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Summary

Alkali-activated fly ash (AAFA) is being increasingly acknowledged as an eco-friendly binder
free of Portland cement, valued for its low carbon footprint and promising engineering
properties. However, the application of AAFA has been limited due to its unstable and
uncontrollable engineering properties, which are closely tied to its microstructure. The
microstructure of AAFA can be affected by several factors, including the intrinsic properties
of fly ash, the types of alkaline activators, the mixture and curing regime. These factors can
lead to various reactions, resulting in diverse microstructures, and thus a wide range of
engineering properties. A deep understanding of the relationship between these influencing
factors and the resulting microstructure is essential to bridge the gap between the mixtures
and their corresponding engineering properties. Although the effects of these factors on the
microstructure of AAFA have been extensively investigated experimentally, there is currently
no numerical model capable of simulating the chemical reactions and microstructural
development of AAFA. As a result, the reactions and microstructure, and thus the
engineering properties of AAFA, remain unpredictable for a given mixture. Simulating the
reactions and microstructural development would enable the customization of mix designs
to achieve desired engineering properties, thereby promoting the application of AAFA.
Therefore, the aim of this research is to simulate the reaction process and development of
the microstructure of AAFA.

Thermodynamic modeling is a robust approach to simulate chemical reactions. However, the
main challenge in thermodynamic modeling of AAFA lies in the lack of a thermodynamic
database of its primary reaction product, N-(C-)A-S-H gel, which varies in Si/Al and Ca/Al
ratios. Developing such a database requires accurate determination of the chemical
compositions of N-(C-)A-S-H gels, which is difficult to achieve with conventional
experimental techniques. Therefore, this research addresses this challenge by utilizing
molecular dynamics simulations to determine the chemical compositions of N-(C-)A-S-H gels.
By simulating the polymerization process that mimics actual reactions, the atomic structures
of N-(C-)A-S-H gels with various Si/Al and Ca/Al ratios were constructed. According to the
simulation results, it is proposed that N-(C-)A-S-H gels with a Si/Al ratio of 1-3 and a Ca/Al
ratio of 0-0.5 can represent the chemical compositions of N-(C-)A-S-H gel in a mature AAFA
paste.

After determining chemical compositions, synthesis of pure N-(C-)A-S-H gels is the second
step to determine their thermodynamic data. However, synthesizing N-(C-)A-S-H gel with a
Si/Al>2 at a high pH (corresponding to the alkalinity range of pore solutions in AAFA paste),
posed a double challenge. To address this issue, using a concentrated solution with an initial
Si/Al ratio higher than the target is the key. Following this approach, N-(C-)A-S-H gels with a
Si/Al ratio of 1-3 and a Ca/Al ratio of 0-0.5 were synthesized successfully and characterized
by using XRF, XRD, FTIR, and TGA techniques. Subsequently, the solubility of the synthesized
N-(C-)A-S-H gels was measured through a dissolution test. A thermodynamic database of N-
(C-)A-S-H gels with various Si/Al and Ca/Al ratios was established for the first time,
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encompassing not only the solubility, but also the Gibbs free energy, heat capacity, entropy,
enthalpy, and molar volume. This established thermodynamic database is the key to
performing thermodynamic modeling to simulate the reactions of AAFA.

Coupled with the reaction kinetics determined by isothermal calorimetry and SEM-EDS
analysis, the thermodynamic modeling of AAFA was performed for the first time to
investigate the formation of reaction products and the phase assemblage of AAFA over time
in GEMS software. The sodium hydroxide-activated system showed a close consistency
between the modeling and experimental data regarding phase assemblage and pore solution
chemistry, while for the sodium silicate-activated system, the simulated ion concentrations
in the pore solution showed discrepancies compared to the experimental results. This
discrepancy may be attributed to the high ionic strength in the sodium silicate-activated
system, limitations in thermodynamic data of N-(C-)A-S-H gel and thermodynamic modeling
approach itself.

To simulate the microstructure of AAFA, GeoMicro3D model, originally designed for alkali-
activated slag, was extended to adapt to AAFA. To achieve this, first, the dissolution of fly
ash in an alkaline solution was investigated experimentally, from which prediction functions
were developed to describe the dissolution rate of Si and Al, accounting for the intrinsic
characteristics of fly ash, solution pH, and temperature. The developed functions can
accurately predict the dissolution behavior of fly ash, aligning well with the experimental
results. Then, the GeoMicro3D model was extended by equipping with the thermodynamic
database of N-(C-)A-S-H gels and the prediction functions for the dissolution of fly ash.
GeoMicro3D was employed to simulate the reaction process and the 3D microstructural
development over time of the sodium hydroxide-activated fly ash paste. The distribution of
various phases in a 3D microstructure of AAFA can be captured and visualized over time. The
simulated degree of reaction of fly ash and the porosity of AAFA were in good agreement
with the corresponding experimental data. Furthermore, GeoMicro3D can well simulate the
pore solution chemistry over time, consistent with the experimental results.

To sum up, the reaction and microstructure evolution of AAFA were investigated using
multiple simulation techniques in this work. The extended GeoMicro3D model developed in
this research paves the way for simulating the microstructure and the pore solution
chemistry for any given AAFA mixture. This advancement contributes to a deeper
understanding of the relationship between the AAFA mixture and the resulting
microstructure. Furthermore, the mechanical properties, transport properties and durability
of AAFA can be further evaluated based on the simulated microstructure constructed by
using the extended GeoMicro3D. This model enables industries to effectively manage fly
ashes of varying qualities and customize AAFA to meet specific engineering requirements.
This not only improves the utilization of fly ash but also promotes the sustainability of
construction practices.
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Samenvatting

Alkali-geactiveerde vliegas (AAFA) wordt steeds meer erkend als een milieuvriendelijke
binder zonder Portlandcement, gewaardeerd om zijn lage ecologische voetafdruk en
veelbelovende technische eigenschappen. De toepassing van AAFA is echter beperkt
vanwege zijn onstabiele en onvoorspelbare technische eigenschappen, die nauw verbonden
zijn met zijn microstructuur. De microstructuur van AAFA kan worden beinvioed door
verschillende factoren, waaronder de intrinsieke eigenschappen van vliegas, de soorten
alkalische activatoren, het mengsel en het uithardingsregime. Deze factoren kunnen leiden
tot verschillende reacties, resulterend in diverse microstructuren en daarmee een breed
scala aan technische eigenschappen. Een diepgaand begrip van de relatie tussen deze
invloedsfactoren en de resulterende microstructuur is essentieel om de kloof tussen de
mengsels en hun bijbehorende technische eigenschappen te overbruggen. Hoewel de
effecten van deze factoren op de microstructuur van AAFA uitgebreid experimenteel zijn
onderzocht, is er momenteel geen numeriek model beschikbaar dat in staat is de chemische
reacties en de microstructurele ontwikkeling van AAFA te simuleren. Hierdoor blijven de
reacties en microstructuur, en dus de technische eigenschappen van AAFA, onvoorspelbaar
voor een gegeven mengsel. Het simuleren van de reacties en de ontwikkeling van de
microstructuur zou de maatwerkontwerpen van mengsels mogelijk maken om gewenste
technische eigenschappen te bereiken, waardoor de toepassing van AAFA wordt bevorderd.
Daarom is het doel van dit onderzoek om het reactieproces en de ontwikkeling van de
microstructuur van AAFA te simuleren.

Thermodynamische modellering is een robuuste benadering voor het simuleren van
chemische reacties. De grootste uitdaging bij de thermodynamische modellering van AAFA is
echter het ontbreken van een thermodynamische database van het primaire reactieproduct,
N-(C-)A-S-H-gel, dat varieert in Si/Al- en Ca/Al-verhoudingen. Het ontwikkelen van een
dergelijke database vereist een nauwkeurige bepaling van de chemische samenstellingen
van N-(C-)A-S-H-gels, wat moeilijk te bereiken is met conventionele experimentele
technieken. Daarom pakt dit onderzoek deze uitdaging aan door gebruik te maken van
moleculaire dynamicasimulaties om de chemische samenstellingen van N-(C-)A-S-H-gels te
bepalen. Door het polymerisatieproces dat werkelijke reacties nabootst te simuleren,
werden de atomaire structuren van N-(C-)A-S-H-gels met verschillende Si/Al- en Ca/Al-
verhoudingen geconstrueerd. Volgens de simulatie-resultaten wordt voorgesteld dat N-(C-
)JA-S-H-gels met een Si/Al-verhouding van 1-3 en een Ca/Al-verhouding van 0-0.5 de
chemische samenstellingen van N-(C-)A-S-H-gel in een volwassen AAFA-pasta kunnen
vertegenwoordigen.

Na het bepalen van de chemische samenstellingen is de synthese van zuivere N-(C-)A-S-H-
gels de tweede stap om hun thermodynamische gegevens te bepalen. Echter, het
synthetiseren van N-(C-)A-S-H gel met een Si/Al verhouding > 2 bij een hoge pH
(overeenkomend met het alkaliniteitsbereik van de porieoplossingen in AAFA-pasta),
vormde een dubbele uitdaging. Om dit probleem aan te pakken, is het gebruik van een
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geconcentreerde oplossing met een initiéle Si/Al verhouding hoger dan het doel essentieel.
Door deze aanpak werden N-(C-)A-S-H gels succesvol gesynthetiseerd met een Si/Al
verhouding van 1-3 en een Ca/Al verhouding van 0-0,5, en gekarakteriseerd met behulp van
XRF, XRD, FTIR en TGA technieken. Vervolgens werd de oplosbaarheid van de
gesynthetiseerde N-(C-)A-S-H gels gemeten door middel van een oplostest. Voor het eerst
werd een uitgebreide thermodynamische database van N-(C-)A-S-H gels met verschillende
Si/Al en Ca/Al verhoudingen opgesteld, waarbij niet alleen de oplosbaarheid maar ook de
Gibbs vrije energie, warmtecapaciteit, entropie, enthalpie en molaire volume werden
meegenomen. Deze vastgestelde thermodynamische database vormt de sleutel tot het
uitvoeren van thermodynamische modellering om de reacties van AAFA te simuleren.

In combinatie met de reactiekinetiek bepaald door isothermische calorimetrie en SEM-EDS
analyse, werd voor het eerst thermodynamische modellering van AAFA uitgevoerd om de
vorming van reactieproducten en de fase-assemblage van AAFA in de loop van de tijd te
onderzoeken in GEMS-software. Het natriumhydroxide-geactiveerde systeem vertoonde een
nauwe consistentie tussen de modellering en experimentele gegevens met betrekking tot
fase-assemblage en chemie van de porieoplossing, terwijl voor het natriumsilicaat-
geactiveerde systeem de gesimuleerde ion concentraties in de porieoplossing afwijkingen
vertoonden ten opzichte van de experimentele resultaten. Deze afwijking kan worden
toegeschreven aan de hoge ionsterkte in het natriumsilicaat-geactiveerde systeem, de
beperkingen in de thermodynamische gegevens van N-(C-)A-S-H gel en de
thermodynamische modelleringsbenadering zelf.

Om de microstructuur van AAFA te simuleren, werd het GeoMicro3D-model, oorspronkelijk
ontworpen voor alkali-geactiveerde slak, uitgebreid om aan te passen aan AAFA. Om dit te
bereiken, werd eerst het oplossen van vliegas in een alkalische oplossing experimenteel
onderzocht, waaruit voorspellingsfuncties werden ontwikkeld om de oplosbaarheidssnelheid
van Si en Al te beschrijven, rekening houdend met de intrinsieke kenmerken van vliegas,
oplossing pH en temperatuur. De ontwikkelde functies kunnen nauwkeurig het oplosgedrag
van vliegas voorspellen, wat goed aansluit bij de experimentele resultaten. Vervolgens werd
het GeoMicro3D-model uitgebreid door het uit te rusten met de thermodynamische
database van N-(C-)A-S-H gels en de voorspellingsfuncties voor de oplossing van vliegas.
GeoMicro3D werd gebruikt om het reactieproces en de driedimensionale microstructurele
ontwikkeling in de tijd van het natriumhydroxide-geactiveerde vliegas-pasta te simuleren. De
verdeling van verschillende fasen in een driedimensionale microstructuur van AAFA kan in
de loop van de tijd worden vastgelegd en gevisualiseerd. De gesimuleerde reactiegraad van
vliegas en de porositeit van AAFA waren in goede overeenstemming met de bijbehorende
experimentele gegevens. Bovendien kan GeoMicro3D goed de chemie van de porieoplossing
in de loop van de tijd simuleren, consistent met de experimentele resultaten.

In deze studie werd de reactie en microstructuur evolutie van AAFA onderzocht met behulp
van meerdere simulatietechnieken. Het uitgebreide GeoMicro3D-model dat in dit onderzoek
is ontwikkeld, opent de weg naar het simuleren van de microstructuur en de chemie van de
porieoplossing voor elke gegeven AAFA-mix. Deze vooruitgang draagt bij aan een dieper
inzicht in de relatie tussen de AAFA-mix en de resulterende microstructuur. Bovendien
kunnen de mechanische eigenschappen, transporteigenschappen en duurzaamheid van
AAFA verder worden geévalueerd op basis van de gesimuleerde microstructuur die is
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geconstrueerd met GeoMicro3D. Daarnaast stelt dit model industrieén in staat om
vliegassen van uiteenlopende kwaliteiten effectief te beheren en AAFA aan te passen aan
specifieke technische eisen. Dit verbetert niet alleen het gebruik van vliegas, maar bevordert
ook de duurzaamheid van bouwpraktijken.
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Chapter 1

General Introduction

1.1 Research background

Alkali activation technology has been developed globally for its potential to transform
industrial by-products or waste streams into low-cost, low-carbon footprint, and/or high-
value products [1]. This technology involves the use of solid aluminosilicate precursors and
alkaline activators to produce alkali-activated materials (AAMs) that can serve as alternative
binders in construction materials, aside from Portland cement (PC). Among the various
precursors utilized in AAMs, coal fly ash (hereafter referred to as fly ash) stands out as a
widely employed option, owing to its abundance as a by-product of coal-fired power plants.
Despite facing competition from other renewable energy resources, coal-fired power
generation remains a mainstream method of electricity production, leading to the
substantial generation of fly ash. The annual global production of fly ash has surpassed 700
million tons since 2010 as shown in Figure 1.1, while the global utilization of fly ash is only
around 25 % of the total production [2]. The main application of fly ash is as a
supplementary cementitious material to replace PC. However, to enhance the utilization of
fly ash, research on its use in the production of alkali-activated fly ash (AAFA) has
experienced a notable surge in popularity in recent years.
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Figure 1.1 Trends in global coal consumption and coal fly ash generation from 1981 to 2021.
Data from [2].
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AAFA, also known as fly ash-based geopolymer, has become as a prominent alternative to PC
after the first report in the 1990s [3,4]. As a cement-free binder, AAFA has much lower
embodied energy and CO; emission compared with PC [5]. Moreover, given proper mixture
design and curing regime, AAFA can even exhibit better engineering properties than PC, e.g.
higher mechanical strength [6,7], higher resistance to chemical attacks [8,9], lower shrinkage
[10] and better thermal resistance [11,12].

The reaction of fly ash and alkaline activator involves the dissolution of fly ash, gelation,
reorganization, polymerization and ends up with a hardened matrix [13]. The microstructure
within the AAFA hardened matrix contains four main phases: solid reaction products,
unreacted fly ash particles, pore solution, and pores. The main reaction product of AAFA is
generally believed to be a sodium aluminosilicate hydrate (N-A-S-H) gel [14,15]. As fly ash
contains a certain amount of Ca, Ca could be incorporated into N-A-S-H gel to form sodium
calcium aluminosilicate hydrate (N-C-A-S-H) gel [16]. Note that it is different from another
term C-(N-)A-S-H gel, the main reaction product in alkali-activated slag (AAS). C-(N-)A-S-H gel
refers to that a few Na could be incorporated into the basic structure C-A-S-H gel. In this
research, the term N-(C-)A-S-H! gel is used to describe the main reaction product of AAFA,
representing N-A-S-H gel and/or N-C-A-S-H gel.

The microstructure of AAFA can exhibit significant variability since the reaction between fly
ash and alkaline activator is controlled by numerous factors, each of which can vary greatly.
First of all, fly ash from different sources across the world shows large variations in terms of
chemical composition, reactivity and fineness [17,18]. These could affect not only the
dissolution rate of fly ash, but also the amount and type of dissolved species. Second, the
types of alkaline activators include sodium/potassium hydroxide, silicate, carbonate, and
sulfate. These alkaline activators exhibit variations in pH level and ion types, which can
influence not only the dissolution kinetics of fly ash [19,20] but also the types of reaction
products [21]. In addition, the mixture of AAFA, e.g. alkaline solution-to-binder ratio, is
another influential factor. A higher alkaline solution-to-binder ratio contributed to more
reaction products as it provides more hydroxyl ions in contact with fly ash [14]. Last, the
curing regime, like temperature and time, also plays an important role in reaction kinetics,
types and amount of reaction product [6,22]. With increasing time and thus reaction degree,
more and more solid reaction products are formed, leading to the changes in pore solution
and pore structure [23,24]. Any changes in these factors can affect the overall reaction,
including the dissolution of fly ash and the formation of reaction products. This subsequently
affects the microstructure of AAFA, resulting in variations in its engineering properties, e.g.
mechanical properties [25,26], volume stability [27] and durability [28]. As a result, the
application of AAFA is hindered by its various and unpredictable engineering properties.
Prediction of the reaction of AAFA with consideration of the above factors, therefore, is an
essential step toward a better understanding of the properties of AAFA.

Thermodynamic modeling provides an opportunity to describe the reaction process and
guantitatively predict the reaction products. Recently, the application of thermodynamic

1 N-(C-)A-S-H refers to NaO-(Ca0-)Al,03-Si0,-H,0, of which hyphens indicate nonstoichiometric compounds and
round brackets stand for possible substituted element.
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modeling to cement hydration and AAS reaction has underscored its robustness in
unraveling chemical processes and elucidating the effect of different factors on the reaction
products and pore solution [29-31]. However, thermodynamic modeling of AAFA materials
has rarely been performed. The main reason lies in the scarcity of a thermodynamic
database of N-(C-)A-S-H gel. A thermodynamic database mainly contains solubility product,
heat capacity, enthalpy, entropy and Gibbs free energy of substances and phases [32]. The
challenge in developing this database lies in determining the chemical compositions of N-(C-
)JA-S-H gel, especially the Si/Al ratio, which is the main variable in N-(C-)A-S-H gel. However,
determination of the Si/Al ratio of N-(C-)A-S-H gel in AAFA paste is challenging through
experiments due to potential interference from the Si species in the pore solution. These
species cannot be separated when measuring the chemical composition of N-(C-)A-S-H gel
through experimental techniques, leading to an inaccurate Si/Al ratio determination.
Currently, the only existing thermodynamic database of N-(C-)A-S-H gel proposed by Zuo [33]
is largely based on the assumption regarding the chemical composition of N-(C-)A-S-H gel,
including a fixed Ca/Al ratio of 0.45 and a Si/Al ratio ranging from 1 to 4. Furthermore, the
thermodynamic properties of these N-(C-)A-S-H gels were derived from fitting outcomes
rather than experimental measurements, leaving the precision of this database uncertain.
Although a few research has measured the solubility product of N-A-S-H gel with a Si/Al ratio
of 1 and 2 by solubility test [34—36], the solubility products of N-A-S-H gel with a higher Si/Al
ratio (>2) and Ca-containing N-C-A-S-H gel remain unexplored.

The microstructure of AAFA can be further simulated over time based on the prediction of
the AAFA reaction. While computer-based simulation models have been proposed to
simulate the microstructure of PC-based materials [37-39] and AAS [33], analogous models
for AAFA are absent. The GeoMicro3D model [40], abbreviated for Geopolymer
Microstructure three Dimensions model, has been established by Zuo to describe the
microstructure development of AAS systems. GeoMicro3D consists of several simulation
modules, with which it can simulate the initial 3D particle packing structure, dissolution of
the precursor(s), transportation of ions, nucleation of reaction products and thermodynamic
modeling of chemical reactions. However, given the undetermined dissolution kinetics of fly
ash and the incapability of thermodynamic modeling of AAFA, GeoMicro3D currently lacks
the capability to simulate the microstructure of AAFA.

In summary, predicting the reaction and microstructure of the AAFA is crucial for tailoring
mixture designs to achieve diverse performance goals. However, there are no models
capable of simulating the reaction and microstructure of the AAFA. In this research, a
numerical model will be extended to simulate the chemical reaction process and the
microstructure development of AAFA based on the investigation of the chemical
compositions of N-(C-)A-S-H gel and thermodynamics modeling of the reaction of AAFA.

1.2 Research aim and objectives

The aim of this research is to simulate the reaction process and development of the
microstructure of AAFA paste. To achieve this research aim, the following objectives are set:
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e To determine possible ranges of the chemical compositions of the main reaction product,
i.e. N-(C-)A-S-H gels.

e To model the evolution of phase assemblage of AAFA quantitatively by establishing a
thermodynamic database of N-(C-)A-S-H gels.

e To develop a function to describe the dissolution of fly ash.

e To extend the existing GeoMicro3D model for AAFA.

1.3 Research strategy

According to the aim and objectives of this research, a step-by-step plan is formulated as
follows:

First, in light of the limitations associated with determining chemical compositions of N-(C-
JA-S-H gels through experimental methods, molecular dynamics simulation was conducted
to identify the possible range of chemical compositions of N-(C-)A-S-H gels in terms of Si/Al
and Ca/Al ratio. Based on the chemical formulas determined above, N-(C-)A-S-H gels were
synthesized using the sol-gel method, and subsequently subjected to a solubility test to
measure the concentrations of dissolving ions and calculate the corresponding solubility
products. On the basis of solubility products, the thermodynamic properties of N-(C-)A-S-H
gels are calculated to supplement the thermodynamic database. Once the thermodynamic
database for N-(C-)A-S-H gels was established, the phase assemblages of AAFA were
modeled over time using a thermodynamic tool, GEMS [41]. Additionally, the dissolution of
fly ash was conducted under different pH values and temperatures to establish a function for
its dissolution rate. Equipped with the dissolution kinetic of fly ash and thermodynamic
modeling of AAFA, GeoMicro3D was extended to simulate the three-dimensional
microstructural development of AAFA paste. Meanwhile, both thermodynamic modeling and
numerical simulation results on reaction kinetics, reaction products, pore solution
composition and microstructure are validated via experiments.

1.4 Research scope

In this research, AAFA was studied through simulation and experimental methods with the
following specifications:

e AAFA in the paste level was studied.

e Low calcium fly ash (Class F according to ASTM C618) was studied.

e Two common alkaline activators, i.e. sodium hydroxide and sodium silicate, were used.

e To study the reaction and microstructure of AAFA, the following typical mixtures were
selected: a water/fly ash mass ratio of 0.35, Na,O content of 9.3 % with respect to fly ash
to accelerate the dissolution of fly ash, and a molar modulus of sodium silicate of 0 or 1
to represent sodium hydroxide and sodium silicate activated systems, respectively.

e Curing was in sealed condition at 40 °C or 60 °C up to 28 days in order to study the
microstructural development of AAFA. Elevated temperature curing can ensure a
hardened matrix at an early age.
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1.5 Outline of this research

The structure of this thesis is shown in Figure 1.2. The main content of each chapter is
summarized as follows:

Chapter 1 outlines a general introduction, aim, strategy, and scope of this research.

Chapter 2 reviews the reaction mechanism, reaction products and microstructure of AAFA.
Different types of models relating to the reaction products and reaction process of AAFA are
described. The research gaps based on the literature survey are proposed.

Chapter 3 investigates the nano-nature of N-(C-)A-S-H gels by molecular dynamics
simulation. The chemical composition of N-(C-)A-S-H gels is determined and used to guide
the synthesis of N-(C-)A-S-H gels in Chapter 4. The structural characteristics of modeled N-(C-
)JA-S-H gels are also used to validate the synthesized N-(C-)A-S-H gels in Chapter 4.

Chapter 4 establishes a modified synthesis procedure for N-(C-)A-S-H gels with different Si/Al
ratios and Ca/Al ratios by studying the effect of different reaction parameters on the
obtained N-(C-)A-S-H gels. The chemical composition of N-(C-)A-S-H gel is measured by using
X-ray fluorescence analysis (XRF) and thermogravimetric analysis (TGA). The structural
information of N-(C-)A-S-H gel is gained from X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR).

Chapter 5 determines the solubility product of N-(C-)A-S-H gels obtained in Chapter 4
through solubility measurement. In addition, a thermodynamic database is developed for N-
(C-)A-S-H gels. This database includes various thermodynamic data of N-(C-)A-S-H gels, such
as their heat capacity, enthalpy, entropy, Gibbs free energy and molar volume, along with
their solubility product.

Chapter 6 models the phase evolution of AAFA over time using the thermodynamic database
developed in Chapter 5. Experimental analysis is conducted on solid phases and aqueous
phases of AAFA paste to validate the accuracy of thermodynamic modeling.

Chapter 7 investigates the dissolution rate of fly ash in alkaline solutions at different
temperatures. Coupled with thermodynamic modeling in Chapter 6, the GeoMicro3D is
extended to model the spatial distribution of unreacted fly ash and reaction products.
Experimental results including reaction degree, pore solution compositions and porosity are
presented to validate the simulation results obtained from the extended GeoMicro3D.

Chapter 8 gives the conclusions of this research. Some remarks and recommendations for
future studies are presented.
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Chapter 2

Literature Review

2.1 Introduction

This chapter provides a brief overview of fundamental chemical and structural
characteristics of alkali-activated fly ash (AAFA). First, a general introduction of AAFA is
given. Then, experimental studies of AAFA concerning its reaction mechanism, reaction
products, pore solution and microstructure are reviewed. Following that, simulation studies
of AAFA including molecular dynamics (MD) simulation of the reaction product of AAFA,
thermodynamic modeling of AAFA reaction, and a numerical model (GeoMicro3D) for
microstructure simulation are reviewed. Based on the literature survey, the research gaps of
this research are outlined in the end.

2.2 General introduction of AAFA

Alkali-activated materials (AAMs) can be classified into high-calcium system and low-calcium
system according to the calcium content of the precursor [1]. Alkali-activated slag (AAS) is a
prevalent high-calcium AAM, with its main reaction product being chain-based calcium
sodium aluminosilicate hydrate (C-(N-)A-S-H) gel. AAFA represents a typical member of low-
calcium AAM, where the main reaction product is the network-based N-A-S-H gel. The
research on AAFA can be traced back to the early 1990s, when AAFA concrete with high
engineering properties was proposed, but under the terminology of ‘mineral polymer’
[1,42]. Other terms like ‘geopolymer’ [3,43], ‘inorganic polymer’ [44,45] have also been used
to describe low-calcium AAM. Praised for its excellent properties such as chemical- and
thermal-resistance, AAFA has been designed for a variety of applications including
stabilization of toxic and radioactive wastes [46], fire-resistant coating [47], furnace lining
[48], and railway sleeper [49].

Fly ash, as the main component of AAFA, can vary significantly from source to source, or
over time from the same source [50]. To help standardize the use of fly ash in construction
materials, ASTM C618-12a [51] classifies coal fly ash into two categories: Class F and Class C.
Class F fly ash has more than 70 wt.% SiO,+Al,03+Fe;0s3, while Class C fly ash contains 50-70
wt.% SiO,+Al,03+Fe;0s. Class C fly ash typically has higher CaO content than Class F fly ash,
although the criterion of 10 % CaO used to distinguish these two classes has been eliminated
in ASTM C618-12a since 2012 [51]. While AAFA can be made from both Class F fly ash and
Class C fly ash, research has primarily focused on Class F fly ash, since Class C fly ash-based
AAM is very likely to encounter issues related to setting rates and rheology [52,53]. Without
specific claim, AAFA usually refers to that using Class F fly ash, which is also adopted in this
research.
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In the realm of AAFA's constituents, alkaline activators encompass sodium/potassium
hydroxide, silicate, sulfate, and carbonate. Among them, sodium hydroxide and silicate stand
out as favorable choices for activators, excelling in both performance and economic aspects
in the activation of fly ash [1,18].

2.3 Experimental studies of AAFA
2.3.1 Reaction mechanism of AAFA
2.3.1.1 Dissolution of fly ash

Fly ash mainly consists of glassy aluminosilicates and crystalline phases [54]. When
encountering an alkaline solution, glassy aluminosilicates can dissolve while most crystalline
phases like quartz, mullite and magnetite remain unreacted, as shown in Figure 2.1 [55]. The
aluminosilicate glass is a network formed by Si and Al tetrahedra with alkali or alkali-earth
metals (e.g. Na or Ca) as network modifiers [54]. The dissolution of glassy aluminosilicates
starts with the release of the network modifiers via ion exchanges. After that the network is
broken down gradually through hydrolysis of Al-O and Si-O bonds, thereby releasing Al and
Si species to the solution [56]. Hydrolysis is preferred at the Al-O site in the beginning since
a higher energy is needed to break a Si-O bond compared to an Al-O bond [57,58]. With the
liberation of Al, the fully tetrahedrally coordinated Si in the network turns partially detached
and becomes reactive [57]. As a result, the dissolution rate of Si starts to increase and
gradually becomes congruent with that of Al, corresponding to a stoichiometric stage
[57,59]. However, Newlands et al. dissolved synthetic fly ash in a NaOH solution and
reported a lower dissolution rate of Al compared to Si during the whole dissolution test [60].

Before dissolt_;tion After dissolution

Aluminosilicate particle

8M NaOH
magnetite :

magnetite

8M NaOH 8M NaOH

Figure 2.1 Schematic images of the dissolution behavior of different fly ash particles.
Redrawn from [55].
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The dissolution rate of fly ash is affected by several factors, e.g. reactivity of fly ash [59,61],
surface area of fly ash [62], pH of the solution [55,63] and temperature [55,63]. There are
mainly two models to describe the dissolution reaction of glass (not only limited to fly ash).
The first one is based on diffusion through a reaction layer [64]. For instance, Chen et al. [63]
reported that the dissolution of fly ash in a KOH solution can be divided into three stages
and described by the following modified Jander equation with different reaction grades (N):

1 1
In[1-(1-a)3] = NanN + Nlnt (2.1)

where « is the reaction degree, K) is a constant and t is the reaction time.

The first stage corresponds to a < 0.1 and N = 1, where the process is dominated by the
dissolution of fly ash. The second stage refers to 0.1 < a@ < 0.45 and N = 2, where the process
is controlled by the diffusion through a thin layer of reaction products. In the last stage (a >
0.45 and N > 2), more reaction products are formed and diffusion continues to control the
reaction. However, such a model is empirical and not able to describe the effect of the
factors mentioned above [65].

The second model utilizes a chemical-affinity law based on the transition state theory [64—
66]. Equation 2.2 is commonly used to describe the dissolution rate of silicate glass at
different stages [67]:

r=r.(1—exp(— UIjTT)) (2.2)

where r and ;. refer to overall and forward dissolution rate, respectively, A* stands to the
chemical affinity, o is the ratio of the rate of dissolution of the activated complex relative to
the overall reaction rate, R represents the ideal gas constant and T designates the absolute
temperature.

The forward dissolution rate r, in the Equation 2.2, also known as maximum dissolution
rate, refers to the dissolution rate of glass at the far-from-equilibrium condition [67,68]. It is
commonly modeled by the Equation 2.3 [19,65,69]:

—E
Ty = ko10E"PHexp (R_Ta (2.3)

where k is the intrinsic rate constant, 17 is the pH power law coefficient, E, is the apparent
activation energy.

The effects of temperature and pH of the solution on the dissolution rate are considered in
Equation 2.3. Since 7, is normalized by the surface area, the effect of surface area of glass is
also taken into account. As for the effect of glass itself, Vienna et al. collected the forward
dissolution rate from 19 glasses, and found that the parameter k, in Equation 2.3 was
affected by the glass composition, indicating a correlation between k, and glass composition
[19].
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2.3.1.2 Gelation and polymerization

After the dissolution of fly ash, the concentration of various ionic species in the pore solution
increases rapidly until the solution is saturated or even oversaturated. The solid reaction
products start to precipitate and grow in the concentrated solution. Extensive research has
investigated the reaction process of AAFA and divided it into several stages: dissolution-
gelation-polymerization-growth (see Figure 2.2), although different terms were used [23,70-
72]. In the gelation stage, most studies reported that an Al-rich phase (Gel 1) was formed
first and transformed into a Si-rich phase (Gel 2) afterward [72—74]. In a high-silicate alkaline
solution, however, Rees et al. [75] claimed that Si-rich gel could be directly formed without
the formation of Al-rich gel. The connectivity of the gel network keeps increasing during
polymerization, leading to a three-dimensional gel structure on the atomic to a nanometric
scale. As a small water-to-binder ratio is usually utilized in AAFA paste, the hardened matrix
can form rapidly, leading to a limited time and space available for crystal growth. As a result,
most solid reaction products remain amorphous [23,71].

Chemical attack Dissolution N-A-S-H precipitation, Gel 1
®s A @0 D O H [SilAl =1], [a%4Al) and Q‘(3A|)]

Polymerization N-A-S-H precipitation, G:I 2
SilAl 2], [Q%3Al) and Q%241
®si A oan A [

Figure 2.2 Descriptive model for alkaline activation reaction [71].
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2.3.1.3 Reaction kinetics

The reaction kinetics of AAFA binders has been usually evaluated by using isothermal
calorimetry, which can produce a heat flow of the reaction over time. As can be seen in
Figure 2.3, an exothermic peak (peak 1) can be found immediately after the contact of fly ash
and activator, regardless of the mixing method [76—78]. This peak is assigned to the wetting
and dissolution of fly ash. Another exothermic peak (Peak Il) emerged after the initial peak in
the NaOH-activated system curing at elevated temperature [76,78,79]. The secondary peak,
also called acceleration peak, is related to polymerization and formation of reaction
products. The induction period between the first peak and second peak can be shortened
with the increase in temperature [76,78,79]. In contrast, such multiple-peak calorimetric
response was not found at room temperature, indicating the importance of elevated
temperature curing. For silicate-activated systems, only a single peak was observed even at
elevated temperatures [33,77]. This peak is labeled as a combination of the dissolution peak
and acceleration peak as dissolution and polymerization happened almost concurrently
[77,80].
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Figure 2.3 Heat flow of (a) sodium hydroxide-activated fly ash paste cured at different
temperatures [76] and (b) sodium silicate-activated fly ash paste cured at 50 °C, redrawn
from [77].
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2.3.2 Reaction products of AAFA
2.3.2.1 N-A-S-H gel

The main reaction product of AAFA is sodium/potassium aluminosilicate hydrate gel, which
is mostly abbreviated as N-A-S-H since Na is the most used alkali. N-A-S-H gel primarily
consists of Si tetrahedra and Al tetrahedra linked by bridging oxygen, with ionically bound
Na* to balance the negative Al tetrahedron, as shown in Figure 2.4. The structure of N-A-S-H
gel is generally described as a highly cross-linked, X-ray amorphous and pseudo-zeolitic
three-dimensional network [81]. Due to the complex structure, solid-state magic angle
spinning nuclear magnetic resonance (MAS NMR) turned out to be one of the most effective
techniques for analyzing N-A-S-H gel. According to NMR findings, it is usually believed that,
in N-A-S-H gel, Si is predominately present in Q*(mAl) environment, where m can range from
1 to 4 depending on the Si/Al ratio of the gel [82], while Al mainly exists as Q*(4Si) site, since
Al-O-Al bonding is not preferred thermodynamically [14,70,83]. However, new findings have
been reported recently by using improved testing methods or advanced devices. Combining
MAS NMR technique with selective dissolution method, Gao et al. found that the newly
formed Q* (removing those from unreacted fly ash) only accounted for 15.7 % - 35.4 % of the
reaction products [84]. Apart from Q* sites, Q3 to Q° were all detected in AAFA paste.
Although room temperature curing can explain the presence of poorly polymerized Q2 to Q°
sites, it can still indicate that Si tetrahedra in N-A-S-H gel do not primarily exist as Q*(mAl) as
stated in some literature [82,85]. In addition, Al is not always present in a tetrahedron. Six
coordinated Al was used to believe only from raw material [70], but it has been found
recently in N-A-S-H gel through high-resolution NMR spectra [86]. This type of Al plays the
role of charge-balancing for Al tetrahedron. Based on it, a new model for N-A-S-H gel was
proposed as shown in Figure 2.5.

o A3t l?- Sit*

Na* QL o) A OH-
O P
R J5%e

Figure 2.4 Schematic of N-A-S-H gel structure, redrawn from [87].
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Figure 2.5 Structural model for a segment of N-A-S-H gel [86].

