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INTRODUCTION 
One of the main greenhouse gases (GHG) released into the atmosphere by human 
activities, such as the burning of fossil fuels, is carbon dioxide (CO2). In the last 170 years, 
highly concentrated anthropogenic activities have led to an atmospheric CO2 
concentration increase of over 47% since the pre-industrial levels of the 1850s (IPCC, 
2019). Although the international community has already made significant efforts to 
mitigate the effects and reduce GHG emissions (Bodansky et al., 2015; Vicedo-Cabrera  
et al., 2018), the financial market continues to invest in fossil fuels. The continuous use 
of fossil fuels is predicted to increase by 2% annually until 2030, which would significantly 
increase the mitigating effort needed to keep global warming to 1.5 °C or below 2 °C (UNEP, 
2020). One of the most important sectors in terms of CO2 emissions is construction and 
cement industry. Cement companies are seeking for ways to employ more alternative 
cementitious substances without sacrificing performance and durability to meet the 
rising demand for cement and concrete and, at the same time, minimize CO2 emissions 
and the depletion of primary resources. By 2050, if no measures are implemented, 
contribution of cement sector to world CO2 emissions is anticipated to rise significantly 
from 6–7% to 25% or more (Provis et al., 2014). 

In this context of today’s scenario, it is critically important to develop not only 
alternative energy technologies but also technologies that will reduce existing and future 
anthropogenic CO2 emissions. One such measure, advocated by the Intergovernmental 
Panel on Climate Change (IPCC, 2019) is the development of carbon capture and storage 
technologies (CCS). CCS technologies can be classified based on the capture processes 
which include pre-combustion, post-combustion, oxy-fuel combustion, and chemical 
looping. Post-combustion capture integrated with CO2 utilization and storage include in-
situ and ex-situ mineral carbonation technologies. In-situ mineral carbonation refers to 
geological CO2 storage which is considered to be the most widely accepted large scale 
storage method (Garcia et al., 2010). In which, CO2 can be stored in deep coal beds, saline 
aquifers as well as oil and gas reservoirs (Chiaramonte et al., 2011). However, In-situ 
storage has certain drawbacks and risks which include possibility of leakage and therefore 
requirement of accurate assessment of the capacity of the geological formation to store 
CO2 and constant monitoring of injected CO2. Moreover, finding suitable geological 
storage sites in every country can be very challenging (Zhang et al., 2017). Comparatively, 
ex-situ carbonation utilizing industrial alkaline solid wastes (IASW), incorporates CO2 
storage through chemical processes above ground between CO2 and alkaline earth 
metals such as calcium and magnesium that exist in solid industrial residues (coal ash, oil 
shale ash, steel slags, cement kiln dust, wood ash). An important advantage of ex-situ 
IASW carbonation is that it tackles the problem of proper disposal and/or recycling of 
these potentially harmful industrial byproducts while providing avenues for value-added 
carbonate products which can be utilized in diverse industrial applications such as 
polymers, plastics, construction materials, adhesives (Eloneva et al., 2008).  

The above-mentioned ex-situ mineral carbonation technology is particularly important 
in the context of Estonia. Energy sector in Estonia is primarily dependent on domestically 
extracted oil shale, followed by biofuels -primarily wood chips and marginal renewable 
resources and other fossil fuels. This heavy use of oil shale together with biomass as 
combustion fuel results in a considerable amount of CO2 emission and the generation of 
potentially harmful ashes which requires safe disposal and taxation. Latest reports show 
that power generation using circulating fluidized bed (CFB) combustion creates a waste 
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ash stream changing between 3.5 to 7.2 million tons per year (Eesti Energia, 2021). It is 
known that these ashes having pozzolanic and latent hydraulic binding properties can be 
stabilized through accelerated carbonation (Kirsimäe et al, 2021; Uibu et al, 2016).  

This study is of significant academic importance as it aligns directly with contemporary 
policy objectives regarding the utilization of industrial alkaline waste and global 
initiatives aimed at sequestering CO2. It contributes to the reduction of harmful waste 
disposal, which is a key goal of the updated Estonian Environmental Strategy 2040. 
Additionally, the research supports mitigation efforts in the face of escalating climate 
change concerns. These efforts are a major component of recent global and regional 
commitments, including the Glasgow Climate Pact and the enhanced Paris Agreement 
from 2021, as well as the European Green Deal rolled out by the European Commission 
in 2021. Moreover, this study reinforces the EU’s ambition to lead the transition towards 
a Circular Economy, as outlined in the New Circular Economy Action Plan from 2023. 

In conclusion, the innovation of this doctoral research lies in its successful 
demonstration of the potential to upcycle oil shale fly ash, wood fly ash, and landfilled 
ash to produce fly ash based monoliths solidified via accelerated carbonation method. 
This study not only offers a feasible route for the utilization of fly ashes, but it also 
provides crucial insights into carbonation and leaching behaviours of ashes with 
encouraging results on immobilization of sulphates and heavy metals. This research 
therefore contributes significantly to the field, highlighting innovative waste management 
practices, while addressing pertinent environmental challenges. 
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1 LITERATURE OVERVIEW 
Fossil fuels remain the primary global energy source, comprising over 80% of energy 
consumption (Hassan et al., 2021). Despite the growth in renewable energy, fossil fuel 
consumption has also risen, with energy from these sources increasing from 116,214 to 
136,761 TWh in a decade. This reliance has escalated environmental concerns, notably 
CO2 emissions from combustion of fossil fuels. In 2022, CO2 emissions reached a record 
36.8 Gt, a 0.9% increase (International Energy Agency [IEA], 2023), with over half from 
power and industrial sectors. Atmospheric CO2 levels have surged from 280 ppm in 1750 
to 420 ppm in 2022, largely due to increased fossil fuel use (National Oceanic and 
Atmospheric Administration, 2023). As a significant GHG, CO2 intensifies climate change 
challenges, with potential impacts like melting ice caps, extreme weather events, and 
rising sea levels. The IPCC underscores the need to limit global warming to 2°C to prevent 
catastrophic outcomes (IPCC, 2021). With expected growth in global energy demand, 
relying solely on energy efficiency, renewable and nuclear sources, and afforestation will 
not sufficiently address GHG emission challenges.  

Carbon capture utilization and storage (CCUS) is pivotal for reducing CO2 emissions, 
but its energy demands can decrease power plant efficiency and increase fuel use.  
A study estimates capture costs at US$50-US$65 per ton CO2 for specific coal power 
plants (Economic Research Institute for ASEAN, 2022). While CCUS is prevalent in 
industries like fertilizer production and natural gas processing, its adoption in sectors like 
steel and construction is nascent. Given limited alternatives, CCUS is vital for these 
sectors to curb emissions. Effective CO2 reduction via CCUS requires long-term storage 
post-capture. One promising method is mineral carbonation of industrial solid residues. 
The annual production of alkaline solid waste from industries like coal power, cement, 
and steel is rising, often with environmental risks and CO2 emissions. Yet, these residues 
can chemically bind CO2, enabling ex-situ CO2 mineralization, stabilizing waste, and 
repurposing them in construction, reducing raw material extraction. Despite proposed 
regulations and technologies, a significant CO2 reduction breakthrough remains elusive. 
Challenges like energy use, transport costs, and environmental impacts must be tackled 
for CCUS to be a sustainable climate change solution. 

This literature review delves specifically into the intersection of mineral carbonation 
and waste utilization, with a primary focus on their potential applications in building 
materials. While the broader realm of CCS encompasses a myriad of concepts and 
mineralization processes, this review narrows its scope to the utilization of industrial 
alkaline solid residues (mainly fly ash) in mineral carbonation. The aim is to understand 
how these residues, often viewed as waste, can be repurposed through mineral 
carbonation to create sustainable building materials. This targeted exploration is central 
to the thesis work, ensuring a comprehensive understanding of this niche within the 
larger CCS landscape. 

1.1 Mineral carbonation  
Mineral carbonation, also known as mineral CO2 sequestration, is a method that aims to 
reduce CO2 emissions by chemically transforming CO2 into a thermodynamically stable 
product. This technique relies on the natural reaction between CO2 and minerals 
containing metal oxides, forming insoluble carbonates (Aresta et al., 2019). Magnesium, 
iron, and calcium are the most commonly used elements in mineral carbonation 
processes due to their abundance in the Earth’s crust and easy extraction from industrial 
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waste (Thonemann et al., 2022). The products generated through mineral carbonation 
can be commercialized, which helps reduce process costs. Since the 1990s, when mineral 
carbonation for CO2 disposal was first proposed, various efforts have been made towards 
commercialization in relation to CCS schemes (Board, 2019). 

Carbonation reactions (Eq. (1)) can occur either underground (in-situ) or above ground 
(ex-situ):  

MO + CO2 → MCO3 + ΔH   (M: alkaline earth metal)                              (1) 

Because a carbon atom in a carbonate is in its lowest energy state, the carbonate 
reaction product is stable throughout geological timeframes. As a result, the carbonation 
reaction is exothermic, with the surplus energy (60–180 kJ/mol depending on the mineral 
reactant) being emitted as heat (Ellis et al., 2023). 

In-situ mineral carbonation, also known as managed weathering or mineral trapping, 
is an accelerated weathering process (Hills et al., 2020). Natural rock formations containing 
silicates are considered the most suitable for in-situ mineral carbonation. In-situ reactions 
with silicate rocks can be represented as follows (Eq. (2)):  

(Ca,Mg)SiO3 (s) + CO2 (g) → (Ca,Mg)CO3 (s) + SiO2 (s)                              (2) 

Solid carbonates in nature can form through the weathering of serpentine 
(Mg3Si2O5(OH)) or olivine (Mg2SiO4). This process involves the formation of carbonic acid 
via the dissolution and ionization of CO2 in groundwater or rain, which subsequently 
breaks down into bicarbonate and hydrogen ions. Magnesium and calcium-bearing 
minerals can be broken down by bicarbonate, which acts as an acid buffer and forms 
magnesium or calcium carbonates. Weathering-induced carbonate formation binds 
around 300 million tons of CO2 gas from the atmosphere (Baciocchi et al., 2022). 

