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Abstract 

The production of cement-based materials releases numerous greenhouse gases into the 

atmosphere and therefore, accelerates global warming. The search for an alternative to Portland 

cement systems has thrown up the family of alkali-activated geopolymers as a potential choice. In 

civil engineering, workability, setting time, strength and durability are the most important demands 

as they determine the quality of construction, engineering performance and the service life of 

structures. To boost the widespread application of N-A-S-H geopolymers in civil engineering, 

developing mature mix design guidelines is strongly necessary. The mechanical performance of 

N-A-S-H geopolymers has been found to rely on the SiO2/Al 2O3, Na2O/Al2O3 and H2O/Na2O 

ratios. Despite that, there so far has not been a systematic investigation on their attendant role upon 

workability, setting and durability. How to optimize these properties, without sacrificing the 

strength remains a challenge that limits the widespread use of locally available precursors for 

geopolymers in practice. In the meantime, the search for an effective additive that can enhance 

geopolymerization, without sacrificing the fresh paste rheology or the subsequent setting and 

durability, also continues into the present study. A preliminary review led to a water-in-air 

Pickering emulsion, specifically known as dry water, as a potential choice. Its promising 

characteristic in the present context is that it renders the nano silica as enlarged particles through 

the physical reorganization, while it retains the amorphous property of SiO2. 

Accordingly, this doctoral study aims to explain the mechanisms that underlie the mutual 

interaction between oxide components and dry water led enhancement in geopolymerization and 

thus, develop the mix design guidelines for making the workable, strong and durable N-A-S-H 

geopolymers incorporating dry water. 



iii  

 

The results show that an increase in any of SiO2/Al 2O3, Na2O/Al2O3, and H2O/Na2O ratios, 

automatically increased the liquid-to-solid ratio and therefore, raised the flowability of the system. 

The setting process of N-A-S-H geopolymers was most sensitive to the SiO2/Al 2O3 ratio, as this 

ratio essentially dominated the degree of geopolymerization. By contrast, the other two oxide 

ratios, i.e., Na2O/Al2O3 and H2O/Na2O, caused the relatively minor influence on setting. A 

deficient SiO2/Al 2O3 ratio and an excessive Na2O/Al2O3 ratio reduced the amorphocity and 

boosted the significant formation of crystalline zeolite. These, therefore, reduced the mechanical 

strength and acid resistance. Although a value of H2O/Na2O ratio at the lower end may slightly 

depress the geopolymerization, the attendant high alkalinity improved the acid resistance. For 

generally used N-A-S-H geopolymers, a satisfactory combination of compositional ratios to 

simultaneously achieve the desired workability, final set and strength may fall within SiO2/Al2O3 

= 2.8-3.6, Na2O/Al2O3 = 0.75-1.0 and H2O/Na2O = 9-10. When subjected to the acid-rich 

environment, the SiO2/Al 2O3 ratio could be suitably narrowed to 3.1-3.4, and the H2O/Na2O 

slightly shifts to 8-10. 

Moreover, depending on the unique combination of characteristics of size coarsening, micro-

filling, supplementary silica source and temporary water encapsulation, the nano silica stabilized 

dry water resolved the ñtrade-offò between the fresh and hardened properties. An optimal ratio was 

found at 15% nanoparticles-to-emulsion ratio to yield the most satisfactory combination of high 

flow diameter, quick set, high strength and superior acid resistance simultaneously. 

Overall, this thesis provides a guideline to synthesize the workable, strong and acid-resistant N-A-

S-H geopolymer incorporating dry water. The findings are very promising to boost the widespread 

application of N-A-S-H geopolymers with locally available precursors, in both the ordinary 

condition and an acid-rich environment. 
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Preface 

This thesis is an original work by Chaofan Yi. The N-A-S-H geopolymer systems with varying 

principal compositional ratios and nano silica stabilized dry water were synthesized to develop a 

mix design guideline for producing the sustainable, workable, strong and acid-resistant alternative 

to conventional Ordinary Portland cement systems. This thesis contains both experimental and 

modelling work and is developed from a couple of journal papers that are either published or 

drafted for the consideration for publication. 

Chapter 3 of this thesis has been published as Yi, C., Boluk, Y., & Bindiganavile, V. (2022). 

Experimental Characterization and Multi-Factor Modelling to Achieve Desired Flow, Set and 

Strength of N-A-S-H Geopolymers. Materials, 15(16), 5634. 

A journal paper and a manuscript have been developed from Chapter 4. The first paper has been 

published as Yi, C., Boluk, Y., & Bindiganavile, V. (2020). Enhancing alkali-activation of 

metakaolin-based geopolymers using dry water. Journal of Cleaner Production, 258, 120676. 

Another independent manuscript has been submitted for peer review as Yi, C., Boluk, Y., & 

Bindiganavile, V. (2022). Aluminosilicates Geopolymerized with Dry Water Stabilized by 

Hydrophobic Nanosilica: Mechanisms underlying its Rheology, Microstructure and Strength. 

Construction and Building Materials. 

Chapter 5 of this thesis has been submitted for peer review as Yi, C., Boluk, Y., & Bindiganavile, 

V. (2022), Characterizing Mechanisms Underlying Effects of Compositional Oxide Ratios on 

Performances of N-A-S-H Geopolymers Subjected to Sulphuric Acid Attack. Cement and 

Concrete Composites. 
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Chapter 6 of this thesis has been drafted for submission as Yi, C., Boluk, Y., & Bindiganavile, V. 

(2022), Potential Benefits of Hydrophobic Nano Silica Stabilized Dry Water for N-A-S-H 

Geopolymers Against Sulphuric Acid Attack. Cement and Concrete Composites. 

Chapter 7 of this thesis is related to multi-factor modelling. The main results have been published 

together with the results shown in Chapter 3, as Yi, C., Boluk, Y., & Bindiganavile, V. (2022). 

Experimental Characterization and Multi-Factor Modelling to Achieve Desired Flow, Set and 

Strength of N-A-S-H Geopolymers. Materials, 15(16), 5634. Besides, this concept has also been 

used to contribute to additional two journal papers as (i) Li J., Tao Y., é, Boluk Y., Bindiganavile 

V., Chen Z., Yi C. (corresponding author) (2022). Optimal Amorphous Oxide Ratios and 

Multifactor Models for Binary Geopolymers from Metakaolin Blended with Substantial Sugarcane 

Bagasse. Journal of Cleaner Production, 377, 134215; (ii) Li, J., Yi, C., Chen, Z., Cao, W., Yin, 

S., Huang, H., ... & Yu, Q. (2022) Relationships between Reaction Products and Carbonation 

Performance of Alkali-activated Slag with Similar Pore Structure. Journal of Building Engineering, 

45, 103605.  

In this thesis, my work includes conceptualization, experiment design and operation, data 

collection, model establishment, formal analysis, writing and editing. Dr. Vivek Bindiganavile and 

Dr. Yaman Boluk are my academic supervisors, who were involved in conceptualization, 

supervision, resources, founding acquisition, review, and editing. Dr. Rajender Gupta is my 

supervisory committee member, also contributed to the review of this thesis. 
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Chapter 1. Introduction  

1.1. Background 

Cement-based materials now represent one of the most consumed commodities in the world, 

second only to potable water (Aē↓tcin, 2000), however, the production of cement-based materials 

releases a large number of greenhouse gases into the atmosphere. This issue has of late attracted 

global attention. Also, Canada has joined over 120 countries to commit to net-zero emissions by 

2050. In the meantime, Alberta plans to invest $131 million in projects designed to help prevent 

carbon emissions from entering the atmosphere. The popularity of Portland cement concrete 

serving as a building material in the last 150 years is mainly associated with the success of its 

primary binder: Ordinary Portland cement (OPC). OPC possesses a host of traits with practical 

value, such as high plasticity, satisfactory compressive strength and stiffness, outstanding fire 

resistance and, when suitably designed, even excellent durability. At the same time, its raw 

materials may be sourced widely, with relatively low cost across its applications (Juenger et al., 

2011). On the other hand, its environmental cost is high as its production releases a large number 

of pollutants into the atmosphere and especially, it adds to the carbon footprint of the construction 

industry (Gartner, 2004; Taylor et al., 2006; Damtoft et al., 2008; Ali et al., 2011). Specifically, 

manufacturing one tonne of ordinary Portland cement releases 0.8~0.9 tonnes of CO2 emission 

(Gartner, 2004). This has triggered a wide range of scientific efforts towards finding an alternative 

to Portland cement. 

The family of alkali-activated geopolymers has emerged as a potential choice. Past studies 

conducted on their development have confirmed that the corresponding greenhouse gas emissions 

are significantly lower in alkali-activated materials than for Portland cement (Duxson et al., 2007; 
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Pacheco-Torgal et al., 2008a; Pacheco-Torgal et al., 2008b; Li et al., 2010). Davidovits et al. (1990) 

found that producing one tonne of binder as required for geopolymerization would generate only 

0.184 tonnes of CO2, while McLellan et al. (2011) recorded a 64% reduction in the associated 

carbon emission in comparison with an equal volume of concrete. Their findings are further 

corroborated by Habert et al. (2011) using the Life Cycle Assessment method. In addition, 

manufacturing geopolymers is reported to consume much less energy (Kumar and Kumar, 2014). 

Statistically, the embodied energy has been reported as 4000~4400 MJ/ton for Portland cement, 

whereas the corresponding value drops down to 2200~2400 MJ/ton, equivalent to about a 50% 

reduction (Kumar and Kumar, 2014). 

In general, the synthesis of alkali-activated geopolymer systems consists of activating an 

aluminosilicate using strong alkali solutions, such as sodium hydroxide and/or sodium silicate, to 

form a three-dimensional poly-condensed network, N-A-S-H (N: Na2O, A: Al2O3, S: SiO2 and H: 

H2O), comprising the tetrahedral SiO4 and AlO4 units. A wide range of aluminosilicates sourced 

mostly as industrial by-products is proven to be suitable precursors. These include calcined clays 

(Kong et al., 2007; Yunsheng et al., 2010), fly ash (Olivia and Nikraz, 2012; Zhuang et al., 2016), 

other ashes (Chindaprasirt et al., 2009; Hardjito and Fung, 2010; Temuujin et al., 2010) and some 

artificial aluminosilicates such as zeolite (Villa et al., 2010), pure Al2O3-2SiO2 powder (Zheng et 

al., 2015), magnesium-containing minerals (MacKenzie et al., 2013) and red mud (Hu et al., 2018). 

As a potential alternative to Portland cement concrete, excellent workability and setting are 

important for in-situ construction, while compressive strength and durability are essential 

throughout its service life. In this regard, it has been widely confirmed that when suitably designed, 

the geopolymer system displays satisfactory workability, with a flow diameter ranging from 150 

mm to 250 mm (Huseien et al., 2016; Ghosh and Ghosh, 2012a). Huseien et al. (2016) reported 
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the geopolymerized mixture comprising granulated blast furnace slag (GBFS), fly ash (FA) and 

palm oil fuel ash (POFA) could quickly set within 1 hour. The alkali-activated metakaolin 

geopolymer is also able to finish its final setting within 6 hours (De Silva et al., 2007), which is 

equivalent to the required setting time for various types of Portland cement specified in ASTM 

C150/C150M-19a. Prior research observed that the compressive strength of alkali-activated 

systems was at least as much as that obtained with Portland cement (Glukhovsky, 1981; Duxson 

et al., 2005; Chindaprasirt et al., 2007). Of particular note, the former is reported to rapidly achieve 

structural integrity and acquire high early strength (Rovnaník, 2010). Besides their mechanical 

performance, alkali-activated geopolymers are resistant to common durability concerns which 

have been widely reported upon cement-based systems, including sulphate attack, other acids and 

chloride-induced corrosion of embedded rebar (Shi and Stegemann, 2010; Bakharev, 2003; 

Fernando, 2010; El-Sayed et al., 2011).  

However, when conducting the mixture design for N-A-S-H based geopolymers, the interaction 

between compositional ratios namely, SiO2/Al 2O3, Na2O/Al2O3 and H2O/Na2O, triggers mutual 

sacrifice, or ñtrade-offò, between the above equally important properties. So that, there remains no 

mix design guideline for the practitioner to regulate and then optimize the proportions of the raw 

materials, in order to simultaneously achieve satisfactory workability, quick final set, high 

compressive strength and excellent durability. The above scientific gap must be filled, with the 

aim to boost the widespread application of N-A-S-H geopolymers. 

The merits of nanomaterials have been attracting intensive scientific attention, with the potential 

to enhance the fresh and hardened properties of both conventional OPC and alkali-activated 

systems. Adding nanoparticles is one of the most popular means. And in N-A-S-H geopolymers, 

nano-SiO2 is the most commonly used nanoparticle to improve mechanical strength, considering 
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its silica composition and the amorphous characteristic. However, their nano-size has been found 

to cause local agglomeration, which in turn frequently reduces the workability and sometimes 

extends the setting process (Gao et al., 2015). Clearly, these shortcomings must be resolved to 

derive maximum benefits from nano additives for N-A-S-H geopolymers. According to the 

literature, solid particles of nanometric size (or sub-micron, Ḑ100 nm) allow the stabilization of 

droplets as large as a few micrometers in diameter or even larger (Chevalier and Bolzinger, 2013). 

The resulting emulsion, also called water-in-air Pickering emulsion or dry water, could then range 

in size from 10 ɛm to 300 ɛm. This offers a possibility to offset the damage led by the 

agglomeration of nanoparticles on the workability of the fresh mixture due to its nano-size effect. 

However, its potential application in the field of cementitious materials has never been explored. 

In view of the foregoing, the present doctoral study is directed to synthesize N-A-S-H geopolymer 

mixtures with nano-SiO2 stabilized dry water and understand the mechanisms that govern 

geopolymerization in order to optimize the design for wider application of N-A-S-H geopolymer 

concrete systems. Accordingly, the following aspects will be investigated: (a) The mechanisms 

underlying effects of various oxide ratios on workability, setting, compressive strength and acid 

resistance of N-A-S-H geopolymers will be studied; (b) Nano-SiO2 stabilized dry water will be 

used to improve the four aforementioned properties, and the associated enhancement mechanisms 

will be clarified; (c) Multi-factor models will be proposed and validated based on the generated 

experimental data, to predict these fundamental engineering properties and so, provide a design 

guideline for N-A-S-H geopolymers. These models could be used further by practitioners to 

conduct and validate their mix design in practice. 
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1.2. Problem Statement 

After reviewing the available literature, geopolymer is known as a potential alternative to Portland 

cement concrete with comparable engineering properties and much lower carbon emissions and 

energy consumptions during its manufacture. As compared to the well-designed OPC systems, 

there so far lacks mature mix design techniques for N-A-S-H geopolymer systems. Prior studies 

confirmed that the compositional oxide ratios, namely SiO2/Al2O3, Na2O/Al2O3 and H2O/Na2O, 

dominate the compressive strength of geopolymer systems. However, the following challenges are 

still existing and require to be solved to promote its further application in the building industry: 

(1) There is no current mixture design guideline available for N-A-S-H geopolymers. A 

conventional mix design on the lines of Portland cement concrete quantifies the binder, water and 

aggregates. However, unlike Portland cement, the oxide composition of the precursor, itself 

usually an agro-industrial waste, is not standardized. 