The chemical composition of N-A-S-H gel can be expressed by the general formula of
Na*[(Si02)nAl0,]-WH20 [82]. It is generally believed that Na/Al ratio should be equal to 1 for
charge balancing [88]. In contrast, Si/Al ratio in N-A-S-H gel can vary widely, depending on
raw materials, mix and curing regime [21,84,85,89]. The study of the Si/Al ratio in N-A-S-H
gel is usually on the basis of AAFA paste through NMR technique or energy dispersive
spectroscopy (EDS). A mean Si/Al ratio of 2.7 was found in N-A-S-H gel of sodium silicate-
activated fly ash system, while reducing to 1.7 in the sodium hydroxide-activated
counterpart in [21]. Bakharev [90] also found a similar trend of Si/Al in these two systems:
Si/Al mainly in the range of 1.6-3 in the silicate-activated system while in the range of 1-2 in
the hydroxide-activated system. By contrast, Si/Al ratio of N-A-S-H gel was found at around
1.4 for a sodium silicate-activated fly ash curing at room temperature in [84], while it was up
to 2.5-4.6 for a sodium silicate-activated fly ash curing at high temperature in [91]. In the
work of Bhagath Singh [89], Si/Al ratio of N-A-S-H gel was found to fall within the range of 2
to 3.3 for sodium silicate-activated fly ash system curing from 1 day to 90 days at different
curing temperatures. Although there are some variations in Si/Al ratio of N-A-S-H gel in AAFA
paste in the above research, it can be found that, on average, Si/Al of N-A-S-H gel in a
silicate-activated system is higher than that in hydroxide-activated counterpart as silicate
activator provides extra Si species to form N-A-S-H gel. However, not all Si species of silicate
activator would form a solid product and some may interfere with the experimental
measurement of Si/Al. As a result, the Si/Al ratio of N-A-S-H gel in AAFA paste could be
overestimated. The ‘H’ in N-A-S-H gel refers to the chemically bound water. Only a few
works investigated the quantity of chemically bound water in N-A-S-H gel, it is commonly
believed that its amount is not as high as that in C-A-S-H gel [92,93].

2.3.2.2 N-C-A-S-H gel
N-A-S-H gel can interact with Ca to form calcium-substituted sodium aluminosilicate (N, C)-A-
S-H gel [94], although another two abbreviations, N-(C)-A-S-H and N-C-A-S-H, are more often

used. In literature, N-C-A-S-H gel is often found in AAFA systems blended with a small
amount of slag or cement [16,26,94,95]. The chemical compositions of N-A-S-H gel and N-C-
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A-S-H gel in AAFA system and alkali-activated slag and fly ash blended system, respectively,
are plotted in the Ca0-Si0O;-Al;03 ternary phase diagrams in Figure 2.6. It is clear to see that,
in addition to the data identified as N-C-A-S-H gel, the N-A-S-H gel in AAFA system also
contains a small amount of Ca, although less than that in N-C-A-S-H gel in alkali-activated
slag and fly ash blended system. This is because Class F fly ash also contains a small amount
of Ca, which is highly likely to be incorporated into N-A-S-H gel. As only a small number of Ca
ions replaces Na, N-C-A-S-H gel still maintains a 3D structure like N-A-S-H gel. Hence, N-(C-)A-
S-H gel hereafter is used to refer to N-A-S-H gel and/or N-C-A-S-H gel.

(@)

1.0 1.0 ' :
r r r r r r r r r 00 r r r r r r r r r 00
Ca0 0.00.10.20.30.40.50.60.70.8091.0  Al,0, Ca0 0.00.10.20.30.40.50.60.70.80.91.0 A0,

m28days 090days A180days

Figure 2.6 Ternary phase diagram of EDX data for (a) alkali-activated slag and fly ash binder
with 25 wt.% slag and 75 wt.% fly ash (b) alkali-activated fly ash binder. Data included in the
dashed circles correspond to an N-A-S-H gel, and the dashed solid circle to an N-C-A-S-H gel.
Redrawn from [16].

Table 2.1 Secondary reaction products in AAFA paste.

Sodium hydroxide-activated system Sodium silicate-activated system
sodalite [90,96—99], sodalite [90,97,100,101],
Na-chabazite [90,97], Na-chabazite [90,97,100],
cancrinite [97,99], cancrinite [97],
Na-P1 [90] Linde Type A [90],

Na-P1 [90],

zeolite P [97,100], zeolite Y [97],
natrolite [100],

phillipsite [97],

faujasite [96]
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2.3.2.3 Other reaction products

Apart from N-(C-)A-S-H gel, there could be some crystalline zeolites as the secondary
reaction products in AAFA, as summarized in Table 2.1. The presence of zeolite in AAFA
mainly depends on the alkaline activator and curing temperature. High temperature is a
favorable condition for the formation of zeolite [99,102]. Most studies listed in Table 2.1
employed a curing temperature higher than 80 °C. The type of zeolite in AAFA also varies
with different types of alkaline activators. Sodalite (mainly hydroxysodalite) with a Si/Al of 1
is often found in sodium hydroxide-activated systems or low-modulus sodium silicate-
activated systems [96,97]. High silicate concentration would hinder the formation of sodalite
[75,98]. It is also reported that the soluble silica in the reaction medium can hinder the
formation of zeolite at early curing ages [97]. However, it can be seen from Table 2.1 that
more types of zeolites are found in sodium silicate-activated systems than in sodium
hydroxide-activated systems, as the former offers a wider range of SiO2/Na;O, thereby
providing more opportunities for the formation of various types of zeolites.

2.3.3 Pore solution of AAFA

Pore solution is also a significant component in AAFA matrix. It can play an important role in
the chemical reaction and formation of reaction products, since both the dissolution of fly
ash and the formation of reaction products happen in the pore solution. Despite its
significance, there are only a few studies devoted to pore solution chemistry of AAFA. Paudel
et al. [103] found a decreasing trend of pH in the pore solution of AAFA concrete over time,
which was opposite in PC concrete. Williamson et al. [104] reported that, after 7 days,
around 75 % of Na in the activator was consumed for the AAFA mortar. Increasing Na
concentration in the activator only resulted in a slight increasing Na concentration in the
pore solution, indicating that most of the Na ions were consumed. The concentration of
various ions in the pore solution of AAFA was studied systematically in Zuo’s research [105],
where a model was proposed to describe the evolution of the ions concentration in the pore
solution of AAFA paste as shown in Figure 2.7. The concentrations of most types of
elements, such as Ca, Al and Fe, increase initially due to the dissolution of fly ash, and then
decrease with time due to the formation of solid reaction products. The evolution of Si
concentration can have three different patterns, depending on the initial Si concentration. In
addition, the concentrations of Na and OH" exhibit a decreasing trend with time, whereas an
opposite trend is found for the concentration of S.



16 Chapter 2

(a) (b)
= .
A il
5 3 [Sil,;=0
g h ™ \
= Ny S
Time Time
(c) (d)
ISi Im:n i e -I'§!I-0- -
_-..'H \_\ _____ E \\\
!E " o 0( | Si‘lll‘: lSi Im:t\ E \\\.\ |Si]" 2 [Si]ma‘
= J 181 \ -
3
\. W
Time Time
(e) (f)
_ " S
= _
) 4
z N
Time Time

Figure 2.7 Conceptual models of ion concentration development in the pore solution of AAFA
paste. (a) Al, Ca, K, Fe and Mg ions, (b) Si ([Si]lo= 0), (c) Si (0 < [Si]lo < [Si]max), (d) Si ([Si]o
>[Silmax), (€) Na and OH:, (f) S. [Si]o is the concentration of Si in the alkaline activator. [Si]max
is the maximum concentration of Si [105].

2.3.4 Microstructure of AAFA

A hardened AAFA matrix contains several phases, i.e. solid reaction products, unreacted fly
ash particles and pores, as shown in Figure 2.8 [44]. Note that pore solution cannot be
viewed from SEM/BSE image. The effect of the content of SiO, in the activator on the
microstructure of AAFA has been studied in [96], as shown in Figure 2.9. The results show
that the content of SiO; in the activator has a considerable influence on the microstructure.
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A porous and loose microstructure (Figure 2.9(a) and 2.9(b)) is observed for samples
activated by sodium hydroxide or low-modulus sodium silicate, while a dense microstructure
(Figure 2.9(c) and 2.9(d)) was formed by using high-modulus sodium silicate activator [96].
Furthermore, a dark grey rim around unreacted fly ash particles was observed in the sodium
hydroxide-activated system as shown in Figure 2.9(a), which is attributed to the growth of
reaction products on the surface of fly ash grains. On the other hand, due to the presence of
soluble Si species in the sodium silicate-activated system, reaction products can participate
and grow homogeneously in the matrix.

Figure 2.9 BSE images of AAFA activated with sodium hydroxide/sodium silicate after 28 days
of curing at 40 °C. The numbers on the label refer to the mol content of SiO, and Na>O with
respect to fly ash, respectively [96].
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2.4 Simulation studies of AAFA

In addition to experimental techniques, the development of computing power has led to an
increasing number of modeling techniques for simulating the reaction and structure of
cementitious materials. In terms of characteristic length, the modeling techniques applied to
cementitious materials span from macro-, meso-, micro- and nano-scales. This section
particularly focuses on the nanoscale and microscale levels, as the research objects of this
thesis are below the paste level. At the nanoscale, MD simulation is one of the most widely
used methods for investigating the behaviors of atoms and molecules. At the microscale,
thermodynamic modeling is a typical tool to study chemical reactions and phase assemblage.
In addition, several numerical models, such as GeoMicro3D [40], HYMOSTRUC3D-E [37] and
pic [39], have been developed to describe the three-dimensional microstructure of
cementitious materials. The application of these simulation techniques has gained
remarkable achievement in cement-based materials and exhibited promising potential for
AAFA.

2.4.1 Molecular dynamics simulation of AAFA

MD simulation is a powerful method for predicting the evolution of a nanoscale system by
tracking the trajectories of atoms and molecules over time using Newton’s equations of
motion [106]. The interactions between atoms, which govern their movement, are
calculated through potential functions. These functions and their associated parameters are
collectively known as the force field or interatomic potential. The accuracy and reliability of
the simulation depend heavily on the quality of the force field, as it defines the nature and
strength of atomic interactions, ultimately determining the precision of the simulation
results [107,108]. The properties of a system in equilibrium, e.g. structural, mechanical and
transport properties, can be determined by MD simulation, making it a promising tool for
studying the nano feature of AAFA [109].

Recently, the atomic structure and mechanical properties of N-A-S-H gel have been studied
through MD simulation by using different initial structures and force fields. As N-A-S-H gel
shows remarkable similarities with sodium aluminosilicate (NAS) glasses, Sadat et al. [110]
built an NAS model from an initial configuration of silica glass to investigate the properties of
N-A-S-H gel. They found that the structure of the NAS model, including the amount of edge-
sharing tetrahedra, non-bridging oxygen, and pentacoordinate Al atoms, has a huge impact
on the mechanical performance. Zhang et al. [111] also constructed an NAS model and then
applied the grand-canonical Monte Carlo method to obtain an N-A-S-H model to study the
effect of water on the properties of N-A-S-H gel. Using the reactive force field ReaxFF, a new
molecular model of N-A-S-H gel was built from a sodalite initial framework, exhibiting full Q*
polymerization and an X-ray broad peak at 20°-30° 20 [112]. Wang et al. [113] constructed
the N-A-S-H model with a Si/Al of 1 and 2 from NaSi,Os glass using the COMPASS force field.
Instead of using a similar structure as the initial model, Zhang et al. [114] conducted the
simulation that started from aluminate and silicate monomers by using a reactive
Feuston-Garofalini force field, resulting in the formation of N-A-S-H gel. A similar model
construction method was utilized in Guan’s research [115], where different types of
oligomers with various Si/Al from 1 to 3 were used in the initial structure and the force field



Literature Review 19

ReaxFF was employed. The type of oligomers has been found to impact the structure of the
simulated N-A-S-H gel.

The effect of using different initial configurations and force fields on the structure and
properties of modeled N-A-S-H gel has been summarized in [108]. A noticeable difference in
the distribution of Si-O-Si and Si-O-Al bond angles using different force fields was observed.
It is also reported that reactive force field like ReaxFF is able to form high-coordinated Al
atoms, making them more suitable for simulating N-A-S-H gel compared to non-reactive
force fields [108]. In addition, the effect of Si/Al ratio on the mechanical properties of N-A-S-
H gel is still a matter of debate. In Wang’s results [113], N-A-S-H gel with a Si/Al ratio of 1 has
a larger elastic modulus than that of 2, whereas elastic modulus showed a mildly increasing
trend with an increasing Si/Al ratio in [112,115]. Sadat et al. [110] found that Young's
modulus of N-A-S-H gel decreased with Si/Al ratio, while ultimate tensile strength increased
with Si/Al ratio from 1 to 3 but decreased with Si/Al ratio from 3 to 4. These discrepancies
are probably due to the different modeling methods.

2.4.2 Thermodynamic study of AAFA

Thermodynamic modeling is a theoretically rigorous and computationally efficient tool to
predict chemical reactions under thermodynamic equilibrium. For a closed system at
constant temperature and pressure, thermodynamic equilibrium means the minimal Gibbs
free energy of the system and thus no spontaneous tendency for change [31]. For a given
input composition of the system, thermodynamic modeling coupled with relevant
thermodynamic databases can compute the equilibrium phase assemblages based on Gibbs
free energy minimization. The reliability of thermodynamic modeling results deeply relies on
the accuracy of the thermodynamic database [116]. Thermodynamic modeling has been
widely used to study the reactions of cement and AAS by using the Cemdatal8
thermodynamic database [29,31,32]. However, thermodynamic modeling of AAFA has been
rarely reported yet due to the incomplete thermodynamic database of N-(C-)A-S-H gel.
Generally, a thermodynamic database contains several parameters, including solubility
product, heat capacity, enthalpy, entropy and Gibbs free energy of substances. Among them,
solubility product is the key parameter that controls the chemical reaction.

To measure the solubility of N-(C-)A-S-H gel, synthesis of pure N-(C-)A-S-H gel is crucial, after
that a solubility test can be performed with the synthesized N-(C-)A-S-H gel. There are
mainly three routes to synthesizing N-(C-)A-S-H gel in the literature. The first one is through
alkali-activation of synthetic aluminosilicate precursor [24,86]. However, the N-(C-)A-S-H gel
formed in this way would most likely contain the unreacted solid precursor. Moreover,
crystalline phases like faujasite can form by using this method [34]. Another one involves a
‘dissolution-precipitation’ process, which utilizes at least one type of solid reactant such as
SiO; powder [117,118]. However, this approach can suffer from similar limitations as the
previous method. For these reasons, pure N-(C-)A-S-H gel has been synthesized more
commonly by using the sol-gel method, where only solutions (often sodium silicate and
aluminum nitrate solutions) are employed as reactants [35,87,119,120]. N-A-S-H gels with
target Si/Al ratio of 1 and 2 have been most commonly synthesized. N-A-S-H gel with a Si/Al
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ratio greater than 2 has been rarely reported, although the Si/Al ratio of N-A-S-H gel in AAFA
paste can exceed 2 as mentioned above, especially for silicate-activated system. The reason
behind it lies in that it could be a challenge to synthesize high Si/Al N-A-S-H gel.
Furthermore, the reported Si/Al ratios in synthesized N-A-S-H gels are somewhat
inconsistent in the literature. Garcia-Lodeiro et al. [87] and Gomez-Zamorano et al. [35]
reported achieving a final Si/Al ratio of 2 with an initial ratio of 2, whereas Williamson et al.
[120] only obtained N-A-S-H gel with Si/Al ratio of 1 irrespective of the initial Si/Al ranging
from 1 to 2. This also indicates the difficulty of synthesizing high Si/Al N-A-S-H gel.

So far, experimental measurements of the solubility product for N-A-S-H gels have been
limited to Si/Al ratios of 1 and 2. No experimental data exists for N-A-S-H gels with Si/Al
ratios higher than 2, or for N-C-A-S-H gels. Although Zuo [33] determined the solubility
product of N-(C-)A-S-H gel with a Si/Al ratio ranging from 1 to 4 and a fixed Ca/Al ratio of
0.45, this determination was made by optimizing the fit of the thermodynamic model to the
chemistry data in the literature. Table 2.2 summarizes the solubility product (expressed in
log format) of N-(C-)A-S-H gels based on the given dissolution reactions in different works. It
should be noted that it should keep both the chemical formula of N-(C-)A-S-H gel and the
dissolution reaction constant when comparing the solubility product. Thus, some log K,
values were recalculated for fair comparison as also shown in Table 2.2. The log Ks, values
from these studies show significant variability. For instance, the log Ksp value of N-A-S-H gel
with a Si/Al of 1 ranges from -5.86 [34] to -11.37 [33]. A difference of 1 in log value
corresponds to a tenfold difference in the solubility product, leading to substantial
discrepancies in thermodynamic modeling calculations. Overall, the existing solubility
products of N-(C-)A-S-H gels are not only incomplete but also incompatible.

Table 2.2 Chemical reactions and log K, values for N-(C-)A-S-H gels. Data from [33-36].

Samples®  Temperature Log Ksp Dissolution reactions
-6.51 (Naz0)g5 - (Al;03)05 " (5i0;)4 - (H,0); + 20H™

-11.370 (Na;0)g5 * (Al;03)95 * (Si03); - (H,0); ©
(5i03)aq + AlO; + Na* + H,0

-8.01 (Na;0)gs " (Al;03)05 * (5i03); - (H,0); + 40H™ &
NASH2 [33] 25 °C 2Si03~ + AlO; + Na*+3H,0

-17.72 (Na0)g5 - (Al;03)¢5 * (Si03); * (H,0), «
2(8102)aq + AlO; + Na* + H,0

-9.51 (Naz0)g5 * (Al;03)05 - (5i03)3 - (H;0)1 + 60H™ &
NASH3 [33] 25°C 3Si03~ + AlO; + Na*+4H,0

-24.090 (Na;0)g5 - (Al;03)05 * (S§i03)3 - (H,0)1 ©
3(8i0;),q + AlO; + Na* + H,0

-11.01 (Nay0)g5 - (Al;03)95 - (S5i03)4 - (H,0)1 + 80H™ &
NASH4 [33] 25 °C 4Si03~ + AlO; + Na*t+5H,0

30,449  (Nay0)gs - (Al;03)05* (Si03)4 - (Hy0), ©
4(Si0,)aq + AlO; + Na* + H,0
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Table 2.2 (continued) Chemical reactions and log Ks, values for N-(C-)A-S-H gels. Data from
[33-36].

NASH1 [34] 25 °C -5.86®) (Naz0)g3 - (Al;03) .49 * (Si02)1 - (H;0), —0.380H™
& (5i0,)aq + 0.98A107 + 0.6Na* + (n-0.19)H,0

_9.89(b) (Naz0)g 35 - (Al;03)¢.47 * (Si03), - (H,0),, —0.180H™

NASH2 [34] 25°C
o 2(Si0,)aq + 0.94A107 + 0.76Na* + (n-0.09)H,0

NASH1 [35] 25°C -9.05 (Naz0)g4s5 * (Al;03)0.45 * (Si03)4 - (H20)3.48

50°C -8.65 - (SiOz)aq + 0.9A10; + 0.9Na*t + 2.48H,0

25°C -13.16 (Naz0)g 52 - (Al;03)0.4g * (5i03), * (Hz0)3.76 <

. 1.92(Si02)aq + 0.08HSiO; + 0.96Al10; + 1.04Na™*

50 °C -12.20
NASH2 [35] +3.68H,0

25°C -13.50" (Naz0)g 52 - (Al;03)0.4g - (5i03); - (H30)376 <

. — + —
o psg 2(5102)sq +0.96A107 + 1.04Na" + 0.080H

+3.68H,0

(Naz0)g51 - (Al;03)51 - (Si03); - (H,0),, + 20H™
316  © H,Si02 + 1.02AI(0H); + 1.02Na* + (n —
NASH1 [36] 50°C 2)H,0

(Naz0)g51 - (Al;03)051 - (5i03), - (H,0),, <

- (c)
7:59 (Si0,).q + 1.02A1(0H); + 1.02Na* + (n — 2)H,0

(Na;0)g51 * (Al;03)¢51 * (5i0;)4 - (H,0),, + 20H™
582 H,Si0Z + 1.02AI(0H); + L.02Na* + (n —

. . (d)
Faujasite 50 °C 2)H,0

[36] (Na;0)os1 - (Al;03)051 - (Si05); - (H;0), &

_ (c)
10-247 (5i0,),q + 1.02A1(0H); + 1.02Na* + (n — 2)H,0

25°C -8.51 (Na30)g,05 * (Ca0)g 45 - (Al;03)¢5 * (Si02)4 * (H,0)4
+20H™ & Si0%™ + AlO; +
0.45Ca%?*+0.1Na*+2H,0

NCASH1 [33]

NCASH2 [33] 25°C -10.01 (Naz0)g,05 - (Ca0)g.4s * (Al;03)05 * (Si02); - (H20)4
+40H™ & 2Si0%™ + AlO; + 0.45Ca%?*+0.1Na*
+3H20

25°C -11.51 (Naz0)¢.05 * (Ca0)g.4s5 * (Al203)05 * (Si02)3 * (H20)1

NCASH3 [33
[33] +60H™ & 3Si03™ + AlO; +

0.45Ca%*+0.1Na*+4H,0

25°C -13.01 (Naz0)¢.05 * (Ca0)g 45 * (Al;03)05 * (5i02)4 - (H20)4
+80H™ & 4Si0%™ + AlO; +
0.45Ca®*+0.1Na*+5H,0

NCASH4 [33]

@: The number after ‘NASH’ or ‘NCASH’ refers to the Si/Al ratio. For instance, NASH1 stands for N-A-
S-H gel with a Si/Al ratio of 1, NCASH1 stands for N-A-S-H gel with a Si/Al ratio of 1.

®): The log Ksp is taken from the results at 28 days, which is almost identical to those at 90 days.

(©): Re-calculation based on (SiOz)aq species for comparison.

(@: Crystalline N-A-S-H.



22 Chapter 2

With the determined solubility product, the standard Gibbs free energy of reaction A,.G°
and thus the standard Gibbs free energy of formation AfGO of N-(C-)A-S-H gel can be
calculated from Equation 2.4 with the known solubility product in [33—35]:

A,G° = —RT InKj, = Z-vi ArGY (2.4)
l

where v; is the stoichiometric reaction coefficient.

The standard heat capacity and entropy of N-(C-)A-S-H gel, seldom reported, can be
determined using the additivity method [121-123]. The standard enthalpy of formation of
the N-(C-)A-S-H gel can be calculated from the standard entropy and Gibbs free energy.

Apart from thermodynamic data of N-(C-)A-S-H gel, a thermodynamic database for zeolite,
the secondary reaction product of AAFA, is also needed to perform thermodynamic
modeling of AAFA. Ma et al. [124,125] measured the solubility products of various zeolites,
thereby proposing a thermodynamic database for zeolites. Together with the fitting-derived
database of N-(C-)A-S-H gel, Zuo [33] carried out thermodynamic modeling of AAFA reaction
using GEMS. The evolution of the phase assemblages in AAFA paste over time is shown in
Figure 2.10. It can be seen that N-(C-)A-S-H gel was the main reaction product in sodium
hydroxide-activated system and sodium silicate-activated system, while natrolite, a type of
zeolite, was found as the secondary reaction product. However, the thermodynamic results
have not been validated by experiment. Especially, the existence of goethite, portlandite and
brucite in AAFA has not been reported in the existing literature.
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Figure 2.10 Thermodynamic modeling of AAFA reaction at 60 °C. In the notations, N and S
stand for the weight percentages of Na;0 and SiO; with respect to fly ash [33].

2.4.3 Reaction and microstructural simulation - GeoMicro3D

Most numerical models for microstructural development, such as HYMOSTRUC3D-E [37] and
dic [39], have been developed for PC-based cementitious materials, which are not the focus
of this thesis and will not be discussed here. To date, no studies have been reported on
simulating the 3D microstructure of AAFA. However, the GeoMicro3D model [40] has been
designed to simulate the chemical reaction and 3D microstructure development of AAS. In
this model, the reaction degree, phase assemblages and 3D microstructure of AAS can be
simulated with the physicochemical information of raw materials and mixture as input.

Given that both AAFA and AAS are classified as AAMs, it is worthwhile to explore the
potential for extending the GeoMicro3D model to AAFA systems. The following section
presents the underlying mechanism by which the GeoMicro3D program functions. First of
all, the spatial distribution of real-shape slag particles in the liquid alkaline activator was
simulated by Anm materials model [126]. Under the attack of alkali, the dissolution of slag
was described through the dissolution of single oxide, e.g. SiO;, Al,03, CaO, according to
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transition state theory (See section 2.3.1.1). After dissolution, the diffusion of dissolved ions
was modelled by lattice Boltzmann method (LMB) [127,128]. Once the system reaches the
state of saturation or oversaturation as the proceeding of dissolution, the probability of
nucleation was described by the Poisson distribution [129], while the formation of reaction
products were modelled quantitatively through thermodynamic modeling. This algorithm
(see Figure 2.11) can be adapted for AAFA if these critical issues can be addressed: (a) the
dissolution rate of fly ash and (b) thermodynamic modeling of AAFA.

Figure 2.12 shows a case study of GeoMicro3D applied to AAS paste [40]. The development
of 3D microstructure of AAS with visualized phases including slag, reaction products and
pores was simulated. Furthermore, the simulation results of AAS at 28 days showed a
comparable degree of reaction, capillary porosity and ion concentration in the pore solution
with experimental data, indicating the robustness of GeoMicro3D model. The appealing
results suggest that GeoMicro3D can be developed to a promising tool to simulate the 3D
microstructure development of AAFA. A more detailed introduction of GeoMicro3D model
will be given in Chapter 7.

rany precursor GEM > A+B->ABY

Lion
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Figure 2.11  Schematic algorithm of GeoMicro3D. A and B denote ions. AB denotes a solid
reaction product [33].
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Figure 2.12 3D microstructure of AAS at different ages with a simulation size of 125 um x 125
um x 125 um [40].

2.5 Summary of the literature study and research gap

Based on the state of the art in the experimental and numerical studies on the reaction and
microstructure of AAFA, the summary and research gap can be drawn:

1. Dissolution of fly ash is the first step of AAFA reactions. The dissolution rate of fly ash
is influenced by many parameters such as chemical composition of fly ash, pH of the
solution, and temperature. So far, only a few models have been proposed to describe
the dissolution of fly ash or silicate glass. However, a model that considers the effect
of all important variables on the dissolution rate of fly ash is still lacking.

2. Reaction products of AAFA contain N-(C-)A-S-H gel with various Si/Al ratios and
different types of zeolites. The chemical composition and type of reaction products
are strongly dependent on the chemistry of raw materials, mixture design and curing
conditions. However, the possible range of Si/Al of N-(C-)A-S-H gel in AAFA paste
remains uncertain. Accurate determination through experimental techniques is
challenging primarily due to potential interference from other phases.

3. MD simulation offers a promising opportunity to study the atomic nature of N-(C-)A-
S-H gel. Different initial configurations and force fields have been used to construct
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N-A-S-(H) gel model by MD simulation. However, MD simulation of N-(C-)A-S-H gel to
investigate its chemical composition, specifically the Si/Al and Ca/Al ratios, has not
yet been reported.

Thermodynamic modeling coupled with thermodynamic databases is a powerful tool
to study chemical reactions and predict the equilibrium phase assemblages. While
thermodynamic databases for various zeolites have been developed, the database
for N-(C-)A-S-H gels remains incomplete. The solubility product values of N-A-S-H gels
with Si/Al ratios from 1 to 2, as determined through solubility experiments, are
inconsistent in the literature. Furthermore, there is a notable absence of reported
solubility product values for N-A-S-H gels with Si/Al ratios exceeding 2 and for N-C-A-
S-H gel. Consequently, the scope of thermodynamic modeling for AAFA has been
constrained due to these limitations.

Synthesis of N-(C-)A-S-H gel facilitates the exploration of the solubility product of
pure N-(C-)A-S-H gel. However, synthesis of N-A-S-H gel with a Si/Al higher than 2 has
not been reported in the literature. In addition, the condition for the synthesis of N-
A-S-H gel with a Si/Al of 2 is still a matter of debate. In summary, there is a need to
delve into the methodology for synthesizing N-(C-)A-S-H gel to address these gaps in
knowledge.

No numerical model currently exists for predicting the evolution of 3D microstructure
of AAFA, which limits the ability to further predict its microstructure-related
properties. GeoMicro3D is a dedicated numerical model for 3D microstructure of
AAS, which covers particle parking, dissolution of slag, diffusion of ions, nucleation
and thermodynamic modeling. However, to extend GeoMicro3D for the prediction of
3D microstructural development of AAFA, the development of fly ash dissolution
model and the implementation of thermodynamic modeling of AAFA are two main
challenges to be addressed.
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Molecular dynamics simulation of N-(C-)A-S-H gel

3.1 Introduction

Sodium aluminosilicate hydrate (N-A-S-H) gel is the primary reaction product of alkali-
activated fly ash (AAFA) paste. The hyphen in N-A-S-H indicates an uncertain stoichiometry
with a main variable Si/Al ratio. Multiple factors, such as the chemical composition of fly ash,
type and dosage of alkaline activator, curing time and temperature, can affect the Si/Al ratio
of N-A-S-H gel [84,85,89]. As a result, the reported range of Si/Al ratio in N-A-S-H gel varies a
lot in the literature [21,89-91], as reviewed in Chapter 2. Furthermore, the accuracy of Si/Al
ratio characterization by NMR or SEM-EDS is questionable, especially in silicate-activated
systems, where silicate species from the activator can interfere, potentially leading to
overestimation. Given that N-A-S-H gel is difficult to separate from the hardened AAFA
paste, any attempts to measure the Si/Al ratio using experimental techniques would always
face the problem mentioned above. Apart from that, fly ash usually contains a few amounts
of calcium, which can readily combine with N-A-S-H gel to form N-(C-)A-S-H gel [16,94].
However, there has been limited research on determining the amount of Ca that can be
incorporated into N-A-S-H gel in AAFA paste. The uncertainties of chemical compositions and
atomic structure of N-(C-)A-S-H gel pose a significant challenge to understanding the
reaction and microstructure of AAFA paste.

Molecular dynamics (MD) simulation has offered a potential approach to explore the
chemical composition as well as the nano-structure of N-(C-)A-S-H gel. Several N-A-S-H gel
models have been built using MD simulation as reviewed in Chapter 2. However, most of
these models were constructed empirically based on a specific structure like a zeolite or
aluminosilicate glass, which is not suitable for investigating the range of the chemical
compositions of N-A-S-H gels. In addition, MD simulation of N-C-A-S-H gel has not been
reported yet.

In this chapter, the formation of N-(C-)A-S-H gels with different Si/Al ratios and Ca/Al ratios is
investigated by MD simulation. Instead of using a zeolite or aluminosilicate glass phase as
the initial configuration, the N-(C-)A-S-H gel model is obtained from the reaction of Si
monomers and Al monomers. The route to construct N-(C-)A-S-H gel model is derived from
the polymerization of silica sols introduced by Feuston [130]. Similar approaches have been
applied successfully to model the formation of C-S-H structure [131] and geopolymer gel
[114]. This method enables to mimic the polymerization process and provides a possible
range of chemical composition of N-(C-)A-S-H gel. Meanwhile, a detailed analysis is
performed on the final simulated structure, including chemical formula, bonding
information, X-ray diffraction, and Q" distribution. The results and conclusions obtained in
this chapter can provide insight into the chemical and structural information of N-(C-)A-S-H
gel, which will guide the synthesis of N-(C-)A-S-H gel in Chapter 4.
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3.2 Methodology

3.2.1 Model construction

The initial configuration of the model was built using the PACKMOL package [132]. Si(OH)s,
Al(OH)3, NaOH and Ca(OH), (optional) molecules were placed randomly in a cubic box. The
minimum size of the simulation box should be larger than the size that can reveal the
general features of the simulated structure, whereas the maximum size of the simulation
box should be determined also based on the computational efficiency. Considering these
two concerns, the size of the simulation box was set at 25 x 25 x 25 A3. A similar size of
simulation box was used in [111,114]. The molecules in the box were distant from each
other by at least 2 A. According to the chemical compositions of worldwide coal fly ash in
[133], the maximum Si/Al in fly ash mostly located in 1.5-3.0, while the majority of minimum
Si/Al in fly ash is around 1.0-1.3. Given that silicate activators introduce extra SiO», the Si/Al
ratio in silicate-activated fly ash paste is slightly higher than that in fly ash. Hence, in order to
encompass the prevailing Si/Al ratio variations in AAFA, the initial Si/Al ratio was set from 1.0
to 4.0 to represent the typical Si/Al ratios encountered in AAFA compositions. The Na/Al
ratio was fixed at 1 to maintain the charge balance. To study the effect of Ca on N-A-S-H gel,
extra Ca(OH); was added to the system with a Ca/Al ratio of 0.25 and 0.5, which can cover
the Ca/Al ratio in fly ash according to [133]. For the N-A-S-H system, the density of the
system was set at around 2 g/cm3, which was aligned with [134,135], while slightly elevated
(around 2.3 g/cm?3) for the N-C-A-S-H system. The amounts of different types of molecules
can be determined based on the density, Si/Al and Ca/Al ratio, as exemplified in Table 3.1.

With the initial configuration, MD simulation was executed by employing the large-scale
atomic/molecular massively parallel simulator (LAMMPS) [136]. As explained in Chapter 2,
the interaction between atoms in MD simulation is described in a force field. In this work, a
reactive force field (ReaxFF), developed by van Duin [137], was adopted to describe the
interactions among the atoms and molecules, as ReaxFF is capable of simulating chemical
reactions. The detailed potential functions and parameters can be found in [138-140].

Table 3.1 The composition and density of initial configurations (in a cubic box with a size of
25 x 25 x 25 A3).

Number of Number of Number of Number of

Si/Al Ca/Al Si(OH)s AI(OH)5 NaOH Ca(OH), Density(g/cm3)
1.0 - 92 92 92 - 2.10
1.5 - 108 72 72 - 2.01
2 - 117 65 65 - 2.02
2.5 - 130 52 52 - 1.99
3.0 - 138 46 46 - 1.99
4.0 - 144 36 36 - 1.93
3.0 0.25 156 52 52 13 2.35

3.0 0.5 150 50 50 25 2.36
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The simulation spanned a total duration of 2150 picoseconds (ps) with a time step of 0.25
femtoseconds (fs). It comprised several distinct stages: First, the system was relaxed in the
Canonical ensemble (NVT) at 300 K for 100 ps to mitigate the impact of the initial arbitrary
arrangement. Then, the temperature was raised linearly up to 2000 K for the next 100 ps
and subsequently kept at 2000 K for 1000 ps. The velocity of atoms is controlled by
temperature in MD simulation. Hence, high temperature was adopted to accelerate the
chemical reaction. Next, the system was cooled down to 300 K at a rate of 2.2 K/ps. Finally,
equilibrium was achieved at 300 K for 200 ps, resulting in a system comprising N-(C-)A-S-H
cluster, water molecules and other small species.