Ex-situ mineral carbonation is an above-ground process that uses mined alkaline 
minerals containing calcium or magnesium, such as olivine, serpentine, and wollastonite, 
or alkaline industrial residues like cement production residues, coal fly ash, wood (biomass) 
ash, steel slags, and construction waste (Rahmanihanzaki et al., 2022; Gerdemann et al., 
2007). Although ex-situ carbonation processes may have high energy demands due to 
the solid reactant pre-treatment or activation, transport, mining, and usage of catalysts, 
the cost-effective techniques are always necessary (IPCC, 2021). Besides ex situ mineral 
carbonation is particularly important for closing the material loop in industrial 
production by chemically stabilizing industrial alkaline residues, which are typically 
disposed of in landfills (Wang et al., 2018). This method creates new opportunities for 
valorising industrial by-products while mitigating some of the environmental damage 
caused by industrial production. It is also a feasible option specifically for small and 
medium CO2 emission sources where other CCS options are not available (Azdarpour et al., 
2015).  

The main routes through which the accelerated carbonation process occurs are as 
follows: first, dissolution of calcium hydroxide on the particle’s surface; second, boundary 
layer influences, which involve the diffusion of particles across precipitation layers; third, 
transport mechanisms, which involve the movement of CO2 and Ca2+ to and from the 
reaction sites; and fourth, pore-clogging and precipitation layers (Li et al., 2022).  
The slower conversion rate resulting from the waste’s complex chemical composition is 
a key barrier to using industrial waste for extensive carbonation as well as utilization  
(Lu et al., 2022). 
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Currently, no comprehensive inventory of industrial alkaline streams exists that can 
serve as feedstock for ex-situ mineral carbonation as the technology is not widely utilized 
around the world yet (Yadav et al., 2021) While there are abundant natural silicate 
minerals worldwide that could be used for mineral carbonation, utilizing them for 
energy-intensive mineral carbonation processes is not yet feasible (Sanna et al., 2016). 

1.1.1 Direct carbonation  
Direct mineral carbonation can be classified into two categories based on different 
application methods: gas-solid carbonation and aqueous carbonation. Exemplary summary 
of ex-situ carbonation routes is shown as a diagram in figure 1 adapted from Azdarpour 
et al. (2015). Direct gas-solid carbonation, one of the least energy-intensive forms of 
mineral carbonation, has been studied with both natural minerals and industrial residues 
(Winnefeld et al., 2022; Song et al., 2019; Mazzella et al.,2016). 

Gas solid carbonation 
Direct gas-solid carbonation is one of the most fundamental applications of mineral 
carbonation (Kusin et al., 2023; Saran et al., 2018). In theory, the formation of stable 
carbonates through the direct interaction between CO2 gas and Ca and Mg-bearing 
minerals takes advantage of the energy released from the exothermic reaction (Woodall 
et al., 2019). Various reactions can occur depending on the available feedstock. Although 
some researchers have suggested that research in this area has not been as fruitful as 
they imagined due to costs and slow reaction kinetics (Moon et al., 2019; Monkman  
et al., 2006), modified applications continue to be developed. The direct gas-solid 
carbonation route using municipal solid waste fly ash is described by Eq. (3) and (4), 
which shows the overall carbonation chemistry (Gu et al., 2021). 

Ca(OH)2 (s) + CO2(g) → CaCO3(s) + H2O(g)                  (3) 
CaO(s) + CO2(g) → CaCO3(s)                  (4) 

Figure 1. Diagram of ex-situ mineral carbonation routes. 
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Under normal atmospheric pressure, Du and his team (2021) looked at the 
instantaneous carbonation of semi-dry desulphurization waste. They found that the 
effectiveness of CO2 absorption and carbonation led to the discovery of three distinct 
stages in the process. They proposed that the carbonation reaction was primarily 
constrained by three factors: CO2 film diffusion, the carbonation reaction itself, and 
finally, the diffusion inside the product layer, using kinetic models of heterogeneous 
reactions to better understand the process. By adjusting a few key variables, the 
researchers were able to optimize the procedure: a gas flow rate of 300 mL/min with 
15% CO2, a temperature of 60 °C, a concentration of 100 g/L, a stirring speed of 400 rpm, 
and a concentration of 100 g/L. With these conditions, they managed an impressive  
90 percent CO2 storage in a rather small time (four hours) (Du et al., 2021).  

1.1.2 Advancements in construction and waste management 
Industrial alkaline solid wastes have the potential to sequester CO2 due to a significant 
amount of calcium and/or magnesium content. Accelerated carbonation is an emerging 
technology gaining traction for its ability to utilize CO2 in tandem with the valorisation of 
alkaline solid residues in the production of construction materials (Cizer et al., 2012). 
Early research into accelerated carbonation of industrial alkaline wastes started with the 
purpose of producing coherent structures (which they are further utilized in road 
construction) bonded by calcite crystals stabilizing harmful components in coal refuse 
piles (LaRosa, 1971).   

Industrial by-products are often co-generated with CO2 which makes the accelerated 
carbonation treatments easily accessible and cost-efficient, as a result this carbonation 
process may pose minimal environmental drawbacks (Bobicki et al., 2012). By-products 
of various industrial activities like metal processing, mining, coal combustion, PC 
production, and waste incineration include steel slag, mine tailings, fly ash, cement kiln 
dust, and air pollution control residues (Baena-Moreno et al., 2023). Different alkaline 
waste materials have been studied for their potential in carbonation, as documented by 
Teir et al. (2007, 2008), Huijgen et al. (2005), Lekakh et al. (2008), Schnabel et al. (2021), 
Rusanowska et al. (2023), Zhang et al. (2022), and Gu et al. (2021). Specifically, alkaline 
waste products like cement dust (Huntzinger et al., 2009; Pedraza et al., 2021), fly ashes 
(Back et al. 2008; Uibu et al., 2008; Senadeera et al., 2020; Miao et al., 2023), and 
concrete waste (Ghacham 2017; Nedunuri 2021; Kaliyavaradhan 2022) have been 
investigated for mineral carbonation. Utilization of these alkaline residues in building 
material applications is somewhat widely researched (Bernal et al., 2016). However, 
fewer studies focus on the role of accelerated carbonation in non-cement applications 
(Nielsen et al., 2017). This gap in the research landscape becomes especially pertinent 
when considering the widespread practice and potential in other sectors where the 
industrial alkaline wastes can be upcycled without the incorporation of traditional or 
alternative binders.  

Diving deeper into the practical applications and implications of carbonation in these 
waste materials, Nielsen et al. (2020) embarked on an investigation exploring the 
parameters influencing strength development in monoliths crafted from steel slag, 
subjected to accelerated carbonation under mild operating conditions, such as 10–60 °C 
and 1.5 bar, and variable CO2 concentrations (5–100%) within an autoclave. Their findings 
unveiled that the temperature plays a pivotal role in governing the solubility of CO2 in 
the pore solution, revealing that elevated temperatures (60 °C) induced a less dense 
microstructure and curtailed strength development relative to their lower-temperature 
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counterparts. Moreover, a swift initial carbonation, spurred by high CO2 concentration, 
was identified as being counterproductive to strength development, illuminating the 
delicate balancing act intrinsic to optimizing carbonation processes. 

The monolith is mainly carbonation-strengthened, which refers to the fact that the 
particles of the powdered fly ash are mainly bonded to one another by means of the 
carbonate phases formed. Thus, the major binding phases are composed of the 
carbonates (CaCO3) that are produced by accelerated carbonation process in the given 
method. In the current specification, “carbonation-strengthened” means that the 
carbonate phase or phases, generated by the relatively quick carbonation step, 
advantageously contribute to more than 60% of the monolith's final compressive 
strength. Additionally, hydration products undoubtedly affect strength development and 
continue to solidify the monoliths over a longer time as well. 

The carbonation of supplementary cementitious materials has been under scientific 
scrutiny and reveals noteworthy potentials in reducing permeability of concrete and 
leaching possibilities when mixed with alkaline waste materials (Pu et al. 2023).  
A practical illustration of this can be seen in the stabilization of municipal solid waste 
incineration fly ash, especially those containing heavy metals, through accelerated 
carbonation (Liu et al., 2023). Several contradictory findings are often presented,  
for instance Moon and colleagues (2019) explored CO2 uptake potential of steel slags and 
fly ash samples focusing on microstructural and mineralogical changes affecting their use 
in cement-based applications. It was found that for Ca-rich residues and cement mixes, 
initial hydration of the paste impedes CO2 penetration. As a result, the hydration process 
dominates, significantly limiting the quantity of Ca components available for direct 
reaction with CO2 in the early stages. The effect of precipitated CaCO3 in pores of paste 
matrix on strength development was lower compared to the effect of silica gel 
formations.  