(2) In addition to compressive strength, the mechanisms underlying the effects of oxide ratios on 

other basic and equally important properties, e.g., workability, setting and acid resistance, have 

not been revealed clearly. Besides, the mutual interactions between the compositional oxide ratios 

result in a trade-off for practical engineering benefits. Therefore, a flexible mixture design for N-

A-S-H geopolymers is indeed required, when the priority of the above properties varies in practice. 

(3) There so far lacks predictive models that could be used by practitioner to conduct and validate 

their mix design for N-A-S-H geopolymers. 

(4) Nano-SiO2 is known to impart greater compressive strength in N-A-S-H geopolymers, but at 

the cost of workability and often, delayed setting. Nano-SiO2 stabilized dry water powders (Water-

in-air Pickering emulsions) potentially offer a resolution to this trade-off between the desired 
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engineering properties due to the unique combination of characteristics: (i) the size coarsening 

effect; (ii) the amorphous of stabilizing nano-SiO2 and (iii) the temporarily encapsulated water 

droplet. However, this has never been explored. 

1.3. Scope and objectives 

N-A-S-H geopolymer is essentially made from the aluminosilicate precursor with extremely low 

calcium content, alongside the sodium-involved alkali activator. Due to the wide clay resource and 

the rich amorphous SiO2 and Al2O3 contents, metakaolin is used as the most popular 

aluminosilicate precursor to be activated by the combination of sodium hydroxide and sodium 

silicate solutions to produce N-A-S-H geopolymers. Thus, the focus is limited to metakaolin-based 

geopolymers in this project. Other types of aluminosilicate precursor and alkali activator are 

currently not considered. In addition, as a potential alternative to the OPC system, the N-A-S-H 

geopolymer must ensure satisfactory workability, quick final set and excellent compressive 

strength, simultaneously. So that, the mixture design guidelines developed for N-A-S-H 

geopolymers will be aimed at the above engineering properties. Besides, due to the low calcium 

content contained in N-A-S-H geopolymers, some classic durability concerns such as chloride and 

sulphate attacks may not threaten the durability that much and therefore, will not be examined in 

this study, Instead, the acid attack will significantly reduce the alkaline condition inside N-A-S-H 

geopolymers and then depolymerize the associated structure. Accordingly, the acid resistance of 

N-A-S-H geopolymers will be one of the scientific focuses in this doctoral project. With regard to 

the water-in-air Pickering emulsion, dry water, prior studies have reported that any hydrophobic 

nanoparticles are promising to produce it with varying application purposes. For the N-A-S-H 

geopolymer, the higher SiO2/Al2O3 molar ratio essentially boosts the geopolymerization and then 

improves the engineering properties. Thus, the dry water powders stabilized by amorphous nano- 
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SiO2 will be investigated in this study, as a reinforcing additive to enhance the engineering 

properties of N-A-S-H geopolymers. 

The overall objective of this doctoral project is to understand the geopolymerization in N-A-S-H 

geopolymers made with varying compositions alongside the potential enhancement led by dry 

water, and in turn, promote the widespread application of N-A-S-H geopolymers in the Canadian 

region. To achieve this, three primary goals are set accordingly: 

(1) To clarify the mechanisms underlying the effects of principal compositional ratios namely, 

SiO2/Al2O3, Na2O/Al2O3 and H2O/Na2O ratios, on workability, final set, compressive strength and 

acid resistance of N-A-S-H geopolymers.  

(2) To develop N-A-S-H geopolymers incorporating nano-SiO2 stabilized dry water and 

investigate the enhancing mechanism of this dry water upon geopolymerization as well as the 

ensuing properties of N-A-S-H geopolymers. 

(3) To establish multi-factor models that will be used as a predictive tool to help design a workable, 

strong and acid-resistant N-A-S-H geopolymer system to meet different engineering requirements 

in the Canadian region. 

1.4. Significance 

As a promising alternative to Portland cement systems, the successful and widespread application 

of N-A-S-H geopolymers alongside nano-SiO2 stabilized dry water will significantly offset the 

huge use of conventional Portland cement and concrete in building engineering. This will in turn 

impart excellent engineering properties to built infrastructures and also contribute to global 

sustainability. However, as aforementioned, there so far lacks mature mixture design techniques 

to guide the production of N-A-S-H geopolymers incorporating nano-SiO2 stabilized dry water 
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and, achieve great workability, final set, strength and durability simultaneously.  Also, very few 

related articles could be found in the current literature to resolve the above scientific gap. Thus, 

this Ph.D. study may be deemed novel and significant. 

1.5. Thesis organization 

The present Chapter namely, Chapter 1, briefly introduces the background of the topic and states 

the existing problems related to this research. Besides, this Chapter also highlights the main 

objectives and significance of this doctoral study. Finally, the outline of this thesis is listed. 

Chapter 2 gives a comprehensive literature review upon the issues approached by this research. 

Along with the mechanism underlying the geopolymerization of aluminosilicate, the effects of 

compositional oxides upon properties of geopolymers, mainly compressive strength, are reviewed 

critically. And, both advantages and disadvantages of using conventional nano-SiO2 particles in 

alkali-activated geopolymers are discussed. In addition, the methodology to evaluate and 

characterize the performance of geopolymers is introduced in detail. 

Chapter 3 investigates the effects of principal oxide ratios namely, SiO2/Al 2O3, Na2O/Al2O3 and 

H2O/Na2O ratios, on workability, final set and strength of N-A-S-H geopolymers. In the regard, 

N-A-S-H geopolymers with varying oxide compositions are produced, and tested for flow 

diameter, final setting time, splitting tensile strength and compressive strength. Alongside, the 

companion rheological, thermal, morphological, chemical, and microstructural characterizations 

are carried out to help understand the underlying mechanisms. 

Chapter 4 aims to examine the potential benefit of nano-SiO2 stabilized dry water upon enhancing 

the fresh and hardened properties of N-A-S-H geopolymers. In this Chapter, various dry water 

powders are produced and added to the geopolymer mixture, followed by the combination of 
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workability, final set and strength tests. The reference mixtures respectively made without any 

nano additive and with lone nano silica are prepared as well, to compare with those dry water-

involved mixtures. Further, the rheological, thermal, morphological, chemical, and microstructural 

characterizations are conducted to clarify the mechanism of enhancement led by dry water upon 

N-A-S-H geopolymers. 

Chapter 5 explores the effects of principal oxide ratios namely, SiO2/Al 2O3, Na2O/Al2O3 and 

H2O/Na2O, on the acid-resistance of N-A-S-H geopolymers. In this manner, the produced 

specimens are immersed in the sulphuric acid solution with a pH value of 1 for up to 12 weeks. 

During this continuous chemical attack, a couple of physical and mechanical properties are 

monitored, including the pH evolution of sulphuric acid solution, mass and diameter variations, 

strength changes, and penetration depth. In the meantime, the companion characterizations of 

morphology, chemistry, porometry and microstructure are evaluated for N-A-S-H geopolymer 

specimens right before and after the acid attack, in order to understand the underlying mechanisms. 

Chapter 6 examines the potential enhancement led by nano-SiO2 stabilized dry water upon the 

acid-resistance of N-A-S-H geopolymers. Three variants of dry water, respectively containing 

10%, 15% and 20% nano silica, are prepared and then added to the N-A-S-H system. Besides, the 

plain reference mixture and the other one incorporating lone nano silica are produced as well, to 

compare with the associated dry water-involved sample. The testing protocols in this Chapter are 

same as the previous Chapter 5. 

Chapter 7 establishes multi-factor models for predicting flow diameter, final setting time, 

compressive strength and acid penetration of N-A-S-H geopolymers, by taking the principal 

mixing ratios namely, SiO2/Al 2O3, Na2O/Al2O3, H2O/Na2O and liquid-to-solid ratios, into account. 

These models are validated against untrained data, and the satisfactory accuracy proves that they 
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may be used as the predictive tool for practitioners to conduct and validate their mix design for N-

A-S-H geopolymers in practical projects. 

In Chapter 8, the significant findings and concluding remarks generated from Chapter 3~7 are 

condensed. Besides, this Chapter also states the limitation of the present study and 

recommendations for ongoing and further studies on this topic. 
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Chapter 2. Literature review   

2.1. Introduction  

As widely reported, alkali-activated geopolymer systems are recognized as a promising alternative 

to conventional OPC systems. Besides the merits in terms of low carbon emissions and energy 

consumption, they also display comparable engineering properties, including high workability, 

quick final set, great strength, and even superior durability when served in some aggressive 

conditions. Table 2.1 compares the geopolymer and conventional OPC systems to highlight the 

applicability of the former (Kumar and Kumar, 2014). As seen therein, besides environmental 

merits, the geopolymer displays much superior performance on both fresh and hardened properties. 

However, there exists limited application of geopolymers in practice. One of the most important 

factors behind this is that there currently is no design guideline available for practitioners to help 

them design a geopolymer mixture to meet the various performance requirements. Also, the 

durability of geopolymers, for example, under acid penetration, resistance to shrinkage, chloride 

and sulphate attack, have not been investigated as systematically as the OPC systems. 

Consequently, some of the above issues have been taken up here as the objectives of this thesis, 

with the view to promoting the widespread application of geopolymers in Canada. 
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Table 2.1 Comparison between conventional Portland cement and geopolymer systems. 

Properties Portland cement Geopolymer 

Physical-mechanical properties 

Setting time 30~300 mins 60~120 mins 

Compressive strength 33~53 MPa after 28 days 30~120 MPa after 7 days 

Durability Moderate More durable than Portland cement 

Environmental impact 

CO2 emission 800~900 kg/ton 150~200 kg/ton 

Embodied energy 4000~4400 MJ/ton 2200~2400 MJ/ton 

Water requirement ~600 liters/ton ~450 liters/ton 

The N-A-S-H geopolymer is commonly produced by activating the solid aluminosilicate precursor 

with the blended alkaline solution of sodium hydroxide and sodium silicate. According to prior 

studies, the performance of N-A-S-H geopolymers is strongly dependent upon the chemical 

compositions, chiefly the ratio of the component oxides and especially the Si2O/Al2O3, 

Na2O/Al2O3 and H2O/Na2O molar ratios. Therefore, this chapter will firstly  present a detailed 

review of the mechanisms of geopolymerization, alongside the effects of oxide compositions on 

fresh and hardened properties of N-A-S-H geopolymers. In addition, although dry water has not 

been examined in the available literature, its raw material, i.e., nano-SiO2 itself, has been widely 

used as an additive to enhance the mechanical property of geopolymer systems, depending on its 

nano size and amorphous characteristic. So that, the application of nano-SiO2 particles in this topic 

will be reviewed as well. Finally, the relevant experimental techniques that are widely used to 

characterize geopolymer systems will be introduced in detail. 

2.2. Mechanism of geopolymerization 

In the last a few decades, intensive scientific efforts have been carried out to understand the 

mechanism of geopolymerization, and it has been widely recognized that the formation of 
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geopolymer systems may be summarized as follows: (i) Dissolution and hydrolysis of 

aluminosilicate precursor in the alkali activator solution, mainly comprising alkali hydroxides 

and/or silicates; (ii) Physical transportation of dissolved Si and Al complexes; (iii) Chemical 

polycondensation between the tetrahedral SiO4 and AlO4 units to form the oligomeric 

aluminosilicate in the gel phase, which may continuously transform into a more rigid gel phase; 

(iv) Final hardening of formed N-A-S-H gels (Provis and Van Deventer, 2007). The formed N-A-

S-H geopolymer network is typically expressed as Mn[-(Si-O2)z-Al -O]nȚ wH2O (Davidovits, 1988; 

Palomo and Glasser, 1992; Davidovits et al., 1994; Van Jaarsveld et al., 1997), wherein M means 

the alkali metal ions such as K+, Na+, and Ca2+, which play a significant role in balancing the 

negative charge (Khale and Chaudhary, 2007; Juengsuwattananon et al., 2019). Here, n indicates 

the polycondensation degree while z represents the amount of silicon atoms contained in each 

oligomer and may variously be 1, 2 and 3, depending on the type of the silicate-aluminate structure 

(Palomo and Glasser, 1992). The above process has further been expressed by Davidovits (2008) 

in a couple of chemical equations, as now replotted and shown in Figure 2.1. 
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Figure 2.1 The chemical mechanism of geopolymerization. 



15 

 

It is clear to see that the tetrahedral SiO4 and AlO4 groups mutually connect with each other by 

sharing the oxygen atom, forming the skeleton of the oligomeric chain. And, the additional silica 

species appear to extend the length of the polymerized aluminosilicate framework. This in turn 

manifests in an improvement in the degree of geopolymerization. Notice also that the last step 

namely, the condensation, is a process of Na+ and OH- regenerations. This may imply the amount 

of alkali may need to be controlled within a suitable range, in order to ensure adequate activation 

efficiency on the one hand and avoid the depression of condensation on the other hand. 

2.3. Effect of oxide ratios on fresh and hardened properties of geopolymer 

2.3.1. Compressive strength 

Compressive strength is one of the most significant properties of cementitious systems when 

serving as a structural material. The main responsibility of a cement-based system is to sustain the 

compressive load. Being a potential alternative to conventional Portland cement concrete, 

geopolymer systems must display adequate compressive strength, which could be determined as 

per ASTM C39 (2018). 

