Doctoral thesis

Study on Geopolymer Materials Using Coal Ashes and Technology to
Improve their Resistance to Carbonation

(ARRZERAWE=DFRY 7 —#H & £ Db ERED @ LB
IZB§9 5 HF3%%)

March, 2025

Li Xuezhong

Graduate School of Sciences and Technology for Innovation

Yamaguchi University







Acknowledgements

I would like to express my thanks to my supervisor, Professor Zhuguo Li at the Graduate School
of Science and Technology for Innovation, Yamaguchi University, for his invaluable support,
guidance, and constructive advice throughout this research.

My sincere appreciation also gives to K. Makihara, technical staff at the Integrated Technical
Support Division of Yamaguchi University, for his valuable assistance.

I am grateful to the Japan Testing Center for Construction Materials Test Laboratory in West
Japan and the Yamaguchi Prefectural Industrial Technology Institute for providing the equipment and
support needed in the experiments of this study.

I extend my gratitude to my senior, Zhisong Xu, and my fellow lab members at Yamaguchi
University for their invaluable support throughout my research and personal life over the years.

I am also thankful for the scholarship support from Yamaguchi University, which allowed me to
focus on my research.

Finally, I am deeply grateful to my family for their constant encouragement and support, both

mentally and physically, throughout these years.






Abstract

Fly ash (FA) and clinker ash (CA) are the two major solid wastes discharged from thermal power
plants. FA has been widely recycled in the production of Portland cement (PC) and PC-based concrete.
Recently, FA has been used as an amorphous precursor of geopolymer (GP) that is a kind of low-
carbon binder made of aluminosilicate precursors and alkali-activator solution. The GP has high
strength, excellent acid and fire resistances, etc., providing an eco-friendly alternative to PC, but GP-
based concrete has a lower carbonation resistance, compared to PC-based concrete, which may
hindrance the use of fly ash-based GP as a binder of reinforced concrete. On the other hand, the CA,
which is highly porous and granular waste, is mainly used as roaded material or disposed in landfills
at present. However, the CA has some amorphous components similar to FA, which may allow CA to
easily be recycled as a fine aggregate in GP materials, but CA's porous structure may present
challenges in the strength and durability of GP materials such as carbonation resistance.

In this study, in order to enable FA-based GP to be used as a binder for reinforced concrete, and
to develop a technology for the effective cycling of CA as a fine aggregate in mortar or concrete, we
first investigated the potential of CA recycling in GP materials, and then developed a surface
modifying technology by using sodium aluminate solution (AN) to improve the carbonation resistance
of GP materials blended with FA or/and CA.

This doctoral thesis consists of five chapters, each of which is summarized as follows:

Chapter 1 introduces the environmental benefits of using industrial wastes or by-products like
FA and CAand the discharging situation of FA and CA. As the global construction industry focuses
on reducing carbon emissions, the geopolymers using FA and ground granulated blast furnace slag
(BFS) as precursors have been emerging as suitable alternatives to Portland cement (PC) due to its
low carbon footprint. This chapter introduces also outlines the challenges of durability, especially
carbonation resistance, of GP materials, and the recycling of CA in concrete. On the basis of this
background, the purpose and contents of this study were presented.

In Chapter 2, past studies were reviewed in detail on the geopolymers mixed with FA or/and CA,
examining their material properties, and the potential of GP and CA as PC substitute or natural sand
was mentioned. FA-based GP has demonstrated low carbon footprints, but the past studies found that
FA-based or blended GPs generally exhibit lower carbonation resistance than PC, especially when
they are cured in the ambient air. Though the past studies proposed some measures to improve the
carbonation resistance of GPs, the effectiveness is in doubt or lack of practical use. This chapter also
identifies CA’s potential as fine aggregate, since its aluminosilicate contents and reactivity in the

alkaline solution may improve its internal structure and the interface between CA particles and GP



paste. Based on the review of previous studies, the issues that need to be addressed for the utilization
of FA and CA in geopolymer materials have been summarized.

Chapter 3 describes the investigation on the use of sodium aluminate (AN) surface treatment to
improve carbonation resistance of FA/BFS-based GP materials. For the heat (80°C)-cured, FA/BFS-
based GP mortars using sea sand as fine aggregate, the AN surface treatment delayed the onset of
carbonation of GP mortar and reduced the carbonation rate by over 70%. The effects of GP formulation
on the AN surface treatment to improve the carbonation resistance of GP mortar were also discussed.
The AN surface treatment also reduced the carbonation rate of the ambient (20°C)-cured, FA/BFS-
based GP mortars for 23.9%, while this improvement is less than in the case of the heat-curing mortars.
Also, the experimental results show that multiple treatment of AN at different ages can further improve
the carbonation resistance. These results indicate that the AN surface treatment is an effective method
to improve the durability of GP materials using FA as a precursor.

Chapter 4 describes the performances of FA/BFS-based GP concretes and mortars using CA as
one of precursors or part of fine aggregate, including fluidity, setting time or/and working time,
compressive and flexural strengths, and frost resistance, etc. The effects of different blending ratio of
CA were investigated on the performances, and optimal blending ratio were discussed. In addition, as
a porous fine aggregate, the effect of CA blend on the carbonation resistance of GP mortar was
examined in detail. The AN surface treatment experiments for the GP mortars with different alkali-
activator solutions and different CA blending ratios were also conducted. The results indicate that the
use of CA as a precursor of GP will reduce the strength of GP, but when CA is used as fine aggregate
in place of 20% or less of natural sand, the properties of GP mortar such as fluidity and strength will
not be significantly reduced. Meanwhile, the improved AN surface treatment method, which dries
mortars after they were ambient-cured and then applies the AN on their surfaces, can significantly
increase the carbonation resistance of CA-blended, ambient-cured GP, which was superior to that of
GP without using CA. The decrease of carbonation rate of ambient-cured GP mortar for 78.1%.
Moreover, the reactivity of CA in alkali-activator solution, along with the AN surface treatment, can
effectively enhance the interfacial transition zone (ITZ) between CA particles and the GP matrix.

In Chapter 5, the conclusions of this study were summarized and the future works were described.
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Chapter 1 Introduction

Chapter 1
Introduction

1.1 Background of Research

1.1.1 Fly ash and geopolymer

The construction industry, a major contributor to global CO. emissions, has increasingly turned
its focus toward sustainable alternatives to ordinary Portland cement (OPC). The production of OPC
is responsible for significant carbon emissions due to the calcination of limestone and the energy-
intensive processes involved. This environmental burden is pressing as global urbanization and
infrastructure demands grow, highlighting the urgent need for materials that can maintain or exceed
the performance of traditional concrete while reducing environmental impact. Geopolymers (GPs), a
class of materials synthesized from industrial by-products such as fly ash (FA) and ground granulated
blast furnace slag (BFS), offer a promising, eco-friendly solution. Unlike conventional cement, the
production of GPs does not involve high-temperature calcination of limestone and clay, etc.,
significantly lowering their carbon footprint.

GP is produced through the activation of aluminosilicates using alkaline solution[1], which
creates a three-dimensional network that imparts unique properties[2], including high resistance to
chemicals, fire, and heating, etc.[3—5]. These advantages make GP suitable for various structural
applications, particularly in environments where traditional concrete may easily degrade. Despite their
environmental benefits, GP face challenges in carbonation resistance, a crucial factor for the durability
of reinforced concrete structures. Carbonation, a process where atmospheric CO- reacts with concrete,
lowers alkalinity, increasing the risk of steel reinforcement corrosion. Thus, enhancing the carbonation
resistance of GPs is essential for their viability as a long-term replacement for conventional concrete.

The increasing interest in sustainable construction materials has driven research on geopolymers,
especially those incorporating FA and BFS as primary precursors[6]. FA, a by-product of coal
combustion, and BFS, a waste product from iron manufacturing, are both abundant and suitable for
geopolymer production, reducing waste and offering high mechanical strength and durability.
However, carbonation remains a challenge, particularly in ambient-cured geopolymer concrete, which
often exhibits lower carbonation resistance than traditional PC concrete. Researches on improving
carbonation resistance in geopolymers have focused on various strategies, including optimizing

mixture compositions, adjusting curing methods, and exploring surface treatments.
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FA & BFS-based geopolymers have shown potential to enhance carbonation resistance, an
essential attribute for concrete structures exposed to CO.. However, ambient-cured FA/BFS
geopolymers typically have higher carbonation rates than PC concrete, requiring advanced approaches
to improve durability. Heat-curing, usually at around 80°C, accelerates the geopolymerization process,
leading to a denser microstructure and enhanced early strength. However, heat-curing can also lead to
shrinkage cracks and internal pores due to rapid moisture loss, which facilitates CO: diffusion.
Additionally, residual alkali activators in GP materials are more soluble than calcium hydroxide in PC
concrete, making them more susceptible to carbonation under fluctuating moisture conditions.

Surface treatments and additives have shown promise in enhancing carbonation resistance in
geopolymer materials. For instance, adding magnesium oxide (MgO) to silicate-activated slags forms
hydrotalcite[ 7], a compound that can capture CO2 and improve carbonation resistance. However, these
improvements are limited, and further research is needed to optimize these mixtures for practical use.
Organic coatings, such as waterborne epoxy resin, have demonstrated some success in reducing
shrinkage and chloride ion diffusion, though their effectiveness in preventing carbonation is limited.
A study by Kitasato and Li[8] showed that an organic coating made from hydrocarbon esters and
silane compounds could significantly improve carbonation resistance, although concerns about long-
term durability and water resistance remain.

Ambient-cured geopolymers, typically cured at around 20°C, present different challenges than
heat-cured varieties[9]. While geopolymers cured at ambient temperatures can achieve acceptable
mechanical properties, they generally have a lower carbonation resistance than PC concrete. The
slower geopolymerization process at room temperature results in a less dense microstructure with
larger pores and cracks, allowing CO: to penetrate more easily. Reducing the liquid-filler ratio in the
GP mix has been suggested as a method to decrease porosity and improve carbonation resistance.
However, the carbonation resistance of ambient-cured GPs remains heavily dependent on residual
alkali content and environmental conditions.

Inorganic surface treatments are being explored as a more durable alternative for improving the
carbonation resistance of ambient-cured GPs. These treatments aim to enhance the material’s
resistance to environmental exposure and maintain the alkalinity necessary for protecting steel
reinforcement from corrosion. While organic coatings, such as waterborne epoxy, have shown promise
in improving shrinkage resistance and reducing chloride ion diffusion, their performance in
carbonation resistance has been limited. Some studies have indicated that hydrocarbon ester and
silane-based coatings could offer better protection against carbonation, but there are still concerns

about the coatings’ long-term durability and water resistance.

1.1.2 Clinker Ash

Incorporating industrial by-products as aggregates in GP materials offers both environmental and

economic advantages. However, such materials often increase the porosity and permeability of the
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cement matrix, which can adversely impact carbonation resistance. For example, FA/BFS-based GP
concrete with partial replacement of fine aggregates by CA has shown increased carbonation depth
due to the higher permeability and porosity associated with the porous nature of CA.

Steel reinforcement is widely used in concrete structures to enhance structural strength and
durability. Maintaining a high carbonation resistance is crucial to protect steel reinforcement from
corrosion, a significant durability concern for reinforced concrete structures exposed to atmospheric
CO.. However, compared to PC concrete, GP materials often exhibit lower carbonation resistance due
to their different chemical composition and higher porosity. Residual sodium or potassium in the
geopolymer matrix reacts more readily with CO: than the calcium hydroxide in PC concrete.
Consequently, as internal pore-rich materials, the use of CA for partial or total replacement of sand as
fine aggregates can further increase porosity, potentially compromising carbonation resistance.

In summary, geopolymers represent a sustainable and promising alternative to conventional
Portland cement as construction materials. By utilizing industrial by-products such as FA and BFS,
GPs can reduce carbon emissions, meanwhile achieving mechanical properties suitable for structural
applications. Nevertheless, challenges remain, particularly in improving carbonation resistance, a
critical factor for durability in reinforced concrete structures. Future research into optimized mix
designs, alternative additives, and effective surface treatments is essential to enhance the carbonation
resistance of both heat-cured and ambient-cured GP materials, paving the way for their broader

adoption in sustainable construction practices.
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1.2 Objectives of Research

The primary objective of this research is to evaluate the potential of geopolymers made from fly
ash (FA), as sustainable binder of reinforced concrete with enhanced carbonation resistance. The study
aims to optimize geopolymer formulations and to develop a surface treatment technology to improve
durability under both ambient and heat-curing conditions, and to develop the technology of using CA
as fine aggregate in GP materials.

The main objectives of the present research are as follows:

1. Examine the effects of curing methods, comparing ambient and heat curing, on the carbonation
resistance and overall performance of FA/BFS-based geopolymers.

2. Explore the incorporation of alternative recycled aggregates: clinker ash, and assess their
impact on the mechanical properties and durability of geopolymers.

3. Evaluate the efficacy of surface treatments, particularly using sodium aluminate (AN), in
enhancing carbonation resistance and longevity.

4. Analyze the microstructural changes in geopolymer materials resulting from different mixture
compositions, CA, curing and AN treatment conditions.

This research provides comprehensive insights into optimizing geopolymer materials using FA
or/and CA for sustainable construction, with a focus on durability and resilience in modern

infrastructure applications.
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1.3 Highlights of Research

1. The study explores various mix proportions of GPs using FA and BFS , incorporating
alternative aggregates (clinker ash) to improve the mechanical properties and carbonation resistance
of geopolymer materials under both ambient and heat-curing conditions.

2. Aqueous sodium aluminate solution was applied as a surface modifier to enhance carbonation
resistance, aiming to make geopolymers more suitable for structural applications in harsh
environments. This AN surface treatment was evaluated for its effectiveness in maintaining the
alkalinity needed to protect steel reinforcement from corrosion in concrete.

3. By examining both ambient and heat-curing, the study identifies best practices for enhancing
the carbonation resistance of FA/BFS-based geopolymers, highlighting energy-efficient ambient-
curing methods for practical applications.

4. Using the SEM-EDS and XRD analyses, the author examines how different mixture
compositions, curing methods, and surface treatments influence the microstructure of geopolymers,

providing insight into the mechanisms that affect durability and carbonation resistance.
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1.4 Flowchart of Research

This thesis is organized into 6 chapters. The main content of every chapter is summarized here.

Chapter 1 provides an overview of the research background and objectives, as well as the
environmental significance of using FA and BFS in building materials, aiming to highlight the impact
of sustainable geopolymer alternatives.

Chapter 2 explores previous studies on geopolymer technology, focusing on factors influencing
carbonation resistance and durability. This chapter lays groundwork for enhancing durability as a key
experimental focus.

Chapter 3 provides a detailed account of the research methodology, including material selection,
mix design, and data analysis of carbonation resistance improvement using sodium aluminate solution
for different geopolymer formulations under thermal curing conditions.

Chapter 4 describes the research methods in detail, covering material selection, mix design, and
data analysis of carbonation resistance improvement using sodium aluminate solution for different
geopolymer formulations under ambient curing conditions, compared to GP materials cured under
thermal conditions.

Chapter 5 investigates case studies on the use of alternative aggregates in GP materials from both
macro and micro perspectives, evaluating the effects of various surface treatments (such as sodium
aluminate) on durability. These findings aim to identify optimal approaches for practical applications.

Finally, chapter 6 relates the conclusions of this research and the further works.
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Chapter 2
Review of Previous Researches

2.1 Coal Ashes from Thermal Power Plants

The by-products of coal combustion in thermal power plants, particularly coal ash, represent a
significant source of industrial waste with extensive environmental and practical implications. Coal
ash is primarily composed of fly ash (FA) and bottom ash, with FA being particularly valuable in
construction due to its high silica and alumina content, making it an ideal precursor for geopolymer
technology. The recycling and repurposing of FA and bottom ash, including clinker ash (CA), offer a
sustainable pathway for construction materials, helping to reduce dependency on natural resources
like river sand and alleviate waste disposal concerns. This review explores the characteristics, potential
applications, and challenges associated with coal ash, emphasizing its role in construction and its
impact on carbonation resistance, mechanical properties, and environmental sustainability.

FA is a fine, powdery material composed primarily of aluminosilicate glass and smaller amounts
of crystalline phases like quartz and mullite. Generated as a by-product of coal combustion in power
plants, FA contains essential compounds, such as silica (SiO2) and alumina (Al:Os), which are critical
for cementitious reactions. FA’s chemical composition and pozzolanic activity make it highly suitable
for use as a precursor in geopolymer binders[1] and a replacement for Portland cement (PC) in
traditional concrete. The incorporation of FA in construction not only diverts substantial waste from
landfills but also significantly reduces the carbon footprint associated with PC production.