Several studies have indicated that carbonation enhances the physical and chemical 
immobilization of various heavy metals within cementitious materials, including zinc, 
nickel, and arsenic (Grünhäuser Soares et al., 2021) and chromium (Wang et al., 2021). 
In terms of physical immobilization, the formation of CaCO3 crystals during carbonation 
creates a denser concrete matrix, reducing its permeability and thereby physically 
entrapping and containing waste materials, preventing them from leaching into the 
surrounding environment. Solidification, defined as a chemical binding process, secures 
toxic waste material into solid forms by binding of waste at the molecular or ionic level, 
or restricts them from external exposure by encapsulating them. This process transforms 
potentially hazardous waste materials into comparatively safer solid materials prior to 
landfilling (Chen et al., 2021). Choosing an appropriate binder navigates a balance 
between economic and environmental aspects, with a higher content of calcium in the 
binder indicating a heightened potential for producing a carbonated product. Conversely, 
Kaja et al. (2021) highlight a challenge with this approach, noting that carbonation can 
increase leaching of certain metals such as vanadium and molybdenum. This occurs 
because the reaction of CSH gel (which hosts heavy metals in the hydrated steel slag) 
with CO2 leads to the formation of calcite and amorphous silica, which can, in turn, lead 
to the increased release of heavy metals. Moreover, Librandi et al. (2019) present results 
that contradict previous findings concerning carbonation; they report a significant 
decrease in sulphate release from steel slags. This outcome diverges from a trend identified 
in an earlier study, wherein carbonation treatment applied to steel slag, derived from an 
Italian steelmaking plant, instigated an increase in sulphate concentrations (Librandi et al., 
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2017). In light of these conflicting findings, it becomes imperative to comprehend the 
impacts of carbonation on sulphate containing industrial alkaline wastes and to discern 
their potential utility in the construction sector, ensuring the procedural and 
environmental efficacy of incorporating such materials into building practices. 

While the scientific community explores these reactions in various waste materials, 
particular emphasis has been placed on two predominant industrial wastes: steel slags 
and fly ash (Liu, 2021). These materials not only present suitable matrices for carbonation 
studies but also represent significant waste streams on a global scale, with production 
volumes reaching approximately 750 and 420 Mt per annum for coal fly ash and steel slags 
respectively, and projections anticipating continued growth (World Steel Association, 
2022; Yao et al., 2015). It is crucial to underscore that existing studies may harbour 
extensive variations and predominantly direct their focus towards steel slags, thereby 
not extensively exploring Class C fly ashes in a commensurate manner. 

1.2 Fly ash  
Fly ash generation is inversely correlated with energy usage and dependency on 
combustible solid fuel. As a result, China, the USA, and India are the three countries that 
create the most fly ash (Kanhar et al., 2020). A growth in energy consumption caused by 
China’s rapidly developing industrial and construction sectors has resulted in an annual 
production of fly ash that surpassed 560 million tons in 2020 (Luo et al., 2021). Indian 
coal produces more ash per unit of coal burned because it is of poorer grade and has a 
greater ash concentration (30–45%) compared to imported coal (10–15%) (Yadav et al., 
2022). India produced 230 million tons of fly ash in 2019–20, with a 41 percent usage 
rate (Vig et al., 2023). By 2025, this amount is anticipated to exceed 250 million tons 
(Ohja et al., 2022). According to the annual report of American Coal Ash Association 
(ACAA), the USA produced 26 million tons of fly ash in 2020, with a utilization rate of 60% 
(ACAA 2020). Future projections suggest a decrease in production and a yearly increase 
in utilization rate (Deonarine et al., 2023). Amid the COVID-19 pandemic, the global fly 
ash market was valued at US$5.482 billion in 2020 and is expected to have compound 
annual growth rate of 5.93% over the forecast period to reach a total market size of 
US$8.204 billion by 2027 (RAM, 2022).   

The global energy landscape has been witnessing a shift towards unconventional 
resources, with oil shale and wood (forestry products) emerging as significant contributors 
(Kanger et al., 2022; Burger et al., 2017). Oil shale, a sedimentary rock abundant in organic 
content, and wood, a renewable resource, are both combusted to generate energy. 
Biomass, categorized as a renewable energy resource, plays a pivotal role in energy 
generation within the European Union. This shift is evident in the rising production of oil 
shale fly ash and wood fly ash. These ashes, while often perceived as waste, have unique 
properties that have sparked significant research interest and potential applications 
(Chai et al., 2022; Berber, 2020; Gunning et al., 2010). 

Over 600 oil shale deposits have been identified in over 30 countries worldwide, and 
these are projected to produce a substantial amount of energy as the energy sector seeks 
diversification. (Alaloul et al., 2021). While exact figures on global production of energy 
from oil shale and wood are difficult to pinpoint due to the varied nature of deposits and 
diverse combustion technologies, it’s evident that their contribution is growing steadily. 
This trend is in line with the global push towards diversifying energy sources and reducing 
carbon footprints. 
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Biomass accounted for about 60% of the EU’s total renewable energy consumption 
(IEA, 2020). This makes it the largest source of renewable energy in the region. Resulting 
from the combustion process, wood fly ash is a by-product that contains valuable 
minerals and unburned carbon. Typically, for every tonne of wood combusted, about 1% 
to 1.5%, or 10 to 15 kg, results in wood fly ash (Ates et al., 2023). Its pozzolanic properties, 
similar to those of oil shale fly ash, make it a suitable supplementary cementitious 
material (SCM) in concrete mixtures. Beyond concrete, wood fly ash has been explored 
as a filler in the production of composite materials, bricks, and ceramics (Martínez-García 
et al., 2022). However, it’s essential to ensure the ash is free from contaminants 
(particularly heavy metals) and to understand its chemical composition thoroughly,  
as these factors can influence its behaviour and compatibility in various building 
applications (Fořt et al., 2020).  

In contrast, coal, once a dominant energy source, now accounts for 26.8% of the global 
energy supply, as reported by the International Energy Agency (IEA, 2021). Its by-product, 
coal fly ash, constitutes between 60 and 88% of the waste from coal and lignite 
combustion in power plants (Panda et al., 2020). Municipal solid waste, another 
contributor to the energy mix, also produces ash residues, but its share is comparatively 
smaller (Bhagat et al., 2023). As the world continues to explore sustainable energy 
solutions, the focus on oil shale and wood as viable alternatives is poised to grow. 

A steady rise is anticipated each year in the production of fly ash, the predicted yearly 
global production is close to 1 billion tons (Sultana et al., 2021). Despite efforts to reuse 
fly ash in several sectors, including agriculture (in soil amelioration) (Banaszkiewicz et al., 
2022; Chen et al., 2022; Turkane et al., 2022), construction (as supplementary cementitious 
material in cement composites, brick production, and the construction of roads and 
dams) (Zdeb et al., 2023; Da silva et al., 2022; Patil et al., 2022), the 3/4th of global 
production is still dumped in landfills (Kelechi et al., 2022). Fly ash disposal poses 
environmental risks due to the dispersion of airborne particles and the leaching of 
harmful substances into the soil and waterways (Mathapati et al., 2022). These dangers 
are well known and are shown by Dindi et al. (2019) in Figure 2 as well. 

 

 

Figure 2. Pathways of Fly Ash Contamination (Dindi 2019) 
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1.2.1 Fly ash characteristics 
Fly ash’s distinct physical and chemical properties determine the applications. While 
these properties can vary based on the solid fuel type (e.g., oil shale, wood) and 
production conditions, certain traits are consistent across all fly ashes, enabling their use 
in the construction sector (Das et al., 2023). Comprising a blend of organic (1–9%) and 
inorganic (90–99%) components, fly ash’s composition includes both amorphous  
(30–84%) and crystalline (17–63%) elements (Mudasir et al., 2022). These particles, 
predominantly below 75 m in size (Li et al., 2022), vary in composition, with unburned 
carbon found in coarser particles and finer particles primarily consisting of alumino-silicate 
glass. 

Particle size can be influenced by the dust collection system. For instance, older plants 
using only mechanical collectors produce coarser fly ash than those with electrostatic 
precipitators (Rafieizonooz et al., 2022). Fly ash’s colour varies based on the content of 
unburned carbon and iron, ranging from reddish-brown to black (Becerra-Duitama et al., 
2022). Factors like the parent coal or burner type can influence the unburned carbon 
content, with bituminous coals and low-NOx burners often resulting in higher percentages 
due to inefficient combustion (Rafieizonooz et al., 2022). 

The chemical makeup of fly ash supports a wide range of recycling prospects. With 
components like silica, alumina, and unburned carbon, fly ash can serve as a precursor 
for materials like silica, zeolite, or activated carbon, which can act as cost-effective CO2 
adsorbents (Dindi et al., 2019). Fly ashes produced by varied source fuels exhibit varied 
chemical compositions, suggesting that not all have identical reactive characteristics. 
Alkaline earth metals in oxide forms, such as magnesium, aluminium, iron, calcium, 
sulphur, and silicon dominate fly ash compositions (Zahedi et al., 2019). The chemical 
composition’s variation is attributed to the combustion process and the fuel source 
(Yadav et al., 2021), with differences observed in fly ashes from sources like coal, 
petroleum coke, lignite, and peat-wood. Trace elements in fly ash vary based on the fuel 
used (Ohenoja et al., 2020). Despite the US Environmental Protection Agency’s (EPA) 
2014 ruling that fly ash isn’t classified as hazardous waste, certain elements, and ionic 
salts in fly ash, such as mercury, sulphate, etc. can pose environmental risks (EPA 2015). 