In general, the amount of amorphous SiO2 and Al2O3 determines the polycondensation degree 

while the metal cations and hydroxyl ions control the dissolution and hydrolysis. This could also 

be confirmed, according to the mechanism of the geopolymerization shown in Figure 2.1. Hence, 

a large number of studies have been conducted to investigate the effect of compositional ratios on 

the compressive strength of the N-A-S-H geopolymer. In particular, Davidovits et al. (1994) 

recommended the following range for each compositional ratio to achieve a satisfactory 

compressive strength: SiO2/Al 2O3=3.5~4.5, Na2O/Al2O3=0.8~1.2 and H2O/Na2O=10~25. 
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The SiO2/Al2O3 ratio carries priority in the polycondensation. Stevenson and Sagoe-Crentsil 

(2005) reported that the highest strength was witnessed when the SiO2/Al 2O3 ratio was between 

3.5-3.8. This finding was partially supported by Duxson et al. (2007). It was seen that regardless 

of the alkaline solution, the compressive strength of the N-A-S-H-based geopolymer increased 

linearly as the SiO2/Al 2O3 ratio increased from 2.3 to 3.8. However, any further increase in this 

ratio beyond 3.8 led to a noticeable decrease in compressive strength. The above phenomenon may 

be explained through the following: (i) A higher SiO2/Al2O3 molar ratio promotes the formation 

of sialate siloxo, i.e., Mn(-Si-O-Al -O-Si-O-)n, and sialate disiloxo i.e., Mn(-Si-O-Al -O-Si-O-Si-

O)n, which both have stronger bonds between the silicon compounds themselves. The Si-O bond 

is long recognized as much stronger than the Al-O bond, and therefore, the resulting 

aluminosilicate framework involving more Si-O bonds will exhibit better structural integrity. In as 

much as the structure being tighter, this densification results in a higher compressive strength 

(Kong et al., 2007); (ii). On the other hand, an over-high SiO2/Al 2O3 ratio (beyond 4.0) may hinder 

the corresponding strength development since the rate of condensation between the silicate species 

is substantially slower than that between silicon and aluminum oxides (Chindaprasirt et al., 2009; 

Hardjito and Fung, 2009; Temuujin et al., 2010); (iii) Further, the SiO2/Al 2O3 ratio in N-A-S-H 

geopolymers is commonly adjusted by the sodium silicate solution. And, the higher SiO2/Al2O3 

ratio usually corresponds to the greater liquid content brought into the mixture, which in turn plants 

a potential risk for the degradation of the microstructure and accordingly, damages the eventual 

strength. 

As for the Na2O/Al2O3 molar ratio, a few studies were conducted to investigate its effect on alkali-

activated geopolymers. Kovalchuk et al. (2008) examined the fly ash-based geopolymer and found 

that both flexural and compressive strength increased as this molar ratio rose from 0.5 to 1.0. A 
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similar tendency was witnessed elsewhere (Thakur and Ghosh, 2009; Adam, 2009; Ghosh and 

Ghosh, 2012b). On the other hand, Kani and Allahverdi (2003) reported the optimum Na2O/Al2O3 

molar ratio of 0.92 to achieve the greatest compressive strength. Based on the statistical analysis, 

Lahoti et al. (2017) found that the optimum range of Na2O/Al2O3 for metakaolin-based 

geopolymer to yield the greatest strength was between 0.8 and 1.2, which coincided with the one 

recommended by Davidovits et al. (1994). Note however that, while the preceding studies reported 

the effect of the Na2O/Al2O3 molar ratio upon compressive strength, the underlying mechanism 

has not been described clearly yet and therefore requires further clarification. 

The H2O/Na2O molar ratio essentially indicates the alkalinity within the geopolymer mixture, and 

it plays a significant role in the dissolution of aluminosilicate precursors as well as the subsequent 

activation (Heah et al., 2013; Xu and Van Deventer, 2000). Some studies reported that this ratio 

would not affect the nature of the formed geopolymer network namely, the type and the degree of 

polycondensation in the geopolymer network (Rahier et al., 1997). Recall earlier, the acceptable 

H2O/Na2O molar ratio was recommended as 10-25 by Davidovits to produce geopolymer systems 

with acceptable strength (Davidovits et al., 1994). However, many studies claimed that the above 

range might be too broad. While a value of 10 in this ratio resulted in adequate compressive 

strength, the value close to the upper bound, i.e., 25, may not be able to trigger sufficient 

geopolymerization (Barbosa et al., 2000; Kirschner and Harmuth, 2004; Yusuf et al., 2014). Also, 

a continuous increase in the H2O/Na2O molar ratio beyond 10 has been noted to cause a decrease 

in compressive strength for N-A-S-H geopolymers (Hardjito et al., 2004a; Ġulc, 2009). 

2.3.2. Workability and setting  

As compared to compressive strength, there exists very little literature to clarify how the oxide 

ratios impact other equally vital properties such as workability, setting time and durability. 
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 Workability defines the ability of concrete and other cementitious materials to be placed and 

compacted without any segregation. It also determines how easily the fresh mixture could fill in 

the mould with different shapes during the in-situ construction. For cementitious paste mixtures, 

the corresponding workability is usually evaluated as per ASTM C230/C230M (2008), expressing 

in the average flow diameter on the flow table. 

There so far is no specific study directed to investigate the effect of SiO2/Al 2O3 molar ratio on the 

rheology of geopolymer. Considering this ratio is mainly adjusted by the silicate-based activator, 

such as sodium silicate, the higher this ratio, therefore, raises the liquid-to-solid ratio in the mixture 

(Yi et al., 2020). Based on the knowledge of conventional OPC systems, an increase in the liquid-

to-solid ratio could reduce the inter-particle friction (Meng et al., 2019). Given this, increasing the 

SiO2/Al2O3 molar ratio is expected to enhance the workability of N-A-S-H geopolymers. But this 

speculation has not been verified experimentally. Therefore, further experimental investigations 

are indeed required and also the underlying mechanism must be clarified. 

The final setting time refers to the moment at which the fresh mixture completely loses its plasticity 

and starts to gain strength. This parameter could be determined by using a Vicat Needle apparatus, 

conforming to ASTM C191 (2008). 

De Silva et al. (2007) examined the final setting time of N-A-S-H geopolymers made with a 

SiO2/Al2O3 molar ratio ranging from 2.5 to 5.01. A considerably exponential increase in the final 

setting time was witnessed when raising the SiO2/Al2O3 molar ratio continuously. This 

phenomenon was supported by another related study (Tajunnisa et al., 2017). It is recognized that 

the rate of condensation between the silica species is substantially slower than that between silica 

and alumina (Hardjito and Fung, 2009). As a result, the higher the SiO2/Al 2O3 molar ratio, the 
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longer the final setting time. However, it should be pointed out here that the examination of the 

SiO2/Al2O3 molar ratio below 2.5 is rarely conducted. The initial SiO2/Al2O3 molar ratio in some 

aluminosilicate precursors, such as metakaolin, is only about 1.8~2.0 and therefore, the range close 

to the lower end also deserves detailed investigations. Besides, the underlying mechanisms must 

be clarified. 

In general, the aluminosilicate precursor is the sole Al2O3 source of N-A-S-H geopolymers, and 

the Na2O content is related to the alkaline activator. Hence, the larger Na2O content usually 

corresponds to the greater liquid content (Huseien et al., 2016), which is in turn expected to 

improve the workability of the fresh geopolymer mixture. However, very limited experimental 

studies were carried out to justify this. Besides, the mechanism underlying the effect of 

Na2O/Al2O3 molar ratio on workability is not revealed yet. 

According to Davidovits et al. (1994), while the alkali metal ion is required to balance the charge 

during the synthesis of N-A-S-H geopolymers, the associated geopolymerization is also a 

regeneration process of Na+ and OH-, see Figure 2.1. Given this, either an excessive or a deficient 

Na2O content may deter the process of geopolymerization and in turn, hinder the further setting 

process. However, the above speculation has not been verified in any experimental study and 

therefore, requires further detailed investigations. 

The liquid phase effectively enlarges the inter-particle distance and then, enhances the flowability 

of the fresh geopolymer mixture. This determines that the H2O/Na2O molar ratio is able to affect 

the workability of N-A-S-H geopolymer mixtures strongly. According to Sathonsaowaphak et al. 

(2009), the flowability of the fresh mixture increased significantly as the H2O/Na2O ratio rose from 

12.27 to 19.08. This tendency was then corroborated by Berger et al. (2009) who evaluated the 
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workability of fresh geopolymer mixture within the H2O/Na2O molar ratio range of 10~15. Once 

again, the higher the H2O/Na2O molar ratio, the greater the flowability. 

As for the final set, although an increase in this molar ratio is recognized to dilute the alkali 

concentration and in turn depress the alkali-activation efficiency (Kirschner and Harmuth, 2004), 

there is limited information in the available literature to clarify the influence of the H2O/Na2O 

molar ratio on the setting process of geopolymers. Also, the underlying mechanism of this ratio on 

final setting time is not clarified yet. 

2.3.3. Summary 

As summarized above, the influence of the SiO2/Al 2O3 molar ratio on the strength of geopolymer 

systems has been well documented. However, the underlying mechanisms, that detail the role of 

Na2O/Al2O3 and H2O/Na2O, have not been comprehensively revealed. Besides, their effects upon 

other equally vital properties such as workability, setting and even durability have not been 

systematically examined, and therefore require further investigations. Notwithstanding the active 

research on N-A-S-H geopolymers, there exists very limited information to guide the mixture 

design to guarantee all of these attributes namely, workability, setting, strength and durability 

simultaneously. It should be noted here that due to the mutual interactions between mixing design 

ratios, the best performance of one property, e.g. strength, is likely to be achieved by sacrificing 

other engineering properties. Besides, there currently is no set of accurate and explicit models for 

practitioners to operate a flexible mix design for N-A-S-H geopolymers, per varying engineering 

demands. 
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2.4. Acid resistance 

As a potential alternative to OPC, geopolymers should register not only superior strength but also 

enough resistance to durability concerns. Depending on the low calcium content, N-A-S-H 

geopolymers are recognized to be durable, against some typical durability issues such as chloride 

and sulphate attacks. This is mainly because these chemical attacks essentially require adequate 

calcium to form the respective corrosion product namely, Friedelôs salt for chloride attack and 

ettringite (Aft) for sulphate attack. However, due to the highly alkaline nature, both OPC and N-

A-S-H geopolymer systems are susceptible to an acid-rich environment. As broadly reported, the 

acid attack occurring in OPC and geopolymer systems will cause irreversible deteriorations, 

manifesting as significant stiffness and strength losses (Miyamoto et al., 2014; Aiken et al., 2018). 

Accordingly, the acid resistance of geopolymers essentially governs the lifespan of structural 

members when served in such a harsh environment (Gutberlet et al., 2015). Also, the maintenance 

of these structures increases additional costs on the one hand and, is harmful to the ecological 

environment and resource conservation on the other hand (Gutberlet et al., 2015). 

Although the excellent acid resistance of N-A-S-H geopolymers is widely confirmed, acid-induced 

degradation has still been observed during continuous exposure to an acid-rich environment. 

Allahverdi and Ġlv§ra (2001; 2005) proposed the mechanism underlying the acid attack in 

geopolymer systems, which has been widely accepted by other researchers (Gao et al., 2013a). 

The mechanism of this durability issue in geopolymers mainly involves the following two steps: 

Firstly, the metal cations constituting the N-A-S-H framework, i.e., Na+, will be replaced by the 

penetrating H+, which in turn causes the dealumination of the geopolymerized structure. Then, an 

imperfect siliceous structure will be formed, due to the framework vacancies. In the meantime, the 
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released aluminum species will be substantially leached out toward the external environment. The 

above process has now been schematically plotted by the author and shown in Figure 2.2. 

 

Figure 2.2 The chemical mechanism of acid attack in N-A-S-H geopolymer systems. 

In the current literature, factors in terms of precursor and alkali activator have been broadly 

investigated. For instance, Thokchom et al. (2009) found that although increasing the alkali dosage 

caused a rise in the mass loss for geopolymers subjected to sulphuric acid attack, the residual 

compressive strength was increased. Aiken et al. (2018) examined the acid resistance of binary 

slag-fly ash geopolymers, and the result revealed that the porosity of geopolymer specimens was 

refined gradually with an increasing slag content. However, the resultant reaction products became 

more susceptible to sulfuric acid attack. A similar result was noticed by Lee and Lee (2016). In 

addition, Vogt et al. (2021) noted that the N-A-S-H geopolymer made from metakaolin with a 

7.5%~9% silica fume replacement displayed the enhanced acid resistance, attributed to the boosted 



23 

 

formation of silicate-rich geopolymerized structures. Bouguermouh et al. (2017) examined the 

effect of activator type on the acid resistance of metakaolin-based geopolymers, and the potassium-

based and sodium-based activators were employed, respectively. It was found that the former 

helped alleviate the mass loss led by the acid attack. The reason behind this may be the presence 

of secondary minerals such as quartz and muscovite in the case of the potassium-based activator. 

These crystals acted as the filler in pores and thereafter, hindered the penetration of hydrogen ions. 

Although the acid-induced degradation of the N-A-S-H geopolymer framework is strongly 

dependent upon the principal oxide components, very limited information exists in the current 

literature to clarify the effects of SiO2/Al 2O3, Na2O/Al2O3 and H2O/Na2O ratios on this topic. 

Therefore, further investigations along this line must be conducted, to develop the mixture design 

guideline for acid-resistant N-A-S-H geopolymers. 

2.5. Benefits of nano-SiO2 

As aforementioned, amorphous SiO2 and Al2O3 are the two most important sources of 

geopolymerization, and the higher SiO2/Al2O3 ratio essentially corresponds to a higher degree of 

polycondensation. Therefore, nano-SiO2 is the most commonly used nanoparticle to strengthen the 

mechanical strength of geopolymer systems. It has been found that Prior studies reported that a 

1%~3% (w./w.) addition of nano silica to geopolymer mixtures was able to improve the 

compressive strength by 10%~55% (Gao et al., 2013b; Gao et al., 2015; Deb et al., 2016; Rashad 

and Ouda, 2019; Rashad, 2019). The reasons behind this are firstly attributed to that the 

supplementary silica source of nano-SiO2 promotes the degree of geopolymerization. Secondly, 

depending upon the nature of the nanoscale in particle size, nanoparticles may act as a filler to 

alleviate the microcrack propagation inside geopolymer systems.  
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Besides mechanical properties, adding nanoparticles has also been reported to improve the 

durability of geopolymer systems. Some studies reported that the presence of nanoparticles 

alleviated the leaching behaviour inside the geopolymer and in turn, strengthened the resistance of 

geopolymers against chloride and sulphate attacks (Çevik et al., 2018; Nuaklong et al., 2018). 

Also, the geopolymer system made with nano-SiO2 displayed a stronger resistance to acid attack, 

manifesting as the higher remaining compressive and splitting strength after various acid 

exposures (Sumesh et al., 2017). The detected enhancement upon acid resistance is likely linked 

to that the addition of nanoparticles reduces the pore size, porosity and sorptivity of geopolymers 

(Duan et al., 2016). As a result, the penetration of external chemicals may be depressed effectively. 

In spite of the potential enhancement upon mechanical property and durability, the presence of 

nano-SiO2 was widely found to sacrifice other equally important engineering properties, i.e., 

reducing the workability and extending the final set, due to the significantly large surface area of 

nanoparticles and in turn the increasing water demand (Gao et al., 2015). Some representative 

studies are summarized in Table 2.1. The above disadvantages also become the important reasons 

for its limited application in cementitious systems. 
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Table 2.2 Effect of nano-SiO2 on workability and setting of geopolymer systems. 

