activator dosage in the reaction kinetics and microstructure of Si-FA-

containing pastes, cured for 7 days, at 60 °C: isothermal calorimetry in systems a) N8S0, N12S0 and b) N4S0 

and N8S0, and c) XRD patterns for the four systems. 
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Figure 6.12: BSE images of pastes made with glass Si-FA, cured for 28 days at 60 °C, activated with: a) NaOH 

(N8S0); and b) waterglass (N8S12). Images with lower magnification indicate the alkaline surface attack into 

glass particles, and the enlarged images indicate the continuity of the hardened matrix. 

 

6.3.2.2 Determination of degree of reaction 

SEM micrographs were used to calculate the reaction degree of pastes activated with glasses 

Si-FA and Ca-FA in systems N8S0 and N8S12, via phase segmentation. The evolution in the 

reaction from 7 days to 28 days, and the comparison between curing regimen at 20 °C and 

60 °C, are shown in Figure 6.13. In general, temperature had a similar effect in the two 

glasses on enhancing their reaction potential. At 60 °C, glass Si-FA presented slightly higher 

reactivity than Ca-FA after 28 days, especially in system N8S0, with a calculated degree of 

reaction approximately 5 % higher in the NaOH-activated system. On the other hand, the 

calcareous fly ash glass displayed a quicker response in the early kinetics: the evolution in 

the reaction degree values between the two periods was lower with both activators – 7 % 

and 2 % in systems N8S0 and N8S12, respectively, compared to 11.46 % and 10.62 % for glass 

Si-FA.  

It is interestingly observed that, at 20 °C, the use of waterglass promoted a slower overall 

reaction evolution, with significant changes in the reaction degree taking place from 7 to 

28 days. However, this pattern was not observed at 60 °C, especially for glass Ca-FA which 

showed minor changes in the degree of reaction (approx. 1 %). Instead, NaOH-activated 
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pastes presented more significant changes in the reaction between the two testing ages at 

higher curing temperatures – 10 % for glass Si-FA, and 6 % for glass Ca-FA. It is here suggested 

that the aqueous silicates, supplied by the waterglass solution, act analogously to nano-

seeds in the precipitation of zeolites. At 20 °C, nucleation rates of these crystals are 

considerably slow in seed-aided synthesis [452,453]. In the same way, the precipitation of 

crystallites of zeolitic structures in the present mixtures, anchored in the aqueous silicate 

species, is prolonged further than 7 days due to the lower reaction rate of the system at 20 

°C [192]. The rise in curing temperature is known to significantly increase the nucleation 

rates in the first moments and to enhance their growth potential [452]. With this in mind, 

it is possible to establish a direct connection between the evolution of the exothermic 

response and the evolution of the reaction degree of these pastes: as the condensation and 

coalescence of individual units is less exothermic than their own nucleation [162,180,454], 

the initial enhanced precipitation rate – aided by an accelerated dissolution rate in this 

curing regime – promotes both higher calorimetric response and higher reaction degree at 7 

days, and a lower evolution in the rate of the reaction at further stages. This observation is 

consistent with isothermal calorimetry observations made at 20 °C (Figure 6.5) and 60 °C 

(Figure 6.11), as the higher curing temperature extended the initial stage of reaction from 

1 to 10 hours, whilst showing negligible changes in the sequence of the reaction.   

 

6.3.2.3 N-(C-)A-S-H gel: influence of activator on composition and structure 

Selective dissolution treatment: 

Following observations made in Chapter 5, the implementation of a higher temperature 

curing regime facilitated the precipitation and stabilization of N-A-S-H gels variations in 

low-Ca precursors. This is also consistent with XRD patterns interpretation, which showed 

the dominance of zeolite-related reflections in system N8S0 for glass Si-FA – see Figure 6.11c. 

With 28-day cured pastes, the implementation of selective dissolution treatment (SAM) 

allowed the isolation of aluminosilicate gels in the mature microstructure of fly ash-type 

glasses, and a comparison of the XRD patterns before and after SAM is given in Figure 6.14. 

 

Figure 6.13: Influence of temperature on the evolution of degree of reaction, in both NaOH- (N8S0) and 

waterglass-based (N8S12) systems, from 7 to 28 days: a) pastes made with glass Si-FA; and b) pastes made with 

glass Ca-FA. 
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As determined by the procedure detailed in Section 6.2.5, N-(C-)A-S-H-like phases were 

calculated to contribute to 88 wt% and 96 wt% of the phase assemblage in systems N8S0 and 

N8S12, respectively. Despite having a similar quantity of sodium aluminosilicate structures, 

the characterization of the residual material after dissolution displayed significant 

differences according to the activating solution. In NaOH-based systems (Figure 6.14a), it is 

possible to visualize the reduction in C-(N-A-)S-H-like reflections from the hardened paste 

(dashed grey line) to the treated material (solid black line), with the limitation of the 

intensity of peaks assigned to phases C3 and C1. In the spectra of the residual samples, the 

different zeolite-related contributions were maintained with high intensity, showing the 

efficiency of the method in mainly dissolving amorphous Ca-hydrated gels. It is still possible 

to observe the presence of Ca-containing phases, such as gismondine, after the selective 

dissolution. Overall, the amorphous portions of the pattern were reduced, especially above 

a diffraction angle of 40 °. In different studies, this region has been shown to display several 

minor reflections in synthetic C-(N-A-)S-H gels [219,222,455]. Therefore, it is concluded that 

the removal of Ca-dominated phases by SAM treatment reduces the amorphization of the 

hardened matrix, as Ca is known for reducing the overall structural order of the reaction 

products in NaOH-based systems [456,457]. 

In system N8S12 (Figure 6.14b), it is not possible to distinguish peaks neither before or after 

the selective dissolution of pastes. However, it is clear that the diffraction maximum of the 

powders shifted towards lower angles after the SAM treatment. As indicated in Chapter 3, 

the location of the diffraction maximum is directly correlated with the Ca content of the 

material. Although subtle, the observed shift indicates the removal of Ca-containing phases 

from the structure of the paste, whilst the strong and cohesive amorphous matrix of the 

paste was kept after treatment, following observations from SEM micrographs shown in 

Figure 6.12. Moreover, the intensity of the amorphous regions of the diffractogram was 

reduced after the selective dissolution. Following the trend observed for system N8S0, this 

additional observation indicates the removal of amorphous Ca-based phases from the 

microstructure. 

Figure 6.14: Comparison of phase assemblage of 60 °C-cured Si-FA containing pastes before (dashed lines) and 

after (solid line) SAM selective dissolution treatment, using X-ray diffraction: a) pastes activated with NaOH 

(N8S0) b) and with waterglass (N8S12). 

 

 

 



Part III. Evolution of microstructure of alkali-activated binders  173 

 

Evaluation of gel chemistry via element mapping: 

The XRD patterns indicated clear differences in N-A-S-H-like structures according to the 

activating solution. The use of EDS for element mapping, through the application of the 

edxia method in SEM micrographs [425], provided important details of the composition and 

arrangement of these phases, as shown in the plots in Figure 6.15. As expected, waterglass-

activated pastes presented an overall higher Si content, indicated by the changes in the 

Si/Ca and Al/Si quantities. With over 500,000 data points in the hypermaps of each sample, 

the ranges of Si/Ca and Al/Si ratios shifted from 3.19-3.79 (N8S0) to 5.53-7.50 (N8S12), and 

from 0.53-0.65 (N8S0) to 0.36-0.41 (N8S12), respectively – these values represent 80 % of 

the total datapoints collected during processing of the EDS mapping data. 

The most interesting feature is the influence of the activator on the calculated Na/Ca ratios. 

In both plots from Figures 6.15a and 6.15b, it is possible to distinguish three areas: a high-

Ca region (1), with atomic ratios lower than 1.0-1.2; an intermediate-Ca region (2), with 

ratios in the range of 1.0-2.5; and a low-Ca region (3), with atomic ratios higher than 3.0. 

It is here proposed that the high-Ca region (1), which is more strongly observed in system 

N8S0, accounts for different C-(N-A-)S-H gels, while regions (2) and (3) represent the 

formation of Ca-bound (N-(C-)A-S-H) and Ca-restricted N-A-S-H phases, respectively. The use 

of the term restricted in the third group is suggested due to the unlikely formation of 

completely Ca-free structures in any system containing a minimum amount of Ca 

[228,357,458], especially due to the lack of secondary oxides in the current precursors which 

could lead to the binding of Ca in secondary reaction products, such as Mg- and Fe-LDHs. 

These propositions are partially consistent with the work of Zhao et al. [422], who 

determined the formation of separate Ca-based and N-A-S-H gels with Na/Ca ratio lower 

than 0.72 via EDS point analysis and FTIR spectra.   

In the histogram shown in Figure 6.15c, the characteristic Na/Ca ratios measured in each 

paste are more clear. System N8S0 presented a narrower distribution, with one main peak 

in the Ca-bound gel range (region 2) centred in the 2.0-2.1 interval (region 2), and a smaller 

area observed in the lowest Na-content (region 1), centred in the 0.9-1.0 interval. 

Conversely, the use of waterglass resulted in a wider distribution of atomic ratios. Along 

with a small shoulder also observed in the Ca-dominated area, the second region presented 

three distinct peaks (Na/Ca of 1.7, 2.4 and 3.0) within a linear-like increase in frequency, 

while the main peak was observed in the Ca-restricted region (region 3), centred in the 3.5-

3.6 interval – NaOH-activated paste also displayed a small shoulder within the same region 

(Na/Ca of 3.3).  
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Figure 6.15: Relationship of different atomic ratios in the cementitious matrix of Si-FA-activated pastes cured 

at 60 °C: a) Pastes activated with NaOH (N8S0); b) Pastes activated with waterglass (N8S12); and c) histogram 

distribution of Na/Ca ratios in both systems. 

 

Table 6.5: Distinction of different compositions of hydrated gels according to experimental observations, in 60 

°C cured Si-FA pastes. 

Gel type Si/Ca Na/Ca Ref. 

Separate  C-(N-A-)S-H and 

N-A-S-H gels 

0.52 – 1.39 –a [13]b 

< 2.94 0.68 – 1.37 [15]c 

< 2.70 > 1.10 This workd 

Ca-bound N-A-S-H gels 

> 3.33 –a [13]b 

> 3.45 > 2.17 [15]c 

2.80 – 6.00 1.20 – 3.00 This workd 

Ca-restricted N-A-S-H gels > 6.00 > 3.00 This workd 

a Not officially reported by the authors. 
b Values obtained from a mixture of synthetic N-A-S-H and C-(A-)S-H gels performed at 25 °C. 
c Values obtained from the alkali-activation of fly ash with variable Ca(OH)2

 contents, cured at 85 °C and 95 °C. 
d Values obtained by the alkali-activation of synthetic fly ash-type glass cured at 60 °C. 

 

luizc
Cross-Out
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Despite the formation of a continuous cementitious matrix, the histogram suggests a 

separate growth of Ca-bound gels and gels with restricted incorporation of Ca in system 

N8S12, while an intermixed gel characteristic is favoured in NaOH-activated pastes. The 

stronger presence of the third region, in system N8S12, can be explained from different 

points of view. The use of waterglass naturally increases the Si content and reduces the Ca 

and Al fractions of the binder. In such media, the aqueous silicates are known to promote 

the formation of longer chains [180,213], favouring a more disordered microstructure. In 2-

dimensional silicate chains, Al substitution in SiO4 tetrahedral sites is hindered [360,459], 

which consequently reduces the need for divalent charge-balancing Ca2+ cations. Moreover, 

shorter chain lengths are observed in environments with high alkalinity and high Ca contents 

[460], favouring the promotion of more Ca-bound gels in system N8S0.   

Following the results of elemental mapping, the present research proposes a three-gel 

regions model. The comparison provided in Table 6.5 shows that, according to the chemistry 

of the binder, the current results presented a similar trend with other findings with respect 

to the distinction between the formation of individual units of Ca-based gels and Ca-bound 

N-A-S-H gels. However, other authors have not described the formation of Ca-restricted gels 

[219,422], including higher Na/Ca ratios into the second group of phases. It is here proposed 

that these phases comprise amorphous units in which Ca has lower interference over the 

structure, and potentially in the performance of the reaction products. This is consistent 

with both XRD patterns and SEM micrographs, supporting the formation of less ordered 

structures in which Ca does not play a significant structural role. 

 

6.3.3 Activation of blended precursors – 20 °C 

6.3.3.1 Reaction mechanisms and microstructure 

Isothermal calorimetry: effect of blending proportions on reaction kinetics: 

The reaction kinetics of blended pastes B70, B50 and B30, using Si-FA and BFS-2, were 

evaluated using isothermal calorimetry for 14 days at 20 °C – see Table 6.2 for details on 

compositions. The choice of a longer period of analysis, compared to the activation of 

individual precursors, covers a potentially delayed effect of reaction of fly ash glass, 

following findings from Zuo [175] and Gao et al [348]. As shown in the plots in Figure 6.16, 

the calorimetric response did not show major differences with pastes made of individual 

precursors – see Figure 6.5. In NaOH-based systems (Figure 6.15a), the same four stage 

reaction was measured. After the wetting and dissolution period (I), the deceleration (II) 

and subsequent increased heat release (III) were proportional to the content of glass BFS-2, 

as blend B70 presented higher exothermic responses in both situations. In the diffusion-

controlled process (IV), the inset of the chart shows that blend B30 appears to have a mildly 

higher heat release than the other systems, which could identify a delayed reaction of one 

of the two components of the blend.  

In waterglass activated samples (Figure 6.15b), less prominent changes were observed in 

the calorimetric response of the three pastes. Activator N8S12 promoted a widened peak 

during the first hours of reaction (I), which covers the concurrent glass dissolution and initial 

phase precipitation phenomena. However, the observation of an acceleration stage, via the 

change in the slope of the deceleration curve, is not as clear as what was obtained in the 

individual activation of BFS-2. Instead, a smooth change in the slope of the curve was 
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observed exclusively in blend B70 during the second stage (II), which is initiated by a change 

in the slope of the decelerating curves. In sequence, the missing clear acceleration period, 

observed in Figure 6.16a, denotes the lack of stage III. Finally, stage (IV.) did not show any 

differences among the three blends, and the final measured heat flow was virtually the 

same in all systems. Other authors have reported similar reaction kinetics in blended 

systems, with secondary acceleration periods being delayed with increasing silicate modulus 

until they become absent above a threshold modulus value of approximately 2.0 

[106,193,348,461]. 

Contrarily to observations made by Zuo [175], it was not possible to distinguish peaks 

credited to individual acceleration periods of fly ash- and slag-glasses in any of the evaluated 

pastes. The absence of a clear acceleration peak assigned to the low-Ca component could 

be potentially explained by the CaO content of the precursor. As discussed in Chapter 3, the 

Ca fraction of glass Si-FA (> 12 wt%) is higher than typical values obtained for commercial 

siliceous fly ashes, which is usually in the range of 1 – 10 wt% – see Table 2.3. It is here 

suggested that the Ca fraction of Si-FA is sufficiently high to enhance its initial potential, 

with a significant release of Ca-species from the precursor, leaving behind a Ca-depleted 

and aluminosilicate-rich glass framework. Similarly to what was observed in the individual 

activation of fly ash-like glasses (Figure 6.5), the lack of structural disorder caused by Ca 

removal reduces the reaction potential at secondary stages, promoting an overall 

retardation of the reaction kinetics. 

SEM: visualization of the morphology of hardened pastes and determination of 

reaction degree: 

The influence of blending proportion, on the final characteristics of the microstructure, was 

observed with scanning electron microscopy. The effect played by the activating solution is 

similar to what occurred for pastes cast with individual precursors. In system N8S12 (Figure 

6.17a), the cementitious matrix is more dense and compact than in pastes activated with 

NaOH (Figure 6.17b). Despite of the presence of a few cracks caused by sample preparation, 

unreacted particles of both Si-FA (darker particles, identified with green arrows) and BFS-2 

(brighter particles, identified with yellow arrows) were more strongly embedded in it – 

especially considering small particles up to 5 μm (blue dashed frames).  

 

Figure 6.16: Evolution of reaction kinetics, through isothermal calorimetry, of blended systems comprised of 

glasses BFS-2 and Si-FA, activated with: a) NaOH (N8S0) and b) waterglass (N8S12) solutions. 
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In N8S0 systems (Figure 6.17b), the cementitious matrixes displayed a less dense 

characteristic, especially in blend B30 which had the largest content of Si-FA. It was possible 

to identify chemical attack at the surface of precursors (red dashed frames) in all mixtures, 

as both Si-FA and BFS-2 exhibited etching pits in all images. The adhesion of unreacted 

particles with the bulk matrix was not optimum, and the interfaces were more porous than 

in N8S12 systems. Similarly to individually-activated precursors, reaction products appeared 

to have preferential growth directions in all pastes. This created a porous network in the 

matrix, typically observed in NaOH-activated systems [215,462], but it was not possible to 

distinguish specific morphological characteristics – i.e. platelet-like phases –  of different 

reaction products as observed in pastes made with individual precursors – see Figure 6.8.  

In agreement with observations from Ismail et al. [228], the continuity of the matrix 

increased with larger proportions of glass BFS-2 in both N8S0 and N8S12 systems, as the 

increasing presence of a high-Ca precursor provides a more reactive nature for the whole 

system. This was not necessarily reflected in the overall degree of reaction indicated at the 

bottom of each SEM micrograph, which was relatively similar for all blended pastes 

considering the experimental error – experimental error is larger in pastes prepared with 

blended than individual precursors, due to the larger complexity of phase segmentation with 

one additional compound. Moreover, the isothermal calorimetry was not conclusive in 

distinguishing the contributions of each component to the overall reactivity of the pastes, 

and clear conclusions regarding the effect of the blending proportions on the final 

microstructure could not be achieved with these two techniques. 

 

Figure 6.17: BSE images of the microstructure of blended pastes, cured for 28 days at 20 °C, along with the 

identification of their respective degree of reaction. Pastes activated with a) waterglass (N8S12) and b) NaOH 

(N8S0). 
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However, the assessment of the reactivity of individual components, via phase segmentation 

of SEM micrographs, provided interesting observations. The plots in Figure 6.18 show the 

degree of reaction, at 7 and 28 days, for glasses Si-FA and BFS-2 in the three blends. In both 

activating scenarios, the major component of the blend presented higher degree of reaction 

in blends B30 and B70. At 7 days, Si-FA represented 29.5 % (N8S0) and 32.2 % (N8S12) of the 

overall reaction degree in blend B30, while BFS-2 accounted for 24.4 % (N8S0) and 31.6 % 

(N8S12) in the latter – at 28 days, the main component still represented the most reactive 

portion of the blend. The continuity of the reaction, after 7 days, increased the contribution 

of the precursor of lower fraction in blends B30 and B70 to the overall reaction at different 

rates. For instance, glass BFS-2 displayed a significant evolution in blend B30 from 7 to 28 

days, as its individual degree of reaction was 2.5 (N8S0) and 3 (N8S12) times higher at the 

end of the reaction. Conversely, glass Si-FA showed a lesser evolution in reaction, increasing 

only 2.7 % (N8S0) and 2.1 % (N8S0).  

In blend B50, glass BFS-2 displayed a moderately larger influence in the overall reaction 

kinetics, as the calculated reaction degrees of the high-Ca precursor were higher in both 

solutions at both ages. This preferential reaction resulted in a delayed contribution from 

glass Si-FA, which showed a mild increase in reaction degree at 7 and 28 days, whilst 

negligible changes were observed in the reaction degree of BFS-2. The dominance of high-

Ca-precursors has been addressed before [348,419,444,463], as typical features of slag were 

observed to dominate the microstructure of blended systems up to 0.75 slag:fly ash ratios. 

Additionally, it is suggested that the slag-like component played a major role on enhancing 

the reactivity of glass Si-FA in the blended pastes. The overall degrees of reaction of the 

three blends were higher than the calculated values in individually-activated fly ash glasses 

in both activating solutions – see Table 6.4. In this scenario, the presence of Ca-species in 

the solution is essential to trigger the dissolution of fly ashes. The quick binding of the 

released species from fly ash with aqueous Ca, available from the initial cationic process of 

dissolution of BFS-2, intensifies the hydrolysis phenomena of Si-FA. For instance, C-S-H-like 

crystallites or portlandite sites have been observed to act as heterogeneous nucleation sites 

of N-A-S-H gel [456,464,465]. This can increase the rate of phase precipitation and intensify 

the dissolution of the fly ash-component, reducing the setting time [106] and accelerating 

the strength development of the mixture [398].  

 

Figure 6.18: Evolution of the degree of reaction of blended pastes, in overall, and of the individual 

components of mixtures activated with: a) NaOH (N8S0) and b) waterglass (N8S12) – the error bar is attributed 

to the values of overall degree of reaction. 
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6.3.3.2 Study of reaction mechanism with Fourier transform infrared spectroscopy (FTIR) 

The dominance of high-Ca precursors in blended systems is better visualized with FTIR 

analysis. The left hand of Figure 6.19a shows the spectra of pastes cured for 28 days with 

sodium hydroxide solutions (N8S0), showing mild but conclusive differences among the three 

blended systems. All pastes displayed reflections assigned to chemically bound water 

centred at 1641-1644 cm -1 and 1391-1393 cm-1 [228,400,466], and carbonation products 

between 1465 and 1471 cm-1 [311,324]. An increasing content of BFS-2 in the blending ratio 

had two effects on the spectra: i) increased the intensity of the small band centred at 892-

893 cm-1, converting it from a shoulder-like nature to a small peak; and ii) reduced the 

intensity of the shoulder located at 865 cm-1. Although none of them have strong intensities, 

the first one is usually attributed to C-S-H like structures. Yu et al [467] have assigned this 

band to Si-O stretching vibrations, which has been identified as being from Si Q2 species in 

linear silicate chains [219]. The second is attributed to the vibration of terminal Si-O bonds 

[210,363].  

In N8S0 systems, the combination of an absence of terminal unit-related responses in B70 

(865 cm-1), with increased signal of linear chain vibrations (892-893 cm-1), suggests that a 

more amorphous matrix is present when BFS-2 is the main component of the system, due to 

the stronger formation of 2-dimensional silicate structures. On the other hand, as B30 

presents higher intensity for terminal bridges, the presence of a larger quantity of small 

structural units is assumed, which would allow them to grow into preferential directions. 

This observation is consistent with SEM micrographs shown in Figure 6.17, with B30 

displaying a porous caged-like and less dense cementitious matrix.  

The implementation of waterglass (N8S12) provided similar trends to the blended systems, 

as shown in Figure 6.19b. All pastes presented reflections related to bound water and 

carbonation. The bands assigned to terminal Si-O bridges, located at 862-865 cm-1, was more 

intense for blend B30, and the intensity was continuously reduced as the proportion of BFS-

2 was increased. This strengthens the argument that, in a fly ash dominated environment, 

the final reaction products tend to be more ordered at a smaller scale. 

The effect of blending ratio on the nature of aluminosilicate chains is better seen in the 

enlarged spectral areas plotted in Figure 6.19 (right hand side). In both N8S0 (6.18a) and 

N8S12 (6.18b) systems, the centre of the Si-O-T band was shifted to higher wavenumber 

values with increasing Si-FA glass in the blended pastes. The stronger influence of glass BFS-

2 in the reaction mechanisms is observed for the three blending ratios. Apart from blend 

B30 activated with waterglass, the centre of the main bands at 28 days of curing were closer 

to the measured values during the individual activation of BFS-2. This indicates that, 

although Si-FA had a major contribution in the reaction degree of B30 with both activators, 

the reaction products and the hardened matrix are still closer to what is usually obtained 

with high-Ca precursors. 

In NaOH-activated pastes, the Si-O-T band has changed the centre position in blends B50 

and B70 from 7 to 28 days. As fly ash components are expected to have overall slower 

reaction kinetics [176,184], this behaviour is somehow expected. The late release of Si- and 

Al-species from glass Si-FA promotes a change in the pore solution, and in the average 

chemical composition of the reaction products. An shift of the bands towards higher 

wavenumbers indicate a higher content of Si, and consequently, higher Si/Ca ratios in the 
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microstructure [211,399]. However, this trend was not observed in blend B30, and the 

significant evolution in degree of reaction of glass BFS-2 between the two periods did not 

promote changes in the Si-O-T band.  

In waterglass-activated systems, the main band was also moved upwards according to the 

blending proportion of Si-FA. Curiously, B70 presented a shift in the opposite direction at 

the end of the curing regimen. One potential explanation is the lower release of Al in this 

system due to the lower overall content of the element – glass BFS-2 has the lowest fraction 

of Al among all synthetic glasses. This favours the formation of linear Si-Ca-chains in C-S-H-

like phases in initial instants, and the delayed incorporation of Al increases the variation in 

solid species in the matrix, reducing the Si content of the hardened chains.  

 

Figure 6.19: Visualization of the evolution in microstructure, through FTIR analysis, of blended pastes 

activated with a) NaOH (N8S0) and b) waterglass (N8S12). The enlarged areas present a comparison between 7-

days (dashed lines) and 28-days (solid lines) of curing, with the 28-days cured individual pastes made with Si-FA 

and BFS-2 glasses. 
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Figure 6.20: Schematic illustration of the reaction kinetics in blended systems, with larger proportions of fly 

ash glasses (Si-FA) than slag glasses (BFS-2). 
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Following the changes in the Si-O-T bands in the FTIR spectra, the sketch shown in Figure 

6.20 illustrates the mechanism proposed to explain the unusual behaviour of glass BFS-2, 

with respect to the evolution of reaction degree in blend B30. It is suggested that, when 

added in minor proportions, the initial reaction of the slag-type glass is restricted to a 

significant release of Ca-species. After the cationic exchange process (step I), a higher 

consumption of alkaline ions occurs near the particles of Si-FA, since low-Ca materials 

require high pH to trigger their dissolution. This promotes a more significant hydrolysis 

phenomena of Si-O and Al-O bonds in the fly ash component (Si-FA), while the lower 

concentrations of OH- near BFS-2 limit the hydrolysis to the breakage of Ca bound to non-

bridging oxygens (step II). Sequentially, the just-released Ca cations from the high-Ca 

precursor (BFS-2) immediately combine with the dissolved species from the fly ash-type 

glass, forming the initial nuclei of reaction products and maintaining a high chemical affinity 

for the dissolution of Si-FA (step III). This step is consistent with the observations made by 

Puligilla and Mondal [468], who evidenced the positive effect of Ca in enhancing the 

dissolution of fly ash and precipitation of hydrated gels in blends with 15 wt% of slag.  With 

the course of reaction, the alkalinity of the pore solution is expected to decrease – for 

instance, the pH of fly ash-based AAMs has been observed to drop by up to 0.5 units from 1 

to 28 days in similar conditions [175,469,470]. Finally, the disordered structure of slag-type 

components is subject to a delayed chemical attack, as it requires milder alkaline conditions 

to promote its dissolution, resulting in a late burst of dissolution of glass BFS-2. It is thus 

expected that the immediate release of Ca, from the framework of slag-like glasses, 

accelerates the initial dissolution of low-Ca precursors, and that the intensity of this 

phenomenon is inversely proportional to the content of slag-type components in the blended 

system. 

 

6.4 Development of chemistry-temperature based correlations 

6.4.1 Degree of reaction 

The analysis of reaction kinetics and microstructure of pastes with individual and blended 

precursors, at 28 days, allowed the establishment of a direct correlation between the 

degree of reaction and parameters of the reactive system – it is here assumed that, at 28 

days, the system is sufficiently mature to allow the obtainment of such correlations without 

major changes due to curing age. The plot shown in Figure 6.21a displays the trend 

calculated for this empirically-defined chemistry-temperature relationship, which covers 

intrinsic (chemistry of the activator and precursor) and extrinsic (curing temperature) 

factors of the pastes.  

As shown in the equation in Figure 6.21b, the proposed correlation is obtained from four 

individual factors, with three of them referring to atomic fractions of the different elements 

composing the mixtures and one referring to curing temperature, resulting in a 

dimensionless value:  

• The first factor considers the atomic fractions of elements which enhance the 

depolymerization potential of the glass network, both internally and externally. This 

parameter is calculated from the presence of CaO (as a network modifier), in the 

former, and from the alkalinity of the activator (indirectly measured by the fraction 

of Na), in the latter.  



Part III. Evolution of microstructure of alkali-activated binders  183 

 

• The second term considers the influence of the overall Si content and the Si/Al ratio 

of the system on the formation of C-S-H gels: the incorporation of Al in C-S-H gels 

has been reported to occur at secondary stages [417], at the same time that it might 

induce passivation of the reactive surface of precursors [175,471]; therefore, a 

higher Si/Al atomic ratio enhances the early reactivity of a system, which, in general, 

induces higher overall degree of reaction of a mixture.  

• The third term represents the influence of the solution/precursor ratio, which 

considers that a higher dilution factor of the components, in systems with higher 

solution content, can result in a mild reduction of the reaction potential.  