The pozzolanic behaviour of oil shale and wood fly ashes are explained by the content 
of lime, silicate, and aluminate phases as well as iron oxide and amorphous silica 
(Kalpokaitė-Dičkuvienė et al., 2023; Berra et al., 2019). When these phases come into 
contact with calcium hydroxide (lime) in the presence of water, they undergo pozzolanic 
reactions to form cementitious compounds like calcium silicate hydrate (CSH) (Carević  
et al., 2019). On the other hand, the hydraulic property of certain ashes arises from the 
presence of calcium-rich phases (lime and portlandite), which can directly react with 
water to form cementitious compounds without the need for an external source of 
calcium hydroxide (Uibu et al., 2021; Risannen et al., 2019). In essence, while the pozzolanic 
nature of ashes is driven by their silica and alumina content, their hydraulic behaviour is 
influenced by calcium-rich phases. Fly ashes with high calcium content can also aid in CO2 
capture by producing CaCO3 (Yousuf et al., 2020). The carbonation of free lime happens 
faster compared to calcium silicates (Liendo et al., 2022). The reason for the faster 
carbonation rate of free lime is its inherent chemical reactivity with carbon dioxide to 
form calcium carbonate (Eq. (4)). It is the main process responsible for strength 
development of aerial lime binders (Rodriguez-Navarro et al., 2023).  

Calcium silicates, on the other hand, such as dicalcium silicate (C2S) and tricalcium 
silicate (C3S), have distinct carbonation pathways necessitate the presence of moisture, 
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which plays a crucial role in the reaction. The reaction of hydrated calcium silicate with 
CO2 results in the decalcification of the CSH phases, resulting in silicate polymerization 
and, ultimately the formation of a calcium-modified amorphous SiO2 gel and calcium 
carbonate (Steiner et al., 2020). Fly ash is also beneficial as catalyst support in CO2 
utilization reactions (Popova et al., 2020).  

1.2.2 Applications of fly ash in building materials 

Fly ash in concrete 
Construction projects are paying close attention to fly ash, also a by-product of 
circulating fluidized bed combustion (CFBC), as a potential partial replacement for 
ordinary Portland cement (OPC) in concrete applications. Research has shown that fly 
ash can be successfully used as a cementitious component in blended cement 
applications for different purposes in different concentrations, exhibiting promising 
outcomes (Afroz et al., 2023; Liu et al., 2021; Carro-López et al., 2019; Zhao et al., 2018; 
Chen et al., 2017). For concrete used in buildings such as walls, parking lots, and 
pavements, the range is 15 to 35 wt. % and can even exceed 70 wt. %; for autoclaved 
aerated concrete it can reach up to 80 wt. % (Alterary et al., 2021). To ensure optimal 
performance, the recommended limit for OPC replacement by fly ash is generally 
suggested to be below 20% (Chi et al., 2016). However, studies have shown that fly ash 
acts as an excellent cement substitute when used as a 25% or even 30% cement 
replacement, maintaining compressive strengths comparable to reference samples  
(De Maeijer et al., 2020; Herath et al., 2020). Remarkably, even with a 40% cement 
replacement ratio, the compressive strengths of mortar samples using fly ash were as 
high as 88% of the control sample's strength (Risannen et al., 2017). 

CFBC fly ash generally has self-cementing properties because it contains reactive 
phases like active aluminosilicate, anhydrite, and lime in the presence of water. These 
active phases could produce hydration products like ettringite (AFt) and CSH whether it 
is being added to cement or used as a raw ingredient (Wu et al., 2022; Xun et al., 2020). 
20–30 weight percent of cement replacement was explored by Glinicki et al. (2019), with 
the primary hydration products being CSH and crystalline ettringite. Due to the 
cementitious property attained by these products, after 28 days of curing, flexural 
strengths of 5.2–6.4 MPa and compressive strengths of 35.9–53.3 MPa were attained. 

Additionally, instead of using gypsum as a sulphate donor in Portland clinker, CFBC fly 
ash has been used as a cheap alternative because of its high anhydrite content 
(Hanisková et al., 2016; Shen et al., 2013). Portland cement and CFBC fly ash can be 
combined in different ways, depending on whether they are mixed directly (Lin et al., 
2017), mixed after mechanical activation (Carro-López et al., 2019), or in conjunction 
with other substances (Zhang et al., 2022). 

For industrial applications, particularly in the cement industry, fly ashes are generally 
categorized into two chemical types: Class C and Class F. As per the American Society for 
Testing Materials standard ASTM C618 [ASTM 2013], Class F is defined as ash containing 
more than 70 wt.% SiO2+Al2O3+Fe2O3, while Class C contains between 50 and 70 wt.% of 
these compounds. Other chemical and physical requirements for Classes C and F include 
SO3 (5%), moisture (3%), Na2O (1.5% optional), particle size (34%, 5% on average value 
retained on 45 mm), and loss on ignition (LOI) (6% and up to 12% for Class F based on 
performance). However, the classification systems for fly ash in Canada, Russia, and the 
European Union differ from the US, and there is currently no international classification 
system (Vassilev et al., 2007). Furthermore, the American standard ASTM C618 and the 
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European standard EN 450-1 (European Committee for Standardization, 2012), which 
govern the use of fly ashes in the building industry, forbid the use of FBC or biomass fly 
ashes as a partial cement replacement material. The EN 450-1 standard is applicable to 
ashes produced by pulverized combustion, but only if the coal concentration is greater 
than 60%. When coal and pure wood are combusted together, this barrier is lowered to 
more than 50%. Future modifications to the laws governing the use of fly ash in concrete 
may limit its usage to fly ashes that satisfy the physical and chemical requirements 
specified in the ASTM C 618 or EN 450-1 standards (see Table 1). Therefore, the use of 
fly ash as cement replacement can currently be measured against these limit values. 
 
Table 1. Fly ash classification according to European and American standards. 

Property EN 450-1 Limit Value (%) ASTM C 618 Limit Value (%) 
LOI at 950 °C A < 5, B < 7, C < 9 < 6 
Sum of SiO2, Al2O3, Fe2O3 > 70 F > 70, C > 50 
Chloride < 0.1 - 
Sulphate as SO3 < 3 < 5 
Free CaO < 1.5 - 
Total alkalis (Na2O + K2O) < 5 - 
MgO < 4 - 
P2O5 < 5 - 
Fineness (45 μm) S < 12, N < 40 < 34 
Activity index 28 days > 75 - 

 
While the initial setting time of mortars increases and the compressive strength 

decreases with an increasing amount of cement replacement by fly ash, various studies 
have reported higher strength, faster hydration, and higher temperatures due to heat 
release during the initial hours of hydration (He et al., 2021; du Toit et al., 2022; Jianming 
et al., 2019). The pozzolanic reaction, where (mainly Class F) fly ash reacts with calcium 
hydroxide to form CSH, is slower than the hydration of Portland cement (Vanoutrive  
et al., 2022). By replacing a portion of the cement with fly ash, the amount of clinker 
reacting with water is reduced, which can lead to a decrease in the rate of the hydration 
reactions and thus extend the setting time. This can reduce the water demand for achieving 
a particular slump (workability), which can lead to a reduction in water-to-cement ratio. 
A lower water-to-cement ratio generally results in stronger and more durable concrete. 
Additionally, the filler effect of finer fly ash can reduce water requirement, and 
subsequently, limestone particle surfaces serve as heterogeneous nucleation sites, 
lowering the energy barrier and speeding up the precipitation of hydration products from 
the pore solution (Dai et al., 2021). This effect is more pronounced with finer fly ash 
because of its greater surface area, leading to faster cement hydration in the initial 
stages. Moreover, alkaline components (mainly Class C fly ashes with higher alkali 
content) can accelerate the hydration of cement, potentially reducing the setting time 
(Snellings et al., 2016). Alkali ions in cement can function as catalysts for hydration 
reactions by increasing the solubility of cementitious phases. Elevation of the pH of the 
pore solution also promotes silicate phase dissolution, accelerating CSH formation. 
Enhanced dispersion of cement and fly ash particles by alkali ions, reducing agglomeration 
and enhancing available surface area for hydration can result in acceleration of the 
overall hydration process. The water requirement of cement tends to increase when fly 
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ash is added; however, this can be mitigated through grinding (Dave et al., 2014; Turgut 
et al., 2019). The free lime (f-CaO) content of fly ash has been found to contribute to the 
increased water requirement (Nayak et al., 2022).  

Compared to conventional pulverized firing (PF), fly ash derived from CFBC processes 
has a finer particle size with a higher irregular shape and surface area, resulting in higher 
porosity and air permeability in fly ash-containing pastes (Wang et al., 2016). Finer 
particles have typically lower activation energy, which can lead to faster initial pozzolanic 
and hydraulic reactions and potentially a quicker contribution to strength development.  

Apart from partial OPC replacement, fly ash has been explored in various concrete 
applications. Studies have investigated the utilization of fly ash in concrete, producing 
aggregates suitable for lightweight concrete (Nadesan et al., 2017; Majhi et al., 2021). 
Furthermore, fly ash has been successfully used in the preparation of aerated concrete 
and roller-compacted concrete (RCC). Aerated concrete, characterized by its porous 
structure, lightweight properties, lower thermal conductivity (Chaipanich et al., 2015), 
and sound absorption properties (Shi et al., 2019) can be produced using fly ash (Song 
et al., 2015; Wu et al., 2020). Wu et al. (2020) investigated the addition of 18% fly ash to 
autoclaved aerated concrete. CSH gel and tobermerite were the main hydration 
products, and the blocks had compressive strengths of 7.3–12.8 MPa with bulk densities 
of  824.0–910.2 kg/m3 after 36 h of curing in climate-controlled autoclaves. The use of 
fly ash in roller-compacted concrete has shown enhanced long-term flexural strength 
and reduced setting time (Aghaeipour et al., 2020). 