3.2.2 Chemical and structural characterization

Visual Molecular Dynamics (VMD) software [141] was used to visualize the snapshots of the
model. N-(C-)A-S-H cluster was obtained from the generated system configuration using
Open Visualization Tool (OVITO) [142] with the following pair-wise cutoff radii as a criterion:
1.9 A for Si-0, 2.0 A for Al-0, 1.06 A for H-0, 3.5 A for Na-Al and 2.7 A for Ca-O. These cutoff
radii serve as distance thresholds to establish bonding interactions, thereby determining
which atoms are considered as a part of the N-(C-)A-S-H cluster. Several structural features
of the simulated N-(C-)A-S-H cluster were analyzed: (a) Bond length and bond angle were
calculated based on the coordinate information. (b) The X-ray diffraction (XRD) patterns
were obtained by the virtual diffraction method [143] implemented in LAMMPS. (c) Q"
distribution was calculated by counting the number of different types of Q"to reveal the
topology of the N-(C-)A-S-H gel. Note that the results in this research are the average of the
simulations based on the three different initial configurations of the system.

3.3 The effect of Si/Al ratio on the formation of N-A-S-H gel

3.3.1 Polymerization process

During simulation, Si(OH)4 and Al(OH)s monomers went through a polymerization process
and eventually formed a three-dimensional crosslinked structure. The polymerization
process can be revealed by the evolution of Q", which represents the environment of Si or
Al, including Si sites (Si") and Al sites (AlI"). The superscript n (n=0-4 in a tetrahedron) stands
for the number of bridging oxygen that Si or Al is bonded. A schematic diagram for different
Q" sites is shown in Figure 3.1 Generally, Q! belongs to the end sites; Q? represents the
middle groups in chains or cycles; Q3 refers to branched structure; and Q* denotes a fully
crosslinked structure, like rings or cages [144,145].
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Figure 3.1 Schematic diagram for different Q" sites. T refers to the Si or Al atom.

Figure 3.2 shows the evolution of Q"in the system with Si/Al ratio of 1.0. The other Si/Al
ratios exhibit a similar trend, which can be found in Appendix A. It can be seen from Figure
3.2 that Q° occupied 100 % at the beginning, which represented Si(OH)s and Al(OH)s
monomers. All Si(OH)s and Al(OH)s monomers stayed randomly without any contact in the
initial configuration.

For Si sites, as simulation time went by, Si° decreased since it reacted and transferred to
higher polymerized sites Q" (n=1-4). Meanwhile, Si* emerged first, followed by Si?, Si* and Si*
in sequence. It indicates that monomers reacted to form oligomers, and then large clusters
were formed by the polymerization of oligomers. The amount of Si" mainly fluctuated at the
beginning and reached an equilibrium state after 1250 ps. After simulation for 2150 ps, most
Si® sites were consumed, whereas a small amount of Si° remained unreacted. This is because
a 100 % reaction degree is not possible to achieve on a realistic computational timescale.

For Al sites, the development mirrored that of Si sites, following a similar polymerization
process but with some differences. First, all Al° sites were consumed completely at the end.
Additionally, some pentacoordinated Al (Al°) and trace quantities of six-coordinated Al (Al®)
were found besides tetracoordinated Al (Al}, A2, AI® and Al%). Note that the superscripts in
AP and Al®are different from those in Al" (n=1-4) sites, where n stands for the number of
bridging oxygen, while the superscripts in Al°> and Al®denote the coordination number of Al.
The schematic of Al"(n=1-4), AP and Al®is presented in Figure 3.3 to show their structural
differences. The presence of Al°> and Al® will be further discussed below. In addition, The
number of Al" sites changed during 1250-1875 ps as the temperature decreased from 2000 K
to 300 K, primarily affecting the evolution of Al* and AP° sites, as Al°site became more stable
at lower temperatures. Overall, the simulation process is in accordance with the
geopolymerization process in practice [13,146].
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Figure 3.2 Evolution of Q" sites for (a) Si sites and (b) Al sites in the case of Si/Al=1.0.
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Figure 3.3 Schematic diagram for (a) Al" (n=1-4) tetrahedron, (b) AP trigonal bipyramidal and
(c) Al octahedron.

Si/Al ratio is found to impact the reaction rate, which can be revealed by the amounts of
reactants, i.e. Si° and Al° sites, over time, as shown in Figure 3.4. It’s clear that Si® declines
the most rapidly and dramatically at the lowest Si/Al ratio. The decreasing rate of Si°
becomes progressively slower with a higher Si/Al ratio, resulting in a larger fraction of the
remaining Si°. In contrast, the effect of the Si/Al ratio has a less pronounced effect on the
reaction rate of Al sites. It can be seen that the percentage of Al° sites plummet to 0 at the
early stage regardless of the Si/Al ratios. Besides, Al is consumed earlier and faster than Si
according to their decreasing trend, which is in accord with the experimental finding that Al-
rich gel forms early and transforms into Si-rich gel later during polymerization [75,85]. As the
Al° sites are all consumed, the reaction degree can be basically expressed by the proportion
of consumed Si°, i.e. 1 minus the proportion of remaining Si°. The reaction degree, as shown
in Figure 3.5, is above 85 % regardless of the Si/Al ratio. Moreover, the system with a lower
Si/Al ratio can have a higher reaction degree.
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Figure 3.4 Evolution of (a) Si° and (b) AP sites as time at different Si/Al ratios.
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Figure 3.5 Effect of Si/Al ratio on the reaction degree.

After polymerization, the final configurations with different Si/Al ratios all contain a 3D
crosslinked network (the biggest cluster, proved to be N-A-S-H gel hereinafter), some small
species, water molecules and individual atoms. Among them, N-A-S-H gel, the oligomers and
water molecules are the reaction products, while the rest species and individual atoms are
the unreacted components. Figure 3.6(a) provides a snapshot of one of the final
configurations, illustrating this assemblage. The biggest cluster was extracted from the
whole system, as shown in Figure 3.6(b), to further study the chemical composition and
structure of N-A-S-H gel formed. All of the Si atoms (green particles) are arranged in a
tetrahedral unit within the structure of N-A-S-H gel, while Al atoms (blue particles) exhibit a
polyhedral configuration, including the tetrahedral structure for Al* site and the trigonal
bipyramidal structure for Al° site. Sodium atoms (yellow particles) stay in the space within
the oligomers.
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Figure 3.6 Snapshot of (a) the whole system and (b) N-A-S-H gel model for Si/Al=1; Green
refers to Si, blue refers to Al, red refers to O, pink refers to H, and yellow refers to Na.

3.3.2 Chemical and structural properties of simulated N-A-S-H gel
3.3.2.1 Chemical composition

The Si/Al ratio and the chemical composition of the obtained N-A-S-H gel (e.g. Figure 3.6(b))
are shown in Table 3.2. The Si/Al ratio of the obtained N-A-S-H gel is slightly lower than the
initial Si/Al ratio. This difference is increasingly obvious with a higher Si/Al ratio. This is
because more Si remained as Si° site in a system with a higher Si/Al ratio as can be seen in
Figure 3.4. Moreover, the Si/Al ratio of the obtained N-A-S-H gel in all systems is below 3,
indicating that the formation of N-A-S-H gel with a high Si/Al ratio (higher than 3) is not
preferable. The reason behind this relates to the bond energy of Si-O-Al and Si-O-Si, which
will be discussed hereinafter. It should be noted that the Si/Al ratio in the following parts still
refers to the initial Si/Al ratio in the system in order to keep consistent with earlier
discussions.

Table 3.2 Chemical composition of the N-A-S-H gel model with various initial Si/Al ratios.

Initial Si/Al ratio  Si/Al ratio in simulated N-A-S-H gel  Formula of simulated N-A-S-H gel*

1.0 0.98+0.01 Na77Al92Si910404H91
1.5 1.40+0.03 NasgAl72Si1020402H122
2.0 1.63+0.13 Nas2Als0Si1060397H138
2.5 2.01+0.04 Nas7Al52Si1030378H151
3.0 2.23+0.08 Na31Al46Si1050381H173
4.0 2.93+0.10 Na21Al36Sig90346H 167

*Note that the chemical formula here shows one of the simulation results, not the average.



34 Chapter 3

3.3.2.2 Bond length and bond angle

Bond length and bond angle are two basic parameters to describe the atomic structural
feature of N-A-S-H gel. There are mainly two types of bond angles, i.e. O-T-O and T-O-T (T
refers to Si or Al), building the skeleton of N-A-S-H gel. The former depicts the internal bond
angle within a tetrahedron, while the latter describes the connection between the
tetrahedra/polyhedra, as shown in Figure 3.7. Both bond length and bond angle can be
calculated through the corresponding atomic coordinates.

The average bond lengths for Si-O and Al-O are shown in Table 3.3. The average Si-O bond
length at around 1.61-1.62 A is shorter than the Al-O bond length at around 1.85-1.86 A. It’s
well known that longer bond length is associated with smaller bond energy [147].
Consequently, the bond formation energy of Al-O is lower than that of Si-O. This can explain
why Al sites react more quickly and earlier than Si sites as mentioned above. The average Si-
O and AI-O bond lengths from this work are compared with other simulation works from
Wang et al. [113], Sadat et al. [148] and experimental results from White et al. [149], as also
shown in Table 3.3. The average Si-O bond length is in good agreement with both simulated
results and experimental results. However, the average Al-O bond length in this work is a bit
longer than those reported in other studies. More interestingly, the average Al-O bond
length of N-A-S-H gel built in this work is a bit longer than the experimental result [149],
while both Al-O bond lengths from the other simulation work [113,148] are shorter than the
experimental result [149]. The underlying reason lies in the different fractions of
pentacoordinated Al in N-A-S-H gel structure. The Al-O bond length for pentacoordinated Al
is found longer than that for tetrahedral coordinated Al. The N-A-S-H gel structure in [113]
does not have pentacoordinated Al and the N-A-S-H gel structure in [148] only has a very
small amount of pentacoordinated Al. As a result, the Al-O bond length from these two
studies is shorter than the experimental value. Based on the distribution of Al sites in Section
3.3.2.4, there are more than 50 % pentacoordinated Al in the N-A-S-H gel structures built in
this work. This makes the average Al-O bond length a little bit longer than those reported in

other works.

T-O bond length

‘ T-O-T bond angle a R-T-O bond angle

Figure 3.7 Schematic diagram for a dimer with TO4 units (T refers to Si or Al).
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Table 3.3 Average bond length of N-A-S-H model compared to other works.

Bonds This work Sadat et al.[148] Wang et al.[113] White et al.[149]
Si-0 1.61-1.62 A 1.61 A 1.65-1.67A 1.63A
Al-O 1.85-1.86 A 1.77 A 1.75-1.77A 1.80 A

The distributions of Si-O and Al-O bond lengths for all N-A-S-H gels with different Si/Al ratios
are shown in Figure 3.8. A small shift to the right can be observed both from the Si-O and Al-
O bond length distribution curves as the Si/Al ratios increased from 1.0 to 4.0. That means a

higher Si/Al ratio leads to longer bond length. This finding is supported by Wang’s research
[113].

Figure 3.9 illustrates the distribution of O-Si-O bond angle and O-AI-O bond angle for all N-A-
S-H models. The distribution of O-Si-O bond angle has a main peak at around 110° regardless
of the Si/Al ratios. Compared with 0-Si-O, two main differences can be noticed from the
distribution of O-Al-O bond angle: (i), O-Al-O bond angle has a much broader range than that
of O-Si-0O; (ii), the distribution of O-Al-O bond angle exhibits two humps at around 95° and
150°, respectively. These two features indicate that Al environments are more diverse than
those of Si. That indicates the existence of Al provides N-A-S-H gel with a more flexible
skeleton. According to the Q" information and snapshot above, all Si exists as SiO4 tetrahedra
in the obtained N-A-S-H models, while the Al environments include AlO4tetrahedra and AlOs
trigonal bipyramidal. In a regular tetrahedron, the O-T-O bond angles are 109°. That is why
the O-Si-O bond angles in SiO4 tetrahedra mainly correspond to the range from 95°-125°.
However, the O-Al-O bond angles in an AlOs trigonal bipyramidal structure can range from
an acute angle to a very large obtuse angle. Therefore, there are an amount of O-Al-O bond
angles located at around 80° and 150°, respectively.
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Figure 3.8 Bond length distribution of (a) Si-O and (b) Al-O for all N-A-S-H gel models.




36 Chapter 3

o0s4(a Si/AI=1.0 (b Si/AI=1.0
648 ( ) — Si/AI=1.5 0.0200 ( ) — Si/AI=15
0.07 1 — Si/Al=2.0 0.01751 — SiAI=2.0
— Si/Al=2.5 ’ — SijAI=2.5
0.06 1 — Si/AI=3.0 0.0150 4 — SifAlI=3.0
b — Si/Al=4.0 zs — Si/Al=4.0
= 0.05 1 = 0.0125
Q Qo
(.g 0.04 - ‘.; 0.01001
& 0.03 1 & 0.0075 1
0.02 0.0050 1
0.01 A 0.0025 1
0.00 -—— , ; ; — 0.0000 . . ; ; ; —
80 90 100 110 120 130 140 40 60 80 100 120 140 160 180
0-Si-O Angle (degree) 0-Al-O Angle (degree)

Figure 3.9 Bond angle distribution for (a) O-Si-O and (b) O-Al-O for all N-A-S-H gel models.

There are three types of T-O-T bonds in the obtained N-A-S-H gel structures, i.e. Al-O-Al, Si-
O-Al and Si-O-Si. The linkage of the basic units (i.e. Si tetrahedra and Al polyhedra) of N-A-S-
H gel can be characterized by the fraction of the T-O-T bonds, as shown in Figure 3.10. It can
be seen that Si-O-Al accounts for the majority (around 70 %) of T-O-T bonds. Si-O-Si only
represents a small proportion even at high Si/Al ratios. This indicates that a [SiO4]
tetrahedron tends to link with a [AlO4] tetrahedron instead of a [SiO4] tetrahedron. It is
interesting to note that a small percentage of Al-O-Al bonds was found in all the obtained N-
A-S-H gel models. Although Loewenstein’s rule of nearest-neighbor Al avoidance is widely
obeyed in many research, Al-O-Al is not strictly forbidden and has been found in some cases
[82,114,150-152]. The presence of Al-O-Al is supported by both the experimental results
[82] and simulation results [114,152]. To further evaluate the ordering of Si and Al cations in
N-A-S-H gel structures, the probabilities forming these types of T-O-T bonds were calculated
through the following equations by assuming a random distribution of Si and Al around
bridging oxygens [153,154]:

Ng;(Ns; — 1)

Pei_n_c; = 3.1

SEZO7SE T (Ng; + Ny )(Ng; + Ny — 1) (3.1)
Nay(Nag — 1)

Pi o = 3.2

M=0-AL = (N N (Nog + Nt — D) (8.2

2Ng; N, 53

Pei n 4 =
S04 (Ng; + Ny) (Ng; + Ny — 1)

where Ng; and Ny; are the numbers of Si and Al atoms, respectively.

It can be seen from Figure 3.10 that the proportion of Al-O-Al from MD simulation is similar
to that calculated from random distribution. However, the amount of Si-O-Al from MD
simulation is higher than that from random distribution, while a converse situation is found
in the case of Si-O-Si. These differences confirm that a Si site has a higher tendency to form
bonds with an Al site rather than with another Si site. Similar results were found in [155].
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Figure 3.10 Fraction of different types of T-O-T bonds from MD simulations (solid dots) and
calculations from random bond distribution (hollow dots).

Figure 3.11 shows the distribution of T-O-T bond angles in N-A-S-H gel with a Si/Al of 1, while
the results of other Si/Al ratios are given in Appendix A. Al-O-Al bond angle has a main peak
at around 155° while Si-O-Si bond angle mainly located at 140°, both of which are in a good
agreement with [152]. A very broad peak can be seen in the range of 80°-180° for Si-O-Al
bond angle, which indicates the existence of different types of Si-O-Al sites. This is consistent
with the experimental results in [86], which also identified two types of Si-O-Al sites,
characterized by bond angles of 124.4° and 143.4°, respectively.
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Figure 3.11 Bond angle distribution of Al-O-Al, Si-O-Al and Si-O-Si for N-A-S-H gel with a Si/Al
of 1.
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3.3.2.3 X-ray diffraction

XRD pattern can verify the amorphous nature of the obtained N-A-S-H gel. A broad peak
from 20°-40° 26, which is a characteristic feature of N-A-S-H gel [35,97], can be observed for
all XRD patterns with different Si/Al ratios in Figure 3.12. In addition, a visible shift towards
the small angle is observed as the Si/Al ratio increases. Identical trending was obtained in
Lee’s work [156], where the typical hump is located at 28.54°, 26.85°, and 26.27° 20 for the
geopolymer paste with Si/Al ratios of 1.5, 3.5 and 4.0, respectively (see Figure 3.12(b)). Lee
et al. believed that this difference was a result of different degrees of polymerization.
However, this explanation does not consider the structures of N-A-S-H gels with different
Si/Al ratios and cannot explain why a lower Si/Al ratio leads to a shift to a larger angle in the
XRD pattern.

In this work, the probable reason for the lower Si/Al ratio located at a higher 20 angle is that
N-A-S-H gel structure with a lower Si/Al ratio is more compact than that with a higher Si/Al
ratio. According to Bragg’s law, a higher angle corresponds to a smaller interplanar spacing.
From the aforementioned analysis of bond length, N-A-S-H gel structure with a lower Si/Al
ratio has shorter Si-O and Al-O bond lengths, indicating a more compact structure with
smaller interplanar spacing. That is why the XRD hump for N-A-S-H gel structure with a lower
Si/Al ratio is centered on a higher 208 angle compared to that with a higher Si/Al ratio.
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Figure 3.12 XRD patterns of (a) all simulated N-A-S-H gel with different Si/Al ratios and (b)
geopolymer paste at the age of 28 days adapted from Lee’s experimental study [156].
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3.3.2.4 Q" distribution

Q" distribution is the most important structural index to explain how Si and Al are linked in
the framework. The Q" sites distribution for all N-A-S-H gel structures with different Si/Al
ratios is illustrated in Figure 3.13. Four types of Si" units, Si?, Si%, Si3, and Si#, are found in all
N-A-S-H gel structures, indicating a complex network. The total proportions of Si® and Si*
range from 38 % to 65 %. This is slightly lower than the corresponding experimental data
(43-77 %) of the reaction products AAFA paste in [84]. The lower percentage of Si® and Si* in
the simulated structure is probably due to the size of the simulated system. A system
containing around one thousand atoms is not a large system. As a result, the final structure
obtained is a relatively small cluster with a large surface, containing more end sites Si' and
chain sites Si?.

The distribution of Al is shown in Figure 3.13(b). Al* and AI° are the two main Al sites for all
the simulated structures with different Si/Al ratios. It is generally believed that Al always
stays tetrahedrally coordinated and Al* is the main existing form based on NMR results
[70,85]. As mentioned above, it was once believed that pentacoordinated Al (Al°) and six-
coordinated Al (Al®) in AAFA pastes originated solely from unreacted raw materials [14,70].
This view changed when Walkley et al. proposed, for the first time, an N-A-S-H gel model
containing six-coordinated Al [86]. These six-coordinated Al atoms are considered as a
charge-balance role like Na* ions to compensate for Al tetrahedra. Actually,
pentacoordinated Al and six-coordinated Al have been found as the charge-balance roles in
aluminosilicate glass systems in many early reports [157-159]. In this study, a trace of Al®
sites was found during simulation. The non-tetrahedra Al mainly exists as Al°. The presence
of AP is also detected in some N-A-S-H gel structures built by MD simulation [111,134,160].
Around 50-60 % of pentacoordinate Al was formed in the final obtained structures in this
study, which is consistent with the result in Zhang’s work (45.2 %) [111].
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Figure 3.13 Distribution of (a) Si" sites and (b) Al" sites within all N-A-S-H gel models with
different Si/Al ratios.
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The connectivity of the obtained structure relies on the ratio of highly polymerized Si sites to
lowly polymerized Si sites. Thus, the ratio (Si* and Si#)/(Si' and Si?) is a meaningful index to
reveal the effect of Si/Al ratio on the connectivity of the structure. As can be seen from
Figure 3.14, there is an overall downward trend in the ratio (Si® and Si#)/(Si* and Si?) as Si/Al
ratios increase from 1.0 to 4.0. That means the structures at lower Si/Al ratios (e.g. 1.0 or
1.5) are more crosslinked compared with those at higher Si/Al ratios (e.g. 3.0 and 4.0). This
result has confirmed the fact that lower Si/Al ratios tend to form a 3D network (more Si® and
Si%), while higher Si/Al ratios prefer a 2D structure (more Si* and Si?) [3,161].

The environment for Si* is complex, containing five possible Si species Si*(mAl), where m
(m=0,1,2,3,4) refers to the number of Al connected to the Si*tetrahedron (see Figure 3.1(e)).
Analysis of the distribution of Si*(mAl) can further understand the connectivity between Si
and Al. The fraction of five Si*(mAl) sites is shown in Figure 3.15. Si*(4Al) is the major Si* site
for the structure with lower Si/Al ratios. When the Si/Al ratio increases to 4.0, Si*(3Al) makes
up the largest proportion of Si*(mAl) sites instead of Si*(4Al). Generally, Si*(3Al) and Si*(4Al)
are the two main Si* sites for all the structures. The distribution of Si*(mAl) in this work is
similar to the results from Lyu et al. [162] and Duxson et al. [82], as also shown in Figure
3.15. These results indicate that a Si* tetrahedron tends to connect with more than 2 Al
tetrahedra. 2°Si MAS NMR experimental results also show that polyhedral connection is
mainly Al-O-Si-O-Al in zeolites with Si/Al of 1-3 [163,164]. The mechanism behind this lies in
that Si-O-Al is preferred over Si-O-Si to be formed from thermodynamic and kinetic points of
view [83,165].
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Figure 3.14 (Si* and Si*)/(Si* and Si?) as a function of Si/Al ratio.
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Figure 3.15 Distribution of Si*(mAl) within all N-A-S-H gel models with different Si/Al ratios.
Part of data were from [82,162].

The reason for different tendencies of cross-link with different Si/Al ratios is now clear. The
results of bond angle and Si*(mAl) reveal that the Si site would link with the Al site in
preference. That means one Si site can link with 3-4 Al sites in an Al-rich system, but unlikely
link with 3-4 Si sites in a Si-rich system. As a result, more Q3 and Q* are more likely to form in
an Al-rich system, while more Q! and Q? tend to form in a Si-rich system. As the distribution
of Q" determines the degree of polymerization of a structure, the N-A-S-H gel structure
became more depolymerized as Si/Al is increased, aligning with the findings in [155].

3.4 The effect of Ca/Al ratio on the formation of N-C-A-S-H gel

3.4.1 Polymerization process

Figure 3.16 illustrates that the simulation process in the NaOH-Si(OH)s-Al(OH)s-Ca(OH);
system also followed a similar polymerization process in the non-Ca system as shown in
Section 3.3.1, albeit with some differences. Firstly, the dominant Si sites in the stable stage
of the simulation were Si'and Si? in the NaOH-Si(OH)s-Al(OH)3-Ca(OH); system, while Si?and
Si® became the predominant sites in the system without Ca. More discussion including the
reason behind it will be further elaborated in the part of Q" distribution. Another main
difference is the proportion of Al®. More six-coordinated Al was formed in the NaOH-Si(OH)4-
AI(OH)s-Ca(OH); system compared to that in the non-Ca system, which indicates the
existence of Ca can promote the formation of AI®. Note that all Al polyhedra in the
framework, namely AlO4, AlOs and AlQOe, carry negative charges and require cations for
charge-balance. The type of cation can affect the type of Al polyhedron. Ca has a larger size
compared to Na. The space within the oligomers would increase with the increase of AlQOs,
enabling it to carry Ca with a large size. In addition, Ca is a less weakly polarized cation than
Na, thereby exerting a weaker electrostatic attraction on the surrounding oxygen. As a result,
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Ca tends to promote the formation of larger AlOs polyhedra rather than tightly bound AlO4
tetrahedra.

At the end of simulation, the biggest cluster N-C-A-S-H gel was obtained from the system, as
shown in Figure 3.17. N-C-A-S-H gel also exhibited a 3D crosslinked network linked by Si
tetrahedra and Al polyhedra. Six-coordinated Al was present in the octahedron. The location

of Ca was similar to that of Na, as it stayed within the space among the oligomers to
compensate for the negative charge of Al polyhedra.

1.0 - - - 1.0
—u— Si® —e—git Si? (@) —a— A0 —e— Al Al (b)
B N C—— —v— AP —o— AlY —— AP ——A°
0.8 - 0.8
o] e
5 0.6 5 0.6
() (]
(@] o
g 8
© 041 £0.44
o o
QO [}
o o
0.2 1 0.2+
0.0 - 0.0 —
0 500 1000 1500 2000 0 500 1000 1500 2000
Simulation time(ps) Simulation time(ps)

Figure 3.16 Evolution of Q" sites for (a) Si sites and (b) Al sites in the case of Ca/Al=0.25.

Figure 3.17 Snapshots of N-C-A-S-H gel models: (a) Ca/Al=0.25 and (b) Ca/Al=0.5; Green

refers to Si, blue refers to Al, red refers to O, pink refers to H, yellow refers to Na, and purple
refers to Ca.
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3.4.2 Chemical and structural properties of simulated N-C-A-S-H gel
3.4.2.1 Chemical composition

The chemical composition of the obtained N-(C-)A-S-H gel is summarized in Table 3.4. The
Ca/Al ratio of the obtained N-(C)-A-S-H gel is exactly identical to the initial Ca/Al ratio,
indicating complete incorporation of Ca. In contrast, the Na/Al ratio of the obtained N-(C-)A-
S-H gel is lower than the initial Na/Al ratio of 1. Additionally, a slight decreasing trend of the
Na/Al ratio of the obtained N-(C-)A-S-H gel can be observed as the Ca/Al ratio increases. As
both Ca and Na act as charge-balancing cations in the structure of N-(C-)A-S-H gel, these two
findings suggest that Ca is prioritized over Na in the N-(C-)A-S-H gel. This is consistent with
Garcia-Lodeiro’s study [119], which demonstrated that Ca replaces Na in the N-(C-)A-S-H gel
until all available Ca is consumed. Besides, although the Si/Al ratios of the obtained N-(C-)A-
S-H gels with different Ca contents are all lower than the initial Si/Al ratio of 3, the
incorporation of Ca slightly increases the obtaining Si/Al ratio from 2.23 to 2.36.

3.4.2.2 Bond length and bond angle

The average Si-O bond length in the obtained N-C-A-S-H gels with a Ca/Al ratio of 0.25 and
0.5 is around 1.62 A, which is identical to the Si-O bond length in the N-A-S-H gel. This
indicates that the incorporation of Ca does not affect the Si-O bond length. Regarding the Al-
O bond, the average length increases from 1.86 A in the N-A-S-H gel to 1.89 A in the N-C-A-S-
H gels. Geometrically, the Al-O bond in Al® and Al° sites is longer than that in the Al* site, as
can be seen from Figure 3.3. Therefore, the longer bond length in N-C-A-S-H gel with a
higher Ca/Al ratio can be attributed to the increase in Al° and Al° sites (see Section 3.4.2.4).

The bond angle distributions for O-Si-O and O-Al-O in the N-(C-)A-S-H gel models are
illustrated in Figure 3.18. The incorporation of Ca into N-(C-)A-S-H gel does not influence the
0O-Si-O bond angle distribution, as all Si atoms are presented in a tetrahedral structure.
However, obvious changes can be found in the O-AlI-O bond angle distribution with the
incorporation of Ca. As the Ca/Al ratio increases, the peak at around 100° (Ca/Al=0) slightly
shifts to a smaller angle, accompanied by a more pronounced peak at around 160°. These
changes are also attributed to the higher fraction of Al°and Al® and lower fraction of Al*in N-
C-A-S-H gel compared to that in N-A-S-H gel structure. As discussed above, Al* tetrahedron is
characterized by an angle of around 109°, while Al sites are organized in the trigonal
bipyramidal structure (Figure 3.3(b)), which owes the acute angle of around 70° and the
obtuse angle of around 160°. The Al°site is arranged in the octahedron structure (Figure
3.3(c)), with an angle of around 90°. As a result, with an increasing Ca/Al ratio, the peak at
around 100° moves to a smaller angle, and the peak at around 160° becomes more obvious.

Table 3.4 Chemical composition of the N-(C)-A-S-H gel model with various initial Ca/Al ratios.

Initial Ca/Al Ca/Al ratio of Na/Al ratio of Si/Al ratio of Formula of N-(C-)-A-S-H"

ratio N-(C-) A-S-H N-(C-)-A-S-H N-(C-)-A-S-H

0 0 0.73+£0.07 2.23+0.08 Na31Al46Si1050381H173
0.25 0.25+0.00 0.72+0.08 2.35+£0.12 NaseCa13Als2Si1160445H208
0.50 0.50+0.00 0.63+0.07 2.36+0.13 Nas32Caz5Al50Si1120340H224

*Note that the chemical formula here is not the average result.
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Figure 3.18 Bond angle distributions for (a) O-Si-O and (b) O-Al-O for the N-(C-)A-S-H gel
models.

The fraction of different types of T-O-T bonds in the N-(C-)A-S-H gel models is shown in
Figure 3.19. The increase in Ca/Al ratio leads to a decrease in the proportion of the Si-O-Al
bond, together with an increasing proportion in another two bonds, i.e. Si-O-Si and Al-O-Al.
However, the Si-O-Al bond is still the main type of T-O-T bond, accounting for over 60 % of
the total. This result again confirms that the formation of the Si-O-Al bond takes priority over
the Si-O-Si bond. This conclusion can further be reinforced by the comparison between the
fraction of T-O-T bonds from MD simulation and random distribution, as also shown in
Figure 3.19. The proportion of the Si-O-Al bond from the MD simulation is markedly higher
than that from the random distribution, while correspondingly the proportion of the Si-O-Si
bond from the MD simulation is lower compared to the random distribution. This result
confirms that the Si-O-Al bond is more likely to form than the Si-O-Si bond.
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Figure 3.19 Fraction of different types of T-O-T bonds for the N-(C-)A-S-H gel models.
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Figure 3.20 shows the distribution of T-O-T bond angles in N-(C-)A-S-H gel. The incorporation
of Ca slightly changes the T-O-T bond angles in N-C-A-S-H gel compared to those in N-A-S-H
gel, while the amount of Ca incorporated does not affect the T-O-T bond angles by
comparing Ca/Al=0.25 and Ca/Al=0.5. As Ca is mainly presented near the Al site, it would
affect the linkage between a [SiO4] tetrahedron and a [AlO,] polyhedron, thereby influencing
the Si-O-Al bond angle changing from 134° to 129°. In addition, there is a change in the
proportion of [AlO,] with the incorporation of Ca, which is shown in Section 3.4.2.4, leading
to a shift in the Al-O-Al bond angle from 150° to 156°.

3.4.2.3 X-ray diffraction

The XRD patterns of the simulated N-(C-)A-S-H gels with different Ca/Al ratios are shown in
Figure 3.21(a). XRD curves of both N-C-A-S-H gels exhibited a hump at around 28° 26,
implying that N-C-A-S-H gels retained the amorphous nature as N-A-S-H gels. Compared to
N-A-S-H gel (Ca/Al=0), however, the incorporation of Ca leads to a modest shift toward
higher 26 angles. A similar trend was found in alkali-activated slag and fly ash (AASFA) paste
[95], as shown in Figure 3.21(b). As the fraction of slag in AASFA increased, the hump at 20°-
40° 26, corresponding to a mix of fly ash and the reaction product, also shifted toward
higher 20 angles. Since slag contains more Ca than fly ash, it is believed that the reaction
product N-C-A-S-H gel in AASFA with more slag contains a higher level of Ca. Thus, the trend
found in AASFA paste in [95] is in good agreement with this work. Although one can doubt
the shift of the hump in AASFA paste can be due to the content of fly ash itself, as fly ash
also displays a hump at a relatively low 26 (around 20°-30°), further evidence to support the
XRD hump’s shift with Ca content will be presented in the part of the experimental synthesis
of N-(C-)A-S-H gel (Chapter 4).
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Figure 3.20 Bond angle distribution of Al-O-Al, Si-O-Al and Si-O-Si for N-(C-)A-S-H gel with (a)
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Figure 3.21 XRD patterns of (a) the simulated N-(C-)A-S-H gels with different Ca/Al ratios, and
(b) alkali-activated slag and fly ash paste, data from [95]. Note that the number after ‘AASFA’
refers to the mass percentage of fly ash to the total binder. According to the chemical
compositions of fly ash and slag used in [95], the initial Ca/Al ratio in AASFA50, AASFA70 and
AASFA90 was 1.5, 0.9 and 0.5, respectively.
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3.4.2.4 Q" distribution

The Q" distribution for all N-(C-)A-S-H gels with different Ca/Al ratios is illustrated in Figure
3.22. Si? and Si® are two dominant sites according to the distribution of Si", which is a little
bit different from the results in Figure 3.16, where Si%is found to be dominant, followed by
Si. This is because the Q" fraction refers to the whole system in Figure 3.16, while standing
for the biggest cluster in Figure 3.22. Some isolated small species like Q° and Q! were
removed from the whole system to obtain the biggest cluster. Besides, as Ca/Al ratio
increased, there is a modest increase in the proportion of Si! and Si?, accompanied by a
slight decrease in the proportion of Si® and Si®. This correlation is further revealed by
analyzing the ratio (Si® and Si*)/(Si' and Si?) as a function of Ca/Al ratio in Figure 3.23. An
obvious decreasing trend in the ratio of (Si® and Si*)/(Si* and Si?) can be found with the
increasing Ca/Al ratio. This finding is consistent with the NMR result of AAFA and AASFA
pastes in [84], where more Q! and Q? were detected in AASFA paste compared to those in
AAFA paste. This implies that the incorporation of Ca reduces the 3D network linkage, i.e.
polymerization degree, of the N-(C-)A-S-H gel structure.

N-(C-)A-S-H gel with and without Ca showed a clear difference in AlI" distribution (Figure
3.22(b)). As mentioned above, the incorporation of Ca into N-(C-)A-S-H gel can promote the
formation of six-coordinated Al. The fraction of Al® increases from 1 % to 26 % as Ca/Al ratio
increases from 0 to 0.5. In contrast, the percentage of Al* decreases apparently with an
increase in Ca/Al ratio (corresponding to a decreasing Na/Al ratio). This demonstrates that
the coordination of Al is influenced by the type of cation involved.
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Figure 3.22 Distribution of (a) Si" sites and (b) Al" sites within the N-C-A-S-H gel models with
different Ca/Al ratios.
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Figure 3.24 shows the fraction of Si*(mAl) of N-(C-)A-S-H gel with different Ca/Al ratios. The
corporation of Ca alters the distribution of Si*(mAl). An increase in Ca/Al ratio results in a
decrease in Si*(4Al) and a concomitant increase in Si*(2Al) and Si*(3Al). However, a Si*
tetrahedron still exhibits the same tendency to connect with more than 2 Al tetrahedrons as
previously noted, given the fact that Si*(3Al) and Si*4Al) account for more than 50 %
regardless of Ca/Al ratio.
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Figure 3.24 Distribution of Si*(mAl) within all N-(C-)A-S-H gel models with different Ca/Al
ratios.
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3.5 Conclusions

In this chapter, the N-(C-)A-S-H gel models with various Si/Al and Ca/Al ratios are built by
reactive MD simulation via mimicking the polymerization process. The possible range of
chemical composition of N-(C-)A-S-H gel, in terms of Si/Al and Ca/Al ratios, is explored. The
atomic structure of N-(C-)A-S-H gel is also studied in terms of bond length, bond angle, XRD
analysis, Q" distribution. Based on the results and discussion, the following remarks can be

made:

1.