• The fourth term considers the presence of aqueous silicates, by proposing a ratio 

between the sole contributions of the precursor (Siprecursor), and the summed 

contributions from the activator and precursor (Sitotal) to the overall Si content of the 

system. The present work has shown that the addition of waterglass promotes a 

slower evolution in the kinetics of reaction, but potentially enhances the total 

degree of reaction at later stages.  

• Finally, the last term considers the influence of temperature, which has also been 

proved to significantly affect the evolution of the reaction in fly ash-based systems 

– see Section 6.3.2. The definition of an exponential influence of temperature follows 

the observations made in Chapter 4, as a similar approach was utilised on the 

empirical derivation of dissolution rates through an Arrhenius-type relationship. 

  

Figure 6.21: a) Empirical correlation established between the degree of reaction and chemistry-temperature of 

pastes obtained by the alkali-activation of individual and blended synthetic glasses; b) Explanation of each 

component of the empirical correlation. 
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The empirical correlation converged into a linear trend, showing a goodness of fit of 75 %. 

It is believed that the proposed equation provides a reliable estimation of the degree of 

reaction, as it utilises a large variety of mixtures in different scenarios and summarizes the 

main findings of the thesis. 

 

6.4.2 Empirical definition of phase assemblage indices 

The experimental procedure detailed in Section 6.2.5, by the combination of different 

characterization techniques (QXRD, SEM micrographs phase segmentation, and SAM 

treatment), was implemented in order to determine the amount of different reaction 

products in each of the pastes studied. The observed phases were classified in three 

categories: C-(N-A-)S-H gels, comprising variations of modifications of tobermorite; N-(C-

)A-S-H gels, which include the variations of N-A-S-H- and zeolite-type structures identified 

with XRD; and secondary reaction products, composed of other crystalline phases in which 

Ca and Al play a crucial role in their formation, such as strätlingite, katoite and carbonated 

phases. With respect to the first two groups, the combination of selective dissolution 

methods with the degree of reaction of each paste allowed the distinction of the 

contribution of each category in the amorphous humps of the XRD patterns.  

Moreover, it is important to state that the proposed experimental method did not allow the 

distinction between N-A-S-H gels with and without bound Ca in the second category, while 

EDS chemical analysis indicated a separate formation of such phases – see section 6.3.2.3. 

Nonetheless, the division between high- and low-Ca products is already interesting: 

characteristics such as elastic modulus [197,472,473] and chloride binding [474,475] are 

relatively similar in all sub-products of N-(C-)A-S-H gels, while the structural dominance of 

Ca significantly changes these properties in Ca-rich phases, due to its high polarizing effect 

which hinders the influence of Na in the gel structure [476]. 

Following a similar procedure from the previous section, empirically-defined phase 

assemblage indices are proposed to correlate the contribution of each category of reaction 

products to the overall alkali-activated matrix after 28 days of curing, assuming a mature 

microstructure at this age. The determination of each index, obtained via Equations 6.2, 

6.3 and 6.4, considers the atomic fraction of components of the mixtures (precursor and 

activator) and curing temperature, resulting in unitless values.   

𝐶 − (𝑁 − 𝐴 −)𝑆 − 𝐻 𝑖𝑛𝑑𝑒𝑥 =
𝐶𝑎+𝑆𝑖

𝐶𝑎+𝑆𝑖+𝐴𝑙+𝑁𝑎
∙

𝐶𝑎

𝑁𝑎
∙

𝐶𝑎+𝑆𝑖+𝐴𝑙

𝐶𝑎+𝑆𝑖+𝐴𝑙+𝑁𝑎
                                                          (6.2), 

(𝐶 −)𝑁 − 𝐴 − 𝑆 − 𝐻 𝑖𝑛𝑑𝑒𝑥 =
𝑆𝑖𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟+𝐴𝑙

𝐶𝑎+𝑆𝑖𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟+𝐴𝑙+𝑁𝑎
∙

𝑁𝑎

𝐶𝑎
∙

𝑆𝑖𝑎𝑙𝑙

𝐶𝑎
∙

𝑆𝑖𝑎𝑙𝑙
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𝑇

𝑇𝑟𝑒𝑓
                             (6.3), 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝐶𝑎 − 𝐴𝑙 𝑟𝑖𝑐ℎ 𝑝ℎ𝑎𝑠𝑒𝑠 𝑖𝑛𝑑𝑒𝑥 =  
𝐴𝑙

𝐶𝑎+𝑆𝑖+𝐴𝑙+𝑁𝑎
∙

𝐶𝑎

𝑆𝑖
                                                            (6.4). 

Each term of the three proposed expressions have individual contributions to the each 

individual index: 

1. C-(N-A-)S-H index: the first term refers to the probability of precipitation of C-

S-H gels, which is favoured in Ca-Si-rich environments – see Section 5.3.1; the 

second term considers the fraction of Ca with respect to the alkaline cations of 

the mixture, considering the structural role of Ca in the formation of reaction 
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products when it is in excess [219,227], and the uptake of Na in C-S-H-like gels; 

and the third term considers the uptake of Al in C-S-H.  

2. N-(C-)A-S-H index: the first term comprises the contributions exclusively from 

the precursor to the formation of Al-substituted silicate structures, favouring the 

formation of N-A-S-H gels; the second term is the opposite of the ratio of alkaline 

cations in the first index, as Na acts as a key element in the formation of N-A-S-

H instead of C-S-H-like phases [213,477,478]; the third term considers the ratio 

of nucleating species of different categories of gels, since Si-rich environments 

enhance the potential of nucleation of N-A-S-H-like structures – see Section 

5.3.2; the fourth term evaluates the influence of waterglass, which prompts 

homogeneous-like nucleation mechanisms and increases the potential nucleation 

of Si-dominated phases; and the fifth term considers the influence of 

temperature, which has been shown to enhance the early nucleation potential of 

N-A-S-H gels – see section 5.3.1. 

3. Crystalline Ca-Al-rich phases index: the first term comprises the fraction of Al in 

the binder, since strätlingite and katoite are preferentially formed in Al-rich 

environments [55,374]; and the second term considers the ratio of Ca over Si, 

which prompts the formation of AFm phases with Ca-Al binding [82]. 

For all pastes cured for 28 days, the resulting individual indices were summed and an overall 

value was obtained. The ratios of each category to the overall index, for each paste, are 

shown in a graded color-scale in Table 6.6 and compared to the experimental values 

obtained via the combination of QXRD and selective dissolution treatment – see Section 

6.2.5. With respect to the primary reaction products, the indices of Ca-dominated gels and 

N-A-S-H-like phases followed an overall good agreement with the calculated fractions of 

each category. Pastes made with glass Ca-FA displayed a relatively high content of C-S-H-

like phases when activated with NaOH, showing up to 54 wt% of C-(N-A-)S-H gels. This 

reflects the delayed precipitation of N-A-S-H gels, which have been shown in Chapter 5 to 

be thermodynamically stable only in environments with Ca/(Si+Al) below 0.23 at 20 °C. 

Consequently, the reduced ratio of Ca in the waterglass-activated Ca-FA system reduced the 

presence of amorphous Ca-based gels, contributing only up to 22 wt% of the hardened 

matrix. Additionally, the calculated amounts of N-(C-)A-S-H phases increased up to 12 wt% 

in the two fly ash glasses when comparing curing regimes at 20 °C and 60 °C. This last 

feature is consistent with the reaction mechanisms discussed in Chapter 5, as Ca is no longer 

the main reaction driver at higher temperatures. 

The index related to secondary phases does not follow the same trend as the other two 

categories, but it was possible to observe higher index and quantities in NaOH-activated 

pastes with slag-glasses. As described previously, the formation of strätlingite, and the 

association of Ca with Al, occur in environments which are rich in these two elements. On 

the other hand, the precipitation of such phases is limited in the presence of liquid silicates 

(system N8S12), as the supersaturation of C-S-H-like phases is more easily achieved than 

other compounds. Additionally, these secondary reaction products are not strongly observed 

in fly ash-type systems, and both the index and calculated amounts of Al-rich phases are 

nearly zero for low-Ca glasses. 
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Table 6.6: Comparison of the proposed Phase Assemblage Indices with the quantitative determination of each 

category of reaction products. The graded color-scale scheme indicates the highest (darker tone) and lowest 

(lighter tone) for both index and calculated quantity of each category. 

Glass Activator 
Curing 

temperature 

C-(N-A-)-S-H gels N-(C-)A-S-H gels 
Crystalline Ca-Al-

rich phases 

Index Quantity Index Quantity Index Quantity 

BFS-2 NaOH 20 °C 0.83 69% 0.08 24% 0.09 9% 

BFS-2 WG 20 °C 0.81 87% 0.13 13% 0.06 0% 

BFS-1 NaOH 20 °C 0.78 81% 0.11 14% 0.11 6% 

BFS-1 WG 20 °C 0.76 82% 0.17 18% 0.07 0% 

B70 NaOH 20 °C 0.72 77% 0.19 21% 0.09 4% 

B70 WG 20 °C 0.67 66% 0.28 34% 0.06 1% 

B50 NaOH 20 °C 0.58 64% 0.34 33% 0.08 3% 

B50 WG 20 °C 0.51 50% 0.44 50% 0.05 1% 

Ca-FA NaOH 20 °C 0.44 54% 0.48 45% 0.07 3% 

Ca-FA NaOH 60 °C 0.42 43% 0.51 56% 0.07 0% 

B30 NaOH 20 °C 0.39 59% 0.55 40% 0.06 3% 

Ca-FA WG 20 °C 0.37 22% 0.59 77% 0.04 1% 

Ca-FA WG 60 °C 0.34 13% 0.62 86% 0.04 2% 

B30 WG 20 °C 0.32 30% 0.65 70% 0.03 0% 

Si-FA NaOH 20 °C 0.10 25% 0.88 75% 0.02 0% 

Si-FA NaOH 60 °C 0.09 12% 0.89 88% 0.02 2% 

Si-FA WG 20 °C 0.08 16% 0.91 84% 0.01 0% 

Si-FA WG 60 °C 0.07 4% 0.92 96% 0.01 2% 

 

The reliability of the proposed indices is better visualized in the plots shown in Figure 6.22. 

The contribution of each index to the sum of the three categories – calculated as percentage 

– and the correlation of such values with the amount of each category of reaction products, 

reached a goodness of fit higher than 86 % for the two main gels, and the vast majority of 

the data points are found within a ± 10 % tolerance of the y = x line. The interpretation of 

the main outliers on each chart, highlighted in Figures 6.22a and 6.22b, requires different 

explanations. In waterglass-activated Ca-FA, the phase assemblage index of C-(N-A-)S-H gels 

was overestimated, especially under the 60 °C curing regime, and the mixtures displayed 

larger quantities of N-(C-)A-S-H-like phases than expected. Although it was slightly distant 

from the tolerance, it still follows the expected trend, due to the combined contributions 

of temperature and aqueous silicates on the reaction mechanisms in fly ash glasses. 

Conversely, NaOH maximized the precipitation potential of Ca-dominated phases, resulting 

in an underestimation of N-A-S-H-like gels in 20 °C-cured Si-FA containing pastes and in 

blend B30.  

Interestingly, glass BFS-2 promoted an unexpectedly high formation of the N-(C-)A-S-H 

category in system N8S0. Ca has been demonstrated to be incorporated into N-A-S-H 

structures in later stages of reaction of blends of fly ash and slag [363,468], altering the gel 

composition and leading to crosslinking of existing structures [211]. These late changes in 

the microstructure, favored by the coarse porosity in systems activated by N8S0, can both 

reduce the quantity of Ca-dominated structures and stiffen the microstructure, creating a 

barrier for the chelation of Ca ions and thus reducing the amount of dissolved material via 

SAM extraction. Nevertheless, the obtained results are following the proposed trend, and 
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these effects are not believed to highly influence the robustness of the proposed 

correlations.  

Finally, it is important to state that the current systems do not have additional secondary 

oxides in their compositions, such as MgO, Fe2O3, or even sulfate-components, preventing 

the formation of other secondary phases. The correlation shown in Figure 6.22c is the lowest 

among the three indices, despite all data points being located within the ± 10 % established 

tolerance.  

It is concluded here that the proposed indices represent a reliable estimation of what may 

be expected in the activation of commercial precursors. However, it is still suggested to 

verify the need for refinement  of the indices of secondary phases, especially for high-Ca 

precursors. In fly ash-rich systems, the formation of products different than amorphous gels 

and zeolites is rather limited [175,205,479], while the formation of hydrotalcite, strätlingite 

and other AFm phases can be significantly enhanced in high-MgO environments [89,227], 

typically observed in alkali-activated slags. 

 

Figure 6.22: Correlation of the proposed Phase Assemblage Indices with the experimentally determined 

quantity of each category of reaction products: a) C-(N-A-)S-H gels; b) N-(C-)A-S-H gels; and c) Crystalline Ca-

Al-rich crystalline phases. The dashed frames represent the main outliers on each plot. 
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6.5 Conclusions and outlook 

The study of the reaction kinetics of alkali-activated pastes, under different conditions, 

provides meaningful insights into the different stages and influencing factors of these 

binders. The present chapter focused on the assessment of curing temperature and binder 

chemistry on the evolution of reaction, and on the final characteristics of the hardened 

cementitious matrix. Based on the results obtained in this Chapter, the following conclusions 

and observations were made: 

• At 20 °C, the reaction potential of a mixture, measured by isothermal calorimetry, 

is mainly governed by the Ca content of the precursor. Glass BFS-2 presented the 

highest values of degree of reaction after 7 and 28 days as measured by phase 

segmentation of SEM micrographs, while glass Si-FA presented delayed reactivity in 

the same ages. With respect to the alkaline solution, waterglass favored higher 

precipitation rates in initial stages but slower evolution of reaction. Nonetheless, it 

promotes a more cohesive characteristic of the cementitious matrix, and the porosity 

is significantly reduced when compared to NaOH-activated mixtures. 

• A content of 12 Na2O wt% was observed to be excessive for the NaOH-activation of 

glass Si-FA at 20 °C. The high alkalinity favored an immediate response of the system, 

enhancing the exothermic response in the first hour. However, the reaction appeared 

to be hindered in secondary stages, as the formation of a thick layer of reaction 

products surrounding the reactive glass particles limited the dissolution of the 

precursor. Under the same solution, a second acceleration peak was observed in 

isothermal calorimetry tests at 60 °C, which is connected to the transformation of 

initial units into zeolite-like ordered phases. 

• Temperature and alkalinity displayed a synergistic combination to enhance the 

reaction potential of fly ash-type glasses. The degree of reaction, in systems N8S0 

and N8S12, increased up to 30 % compared to 20 °C cured pastes.  

• In general, gel phases are intimately mixed in hardened cementitious matrices. 

Despite of binder chemistry and curing conditions, it is nearly impossible to observe 

the precipitation of exclusively one type of gel structure (either Ca-dominated or 

Ca-restricted). In fly ash-type glass based systems, the use of waterglass solutions 

promotes a more clear phase separation, and the formation of three types of gels 

could be obtained. 

• In blended mixtures, high-Ca precursors have a more significant impact in the overall 

reaction kinetics. In all three blends, glass BFS-2 enhanced the reaction potential of 

glass Si-FA, increasing its degree of reaction when compared to individually activated 

precursors. When BFS-2 was present with a lower content, its reaction was limited. 

It is suggested that its dissolution starts with a quick detachment of Ca in the initial 

moments, with a delayed release of Si- and Al-species in later stages. 

• The empirical correlations proposed in this Chapter were successful to estimate the 

degree of reaction, and the quantities of each category of reaction products at 28 

days. As the correlations were established using chemical compositions of the initial 

components, and curing conditions, it is believed that they may provide reliable tools 

on the estimation of characteristics of hardened binders, which is essential for future 

modelling conditions. 
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The empirical correlations defined for the degree of reaction, based on initial 

characteristics of the mixture, provided an interesting visualization of mature systems. This 

allows the implementation of different sources of raw materials, expanding the range of 

potential precursors and activators to be implemented in alkali-activated systems. It should 

be noted that an excess of alkalinity was not covered in this work, and this topic surely 

deserves more attention in future research. Additionally, the proposal of phase assemblage 

indices represents a powerful tool for modelling purposes of alkali-activated systems, as 

they facilitate the estimation of mechanical performance and durability, which are vital for 

the design and study of service life of concrete structures. A refinement of the indices might 

be necessary to include other minor components from the compositions of precursors, which 

might affect the precipitation and stabilization of secondary reaction products. 
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Chapter 7.  

_________________________________________________________ 

Numerical simulation of alkali-activated materials 

 

 

 

In alkali-activated materials, the existence of reliable models which assess their 

performance and durability can facilitate their wider implementation. Due to the large 

amount of variables involved in these binders, simulation tools come as an easy and cost-

efficient solution to reduce the experimental cost involved with validating their behaviour, 

providing a vital role on increasing the general trust in this class of materials. This Chapter 

concludes this thesis, describing the development of a numerical modelling tool which 

simulates the evolution of the microstructure of alkali-activated pastes in different 

conditions. The main results obtained in previous Chapters related to reaction kinetics and 

phase assemblage will be implemented for the development of additional modules in 

GeoMicro3D, enabling the simulation of binders obtained by low-Ca precursors and blended 

systems. The outcomes of the simulations will be compared with experimental results with 

respect to degree of reaction and quantitative analysis of reaction products, ensuring that 

the contributions of this work were crucial for the development of reliable microstructural 

modelling of alkali-activated binders.
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7.1 Introduction 

Modelling of traditional and alternative binders are an inexpensive and quick way to study 

the behaviour of cement-based products, providing relevant information regarding reaction 

kinetics, performance and service-life. These tools are utilised for a wide range of purposes 

(e.g. the observation of interactions between paste and admixtures, verification of leaching 

characteristics of hardened elements, estimate mechanical properties, among others), and 

can be implemented to understand the influence of multiple variables, such as raw materials 

and processing conditions, over the final characteristics of the binders. With respect to 

kinetics and phase assemblage, the extent of the reaction – or the degree of reaction – of a 

system and the volume of reaction products can be estimated by simply taking into account 

the initial content of water in the mixture [480], or by other more complex methods which 

consider physical, chemical and mineralogical aspects of the reactive particles 

[238,382,481–485]. Sequentially, the estimation of these characteristics facilitates the 

investigation of the structural build-up of a reactive system, as it is intimately linked with 

the formation of reaction products. The knowledge on the nature and the quantity of newly 

formed phases determines the structural conditions of the binder, from nano [486–489] to 

macroscales [490–492], and ultimately allows the prediction of the performance of these 

materials in fresh and hardened states.  

Among different available tools capable of estimating microstructural and pore solution 

characteristics, thermodynamic modelling excels as one of the most reliable ones. While it 

has been widely used for Portland cement-based systems [57,203,217,493,494], its 

implementation in the field of alkali-activated materials (AAMs) has only recently been in 

focus, as detailed in Section 2.5.1. The extension of databases for the modelling of alkali-

activated systems is an emerging field of research. With respect to N-(C-)A-S-H products, a 

few authors have attempted to experimentally define their thermodynamic properties 

[222,224,326]. However, the difficulty in synthesizing such species, especially those with 

high Si/Al ratios, and the complexity of the experimental setup necessary for such studies, 

limits the amount and applicability of available data in literature. Recently, in collaborations 

with Chen et al. as part of this thesis, several N-A-S-H [225] and N-(C-)A-S-H [226] gels were 

successfully synthesized with different atomic ratios, and their solubility products, among 

other thermodynamic properties, were determined. These works went beyond the existing 

data for this class of gels, and will allow a more reliable estimation of the microstructure 

of alkali-activated materials containing fly ashes, metakaolin, and other Si- and Al-rich 

precursors. With respect to reaction kinetics, a few authors attempted to model the 

precipitation and growth of reaction products in different alkali-activated binders. Among 

the different models described in Section 2.5.2, GeoMicro3D [59] excels as the most 

complete one, as it combines a kinetic approach of dissolution of precursors, and a 

thermodynamic model to predict an equilibrated phase assemblage of slag-based binders at 

different ages.  

Following the functional structure of this thesis, illustrated in Figure 7.1, Chapter 7 

investigates the evolution of digital microstructures of alkali-activated materials in different 

conditions. The physical characteristics of precursors defined in Chapter 3, and the 

chemistry-temperature influenced dissolution rates derived in Chapter 4, will be combined 

with the thermodynamic data of N-(C-)A-S-H species determined in collaboration with Chen 

et al. [225,226]. The integration of these datasets will be implemented in GeoMicro3D, 
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resulting in additional functionalities of the simulation tool which will include the activation 

of low-Ca precursors and mixed systems. The extended model will replicate the 

microstructure evolution of four different systems, including the individual and blended 

activations of the synthetic glasses Si-FA and Ca-FA (see Chapter 3 for more details on 

composition and mineralogy), and the influence of temperature in the reaction mechanisms 

of fly ash-type glasses. A detailed comparison between the simulated and experimental data 

obtained in this thesis was used to evaluate the performance of the new features of 

GeoMicro3D. The following characteristics were considered: the evolution of reaction 

degree (Chapters 4 and 6), the pore solution (Chapters 4 and 5) and evolution of phase 

assemblage (Chapters 5 and 6). The outcomes of Chapter 7 are expected to have major 

contributions to the technology of alkali-activated materials: by providing reliable 

microstructures obtained with different starting materials and reaction conditions, short- 

and long-term properties of these binders can be estimated, which are essential tools to 

validate their behaviour and increase the applicability of AAMs. 

7.2 Methodology 

7.2.1 Thermodynamic modelling 

Thermodynamic modelling was performed to evaluate the influences of chemistry (precursor 

and activator) and temperature in the phase assemblage of different alkali-activated 

systems. The simulations were carried out using the Gibbs energy minimization software 

GEM-Selektor 3.4 (GEMs) [299] under a N2 atmosphere and a pressure of 1 bar. The same 

procedure described in Section 4.2.3 was implemented for the calculation of the activity of 

each ionic species, which is essential for the determination of the equilibrium of the system. 

The PSI-Nagra [221] database was chosen as a source of thermodynamic data of aqueous 

species. 

 

Figure 7.1: Schematic illustration of the structure of this thesis, highlighting the contributions of Chapter 7. 
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The implemented thermodynamic database of solid phases was Cemdata18 [220], which is 

widely used in the topic of simulations of cementitious binders. The solid phases considered 

in the present models followed the most common phases experimentally described in 

literature. As primary reaction products, the database included the CNASH-ss model 

developed by Myers et al. [58], comprised of pure calcium silicate hydrates (C-S-H), and 

other Al- and Na-bound calcium silicate species (C-A-S-H and C-N-S-H gels). These eight 

individual phases are categorized in the high-Ca group of solid phases, which will be 

generically identified as C-(N-A-)S-H. Low-Ca phases accounted for the thermodynamic 

database recently developed in collaboration with Chen et al. [225] in two sequential works: 

the first one accounts for three sodium aluminosilicate hydrate (N-A-S-H) species, with fixed 

Na/Al ratios of approximately 1 and variable Si/Al ratios of 1.1, 2.0 and 2.8; and the second 

comprises four different Ca-bound N-A-S-H gels, with Si/Al ratios of approximately 2.0 and 

3.0 and Ca/Si ratios of approximately 5.0 and 10.0 [226]. These seven different phases are 

categorized in the low-Ca group of reaction products, which will be referred to as N-(C-)A-

S-H. Additionally, a few selected zeolites were chosen from the database developed by Ma 

and Lothenbach [207], following the main experimental findings described in Chapters 5 and 

6 of this work. Secondary Ca-containing reaction products accounted for calcium aluminate 

phases, such as C3AH6 (katoite), portlandite, and strätlingite, also described in Cemdata18. 

Tables C.1 and C.2, in Appendix C, detail the thermodynamic data of the aqueous species 

and solid products considered during simulations, respectively. 

In thermodynamic simulations, the amount of reactive material must be defined as an input 

of the model. In the present work, the degree of reaction (𝛼) of each precursor considered 

for the simulations was determined via Equation 7.1, which follows the empirical 

correlations derived in Chapter 6 and considers:  

i. the molar content of each element in the precursor (𝑥𝐶𝑎, 𝑥𝐴𝑙 and 𝑥𝑆𝑖𝑝𝑟𝑒𝑐𝑢𝑠𝑜𝑟) 

and in the activator (𝑥𝑁𝑎 and 𝑥𝑆𝑖𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑜𝑟),  

ii. the curing temperature (𝑇 (K)) versus a reference temperature of 20 °C (𝑇𝑟𝑒𝑓 = 

293.15 K).   

𝛼 = [(𝑥𝐶𝑎 + 𝑥𝑁𝑎) ∙
𝑥𝑆𝑖𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟+𝑥𝑆𝑖𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑜𝑟

𝑥𝐴𝑙
∙

1
𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑝𝑟𝑒𝑐𝑢𝑠𝑜𝑟⁄
+

𝑥𝑆𝑖𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟+𝑥𝑆𝑖𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑜𝑟

𝑥𝑆𝑖𝑝𝑟𝑒𝑐𝑢𝑠𝑜𝑟
] ∙ exp (

𝑇

𝑇𝑟𝑒𝑓
+

𝑇−𝑇𝑟𝑒𝑓

𝑇
)               (7.1). 

The simulation assumed congruent dissolution of CaO, Al2O3 and SiO2, according to the 

overall reaction degree, and a fixed 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛/𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 ratio of 0.4. The modelling was 

performed considering two alkaline solutions, replicating the experimental conditions from 

Chapter 6: system N8S0 consisted of a solution of sodium hydroxide (NaOH) with 8 wt% of 

Na2O per mass of precursor, and system N8S12 consisted of a sodium silicate (waterglass) 

solution with the same Na2O concentration and a silicate modulus of 1.5. Individual systems 

were modelled for each activating solution, and the influence of CaO content of the 

precursor in the final phase assemblage was evaluated. The influence of temperature, 

shifting from 20 °C to 60 °C, was evaluated in the simulation of reaction of glass Si-FA, 

individually activated both with NaOH and waterglass solutions.  

 

7.2.2 Numerical simulation – coupled kinetic and thermodynamic modelling 

The evolution of the microstructure of alkali-activated systems, through 28 days of reaction, 

was numerically simulated in different conditions of precursors and temperature. The 
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simulations were performed using GeoMicro3D, which describes digitally the evolution of 

the microstructure of alkali-activated materials at a paste level. In the present work, the 

tool was extended to include the kinetic observations of the dissolution of precursors 

obtained in Chapter 4 in this thesis, and the thermodynamic data of N-(C-)A-S-H gels as 

described in the previous Section. 

The functionality of the tool, divided in five modules, is illustrated in Figure 7.2 through a 

simplified scheme – see [59] for more details:  

i. Firstly, the particles are distributed inside the simulation box using the extended 

Anm model [495], with a pre-defined box size and pre-defined characteristics of 

particle morphology. The solid component completely fills the nodes in which it 

is placed, and the chemical composition of each node is a homogeneous 

distribution of the initial chemistry of the precursor, while the solution voxels 

are uniformly distributed with aqueous species of the activating solution;  

ii. The simulation starts with an initial dissolution step, considering the dissolution 

rate equations obtained and described in Chapter 4 – see section 4.3.4 for more 

details – which are dependent on binder chemistry, temperature of the reaction 

and alkalinity of the activator;  

iii. A collision step is called, promoting the diffusion of aqueous species based on the 

Lattice Boltzman method, using a 7 cube velocity directions approach for 3D mass 

transport, in which aqueous species are regarded as source terms;  

iv. The thermodynamic module is initiated through GEMs, calculating the saturation 

indices of all reaction products in the nodes which are not completely filled with 

the precursor. If one or more phases are observed to be supersaturated, a 

nucleation probability is calculated for each respective component, based on 

nucleation rate and homogeneous and heterogeneous kinetic parameters;  

v. Finally, the appropriate phases are precipitated, and the digital microstructure 

is updated with the presence of reaction products. 

The dissolution of the precursor enables the presence of nodes which are partially filled 

with the solid precursor and with aqueous species. If these nodes, or if nodes fully occupied 

by solution, indicate the supersaturation of one or more reaction products during the time 

interval of two simulation steps (∆𝑡), the probability that these phases form nuclei larger 

than a critical thermodynamically stable size is calculated by Equation 7.2 [368]: 

𝑃(∆𝑡) = 1 − exp(−𝐽 ∙ 𝑉 ∙ ∆𝑡)                                                                                                                 (7.2), 

where 𝑉 stands for the volume of the solution portion in which the initial precipitates are 

formed, and 𝐽 is the nucleation rate of each respective reaction product. If at least one 

critical nucleus is calculated to exist in the reactive node, the respective reaction product 

is allowed to precipitate in a stable way. The determination of nucleation rate of one phase, 

detailed in Equation 7.3, is dependent on its supersaturation index (𝑆), and in two intrinsic 

parameters: the kinetic parameter (𝐴) and the thermodynamic parameter (𝐵) for 

heterogeneous nucleation, which are correlated to the molar volume and to the effective 

interfacial energy of each – see [175] for more details.  