The research focusing on aerated concrete and alkali-activated composites, which are 
typically composed of lime, cement, gypsum, and sand, with aluminium powder added 
as a pore-forming agent (Pozniak et al., 2021). The inclusion of fly ash in this mix has been 
proven successful, enhancing the material’s overall performance (Qu et al., 2022; 
Šebestová et al., 2020). The aluminium in the mixture reacts with portlandite to release 
hydrogen gas, resulting in the formation of numerous tiny bubbles uniformly distributed 
throughout the matrix (Kumar et al., 2022). This process contributes to the unique 
properties of aerated concrete, making it an ideal choice for wall materials. 

On the other hand, the alkali-activation of fly ashes, particularly CFBC fly ashes, has 
been less extensively studied compared to PF fly ashes. Despite this, existing research 
suggests that CFBC fly ashes could serve as suitable precursors for alkali-activated 
materials, although this often requires the use of co-binders or pre-treatment of the fly 
ash (Hao et al., 2022, Chindaprasirt et al., 2019; Hui-Teng et al., 2021; Nath et al., 2020; 
Zhuang et al., 2016; Chen et al., 2022; Gökçe et al., 2020; Farhan et al., 2019). 

The crystalline nature of CFBC fly ashes tends to lower their reactivity in alkali-activation 
(Pour et al., 2022). However, studies have shown that it is possible to achieve compressive 
strengths of 10–30 MPa (Han et al., 2022; Lete et al., 2015), which is sufficient for most 
mortar- and paste-type applications. Studies even achieved 50 MPa when the fly ash 
content was 10–20 wt.% and high percentage of the binder was slag-based (Kim et al., 
2019). This indicates the potential of fly ash in the production of cement-free, 
alkali-activated composites, contributing to more sustainable construction practices. 
Wu et al. (2015) presented the feasibility of fly ash as an alkali-activator for steel slags; 
they concluded that the optimum mixing ratio of fly ash and steel slag was 30%:70%, 
respectively, reaching up to 31 MPa compressive strength.  

Furthermore, the addition of fly ash as a cement replacement has shown a significant 
reduction in chloride ion penetration in concrete, indicating its potential for corrosion 
mitigation (Hosan et al., 2022; Wongkeo et al., 2014; Hussain et al., 1994). Similarly fly 
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ashes in concrete mixes are known to have lower expansion due to external sulphate 
attack compared to OPC. Sulphate attack resistance in sodium sulphate is increased with 
an increase in cement substitution with low-calcium fly ash (more than 10%), a pattern 
not seen with high-calcium fly ash (Elahi et al., 2021). The accessible alumina sulphate 
ratio in the hydrating fly ash cement paste is a better indicator of sulphate attack 
performance than oxide content alone (Elahi et al., 2021, Zhang et al., 2022). 

Additionally, fly ash-containing pastes tend to expand due to the presence of ettringite 
(Aft), with grinding processes preferred for achieving higher strength and sharp expansion 
development (Chen et al., 2017). Autoclave curing or limiting the content of total SO3 to 
below 3.5% has been suggested to control the volume stability of fly ash cementitious 
systems (Chen et al., 2017; Wang et al., 2013). It has also been observed that fly 
ash-containing pastes have a higher polycarboxylate superplasticizer adsorption 
capacity, leading to lower fluidity in the cementitious system (Özen et al., 2022).  

The utilization of fly ash, whether as a cement replacement or in various concrete 
applications, offers the potential to reduce cement usage, decrease costs, and minimize 
CO2 emissions in concrete production. By exploring methods such as aerated concrete or 
roller-compacted concrete using fly ash, efficient recycling of fly ash and sustainable 
concrete production can be achieved. 

Non-cement applications of fly ash 
CFBC fly ash, has garnered attention in the construction industry due to its innate 
capacity to harden upon contact with water, functioning similarly to cement (Wu et al., 
2022). This unique property, combined with its low carbon footprint and favourable 
engineering characteristics, has spurred interest in its use in alkali-activated non-clinker 
binders or geopolymers (Gartner et al., 2018; Maddalena et al., 2018; Mehta et al., 2016; 
Li et al., 2020; Sun et al., 2022). 

Research by Telesca et al. (2015) displayed the potential of CFBC fly ash in the 
production of construction components based on ettringite. After a curing period of 
15 hours, a commendable compressive strength of around 5.5 MPa was achieved.
Optimal outcomes were achieved when the hydration was conducted between 55–70 °C. 
Outside this range, notably below 55 °C or above 70 °C, there was a distinguished reduction 
in ettringite formation. This was attributed to a slower reaction rate at lower temperatures 
and ettringite breakdown at higher temperatures. Chen et al. (2022) further delved into 
the optimal CaO and SO3 content for fly ash-based geopolymers prepared at room 
temperature, highlighting the influence of these components on the reaction products. 
Relative to the original fly ash-based geopolymer, there is an increment in reaction 
products when the CaO and SO3 levels are raised. This leads to the formation of a minor 
quantity of calcium silicate hydrate gel and coinciding ettringite. As a result, the 
geopolymer’s microstructure is enhanced, producing a minor swelling effect that boosts 
its mechanical properties and offsets its drying shrinkage. 

The reactivity of fly ash systems can be enhanced with the introduction of chemical 
activators. Pacewska et al. (2013) observed that high-calcium fly ash exhibited its activity 
earlier than its low-calcium counterpart. The addition of sodium hydroxide (NaOH) 
further boosted this reactivity, promoting the dissolution of silicate and aluminate 
phases in the fly ash. This dissolution facilitates the formation of an aluminosilicate gel, 
which can react with calcium ions to produce the primary binder in alkali-activated fly 
ash systems, the calcium-aluminosilicate hydrate (C-A-S-H) gel. 

Li et al. (2012) confirmed the self-cementing properties of CFBC ash, achieving a 
compressive strength of 11.4 MPa after 28 days without chemical modifiers. With 
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modifications, this strength was nearly doubled to 22.4 MPa. Kledyński et al. (2017) 
emphasized the role of sulphate ion availability in water binding in fly ash-slag based 
pastes, noting the contribution of fly ash to the early hydration stages. The primary 
hydration products include the CSH phases and ettringite, with smaller quantities of 
aluminates (CAH) and aluminosilicates (CASH). The findings indicate that the examined 
combinations of fly ash and slag can be viewed as clinker-free binders. 

Several studies, including those by Illikainen et al. (2014) and Ohenoja et al. (2016-a), 
have highlighted the importance of soluble calcium, aluminium, and sulphate in the 
ashes, emphasizing their impact on the self-cementing compressive strength of fly ash. 
The latter study particularly underscored the significance of the Ca/Al ratio in the fly ash, 
with an optimal ratio yielding strengths exceeding 9 MPa. 

In conclusion, the unique properties of fly ash, combined with ongoing research, 
present promising avenues for its application in sustainable construction practices. 

1.3 Utilization potential of fly ashes from Estonia through accelerated 
carbonation 
Oil shale is a low-quality fossil resource that can be combusted in thermal power plants 
to generate heat and electricity or pyrolyzed to recover shale oil (Yang et al., 2020). 
Several European countries are still heavily dependent on fossil fuels to produce 
electricity, with Estonia leading the way with a total mining volume of 12.1 million tons 
in 2019 (Paiste et al., 2019).  

Kukersite oil shale with varying concentrations of organic, carbonate, and terrigenous 
material has been extracted in Estonia for almost a century (Bauert et al., 1997).  
The content of organic matter varies between 10% and 60% and is mostly composed of 
kerogen, but also contains a few percent of bitumen. Processing oil shale leaves more 
than 50% of solid waste (ash), which has a limited secondary usage. The annual oil shale 
mining output in the past five years has been at the level of 12–15 Mt and about 80% of 
mined oil shale is burned in thermal power plants for electricity and heat generation using 
PF or CFBC technologies with temperatures reaching about 1300 °C and 700–850 °C, 
respectively (Leben et al., 2021). As a result of high dependence on oil shale, significant 
amounts of ash (7 to 8 Mt) are produced in Estonia (Lees et al. 2022). 

In Estonia, the utilization of oil shale ash and wood ash is not only an economically 
viable solution due to potential savings from reduced landfill fees and waste-related 
taxes but also offers significant environmental and health benefits by mitigating the 
adverse effects of waste accumulation and promoting sustainable construction practices. 
The products derived from oil shale ash can be used in ash-based cement, binding agents, 
autoclave-strengthened ash bricks, glass ceramics, heat-insulating materials, road 
construction, and substitutes for chalk in rubber fillings (Kaljuvee et al., 2021; Paiste et al., 
2016; Trikkel et al., 2008). Similarly, there has been a growing interest in studying wood 
ash due to the rise in wood combustion in Europe (Martinez-Garcia et al., 2022). Wood 
ash offers a viable alternative for partially substituting binders and kaolin in geopolymer 
formation (Ohenoja et al., 2016-b). Wood ash incorporation enhances workability, 
porosity, and drying shrinkage while providing an eco-friendly use for these wastes, 
thereby mitigating potential environmental pollution, and promoting circularity (Danraka 
et al., 2019; Sigvardsen et al., 2021; Tamanna et al., 2020). 

The Solidification/cementation of fly ash-based non-clinker concretes is controlled by 
complex concurrent systems involving hydration, pozzolanic, and carbonation reactions 
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(Pihu et al., 2012; Pihu et al., 2019; Zhao et al., 2022). Hydration, setting, and hardening 
processes of fly ash-based binders have specific characteristics that are influenced by the 
firing temperature (about 800 °C in CFB boilers and 1400 °C in PF boilers which is not 
used under this study) and dust cooler type and filter type (Raado et al., 2014). Setting 
times were assessed to evaluate how long the samples remained in a plastic state to find 
out both the workability of the ashes as well as binding properties related to hydration 
without accelerated carbonation.  