The sustainable utilization of FA in geopolymer technology presents several environmental
advantages, including reduced CO: emissions and minimized consumption of virgin materials[2]. GPs
formed from FA display notable properties, including high resistance to chemicals, fire, and thermal
degradation, making them suitable for various structural applications, particularly in environments
where conventional concrete may deteriorate. However, one of the challenges associated with FA-
based GPs is their relatively low carbonation resistance compared to PC concrete[1,3,4]. This issue is
critical in reinforced concrete structures, where carbonation can reduce the alkalinity needed to protect
steel reinforcements from corrosion. Consequently, ongoing research seeks to improve the carbonation
resistance of FA-based GPs through optimized curing methods, mix designs, and the addition of

supplementary materials.
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In terms of environmental impact, FA use in construction conserves landfill space and prevents
potential leaching of harmful elements, such as heavy metals, into the soil and groundwater[5].
Moreover, studies demonstrate that FA-based GPs exhibit a reduced carbon footprint[6] compared to
conventional cement, as they require no high-temperature calcination during production. Despite these
advantages, the lower carbonation resistance of FA-based GPs remains a barrier, particularly in
ambient-cured conditions, which typically result in higher porosity[7]. As research progresses,
optimizing FA-based geopolymer formulations to enhance carbonation resistance is vital for achieving
both sustainability and durability in modern construction applications.

Clinker ash, as shown in Fig. 2.1(a), a type of bottom ash, is formed when unburned coal particles
reach high temperatures in thermal power plants, melting and then cooling into a solidified, glassy
substance[8—10]. The resulting ash is granular, porous, and irregularly shaped, resembling sand in
texture. Although CA is often considered a waste product, it possesses unique properties that make it
suitable for use as an aggregate in concrete. With growing restrictions on natural aggregate mining
and an increased focus on environmental conservation, CA is emerging as a viable alternative to
natural sand in construction applications.

The physical properties of CA, such as its porosity and particle size distribution, vary widely
depending on the source and combustion process. Generally, CA has a lower density and higher
porosity than natural sand, which affects its role in concrete mixtures[10]. Studies show that partial
replacement of natural sand with CA in concrete and geopolymer formulations can reduce the
environmental impact by recycling a significant amount of industrial waste. However, CA’s porous
nature can also increase water absorption, shrinkage, and permeability, which may negatively impact
the mechanical performance and durability of concrete, especially in carbonation-prone environments.

Despite its benefits as a sustainable aggregate alternative, the carbonation resistance of CA-
containing materials presents a significant challenge. Increased porosity from CA incorporation tends

to raise carbonation rates, allowing CO: to penetrate more easily and react with the cementitious

Fig. 2.1 Pile image of CA
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matrix. This process reduces the alkalinity required to protect embedded steel reinforcements, making
enhanced carbonation resistance a critical goal for CA-based applications. Furthermore, the
compatibility of CA with other by-products like FA and BFS in geopolymer formulations is being
explored to improve durability and sustainability. Overall, while CA shows promise as an alternative
aggregate, optimizing mixture designs and evaluating long-term durability under various curing
conditions are necessary steps to ensure its successful implementation.

However, the inclusion of alternative aggregates, such as CA introduces variability in
carbonation resistance and durability. FA-based GPs typically exhibit lower carbonation resistance
than PC concrete, a factor compounded by the higher porosity of materials of CA. Ambient curing,
which is more energy-efficient than heat curing[1,7,23], further exacerbates carbonation issues by
resulting in slower geopolymerization and greater pore formation.[24—28] In contrast, heat curing at
elevated temperatures accelerates the geopolymerization process, leading to denser microstructures
with improved early strength. However, this approach may also lead to shrinkage cracks and a
subsequent increase in carbonation susceptibility.

Despite these challenges, research continues to refine the use of FA and CA in GPs, focusing on
optimizing mixture compositions and curing conditions to enhance durability. For instance, adding
supplementary materials like MgO in FA-based GPs has shown promise in improving carbonation
resistance by forming hydrotalcite, which captures CO-. Similarly, studies are investigating whether
combining FA with other aluminosilicate-rich by-products like BFS can enhance the mechanical
properties and carbonation resistance of GPs, even under ambient curing conditions[1,3,29,30].

Coal ash, particularly FA, holds significant promise as a sustainable precursor for geopolymer
technology. Its aluminosilicate-rich composition supports strong chemical bonds within the
geopolymer matrix[31-33], resulting in high compressive strength and resistance to various
environmental factors. clinker ash serves as alternative aggregates, contributing to sustainability by
reducing the demand for natural sand. However, the porous nature of CA raises carbonation resistance
challenges, necessitating continued research into optimized formulations and treatment methods.

Recycled fine aggregates, while environmentally advantageous, introduce additional porosity and
microcracks, potentially compromising mechanical performance and carbonation resistance. As such,
in GPs must be carefully managed to balance environmental benefits with durability requirements.

Overall, the integration of FA, CA into geopolymer technology reflects the construction
industry's shift toward sustainability. Continued advancements in mixture optimization, alternative
aggregates, and curing techniques will play a vital role in overcoming carbonation resistance
challenges and unlocking the full potential of these by-products as key components in sustainable

construction materials.
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2.2 Geopolymer and Carbonation Resistance Using Fly Ash

The term “geopolymer (GP)” is proposed in 1978 by Davidovits. Geopolymers are polymers, a
type of amorphous three-dimensional materials with complex composition, which is different to the
crystal of Ca(OH), and calcium silicate hydrate in OPC. Geopolymers based on fly ash can be
produced by activation of water glass and sodium hydroxide solution, as shown in Fig. 2.2. GP have
emerged as a sustainable alternative to Portland cement due to their lower carbon footprint and
effective use of industrial by-products[34—36]. However, the carbonation resistance of FA-based
geopolymers remains a critical factor in determining their suitability for long-term structural
applications, particularly in reinforced concrete where maintaining alkalinity is essential to protect
steel reinforcements from corrosion. Previous studies have investigated various aspects of carbonation
in FA-based geopolymers, examining factors such as pH changes, carbonation depth, curing methods,
and the impact of different activators on carbonation resistance.

Adam et al.[37] investigated the carbonation resistance of alkali-activated slag (AAS) and FA-
based geopolymer concrete, specifically with heat curing. Notably, while AAS-based samples
demonstrated typical carbonation-induced color changes with phenolphthalein solution, FA-based
geopolymers did not display such changes, suggesting that the carbonation products in FA-based
geopolymers might retain higher pH levels. This observation led to the hypothesis that carbonation
products in FA-based geopolymers include compounds with high pH, which could explain the absence
of color change, as expressed in the reactions:

CO,+2NaOH—Na,CO3+H,0

3Na,CO3+3Ca0 - SiO; - 4H,0—3CaCO3+2Si10,+6NaOH+H,O

\/

Active Alkali
filler solution

Geopolymer

mortar ( )

Fig. 2.2 Raw materials of geopolymer mortar
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Further exploring this phenomenon, Law et al.[38] measured pH levels in FA-based geopolymer
mortars over time and found that pH values remained above 10 throughout carbonation exposure.
These results suggest that the unique carbonation process of FA-based geopolymers could preserve a
sufficiently high pH, which may reduce the risk of steel corrosion even in the absence of traditional
protective measures. Benal et al.[39] confirmed this hypothesis, revealing that carbonation in FA-
based geopolymers primarily results in the formation of alkali bicarbonate salts within the pore
solution, while the core binder gel structure (N-A-S-H) remains largely unaffected. This distinct
carbonation mechanism, which contrasts with that of conventional Portland cement, underscores the
potential for FA-based geopolymers to maintain a stable internal environment even under carbonation
conditions.

Other researchers reported that heat-cured FA-based geopolymers exhibit ow volume of
permeable voids[25]. This is attributed to their denser microstructure and reduced pore
interconnectivity, factors that are favorable for reducing water ingress and improving durability. The
researchers also proposed that FA-based geopolymers form a protective oxide film on their surface,
further enhancing resistance to permeation, oxidation, and carbonation.

Despite these benefits, FA-based geopolymers still face challenges with carbonation resistance,
particularly under ambient curing conditions, which typically produce more porous materials. Studies
continue to seek methods to improve the carbonation resistance of these materials, particularly in
contexts where high durability and low permeability are essential.

Research into low-calcium FA and BFS combinations has expanded to understand their effects
on carbonation resistance. Benal et al.[39] conducted in-depth studies on the microstructural effects
of carbonation in FA and BFS-based geopolymers. By comparing FA-based, AAS-based, and mixed
FA/BFS geopolymers, they highlighted differences in carbonation products and microstructural
stability. Their findings indicated that in mixed FA/BFS geopolymers, carbonation primarily impacts
the C-A-S-H gel formed by BFS activation, while the N-A-S-H gel structure from FA activation
remains relatively stable. This stability of the N-A-S-H phase could provide FA/BFS-based
geopolymers with unique durability characteristics.

Curing methods play a significant role in determining the carbonation resistance of FA-based
geopolymers. Khan et al.[40] investigated the carbonation resistance of FA-based geopolymers with
a 10% BFS blend and low-calcium FA (90%) under both natural and accelerated carbonation
conditions. Their study measured carbonation depth and pH changes under CO: concentrations of 1%
and 3%, with observed carbonation depths of 2.57 mm/year, 6.3 mm/year, and 55.6 mm/year,
respectively, under natural, 1%, and 3% CO:- conditions. These findings provide a quantitative basis
for assessing the carbonation-induced corrosion risks for reinforcement in FA-based geopolymers,

although they do not yet offer a precise model for predicting carbonation progression over time.
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Pasupathy et al.[4] extended this investigation by examining FA/BFS-based geopolymer
concretes exposed to air for over eight years. They proposed a root function relationship between
carbonation depth and time, concluding that carbonation rates are influenced by factors such as
permeability, porosity, and pore size. According to their model, the carbonation coefficient (K,
mm/year) correlates positively with these microstructural properties. Additionally, they noted that
phenolphthalein sometimes provides unclear carbonation front identification due to the differing
carbonate products of calcium (from BFS) and sodium (from FA). This differentiation also influenced
carbonation resistance, as mixes activated solely with NaOH or KOH exhibited greater resistance than
those using a combination of these activators with sodium silicate. Their long-term study provides one
of the most realistic approximations of carbonation resistance in FA/BFS-based geopolymers,
approximating real-world conditions.

The unique carbonation mechanisms in FA-based geopolymers, particularly when combined with
BFS, present both opportunities and challenges for durable construction applications. FA-based
geopolymers maintain high pH levels upon carbonation due to the formation of alkali bicarbonates,
which differ from the calcium carbonates prevalent in Portland cement. This distinction suggests that
FA-based geopolymers may be less susceptible to steel corrosion, even with partial carbonation.
However, the microstructural characteristics of FA and FA/BFS-based geopolymers, such as porosity,
curing conditions, and activator selection are critical in determining overall carbonation resistance.

The combination of FA and BFS in geopolymer formulations offers potential improvements in
strength and durability[41—43] but may require specific adjustments to optimize carbonation
resistance[1,3]. Researches show that heat curing tends to produce denser, less permeable structures,
beneficial for FA-based geopolymers[25]. However, these benefits can be offset by shrinkage and
cracking[44—46], which may enhance carbonation susceptibility. Consequently, further research into
balanced curing methods, alternative activators, and optimized mixture designs is necessary to achieve
the desired balance of mechanical performance and carbonation resistance.

In summary, FA-based geopolymers show promise as a low-carbon, durable alternative to
traditional cementitious materials. However, advancements in understanding their carbonation
behavior, particularly in mixed FA/BFS geopolymers, are essential to unlocking their full potential in
structural applications. Continued exploration of curing methods, activator compositions, and mix
designs will be key to achieving both environmental and durability goals in future FA-based

geopolymer applications.
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2.3 Recycling of Clinker Ash

The substantial production of industrial waste from thermal power plants, steel manufacturing,
and municipal waste incineration has created a pressing need for sustainable recycling methods,
especially in the construction industry. Among these by-products, clinker ash, generated in large
quantities from coal-fired power plants, offers significant potential as a substitute for traditional sand
aggregates in concrete. Clinker ash[47—-51] has become the focus of recent research as a means to
reduce dependency on natural aggregates and alleviate environmental burdens. This section explores
the properties, potential applications, and challenges associated with these materials, focusing
particularly on clinker ash in the context of sustainable construction.

Clinker ash is a form of bottom ash produced when coal is combusted in thermal power plants.
During high-temperature combustion (approximately 1500°C), unburned coal particles melt and
solidify into a glassy, granular material upon cooling. The resulting clinker ash consists of porous,
irregularly shaped particles with a sand-like texture. The clinker ash is making up around 5-15% of
generated coal ash, is still not being recycled effectively. Disposal of unused clinker ash as pond and
landfill gives rise to significant socio-economic and environmental problems.This by-product is
typically disposed of in landfills, posing environmental and land-use concerns. The significant
quantities of CA produced annually highlight the need to explore its potential as a replacement for
natural aggregates in concrete, especially in regions facing restrictions on sand mining due to
environmental conservation efforts.

Physically, CA is lighter and more porous than natural aggregates, with high water absorption
capacity[52,53] due to its unique internal structure. This increased porosity can be a drawback in
concrete applications, as it may lead to higher permeability, shrinkage, and carbonation susceptibility.
Chemically, clinker ash contains a mix of oxides, including silica (SiO:), alumina (Al.Os), and various
metal oxides[54—56], which can contribute to the pozzolanic activity of concrete[57-59]. The presence
of these oxides allows CA to partially react with cementitious materials[60—63], which can help
enhance the mechanical properties of concrete when incorporated in appropriate proportions.

The environmental benefits of incorporating clinker ash in construction materials are substantial.
Using CA as a partial or full replacement for natural aggregates reduces landfill waste, decreases the
demand for sand mining, and conserves natural resources. Furthermore, the recycling of CA aligns
with sustainability goals by diverting waste from landfills and promoting the circular economy in
construction. However, the unique physical and chemical properties of CA present both benefits and
limitations for its use in concrete.

By utilizing clinker ash as an aggregate, construction materials can achieve a lower

environmental footprint, making them more sustainable. The recycling of CA not only diverts waste

17



Study on Geopolymer Materials Using Coal Ashes and Technology to Improve their Resistance to Carbonation

from landfills but also conserves river sand, which is being depleted at an unsustainable rate due to
the growing demand in the construction industry.

Clinker ash’s high porosity, while useful for certain applications, can increase the permeability
and shrinkage of concrete. The open structure of CA particles allows for greater water absorption,
which may negatively affect concrete’s resistance to freeze-thaw cycles and chemical ingress[64—66].
Increased permeability also allows carbon dioxide (CO:) to penetrate more easily, raising concerns
about carbonation[23,67,68] and potential steel reinforcement corrosion. The high porosity of CA can
accelerate carbonation rates, especially under ambient curing conditions. This poses a durability
challenge for concrete structures exposed to aggressive environments. Research has shown that CA-
based concrete exhibits a higher carbonation rate than traditional Portland cement concrete,
highlighting the need for optimized mixture designs to enhance durability.

Concrete incorporating CA typically exhibits higher carbonation rates than traditional PC
concrete. The increased porosity associated with these materials allows CO- to diffuse more easily
into the matrix, thereby accelerating carbonation and reducing the alkalinity needed to protect steel
reinforcements.

The integration of clinker ash in concrete formulations represents an essential step towards
sustainable construction. However, their unique properties necessitate optimized mixture designs,
specific curing methods, and potentially additional treatments to enhance durability and carbonation
resistance. Future research should focus on refining mixture proportions, enhancing material
compatibility, and exploring potential additives that could offset the increased carbonation rates
associated with these recycled materials.

In conclusion, clinker ash offers promising alternatives to natural aggregates, aligning with the
construction industry's shift toward sustainable materials. Their use reduces the environmental impact
of concrete production and supports circular economy principles by repurposing industrial by-products.
Nevertheless, overcoming the durability challenges associated with these materials—particularly in
terms of carbonation resistance—will be crucial for their broader application in reinforced concrete

structures.
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2.4 Summary

In this chapter, the coal combustion by-products, specifically fly ash (FA) and clinker ash (CA),
were highlighted as sustainable construction materials. These materials, rich in silica and alumina, are
promising alternatives to Portland cement and natural aggregates, helping to lower carbon emissions,
reduce landfill waste, and conserve natural resources like river sand.

FA is particularly suitable for geopolymer (GP) technology due to its pozzolanic properties,
which improve concrete durability and resistance to chemical and thermal degradation. However, FA-
based geopolymers generally exhibit lower carbonation resistance, especially under ambient curing,
which may compromise steel reinforcement in concrete. Clinker ash, a granular by-product with high
porosity, is also useful as a sand replacement in concrete, reducing environmental impact but raising
concerns over carbonation due to its open structure.