Reference Nano-SiO2 Nano size Precursor Positive 

effect? 
Workability 

Deb et al. (2016) 0.5%~3% 15 nm Fly ash No 

Gao et al. (2015) 1%~3% - Fly ash/slag No 

Luo et al. (2017) 1%~3% 20~50 nm Metakaolin/slag No 

Shahrajabian and Behfarnia 

(2018) 

1%~3% 11~13 nm Slag No 

Nuaklong et al. (2018) 1%~3% 40 nm Fly ash No 

Rashad and Ouda (2019) 0.5%~4% 240 m2/g Metakaolin No 

Ramezanianpour and Moeini 

(2018) 

2%~4% 12 nm Slag No 

Setting time 

Luo et al. (2017) 1%~3% 20~50 nm Metakaolin/slag No 

Lo et al. (2017) 1%~2% 10 nm Metakaolin No 

Gao et al. (2015) 1%~3% - Fly ash/slag No 

 

2.6. Water-in-air Pickering emulsion (Dry water) 

Pickering emulsions are emulsions of any type, either oil-in-water (o/w), water-in-oil (w/o), or air-

in-water (a/w), water-in-air (w/a), stabilized by solid particles in place of surfactants (Binks and 

Horozov, 2006). Pickering emulsions retain the basic properties of classical emulsions stabilized 

by surfactants (emulsifiers), so that a Pickering emulsion can be substituted for a classical emulsion 

in most applications of emulsions. In general, solid stabilizing particles are necessarily smaller 

than emulsion droplets. Solid particles of nanometric size (or sub-micron, ~100 nm) allow for the 

stabilization of droplets as large as a few micrometres in diameter or even larger (Chevalier and 

Bolzinger, 2013). The resulting emulsion could then range in size from 10 ɛm to 300 ɛm. This 

offers a possibility to offset the damage led by the agglomeration of nanoparticles on the 

workability of the fresh mixture due to its nano-size effect.  
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Dry water is a water-in-air (w/a) Pickering emulsion, which is usually produced by stabilizing 

90%~95% water droplets with 5%~10% predominantly hydrophobic nanoparticles under the 

highly shearing stirring process (Binks and Murakami, 2006; Forny et al., 2009). The obtained dry 

water will exist in the form of soft powder with the water droplet encapsulated inside. Recall that, 

amorphous SiO2 and Al2O3 are the two most important sources for the formation of N-A-S-H 

frameworks, and the higher SiO2/Al2O3 ratio essentially leads to a greater degree of 

geopolymerization and in turn, the stronger structural integrity. Therefore, nano-SiO2 is the most 

suitable stabilizer to produce the eligible Pickering emulsions. According to relevant literature, the 

hydrophilic particles are used to produce the air-in-water emulsion, viz. foam, whereas the 

hydrophobic stabilizer could successfully yield the particle-stabilized water-in-air powders, 

namely dry water (Dieter et al., 1968; Aussillous and Quéré, 2001). In the civil engineering field, 

foam has been widely reported to magnify the porous character of OPC as well as geopolymer 

systems. This causes a significant decrease in density and a considerable increase in the porosity 

of the hardened structure. Eventually, the mechanical properties are poor (Bindiganavile and 

Hoseini, 2019). Given this, the water-in-air emulsion namely, dry water, is thus more suitable to 

be used as a functional material in N-A-S-H geopolymers. However, this topic has not been 

touched. 

2.7. Characterizations on geopolymers 

2.7.1. Viscosity 

Viscosity is an important rheological property. It essentially indicates the resistance of the fresh 

mixture to a change in dimension, or the movement of neighbouring portions relative to one 

another. As the fresh mixture is forced to move and carry along to some extent adjacent parts, 

viscosity is considered as internal friction between the molecules. Viscosity also controls the 
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flowable mixture in such processes as spraying, shaping, and surface coating. Thus, this parameter 

could be used to explain the flowability of alkali-activated geopolymer mixtures made with 

varying oxide compositions. In general, the distilled water has a viscosity of 1 mPa.s at room 

temperature, and that of sodium hydroxide and sodium silicate solutions is 70 mPa.s and 200~400 

mPa.s, respectively. This, therefore, determines the viscous nature of alkali-activated geopolymer 

mixtures. In addition, the flowability of the fresh mixture could also be affected by the liquid-to-

solid ratio (Mu et al., 2017). Usually, the larger the liquid-to-solid ratio, the smaller the internal 

friction and in turn the lower viscosity. Viscosity is commonly measured with various types of 

viscometers and rheometers. For instance, the Brookfield DV-II+ Programmable Viscometer that 

is fitted with a SC4-27 spindle can capture the viscosity within the range of 0~1250 mPa·s, as 

shown in Figure 2.3. It must be emphasized here that while determining the viscosity of fresh 

geopolymer mixtures, close temperature control must be ensured, as the temperature change may 

cause a significant error upon the measurement. 

 

Figure 2.3 Brookfield DV-II+ Programmable Viscometer employed to determine viscosity. 
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2.7.2. Temperature evolution 

Thermodynamically, geopolymerization is found as exothermic, mainly attributed to the following 

two processes namely, (i) the dissolution of solid aluminosilicate precursor and (ii) the 

condensation between tetrahedral SiO4 and AlO4 units as well as the subsequent polycondensation 

between formed oligomeric aluminosilicate chains. The above two processes both release an 

amount of heat. The enthalpy changes during the first process, i.e., dissolution, is found as ȹH1= -

208.3 kJ/mol (Zhang et al., 2013), according to Equation (2-1). However, the polymerization 

products are too complex to enable us to perform the thermodynamic calculation for the second 

process of polymerization. In addition, it is often difficult to attribute the overlapping thermal 

peaks to each of the reactions as the above two processes are usually taking place in parallel. 

(Zhang et al., 2014). Therefore, some thermodynamic parameters, such as temperature evolution 

and heat release, are used to better analyze the exothermicity of geopolymerization. 

2 3 2 2 4 3Al O 2SiO +5H O+4OH 2Al(OH) 2SiO(OH)- - -­ +    (2-1) 

One commonly used method to evaluate the exothermic geopolymerization is called the thermal-

graph method, as recommended by Davidovits (2008). In this way, the temperature evolution 

during the geopolymerization is monitored against time. As illustrated in Figure 2.4, there is a slow 

temperature rise, attributed to the progressive dissolution of solid precursor. As time elapses, the 

temperature may increase intensively and reach the maximum after the condensation begins. But 

it should be mentioned here that, the peak temperature during the geopolymerization is strongly 

dependent upon the composition of geopolymers. Further, the moment for reaching the maximum 

temperature is usually close to the final set of the associated geopolymer mixture. Therefore, the 

thermal graph is very helpful for understanding the setting process of various geopolymers. 
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Figure 2.4 Thermal graph of geopolymer mixtures made with various compositions. 

2.7.3. X-ray diffraction  (XRD) 

X-ray diffraction (XRD) is a rapid analytical technique primarily used for the phase identification 

of crystalline materials. The degree of disorder in a geopolymer can be inferred by observations of 

the way it diffracts X-rays, usually resulting in a broad diffuse halo positioned at 25°~35° in 2ɗ. 

In general, the mineral phases that constitute the geopolymer samples are assessed through X-ray 

Diffraction, using a Copper-KŬ radiation beam (operated at 40kV and 44mA), with a step size of 

0.02Á/s, from 10Á to 60Á diffraction angle (2ɗ).  

According to Yuan et al. (2016), the value of 2ɗ corresponding to the diffuse peak will vary slightly 

for various geopolymer mixtures, which is usually treated as an indicative of the varying 

amorphicity of the geopolymerized system. And, such a change will further manifest in a variation 

in mechanical performance. In addition, numerous crystalline phases including Faujasite (F), 

Anatase (A), Hydroxysodalite (S), Na-Chabazite (C) and Quartz (Q) could be detected when the 
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aluminosilicate is not well activated, see Figure 2.5. These crystal impurities may be detrimental 

to the ensuing strength development of the hardened geopolymer system (Cundy and Cox, 2003). 

 

Figure 2.5 The Rigaku XRD Ultima IV and (b) representative XRD spectra for N-A-S-H 

geopolymers. 

2.7.4. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) allows for identifying the type and amount of reaction 

products in geopolymer systems, based on the weight loss during heating. Thermogravimetric 

analysis is usually carried out using the TGA instrument that functions in a temperature range of 

20~1000°C and at a heating rate of 10 °C/min under a nitrogen atmosphere. The most weight loss 

for N-A-S-H geopolymers usually occurs between 100~300 °C, and this is attributed to the 

evaporation of chemically bound water constituting geopolymer, led by the dehydroxylation of the 

N-A-S-H phase (Tchakouté et al., 2017). Besides, the differential thermogravimetry (DTG) peak 

assigned to the principal N-A-S-H framework has been found to slightly shift toward the larger 

end of heating temperature (Yi et al., 2022). This is possibly due to the presence of crystal 

impurities, i.e., Na-substituted zeolites. According to Davidovits (2008), the associated DTG peak 
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of Na-substituted zeolites appears at a slightly higher temperature (~170 °C) than the oligomeric 

aluminosilicate chain (-Si-O-Al -O-Si-O-) that constitutes the N-A-S-H framework (~125 °C). 

 

Figure 2.6 The Discovery TGA instrument and (b) typical TG/DTG curves for N-A-S-H 

geopolymers. 

2.7.5. Fourier  transform infrared spectroscopy (FTIR)  

The Fourier-transform infrared spectroscopy (FTIR) spectra for geopolymer associated with its 

precursor consist of the strongest vibration found in all aluminosilicates, which is mainly assigned 

to internal vibrations of Si-O-T in the three-dimensional N-A-S-H framework (T: tetrahedral Si or 

Al) and is found at 800-1250 cm-1. More importantly, the shift of the Si-O-T band towards the 

higher wavenumber is widely recognized as an indication of the higher geopolymerization degree 

(Li et al., 2019).  

In general, the iS50 FTIR system coupled with a build-in ATR module is used to obtain the eligible 

FTIR spectra. Besides analyzing the aforementioned shift in terms of the overall Si-O-T band, a 

quantitative assessment could be carried out by deconvoluting the Si-O-T band within the 

wavenumber of 800-1250 cm-1 (Zhang et al., 2012; Li et al., 2019). According to prior studies 
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(Cortes et al., 2021), the following sub-peaks are frequently considered in this analysis (see Figure 

2.7):  

Peak I (850~860 cm-1) to Si-OH bending; Peak II (930 cm-1) to Si-O-T in Q2; Peak III (950~960 

cm-1) to asymmetric stretching vibrations of nonbridging oxygen (NBO) sites; Peak IV (990~1000 

cm-1) to Si-O-T in a three-dimensional N-A-S-H network; Peak V (1080~1090 cm-1) to Si-O-Si of 

silica gels; and Peak VI (1150~1160 cm-1) to Si-O-T of unreacted precursor. Also, it should be 

emphasized here that a reduced area proportion for Peak III but an increased fraction for Peak IV 

together indicates a greater degree of gopolymreization (Cortes et al., 2021). 

 

Figure 2.7 (a) The FTIR-iS50 system and (b) the typical FTIR spectrum of N-A-S-H geopolymers 

within the range of 800-1250 cm-1 alongside the deconvolution. 

2.7.6. Scanning electron microscope and energy dispersive X-ray spectroscope (SEM-EDS) 

Both OPC and geopolymer systems are porous building materials and involve a few micro-cracks 

even after hardening. The intrinsic cracks associated with the compactness of the microstructure 

strongly determine the corresponding mechanical property and durability. Adopting the Scanning 

Electron Microscope (SEM) technique allows us to evaluate the microstructure of the hardened N-

A-S-H geopolymer (Nath and Kumar, 2020). As well, the coupled Energy Dispersive X-ray 
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Spectroscope (EDS) could yield the chemical element compositions constituting the examined 

geopolymer network. 

Further, the generated SEM images can be binarized to show the voids and microcracks as the 

black area and the solid geopolymer gel as fully white. A sample image is now shown in Figure 

2.8. The compactness of the geopolymer microstructure may thus be quantified as the area fraction 

of the flaws, by counting the black pixels out of the total. 

 

Figure 2.8 (a) The Zeiss Sigma 300 VP-FESEM and (b) the binarized SEM images with 

microcracks and voids displayed in black pixels. 

2.8. Conclusion 

After reviewing the relevant literature, it is noted that several aspects in terms of mix design for 

N-A-S-H geopolymers were scarcely investigated. For starters, although the influence of the 

SiO2/Al2O3 molar ratio on the strength of geopolymer systems has been well documented, the 

underlying mechanisms, that detail the role of Na2O/Al2O3 and H2O/Na2O, have not been 

comprehensively revealed. Besides, their effects upon other equally vital properties such as the 

rheology, setting and acid resistance have not been systematically examined, and therefore require 

further investigations. Secondly, there exists very limited information to guide the mixture design 
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to guarantee all of these attributes namely, workability, setting, strength and acid resistance 

simultaneously. Even though some studies recommended a workable range for N-A-S-H 

geopolymers to achieve satisfactory compressive strength, based on the technique of neural 

network, there currently is no set of accurate and explicit models for practitioners to operate and 

validate their mix design for N-A-S-H geopolymers, in order to meet varying engineering 

demands. Furthermore, the water-in-air Pickering emulsion, also called dry water, is a promising 

resolution to solve the ñtrade-offò between workability, setting and strength, when introducing 

nanoparticles into cementitious and geopolymerized systems. However, this topic has not been 

investigated. 
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Chapter 3. Characterizing effects of compositional oxide ratios on workability, 

setting and strength of N-A-S-H geopolymers 

3.1. Introduction  

It is well-established that the manufacturing of Portland cement results in inordinately high carbon 

emissions and is recognized as a significant contributor to global warming (Gartner, 2004; Damtoft 

t al., 2008; Ali et al., 2011). Hence, in recent decades, it has become an absolute necessity to reduce 

the use of Portland cement and natural aggregates, aiming to alleviate the associated carbon 

footprint (Hrabova et al., 2020; HorŔ§kov§ et al., 2022). More recently, alkali-activated systems 

have been identified as potential substitutes for Portland cement, due to the significantly low 

carbon emissions during manufacturing and their satisfactory mechanical performance. 