Burnt oil shale was researched previously to determine the composition, specifications, 
and conformance criteria for ash-based mineral binders (Raado et al., 2011; Uibu et al., 
2016). These tests were conducted in accordance with the standards EVS-EN 196,  
EVS-EN 459-2:2010, and EVS 636:2002 for the production of composite cement (Raado 
et al., 2014; Uibu et al., 2016). It was found that the composition of residual material can 
vary based on the thermal treatment process (direct combustion, retorting etc.) and the 
nature of the fuel used. Owing to the decomposition of carbonate during the thermal 
treatment the ash produced in power plants can be rich in reactive free CaO (15–20%) 
(Leben et al., 2020). Typically the content of Al2O3 ranges between 2–10.5%, which is an 
increasing trend in finer fractions (Pihu et al., 2012). Fe2O3 content could be notably high, 
averaging 4.3%, with a gradual increase from the bottom ash to more than 5% in ash 
collected from electrostatic precipitators (Paiste et al., 2016). The sulphur content can 
vary between 1–5% and is highest in the INTREX ash of CFB boilers, where almost 
complete SO2 removal from flue gases occurs (Konist et al., 2020). 

Studies on oil shale ash conducted in the past (Kuusik et al., 2012; Liira et al., 2009; 
Pihu et al., 2012) have demonstrated that the solidification/cementation of oil shale ash 
mainly governed via the formation of secondary Ca-rich hydrate phases as well as 
hydration of free lime (CaO), secondary Ca(Mg)-silicate minerals, non-crystalline Al–Si 
phases and, anhydrite (CaSO4). Portlandite, which is crucial for both cementitious 
reactions and carbonation, is created during hydration of free lime (Eq. (5). 

CaO(s) + H2O(l) → Ca(OH)2(s)                   (5) 

Portlandite and 3CaO.2SiO2.3H2O are created by the hydration of secondary calcium 
silicates (C2S) (Eq. (6)). In turn, Ca(OH)2 can react with hydrated active silicates to form 
CSH (Eq. (7) (Samadi et al., 2015)). 

2Ca2SiO4+ 4H2O → 3CaO.2SiO2.3H2O+ Ca(OH)2                 (6) 
Ca(OH)2 + H4SiO4 → Ca2+ + H2SiO42− + 2H2O → CaH2SiO4 · 2H2O              (7) 

Historically, the hydraulic transport and landfilling of oil shale ash have been identified 
as the most feasible methods in terms of economic and technical considerations (Pihu et 
al., 2019). However, this approach raises several environmental challenges that are 
complex to address. Currently, nearly 300 Mt of landfilled ash is stored in such deposits 
(Leben et al., 2021). In oil shale-fuelled power plants, a hydraulic ash handling system is 
employed. Ash from CFBC and PF boilers is combined with water at a 1:20 ratio and 
pumped to an ash field for settling (Kuusik et al., 2012). The ash fields are constructed 
from hydrated ash layers, which vary in density, strength, and size. Calcium oxide, while 
highly reactive with other minerals and gases at elevated temperatures, does not fully 
react during combustion due to limited residence time, leaving a notable portion 
unreacted in the ash (Pihu, 2012). In a system dominated by Ca(OH)2, minerals like 
3CaO·Al2O3 and anhydrite engage in reactions with water and Ca(OH)2 over days or 
weeks (Paiste, 2017). Another significant reaction that takes place within the initial 
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weeks or months is the creation of ettringite (Paaver et al., 2021). This formation aids in 
the crystallization of ash sediments and helps utilize pore water. When there is an 
abundance of water, the determining factor for ettringite formation is the available 
quantity of CaSO4 (Leben et al., 2021). However, the influence of belite, K-feldspar,  
K-mica/clay minerals, and the glass phase in forming new minerals and altering pore 
water chemistry becomes apparent over longer durations, spanning months to years 
(Pihu et al., 2019). Long-term chemical reactions in the ash plateau, especially the 
crystallization of the K-containing glass phase and interactions between Ca(OH)2 and  
K-rich minerals, lead to the formation of new Ca-silicates and Ca-aluminosilicates (Paaver 
et al., 2019). Additionally, belite undergoes hydration in these prolonged reactions.  
The process of CO2 diffusion-controlled carbonation of sedimentary deposits is known to 
be slow. In addition, this process is further impeded in the upper strata of ash deposits 
due to the effective precipitation of calcite and other secondary minerals (Leben et al., 
2021). These minerals progressively occupy the pore spaces, thereby causing a reduction 
in the porosity of the deposits. This demonstrates that the majority of ash deposits in 
landfills maintain their CO2 binding capacity, making them a promising feedstock for 
accelerated carbonation. 

1.4 Motivation and aim of the study 
Amidst the pressing global challenge of climate change, largely driven by escalating CO2 
emissions, industrial activities, especially fossil fuel-based energy production, stand as 
significant contributors. Concurrently, these sectors generate substantial solid waste. 
Similarly in Estonia’s energy sector, predominantly dependent on indigenous 
carbonaceous fossil fuels like oil shale, presents a context for research on circularity.  
The co-combustion (oil shale – biomass) and retorting activities yield substantial 
quantities of alkaline solid residues, encompassing oil shale fly ash (OSA), wood fly ash 
(WA), and landfilled oil shale ash (LFA). The advent of novel combustion regimes and 
technologies, notably CFBC, has engendered shifts in the phase composition of ashes. 
Such compositional shifts may pose challenges to the optimal utilization of fly ash in 
building materials. As a result of this conventional utilization applications have been 
progressively sidelined, emphasizing the pressing need to identify and investigate 
alternative strategies for fly ash utilization, both at the national and global scales. 

Notwithstanding, scholarly discourse suggests that harnessing this potential 
necessitates a nuanced comprehension of their chemical composition, CO2 mineralization 
potential, and viable building material applications. A particular area of ambiguity lies in 
the mechanisms underpinning the self-cementing processes of fly ash, especially the 
behaviour of various phases under diverse conditions. The scientific literature reveals 
discernible gaps concerning the operational parameters for CO2 mineralization of C-class 
fly ash and which can be recycled in building materials.  

This thesis centrally explores the characteristics of monoliths constructed from fresh 
and land filled OSA as well as WA through accelerated carbonation processes and aligns 
its findings with the most recent advancements in the field of carbonated materials. 
Initially, the study delves into the self-cementing properties of contemporary oil shale 
ashes, to characterize the chemical and physical properties of ashes while evaluating the 
reactions contributing on the strength development of mortars containing ash alone. 
Subsequent evaluations focus on the carbonation behaviour of compacted ashes to study 
the mechanism of carbonation reaction, extent of carbonation and reaction stages.   
The impact of various process parameters (temperature, gas pressure, CO2 concentration) 
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is investigated emphasizing the CO2 uptake and compressive strength of monoliths. 
Additionally, the study aims to elucidate the carbonation caused microstructural and 
mineralogical changes and evaluate environmental properties, emphasizing sulphate 
leaching, through the incorporation of high sulphur fly ashes. 

The overarching objective of this research is to provide scientific basis for the effective 
and sustainable use of ash materials in non-cement construction and building practices 
while concurrently achieving the mitigation of CO2 emissions. 
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2 EXPERIMENTAL 

2.1 Materials 
The ash samples collected for this study include distinct types of OSA, WA and LFA. These 
are common by-products from Estonia's power and heat generation sectors, 
representing the abundant residues from circulating fluidized bed (CFB) combustion 
operations and biomass co-firing applications. 

Initially, six different ash streams from Estonian power plants were selected for the 
performance testing of self-cementitious properties. A single stream of ash from Eesti 
power plant was selected in the formulation of clay bricks.  

For carbonated monoliths initially single stream of Auvere power plant electrostatic 
precipitator ash was selected (See Paper I, Chapter 2). 

For further elaborate study on the substantive topic of cement-free monoliths 
through accelerated carbonation OSA from Auvere power plant and WA from Utilitas 
district heating plant as well as LFA from accumulated ash plateau were selected (See 
Paper II, Section 2.1).  

For the incorporation of high sulphur fly ash in carbonated monoliths high sulphur 
containing streams of OSA and WA is selected similarly from streams of Auvere power 
plant and Utilitas district heating plant. Additionally, calcium aluminate-bearing niobium 
slag (NS, as ground sample) is obtained from NPM Silmet niobium process plant. (See 
Paper III, Section 2.1) 

2.2 Methods 
This scientific study utilizes a range of methods for the thorough examination and 
characterization of selected waste streams. These methods focus on the determination 
of key characteristics of the samples, including their physical properties, chemical and 
mineralogical composition, thermal decomposition behaviour, and leaching 
characteristics. A summary of these methods, along with the instruments used in each 
study, has been presented in table 2 below. The table is organized to outline the specific 
methods with a brief description of the procedure or analysis, and the instrument(s) used 
to conduct each respective method. The objective of employing these diverse techniques 
is to gain a comprehensive understanding of the samples, providing a foundation for 
further research and applications. Further description of the characterization methods 
and specific instruments can be found in the methods sections of Paper I–III.  
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Table 2. List of methods and corresponding equipment. 