The common challenge across CA is their high porosity, which accelerates carbonation, reducing
durability in reinforced concrete. Despite these challenges, ongoing research aims to optimize mixture
designs, improve curing methods, and explore additives to enhance the durability of these materials.
Successfully integrating CA in construction could significantly advance sustainable practices in the

construction industry, supporting a circular economy and reducing environmental impact.
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Chapter 3
Improvement of Carbonation Resistance of
Geopolymers using Fly Ash as Active Filler

3.1 Introduction

Industrial by-products such as fly ash (FA) from coal-fired power plants, blast furnace slag (BFS),
and municipal solid waste incineration ash pose significant environmental challenges due to their
disposal. Geopolymer (GP) technology offers an innovative and sustainable solution by converting
these wastes into valuable construction materials, particularly as a substitute for ordinary Portland
cement (OPC). The environmental advantages of geopolymer materials are substantial, particularly in
reducing the carbon footprint of traditional cement production. By utilizing industrial by-products
such as FA and BFS, geopolymer materials can achieve significant reductions in CO, emissions
compared to OPC production[1,2]. Additionally, geopolymer concrete exhibits desirable properties,
including high early strength, excellent bonding with reinforcement, and superior resistance to
chemical corrosion and fire, making it an attractive option for sustainable infrastructure projects [3—
71.

Heat-cured geopolymers, particularly those utilizing FA and BFS as precursors, offer notable
mechanical and environmental benefits. Heat curing at elevated temperatures (typically around 80°C)
accelerates the geopolymerization process, resulting in a denser microstructure and enhanced early
strength[8]. These materials achieve up to 60% lower CO, emissions than OPC but require heat curing
to maximize their strength and durability. The combination of FA and BFS further enhances
mechanical performance, particularly in high-performance applications, due to the synergy between
their chemical compositions during heat curing[9]. This makes FA/BFS-based geopolymers highly
suitable for construction projects requiring robust mechanical properties.

Extensive research on heat-cured geopolymer materials has explored their compressive strength,
resistance to chemical attack and fire, and microstructural evolution[10-13]. While these studies
highlight the superior properties of heat-cured GPs, they also reveal challenges regarding carbonation
resistance. Carbonation, which reduces the alkalinity of the concrete matrix, is a critical issue because
it compromises the protection of steel reinforcement against corrosion. Studies have shown that heat-

cured geopolymers, particularly those based on FA/BES blends, exhibit faster carbonation rates
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compared to OPC concrete with similar compressive strength[14,15]. This is attributed to the intrinsic
properties of geopolymers, such as their rapid polymerization and residual alkali content, which are
more susceptible to carbonation reactions.

The carbonation resistance of heat-cured geopolymers is influenced by factors such as curing
conditions and precursor materials. While heat curing reduces porosity and enhances mechanical
strength, it can also lead to shrinkage cracks and internal pores, facilitating CO, diffusion[16].
Additionally, the residual alkali activators in geopolymers, such as sodium and potassium, are more
soluble than calcium hydroxide in OPC, making them more prone to carbonation reactions,
particularly under wet-dry cycles. Addressing this challenge has become a key focus for researchers
seeking to improve the durability of heat-cured GP materials.

Several strategies have been explored to enhance the carbonation resistance of geopolymers.
Additives such as magnesium oxide (MgO) have been shown to improve carbonation resistance by
forming hydrotalcite, a compound that can capture CO,. However, the improvement is limited, and
further optimization is necessary for practical applications[17]. Surface treatments have also been
investigated, with organic coatings like waterborne epoxy resin offering some success in reducing
shrinkage and chloride ion diffusion, though their effectiveness in preventing carbonation remains
limited[18]. Advanced inorganic surface treatments, such as aqueous sodium aluminate (AN)
solutions, have demonstrated significant potential. For instance, AN treatment on heat-cured FA/BFS-
based GP mortars resulted in a reduction in carbonation depth by over 70% under accelerated
carbonation conditions[19,20].

Ambient-cured geopolymers, which are cured at room temperature (around 20°C), face different
challenges compared to their heat-cured counterparts. While GP technology offers substantial
environmental benefits by utilizing industrial by-products, ambient-cured GPs generally exhibit lower
mechanical performance and carbonation resistance. FA/BFS-based GP concrete cured at ambient
temperatures demonstrates faster carbonation rates than OPC concrete, particularly during the early
stages of exposure to CO,[21]. This is a significant limitation for their use in reinforced concrete
structures, where carbonation compromises the alkalinity needed to protect steel reinforcement from
corrosion.

The slower geopolymerization process at ambient temperatures leads to a less dense
microstructure in these materials, contributing to their lower mechanical strength and carbonation
resistance[22,23]. Although FA/BFS-based GP concrete can achieve acceptable mechanical properties
under ambient conditions, the carbonation rate remains a critical concern. Larger pores and cracks
caused by drying shrinkage further exacerbate CO,penetration in ambient-cured GPs, making them
less durable than heat-cured alternatives or OPC[24]. Additionally, the residual alkali content in
ambient-cured GPs is highly vulnerable to carbonation and leaching during wet-dry cycles, further

reducing their long-term durability[16].
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Efforts to address the carbonation resistance of ambient-cured GPs have focused on optimizing
mix designs and exploring surface treatments. Reducing the liquid-filler ratio in the geopolymer mix
has been proposed to lower porosity and enhance carbonation resistance. However, this approach
alone has not been sufficient to achieve durability comparable to OPC concrete[18]. Organic coatings,
such as waterborne epoxy resin and hydrocarbon ester/silane-based materials, have shown limited
success in improving carbonation resistance but raise concerns regarding long-term durability and
water resistance[25]. These limitations highlight the need for more robust and sustainable surface
treatment solutions.

Inorganic surface treatments have emerged as a promising alternative for enhancing the
carbonation resistance of ambient-cured geopolymers. Inspired by the success of silicate-based
treatments in OPC concrete, researchers have explored the use of AN solutions to improve the
durability of GP materials. In accelerated carbonation tests, AN treatment on ambient-cured FA/BFS-
based GP mortars significantly improved carbonation resistance, though the improvement was less
pronounced than in heat-cured specimens[26]. The effectiveness of AN treatment depended on the
initial porosity of the GP material, which was influenced by mix proportions and curing conditions.

This study contributes to the development of durable geopolymer technologies by investigating
the mechanisms behind carbonation resistance in both heat-cured and ambient-cured GP materials. By
examining the effects of surface treatments, mix designs, and curing methods, the findings offer
valuable insights for optimizing GP materials for practical applications, particularly in environments
where carbonation poses a significant durability challenge. These advancements hold promise for the
widespread adoption of geopolymers as sustainable alternatives to conventional cement in

construction.
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3.2 Experimental Program

3.2.1 Raw Materials
The FA of JIS (Japanese Industrial Standards) grade II and the BFS of JIS 4000 class were used

as active fillers (AF) of GP mortars, which physical properties and chemical compositions are shown
in Tables 3.1 and 3.2, respectively. The metal oxide contents and density of AN with a concentration
of 40 wt% are presented in Table 3.1, too. Other AN solutions with different concentrations were
prepared by diluting 40 wt% AN solution with distilled water. Sea sand, washed in advance with tap
water, was used as fine aggregate of the GP mortars.

Three kinds of alkali activator solution (AS), named ASO1, AS11 and AS31, were used, which

were sodium hydroxide solution (NH) with 10 moles or a mixture of water glass aqueous solution

Table 3.1 Physical properties of raw materials used

Raw material Properties, etc.
FA Specific gravity: 2.30, Blaine fineness: 4392 cm?/g
BFS Specific gravity: 2.88, Blaine fineness: 4180 cm?/g

Oven-dry density: 2.51, surface-dry density: 2.56, specific water
absorption: 1.81%, solid content: 66.7%, F.M. 2.87

Sea sand

Sodium aluminate Compositions: Na,O 19%, Al,O3 20%, Molar ratio (Na,O/Al,O3): 1.56,

solution Specific gravity: 1.49 (40 wt% concentration)

Table 3.2 Chemical compositions of FA and BFS (XRF analysis)

Active Chemical compositions (%)
filler Si0,  ALO; CaO  Fe,0s MgO NaO K.O TiO,  Others
FA 59.10 2391 3.48 7.37 1.06 1.07 1.68 127 1.06
BFS 3467 1446  43.13 0.34 5.50 025 025 0.55 0.85

Table 3.3 Alkali activator solution’s components and density

Alkali activator WG : NH, Specific Mole ratio of Molarity of Na,O
solution by volume gravity Si0,/Na,O (mole/L)
AS01 0:1 1.330 0 5.000
ASI1 1:1 1.359 0.696 2.438
AS31 3:1 1.374 1.255 3.108
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Table 3.4 Mix proportions of heat/ambient-cured GP mortars

Series No. Parameters WG: NH AS/AF BFS: FA S/AF

(WG/AS) (BFS/AF)

1 Control mix 3:1 0.5 3:7(0.3) 2.0

2 BFS blending ratio (0.75) 0:1 (0)

3 1:1(0.5)

4 1:0 (1)

5 WG/NH ratio 0:1 (0) 3:7

6 1:1(0.5) (0.3)

7 AS/AF 0.75 0.45

8 0.55

Notes: 25 wt.% AN solution was applied twice at 3 days old, and the specimens were sealed as

cured till 28 days after the treatment.

(WG) and the NH according to the volume ratio of WG: NH = 1:1 or 3:1, as shown in Table 3.3. The
WG was prepared by diluting JIS No.1 grade sodium silicate (Na»SiOs) with distilled water by a

volume ratio of 1:1.

3.2.2 Mix proportions of GP mortars

The mix proportions of GP mortars used in this study are shown in Table 3.4. Based on the
preliminary investigation, we found that series No.1 had adequate fluidity for specimen production,
thus, it was used as the control mixture. Then, the other GP mortars were designed by adjusting the
BEFS blending ratio, WG/NH ratio by volume, and liquid-fillers ratio by mass, as shown in Table 3.4,
on the basis of series No.1. In this experiment, the ratio of fine aggregates (S) to AF was 2.0 throughout
by mass.

Also, for clarifying appropriate AN treatment conditions, the effects of the AN solution
concentration, AN surface treatment frequency within 3 days, the age of mortar specimen when the
AN surface treatment, whether the mortar specimens were sealed after the AN surface treatment
during curing, and curing temperatures were investigated, as summarised Table 3.5. The GP
specimens with the same mix proportion were tested and the effects of different conditions of AN

treatment were reflected on the carbonation degree of GP mortars.

3.2.3 Specimens preparation
The experimental process is shown in Fig. 3.1. A Hobart planetary mortar mixer was used to mix

the GP mortars. The active fillers and sea sand were first put into the mixer and mixed for 1 minute.

Then, the alkali activator was added and mixed for 2 min. to get GP mortar. Finally, freshly mixed GP
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Table 3.5 Conditions of AN surface treatment for heat-cured GP

Series No. Factors Mortar Age, frequency of AN concentration State

AN application during
by mass (%) curing

9 Control No-AN application Sealed

10 Age when the AN was 7 days, twice 25

11 applied 20 days, twice

12 Concentrations of AN 3 days, twice 10

13 20

14 30

15 40

16 AN treatment frequency 3 days, once 25

17 Sealing state during curing 3 days, twice Not sealed

Notes: Mix proportions of GP mortar of series 9-17 were the same as those of series No.1 shown

in Table 3.4.

mortar was used to produce the prism specimens with a 4 cm side length of square section and 16 cm
length, which were used for the accelerated carbonation test. Each of the mortar specimens was
compacted by a table vibrator for 1 minute, followed by levelling the top surface with a metal spatula.
After being sealed with water-retention tape, half of the specimens were first cured in the air at 80 °C
for 8 hours, then stored in a 20 °C temperature and 60% R.H. curing chamber till 28-day age (hereafter
referred to as heat-curing). The other half specimens were demolded after one day and then moved
into the curing chamber with 20°C temperature and 60% relative humidity for 28 days in until reaching
a 28-day age (hereafter referred to as ambient-curing). The temperature and time conditions set for
heat-curing methods are commonly used in the field of geopolymer research. The specimens were
demoulded at 1 day age.

The six surfaces of half of the prismatic specimens were applied with AN solution at the ages of
3, 7 and 28 days, respectively, according to the treatment conditions shown in Tables 3.4 and 3.5.
Although the application was conducted by a brush according to the number of AN application
determined in advance, the amount of AN solution applied was uncertain, depending on the surface
conditions of specimen such as denseness and moisture content. Fig. 3.2 shows the appearance of
80 °C-cured GP mortars before and after AN surface treatment. After AN treatment, surfaces of GP

mortar becomes slightly white.
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3.2.4 Property test, chemical and microstructure analysis
(1) Accelerated carbonation test

After 28 days of curing, four surfaces (two ends, top and bottom surfaces) of mortar specimens
were sealed with an airtight sealing tape to ensure that CO, diffuses into the specimens only through
the two side surfaces. Then, the specimens were placed into a carbonation test chamber with 5% of
CO; concentration, 20 °C, and R.H. 60%. At an interval of two weeks, the mortar specimen was cut at

about 10 mm interval to measure carbonation depth. It should be noted that during the cutting, to

Air permeability
measurement

AN surface treatment

Alkali
activator

Mortar mixer Specimens

12-week |-
age

SEM analysis

Tape sealing of
four surfaces

Measurement of Acce‘erated

carbonation depth carbonation

Fig. 3.1 Experimental process

Fig. 3.2 The surfaces of geopolymer mortar specimens (40 X 40 X 160mm): (a) before
treatment, (b) AN surface treatment by brush, (c) right after AN treatment, and (d) AN-
treated specimen at 28-day age
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ensure that the alkali matters were not washed away, spraying water was not used as a dust
countermeasure.

The depth of the colorless region from the surface of the prism specimen was measured at 3 min.
strictly after spraying the 1% phenolphthalein solution. The average value of six depths, three values
on one side and 1 cm interval respectively, was recorded as carbonation depth. After the measurement
of carbonation depth, the cut sections were sealed with airtight tape, and the remained GP mortar
samples were returned to the CO, chamber to continue the carbonation test. The accelerated
carbonation test lasted 18 weeks.

(2) Strength measurement

For clarifying the effect of the AN-surface treatment on the strength of BFS/FA blend-based GP,
we measured the flexural and compressive strengths of mortars of series No.l and No.3, with and
without the AN treatment, using a universal testing machine on 28-day age. The specimens were
prisms with dimensions of 40 mmx40 mmx160 mm, which were cured by the 80 °C-curing method.
The flexural strength was an average of three prismatic specimens for each mixture, while the
compressive strength was an average of six fractured prismatic pieces after the flexural test.

(3) SEM-EDS and XRD analysis

To investigate the microstructural change and reaction products of surface-modified GPs, XRD
(X-ray diffraction) and SEM-EDS (scanning electron microscopy) analyses of GP mortars with and
without AN surface treatment at 3-day age were conducted. The specimens analysed were sampled
from GP mortars which were FA-based (series No. 2), BFS-based (series No. 4), and FA/BFS-based
(series No. 1), respectively, which were cured at 80 °C for 8 hours and then 20 °C for 27 days.

The SEM-EDS and XRD analyses were collected from the surface layer with 1 mm depth, where
it was believed that the AN solution diffused from colour change. The samples of the SEM-EDS
analysis were pre-treated by embedding in resin and then polishing. The SEM-EDS analysis was taken
under 15 kV accelerating voltage. ZAF corrections were automatically done for point analysis data.
The XRD analysis used a CuKa source, 40 kV-120 mA power supply, 1° -1° -1°-0.3 mm slit method,

scanning speed 4°/min, and 0.02° step scans in the 20 range of 5-60°.

34



Chapter 3 Improvement of Carbonation Resistance of Geopolymers using Fly Ash as Active Filler

3.3 Test Results and Discussion

3.3.1 The effects of mix proportions on the effectiveness of AN surface

treatment
The diffusion of carbon dioxide and the carbonation are greatly influenced by the features of

matrix mortar such as denseness and chemical compositions[21], and the presence of coarse aggregate
greatly affects the measurement accuracy of carbonation depth because coarse aggregate particles
make the front line of carbonation into a jagged curve. Thus, in this study, we used GP mortars instead
of concrete to discuss the effect of AN surface treatment on the carbonation resistance of GP materials.