𝐽(𝑆) = 𝐴𝑛 ∙ 𝑆 ∙ exp (−
𝐵𝑛

𝑙𝑛2𝑆
)                                                                                                                        (7.3). 
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Figure 7.2: Simplified description of the functionality of GeoMicro3D. 

After the positive formation of one or more reaction products, the nodes are updated with 

the partial or full presence of new phases. Once a reaction product is successfully 

precipitated, it is not affected by the surrounding solution nodes. In other words, the 

nucleation probability and thermodynamic equilibrium of one phase will only consider the 

concentration aqueous species in one specific time interval, aiming at a higher 

computational efficiency of the simulation tool. The digital microstructure distinguishes 

between five different types of nodes:  

• unreacted nodes fully occupied by the precursor;  

• solution nodes which are occupied by more than 95 vol% of solution;  

• reaction front nodes which contain partially dissolved precursors;  

• partially filled nodes containing a combination of solution and reaction products; and 

• fully filled nodes which are occupied by more than 99 vol% of reaction products.  
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The thermodynamic data used in the numerical simulation followed the values utilised for 

the individual thermodynamic modelling – see Section 7.2.1. The kinetic parameter of 

nucleation of C-(N-A-)S-H gels and secondary reaction products were determined by Zuo 

through a parameteric study, while the thermodynamic parameter is individually calculated 

during simulations considering the thermodynamic data of each reaction product and other 

constants – see [175] for more details. The same parameters were considered for the 

nucleation of N-(C-)A-S-H gels and zeolites. Table C.3 in the Appendix C displays the 

complete list of parameters.  

In the present work, the development of an updated version of GeoMicro3D (which includes 

the kinetic and thermodynamic findings of this work) was performed to simulate different 

experimental conditions of alkali-activated binders. The modifications to the original tool 

allowed the observation of digital microstructures of systems obtained by the activation of 

low-Ca precursors, in individual or blended conditions with high-Ca precursors, at 

temperatures ranging from 20 °C to 60 °C. These modifications targeted the extension of 

the accepted scenarios within GeoMicro3D with respect to the accurate replication of 

microstructures of alkali-activated binders. the experimental alkali-activation of the 

synthetic glasses described throughout this thesis. Four different systems were simulated 

using the updated tool. The modelled reactions of glasses with compositions similar to BFS-

2 and Si-FA were simulated for a digital period of 28 days at a constant temperature of 20 

°C, and the latter was also evaluated in a two-step curing regime: at 60 °C for the first 7 

days, and at 20 °C for the remainder 21 days. Additionally, the alkali-activation of a blended 

system consisting of a 1:1 ratio of glasses BFS-2 and Si-FA was simulated for 28 days at 20 

°C, following the composition of blend B50. In all cases, the activating solution consisted of 

NaOH, with a Na2O concentration of 8 wt% per mass of precursor. The solution/precursor 

ratios were 0.40, for the activation of glass BFS-2 and blend B50, and 0.35 for the activation 

of glass Si-FA. These conditions replicate the pastes utilised to study the microstructural 

evolution of alkali-activated synthetic glasses described in Chapter 6, aiming for a more 

reliable comparison between simulated and experimental outcomes. Activators based on 

waterglass solutions were not utilised, as they would require more detailed information 

about the dissolution kinetics under a Si-rich aqueous environment. Table 7.1 summarizes 

the conditions tested with the updated version of GeoMicro3D. 

Table 7.1: Summary of the systems simulated, utilizing the updated version of GeoMicro3D. 

Precursor 
Chemical 

composition (wt%) 
Activator 

Curing 

conditions 

Water/precursor 

ratio 

Glass BFS-2 

CaO: 48.0 % 

SiO2: 35.0 % 

Al2O3: 17.0 % 

NaOH – N8S0 

(Na2O/glass = 8 wt%) 
28 days – 20 °C 0.40 

Glass Si-FA 

CaO: 55.0 % 

SiO2: 12.0 % 

Al2O3: 33.0 % 

NaOH – N8S0 

(Na2O/glass = 8 wt%) 
28 days – 20 °C 0.35 

Glass Si-FA 

CaO: 55.0 % 

SiO2: 12.0 % 

Al2O3: 33.0 % 

NaOH – N8S0 

(Na2O/glass = 8 wt%) 

7 days – 60 °C; 

21 days – 20 °C 
0.35 

Blend B50 
1:1 ratio of glasses 

BFS-2 and Si-FA 

NaOH – N8S0 

(Na2O/glass = 8 wt%) 
28 days – 20 °C 0.40 
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7.3 Results  

7.3.1 Thermodynamic equilibrium of alkali-activated binders 

7.3.1.1 Effect of binder chemistry – precursor and activator 

In the present work, the first step in the modelling process of reactions involving synthetic 

glasses consists in the observation of the thermodynamic equilibrium of these binders. As 

Ca has been observed to be strongly correlated to reaction mechanisms throughout this 

thesis, Figure 7.3 illustrates the influence of the element in the phase assemblage and pore 

solution of hardened binders simulating 28 days of curing at 20 °C – the simulation 

considered a fixed Si/Al molar ratio of 1.5 with variable CaO contents, which closely 

describe the compositions of the synthetic glasses used in this thesis. The plots show the 

changes in reaction products in NaOH (N8S0 – Figure 7.3a) and waterglass (N8S12 – Figure 

7.3b) solutions – the degree of reaction was calculated by Eq. 7.1. Regardless of the 

activator, it is easily noticed that phases in which Ca is the main element, such as C-(N-A-

)S-H gels, portlandite (CH) and katoite (C3AH6), become the main portion of the binder at 

CaO contents above 35-40 wt% – this behaviour will be discussed in details in the following 

Sections. Within this group, the contribution of portlandite to the overall phase assemblage 

presented an unusual feature in the higher-Ca portion of the plots, which is dependent on 

the activating solution: in system N8S0 (Figure 7.3a), it represented 42.2 wt% of the reaction 

products at the maximum CaO content, while in waterglass solutions (Figure 7.3b), it 

represented only 5.2 wt%. In both cases, the formation of portlandite was only observed 

when the Ca/Si ratio of the pore solution reached its lowest value (approx. 0.02), which was 

kept constant until the maximum Ca content of the systems.  

Conversely, the contribution of Ca-dominated disordered gels (C-(N-A-)S-H) at the maximum 

CaO content increased from 26.6 wt% to 73.5 wt% when comparing NaOH to waterglass 

solutions, while the amount of katoite rose from 6.4 wt% to 14.4 wt%. This last feature 

suggests that the presence of soluble silicates in the pore solution favours stronger 

interactions of Ca with Si and Al, and thus facilitates the formation primarily of Ca-based 

disordered gels and secondly of calcium aluminates over portlandite. Typically, in 

waterglass-activated systems, the dominant mechanism of phase precipitation follows a 

homogeneous-type behaviour and promotes an intimately-bound growth of reaction 

products [199,202]. This leads to the stabilization of more homogenous microstructures than 

what is observed in NaOH-activated pastes, resulting in the intermixing between two or 

more types of amorphous gels as indicated in the experimental findings in Chapter 6 – see 

Section 6.4.2, and showing that thermodynamic equilibrium calculations can moderately 

replicate the kinetic behaviour of the binders.  
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Figure 7.3: Influence of Ca content in simulated phase assemblage of glasses activated with: a) NaOH; and b) 

waterglass solutions. 
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With respect to reaction products that are Si-dominated, Figure 7.3 also shows that the 

presence of disordered N-A-S-H-type gels was limited by the formation of other more stable 

phases. Throughout the whole plot, five different zeolite phases were observed to be in 

equilibrium, which were also identified in the experiments described in Chapters 5 and 6 at 

early and later stages of reactions: natrolite (NAT), gismondine (GIS), hydroxysodalite (SOD) 

and chabazite (CHA). The plots indicate that, with both activators, an increasing CaO 

content significantly lowered the presence of zeolites in the final phase assemblage, but 

SOD was observed through the whole compositional range. This observation follows the 

results reported in Chapter 6, as pastes of alkali-activated slag-type glasses presented 

significantly higher amounts of Ca-based phases, whilst always displaying minor contents of 

N-(C-)A-S-H gels and zeolites as secondary reaction products.  

The changes in the types of zeolites in equilibrium in the plots of Figure 7.3 followed a 

similar pattern in the two activating solutions. Natrolite (𝑁𝑎2𝐴𝑙2𝑆𝑖3𝑂10 ∙ 2𝐻2𝑂) and 

hydroxysodalite (𝑁𝑎8𝐴𝑙6𝑆𝑖6𝑂24(𝑂𝐻)2 ∙ 2𝐻2𝑂), phases with Si/Al ratios of 1.5 and 1.0, 

respectively, were the main components in the lower CaO end of the charts in system N8S0 

(Figure 7.3a). In system N8S12 (Figure 7.3b), a strong presence of chabazite (𝑁𝑎2𝐴𝑙2𝑆𝑖4𝑂12 ∙

6𝐻2𝑂 – Si/Al = 2.0) was higher in the lower CaO portion of the plot. These features are in 

line with experimental findings from Oh et al [496]: those authors have reported the co-

existence of multiple zeolites from the ABC-6 family (which include both sodalites and 

chabazites) in the NaOH/waterglass activation of fly ashes, whilst the use of slags as 

precursors did not promote the formation of such structures. In any case, it is thus clear 

that the thermodynamic stability of zeolites is highly dependent on the Si content in 

solution. A moderate uptake of Ca in zeolite structures resembling N-A-S-H-type gels was 

observed by the formation of gismondine (𝐶𝑎1𝐴𝑙2𝑆𝑖2𝑂8 ∙ 4.5𝐻2𝑂), which was present in the 

lower CaO portion of the plots. Lastly, the formation of Ca-Al phases is observed to become 

stable in a combined scenario of high-Ca and low-Si environments, as the formation of 

katoite has been delayed to CaO contents above 45 wt% in system N8S12. 

Based on this discussion, the present thermodynamic models demonstrate that the type of 

activator has a great influence over the phase assemblage of hardened binders:  

• In waterglass-activated systems, the excess of aqueous Si facilitates the binding of 

Ca with other elements, as indicated by the reduced presence of portlandite through 

the whole compositional range of the plots in Figure 7.3b. This favoured a stronger 

equilibrium of C-(N-A-)S-H gels at the expense of a reduction in the thermodynamic 

stability of zeolite phases, with the latter group displaying its minimum content at 

the maximum CaO content of the simulation; 

• In NaOH-activated systems (Figure 7.3a), the lower overall concentrations of Si 

promoted the separate formation of C-S-H-type products, portlandite, and zeolites, 

which is observed by the absence of any unique highly-dominating phase in the whole 

CaO content range. This suggests the possibility for the formation of a less 

homogeneous microstructure, in agreement with the images obtained from scanning 

electron microscopy presented in Chapter 6 – see Section 6.3.1.  
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7.3.1.2 Thermodynamic stability of amorphous N-(C-)A-S-H gels and zeolites 

In the simulated phase assemblage of alkali-activated low-Ca precursors, the results 

discussed in Section 7.3.1.1 demonstrated that zeolites display higher stability than 

disordered N-A-S-H-type gels. While this can be expected due to the structurally ordered 

characteristics of the former group, experimental observations often show a combined 

presence of the two groups in mature microstructures [398,409,497,498]. In order to 

compare the thermodynamic stabilities of the zeolites observed in Figure 7.3 versus N-A-S-

H-type gels, effective saturation indices (ESI) of the two categories of reaction products 

were calculated for two scenarios: the waterglass-activation of synthetic glass Si-FA, which 

simulates a condition with high overall SiO2 content from the binder (considering precursor 

and activator); and the NaOH-activation of synthetic glass BFS-2, simulating a condition with 

low overall SiO2 content. With respect to the thermodynamic data of disordered N-(C-)A-S-

H species, three gels with Si/Al ratios of 1.1 (NASH-1), 2.0 (NASH-2) and 2.8 (NASH-3) and 

two gels with Si/Al ratios of approx. 2.0 and Ca/Al ratios of 9.1 (NCASH-1) and 5.0 (NCASH-

2) were considered – see Table C.2 in Appendix C for more details on thermodynamic data. 

The plots shown in Figures 7.4a (waterglass – Si-FA) and 7.4b (NaOH – BFS-2) show similar 

patterns: zeolites and tectosilicates, with hydroxysodalite (SOD) as the main representative, 

were significantly more saturated in both scenarios (red lines). Moreover, it is easily noticed 

that the indices were higher in the simulated scenario of glass Si-FA (Figure 7.4a), reaching 

nearly 22.5, while they remained low at 6.6 for BFS-2 (Figure 7.4b). In addition to SOD, 

chabazite (CHA) and natrolite (NAT) presented similar values among them for the simulation 

of glass Si-FA, in agreement with the observations made in Figure 7.3. As the three phases 

have higher Si/Al within their compositions (2.0, 1.5 and 2.0, respectively), they are 

expected to be the main components in the lower CaO end of the simulation in a Si-rich 

environment with waterglass solutions.  

Also in Figures 7.4a and 7.4b, the normalization of the calculated ESIs (black lines) to the 

molar content of SiO2 of each phase, identified in the upper horizontal axis of the plots, 

provides interesting observations. Regarding N-A-S-H-type phases, the normalized saturation 

index of the gel with Si/Al ratio of 1.1 (NASH-1) remains in the same range as zeolites SOD 

and NAT, while an increasing Si/Al of the gels (NASH-2 and NASH-3) reduces their indices in 

the two studied systems. A similar behaviour is illustrated in Figure 7.4c for Ca-bound 

zeolites: despite showing a higher absolute saturation index, the normalized ESI of 

gismondine (GIS) is slightly lower than NCASH-1, a Ca-containing N-A-S-H-type gel. In this 

case, the normalization was made by considering the amount of Ca bound to 1 mol of SiO2 

in the structure of each phase. Additionally, the stability of Ca-containing zeolites and N-A-

S-H-type gels is significantly reduced in the alkali-activation of glass BFS-2 (Figure 7.4d), as 

none of these two phases were visible at the high-Ca end of the plots from Figure 7.3. 

A higher stability of zeolites, denoted by higher absolute ESIs, is somehow expected, as their 

crystalline structures tends to be more thermodynamically stable than amorphous 

arrangements [222,498,499], and many authors have used zeolite databases to represent 

the formation of N-A-S-H-type phases in low-Ca precursors [108,218,230]. However, despite 

the previous statement, the current results indicate that the accuracy of the database for 

disordered N-(C-)A-S-H gels developed in collaboration with Chen et al. [225,226] are in 

great agreement with the thermodynamic simulation for the precipitation of zeolites, as the 
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normalized ESIs of a few gel types were calculated to be close to or even more stable than 

most zeolite phases.  

Following the previous observations, the alkali-activating reactions were simulated once 

more having hydroxysodalite (SOD) as the only allowed zeolite phase, along with N-(C-)A-S-

H gels. Hydroxysodalite was maintained since it displays a higher Na-bound level in its 

structure than N-(C-)A-S-H-type species – Na/Al = 1.33 vs. Na/Al ≈ 1.0, respectively. Figure 

7.5 shows the evolution of phase assemblage according to the CaO content, in NaOH (7.5a) 

and waterglass (7.5b) solutions. In the two solutions, the formation of both N-A-S-H and N-

(C-)A-S-H-type gels is more significant at lower CaO contents, representing a large portion 

of the phase assemblage in the composition range of glass Si-FA – highlighted by yellow 

dashed lines. In waterglass medium, the stability of the two groups is observed in higher 

CaO contents, up to approximately 35 wt%. Additionally, a reduction in the stability of the 

amorphous gels is compensated by the formation of SOD with both activators.  

 

Figure 7.4: Absolute (red lines) and normalized (black lines) effective saturation indices of N-(C-)A-S-H gels 

and zeolite components in different systems considering: non-Ca bound zeolites for a) glass Si-FA activated 

with waterglass; and b) glass BFS-2 activated with NaOH; Ca-bound zeolites for c) Si-FA (waterglass); and d) 

BFS-2 (NaOH). ESI values were normalized with respect to the stoichiometry of Si (7.4a and 7.4b) or amount of 

bound Ca per mol of SiO2 (7.4c and 7.4d) in each respective phase. 
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Figure 7.5: Influence of CaO in the phase assemblage of simulated systems, considering hydroxysodalite as the 

sole zeolite phase along with nanostructured hydrated gels: a) system activated with NaOH; b) system 

activated with waterglass. 
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Similarly to what is illustrated in Figure 7.3, at higher CaO dosages, the excess of Ca 

promotes the formation of crystalline secondary phases. The presence of strätlingite (Strät 

= Ca2Al2SiO7 · 8H2O) and katoite (C3AH6) were observed up to a threshold content of CaO, 

suggesting an optimum window of precursor chemistry favouring the formation of secondary 

phases. Strätlingite has been reported to be more stable in low Si environments [500], which 

is in line with its presence within a narrower compositional range in the plots of system 

N8S12. Furthermore, Figure 7.5b indicated a transformation of strätlingite into katoite and 

sequentially to portlandite with increasing Ca content, in agreement with experimental 

findings that determined its incompatibility with the latter in high pH environments 

[387,501]. Above this threshold CaO content, which varied according to the activator, 

portlandite became the stable secondary phase due to the insufficient presence of Al and 

Si, in line with findings from Myers et al. [218]. For that reason, the calculated 

C(NA)SH/N(C)ASH ratios (which considers C-(N-A-)S-H phases in the upper term and both N-

(C-)A-S-H and zeolites in the lower term) decreases after the same threshold. 

While hydroxysodalite is the main stable Si-dominated component in high-Ca compositions, 

the two categories of reaction products were observed to co-exist in a few compositional 

scenarios. In the CaO content range of glass Si-FA, N-(C-)A-S-H gels represented a total of 

34.1 wt% of all reaction products versus a total of 41.9 wt% for the zeolite phase. These 

values value represent the obtainment of a stable phase assemblage with equilibrated molar 

quantities of 0.02 M and 0.14 M for SOD and N-(C-)A-S-H gels, respectively, suggesting that 

an upper limit of formation of each phases can be considered to allow the concurrent 

formation of both products. 

With respect to stability of different N-A-S-H type phases in the compositional range of glass 

Si-FA, the effect of aqueous silicate species arising from the activator promoted a shift in 

the most stable phases when compared to NaOH. As detailed in Table 7.2, N-A-S-H gels with 

Si/Al ratios of 1 and 2 were the main representative species in system N8S0, contributing to 

7.0 and 3.6 wt% of all reaction products respectively, while the amount of the higher Si/Al 

gel NASH-3 significantly increased to become the most prominent phase in system N8S12. 

These results follow the observations of the higher stability of SOD observed in Figure 7.3: 

the zeolite phase represented a larger fraction of the phase assemblage at higher CaO 

contents in NaOH than in waterglass solutions, due to its low Si/Al ratio (Si/Al = 1).  

Table 7.2: Contribution of each component of N-A-S-H and N-(C-)A-S-H gel groups in the simulated phase 

assemblage during the activation of glass Si-FA using different activators. 

Phase Si/Al Ca/Si 

NaOH 
(N8S0) 

Waterglass 
(N8S12) 

wt% in phase 

assemblage 

wt% in phase 

assemblage 

NASH-1 1.00 - 7.0 % 0.1 % 

NASH-2 2.00 - 3.6 % 6.9 % 

NASH-3 2.78 - 0.8 % 18.7 % 

N(C)ASH-1 2.00 0.11 5.2 % 24.1 % 

N(C)ASH-2 2.17 0.20 8.6 % 23.1 % 

N(C)ASH-3 3.12 0.08 0.3 % 1.3 % 

N(C)ASH-4 2.78 0.15 8.9 % 12.9 % 
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Table 7.2 also indicates that, for both activators, the formation of gels with bound Ca was 

higher for Si/Al ratios close to 2.0 rather than 3.0, and this preference was enhanced in 

waterglass based systems – the summed contributions of N(C)ASH-1 and -2 to all reaction 

products was equal to 13.8 (NaOH) and 47.2 wt% (waterglass), while N(C)ASH-3 and -4 

represented  8.9 (NaOH) and 14.2 wt% (waterglass). García-Lodeiro et al. [502] identified 

that, in synthetic N-A-S-H gels, Ca was observed to be incorporated into the disordered 

phases through an ion-exchange process with Na, whilst preserving the three-dimensional 

structure of the gels. Following the current results, it is proposed that Ca displays a 

preferential bonding in units with high Al content, as the amount of Al in tetrahedral 

coordination is directly correlated to the amount of bound Na ions for charge balancing of 

the structure. Moreover, gels with Ca/Si ratio equal or higher than 0.15 (N(C)ASH-2 and -4) 

represented 17.5 wt% (NaOH) and 36 wt% (waterglass) of the phase assemblages, addressing 

the facilitated uptake of Ca in aluminosilicate structures. These findings correspond with 

results presented in Chapter 5, as Ca-dominated and Ca-bound phases were observed to be 

formed earlier than N-A-S-H gels at 20 °C.  

The plots shown in Figure 7.6 present a comparison between experimental (Exp.) and 

modelled (GEMs) amounts of each category of gel phases, considering their contributions to 

the total reaction products formed after 28 days of reaction – the modelled values consider 

binder compositions which are equivalent to the mixtures investigated in Chapter 6. In 

general, the simulated quantitative determination of C-(N-A-)S-H and N-(C-)A-S-H gels – 

displayed in red and black lines, respectively – presented a similar trend to the observations 

made with experimental values – see section 6.4.2 for more details. In both solutions, N-(C-

)A-S-H gels, which comprise N-A-S-H, Ca-bound N-A-S-H, and zeolite phases, displayed a 

better agreement between the two sets of data. Modelled values tended to overestimate 

the formation of this category of phases, and the maximum difference between the 

simulated and experimental values was of 10.9 % (NaOH-activated BFS-1).  

A larger variation was observed for the category of C-S-H-type gels, as thermodynamic 

modelling underestimated their precipitation. The major differences correspond to the 

larger contribution of Ca-bound secondary phases in NaOH-activated systems. As observed 

in Figure 7.5a, katoite, strätlingite and portlandite were constantly present in the phase 

assemblage of simulated systems, reaching a contribution as high as 48.6 wt% of the reaction 

products. This tendency, however, was reduced in system N8S12, suggesting that aqueous Si 

stabilizes the reactive system as a whole, reducing the formation of secondary crystalline 

phases. 
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Figure 7.6: Modelled and experimental quantitative contribution of each group of reaction products to the 

overall phase assemblage: a) Systems activated with NaOH; b) systems activated with waterglass. The lines 

joining the data points are shown only as a guide to the eye. 

 

7.3.1.3 Effect of curing temperature in thermodynamic equilibrium of alkali-activated 

binders 

The effect of temperature was also evaluated in the simulated activation of glass Si-FA cured 

for 28 days. Figure 7.7 shows the evolution, in terms of the calculated phase assemblage, 

of the thermodynamic modelling of glass Si-FA activated with NaOH (Figure 7.7a) and 

waterglass (Figure 7.7b) solutions, cured at temperatures from 20 to 60 °C. In general, the 

simulated results displayed a similar trend to the experimental findings described in Chapter 

6, with C-(N-A-)S-H gels becoming less stable at higher temperatures in both solutions, as 

Ca was shown not to be the main reaction-driver of fly ash-type systems at 60 °C – see 

section 4.3.3 for more details. This phenomenon facilitates the formation of crystalline 

structures with Ca uptake, observed by the enhanced stability of strätlingite at the expense 

of reduced C-(N-A-)S-H presence. 

With respect to the formation of zeolites, simulations considering waterglass as activator 

(Figure 7.7b) did not show any stable formation of hydroxysodalite (SOD) at all 

temperatures, following the results obtained in the previous section which did not show any 

stable zeolite in the compositional range of glass Si-FA at 20 °C. However, in system N8S0, 

an interesting trend was observed. The simulated presence of N-(C-)A-S-H gels was increased 

following the rising temperatures, at the expense of a reduced formation of hydroxysodalite 

(SOD), while N-A-S-H gels did not demonstrate major differences at any simulated 

temperature. Two assumptions can explain this observation:  

i. the increased temperature induced a slightly higher degree of reaction, which 

shifted from 37.8 % (20 °C) to 42.0 % (60 °C). Consequently, a higher amount of 

Ca from the original precursor is released and available for the formation of 

reaction products. Similarly to the formation of crystalline secondary phases, Ca 

coupling to N-A-S-H structures was demonstrated to be thermodynamically 

favoured at higher temperatures;   

ii. the reduction of the solubility product of hydroxysodalite, from 20 °C to 60 °C, 

was nearly two times greater than the reductions assumed for amorphous gels 
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(especially for gel N-C-A-S-H-2), the two main representatives of the non-

crystalline products – see Table 7.2.  

It is thus suggested that a rise in curing temperature represents an increasing stability of 

the nanostructure phases over the crystalline structure of SOD, reducing the contribution of 

the latter to the phase assemblage.  

 

Figure 7.7: Influence of temperature on the modelled phase assemblage of glass Si-FA activated with: NaOH; 

and b) waterglass solutions. 
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7.3.2 Coupled thermodynamic and kinetic modelling 

7.3.2.1 Numerical modelling of alkali-activated synthetic slag 

As described in Section 7.2, the experimental findings of this thesis were implemented in 

the GeoMicro3D numerical modelling tool to extend its features. After the validation of the 

thermodynamic databases of zeolites and N-(C-)A-S-H-type gels, the alkali-activation of 

precursors resembling slag-type and fly ash-type glasses were simulated, aiming the 

evaluation of the accuracy of the updated tool.  

The numerical modelling of the activation of glass BFS-2, in an NaOH medium, was simulated 

for a digital period of 28 days, and the outcomes of the first 24 h of reaction are observed 

in Figure 7.8. The plots and the visualization of the microstructure indicate a correlation 

between the pore solution and initial phase precipitation (Figure 7.8a). Ca is the first 

element to be detached from the framework of the precursor shortly followed by Si, while 

Al displays a slower release rate in initial stages – it is worth noting that the initial Al2O3 

content of glass BFS-2 is relatively low, with Si/Al and Ca/Al molar ratios of 1.75 and 2.57, 

respectively. The evolution in the concentrations of Ca and Si presents a small step after 

approximately 10 minutes, indicating the beginning of the precipitation of C-(N-A-)S-H gels. 

Sequentially, the formation of portlandite (CH) during the first hour of reaction reduces the 

rate of release of Ca compared to Si. Finally, a significant drop in the presence of the three 

elements in the pore solution is observed at approx. 6 hours, which promotes a significant 

secondary precipitation of both portlandite and Ca-based gels and the beginning of the 

formation of hydroxysodalite (SOD). This last observation suggests that the reaction has 

entered its acceleration stage after the initial wetting and dissolution period, promoting a 

rapid increase in the amount of different reaction products. 

The formation of portlandite, which was also observed in early stages in experimental 

conditions – see Chapters 4 and 5 – is expected in these periods in such alkaline environments 

while the system has insufficient amounts of other elements in solution [79,205,228]. Figure 

7.8b provides a visual and clear evidence of the precipitation of portlandite in early stages. 

The digital microstructure illustrates the distribution of portlandite at the surface of the 

precursor particles since the first hour of reaction, indicating its potential role of an 

intermediate activated complex in alkali-activated systems – see section 4.3.1 for more 

details. The initially surface-anchored portlandite nuclei were observed to grow and form 

coarser reaction rims surrounding the precursor particles, and the total volume occupancy 

of the phase achieved 2.3 % after 24 hours of reaction.  

Table 7.2: Solubility products of hydroxysodalite and nanostructured gels, according to temperature, 

normalized to the molar content of SiO2. 

Component 
log 𝑲𝒔𝒑 

(20 °C) 

log 𝑲𝒔𝒑 

(60 °C) 

Difference 

(20 °C – 60 °C) 
Ref. 

N-A-S-H 1 
(𝑁𝑎2𝑂)0.49 ∙ (𝐴𝑙2𝑂3)0.46 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)0.48 

-8.93 -7.86 1.07 [225] 

N-C-A-S-H-2 
(𝑁𝑎2𝑂)0.23 ∙ (𝐶𝑎𝑂)0.2 ∙ (𝐴𝑙2𝑂3)0.23 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)0.4 

-8.61 -7.88 0.73 Yun et al. 

Hydroxysodalite (SOD) 
(𝑁𝑎2𝑂)4 ∙ (𝐴𝑙2𝑂3)3 ∙ (𝑆𝑖𝑂2)6 ∙ (𝐻2𝑂)3 

-11.22 -9.83 1.39 [207] 

 



210 7. Numerical simulation of alkali-activated materials 

  

 

Figure 7.8: Simulation of the first 24 hours of reaction of alkali-activated glass BFS-2: a) correlation between 

pore solution and phase precipitation; b) distribution of portlandite after 1 and 24 hours; c) distribution of C-

(N-A-)S-H gels after 1h and 24 h. *Volume occupancy indicates the contribution of each product to the total 

volume of the simulation box. 
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In combination with portlandite, the precipitation of C-(N-A-)S-H gels was also observed at 

very early stages of the reaction, while as significant presence of hydroxysodalite (SOD) was 

observed only after approx. 8 hours. As observed in the digital microstructures displayed in 

Figure 7.8c, Ca-rich gels were present in the same voxels as portlandite at 1 hour with 

slightly higher volume occupancy, consolidating the concurrent formation of both phases. 