During simulation, the initial system containing Si monomers, Al monomers and
NaOH, regardless of Ca(OH),, went through a polymerization process, in accordance
with what happened in real geopolymerization. The equilibrium configuration at the
end of the simulation contained a 3D cross-link structure (N-(C-)A-S-H gel), some
oligomers, water molecules and other species.

With the Si/Al ratio covering from 1 to 4 in the initial configuration, the Si/Al ratios of
the obtained N-(C-)A-S-H gel ranged from 1 to 3. The Si/Al ratio of the obtained N-(C-
JA-S-H gel consistently fell below the initial Si/Al ratio, with a more significant
decrease observed in higher Si/Al gels. This phenomenon can be attributed to the
lower formation energy of Si-O-Al compared to Si-O-Si bonds. In contrast, the Ca/Al
ratio of the obtained N-(C-)A-S-H gel was always identical to the initial one, while the
Na/Al ratio was not only lower than the initial one, but also lowered with the
increasing Ca/Al ratio. These indicate that N-(C-)A-S-H gel is more likely to
incorporate with Ca than Na and exhibits a tendency to accept all available Ca in a
low-Ca system. Based on these findings, it is proposed that a Si/Al ratio from 1 to 3
and a Ca/Al ratio from 0 to 0.5 can represent the chemical composition range of N-(C-
)A-S-H gel in a mature AAFA paste.

In N-(C-)A-S-H gel, the Si-O-Al bond is the major type of T-O-T bond, i.e. Si-O-Si, Si-O-
Al and Al-O-Al, regardless of the incorporation of Ca. This suggests a preference for Si
sites to bond with Al sites over other Si sites, reinforced by a comparison of T-O-T
bond angle proportions between random distribution and MD simulation. Besides,
both O-AI-O and Si-O-Al bond angles exhibit a highly broad range, implying a
complicated Al environment, which is further confirmed in the result of Q"
distribution.

All N-(C-)A-S-H gel show X-ray amorphous, regardless of their Si/Al and Ca/Al ratios,
while the position of the X-ray hump is dependent on the Si/Al and Ca/Al ratios. A
shift toward smaller 26 angles is observed with an increase in Si/Al ratio, whereas an
opposite trend is observed with Ca/Al ratio. The results are in good agreement with
experimental results, providing strong evidence for the reliability of the N-(C-)A-S-H
gel model.

According to Q" distribution, all Si atoms present in a tetrahedron environment with a
four-coordinate configuration, while multi-coordinated Al atoms (Al*, Al° and Al®) are
found in the polyhedron arrangement. The existence of Al° and Al®in N-(C-)A-S-H gel
model provides strong support to the current knowledge that Al®> and Al® do not only
come from raw material. An increase in Si/Al or Ca/Al ratio leads to a less cross-linked
N-(C-)A-S-H gel structure, indicated by the decreasing index (Si® and Si%)/(Si* and Si?).
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According to the chemical compositions of N-(C-)A-S-H gels obtained in this chapter,
synthesis of the corresponding N-(C-)A-S-H gels will be carried out in Chapter 4. Besides,
the characterization of the modeled N-(C-)A-S-H gels in this chapter will be adopted to
compare with the synthesized N-(C-)A-S-H gels.
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Synthesis and characterization of N-(C-)A-S-H gel

4.1 Introduction

To establish a reliable thermodynamic database of N-(C-)A-S-H gel, synthesis of pure N-(C-)A-
S-H gel is a crucial step. According to the results in Chapter 3, N-(C-)A-S-H gel with a Si/Al
ratio from 1 to 3 and a Ca/Al ratio from 0 to 0.5 can generally represent the chemical
composition of the main reaction product in AAFA paste. So far, the Si/Al ratio of synthesized
N-A-S-H gel in the reported literature is mainly within the range of 1 to 2 [35,87]. Instances
of successful synthesis of N-A-S-H gel with a Si/Al ratio surpassing 2 are notably scarce.
Moreover, Williamson et al. [120] claimed that they were not able to obtain N-A-S-H gel with
a Si/Al ratio of 2 with a similar mixture (identical initial Si/Al ratio) used in [35,87]. Instead,
they found that the Si/Al ratio was much less than 2. These observations indicate that
achieving high Si/Al ratios in N-A-S-H gel synthesis can be challenging.

In addition, less attention has been paid to the synthesis of N-C-A-S-H gel as compared to N-
A-S-H gel. An attempt was made to synthesize N-C-A-S-H gel with various Ca/Si and Si/Al
ratios using a dissolution-precipitation approach [118]. However, achieving pure N-C-A-S-H
gel through this method proved challenging, as unreacted raw materials and secondary
reaction products were detected. Overall, there is a need to explore the mixtures and
conditions for synthesizing N-(C-)A-S-H gel with the target Si/Al and Ca/Al ratios.

In this chapter, N-(C-)A-S-H gels with Si/Al ratios ranging from 1 to 3 and Ca/Al ratios ranging
from 0 to 0.5 are synthesized by using the sol-gel method, chosen for its efficiency and
ability to produce pure products as reviewed in Chapter 2. In order to address the problem
of achieving high Si/Al ratios of N-(C-)A-S-H gel, firstly, the synthesis mixtures and conditions
reported in the literature are assessed for their effectiveness in producing the target N-(C-
)JA-S-H gel. In the second step, mixtures are tailored to produce N-A-S-H gels with high Si/Al
ratios, and the underlying mechanism is analyzed. Lastly, N-(C-)A-S-H gels are synthesized
based on the developed mixtures, and their chemical compositions and structures are
thoroughly characterized. The N-(C-)A-S-H gels synthesized in this chapter will undergo the
dissolution test in Chapter 5.
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4.2 Materials and methods
4.2.1 Materials

The following solutions were prepared using deionized water and reagent-grade chemicals:

e As a source of Si and Na, sodium silicate solutions with various concentrations of 0.1
M, 0.2 M, 0.3 M, and 1 M were prepared using Na,SiO3-5H,0 and deionized water.

e As an Al-providing source, aluminum nitrate solutions with concentrations of 0.1 M
and 1 M were prepared using Al(NO3)3-9H,0 and deionized water.

e As a Ca-providing source, a 0.5 M calcium nitrate solution was prepared using
Ca(NOs)2:4H,0 and deionized water.

e pH regulator: NaOH solutions with concentrations of 1 M or 10 M were prepared
using pellets of NaOH (>98 %) and deionized water. A HNOs solution (>65 %,
Honeywell) was also used if necessary.

4.2.2 Synthesis of N-(C-)A-S-H gel

To synthesize N-A-S-H gel with various Si/Al ratios, sodium silicate solution was first mixed
with the pH regulator and stirred for 30 minutes to reach a stable state. Aluminum nitrate
solution was then added drop by drop to the stirring solution. A total of 15 synthesis systems
were studied, covering five influencing factors, i.e. reaction time, reaction temperature,
initial Si/Al, concentration of reactants and pH of matrix. Detail synthesis conditions for all N-
A-S-H gel are given in Table 4.1. Except for the samples N3_7days and N3_ice, other samples,
without specific declaration in their labels, were synthesized for 1 day at 20 °C. In order to
examine the synthesis mixtures and conditions in the literature [35,36,87], samples N1, N2,
N3, N3 _7days, N3 _ice and N10 were prepared with 0.1 M aluminum nitrate solution and
various concentrations of sodium silicate solutions. Among them, N1, N2, N3 and N10 were
designed to study the effect of initial Si/Al ratio. N3_7days was reacted for 7 days at 20 °C to
study the effect of reaction time, and N3_ice was placed in an ice-bath (2-5 °C) for 1 day,
mirroring the condition adopted in [87], to study the effect of reaction temperature.
Samples N3_Ic, N3_mc and N3_hc were prepared by using different concentrations of
reactants to study the effect of concentration, while N3_hc_mpH and N3_hc_lpH were
synthesized by adding different amounts of HNOs solution to investigate the effect of pH.
Note that the entire procedure was carried out in a N-filled glove box to avoid carbonation.

For the synthesis of N-C-A-S-H gel with various Si/Al and Ca/Al ratios, a 1 M sodium silicate
solution was first mixed with a 0.5 M calcium nitrate solution and the pH regulator, followed
by stirring for 30 minutes. Next, a 1 M aluminum nitrate solution was added slowly to the
stirring solution. The quantity of the solutions was adjusted to obtain target Si/Al and Ca/Al
ratios, as shown in Table 4.2. The procedure for the synthesis of N-C-A-S-H gel was carried
out for a duration of 1 day at 20 °C.

After stirring for 1 day (or 7 days), the suspension was centrifuged at 5000 rpm for 5 min to
separate the solid reaction product, i.e. gel, and liquid. The liquid was filtered using a 0.45
pum syringe filter for further analysis. The gel was triple-washed by fully dispersing in
deionized water to remove nitrates and unbound sodium, followed by 100 ml of >96 vol.%
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ethanol solution for the last wash. The amount of washing water was found to affect the
measured Na/Al ratio of the gels significantly. The Na/Al ratio in the N-A-S-H gel is supposed
to be 1 in theory. In this work, at least 1500 ml of washing water was used to obtain a
reasonable Na/Al. Note that the amount of washing water should be adjusted according to
the amount of synthesized solid gels. In the end, the gel was dried in a vacuum desiccator,
using a saturated CaCl, solution as a desiccant, until the relative humidity reached
equilibrium, i.e. RH=33 %. The dried gels were then prepared for further characterization.
The procedure to synthesize N-(C-)A-S-H gel is depicted in Figure 4.1.

Table 4.1 Synthesis mixtures and conditions for N-A-S-H gel.

Samples®® Na,SiOs Al(NO3s)3 pH regulator Target Si/Al  pH®

N1 200ml,0.1M  200ml,0.1M  20ml 10M NaOH 1 13.53
N2 200ml,0.2M  200ml,0.1M  20ml 10M NaOH 2 13.60
N3 200ml,0.3M  200ml,0.1M  20ml 10M NaOH 3 13.68
N3_7days 200ml,0.3M  200ml,0.1M  20ml 10M NaOH 3 13.72
N3_ice 200ml,0.3M  200ml,0.1M  20ml 10M NaOH 3 13.70
N10 100ml, 1M 100ml, 0.1M  10ml 10M NaOH 3 13.87
N3_lc_n 200ml, 0.3M  200ml, 0.1M - 3 12.93
N3_mc_n 200ml, 0.3M  20ml, 1M - 3 13.18
N3_hc_n 300ml, 1M 100ml, 1M - 3 13.50
N3_hc_mpH_a  300ml, 1M 100ml, 1M 5ml HNOs 3 13.19
N3_hc_IpH_a 300ml, 1M 100ml, 1M 10m| HNOs 3 12.62
N1_hc_hpH®© 50ml, 1M 50ml, 1M 20ml 10M NaOH 1 13.64
N2_hc_lpH_n 200ml, 1M 100ml, 1M - 2 11.97
N2.8_hc_hpH_n 280ml, 1M 100ml, 1M - 2 13.46
N5_hc_hpH_a  200ml, 1M 40ml, 1M 10ml HNO; 3 13.40

(a) ‘N’ stands for N-A-S-H gel; the number after ‘N’ refers to the initial Si/Al ratio; ‘I’ indicates low; ‘m’
indicates medium and ‘h’ indicates high while ‘c’ signifies concentration; ice represents ‘ice bath’; ‘n’
indicates no NaOH solution while ‘@’ indicates adding acid (HNOs). For example, ‘N3_hc_lpH_a’
represents a gel with an initial Si/Al of 3, using a high concentration (i.e. 1M) of reactants,
synthesized at relatively low pH (below 13), with the addition of HNOs.

(b) The pH of filtrate was measured at room temperature. The measurement is given in Section 4.2.3.
(c) Extra 200ml of deionized water was added to this mixture to avoid the formation of impurities.

Table 4.2 Synthesis mixtures for N-C-A-S-H gel.

Samples NaSiO; Al(NOs)3 Ca(NOs),  pH regulator Target Target pH
Si/Al Ca/Al

NC1_0.25 100 ml 100 ml 50 ml 40 mINaOH (10M) 1 0.25 13.50
NC1_0.5 100 ml 100 ml 100 ml 40 ml NaOH (10 M) 1 0.5 13.41
NC2_0.25 140 ml 40 ml 24 ml 10 ml NaOH (1 M) 2 0.25 13.55
NC2_0.5 140 ml 40 ml 44 mi 20 ml NaOH (1 M) 2 0.5 13.42
NC3_0.25 240 ml 40 ml 26 ml 10.5ml HNOs 3 0.25 13.37
NC3_0.5 240 ml 40 ml 42 ml 8ml HNO3 3 0.5 13.54

Note: ‘NC’ stands for N-C-A-S-H gel; the number after ‘NC’ refers to the target Si/Al and Ca/Al,
respectively. An extra 200ml of deionized water was added to samples NC1_0.25 and NC1_0.5 to
keep consistent with sample N1_hc_hpH.



54 Chapter 4

AINO3)s

\Eg(NOs)z

| —

Ly

[

1day or 7days l drying

|

20°C 20°C

NaOH/HNO3+Na2Si03

-

Figure 4.1 Schematic procedure of the synthesis of N-(C-)A-S-H gel.
4.2.3 Characterization of the synthesized solid product and filtrated solution

After synthesis, two parts were obtained: solid reaction product (gels) and filtrate. The
chemical compositions of gels were measured using X-ray fluorescence (XRF) with a
Panalytical Axios Max WD-XRF spectrometer on loose powder.

According to the definition in [166,167], non-evaporable water refers to the water cannot
be removed by D-drying or equivalent procedures, e.g. drying at 105 °C. In this work, the
quantity of non-evaporable water in N-(C-)A-S-H gel was determined by using
thermogravimetric analysis (TGA). TGA data were recorded on a thermoanalyzer TG-449-F3-
Jupiter instrument on approximately 10 mg samples at a heating rate of 10 “C/min from 40-
1000 °C, except in the middle stage staying at 105 °C for 6h to remove evaporable water in
the samples.

The stoichiometric coefficients a,b,c,d in the formula of N-(C-)A-S-H gel
(Na,0),(Ca0),(Al,05).(Si0,),(H,0), can be calculated based on the XRF results, while e
can be calculated based on the TGA results using the following Equations:

18e’ 3 (4.1)
62a 1 56b + 102¢ + 60d + 18e’ _ Jwater-total

e = e’fwater_nc/fwater_total (4.2)

where e’ is the stoichiometric coefficient in (Na,0),(Ca0),(Al,03).(Si0,)4(H,0), (here,
H,O0 refers to all water retained by the gel instead of non-evaporable water), fy,ater totar
refers to the mass loss from 40-1000 °C in the TGA result, while f,,4¢er nc refers to the mass
loss for non-evaporable water in the TGA result (see Figure 4.6).
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X-ray diffraction (XRD) analysis was carried out to study the phase composition of the solid
reaction product on a Bruker D8 Advance diffractometer at 45 KV and 40 mA using CuKa
radiation. The powder samples were scanned from 5° to 90° 26 at a rate of 2 seconds per
step and a step size of 0.02° 26.

The molecular structure of the solid reaction product was investigated using Fourier
transform infrared (FTIR) spectroscopy. FTIR measurement was conducted using Nicolet™
iS50 FTIR Spectrometer over the wavelength range of 400 to 4000 cm™ with a resolution of 4
cm. A total of 32 scans were collected per measurement.

To determine the pH of the filtrate, the concentration of OH" was measured through titration
against 0.1 M hydrochloride acid. The concentration of Si and Al in the filtrate was measured
by a Perkin ElImer Optima 5300 DV ICP-OES (inductively coupled plasma optical emission
spectroscopy) spectrometer after dilution with nitric acid (0.2 vol.%). According to the
theory of mass balance, the quantity of Si and Al in the obtained N-(C-)A-S-H gel can also be
determined by calculating the difference between initial amounts of Si and Al and the
respective amounts in the filtrate. The Si/Al ratios derived via this approach can be
compared with those obtained by XRF, thereby enhancing the reliability of the data.

4.3 Results and discussion

This section is divided into three main parts. The first part addresses the inconsistencies
found in the literature by initially synthesizing N-A-S-H gels using the mixtures and
conditions adopted from previous studies. The second part focuses on exploring the key
factors influencing the synthesis of N-A-S-H gel with a high Si/Al ratio, accompanied by a
detailed analysis of the underlying mechanism. Through a systematic examination of
different influencing factors, an optimized synthesis route for achieving a high Si/Al N-A-S-H
gel is proposed. The third part involves the synthesis and characterization of N-(C-)A-S-H gels
with varied Si/Al and Ca/Al ratios.

4.3.1 \Verification of the existing sol-gel method

The obtained Si/Al ratios in synthesized N-A-S-H gels, derived from different initial Si/Al ratio
in this work and from literature, are summarized in Table 4.3. In this work, when the initial
Si/Al ratio increased from 1 to 3, the Si/Al ratio of the synthesized N-A-S-H gels obtained by
XRF and mass balance calculation remained at 1 — 1.4. The Si/Al ratios obtained by XRF are
consistent with those calculated by mass balance, indicating the reliability of the results. The
maximum Si/Al ratio achieved was 1.9 in mixture N10, which was still low for an initial Si/Al
ratio of 10. Similar results were observed in [36], as also shown in Table 4.3. They found that
the obtained Si/Al ratio could only increase if the Si/Na ratio was also increased. For
instance, they found that an increase in the Si/Na ratio from 0.1 to 0.2 led to an increase in
the Si/Al ratio from 1.01 to 1.30, using an initial Si/Al of 2. This indicates that the
concentration of Na, and thus the pH, has a significant influence on the obtained Si/Al ratio.
The results from this work and from [36] both show that the obtained Si/Al value is much
lower than its corresponding initial Si/Al, except for the case of an initial Si/Al ratio of 1.
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Table 4.3 Obtained Si/Al of synthesized N-A-S-H gels from this work and literature.

N1 N2 N3 N10
Initial Si/Al 1 2 3 10
Obtained Si/Al
by XRF 1.05 1.13 1.33 1.89
Obtained Si/Al 1.06 1.36 1.39 1.97
by mass balance
Literature Si/Al
by mass balance 0.98 [36] 1.01[36],1.30[36] - 2.39 [36]
Literature Si/Al 1.45 [87], 2.19 [87], i
by EDX 1.11 [35] 2.08 [35]
Literature Si/Al
by NMR 1.36 [87] 1.62 [87] - -

In contrast, the obtained Si/Al ratios in N-A-S-H gels approached the target of 1 and 2 in
[35,87]. This might be partially related to the measurement technique (see Table 4.3) or to
variations in synthesis conditions. An ice bath was employed in [87] to lower the reaction
temperature, while the reaction time was extended to 7 days in [35]. To further explore the
effect of reaction temperature and reaction time on the resulting Si/Al ratio, mixtures N3,
N3 ice and N3 _7days were studied. As shown in Table 4.4, lowering the reaction
temperature (N3_ice) slightly increased the obtained Si/Al ratio from 1.33 to 1.46, while
extending the reaction time from 1 day (N3) to 7 days (N3_7days) hardly affected the Si/Al
ratio of the N-A-S-H gel.

The structure of the synthesized N-A-S-H gel was characterized by XRD as shown in Figure
4.2. The broad XRD humps at around 30° 20 indicate that only amorphous N-A-S-H gels was
formed. N3 _ice and N10 were slightly carbonated due to unavoidable contact with air during
the post-treatment of the samples. No significant shift of this broad XRD peak was observed
among the different Si/Al ratios of the N-A-S-H gels. According to experimental results in
[156] and simulation results in Chapter 3 (see Figure 3.12), the hump at around 30° 20 is
expected to be shifted to a smaller angle as the Si/Al ratio increases. The absence of such a
shift in the synthesized N-A-S-H gels suggests that their Si/Al ratios were almost identical.
This is consistent with the XRD results of two synthesized N-A-S-H gels reported in [35],
which also showed a high degree of similarity, indicating close Si/Al ratios despite the
authors' claim of Si/Al ratios of around 1 and 2, respectively.

Table 4.4 Effect of reaction temperature and reaction time.

N3 N3 _ice N3_7days
Initial Si/Al 3 3 3
Obtained Si/Al by XRF 1.33 1.46 1.34
Obtained Si/Al 1.39 159 151

by mass balance
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Figure 4.2 XRD patterns for synthesized N-A-S-H gels.

The FTIR technique is much more sensitive in detecting structural changes of amorphous
aluminosilicates, as it is sensitive to short-range structural order [168]. FTIR spectra of these
five synthesized N-A-S-H gels are compared and shown in Figure 4.3. The main band
centered at around 950-980 cm™ is assigned to asymmetric stretching vibrations of Si—-O—T (T
refers to Si or Al) bonds. A minor shift towards a higher wavenumber is observed as Si/Al
increases, which can be attributed to the vibration of the Si-O-Si band at a higher
wavenumber than the Si-O-Al band, due to the stronger electronegativity of Si** [124] and
then higher binding energy of Si-O-Si [169]. Furthermore, the shift of this band to a higher
wavenumber is highly consistent with the corresponding increment of the obtained Si/Al
ratio in gels.

Overall, the results in this section have suggested that, except for the Si/Al ratio of 1, other
targeted Si/Al ratios (>2) cannot be achieved by using the existing mixtures and conditions.
Reaction temperature and reaction time have little effect on the resulting Si/Al ratio in N-A-
S-H gel. However, the finding in [36] reveals that a lower pH may facilitate obtaining N-A-S-H
gel with a higher Si/Al. Furthermore, the usage of reactants with higher concentrations, as
adopted in [170], is another option to achieve a high Si/Al ratio in the synthesized N-A-S-H
gel. Therefore, the effects of concentration of reactants and pH on the obtained Si/Al ratio of
the N-A-S-H gel are further investigated in the subsequent section.
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Figure 4.3 FTIR spectra for synthesized N-A-S-H gels.

4.3.2 Modification of mixtures for synthesizing N-A-S-H gels with high Si/Al
4.3.2.1 The effect of concentration of reactants and pH

The pH of the mixing solution was firstly lowered by omitting additional NaOH solution. Note
that it is not feasible to determine the initial pH of the mixture, the pH herein refers to the
pH of the filtrate subsequent to synthesis. This adjustment resulted in a decrease in the pH
value of the filtrate from 13.7 (N3) to 12.9 (N3_Ic_n), while simultaneously increasing the
resulting Si/Al ratio from 1.3 (N3) to 1.8 (N3_lc_n), as shown in Table 4.4 and 4.5,
respectively. This result underlines the strong effect of pH, which will be discussed in more
detail further below. Next, the effect of the concentration of the reactants on the resulting
Si/Al ratio was investigated, as summarized in Table 4.5. An increase in the concentration of
Si and Al in the mixture resulted in a higher Si/Al ratio of the N-A-S-H gel. The Si/Al ratios
calculated based on mass balance are slightly higher than those obtained by XRF. However,
even using the highest concentration of reactants (N3_hc_n), the resulting Si/Al ratio was
only 2.23, still lower than the target Si/Al ratio of 3. Note that the pH value also increased as
the concentration of reactants increased, as shown in Table 4.1, which hindered the
formation of high Si/Al N-A-S-H gel. Thus, in addition to adopting a high concentration of
reactants, further adjustments to the pH level are necessary to achieve the target Si/Al ratio.

Lowering the amount of NaOH, and consequently lowering the pH, is crucial for increasing
the Si/Al ratio, as indicated by the comparison between N3 and N3_lc_n, whose only
difference is the absence of additional NaOH in the latter (see Table 4.1). This was further
investigated on variants of sample N3_hc_n, where different amounts of HNOs were added
(see Table 4.1). Table 4.6 shows a clear increase in Si/Al of N-A-S-H gels with a decrease in
pH values. At pH 12.6, the obtained Si/Al ratio (2.74) was already close to the target Si/Al
ratio of 3. In summary, a high Si/Al ratio of up to 3 could be reached with a combination of
using a high concentration of reactants (on the order of 1 M) and low pH (less than 13).
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Table 4.5 Effect of concentration of reactants on the obtained Si/Al ratio.

N3_lc_n N3_mc_n N3_hc_n
Initial Si/Al 3 3 3
Si/Al'in N-A-S-H gel 1.8340.02 1.92+0.02 2.23+0.02

determined by XRF

Si/Al in N-A-S-H gel

determined by 2.00 2.06 2.27

mass balance
Note: "N3_Ic_n," "N3_mc_n," and "N3_hc_n" indicate gels with an initial Si/Al ratio of 3, prepared
using low, medium, and high concentrations of reactants, respectively, without adding NaOH.

Table 4.6 Effect of pH on the obtained Si/Al.

N3 _hc n N3 _hc_mpH_a N3 _hc IpH_a
pH 13.5 13.2 12.6
Initial Si/Al 3 3 3
Obtained Si/Al by XRF 2.23 2.35 2.74
Obtained Si/Al by 597 548 592

mass balance

Note: ‘N3_hc_n’ denotes a gel with an initial Si/Al ratio of 3, prepared using a high concentration of
reactants, without NaOH. ‘N3_hc_mpH_a’ denotes a gel with an initial Si/Al ratio of 3, prepared using
a high concentration of reactants, medium pH, with the addition of acid (HNOs). ‘N3_hc_IpH_a’
denotes a gel with an initial Si/Al ratio of 3, prepared using a high concentration of reactants, low pH,
with the addition of acid (HNOs).

4.3.2.2 Mechanism for achieving high Si/Al ratio in synthesized N-A-S-H gel

It is now clear that the concentration of reactants and pH are two significant factors
affecting the obtained Si/Al in synthesized N-A-S-H gel. To further reveal the underlying
mechanism, the composition of the filtrated solution was analyzed by ICP-OES. Figure 4.4
illustrates the effect of the initial concentration of reactants on the concentration of Si and
Al remaining in the filtrated solution. It can be found from Figure 4.4(a) that a higher
percentage of Si was consumed when the initial concentration was higher, indicating that
more Si was bound in the solid reaction product. This result is consistent with the XRF data
of the synthesized N-A-S-H gels, where a higher Si/Al was observed using a higher
concentration of reactants (see Table 4.5). In contrast, more than 95 % of Al was consumed
for all cases, as shown in Figure 4.4(b), and only a trace amount of Al remained in the
filtrated solution even at the elevated initial concentration of Al. The results above indicate a
high affinity of Al to form solid N-A-S-H gel, which aligns with the findings in Chapter 3. From
all cases shown in Figure 4.4, it can be found that the proportion of Si incorporated into the
gel is lower than that of Al. As a result, the Si/Al ratio in the N-A-S-H gel is lower than the
corresponding initial Si/Al ratio as shown in Table 4.5. Taking N3_lc_n as an example, 66 % of
Si and nearly 100 % of Al were consumed to form N-A-S-H gel, resulting in the Si/Al ratio of
1.8 in the synthesized N-A-S-H gel, which is lower than the initial (target) Si/Al ratio of 3. By
increasing the concentration of reactants, a greater proportion of Si can be consumed to
form N-A-S-H gel, thereby increasing the obtained Si/Al ratio.
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Figure 4.5 Effect of pH on the ion concentrations in the filtrated solution.

Figure 4.5 represents the effect of pH on the concentration of Si and Al remaining in the
solution. Again, a negligible amount of Al was detected in the solution for all samples,
suggesting substantial Al consumption. In addition, it's noteworthy that Si concentration
significantly increased with elevated pH values. This is attributed to the strong tendency of Si
to form negatively charged aqueous complexes under basic pH conditions, including species
such as SiO4H37, SiO4H2% and SisOg(OH)s* [171]. This leads to an increased tendency of
particularly Si, but also of Al, to remain in solution, rather than in the solid phase. The same
tendency has also been observed for Si and Al in the so-called C-A-S-H phases [172]. Due to
the lower solubility of Si at lower pH, more Si is able to form solid N-A-S-H gel. As a result,
higher Si/Al can be obtained with decreasing pH, as shown in Table 4.6. When pH was
lowered to 12.6 as in the case of N3_hc_IlpH_a, around 97 % of Si and almost 100 % of Al had
been incorporated into the reaction products. As a result, a Si/Al ratio of 2.7 was achieved in
the obtained N-A-S-H gel, which is close to the initial Si/Al ratio of 3.
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In summary, the key to obtaining high Si/Al N-A-S-H gel is to ensure that a high fraction of
the initial Si precipitates as gel, which depends primarily on a relatively low pH, with a
secondary influence from high initial concentrations.

4.3.2.3 Optimal route for synthesis of high Si/Al N-A-S-H gels

Inspired by the success of achieving N-A-S-H gel with a Si/Al ratio near 3 in the case of
N3_hc_IlpH_a, sample N2_hc_IpH_n was synthesized at a relatively low pH, aiming the
obtainment of N-A-S-H gel with a Si/Al ratio of 2 (see Table 4.1). It can be seen from Table
4.7 that, by using an initial Si/Al of 2 and pH of filtrate of 12.0, the obtained Si/Al ratio, i.e.
1.9, was close to the target Si/Al ratio of 2. This demonstrates that the target Si/Al ratio can
be achieved using the same initial Si/Al ratio, as long as the pH is carefully adjusted to ensure
the major part of Si forms N-A-S-H gel.

It should be noted that the N-A-S-H gel synthesized at relatively low pH values may differ
from the real reaction product in AAFA paste formed at much higher pH values. The pH in
the pore solution in AAFA pastes at 28 days ranges from 13.4 to 13.8, based on an initial
water-to-binder ratio of 0.35 [105], while in the present work, the final pH values ranged
from 12.0 to 12.6. The differences in conditions required are mainly related to the amount of
water (solution) present. In AAFA pastes, a very low water-to-solid ratio is generally used,
resulting in extremely high ion concentrations. As a result, even at high pH values,
substantial amounts of Si and Al will end up in solid phases due to solubility consideration. In
contrast, the sol-gel method employs a high water-to-solid ratio, resulting in a relatively low
concentration of solution. In this case, pH plays a more dominant role than the
concentration of reactants. This is why it is difficult to achieve a Si/Al ratio above 1 at very
high pH values using the sol-gel procedure as shown in Section 4.3.1. To mimic the real
environment in the pore solution of AAFA paste, it would be better to synthesize N-A-S-H gel
at high pH environment. Achieving a high Si/Al ratio under such elevated pH conditions
necessitates the use of an initial Si/Al ratio considerably higher than the target Si/Al ratio.
Following this guiding principle, the second series of samples was synthesized as shown in
Table 4.7. An initial Si/Al ratio of 2.8 was adopted in mixture N2.8_hc_hpH_n to obtain N-A-
S-H gel with a final Si/Al ratio of 2 at a pH of 13.46, while an initial Si/Al ratio of 5 was
needed to obtain a target Si/Al ratio of 3 at a pH of 13.40.

Table 4.7 Two options to synthesize N-A-S-H gels with Si/Al ratios of 2 and 3.

Series Samples pH of filtrate Initial Si/Al Target Si/Al Obtained Si/Al
by XRF
Series 1 N2_hc_IpH n  11.98 2 2 1.88
eries N3_hc IpH a  12.62 3 3 2.74
_ N2.8_hc_hpH_n 13.46 2.8 2 1.95
Series 2
N5_hc_hpH_a  13.40 5 3 2.81

Note: ‘N’ stands for N-A-S-H gel; the number after ‘N’ refers to the initial Si/Al ratio; ‘hc’ indicates
using a high concentration of reactants; ‘IpH’ and ‘hpH’ signify low and high pH, respectively; ‘n’
indicates no NaOH solution while ‘a’ indicates adding acid (HNOs).
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4.3.3 Characterization of the synthesized N-(C-)A-S-H gels
4.3.3.1 N-A-S-H gels with Si/Al from 1to 3

Chemical composition of N-A-S-H gels

N-A-S-H gels with Si/Al ratios of 1, 2 and 3 were synthesized successfully at high pH using
three mixtures: N1_hc_hpH, N2.8_hc_hpH_n and N5_hc_hpH_a, respectively (see Table 4.1).
In order to maintain a pH level as high as that in AAFA paste, extra NaOH solution was added
in the mixture N1_hc_hpH, nothing to N2.8_hc_hpH_n while HNOsz was added for
N5 _hc_hpH_a, as detailed in Table 4.1.

The chemical compositions of three synthesized N-A-S-H gels were determined by XRF and
mass balance, as summarized in Table 4.8. The target Si/Al ratios, namely 1, 2 and 3, were
obtained successfully. Basically, Si/Al ratios determined by XRF and mass balance are
consistent with each other. Na/Al ratio determined by mass balance calculation was not
shown because the content of Na was washed away and not quantified.

The amount of non-evaporable water was also determined. As can be seen from Figure 4.6,
the mass of all samples decreased during drying at 105 °C until a constant mass loss (< 0.1
%/h) was reached at 6 h, corresponding to the loss of evaporable water. Subsequently, the
temperature was increased at a rate of 10 °C /min up to 1000 °C, resulting in a mass loss of
around 5 %, which was assigned to the loss of non-evaporable water in the N-A-S-H gels. It is
generally believed that N-A-S-H gels contain relatively little non-evaporable water [93].
According to the TGA results, the stoichiometric coefficient m in synthesized N-A-S-H gels,
(Na;0), (8i0;),_,(Al;03), (H;0), , ranges from 1-1.5. However, Rahier et al. [92] reported
an even lower m of 0.4 in a geopolymer gel (Na;0), (Si0;),,(Al,03),(H;0),,. This
difference might be due to the variations in the liquid-to-solid ratio employed in the
respective studies. In this work, synthesis of N-A-S-H gel via sol-gel method requires a high
liquid-to-solid ratio (around 8-16), while a low liquid/solid ratio of around 2.5 was used to
prepare geopolymer gel in [92]. In contrast, the amount of non-evaporable water
determined in this work is much closer to the reality compared to the reported N-A-S-H gel
synthesized also via sol-gel method. Gomez-Zamorano et al. [35] reported an even higher
stoichiometry factor m of 5 to 8 for (Na,0), (Si0,),_,(Al;03), (H,0),, and Williamson et al.
[36] reported an m value of 4-5 for (Na,0), (Si0,), (Al,03), (H,0), , i.e. values at least ten
times larger than those in geopolymer [92]. The difference in the values obtained in this
work and the literature [35,36] can be attributed, at least partially, to variations in the
temperature range used to determine the non-evaporable water. Previous studies [35,36]
involved assessing the total mass loss within the temperature range of 40 or 50 °C to 975 °C.
This method tends to overestimate the amount of non-evaporable water by approximately
three to four times higher than the approach employed in this work.

Based on the results of XRF and TGA, the chemical compositions of three types of N-A-S-H
gels are listed in Table 4.9.
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Table 4.8 Average Si/Al and Na/Al in synthesized N-A-S-H gels

N1_hc_hpH N2.8_hc_hpH_n N5_hc_hpH_a
(Si/Al)xre 1.10 1.95 2.81
(Si/Al)Massbalance 1.17 2.24 3.35
(Na/AI)xRF 1.08 1.18 1.21
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Figure 4.6 Thermogravimetric analysis of synthesized N-A-S-H gels with Si/Al from 1 to 3.

Table 4.9 Chemical composition of synthesized N-A-S-H gels.