The effects of AN treatment on the carbonation resistance of GP mortar with different mix
proportions and with the different treatment conditions were discussed on the basis of regression
analysis of carbonation depth - carbonation time relationship for different mortars and treatment
conditions. As described later, due to the AN surface treatment, the carbonation depth of part of the
specimens could be detected only after a period, so we used Eq. (1) for the regression analysis.

Cq=a[CO%/5.0 Vi-b (1)
where C,; is carbonation depth (mm), ¢ is carbonation period (week), CO,% represents CO;
concentration (%), a is proportional coefficient (mm/N'week), and b is elapsed time until the depth of
carbonation can be detected, i.c., onset time of neutralization (week, =0).

In Eq. (1), the proportional coefficient a implies the rate of increase of the carbonation depth
with elapsed time and therefore is called carbonation rate coefficient. The smaller the a, the higher the
carbonation resistance of GP mortar. And the larger the b, the later the onset of neutralization, and
therefore the higher the initial carbonation resistance.

In Fig. 3.3, Fig. 3.4, Fig. 3.5 and Fig. 3.8, The equations in the table of right part of the figure
are the relationships of carbonation depths with escaped times of accelerated time of different GP
mortars with and without AN treatment and the corresponding goodness of fits (R?) are under the
equations. In addition, the variations of coefficients of a and b are also listed in the right column in
the table. With the comparison of the carbonation equations of GP mortars with different mix
proportions before and after AN treatment, we can clearly observe the differences in the effectiveness
of AN treatment on various GP mortars of mix proportions.

(1) Effect of FA/BF'S ratio

Fig. 3.3 (a) and (b) show the test results of the relationship between the carbonation depth and
the elapsed time for the GP mortars with different FA/BFS blending ratios by mass. The heat-cured
BFS/FA blend-based mortars had smaller carbonation depths for the same elapsed time. This is
because heat-curing promotes the reaction of FA and BFS, especially FA, with more products leading
to a denser microstructure at 28-day age [27,28]. However, the carbonation resistance of the BFS sole-

based GP mortar cured by the heating method was lower compared with the BFS sole-based GP mortar
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Fig. 3.3 Carbonation depth of GP mortars with different FA/BFS ratios (Series No. 1, 2, 3, 4)

cured in the ambient air. This is because the dry shrinkage and moisture escape arising from the heat-
curing resulted in more porosity and larger cracks in the BFS-based GP mortar [29,30]. FA-based GP
mortar without BFS addition was easy to carbonate, the carbonation reached the center of the 80 °C-
cured prism specimen with 40 mm side length at two weeks, but the AN surface treatment delayed the
complete carbonation time from two weeks to one month. On the other hand, the BFS-based GP mortar
cured in the ambient air had no detectable carbonation depth within 18 weeks, regardless of the AN
surface treatment, and thus the benefit of the AN surface treatment was not confirmed. This is because
the reaction products are few in the FA sole-based GP, which leads to a high porosity of GP [31].

As shown in Fig. 3.3 (a), For the 80 °C-cured mortar specimens with AN surface treatment, the
time to detect the depth of carbonation was delayed by 2-4 weeks. Therefore, we used the two

parameters a, b in Eq. 3 to characterize the carbonation resistance of the surface-treated GPs, of which
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b represents delayed time, and « is the carbonation rate coefficient as usual. The regression equations
for the relationship between carbonation depth and time, and the obtained a, b values are shown under
each graph. The smaller the a-value or the larger the b-value, the higher the carbonation resistance.
Under the heat-curing method, the AN surface treatment had an obvious effect on the carbonation
resistance improvement. That is, due to the surface treatment, the a value was decreased or/and the b
value is larger than zero.

It is obvious from Fig. 3.3 (a) that the lower the blending ratio of BFS, the larger the carbonation
rate coefficient of the non AN-treated mortar. However, the mortar with a larger carbonation rate
coefficient attained a better improvement from the viewpoint of the decrease of @ value. In the case of
30% of the BFS blending ratio, the AN treatment yielded the highest decrease in the carbonation rate
coefficient a. Therefore, it is concluded that the AN surface modifier is more suitable for BFS/FA
blend-based GP with a low BFS blending ratio. Considering that the carbonation resistance is mainly
dependent on the porosity of GP [32,33], a smaller BFS blending ratio leads to large porosity and large
pore size [34,35], which makes the AN solution penetration easier and thus brings better modification.

Fig. 3.3 (b) illustrate the test results on the relationship between carbonation depth and elapsed
time for ambient-cured geopolymer (GP) mortars with different FA/BFS blending ratios. For mortars
cured at 20°C, the carbonation depth was greater compared to those cured at 80°C, given the same
elapsed time. This difference arises because ambient curing results in a slower reaction between FA
and BFS, leading to a less dense microstructure.

The BFS-based GP mortar cured in ambient air exhibited strong carbonation resistance, with no
detectable carbonation depth within 18 weeks, regardless of AN surface treatment. In contrast, FA-
based GP mortars without BFS showed rapid carbonation, reaching the center of the specimen within
two weeks, although the AN surface treatment extended this period to one month. However, the benefit
of AN surface treatment was not significant for the BFS-based GP mortar, likely due to the lower
porosity formed under ambient conditions.

The relationship between carbonation depth and time was characterized by two parameters, a and
b, where a represents the carbonation rate and b the delayed time. For ambient-cured mortars, AN
surface treatment lowered the carbonation rate coefficient, though the improvement was less
pronounced compared to heat-cured samples. Mortars with lower BFS content saw more significant
improvements in carbonation resistance after AN treatment, as their higher porosity allowed better
penetration of the AN solution.

(2) Effect of WG/NH ratio

Fig. 3.4 (a) show the relationship between the carbonation depth and the elapsed time for the 30%
BFS/70% FA blend-based GP mortars produced by different AS solutions and cured at 80°C. The AN
surface treatment yielded a significant enhancement in carbonation resistance for GP mortars,

regardless of the curing method. Furthermore, even though the AS solution used in GP mortar was
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Fig. 3.4 Carbonation depth of GP mortars with different WG/NH ratios (Series No. 1, 5, 6)

changed, the AN surface treatment was still more effective for the 80 °C-cured specimens in reducing
the a value and increasing the b value, i.e. the improvement of carbonation resistance was greater for
the 80 °C-cured GPs. When treated with the AN solution, the 80 °C-cured GP mortar with a WG/NH
volumetric ratio of 1:1 was not carbonated during the accelerated carbonation period of 18 weeks. The
continuous dissolution of silicate from the precursors due to the activation of alkali forms many free
Si-O-Si tetrahedral monomers, which contribute to the SiO4 and AlOs linking. The increase of
Si0,/Na,O mole ratio is reported to promote the formation of N-A-S-H gels in GPs [36]. However,
the apparent porosity of GP would increase when the mole ratio of SiO»/Na,O exceeds 0.806 [37].
This can explain why the carbonation depths of the GP mortar specimens with a WG/NH ratio of 3:1
(Si02/Na,O = 1.25) were greater than those with a WG/NH ratio of 1:1 (SiO2/Na,O = 0.69). More

residual Na* present in pores is another reason why the GP mortar specimens with a WG/NH ratio of
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1:1 had smaller carbonation depths. That is, an appropriate SiO,/Na,O molar ratio is essential to
achieve high carbonation resistance of GP. We found that in the case of 80 °C-curing, the specimen
with WG/NH=0:1 had a lower improvement degree of carbonation resistance than the specimen with
WG/NH=3:1. At present we are not clear about the reasons. The AN surface treatment effectiveness
is estimated to be influenced by a combination of factors such as drying shrinkage cracks, residual
Si*", Na* content, and the porosity of GP.

Fig. 3.4 (b) show the relationship between carbonation depth and elapsed time for 30% BFS/70%
FA blend-based geopolymer (GP) mortars produced using different AS solutions and cured at 20°C.
The AN surface treatment significantly enhanced carbonation resistance across all GP mortars,
regardless of the AS solution used.

Before AN surface treatment, the GP mortar with a WG/NH ratio of 3:1 exhibited the highest
carbonation rate, followed by the 0:1 ratio, and the lowest carbonation rate was observed for the 1:1
ratio. This indicates that the Si0,/Na,O molar ratio plays a critical role in carbonation resistance, with
the WG/NH ratio of 1:1 (SiO2/Na,O = 0.69) being the most effective in reducing carbonation depth.

After AN surface treatment, the GP mortar with a WG/NH ratio of 3:1 still had the highest
carbonation rate, followed by the 1:1 ratio, and the 0:1 ratio exhibited the lowest carbonation rate.
This change is likely due to the higher porosity of the GP mortar with a WG/NH ratio of 3:1, which
allows better penetration of the AN solution, thereby leading to improved modification and better
carbonation resistance. This is also the reason why the GP mortar with WG/NH ratio of 3:1
experienced the greatest reduction in carbonation rate with AN treatment. Conversely, the GP mortar
with a WG/NH ratio of 0:1, which has lower initial carbonation resistance, benefitted the most from
the AN treatment due to its relatively low porosity, which allowed for more effective surface sealing.

In summary, the AN surface treatment was more effective in reducing carbonation for ambient-
cured GP mortars with a higher initial carbonation rate, particularly those with higher porosity. The
porosity and chemical composition, particularly the SiO,/Na,O molar ratio, are significant factors in
determining the carbonation resistance of GP mortars after treatment.

(3) AS/AF ratio

Fig. 3.5 (a) and (b) show the experimental results of the relationship between the carbonation
depths and the elapsed time for the 30% BFS/70% FA blend-based GP mortars with different liquid-
active filler (AS/AF) ratios. Regardless of curing method, the smaller the AS/AF ratio, the smaller
carbonation depth for the same elapsed time. As reported in other studies, a lower AS/AF ratio leads
to finer pores and lower porosity [38], less drying shrinkage [39], and thus contributes to a higher
carbonation resistance of GP materials [21,40].

It is clearly observed that the surface treatment of AN solution improved the carbonation
resistance of the GP mortars from Fig. 3.5 (a), though the 80 °C-cured GP mortars got a much

reduction in the carbonation depth. And the AN surface treatment greatly delays the beginning time
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Fig. 3.5 Carbonation depth of GP mortars with different AS/AF ratios (Series No. 1, 7, 8)

of carbonation of the 80 °C-cured GP mortars, as shown in Fig. 3.5 (a), thus the b value is 4~8 weeks.

That is to say, in the general range of AS/AF ratio, regardless of AS/AF ratio, the carbonation

resistance of BFS/FA blend-based GP can be expected to be improved by the AN surface treatment.

In the case of heat-curing, the decrease of a value can be reduced by more than 70%. And it can be

concluded that the smaller the AS/AF ratio, the higher the improvement effectiveness from the

decreasing degree of the a value. When the AS/AF ratio was 0.45, the starting point of carbonation

was delayed to 8 weeks. However, the specimen with an AS/AF ratio of 0.55 had a longer delaying

time of carbonation (b value) than the specimen with an AS/AF ratio of 0.50, which suggests that the
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Fig. 3.6 Schematic description of the carbonation of mortar

b value depends on the AN’s permeation ability, that is, the initial porosity of GP that is influenced by
the AS/AF ratio. If the AN solution forms a dense layer in the surface layer of GP, this dense layer
would delay the start of carbonation. The b value depends on the thickness and denseness of this dense
layer, as shown in Fig. 3.6. Once the carbonation starts behind this dense layer, the rate of carbonation
will depend on the degree of denseness and alkalinity inside the GP. High water content reduces the
AN’s inside permeation ability, which correspondingly reduces the effectiveness of AN surface
treatment.

Fig. 3.5 (b) illustrate the relationship between carbonation depth and elapsed time for 30%
BFS/70% FA blend-based geopolymer (GP) mortars with different AS/AF ratios, which were all
20°C-cured specimens. Regardless of the AS/AF ratio, the carbonation resistance of ambient-cured
GP mortars was lower, as the onset of carbonation occurred at the first week for all AS/AF ratios.

Before the AN surface treatment, the carbonation rate was highest for the GP mortar with an
AS/AF ratio of 0.55, followed by 0.50, and lowest for 0.45, suggesting that a smaller AS/AF ratio
leads to finer pores, lower porosity, and higher carbonation resistance. This trend can be attributed to
the fact that a lower AS/AF ratio results in less drying shrinkage and a denser microstructure, as
supported by previous studies.

After AN surface treatment, the carbonation resistance of the ambient-cured mortars improved,
though the effect was less pronounced compared to heat-cured specimens. The AN treatment helped
reduce the carbonation rate, but due to the relatively higher water content in the 20°C-cured GP
mortars, AN's permeation ability was limited, reducing its effectiveness. Unlike heat-cured mortars,
where the AN treatment significantly delayed carbonation, the ambient-cured specimens did not
experience a noticeable delay in the onset of carbonation.

In conclusion, the AN surface treatment was effective in enhancing the carbonation resistance of

ambient-cured GP mortars, though its improvement was less substantial compared to heat-cured
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counterparts. The effectiveness of the AN treatment was also influenced by the initial porosity of the

GP mortar, which was determined by the AS/AF ratio.

3.3.2 The effects of treatment conditions on the effectiveness of AN surface

treatment
(1) Time points of AN treatment

Fig. 3.7 presents the carbonation depths of the 70% FA/30% BFS blend-based GP mortars, which
were cured in a sealed state and treated with the 25 wt% AN solution on the surfaces at different
material ages. As shown in Fig. 3.7 (a), the AN surface treatment at 3-day age led to the maximum
decreases in the carbonation depth of the 80 °C-cured specimen, compared to the treatment at 7 days
and 20 days, though the two later treatments also reduced the carbonation depth.

Although the curing of the specimens was performed in a sealed state with plastic tape, the sealing
with plastic tape or film does not strictly prevent the loss of moisture from the specimen. Thus, for
the heat-cured specimens, after the 8-hour 80 °C curing, the water content should decrease greatly
[39], benefiting the internal diffusion of the AN solution. It is reported that no matter whether sodium
silicate or sodium hydroxide is used as an alkaline activator, the compressive strength reaches its
ultimate strength at 7 days if heat-curing [41]. Accordingly, after 7 days, GP has considerable strength
and denseness. Although the increase of denseness is favourable to carbonation resistance, it makes
the internal diffusion of AN solution difficult. Therefore, the AN solution gained the best diffusion
when the surface treatment was performed at 3 days, leading to the largest decrease of carbonation
depth.

Dry shrinkage crack growth with age increased the internal diffusion of AN solution may be the
reason for this experimental result. Additional experiments will be conducted to confirm this
experimental phenomenon.

Fig. 3.7 (b) presents the carbonation depths of the 70% FA/30% BFS blend-based ambient-cured
GP mortars, which were cured in a sealed state and treated with the 25 wt% AN solution on the
surfaces at different material ages. As shown in Fig. 3.7 (b), for the 20 °C-cured specimen, the AN
surface treatment at 3-day age also greatly reduced the carbonation depth, while the treatment at 7-
day and 20-day ages had almost no reduction effect. The reasons for these results are not entirely clear
to us, but are discussed below.

However, for the 20 °C-cured specimens, since they were cured in a sealed state with plastic tape
for 28 days, we believe that they had high moisture during the curing. The reaction products
undoubtedly increased with age, i.e. the denseness of the specimen increased with age [26,31,42]. The
high water content and the increase in denseness added difficulties to the internal diffusion of the AN
solution. Therefore, the AN surface treatment at the 7 or 20-day age for the 20 °C-cured specimens
had almost no effect on the improvement of carbonation resistance. However, at the 3-day age,

although the water content was high, the reaction products were few and the specimen is not yet dense,
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Fig. 3.7 Carbonation depth of GP mortars with AN treatment at different ages (Series No. 1, 9,
10, 11)

thus, the AN solution could have a certain degree of internal diffusion. Therefore, for the specimen
sealed and cured at room temperature, a certain improvement effect was observed for the treatment at
3-day age.

We found that the AN surface treatment at the 20-day age was better than that at the 7-day age,
even for the 20 °C-cured specimens. Dry shrinkage crack growth with age increased the internal
diffusion of AN solution may be the reason for this experimental result. Additional experiments will
be conducted to confirm this experimental phenomenon.

(2) Concentration of AN solution

Fig. 3.8 demonstrates the experimental results of the 70% FA/30% BFS blend-based GP mortars,

which were modified on surfaces by different AN solutions with 10-40 wt% concentrations. And Fig.