With the course of reaction, the disordered gels quickly became the dominant phase of the 

microstructure, occupying a total volume of 9.8 % of the whole simulation box after 24 h. 

Consequently, it is possible to observe a significant change in voxels containing disordered 

gels, which were observed to connect two or more particles of precursor after the first day 

of simulated reaction.  

The evolution of the reaction of the simulated system is shown in Figure 7.9a. As the 

simulation tool calculates the thermodynamic equilibrium of reaction products considering 

only unreacted species, the portlandite nuclei formed in the first moments of reaction (see 

Figure 7.8b) occupies a major volume of the final microstructure, in agreement with the 

simulations performed by Zuo and Ye [59]. However, it is observed that its quantity becomes 

quickly stable after the first two days of reaction, indicating that other phases are more 

thermodynamically favourable to be precipitated at later stages. In combination with Ca-

based gels, the formation of hydroxysodalite was observed to occur since the first day but 

at a slower rate, representing approximately 12.1 % of the total volume after 28 days. 

Additionally, a small quantity of katoite as a secondary phase was formed after approx. 3 

days of reaction. At later stages, these two components can be expected to become stable 

by the exhaustion of Si in the pore solution, consumed for the precipitation of zeolite 

phases.  

Additional conclusions can be drawn from the digital microstructures shown in Figure 7.9b. 

While the quantity of solution voxels does not present major changes from 7 to 28 days, 

most of nodes filled with reaction products change from reaction front to partially filled 

voxels, and from partially filled voxels to fully filled voxels, indicating the continuous 

evolution of the reaction kinetics. In combination with the evolution of the degree of 

reaction of approx. 10 % between the two ages, the nucleation and growth of reaction 

products promoted a reduction in the overall porosity of the simulation box from 33.0 % to 

29.3 %. 
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Figure 7.9: Evolution of the simulated alkali-activation of glass BFS-2 up to 28 days: a) phase assemblage; and 

b) digital microstructure. 
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Figure 7.10: Distribution of reaction products within the simulated microstructure of alkali-activated BFS-2: a) 

C-(N-A-)S-H gels; and b) hydroxysodalite. 
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The distribution of C-(N-A-)S-H gels and hydroxysodalite throughout the digital 

microstructure is illustrated in Figure 7.10. The Ca-based gels (Figure 7.10a) are 

homogeneously distributed throughout the matrix and show large volume occupancy, as most 

of the voxels containing the category of reaction products present a volume fraction in the 

range of 0.3-0.5 – green and yellow colors. A strong presence of these gels is observed both 

at the surface of glass particles and in the bulk microstructure, as they appeared to create 

bridges between two or more particles of the precursor – highlighted in red frames. On the 

other hand, hydroxysodalite presents a less evenly distribution within the matrix (Figure 

7.10b). In agreement with the findings from White et al. [199] for NaOH-activated slag, the 

presence of the zeolite phase is strongly observed as a thin rim-type phase covering the 

glass particles – see black frames in Figure 7.10b. Nonetheless, it is possible to observe a 

few isolated red-like spots throughout the bulk microstructure, indicating the presence of 

a few voxels nearly fully filled with the zeolite – highlighted in purple frames. This suggests 

a more significant formation of zeolites (or N-A-S-H gels) at later stages, acting as pore 

filling agents and reducing the overall porosity of the system, following experimental 

observations [106,503]. 

 

7.3.2.2 Numerical modelling of alkali-activated synthetic fly ash 

Curing regimen – 20 °C:  

The evaluation of the extended GeoMicro3D tool continued with the numerical modelling of 

the alkali-activation of glass Si-FA in NaOH, simulating the microstructural evolution for 28 

days at 20 °C. In comparison with the activation of glass BFS-2 described in the previous 

section, one constraint was included into the Si-FA system: the simulation considered an 

upper thermodynamic stability limit of formation of hydroxysodalite, following the results 

shown in Section 7.3.2.1. The previously determined value of 0.36 mmol/cm³ was 

implemented considering the total volume of the simulation box in GeoMicro3D, which 

allows a concurrent formation of the zeolite phase and disordered N-(C-)A-S-H-type gels. 

As shown in the plots in Figure 7.11, the obtained results indicated slower reaction kinetics 

when compared to the reaction of glass BFS-2 – see Figure 7.8. Following the findings from 

Chapter 4, a slow dissolution rate in fly ash-like glasses was expected, which is confirmed 

by the low concentrations of elements in pore solution obtained in the first 48 h of 

simulation (Figure 7.11a) – the maximum concentration of Si achieved in the first moments 

of reaction was 2.2 times higher in the pore solution of the alkali-activation of glass BFS-2. 

The initial phase precipitation occurred after approximately 2 h of reaction by the formation 

of portlandite, following a mild drop in Ca concentration.  

The plots in Figure 7.11a show similarities with experimental observations: portlandite (CH) 

is the first product to be stabilized in the system after 1 h of reaction, and primary reaction 

products only became the dominant phases in the microstructure after 20 h, with the 

concurrent formation and growth of hydroxysodalite, at first, and C-(N-A-)S-H-type gels, 

sequentially. Despite being quickly precipitated, Figure 7.11b shows that portlandite does 

not present a significant evolution in the microstructure. Following a similar pattern to the 

observations made in the simulation of slag-type glass (Figure 7.7b), the presence of CH was 

limited to a surface-anchored product, as its contribution to the total amount of reaction 

products reduced by half from 10 to 48 hours. 
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With respect to primary reaction products, C-(N-A-)S-H-type gels are expected to be more 

stable in early reaction stages of low-Ca precursors, precipitating mostly at the expense of 

portlandite consumption once Si and Al ions are sufficiently available. However, as the 

thermodynamic equilibrium module of GeoMicro3D considers only non-reacted ions in 

solution for phase precipitation (due to optimization of computation efficiency) and 

disregards re-dissolution of solid components, it was observed that the formation of the 

zeolite phase was accelerated due to the lack of Ca ions in the pore solution – which were 

previously consumed for the formation of CH. Hydroxysodalite and C-(N-A-)S-H gels were 

initially precipitated as small nuclei anchored at the surface of glass particles. Figure 7.11c 

indicates that, despite representing 41.8 vol% of the reaction products at 10 hours, the 

number of voxels containing hydroxysodalite is more limited when compared to the 

distribution of CH. This observation is in agreement with other results reported in literature 

[202], as N-A-S-H-type gels are mostly concentrated at the edges of the particles of the 

precursor in early-stages of NaOH-activated fly ashes. In the same period, the contribution 

of Ca-based gels to the phase assemblage was significantly limited, as shown in Figure 7.11d.  

While both hydroxysodalite and C-(N-A-)S-H gels had limited formation up to 10 hours, they 

represented approx. 60 vol% of all reaction products at 48 hours. This resulted in the 

formation of a thicker layer surrounding glass particles compared to the distribution of 

portlandite, indicating the connection between the two or more particles of precursors. 

However, a few voxels are observed to be empty in Figures 7.11c and 7.11d with respect to 

the presence of the two phases – see red dashed frames. As Figure 7.11b shows the presence 

of portlandite in these same voxels, this observation is an indication of the obtainment of a 

porous microstructure in the fly ash-type glass, following the results shown in Chapter 6 for 

the NaOH activation of glasses Si-FA and Ca-FA – see Figure 6.8.  
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Figure 7.11: Characteristics of the first 48 hours of simulated alkali-activated of glass Si-FA: a) correlation 

between pore solution and precipitation of reaction products; b) evolution of the distribution of portlandite; 

and c) evolution of the distribution of N-A-S-H gels. *Volume occupancy indicates the contribution of each 

product to the total volume of reaction products. 
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An additional interesting feature of the simulation is observed by the distribution of 

hdyroxysodalite and N-A-S-H-type gels throughout the microstructure. The slices of the 

microstructures show in Figure 7.12 show the evolution in the occupancy of the two phases 

from 7 to 28 days in the simulation box. Hydroxysodalite is observed to remain as a surface 

anchored product (Figure 7.12a), with negligible evolution until the end of the simulation. 

On the other hand, the presence of N-A-S-H-type gels displayed a significant evolution in 

the evaluated period (Figure 7.12b). The gel species were homogeneously distributed 

throughout the simulation box, occupying nearly all voxels in the bulk matrix (Figure 7.12b). 

This observation emphasizes the slow kinetics of reaction of low-Ca precursors, and is in 

agreement with literature findings: Walkley et al. [212] reported that, during the alkali 

activation of synthetic fly ashes, the formation of a mature microstructure can take more 

than 7 days in NaOH-activated systems. It is important to state that this observation can be, 

to some extent, a consequence of the establishment of an upper thermodynamic limit of 

formation of the zeolite phase – additional research would be required to provide extra 

insights into the combined thermodynamic-kinetics of evolution of disordered gels and 

crystalline structures. 

  

Figure 7.12: Evolution of the distribution of reaction products in the simulated alkali-activation of glass Si-FA 

at 7 and 28 days: a) hydroxysodalite (SOD); and b) N-A-S-H-type gels. 
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Curing regimen – 60 °C and 20 °C: 

The implementation of a curing temperature regime of 60 °C for the first 7 days of reaction, 

and at 20 °C for the remainder of the simulation, promoted a significant acceleration of the 

kinetics of reaction, as seen in Figure 7.13. The precipitation of primary reaction products 

initiates in the first minutes of reaction, with the precipitation of N-A-S-H gels shortly 

followed by the initial formations of hydroxysodalite and N-(C-)A-S-H gels (Figures 7.13a and 

7.13b), promoting a mild reduction in the concentrations of Si and Al. The release of Si from 

the precursor to the pore solution continues to evolve until approx. 1 hour, while Al remains 

at a more constant concentration during the first 24 hours of reaction. The observed drops 

in concentration of the two elements coincided with the more significant formation of C-

(N-A-)S-H species at first, and sequentially with the precipitation of strätlingite.  

With respect to the early evolution of the reaction, the simulated system accurately 

replicated the trends in the reaction kinetics of experimentally observed in Chapter 6. The 

in-situ calorimetry curve of NaOH-activated glass Si-FA, shown in Figure 7.13c, shows two 

individual peaks: the first, assigned to the precursor wetting and dissolution, occurs due to 

accelerated Si and Al releases, leading to immediate formation of N-(C-)A-S-H-type gels and 

hydroxysodalite which contribute to the intensity of the exothermic response. The second 

peak, assigned to an acceleration period, is promoted by an additional release of Si and Al 

coupled with Ca dissolution, leading to a significant formation of other Ca-bound phases.  

An additional observation can be addressed with respect to the behaviour of Ca. Following 

the experimental observations made in Chapters 4 and 5, the release of Ca is known to be 

limited at 60 °C due to changes in the dissolution mechanisms – hydrolysis of Si-O and Al-O 

bonds have a more significant impact in the dissolution than the release of Ca2+ through 

cation exchange, as detailed in Section 5.4.1. The plot in Figure 7.13a indicates that the 

concentration of Ca in the pore solution was maintained at levels approximately 10x lower 

than Si and Al. This is suggested to occur through a combination of two factors: the delayed 

release of Ca with the local temperature, and the quick consumption of Si and Al for 

precipitation of reaction products. Due to the quick evolution in the reaction degree at 60 

°C (reaching 16.8 % at 1 hour), the latter effect lowers the saturation indices of N-(C-A-)S-

H gels and hydroxysodalite, promoting a continuous formation of these phases at very early 

stages, as shown through the evolution of reaction products displayed in Figure 7.13b. The 

microstructure slice in Figure 7.13d shows all particles of the precursor surrounded with 

partially filled voxels creating thick rims, which act as a diffusion barrier for the release of 

Ca to the solution. As a result, the formation of both primary and secondary Ca-dominated 

phases was delayed to later stages in the current simulation. 

Influence of temperature in phase assemblage and microstructure: 

The effect of the curing regimes on the phase assemblage are clearly observed in Figure 

7.14, and the plots in logarithmic time scales facilitate this observation. When the system 

is cured at 20 °C for the whole period (Figure 7.14a), modifications are only visible after 10 

hours of reaction. Portlandite, C-(N-A-)S-H gels and hydroxysodalite are observed to be part 

of the phase assemblage in earlier periods, while N-A-S-H gels become the main reaction 

product after approx. 72 hours. The implementation of higher temperature curing (Figure 

7.14b) significantly accelerated this effect, with hydroxysodalite and N-A-S-H gels quickly 

representing the main portion of reaction products after less than 1 h of reaction.  
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Figure 7.13: Characteristics of the first 24 hours of simulated alkali-activation of glass Si-FA, cured at 60 °C: a) 

correlation between pore solution and phase precipitation; b) comparison with experimental isothermal 

calorimetry; and c) visualization of the simulated microstructure.  

Interestingly, it is noticed that the degree of reaction evolves in three steps at 60 °C: in the 

first hour of reaction, both hydroxysodalite and N-A-S-H-type gels are stabilized and account 

for the vast majority of the phase assemblage; the second stage is represented by the growth 

and the stabilization of N-A-S-H and N-(C-)A-S-H gels, respectively, from 1 to 10 hours, 

indicating that the zeolite phase has reached its upper thermodynamic stability limit of 

formation; finally, the third period comprises the formation of Ca-dominated phases, such 

as C-(N-A-)S-H gels and secondary crystalline phases – strätlingite, katoite, and portlandite, 

until a stagnation of the reaction kinetics is reached after approx. 100 hours. This 

observation follows the findings from [228], who used Fourier transform infrared 

spectroscopy to conclude that C-S-H-type gels could be formed as a secondary reaction 

product during the activation of low-Ca fly ashes. The late formation of Ca-dominated 

phases occurs after the exhaustion of aqueous Si and Al species, following the evolution of 
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the pore solution shown in Figure 7.13a. In the extended version of GeoMicro3D, this feature 

is enhanced at higher curing temperatures due to the differences in the mechanism of Ca 

release from the precursor at 60 °C [405], which ultimately hinder the early formation of 

C-S-H-type gels and other Ca-bearing crystalline phases. 

In the two curing regimes, the formation of N-(C-)A-S-H over N-A-S-H gels and 

hydroxysodalite is limited, following a different pattern observed in thermodynamic 

modelling – see Section  7.3.2.1 for more details. In the system cured at 20 °C, this was 

caused by the previous consumption of Ca for the formation of secondary phases and C-(N-

A-)S-H gels. The depleted presence of Ca in the pore solution lowers the saturation indices 

of Ca-bound N-A-S-H species, favouring the formation of zeolite-type phases and pure N-A-

S-H gels. Conversely, the lower incorporation of Ca in N-A-S-H gels at 60 °C cannot be 

explained by the formation of other Ca-bearing phases, which had a signification 

precipitation only in the third acceleration stage of the reaction. In general, the 

concentration of Ca in the pore solution was maintained low in the initial moments and 

increased after approx. 10 hours of reaction. At that point, N-A-S-H and SOD had already 

been stabilized and represented the majority of the microstructure, consuming a large 

amount of aqueous Si and Al species previously available. Moreover, the precipitation of N-

(C-)A-S-H gels competed with other crystalline secondary phases, which could represent a 

further limitation in the precipitation of the disordered species. It is thus concluded that 

the influence of the kinetic and thermodynamic parameters of nucleation of all N-(C-)A-S-

H-type gels deserve more attention, and future works could cover this gap in the modelling 

of alkali-activated materials. 

The influence of temperature is also observed in the slices taken from the simulated 

microstructure shown in Figure 7.15, after 28 days of reaction. Since the two modelled 

situations used the same input box, the comparison between the two curing regimes is 

facilitated. In Figure 7.15b, the presence of solution nodes and nodes fully filled with 

reaction products is noticeably lower. In Figure 7.15b, the particles located inside the red 

dashed frame present a larger area of nodes belonging to the category of the dissolution 

front, which represents a combination of dissolving precursor with rim reaction products. 

This reflects a combination of the second acceleration period and a higher overall degree 

of reaction promoted by temperature, which is nearly 7 % for the model initially cured at 

60 °C. Consequently, the porosities of the boxes decrease from 30.2 %, for the reaction 

taking place at 20 °C, to 14.1 %, for the second curing regime, in consistency with 

experimental findings [175,398,409,504].  
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 Figure 7.14: Evolution of phase assemblage of the simulated alkali-activation of glass Si-FA: a) curing at 20 °C 

for 28 days; b) curing at 60 °C for 7 days, and 20 °C for the remaining 21 days. 

 

 



222 7. Numerical simulation of alkali-activated materials 

  

7.3.2.3 Simulated alkali-activated blended systems 

In sequence, the simulated alkali-activation of system B50, which consists of a mixture of 

glasses Si-FA and BFS-2 in a 1:1 proportion, was performed in NaOH media at 20 °C for 28 

days. Figure 7.16 shows the evolution of the phase assemblage and reaction degree up to 

28 days for the two individual components in the blend. Following the previous simulations 

made with individual precursors, portlandite was the first phase to be formed, achieving 

stability after approximately 2 days of reaction since minor changes were observed in its 

amounts after this period. After 28 days, the phase assemblage presented a balanced 

proportion of C-(N-A-)S-H gels and hydroxysodalite. The former category represented the 

main contribution to the microstructure among all formed phases, accounting for 51.6 % of 

all reaction products, while the latter, which mimics the precipitation of N-A-S-H gels, 

contributed to 30.2 %. 

The formation of hydroxysodalite was observed to occur at a slower rate. In general, at 20 

°C, the precipitation of phases which do not contain Ca is delayed to secondary stages, as 

observed in previous models and experiments – see Section 5.4.2 for more details. In the 

present simulation, this feature is enhanced by the slower reaction kinetics of glass Si-FA, 

which dissolves at a slower rate and reaches a plateau of the reaction degree earlier than 

glass BFS-2. The delayed formation of the zeolite phase is in line with literature, as different 

authors reported a dominance of C-S-H-type gels in the microstructure of slag:fly ash blends 

at different slag proportions [228,348,419,444,463] – for instance, Ismail et al. [228] 

reported that N-A-S-H-type gels became the main reaction product only when the amount 

of fly ash was higher than 75 % in blends with slag. Consequently, the reaction degree of the 

high-Ca component BFS-2 is nearly 20 % higher than low-Ca component Si-FA after 28 days.  

 

Figure 7.15: Final simulated microstructure obtained from the simulation box of the simulated alkali-activation 

of glass Si-FA: a) curing at 60 °C for 7 days and 20 °C for the remaining 21 days; b) curing at 20 °C for 28 days. 
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Figure 7.16: Evolution of the simulated alkali-activation of blend B50, through 28 days. 
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Along with differences in the reaction degree, the interfaces of the particles of precursors 

with the bulk microstructure were moderately different for each component. As illustrated 

in Figures 7.17a and 7.17b, the distribution of the two main reaction products, i.e., C-(N-A-

)S-H and hydroxysodalite was less significant in the regions surrounding particles of glass Si-

FA. The thicker rim products observed around glass BFS-2 indicate the preference for initial 

reaction of slag components in blended systems, promoting higher cohesion with the 

particles since early stages. These observations are in agreement with experimental findings 

through SEM micrographs, which described a stronger binding of particles of glass BFS-2 to 

the activated matrix compared to glass Si-FA in NaOH-activated B50 blends – see Figure 6.16. 

 

Figure 7.17: Distribution of the main reaction products, after 28 days, within the microstructure of the 

simulated alkali-activated B50 blend: a) C-(N-A-)S-H gels; and b) hydroxysodalite (SOD). 
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7.4 Validation of numerical simulation – comparison with experimental data 

7.4.1 Evolution of degree of reaction  

The comparison of the degree of reaction obtained by simulation with the values determined 

experimentally in Chapter 6 is given in Figure 7.18 for individual precursors. The simulated 

degree of reaction of glass BFS-2 (Figure 7.18a), at both 7 and 28 days, presented very good 

agreement with experimental values, as the curve obtained with the GeoMicro3D model is 

nearly within the experimental error calculated in section 6.3.1.2. At 7 days, the reaction 

degree was equal to 36.7 % and 38.7 % for modelled and experimental scenarios respectively, 

evolving to 46.3 % and 43.3 % after 28 days. The chart also suggests that the reaction is not 

fully ceased after the end of the simulation, as the graph indicates an evolution in the 

reaction degree beyond 28 days at a low rate. Exponential fitting of the curve, following 

the procedure available in [505,506], indicates a final degree of reaction of approx. 57 % 

under the simulated conditions, which is within the expected range for this type of reactions 

[88,204,507]. 

With respect to glass Si-FA, the simulated reaction was initially significantly slower at 20 

°C, but achieved very good agreement with experimental data after 28 days (Figure 7.18b) 

– 37.6 % versus 38.9 % for the experimental and simulated conditions, respectively. The 

evolution of the numerically simulated reaction, from 7 to 28 days, indicates a similar trend 

of moderate kinetics compared to experiments, but the rate of evolution of reaction 

occurred at a slower pace than in the experimental conditions. Exponential fitting of the 

simulated curve indicates that the reaction is not expected to continually evolve, and final 

expected reaction degree is approx. 40 %. 

Conversely, the implementation of a curing regime at 60 °C for the first 7 days of reaction 

significantly accelerated the simulated reaction (Figure 7.18c). Few changes were observed 

in the degree of reaction after the first 7 days, resulting in a quick stabilization of the 

microstructure and few changes in the assemblage of reaction products, observed in Figure 

7.18c. After 28 days, the obtained values were 48.7 % and 45.3 %, for the experimental and 

simulated scenarios, respectively. Additionally, the plot indicates that the reaction has 

reached its final stages, as the curve assumed a plateau-like behaviour at the end of the 

simulation. 
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Figure 7.18: Comparison of the evolution, in degree of reaction, of simulated and experimental NaOH alkali-

activation of the following systems: a) glass BFS-2, cured at 20 °C; b) glass Si-FA, cured at 20 °C; and c) glass 

Si-FA, cured at 60 °C for 7 days and then at 20 °C. 

The slower evolution of the reaction kinetics of the fly ash-type glass, and the continued 

evolution in the reaction of the slag-type glass, are also observed in the blend B50. As shown 

in the plot in Figure 7.19, the simulated overall degree of reaction reached very good 

agreement with experimental data: at 28 days, results obtained with GeoMicro3D indicated 

a total reaction degree of 40.9 % versus a calculated value of 39.3 % for the experimental 

conditions. With respect to individual components, the glass Si-FA presented a similar 

evolution in its individual reaction degree from 7 to 28 days, increasing 3.1 % in the 

simulated and 4.1 % in the experimental system. Conversely to the fly ash component, the 

contribution of BFS-2 to the overall reaction continued to evolve until the end of the 

simulation, increasing 6.9 % versus only 0.6 % for the experimental value. This latter 

observation is in line with the individually simulated activation of BFS-2, indicating that the 

simulation tool can moderately overestimate the duration of the reaction when high-Ca 

precursors are utilised. 
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Figure 7.19: Evolution of the degree of reaction of blend B50, in simulated and experimental conditions, 

considering the individual precursors and the overall system. 

 

7.4.2 Phase assemblage  

After the simulation reactions reached 28 days, the phase assemblage of the reaction 

products were quantitatively evaluated for each system. Following the approach described 

in Chapter 6, the newly formed phases were categorized in three groups:  

i. C-(N-A-)S-H gels, comprising amorphous Ca-dominated phases;  

ii. N-(C-)A-S-H phases, comprising N-A-S-H gels, hydroxysodalite and Ca-bound N-A-

S-H gels; and  

iii. Secondary crystalline phases, comprising katoite, strätlingite and portlandite.  

The contributions of each category to the total amount of reaction products were compared 

between experimental (obtained in Chapter 6) and numerically simulated values (obtained 

with GeoMicro3D). 

Within the N-(C-)A-S-H category, the plots in Figure 7.20 indicate very good agreement for 

the reactions made with glass Si-FA, while high-Ca systems containing glass BFS-2 presented 

larger differences between experimental and simulated values. As observed in Figures 7.20a 

and 7.19b, this category accounted for the majority of the reaction products in both curing 

regimen of glass Si-FA: N-(C-)A-S-H phases represented more than 75 wt% of reaction 

products in all experimental and modelled scenarios, and the difference between 

experimental and simulated values was lower than 5 wt% in the two curing conditions. With 

respect to high-Ca precursors, the individual (Figure 7.20c) and blended (Figure 7.20d) 

activation of glass BFS-2 reduced the contributions of this category to the overall 

microstructure. In general, the numerical modelling underestimated the amount of N-(C-)A-

S-H-type phases, resulting in a difference of 11-12 wt% in their final quantities. A slightly 

larger variation was obtained with B50, mostly due to the larger extent of reaction of glass 

BFS-2 in the blend. 
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Figure 7.20: Contributions of different categories of reaction products to the final phase assemblage of glasses 

activated with NaOH, calculated for experimental and modelled conditions: a) glass Si-FA, cured at 20 °C; b) 

glass Si-FA, cured at 60 °C for 7 days and then 20 °C for 21 days; c) glass BFS-2 cured at 20 °C; and d) blend 

B50 cured at 20 °C. 

The contributions of C-(N-A-)S-H gels and secondary crystalline phases presented an inverse 

trend among them. In the four systems evaluated, an underestimation of C-S-H-type gels in 

the numerical simulations was followed by an overestimation of secondary phases at 

different levels. This discrepancy arises from the existing limitations in thermodynamic 

databases and models, which consequently influence the simulations performed with 

GeoMicro3D:  

• GEMs, as a thermodynamic modelling tool, does not include kinetic effects in its 

equilibrium calculations. Therefore, the model utilises the total amount of reactive 

Ca, Si and Al as inputs to determine the most stable reaction products.  
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• GeoMicro3D incorporates the core code of GEMs to promote an approach which 

combines kinetic considerations and thermodynamic equilibrium modelling. 

However, it considers only unreacted species in the pore solution as inputs to 

determine the formation of new reaction products, while phases previously 

predicted to be precipitated are kept unmodified until the end of the simulation. 

Therefore, it does not cover phase transformations or any other processes requiring 

redissolution of newly formed phases, thus preventing the shift of initially formed 

reaction products to different ones. 

Within the four tested systems, the variations of the two categories remained in the range 

of 5-11 wt% for C-(N-A-)S-H gels, and 6-20 wt% for secondary phases. The main differences 

for the latter category were observed for the alkali-activation of glass BFS-2 (Figure 7.20c) 

and blend B50 (Figure 7.20d), two systems with high initial Ca content from the chemistry 

of the precursors. The kinetic module included in GeoMicro3D had a direct impact on the 

differences observed in Figure 7.20. The ability to replicate the faster release of Ca over 

other species during early stages of dissolution – which is a positive feature of the tool with 

respect to an accurate replication of dissolution kinetics – is maximized in systems 

containing slag-type glasses, facilitating the formation of portlandite within the highly 

alkaline environment of the digital pore solution. However, the significant consumption of 

this element in the initial moments of reaction reduces its availability for sequential phase 

precipitations, and then the initially formed nuclei remain stable throughout the whole 

simulation. This means that portlandite is unable to participate in any pozzolanic-type 

reactions at later age in this simulation methodology. With respect to secondary phases, it 

is well known that crystalline products are more thermodynamically stable than amorphous 

compounds, and therefore the binding of Ca with other elements is expected to more 

favorably promote the formation of katoite and strätlingite over disordered gels. 

During the simulated alkali-activation of high-Ca glasses, the excessive formation of 

portlandite in the initial stages promotes an interface between the particles of high-Ca 

glasses and the matrix which is surrounded by portlandite nuclei, as shown in the 

microstructure slice in Figure 7.8b. A schematic illustration of the differences between the 

expected distribution of reaction products in experimental and modelled conditions is shown 

in Figure 7.21: while a stronger adhesion of reaction products to the glass surface is observed 

in experiments, which was confirmed by SEM micrographs throughout Chapters 5 and 6, the 

phase assemblage of the simulated conditions suggest the formation of a thin portlandite-

rich layer around the reactive particles.  
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Figure 7.21: Schematic illustration of the expected differences between experimental and modelling scenarios 

in glass-matrix interfaces in high-Ca activated systems, highlighting the significant formation of portlandite in 

simulated conditions. 