Method Instrument(s) Used 

Mean Sampling and Size 
Fractioning 

Sieves 

Particle Size Distribution (PSD) 
Measurement 

Horiba Laser Scattering instrument (LA-950V2) 

Specific Surface Area (SSA) 
Measurement 

Kelvin 1042 sorptometer (Costech Microanalytical 
SC) 

Free Lime and Carbon Content 
Determination 

ELTRA CS 580 Carbon Sulphur Determinator 
Ethylene glycol method of free CaO (Reispere, 
1966) 

Pore Size Distribution and 
Porosity Measurement 

POREMASTER-60-17 porosimeter (Quantachrome 
Instruments) 

Chemical and Mineralogical 
Characterization 

X-ray fluorescence (XRF) (Bruker S4 Pioneer), X-ray 
diffraction (XRD) with Rigaku, SmartLab SE 

Thermogravimetric Analysis 
(TGA) 

Setaram Labsys 2000 thermoanalyser 

Microstructural Analysis Scanning Electron Microscope (SEM) ZEISS Evo MA 
15 with an EDX analyser 

Compressive Strength 
Measurement 

Toni TechnikD-13355 

Leaching Test GFL 3025 overhead shaker 

Conductivity and pH 
Measurement 

Mettler Toledo SevenGo Duo Pro pH/Cond meter 
SG23 

Ion Determination Lovibond Spectro direct spectrometer 

Heavy Metal Determination Agilent 4210 Microwave Plasma Atomic Emission 
Spectrometer (MP-AES) 

2.3 Sample preparation and experimental setup 
For the evaluation of cementitious properties, pastes (ash, sand, and water) were 
formulated with a water-to-ash ratio of 0.7 and an ash-to-sand ratio of 0.33 (Paper I, 
Section 2.1.3). These pastes were subsequently cast into prismatic moulds and underwent 
a curing process in a climate chamber (at >95% RH and 20±2 °C) for a duration of 28 days. 
Following this, their flexural and compressive strengths were evaluated in accordance 
with EN 196-1:2016. In a parallel study focused on sintered clay bricks aiming for 
optimum sand to OSA replacement, clay bricks were meticulously prepared with press 
moulding (Paper I, Section 2.2.2). Various tests were executed including measurements 
of density, water absorption, flexural and compressive strength, and thermal conductivity 
tests while assessing quality and durability.  

For the completion of the thesis work, over two hundred distinct samples were 
formulated, encompassing 100% OSA, 100% WA as well as mixed designs (Paper II, 
Section 2.3), and the incorporation of NS into both OSA and WA (elaborated in Paper III, 
Section 2.2.1). LFA was exclusively integrated for an initial assessment, evaluating its 
potential for a mix design in conjunction with OSA and WA at a 50/50 ratio (Paper II, 
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section 2.3). For each sample group, a minimum of four cylindrical specimens were 
prepared, and the mean strength values, derived from these specimens, were presented 
in the results corresponding to each tested parameter. 

In the preliminary preparation step, ash samples were mesh sieved (≤200μm) then 
hydrated with specific liquid-to-solid ratios (0.15–0.25) w/v for different ashes. This 
ensured a necessary moisture content for all samples prior to curing, measured using an 
MB23 moisture analyser. 

The samples were uniformly blended with deionized water, using a semi-batch Eirich 
EL1 type intensive mixer at a consistent rotation speed of (600 rpm) for a duration of  
20–30 minutes. After mixing and preliminary wetting, all ashes (powder) were allowed 
to hydrate and cure, in sealed and vacuumed containers at room temperature between 
12–24 hours. 

Following this phase, the samples were compacted using a hydraulic press and 
stainless-steel mould into cylindrical monoliths of 20 mm diameter and 20±1 mm height. 
Special attention was given to the uniform preparation in terms of compaction pressure 
of samples as compaction was performed manually. 

NS powder, in its dry form, was incorporated into the ash powders after the first 
hydration period. The NS powder together with the hydrated ash powders were mixed 
for 10 minutes considering the given rapid hydration and hardening characteristics of NS 
as typical calcium aluminate-bearing slags. 

It’s noteworthy that the NS powder exhibits lower workability and compressibility 
compared to the ash samples, influencing the compaction ability of the final blend.  
The impact of compaction pressure on the final product performance was evaluated by 
applying two different pressures (150±10 and 300±10 kg/cm2). Accelerated carbonation 
curing was conducted in an automated carbonation system (Fig. 3), which includes a  
400 mL stainless-steel jacketed pressure vessel, a temperature controlling apparatus 
(Circulator C-400) and gas flow controller (Buchi press-flow gas controller-bpc) for 
monitoring CO2 gas usage (Fig. 4). 

Varied experimental conditions were carried out, and simultaneous comparative tests 
were undertaken in periods of 2 hours of carbonation curing conditions, to study the 
impacts of differing curing temperatures (25, 50, 75 °C), typical flue gas (FG) CO2 

Figure 3 Scheme of the experimental set-up for the accelerated carbonation system (comprising 
CO2 gas cylinder, computer, temperature regulator, gas flow controller and curing chamber). 
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concentration (15%CO2/6%O2/N2) versus 100% CO2, and varying gas pressures (5, 10, and 
15 bar). A consistent CO2 concentration during (FG) curing was ensured by implementing 
a sequence of flushing and refilling every 20 minutes. Additionally, to control humidity 
throughout all tests, a potassium iodide saturated solution was utilized, which helped to 
maintain relative humidity (RH) between 61–68% at different curing temperatures.  

 

Figure 4 Experimental setup comprising gas monitoring device, computer, CO2 gas cylinder and 
climate-regulated autoclave. 
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3 RESULTS AND DISCUSSIONS 

3.1 Characterization of fly ashes from diverse sources 

3.1.1 Chemical characterization 
X-ray fluorescence analysis has shown that calcium and silicon are the primary 
components of all ash samples (OSA, WA, and LFA), collectively making up 59–64% of the 
total composition (for detailed chemical composition please see Paper I and II). Further 
insights into the mineralogical composition of these ashes were provided by X-ray 
diffraction analysis (Paper I and II). It was found that both OSA and WA contain a 
significant amount of free lime (17–20%) and a smaller proportion of portlandite  
(1.4–3%), both of which are key reactants in accelerated carbonation and hydration 
processes. The NS, used as an additive, contains calcium aluminates with a small amount 
of NbO5 remaining in the slag (Gorkunov & Munter, 2007). 

In the context of cement production, the presence of C3S (alite), C2S (belite), C3A 
(aluminate), C4AF (ferrite) in clinkers is essential for the development of concrete 
strength. These materials react vigorously with water, forming a cement paste in the final 
product. The term “pozzolan” in the building industry refers to all materials that react 
with lime and water to produce calcium silicate and aluminate hydrates. These pozzolans, 
which constitute 22–45% of the samples, are rich in reactive silica or alumina plus silica. 
C2S is found in 13.9% of OSA and 4.1% of WA, respectively.  

However, LFA exhibits a different mineralogical profile. The hydration of CaO in the 
presence of natural water in LFA leads to the formation of Ca(OH)2, accounting for 18% 
of the total composition. Additionally, the C2S in LFA undergo hydration, resulting in the 
formation of CSH (tobermerite, thaumasite, afwillite), which makes up 45% of the phase 
composition. This transformation occurs due to the reaction of atmospheric water with 
the ash constituents in the disposal area. 

High percentages of sulphate in cement can lead to internal sulphate attack,  
a deterioration mechanism that can significantly compromise the structural integrity of 
concrete. As such, ASTM C618 stipulates that the sulphate content of fly ash used in 
concrete should not exceed 5% SO4-2. However, the selected fly ashes have an elevated 
sulphate content, In OSA, anhydrite is the main sulphate-containing phase, while in WA, 
arcanite is the predominant sulphate phase. This was a deliberate investigation in the 
under-researched area of high-sulfur fly ash utilization to determine how accelerated 
carbonation affects leaching properties. 

A common standard for the unburned carbon content in fly ash used in concrete is 
less than 3%. The restriction on unburned carbon content for fly ash to be used in 
construction is a critical issue and allowed values can vary based on the intended use and 
local building codes. The predominant form of carbon present in the ashes used under 
this research is mineral CO2. In OSA, the total inorganic carbon content amounts to 
1.25%, whereas in WA, it constitutes 2.65% (Paper III, Section 2.2.3).  

In terms of heavy metal content of studied C-class fly ashes, WA typically exhibited 
higher levels compared to OSA. Specifically, elements such as zinc, manganese, copper, 
and barium are present in WA. In contrast, NS is deficient in these trace elements. While 
OSA contains heavy metals like zinc, lead, nickel, chromium, and barium, their 
concentrations are notably lower than those found in WA (Paper III, Table 4). 
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3.1.2 Physical characterization 

Particle size distribution and specific surface area 
The efficiency and capacity of carbonation tend to increase with decreasing particle size 
of fly ash (Li et al., 2022). This is primarily due to two factors: firstly, smaller particles 
have a larger specific surface area (SSA), which promotes carbonation reactions, and 
secondly, a smaller particle size facilitates the release of metal ions such as Ca2+ and Mg2+. 

PSD analysis of the samples indicated that the OSA samples, with mean particle sizes 
ranging from 17.97 μm to 21.96 μm, have slightly smaller particle sizes compared to the 
WA sample, which has a mean particle size range of 26.8–54.6 μm (Table 3). Despite this, 
the surface area of WA can be higher than that of the OSA samples. This is likely due to 
the presence of unburned carbon in the WA sample, which can increase the specific 
surface area by providing more active sites for chemical reactions and adsorption. 

In contrast, the LFA sample has a significantly larger mean particle size of 79.25 μm, 
and the NS sample has an even larger mean particle size of 99.87 μm. The larger particle 
size of NS sample is likely due to its high-temperature production processes, which can 
cause melting and pore blocking, resulting in lower specific surface areas. The specific 
surface area of the NS sample, as measured by the BET method, is notably lower than 
that of the fly ash samples. 