3.9 shows the viscosity of each AN solution at 20 °C, which was measured with a B-type viscometer.
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Fig. 3.8 Carbonation depth of GP mortars with different concentrations of AN application (Series

No. 1,9, 12, 13, 14,

15)

The viscosity of AN solution increases with its concentration, but from 30% to 40%, the viscosity

sharply increases. In general, solutions with low viscosity have high permeability into GP materials

[43].
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Fig. 3.9 Viscosities of AN solutions with different concentrations

From the experimental results of the 80 °C -cured specimens, we found that when the

concentration of AN solution was below 25%, the decreasing rate of a value was low, but when the
concentration exceeded 25%, the decreasing rates of a value were very close for 25-40% concentration,
but the b value showed a tendency to increase with increasing the AN concentration. This result can
be explained by the following analysis: AN solution makes the surface layer of GP mortar dense
through the generation of N-A-S-H gels and the filling effect after drying, thus delaying the onset of
carbonation of GP. Therefore, although a highly concentrated AN solution does not tend to permeate
much into the inside and increase the internal denseness, it greatly increases the denseness of the
surface layer, resulting in an increase in the b-value. In contrast, a low concentration of AN solution
cannot greatly increase the denseness of the surface layer due to the small amount of effective
ingredients, but it can increase the denseness of the inside due to its high diffusion ability, thus
reducing the carbonation rate coefficient a. However, if the concentration of AN solution is too small
and thus its effective ingredients are few, even if it can diffuse to the inside of GP, the decrease of the
carbonation rate coefficient « is limited.

Therefore, the 40% AN solution is recommended as a surface modifier for GP, regardless of
whether the GP is cured at room temperature or high temperature. The surface treatment of 40% AN
solution would reduce the carbonation rate coefficient of heat-cured GP mortar by about 70%, i.e.
double the carbonation resistance. It also reduces the carbonation rate coefficient of ambient-cured GP
mortar by more than 30% simultaneously. In combination with the AN surface treatment and the
increase of GP compactness by optimising the use of raw materials and their proportions, it becomes
easy to make the GP concrete reach the carbonation resistance of PC concrete of the same strength.

Fig. 3.8 (b) demonstrates the experimental results of the 70% FA/30% BFS blend-based ambient-

cured GP mortars, which were modified on surfaces by different AN solutions with 10-40 wt%
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concentrations. As Fig. 3.9 shows the viscosity of each AN solution at 20 °C, which was measured
with a B-type viscometer. The viscosity of AN solution increases with its concentration, but from 30%
to 40%, the viscosity sharply increases.

The improvement in carbonation resistance of the AN treatment was small for the ambient-cured
specimens, i.e. the decreasing rate of @ value is low. Based on the experimental results of the ambient-
cured specimens, although the onset of carbonation of ambient-cured GP mortars occurred within the
first week for all concentrations of AN, the rate of decrease in the a value was relatively low when the
AN solution was below 20% concentration. However, when the concentration was between 25% and
30%, the decrease in the a value was over 20%. The greatest reduction in the carbonation rate was
observed when using the undiluted 40% AN solution and reached over 30%. Overall, the improvement
in carbonation resistance of GP mortars by the AN solution increased with the rising of concentration.

Same as concluded for heat-cured GP mortars, the observed results can be explained as follows:
the AN solution enhances the density of the surface layer of the GP mortar through the formation of
N-A-S-H gels and a filling effect after drying. Although the lower concentrations of AN solutions can
penetrate into the interior of mortar, they can not effectively increase the surface layer density due to
the limited presence of effective ingredients. Whereas the ambient-cured GP has a loose
microstructure at an early age, such as 3 days, compared to the heat-cured GP[52]. Thus, it is thought
that even highly concentrated AN solutions have the potential to penetrate the inside of GP due to the
loose structure. In fact, as shown in Fig. 3.8 (b), the greatest decrease in the a-value was observed
when using the 40% AN solution.

Therefore, the 40% AN solution is recommended as a surface modifier for GP, regardless of
whether the GP is cured at room temperature or high temperature. It also reduces the carbonation rate
coefficient of ambient-cured GP mortar by more than 30% simultaneously. In combination with the
AN surface treatment and the increase of GP compactness by optimising the use of raw materials and
their proportions, it becomes easy to make the GP concrete reach the carbonation resistance of PC
concrete of the same strength.

(3) Number of AN treatments and sealed curing after treatment

It is clearly shown in Fig. 3.10 (a) that for the 80 °C-cured GP mortars, increasing the number of
AN treatments had almost no effect on the carbonation rate coefficient @, but the beginning of
carbonation was delayed (b value increased), which indicates that the 2 treatments increased the
denseness of the GP surface layer more than the one treatment.

For the 80 °C-cured specimens, the drying of specimens and the occurrence of drying shrinkage
cracks make the penetration of AN solution easier, so a single treatment can largely reduce the a value,
but the rapid internal penetration of AN solution with less surface stay requires twice treatment.

Although the twice treatment delayed the onset of carbonation, they did not change the carbonation

46



Chapter 3 Improvement of Carbonation Resistance of Geopolymers using Fly Ash as Active Filler

8 8 10 8
ma b ma ob
6 41 6 -
o 8 16
—_ o
= =2 =6 =2
<4 r 14 © = )
: : 148
N ~ E4 L ~
N] = ~ <
2 F o 1 2 S 5
H B | m -' ‘
0 L L 0
2 0

nonAN 1 ) )
sealing no sealing

Frequency of AN treatment (time)
(a) Heat-cured GP mortars (a) Heat-cured GP mortars
8 8
m. b 10 - 8
6 I 16 g [L=% °
= =2 =6
<4 F 143 =
£ Z £
£ S Es
=2 F 1 2 «
2
0 ' ' 0 0
nonAN 1 2

) sealing no sealing
Frequency of AN treatment (time)

(b) Ambient-cured GP mortars _
(b) Ambient-cured GP mortars

Fig. 3.10 The changes of a, b-values of heat-
Fig. 3.11 Influences of sealed curing on the

cured GP mortars with frequency of AN
a, b-values for ambient-cured GP mortars

treatment

rate coefficient of the 80 °C-cured specimens. Therefore, from the perspective of long-term
carbonation depth, once treatment is also an option for GPs cured at high temperatures.

Fig. 3.10 (b) clearly shows that for the ambient-cured GP mortars, as the number of AN surface
treatments increased from one to two at 3 days of age, the carbonation rate coefficient a decreased.
However, no delay in carbonation was observed, as indicated by a b-value of zero.

For the ambient-cured specimens, the high moisture content and limited crack formation hinder
the penetration of the AN solution. Consequently, multiple treatments are necessary to enhance the
density of the surface layer. Despite several treatments, achieving a dense surface layer remains
challenging due to the moisture present during the treatment process. Although two treatments delayed

the onset of carbonation, they did not alter the carbonation rate coefficient a for these specimens.
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Fig. 3.11 (a) demonstrates the influence of sealed curing after the AN surface treatment on the a,
b values. The sealing did not further contribute to much improvement in the carbonation resistance of
the 80 °C-cured specimens, but the beginning of carbonation was delayed for two weeks. This means
that the specimens without sealing were carbonated during the curing period. Therefore, from the
perspective of long-term carbonation depth, unsealed curing after the AN treatment is an option for
simplifying construction if GPs are cured at high temperatures.

Fig. 3.11 (b) illustrates the impact of sealed curing after AN surface treatment on the a and b
values. Sealing did not significantly enhance the carbonation resistance of the 20 °C-cured specimens,
although it did lower the carbonation rate coefficient a. The onset of carbonation was not delayed.
Therefore, for ambient-cured GP mortars, sealed curing is recommended, while unsealed curing may

be a viable option for simplifying construction in high-temperature conditions.

3.3.3 Air permeability and strength of surface-modified GP mortars
Fig. 3.12 (a) illustrates the air permeability of the GP mortar specimens cured by the 80 °C-curing

method. It shows that the AN surface treatment greatly reduced the air permeability of the GP mortar
specimens, which suggests that the internal structure of GP can become dense if the GP surface is
modified by the AN solution. As described later, the AN treatment at least decreased the cracks in the
surface layer of GP mortar.

Due to dry shrinkage, the geopolymer experienced the 80 °C-curing has large cracks with sizes
of 0.01 - 0.1 pum. Large cracks result in higher air permeability. However, it is no doubt that heat-
curing contributes to many formations of geopolymeric products and, thus a dense microstructure
[27,28], which makes CO; diffusion difficult into the geopolymeric matrix between large cracks.

Fig. 3.13 (a) shows the flexural and compressive strengths of series No.1 and No.3. We found
that the AN surface treatment did not almost affect the strengths of BFS/FA blend-based GP mortar
under heat-cured method. This is because the diffusion of the AN solution only reached the surface
layer of the GP mortars.

Fig. 3.12 (b) illustrates the air permeability of GP mortar specimens cured at 20 °C. Regardless
of the curing method, the AN surface treatment significantly reduced the air permeability of the GP
mortar specimens, indicating that modifying the surface with the AN solution can enhance the density
of the internal structure. As discussed later, the AN treatment also contributed to a reduction in surface
layer cracks in the GP mortar.

In contrast, the air permeability of 20 °C-cured specimens was lower than that of the 80 °C-cured
specimens, aligning with findings from other studies[46,53]. The lower carbonation rate coefficient a
for the 20 °C-cured specimens can be attributed to the presence of more capillary cracks, primarily
under 0.01 pm, compared to larger cracks found in heat-cured specimens[54]. These smaller cracks
contribute to reduced air permeability, facilitating a denser microstructure in the ambient-cured GP

mortar.
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Fig. 3.13 (b) displays the compressive and flexural strengths of ambient-cured GP mortars which
FA/BFS were 1:1 and 0:1. The AN surface treatment had minimal impact on the strengths of the
BFS/FA blend-based GP mortars at 20 °C, as the diffusion of the AN solution primarily affected only

the surface layer.
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(a) Non-AN treatment (b) AN treatment

Fig. 3.14 SEM images of FA-based GP mortars.

Table 3.6 Comparison of average mole ratios of oxides of FA-based GP mortars with and without

AN treatment

AN treatment  Na (%) Mg (%) Al(%) Si(%) Ca(%) SiO/AlLO; Si0/CaO

Non 6.23 0.60 5.19 14.15 1.76 545 8.04

Treated 3.67 0.44 6.35 12.40 1.22 3.90 10.16

3.4 Microstructure and Chemical Analysis of GP Mortars

3.4.1 SEM-EDS analysis of surface-modified GP mortar
In the SEM analysis, in addition to the structural changes observed by SEM images, elemental

analysis (EDS) was also performed to determine the changes in gel compositions. Since gel
microstructure is significantly related to the SiO,/Al,O3 ratio [44], we calculated the average mole
ratio of SiO»/Al,O;3 for the whole analyzed area.
(1) FA-based GP mortar

Fig. 3.14 (a) and (b) show the SEM results of FA-based GP mortar (series No. 2) with and without
AN surface treatment after the accelerated carbonation test of 12 weeks. First, the AN surface-treated
mortar was found to be denser than the mortar without the AN treatment, although the pores remained.
In the former, almost no cracks are observed. The reduction in cracks may be due to the AN treatment,
which reduced the drying shrinkage cracks caused by water evaporation. Although the AN-treated
mortar became relatively dense, it still has a low resistance to carbonation because of the large number

of tiny pores.
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Fig. 3.15 SEM images of BFS-based GP mortars

Table 3.7 Comparison of average mole ratios of oxides of BFS-based GP mortars with and

without AN treatment

AN treatment  Na (%) Mg (%) Al(%) Si(%) Ca(%) SiO/ALOs SiO»/CaO

Non-AN 6.49 1.53 2.78 7.87 8.57 5.66 0.91

AN 2.80 1.83 4.46 10.67 9.77 4.78 1.09

Fly ash particles with smooth surfaces can be found to remain in the two mortars. However, many
fly ash particles in the AN-treated mortar were surrounded by dense gels or were corroded, which
suggests that reaction products increased. During the accelerated carbonation test, the CO; reacted
with the Na* remaining in the pores to form Na,CO; [45]. Since Na' is used to balance the Al** charge
of the AI(OH)4 tetrahedra, an increase in N-A-S-H gels would reduce the residual Na* in the pores.
Hence, we found there are many needle crystals in the FA-based GP mortar without the AN treatment,
while needle crystals are rarely found in the mortar after AN surface treatment.

The microstructure of geopolymer is strongly influenced by the Si0,/Al>O; ratio, and geopolymer
with a lower SiO2/Al,Os has a dense structure [46—50]. As shown in Table 3.6, the SiO,/Al,Os ratio
of FA-based GP mortar decreased with the AN treatment. Thus, the AN-treated mortar has a denser
microstructure than the mortar without the AN treatment, which also means higher carbonation
resistance of GP materials.

(2) BES-based GP mortar

Fig. 3.15 shows the SEM images for the BFS-based GP mortars (series No. 4) without and with
the AN treatment. The BFS-based GP mortars without the AN treatment had relatively dense
microstructure. However, the AN treatment obviously reduced tiny cracks, resulting in a denser GP

mortar. As stated above, the AN treatment decreases the cracks caused by dry shrinkage. In the GP
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Fig. 3.16 SEM images of FA&BFS blend-based GP mortars

Table 3.8 Comparison of average mole ratios of oxides of FA&BFS blended-based GP mortars

with and without AN treatment

AN application Na (%) Mg (%) Al(%) Si(%) Ca(%) SiO/AlLOs  SiO,/CaO

Non-AN 2.30 0.84 3.92 13.16 4.68 6.71 2.81

AN 2.75 1.16 3.75 11.07 5.59 5.90 1.98

mortar without the AN treatment, many CaCOs crystals are found (see Fig. 3.15 (a)), while in the AN-
treated mortar, CaCOjs crystals are very few (see Fig. 3.15 (b)). The products of BFS-based GP are
main C-A-S-H gels [55-57]. As the carbonation reaction proceeds, the C-A-S-H gel undergoes

decalcification, and various calcium carbonate polymorphs are formed [58]. However, the AN
treatment may strengthen the structure of the C-A-S-H gel due to the AI** provided by the AN solution,
making the C-A-S-H gel less susceptible to decalcification.

Duxson [47] reported that the denseness of geopolymer increases with the decrease in Si0,/Al,03
ratio. The abundant Al,O3; provided by AN decreased the SiO,/Al,O; ratio, as shown in Table 3.7,
contributing to the denser microstructure of AN-treated GP mortar and improved carbonation
resistance, which was also reflected in the reduction of CaCOs. The above factors, including the
reduction in cracks and strengthened C-A-S-H gel structure, collectively contributed to the
carbonation resistance improvement of BFS-based GP mortars with AN treatment.

(3) FA&BFS-blended GP mortar

Fig. 3.16 shows the SEM images of FA&BFS-blended GP mortars (series No. 1) with and

without AN surface treatment. Calcite is observed in the two mortars, but in the mortar with AN

treatment, the calcite crystals are few, suggesting the reaction of CO, and Ca?" that originated from
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decalcification of C-A-S-H gels was deceased because of AN treatment. Also, the mortar with the AN
surface treatment had few fine cracks, compared to the mortar without the AN treatment. As explained
before, AN treatment would reduce the cracks caused by dry shrinkage. Because the polycondensation
of geopolymer is a dehydration reaction, consuming no water [59], large dry shrinkage may be resulted
in a dense surface layer formed by AN surface treatment, reducing the escape of inside moisture,
which contributed to the decrease of drying shrinkage cracks. Hence, the air permeability coefficient
of AN-treated mortar was reduced, as shown in Fig. 3.12, and because of the decrease in drying
shrinkage cracks, the carbonation was slowed down. Combining the decrease of the SiO,/Al,Os ratio
(see Table 3.8), we can conclude that the AN treatment increases the denseness of geopolymer and

reduces the dry shrinkage and decalcification of geopolymer.

3.4.2 XRD results of surface-modified GP mortar
Fig. 3.17 presents the X-ray diffraction (XRD) patterns of fly ash (FA)-based geopolymer (GP)

mortars, comparing them with the XRD patterns of the raw materials, including FA and sea sand. In
this study, all GP mortars were prepared using the same alkali activator solutions and fine aggregate,
with FA serving as the sole precursor material. The XRD analysis reveals that raw FA primarily
contains crystalline phases of quartz and mullite, while the sea sand used as aggregate—washed with
tap water—contains quartz, mullite, and orthoclase.

Upon examining the FA-based GP mortars, it was observed that their crystal phases largely
mirrored those of their raw materials, indicating that the AN (sodium aluminate) surface treatment did
not generate any new crystalline products. However, a significant change in crystalline intensity was
observed, particularly in the peak intensity of Na-gmelinite. This increase is likely attributed to the
AN treatment, as the presence of sodium aluminate promotes the formation of Na-gmelinite, a phase
also reported by Bae, et al.[51] to form in high-sodium environments within geopolymers.