Samples Non-evaporable water Chemical composition

N1_hc_hpH 5.59 % (Na,0), ,(8i03), , (Al;03), (H20), o
N2.8_hc_hpH_n 4.84 % (Na,0), ,(8i0;),(Al;03),(H;0), ;4
N5_hc_hpH_a 4.90 % (Na;0),,(Si0;) . (Al;03), (H,0), ,,

XRD patterns of N-A-S-H gels

N-A-S-H gels with various Si/Al ratios all exhibited a single amorphous hump in XRD curves,
as shown in Figure 4.7. The hump shifted towards small angles as Si/Al increased, which is
entirely in line with observations in AAFA pastes [156], where XRD humps at 28.5°, 26.9°,
and 26.3° were observed for Si/Al of 1.5, 2.5, 4.5, respectively. It is the first time that an
observable shift towards lower 20 with increasing Si/Al in XRD has been reported for
synthesized N-A-S-H gels, indicating a clear difference in the chemical composition. Such a
shift was also observed in Chapter 3 (see Figure 3.12), where the underlying reason was

explored.
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Figure 4.7 XRD patterns for synthesized N-A-S-H gels with Si/Al from 1 to 3.
FTIR spectra of N-A-S-H gels

The FTIR spectra of these synthesized N-A-S-H gels with various Si/Al ratios are shown in
Figure 4.8. The assignment of the bands in FTIR spectra is summarized in Table 4.10. The
main band in the region between 1250-920 cm is attributed to the asymmetric stretching
vibrations of Si—O—T (T refers to Si or Al) [173,174]. This band is a typical signal indicating the
formation of N-A-S-H gel [73,119]. The position of the main band contains vital information
about the Si/Al ratio and connectivity of the N-A-S-H gel framework [75,175]. A noticeable
shift towards a higher wavenumber is observed as Si/Al ratio increases from 1 to 3. The band
appearing at 920-800 cm™ is likely associated with asymmetric stretching of AlO; group
[176]. The band becomes less pronounced with a higher Si/Al ratio, indicating a lower Si-O-Al
link fraction. A similar trend was observed as the Si/Na ratio increased in [177]. The band
centered at around 690 cm™ is assigned to symmetrical stretch vibrations of Si—O-T
[24,178]. A weak band at around 570 cm™is contributed by the ring vibration of the TO4
tetrahedron [24]. The weak nature of the band is due to the absence of crystalline phases
[75]. Finally, the band located at around 1640 cm™is corresponding to the bending vibration
of H-O-H [98,124]. Overall, the wavenumbers and the number of IR bands for each N-A-S-H
gel are in good agreement with those in [24,119]. Based on the above chemical composition
and structural information, it can be concluded that the target N-A-S-H gels with various
Si/Al ratios from 1 to 3 were successfully synthesized.
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Figure 4.8 FTIR spectra for synthesized N-A-S-H gels with Si/Al from 1 to 3.
Table 4.10 Assignment of bands in FTIR spectra of N-(C-)A-S-H gels.

Position Assignment Ref
1640-1648 bending vibration of H-O-H [98,124]
900-1250 asymmetric stretching of Si—-O-T [173,174]
853-890 asymmetric stretching of AlO; [176]
686-700 symmetrical stretching of Si-O-T [24,178]
567-581 ring vibration of the TO4 [24]
420-430 bending vibration of T-O [124]

4.3.3.2 N-C-A-S-H gels with Ca/Al from 0.25 to 0.5

N-C-A-S-H gels were synthesized following a similar synthesis route of N-A-S-H gels, with the
addition of Ca(NOs3),-4H,0 as a Ca-providing reactant. The target Si/Al ratio of N-C-A-S-H gel
also ranged from 1 to 3, while the target Ca/Al ratios were 0.25 and 0.5. The chemical
composition of the synthesized N-C-A-S-H gels, measured by XRF, is shown in Table 4.11. By
adjusting the initial Si/Al ratio and the pH of the system, N-C-A-S-H gels with three target
Si/Al ratios, i.e. 1, 2 and 3, were obtained. The resulting Ca/Al ratios of all synthesized N-C-A-
S-H gels are also very close to the target Ca/Al ratios, 0.25 and 0.5. In addition, the resulting
Ca/Al ratio is slightly smaller than the initial Ca/Al ratio, except for the samples NC1_0.25
and NC1_0.5. This is related to the different phases formed in different mixtures, which will
be discussed below, combined with the results of XRD. Furthermore, it is worth noting that
an increase in Ca/Al ratio leads to a decrease in Na/Al ratio for all cases, which is in good
agreement with the simulation results in Chapter 3 (see Table 3.4). This further confirms the
conclusion that Ca is preferred over Na for incorporation into N-C-A-S-H gel. It can been also
observed that Na/Al ratio of the synthesized N-C-A-S-H gels increases with an increase in
Si/Al ratio. This can be attributed to the significantly higher initial Na/Al ratio in the mixtures
targeting a higher Si/Al ratio.
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Table 4.11 Chemical compositions of synthesized N-C-A-S-H gels.

Samples Initial Si/Al in Initial Ca/Alin Initial Na/Al in
Si/Al N-C-A-S-H gel Ca/Al N-C-A-S-H gel Na/Al N-C-A-S-H gel
NC1 0.25 1 1.09 0.25 0.29 2.4 0.69
NC1_0.5 1 1.04 0.5 0.59 2.4 0.49
NC2_0.25 35 2.04 0.3 0.22 7.0 1.08
NC2_0.5 3.5 2.20 0.55 0.44 7.0 0.99
NC3_0.25 6 3.10 0.33 0.25 12 1.39
NC3_0.5 6 2.83 0.53 0.43 12 1.28

The XRD patterns of the synthesized N-C-A-S-H gels are shown in Figure 4.9. All samples
show a hump at around 30926, which can be assigned to the amorphous N-C-A-S-H gel.
However, two additional phases, calcite and calcium aluminate hydrate (Ca,Al(OH);-3H20, or
referred to as C;AHes), are also detected both in samples NC1_0.25 and NC1_0.5 (Figure
4.9(a). The presence of these extra Ca-containing phases leads to a higher resulting Ca/Al
ratio compared to those in other samples. The formation of calcite is due to carbonation
since these two samples were synthesized in air. However, the presence of Ca,Al(OH)7-3H,0
indicates the challenge in obtaining pure N-C-A-S-H gel with a Si/Al ratio of 1 in such a
mixture.

In contrast, the XRD pattern shows a single hump for samples NC2_0.25, NC2_0.5, NC3_0.25
and NC3_0.5 as shown in Figure 4.9(b). Couple with XRF results, it indicates that pure N-C-A-
S-H gels with target Si/Al and Ca/Al ratios have been achieved. Thus, only the N-C-A-S-H gel
with a Si/Al ratio of 2 and 3 will be further discussed in the following sections. It can also be
seen from Figure 4.9(b) that the hump shifts to a higher 26 angle with an increase in Ca/Al
ratio, which is consistent with the simulation results in Chapter 3 (see Figure 3.21).
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Figure 4.9 XRD patterns of synthesized N-C-A-S-H gels with various Ca/Al ratios (0.25 and 0.5)
and Si/Al ratio of 1 in (a), Si/Al ratio of 2 and 3 in (b).
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An identical TGA measurement was performed to determine the amount of non-evaporable
water in the synthesized N-C-A-S-H gels, and the results are shown in Figure 4.10. The mass
loss occurring at the temperature ramping stage (105-1000 °C) was assigned to the removal
of non-evaporable water in the N-C-A-S-H gels. The amount of non-evaporable water in the
N-C-A-S-H gels is summarized in Table 4.11. Couple with the XRF results, the chemical
composition of all synthesized N-C-A-S-H gels can be determined, as also presented in Table
4.12.
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Figure 4.10 TGA of synthesized N-C-A-S-H gels with various Ca/Al ratio.
Table 4.12 Chemical composition of synthesized N-C-A-S-H gels.

Samples Non-evaporable water Chemical composition

NC2_0.25 6.4% (N320)0_5(CaO)O,ZZ(Sioz)2_04(A1203)0,5(H20)0,93
NC2_0.5 6.5% (Na,0), ;(Ca0), ,,(Si03), ,(Al;03), . (H,0), ,,
NC3_0.25 6.4% (Na,0),,(Ca0),,:(S8i03),, (Al,03), . (H,0), ,,

NC3_0.5 7.1% (Na,0), ,(Ca0), ,.(Si0,), . (Al,05), (H,0), .
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Figure 4.11 illustrates the FTIR spectra of the synthesized N-(C-)A-S-H gels with a Ca/Al ratio
ranging from 0 to 0.5, and a Si/Al ratio of 2 and 3. Similar to N-A-S-H gel, the FTIR spectra of
N-C-A-S-H gel also show a main band located from 1250-920 cm™, which is related to the
asymmetric stretching vibrations of Si—-O-T [173]. Basically, the main band not only becomes
narrow but also moves to a lower wavenumber with the increase in Ca/Al. This finding
implies that N-(C-)A-S-H gel becomes less polymerized with a higher incorporation of Ca,
which is in accordance with the Q" distribution of simulated N-(C-)A-S-H gel in Chapter 3 (see
Figure 3.22 and 3.23). However, it's worth noting that NC2_0.25 and NC2_0.25 deviate
slightly from this pattern due to variations in their Si/Al ratios. Specifically, the Si/Al ratio of
NC2_0.5 is slightly higher than that of NC2_0.25, resulting in a small band between 1200-
1150 cm™ observed in NC2_0.5. As a result, the main band in NC2_0.5 appears broader than
that in NC2_0.25. Additionally, the small band at around 880 cm™ becomes less obvious as
more Ca is incorporated, especially in the case of Si/Al=2 (Figure 4.11(a)). As summarized in
Table 4.10, this band is probably attributed by asymmetric stretching of AlO;. According to
the simulation results in Chapter 3 (see Figure 3.22), the quantity of [AlO4] tetrahedra
decreased as more Ca is incorporated. This can account for the fact that a higher Ca/Al in N-
(C-)A-S-H gel leads to a less prominent band at 880 cm™. The bands at around 581 cm™and
420 cm™ are attributed by the ring vibration of the TO4 and bending vibration of T-O,
respectively [24,124].
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Figure 4.11 FTIR spectra of synthesized N-(C-)A-S-H gels with (a) a Si/Al ratio of 2 and (b) a
Si/Al ratio of 3.
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4.4 Conclusions

The mixtures and conditions based on the sol-gel method have been developed in this
chapter to synthesize N-(C-)A-S-H gels with Si/Al ratios ranging from 1 to 3 and Ca/Al ratios
from 0 to 0.5. A systematic study was conducted to investigate the influence of reaction
temperature, reaction time, initial Si/Al ratio, reactant concentrations, and pH values of the
filtrate on the final Si/Al ratio in the synthesized N-A-S-H gels. The Si and Al concentrations in
the filtrate were analyzed by ICP-OES to elucidate the underlying mechanism for obtaining
high Si/Al N-(C-)A-S-H gel. Using the proposed optical route, pure amorphous N-(C-)A-S-H
gels with the target Si/Al and Ca/Al ratios were successfully synthesized and characterized.
Based on the results and discussion, the following remarks are made:

1. The existing mixtures and reaction conditions for sol-gel methods reported in the
literature only produced N-A-S-H gel with Si/Al ratio near 1, even at high initial Si/Al
in the mixing solutions. The reaction temperature and reaction time had little effect
on increasing the Si/Al ratio in the N-A-S-H gel.

2. The key factors to obtain N-A-S-H gel with high Si/Al ratio were to lower the pH
values and use concentrated solutions. Under basic conditions, lowering the pH value
reduces the tendency of Si to remain in solution, thereby allowing a higher Si/Al ratio
in the N-A-S-H gel. This poses a challenge for the synthesis of high Si/Al N-A-S-H gels
at very high pH, i.e. in the range of the alkalinity of pore solutions in AAFA paste. To
achieve it, an initially higher Si/Al ratio than the target ratio must be employed.

3. N-A-S-H gels with different Si/Al ratios differ in structure according to XRD and FTIR
patterns. An increase of Si/Al ratio of N-A-S-H gel leads to a shift toward lower 26
angle in the XRD patterns, in good agreement with the simulation results in Chapter
3. Furthermore, the position of the Si-O-T asymmetric stretching band correlates
closely with the Si/Al ratio of N-A-S-H gel.

4. N-C-A-S-H gel shows a higher affinity for Ca than Na as evidenced by the chemical
composition of N-C-A-S-H gel, which is in accordance with the simulation results in
Chapter 3. XRD and FTIR results show that the Ca/Al ratio in N-(C-)A-S-H gel can also
impact its structure, consistent with the findings in Chapter 3.

The N-(C-)A-S-H gels with various Si/Al and Ca/Al ratios synthesized in this Chapter will
undergo dissolution experiments to determine their solubility in Chapter 5.






Chapter 5

Solubility and thermodynamic properties of
N-(C-)A-S-H gels

5.1 Introduction

A thermodynamic database of N-(C-)A-S-H gels, encompassing their solubility products and
other thermodynamic properties, i.e. the Gibbs free energy, heat capacity, entropy,
enthalpy, and molar volume, is indispensable for studying the chemical reactions involved in
alkali-activation of fly ash. However, current research lacks experimentally derived solubility
products of N-C-A-S-H gels and N-A-S-H gels with Si/Al ratios exceeding 2. While some
studies have measured solubility products for N-A-S-H gels with Si/Al ratios below 2,
inconsistencies have been noted, as highlighted in Chapter 2. Due to the absence of
solubility product data, the thermodynamic properties of N-(C-)A-S-H gels are inadequate
and incomplete, which hinders the investigation of reactions and phase assemblages of
alkali-activated fly ash (AAFA) through thermodynamic modeling. Therefore, it becomes
imperative to verify and expand the existing thermodynamic data of N-(C-)A-S-H gels.

The primary objective of this chapter is to establish a comprehensive thermodynamic
database for the synthesized N-(C-)A-S-H gels as detailed in Section 4.3.3 in Chapter 4.
Initially, dissolution experiments of N-(C-)A-S-H gels are conducted at different temperatures
until reaching an equilibrium state. Subsequently, the solid residue phase is characterized
through XRD measurement, while the solution composition is determined using ICP-OES and
a pH meter. This data is then utilized to calculate the solubility products of N-(C-)A-S-H gels.
Furthermore, the effects of the Si/Al ratio, crystallization and temperature on the solubility
products are analyzed. Finally, thermodynamic properties of N-(C-)A-S-H gels are derived
from the experimentally determined solubility products at 25 °C, and validated through the
solubility products measured at higher temperatures (40 and 60 °C). The results of this
chapter will lay a solid foundation for the thermodynamic modeling of AAFA in Chapter 6.

5.2 Materials and methods

5.2.1 Raw materials

This chapter utilized seven types of N-(C-)A-S-H gels with various Si/Al and Ca/Al ratios
synthesized in Chapter 4. Specifically, they include three N-A-S-H gels (see Table 4.9) and
four types of N-C-A-S-H gels (see Table 4.11). The three N-A-S-H gels with Si/Al ratios from 1
to 3 are denoted as N1, N2 and N3 for clarity in this chapter, while four N-C-A-S-H gels share
the same notations used in Chapter 4, i.e. NC2 _0.25, NC2_0.5, NC3_0.25 and NC3_0.5,



72 Chapter 5

where the initial number represents the Si/Al ratio and the second denotes the Ca/Al ratio.
In addition, deionized water was also used.

5.2.2 Dissolution experiments

N-(C-)A-S-H gel was dispersed into deionized water with a solid-to-water ratio of 20 g/L in a
tube. The tube contained a nearly full solution, indicating little air inside. In addition, the
tube was tightly sealed to avoid air penetration, and thus carbonation. According to the
results in [34,124], the dissolution of N-A-S-H gel and zeolite at room temperature was near
equilibrium after around 1 month, which means that their solubility product remained
relatively stable after 1 month. Thus, the dissolution test in this work was conducted in a
shaker moving at a speed of 220 rpm and maintained at 25 °C for 2 months, at 40 and 60 °C
for 1 month, respectively. After equilibrium time, the suspension was filtered using
Whatman 42 filter paper (2.5 um) to obtain the solid and aqueous phases. The solid residue
was then freeze-dried until a constant weight was obtained. For each sample, triplicate
measurements were performed and the average results are presented.

5.2.3 Solid and aqueous phases characterization

The solid residue after dissolution at 60 °C underwent XRD analysis to ascertain any phase
transition during the dissolution process. The procedures and details of performing XRD are
described in Section 4.2.3. The pH of the filtrated agueous phase was measured with a pH
meter at room temperature (25 °C) and corrected to 40 °C and 60 °C. The pH differences
caused by temperatures were calculated with the Gibbs free energy minimization program
GEM-Selektor V3 (GEMS) [41]: -0.58 for 40 °C and -0.98 for 60 °C. The concentrations of Si,
Al, Na and Ca in the filtrated aqueous phase were measured using an ICP-OES spectrometer
with the same procedures described in Section 4.2.3.

5.2.4 Thermodynamic modeling

GEMS was employed to determine the solubility product and thermodynamic properties of
N-(C-)A-S-H gels. The general thermodynamic data for solid, agueous, and gaseous phases
involved in the system were taken from the PSI/Nagra [171] and Cemdatal8 [32].

The following dissolution reaction was used to calculate the solubility products for the
synthesized N-(C-)A-S-H gels:

(Na,0),(Ca0),(Al,05).(5i0,)4(H,0), = 2a Na* + b Ca?* + 2c AlO,” +d Si0? +

2(@+b—-c)0OH  +(e—a—b+c)H,0 (5.1)

The subscripts a, b, ¢, d and e, referring to the stoichiometry of the elements in the gels, can
be found in Table 4.9 and Table 4.12.

Correspondingly, the solubility products can be determined using the following equations:

Ksp — {Na+}2a . {Ca2+}b . {AIOZ_}ZC . {5103}(1 . {OH—}Z(a+b—C) . {Hzo}(e—a—b+c) (52)
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where {i} refers to the activity of the dissolved species i, i.e. Na*, Ca?*, AlO;, SiOS ,OH~
and H,0. The activity can be calculated with GEMS from the measured concentration (m;)
using {i} = y; - m;, where y; is the activity coefficient and can be computed using the built-in
extended Debye-Hlickel equation in GEMS [31]:

—AyZiz\/T N

byl 5.3
I+ByaNT 3)

logy; =

where z; is the charge of species i, I is the effective molal ionic strength [116], A, and B,, are
temperature-dependent coefficients (A, =0.51, B, =0.33 at 25 °C), a; is the ion size
parameter, which is set at 3.31 A for NaOH-based solutions [179], and b, is a semi-empirical
parameter (~0.098 for NaOH solutions at 25 °C) [179].

Once the solubility product is determined, the Gibbs free energy of reaction A,.G°, and thus
the Gibbs free energy of formation AfGocan be calculated according to Equation 5.4:

AG® = ¥, v;ArGP = —RTInKj, (5.4)

where R is the universal gas constant 8.3145 J/mol/K, T represents absolute temperature in
K, v; is the stoichiometric reaction coefficient, AfGiO stands for the Gibbs free energy of the
formation of the species used in the reaction.

The apparent Gibbs free energy of formation at any desired temperature A,G2 can be
calculated according to Equation 5.5 [180]:

T Tco
NG = ArGY — SO (T —To) + f CRdT — | —dT (5.5)

To To

where T, = 298.15 K, AfG‘T)O refers to the Gibbs free energy of formation at 298.15 K, S%)
denotes the standard entropy at 298.15 K, while C2 corresponds to the standard heat

capacity. Since CB can be assumed to remain constant within a narrow temperature range of
20-80 °C [124,181], Equation 5.5 can expressed as:

0 0 0 0 r
AaGT == AfGTO - STO (T - To) + CTO TlnT_O - T + TO (56)

Standard values of heat capacity C;,) and entropy S° were estimated using the additivity
method (A,CJ = 0 or A.S° = 0), which is expected to yield reliable results if suitable
components are chosen [123,180]. In this work, faujasite Y (Na»AlSis01,-8H,0), calcium oxide,
sodium hydroxide, quartz and zeolitic H,O were used for additivity calculation using the
following Equation 5.7. Furthermore, the entropy term was further corrected for volume
changes according to Eq. 62 in [121], which found that accounting for volume changes
enhanced the accuracy of the entropy correction.

(5.7)

0 0
D (Na,0),(Ca0)y(Aly05),(Si0)a(Hy0)e = CPNa, AL, si,0,,-8H,0 T (20 — 20)PNgon +
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bd2,, + (d — 4c)q>gi02 + (e—a— 7c)q>2,20

where ®° represents C{,’ or S°. The thermodynamic data of components are provided in
Appendix B (Table B.1).

To assess the accuracy of C,(,’ or S°, the solubility product log K; at different temperatures
were calculated using the 3-term extrapolation function (see Equation 5.8) in GEMS, to
compare to the experimentally determined log K [122].

b
logKy = a+?+clnT (5.8)
where
a=[ASD —ACY (1+InT,)]|/2.303R
b =(—AH?, + ACyr,T;)/2.303R

c=ACyr,/2.303R

To represents the temperature at 298.15 K, AS and ACp denote the changes in entropy and
heat capacity of the reaction at To.

The standard molar volume V° was also estimated from density calculations using the
method in [182], with the following equations:

Naz 0 sc sc Ca0 sc AlZ 03 sc HZ 0 sc
I <5i02 ) Biso + b, + <Si02) beao + (Sio2 ) bito, + (SiOz) bi,o0 (5.9)
N(C)ASH APN(C)ASH My cyasn .
Vve=mMm /P 5.10
N(C)ASH/ PN(C)ASH (5.10)

where pyicyasy is the scattering length density, taken as 3.4X10™*m? from [183], py(c)asu

is the predicted density of a N-(C-)A-S-H end-member, N, is Avogadro's number (6.02x10%3),
b%¢ parameters are the neutron scattering lengths for Na,O0, Si0,, Ca0, Al,05 and H,0,

which were taken as 13.06 fm, 15.8 fm, 10.5 fm, 24.3 fm and -1.68 fm, respectively. Ratios
N?ZO, C,a—o, %and H,Z—O are molar composition ratios of a N-(C-)A-S-H end-member, and
SlOZ 5102 SlOZ SlOz

My (¢yasn is the molar mass of a N-(C-)A-S-H end-member.

5.3 Results and discussion

5.3.1 Characterization of solid and aqueous phases

During the dissolution of N-A-S-H gels, three types of elements, i.e. Si, Al and Na, were
released into the solution, and their concentrations were measured and depicted in Figure
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5.1. Notably, Na is consistently the dominant element in the filtrate, independent of the
temperature. It is expected that Na is the easiest element to dissolve, as it only serves as the
network modifier in the structure of N-A-S-H gel, unlike Si or Al, which act as the network
former. The dissolutions of Si and Al are closely related to the Si/Al ratio in the N-A-S-H gel.
For N-A-S-H gel with a Si/Al ratio of 1 (N1), the concentration of Al was higher than that of Si,
regardless of the temperature, while opposite results are found in high Si/Al ratio (i.e. N2
and N3). Moreover, the Si/Al ratio in the filtrated solution in N2 and N3 samples is much
higher than the Si/Al ratio in original N-A-S-H gels. This phenomenon is particularly
pronounced in the gels with higher Si/Al ratio. This indicates that a high Si/Al N-A-S-H gel can
only form in an extremely Si-rich environment.

Similarly, the compositions of the filtrated solutions after N-C-A-S-H gels dissolved are shown
in Figure 5.2. Again, the dominant element in the filtrated solution is still Na, while Ca, also
as the network modifier, is the least soluble. Although this is partly attributed to the
difference in their contents in the N-C-A-S-H gel, this finding confirms that N-C-A-S-H gel has
a higher affinity to Ca than Na, as found in Chapters 3 and 4. The concentrations of Si and Na
both increase slightly as temperature increases. Conversely, the concentrations of Al and Ca
first increase and then decrease with the increase in temperature. Similar trends have been
found in the dissolution of C-(A)-S-H gels in the literature [184,185], which reported the
concentrations of Ca and Al do not increase monotonically with temperature, but showed a
decreasing trend at relatively high temperatures. The relationship between the solubility and
temperature, as well as the corresponding possible reasons, will be discussed in Section
5.3.2.
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Figure 5.1 Concentration of Si, Al and Na in the filtrated solution after immersion of the N-A-
S-H gel in water at (a) 25 °C, (b) 40 °C, and (c) 60 °C.

w
o

20 Il 25 °C (@)
B 40 °C , :
60 °C

Bl 25 °C i (b)

I <0 °C . ]
60 °

Concentration of Si (mmol/L)

Concentration of Na (mmol/L)
= [ N N
e 9

o
I

0-
NC2_0.25 NC2_0.5 NC3_0.25 NC3_0.5 NC2_0.25 NC2_0.5 NC3_0.25 NC3_0.5

o
©

o
3

Il 25 °C ©
B 20 °C
60 °C

Il 25 °C (d)
I 40°C
60 °C

o
o
]
o
N
1

o
w
7

o
N
h

o
[N
h
g
[N
|

Concentration of Al (mmol/L)
-
Concentration of Ca (mmol/L)

o

o
p

o

o
;

NC2_0.25 NC2_0.5 NC3_0.25 NC3_ 0.5 NC2_0.25 NC2_0.5 NC3_0.25 NC3_ 0.5
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Apart from the elemental compositions, the pH values of the filtrated solutions were also
measured, as shown in Appendix B (see Table B.2). The element compositions and the pH
values of the filtrated solutions will be used to determine the solubilities of the N-(C-)A-S-H
gels.

As N-(C-)A-S-H gels tend to undergo phase transformation at high temperatures, the phases
of N-(C-)A-S-H gels after dissolution at 60 °C were characterized using the XRD technique.
The XRD patterns in Figure 5.3 confirmed that the post-dissolution gels maintained their
amorphous structure and did not transform to a new crystalline phase at high temperatures.
Notably, the XRD humps of the gels did not move after dissolution, except N3, where the
variation is probably due to the change in Si/Al ratio. As can be seen in Figure 5.1, the
Sigissolved/Aldissolved ratio markedly surpasses the original Si/Al ratio of N3, suggesting that the
Si/Al ratio in the residue (N3) is less than 3. It has been already found in Chapter 3 and
Chapter 4 that the XRD hump of the N-(C-)A-S-H gel with a smaller Si/Al ratio is located at a
higher 28 angle. This can explain why a hump shift toward higher 26 angles was observed
upon the dissolution of N3. Nevertheless, the XRD results affirm the absence of phase
transformation during the dissolution test at high temperatures. This observation indicates
that the solubility was measured based on pure N-(C-)A-S-H gel.

N3 Residue (N3) - - -NC3_0.5 — Residue(NC3_0.5)
- - N2 — Residue (N2) NC3_0.25 Residue(NC3_0.25)
- --N1 — Residue (N1) - - NC2_05 — Residue(NC2_0.5)

Residue(NC2_0.25)

NC2_0.25

Intensity(a.u.)

Intensity(a.u.)

30 40 20 3IO 40
2 theta(degree), Cu Ka 2 theta(degree), Cu Ka

Figure 5.3 XRD patterns of remaining solid phase after dissolution at 60 °C for 1 month. XRD
patterns of N-(C-)A-S-H gels before dissolution were plotted in dash lines for comparison. (a)
N-A-S-H gels, (b) N-C-A-S-H gels.
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5.3.2 Solubility products of N-(C-)A-S-H gel

The solubility products of N-A-S-H gels at different temperatures were calculated based on
the dissolution reactions listed in Table 5.1. Note that the chemical compositions of the N-A-
S-H gel are slightly modified to achieve a Na/Al ratio of 1, assuming that the slight surplus of
Na observed by XRF was due to the presence of some water with a high concentration of Na.
Figure 5.4 shows the log Ksp values of the synthesized N-A-S-H gels with three different Si/Al
ratios, and compared to Ksp values derived from the dissolution reactions using the same
species, i.e. Na*, AlOy’, Si0x°and OH- (if necessary for charge balance) from literatures. For
cases where different species were used, a transformation was performed to recalculate the
solubility products (see Table 2.2). It can be seen that the log Ks, values of N-A-S-H gels
increase with temperature, indicating a greater solubility at a higher temperature. The log
Ksp values of N-A-S-H gels synthesized in this work, with Si/Al ratios of 1.1 and 2.0, closely
match those of amorphous N-A-S-H gels reported in the studies by Williamson et al. [36] and
Gomez-Zamorano et al. [35]. However, the N-A-S-H gel synthesized by Walkley et al. [34]
exhibit less negative log Ksp, values. This may be partly because of the lower Na content in
the N-A-S-H gel by Walkley et al. [34]. Additionally, the N-A-S-H gel in [34] was derived
through alkali activation of synthetic glass instead of the sol-gel method, implying a
potentially distinct structure, which could be another reason for the discrepancy. In contrast,
N-A-S-H gels with different Si/Al ratios from [33] all showed notably more negative log Ksp
values than those obtained in this work. Furthermore, the difference between the solubility
products of N-A-S-H gels from this work and [33] becomes more pronounced as Si/Al
increases. A further comparison and discussion will be made in the following.

Table 5.1 Dissolution reactions used to calculate solubility products of N-A-S-H gels per 1 mol
of Si.

N-A-S-H gels Dissolution reactions
N1 (Nazo)0.46(A|203)o‘45(5i02)1(HzO)o.54 - 0.92 Na*+0.92 AlOz' + Si020+ 0.54 H,0
N2 (Na20)0.25(A|203)o‘25(5i02)1(Hzo)o.35 > 0.5Na*+0.5 AlOz' + SiOzO +0.35 H,0

N3 (Na20)0.13(A|203)o‘18(5i02)1(HzO)o.gl - 0.36 Na*+0.36 A|02' + Si020+ 0.31 H,0
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Figure 5.4 Log solubility products of synthesized N-A-S-H gels and zeolites after normalizing
per mole of Si, (a) Si/Al ratio = 1, (b) Si/Al ratio = 2, (c) Si/Al ratio = 3. Error bars correspond to
the two sided 95 % confidence interval. Literature data for N-A-S-H derived from [33—-36] and
for zeolites (Faujasite(FAU(Y)), hydroxysodalite (SOD(OH)) and gismondine (LS-P(Na)) from
[36,124]).

The comparison in Figure 5.4 reveals some discrepancies between the solubility products of
N-A-S-H gel obtained in this work and the literature. Since N-A-S-H gel can be considered as a
disordered form of zeolite, especially the ABC-6 family of zeolites [99], the accuracy of the
data obtained in this work and in the literature was further validated by comparing solubility
products between N-A-S-H gel and zeolites. Hydroxysodalite (NagAleSisO24(OH),-2H,0), a
member of the ABC-6 family, and Gismondine: LS-P (Na,Al,Si,0s-3.8H,0) [124] as well as
faujasite [36] are selected to compare with N-A-S-H gel with a Si/Al ratio of 1, while faujasite
Y (NaAl»Sis012-8H,0) [124], also belonging to ABC-6 family, were chosen for comparison
with N-A-S-H gel with a Si/Al ratio of 2. The log Ks, values of these zeolites from [36,124],
normalized to 1 mole of Si, are also plotted in Figure 5.4. Except the N-A-S-H gels in [33], all
types of zeolites have lower log Ks, values compared to the amorphous N-A-S-H gels,
indicating that the gels have a higher solubility. This is reasonable as zeolites have a
crystalline structure that is considered more stable and less likely to dissolve than
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amorphous gels. Similar results were also found in [36], where a clear decrease in solubility
was observed from N-A-S-H gel to faujasite. This finding suggests the reliability of the
solubility products of N-A-S-H gel obtained in this work and in [35,36]. The log K, value of
hydroxysodalite (SOD(OH) in Fig. 5.4(a)) is the smallest, with several log Ks, units smaller
than N-A-S-H gel with a Si/Al ratio of 1. This is because it contains extra Na* and OH"
compared with the chemical composition of N-A-S-H gel with a Si/Al ratio of 1 in this work,
which lowers the log Ks, value mathematically if normalized to 1 Si. In contrast, the log K,
value of faujasite Y (FAU(Y) in Fig. 5.4(b)) is only around 1 log Ksp unit more negative than
that of N2 in this work, implying that N-A-S-H gel might have an atomic structure similar to
that of faujasite. Overall, the consistency observed between the solubility products of N-A-S-
H gels synthesized in this study and those reported in [35,36], as well as the slightly higher
solubility of N-A-S-H gels than zeolites, support the reliability of the solubility products of N-
A-S-H gels obtained in this work. These trustworthy solubility products can serve as a solid
basis for further determining the other thermodynamic data.

To study the effect of the Si/Al ratio on the solubility product of N-A-S-H gel, the log Ksp
values should be normalized to the same number of framework TOy, i.e., SiO4+AlO4. Both the
log Ksp values of N-A-S-H gel from this work and from [35] exhibit an increasing trend with an
increase in Si/Al ratio, as can be seen in Figure 5.5. This is partly because of lower Na content
in higher Si/Al N-A-S-H gel, which means a smaller coefficient a is used in Equation 5.2 to
calculate the solubility products, resulting in less negative log Ks, value due to purely
mathematical reasons. However, it is important to observe that the rise in the log Ksp value is
more pronounced when transitioning from Si/Al=2 to Si/Al=3 compared to the shift from
Si/Al=1 to Si/Al=2. This indicates that the formation of N-A-S-H gel with a high Si/Al ratio is
thermodynamically less favored. This is strongly supported by the MD simulation results in
Chapter 3 and the experimental results in Chapter 4. Furthermore, it could help to explain
why the synthesis of N-A-S-H gel with a Si/Al ratio up to 3 is challenging and has previously
not been reported in literature.

364 ® N-A-S-H gelin this work
e N-A-S-H gel from [35]
-3.8
4.0
G421
g i
o
= 4.4 }
4.6
484
-5.0 T T T T
1.0 1.5 2.0 25 3.0

Si/Al ratio

Figure 5.5 Effect of Si/Al ratio on log solubility products of synthesized N-A-S-H gels
normalized to 1 mole of (SiO4+AlO4) at 25 °C. Error bars correspond to the two sided 95 %
confidence interval.



Solubility and thermodynamic properties of N-(C-)A-S-H gel 81

The solubility products of N-C-A-S-H gels at different temperatures were calculated using
Equation 5.2 based on the dissolution reactions listed in Table 5.2. The incorporation of Ca
into N-A-S-H gels is found to affect the relationship between the solubility and temperature.
In contrast to N-A-S-H gels, the solubility products of all N-C-A-S-H gels do not follow a
monotonically increasing trend as a function of temperature as shown in Figure 5.6. The
solubility products of N-C-A-S-H gels reach their maximum at 40 °C and then slightly
decrease at 60 °C. This phenomenon has been observed in some Ca-containing materials,
e.g. C-S-H gel [184], C-(N)-S-H gel [35], C-(N-)A-S-H gels [35,184,185], tobermorite [186],
Ca(OH); [184], and CaS04[187]. The retrograde solubility of Ca(OH), and CaSO; is believed
due to the exothermic nature of their dissolution reactions. However, it is still a matter of
debate why the solubility of Ca-containing gel decreased with temperature. Gomez-
Zamorano et al. [35] believed that the dissolution of C-(N)-S-H gel is also an exothermic
process, as indicated by the negative enthalpy of dissolution. However, this is unconvincing
as they obtained the enthalpy of the dissolution according to the solubility product.
Lothenbach et al. [186] attributed this phenomenon to the transformation of C-S-H gel to
crystalline tobermorite at high temperatures. However, in this work, no crystalline phase
was observed after dissolution. The incorporation of Ca is believed to be responsible for the
decreased solubility of N-C-A-S-H gel with increasing temperature, which is consistent with
the trend observed in Ca-containing phases in the above literature. As shown in Section
5.3.1, less Ca and Al dissolved as temperature increased from 40 °C to 60 °C. As a result, the
solubility of N-C-A-S-H gels shows a decreasing trend with increasing temperature, although
more Si and Al dissolved with the increase in temperature. However, the mechanisms
outlined in [35,186] for the reduction in Ks, at elevated temperature need to be further
verified.