Specifically, a reduction in CO2 emissions up to 70~80% can be achieved (Davidovits et al., 1990; 

McLellan et al., 2011). Furthermore, while the strength is comparable with that of conventional 

Portland cement-based systems, alkali-activation often assures high early strength as well (Duxson 

et al., 2007). The Na2O-Al 2O3-SiO2-H2O (N-A-S-H) geopolymer is a subset of the family of alkali-

activated systems, which is usually produced with a precursor that is rich in silica and alumina but 

low in calcium content (Davidovits et al., 1990; Hrabova et al., 2020). The alkaline environment 

required for its activation may be generated with either sodium hydroxide or potassium hydroxide 

in combination with their respective silicate in an aqueous solution (Liew et al., 2016). The latter 

serves as a secondary source of silica to extend the oligomeric aluminosilicate chain (Yi et al., 

2020). The first step in the synthesis of alkali-activated systems is the dissolution of the solid 

aluminosilicate precursor in a strongly alkaline environment. This forms the tetrahedral AlO4 unit, 

which is thereafter linked to the tetrahedral SiO4 unit, through sharing an oxygen atom. The 

negatively charged [OH]- ion supplied by the alkali-activating solution will attach to the oligomeric 
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aluminosilicate chain, which extends the valence sphere. In this manner, the system achieves 

polycondensation (Noll, 2012). On the other hand, although the tetrahedral AlO4 group is 

preferentially formed in the prevailing alkaline environment, it still carries a unit negative charge 

due to the donation of an electron from the shared oxygen atom. Thus, the alkali metal ions are 

essentially needed to balance this negative charge in order to attain chemical equilibrium (Barbosa 

et al., 2000; Zakka et al., 2021). Eventually, the oligomeric aluminosilicate framework will self-

condense and form a more complex and stronger network, which may be expressed chemically as 

Mn[-(Si-O2)zïAlïO]nȚ wH2O (Palomo and Glasser, 1992; Davidovits et al., 1994; Van Jaarsveld et 

al., 1997). Here, M is the alkali metal ion sourced from the activator, and n represents the eventual 

degree of polycondensation. Additionally, w is the number of chemically bound water molecules, 

while z is the number of silicon atoms that constitute a single oligomeric aluminosilicate chain. 

The latter depends, in turn, upon the molar ratio of SiO2/Al 2O3 contained in the raw materials. The 

choice of this ratio varies according to the desired setting time and strength (Davidovits et al., 

2008). As this value progressively increases from 1 to 3, a sialate, i.e., Mn(-Si-O-Al -O-)n, a sialate-

siloxo, i.e., Mn(-Si-O-Al -O-Si-O-)n, or a sialate disiloxo, i.e., Mn(-Si-O-Al -O-Si-O-Si-O)n, will be 

formed, respectively. 

It is widely reported that the engineering properties of N-A-S-H geopolymer systems are strongly 

dependent upon their chemical compositions and other mixing proportions. Among the 

compositional ratios, the role of SiO2/Al2O3 has been examined extensively. A higher SiO2/Al 2O3 

molar ratio usually promotes the polycondensation degree and, in turn, yields a higher compressive 

strength (Panagiotopoulou et al., 2015). However, the higher SiO2/Al 2O3 molar ratio makes the 

self-condensation between silicon compounds more difficult than that occurring between silica 

and alumina and, therefore, the corresponding condensation rate is relatively slow (Sadat et al., 
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2016). Since the oligomeric aluminosilicate chain carries a single negative charge due to the 

tetrahedral AlO4 unit, the molarity of alkali metal ions should theoretically be equivalent to that of 

the aluminum species contained in the mixture in order to attain chemical equilibrium (Mozumder 

and Laskar, 2015). However, excessive alkali metal ions will hinder the geopolymerization 

(Rovnaník et al., 2010). Prior studies also indicate that both an excess and a deficit in the H2O/M2O 

molar ratio may be detrimental to the properties of the evolving geopolymer. Whereas very low 

ratios adversely affect the stability of the aluminosilicate (Rovnaník et al., 2010), an excessively 

high ratio hinders the structural integrity due to insufficient activation (Kirschner and Harmuth, 

2004). Besides the experimental investigations, some numerical studies have been conducted to 

predict the compressive strength of geopolymers. At present, the artificial neural network method 

is most frequently used to forecast compressive strength (Kamalloo et al., 2010; Nazari and Torgal, 

2013; Ghanbari et al., 2017; Shahmansouri et al., 2021). For instance, Kamalloo et al. (2010) 

optimized SiO2/Al2O3, M2O/Al2O3 and H2O/M2O ratios as 3.6ï3.8, 1.0ï1.2, and 10ï11, 

respectively, to achieve the maximum compressive strength, whereas the optimal combination was 

predicted as SiO2/Al 2O3 = 2.90, Na2O/Al2O3 = 0.58, H2O/Na2O = 13.75 by Ghanbari et al. (2017). 

As summarized above, the influence of the SiO2/Al 2O3 molar ratio on the strength of geopolymer 

systems has been well-documented. However, the underlying mechanisms that detail the role of 

Na2O/Al2O3 and H2O/Na2O have not been comprehensively revealed. Additionally, their effects 

upon other equally vital properties such as the rheology and setting have not been systematically 

examined and, therefore, require further investigations. Notwithstanding the active research on N-

A-S-H geopolymers, there exists very limited information to guide the mixture design to guarantee 

all of these attributes, namely, workability, setting and strength, simultaneously. It should be noted 

here that due to the mutual interactions between mixing design ratios, the best performance of one 
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property, e.g., strength, is likely to be achieved by sacrificing other engineering properties. 

Accordingly, this study proposed multi-factor models to predict workability, final set and 

compressive strength based on the compositional ratios, i.e., the liquid-to-solid, SiO2/Al 2O3, 

Na2O/Al2O3 and H2O/Na2O ratios. In the meantime, a set of experimental characterizations was 

carried out to clarify the underlying mechanism of these ratios affecting the individual engineering 

properties of geopolymers. Further, the sensitivities of workability, setting and strength to these 

compositional ratios are quantified by a variance-based analysis. When serving as a potential 

alternative to conventional Portland cement concrete used in civil engineering, the outcomes 

generated in this study are promising to guide the mixture design of N-A-S-H geopolymers for 

structural members with varying priorities upon workability, setting and strength. 

3.2. Materials and methods 

3.2.1. Materials 

A combination of sodium silicate and sodium hydroxide was used as the activator. The sodium 

silicate solution comprised approximately 40% sodium silicate compound and 60% deionized 

water, and the overall SiO2/Na2O modulus (molar ratio) was about 3.22. The sodium hydroxide 

was sourced as solid pellets with a purity of 99%. The formation of N-A-S-H geopolymer requires 

high amorphous SiO2 and Al2O3 content (Davidovits et al., 2008). A commercially sourced 

metakaolin was selected to serve as the aluminosilicate precursor. Its chemical composition, 

determined by X-ray fluorescence (XRF), is listed in Table 3.1. As seen therein, this metakaolin 

is composed of 53.8% SiO2 and 43.8% Al2O3 by mass. Considering the molar mass of these two 

oxides, namely, 60 and 102, respectively, the corresponding SiO2/Al 2O3 molar ratio may be 

calculated as approximately 2.1. The associated XRD and FTIR spectra for this precursor are 

presented in Figure 3.1. Notice the smooth hump in Figure 3.1(a), centre at 2ɗ = 22.5Á, alongside 
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minor crystals identified as anatase and quartz. Three prominent peaks were detected in the FTIR 

spectrum at 1060 cmī1, 792 cmī1 and 434 cmī1; see Figure 3.1(b). These are identified as the Siï

O bonds in amorphous SiO2, tetrahedral AlO4 and T-O-T (T: Si or Al), respectively. 

Table 3.1 Chemical composition of employed metakaolin. 

SiO2 Al 2O3 TiO2 Fe2O3 P2O5 Na2O K2O CaO 

53.8% 43.8% 0.9% 0.5% 0.4% 0.3% 0.2% 0.1% 

 

Figure 3.1 (a) XRD and (b) FTIR spectra of the metakaolin precursor. 

3.2.2. Preparation of geopolymer samples 

Three series of mixtures incorporating varying SiO2/Al2O3, Na2O/Al2O3 and H2O/Na2O molar 

ratios were designed, as listed in Table 3.2.  The production of N-A-S-H geopolymer specimens 

starts with the preparation of the alkali-activating solution. It should be emphasized here that the 

solubility of sodium hydroxide pellets is about 111 g in 100 mL water under room temperature, 

here, ~20 °C. Therefore, for those mixtures made with a higher SiO2/Al2O3 molar ratio, such as 

3.6 and 4.0, the water is predominantly sourced from the sodium silicate solution. Hence, a very 

small amount of extra water needs to be added manually. More importantly, the heat that evolves 

in the process of preparing the alkaline solution, especially for higher concentrations, poses 
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potential risks of causticity. Thus, the sodium hydroxide pellets were blended with the sodium 

silicate solution along with extra distilled water to produce the alkali activator in solution. The 

beaker containing the blended activator solution was sealed and placed in a fume hood for 24 h, 

allowing the contents to cool down to room temperature. On the following day, the alkali activator 

in solution was first poured into the mixer and stirred for 60 s to ensure its homogeneity. Next, the 

solid precursor was added gradually to let it blend with the activator solution for 3~5 min until a 

homogeneous slurry was obtained. This mixture was then cast into plastic cylindrical moulds with 

dimensions of ū50 mm Ĭ 100 mm height. The specimens, after demoulding, were cured in air-

tight plastic bags under ambient conditions to reach 28 days of maturity. 

Table 3.2 Mix proportions of N-A-S-H geopolymers with varying oxide ratios. 

SiO2/ Al2O3 

(molar ratio) 

Na2O/Al2O3 

(molar ratio) 

H2O/Na2O 

(molar ratio) 

Metakaolin 

(g) 

Na2SiO3 

(g) 

NaOH 

(g) 

Water 

(g) 

Liquid-

to-solid 

2.1 1.15 11 500 6.63 196.86 484.96 1.377 

2.8 1.15 11 500 320.98 160.76 400.76 1.540 

3.6 1.15 11 500 680.23 119.50 63.96 1.727 

4.0 1.15 11 500 837.41 104.89 0 1.885 

2.8 0.75 11 500 320.98 92.02 118.37 1.063 

2.8 1.00 11 500 320.98 134.98 224.70 1.361 

2.8 1.30 11 500 320.98 186.54 352.29 1.720 

2.8 1.00 8 500 320.98 134.98 108.71 1.129 

2.8 1.00 9 500 320.98 134.98 147.37 1.207 

2.8 1.00 10 500 320.98 134.98 186.04 1.284 

2.8 1.00 11 500 320.98 134.98 224.70 1.361 

2.8 1.00 12 500 320.98 134.98 263.37 1.439 

2.8 1.00 14 500 320.98 134.98 340.70 1.593 

Note: Liquid components include Na2SiO3 solution and dissolved NaOH in water; Solids means 

metakaolin. 

3.2.3. Test protocols  

The engineering properties were evaluated for produced geopolymers. In this manner, the 

workability and setting time were tested as per ASTM C230/C230M-08 (2008) and ASTM C191-
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08 (2008), respectively. The compression test was conducted for geopolymer specimens aged 28 

days, conforming to ASTM C39/C39M-18 (2018). The tensile strength was measured, as per 

ASTM C496/C496M-17 (2017). The employed machines and apparatus are shown in Figure 3.2. 

 

Figure 3.2 View of employed machines and apparatus for measuring fresh and hardened properties 

of N-A-S-H geopolymers: (a) mixer, (b) flow table, (c) Vicat needle apparatus, (d) grinder, 

compression machine for (e) modulus and (f) compressive alongside splitting tensile strength. 

Further characterizations were also conducted in order to understand the mechanisms underlying 

the attendant effects of each oxide ratio on the above engineering properties. In this regard, the 

rheology of fresh mixtures was investigated using a Brookfield DV-II+ Programmable Viscometer 

that was fitted with a SC4-27 spindle. This viscometer operates within a specified range of 
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viscosity between 0 to 1250 mPa·s with a constant rotation of 200 rpm. The temperature evolution 

during the setting process was investigated using the thermography method (Davidovits et al., 

2008). For each mixture, the fresh paste was first poured into a mould chamber (ū50 mm Ĭ 100 

mm) that could be closed with a tightly secured lid. The lid was bored with a hole in its centre to 

accommodate the thermometer with a functioning range of 50~300 °C. Once secure, the 

thermometer was inserted through the lid and the real-time temperature was recorded against time. 

The mineral phases constituting the hardened composite were assessed through X-ray diffraction 

(XRD), of representative samples, using a copper KŬ radiation beam (operated at 40 kV and 44 

mA) with a step size of 2Á/min, from 10Á to 60Á diffraction angle (2ɗ). A thermogravimetric 

analysis (TGA) was carried out using the Leco TGA 701 instrument that functions in a temperature 

range of 20~800°C and at a heating rate of 10 °C/min under a nitrogen atmosphere. The chemical 

bonds involved in geopolymers were examined by using the iS50 Fourier transform infrared (FTIR) 

spectrometer coupled with a built-in attenuated total reflection (ATR) module. The micro-structure 

of representative paste samples was examined under a field emission scanning electron microscope 

(FE-SEM) with a 15 kV accelerating voltage. The generated images were then binarized to show 

the voids and cracks as black and the solid geo-polymer gel as fully white. The compactness of the 

geopolymer microstructure may, thus, be quantified by counting the black pixels. 

3.3. Experimental characterizations  

3.3.1. Rheology of fresh geopolymer mixtures  

The rheological parameters of fresh geopolymer mixtures help explain the associated workability. 

We recall that the functional range of the rotational viscometer used here is 0~1250 mPa·s. 

However, all the mixtures listed in Table 3.2 exceeded this upper bound during the experimental 

trials, due to the viscous nature of alkali-activated geopolymer. Hence, an independent batch of 



43 

 

mixtures with suitably higher NaO2/Al 2O3 and H2O/Na2O ratios was prepared, as shown in Table 

3.3, and their rheological outcomes are presented in Figure 3.3. Notice that as the SiO2/Al 2O3 

molar ratio increases from 2.4 to 3.6, both the viscosity and the yield shear stress drop at first, 

reaching a minimum at 3.2; see Figure 3.3(a) and 3.3(d). This is followed by a recovery for higher 

values of this ratio. Recall that the SiO2 content was raised through an increase in the Na2SiO3 and, 

as such, it increases the liquid content. Whereas the Na2SiO3 used here has a viscosity of 200~400 

mPa·s at 20 °C, that of the NaOH and water is only 70 mPa.s and 1 mPa.s, respectively. Therefore, 

an increase in the viscosity and the yield shear stress may now be explained through the 

ñcompetitionò between the increased content of sodium silicate solution and the enlarged liquid-

to-solid ratio. On the one hand, an increase in sodium silicate solution raises the overall viscosity 

of the alkali-activator solution since the viscosity of sodium silicate solution is significantly higher 

than NaOH and water. In turn, the viscosity of the fresh geopolymer slurry is also higher. On the 

other hand, the more sodium silicate solution also leads to a greater liquid-to-solid ratio, which has 

long been recognized to make the slurry more flowable by alleviating the inter-particle friction 

(Lei et al., 2016). The smaller mutual friction is supposed to reduce the viscosity of the slurry. 

Given the above, there may exist a competition between the above two effects. Based on these 

results, when increasing the SiO2/Al 2O3 molar ratio from 2.4 to 3.2, the effect led by the increase 

in the liquid-to-solid ratio governs the rheology of the geopolymer mixture, as the content of 

sodium silicate is relatively small. However, with a further increase in SiO2/Al 2O3 beyond 3.2, the 

sodium silicate content dominates over the presence of water alone; see Table 3.3. For the 

Na2O/Al2O3 and H2O/Na2O molar ratios, any change in their value is independent of the content 

of sodium silicate solution in the mixture. As a result, increasing either one of them simply raises 
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the liquid-to-solid ratio. This, in turn, lowers both the viscosity and the yield shear stress of the 

fresh geopolymer mixture. 