Table 7.3 provides a detailed comparison between experimental and modelled data for C-

(N-A-)S-H gels, strätlingite, katoite, and portlandite for reactions comprising high-Ca 

precursors. The amount of portlandite formed in the two systems is significantly higher than 

what was experimentally observed, and this observation has different impacts in each 

reaction. In the simulated activation of glass BFS-2, the consumption of Ca in early stages 

did not promote major changes in the formation of katoite, strätlingite, and C-S-H-type 

gels. Instead, it was the responsible for reducing the amount of products within the N-(C-

)A-S-H category – see Figure 7.20, as the formation of Ca-bound N-A-S-H gels was observed 

to be limited in comparison with pure N-A-S-H and hydroxysodalite phases. On the other 

hand, the excessive formation of portlandite in the activation of blend B50 impacted the 

formation of the remaining phases, as this system presented the largest differences between 

experimental and simulated values for C-(N-A-)S-H and N-(C-)A-S-H gels. This is suggested 

to occur due to two reasons: the intrinsic lower Al content in glass BFS-2, and the slower 

reaction kinetics of glass Si-FA in the blended paste, with both conditions resulting in a 

delayed release of Al to the pore solution. Since the phase assemblage was composed of C-

(N-A-)S-H, minor quantities of hydroxysodalite and excess of portlandite, the late presence 

of Al favoured the precipitation of katoite over other products through binding with Ca, as 

this phase displayed significant formation after approx. 72 hours of reaction – see Figure 

7.16. At the same time, strätlingite displayed negligible amounts in the microstructure after 

28 days, and the growth of zeolites and N-(C-)A-S-H gels was restricted, emphasizing the 

late role displayed by Al in the development of the microstructure in this system. 

Table 7.3: Contributions of Ca-dominated phases to the phase assemblage of alkali-activated reactions 

comprising glass BFS-2 and blend B50. 

Category of phases 
BFS-2 B50 

Experimental GeoMicro3D Experimental GeoMicro3D 

C-(N-A-)S-H 68.1 % 66.7 % 63.6 % 54.7 % 

Katoite + 

strätlingite 
8.1 % 7.4 % 3.3 % 8.2 % 

Portlandite (CH) 0.0 % 13.8 % 0.3 % 15.6 % 
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As a conclusion, it was demonstrated that the implementation of numerical modelling tools 

can accurately replicate the reaction kinetics of alkali-activated systems. However, 

limitations in the thermodynamic equilibrium considerations induce errors of up to 12 % in 

the estimation of C-S-H-type gels. The metastable nature of the majority of some reaction 

products imposes challenges when comparing their equilibrium versus other crystalline 

phases. For that reason, a detailed study about the combined precipitation of C-(N-A-)S-H 

gels with other secondary phases is here suggested, aiming the determination of 

thermodynamic constraints that precipitation the formation of the former category in a 

realistic way, following the approach considered in this work for the formation of N-(C-)A-

S-H gels versus zeolites. 

 

7.5 Conclusions and outlook 

The use of numerical modelling tools to study the evolution of the microstructure of alkali-

activated binders, either in fresh or hardened states, is a quick and flexible way to observe 

the influence of multiple variables in their behaviour and performance. Moreover, the 

development of a reliable tool which accommodates a wide range of precursors, activators 

and curing conditions, would come as a powerful resource that can increase the outreach 

and applicability of these materials. The present Chapter targeted the development and 

implementation of new features into GeoMicro3D, aiming at the characterization of digital 

microstructures of alkali-activated systems in different scenarios of precursors and 

temperature. Through the inclusion of experimentally derived kinetic considerations and 

recently developed thermodynamic databases, the workflow presented in this work focused 

on the validation of the extended GeoMicro3D modelling tool to accurately simulate the 

reaction kinetics and phase assemblages of alkali-activated pastes versus experimental 

findings. Based on the results presented in this Chapter, the following conclusions can be 

drawn: 

• Following experimental observations, Ca was observed to be the main influencing 

factor in the predicted phase assemblage of systems through thermodynamic 

modelling. When evaluating the influence of the chemistry of the precursor, a shift 

in the phase assemblage from a domain rich in zeolites and disordered N-A-S-H-type 

gels, to one having Ca-dominated phases as the main products, is observed at CaO 

contents above 35 wt% in the precursor. This effect is enhanced in simulated 

conditions utilizing waterglass as activator versus NaOH, due to the facilitated 

binding of Ca with Si and Al in the presence of soluble silicates. 

• The thermodynamic database of N-(C-)A-S-H gels provided a reliable estimation of 

the phase assemblage of low-Ca precursors in the evaluated alkali-activated systems. 

The implementation of thermodynamic constraints to a few zeolites, considering the 

Si/Al and Na/Al ratios of the compounds, resulted in co-existence of crystalline 

phases and amorphous gels, which has been observed in previous experiments for 

the alkali-activation of synthetic fly ashes. 

• Simulations performed with the extended GeoMicro3D modelling tool provided a 

reliable evolution of the degree of reaction versus experimental results. The 

inclusion of dissolution rates derived earlier in this work enabled the observation of 

early formation of portlandite in all systems, because of the faster release of Ca 

from the precursors as observed during dissolution experiments. The continuity of 
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the reactions, throughout the whole simulated period of 28 days, resulted in 

reduction of overall porosity of simulated pastes.  

• The precipitation of primary reaction products replicated the expected outcomes 

observed in alkali-activated pastes: C-(N-A-)S-H dominated the kinetics of phase 

precipitation in the activation of glass BFS-2 and blend B50, with a concurrent 

formation of hydroxysodalite occurring at lower rates; conversely, glass Si-FA 

displayed a more clear stage separation, with N-(C-)A-S-H gels clearly precipitating 

in the first moments of reaction, followed by a delayed formation of Ca-dominated 

phases.  

• The digital microstructures produced with the numerical simulation were consistent 

with experimental findings. In blend B50, glass Si-FA was observed to have a weaker 

adhesion to the matrix compared to glass BFS-2. Additionally, temperature was 

observed to be directly linked to the reduction of the final porosity of the reactive 

system of glass Si-FA, in line with scanning electron microscopy images obtained for 

alkali-activated pastes. 

• Finally, the formation of N-(C-)A-S-H gels and zeolites had very good agreement 

between simulated and experimental conditions for low-Ca precursors. An 

overestimation of crystalline Ca-based phases was observed in both thermodynamic 

and numerical modelling, especially for the high-Ca precursor, which consequently 

limited the formation of the other categories of reaction products. The largest 

differences in quantities of each category between experimental and simulated 

conditions were for N-(C-)A-S-H, although the agreement among all scenarios was 

still very good.  

The implementation of new features into GeoMicro3D resulted in positive agreements 

between digital and experimental findings, highlighting the contributions of this Chapter to 

the obtainment of digital microstructures of systems based on both high- and low-Ca 

precursors, under different curing regimen. The inclusion of dissolution rates as a first step 

of the simulations, and thermodynamic equilibrium calculations as a second step, allowed 

the understanding and the replication of both early and later stages of the reaction. These 

observations indicated that the chemistry-temperature relationships developed earlier in 

this Thesis can be combined with GeoMicro3D,  potentially enabling the future utilization of 

the extended modelling tool to estimate both fresh (rheology and early strength 

development) and hardened (durability and long term behaviour) properties for different 

binder compositions. It is important to state that, despite the positive outcomes, a 

refinement of thermodynamic constraints concerning Ca-dominated products and the 

inclusion of re-dissolution of solid phases might be necessary to further increase the 

accuracy of the model, and is suggested for future investigations. 
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Chapter 8.  

_________________________________________________________ 

Retrospection, contributions, and recommendations 

for future research 

 

The sequential stages of alkali-activation reactions have been extensively investigated in 

this work, from the initial instants of contact between solid precursors with alkaline 

solutions, to the formation of hardened and stable microstructures. Through the 

fundamental investigation of the reaction kinetics and the identification of influencing 

parameters on each stage, this study evaluated the behaviour of low- and high-Ca 

precursors activated with distinct alkaline solutions, proposing empirically-based 

correlations and modelling tools to predict the evolution of their characteristics with the 

course of the reaction. This Chapter provides a summary of the main findings of this thesis, 

correlating the experimental findings with the gaps in literature identified at the beginning 

of this study. The Chapter finishes with suggestions for future work, targeting the 

continuous development and improved applicability of the technology of alkali-activated 

materials.
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8.1 Retrospection 

In the pathway towards the decarbonization of the construction industry, alkali-activated 

materials are considered one of the most viable options of sustainable building materials, 

as they combine the avoidance of the utilization of Portland cement with the repurposing 

of industrial byproducts. However, from an industrial perspective, a few challenges limit 

their acceptance and a wider application of this technology, as discussed in Chapter 1:  

i. The limitation on geographical availability of the main raw materials, combined 

with the variability in chemistry and mineralogy of precursors, generates 

uncertainties over the replication of the behaviour of AAMs in different locations;  

ii. The utilization of novel materials as precursors – which can increase the number 

of potential raw materials, especially in regions with limited supply of blast 

furnace slags and coal fly ashes – is not yet a mature alternative. These 

alternative components do not present a well-established production process in 

most cases, and their production volumes are usually low, raising questions over 

their contributions to a reliable supply-chain for industrial applications. 

The present PhD thesis aimed at uncovering a few of the challenges with the implementation 

of these binders. In summary, this research proposed to correlate binder chemistry and 

curing conditions to microstructural characteristics, aiming at the estimation of the 

behaviour of alkali-activated materials at different stages of reaction, according to the 

study route illustrated in Figure 8.1. 

This PhD thesis presented a systematic investigation of the kinetics of reactions of alkali-

activated materials in experimental and simulated conditions, from the initial stages of 

dissolution of precursors in alkaline solutions, to the development of mature 

microstructures. The experimental approach of this study consisted in the use of synthetic 

precursors obtained with variable amounts of SiO2, Al2O3 and CaO, which replicated the 

structure of blast furnace slags and coal fly ashes, the two most utilised precursors in 

industry and in research. The main experimental findings were utilised as base for the 

development of the main deliverable of this thesis: a numerical simulation tool which 

provides a digital observation of the evolution of microstructures, at paste level, with 

multiple conditions of precursors, activators, and curing regimes. The structure of this study, 

illustrated in Figure 8.1, was divided into five sections: one section which provides the 

problem statement and the motivation behind this work, three technical sections which 

describe the workflow of this thesis, and one final section with the general conclusions and 

contributions of this work. 
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Figure 8.1: Schematic illustration of the structure of this thesis. 

 

Summary of research 

With respect to the Chapters comprising the technical sections of this thesis, a summary of 

each is provided: 

Part II: Structural characterization of precursors and initial instants of reaction 

Chapter 3 presented the synthesis route and the characterization of the synthetic precursors 

utilised in all of the Chapters of this thesis. The precursors were obtained through a melting-

quenching route, and four glasses of different chemical compositions were produced. The 

composition of each glass was simplified to account for SiO2, Al2O3 and CaO as the main 

constituents of the precursors. The amounts of each oxide were stoichiometrically 

controlled to replicate the structural characteristics of two types of blast furnace slags, one 

type of calcareous fly ash, and one type of siliceous fly ash. A combined quantitative and 

qualitative study was performed to investigate the influence of CaO, as network modifying 

oxide, on the distortion of the framework of each glass. The structures of the synthetic 

precursors were characterized with Fourier transform infrared (FTIR) and Raman 

spectroscopy, solid state nuclear magnetic resonance (SS-NMR), and with X-ray diffraction 

(XRD). The connectivity of the framework of the precursors was determined and correlated 

to the overall chemistry of each, through the quantification of Si Qn units, and the 



Part V. Conclusions and outlook 237 

 

 

qualitative determination of Al Qn units. XRD diffractograms and FTIR spectra were utilised 

to identify the formation of heterogeneities at sub-micro levels, providing an additional 

correlation between chemical composition and glass structure.  

Chapter 4 covered the study of the dissolution kinetics of the synthetic precursors. 

Relatively dilute solutions of NaOH, in different molarities, were prepared to assess the 

evolution in dissolution of all glasses, and different environmental temperatures were 

implemented in studies involving fly ash-type glasses. The temporal evolution in 

concentrations of Ca, Si and Al was studied with inductively coupled plasma optical emission 

spectroscopy (ICP-OES), and the residual structure of the glasses was characterized with 

Raman and FTIR spectroscopy. Aiming for a facilitated assessment of reaction kinetics, the 

chapter proposed empirically derived equations of the forward dissolution of each element, 

proposing a correlation which estimates the behaviour of any glassy precursor within the 

studied compositional and temperature ranges. 

Part III: Evolution of microstructure of alkali-activated binders 

Chapter 5 focused on the study of the initial moments of alkali-activating reactions. The 

mechanisms of precipitation of reaction products were investigated in NaOH and waterglass 

solutions. FTIR spectroscopy, differential thermogravimetric (DTG) analysis and XRD were 

among the techniques utilised to identify the formation of intermediate metastable phases 

and primary reaction products, correlating the findings with chemistry of the precursor and 

of the activating solution. Scanning electron microscopy (SEM) images allowed a direct 

visualization and association of alkaline activators to two precipitation mechanism of 

reaction products – either through heterogeneous nucleation as surface-anchored products, 

or through homogeneous nucleation in the bulk solution, with additional observations of the 

evolution of the structural build-up of such phases. In-situ isothermal calorimetry of the 

first 24 hours of reaction provided additional insights into the structural transformation of 

disordered gels. In addition, the use of selective dissolution through salicylic acid/methanol 

(SAM) treatment was implemented to distinguish the contributions of gels of different 

chemistry to the early phase assemblage of alkali-activated pastes. 

Chapter 6 proposed multiple correlations between chemistry, reaction kinetics and 

microstructure of alkali-activated binders through empirical observations. Pastes prepared 

with the four individual precursors activated with waterglass and NaOH solutions, and with 

blends of high- and low-Ca glasses, were cured up to 28 days at 20 °C and 60 °C. A 

combination of XRD, selective dissolution through the SAM treatment, and SEM micrographs 

allowed the estimation of the degree of reaction of each paste and the distinction and 

quantification of all reaction products contributing to the phase assemblage. 

Part IV: Thermodynamic and numerical modelling of alkali-activated systems 

Chapter 7 covered the implementation of new features and the development of an extended 

microstructure modelling tool. The findings of this thesis related to dissolution kinetics and 

from external data related to the thermodynamic properties of N-(C-)A-S-H gels were 

included in GeoMicro3D, enabling the simulation of the alkali-activating reactions of low-Ca 

precursors and blended systems. The evolution in the degree of reaction and phase 

assemblage of digital microstructure were validated against experimental findings, ensuring 

the ability of the developed tool to accurately simulate alkali-activation reactions in 

multiple combinations of precursors and curing conditions. 
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8.2 Conclusions and contributions of this research 

Throughout the five main Chapters of investigation, this thesis focused on providing relevant 

inputs to the scientific and engineering communities in the field of alkali-activated 

materials. With the knowledge obtained in the path towards microstructural modelling of 

these binders, the main findings and contributions of this work are described below: 

1. Precursors have heterogeneities, at sub-microscopic level, in unreacted conditions, 

and during the early stages of dissolution  

 

Figure 8.2: Schematic illustration of the heterogeneities in the glass structures of high- and low-Ca synthetic 

precursors. 

It is a known fact that the amorphous portion of precursors is the predominant reactive 

phase in alkaline solutions. The findings from Chapter 3 identified that, within an amorphous 

framework, different short-range ordered arrangements resembling crystalline components 

can co-exist, and these isolated structures are directly influenced by the bulk chemical 

composition of the precursor, as schematically shown in Figure 8.2. 

Linear correlations between Ca/(Si+Al) ratios and Si Qn units of the synthetic precursors 

were obtained, and the nature of the qualitatively identified structures were observed to 

shift according to an increasing amount of CaO, as illustrated in Figure 8.3. 

 

Figure 8.3: Schematic representation of the influence of Ca in the structure of aluminosilicate glasses. 
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These heterogeneities displayed a direct impact in the dissolution characteristics of each 

glass. Through the characterization of residual glasses after dissolution experiments, 

Chapter 4 provided evidence of localized disruption of the framework in isolated regions of 

the precursors:  

i. Al showed selective dissolution in tetrahedral coordination in gehlenite-type and 

Al-modified cristobalite-type structures, as sites charge balanced by Ca2+ were 

weakened after the release of the cation during the initial stages of dissolution. 

ii. Si showed preferential disruption of Q3 and Q4 sites in the highly polymerized 

structures of fly ash-type glasses, as the breakage of ring and three dimensional 

structures was necessary prior to a significant hydrolysis step in two-dimensional 

sites (Si Q2 and Q1). On the other hand, the less polymerized structure of high-Ca 

glasses promoted the preferential release of Si Q1 and Q2 units during the 

investigated period. 

Finally, Chapter 4 identified the presence of mullite-type structures in residual glasses after 

the first stages of dissolution, with the four synthetic glasses displaying clear Si-O-T and 

AlO4-rich reflections in infrared spectroscopy. These findings supported the occurrence of 

heterogeneities in the framework of the precursors and the preferential dissolution of 

certain structures, promoting the formation of intermediate disordered structures during 

the early stages of alkali-activating reactions. 

 

2. Mechanisms of glass dissolution and phase precipitation are influenced by chemistry 

and temperature 

 

Figure 8.4: Schematic illustration of the influence of temperature on the dissolution and phase precipitation 

kinetics of low-Ca precursors. 

As demonstrated in multiple research works available in the literature, the dissolution of 

amorphous components in alkaline solutions starts with a cation exchange process, leaching 

alkali and alkali-earth elements to the surrounding solution. In the glasses investigated in 

this thesis, this phenomenon was observed through an initial higher dissolution rate of Ca 

for all precursors, at 20 °C, in Chapter 4. Specifically in fly ash-type glasses, the early 

release of Ca was nearly two times more significant than in slag-type glasses, as observed 

by the concentrations measured in the pore solution. This observation suggests that this 
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element is more loosely bound to the glass framework if it acts solely as a network modifier, 

compared to its behaviour when incorporated in gehlenite-type or isolated Ca-Al based 

structures in slag-type structures. 

Additionally, at 20 °C, the initial release of Ca favoured the dissolution of Al over Si, 

especially in slag-type glasses, as Al-O regions were weakened by the leaching of the 

network modifying element. At 60 °C, however, Ca displayed a less impactful role in the 

dissolution of fly ash-type glasses: although high concentrations were still measured in the 

first minutes of the experiments, the period of steady-dissolution of Ca was shorter than 

what was observed at 20 °C. Hydrolysis of Si-O and Al-O bonds became the dominant 

phenomenon over ionic exchanges, and a stoichiometric release of Si and Al was obtained – 

the influence of temperature is schematically shown in Figure 8.4, which emphasizes the 

combined release of the two elements at 60 °C. 

Despite these observations, the empirically defined forward dissolution rates of Si and Al 

were demonstrated in Chapter 4 to be dependent on the precursor’s Ca content. In addition, 

the initial stages of phase precipitation, detailed in Chapter 5, clearly demonstrated the 

influence of Ca in the nature of newly formed reaction products, either as intermediate 

activated complexes or as stable phases. Table 8.1 provides the evidence found in this thesis 

for the mechanisms of dissolution of each precursor, and the influence in the subsequent 

precipitation of first reaction products. 

Table 8.1: Evidence of the dissolution mechanisms of each class of synthetic precursor, and their consequences 

into the precipitation of reaction products at early stages of reaction. 

Glass type Dissolution mechanism Initial phase precipitation 

Slag – 20 °C 
Leaching of Ca quickly followed by Al, 

resulting a Si-rich residual structure 

Portlandite and amorphous 

carbonates quickly converting 

to calcium-aluminates and C-S-

H-type gels 

Fly ash – 20 °C 

Longer period of Ca leaching followed by 

non-stoichiometric release of Al (first) 

and Si (secondly) 

Portlandite and amorphous 

carbonates for a longer period, 

slowly converting to C-S-H 

Fly ash – 60 °C 

Immediate ceasing of Ca leaching 

followed by a strong stoichiometric 

release of Si and Al – see Figure 8.3 

Ca-bound N-A-S-H gels with 

short-range ordered zeolite 

characteristics  

 

3. Disordered gels co-exist in hardened matrices, and their distinction can be achieved 

with a combination of multiple analytical techniques 

 

Figure 8.5: Schematic illustration of the dissolution of C-(N-A-)S-H-type gels via SAM treatment. 
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In mature microstructures, both C-(N-A-)S-H and N-(C-)A-S-H gels are usually intermixed 

within the bulk matrix, and the distinction between the two phases is not always feasible. 

In all of the mixtures analyzed in this thesis, the results from Chapters 5 and 6 demonstrated 

that the two phases are always present in the characterized systems at 7 and 28 days, in 

variable quantities according to the composition of the precursors and activators. In the 

early stages of reaction, C-S-H-type species were shown to be the first type of gel to be 

precipitated in systems cured at 20 °C irrespective of the structure of the glass, while Ca-

containing N-A-S-H gels were the primary reaction products in the early stages of reactions 

occurring at 60 °C. 

For all precursors, the use of waterglass solutions as activators promoted more homogeneous 

microstructures compared to NaOH-activated systems, lowering the overall porosity and 

reducing the growth of ordered structures, as evidenced with XRD analysis in Chapter 6. 

Through energy dispersive spectroscopy (EDS) mapping, this homogeneity was proven for 

the activation of glass Si-FA cured at 60 °C: NaOH cured paste had a clearer separation of 

phases, with a high presence of Ca-bound N-A-S-H gels and limited amount of pure N-A-S-H 

gels. Conversely, waterglass promoted a wider distribution of Ca content in the activated 

matrix, with more equal identified quantities of C-(N-A-)S-H, N-A-S-H and N-(C-)A-S-H gels.  

In an attempt to separate and quantify the two categories of gels, Chapter 6 proposed an 

approach based on three different experimental techniques:  

i. SEM: quantification of the degree of reaction of each mixture through image 

segmentation;  

ii. QXRD: subtraction of the degree of reaction from the total amorphous content 

of each mixture;  

iii. Selective dissolution through SAM treatment: subtraction of the contribution of 

C-(N-A-)S-H gels to the amorphous content of each mixture by weight loss. 

Within the above list, the SAM treatment was utilised as a tool to dissolve C-(N-A-)S-H gels 

from the hardened binders, facilitating the characterization of the microstructure and 

additional reaction products – Figure 8.5 provides a schematic illustration of the effect of 

SAM solutions in hardened binders. In Chapters 5 and 6, the use of DTG, XRD and FTIR before 

and after the selective dissolution, among other techniques, proved the ability of the 

technique in separating the two categories of gels at both early- (24 hours) and later stages 

(28 days). The points of evidence utilised for the individual study of each category of gel 

are detailed in Table 8.2: 

Table 8.2: Evidence of the dissolution of C-(N-A-)S-H species from the hardened binder after SAM treatment. 

Technique Evidence Thesis allocation 

Differential thermogravimetric 

analysis  

DTG 

i. Reductions in the weight loss 

percentage in the 40 °C – 200 °C 

temperature range after SAM 

treatment 

Chapter 5 

Section 5.4.3 

Fourier transform infrared 

spectroscopy 

FTIR 

i. Shift of the centre of Si-O-T band, 

in the 1000-900 cm-1 towards higher 

wavenumbers 

Chapter 5 

Section 5.4.3 

X-ray diffraction 

XRD 

i. Removal of peaks assigned to 

variations of C-S-H-type structures 
Chapter 6 

Section 6.3.2. 
ii. Shift of centre of amorphous band 

in the 25-35° range towards lower 2ϴ 

values 
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4. The blending proportion of two precursors influences the kinetics of reaction 

 

Figure 8.6: Schematic illustration of the influence of high-Ca precursors in the reaction kinetics of low-Ca 

precursors, in the early-stages of reaction. 

In binder formulations containing blends of two or more precursors, the reaction kinetics of 

the individual components rarely follow a congruent pattern among them, as one material 

tends to display larger contributions to the overall reaction in the alkali-activated system. 

Chapter 6 demonstrated that, when slag-type and fly ash-type glasses were mixed in a 1:1 

proportion, the former dominated the reaction in the first days, and the influences of the 

latter were more visible after 7 days of reaction, as seen through the evolution in degree of 

reaction and phase assemblage. This was supported by SEM micrographs, which 

demonstrated differences in the interface of glass particles with the hardened matrix: glass 

BFS-2 presented stronger adhesion to the hardened matrix, while stronger signals of 

chemical etching were observed at the edges of glass Si-FA particles, a feature additionally 

enhanced in NaOH- over waterglass-activated samples. 

In general, blending with glass BFS-2 was observed to increase the reaction potential of the 

fly ash-type component in all tested proportions. As schematically shown in Figure 8.6, the 

findings of Chapter 6 suggested two slightly different kinetic pathways for this influence: 

i. When in larger or similar content (B70 and B50), glass BFS-2 had the main 

contributions to the initial stages of reaction of the blend due to its intrinsic 

higher reactivity. With the course of time, the degree of reaction of the slag-type 
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component decelerated, but the pore solution remained rich with the aqueous 

species released from it. These ions behaved as a binding site for Si and Al species 

released from the network of glass Si-FA, promoting an immediate 

oligomerization of the two species and continuously lowering their saturation 

indices. Consequently, the hydrolysis phenomena of Si-O and Al-O bonds of the 

fly ash-component are intensified, thus enhancing its reaction potential in 

secondary stages of reaction.  

ii. When in lower content (B30), the dissolution of BFS-2 was limited to a more 

significant leaching of Ca and delayed release of Si and Al. As the initial content 

of glass Si-FA was larger in blend B30, the fly ash-type component concentrated 

the alkalis in solution to promote its dissolution. The Ca that was made available 

by the slag-type component acted as a nucleation site for the species dissolved 

from glass Si-FA in a similar way as in the other blends, and accelerated the 

dissolution of glass Si-FA at the initial stage of reaction. As a consequence, glass 

BFS-2 presented a Ca-depleted framework in the first days of reaction, and its 

main contributions to the overall blend reaction was only observed after 7 days 

of curing. 

 

5. Chemistry- and temperature-based correlations can be implemented in the 

prediction of different characteristics of alkali-activated materials 

 

Figure 8.7: Schematic illustration of the differences in reaction products formed during the activation of high- 

and low-Ca precursors. 
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As mentioned in Chapter 1, one of the main challenges of alkali-activated materials lies in 

the variations of the chemical compositions and mineralogy of precursors, whether they are 

obtained as industrial byproducts or as natural materials. Still in Chapter 1, the use of 

chemistry-based approaches was suggested as a method to increase the relevance and 

applicability of these binders, and in different sections of this thesis, correlations were 

found for different properties of the investigated systems with both intrinsic and extrinsic 

characteristics of the mixtures.  

The reaction potential of one precursor was shown to be influenced by three parameters, 

which have been extensively used as the main drivers for the estimated characteristics: 

i. Ca, as a network modifying component in glass structures, was demonstrated in 

Chapter 3 to facilitate the breakage of atomic bonds of network formers (i.e. Si-

O and Al-O) and disrupt the overall framework. Consequently, the element acts 

as an intrinsic agent for the reactivity enhancement of precursors, as observed 

by dissolution kinetics, in Chapter 4, and degree of reaction, in Chapter 6.  

ii. The alkalinity of the solution is directly correlated with the reaction potential of 

a system as an external factor, since it provides OH- units which facilitate the 

hydrolysis of Si-O and Al-O bonds. Increasing the alkalinity of the activator is an 

extrinsic reactivity enhancement action, but the concentration of the activator 

should be carefully chosen: when in excess, activators can limit the long term 

reactivity as shown in Chapter 6. 

iii. The implementation of different curing regimes has additional positive impacts 

in dissolution and reactivity. The curing regime of 60 °C provides more 

opportunity to overcome the energy barrier for breakage of bonds, enhancing the 

dissolution potential of fly ash-type glasses in Chapter 4, reducing the solubility 

of most reaction products, and accelerating the evolution of reaction degree in 

Chapter 6. 

The nature of the activating solution was also shown to influence the characteristics of the 

investigated systems, influencing the early (dissolution kinetics and mechanisms of phase 

precipitation) and later stages (porosity of the microstructure, homogeneity of the matrix, 

adhesion of particles to the matrix) of reaction, as schematically shown in Figure 8.7. 

Waterglass solutions provide an additional presence of aqueous silicate species 

homogeneously distributed in the pore solution, which promote the formation of Si-bearing 

phases throughout the whole matrix and provide an additional contribution to the reaction 

extent. In summary, 6 different chemistry-temperature-solution approaches were proposed, 

as detailed in Table 8.3. 
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Table 8.3: Summary of the chemistry-based correlations defined in this thesis. 

Chemistry-based approach 

considerations 
Proposed correlation Thesis allocation 

Ca/(Si+Al) and Ca/Al atomic 

ratios 

Amount of Si Qn
 (mAl) units in the 

mineralogy of precursors 

Chapter 3  

Section 3.3.3 

Fraction of Ca in the precursor, 

with temperature and solution 

alkalinity using an Arrhenius-

type relationship 

Forward dissolution rates of Ca, Si and Al  
Chapter 4 

Section 4.3.4 

Chemistry of the precursor, 

activator, solution/binder ratio 

and exponential influence of 

curing temperature  

Degree of reaction of pastes prepared 

with different activators and cured up to 

60 °C 

Chapter 6 

Section 6.4.1  

Chemistry of the precursor and 

activator 

Amount of C-(N-A-)S-H gels and 

secondary crystalline reaction products 

in the microstructure – see Figure 8.7 

Chapter 6 

Section 6.4.2 

Chemistry of the precursor, 

activator, and curing 

temperature 

Amount of N-(C-)A-S-H gels in the 

microstructure – see Figure 8.7 

Chapter 6 

Section 6.4.2 

 

6. Thermodynamic and kinetic modelling are complementary for accurate simulations 

Figure 8.8: Schematic illustration of the differences between hardened binders obtained in experimental and 

simulated conditions. 