Moreover, Na-COs peaks were detected in the FA-based GP mortars treated with AN, which
aligns with observations from SEM imaging, where Na-COs deposits were visible. The increase in
Na-gmelinite and the formation of Na:COs due to the AN treatment likely play a critical role in
modifying the microstructure of FA-based geopolymers. Specifically, these crystalline formations
appear to reduce the pore size within the geopolymer matrix, thereby limiting the pathways for CO:
permeation. Consequently, this densification effect improves the carbonation resistance of the FA-
based GP mortars by inhibiting CO- diffusion, which is essential for enhancing the long-term
durability of these materials in carbonation-prone environments.

The raw BFS primarily exhibited an amorphous structure with minimal crystalline phases, while
the raw FA contained quartz and mullite. Sea sand, which was washed with tap water, showed

crystalline phases of quartz, mullite, gismondine[60], and Na-gmelinite.
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Fig. 3.17 XRD pattern of FA/BFS-blended GP mortars

In the BFS-based GP mortars, the AN (sodium aluminate) treatment was found to increase the

intensity of the gismondine peaks, suggesting that the treatment facilitated the formation of additional

gismondine due to the higher availability of calcium (Ca) and aluminum (Al) in the BFS matrix. This

finding aligns with prior studies indicating that Ca and Al-rich environments promote gismondine
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crystallization. Additionally, notable calcite peaks were detected in the BFS-based specimens,
consistent with observations from SEM analysis, which indicated the presence of calcite within the
matrix.

For the FA/BFS blend-based GP mortars, the primary change observed with the AN treatment
was a significant increase in the peak intensity of Na-gmelinite. Although Na-gmelinite is naturally
present in the sea sand used as aggregate[61], the AN treatment, with its high NaAlO- content, likely
contributed to the increased formation of Na-gmelinite within the GP matrix, as also reported by Bae,
etal.[51].

The enhanced formation of gismondine in BFS-based mortars and the intensified Na-gmelinite
peaks in the FA/BFS blend-based mortars collectively indicate that the AN treatment aids in refining
the microstructure of these GP materials. These crystalline modifications help reduce pore sizes within
the geopolymer matrix, thereby lowering permeability and inhibiting CO: ingress, which is essential
for improving carbonation resistance and enhancing the durability of BFS-based and FA/BFS blend-

based GP mortars in carbonation-prone environments.
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3.5 Conclusions

This study addressed the low carbonation resistance of geopolymer (GP) mortars, a critical
challenge that cannot be effectively resolved through mixture design alone. By utilizing sodium
aluminate (AN) aqueous solution as an inorganic surface modifier, the research demonstrated
significant improvements in carbonation resistance for both heat-cured and ambient-cured GP mortars.
The findings are summarized as follows:

(1) The AN surface modification substantially enhanced carbonation resistance in both heat-
cured and ambient-cured GP mortars. For heat-cured specimens, the carbonation rate coefficient was
reduced by approximately 70%, with undetectable carbonation depths over an 18-week accelerated
test period in some cases. In contrast, for ambient-cured mortars, the carbonation rate coefficient
decreased by over 30%, though the onset of carbonation was not delayed.

(2) The FA/BFS blend-based geopolymers exhibited the greatest improvement in carbonation
resistance following AN treatment. Heat-cured specimens performed significantly better than
ambient-cured ones, particularly when FA content was higher. Geopolymers using only BFS or FA as
precursors showed comparatively lower improvements.

(3) In both curing conditions, the AN treatment improved the density of the surface layer by
reducing surface cracks and promoting the formation of Na-gmelinite and gismondine. These phases
reduced CO: permeability and mitigated shrinkage-induced cracking. However, the effects of AN
treatment were limited to the surface layer and did not significantly impact mechanical strength in
either heat-cured or ambient-cured mortars.

(4) For heat-cured GP mortars, a single application of a 40% AN solution was sufficient to
achieve significant improvement in carbonation resistance. Sealed curing after treatment was
unnecessary, simplifying the treatment process.

(5) For ambient-cured GP mortars, optimal AN treatment involved applying the 40% AN solution
twice, starting at an early age of 3 days. Sealed curing after treatment was recommended to enhance
carbonation resistance further, given the relatively lower performance of ambient-cured specimens
compared to heat-cured ones.

(6) Heat-cured GP mortars benefited more from AN surface modification than ambient-cured
ones due to their denser initial microstructure. However, the study demonstrated that AN treatment is
a viable method for improving carbonation resistance across both curing methods, with particular

effectiveness in FA/BFS blend-based geopolymers.
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Chapter 4
Geopolymer Materials Using Clinker Ash as
Active Filler or Fine Aggregate

4.1 Introduction

After hundreds of years of development, the production of concrete has exceeded 10 billion tons
globally every year[1] and this number is still rising. As the principal component material in concrete,
the aggregate makes 70% of its volume[2,3]. However, because of the rapid growth of construction
industry worldwide, natural resources such as river sand are being depleted at an alarming rate[4]. The
prohibition on mining natural aggregates in certain areas and growing emphasis on environmental
conservation are both exacerbating the scarcity of river sand. Consequently, the pursuit of sustainable
alternative materials has become a pressing priority to curb the consumption of natural aggregates.

Meanwhile, numerous industrial wastes and by-products, including FA, BFS and CA are
continuously being discharged, posing challenges to environmental issues. Among these, FA is
commonly used as a precursor for GP, which has advantages on early strength development, chemical
corrosion resistance, and fire resistance[5—11]. Because of these, GP is widely seen as having the
potential to become the next generation of construction materials. The blast furnace slag, by-product
of iron smelting, is usually added in FA-based geopolymer to raise its strength and makes room
temperature curing possible[12]. Thus, recently FA and BFS are usually used in combination as
precursors of GP.

Coal combustion in thermal power plants produces significant quantities of solid waste
byproducts annually, including bottom ash constituting around 20% and fly ash making up
approximately 80%][13]. Clinker ash is formed when bottom ash melts due to the high temperatures
in the furnace and then solidifies into a glassy, granular material upon cooling. The CA consists of
porous, irregularly shaped sand-like particles formed during the high-temperature combustion of coal
around 1500 °C, followed by rapid cooling of the residual ash in water tanks beneath the boiler. As a
byproduct of power generation, CA is primarily disposed of in landfills, where it is not effectively
utilized and furthermore occupies valuable land resources. Due to the continuous urbanization, the
management of municipal solid waste has become increasingly complicated in many countries due to

the limited availability of landfill sites.
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Steel reinforcement is commonly used in concrete structures to provide structural strength and
durability. Concrete usually faces carbonation in natural environment, which reduces the alkaline
environment and brings the risk of corrosion for steel bars in reinforced concrete. Hence, high
carbonation resistance is important to ensure the durability of reinforced concrete structures. However,
geopolymer materials generally exhibit lower carbonation resistance compared to the ordinary
Portland cement concrete[ 14—17]. First, the residual sodium or potassium in GP pores are easier to
react with CO; than the Ca(OH), in PC concrete. Moreover, the pores and cracks caused by water
escape and drying shrinkage during the process of polymerisation have also become the internal
channel of CO,. Therefore, it is crucial to develop strategies for reducing the rate of carbonation[18,19].
Although heat curing can improve the carbonation resistance of FA-based GP concrete[14], it is still
insufficient to reach the carbonation resistance level of ordinary concrete. LI, et al.[20] used sodium
aluminate solution for surface treatment of heat curing GP materials with different mix proportions,
achieving carbonation resistance that met and exceeded the level of ordinary concrete. However, the
carbonation resistance of GP cured at room temperature still do not meet the expected performance.

Moreover, the porosity has a significant relationship with the durability and carbonation
resistance of concrete. The carbonation depth and carbonation rate increased with growth of porosity
of concrete[21]. As internal pore-rich materials, the utilization of CA for a partial or total replacement
of sand as fine aggregate in mortar increased permeability coefficients and porosity[22-30]. An
increase of 44% in carbonation depth of GP concrete, which half of the fine aggregates was substituted
with CA, has been observed after 8 weeks' accelerated carbonation[31]. Rafat et al. found that the
carbonation is not severe when the replacement of CA for sand is lower than 20%. However, once the
replacing rate reaches 30 %, the depth of carbonation increases to a maximum of 55 % to that of which
without CA for the same exposure period[32,33]. In summary, the utilization of CA will increase the
risk of concrete carbonation.

The addition of slaked lime or cement to geopolymers can improve carbonation resistance, but it
also substantially accelerates the setting time[34,35]. Some geopolymer formulations using volcanic
pozzolans or blast furnace slag have exhibited good carbonation resistance[36], but this depends on
factors like the reactivity and fineness of the pozzolan used[37]. Geopolymer concretes activated
solely with sodium hydroxide or potassium hydroxide solutions have shown superior carbonation
resistance compared to those using a blend of these hydroxides with sodium silicate[34]. However,
the carbonation resistance achieved with just hydroxide activators still remains inadequate for many
applications. Consequently, further research is needed to examine and improve the carbonation
resistance of the industrial waste by-products incorporated GP materials.

This chapter explores the recycling of CA in concrete and mortar through geopolymer (GP)
technology. We investigated the effects of replacing part of FA and sea sand with CA on the strength

and carbonation resistance of FA&BFS-blended GP mortar and addressed the issue of low carbonation
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resistance of GP mortar with fine aggregate replacements under ambient curing conditions using AN.
We also examined the changes in the CA particles immersed in AS to elucidate the compatibility of
CA with GP materials. The results indicated that CA particles reacted with AS, densifying and refining
the interfacial transition zone (ITZ) between the GP matrix and CA particles. Although replacing FA
with CA reduced the strength of GP concrete, substituting sand with up to 20% CA had minimal
impact on the compressive and flexural strength of GP mortar. For GP materials using FA&BFS as a
precursor, surface modification with AN greatly improved the carbonation resistance of GP materials
with different AS and CA content after surface drying preparation. XRD analysis identified the
components in CA, as well as the reaction products between the waste and AS. These results confirm

the potential of CA as fine aggregates in geopolymer technology.
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4.2 Experimental Program

4.2.1 Raw materials
The fly ash of JIS grade II, BFS of JIS 4000 class and crushed stone powder were used as active

fillers of GP mortars, which properties are shown in Table 4.1, respectively. The metal oxide contents
and density of sodium aluminate solution with a concentration of 40 wt.% are presented in Table 4.1
as well. Sea sand, washed in advance with tap water, was used as fine aggregate of the GP mortars.
CA were utilized as the replacement of partial fine aggregate for GP mortars, which physical properties
are also shown in Table 4.1.

Table 4.2 shows the results of X-ray fluorescence (XRF) analysis of the chemical compositions
of the AFs and the substitutive aggregates. The CaO content in CA is comparatively less, similar to
that of FA. The components of CA are mainly crystalline, which results in low activity in the alkaline
solution.

Fig. 4.1 shows the particle size distributions (PSD) of sea sand and CA. From this figure, we can
see that the PSD of CA is close to that of sea sand the PSD curve mostly falls into the range of the
standard PSD curve of fine aggregate (dotted line), which demonstrates the potential of CA as fine
aggregate.

5 kinds of AS, named as AS01, AS21, AS31, AS41 and AS10, were used, which were 10 mole/L
NH or a mixture with WG. The blending ratios were shown in Table 4.3. The WG was prepared by
diluting JIS No.1 grade sodium silicate (Na,Si0Os) with distilled water by a volume ratio of 1:1.

4.2.2 Mix proportions of GP materials

The mix proportions of GP mortars used in this study are shown in Table 4.4. GP mortars were
designed by adjusting the type of AS and the BFS blending ratio in AF. For all the mortar mixtures,
the AS/AF ratio was 0.5, and the ratio of fine aggregates (S) to AF was 2.0 by mass.

In this study, GP concretes with different mix proportions were also investigated to confirm the
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influence of CA on flesh and mechanical properties, as summarized in Table 4.5.

4.2.3 Specimen preparation
A Hobart planetary mortar mixer was used to mix the GP mortars. The active fillers and fine

aggregate (sea sand, CA) were first put into the mixer and mixed for 1 minute. Then, the AS was
added and mixed for 2 min. to get GP mortar. Finally, coarse aggregate was added to the mortar and
further mixed for 2 min to get GP concrete. After measuring the slump, fresh concrete was cast in the
prismatic moulds with a size of 10x10x40 cm and the cylindrical moulds with diameter of 10 cm and
height of 20 cm, and then vibrated for 20s by a rod vibrator. After the vibration, the outside of the
mould was struck with a wood hammer.

The mixing procedure of GP mortar was the same as GP concrete except not adding coarse
aggregate. The freshly mixed GP mortar was used to produce the prism specimens with a 4 cm side
length of square section and 16 cm length, which were used for the strength test and the accelerated

carbonation test. All the specimens were demoulded at 1 day age. The specimens were sealed with

Table 4.1 Physical properties of raw materials used

Raw material Properties, etc.
FA Specific density: 2.30 g/cm®, Blaine fineness: 4392 cm?/g
BFS Specific density: 2.88 g/cm®, Blaine fineness: 4180 cm?/g
CA Oven-dry density: 1.80 g/cm?, water absorption: 31.4%, F.M. 2.03
Sea sand Oven-dry density: 2.51 g/cm?®, surface-dry density: 2.56 g/cm?, specific
(S) water absorption: 1.81%, solid content: 66.7%, F.M. 2.87
AN Compositions: Na,O: 19%, Al,O3: 20%, molar ratio (Na,O/AL,O3): 1.56,
Specific gravity: 1.49 (40% concentration by mass)
NH Specific gravity: 1.33, molar concentration: 10 mole/L

JIS No.1 sodium | Compositions: NayO: 17%, SiOa: 36%, molar ratio (Si02/Na,O): 2.16,
silicate Specific gravity: 2.09

Table 4.2 Chemical compositions of raw materials (XRF analysis)

Raw Chemical compositions (%, by mass)

material

SiOz A1203 CaO F6203 MgO Na20 Kzo TiOZ Others
S

FA 59.10 2391 3.48 7.37 1.06 1.07 1.68 1.27 1.06
BFS 3467 1446 43.13 0.34 5.50 0.25 0.25 0.55 0.85
CA 57.00 27.00 443 6.60 0.67 0.58 1.09 1.63 1.00
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water-retention tape and then moved into the curing chamber with 20°C temperature and 60% relative

humidity for 28 days in until reaching a 28-day age.

4.2.4 Surface treatment
The specimens were sealed with water-retention tape, and then cured in the air at 20 °C, R.H. 60%

for 28 days. For promoting the absorption of AN, specimens were dried in a drying oven of 20 °C for
7 days after the 28-day curing. Then, the surfaces of prismatic specimens were applied with AN
solution every 6 hours for 4 times. Totally, four times of application were performed for each specimen.
Fig. 4.2 shows the appearance of the mortar specimen before and after the AN was applied. The
subsequent accelerated carbonation tests of surface-modified GP mortars were carried out after 28-

day re-curing.

Table 4.3 Components and densities of AS

WG : NH
AS Specific gravity Mole ratio of SiO»/Na,O
(by volume)
AS10 1:0 1.378 2.100
AS41 4:1 1.374 1.396
AS31 3:1 1.372 1.255
AS21 2:1 1.370 1.045
ASO01 0:1 1.333 0.000

Table 4.4 Mix proportions of GP mortars (by mass)

Replacing ratio for

Series No. AS AS/AF  BFS:FA <ea sand S/AF
CA (10) AS10
CA (41) AS41
CA (21) AS21 0.20 (CA)
CA (01) ASO1
CA (31)
CA 10 0.5 3:7 0.10 (CA) 2.0
CA 15 0.15(CA)
CA 20 AS31 0.20 (CA)
CA 30 0.30 (CA)
CA 40 0.40 (CA)
CA 100 1.00 (CA)
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Table 4.5 Mix proportions of GP concretes mixed with CA
Role of Series ReplacedAS/AF AS BFS/AFBFS AF AS CA S RCA

CA material (by mass) sort (by mass)sort (kg/m®)(kg/m?)(kg/m?)(kg/m?)(kg/m?)
by CA
Active  C-FA-0 - 0.6 AS310.3 BFS3 440 264 - 654 1000
filler C-FA-10 10% FA 0 396 264 44 654
Fine C-S-0 - 0.5 AS21 BFS4 420 210 - 721
aggregate C-S-10 10% 0 420 210 70 634
in Sand
concrete  C-S-20 20% 420 210 137 550
Sand
C-S-30 30% 420 210 202 471
Sand
4.2.5 Property test

After 28 days of curing, the strength test and the accelerated carbonation test were performed. It
is noted that we did not examine the strengths of the GP mortars treated with AN solution because the
AN only permeated into the surface layer of the GP mortar and thus would not have much effect on
the strength of whole mortar.