Table 3.3 Proportioning the N-A-S-H paste mixtures for rheology test. 

SiO2/Al 2O3 

(molar ratio) 

Na2O/Al2O3 

(molar ratio) 

H2O/Na2O 

(molar ratio) 

Metakaolin 

(g) 

Na2SiO3 

(g) 

NaOH 

(g) 

Water 

(g) 

Liquid-

to-solid 

2.4 1.40 16 50 14.14 22.43 77.77 2.287 

2.8 1.40 16 50 32.10 20.37 66.55 2.380 

3.2 1.40 16 50 50.06 18.31 55.32 2.474 

3.5 1.40 16 50 63.53 16.76 46.90 2.544 

3.6 1.40 16 50 68.02 16.25 44.09 2.556 

2.8 1.10 16 50 32.10 15.22 47.99 1.906 

2.8 1.25 16 50 32.10 17.79 57.27 2.143 

2.8 1.40 16 50 32.10 20.37 66.55 2.380 

2.8 1.40 12 50 32.10 20.37 44.90 1.947 

2.8 1.40 14 50 32.10 20.37 55.72 2.164 

2.8 1.40 16 50 32.10 20.37 66.55 2.380 

 

Figure 3.3 Rheological properties of fresh geopolymer mixtures made with varying compositional 

ratios: (a-c) viscosity and (d-f) yield shear stress. 
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3.3.2. Temperature evolution 

N-A-S-H geopolymer mixtures show strong exothermicity and, therefore, the associated 

temperature changes are related to the reaction rate and degree (Davidovits et al., 2008). 

Accordingly, the temperatureïtime history for each geopolymer mixture here is presented in 

Figure 3.4. To begin with, a significant difference, not only in the peak temperatures but also in its 

rate of rise, was witnessed for the series made with varying the SiO2/Al 2O3 molar ratio. The 

mixture registering the quickest rate of increase, as well as the highest peak temperature (see Figure 

3.4(a)), was that made with a SiO2/Al2O3 molar ratio of 2.8. However, both an increase and a 

decrease in this ratio led to progressively lower peaks and a slower rate of temperature rise. This 

indicates that the SiO2/Al 2O3 molar ratio must be in an optimum range, otherwise, it will slow 

down the geopolymerization. It is likely due to the competition in the dissolution between the solid 

silica and alumina, in the precursor. At the lower end, the raw precursor is the sole source of 

aluminosilicate, and the progress of subsequent chemical reactions is dominated by the availability 

of dissolved silica and alumina. However, as the SiO2/Al2O3 molar ratio increases through the 

addition of sodium silicate, the dissolved alumina will quickly react with the liquid silicon groups 

from the activator to form the (-Si-O-Al -O-) chain (Davidovits et al., 2008). On the other hand, 

when this molar ratio exceeds a certain value (here, 2.8) any further rise triggers a more complex 

polycondensation, i.e., the formation of (-Si-O-Al -O-Si-O-) (Davidovits et al., 2008). This extends 

the reaction time and manifests in a slower temperature rise. Note that Davidovits (2008) reported 

a geopolymerization thermograph for N-A-S-H geopolymers made with different sources of 

metakaolin having varied chemical compositions. Specifically, the one made with the larger SiO2-

to-Al 2O3 mass fraction also displays slower temperature evolution. However, this result is not 

comparable with the data generated in the present study, as the former was examined in an oven 
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with the curing temperature set to 80 °C. For mixtures made with different Na2O/Al2O3 molar 

ratios, the generated peak temperatures differed slightly from one another; see Figure 3.4(b). Of 

the values chosen in this study, the mixture made with a Na2O/Al2O3 = 1.0 showed a faster 

temperature evolution with a slightly higher peak than the rest. As mentioned earlier, each (-Si-O-

Al -O-) or (-Si-O-Al -O-Si-O-) chain contains a single AlO4 unit and carries a negative charge. 

Therefore, an equivalent amount of Na+ is required in order to maintain the chemical equilibrium. 

This accounts for the slowing down of the geopolymerization process at lower Na2O/Al2O3 molar 

ratios. Additionally, at the higher range of this ratio, the excessive Na+ may deter polycondensation 

as per the reaction kinetics, since this reaction is also a NaOH regeneration process (Davidovits, 

2008), see Figure 3.5. Similarly, it also explains the slightly depressed geopolymerization in the 

case of a low H2O/Na2O ratio, manifesting in the reduction in both the rise and the peak 

temperature. On the other hand, at ratios higher than a threshold, there is too much water, which 

will dilute the alkali and lower the activation efficiency. Once again, this will reduce the 

exothermicity. Thus, as seen in Figure 3.4(c), the rate of temperature raises, and its peak is 

maximum for a H2O/Na2O ratio of 9. 

 

Figure 3.4 Temperature evolution as a function of time for fresh geopolymer mixture made with 

varying (a) SiO2/Al 2O3, (b) Na2O/Al2O3, (c) H2O/Na2O molar ratios. 
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Figure 3.5 NaOH regeneration during the polycondensation of N-A-S-H geopolymer. 

3.3.3. X-Ray diffraction (XRD) and thermogravimetric analysis (TGA) 

The XRD diffractograms and TG/DTG curves of the hardened geopolymer systems are shown in 

Figure 3.6(aïc) and (dïf), respectively. One can see from Figure 3.6(a) that when SiO2/Al 2O3 

molar ratio is 2.1, numerous crystalline phases including faujasite, anatase, hydroxysodalite, Na-

chabazite and quartz show up. This clearly indicates that for lower SiO2/Al 2O3 molar ratios, 

geopolymerization is suppressed, forming Na-substituted zeolites instead (Cundy and Cox, 2003). 

Now, as this ratio rises through 2.8 and to 4, the peaks in the XRD trace that represent the 

crystalline phases reduce substantially. Simultaneously, a broad and clear diffuse hump appears, 

implying a greater degree of amorphicity. Connecting with the amorphous character of N-A-S-H 

networks, an increase in the SiO2/Al 2O3 molar ratio favours this geopolymerization. Interestingly, 
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the mixture displaying the better amorphicity also registers a sharper and taller differential 

thermogravimetry (DTG) peak positioned at 100~300 °C. These taller peaks are mainly connected 

to the dehydroxylation of the sodium aluminosilicate hydrate phase (N-A-S-H) (Tchakouté et al., 

2017). As the SiO2/Al 2O3 molar ratio drops through 2.8 and to 2.1, this peak becomes flatter and 

lower. It also shifts towards the higher end of the testing temperature. Whereas these Na-

substituted zeolites lose their chemically bound water when raised from 100 °C to 300 °C, the 

associated DTG peak appears at a slightly higher temperature (~170 °C) than the (-Si-O-Al -O-Si-

O-) chain that constitutes the N-A-S-H framework (~125 °C) (Davidovits et al., 2008). Clearly, 

this is attributed to other crystalline ñimpuritiesò, as noted in the XRD spectra in Figure 3.6(aïc), 

namely, faujasite, anatase, Na-chabazite and hydroxysodalite. 

For the Na2O/Al2O3 molar ratio, the two mixtures at the lower end of the Na2O/Al2O3 molar ratio 

registered fewer crystalline phases and displayed the tell-tale hump of amorphous constituents, as 

evident from Figure 3.6(b). On the other hand, the mixture containing a Na2O/Al2O3 ratio of 1.3 

displays significant crystalline phases, an outcome of the formation of zeolite at high alkali content 

(Juengsuwattananon et al., 2019). This agrees well with the TGA findings presented in Figure 

3.6(e). As seen therein, the mixture exhibiting the superior amorphicity, once again, registers the 

sharper DTG peak assigned to the de-hydroxylation of the N-A-S-H network. Furthermore, the 

corresponding DTG peak shifts towards the lower end of the temperature scale as the Na2O/Al2O3 

ratio decreases down to 0.75. 

Figure 3.6(c) maps the XRD trace for mixtures made with varying the H2O/Na2O ratio. All three 

traces show only limited crystalline phases. Nevertheless, a small yet significant difference is 

observed by locating the centre of the diffuse hump in each trace. When the H2O/Na2O ratio moves 

from either extreme of 9 and 12 to the median 10, the value of 2ɗ corresponding to the diffuse 
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peak increases from 28.43° and 28.49°, respectively, to a local maximum of 29°. According to 

Yuan et al. (2016), such a shift is indicative of an increase in the amorphicity of the 

geopolymerized system despite a limited presence of crystals. In the case of the H2O/Na2O ratio, 

it is evident that this has no bearing upon the nature of the reaction products formed in N-A-S-H 

geopolymers. The corresponding TGA data shown in Figure 3.6(f) illustrate that, regardless of the 

H2O/Na2O ratio, identical DTG plots were obtained, especially at 100ï300 °C, associated with the 

dehydroxylation of the N-A-S-H framework. 
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Figure 3.6 (aïc) XRD and (dïf) TGA outcomes of hardened geopolymers made with varying 

SiO2/Al2O3, Na2O/Al2O3 and H2O/Na2O molar ratios. 
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3.3.4. Fourier transform infrared spectroscopy (FTIR) 

In their mature state, the geopolymerized samples were examined through FTIR, as presented in 

Figure 3.7. As seen therein, a small band located around 560~570 cmī1 is ascribed to the external 

linkage vibrations of the TO4 in the double rings of zeolite (Zhang et al., 2013; Moudio et al., 

2021). In addition, it has been widely reported that the most significant signal, assigned to the 

asymmetric stretching vibrations of the geopolymer band Si-O-T, is usually found between 

850~1250 cmī1 (Chen et al., 2019; Li et al., 2019). Here, T is the 4-coordinated atom, Si or Al. 

More importantly, the degree of geopolymerization is associated with the shift of this main band 

(Chen et al., 2019; Li et al., 2019). Further, the band positioned at ~1645 cmī1 is attributed to the 

bending vibrations H-O-H, implying the presence of structural water in the reaction products 

(Zhang et al., 2013). Now, as seen from Figure 3.7(a), the mixture made with a SiO2/Al 2O3 ratio 

of 4.0 registered the highest wavenumber associated with the Si-O-T band; in turn, the weakest 

signal was assigned to the TO4 in the double rings of zeolite. This was followed by those for 

SiO2/Al2O3 of 2.8 and 2.1, respectively. From the above, it is clear that an increase in the 

SiO2/Al2O3 ratio promotes geopolymerization and simultaneously depresses the formation of 

zeolites. This agrees well with the XRD traces in Figure 3.6(a). A continuous increase in the 

Na2O/Al2O3 molar ratio was seen to deter the associated geopolymerization, as evident from the 

principal Si-O-T bands shifting towards the smaller wavelength in the FTIR spectra; see Figure 

3.7(b). As expected, the wavelength ascribed to the zeolite formation increases as this ratio rises 

from 0.75 to 1.3. Assuming a perfectly activated system, the optimum Na2O/Al2O3 ratio is 

theoretically calculated as 1.0 in order to achieve the charge balance. However, in practice, the 

raw aluminosilicate precursor may not be completely activated. The XRD traces and the detected 

TO4 band assigned to zeolites in the FTIR spectrum also lead to the same inference. Thus, it is not 
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surprising that the actual optimum Na2O/Al2O3 is, in fact, a bit lower than the predicted value of 

1. As opposed to the variation in the S-O-T band seen with varying the SiO2/Al2O3 or Na2O/Al2O3 

molar ratio, the FTIR spectra for the series prepared with varying the H2O/Na2O molar ratio do 

not register a significant change; see Figure 3.7(c). Nevertheless, the mixture made with a 

H2O/Na2O ratio of 10 is seen to register the highest wavenumber for the Si-O-T band among the 

three values of this molar ratio. Once again, when the H2O/Na2O molar ratio is excessive, it deters 

geopolymerization. When it is too low, the excessive alkalinity in the mixture depresses 

polycondensation, as explained through Figure 3.5. 

 

Figure 3.7 FTIR spectra of hardened geopolymers made with varying (a) SiO2/Al 2O3, (b) 

Na2O/Al2O3 and (c) H2O/ Na2O molar ratios. 
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In order to interpret the structural changes referred to above, the FTIR spectra were deconvoluted 

for the range of 800~1250 cmī1 with Gaussian peak shapes that correspond to the Si-O-T band 

(Zhang et al., 2013). The associated fitting procedure was performed in accordance with the related 

literature (Zhang et al., 2013; Cortes et al., 2021). The following peaks are considered: Peak I 

(850~860 cmī1) to Si-OH bending; Peak II (930 cmī1) to Si-O-T in Q2; Peak III (950~960 cmī1) 

to asymmetric stretching vibrations of nonbridging oxygen (NBO) sites; Peak IV (990 ~1000 cmī1) 

to Si-O-T in a 3-dimentional N-A-S-H network; Peak V (1080~1090 cmī1) to Si-O-Si of silica 

gels; and Peak VI (1150~1160 cmī1) to Si-O-T of unreacted metakaolin. The FTIR deconvolution 

peaks for each mixture are now presented in Figure 3.8, with a regression coefficient R2 beyond 

0.997. In addition, the relative peak areas are quantified in Figure 3.9. It is evident that an increase 

in the SiO2/Al 2O3 ratio from 2.1 to 4.0 leads to a reduced area for Peak III but an increase in areas 

for both Peaks IV and V. Clearly, this corresponds to a greater degree of geopolymerization (Cortes 

et al., 2021). Further, a slight increase is also seen in the area of Peak VI for SiO2/Al 2O3 = 4.0, i.e., 

in the unreacted metakaolin particles. This implies a slight increase in the unreacted metakaolin 

for an increase in the sodium silicate content. This is not surprising, since adding more sodium 

silicate solution will lower the relative amount of sodium hydroxide in the mixture and, thus, slow 

the dissolution of the precursor due to the slightly reduced alkalinity (Hajimohammadi et al., 2008). 

Nevertheless, the rise in unreacted metakaolin is minor when compared to the rise in the areas of 

Peaks IV and V. In sum, therefore, a rise in the SiO2/Al 2O3 ratio favours a higher degree of 

geopolymerization. 

On the other hand, a continuous increase in Na2O/Al2O3 leads to a drop in areas of both Peaks IV 

and V. Further, a noticeable rise is witnessed for Peak II when this ratio increases to 1.3. This 

corresponds to an increase in the Q2 silicate. Together, they imply a depressed degree of 
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geopolymerization. Finally, in the case of the H2O/Na2O ratio, the highest area for Peaks IV and 

V is noticed for the mixture with H2O/Na2O = 10. As noted in Figure 3.6(c and f), it confirms that 

there exists an optimum alkali concentration to yield the maximum degree of geopolymerization. 