The evolution of a binder until reaching a mature microstructure, composed of stable solid 

products and precursors with optimized degree of reaction, occurs through a sequence of 

processes. The features of the hardened binder are strongly influenced by the reaction 

kinetics of these different processes – dissolution, nucleation and growth of reaction 

products – and by the saturation indices of the reaction products. Chapter 4 demonstrated 

that the dissolution of precursors is not congruent for all of its components: in most cases, 

Ca displays faster detachment from the framework, followed by a release of Al and Si – and 

the congruency (or non-congruency) of the release of these two components is dependent 

on the curing temperature. Consequently, the contributions of each component to the 

overall reaction path are not expected to be proportional to their initial amount. 
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With respect to the digital microstructures simulated with GeoMicro3D, the results achieved 

in Chapter 7 demonstrated an overall good agreement with experimental findings. The 

quantitative determination of C-(N-A-)S-H-type gels presented a variance of approx. 10 wt% 

between the two scenarios, with numerical simulations underestimating the formation of 

the disordered gel. The reduced presence of the gels was combined with the overestimation 

of portlandite and other secondary Ca-bearing crystalline phases, following the schematic 

illustration shown in Figure 8.8. With respect to N-(C-)A-S-H species, the formation of a few 

zeolite phases was observed to overcome the nucleation of disordered gels in purely 

thermodynamic simulations performed with GEMs, as these crystalline products are more 

stable and display lower solubilities than amorphous arrangements. 

With these observations, it is concluded that the generation of accurate microstructural 

models requires a combination of thermodynamic equilibrium constraints, initially, with 

kinetic considerations, with the latter being aided by experimental observations:  

i. The establishment of upper thermodynamic stability levels of zeolites and the 

limitation in the amount of considered phases, based on experimental findings, 

is required to promote the concurrent formation of these crystals with disordered 

N-(C-)A-S-H gels in the GEMs-based thermodynamic-only simulations. As discussed 

in Chapter 7, these constraints must be applied to the combined thermodynamic-

kinetic modelling to enhance the accuracy of the GeoMicro3D simulation tool. 

ii. The excessive formation of portlandite, observed for the first time in the GEMs-

based thermodynamic-only simulations, can also be corrected and lowered with 

the definition of upper thermodynamic stability limits based on experimental 

observations. However, the establishment of thermodynamic constraints in 

GeoMicro3D might hinder its precipitation mechanism as an activated complex, 

thus requiring additional kinetic constraints to consider portlandite as a 

temporary transitional component prior to the formation of more stable reaction 

products. 

 

8.3 Outlooks and recommendations for future research 

The utilization of chemistry-temperature correlations for the estimation of the 

microstructural characteristics of alkali-activated pastes, through both empirical 

correlations and numerical simulation, was proven to be accurate throughout the findings 

of this thesis. Nevertheless, the results obtained showed that additional approaches could 

be considered for the model development, targeting the development of a more relevant 

and robust microstructural simulation tool. In that context, the following aspects are 

suggested for future research work: 

1. In-depth analysis and quantification of heterogeneous glass structures 

The sub-microscopic heterogeneities of the precursors were shown to have great influence 

over their structures and, consequently, their reaction potential. However, the 

identification of these structures was only performed at a qualitatively level, which limited 

the implementation of their influence in the microstructure modelling performed with 

GeoMicro3D. The atomic arrangement of precursors can be affected by their processing 

method: for instance, the cooling rate of fly ashes and blast furnace slags, and the grinding 

methodology of the latter can create variations in their internal structures, which 

consequently influence their kinetics of reaction in alkali-activated binders. Therefore, the 
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combination of high precision analytical techniques – such as multidimensional SS NMR 

analysis with unconventional nuclei, and atom probe tomography – with molecular dynamics 

simulations could be utilised to provide additional structural characterization, and 

dissolution rates of precursors could be empirically determined based in initial glass 

structures.  

 

2. Extend the range of the chemistry-based approach 

Due to the chosen approach of investigation and to limitations with equipment, the 

precursors synthesized in this thesis were composed of only three oxides and had a relatively 

high CaO content. While this accurately replicated the composition and structure of fly 

ashes and slags, a few precursors do not fall in this range, e.g. Si-rich components – such as 

metakaolin and other calcined clays, rice husk ashes and other organic ashes – and other 

precursors bearing secondary components such as Mg, Fe, and Na, which are known to have 

major roles in commonly observed reaction products. Two routes could be implemented to 

extend the application range of the correlations proposed in this thesis:  

i. Experimental route: synthesis of additional glasses, evaluating the influence of 

other network modifying oxides in the kinetics of reaction and development of 

microstructures; additional curing regimes in temperatures beyond the 20 – 60 

°C range;  

ii. Simulation route: utilization of force field models through molecular dynamics, 

to quantify the weakening effect of different network modifying oxides in Si-O-T 

networks, and the consequential influences in the reaction potential of the 

modified structures. 

 

3. Utilise in-situ scans for monitoring early-stage reactions 

The correlations made between pastes cured for 24 hours and dissolution experiments 

provided complementary observations of early-stage reactions, covering dissolution 

phenomena and initial phase precipitation. While the combination of SEM imaging with 

infrared characterization provided insights into the structural build-up of gels, the 

implementation of in-situ scanning techniques (such as XRD and pair distribution function – 

PDF) could provide detailed and fundamental information over the evolution of the atomic 

arrangement of the precipitated gels, providing important details over, for instance, the 

interactions of Ca with newly precipitated phases (either as a main component or charge 

balancing cation), or the ordering range and conversion of N-(C-)A-S-H-type gels into 

ordered structures resembling zeolite crystals. 

 

4. Evaluate the mechanical properties of gels 

Among the many potential applications of the simulated microstructures, the investigation 

of the mechanical properties of alkali-activated materials is perhaps the most important 

one. As demonstrated in this thesis, the utilization of synthetic precursors with simplified 

chemistry facilitated the formation of separate N-(C-)A-S-H and C-(N-A-)S-H gels, and 

careful mix design is expected to promote the nucleation of specific gel compositions in 
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hardened binders. The use of accurate tools, such as nanoindentation, is therefore 

suggested to experimentally determine the mechanical properties of these reaction 

products, which would be crucial for the application of the microstructures obtained via 

GeoMicro3D in further modelling activities. 

 

5. Thermodynamic and kinetic considerations of intermediate products 

The formation of intermediate metastable complexes was observed to play a great influence 

in the reaction kinetics in all tested precursors. As demonstrated in Chapter 5, the 

precipitation of portlandite was usually the first indicator of the evolution of the reaction, 

which later was destabilized for the formation of other stable reaction products. However, 

while the numerical models identified the early nucleation of the component in early stages 

and positively demonstrated the replication of dissolution kinetics, the precipitated 

portlandite reduced the accuracy of the quantitative formation of other primary phases. For 

future works, the implementation of two new features in GeoMicro3D is suggested:  

i. In-depth study of the activity of intermediate complexes and their inclusion into 

the empirically defined dissolution rate equations, since these components have 

been shown to interact with the surrounding solution and consequently 

decelerate the kinetics of dissolution; 

ii. The implementation of phase transformations into GeoMicro3D, which would 

allow the initially precipitated portlandite to provide Ca ions for the formation 

of more stable reaction products, such as C-(N-A-)S-H-type gels and other Ca-

bearing phases. 
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Appendix A  

_________________________________________________________ 

Database of precursors utilised across scientific 

literature 

 

Among the many challenges faced by alkali-activated binders, the variability in chemistry 

and mineralogy, and the non-homogeneous geographical availability of different precursors 

are considered the most relevant ones. This Appendix provides supporting data utilised in 

Chapter 2, in which the implementation of chemistry-based approaches to estimate 

characteristics of these binders is introduced. 

A.1 Chemical compositions of traditional and alternative precursors 

The diagram displayed in Figure 2.6 illustrates the large variations in the chemical 

composition of a range of precursors, comprising those which are scientifically mature and 

those which are pointed as future alternatives. Table A.1 details the chemical compositions 

of most of these precursors, as determined by XRF. 

Table A.1: Detailed chemical compositions of precursors utilised for the compilation of the diagram shown in 

Figure 2.6.  

Class of  
precursor 

SiO2 
(wt%) 

Al2O3 
(wt%) 

CaO 
(wt%) 

Fe2O3 
(wt%) 

MgO 
(wt%) 

Ref. 

Blast furnace 
slag (BFS) 

21.00 17.00 56.10 0.62 0.00 [82] 

21.00 17.00 56.10 0.62 0.00 [508] 

30.80 10.90 51.80 0.64 4.57 [106] 

33.50 13.70 44.80 0.50 2.90 [509] 

34.57 10.88 44.56 0.61 4.19 [200] 

37.40 10.90 43.90 0.70 6.50 [200] 

30.04 12.74 43.83 1.16 4.79 [200] 

27.40 14.70 43.40 0.30 9.30 [200] 

32.50 13.00 43.20 0.55 4.70 [200] 

29.71 16.41 43.12 0.89 4.73 [200] 

27.60 13.51 42.96 0.54 9.31 [200] 

31.62 14.65 42.86 1.07 1.17 [178] 

37.40 7.10 42.80 0.55 6.40 [510] 

33.80 13.70 42.60 0.40 5.30 [509] 

34.48 11.48 42.43 0.00 7.08 [346] 

32.10 12.90 42.40 0.70 6.53 [194] 

32.25 13.29 42.33 0.60 5.21 [111] 

32.84 13.61 42.27 0.66 6.83 [511] 

32.59 13.94 42.22 0.78 4.96 [512] 
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35.10 10.80 42.00 0.40 7.90 [108] 

40.00 4.10 42.00 2.00 6.20 [468] 

32.08 13.98 41.84 0.87 6.74 [513] 

34.10 9.90 41.80 0.48 7.70 [348] 

32.06 15.40 41.79 0.26 7.45 [80] 

33.22 13.49 41.57 0.40 7.04 [514] 

32.72 13.37 41.46 0.83 5.54 [204] 

34.95 13.11 41.37 0.69 7.12 [204] 

35.83 10.93 41.16 0.81 7.84 [515] 

32.91 11.85 40.96 0.46 9.23 [193] 

32.71 13.89 40.95 0.31 6.36 [516] 

34.58 13.69 40.67 0.44 7.05 [45] 

38.71 10.46 40.62 0.33 7.58 [72] 

31.80 13.30 40.50 0.50 9.30 [517] 

34.11 12.38 40.21 0.32 7.44 [517] 

30.53 10.55 40.15 1.29 7.43 [517] 

39.66 6.45 40.12 0.47 9.50 [517] 

36.00 12.50 40.00 0.50 7.74 [400] 

36.00 10.50 39.80 0.67 7.93 [518] 

36.00 10.50 39.80 0.67 7.93 [519] 

36.19 12.41 39.80 0.60 7.25 [520] 

41.01 9.26 39.73 0.66 12.19 [434] 

35.40 10.30 39.70 0.50 10.90 [209] 

35.40 10.30 39.70 0.50 10.90 [521] 

36.60 12.15 39.68 0.43 8.35 [522] 

35.15 13.07 39.60 0.28 8.47 [523] 

35.70 11.21 39.40 0.42 10.74 [524] 

41.20 7.10 39.40 1.00 7.40 [525] 

40.10 7.20 39.20 0.30 10.00 [526] 

35.50 14.80 38.70 0.27 6.70 [527] 

39.40 11.40 38.65 0.76 6.77 [528] 

37.50 7.27 38.48 0.73 10.86 [529] 

38.46 10.50 38.46 0.40 6.96 [530] 

31.63 17.98 38.10 0.42 7.55 [531] 

30.91 14.73 38.09 0.79 8.87 [532] 

33.04 14.48 37.40 0.44 9.63 [533] 

36.50 16.30 36.60 0.20 5.90 [534] 

37.40 12.00 36.50 0.58 8.00 [535] 

27.51 10.59 35.23 1.03 7.11 [536] 

40.28 10.53 34.54 0.39 8.63 [536] 

36.40 11.39 34.12 1.69 10.30 [536] 

37.04 8.95 33.92 0.40 14.32 [536] 

28.59 13.54 30.63 3.02 9.86 [536] 

35.00 14.30 30.40 0.30 16.10 [536] 

75.67 1.52 6.62 2.29 1.87 [537] 
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Sugar cane 
bagasse ash 

(SCBA) 

65.30 6.90 4.00 3.70 1.10 [538] 

78.59 4.47 1.34 4.88 1.03 [539] 

31.41 7.57 16.06 6.02 1.07 [540] 

75.67 1.52 6.62 2.29 0.40 [541] 

Palm oil fuel 
ash  

(POFA) 

66.64 3.82 5.23 3.70 2.29 [538] 

63.41 5.55 4.34 4.19 3.74 [542] 

46.00 3.10 8.46 2.45 4.40 [543] 

53.50 2.51 5.31 2.71 5.51 [544] 

66.64 3.82 5.23 3.70 4.19 [545] 

Rice husk ash 
(RHA) 

93.40 0.05 0.31 0.06 0.35 [538] 

94.40 0.20 0.31 0.20 0.00 [546] 

94.10 0.20 0.00 0.20 0.00 [546] 

87.12 0.43 1.12 0.26 0.52 [544] 

82.60 0.40 0.80 0.50 0.70 [547] 

81.36 0.40 3.23 0.12 0.00 [548] 

95.60 0.00 0.70 0.24 0.00 [549] 

91.71 0.36 0.86 0.90 0.31 [550] 

79.84 0.14 0.55 1.16 0.19 [551] 

80.72 0.08 0.56 1.10 0.18 [551] 

86.49 0.01 0.50 0.91 0.13 [551] 

82.37 0.44 1.24 0.16 0.68 [552] 

Biomass wood 
ash (BWA) 

2.70 1.30 61.00 1.30 8.70 [553] 

0.00 0.00 52.20 0.00 1.32 [554] 

9.35 3.12 32.06 1.14 4.93 [555] 

3.68 1.06 67.85 0.63 4.31 [139] 

8.37 2.25 48.70 1.67 4.79 [139] 

9.28 2.28 51.90 1.47 3.75 [139] 

19.80 6.16 46.75 2.85 8.26 [139] 

39.95 10.50 16.25 4.23 4.30 [139] 

14.45 3.56 47.35 1.69 4.71 [139] 

2.70 1.30 61.00 1.30 8.70 [140] 

12.33 0.12 67.80 1.09 11.43 [556] 

Sewadge 
sludge ash 

(SSA) 

38.28 20.72 5.51 11.27 1.91 [462] 

20.80 14.90 31.30 7.40 2.60 [557] 

30.10 11.90 25.90 7.10 2.20 [557] 

16.20 14.70 32.90 8.20 2.40 [557] 

15.50 14.00 32.10 8.30 2.60 [557] 

16.98 9.48 29.73 8.38 3.17 [552] 

30.80 7.90 19.70 3.50 4.10 [558] 

27.78 12.20 10.42 18.23 3.15 [559] 

34.20 12.60 20.60 4.70 1.90 [560] 

Paper sludge 
ash  

(PSA) 

15.50 10.10 63.90 4.99 2.55 [561] 

25.70 18.86 43.51 0.87 5.15 [562] 

21.60 14.40 36.50 0.50 2.40 [563] 

25.10 18.50 33.60 0.50 1.20 [564] 
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13.90 8.30 47.10 0.50 1.60 [565] 

28.00 13.20 45.50 1.30 4.00 [565] 

16.70 16.50 22.50 0.90 0.00 [566] 

Red mud 

8.34 17.67 20.88 28.30 0.65 [76] 

25.50 26.40 1.30 23.20 0.10 [567] 

21.92 22.62 10.50 21.79 0.65 [568] 

19.21 22.91 5.36 33.77 0.39 [24] 

7.50 20.20 6.22 47.85 0.33 [569] 

Metakaolin 

61.24 32.58 0.13 1.17 0.15 [409] 

55.00 39.00 0.60 1.80 0.00 [570] 

56.61 39.16 0.05 1.87 0.09 [571] 

55.00 40.20 0.10 0.60 0.40 [572] 

54.50 43.00 0.20 1.00 0.80 [344] 

55.57 41.55 0.00 0.56 0.05 [179] 

53.33 43.35 0.02 1.69 0.22 [573] 

50.72 44.63 2.69 0.00 0.00 [205] 

Municipal 
solid waste 
incineration 
bottom ash 

(MSWI) 

61.39 14.22 24.38 - - [536]* 

62.56 14.31 23.13 - - [536]* 

44.34 8.11 47.55 - - [536]* 

55.65 12.48 31.87 - - [536]* 

17.60 10.83 71.57 - - [536]* 

71.35 9.74 18.92 - - [536]* 

68.90 9.42 21.68 - - [536]* 

70.50 10.55 18.94 - - [536]* 

34.15 22.07 43.78 - - [536]* 

56.60 16.72 26.69 - - [536]* 

55.03 17.31 27.66 - - [536]* 

54.91 17.22 27.87 - - [536]* 

25.74 16.21 58.06 - - [536]* 

65.61 8.79 25.61 - - [536]* 

41.80 18.63 39.57 - - [536]* 

52.02 16.43 31.55 - - [536]* 

66.50 15.28 18.23 - - [536]* 

58.86 18.14 23.00 - - [536]* 

55.80 13.07 31.13 - - [536]* 

39.59 20.52 39.89 - - [536]* 

37.52 26.95 35.52 - - [536]* 

41.15 24.88 33.97 - - [536]* 

34.93 22.05 43.02 - - [536]* 
*Work was developed in the same research group – compositions comprise only SiO2, Al2O3 and CaO, following 

the compiled data provided by the authors. 

Besides chemistry, the mineralogy of fly ashes is also known to display large variations among 

different sources. Table A.2 details the amorphous content and the chemical composition of 

different fly ashes cited in literature, which were also utilised as data points in the diagram 

shown in Figure 2.6. 
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Table A.2: Detailed chemical compositions of fly ashes utilised for the compilation of the diagram shown in 

Figure 2.6 and in Table 2.2. 

Type 
CaO 

(wt%) 
SiO2 

(wt%) 
Al2O3 
(wt%) 

Fe2O3 
(wt%) 

MgO 
(wt%) 

Amorphous 
content 

Ref. 

F 4.85 52.72 21.67 9.55 1.89 73.00% [409] 

F 2.75 58.14 26.06 7.32 1.12 48.16% [574] 

F 8.52 49.08 19.20 10.42 1.98 60.60% [575] 

F 6.95 56.96 16.48 13.69 1.80 44.40% [575] 

F 8.09 45.91 23.50 8.09 1.98 64.70% [575] 

F 8.69 41.99 23.15 7.89 2.67 78.20% [575] 

F 3.19 56.77 26.03 5.07 1.34 68.80% [576] 

F 1.40 56.80 26.30 9.50 0.80 47.30% [263] 

F 1.50 57.00 25.00 9.90 0.70 45.00% [263] 

F 1.30 58.30 22.20 13.60 0.80 46.10% [263] 

F 4.20 44.50 30.70 14.40 1.60 80.00% [263] 

F 1.30 62.90 29.30 1.80 1.10 61.00% [263] 

F 1.00 67.00 24.80 1.00 0.60 79.10% [263] 

F 3.30 61.50 22.40 3.30 1.10 66.30% [263] 

F 3.80 57.50 28.20 3.80 1.20 66.00% [263] 

F 0.40 65.90 27.60 0.40 0.30 73.70% [263] 

F 2.70 52.32 37.18 3.73 0.43 72.60% [94] 

F 2.46 55.42 27.13 7.30 1.20 55.48% [188] 

F 1.65 56.57 29.01 5.47 0.63 38.87% [188] 

F 2.74 55.45 27.13 7.28 1.20 55.60% [577] 

F 1.65 56.57 29.01 5.47 0.63 38.90% [577] 

F 1.36 55.17 29.71 6.33 0.70 44.20% [577] 

F 3.80 48.81 31.40 7.85 0.70 36.00% [577] 

F 3.97 54.55 26.46 7.17 1.17 54.40% [577] 

F 1.63 56.23 29.42 5.86 0.80 46.30% [577] 

F 1.30 55.16 29.72 6.32 0.77 46.90% [577] 

F 1.11 56.06 29.90 5.76 0.67 40.00% [577] 

F 11.70 46.10 29.00 5.00 1.90 76.50% [169] 

F 11.00 52.80 22.80 6.60 1.50 72.10% [169] 

F 3.80 41.10 34.10 3.90 1.30 56.70% [169] 

F 2.50 40.40 39.10 3.10 1.10 66.10% [169] 

F 3.80 50.30 25.36 9.50 3.00 73.30% [264] 

F 5.70 46.85 25.70 9.40 2.54 82.30% [264] 

F 4.90 46.40 26.00 9.35 3.40 82.90% [264] 

F 4.71 51.81 26.92 6.07 2.56 71.80% [264] 

F 4.86 49.45 26.83 6.68 3.01 80.80% [264] 

F 4.63 48.43 28.72 6.35 2.60 82.80% [264] 

F 10.16 56.51 19.85 5.81 2.94 66.50% [168] 

F 13.30 49.82 23.84 4.41 3.27 62.10% [168] 

F 14.59 35.63 19.18 4.98 3.38 86.30% [168] 

F 14.14 52.42 19.59 4.78 3.17 76.60% [168] 

F 3.22 52.28 22.93 13.04 0.99 71.50% [168] 
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F 1.31 59.62 23.97 6.56 1.16 62.50% [168] 

C 20.70 42.30 19.80 8.20 2.20 89.70% [578] 

C 26.50 33.60 18.20 6.40 6.40 85.90% [578] 

C 28.35 21.23 13.99 5.53 6.79 84.50% [168] 

C 26.55 28.08 14.40 4.45 3.67 78.00% [168] 

C 20.68 41.25 16.40 6.79 4.10 53.80% [168] 

C 20.92 39.62 16.58 6.15 4.27 56.40% [168] 

C 23.83 36.99 18.83 6.21 5.10 66.10% [168] 

C 21.54 38.21 19.37 6.20 5.19 81.00% [168] 

C 21.26 37.26 22.43 5.44 4.07 78.70% [168] 

C 27.76 32.79 16.34 5.79 6.87 56.20% [168] 

C 23.39 37.57 19.08 5.57 5.45 57.80% [168] 

 

A.2 Geographical distribution of primary sources of byproducts utilised as 

precursors  

As fly ashes and slags, the two most utilised precursors in research and large-scale project, 

are not equally available in different regions of the planet, new alternatives of industrial 

byproducts have been investigated in the scientific literature. The utilization of these 

materials as precursors has been shown to have positive outcomes for alkali-activated 

binders, despite their low maturity level, raising them as future options for the building 

industry. In Figure 2.5, the 3 main producers of the primary resources for different 

byproducts as precursors have been listed, proving that the implementation of new raw 

materials can widen the availability of resources for the production of alkali-activated 

binders. Table A.3 details the amounts utilised for the obtainment of Figure 2.5. 
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Table A.3: Global leaders in the production of the primary resources utilised for the obtainment of precursors 

as bryproducts – values in ton. 

Precursor Primary source Country Quantity Ref. 

Coal fly ash Coal 

China 4.15 x 109 

IEA* – 2022  

India 8.63 x 108 

Indonesia 6.93 x 108 

United States 5.38 x 108 

Australia 4.63 x 108 

Blast furnace 

slag 
Pig iron 

China 9.08 x 108 

World Steel – 

2021 

India 6.78 x 107   

Japan 6.16 x 107 

Russia 5.19 x 107 

South Korea 4.54 x 107 

Palm oil fuel 

ash 
Palm kernel 

Indonesia 1.05 x 107 

FAO** – 2021 

Malaysia 4.42 x 106 

Thailand 6.72 x 105 

Nigeria 3.55 x 105 

Colombia 3.13 x 105 

Rice husk ash Rice 

China 2.08 x 108 

FAO** – 2022 

India 1.96 x 108 

Bangladesh 5.72 x 107 

Indonesia 5.47 x 107 

Vietnam 4.27 x 107 

Sugar cane 

bagasse ash 
Sugar cane 

Brazil 7.24 x 108 

FAO** – 2022 

India 4.39 x 108 

China 1.03 x 108 

Thailand 9.21 x 107 

Pakistan 8.80 x 107 

*IEA – International Energy Agency. 

**FAO – Food and Agriculture Organization of the United Nations. 
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Appendix B  

_________________________________________________________ 

Structural characterization of synthetic glasses 

 

The approach of this PhD thesis considered the synthesis of glasses with chemical 

compositions resembling coal fly ashes and blast furnace slags. The utilization of synthetic 

precursors allowed a simplification of the chemical composition of the investigated 

precursors, facilitating the comprehension of the influence of individual components in the 

characteristics of alkali-activated binders. A total of 6 synthesis batches were produced for 

glasses Si-FA and Ca-FA, and 4 for glasses BFS-1 and BFS-2. The synthesis method is described 

in Section 3.2.1, and their characterization methods are described in Section 3.2.2. This 

Appendix details the chemical composition of the each individual batch along with details 

of their structural characterization through 29Si NMR and Raman spectroscopy. 

B.1 Chemical compositions through XRF 

The following tables detail the chemical compositions of each production batch for the four 

synthetic glasses. 

Table B.1: Chemical composition of the six synthesis batches of glass Si-FA. 

Batch 

number 

Chemical composition Atomic ratios 

SiO2 

(wt%) 

Al2O3 

(wt%) 

CaO 

(wt%) 
Si/Al Ca/Si 

1 55.8 31.1 12.6 1.53 0.24 

2 55.4 31.8 11.9 1.48 0.23 

3 55.1 31.0 12.5 1.51 0.24 

4 54.9 30.4 13.3 1.53 0.26 

5 56.0 30.0 13.2 1.59 0.25 

6 56.2 29.5 13.4 1.62 0.25 

Average 55.6 ± 0.5 30.6 ± 0.8 12.8 ± 0.6 1.54 ± 0.05 0.25 ± 0.01 

Target 55.7 31.3 13.0 1.50 0.25 

 

Table B.2: Chemical composition of the six synthesis batches of glass Ca-FA. 

Batch 

number 

Chemical composition Atomic ratios 

SiO2 

(wt%) 

Al2O3 

(wt%) 

CaO 

(wt%) 
Si/Al Ca/Si 

1 48.9 28.0 22.6 1.48 0.49 

2 49.1 28.0 22.0 1.49 0.48 

3 48.8 28.9 21.3 1.43 0.47 

4 48.1 27.4 23.2 1.49 0.41 

5 49.2 26.7 23.4 1.56 0.41 

6 49.5 25.2 24.3 1.67 0.53 

Average 48.9 ± 0.5 27.4 ± 1.3 22.8 ± 1.1 1.52 ± 0.08 0.50 ± 0.02 

Target 49.3 27.7 23.0 1.50 0.50 
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Table B.3: Chemical composition of the six synthesis batches of glass BFS-1. 

Batch 

number 

Chemical composition Atomic ratios 

SiO2 

(wt%) 

Al2O3 

(wt%) 

CaO 

(wt%) 
Si/Al Ca/Si 

1 39.8 21.8 37.6 1.55 1.01 

2 38.9 24.5 35.8 1.35 0.98 

3 37.6 23.3 38.5 1.37 1.09 

4 38.8 20.4 40.2 1.61 1.11 

Average 38.8 ± 0.9 22.5 ± 1.8 38.0 ± 1.8 1.47 ± 0.13 1.05 ± 0.06 

Target 40.1 22.5 37.4 1.50 1.00 

 

Table B.4: Chemical composition of the six synthesis batches of glass BFS-2. 

Batch 

number 

Chemical composition Atomic ratios 

SiO2 

(wt%) 

Al2O3 

(wt%) 

CaO 

(wt%) 
Si/Al Ca/Si 

1 33.9 22.5 44.0 1.28 1.35 

2 36.8 19.5 43.0 1.59 1.25 

3 33.8 20.2 45.0 1.42 1.42 

4 34.9 16.9 49.2 1.76 1.45 

Average 35.8 ± 1.4 19.8 ± 2.3 44.5 ± 2.0 1.52 ± 0.20 1.37 ± 0.09 

Target 34.9 19.6 45.6 1.50 1.40 

 

B.2 Structural characterization with 29Si NMR and Raman  

Figure 3.2, in Chapter 3, illustrates the similarities between the characterization of Si Qn 

units obtained with both Raman and 29Si NMR spectroscopy. The following Tables B.5 – B.8 

detail the quantitative analysis of each SiO4 units calculated with the techniques for the 

four glasses – the glasses synthesized in the batch 1 of each composition were utilised for 

this characterization. 

Table B.5: Structural characterization of the SiO4 units in glass Si-FA as obtained through the deconvolution of 

Raman and 29Si NMR spectra – determination of individual quantities, and chemical shift of the centre of each 

individual curve. 