For the accelerated carbonation test, the surfaces (two ends, top and bottom) of mortar specimens
were sealed with an airtight sealing tape to ensure that CO; diffuses into the specimens only through

the two side surfaces. Then, the sealed specimens were placed into a carbonation test chamber with

Fig. 4.2 The surfaces of CA-blended geopolymer mortar specimens (40x40x160mm): (a) before

treatment, (b) AN surface treatment by brush, (c) right after AN treatment, and (d) AN-treated

specimen before accelerated carbonation test
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5% of CO; concentration, 20 °C, and R.H. 60%. At an interval of two weeks, the mortar specimen was

cut at about 10 mm interval to measure carbonation depth. It should be noted that during the cutting,
to ensure that the alkali matters were not washed away, spraying water was not used as a dust
countermeasure.

The depth of the colourless region from the surface of the prism specimen was measured at 3 min.
strictly after spraying the 1% phenolphthalein solution. The average value of six depths, three values
on one side and 1 cm interval respectively, was recorded as carbonation depth. After the measurement
of carbonation depth, the cut sections were sealed with airtight tape, and the remained GP mortar
samples were returned to the CO, chamber to continue the carbonation test. The accelerated
carbonation test lasted for a maximum of 16 weeks. Once the carbonation reached to the central of
specimen, i.e. the carbonation depth was 20 mm, the test was stopped. Therefore, the max. detectable

value of carbonation depth was 20mm.
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4.3. Test Results and Discussion

4.3.1 Flesh properties of GP materials with CA

The effect of CA as replacement of sand or FA in concrete mixtures on slumps of GP concretes
and flow table test values of GP mortars are shown in Fig. 4.3 and Fig. 4.4. We can conclude that
when any type of the CA replaced part of fly ash, the slump of GP concrete decreased. When the CA
replaced part of sea sand, the slump of GP concrete didn’t decrease until the replacing ratio of the CA
was larger than 20 %. This means that the replacement of FA with CA will damage the fluidity of GP
concrete. Similar to the use of recycled fine aggregate[40—42], the high water absorption and irregular
shape of CA particles, compared to the spherical shape of FA particles, cause the decrease of fluidity
of GP concretes with CA replacing partial FA.

However, replacing sea sand with the CA up to a ratio of 10% did not impair the fluidity of GP

concrete. This resilience can be attributed to the adjustment of water content for CA. In contrast to the
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Fig. 4.3 Slump of fresh GP concrete: a) Replacing for FA; b) Replacing for sea sand
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Fig. 4.4 Flow table test results of GP mortars
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Fig. 4.5 Working times of GP concrete: a) Replacing for FA; b) Replacing for sea sand

use in an oven-dry state during FA replacement, CA was used in a saturated surface-dry state when
replacing sea sand. Decline of fluidity was not observed until the substitution ratio exceeded 10%.

From Fig. 4.4, we can see that the table flow value decreased with the increase of replacing ratio
of the CA. Combined with the results of GP concrete and mortar, we found that excessive CA addition
in GP materials will lead to the decline of fluidity.

The working time of GP concretes are shown in Fig. 4.5. The working time of GP concrete
decreased by 16% when the CA replaced 10% of the FA. However, when the replacing ratio of the
CA was 10% as a substitute for the sea sand, the working time was not almost reduced. However, once
the replacing ratios were 20% or 30%, the working time of GP concrete decreased greatly. In summary,
a small replacing ratio (10%) of CA as a substitute for the sea sand did not shorten the working time
of GP concrete, but as a substitute for FA, the utilization of CA decreased the working time of GP

concrete.

4.3.2 Mechanical properties of GP materials with CA
(1) The effects on flexural strength

According to the mechanical experiments of heat and ambient-cured GP mortars with varying

CA content (Fig. 4.6) , the flexural strength (Fb) of GP mortars generally decreased with increasing

clinker ash (CA) replacement ratios, regardless of whether the mortar was cured at 20°C or 80°C.
However, the extent of the decrease varied with the curing method. For ambient-cured specimens, the
maximum decrease in Fb was 49.4%, while heat-cured specimens experienced a slightly greater
maximum decrease of 53.8%. This suggests that heat-curing may have a more pronounced impact on
flexural strength reduction due to shrinkage and cracking effects that develop during the accelerated
curing process.

Flexural strength is highly dependent on the mortar’s ability to resist bending stresses, which are

influenced by the quality of the interfacial transition zone (ITZ) between the CA particles and the GP
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matrix. Due to CA’s porosity and high water absorption, shrinkage can increase as water evaporates
from the pores, leading to weaker ITZs and microcracks under stress. This effect is particularly
prominent in heat-cured mortars, where drying shrinkage creates more ITZ-related cracks, further
weakening flexural strength. Nevertheless, at a 30% CA replacement ratio, the reduction in Fb for
ambient-cured mortars remained 23.8%, indicating that moderate CA additions have a limited effect
on flexural properties and may still be viable for practical applications.
(2) The effects on compressive strength

The compressive strength of GP concretes with CA is shown in Fig. 4.7. It is found that when
replacing FA, the compressive strength of GP concrete decreased. The factors responsible for the
decrease in compressive strength of GP concrete with CA are considered as (1) lower reactivity of
clinker ash for polymerization than FA, (2) even CA has the same reactive components to FA, but CA
is coarser so that reactivity becomes low, and (3) the porosity of concrete was increased due to porous
CA particles. On the other hand, when the CA replaced the sea sand, small replacing ratio (under 20%)
led to an increase in the compressive strength of GP concrete. This suggests that CA has some
reactivity in the polymerization reaction. However, when the replacing ratio of CA reached to 30%,
the compressive strength of C7 was smaller than the normal GP concrete C-S-0, which means the
negative effect of CA porosity on concrete strength exceeds the positive effect of its reactivity when
added in large quantities.

From Fig. 4.8 we can see that, the compressive strength (Fc) of GP mortars also decreased with
increasing CA replacement ratios, following a trend similar to that observed for flexural strength. The
impact of CA was different under varying curing conditions. For ambient-cured specimens, the

maximum decrease in (Fc) was 65.3%, whereas heat-cured specimens showed a slightly lower
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Fig. 4.6 Flexural strength of GP mortars with CA cured at 20 °C, and 80 °C
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maximum decrease of 54.0%. This indicates that, while heat-curing facilitates the geopolymerization
process, it can also induce microstructural issues that undermine the benefits of a dense matrix.

One notable observation was that the compressive strength of GP mortars with CA cured at 80°C
for 8 hours was lower than that of mortars cured at ambient temperatures. This can be attributed to the
formation of drying shrinkage cracks during heat-curing, where the high temperature accelerates water
loss and creates microcracks within the GP matrix. Although specimens were wrapped in plastic film
to limit water evaporation, the film was not fully effective in preventing shrinkage. Additionally,
without coarse aggregates to mitigate shrinkage, the mortar matrix becomes more susceptible to crack
formation.

The high water absorption of CA particles exacerbates shrinkage in heat-cured GP mortars. Water
retained in the pores of CA particles evaporates as the mortar hardens, leading to increased shrinkage

and further weakening the ITZ. The combination of CA’s porosity and the potential for microcrack
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formation contributes to the strength reduction seen in heat-cured specimens. Previous studies, such
as that by Paija et al. [43], have also highlighted that high-temperature curing can damage the
microstructure of FA-based geopolymer, supporting these observations.

In summary, moderate CA additions (up to 15%) minimally impact both (Fb) and (Fc) in ambient-
cured GP mortars. However, heat-curing, while beneficial for initial strength gain, can lead to issues
with shrinkage-induced microcracks, particularly in the presence of CA particles with high porosity
and water absorption. Further investigation into curing methods and CA replacement ratios can help
balance these effects and improve the mechanical performance of GP mortars.

The replacement of FA with CA generally reduces compressive and flexural strength due to CA’s
lower reactivity, coarser particle size, and higher porosity. However, when CA partially replaces sand
(up to 20%), it can enhance compressive strength due to its partial reactivity in the GP matrix. Beyond
this threshold, the negative effects of increased porosity outweigh the positive effects of reactivity.

In summary, CA affected the mechanical properties of GP mortars differently. The impact
depends on the specific replacement ratios, particle characteristics, and interactions within the GP

matrix.

4.3.3 Frost resistance of GP concrete with CA
(1) Relative dynamic modulus of elasticity

The change in the relative dynamic modulus of elasticity with the freeze-thaw cycle is shown in
Fig. 4.9. It is found that with the increase of freeze-thaw cycles, the relative dynamic modulus of
elasticity of GP concrete decreased. The relative dynamic modulus of elasticity of GP concrete was
still over 60% after 300 cycles when the CA was absent. But, when the cycle number was 150 cycles
or 120 cycles, the relative dynamic modulus of elasticity of GP concretes using 10%, 20%, and 30%
of CA was less than 60%. The greater the replacing ratio of the CA, the greater decrease in relative
dynamic modulus of elasticity. Clinker ash particles with high water absorption and porosity increase
weak points within concrete, leading to a decrease in stiffness and an increase in porosity of overall
material, and therefore a reduction in the dynamic modulus of elasticity[44—47].The water absorption
of GP concrete using CA increases with the increase in the proportion of clinker ash replacing sand.
During the freeze-thaw cycles, more water will freeze, creating greater internal expansion pressure.
This results in more severe microstructural damage and crack development. Consequently, with the
increase in the blending ratio of clinker ash, the reduction in the relative dynamic modulus of elasticity
after the same number of freeze-thaw cycles became large.

If the requirement for frost resistance is that the relative dynamic modulus of elasticity after 150
cycles is not less than 60%, GP concrete can be mixed with CA instead of less than 10% natural sand .
However, as general Portland cement concrete, the desirable frost resistance of GP concrete, which is
that the relative dynamic modulus of elasticity after 300 cycles is not less than 60%, can be expected

to be achieved by adding air entraining agent[48—51].

77



Study on Geopolymer Materials Using Coal Ashes and Technology to Improve their Resistance to Carbonation

100

0
e}

[*))
[e)

N
S

of elasticity (%)

——10% CA
—4—20% CA
—0—30% CA
0 1 1 1 1

0 60 120 180 240 300
Freeze-thaw cycles

[\®}
e}
T
1

Relative dynamic modulus

Fig. 4.9 Relationship between the number of freeze-thaw cycles and relative dynamic modulus of

elasticity of GP concretes

0.8

0% CA —0—10% CA
—£—20%CA  —©-30% CA

<
=)

<
~

Mass increase (%)

0.2 »/S3------------- Mt -

0 60 120 180 240 300
Freeze-thaw cycles

Fig. 4.10 Relationship between the number of freeze-thaw cycles and mass change of GP

concretes

(2) Mass change

The relationship between the number of freezing-thawing cycles and the mass change is shown
in Fig. 4.10. We can find that, the masses of GP concrete specimens with the CA were larger than the
normal GP concrete after the same freezing-thawing cycles. Not like PC concrete, the mass of GP
concrete increased with the freezing-thawing cycle. For the normal concrete C-S-0, the mass of the
specimen first increased and then decreased after 120 cycles. For 10% and 20% replacing ratio of CA

for sand, the mass first increased and then remained unchanged after 120 cycles. But for 30% replacing
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Fig. 4.11 Surfaces of GP concretes before and after the frost resistance test: a) Before 300 freeze-

thaw recycles; b) After 300 freeze-thaw recycles

ratio, the mass of the specimen kept increasing throughout. It can be noticed that the concrete showed
an increase trend in mass, and the trend of mass increase was more obvious with higher CA content.
This is attributed to the penetration of water into the cracks and the pores in the specimens after the
freezing—thawing. During the thawing phase, the water was absorbed by the specimen, and subsequent
freezing could extend microcracks and pores, thereby facilitating further water absorption, but no
spalling occurred on the surface of specimen in the early stage to reduce the mass. This led to the
increase in mass of specimen[52—54]. The voids and pores of CA particles provided free expansion
space for water when it freezes, thereby reducing the pressure induced by frost and therefore surface
damage almost did not occur[55]. This is also why the mass of GP concrete with 30% CA had been
continuously increasing. The subsequent mass reduction was attributed to the spalling of concrete
caused by internal freezing pressure. Thus, we can divide the mass change into three stages: increase
stage, steady stage, and decrease stage. With the increase of replacing ratio of CA, both the increase
stage and steady stage became longer.

Fig. 4.11 shows the 4 series of GP concrete specimens from C-S-0 to C-S-30 before and after
experiencing 300 freezing-thawing cycles. Despite the large reduction in the relative dynamic elastic
modulus, the surface deterioration was very slight. This is the reason why the mass of GP concrete did
not decrease. The polymerization reaction of GP is a dehydrate (dewater) reaction, and the water
channels produced by the dewater reduced the internal expansion pressure so that the surface spalling
was very little, even invisible. Water absorption due to internal degradation is the reason for the mass
increase of GP concrete specimen as stated above. The mass increase percentage of the normal
concrete C-S-0 decreased after 120 cycles, indicating that it had less internal damage. The internal

damage includes the dissolution of the remained alkali activator. That is, the percentage of mass

79



Study on Geopolymer Materials Using Coal Ashes and Technology to Improve their Resistance to Carbonation

increase of GP concrete specimen depends on which dominates, the mass decrease due to surface

spalling or the mass increase due to water absorption.

4.3.4 The effectiveness of AN treatment on GP mortars with CA

The relationship between the carbonation depth and the elapsed time for different GP mortars are
shown. The porous feature of CA may affect the carbonation resistance of GP mortar. In the following,
we discuss the carbonation resistance of GP mortar using CA, and the effectiveness of the AN
application under different conditions. In the legend of figures, “-AN’ represents that the specimen’s
surface was treated with the AN solution, whereas “-non AN” represents that the specimen’s surfaces
were not treated.

The effects of AN treatment on the carbonation resistance of GP mortar with different mix
proportions and with the different treatment conditions were discussed on the basis of regression
analysis of carbonation depth - carbonation time relationship for different mortars and treatment
conditions. As described later, due to the AN surface treatment, the carbonation depth of part of the
specimens could be detected only after a period, so we used Eq. 4.1 for the regression analysis.

Cy=a+/C0,%/5.0 \i-b (4.1)

where Cy is carbonation depth (mm), ¢ is carbonation period (week), CO»% represents CO»

concentration (%), a is proportional coefficient (mm/N'week), and b is elapsed time until the depth of
carbonation can be detected, i.c., onset time of neutralization (week, =0).

In Eq. 4.1, the proportional coefficient a implies the rate of increase of the carbonation depth
with elapsed time and therefore is called carbonation rate coefficient. The smaller the a, the higher the
carbonation resistance of GP mortar. And the larger the b, the later the onset of carbonation, and
therefore the higher the initial carbonation resistance.

In Fig. 4.12 and Fig. 4.13, The tables under the figures are the carbonation rate coefficient a of
the equations of relationships of carbonation depths with escaped times of accelerated time of different
GP mortars with and without AN treatment. In addition, the variations of coefficients of a are also
listed in the right column in the table. With the comparison of the carbonation equations of GP mortars
with different mix proportions before and after AN treatment, we can clearly observe the differences
in the effectiveness of AN treatment on various GP mortars of mix proportions.

(1) Effects of alkali solution on the effectiveness of AN surface treatment

Fig. 4.12 illustrates the relationship between carbonation depth and elapsed time for GP mortars
with different AS solutions and 20% CA. From this figure, it is obvious that GP specimens without
AN surface treatment began to carbonate very early and rapidly, becoming fully carbonated within
just 8 weeks. However, carbonation resistance was significantly improved with the AN surface

treatment. The start of carbonation in the specimens treated with AN was delayed during the
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accelerated carbonation test. Additionally, the carbonation rate was significantly reduced, indicating
that AN surface treatment greatly enhanced the carbonation resistance of GP mortar.