Table 5.2 Dissolution reactions used to calculate solubility products of N-C-A-S-H gels per 1 mol
of Si.

N-C-A-S-H gels  Dissolution reactions

NC2_0.25 (Na;0)0.25(Ca0)0.11(Al203)0.25(Si02)1(H20)0.46 = 0.11Ca2* + 0.5Na* + 0.5A10, + SiO,°
+0.220H + 0.35H,0

NCZ_O.S (Nazo)o,23(caO)o_z(Ale3)o,23(SiOz)1(H20)0_47 - O.2Ca2+ + 0.46Na* + 0.46A|02' + SiOzO
+0.40H + 0.27H,0

NC3_0.25 (Nazo)o_za(caO)o,og(A|203)0_16(5i02)1(H20)0.41 - 0.08C62+ + 0.46Na* + 0.32Al10;, +
Si0,°+0.30H" + 0.26H,0

NC3_0.5 (Nazo)o_24(ca0)0,15(A|203)0_13(Si02)1(H20)0.48 - 0.15Ca2+ + 0.48Na* + 0.36Al10, +

Si0,°+0.420H" + 0.27H,0
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Figure 5.6 Log solubility products of synthesized N-C-A-S-H gels after normalizing per mole of
Si at different temperatures.

Figure 5.7 illustrates the effect of Ca/Al ratio on the log Ks, of N-(C-)A-S-H gels. Regardless of
Si/Al ratio, the presence of Ca in the gel stabilized the gel as visible by the strong decrease of
the solubility products (log Ksp) with the Ca-content. This finding can explain why Ca tends to
be incorporated into N-A-S-H gel to form N-C-A-S-H gel.
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Figure 5.7 Effect of Ca/Al ratio on log Ks, of synthesized N-(C-)A-S-H gels at 25 °C.
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5.3.3 Thermodynamic data of N-(C-)A-S-H gel

Based on the measured log Ksp values at 25 °C, the Gibbs free energy of formation A¢G° of N-
(C-)A-S-H gels at 25 °C was calculated as detailed in Equation 5.4. The heat capacity C; and
entropy S° of the N-(C-)A-S-H gels were estimated using the additivity method according to
Equation 5.7. And finally the enthalpies A(H° of N-(C-)A-S-H gels were calculated
automatically in GEMS using the Gibbs free energy and the entropy [32]. The
thermodynamic properties of N-(C-)A-S-H gels with various Si/Al ratios and Ca/Al ratios at 25
°C are shown in Table 5.3.

In GEMS, the changes in the solubility products with temperature depend on the differences
in the heat capacity C,‘,’ and entropy S° between the species in solution and the N-(C-)A-S-H
gels as detailed Equation 5.8. To evaluate the accuracy of Cz‘,) and S° calculated in
this work, the solubility products of N-(C-)A-S-H gels, derived through Equation
5.8 in GEMS, were compared with experimental results (Figure 5.4 and 5.6), as
illustrated in Figure 5.8. For N-A-S-H gels as shown in Figure 5.8(a), the GEMS-derived
solubility increases with temperature, which is in agreement with the experimental
observations. Furthermore, the GEMS-derived results match very well with the experimental
data, verifying the accuracy of the estimated heat capacity C;,’ and entropy S° data of the N-
A-S-H gels. For N-C-A-S-H gels as shown in Figure 5.8(b), the GEMS-derived solubility also
shows an increasing trend with temperature, regardless of the approach used to calculate
the heat capacity and entropy. Although the trend of the GEMS-derived solubility as the
function of temperature do not follow the experimental findings, the GEMS-derived
solubility still fits the experimentally measured data well, indicating that the estimated heat
capacity C;,’ and entropy S° data of the N-C-A-S-H gels are in a reasonable range.

Table 5.3 Standard thermodynamic properties of N-(C-)A-S-H gels at 25 °C.

N-(C-)A-S-H gels AGO AHO s Co Ve 5
(k] /mol) (kJ/mol)  (J/mol/K) (J/mol/K) (cm”/mol)
Nao.92Al0.9251103.84:0.54H,0 -2012.05 -2157.26 125 153 56.63
NaosAlo.5Si103-0.35H,0 -1497.86 -1601.24 101 106 43.46
Nao.36Al0.3651102.72:0.31H,0 -1299.11 -1425.58 73 92 38.85
Naog.5Cao.11Al055i103.11:0.46H,0 -1601.60 -1719.89 93 116 45.06
Nao.46Cao2Alo.465i103.12:0.47H,0 -1621.68 -1740.18 96 117 45.38
Nao.46Cao.08Al0.325i102.79:0.41H,0  -1411.41 -1513.32 95 105 40.33

Nao.48Ca0.15Al0.365i102.03-0.48H,0  -1514.08 -1625.24 100 113 42.51
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Figure 5.8 Comparison between the measured solubility products, log Ks,, and the
temperature extrapolations from thermodynamic modeling. Error bars correspond to the two
sided 95 % confidence interval.

5.4 Conclusions

In this chapter, the solubility products of the synthesized N-(C-)A-S-H gels with a Si/Al ratio
from 1 to 3 and a Ca/Al ratio from 0 to 0.5 were determined via dissolution tests at different
temperatures. Other thermodynamic data were determined based on the experimentally
derived solubility products. A thermodynamic database of N-(C-)A-S-H gels with various Si/Al
ratios and Ca/Al ratios has been established. Based on the results and discussion, the
following remarks are made:

1. The solubility products of N-A-S-H gels with Si/Al ratios of 1 and 2 are in good
agreement with those reported in the literature, and higher than those of zeolites
with the same Si/Al ratios. The solubility product of N-A-S-H gels with a Si/Al ratio of
3 has been determined through experiment for the first time and is much larger than
those with lower Si/Al ratios, indicating that the formation of N-A-S-H gel with high
Si/Al ratio is thermodynamically little favored, as already observed in Chapter 3 and
Chapter 4.

2. The temperature dependent solubility products of N-A-S-H gels derived from
estimated heat capacity and entropy data agree closely with the experimentally
observed trends. This result supports the validity of the thermodynamic properties of
N-A-S-H gels determined in this work.

3. With the incorporation of Ca, the solubility of N-C-A-S-H gel determined from
experiments first increases and then slightly decreases with temperature. This is
because the amount of dissolved Ca and Al decreases at high temperatures. Although
the solubility products derived from heat capacity and entropy do not strictly follow
this trend, they are still in agreement with the experimental data. This indicates that
the estimated heat capacity and entropy values are still reasonable.



Chapter 6

Reaction kinetics and thermodynamic modeling of
alkali-activated fly ash paste

6.1 Introduction

Thermodynamic modeling serves as a robust approach for anticipating chemical reactions at
thermodynamic equilibrium. This method can provide valuable insights into the components
and quantities of each phase in binder materials [29,188]. Despite its effectiveness, little
work has been carried out on the thermodynamic modeling of alkali-activated fly ash (AAFA),
primarily due to the scarcity of a thermodynamic database of the main reaction product, N-
(C-)A-S-H gels. The establishment of a thermodynamic database for N-(C-)A-S-H gels in
Chapter 5 paves the way for the investigation of AAFA through thermodynamic modeling in
this chapter. However, thermodynamic modeling does not consider the reaction kinetics. In
order to predict the evolution of the phase assemblage of AAFA over time, it is imperative to
first determine the kinetics process and then integrate it with the thermodynamic modeling.

This chapter starts with an experimental characterization of AAFA paste to gather
fundamental information on reaction kinetics and microstructure of the matrix. Isothermal
heat release and energy dispersive spectroscopy mapping are combined to elucidate the
kinetics process. Microstructure and pore solution are characterized using experimental
techniques to validate the thermodynamic modeling results. Coupled with the kinetics
process obtained from experiments, the evolution of simulated phase assemblages of AAFA
paste is predicted as a function of time by thermodynamic modeling. Furthermore, the
simulated compositions in solid and aqueous phases are analyzed and compared to the
experimental data. The thermodynamic modeling of AAFA developed in this chapter will be
incorporated into the thermodynamic modeling module of the GeoMicro3D model in
Chapter 7.

6.2 Materials and methods

6.2.1 Raw materials and mixtures

In this chapter, fly ash was used as the precursor to prepare AAFA paste. The chemical
composition of fly ash, determined by X-ray fluorescence spectroscopy (XRF), is listed in
Table 6.1. According to the definition in [189], the fly ash used in this work can be classified
into Class F. The density of fly ash is 2.13 g/cm3. The particle size distribution (PSD) of fly ash
was measured using laser diffraction, as shown in Figure 6.1. The dso of fly ash is 43.3 um.
The amorphous content of fly ash was measured as 79.3 % by using the quantitative XRD
analysis (QXRD), which is described in the following. It is assumed that only the amorphous
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phase in fly ash is reactive, while the crystals are considered non-reactive. Based on the
content of crystalline SiO, and Al,O3 from QXRD results, the reactive SiO; and Al,Os were
determined as 44.4 % and 17.9 %, respectively.

Two conventional systems, i.e. sodium hydroxide (NH) and sodium silicate (NS) activated
systems, were chosen for the investigation of AAFA paste. The alkali activators were
prepared by sodium hydroxide (>98 wt. %) pellets, sodium silicate solution (27.5 wt.% SiO,,
8.25 wt.% NaO and 64.25 wt.% H,0) and deionized water. Although varying mixtures can
result in diverse microstructures and properties of AAFA, the primary focus of this study is
not to delve into these parameters. Hence, representative mixture designs from [33] were
adopted in this work. As shown in Table 6.2, for the NH-activated system, the Na,O content
in the activator was 9.3 wt.% with respect to fly ash. The modulus Ms (molar ratio
Si02/Naz0) of the activator was 0. The water-to-fly ash ratio was 0.35. For the NS-activated
system, the same Na,O dosage and water-to-fly ash ratio were used, but with a modulus of
1. Due to the relatively low reactivity of fly ash, thermal curing is commonly applied to AAFA
[90,190]. In this work, all samples were cured in sealed condition at 40 °C and 60 °C until the
age of testing.

Table 6.1 Chemical compositions and components of fly ash (by wt.%).

SiOz A|203 Fezog CaO MgO Kzo Nazo P205 Ti02 503 LOI

Oxides
56.75 2458 5.76 393 210 1.40 127 1.17 1.03 0.68 1.33
Amorphous phase Quartz Mullite Maghemite Calcite
Components
79.3 10.1 9.6 0.7 0.3

LOI: loss on ignition.
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Figure 6.1 Particle size distribution of fly ash.
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Table 6.2 Mixture compositions and curing temperatures.

Samples Na,O(wt.%) Modulus Water to ash ratio Curing temperature
NH 9.3 0 0.35 40/60 °C
NS 9.3 1 0.35 40/60 °C

6.2.2 Experimental characterization on AAFA paste
6.2.2.1 Isothermal calorimetry test

In-situ isothermal calorimetry tests were performed by using a TAM-Air-314 isothermal
calorimeter to study the reaction kinetics of AAFA pastes at 40 °C and 60 °C. Calibration was
carried out before each measurement. Around 4 grams of fly ash was loaded in the glass
ampoule, while the activator solution was stored in an attached syringe. The admix ampoule
was placed in the calorimeter for around 3 hours to reach a stable heat flow baseline. After
that, the activator solution was injected into the glass ampoule and mixed with fly ash using
a built-in stirring shaft. Heat flow was recorded until 7 days. The calorimetry results were
normalized by the mass of fly ash.

6.2.2.2 Characterization of reaction product and pore solution

The components of AAFA were analyzed by using XRD, FTIR and TGA techniques. In-depth
insights into the atomic compositions of the AAFA matrix were acquired via scanning
electron microscopy/energy dispersive spectroscopy (SEM-EDS). The unreacted fly ash and
reaction products in the AAFA matrix were distinguished via image analysis. To measure the
ion concentrations and pH in the pore solution of AAFA paste, ICP-OES technique and
titration method were employed, respectively. These experimental results serve as crucial
inputs for evaluating the accuracy and reliability of thermodynamic modeling results.
Detailed descriptions of each method are provided below.

XRD, FTIR and TGA analysis

After 7 days and 28 days of curing, the samples were ground to powder for XRD, FTIR and
TGA analysis. During grinding, isopropanol was added to halt any ongoing reactions. Detailed
procedures can be seen in [191]. For XRD and FTIR measurements, the same procedures
were performed as described in Section 4.2.3. For TGA measurement, it was carried out on
around 20 mg of powders at a heating rate of 10 °C/min from 40 °C to 1000 °C. For QXRD
test, 10 wt. % of silicon powder was used as the internal standard material. The Rietveld
quantitative analysis was performed using the BGMN-based program Profex [192] to
determine the content of each phase.

SEM-EDS analysis

For SEM-EDS analysis, the samples cured for 7 days and 28 days were sectioned into about 1
cm thick slices and immersed in isopropanol for 2 weeks to stop reactions. Isopropanol was
renewed 3 times in the first week. Subsequently, samples were dried at 25 °C in a vacuum
oven for around 1 week. After that, the samples were impregnated with epoxy and polished
with successively finer grades of silicon carbide papers and polishing discs [193]. Before
performing SEM-EDS, the polished samples were sputter coated with carbon. Following that,
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the samples were examined by a FEl QUANTA FEG 650 ESEM equipped with a solid-state EDS
detector in backscattered electron (BSE) mode. The working distance was set as 10 mm. The
accelerating voltage used was 15 kV, which was recommended and commonly used for the
SEM-EDS quantitative analysis in many studies [194-196], as it is the optimal choice with
consideration of the spatial resolution, interaction volume and adequate excitation of the
FeKa peak [197]. The images and EDS maps were collected with a magnification of 1000x, a
resolution of 1024x682 and a pixel size of 0.4 um. The spectral images were obtained using
a dwell time of 143 us per pixel over 20 frames. The total acquisition time of a map is 2000s.
Phase segmentation was carried out on 15-20 maps by image analysis to further analyze
microstructure and determine degree of reaction of fly ash.

Segmentation of BSE image

According to previous studies [195,198], the grey levels of reaction products and most
unreacted fly ash were similar, posing challenges in phase segmentation. An optimized
method is proposed in this work to distinguish fly ash and reaction products, moving beyond
the reliance solely on grey level histograms. Each image was segmented into three phases,
i.e. fly ash, reaction products and pores, by using Otsu’s method [199], which finds the
thresholds on atomic counts and grey levels. The detailed conditions for segmentation are
illustrated in Figure 6.2. Since the epoxy contains a little Cl, only the regions devoid of Cl
were considered further. Notably, due to a noticeable disparity in Na content between fly
ash and other phases, regions lacking Na and exhibiting a low grey level were designated as
fly ash. Additionally, dark regions lacking Na but containing Fe were also classified as fly ash,
considering some Fe-containing fly ash particles displayed high grey level values. In contrast,
regions containing Na while simultaneously displaying a low grey level were categorized as
reaction products. Any region that did not meet the criteria for fly ash or reaction products
was identified as pores. The final phase segmentation of AAFA is shown in Section 6.3.2.4.

Elemental mapping
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Figure 6.2 The overall flowchart of the segmentation of BSE image.
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Pore solution chemistry

To analyze the aqueous chemical information, pore solutions of the pastes at curing ages of
3, 7 and 28 days were extracted following the method depicted in [200]. The cylinder paste
with a diameter of about 34 mm and a height of about 70 mm was inserted into the hollow
steel cylinder with a fitting size of the paste. A maximum force of 300-600 kN, depending on
the type and reaction degree of the pastes, was applied to extract the pore solutions [201].
For each sample, around 0.5-2 ml of pore solution was collected. Shortly after extraction, the
pore solution underwent filtration using a 0.45 um syringe filter. The OH" concentration of
the pore solution was immediately measured by titration against 0.1 M HCI standard
solution. The concentrations of Si, Al, Na, Ca, Fe, Mg and K were determined by using ICP-
OES, as described in Section 4.2.3.

6.2.2.3 Degree of reaction

The degree of reaction of fly ash at certain curing ages was determined by the phase
segmentation through image analysis described in Section 6.2.2.2. Previous study [202] has
already shown that the area fraction in two dimensions can be reasonably equated to the
volume fraction in three dimensions. Thus, with the area fraction of fly ash derived from
image analysis, the degree of reaction at a certain curing age can be calculated by using the
following equation:

a(t) = (1 — Fy/Fy) x 100 % (6.1)

where a(t) is the degree of reaction of fly ash at age t, F; is the volume fraction of fly ash at
age t, and F is the initial volume fraction of fly ash. This method has been used to calculate
the degree of reaction in many studies [33,194,203].

To obtain the reaction degree as a function of time, it is usually assumed a linear
proportionality between reaction degree and heat release, which can be described by
Equation 6.2 [33,204]. Based on the degree of reaction at 7 days determined by image
analysis and cumulative heat release of the AAFA paste at 7 days, the maximum heat release
(Qmax _exp) can be calculated using Equation 6.2. Since the cumulative heat release obtained
from the experiment was only available up to 7 days, Q(t) was fitted using Equation 6.3
[205], with the parameters listed in Table 6.3, to describe the cumulative heat release over
an extended time. Consequently, the reaction degree of fly ash as a function of time can be
calculated with Equation 6.4. It should be noted that the parameter Q4 exp in Equation 6.4
cannot be simply interchanged with the fitting maximum heat release Qmax_sit. As outlined in
[204,206], the maximum heat release obtained from Equation 6.3 tends to be
underestimated significantly, resulting in an overestimation of reaction degree.

a(t) = Q(t)/Qmax_exp (6.2)
Q () = Quax rieexp(—()F) (6.3)

A
@(t) = Q. 71t XD(~())/ O exp (64)
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Table 6.3 The calculated maximum heat release (Quqyx fic) and the fitting parameters.

Sample Qmax_fit (J/g) A B

NH_40°C 195 38.6 0.74
NS_40°C 146 26.7 0.46
NH_60 °C 195 5.2 0.82
NS_60 °C 146 4.2 0.62

6.2.3 Thermodynamic modeling

The thermodynamic modeling of AAFA paste was performed in GEMS at 40 °C and 60 °C,
using the PSI/Nagra [171] and Cemdatal8 [32] thermodynamic databases to describe the
thermodynamic data for general solid, aqueous, and gaseous phases. In addition,
thermodynamic models for N-(C-)A-S-H gel, developed in Chapter 5, and the thermodynamic
data for zeolites [124] were also added to describe the reaction products of AAFA.

The built-in extended Debye-Huckel equation was used to compute the activity coefficients
of the aqueous species, as detailed in Equation 5.3 in Chapter 5. It should be noted that this
equation is more applicable up to 1-2 molal ionic strength [179,207], while AAFA pore
solutions usually have a higher ionic strength (referring to 1-3 molal in AAS system [105]).
However, research has shown comparable modeling results between the extended Debye-
Huckel equation and the Pitzer model, especially at later ages [204]. Thus, the extended
Debye-Huckel equation was chosen in this research considering its direct implementation in
GEMS and the comparable results with the Pitzer model.

The components in fly ash considered in the thermodynamic modeling include SiO;, Al;Os3,
Fe,03, Ca0, MgO, Na;O and K;O, while the others are omitted due to their minimal
quantities. These amorphous oxides are assumed to dissolve congruently in thermodynamic
modeling, whereas the crystalline phases are considered not involved in dissolution. The
chemical composition of fly ash used for thermodynamic modeling are shown in Table 6.4.

The formation of zeolites was partly suppressed during the thermodynamic modeling to
prevent the thermodynamically more stable zeolites from forming instead of the observed
N-(C-)A-S-H gel. The reason behind it lies in that the solubility of zeolite is lower than that of
N-(C-)A-S-H gel as discussed in Chapter 5. However, in reality, the formation of zeolites is
often kinetically hindered while N-(C-)A-S-H gel precipitates instead [208]. The suppression
of zeolites is based on the XRD and QXRD results of AAFA paste. In the NH-activated system,
the hydroxysodalite (SOD(OH)) content remains around 3 % regardless of curing age and
temperature. Consequently, the upper limit for the quantity of SOD(OH) is set at 0.005 M
(4.84 g) for 100 g of fly ash, while other zeolites are suppressed. In the NS-activated system,
all zeolites are inhibited due to the absence of any zeolite phases. The formation of
hematite, magnetite and goethite was also prevented due to the kinetic reason.

Table 6.4 Chemical compositions of amorphous fly ash used for thermodynamic modeling (by
wt.%).

SiOz A|203 Fe203 CaOo MgO Kzo NazO
44.4 17.9 5.1 3.6 2.1 14 1.3
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6.3 Results and discussion

6.3.1 Isothermal heat release

The rate of heat evolution and cumulative heat release of AAFA pastes determined by
isothermal calorimetry are shown in Figure 6.3. It can be seen that different alkali-activated
systems show various calorimetric responses. Regardless of temperature (40 °C or 60 °C), the
NH-activated system always exhibited multi-peaks calorimetric response, while only a single
wide exothermic peak was observed in the NS-activated system. For both systems, the
dissolution peak, corresponding to the initial peak, was captured completely using the in-situ
approach. The NH-activated system with a higher pH showed a quicker and stronger
calorimetric response than the NS-activated system. After the stage of dissolution, the NH-
activated system underwent an induction period, followed by two distinct small peaks,
which were attributed to the polycondensation process [77]. The presence of these
individual peaks suggested a multi-step reaction, in alignment with the gel evolution theory
[93,209]. Similar calorimetric responses were also found in [76]. In contrast, the NS-activated
system experienced polycondensation immediately due to the presence of soluble silica in
the activator, which allows the formation of aluminosilicate oligomers after the dissolution
of fly ash. As a result, the exothermic responses resulting from dissolution and
polycondensation were superimposed, leading to the observation of a single wide peak in
the NS-activated system [80].
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Figure 6.3 Heat evolution rate and cumulative heat release for AAFA pastes cured at 40 °C
and 60 °C.
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6.3.2 Microstructure characterization
6.3.2.1 XRD analysis

The XRD patterns of fly ash and AAFA pastes cured for 7 days and 28 days are shown in
Figure 6.4. In addition to the amorphous phase, fly ash also contains crystalline phases
including quartz, mullite and magnetite. These crystalline phases remain evident in the XRD
patterns of AAFA pastes, as they are non-reactive and hardly dissolved. The main reaction
product of AAFA is an amorphous gel (i.e. N-(C-)A-S-H gel), as evidenced by the newly
appeared broad hump at 20-40° 26 [21,97]. Hydroxysodalite is found in the NH-activated
system, while no zeolite phase is formed in the NS-activated system. This finding is
consistent with [97,210], which also confirms that hydroxysodalite is preferred to form in
low SiO; environments. In addition, a small peak located at around 29° 26 (marked in the
dash line box) was found in the NH-activated system but absent in the NS-activated system.
Although calcite (due to carbonation) is mainly responsible for this peak, it should be noted
that the peak of C-(N-)A-S-H gel is also located at this position [76,211]. The potential
existence of C-(N-)A-S-H gel will be further discussed based on the FTIR results given below
and in the thermodynamic modeling section. Besides, increasing curing temperature from 40
°C to 60 °C does not affect the type of reaction products.

——Flyash ——NH_7d ——NH_28d NS_7d ——NS_28d

M,Q
(a)40°C (b) 60 °C

2 theta (degree), Cu Ka 2 theta (degree), Cu Ka.

Figure 6.4 XRD patterns of fly ash and AAFA pastes cured for 7 and 28 days at (a) 40 °C and
(b) 60 °C. H: hydroxysodalite; M: mullite; Q: quartz; N: natrite; G: C-(N-)A-S-H gel; C: calcite;
F: magnetite.
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6.3.2.2 FTIR analysis

To further characterize nanostructure of AAFA paste, FTIR analysis was conducted on both
fly ash and AAFA pastes cured at different temperatures and ages, as shown in Figure 6.5.
The quartz in fly ash is responsible for a series of bands at around 1150, 1084, 796778
(double band), 697, 668, 522 and 460 cm™ [212]. The mullite can contribute to the bands at
around 1180-1130 cm™® and 560-550 cm™, while the amorphous phase in the fly ash
typically shows a band around 996 cm™ [173]. These overlapping bands result in an IR
spectrum for fly ash marked by a primary broad band between 1250 and 850 cm™, a dual
band at 795—-777 cm™%, a minor band at 559 cm™}, and a robust band at 448 cm™.

Compared to fly ash, the main band of AAFA pastes exhibited varying degrees of
wavenumber shift towards lower values. This new signal, centered at around 969-998 cm?,
is attributed to the main reaction product, i.e. N-(C-)A-S-H gel. The location of this band,
corresponding to the asymmetric stretching vibrations of Si-T-O bonds, can indicate the
polymerization level of the N-(C-)A-S-H gel. A higher wavenumber of this band can be
observed with the increase in reaction time or curing temperature, signifying the formation
of a more polymerized N-(C-)A-S-H gel. In addition, the band in the NS-activated system also
vibrated at a higher wavenumber in comparison to that in the NH-activated system. This
discrepancy mainly stems from the higher Si/Al ratio of N-(C-)A-S-H gel formed in the NS-
activated system as opposed to the NH-activated system. According to the results in Chapter
4 (see Figure 4.8 and Figure 4.11), the wavenumber of the Si-O-T asymmetric stretching
band in N-(C-)A-S-H gel increases with a higher Si/Al ratio. Also, low Ca/Si C-(A-)S-H phases
have their main band at around 960 cm™ [213-215], which could also contribute to the
observed signal. The sharp band at 969 cm™ for sample NH-7d would also be another
support for the formation of C-(N-)A-S-H gel in the NH-activated system. Another new but
small band, as highlighted within the black dashed rectangle, can be found in the NH-
activated system, but negligible in the NS-activated systems. This band arises from the
formation of hydroxysodalite [75,124], an observation that aligns with the XRD result.
Furthermore, the new band at near 1652 cm™is assigned to the bending vibration of H-O-H
bond [75,90]. The small peak at around 1436-1446 cm, characteristic of asymmetric
stretching vibrations of C-O bond, indicates that some samples were carbonated [170,216].
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Figure 6.5 FTIR curves of fly ash and AAFA cured for 7 and 28 days at (a) 40 °C and (b) 60 °C.
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6.3.2.3 TGA

The thermogravimetric (TG) and differential thermogravimetric (DTG) analysis were carried
out to facilitate the identification of reaction products, as shown in Figure 6.6. All samples
presented a pronounce mass loss peak within the range of 80-250 °C, which is attributed to
the dehydroxylation of N-(C-)A-S-H gel [91]. NS-activated systems showed a more substantial
mass loss compared with NH-activated systems, implying the formation of a higher quantity
of N-(C-)A-S-H gel. Moreover, an increase in temperature of this peak can be observed in the
following three scenarios: (a) a prolongation of curing age; (b) an elevation in curing
temperature; (c) in the sodium silicate activated systems compared to their counterparts.
The heightened decomposition temperature indicates a stronger binding of water within the
gel structure [16,217,218]. From 250 to 1000 °C, a gradual mass loss can be observed across
all samples, which could be associated with the burning of carbon in the fly ash [219],
dehydroxylation of the silanol groups [24] or the decomposition of carbonates [220].
Furthermore, the decrease in mass loss from 800 to 1000 °C in the NH-activated systems is
more notable than in the NS-activated systems. This further confirms the formation of
hydroxysodalite in NH-activated systems, as the dehydroxylation of hydroxysodalite can
contribute to the mass loss at around 800-900 °C [221].
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6.3.2.4 SEM-EDS analysis

The microstructures of the hardened AAFA pastes at different curing ages and temperatures
can be observed in Figures 6.7 and 6.8, corresponding to the NH-activated system and NS-
activated system, respectively. In accordance with the observations of [21,96], the NH-
activated system displayed a loose and porous microstructure (Figure 6.7), irrespective of
curing ages and temperatures. Conversely, a significantly dense and homogeneous
microstructure was observed in the NS-activated system (Figure 6.8). The reason lies in that
the extra soluble SiO; in sodium silicate activator facilitates the formation of more reaction
products uniformly within the matrix, leading to a compact microstructure. However, more
cracks were found in the NS-activated system, which could be caused by drying shrinkage.
The denser microstructure (with smaller pores) of the NS-activated system can lead to
higher capillary tension during drying, increasing susceptibility to shrinkage-induced
cracking.

As also shown in Figure 6.7 and 6.8, three phases in the AAFA pastes, i.e. unreacted fly ash,
reaction products and pores, were segmented according to the method described in Section
6.2.2.3. Through this segmentation, it becomes possible to identify not only the fly ash
particles, but also those dissolving into small entities lacking distinct edges. Additionally, a
typical difference between NH-activated system and NS-activated system was observed: the
former exhibited a ring of reaction products around the edges of fly ash particles, whereas
the latter showed a more evenly distributed distribution of reaction products.
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Figure 6.7 (a) Original SEM-BSE micrographs of NH-activated fly ash pastes cured at 7 days
and 28 days under varied temperatures. (b) Segmented micrographs of NH-activated fly ash
pastes. Green zone: unreacted fly ash; Yellow zone: reaction products; Dark zone: pores.
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Figure 6.8 (a) Original SEM-BSE micrographs of NS-activated fly ash pastes cured at 7 days
and 28 days under varied temperatures. (b) Segmented micrographs of NS-activated fly ash
pastes. Green zone: unreacted fly ash; Yellow zone: reaction products; Dark zone: pores.
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The chemical compositions, in terms of Si/Al and Ca/Al ratios, of the reaction products are
further investigated from the elemental mapping results. Figures 6.9 and 6.10 illustrate the
maps of Si/Al and Ca/Al ratios in the reaction products within the NH-activated system and
NS-activated system, respectively. For the NH-activated system, the Si/Al ratio
predominantly remained below 3 in most areas of the reaction product, while the NS-
activated system exhibited a Si/Al ratio exceeding 3 across the majority of the reaction
product. This arises not only from the formation of the N-(C-)A-S-H gel with a higher Si/Al
ratio, but also from the Si species brought by sodium silicate activator. For both systems, a
Ca/Al ratio of around 0.2 was homogeneously distributed within the reaction product zone.
This confirms that Ca tends to be incorporated into N-A-S-H gel to form N-(C-)A-S-H gel even
in low-Ca alkali-activated binder. Concurrently, the average Si/Al and Ca/Al ratios of the
reaction products formed in these two systems are provided in Table 6.5. In the NH-
activated system, the Si/Al ratio predominantly spans between 1-3, while in the NS-activated
system, this ratio tends to exceed 3 slightly. Apart from that, the former demonstrates an
upward trend in Si/Al ratio as time progresses, while the latter shows a decline in Si/Al ratio
over the same period. This observed phenomenon suggests that the stability of N-(C-)A-S-H
gel with a Si/Al ratio surpassing 3 may be thermodynamically unfavorable, aligning with MD
simulation results in Chapter 3 and the solubility data in Chapter 5 (Figure 5.5). The Ca/Al
ratio was measured at around 0-0.4 across the reaction products in both systems. Moreover,
the Ca/Al ratio in the NS-activated system is slightly higher than that in the counterpart.

Table 6.5 Average Si/Al and Ca/Al ratio in the reaction products in AAFA pastes.

Samples Si/Al Ca/Al

NH-7d-40°C 2.3+0.9 0.21+0.17
NH-28d-40°C 2.5£0.9 0.21+0.16
NH-7d-60°C 2.4+0.9 0.20+0.16
NH-28d-60°C 2.5+1.0 0.21+0.17
NS-7d-40°C 3.241.0 0.27+0.18
NS-28d-40°C 3.1+£1.0 0.22+0.16
NS-7d-60°C 3.321.0 0.27+0.18

NS-28d-60°C 3.2+1.0 0.25+0.18
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Figure 6.9 (a) Si/Al and (b) Ca/Al maps for the reaction products in NH-activated fly ash
pastes.
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Figure 6.10 (a) Si/Al and (b) Ca/Al maps for the reaction products in NS-activated fly ash
pastes.
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6.3.3 Pore solution composition

The concentrations of Si, Al, K, Na, Ca, Mg, and Fe, as well as the pH in the pore solutions in
the AAFA pastes are presented as a function of time in Figure 6.11, except for the pastes
cured at 40 °C for 3 days, whose pore solutions failed to be extracted. A decreasing trend as
time can be found for the concentrations of all elements, since the formation rate of solid
reaction products exceeds the dissolution rate of the fly ash during this period. The effects of
temperature and activator type on the elemental concentrations also rely on their influences
on the formation rate and dissolution rate. All elemental concentrations decreased with the
increase in temperature, indicating that higher temperature contributed more to the
formation rate of reaction products. Concerning the activator type, using sodium hydroxide
speeds up the dissolution of fly ash compared with using sodium silicate. Additionally, the
soluble SiO; in sodium silicate accelerates the formation of reaction products. These
combined effects lead to a higher elemental concentration in the pore solution of the NH-
activated system than the counterpart. In addition, the decreasing amplitude of elemental
concentration from 3 days to 7 days is larger than that from 7 days to 28 days, indicating a
slowing down of the formation rate.

However, it is somewhat unexpected to observe a higher Si concentration in the pore
solution of the NH-activated system than that in the NS-activated system. To further explain
it, the relationship between the Si concentration and the pH in the pore solution for all AAFA
samples is examined as shown in Figure 6.12. A decreasing trend in Si concentration is
evident with the decrease in pH in the pore solution, attributed to the lower solubility of Si
in lower pH conditions [171]. This suggests that the concentration of Si in the pore solution is
highly dependent on the pH. The relatively low pH in the NS-activated system diminishes the
likelihood of Si existing in an aqueous state, thereby promoting the participation of Si. As a
result, less Si remains in the pore solution in the NS-activated system compared to its
counterpart.
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Figure 6.11 Elementary concentrations of the pore solutions in AAFA pastes.
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Figure 6.12 Relationship between Si concentration and pH in the pore solution of AAFA paste.
6.3.4 Reaction degree

The reaction degree of fly ash obtained from image analysis (Equation 6.1) and calculated
based on the fitting calorimetric data (Equation 6.4) is shown in Figure 6.13. The reaction
degree of fly ash exhibits a notable rise during its early age (before 7 days) and became
relatively stable afterward, indicating a decrease in reaction rate. A similar trend was
observed in [70]. The reduced reaction rate at a later stage can be attributed to the reduced
pH value, as well as the increasing formation of reaction products over time, which limits the
interaction between fly ash and alkali activator solution. The reaction degree of fly ash in the
NH-activated system and NS-activated system is close. Sodium hydroxide, owing to its
elevated pH, tends to enhance the dissolution of fly ash. On the other hand, sodium silicate
aids in the formation of reaction products, leading to an increase in undersaturation degree
of pore solution and, consequently, promoting the dissolution of fly ash. As a result, the
fraction of fly ash that reacted is comparable in these two systems. However, despite a
similar reaction degree, the microstructure in the NS-activated system is more compact due
to a higher fraction of reaction products, as observed in TGA and segmented SEM images.
Additionally, it can be seen that increasing curing temperature also enhances the reaction
degree, especially at an early age. This phenomenon is primarily attributed to the
heightened dissolution rate of fly ash facilitated by elevated temperatures, which will be
further investigated in Chapter 7. Thus, elevating curing temperature can promote the
reaction degree of fly ash, which also leads to the formation of a greater quantity of reaction
product, as corroborated by TGA and SEM-EDS findings. Overall, the reaction degree of fly
ash after 7 and 28 days of curing falls within the range of approximately 30-45 %, in
agreement with the results in [70,198], of which the content of amorphous phase in fly ash
and mixture design are similar to this study.
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Figure 6.13 Degree of reaction of fly ash in AAFA pastes cured at 40 °C and 60 °C.
6.3.5 Thermodynamic modeling of chemical reactions in AAFA paste

Thermodynamic modeling of AAFA paste, in combination with the kinetic process developed
in Figure 6.13, is carried out to offer valuable insights into the characteristics of both solid
and aqueous phases as a function of time. In the interest of conciseness, only the results
obtained from curing at 40 °C are presented below, while results from curing at 60 °C are
given in Appendix C.