Technique Q0  Q1 Q2 Q3 Q4 

(3 Al) 
Q4 

(2 Al) 
Q4 

(1 Al) 
Q4 

(0 Al) 
Q4 

(total) 

Raman 

Amount 0.5 1.19 9.76 12.29 - - - - 76.72 

Chemical 
shift  

876.8 905.2 
946.6; 
1016.2 

1097.7 - - - - 1169.0 

29Si 
NMR 

Amount 2.00 1.93 13.55 21.50 21.27 15.83 11.40 12.57 61.03 

Chemical 
shift  

-62.4 -68.4 
-72.2; 
-81.4 

-89.3 -96.4 -102.4 -109.2 -116.4 - 
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Table B.6: Structural characterization of the SiO4 units in glass Ca-FA as obtained through the deconvolution of 

Raman and 29Si NMR spectra – determination of individual quantities, and chemical shift of the centre of each 

individual curve. 

Technique Q0  Q1 Q2 Q3 Q4 

(3 Al) 
Q4 

(2 Al) 
Q4 

(1 Al) 
Q4 

(0 Al) 
Q4 

(total) 

Raman 

Amount 0.01 2.01 27.32 19.99 - - - - 50.67 

Chemical 
shift  

864.8 904.5 
951.5; 
1008.1 

1066.4 - - - - 1145.3 

29Si 
NMR 

Amount 0.17 2.34 17.50 23.08 17.43 13.11 12.36 14.02 56.91 

Chemical 
shift  

-62.8 -69.8 
-75.1; 
-79.9 

-87.2 -95.5 -104.0 -111.4 -117.5 - 

 

Table B.7: Structural characterization of the SiO4 units in glass BFS-1 as obtained through the deconvolution of 

Raman and 29Si NMR spectra – determination of individual quantities, and chemical shift of the centre of each 

individual curve. 

Technique Q0  Q1 Q2 Q3 Q4 

(3 Al) 
Q4 

(2 Al) 
Q4 

(1 Al) 
Q4 

(0 Al) 
Q4 

(total) 

Raman 

Amount 4.57 11.09 38.71 19.83 - - - - 25.81 

Chemical 
shift  

886.2 929.0 
975.4; 
1023.1 

1071.1 - - - - 1176.4 

29Si 
NMR 

Amount 4.00 9.69 37.74 15.92 5.78 6.37 8.75 11.77 32.66 

Chemical 
shift  

-63.7 -68.6 
-73.5; 
-79.1 

-86.8 -96.0 -102.5 -108.9 
-117.0; 
-124.0 

- 

 

Table B.8: Structural characterization of the SiO4 units in glass BFS-2 as obtained through the deconvolution of 

Raman and 29Si NMR spectra – determination of individual quantities, and chemical shift of the centre of each 

individual curve. 

Technique Q0  Q1 Q2 Q3 Q4 

(3 Al) 
Q4 

(2 Al) 
Q4 

(1 Al) 
Q4 

(0 Al) 
Q4 

(total) 

Raman 

Amount 8.93 14.67 38.78 11.76 - - - - 25.86 

Chemical 
shift  

875.6 922.2 
966.6; 
1018.1 

1064.5 - - - - 1166.6 

29Si 
NMR 

Amount 6.94 17.64 42.63 6.96 5.94 5.66 8.13 6.10 25.83 

Chemical 
shift  

-63.5 -68.6 
-73.1; 
-77.6 

-84.8 -95.7 -104.4 -110.2 
-116.7; 
-122.2 

- 

 

B.3 Structural characterization of precursors described in literature  

Figures 3.8 and 3.9, in Chapter 3, illustrate the existence of structural correlations between 

Si Qn units and the chemical composition of synthetic and commercial precursors. While the 

synthetic glasses utilized for these observations were already described in the previous 

sections, the structural details of the commercial precursors were obtained from literature. 

Table B.9 provides the quantitative analysis of Si Qn units obtained by Fernandéz-Jimenez 

et al. [208], which were calculated through the deconvolution of 29Si MAS NMR, and Table 

B.10 provides the chemical composition of the commercial fly ashes investigated in their 

study. 
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Table B.9: Structural details of SiO4 units of commercial fly ashes described in [208], obtained through the 

deconvolution of 29Si NMR spectra – determination of individual quantities, and chemical shift of the centre of 

each individual curve. 

Fly Ash Q0  Q1 Q2 Q3 Q4 

(3 Al) 
Q4 

(2 Al) 
Q4 

(1 Al) 
Q4 

(0 Al) 
Q4 

(total) 

C 

Amount - - 2.84 13.31 11.40 34.07 19.51 16.77 81.75 

Chemical 
shift  

- - -80.1 
-84.5; 
-90.8 

-95.2 
-99.8; 
-104.3; 

-109.1 
-114.5; 
-120.4 

- 

L 

Amount - - - 16.32 16.90 40.06 20.90 5.61 83.47 

Chemical 
shift  

- - - 
-84.0; 
-88.3 

-94.0 
-98.6; 
-103.4 

-108.8 -115.0 - 

PN 

Amount - - 2.37 20.22 14.30 38.70 17.60 6.80 77.40 

Chemical 
shift  

- - -78.6 
-84.2; 
-89.6 

-94.3 
-98.6; 
-103.4 

-108.0 -114.0 - 

R 

Amount - 3.40 8.08 25.05 22.50 21.30 13.20 6.40 63.40 

Chemical 
shift  

- -70.5 -78.3 
-85.0; 
-89.0 

-95.2 
-100.0; 
-103.7 

-108.6 -114.4 - 

T 

Amount - - - 19.33 13.50 29.40 18.40 19.42 80.72 

Chemical 
shift  

- - - 
-84.0; 
-88.9 

-95.2 
-99.0; 
-103.7 

-108.6 
-113.0; 
-118.7 

- 

 

Table B.10: Chemical composition of commercial fly ashes described in [208], obtained through XRF. 

Fly Ash 

Chemical composition 

SiO2 

(wt%) 

Al2O3 

(wt%) 

CaO 

(wt%) 

Fe2O3  

(wt%) 

MgO 

(wt%) 

C 53.08 24.80 2.44 8.01 1.94 

L 51.51 27.47 4.39 7.23 1.86 

PN 54.42 26.42 3.21 7.01 1.79 

R 42.03 26.70 9.60 14.42 1.87 

T 42.62 29.21 6.37 16.77 1.35 

 

With respect to the work from Blotevogel et al. [251], an estimation of the amount of each 

Si Qn unit on different commercial slags was performed based on the available data. Those 

authors provided the total peak area of the different units obtained through deconvolution 

of Raman spectra analysis. In this thesis, the area of each unit was normalized to their sum, 

and the resulting values were corrected utilizing Raman scattering coefficients, following a 

similar approach as described in Section 3.3.2. Table B.11 provides the values available in 

literature and the final calculated quantities of each SiO4 unit, and Table B.12 provides the 

chemical composition of each evaluated slag. 
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Table B.11: Structural details of SiO4 units of commercial blast furnace slags described in [251], obtained 

through the deconvolution of Raman spectra, and the respective quantification of each unit calculated through 

the implementation of Raman scattering coefficients. 

Slag 
Q0 

(850 cm-1) 
Q1 

(912 cm-1) 
Q2 

(970 cm-1) 
Q3 

(1035 cm-1) 

GGBS2 

Peak area 69 60 32 18 

Normalized 
area (%) 

38.54 33.52 17.88 10.06 

Corrected 
quantity* (%) 

13.32  22.54 25.53 38.61 

GGBS3 

Peak area 70 62 26 22 

Normalized 
area (%) 

38.89 34.44 14.44 12.22 

Corrected 
quantity* (%) 

12.90 22.23 19.80 45.06 

GGBS9 

Peak area 73 59 38 22 

Normalized 
area (%) 

38.02 30.73 19.79 11.46 

Corrected 
quantity* (%) 

12.39 19.48 26.65 41.48 

GGBS11 

Peak area 66 57 29 17 

Normalized 
area (%) 

39.05 33.73 17.16 10.06 

Corrected 
quantity* (%) 

13.59 22.84 24.68 38.90 

GGBS12 

Peak area 66 62 30 20 

Normalized 
area (%) 

37.08 34.83 16.85 11.24 

Corrected 
quantity* (%) 

12.39 22.64 23.27 41.71 

GGBS13 

Peak area 53 74 36 23 

Normalized 
area (%) 

28.49 39.78 19.35 12.37 

Corrected 
quantity* (%) 

8.81 23.94 24.74 42.50 

GGBS14 

Peak area 71 55 28 18 

Normalized 
area (%) 

41.28 31.98 16.28 10.47 

Corrected 
quantity* (%) 

14.38 21.67 23.44 40.51 

 

Table B.12: Chemical composition of commercial fly ashes described in [251], obtained through XRF. 

Fly Ash 

Chemical composition 

SiO2 

(wt%) 

Al2O3 

(wt%) 

CaO 

(wt%) 

MgO 

(wt%) 

GGBS2 36.6 12.0 42.0 7.0 

GGBS3 37.6 9.61 40.9 6.4 

GGBS9 37.4 11.0 39.5 6.6 

GGBS11 36.3 11.8 43.2 6.3 

GGBS12 36.8 11.7 42.0 6.6 

GGBS13 39.2 11.2 33.9 10.4 

GGBS14 34.6 13.7 38.9 8.4 
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Figure 3.12 provides an additional correlation of glass structure with chemical composition. 

The relationship between the X-ray diffractograms and the CaO content of different glasses, 

was successfully derived utilizing the glasses obtained in this thesis and data available in 

literature. Table B.13 provides the details of the chemistry of synthetic glasses obtained in 

the work of Goto et al. [160], and their respective maximum 2ϴ diffraction angle calculated 

through the linear correlation provided by those authors. 

Table B.13: Chemical composition of synthetic glasses described in [160], and estimation of maximum 2ϴ  

diffraction angle. 

Glass 

Chemical composition 
Max. diffraction 

angle (2ϴ) 
SiO2 

(wt%) 

Al2O3 

(wt%) 

CaO 

(wt%) 

G1 53.0 14.0 33.0 28.4 

G2 45.3 20.9 33.8 28.5 

G3 43.6 25.6 30.8 28.2 

G4 39.9 28.8 31.8 28.3 

G5 36.8 31.0 32.0 28.4 

G6 36.1 35.8 28.1 28.0 

G7 44.2 13.6 42.2 29.3 

G8 43.0 17.9 38.8 29.0 

G9 35.8 23.6 40.4 29.1 

G10 31.5 30.1 37.5 28.6 

G11 43.3 7.4 49.3 30.0 

G12 41.6 10.5 47.7 29.8 

G13 36.0 15.3 48.5 29.9 
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Appendix C  

_________________________________________________________ 

Thermodynamic and kinetic properties of aqueous 

species and solid phases used for microstructure 

modelling 

 

Thermodynamic modelling was implemented in different Chapters of this thesis for the 

calculation of effective saturation indices (ESI) and phase assemblage equilibrium in 

different stages of modelled pastes: in Chapter 3, the concentrations of Ca, Si and Al, as 

measured by ICP-OES, were utilised to verify the precipitation of reaction products during 

different periods of the dissolution experiments; in Chapter 7, the precipitation and stability 

of reaction products were determined to provide a simulation of equilibrium microstructures 

in both thermodynamic-only and combined thermodynamic-kinetic models. The complete 

set of thermodynamic data of aqueous species utilised for equilibrium calculations are 

detailed in Tables C.1. Tables C.2 and C.4 detail the solubility products and remaining 

thermodynamic data of the reaction products utilised in the thermodynamic equilibrium 

calculations. Finally, Table C.4 provides the kinetic and thermodynamic parameters of 

nucleation of the reaction products considered for the simulations performed with 

GeoMicro3D in Chapter 7. 

Table C.1: Thermodynamic properties of aqueous species utilised for all modelling work performed in this 

thesis. The reference state is 298.15 K and 1 bar. 

Phase 
𝑽𝟎 

(cm³/mol) 

∆𝑮𝑯𝟎 

(kJ/mol) 

∆𝒇𝑯𝟎 

(kJ/mol) 

𝑺𝟎 

(J/mol.K) 

𝑪𝒑
𝟎 

(J/mol.K) 
Ref. 

𝐴𝑙3+ -45.2 -483.7 -530.6 -325.1 -128.7 [579] 

𝐴𝑙𝑂+ 0.3 -660.4 -713.6 -113.0 -125.1 [579] 

𝐴𝑙𝑂2− 9.5 -827.5 -925.6 -30.2 -49.0 [579] 

𝐶𝑎2+ -18.4 -552.8 -543.1 -56.5 -30.9 [579] 

𝐶𝑎𝑂𝐻+ 5.8 -717.0 -571.6 28.0 6.0 [579] 

𝑁𝑎+ -1.2 -261.9 -240.3 58.5 38.1 [579] 

𝑁𝑎𝑂𝐻(𝑎𝑞) 3.5 -418.1 -471.1 44.8 -13.4 [579] 

𝐻𝑆𝑖𝑂3
− 4.5 -101.5 -114.5 20.9 -87.2 [580] 

𝑆𝑖𝑂2(𝑎𝑞)
 16.1 -833.4 -887.9 41.3 44.5 [581] 

𝑆𝑖𝑂3
2− 4.3 -938.5 -1098.7 -96.2 -292.9 [582] 

𝑂𝐻− -4.7 -157.3 -230.0 -10.7 -136.3 [579] 

𝐻+ 0 0 0 0 0 [579] 

𝐻2𝑂(𝑎𝑞) 18.1 -237.2 -285.9 69.9 75.4 [583] 
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Table C.2: Solubility products of reaction products utilised for all modelling work performed in this thesis, 

divided by their categories as described in Chapters 6 and 7. The reference state is 298.15 K and 1 bar. 

Category 
Reaction 

product 
Chemical composition 

log 

𝒌𝒔𝒑 

C-(N-A-)S-H-

type gels 

5CA (𝐶𝑎𝑂)1.25 ∙ (𝐴𝑙2𝑂3)0.125 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)1.625 -10.75 

INFCA (𝐶𝑎𝑂)1 ∙ (𝐴𝑙2𝑂3)0.15625 ∙ (𝑆𝑖𝑂2)1.1875 ∙ (𝐻2𝑂)1.65625 -8.90 

5CNA (𝐶𝑎𝑂)1.25 ∙ (𝑁𝑎2𝑂)0.25 ∙ (𝐴𝑙2𝑂3)0.125 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)1.25 -10.40 

INFCNA (𝐶𝑎𝑂)1 ∙ (𝑁𝑎2𝑂)0.34375 ∙ (𝐴𝑙2𝑂3)0.15625 ∙ (𝑆𝑖𝑂2)1.1875 ∙ (𝐻2𝑂)1.3 -10.00 

INFCN (𝐶𝑎𝑂)1 ∙ (𝑁𝑎2𝑂)0.3125 ∙ (𝑆𝑖𝑂2)1.25 ∙ (𝐻2𝑂)1.1875 -10.70 

T2C (𝐶𝑎𝑂)1.5 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)2.5 -11.60 

T5C (𝐶𝑎𝑂)1.25 ∙ (𝑆𝑖𝑂2)1.25 ∙ (𝐻2𝑂)2.5 -10.50 

TobH (𝐶𝑎𝑂)1 ∙ (𝑆𝑖𝑂2)1.5 ∙ (𝐻2𝑂)2.5 -7.80 

N-(C-)A-S-H-

type gels 

NASH-1 (𝑁𝑎2𝑂)0.49 ∙ (𝐴𝑙2𝑂3)0.46 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)0.48 -8.93 

NASH-2 (𝑁𝑎2𝑂)0.3 ∙ (𝐴𝑙2𝑂3)0.25 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)0.29 -6.94 

NASH-3 (𝑁𝑎2𝑂)0.22 ∙ (𝐴𝑙2𝑂3)0.18 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)0.26 -5.68 

N(C)ASH-1 (𝑁𝑎2𝑂)0.25 ∙ (𝐶𝑎𝑂)0.11 ∙ (𝐴𝑙2𝑂3)0.25 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)0.39 -7.70 

N(C)ASH-2 (𝑁𝑎2𝑂)0.23 ∙ (𝐶𝑎𝑂)0.2 ∙ (𝐴𝑙2𝑂3)0.23 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)0.4 -8.61 

N(C)ASH-3 (𝑁𝑎2𝑂)0.23 ∙ (𝐶𝑎𝑂)0.08 ∙ (𝐴𝑙2𝑂3)0.16 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)0.39 -6.75 

N(C)ASH-4 (𝑁𝑎2𝑂)0.24 ∙ (𝐶𝑎𝑂)0.15 ∙ (𝐴𝑙2𝑂3)0.18 ∙ (𝑆𝑖𝑂2)1 ∙ (𝐻2𝑂)0.37 -7.52 

Crystalline 

secondary 

reaction 

products 

Portlandite 

(CH) 
𝐶𝑎(𝑂𝐻)2 -5.20 

Katoite 

(C3AH6) 
𝐶𝑎3𝐴𝑙2(𝑂𝐻)12 -20.50 

Strätlingite 

(C2ASH8) 
𝐶𝑎2𝐴𝑙2𝑆𝑖𝑂2(𝑂𝐻)10 ∙ 3𝐻2𝑂 -19.70 

C4AH13 𝐶𝑎4𝐴𝑙2(𝑂𝐻)14 ∙ 6𝐻2𝑂 -25.25 

Si-hydrogarnet 

(C3AS0.84H4.32) 
𝐶𝑎3𝐴𝑙2(𝑆𝑖𝑂4)0.84(𝑂𝐻)8.64 -26.70 

Zeolites 

Hydroxy-

sodalite 
(𝑁𝑎2𝑂)4 ∙ (𝐴𝑙2𝑂3)3 ∙ (𝑆𝑖𝑂2)6 ∙ (𝐻2𝑂)3 -67.32 

Chabazite (𝑁𝑎2𝑂)1 ∙ (𝐴𝑙2𝑂3)1 ∙ (𝑆𝑖𝑂2)4 ∙ (𝐻2𝑂)6 -31.9 

Natrolite (𝑁𝑎2𝑂)1 ∙ (𝐴𝑙2𝑂3)1 ∙ (𝑆𝑖𝑂2)3 ∙ (𝐻2𝑂)2 -26.6 

Gismondine (𝐶𝑎𝑂)1 ∙ (𝐴𝑙2𝑂3)1 ∙ (𝑆𝑖𝑂2)2 ∙ (𝐻2𝑂)4.5 -23.5 
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Table C.3: Remaining thermodynamic properties of reaction products utilised for all modelling work performed 

in this thesis, divided by their categories as described in Chapters 6 and 7. The reference state is 298.15 K and 

1 bar. 

Reaction 

product 

𝑽𝟎 

(cm³/mol) 

∆𝑮𝑯𝟎 

(kJ/mol) 

∆𝒇𝑯𝟎 

(kJ/mol) 

𝑺𝟎 

(J/mol.K) 

𝑪𝒑
𝟎 

(J/mol.K) 
Ref. 

5CA 57.3 -2292.8 -2491.3 163.1 177.2 [58] 

INFCA 59.3 -2342.9 -2551.3 154.5 180.9 [58] 

5CNA 64.5 -2381.8 -2568.6 195.0 176.2 [58] 

INFCNA 69.3 -2474.3 -2666.7 198.4 179.7 [58] 

INFCN 71.1 -2452.5 -2642.0 185.6 183.7 [58] 

T2C 80.6 -2465.4 -2720.7 167.0 237.0 [217] 

T5C 79.3 -2516.9 -2780.3 159.9 234.1 [217] 

TobH 85.0 -2560.0 -2831.4 152.8 231.2 [217] 

NASH-1 58.9 -2017.4 -2162.8 116.4 152.0 [225] 

NASH-2 48.3 -1516.5 -1623.3 86.1 106.6 [225] 

NASH-3 48.4 -1343.7 -1438.7 76.9 92.0 [225] 

N(C)ASH-1 42.8 -1583.9 -1697.2 92.9 112.6 [226] 

N(C)ASH-2 46.6 -1603.9 -1717.8 95.1 113.4 [226] 

N(C)ASH-3 41.3 -1401.3 -1503.3 87.9 100.2 [226] 

N(C)ASH-4 43.8 -1490.2 -1594.9 97.8 110.9 [226] 

Portlandite 

(CH) 
33.1 -897.0 -984.7 83.4 87.5 [584] 

Katoite 

(C3AH6) 
149.7 -5008.2 -5537.2 421.7 445.6 [585] 

Strätlingite 

(C2ASH8) 
216.1 -5705.1 -6360.0 5462 602.7 [581] 

C4AH13 274.5 -7325.7 -8262.4 831.5 1142.0 [585] 

Si-hydrogarnet 

(C3AS0.84H4.32) 
142.5 -5365.2 -5847.4 375.2 413.7 [366] 

Hydroxysodalite 424.7 -1322.1 -1412.0 943.0 895.0 [207] 

Chabazite 250.0 -7117.5 -7808.3 548.0 578.0 [207] 

Natrolite 169.4 -5305.1 -5707.0 360.0 359.0 [207] 

Gismondine 157.6 -5076.0 -5527.4 491.0 435.0 [207] 

 

Table C.4: Kinetic parameter 𝐴 of solid reaction products utilised for combined thermodynamic-kinetic 

simulations through GeoMicro3D. 

 
C-(N-A-)S-

H-type gels 

Portlandite 

(CH) 

Katoite 

(C3AH6) 

Strätlingite 

(C2ASH8) 

N-(C-)A-S-

H-type gels 
Hydroxysodalite 

𝐴 (m³s-1) 4.24 × 107 4.71 × 109 27.6 0.101 4.24 × 107 9.62 × 103 
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_________________________________________________________ 

Determination of forward dissolution rates 

 

In Chapter 4, the forward dissolution rates – 𝑟+ (𝑚𝑜𝑙 ∙ 𝑚−2 ∙ 𝑠−1) – of Ca, Si and Al in alkaline 

media were empirically defined for various scenarios. The methodology described in Section 

4.3.4 utilised the experimental results obtained in the dissolution experiments in highly 

diluted conditions and data available in the literature. This Appendix provides the full 

dataset utilised for the discussions and conclusions made on Chapter 4. 

 

D.1 Methodology 

The preparation of the NaOH solutions, in different molarities, was described in Section 

4.2.2. The temporal variation in the concentration of aqueous Ca, Si and Al was measured 

from 5 min to 24 hours at 20 °C (all four synthetic glasses) and at 60 °C (glasses Si-FA and 

Ca-FA). The dissolution rates were calculated using Equation 4.7, considering only the 

periods with quasi-linear change in element concentration versus time.  

 

D.2 Experimental results 

D.2.1 Results generated in this work 

Tables D.1, D.2, D.3 and D.4 provide the complete dataset of concentrations measured 

during the dissolution experiments of the four synthetic glasses, performed at 20 °C. The 

tables also provides the individually determined forward dissolution rates, highlighting the 

range of values considered for calculations, along with the r2 value of the linear trendlines 

of the steady dissolution period. Tables D.5 and D.6 provide details of the experiments 

performed at 60 °C, for glasses Si-FA and Ca-FA, respectively. 
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Table D.1: Temporal evolution in the concentrations (mmol/L) of Al, Si, and Ca, measured for dissolution 

experiments of glass Si-FA (20 °C), along with the respective forward dissolution rate and r2 of the steady 

dissolution period – italic and bold numbers indicate the dataset range utilised for the determination of the 

forward dissolution period. 

Time 
NaOH (0.15 M) NaOH (1.5 M) NaOH (3 M) 

Al  Si  Ca  Al  Si  Ca  Al  Si  Ca  

5 min 0.025 0.013 0.062 0.027 0.039 0.067 0.037 0.053 0.215 

10 min 0.027 0.036 0.077 0.018 0.031 0.060 0.037 0.046 0.147 

15 min 0.013 0.012 0.027 0.015 0.026 0.042 0.028 0.043 0.147 

30 min 0.012 0.017 0.040 0.016 0.030 0.055 0.044 0.050 0.140 

45 min 0.014 0.014 0.035 0.017 0.030 0.040 0.048 0.057 0.165 

1 h 0.013 0.020 0.035 0.016 0.035 0.052 0.041 0.053 0.090 

2 h 0.013 0.015 0.030 0.022 0.039 0.050 0.030 0.039 0.105 

4 h 0.014 0.017 0.030 0.026 0.039 0.032 0.035 0.043 0.105 

6 h 0.022 0.025 0.037 0.036 0.050 0.037 0.044 0.057 0.115 

24 h 0.031 0.039 0.030 0.085 0.096 0.080 0.100 0.093 0.107 

𝒓+ -7.68 -7.57 -7.33 -7.14 -7.19 -7.23 -7.10 -7.22 -6.90 

Slope 0.87 0.93 0.75 0.99 0.99 0.99 0.96 0.89 0.78 

 

Table D.2: Temporal evolution in the concentrations (mmol/L) of Al, Si, and Ca, measured for dissolution 

experiments of glass Ca-FA (20 °C), along with the respective forward dissolution rate and r2 of the steady 

dissolution period – italic and bold numbers indicate the dataset range utilised for the determination of the 

forward dissolution period. 

Time 
NaOH (0.15 M) NaOH (1.5 M) NaOH (3 M) 

Al  Si  Ca  Al  Si  Ca  Al  Si  Ca  

5 min 0.012 0.024 0.042 0.041 0.050 0.060 0.119 0.121 0.160 

10 min 0.010 0.015 0.023 0.300 0.278 0.170 0.096 0.100 0.157 

15 min 0.011 0.012 0.025 0.156 0.146 0.102 0.122 0.121 0.160 

30 min 0.010 0.019 0.050 0.012 0.022 0.037 0.052 0.064 0.122 

45 min 0.008 0.016 0.047 0.014 0.019 0.040 0.070 0.078 0.135 

1 h 0.010 0.015 0.030 0.025 0.032 0.052 0.056 0.071 0.200 

2 h 0.010 0.014 0.020 0.023 0.030 0.055 0.036 0.043 0.117 

4 h 0.013 0.017 0.024 0.021 0.028 0.035 0.032 0.050 0.137 

6 h 0.019 0.027 0.032 0.037 0.043 0.046 0.153 0.107 0.145 

24 h 0.037 0.046 0.030 0.100 0.100 0.116 0.189 0.178 0.289 

𝒓+ -7.53 -7.44 -7.11 -7.05 -7.07 -7.00 -6.77 -6.78 -6.72 

Slope 0.98 0.94 0.95 0.98 0.97 0.99 0.77 0.85 0.99 
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Table D.3: Temporal evolution in the concentrations (mmol/L) of Al, Si, and Ca, measured for dissolution 

experiments of glass BFS-1 (20 °C), along with the respective forward dissolution rate and r2 of the steady 

dissolution period – italic and bold numbers indicate the dataset range utilised for the determination of the 

forward dissolution period. 

Time 
NaOH (0.15 M) NaOH (1.5 M) NaOH (3 M) 

Al  Si  Ca  Al  Si  Ca  Al  Si  Ca  

5 min 0.021 0.030 0.052 0.489 0.445 0.462 0.111 0.107 0.192 

10 min 0.009 0.015 0.035 0.096 0.085 0.110 0.044 0.053 0.145 

15 min 0.019 0.026 0.045 0.044 0.046 0.075 0.100 0.089 0.157 

30 min 0.015 0.020 0.037 0.082 0.061 0.075 0.048 0.050 0.100 

45 min 0.015 0.018 0.025 0.070 0.061 0.077 0.052 0.050 0.110 

1 h 0.015 0.019 0.037 0.063 0.046 0.067 0.052 0.053 0.102 

2 h 0.018 0.023 0.030 0.100 0.068 0.085 0.063 0.057 0.090 

4 h 0.032 0.028 0.030 0.145 0.103 0.102 0.093 0.068 0.102 

6 h 0.048 0.043 0.050 0.145 0.089 0.090 0.115 0.082 0.145 

24 h 0.096 0.064 0.052 0.345 0.189 0.202 0.282 0.164 0.185 

𝒓+ -7.01 -7.26 -6.88 -6.47 -6.76 -6.79 -6.45 -6.77 -6.42 

Slope 0.96 0.91 0.75 0.98 0.92 0.97 0.99 0.99 0.83 

 

Table D.4: Temporal evolution in the concentrations (mmol/L) of Al, Si, and Ca, measured for dissolution 

experiments of glass BFS-2 (20 °C), along with the respective forward dissolution rate and r2 of the steady 

dissolution period – italic and bold numbers indicate the dataset range utilised for the determination of the 

forward dissolution period. 