An increased SiO,/Na;O molar ratio promotes the formation of N-A-S-H gels in GPs[38],
enhancing carbonation resistance. The carbonation depths were significantly and negatively correlated
with the blending ratio of NH in AS. An increase in NH decreased the SiO»/Na,O molar ratio and then
reduced the apparent porosity of GP[39], resulting in a denser GP matrix and slower CO, diffusion.
Additionally, more residual Na* present in the pores of GP is another factor contributing to the smaller
carbonation depths in GP mortar specimens with a higher NH blending ratio. The high alkalinity of
AN increased the alkalinity of pore solution of surface of GP mortars, which delayed the onset of
carbonation. The continuous dissolution of silicate from the precursors, activated by the alkali, forms
numerous free Si-O-Si tetrahedral monomers, contributing to the SiO4 and AlO4 linkage. Sodium

aluminate solution provided an additional source of aluminum, which is crucial for the formation of

Carbonation depth (mm)

10 12 14 16 18 20
Elapsed time (week)

01:0 04:1 +3:1 A2:1 <0:1
H1:.0-AN ®4:1-AN X3:1-AN 4A2:1-AN  ¢0:1-AN

WG/ Si0,/
Non-AN treatment AN treatment Decrease of a (%)

NH Na,O

1:0 2.100 10.18 5.11 49.76

4:1 1.396 8.59 3.38 60.68

3:1 1.255 8.45 2.00 76.30

2:1 1.045 7.31 1.51 79.34

0:1 0.000 7.16 1.12 84.36

Fig. 4.12 Carbonation depths of GP mortars with 20% CA in place of sea sand but with different
WG/NH ratios
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aluminosilicate networks in geopolymers. These networks are more stable and less sensitive to
carbonation compared to structures formed with lower aluminum content. The increased availability
of aluminum due to sodium aluminate facilitates the formation of these stable structures, enhancing
carbonation resistance. Research[40] demonstrated that the NH-dissolved fly ash and high OH/AI**
ratio could ensure the domination of 6-coordinate aluminum in AN which formed fly ash-based
geopolymers that are greater in strength to those activated with WG. In addition, significant amount
of octahedral Al was produced in solution at high OH/AI** ratio. All above means a denser structure
and explained why the improvement on carbonation resistance of GP mortars with AN increased with
the NH blending ratio in AS.
(2) Effects of CA and AN surface treatment

Fig. 4.13 illustrates the carbonation depths of GP mortars containing different amounts of CA
while using the same alkali-activator solution. As shown in Fig. 4.13, due to the porous nature of CA,
the carbonation rate increased with higher replacing ratio of CA, indicating that an increase in CA
replacement resulted the weakness in carbonation resistance of GP mortar. In addition, all specimens

without AN treatment began to carbonate within the first week under accelerated carbonation
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@]
. ] 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Elapsed time (week)
OCA-0% B CA-0%-AN O CA-20%
¢ CA-20%-AN A CA-40% A CA-40%-AN
O CA-100% ® CA-100%-AN
CA ratio Non-AN treatment AN treatment Decrease of a (%) b (week)
NonCA 6.23 1.36 78.14 11.5
20% 8.45 2.00 76.30 6
40% 11.14 4.78 57.04 5.5
100% - 9.26 - 3

Fig. 4.13 Carbonation depths of GP mortars with different replacing ratios of CA
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conditions, regardless of CA replacing ratio. However, with AN surface treatment, specimens
containing 0%, 20%, 40%, and 100% CA showed no detectable sign of neutralization in 11.5, 11, 5.5,
and 3 weeks, respectively, which means the use of AN delayed the onset of carbonation. Notably, the
specimens with 100% CA replacement without AN treatment became fully carbonated within just one
week. However, with AN surface treatment, it can remain uncarbonated for up to 3 weeks. Although
the effectiveness of AN on the improvement for carbonation resistance of GP mortars is weakening
with the increasing CA replacing rate, the reduction in the carbonation rate coefficient for GP mortar
with 40% CA still reached 57 %.

Comparing the results of applying AN twice versus four times on the improvement of carbonation
resistance of GP mortar, it is evident that four times of AN application can still significantly reduce
the carbonation rate coefficient of GP mortar under accelerated carbonation conditions and greatly
delay the onset of carbonation compared to AN application twice. Considering that the specimens
were cured at 20 °C conditions resulting in high moisture content and few cracks, making it difficult
for AN solution to permeate, we subjected them to normal temperature drying treatment to quickly
evaporate the surface moisture. With further water loss. the moisture content reduced and the cracks
grow[41] on the specimens’ surface, making it easier for the AN solution to permeate. Under these
conditions, even with four times of AN applications, compared to two applications, the carbonation
resistance of GP mortar can still be greatly improved, especially in terms of delaying the onset of

carbonation.
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4.4 Microstructure and Chemical Analysis of GP Mortar with CA

4.4.1 SEM-EDS analysis of GP mortar with AN treatment
Fig. 4.14 shows the SEM images of the CA particle surfaces before and after immersed in the

alkali activator solution AS31. As stated earlier, CA is a kind of light and porous material, there are a
large number of pores on the surface layer and the inside of CA particles as shown in Fig. 4.14 (a).
However, after the immersion in the AS31, obvious change in surface texture of CA particle can be
found in Fig. 4.14 (b). This indicates that the CA has some reactivity with the AS31. Basically, CA is
a crystalline substance, but may contain amorphous components similar to FA. In the presence of an
alkali activator, the whole surface of CA particles was covered with a kind of newly generated products,
which also explains what so many protrusions on the surface are and why the pores disappeared.
Furthermore, compared with the chemical compositions of CA (shown in Table 4.2), the XRF test

results of CA after the immersion in the AS31 shows a large variation in the content of different oxides.

lam  2023/1
15.0kv LET seM WD 8.3mm 11:46:32 x 3,000 15.0kV LET seM WD 8.1mm

Fig. 4.14 Surface of CA particle before (a) and after (b) immersed with AS
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Fig. 4.15 CA particle bonded with GP matrix

84



Chapter 4 Geopolymer Materials Using Clinker Ash as Active Filler or Fine Aggregate

10pm 2024/01/19

WO O . MHul LU 10U

Fig. 4.16 The cracks between CA particle and OPC matrix

The reduction of aluminium oxide also indicates the occurrence of polymerization reaction.
Considering compositions of the AS31, the sharp increase of sodium oxide was attributed to the
polymerization reaction between the CAs and the AS31.

The effect of fine aggregate type on the morphology of mortar was analysed. Compared with sea
sand particles, the CA particles have irregular shape and porous structure at a macroscopic level, which
will increase interfacial contact and strengthen the connection between CA particles and GP matrix.
From Fig. 4.15 (a) we can find that the CA particles were well bonded by the GP matrix, and no
particle interface is visible around the boundary of CA particle, which indicates that the CA particle
has good affinity, and integrates with the GP matrix, compared with Fig. 4.15 (a). The Fig. 4.16 shows
the obvious cracks between the CA particle and OPC paste matrix were found , which demonstrates
that the compatibility between CA and GP matrix is better than which with the OPC matrix.

Moreover, the microstructure of geopolymer is strongly influenced by the Si0,/Al,Os ratio, and
geopolymer with a lower SiO,/Al,O; has a dense structure [59,63—66]. Fig. 4.15 (b) is the mole ratios
of oxides of EDS points distributed around the CA particle. From this figure, we can find that the
Si0,/Al,0; ratio also shows a concomitant upward trend further away from the CA particle itself. The
Si0,/Al,0; ratio of Point 1, which is distributed at the ITZ of CA and GP matrix, is lower than Point
4 which distributed in the GP matrix completely. This also means a denser microstructure of the ITZ
and a firm bond between CA particle and GP mortar. Therefore, the mechanical properties of GP
mortar with CA are improved, compared to PC mortar using CA.

The porosity and high CaO content in CA can lower carbonation resistance in GP mortars, as
CO: can readily react with CaO to form CaCOs, weakening the matrix over time. However, the SEM-

EDS analysis shows that with optimized mix proportions and AN surface treatments, the durability of

85



Study on Geopolymer Materials Using Coal Ashes and Technology to Improve their Resistance to Carbonation

CA-based GP mortar can be substantially enhanced. This treatment fills surface pores and improves
the continuity of the aluminosilicate network, creating a more robust matrix that mitigates CO:
diffusion.

In terms of mechanical performance, CA’s rough and porous structure supports mechanical
interlocking, which contributes to compressive strength. Yet, without surface treatments, the presence
of microcracks around CA particles can reduce flexural strength, especially under repeated stress.
Thus, for applications where durability and carbonation resistance are paramount, using AN-treated
CA aggregates in GP mortar is recommended to achieve balanced structural performance and
longevity.

In summary, the GP matrix might invade the surface pores of CA, and the surface layer of CA

particles was involved in the GP hardening reaction that refines the CA particle and the ITZ.

4.4.2 XRD analysis of GP mortar with Clinker Ash

The X-ray Diffraction analysis of geopolymer mortar incorporating various waste by-products,
including bottom ash aggregates, provides significant insights into the mineralogical composition of
the materials before and after geopolymerization. As shown in Fig. 4.17, the XRD spectra highlight
the differences in crystalline and amorphous phases present in sea sand, individual waste by-products,
and final GP mortars. This analysis reveals the presence of common crystalline components, such as
quartz and feldspars, as well as distinctive phases in specific waste materials, indicating the extent to
which each component participates in or is altered by the GP formation process.

Quartz is consistently observed as the primary component in sea sand, bottom ash, and other
waste by-products, acting as an inert filler that remains unreacted within the GP matrix. In addition to
quartz, feldspar minerals, including orthoclase, albite, and anorthite, are detected in sea sand and waste
by-products but remain largely unchanged within the GP matrix. These minerals do not participate in
the polymerization reaction, functioning as stable, inert fillers that contribute to the structural matrix
without significant alteration during the geopolymerization process.

A comparison of XRD spectra reveals notable distinctions between the components of CA. Each
waste by-product displays unique mineral phases, reflecting their origin and previous chemical history.
CA is characterized by a distinctive amorphous hump between 15° and 30°, indicating a higher
proportion of amorphous aluminosilicate phases[42—44]., which are reactive in the alkaline
environment of GP mortars. Unlike other by-products, CA lacks feldspar but contains mullite, a
durable, crystalline aluminosilicate phase that provides thermal stability and mechanical strength.
During the GP formation process, the mullite in CA appears to dissolve or transform, as it is absent in
the final GP mortar. This transformation suggests that mullite actively participates in the
geopolymerization reaction, contributing aluminosilicate content to the GP matrix.

The XRD analysis highlights that specific phases in each waste by-product are actively consumed

during geopolymerization, contributing essential chemical elements to the GP matrix. In CA, the
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dissolution of mullite releases aluminosilicate species, enhancing the strength and thermal resistance
of the GP mortar.

The results demonstrate that reactive phases in waste by-products enhance the structural integrity
of the GP matrix. CA’s amorphous aluminosilicate content contributes to the polymerization reaction,
increasing the strength and cohesiveness of the GP mortar. However, the disappearance of reactive

phases like gypsum, mullite, and hydrotalcite implies that these components are integral to the
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Mortar with CA . o
|
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|
|
|
|
|

20 (deg.)

[Notes] A: Anorthite, Ab: Albite, An: Anorthite, C: calcite, G: Gehlenite, H: Hematite, M:
Mullite, O: Orthoclase, Q: Quartz
Fig. 4.17 XRD pattern of CA and GP mortars
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geopolymerization process, releasing ions that enhance the binding capacity and durability of the GP
matrix.

In summary, XRD analysis of GP mortar with bottom ash reveals that the inclusion of diverse
waste by-products introduces a complex blend of reactive and inert phases, each contributing
differently to the final material properties. Quartz and feldspar provide a stable framework, while CA
offer reactive phases that actively participate in the formation of the geopolymer matrix, improving
mechanical properties and durability. This analysis underscores the potential of tailored waste by-

product compositions to optimize GP mortar performance for sustainable construction applications.

4.5 Conclusions

This study investigated the effects of partial or total replacement of sea sand with CA on the
strength and carbonation resistance of GP mortar, and further examined the effectiveness of applying
AN solution on the surface of the mortar to improve the carbonation resistance. The results obtained
are as follows.

(1) When the replacement ratio of CA was less than 20%, the use of CA did not reduce obviously
the strength of GP mortar.

(2) The application of AN can improve the carbonation resistance of GP using CA, not only delay

the onset of neutralization, but also reduce the neutralization rate. The treatment of AN can change

the ratio of Si0»/Al,O3 on the surface of the GP material and thus achieve the effect of densification.

(3) The neutralization rate is significantly negatively correlated with the blending ratio of NH in
AS. And the greater the blending ratio of NH, the better the improvement of carbonation resistance of
GP mortar using CA by the AN surface application. The AN treatment reduces carbonation depth by
forming a denser surface layer that limits CO- penetration. This makes surface treatments a valuable
method for compensating for the increased porosity associated with CA and similar waste aggregates,
enhancing the long-term durability of geopolymers.

(4) Although CA reduces carbonation resistance, the AN surface treatment can significantly
improve the carbonation resistance of CA-blended GP. In fact, the carbonation resistance of AN-
treated GP with CA was superior to that of GP without CA.

(5) The XRD analysis of GP mortar with CA reveals that the reactive phases, such as mullite in
CA, actively participate in the geopolymerization process. The reactive components contribute
essential elements (aluminosilicates, calcium) that strengthen and enhance the GP matrix’s durability.
CA’s amorphous aluminosilicate content can improve structural integrity.

Overall, the stable and reactive phases of CA particles, support the development of a strong,
durable GP mortar matrix and highlight the potential of specific waste compositions to optimize

geopolymer performance in sustainable construction.
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Chapter 5
Conclusions and Future Works

5.1 Conclusions

This thesis systematically investigated the carbonation resistance, mechanical properties and
structural feasibility of FA-based geopolymers CA under different curing conditions and proposed
methods to improve the carbonation resistance. The research findings are concluded as follows:

Chapter 2 emphasizes the potential of coal ash, specifically fly ash and clinker ash, as precursors
in geopolymer technology, which offers an eco-friendly alternative to Portland cement by repurposing
industrial by-products. Coal combustion by-products like FA and CA provide substantial
environmental benefits by reducing waste and alleviating the need for natural aggregates. FA-based
geopolymers demonstrate considerable durability, thermal stability, and resistance to chemical
degradation, although their carbonation resistance remains inferior to PC, especially in ambient curing.
The chapter highlights the challenges of carbonation in FA-based GPs, especially when using highly
porous aggregates such as CA, which facilitate CO: ingress. Overall, while FA and CA are promising
materials, further research is necessary to optimize their use in geopolymer matrices to enhance
carbonation resistance and ensure structural longevity in construction applications.

Chapters 3 explored the carbonation resistance of geopolymers formed from FA and BFS under
different curing conditions. Heat-cured geopolymers, discussed in Chapter 3, benefit from enhanced
geopolymerization that creates a dense microstructure, resulting in substantial early strength and
improved durability. However, shrinkage cracks and internal pores make these materials vulnerable
to carbonation. The addition of BFS to FA-based geopolymers under heat curing strengthens the
matrix but increases carbonation risk due to residual alkalis. Applying an aqueous sodium aluminate
(AN) treatment significantly reduces carbonation susceptibility, with reductions in carbonation depth
of up to 70% in treated samples. The ambient-cured geopolymer materials developed a porous
microstructure, making them more susceptible to carbonation. While AN treatments improve
durability, their effectiveness is limited compared to heat-cured counterparts due to higher initial
porosity. The research highlights that optimizing mix proportions and treatments is essential for
enhancing carbonation resistance in ambient-cured FA/BFS geopolymers, ensuring their viability for

sustainable construction applications.
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Chapter 4 evaluated the performances of FA/BFS-based GP concretes and mortars using CA as
precursor or fine aggregate. The properties including fluidity, setting time or working time,
compressive and flexural strengths, and frost resistance were measured, and the effects of different
blending ratio of CA were discussed. In addition, as a porous fine aggregate, the effect of CA blend
on the carbonation resistance of GP mortar was also investigated. And the AN surface treatment
experiments for the GP mortars with different alkali solutions and CA blending ratios were also
conducted. The results indicate that the use of CA as a precursor of GP will reduce the strength of GP,
but when CA is used as a fine aggregate in place of 20% or less of natural sand, the properties of GP
mortar such as fluidity and strength will not be significantly reduced. Meanwhile, the improved AN
surface treatment can significantly increase the carbonation resistance of CA-blended GP, which was
superior to that of GP without CA. Moreover, the reactivity of CA, along with AN treatment,
effectively densifies the surface of GP mortars and enhances the interfacial transition zone (ITZ)

between CA particles and the GP matrix.
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5.2 Future Works

1. Exploring Broader Applications of AN Surface Modification: The AN surface treatment
effectively improved carbonation resistance in ambient-cured geopolymers. Future research should
investigate its applicability across other geopolymer systems, particularly those using different
precursors like metakaolin, and assess its potential to improve additional durability properties, such

as frost resistance and chloride permeability.

2. Optimizing Curing Techniques: A hybrid curing process that combines ambient and heat
curing could provide a balanced approach, enhancing the density and durability of GP matrices
without requiring high energy input. Research into such techniques could offer solutions to improve

carbonation resistance while remaining energy-efficient.

3. Incorporating Additional Industrial By-Products: Further investigation into aluminosilicate-
rich by-products, such as volcanic ash or other slags, could diversify the waste materials used in GP
formulations, potentially enhancing the binding properties and durability of the matrix while

promoting environmental conservation.
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