 

Figure 3.8 FTIR spectral deconvolutions of the main Si-O-T stretching band positioned at 

800~1250 cmī1 for geopolymers reported in Figure 3.7. 
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Figure 3.9 Relative areas of the deconvoluted component peaks within the main Si-O-T band. 

3.3.5. Scanning electron microscope (SEM) 

The microstructure of representative mixtures from the three series was examined under SEM. The 

images captured at 300X magnification are shown in Figure 3.10. Those mixtures prepared with 

varying the SiO2/Al 2O3 ratio are illustrated in Figure 3.10(aïc). From a ratio of 2.1 through 4.0, 

while microcracks are visible, it is wider in the former, progressively becoming narrow in the 

latter. The higher the SiO2/Al2O3 ratio, the more compact and the more homogenous the 

microstructure. This illustrates that the condensed structure, resulting from the higher degree of 

geopolymerization, has the greater structural integrity.  

Figure 3.10(dïf) represents mixtures made with varying the Na2O/Al2O3 molar ratio. While 

microcracks appear in the sample made with the Na2O/Al2O3 of 0.75, the corresponding crack 

widths are significantly smaller than in the other two mixtures containing the higher Na2O/Al2O3 
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ratios. Particularly, the mixture containing a Na2O/Al2O3 of 1.3 displays the widest microcrack in 

this series. This may be attributed to the following: (i) the continuous increase in this ratio 

depresses the geopolymerization degree, as confirmed in previous XRD and FTIR outcomes. Note 

here that the lower degree of geopolymerization usually indicates the lower structural integrity of 

formed N-A-S-H networks; (ii) the larger Na2O/Al2O3 corresponds to a greater liquid-to-solid ratio 

(see Table 3.1), and the increased liquid content may degrade the texture of hardened geopolymer 

networks. Given these, it may not be surprising to note the widest microcracks appear in the case 

of Na2O/Al2O3 = 1.3.  

Figure 3.10(gïi) shows the variation in the H2O/Na2O molar ratio. Clearly, the mixture made with 

the H2O/Na2O = 10 registers the best microstructure, as evident from the smallest microcracks. 

Both a decrease and an increase in this ratio appear to degrade the microstructure of N-A-S-H 

geopolymers, due to the depressed degree of geopolymerization. The former may be led by an 

excessive alkali concentration, as the geopolymerization is a regeneration process of Na+ and OH- 

(see Figure 3.5), while the latter is simply due to the inefficient alkali activation.  

The raw SEM images shown in Figure 3.10 are binarized to highlight the voids and microcracks, 

as now updated in Figure 3.11. It is then followed by a quantification upon these flaws by counting 

the black pixels. According to Figure 3.12, the lowest area fraction of cracks and voids is found 

for SiO2/Al 2O3 = 4.0, Na2O/Al2O3 = 0.75 and H2O/Na2O = 10, respectively, across each series. 

This quantitatively validates their densest microstructure. 
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Figure 3.10 SEM images of geopolymer mixture made with varying (aïc) SiO2/Al 2O3, (dïf) 

Na2O/Al2O3 and (gïi) H2O/Na2O. 
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Figure 3.11 Binarized SEM images generated from Figure 3.10. 

 

Figure 3.12 The quantified area fraction of voids and cracks in various N-A-S-H geopolymers. 
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3.4. Fresh and hardened properties 

3.4.1. Workability  

The workability is expressed here in the form of flow diameter. As seen in Figure 3.13(a), the 

workability increases substantially with an increase in any of the three compositional ratios. While 

it is clear that an increase in the H2O/Na2O ratio directly implies a higher water content, an increase 

in the SiO2/Al 2O3 or Na2O/Al2O3 ratios also, indirectly, implies a higher liquid-to-solid fraction. 

This is because the SiO2 and Na2O may only be varied by changing the activator, which in this 

case is introduced as a solution. It is illustrated in Figure 3.13(b), wherein an increase in any of 

these three oxide ratios leads to an increase in the liquid-to-solid ratio. For a fixed amount of dry 

powder in the mixture, a higher liquid-to-solid ratio will act as a lubricant (Hajimohammadi et al., 

2008) and, thus, lead to a greater flowability. Recall that for the rheological parameters presented 

in Figure 3.3, an increase in the Na2O/Al2O3 or H2O/Na2O ratio corresponds to a decrease in the 

viscosity and yield shear stress of the fresh mixture. This agrees well with the superior flow seen 

in Figure 3.13(a). As explained earlier, it is due to the Na2SiO3 being substantially more viscous, 

in comparison with NaOH or water, at 20 °C. Beyond a critical SiO2/Al 2O3 ratio, found earlier as 

3.2, the geopolymer slurry turns more viscous due to a higher sodium silicate content, despite an 

associated increase in the liquid-to-solid ratio. However, for an increase in the SiO2/Al2O3 ratio, 

the flow is governed by the liquid-to-solid ratio, and eventually manifests as a continuous 

improvement in flow diameter. 
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Figure 3.13 (a) Workability and (b) liquid-to-solid ratio of various N-A-S-H geopolymer pastes 

(>350 mm indicates that the diameter of mixture is more than 350 mm after 25 blows on flow 

table). 

3.4.2. Setting 

The effect of the compositional ratios in the mixture components upon the setting time is shown 

in Figure 3.14. It is seen that at a low SiO2/Al 2O3 ratio, i.e., 2.1, the setting process is delayed 

because all the silica originates from the metakaolin, and so it takes time to allow the 

aluminosilicate to dissolve and then be activated. On the other hand, an excess of SiO2/Al2O3 ratio, 

as noticed beyond 2.8 in this series, implies a transformation of the product from the relatively 

simple sialate (-Si-O-Al -O-) structure to the more complex sialate-siloxo (-Si-O-Al -O-Si-O-) 

framework. The latter is a more interconnected network that requires some time to form and so, 

once again, extends the setting time so that there exists an optimum range for the SiO2/Al 2O3 ratio 

to ensure the minimum final setting time. In Figure 3.4, the mixture made with the optimum 

SiO2/Al2O3 ratio may be taken as that which displays the highest peak temperature and the quickest 

temperature evolution. 
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Figure 3.14 Setting time of various N-A-S-H geopolymer pastes. 

The H2O/Na2O ratio directly reflects the alkalinity of the system. So, under very high alkalinity, 

the excessive Na+ and OH- will deter the polycondensation (see Figure 3.5), manifesting as a 

delayed final set. In contrast, the excessive H2O/Na2O ratio dilutes the alkali concentration and, 

thus, reduces the activation efficiency. An optimum range for the H2O/Na2O ratio is found around 

8~10 to ensure the shortest duration for the final set. Nevertheless, any further increase in this ratio 

only causes minor extension, likely due to the slightly diluted alkalinity. As for the initial setting, 

an increase in this ratio extends the initial setting time, possibly due to the higher liquid-to-solid 

ratio. The effect seen for the Na2O/Al2O3 ratio upon the final setting time was also minor. 

Nevertheless, a value of about 1.0 makes both initial and final set occur somewhat sooner. A deficit 

in the Na2O/Al2O3 ratio leads to insufficient Na+ required to balance the negative charge carried 
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by AlO
-

4. On the other hand, earlier characterizations reported that an excess in this ratio is likely 

to depress the N-A-S-H formation and even cause the transformation into various crystals. This, 

thereafter, corresponds to a delay in the set of mixture. Note that all these final setting outcomes 

agree well with the temperature evolution curves presented in Figure 3.4. 

3.4.3. Compressive strength 

As seen from Figure 3.15, within the examined range of 2.1~4.0, an increase in the SiO2/Al2O3 

ratio boosts the associated strength. Recall that the mixture made with a lower SiO2/Al 2O3 ratio 

witnessed a substantial presence of crystalline phases, namely, various Na-substituted zeolites, in 

the XRD trace. The same mixture also registered fewer peak areas ascribed to the Si-O-T band in 

3-D N-A-S-H network under FTIR inspection. These together confirm that increasing the 

SiO2/Al2O3 ratio restricts the formation of other crystalline impurities (principally the Na-

substituted zeolites) and also improves the compactness of the N-A-S-H framework. This 

eventually manifests as higher mechanical strength. An increase in the Na2O/Al2O3 ratio implies 

a lower compressive strength, with the associated optimum range lying between 0.75~1.0, 

according to Figure 3.15(b). Note that a continuous increase in Na2O will result in the formation 

of other zeolite crystals, which strongly depresses the polycondensation of N-A-S-H geopolymers, 

as evident from the associated XRD, TGA and FTIR outcomes. Furthermore, the alumina 

contained in the raw precursor may not completely be associated with the geopolymer. Thus, the 

optimum value for the Na2O/Al2O3 molar ratio was somewhat lower than the theoretical value, viz. 

1.0. In the case of the H2O/Na2O ratio, where a lower value denotes a stronger alkalinity, excessive 

alkali concentration may also suppress the regeneration of NaOH and, in turn, hinder the 

geopolymerization progress, according to the aspect of reaction kinetics (see Figure 3.5). On the 

other hand, when this ratio is too high, it deters activation efficiency and restricts the associated 
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geopolymerization. As such, the compressive strength was highest for a H2O/Na2O ratio of 10, as 

found in this series. It is worth noting here that unlike the SiO2/Al 2O3 and Na2O/Al2O3 ratios, 

varying the H2O/Na2O ratio has minimal impact upon the products resulting in the N-A-S-H 

geopolymer, and the resulting impact of this ratio may be achieved through the microstructural 

aspect. 

 

Figure 3.15 Compressive strength of various N-A-S-H geopolymer pastes. 

3.4.4. Tensile strength 

Figure 3.16 presents the tensile strength of N-A-S-H geopolymers, made with varying 

compositional oxide ratios. As expected, these specimens displayed a similar tendency, as noted 

for compressive strength in Figure 3.15. In this regard, the mixtures SiO2/Al 2O3=4.0, 

Na2O/Al2O3=0.75 and H2O/Na2O=10 registered the highest tensile strength across the respective 
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series. The reason behind this should be the same as those discussed in Section 3.4.3 earlier, 

namely, the greatest degree of geopolymerization alongside the densest microstructure. 

 

Figure 3.16 Tensile strength of various N-A-S-H geopolymers. 

Further, the correlation between compressive and tensile strength is investigated in this study, 

based on the obtained experimental data. For conventional OPC systems, there exist a few models 

proposed in prior studies. Among them, the power function model is widely recognized and used 

(Albidah t al., 2021). For instance, Equations (3.1) and (3.2) are recommended by AS 3600 (2009) 

and ACI 318 (2008), respectively. Based on this, the correlation between compressive and tensile 

strength of N-A-S-H geopolymers is explored in this study. A similar model, in the form of a 

power function, is firstly presented in Equation (3.3). Besides, considering the value of tensile 
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strength usually falls into the range of 8%~15% of its compressive strength (confirmed by Figure 

3.17 as well), another model including both power and linear forms are proposed in Equation (3.4).  

0.4t cf f=                                                   (3.1) 

0.56t cf f=                                                   (3.2) 

2

1
a

t cf a f=                                                       (3.3) 

2

1 3+a
t c cf a f a f=                                                   (3.4) 

 

Figure 3.17 Correlation between tensile and compressive strength. 

The optimum solution to the coefficient vector in these two sets of models could be determined, 

using the nonlinear recession analysis based on Ordinary Square Method. The models are now 

updated in Equations (3.5) ~ (3.8), which are respectively determined based on the dataset 

generated in this study only and after combining with the data from Albidah t al. (2021). It is seen 

from Figure 3.18 that the two sets of models considering the power form both display satisfactory 

predicting efficiency (R2=0.835~0.86). However, considering the linear form on the basis of the 

above models (Equations (3.5) and (3.6)), does not contribute to the accuracy, as evident from the 
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slightly reduced coefficient of determination (R2=0.80~0.85). This may indicate that there 

predominantly exists a power correlation between compressive and tensile strength. 

0.78850.2042t cf f=                                                 (3.5) 

0.75170.2578t cf f=                                      (3.6) 

0.78550.2794 -0.0343t c cf f f=                                         (3.7) 

0.75170.3288 -0.0179t c cf f f=                                      (3.8) 

 

Figure 3.18 Comparison between actual and predicted tensile strength based on different models: 

(a, c) dataset in this study, (b, d) dataset in this study and the one generated by Albidah t al. (2021). 
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3.4.5. Elastic modulus 

The elastic modulus of N-A-S-H geopolymers made with various compositional ratios is presented 

in Figure 3.19. As seen therein, an increase in the SiO2/Al2O3 ratio or a decrease in the Na2O/Al2O3 

ratio leads to a rise in the associated elastic modulus. And, the mixture made with H2O/Na2O=10 

is found to register the largest modulus across the respective series. Once again, the above findings 

coincide with their outcomes of compressive and tensile strength. This may also indicate that the 

optimized mixture will not only show the highest strength but also the best resistance to 

deformation during the elastic stage, due to the improved geopolymerization and microstructure. 

 

Figure 3.19 Elastic modulus of various N-A-S-H geopolymer mortars. 
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Now, the two sets of models correlating the elastic modulus to compressive strength are updated 

in Equations (3.9) and (3.10). Seen from Figure 20, these two models both register acceptable 

prediction efficiency, as evident from the coefficient of determination (R2) beyond 0.8. However, 

once again, the consideration of linear form on the basis of the power model does not improve the 

accuracy significantly. 

0.5961.4233 cE f=                                                   (3.9) 

0.5960.8481 +0.1389c cE f f=                                 (3.10) 

 

Figure 3.20 Comparison between actual and predicted elastic modulus based on different models. 
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respectively. In this study, the engineering property denotes either the flow, the setting time or the 

compressive strength. n denotes the size of the dataset, with m being the median value of each 

factor. The data used for this analysis are listed in Table 3.4, and the resulting sensitivity indices 

are illustrated in Figure 3.21. As seen therein, among this specific series of mixes, the workability 

of the fresh mixture is most sensitive to the H2O/Na2O molar ratio, while the compressive strength 

of N-A-S-H geopolymers is more dependent upon, firstly, the H2O/Na2O and secondly, the 

SiO2/Al2O3 molar ratios. Further, the SiO2/Al 2O3 molar ratio dominates the setting process, as 

evident from its sensitivity index beyond 95%. 

Table 3.4 Dataset used for sensitivity analysis. 