6.3.5.1 Evolution of simulated phase assemblages of AAFA paste

The evolution of phase assemblages of AAFA pastes cured at 40 °C is shown in Figure 6.14.
Over time, there is an observable decrease in the fraction of fly ash, coinciding with the
formation of a series of reaction products. Although the main reaction product is N-(C-)A-S-H
gel in both NH-activated system and NS-activated system, it's noteworthy that the latter
system vyields a greater quantity of N-(C-)A-S-H gel compared to the former system. This
result is in line with the findings of TGA and SEM-EDS mapping. In addition, a series of
secondary reaction products are found in both systems, including C-(N-)A-S-H gel, brucite
(Mg(OH)2), magnesium silicate hydrate (M-S-H) and ferrihydrite-mc (FeOOH, mc refers to
microcrystalline). These secondary phases are challenging to detect by experimental
techniques due to their limited presence in the samples. However, the existence of C-(N-)A-
S-H gel is consistently observed in the NH-activated system, whereas only a negligible
amount of C-(N-)A-S-H gel is initially formed (0-2 days) and subsequently disappears in the
NS- activated system. This agrees with the XRD results as shown in Figure 6.4 and the FTIR
results in Figure 6.5, where minor signals for C-(N-)A-S-H gel were also found in the NH-
activated system but absent in the NS-activated system. In addition, the presence of
hydroxysodalite (SOD(OH)) in NH-activated system and its absence in NS-activated system
are also in accordance with the XRD and FTIR results.
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Figure 6.14 Simulated phase assemblages of AAFA pastes cured at 40 °C as a function of time.
(a) NH-activated system, (b) NS-activated system.

Although the main reaction product in both NH-activated system and NS-activated system is
N-(C-)A-S-H gel, it is expected that there will be distinctions in the characteristics of this gel
formed in these two systems. Since N-(C-)A-S-H gel is treated as a solid solution containing
seven end members, including three types of N-A-S-H gels and four types of N-C-A-S-H gels
(see Table 5.3), the differences in N-(C-)A-S-H gel in different systems can be distinguished
from the fractions of components in N-(C-)A-S-H gel, as illustrated in Figure 6.15. For NH-
activated system, the principal components in N-(C-)A-S-H gel is N-A-S-H gel with a Si/Al ratio
of 1 (N1), followed by N-C-A-S-H gel with a Si/Al ratio of 3 and a Ca/Al ratio of 0.5 (N3_0.5).
In contrast, the NS-activated system primarily yields N3_0.5 as the dominant component,
and it also forms a greater abundance of high Si/Al gels (e.g., N2, N3_0.25) while producing
fewer low Si/Al gels (specifically N1) compared to the NH-activated system. This indicates
that the N-(C-)A-S-H gel formed in the NS-activated system has a higher Si/Al ratio than that
in the NH-activated system, which aligns with the SEM-EDS mapping results (see Table 6.3).
It is interesting to observe the absence of N-A-S-H gel with a Si/Al ratio of 3 (N3) in both
systems, even though high Si/Al N-(C-)A-S-H gel is expected to form in the NS-activated
system. The reason behind it would be the high solubility of N3, as shown in Figure 5.5. A
further discussion regarding it will be presented in the following.
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pastes cured at 40 °C. (a) NH-activated system, (b) NS-activated system.

Figure 6.16 provides an overview of the Si/Al and Ca/Al ratios in the solid reaction products,
both from experimental data and thermodynamic modeling. The simulated Si/Al ratio in the
NH-activated fly ash cured from 7 to 28 days ranges from 1.64 to 1.72, which is slightly
smaller than that in SEM-EDS mapping results (from 2.3 to 2.5). As expected, a higher
simulated Si/Al ratio in the NS-activated system is observed compared to its counterpart.
However, the discrepancy between experimental data and thermodynamic modeling data is
more pronounced in the NS-activated system. In this system, the simulated Si/Al ratio ranges
from 2.1 to 2.2 in curing age of 7 to 28 days, lower than the SEM-EDS mapping results (from
3.2 to 3.0). This discrepancy is linked to the overestimation of Si concentration and
underestimation of Al concentration in the simulated aqueous phase. The reasons for the
underestimation of simulated Si/Al ratio in solid reaction products include two parts. Firstly,
in the thermodynamic modeling, lower Si/Al N-(C-)A-S-H gel tends to form due to its lower
solubility as shown in Figure 5.5. However, in reality, the formation of reaction products is
influenced by various factors beyond solubility, allowing for the potential formation of high
Si/Al N-(C-)A-S-H gel, even if it is less thermodynamically favored. Secondly, the limitation of
the N-(C-)A-S-H gel database prevents the formation of N-(C-)A-S-H gel with exceptionally
high Si/Al ratios. Since the maximum Si/Al ratio of N-(C-)A-S-H gel developed in this research
is only up to 3, it is not possible to obtain the reaction products with an average Si/Al ratio as
high as in the SEM-EDS mapping results (above 3). Additionally, the thermodynamic data of
N-(C-)A-S-H gel was determined based on the gel synthesized for 1 day, while in reality N-(C-
)JA-S-H gel could transform into more stable gels over time. Future work should investigate
the effect of synthesis time on the solubility of N-(C-)A-S-H gel and consider expanding the
database to include gels with higher Si/Al ratios. However, it is worth noting that the
formation of N-A-S-H gel with a Si/Al up to 3 is improbable, as evident in Figure 6.15, let
alone higher Si/Al ratio. This suggests the direction to expand the database of N-(C-)A-S-H
gel should focus on achieving a higher Si/Al ratio in N-C-A-S-H gel, rather than N-A-S-H gel.
For Ca/Al ratio, it can be seen from Figure 6.16(b), the simulated results in both systems
match well with or are slightly smaller than the experimentally measured data.
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Figure 6.16 Experimental and modeling (a) Si/Al ratio and (b) Ca/Al ratio in reaction products
in AAFA pastes cured at 40 °C.

A comparison was made between the volume fraction of reaction products obtained from
experiment and thermodynamic modeling, as shown in Table 6.6. Both experimental and
modeling results show an increase in the volume fraction of reaction products over time for
NH-activated and NS-activated systems. Furthermore, a higher fraction of reaction products
was observed in NS-activated system compared to its counterpart. The thermodynamic
modeling results also followed the same trend. However, the volume fraction of the reaction
products determined by thermodynamic modeling was lower than experimental results for
all cases. This underestimation can be mainly attributed to the difference in C-(N-)A-S-H gel
and N-(C-)A-S-H gel between modeling and experiment. In reality (experiment), these gels
contain a small amount of physically absorbed water [40], which are not considered in
thermodynamic modeling. As a result, the volume of these gels in the thermodynamic
database is lower than that formed in reality.

To address this discrepancy, the quantities of physically absorbed water in C-(N-)A-S-H gel
were calculated using the method outlined in [40]. However, the existing literature does not
provide data regarding the amount of physically absorbed water in N-(C-)A-S-H gel.
Therefore, it is assumed in this work that the mass loss between 40-105 °C in TGA results
(refer to Figure 4.6 and 4.10) was attributed to the physically absorbed water in N-(C-)A-S-H
gel. After incorporating the presence of physically absorbed water in N-(C-)A-S-H gel and C-
(N-)A-S-H gel, the updated volume fraction of reaction products was increased, as shown in
Table 6.6. However, despite the adjustment, they are still lower than those determined by
SEM-EDS. The reason behind it is related to the underestimated porosity using SEM-EDS. As
mentioned in Section 6.2.2.2, the pixel size in SEM-EDS images is 0.4 um, meaning that pores
smaller than 0.4 um are not identifiable. As a result, the volume fraction of porosity is
underestimated, while the volume fraction of reaction products is overestimated. Thus, even
after considering the water retained in N-(C-)A-S-H gel and C-(N-)A-S-H gel, the volume
fractions of reaction products determined in GEMS are still lower than those obtained
through image analysis.
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Table 6.6 Comparison of the volume fraction of reaction products obtained from experiment
(SEM-EDS) and thermodynamic modeling (GEMS,).

Volume fraction of Image analysis (SEM- GEMS GEMS with
reaction products EDS) consideration of
water in gels
NH-7d 54 % 37.6% 42.8%
NS-7d 62 % 389% 43.6 %
NH-28d 61 % 42.5% 48.8 %
NS-28d 67 % 45.7 % 49.6 %

Note: the volume fraction of reaction products is calculated by dividing the volume of reaction
products by the sum of the volumes of both reaction products and unreacted fly ash.

6.3.5.2 Evolution of compositions in aqueous phases

Figure 6.17 presents a comparison between the simulated and experimental elemental
concentrations in the pore solution of NH-activated fly ash cured at 40 °C. From Figure
6.17(a) and (b), it can be seen that both the modeling concentrations of the Si and Al
exhibited an increasing trend with time, followed by a subsequent decrease, eventually
reaching a stable state. This trend describes well the dissolution of fly ash and the formation
of solid reaction products during reactions. Moreover, the simulated results are in good
agreement with the experimental data. For Figure 6.17(c) and (d), a declining trend can be
observed both for the concentrations of the Na and OH™ as a function of time, which is
attributed to the consumption of the activator. The simulated concentrations of Na and OH"
match well with the experimental results both at 7 days and 28 days. As shown in Figure
6.17(e), the simulated concentration of K is higher than experimental data. This is related to
the absence of a solid K-containing phase in the modeling due to a lack of relevant database,
while in reality the dissolved K might be incorporated into N-A-S-H gel to form (N,K)-A-S-H
gel. As a result, in thermodynamic modeling, all dissolved K remains in the aqueous phase,
leading to an overestimation of its concentration. Conversely, an underestimation of the
simulated concentration of Fe, Ca and Mg at 7 days can be found in Figure 6.17(f), (g) and (h),
respectively. This could be attributed to the overestimation of the amount of different solid
phases formed during reaction, since thermodynamic modeling predicts an equilibrium
condition, while in reality solutions might be oversaturated due to a slow formation of solid
phases. In addition, in many cases, initially poorly crystalline phases may form, which exhibit
higher solubility, leading to higher concentrations in the experiment.
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Figure 6.17 Experimental and modeling element concentrations in the pore solutions of NH-
activated fly ash cured at 40 °C.
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The experimental and modeling element concentrations in the pore solutions of NS-
activated fly ash cured at 40 °C are shown in Figure 6.18. The trends observed in the
concentrations of various elements are consistent with those observed in the NH-activated
system (Figure 6.17). However, the agreement between the simulated results and
experimental data is not as strong as it was in the NH-activated system. The simulated Si
concentration is overestimated, whereas the simulated Al concentration is underestimated
at 7 days. These discrepancies can be partly attributed to the underestimation of the Si/Al
ratio within the reaction products (as shown in Figure 6.16(a)). Additionally, the high ionic
strength in the NS-activated system, reaching around 5-10 molarity, challenges the accuracy
of the extended Debye-Huckel equation used for computing activity coefficients, designed
for an optimal range of 1-2 molarity. As a result, the modeling struggles to accurately depict
the chemical environment in the aqueous phase. Although the simulated Na concentration
aligns with the experimental data, the OH" concentration is underestimated probably
affected by the overestimated Si and underestimated Al. For the other elements, i.e. K, Fe,
Ca and Mg, their results closely resemble those in the NH-activated system.
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Figure 6.18 Experimental and modeling element concentrations in the pore solutions of NS-
activated fly ash cured at 40 °C.
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6.4 Conclusions

In this chapter, the reaction kinetics and the microstructure of AAFA paste were investigated
experimentally. Thermodynamic modeling was conducted to study the reactions and phase
assemblages of AAFA. The results derived from experiment and modeling were compared.
Based on the results and discussion, the following remarks are made:

1. Despite a similar degree of reaction, the experimental results revealed that the NS-
activated system vyielded more reaction products and thus a more compact
microstructure than those in NH-activated system. Moreover, the main reaction
product, i.e. N-(C-)A-S-H gel, in the NS-activated system showed a higher Si/Al and
Ca/Al ratio compared to that in its counterpart.

2. The thermodynamic modeling can predict the phase assemblage in AAFA paste over
time, capturing even minor phases that fall beyond the detection limit of
experimental techniques. The primary simulated reaction product aligns with the
experimental results, indicating the formation of N-(C-)A-S-H gel. In addition, the
modeling results showed a higher amount of N-(C-)A-S-H gel with a higher Si/Al ratio
in the NS-activated system, which is in accordance with the experimental findings.
However, the simulated Si/Al ratio in the reaction products is lower than the
experimentally measured data, with this underestimation being more pronounced in
the NS-activated system than in the NH-activated system.

3. The simulated element concentration, specifically Si, Al, Na and OH-, in the pore
solution matched well with the experimental data in the NH-activated system.
However, an overestimation of Si concentration and underestimation of Al
concentration in the pore solution were observed in the thermodynamic modeling of
NS-activated fly ash. This discrepancy may be attributed to the high ionic strength in
the NS-activated system, the limited thermodynamic data for N-(C-)A-S-H gel, or a
slow transformation into more stable gels with lower solubility.

4. The accuracy of thermodynamic modeling of NS-activated fly ash requires
improvement. One approach to achieve that is to upgrade the thermodynamic
database of N-(C-)A-S-H gel by incorporating higher Si/Al ratios in the N-C-A-S-H gel.
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Dissolution of fly ash and simulation of 3D
microstructure of AAFA

7.1 Introduction

The prediction of the 3D microstructure of alkali-activated fly ash (AAFA) is crucial for
connecting mixture design with engineering properties. GeoMicro3D model, as briefly
introduced in Chapter 2, was originally developed to simulate the reaction process and
microstructure formation of alkali-activated slag (AAS). The development of the
thermodynamic modelling of AAFA, as carried out in Chapter 6, is the crucial step to update
GeoMicro3D model in order to make it available to simulate the reaction kinetics and
microstructure formation of AAFA. However, the dissolution module in the original
GeoMicro3D is not capable of modelling the dissolution rate of fly ash. Furthermore, there is
lacking a universal function predicting the dissolution rate of fly ash in alkaline solution,
which limits the current model to simulate the reaction process and microstructural
evolution when fly ash is used as the precursor.

This chapter commences with an introduction to the framework and principles of
GeoMicro3D, shedding light on its potential and inherent limitations. Subsequently, the
experimental dissolution of fly ash in NaOH solution is performed to reveal the dissolution
kinetics of fly ash. Based on these results, a prediction function is established to describe the
dissolution rate of fly ash. This function is then incorporated into GeoMicro3D, enabling
simulations of fly ash dissolution in NaOH solution. The simulation results are compared with
experimental data to validate the accuracy of the predicted dissolution rate. Finally, the
thermodynamic modeling of AAFA, developed in Chapter 6, is integrated into GeoMicro3D
to simulate the reaction process and 3D microstructural evolution of AAFA. The simulated
results using the extended GeoMicro3D are analyzed with respect to 3D microstructure,
phase assemblage evolution, degree of reaction of fly ash, pore solution chemistry, and
porosity. Relevant experimental results are also presented to validate the extended
GeoMicro3D model.

7.2 GeoMicro3D model
7.2.1 Anintroduction to GeoMicro3D model
GeoMicro3D model was first developed to simulate the reaction process and 3D

microstructure formation of alkali activated slag (AAS). The model mainly contains five
modules: (i) simulation of the initial structure; (ii) dissolution of slag; (iii)diffusion of ions; (iv)
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nucleation of reaction products; and (v) thermodynamic modelling. The basic procedure and
method in each part will be introduced below.

(i) Simulation of the initial structure

In this module, the extended Anm material model [222] was adopted to simulate the initial
spatial distribution of precursor (e.g. slag or fly ash) in an alkaline activator, thereby building
an initial structure as an input. It should be noted that the simulation of the initial structure
was the only module designed to be compatible with both slag and fly ash, while the
subsequent modules within GeoMicro3D were exclusively developed for slag. To simulate
the real shape of particles, their surface was described by Equations 7.1 and 7.2 in a 3D
spherical polar coordinate system.

r(0,9) = Zm zn AnmYnm (6, @) (7.1)
n=04=~m=-n
(7.2)
2n + 1)(n —m)! i
Yom(6,0) = ( Tl4n(n)-(|_nm)?n) P, (cos8)e™

where (8, @) refers to the distance from the particle center of mass to the surface point.
A, is the spherical harmonic expansion coefficient. Y;,,,(6, @) is the spherical harmonic
function. 6 stands for the polar angle. ¢ represents the azimuthal angle. n and m are the
indices (—n < m < n). B,,,(cosf) denotes the associated Legendre polynomial. iis the
square root of -1.

Figure 7.1(a) shows a precursor particle with a real shape described by Equation 7.1. With
the database of spherical harmonic coefficients of slag or fly ash particles, the Anm model is
able to park particles one by one into a container, thereby constructing a 3D structure
containing precursor and liquid to represent the initial structure of AAS or AAFA. The
structure was converted into digital voxels. Each voxel has the same element composition as
the precursor or activator. Figure 7.1(b) provides an example of a simulated initial structure
of AAFA by using Anm model.

(a) A real-shape particle of precursor (b) the simulated initial structure for AAFA paste

Figure 7.1 (a) An irregular shape particle described by spherical harmonics. (b) Digital image
of the simulated initial particle parking structure using real-shape particles for AAFA paste.
The blue particle represents fly ash. The black zone denotes the hollow void within a fly ash
particle. Redraw from [33].
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(ii) Simulation of the dissolution of slag

The dissolution of slag was described as the dissolution of individual constituent oxide. The
dissolution of silica, aluminum oxide and calcium oxide in an alkaline solution can be
described as follows:

Si0, + 20H~ - H,0 + Si02~ (7.3)
ALOs + 20H™ > H,0 + 24105 (7.4)
Ca0 + H,0 — 20H™ + Ca?* (7.5)

According to the transition state theory [66], as also mentioned in Section 2.3.1.1, the
overall dissolution rate of these oxides can be described by Equation 7.6. The following
equation, derived from Equation 2.2, can describe the dissolution behavior of various glass
from far-from-equilibrium state to near-to-equilibrium state.

( IAP)
r=nr|1- (7.6)

Ky

where 1, is the forward dissolution rate, which refers to the dissolution rate of glass at the
far-from-equilibrium condition [67,68]. IAP is the ion activity product. K, is the solubility
product of the oxides. More details on the derivation of Equation 7.6 can be found in [40].

The far-from-equilibrium state for glass dissolution usually contains two stages, as shown in
Figure 7.2. Initially, there is a short period of non-steady state where the dissolution rate
varies with time, followed by a steady state with a constant dissolution rate.

60
ol Steadystate ———> P
40 -
>
=30
-
20 A
10 .&é/.Non-steadystate
0 d . : :
0 5.0E+04 1.0E+05 1.5E+05 2.0E+05
Time (s)

Figure 7.2 Concentration of Si for the dissolution of glass. A fast “non-steady state”
dissolution stage is followed by a linear increase in Si concentration in a “steady state”
dissolution stage. Redraw from [59].
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The logarithmic forward dissolution rates of SiO; and CaO in the steady state were derived
experimentally through the dissolution of slag in NaOH solutions at different pH values:

NBO NBO
log 7.5 = 0.0155pH —— + 0.0727pH + 0.6199 —— — 9.0309 (7.7)
log 1y cq = 0.1868pH — 8.7729 (7.8)

NBO . — .
whererenotes the ratio of the non-bridging oxygen atoms to oxygen atoms in

tetragonal coordination. The detailed derivation of Equations 7.7 and 7.8 can be found in
[223].

According to the stoichiometric dissolution of Al and Si in aluminosilicate materials [223,224],
the log forward dissolution rate of Al,03 can be calculated using Equation 7.9:

Vai Vat

log T = log (—1,5:) = log (=) + logr,.s; (7.9)
Usi Usi

where vy4; and vg; are the molar fractions of Al and Si in the slag, respectively.

As for the minor constituents like Mg, Na, and K, the dissolution rates of these modifying
elements (X) were obtained based on the dissolution rate of Ca:

Ux
Tx = fx —vc Tca (7.10)
a

where fy is the ratio of the dissolution rate of element X relative to the dissolution rate of
Ca.

Since the total surface area of precursors, affected by the digitization resolution, can be
different from the experimental data, the function of dissolution rate was modified to take
this into account:
V.
model/S

model

—— oy
Vexp / ’
Sexp

where r{ x and 7, x are the forward dissolution rates of element X before and after
considering the effect of the solution-volume/surface-area ratio. V4 and V,,,, denote the
solution volume in simulation and experiment, respectively, while Sy,,4¢; and S,, represent
the surface area of the precursor in simulation and experiment, respectively.

!
Ty x =

(7.11)

The forward dissolution rate of element X in the non-steady state was described using the
following equations:

r+,X,non—steady = FX,non—steadyr-:-,X (7.12)
Vmodel
Fsinon-steaay = 2.88 * V—m(mel +2.89 (7.13)
exp
/ exp
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Vmodel
F, 881« — L omodel 4 796
Canon-steady — ©- * + 7. (7.14)

Vexp /
S exp

where 7 x non—steady and 7 x are the forward dissolution rates in the non-steady state and
steady state, respectively. The derivation of factor Fx on—steqaay €an be found in [223].

In addition, the effect of temperature on the dissolution rate was also considered based on
the Arrhenius equation:

E,f 1 1
Thew = Tref €XP RA\T P T (7.15)
Te new

where 73, and 1..; are the dissolution rates at the Kelvin temperatures T, and
Trer(293.15 K), respectively. E, is the activation energy of the dissolving element. R is the
gas constant.

The amounts of dissolved elements from the precursor can be calculated based on the
corresponding dissolution rate. Each precursor voxel has six neighboring cubes, creating six
interfaces where dissolution can happen. The amounts of elements dissolved at each
interface and at six interfaces can be calculated using Equation 7.16 and Equation 7.17,
respectively.

Any; = (1= V) 1y tol§ (7.16)

6
i=1

where Any; and ANy are the dissolved amounts of element X at interface i and six
interfaces at one time step t,, respectively. V; is the volume fraction of solids in the voxel
next to the interface area that is dissolving, ry; is the dissolution rate of element X at the
interface i, 1, is the side length of a voxel.

(iii) Simulation of the diffusion of ions

The diffusion of ions was modeled using the lattice Boltzmann (LB) method [128,225], a
powerful method widely applied for solving fluid dynamics and ionic transport problems.
This method is rooted in a statistical interpretation of fluid dynamics at the microscopic level.
The ions can move in all directions as a result of collisions between particles. The probability
of particle positions in the physical space is dynamically described by the continuous
Boltzmann equation. To streamline computational process and enhance efficiency, the LB
method approximates the continuous Boltzmann equation through a discretization approach.
This involves dividing physical space into uniformly spaced lattice nodes and discretizing
velocity space into a finite set of microscopic velocity vectors. These discrete velocity vectors
represent the propagation of particles between lattice nodes. The microscopic movements
of particles at each lattice node are described by particle distribution functions, which define
the probability of finding a particle around a lattice node at a specific time. This meticulous
discretization and representation empower the LB method to simulate the crucial kinetics of
a fluid system, with a specific emphasis on non-equilibrium processes and subsequent
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relaxation to an equilibrium state. In GeoMicro3D, a cubic lattice model D3Q7?2 was
employed to simulate the ion transport during the dissolution of slag in the alkaline solution.
The evolution of particle distribution functions satisfies the following lattice Boltzmann
equation:

filx + et t +6t) = f(x,t) ——[f;(x, ) = f{(x, )] + w;6tS (7.18)

ot
T
where f; and fjeq represent the non-equilibrium and equilibrium particle distribution
functions at location x and time t in the direction of the velocity j, respectively. e; stands for
the discrete velocity at location x and time t. w; is the weighting factor in the velocity
direction j (w;=1/7 for all directions). t is the LB time step and S signifies the source term,
accounting for the amounts of dissolved elements and the amounts of elements consumed
during the precipitation of the products at one LB time step. T denotes the relaxation time.
The relationship between the relaxation time and the ion diffusivity D), should follow the
Equation 7.19:

Tp = LieZ(t — 6t/2)/D, (7.19)

where T, and L, are the time and length factors for conversion between the lattice unit and
the real physical unit, respectively. e is the lattice speed of sound (e; = 0.53).

Excluding the convection term, fjeq can be determined using the following equation, where F
is the ion concentration in the lattice node:

£ t) = wF(x,t) (7.20)

6
Fx,t) = ZFO £i(x,0) (7.21)

(iv) Simulation of the nucleation of reaction products

After a specific duration of slag dissolution, the pore solution may reach a state of saturation
or oversaturation. In this state, solid reaction products can form if there are nuclei present
or if new nucleation sites are likely to form. The probability P(At) of at least one critical
nucleus existing in the solution can be calculated using Equation 7.22 [129]:

P(At) =1 —exp (—]JVAL) (7.22)

where V is the solution volume within which the nucleus forms, At is the time interval, while
J is the nucleation rate that can be determined using the following equation:

B
J(S) = ASsexp <— m) (7.23)

2In the term D3Q7, D3 refers to three dimensions, Q7 refers to seven discrete velocity
directions.
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where A is the kinetic parameter, S; is the supersaturation index of the reaction products,
and B is the thermodynamic parameter. The calculations for these parameters can be found
in [40].

For a lattice node without reaction products, the thermodynamic modeling module is
invoked only when there is a probability of nucleation of at least one primary gel and at least
one of secondary reaction products according to Equation 7.22. In the case of a lattice cell
with existing reaction products, the thermodynamic modeling module is called directly
without calling the nucleation probability module. A schematic representation of the
dissolution of the precursor and formation of reaction products are shown in Figure 7.3.

(v) Thermodynamic modeling

The function of this module was to model the chemical reactions and calculate the amounts
of reaction products through thermodynamic modeling, which was performed via GEMS
program. The thermodynamic database used in GeoMicro3D incorporated CEMDATAOQ7
database [123], the thermodynamic data for C-(N-)A-S-H gel [182] and secondary reaction
products [40] of AAS. Following the calculation, the compositions of solid phases and pore
solution within the lattice cell were updated. The simulation then returned to the dissolution
module iteratively until the simulation target time was achieved. The overall flowchart of
GeoMicro3D is shown in Figure 7.4.
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Figure 7.3 Schematic representation of the formation of the reaction products. (1) represents
the unreached precursor cells. 2 represents the solution cells. (3) represents cells where
precursor may dissolve and reaction products may precipitate. (4 represents cells that are
completely or partially filled with reaction products [40].
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Figure 7.4 The overall flowchart of the GeoMicro3D model [40].
7.2.2 Limitation of GeoMicro3D

As GeoMicro3D was initially designed for AAS material, its adaptation to AAFA material is
currently unavailable. The primary distinction between AAS and AAFA lies in their precursors.
Consequently, the dissolution kinetics and chemical reactions differ between these two
systems. Among the five modules in GeoMicro3D, the simulation of the initial structure,
diffusion of ions, and nucleation of reaction products are universally applicable to any
precursor, while the dissolution module and thermodynamic modeling module are specific
to slag. To enhance GeoMicro3D's applicability to AAFA, two key steps are necessary. First,
the dissolution kinetics of fly ash should be understood. More specifically, a function of the
dissolution rate of fly ash should be established and incorporated into GeoMicro3D. Second,
for the thermodynamic modeling of AAFA, the reaction products of AAFA and their
corresponding thermodynamic data must be integrated into GeoMicro3D. In summary, it is
feasible and meaningful to expand the functionality of GeoMicro3D for its use in AAFA.
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7.3 Methodology
7.3.1 Dissolution of fly ash
7.3.1.1 Forward dissolution rate of fly ash

Experiments on the dissolution of fly ash were carried out to determine the forward
dissolution rate of fly ash. As mentioned in Chapter2, the forward dissolution rate of fly ash
can be described using the following equation [19,65,69]:

—E
ry = ko10TPHexp (R—;) (7.24)

where kj is the intrinsic rate constant, n is the pH power law coefficient, E, is the apparent
activation energy (J/mol). R is the universal gas constant (R =8.31 J/mol/K).

To determine the parameters (ko, 1, E,) in Equation 7.24, the dissolution experiment was
conducted with the following procedure: 0.1 gram of fly ash was mixed with 100 ml of NaOH
solution with different concentrations in a sealed container. The high solution-to-ash ratio of
1000 was adopted to avoid the formation of reaction products. The mixture was then placed
in a temperature-controlled shaker operating at 250 rpm. The tests were performed at
different temperatures. Detailed dissolution conditions are listed in Table 7.1. Subsequently,
the sample was filtrated through a 0.2 um filter at certain time intervals up to 48 hours. Note
that individual samples were created for each testing time rather than sampling from the
same solution over time. The concentrations of Si, Al and Ca in the solution were measured
on duplicate samples using ICP-OES with the same procedures in Section 4.2.3.

Based on the elemental concentrations over time, the forward dissolution rate (mol/m?/s) of
the specific element (X) can be computed with the following equation:

_ s v

T4X = "Ar messa (7.25)

where A(X) denotes the change in elemental concentration (mol/L) over the time increment
At (s), V is the solution volume (L), m is the mass of fly ash (g), SSA represents the specific
surface area of fly ash, which was determined as 1.01 m?/g using the Brunauer-Emmett-
Teller (BET) method.

Table 7.1 Dissolution conditions.

Group NaOH concentration pH of NaOH solution Temperature
1 1M 14.00 20°C
2 15M 14.18 20°C
3 3M 14.48 20°C
4 5M 14.70 20°C
5 5M 14.70 40 °C
6 5M 14.70 60 °C
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7.3.1.2 Simulation of dissolution of fly ash in alkaline solution

The function developed to predict the forward dissolution rate of fly ash, based on the
dissolution experiment, was then integrated into GeoMicro3D. A comprehensive description
of the function derivation process will be shown in Sections 7.4.1 and 7.4.2.

To assess the accuracy of the function, the dissolution of fly ash in a 5M sodium hydroxide
solution was simulated at different temperatures using the extended GeoMicro3D model.
The initial structure consisted of fly ash particles with a maximum size of 10 um, arranged
within a cube of 125 umXx125 umx125 pum. The solution to fly ash mass ratio was 1000,
mirroring the conditions of the dissolution experiment. In the simulation, fly ash also
contains three parts: amorphous particles, crystalline particles and voids. The relationship
between the apparent volume of fly ash (V) and the volume of hollow voids (V},) in fly ash
can be determined using the following equation:

Vapa = Vo — Vp)pr (7.26)

where p, (g/cm3) and p, (g/cm?3) are the apparent density and the real density of fly ash,
respectively. In this work, they are determined as 2.13 g/cm3and 2.65 g/cm?3, respectively.

The digitized simulation cube was initialized in terms of element compositions for liquid
voxels and fly ash voxels. The model considered oxides including SiO,, Al;03, CaO, Fe,0s3,
MgO, K,0 and NaO for fly ash representation. The amounts of chemical compositions in the
amorphous fly ash and crystalline fly ash were aligned with the chemical composition
determined in Table 6.4 in Chapter 6. Only amorphous fly ash was considered reactive,
having the capacity to dissolve.

The solubility products of SiO,, Al,03 and CaO, used in Equation 7.6, were set as 1.23x10?,
3.55 and 2.1x10%, respectively [223]. The parameter fy in Equation 7.10 was set as 0.8, 1.2
and 1.2 for Mg, K and Na, respectively [223]. Fe;0sis a newly incorporated oxide. Given the
fact that it usually functions as a network former in glass, its dissolution rate was established
by correlating it with the dissolution rate of Al, using the following equation:

VUre
Tre = fre . l Tal (7.27)
A

where fr, was set as 0.2, considering the low solubility of Fe;0s,

According to the experimental results shown in Section 7.4.1, the dissolution rate of Si in the
non-steady state was set as three times (Fs; non—steady=3) as that in the steady state, instead
of using the original equation (Equation 7.13). In addition, the activation energy of CaO for
dissolution, as employed in Equation 7.15, was taken as 13.6 kJ/mol [223]. It is worth noting
that Equation 7.15 was exclusively applied to the dissolution of CaO to correct the effect of
temperature. However, this correction was deemed unnecessary for SiO;, as the newly
formulated function (refer to Equation 7.29) for SiO; inherently accounts for temperature
effects, eliminating the need for the additional temperature correction applied to CaO. The
diffusivities of various ions used in Equation 7.19 are listed in Table 7.2.
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Table 7.2 Diffusivities of aqueous ions in solution at 25 °C [40].

lons Si0s>  AIOy Ca** Mg FeOy K* Na* OH"
Dp(><10'9 m?/s) 0.7 0.6 0.72 0.71 0.6 1.96 1.33 5.28

7.3.2 Implementation of the extended GeoMicro3D model

In addition to adding the function for predicting the dissolution rate of fly ash, the reaction
products of AAFA, based on the results of the thermodynamic modeling in Chapter 6, were
also integrated into the extended GeoMicro3D model to simulate the reaction process and
3D microstructural evolution of AAFA. The physically adsorbed water in C-(N-)A-S-H gel and
N-(C-)A-S-H gel, as discussed in Chapter 6 (see Section 6.3.5.1), were also incorporated in
GeoMicro3D. Considering the limitation of thermodynamic modeling applied to the silicate-
activated fly ash as shown in Chapter 6, the extended GeoMicro3D model was only applied
to simulate the sodium hydroxide-activated system (sample NH-40°C) in this work. According
to its mixture (see Table 6.2), the initial structure was generated in a cube of 125 um x 125
pm x 125 pum, as shown in Figure 7.5. The resolution was set at 1 um x 1 um x 1 um per
voxel. More specifically, the simulation box contains 125 x 125 x 125 voxels, with each voxel
occupied by fly ash or alkaline solution. As recommended in [226], the size of the simulation
box should be at least 2.5 times larger than the largest particle. Hence, the minimum and
maximum particle size of fly ash was set at 1 um and 50 um, respectively. The model
parameters outlined in Section 7.3.1.2 for the dissolution module were also adopted here. In
addition, C-(N-)A-S-H gel and N-(C-)A-S-H gel were considered as diffusive phases for ions,
while the other reaction products were treated as non-diffusive for ions. The diffusivities of
ions through the C-(N-)A-S-H gel and N-(C-)A-S-H gel were set to be 0.0025 times those in the
solution (see Table 7.2) [33]. A detailed description of diffusivity of ions through lattice
nodes can be found in [33]. The simulation input and parameters used in the extended
GeoMicro3D to model the reaction and microstructure of AAFA are summarized in Table 7.3.
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Table 7.3 Simulation input and parameters.

Mixture Sample NH in Table 6.2
Input Temperature 40°C
Simulation size 125 pm x 125 pm x 125 pm
Dissolution rate of fly ash Equations 7.8, 7.9, 7.10, 7.27,
7.29
Relative dissolution rate fy for Mg in
. 0.8
Equation 7.10
Relative dissolution rate fyx for Kin 19
Equation 7.10 '
Relative dissolution rate fy for Nain
. 1.2
Dissolution Equation 7.10
module Relative dissolution rate fg, in 0.2
Equation 7.10 '
FSi,non—steady 3
Ky, of SiO; (in Equation 7.6) 1.23x10?
K, of CaO (in Equation 7.6) 3.55
K, of Al,0s (in Equation 7.6) 2.1x101
Activation energy of CaO (in Equation 13.6 kJ/mol
7.15)
. Diffusivity of agueous ions in solution
Transportation Table 7.2
module (Dp)
Diffusivities of aqueous ions in gels 0.0025X D,
Nucleation and Parameters A and B (in Equation Same in [40]

growth module

7.23)

Thermodynamic
modeling module

Thermodynamic database of reaction
products

N-(C-)A-S-H gel in Table 5.3,
zeolites [124], Cemdatal8 [32]

Others

Physically adsorbed water in
C-(N-)A-S-H gel
Physically adsorbed water in
N-(C-)A-S-H gel

Same in [40]

11-15 wt. % of N-(C-)A-S-H gel*

*: The total fraction of physically adsorbed water in N-(C-)A-S-H gel in this work was determined
based on the mass loss between 40-105 °C in TGA results (refer to Figure 4.6 and 4.10).
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. Amorphous fly ash Crystalline fly ash

B Liquid B \oidinfly ash

Figure 7.5 Initial structure of sample NH-40°C with a size of 125 uym x 125 uym x 125 um and a
digitization resolution of 1 um x 1 um x 1 um per voxel.