Time 
NaOH (0.15 M) NaOH (1.5 M) NaOH (3 M) 

Al  Si  Ca  Al  Si  Ca  Al  Si  Ca  

5 min 0.017 0.021 0.037 0.063 0.061 0.090 0.100 0.089 0.180 

10 min 0.012 0.017 0.032 0.104 0.103 0.147 0.028 0.031 0.110 

15 min 0.013 0.013 0.037 0.031 0.039 0.062 0.029 0.029 0.102 

30 min 0.021 0.025 0.047 0.059 0.061 0.122 0.031 0.032 0.097 

45 min 0.016 0.018 0.037 0.130 0.132 0.182 0.037 0.039 0.105 

1 h 0.017 0.020 0.040 0.096 0.096 0.130 0.036 0.035 0.107 

2 h 0.032 0.032 0.047 0.156 0.142 0.177 0.052 0.053 0.150 

4 h 0.048 0.046 0.060 0.156 0.132 0.207 0.070 0.057 0.142 

6 h 0.059 0.057 0.072 0.208 0.203 0.230 0.133 0.114 0.192 

24 h 0.115 0.100 0.100 0.300 0.249 0.264 0.311 0.224 0.232 

𝒓+ -6.93 -7.01 -6.73 -6.61 -6.73 -6.60 -6.29 -6.36 -6.32 

Slope 0.93 0.91 0.99 0.87 0.76 0.91 0.93 0.86 0.85 
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Table D.5: Temporal evolution in the concentrations (mmol/L) of Al, Si, and Ca, measured for dissolution 

experiments of glass Si-FA (60 °C), along with the respective forward dissolution rate and r2 of the steady 

dissolution period – italic and bold numbers indicate the dataset range utilised for the determination of the 

forward dissolution period. 

Time 
NaOH (0.15 M) NaOH (1.5 M) NaOH (3 M) 

Al  Si  Ca  Al  Si  Ca  Al  Si  Ca  

5 min 0.020 0.027 0.042 0.018 0.022 0.047 0.023 0.046 0.110 

10 min 0.023 0.011 0.045 0.023 0.039 0.062 0.029 0.057 0.102 

15 min 0.018 0.016 0.024 0.028 0.046 0.060 0.033 0.061 0.107 

30 min 0.021 0.031 0.075 0.044 0.068 0.077 0.048 0.089 0.102 

45 min 0.023 0.033 0.030 0.056 0.100 0.067 0.063 0.117 0.105 

1 h 0.029 0.050 0.042 0.063 0.100 0.060 0.093 0.160 0.132 

2 h 0.036 0.053 0.030 0.111 0.189 0.070 0.152 0.253 0.147 

4 h 0.048 0.075 0.032 0.152 0.249 0.080 0.256 0.420 0.172 

6 h 0.052 0.089 0.037 0.219 0.370 0.122 0.326 0.548 0.242 

24 h 0.208 0.356 0.107 0.652 1.097 0.250 0.893 1.492 0.424 

𝒓+ -6.70 -6.46 -7.08 -6.19 -5.97 -6.71 -6.04 -5.82 -6.46 

Slope 0.99 0.99 0.93 0.99 0.99 0.98 0.98 0.99 0.96 

 

Table D.6: Temporal evolution in the concentrations (mmol/L) of Al, Si, and Ca, measured for dissolution 

experiments of glass Ca-FA (60 °C), along with the respective forward dissolution rate and r2 of the steady 

dissolution period – italic and bold numbers indicate the dataset range utilised for the determination of the 

forward dissolution period. 

Time 
NaOH (0.15 M) NaOH (1.5 M) NaOH (3 M) 

Al  Si  Ca  Al  Si  Ca  Al  Si  Ca  

5 min 0.021 0.028 0.035 0.017 0.020 0.040 0.067 0.125 0.157 

10 min 0.025 0.034 0.047 0.036 0.053 0.057 0.056 0.100 0.142 

15 min 0.022 0.033 0.030 0.027 0.036 0.045 0.063 0.117 0.150 

30 min 0.022 0.030 0.035 0.031 0.046 0.050 0.193 0.324 0.259 

45 min 0.027 0.039 0.045 0.037 0.064 0.055 0.074 0.132 0.152 

1 h 0.063 0.093 0.072 0.056 0.082 0.075 0.089 0.150 0.167 

2 h 0.041 0.061 0.050 0.104 0.157 0.092 0.174 0.292 0.232 

4 h 0.056 0.093 0.067 0.193 0.310 0.150 0.237 0.392 0.267 

6 h 0.078 0.128 0.050 0.241 0.392 0.185 0.341 0.563 0.334 

24 h 0.241 0.409 0.147 0.634 1.043 0.349 1.049 1.730 0.462 

𝒓+ -6.65 -6.65 -6.92 -6.20 -5.98 -6.50 -5.91 -5.70 -6.07 

Slope 0.99 0.99 0.87 0.98 0.98 0.94 0.99 0.98 0.96 

 

D.2.2 Results obtained from literature 

Along with the data generated in this work, the empirical determination of the forward 

dissolution rates of Ca, Si and Al utilised results available in literature from different 

authors. Tables D.7 and D.8 detail the dataset and dissolution rates obtained from Yun during 

dissolution experiments of a commercial fly ash.  
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Table D.7: Temporal evolution in the concentration of Al, Si and Ca measured during the dissolution of a 

commercial fly ash, measured by Chen, at 20 °C. 

Time 
NaOH (1.5 M) NaOH (3 M) NaOH (5 M) 

Al  Si  Ca  Al  Si  Ca  Al  Si  Ca  

3 h 0.059 0.077 0.150 0.067 0.101 0.190 0.074 0.185 0.142 

6 h 0.070 0.105 0.187 0.085 0.130 0.220 0.107 0.242 0.162 

12 h 0.109 0.151 0.220 0.126 0.189 0.232 0.156 0.306 0.185 

24 h 0.161 0.215 0.212 0.178 0.255 0.240 0.226 0.392 0.197 

48 h 0.233 0.358 0.220 0.282 0.413 0.247 0.341 0.602 0.193 

𝒓+ -7.24 -7.05 -7.26 -7.16 -6.99 -7.21 -7.07 -6.83 -7.01 

Slope 0.94 0.90 0.76 0.92 0.91 0.90 0.94 0.91 0.98 

 

Table D.8: Temporal evolution in the concentration of Al, Si and Ca measured during the dissolution of a 

commercial fly ash, measured by Chen, at 60 °C. 

Time 
NaOH (5 M) – 40 °C NaOH (1.5 M) – 60 °C 

Al  Si  Ca  Al  Si  Ca  

6 h 0.219 0.634 0.232 0.871 2.304 0.252 

12 h 0.397 1.072 0.207 1.342 3.632 0.185 

24 h 0.589 1.592 0.202 2.001 5.590 0.157 

48 h 0.934 2.460 0.202 2.698 7.406 0.097 

𝒓+ -6.57 -6.15 -6.27 -6.11 -5.67 -6.23 

Slope 0.97 0.97 - 0.99 0.99 - 
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Appendix E 

_________________________________________________________ 

Supplementary information utilised in Chapter 6 

E.1 Isothermal calorimetry curves of alkali-activated synthetic glasses 

In Section 6.3.1, the influence of the activator in the alkali-activating of synthetic 

precursors was discussed. Solutions of waterglass and NaOH with different molarities were 

prepared and individually discussed for all precursors in systems N8S0 and N8S12. Glasses 

Si-FA and BFS-2, the two extreme conditions with respect to their Ca content, were activated 

with additional solutions for further fundamental understanding of reaction kinetics – see 

Table 6.2 for more details on the activators. This Appendix provides the additional curves 

which were utilised for discussion but were not shown in Chapter 6 – Figure E.1 shows the 

curves obtained for glass Si-FA, and Figure E.2 shows the curves obtained for glass BFS-2. 

 

Figure E.1: Heat flow evolution and cumulative heat release of pastes made with glass Si-FA activated with 4 M 

and 12 M NaOH solutions – all samples were cured at 20 °C for 7 days; all values were normalized with the 

original weight of the precursor. 

 

Figure E.2: Heat flow evolution and cumulative heat release of pastes made with glass BFS-2 activated with 4 

M and 12 M NaOH solutions – all samples were cured at 20 °C for 7 days; all values were normalized with the 

original weight of the precursor. 
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E.2 SEM micrographs utilized for microanalysis with EDS 

In Section 6.3.2, the influence of the activator in the gel composition throughout the 

cementitious matrix of hardened pastes was evaluated for the activation of glass Si-FA. The 

siliceous fly ash-type glass, cured for 7 days at 60 °C and for additional 21 days at 20 °C, 

was characterized by SEM for systems activated with NaOH (N8S0) and waterglass (N8S12). 

Backscattered images were collected for the two pastes, which were utilized for the EDS 

mapping and chemical microanalysis of the specimen. Figures E.3 and E.4 show the original 

images, and the area selected (highlighted in red) for the data analysis of pastes belonging 

to systems N8S0 and N8S12, respectively. 

 

Figure E.3: BSE image of paste made with glass Si-FA, activated by NaOH (left), and the highlighted area in red 

of the cementitious matrix utilized for EDS mapping in Section 6.3.2 (right). 

 

Figure E.4: BSE image of paste made with glass Si-FA, activated by waterglass (left), and the highlighted area 

in red of the cementitious matrix utilized for EDS mapping in Section 6.3.2 (right). 

 

E.3 Detailed results from quantitative X-ray diffraction analysis 

In Section 6.4.2, the estimation of the amount of different reaction products based on the 

chemical composition of a mixture was proposed through the calculation of phase 

assemblage indices. As explained in the methodology section of Chapter 6 (Section 6.2.5), 

the determination of these indices for alkali-activated pastes is performed through the 

quantitative analysis of three categories of reaction products by the combination of 

different experimental techniques: SAM selective dissolution treatment, estimation of the 

degree of reaction by SEM micrographs, and QXRD.  
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The schematic illustration in Figure E.5 describes the sequential process for the 

determination of the quantity of each reaction product. After the hardened pastes are 

subject to the SAM extraction method, it is assumed that amorphous and short-ordered C-

(N-A-)S-H-type gels are eliminated, and the remainder material accounts for unreacted 

glass, crystalline Ca-Al bearing phases, disordered N-(C-)A-S-H-type gels and zeolites. The 

residual mass collected after the SAM treatment is subtracted by the amount of zeolite and 

other secondary phases – as determined by QXRD, and by the amount of unreacted glass – 

which is calculated by the reaction degree of each paste, and the resulting value represents 

the quantity of amorphous N-(C-)A-S-H gels in the hardened paste. Sequentially, the amount 

of amorphous C-(N-A-)S-H gels is determined by subtracting the amount of unreacted glass 

and amorphous N-(C-)A-S-H-type species from the total amount of amorphous material, 

determined by QXRD. Finally, the amorphous content of each category of gel is summed to 

their crystalline counterparts, and the final contents of N-(C-)A-S-H and C-(N-A-)S-H-type 

phases is determined. Table E.1 presents the detailed results of the QXRD analysis of each 

paste, while Table E.2 presents the estimation of the amorphous phases based on the method 

illustrated in Figure E.5. 

 

Figure E.5: Schematic illustration of the methodology implemented for the calculation of each category of 

reaction product for all pastes investigated in Chapter 6. 
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Table E.1: Detailed results of QXRD analysis performed for all pastes analyzed and discussed in Chapter 6. 

Mix design 

GOF* 

Amorphous 

quantity  

(%) 

C-(N-A-)S-H 

phases  

(%) 

C3AH6/ 

Strätlingite/ 

CaCO3  

(%) 

Zeolites 

(%) 
Activator 

(Temperature) 

Glass/ 

Blend 

NaOH 

(20° C) 

Si-FA 4.95 84.51 10.69 0.13 4.67 

Ca-FA 4.01 72.04 23.66 1.86 2.24 

BFS-1 2.85 61.80 33.88 3.81 0.51 

BFS-2 2.90 59.30 35.19 5.18 0.33 

Waterglass 

(20° C) 

Si-FA 5.27 85.72 8.76 0.10 5.42 

Ca-FA 5.50 78.73 11.06 0.45 6.08 

BFS-1 3.46 69.83 29.09 0.08 0.99 

BFS-2 2.83 53.20 44.80 0.07 1.59 

NaOH 

(20° C) 

B70 2.95 83.05 28.37 1.08 0.74 

B50 3.06 69.46 26.97 0.25 1.62 

B30 3.57 78.63 14.72 1.50 4.61 

Waterglass 

(20° C) 

B70 2.70 73.63 24.42 0.96 0.77 

B50 2.72 63.70 33.49 0.92 1.83 

B30 4.81 84.38 10.53 0.00 4.40 

NaOH 

(60 and 20° C) 

Si-FA 6.30 86.28 1.81 1.36 10.39 

Ca-FA 4.82 88.22 3.72 0.00 7.31 

Waterglass 

(60 and 20° C) 

Si-FA 5.44 90.31 1.58 1.41 6.23 

Ca-FA 6.01 85.49 2.82 1.13 9.05 

*GOF is the goodness of fit of the Rietveld refinement, calculated as the ratio of the over . 

Table E.2: Determination of the amount of amorphous N-(C-)A-S-H and C-(N-A-)S-H gels, based on the 

methodology described in this Appendix. 

Mix design 
Degree of 

reaction 

(%) 

Weight loss 

– SAM (%) 

Unreacted 

glass 

(%) 

Amorphous 

N-(C-)A-S-H 

gels 

(%) 

Amorphous 

C-(N-A-)S-H 

gels 

 (%) 

Activator 

(Temperature) 

Glass/ 

Blend 

NaOH 

(20° C) 

Si-FA 37.55 19.11 42.19 34.03 8.29 

Ca-FA 34.03 33.25 44.57 22.18 7.73 

BFS-1 40.68 52.35 40.08 7.58 14.66 

BFS-2 43.41 47.61 38.23 14.16 7.24 

Waterglass 

(20° C) 

Si-FA 41.66 15.74 36.51 47.75 6.88 

Ca-FA 43.38 23.64 35.43 40.93 12.13 

BFS-1 44.46 54.28 34.76 10.96 25.11 

BFS-2 53.64 63.74 29.01 7.25 18.87 

NaOH 

(20° C) 

B70 41.49 43.52 42.34 14.14 12.31 

B50 38.70 40.83 41.42 17.75 11.93 

B30 40.98 42.49 37.91 19.60 25.83 

Waterglass 

(20° C) 

B70 49.30 47.21 30.69 22.10 21.80 

B50 46.09 35.29 33.74 30.97 0.88 

B30 49.07 24.31 34.91 40.79 13.48 

NaOH 

(60 and 20° C) 

Si-FA 48.74 19.72 34.63 45.65 16.55 

Ca-FA 43.74 34.61 38.01 27.38 30.60 

Waterglass 

(60 and 20° C) 

Si-FA 53.72 10.64 28.96 60.40 7.63 

Ca-FA 53.37 20.64 29.18 50.17 16.31 
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Summary 
 

The continuous development of global infrastructure requires the use of reliable and cost-

effective construction materials. Within this scope, alkali-activated materials (AAMs) excel 

as one of the most sustainable alternatives over traditional Portland cement (PC) based 

products, as they combine a similar-to-superior performance with the reduced consumption 

of carbon-intensive raw materials. Despite being the subject of extensive research for more 

than 70 years, the applicability of these binders in large-scale projects still faces practical 

issues towards their wide acceptance in industry. The non-homogeneous distribution of raw 

materials, the diverse list of potential activators and precursors, and their variations in 

mineralogy and chemical compositions, among others, are the main challenges in the path 

to their reliable performance evaluation. The short- and long-term behaviour of AAMs are 

intimately correlated with their mechanisms of reaction and, consequently, with the nature 

and the amount of reaction products present in their hardened microstructures. Therefore, 

the establishment of correlations between the characteristics of the raw materials and the 

microstructural evolution of the binders, through empirical observations and numerical 

modelling, can bring positive effects to the industry, providing accurate estimations and 

optimization of the short and long-term characteristics of structures made with AAMs.  

This thesis aimed at understanding the various influencing factors in the reaction path of 

AAMs, from the early stages of dissolution to the obtainment of mature microstructures. 

First, glasses resembling commercial fly ashes and slags were produced. The synthetic 

precursors were obtained with simplified chemical composition, facilitating qualitative and 

quantitative studies of the effect of Ca, Al and Si in the mineralogy of each precursor, and 

consequently in the mechanisms of dissolution and precipitation of reaction products. The 

frameworks of the precursors were characterized by X-ray diffraction (XRD), Fourier 

transform infrared (FTIR) and Raman spectroscopy, and nuclear magnetic resonance (NMR), 

which identified CaO as the main network modifier (NWM) of the amorphous network. The 

shift from Al-modified cristobalite and mullite-type rich structures, in fly ash-type glasses, 

to gehlenite-type structures, in slag-type glasses, allowed the establishment of a direct 

relationship between the CaO content of each precursor and their degree of disorder. 

Second, the dissolution kinetics of the synthetic precursors was investigated. The use of 

coarse glass particles, in highly diluted solutions (1:1000) of NaOH, allowed the 

measurement of the temporal evolution in the concentration of each element prior to the 

formation of the first reaction products. The release of Ca, Si and Al from the framework of 

the glasses was measured with inductively coupled plasma-optical electrical emission (ICP-

OES) for five different scenarios, including three NaOH molarities at 20 °C and 60 °C. The 

combined influences of alkalinity and temperature were considered for the derivation of 

universal dissolution rate equations based on Arrhenius-type relationships. These equations 

provided an estimation of the leaching of aqueous species according to the composition of 

the precursors and to the characteristics of the experiment, and their accuracies were 

validated against experimental dissolution data available in literature by different authors. 

Third, phase precipitation mechanisms and the phase assemblage of alkali-activated binders 

were investigated. Through additional dissolution experiments with fine precursors, results 
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obtained with ICP-OES identified the consumption of aqueous species for the formation of 

initial nuclei of solid products. The utilization of FTIR, differential thermogravimetry (DTG) 

and selective dissolution treatment aided the distinction of the type of disordered gels 

formed during the early stages of activation of different precursors. The precipitation of 

portlandite as an intermediate reaction product was verified to dominate the reactive 

systems in initial moments. In sequence, C-(N-A-)S-H-type gels were preferentially formed 

in all systems at 20 °C, while N-(C-)A-S-H-type gels were only favored at higher curing 

temperatures. Furthermore, the combination of in-situ isothermal calorimetry with SEM 

micrographs allowed the observation of different phase formation phenomena in the studied 

binders. Homogeneous-type precipitation mechanisms were mostly observed in waterglass-

activated systems, and heterogeneous-type precipitation was the dominant phenomena in 

NaOH-media. The two mechanisms have been described before in literature, but the 

methodology implemented in this thesis allowed an unique observation of both. 

In 28 days old systems, the combination of quantitative XRD (QXRD), selective dissolution 

treatments and SEM micrograph segmentation allowed the establishment of additional 

chemistry-temperature-based relationships. The reaction degree of precursors was 

empirically derived based on the binder composition. The proposed equation covered 16 

different scenarios with individual and blended systems cured at 20 °C and 60 °C, and 

reached a coefficient of determination (r²) of 0.84. The reaction products formed in 

hardened microstructures were divided in three categories, and their amounts were also 

proved to be estimated with high accuracy. Through the definition of phase assemblage 

indices, the estimation of C-(N-A-)S-H and N-(C-)A-S-H gels displayed r² values of 0.86 and 

0.89, respectively, when comparing with experimental results. Secondary Ca-bearing 

crystalline phases displayed lower agreement with experiments, but their restricted 

formation contributed to a maximum of 9 % of all reaction products in all evaluated systems.  

Fourth and finally, newly developed thermodynamic databases and the empirically defined 

dissolution rates in this work were included in GeoMicro3D. The numerical modelling tool 

was adapted to simulate the evolution of digital microstructures of systems containing a 

variety of precursors, working as an extension to the originally developed model. The 

simulations showed great agreement with experimental results in four different scenarios, 

including individual and blended precursors. The degree of reaction at 28 days displayed 

variations in the range of 1 – 3 % between modelled and experimental conditions of the four 

evaluated systems, and the amount of primary reaction products had variations of 2 – 11 % 

and 3 – 12 % for C-(N-A-)S-H and N-(C-)A-S-H gels, respectively. The precipitation of Ca-based 

secondary products – e.g. portlandite, strätlingite and katoite – was slightly overestimated, 

leaving room for the improvement of the tool in future researches through the definition of 

phase transformation reactions and kinetic parameters of nucleation.  

This study successfully investigated the different stages of reaction of alkali-activated 

binders, mapping the influence of various parameters in each one of them. The chosen 

approach addressed one of the main challenges of these binders, proposing solutions to 

overcome the issues of the high variation in chemistry and mineralogy of precursors and 

activators under selected curing conditions. The obtained results provide accurate 

estimations of the microstructural characteristics of different alkali-activated binders, 

providing digital microstructures which can be used for different modelling purposes, 

including mechanical properties and service-life estimations. Finally, the contributions of 

this work are expected to aid the applicability and the acceptance of AAMs. 
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Samenvatting 
 

De doorgaande ontwikkeling van wereldwijde infrastructuur vraagt om betrouwbare en 

kostenefficiënte bouwmaterialen. In dat licht gelden alkali-geactiveerde materialen (AAM’s) 

als een van de duurzaamste alternatieven voor traditioneel portlandcement (PC): ze 

combineren vergelijkbare tot betere prestaties met een lager gebruik van CO₂-intensieve 

grondstoffen. Ondanks ruim zeventig jaar intensief onderzoek, blijft de praktische 

toepasbaarheid van deze bindmiddelen in grootschalige projecten problematisch, wat brede 

industriële acceptatie belemmert. De belangrijkste obstakels in betrouwbare bepaling van 

prestaties zijn de inhomogene verdeling van grondstoffen, de grote variatie in mogelijke 

activators/precursoren, en hun uiteenlopende mineralogische/chemische samenstellingen. 

Het korte- en langetermijngedrag van AAM’s is nauw verbonden met hun 

reactiemechanismen, en daarmee met de aard en hoeveelheid van de reactieproducten in 

de verharde microstructuur. Door empirische observaties en numerieke modellering kan een 

verband worden gelegd tussen grondstofeigenschappen en de microstructurele ontwikkeling 

van het bindmiddel, wat de industrie in staat stelt om de korte en langetermijn 

eigenschappen van AAM-gebaseerde constructies nauwkeurig te voorspellen en te 

optimaliseren. 

Dit proefschrift richtte zich op het begrijpen van de verschillende factoren die het reactie-

pad van AAM’s beïnvloeden, vanaf de eerste stadia van oplossing tot de vorming van 

volgroeide microstructuren. Als eerste werden glazen geproduceerd die lijken op 

commerciële vliegas en slakken. Deze synthetische precursoren hadden een vereenvoudigde 

chemische samenstelling, wat kwalitatieve en kwantitatieve analyse mogelijk maakte op de 

invloed van Ca, Al en Si op de mineralogie van elke precursor, en daarmee op de oplossings- 

en neerslagmechanismen van hun reactieproducten. De structuur van de precursoren werd 

gekarakteriseerd met röntgendiffractie (XRD), Fourier-transformatie infraroodspectroscopie 

(FTIR), Ramanspectroscopie en kernspinresonantie (NMR), waarbij CaO werd geïdentificeerd 

als de belangrijkste netwerkmodificator (NWM) van het amorfe netwerk. De overgang van 

Al-gemodificeerde structuren rijk aan cristobaliet en mulliet (in vliegasachtige glazen) naar 

gehlenietachtige structuren (in slakachtige glazen) maakte het mogelijk een direct verband 

te leggen tussen het CaO-gehalte van elke precursor en de mate van wanorde in hun 

structuur. 

Ten tweede werd de oplossingskinetiek van de synthetische precursoren onderzocht. Door 

gebruik te maken van grove glasdeeltjes in sterk verdunde oplossingen (1:1000) van NaOH 

kon de tijdsgebonden ontwikkeling van de concentratie van elk element worden gemeten, 

nog vóór de vorming van de eerste reactieproducten. Het vrijkomen van Ca, Si en Al uit het 

netwerk van de glazen werd gemeten met inductief gekoppeld plasma-optische 

emissiespectroscopie (ICP-OES), in vijf verschillende scenario’s, waaronder drie NaOH-

concentratie bij 20 °C en 60 °C. De gecombineerde invloed van pH en temperatuur werd 

meegenomen bij het opstellen van algemene oplossnelheidsvergelijkingen, gebaseerd op 

relaties van het Arrhenius-type. Deze vergelijkingen gaven een schatting van de uitloging 

van opgeloste stoffen op basis van de samenstelling van de precursoren en de experimentele 

omstandigheden. De nauwkeurigheid werd gevalideerd met experimentele gegevens uit de 

literatuur van verschillende auteurs. 
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Ten derde werden de mechanismen van de fase-neerslag en fase-samenstelling van alkali-

geactiveerde bindmiddelen onderzocht. Aanvullende oplosproeven met fijne precursoren 

toonden, met behulp van ICP-OES, aan hoe opgeloste componenten werden verbruikt bij de 

vorming van eerste kiemen van vaste reactieproducten. Door gebruik te maken van FTIR, 

differentiële thermogravimetrie (DTG) en selectieve oplossingsbehandelingen kon worden 

bepaald welk type ongeordende gels ontstond tijdens de vroege activeringsstadia van 

verschillende precursoren. De neerslag van portlandiet als tussenproduct bleek dominant in 

de eerste fase van het reactiesysteem. Vervolgens werden C-(N-A-)S-H-achtige gels bij 

voorkeur gevormd in alle systemen bij 20 °C, terwijl N-(C-)A-S-H-achtige gels pas de 

voorkeur kregen bij hogere uithardingstemperaturen. Daarnaast maakte de combinatie van 

in-situ isotherme calorimetrie met SEM-beelden het mogelijk om verschillende 

fasevormingsmechanismen in de bindmiddelen waar te nemen. Homogene neerslag werd 

voornamelijk aangetroffen in met waterglas geactiveerde systemen, terwijl heterogene 

neerslag dominant was in systemen met NaOH. Beide mechanismen zijn eerder beschreven 

in de literatuur, maar de in dit proefschrift toegepaste methode maakte het mogelijk ze 

beide op unieke wijze waar te nemen. 

In systemen van 28 dagen oud maakte de combinatie van kwantitatieve XRD (QXRD), 

selectieve oplossingsbehandelingen en SEM-beeldsegmentatie het mogelijk om aanvullende 

relaties op basis van chemie en temperatuur vast te stellen. De reactiegraad van 

precursoren werd empirisch afgeleid op basis van de bindmiddelsamenstelling. De 

voorgestelde vergelijking dekte 16 verschillende scenario’s met zowel individuele als 

gemengde systemen die uithardden bij 20 °C en 60 °C, en behaalde een 

determinatiecoëfficiënt (r²) van 0,84. De reactieproducten die zich vormden in de verharde 

microstructuren werden onderverdeeld in drie categorieën, en hun hoeveelheden bleken 

eveneens met hoge nauwkeurigheid te kunnen worden ingeschat. Via de definitie van fase-

samenstellingsindices kon de hoeveelheid C-(N-A-)S-H- en N-(C-)A-S-H-gels worden 

ingeschat met r²-waarden van respectievelijk 0,86 en 0,89, ten opzichte van experimentele 

resultaten. Secundaire Ca-houdende kristallijne fasen hadden een lagere overeenkomst met 

de experimenten, maar hun beperkte vorming was in de geëvalueerde systemen maximaal 

9 % van het totaal aan reactieproducten. 

Ten vierde, en tot slot, werden de nieuw ontwikkelde thermodynamische databases en 

empirisch bepaalde oplossnelheden uit dit onderzoek opgenomen in GeoMicro3D. De 

numerieke modellerings-tool werd aangepast om de evolutie van digitale microstructuren 

te simuleren in systemen met uiteenlopende precursoren, als uitbreiding op het 

oorspronkelijk ontwikkelde model. De simulaties toonden een sterke overeenkomst met 

experimentele resultaten in vier verschillende scenario’s, waaronder zowel individuele als 

gemengde precursoren. De reactiegraad na 28 dagen had variaties van 1–3 % tussen de 

gemodelleerde en experimentele omstandigheden in de vier geëvalueerde systemen. De 

hoeveelheid primaire reactieproducten week af met 2–11 % en 3–12 % voor respectievelijk C-

(N-A-)S-H- en N-(C-)A-S-H-gels. De neerslag van Ca-gebaseerde secundaire producten – zoals 

portlandiet, strätlingiet en katoiet – werd licht overschat, wat ruimte laat voor verdere 

verbetering van het model in toekomstig onderzoek door het definiëren van 

fasetransformatie-reacties en kinetische parameters voor kiemvorming. 

Dit onderzoek bracht de verschillende reactiestadia van alkali-geactiveerde bindmiddelen 

succesvol in kaart en toonde hoe diverse parameters elk van deze stadia beïnvloeden. De 

gekozen aanpak richtte zich op een van de grootste uitdagingen van deze bindmiddelen en 
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stelde oplossingen voor om de problemen van grote variatie in chemische samenstelling en 

mineralogie van precursoren en activators onder specifieke uithardingscondities te 

verminderen. De verkregen resultaten bieden nauwkeurige schattingen van de 

microstructurele eigenschappen van verschillende alkali-geactiveerde bindmiddelen, en 

leveren digitale microstructuren die gebruikt kunnen worden voor uiteenlopende 

modelleringsdoeleinden, waaronder de mechanische eigenschappen en 

levensduurinschattingen. Tot slot wordt verwacht dat de bevindingen uit dit werk bijdragen 

aan de toepasbaarheid en acceptatie van AAM’s.
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