SiO2/ Al2O3 
(molar ratio) 

Na2O/Al2O3 

(molar ratio) 

H2O/Na2O 

(molar ratio) 

Flow 

diameter 

(mm) 

Final 

setting 

time 

(mins) 

Compressive 

strength (MPa) 

2.1 

0.95 11 

152.3 - - 

2.4* 203.5 - - 

2.8 257.3 - - 

3.1 261.0 - - 

2.1 

1.15 11 

- 480 11.78 

2.8* - 190 32.71 

3.6 - 360 40.23 

4.0 - 740 46.19 

2.1 

0.75 

11 

101.5 - - 

0.95* 152.3 - - 

1.15 196.9 - - 

1.25 247.7 - - 

2.8 

0.75 

11 

- 195 47.54 

1.00* - 180 29.53 

1.15 - 190 32.71 

1.30 - 210 19.24 

2.8 1.00 

8 225.1 160 39.83 

9* 239.5 130 43.03 

10 254.7 165 50.68 

11 261.0 180 29.53 

 Note: * denotes the median value. 
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Figure 3.21 Sensitivities of workability, final set and compressive strength to compositional ratios. 

3.6. Further discussion 
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highly workable. The experimental observations in this study show that those mixtures produced 

with a liquid-to-solid ratio beyond 1.1 could easily achieve this diameter. Further, extreme oxide 

ratios may hinder the strength development even though the corresponding mixture registered 

satisfactory workability and setting time, e.g., Na2O/Al2O3 = 1.3 (SiO2/Al2O3 = 2.8 and H2O/Na2O 

= 11). Taking this together, it is recognized that the mix design for N-A-S-H geopolymers must 

simultaneously guarantee the desired workability, setting and strength. As seen in Figures 

3.13~3.16, when the SiO2/Al 2O3 ratio falls within 2.8~3.6, it results in satisfactory strength 

alongside acceptable final setting time and workability. When the actual Na2O/Al2O3 ratio falls 

slightly below the theoretical value of unity, it achieves a quicker final set and a higher strength. 

The optimum range for this ratio was found to lie in 0.75~1.0 in the pre-sent study. A H2O/Na2O 

ratio between 9~10 guarantees a great flowability for the N-A-S-H mixture without undermining 

the other two engineering properties. Together, the above range of oxide ratios offers a guideline 

for N-A-S-H geopolymers to achieve the most practical combination of workability, final set and 

compressive strength. If a specific application puts a premium on only one of three properties, the 

sensitivity results now provide an insight into the design strategy. Adjusting the H2O/Na2O ratio 

is the most effective means to improving workability, while controlling the SiO2/Al 2O3 ratio 

imparts the greatest efficiency towards a shorter setting time. The mechanical strength may be 

adjusted by regulating the above two ratios simultaneously. 

3.7. Conclusion 

This Chapter mainly investigated the mechanisms that underlie the effects of compositional oxide 

ratios on the fresh and hardened properties of N-A-S-H geopolymers. The experimental 

observations demonstrate that, when suitably designed, the N-A-S-H geopolymer displays 
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excellent workability, setting and strength. Based on the results, the following specific conclusions 

may be drawn: 

(1) An increase in the Na2O/Al2O3 or H2O/Na2O ratio reduces the viscosity of the fresh 

geopolymer mixture due to a corresponding increase in the liquid-to-solid ratio. There was an 

accompanying drop in the yield shear stress. Together, this leads to a greater flowability. However, 

there exists an optimum SiO2/Al2O3 ratio to obtain the lowest viscosity. Whereas, at lower values, 

the system is dominated by sodium silicate, once this ratio exceeds 3.2, the liquid-to-solid ratio 

dominates and eventually raises the flowability of the system. 

(2) In N-A-S-H geopolymers, the setting time is associated with the exothermicity during the 

geopolymerization, which was found most sensitive to the SiO2/Al 2O3 ratio. When the other two 

ratios were fixed as Na2O/Al2O3=1.15 and H2O/Na2O=11, the mixture made with a SiO2/Al2O3 

ratio of about 2.8 registered the highest peak temperature and the fastest temperature rise, both of 

which coincide with its fastest setting time. 

(3) A deficient SiO2/Al 2O3 ratio and an excessive Na2O/Al2O3 ratio will, in either case, deter 

geopolymerization. Additionally, they promote significant zeolite formation. This was evident 

from the reduced amorphicity in XRD, a wider but much lower DTG peak assigned to 

depolymerization of N-A-S-H in TGA, and also a smaller peak area ascribed to the Si-O-T band 

in the N-A-S-H framework in FTIR. These together reduce the mechanical strength and elastic 

modulus. The H2O/Na2O ratio at its optimum value, found to be 9~10 here, led to the highest 

degree of geopolymerization and eventually, the best mechanical performance. 

(4) A satisfactory combination of compositional ratios to simultaneously achieve the desired 

workability, final set and strength may fall within SiO2/Al2O3 = 2.8~3.6, Na2O/Al2O3 = 0.75~1.0 
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and H2O/Na2O = 9~10. The workability of the fresh N-A-S-H mixture is most sensitive to the 

H2O/Na2O ratio, while the setting time is predominantly governed by the SiO2/Al2O3 ratio. 

(5) There predominantly exists a power correlation between the compressive and tensile strength 

and between the compressive strength and elastic modulus of N-A-S-H geopolymers. Considering 

an additional linear form on the basis of the power model does not contribute to the predicting 

accuracy. 
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Chapter 4. Potential benefits of nano silica stabilized dry water on fresh and 

hardened properties of N-A-S-H geopolymers 

4.1. Introduction  

Geopolymers have been widely confirmed as a promising alternative to conventional OPC systems. 

More importantly, the properties of geopolymer systems are strongly dependent upon the 

compositional ratios that make up the raw materials. Among the principal oxide ratios, the varying 

SiO2/Al2O3 ratio triggers poly-condensation to various degrees. De Silva et al. (2007) noted that 

within a certain range, a continuous increase in the SiO2/Al 2O3 molar ratio improves the strength 

of geopolymer systems, principally attributed to the formation of a highly condensed 

aluminosilicate structure. Since the main oxides comprising the aluminosilicate precursor are SiO2 

and Al2O3, recent studies have found merit in adding nano silica (Rashad, 2019). The additional 

silica supplied by the nanoparticles promotes the geopolymerization process. Specifically, adding 

about 1%~3% nanoparticles to the system manifests in an increase of strength of between 10% to 

55% (Gao et al., 2013b; Gao et al., 2015; Deb et al., 2016; Sumesh et al., 2017). Secondly, as seen 

in cementitious systems, the nanoparticles may also act as a physical filler and densify the 

microstructure (Nazari and Riahi, 2011). However, due to the nature of extremely small particle 

size, those prior studies have widely reported that for a given mixture proportion, the improvement 

through nanoparticles on strength are frequently achieved by sacrificing workability (Gao et al., 

2015; Deb et al., 2016). A smaller particle size distribution, and therefore a greater specific surface 

area, understandably raises the liquid demand and in turn drops the slump. As for the effect of 

nanoparticles on the setting process, there is no consensus in the literature; some studies report a 

reduction in the setting time in presence of nanoparticles (Phoo-ngernkham et al., 2014), whereas 

others argue that these nanoparticles prolong the setting (Lo et al., 2017). Given the above, the 
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ñtrade-offò between the desired engineering properties when introducing nanoparticles must be 

resolved, in order to promote the widespread application of both geopolymer and nanomaterials in 

building engineering field. 

Emulsion is the mixture consisting of multiple liquids that are chemically immiscible. 

Conventionally, amphophilic surfactants are frequently used as the emulsifier to produce different 

emulsions. However, these conventional emulsions show an instability, mainly manifesting as 

coalescence, flocculation, creaming and sedimentation as time elapses. Considering this, solid 

particles with a nanometric or micrometric size begun to attract more scientific attentions and, the 

produced emulsion was noted to register much stronger stability, depending on the partial wetting 

of the employed solid particles. Amorphous silica nanoparticles, when they are predominantly 

hydrophobic, can be used to stabilize a water-in-air Pickering emulsion, often called ñdry waterò. 

More importantly, such a novel material usually registers a micrometric size after the physical re-

organization and in the meantime, retains the properties of stabilizer (Aveyard et al., 2003; Binks, 

2002; Binks and Murakami, 2006; Chevalier and Bolzinger, 2013). This offers a possible 

resolution to the witnessed ñtrade-offò between fresh and hardened properties when employing 

nanoparticles alone. Developed in 1964, such Pickering emulsions are more stable against 

coalescence and have found application in biomedicine, food processing, fire extinguishing, fine 

chemical synthesis and cosmetics (Yang et al., 2017; Wang et al., 2021). However, the application 

of Pickering emulsions in building engineering has not been seen, and the corresponding 

mechanisms underlying its potential enhancement upon rheology, geopolymerization and the 

ensuing reaction products are still not clear enough. Therefore, further systematic characterizations 

are required. Also, the comparison between this Pickering emulsion and conventional silica 
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nanoparticles needs to be conducted when added as a supplementary admixture to geopolymers. 

However, there so far exists no information in this regard. 

The present study describes the mechanisms underlying this interaction between dry water and the 

geopolymer system. The dry water, itself formed with the varying content of hydrophobic nano 

silica, was added to an aluminosilicate geopolymerized system. Further, the geopolymer systems, 

respectively reinforced by nano silica and the associated dry water, were compared in this Chapter. 

Besides a plain reference mixture without any nanoparticle, two others were also prepared, one 

with hydrophilic silica nanoparticles, and the other with hydrophobic silica nanoparticles. These 

systems were examined under a suite of rheological, thermal, physical, chemical and 

morphological analyses. The findings were matched with results from macro-scale tests that 

measured the strength, flowability and setting time. Accordingly, a schematic model is proposed 

here to convey how dry water powders enhance the geopolymerization involved in the 

aluminosilicate geopolymer. 

4.2. Materials and methods 

4.2.1. Materials 

A commercially sourced metakaolin was employed as the aluminosilicate precursor. Its chemical 

composition as determined through X-ray Fluorescence (XRF) has been presented in Table 3.1 in 

the previous Chapter 3. As seen therein, the corresponding SiO2 and Al2O3 contents together 

account for about 97% of the total and have a SiO2/Al 2O3 molar ratio equal to 2.1 approximately. 

The alkaline activator was a sodium silicate solution with a mass fraction of WNa2O+ SiO2 å 40%, 

blended with sodium hydroxide pellets (NaOH, 99% purity). Hydrophobic silica nanoparticles are 

a hexamethyldisilazane treated version of hydrophilic nanoparticles and contain methylated silicon 
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surface groups. The physicochemical characteristics of fumed silica nanoparticles are listed in 

Table 4.1. 

Table 4.1 Physicochemical properties of fumed silica nanoparticles. 

Properties and test method 

 

Unit Hydrophobic Hydrophilic 

Average particle diameter nm 7 7 

Specific surface area (BET) m2/g 195-245 270-330 

Contact angle against water o 118 14 

pH value (in 4% dispersion) - 5.5-9.0 3.7-4.5 

Loss on drying (2 hours at 105 °C) % Ò 0.5 Ò 1.5 

C content (as methyl groups) % 3.0-4.0 - 

SiO2 content (based on ignited) 

material) 

% Ó 99.8 Ó 99.8 

 

4.2.2. Preparation of dry water 

As introduced earlier, dry water is an air-water Pickering emulsion, stabilized by nano particles of 

hydrophobic silica. The procedure employed in producing dry water in this study is schematically 

shown in Figure 4.1. Nanoparticles of hydrophobic fumed silica were mixed with water in a 

blender that had a stirring rate approximately ranging from 1,000 to 30,000 rpm. It must be noted 

here that whereas hydrophobic silica produces the desired dry water, hydrophilic nano silica 

resulted in a foam and was deemed unsuitable for this study. Note that the blender was stirred at 

close to the upper limit of 30,000 rpm in producing the dry water for the present study. Aside from 

the hydrophobicity of the encapsulating particles, the water-to-solid ratio also plays an important 

part when stabilizing such water-in-air Pickering emulsions: the more the amount of nano silica 

particles, the drier the resulting powder. 
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Figure 4.1 Schematic showing the mechanism of dry water formation. 

Typically, a maximum of about 96% deionized water can be encapsulated by 4% of such highly 

hydrophobic particles of nano silica. Note that the encapsulated water is gradually released into 

the alkali-activated mixture, so that it should be deducted from the batched amount in the design 

mix. Based on prior studies, it is suggested that a secondary source of silica in the form of the 

nanoparticles when added between 1%~2%, improves mechanical performance (Gao et al., 2014). 

Taking this into account, three dry water compositions were prepared such that the solid-to-dry 

water ratio ranged from 10% to 20%. Prior reports note that the mixing time required to produce 

a fully encapsulated dry water sample in a standard blender range from a minimum of 10 seconds 

up to a maximum of 5 minutes (Forny et al., 2009). Complete encapsulation is confirmed by a 

visual examination of the dry water produced here. When there was insufficient encapsulation, the 

individual water droplets were distinctly seen inside the blender. Through trial-and-error, a 

blending time of 1~2 minutes was chosen in this study. The hydrophobic nano silica and the 

resulting dry water are shown in Figure 4.2. 
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Figure 4.2 Fumed silica powder, distilled water and dry water powder. 

Fourier transform infrared spectroscopy (FTIR) was applied to confirm the successful 

encapsulation of water droplets by the hydrophobic silica nanoparticles. As well, this technique 

identifies the nature of the various bonds resulting in the dry water powders. It is seen from Figure 

4.3 that the peak at 1080 cm-1 and the relatively weak peaks at 459 cm-1 and 811 cm-1 were detected 

upon the hydrophobic fumed silica. They are essentially attributed to the asymmetric stretching 

and bending bands of Si-O-Si. As for the dry water samples, apart from the above peaks, two fresh 

peaks occurring at 1636.92 cm-1 and 3380.48 cm-1 were observed, which respectively reflect the 

bending vibration of H-O-H and the stretching vibration of -O-H or H-O-H. In addition, the dry 

water samples were observed under optical microscopy, as shown in Figure 4.4. Note that, this 

silica-stabilized water-in-air Pickering emulsion registers irregular shapes in a micro-scale size 

ranging from 10 to 100 ɛm. Such was reported by prior studies as well (Forny et al., 2009). The 

non-spherical shape of dry water is attributed mainly to the mechanical entanglement between the 

branched silica nanoparticles promoted by high shearing forces (Forny et al., 2009, Golkhou & 
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Haghtalab, 2019). The angle of repose was measured to confirm the physical state of the resultant 

dry water, as presented in Figure 4.5. It is worth pointing out that wet sand has a lower angle of 

repose than does dry sand (Glover, 1995). In the present instance however, the dry water has an 

angle of repose of 34.77°, which is higher than that for the original hydrophobic nanoparticles of 

fumed silica (26.36°). This may be attributed to the transformation in the mean particle size, going 

from the nano-scale in the latter to the micro-scale of the newly formed particles of the Pickering 

emulsion.  

 

Figure 4.3 FTIR of the hydrophobic fumed silica and resulting dry water. 
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Figure 4.4 The particles of dry water observed under optical microscopy. 

 

Figure 4.5 Angle of repose for (a) hydrophobic fumed silica and (b) dry water. 




















































































































































































































































































































