7.4 Experimental and simulated dissolution of fly ash

7.4.1 Experimental dissolution of fly ash under different conditions

To gain an understanding of the dissolution behavior of fly ash in an alkaline solution, the
concentrations of Si and Al were measured from the early stages (5 minutes) to long-term
stages (48 hours) for dissolution of fly ash in a 1.5M NaOH solution at 20 °C, as illustrated in
Figure 7.6. The data clearly show a non-linear increase in Si and Al concentrations within the
initial 6 hours, followed by a subsequent linear rise from 6 to 48 hours. The dissolution
behavior of silicate glass under a far-from-equilibrium condition commonly involves two
stages: the non-steady state and the steady state [59,65,67]. In this work, the non-linear
stage from 0-6 hours is referred to as the non-steady state, indicating a varying dissolution
rate, while the subsequent linear stage is considered the steady state, indicating a constant
dissolution rate. To investigate forward dissolution rate r. in the steady state, the elemental
concentrations were specifically examined from 6 to 48 hours under various pH and
temperatures, as detailed below.
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Elemental concentration (mmol/L)

Time(h)

Figure 7.6 Measured concentrations of Si and Al for the dissolution of fly ash in a 1.5M NaOH
solution at 20 °C.

The effects of the solution pH and the temperature on the dissolution of fly ash are shown in
Figure 7.7. At 20 °C, the concentrations of Si and Al exhibited a linear correlation with time
from 6 to 48 hours, albeit with a slight deviation from linearity observed at the 6-hour mark
(see Figure 7.7(a) and (b)). This observation suggests that the transition from a non-steady
state to a steady state occurs within the 6 to 12-hour range, irrespective of the solution's
alkalinity. A similar observation was found in the dissolution at 40 °C. However, at 60 °C the
dissolution rate for both Si and Al did not remain constant but dropped after 24 hours, as
shown in Figure 7.7(c) and (d), indicating the end of the steady state. The decrease in the
dissolution rate suggests that the dissolution had shifted away from a far-from-equilibrium
state. This change is due to the dramatic increase in ion concentration, and thus the ion
activity product, over time at 60 °C. As a result, after 24 hours of dissolution at 60 °C, the ion
activity product became large enough to negatively impact the dissolution rate according to
Equation 7.6, leading to a decrease in the dissolution rate. Overall, a steady state is
consistently observed during dissolution, regardless of the solution pH and the temperature.
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Figure 7.7 Measured concentrations of (a) Si and (b) Al for the dissolution of fly ash under
different pH conditions at 20 °C; Measured concentrations of (c) Si and (d) Al for the
dissolution of fly ash at different temperatures.

7.4.2 Forward dissolution rate of fly ash

According to the evolution of elemental concentrations in the steady state measured above,
the forward dissolution rate of Si (r ;) at different solution pH and temperatures can be
calculated using Equation 7.25.

To fitn, E, and k, in Equation 7.24, the equation was rearranged to a linear relationship as
follows:

loge
logry =n*pH — EaR—fT + log k, (7.28)

Figure 7.8 shows the fitting results for the parameters (n, E, and k) in Equation 7.28. The
relationship between pH of the solution and log 7, g; was plotted and fitted in Figure 7.8(a).
The log forward dissolution rate of Si has a linear relationship with the pH values, with a
fitting slope (1) of 0.4. For a constant pH of 14.7, the correlation between the log dissolution
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rate of Si and temperature was fitted in Figure 7.8(b). According to the fitting results
(E, 10$=3157), the apparent activation energy E, in Equation 7.28 was determined as 60.41
kJ/mol, which is in good agreement with the data obtained in [19]. The parameter k, is
supposed to be linked to intrinsic properties of silicate glasses. With the determined
log vy si,mand Eg, log k, can be calculated using Equation 7.28. An index, Ca/(Si+Al) molar
ratio, is proposed to represent glass reactivity. Since Ca acts as a network modifier, while Si
and Al usually function as network formers, a higher Ca/(Si+Al) refers to a higher reactivity of
an aluminosilicate glass. The correlation between log k, and Ca/(Si+Al) of glasses, including
fly ash in this study and glasses from [59,223,227], are plotted in Figure 7.8(c). The
dissolution conditions and forward dissolution rate of the glasses from [59,223,227] are
provided in Table D.1 in Appendix D. A linear increase in log k, is observed with increasing

Ca/(Si+Al), indicating more rapid dissolution in fly ash with higher reactivity.
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Figure 7.8 Forward dissolution rate of Si as a function of (a) pH and (b) temperature; (c)
relationship between log k, and Ca/(Si+Al) molar ratio in glass. Part of data is obtained from
Singh [227], Zuo [223] and Snellings [59].
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According to the fitting results shown in Figure 7.8, the general function describing the
forward dissolution rate of Si (mol/m?/s) can be expressed as follows:

—-391 (7.29)

31
logrysi = 0.4« pH —T+ 2.83 *Si Al

Based on the theory of stoichiometric dissolution [59,68], the forward dissolution rate of Al
was predicted by using Equation 7.9.

To evaluate the accuracy of these prediction functions, Figure 7.9 illustrates the correlation
between the predicted and experimental log forward dissolution rates of Si and Al. Notably,
in Figure 7.9(a), Equation 7.29 demonstrates a precise prediction of the forward dissolution
rate of Si for the fly ash investigated in this work. Moreover, its applicability extends to well
predicting the forward dissolution rate of Si for other aluminosilicate glasses documented in
the literature [59,223,227]. The consistency between the predicted and experimental log
forward dissolution rates of Al, as shown in Figure 7.9(b), affirms the rationality of predicting
the dissolution rate of Al based on that of Si. In addition, the dissolution amount and
dissolution rate of Ca for the dissolution of fly ash in this work are provided in Appendix D
(Figure D.1 and Figure D.2). The result in Figure D.2 shows that the previously developed
function (Equation 7.8) for the dissolution rate of Ca can effectively predict the dissolution
rate of Ca. Consequently, the newly developed function for predicting the forward
dissolution rates of Si will be seamlessly integrated into the GeoMicro3D model for its
applicability in AAFA, while original functions of forward dissolution rate of Al and Ca remain
unchanged.

-7.6
-6.04 ® In this work = |n this work
Singh -7.8 1
-6.51 Zuo -804 n
_ , 2
,__(f'-7.0— ®  Snelling Zaol
(o)} | (=]
S -7.5- O -84+
ki . 2
g 8.0 5 86
® .85 T -8.8-
o o =
90] = -9.0 1 =
|} _9.2_ - |
-9.5- (a) 94 (b)
-95 -90 -85 -80 -75 -70 -85 -6.0 -94 -92 -90 -88 -86 -84 -82 -8.0-78 -7.6
Experimental log Iy si Experimental log Y

Figure 7.9 The correlation between predicted and experimental log forward dissolution rates
of (a) Si, and (b) Al. Part of data is obtained from Singh [227], Zuo [223] and Snellings [59].
Note that the log forward dissolution rate from [59] has been recalculated according to
Equation 7.25.
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7.4.3 Simulated dissolution of fly ash

The dissolution of fly ash in a 5M NaOH solution was simulated at different temperatures
using the GeoMicro3D model modified with the developed dissolution rate functions. Figure
7.10 shows the simulated and measured concentrations of Si, Al, and Ca released from the
fly ash. The simulated Si concentrations generally match the experimental results, except at
60 °C after 24 hours, where modeling concentrations are lower than the experimental ones.
This discrepancy may be attributed to the slight dissolution of crystalline fly ash at high
temperatures, which was considered completely inert in the simulation. Moreover, at 60 °C,
a decrease in the dissolution rate of Si is observed after 24h in the modeling result, aligning
with the experimental findings. In addition, the simulations capture well the evolution of Al
and Ca concentrations, showing a good agreement with experimental data. The minor
difference between the modeling and experimental Al concentrations can be attributed to
slight discrepancies in the predicted and experimentally obtained dissolution rates of Al, as
shown in Figure 7.9(b). Overall, the agreement between simulation and experimentally
obtained results underscores the accuracy of the dissolution rate functions, affirming their
capability to faithfully simulate the dissolution of fly ash in an alkaline solution.
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Figure 7.10 Comparison of elemental concentrations in fly ash dissolution: simulated and
experimental results in a 5M NaOH solution at (a) 20 °C, (b) 40 °C and (c) 60 °C.
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7.5 Application of extended GeoMicro3D to three-dimensional
microstructure formation of AAFA

In this section, the dissolution module in the original GeoMicro3D model is equipped with
the functions developed in Section 7.4 to describe the dissolution rate of fly ash, while the
thermodynamic modeling module is upgraded with the thermodynamic database of reaction
products of AAFA to simulate AAFA reactions. The simulation results of AAFA (for sample
NH-40°C) using the extended GeoMicro3D are presented below.

7.5.1 Simulated 3D microstructures

The simulated 3D microstructures of sample NH-40°C at 10 mins, 3 hours, 7 days and 28 days
are shown in Figure 7.11. The area in light blue and dark blue represents amorphous fly ash
and alkaline activator, respectively. Upon contact with the alkaline activator, the amorphous
fly ash particles underwent dissolution, forming a distinct reaction front zone (depicted in
orange color). In contrast, the crystalline fly ash particles, represented by white, remained
unreactive and undissolved, with no development of a reaction front zone around them. At 3
hours, a layer of reaction products, shown in red, began to form around the amorphous fly
ash particles, with a few reaction products also forming on the surface of the crystalline fly
ash particles due to ion transport. As the reaction proceeded, more reaction products
emerged, connecting the fly ash particles to construct a solid microstructure. By 7 days, most
liguid nodes were filled with reaction products as shown in Figure 7.11(c). The
microstructure at 28 days, as shown in Figure 7.11(d), appeared similar to that at 7 days.
One reason is that the reaction became very slow from 7 days to 28 days, which will be
further discussed in Figure 7.13. Another reason is related to the way of visualization: any
voxel containing partially or completely filled reaction products is marked in red, making it
difficult to visualize the increase in reaction products after most liquid nodes are filled. For a
more detailed understanding of the evolution of simulated microstructure, it is worthwhile
to view the solid volume fraction of each voxel in the simulated box, as further shown below.
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(c) 7 days (d) 28 days
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Figure 7.11 Simulated 3D microstructure of NH-40°C at (a) 10mins, (b) 3 hours, (c) 7 days and
(d) 28 days.

To help a better understanding, Figure 7.12 shows the simulated solid volume fraction of
voxels in crosse-sections of sample NH-40°C at 10 mins, 3 hours, 7 days and 28 days. In the
beginning, each voxel was either occupied by fly ash (100 % solid) or liquid (0 % solid). As the
reaction progressed, the solid volume fraction in the voxels around the surface of the
amorphous fly ash particle decreased, indicating a dissolving fly ash. In contrast, the solid
volume fraction in the voxels that were originally liquid increased, indicating the formation
of reaction products. Over time, a more compact microstructure develops. Additionally, a
higher fraction of reaction products accumulated around the amorphous fly ash particles,
while a relatively porous structure developed within the spaces between the fly ash particles.
This is in accordance with the observation from SEM images (see Figure 6.7).
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Figure 7.12 Solid volume fraction of voxels of cross sections of AAFA at (a) 10 mins, (b) 3
hours, (c) 7 days and (d) 28 days.

7.5.2 Degree of reaction

The simulated degree of reaction of fly ash as a function of time is shown in Figure 7.13,
alongside the experimental data at 7 and 28 days (see Figure 6.13). The degree of reaction of
fly ash increased significantly within the first day, followed by a gradual rise subsequently.
This trend indicates an initial rapid dissolution of fly ash, which slowed down over time.
Initially, fly ash dissolved quickly in the high-pH alkaline solution. However, the dissolution
rate of fly ash decreased significantly over time due to two main reasons. First, the pH of the
pore solution decreased a lot over time as a result of the reaction between the activator and
fly ash, as confirmed in Figure 7.15. Second, the growth of reaction products on the surface
of fly ash (see Figure 7.11) hindered further interaction between the activator and fly ash,
thereby slowing down the dissolution process. The simulated degree of reaction reached 31 %
and 34 % at 7 and 28 days, respectively, slightly lower than the experimental data. The
consistency between the simulated and experimental degree of reaction implies that the
simulation framework can effectively model the chemical reactions in AAFA.
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Figure 7.13 Simulated degree of reaction of fly ash at 40°C.
7.5.3 Phases assemblage

The evolution of simulated phases in AAFA is presented in Figure 7.14. The main simulated
reaction product of AAFA was N-(C-)A-S-H gel, which is consistent with both the
experimental findings in this work and existing literature [21,89]. Minor amounts of C-(N-)A-
S-H gel and hydroxysodalite (SOD(OH)) were observed, in accordance with the
thermodynamic modeling results in Chapter 6. Besides, a trace amount of portlandite,
hydrotalcite (MgAl-OH-LDH), magnesium silicates hydrate (M-S-H), Brucite (Mg(OH),) and
Ferrihydrite-mc (FeOOH) were also formed, collectively presented as the ‘other phases’ in
Figure 7.14. These reaction products align with the thermodynamic modeling results, except
for portlandite and MgAI-OH-LDH. The variance in reaction products obtained by
thermodynamic modeling and GeoMicro3D model can be attributed to the differences in
reaction kinetics. More specifically, thermodynamic modeling was based on the congruent
dissolution of various oxides in fly ash, whereas GeoMicro3D assigned a specific function of
dissolution rate for each oxide. As a result, the chemistry in the pore solution may differ in
these two cases, leading to the formation of distinct reaction products. Besides, the
physically adsorbed water of C-(N-)A-S-H gel and N-(C-)A-S-H gel was considered in
GeoMicro3D, which is another difference to the thermodynamic modeling results.
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Figure 7.14 Phase evolution of simulated phases in AAFA at 40°C. The label ‘Other phases’
refers to MgAI-OH-LDH (LDH denotes layered double hydroxide), M-S-H (magnesium silicates
hydrate), Brucite (Mg(OH),), Portlandite (Ca(OH),) and Ferrihydrite-mc (FeOOH). The label
‘water in gels’ refers to the physically adsorbed water in C-(N-)A-S-H gel and N-(C-)A-S-H gel.

7.5.4 Pore solution chemistry

The evolution of simulated elemental concentrations is shown in Figure 7.15, alongside the
experimental data at 7 and 28 days (see Figure 6.11). The concentration of Si initially
increased with time, followed by a decrease after 2 days. This trend matches well with the
experimental observations as shown in Figure 6.11. During the early simulation period, the
reaction was dominated by the dissolution of fly ash, while the formation of reaction
products prevailed once a sufficient quantity of ions dissolved in the pore solution. The
competition between the dissolution and the formation of reaction products leads to the
initial increase and subsequent decrease in the concentration of Si in the pore solution.
However, the simulated Si concentration was underestimated compared to experimental
data, especially at 28 days. This discrepancy may stem from the underestimated reaction
degree (see Figure 7.13). Additionally, the GeoMicro3D model assumes that voids created by
chemical shrinkage are automatically filled with water, which could further contribute to the
underestimation of Si concentration in the pore solution.

Similarly, the concentration of Al initially paralleled the trend observed for Si but dropped
much earlier, which occurred after a few hours, coinciding with the formation of N-(C-)A-S-H
gel as can be seen in Figure 7.14. The simulated concentration of Al at 7 days is close to the
experimental data. However, after 9 days, the concentration of Al increased slightly again
while the concentration of Si started to decline. As a result, the simulated concentration of
Al at 28 days is higher than the experimental result. It can be seen from Figure 7.15(a) that
there were no sufficient Si ions in the pore solution. As a result, the formation of reaction
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products, i.e. N-(C-)A-S-H gel, was limited, leading to the increase of Al concentration due to
the ongoing dissolution of fly ash.

Apart from a slight initial increase due to the dissolution of fly ash, the Na concentration
mainly decreased over time, resulting from the formation of C-(N-)A-S-H gel, SOD(OH) and
N-(C-)A-S-H gel. The concentration of OH" experienced a dramatic decrease and remained
relatively stable after 2 days. The drop in the concentration of OH can be attributed to the
consumption of OH" during the dissolution of fly ash. Both simulated concentrations of Na
and OH were close to the experimental results at 7 days and 28 days.

Both Ca and Mg concentrations rose sharply in the beginning due to their rapid dissolution
rates, followed by a sudden drop due to the rapid formation of Ca- and Mg-containing
phases. After that, their concentrations remained at an extremely low level, consistent with
the thermodynamic modeling results shown in Figure 6.17. The trends observed in the
concentrations of Fe and K are also similar to the thermodynamic modeling results shown in
Figure 6.17. The overestimation of the simulated concentration of K is due to the absence of
a solid K-containing phase in the model, as also discussed in Section 6.3.5.2. Consequently,
all dissolved K remains in the aqueous phase, resulting in an overestimation of its
concentration.
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Figure 7.15 Simulated element concentrations in comparison with the experimental data.
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Table 7.4 Comparison of the porosity of AAFA obtained from simulation and experiment.

Porosity GeoMlicro3D Experiment*
NH-40°C at 7 days 38% 37 %
NH-40°C at 28 days 35% 34 %

* The porosity of AAFA paste in this work was measured by using mercury intrusion
porosimetry (MIP) according to the procedure in [228].

7.5.5 Porosity of AAFA

Table 7.4 compares the porosity of sample NH-40°C obtained from simulation and
experiment, i.e. mercury intrusion porosimetry (MIP). The porosity obtained by using MIP at
7 days and 28 days was 37 % and 34 %, respectively. These results were in good agreement
with the porosity of the sample ‘FA_N9.3S0T40’ in [33], which employed an identical
mixture. In the simulation, the porosity of the simulated structure was defined as the sum of
the volume fraction of the aqueous phase (see Figure 7.14) and the hollow voids in fly ash.
As shown in Table 7.4, there is a good agreement between the simulated porosity and
experimental results.

7.6 Conclusions

This chapter developed a prediction function of dissolution rate for fly ash dissolving in
alkaline solution. GeoMicro3D model was extended with the dissolution rate function and
the thermodynamic database of N-(C-)A-S-H gel to simulate the reactions and microstructure
of AAFA paste. From the results and discussion, the following remarks are made:

1. A dissolution rate prediction function, accounting for pH, temperature, and fly ash
reactivity, was developed. This function demonstrates accurate predictions of the
dissolution rates for various aluminosilicate glasses

2. Equipped with the newly developed prediction function, the updated GeoMicro3D
model successfully simulated the dissolution behavior of fly ash in alkaline solution at
different temperatures. The simulated evolution of the concentrations of Si, Al and
Ca match well with the experimental data.

3. Integrated with the thermodynamic database of N-(C-)A-S-H gel, the GeoMicro3D
model is expanded to simulate 3D microstructure of AAFA paste. For the first time,
the distribution of different phases in the 3D microstructure of AAFA can be modeled
as a function of time. The simulated degree of reaction and the porosity are
consistent with the experimental results. Moreover, the simulated reaction products
and pore solution chemistry were also in line with the experimental results. The
reason for the minor differences between the simulation and experimental results
were analyzed. Overall, the extended GeoMicro3D model is able to accurately
simulate the chemical reactions and 3D microstructure of NaOH-based activated fly
ash paste.
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Retrospection, conclusions, contributions and outlooks

8.1 Retrospection

Alkali-activated fly ash (AAFA) has stood out as a sustainable cement-free binder, appealing
for its low carbon emissions and excellent engineering properties with proper mixtures.
However, as pointed out in Chapter 1, the reactions of AAFA are governed by a series of
factors, including the intrinsic properties of fly ash, the types of alkaline activators, the
mixture and curing regime. As a result, the microstructure of AAFA displays considerable
diversity, leading to a wide range of engineering properties. Prediction of the reactions and
microstructure of AAFA is essential for designing AAFA with the desired performance.
Therefore, this research aims to simulate the reaction process and development of the
microstructure of AAFA.

In Chapter 3, the polymerization process of AAFA was modeled by reactive molecular
dynamics simulation to construct the models of the main reaction product of AAFA, i.e. N-(C-
)JA-S-H gel. The Si/Al and Ca/Al ratios of N-(C-)A-S-H gels were investigated to explore the
possible chemical compositions of N-(C-)A-S-H gels. The atomic structures of N-(C-)A-S-H gels
were also characterized in terms of bond length, bond angle, XRD analysis, Q" distribution.

In Chapter 4, N-(C-)A-S-H gels with various Si/Al and Ca/Al ratios, according to the findings in
Chapter 3, were synthesized using the sol-gel method. Different mixtures and conditions
were explored to achieve target ratios, and an optimal synthesis route for N-(C-)A-S-H gels
was proposed. Characterization of the synthesized gels involved XRF, XRD, FTIR, and TGA
techniques, with a comparative analysis against simulation results from Chapter 3.

In Chapter 5, the solubility of the N-(C-)A-S-H gels synthesized in chapter 4 was measured
through a dissolution test. Other thermodynamic data of N-(C-)A-S-H gels, including the
Gibbs free energy, heat capacity, entropy, enthalpy, and molar volume, was also determined
to establish a thermodynamic database of N-(C-)A-S-H gels. The reliability of the
thermodynamic data was confirmed by the good agreement between the experimentally
derived solubilities of N-(C-)A-S-H gels and those estimated from thermodynamic data.

In Chapter 6, the reaction kinetics of AAFA was derived from results obtained from
isothermal calorimetry and SEM-EDS analysis. With the thermodynamic database of N-(C-)A-
S-H gels developed in Chapter 5, thermodynamic modeling of AAFA, in combination with the
reaction kinetics, was performed to investigate the chemical reactions and the phase
assemblage of AAFA over time. The reliability of the thermodynamic modeling is assessed by
comparing results with experimental data obtained from AAFA paste.
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In Chapter 7, the dissolution kinetics of fly ash was investigated through the dissolution of fly
ash in sodium hydroxide solution with various concentrations at different temperatures.
Prediction functions for the dissolution rate of Si and Al were developed to describe the
dissolution of fly ash in alkaline solutions. The GeoMicro3D model, extended with these
functions and the thermodynamic database of N-(C-)A-S-H gels, was employed to simulate
the chemical reaction and 3D microstructure evolution of AAFA. The simulation results were
analyzed and validated through comparisons with experimental findings.

8.2 Conclusions
The conclusions of this research are summarized as follows:

(1) Molecular dynamics simulation enables to explore the possible chemical
compositions of the main reaction product of AAFA, i.e. N-(C-)A-S-H gels.

N-(C-)A-S-H model can be constructed by modeling the polymerization process using
molecular dynamics simulation, thereby exploring its possible chemical composition.
The Si/Al ratio in the N-A-S-H gel model mainly varied from 1 to 3, with a tendency for
Ca incorporation into the N-A-S-H gel, resulting in the formation of N-(C-)A-S-H gel.
This research suggests that a Si/Al ratio between 1 and 3 and a Ca/Al ratio ranging
from 0 to 0.5 adequately represent the chemical compositions of N-(C-)A-S-H gel in a
mature AAFA paste.

(2) When using the sol-gel method to synthesize N-(C-)A-S-H gel, three main factors
influence the Si/Al ratio of the resulting gel: the initial Si/Al ratio, the concentration
of the reactants, and the pH values.

It is found that higher concentrations of reactants, a higher initial Si/Al ratio, or a
lower pH value can all contribute to the synthesis of N-(C-)A-S-H gels with a higher
Si/Al ratio.

(3) Both molecular dynamic simulation results and experimental findings on AAFA pastes
showed that the formation of N-A-S-H gel with a Si/Al ratio higher than 3 is
unfavored.

Molecular dynamics simulation results showed that the Si/Al ratios in the constructed
N-A-S-H model consistently remained below 3, regardless of employing an initial Si/Al
ranging from 1-4. In addition, in the sodium hydroxide-activated fly ash paste, the
average Si/Al ratio of the reaction products was consistently less than 3. In the
sodium silicate-activated system, although initially slightly higher than 3, the Si/Al
ratio decreased over time. Thermodynamic modeling results also observed a trace
amount of N-A-S-H gel with a Si/Al of 3 formed in AAFA paste. On an atomic scale,
this phenomenon can be ascribed to the lower formation energy of Si-O-Al compared
to Si-O-Si bonds. From a thermodynamic perspective, N-A-S-H gel with a higher Si/Al
ratio has a higher solubility, indicating its formation is thermodynamically less
favored.
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(4) The established thermodynamics database of N-(C-)A-S-H gel enable to perform
thermodynamics modeling of AAFA.

A thermodynamics database of N-(C-)A-S-H gel with various Si/Al and Ca/Al ratios was
developed. The evolution of phase assemblage and chemical compositions in the
pore solution of AAFA can be simulated via thermodynamics modeling of AAFA. The
simulation results were in good agreement with the experimental data, especially for
the sodium hydroxide-activated system.

(5) The dissolution rate of fly ash can be calculated if the Ca/(Si+Al) ratio in amorphous
fly ash, pH of the solution and temperature are available.

A universal prediction function has been developed to describe the dissolution rate of
Si in fly ash, taking into account the intrinsic characteristics of fly ash, solution pH,
and temperature. The dissolution rate of Al exhibited a stoichiometric proportionality
to that of Si. A comparison between experimental data and prediction results
affirmed the accuracy of the proposed prediction functions in describing the
dissolution behavior of most aluminosilicate glass, especially those with low Ca
content.

(6) The extended GeoMicro3D model can simulate the reaction and 3D microstructure
evolution of sodium hydroxide-activated fly ash accurately.

Through integration of the dissolution rate function of fly ash and thermodynamics
database of N-(C-)A-S-H gel, the functionality of GeoMicro3D model was expanded to
simulate the reaction and 3D microstructure evolution of sodium hydroxide activated
fly ash. This model is able to simulate the distribution of phases in a 3D
microstructure, reaction degree of fly ash, pore solution chemistry and porosity as a
function of time. A case study showed that the simulation results of the sodium
hydroxide-activated system matched well with the corresponding experimental data.

8.3 Contributions of this research

The contributions of this research to science and the engineering application of AAFA are
summarized as follows:

(1) In the constructed N-(C-)A-S-H gel model, both pentacoordinated Al and six-
coordinated Al were identified. This discovery significantly reinforces the revised
perspective that Al° and Al® present in AAFA paste originate not only from raw
materials but also from the reaction product. This finding contributes to a deeper
understanding of the atomic structure of N-(C-)A-S-H gel.

(2) A procedure for synthesizing N-(C-)A-S-H gel with target chemical composition was
proposed based on sol-gel method. The effects of the initial Si/Al ratio, concentration
and pH of the reactants on the resulting Si/Al ratio in the obtained N-(C-)A-S-H gel
were clarified. The successful synthesis of N-(C-)A-S-H gel with a Si/Al ratio up to 3
addresses a notable gap in the existing literature.
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(3) A thermodynamic dataset of N-(C-)A-S-H gel with various Si/Al and Ca/Al ratios was
developed, enriching the current thermodynamic database of alkali-activated
materials. Incorporating this thermodynamic dataset to existing thermodynamic
softwares, like GEMS, could help the potential user to simulate the chemical reaction
of AAFA and analogous low-Ca alkali-activated materials.

(4) A dissolution rate function (developed in Chapter 7) was formulated to describe the
dissolution behavior of fly ash in an alkaline solution across various temperatures.
Notably, this function demonstrates universality by effectively predicting the
dissolution rates of numerous aluminosilicate glasses.

(5) The GeoMicro3D model was expanded to simulate the reaction process and 3D
microstructural development of AAFA. As the sole available tool for simulating the 3D
microstructure of AAFA, this model lays the groundwork for further simulating the
engineering properties of AAFA, contributing to the computation material science of
AAFA-based concrete.

(6) The developed numerical model can help industries to deal with fly ashes of various
gualities and tailor AAFA to meet specific engineering requirements. This capability
promotes the use of fly ash and the application of AAFA. Consequently, it broadens
the range of usable materials and enhances the sustainability of construction
materials.

8.4 Outlooks — Recommendations for future research
The key aspects that are worth further study are outlined as follows:
(1) Improvement of the thermodynamic database of N-(C-)A-S-H gel

The current solubility data for N-(C-)A-S-H gel is based on samples synthesized for just
1 day. The impact of synthesis time on the solubility of N-(C-)A-S-H gel needs to be
thoroughly investigated. Additionally, the existing thermodynamic database for N-(C-
)JA-S-H gel includes Si/Al ratios ranging from 1 to 3. This range is based on findings
that the formation of N-A-S-H gel with a Si/Al ratio above 3 is unfavorable. However,
the incorporation of Ca may enhance the stability of N-C-A-S-H gel, potentially leading
to the formation of gels with higher Si/Al ratios. Therefore, it is recommended to
study the solubility of N-C-A-S-H gel with Si/Al ratios greater than 3. Expanding the
thermodynamic database in this way would improve the accuracy of thermodynamic
modeling for silicate-activated fly ash.

(2) Selection of a suitable equation for describing the activity coefficients of the aqueous
species in AAFA

The accurate description of activity coefficients for aqueous species plays a pivotal
role in thermodynamic modeling. In GEMS, the extended Debye-Huckel equation is
typically employed to address ionic strengths up to 1-2 molar. However, the pore
solution in AAFA often exhibits significantly higher ionic strengths, ranging from 5 to
10 molar as observed in this research. The impact of this disparity on the
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thermodynamic modeling results warrants further investigation. Exploring alternative
equations, such as the Pitzer equation, may offer insights into enhancing the
precision of thermodynamic modeling for AAFA.

(3) The dissolution rate of fly ash in the non-steady state

The dissolution of fly ash experiences a short period of a non-steady state before it
reaches a steady state. The dissolution rate in the steady state can be well predicted
by the functions established in this research. However, the dissolution kinetics during
the non-steady state needs to be further investigated.

(4) Physically adsorbed water in N-(C-)A-S-H gel

The amounts of physically adsorbed water in N-(C-)A-S-H gel are not reported in the
literature. These values can affect the volume of the liquid phase and thus the pore
solution chemistry. Therefore, a quantitative investigation of physically adsorbed
water in N-(C-)A-S-H gel is necessary to validate the findings presented in this study.

(5) Transportation and precipitation in the hollow voids in fly ash

Hollow voids may exist inside a fly ash particle. These voids become exposed once the
particle breaks apart due to dissolution. As a result, reaction products can form inside
the voids once they come into contact with an alkaline solution. However, the
transportation of the aqueous species in the voids of fly ash has not been considered
in GeoMicro3D. As a result, there is no formation of reaction products within these
voids, highlighting a worthwhile area for future research.

(6) Simulation of silicate-activated fly ash using GeoMicro3D

While GeoMicro3D was successfully applied to sodium hydroxide-activated fly ash in
this research, its application to silicate-activated fly ash still needs unexplored. After
improving the thermodynamic database of N-(C-)A-S-H gel and utilizing an optimal
equation for accurately describing the activity coefficients of the aqueous species
(corresponding to the 1%t and 2" recommendations in Section 8.4), it is also worth
simulating the silicate-activated fly ash using GeoMicro3D in future work.
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Table B.1 Thermodynamic properties of the components at 298.15 K for the additivity
method.

Phase S% (J/mol/K) Cy (J/mol/K)  V° (cm?/mol) ref
Faujasite(Y)
NazAl;Si4012:8H,0 734 739 282.94 [124]
NaOH 64.4 59.5 18.78 [229,230]
$i0; 413 445 7.76 [121,230]
Cao 39.7 42.8 18.41 [121,230]
Zeolitic H,0O 59 47.7 15.18 [121,230]

Table B.2 pH in the filtrated solution after immersion of the N-(C-)A-S-H gel in water.

Samples/Temperature 25°C 40 °C 60 °C
N1 11.0210.05 10.4210.01 9.90+0.12
N2 11.1240.05 10.4740.03 10.03£0.03
N3 10.78+0.08 10.07+0.03 9.72+0.01
NC2_0.25 11.71+0.03 11.08+0.01 10.75+0.01
NC2_0.5 11.86+0.01 11.18+0.03 10.89+0.01
NC3_0.25 11.49+0.00 10.84+0.03 10.50+0.02
NC3_0.5 11.52+0.01 10.85+0.04 10.534£0.00

Note: pH values shown refer to the values after temperature correction.
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Figure C.1 Simulated phase assemblages of AAFA pastes cured at 60 °C as a function of time.
(a) sodium hydroxide-activated system, (b) sodium silicate-activated system.
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Figure C.2 Experimental and modeling element concentrations in the pore solutions of
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Table D.1 log forward dissolution rate of Si for the dissolution of different types of
aluminosilicate glasses at room temperature.

Samples Type Ca/(Si+Al) Concentration  log r.si (mol/m?/s) Ref
of NaOH
A fly ash 0.03 1M -8.742 [227]
A fly ash 0.03 6M -8.57° [227]
A fly ash 0.03 12M -8.32° [227]
2.0mol/L  slag 0.97 2M -6.06 [223]
3.0mol/L  slag 0.97 3M -5.99 [223]
G1 slag 0.76 0.1M -7.62° [59]
G2 slag 0.58 0.1M -8.19° [59]
G3 fly ash 0.25 0.1M -8.77° [59]
G4 fly ash 0.18 0.1M -9.47° [59]
G5 Natural 0.07 0.1M -9.41P [59]
pozzolans

@ Calculated from the differences in Si concentrations from 24 to 48 hours.
b Recalculated using Equation 7.25.

The evolution of Ca concentration over time during the dissolution of fly ash is illustrated in
Figure D.1. Across all dissolution conditions, Ca concentration shows a rapid initial increase
within a few hours, followed by a stable phase. However, at 60 °C, a notable decrease in Ca
concentration is observed before the initial rise. The presence of a plateau suggests that
saturation of the solution occurred around 6 hours, or earlier at higher temperatures,
indicating a short far-from-equilibrium stage in Ca dissolution. As the steady-state (linear
increase in concentration) was not observed, the forward dissolution rate of Ca was simply
calculated based on concentration changes between 0-3 hours in this study.



156 Appendix D for Chapter 7

0'35__ —a— 1.5M-20°C —— 3.0M-20°C 5.0M-20°C
—v— 5.0M-40°C 5.0M-60°C

o

w

o
1

Concentration of Ca (mmol/L)

0.15
0.104
|
0.05
0.00 T T T T T T
0 10 20 30 40 50
Time (h)

Figure D.1 Concentration of Ca for the dissolution of fly ash in sodium hydroxide solutions at
various temperatures. The first value in the legend indicates the concentration of NaOH
solution. For instance, 1.5M-20°C indicates the dissolution of ash in a 1.5M NaOH solution at
20 °C.

The forward dissolution rate of Ca was determined using the original equations developed in
GeoMicro3D (Equations 7.8). Figure D.2 illustrates the correlation between the predicted
and experimental logarithmic forward dissolution rates of Ca. The agreement between
predicted and experimental results suggests that the original equations can effectively
describe the dissolution of Ca from fly ash in this work.
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Figure D.2 The correlation between predicted and experimental log forward dissolution rate
of Ca for the dissolution of fly ash in this work.
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