 
Table 3. Mean particle size (d50) and BET surface areas of the samples (For more details please see 
Paper I and II). 

 
d50 (μm) BET SSA (m2/g) 

OSA  17.9-25.3 3.1-6.2 
WA 26.8-54.6 3.2-9.8 
LFA 79.25 1.8 
NS 99.87 0.34 

3.2 Evaluation of ash suitability for targeted applications  

3.2.1 Self-cementing properties of OSA 
The binding capability is influenced by the chemical makeup and granularity of the ashes, 
especially the presence of unbound CaO, portlandite, Ca/Mg silicates, and SO3  

(De Maeijer et al., 2020). The self-cementing capability of ashes, characterized by coarser 
particle sizes tends to be suboptimal. An evaluation of the self-cementing attributes of 
all the examined ashes is presented in Paper I. It is evident that samples with an elevated 
SSA and higher contents of lime and portlandite (approximately 14–23%) as well as,  
Ca-Mg silicates (C2S), and C4AF (approximately 15–22%) that engage in hydraulic or 
pozzolanic reactions yield superior self-cementing properties. Well-known hydration 
reactions of the major compounds which are commonly found in cement clinker as well 
as in the fly ash samples are given below (Eq. 8–13).  

2(3CaO·SiO2) + 6H2O → → 3CaO·2SiO2 ·3H2O + 3Ca(OH)2               (8) 

This reaction produces CSH and CH. The CSH produced exhibits a Ca/Si ratio 
approximately 1.5 with a water content of 3 mol (Hoskova et al., 2009). However, during 
C3S hydration, both the Ca/Si ratio and water content can undergo variations (Naber et al., 
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2019). The reaction is exothermic and is responsible for the initial set and early strength 
of the cement paste. 

When tricalcium aluminate (C3A) interacts with water and is accompanied by gypsum, 
it leads to the formation of ettringite (Eq. (9)) with a hexagonal-prism shape which can 
encapsulate certain heavy metals (Cr) and/or sulphates. This subsequently transforms into 
monosulphate (Eq. (10)) with a pseudo-hexagonal plate structure (Hoskova et al., 2009). 

3CaO·Al2O3 + 3CaSO4 ·2H2 O + 26H2O → → 3CaO·Al2O3 ·3CaSO4 ·32H2O              (9) 

3CaO·Al2O3 ·3CaSO4 ·32H2O + 2(3CaO·Al2O3) + 4H2O → 3(3CaO·Al2O3 ·CaSO4 ·12H2O)    (10) 

Ettringite formation during hydration of cementitious systems plays a dual role in 
cementitious structures. On the positive side, ettringite contributes to initial set and 
strength development, densifies the microstructure by filling void spaces, and can 
immobilize potentially harmful ions, enhancing concrete durability (Wolf et al., 2019). 
However, its formation isn’t without challenges. Delayed ettringite formation can lead to 
internal cracking, especially if concrete is exposed to high curing temperatures (Kothari 
et al., 2022). External sulphate sources can instigate sulphate attack, causing deterioration. 
Additionally, excessive ettringite formation can induce expansion and cracking, and in 
some cases, increase the porosity of the cement paste, compromising strength and 
durability. Proper understanding and management of these aspects are crucial for optimal 
concrete performance (Colman et al., 2023). 

Based on the findings of Xue et al. (2022), C4AF undergoes full hydration to form 
C3(A,F)H6 [35], as depicted in Eq. (12). The hydration of C4AF can lead to the formation of 
a hydrated garnet, and the observation that iron can interchangeably take the place of 
aluminium aligns with the conclusions drawn by Rose et al. (2006). 

2(2CaO•SiO2) +4H2O=3CaO•2SiO2•3H2O+Ca(OH)2             (11) 

The reaction for C2S (Eq. (11)) is slower than that of C3S and contributes to the later 
strength of the cement paste (Hoskova et al., 2009). 

Hydration of C4AF in the presence of water:  

3(4CaO⋅Al2O3⋅Fe2O3)+30H2O→2(3CaO⋅Al2O3⋅6H2O)+2(3CaO⋅Fe2O3⋅6H2O)+Fe(OH)3 +Al(OH)3  
                  (12) 

Hydration of C4AF in the presence of gypsum: 

4CaO⋅Al2O3⋅Fe2O3+CaSO4⋅2H2O+11H2O→3CaO⋅(Al2O3,Fe2O3)⋅CaSO4⋅12H2O+Ca(OH)2        (13) 

When gypsum levels surpass 20%, the diffraction peak of C3(A,F)H6 is no longer 
observed, suggesting that C3(A,F)H6 interacts with gypsum to produce AFm 
(monosulphate) (Eq. (13)) (Xue et al., 2022). In a different study Matschei et al (2007), 
the same AFm phase is also identified as one of the components that can encapsulate 
SO₄²⁻ at ambient temperatures. 

Anhydrite, one of the principal sulphur-bearing components of OSA, is significant 
because, in the presence of Al(OH)3, it serves as a major precursor to ettringite which 
provides additional self-cementation (Freidin et al., 1998; Leben et al., 2019; Uibu et al., 
2016). The Aft phase (ettringite) is known to form rapidly in cement composites 
containing fly ash (Hewlett & Liska, 2019).  

Ettringite and CSH gels, which will be examined in greater detail in section 3.3.4 in 
relation to triadic utilization of fly ash, niobium slag, and CO2, are likely to be responsible 
for the strength development. 
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Compared to the 2015 (Uibu, 2016) data on the ashes of the same energy block 
presented in Appendix 1, 2018-2019 is the contents of free lime and Ca-Mg-silicates in 
the ashes are higher and the calcite content is lower. Most of the studied mixes 
demonstrated noticeably short setting times. This is tentatively related to the quick 
hydration of free CaO. The setting time and compressive strength values observed in 
most of the ash samples are suboptimal, potentially constraining the integration of ash 
with cement in contemporary applications – a prevalent methodology. While commercially 
available cement mixed designs incorporate approximately 10–15% of OSA, this proportion 
is notably diminutive when compared with the annual ash production volume. The setting 
times of certain ash specimens (APP-EPA) are close to the recommended ranges, and  
the 28-day compressive strength of the mortar is up to 14.1 MPa (Paper I, Figure 5,6). In 
general, the variation in both composition and binder properties is quite large from year 
to year: the 28-day compressive strength varies between 6.9–14.1 MPa. It is understood 
that APP-EPA stands as an ash variety which can be recognized as an independent potential 
binder. Conversely, the other examined ashes necessitate supplementary physical or 
thermal pretreatments to render them suitable for incorporation into similar applications. 
Such waste classifications, for example, might be reassessed as integral components for 
compound binders comprising diverse constituents. 

3.2.2 Integrating OSA into clay bricks 
This investigation presented a case analysis, endeavouring to evaluate the prospective 
incorporation of ashes within the ceramic sector. The principal research objective centred 
on the systematic exploration of ash integration; however, the empirical outcomes 
yielded were not particularly promising. 

The inclusion of distinct compounds within the ash partially replacing the sand, 
including Ca(OH)2, Ca and Mg carbonates, and to a certain extent, Ca-sulphate, exerts  
a significant impact on the brick’s microstructural characteristics. This effect is evidenced 
by the emission of H2O, CO2, and SO2, stemming from decomposition reactions intrinsic 
to ash. These reactions are in addition to the typical processes observed, such as clay 
mineral dehydroxylation, quartz inversion, crystallization, and the vitreous phase reactions. 

The inclusion of ash in bricks increased porosity, affecting their mechanical properties 
negatively and resulting in a decreased compressive strength (~20 MPa compared to the 
reference’s ~30 MPa). Besides the inclusion of ash in bricks increased the water 
absorption, ash-included bricks absorbed 2.5 times more water than the reference bricks 
(Paper I, Table 7 and Figure 9). 

Nevertheless, thermal conductivity in clay bricks, influenced by porosity and solid 
constituent properties, is crucial for building insulation and energy performance; 
notably, ash-included bricks displayed 50% enhanced insulation compared to reference 
bricks (Paper I, Table 7 and Figure 9). 

The SEM images show enhanced particle interlocking and uniformity in the reference 
brick microstructure, while the presence of carbonate and sulphates in ash reduces the 
interlocking, influenced by CaCO3 and CaSO4 decomposition, and confirms findings on 
waste additives as pore-formers in literature (Dos Reis et al, 2020) (Paper I, Figure 10). 
The Phase composition highlights the significant presence of plagioclase (Ca-feldspar) in 
ash included bricks, resulting from the reaction of CaO with clay aluminosilicates, and 
notes partial anhydrite persistence post-sintering (Paper I, Table 8). 
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3.2.3 Preliminary tests for accelerated carbonation  
C-class fly ash, characterized by its higher lime and portlandite content, exhibits 
exceptional suitability for accelerated carbonation processes. This distinction becomes 
even more pronounced when contrasted with its limited utilization potential compared 
to class F fly ash in conventional applications such as blending with cement, clay brick 
manufacturing, self-cementing applications, and geo-polymer formulations [Mishra et al., 
2023]. Prior research on ash utilization under this thesis revealed limited potential, 
emphasizing the need for alternative binder-free methodologies. The ash chosen for initial 
testing, due to its high lime and portlandite content coupled with its fine particle size from 
electrostatic precipitation filters, seems better suited for the intended carbonation 
process. 

The formation of carbonates leads to an increase in the solid volume and a decrease 
in porosity within the monoliths. These carbonates function as main binding phases, 
creating robust links between reactive particles and aiding in pore occlusion.  

Compressive strength tests on the compacted monoliths have yielded promising 
results, with strengths reaching up to 40 MPa (Paper I, Table 9). Accelerated carbonation 
studies of these compacted monoliths indicate that the synergy of compaction and 
carbonation presents a valuable method for waste repurposing. This method not only 
strengthens cement-free monoliths stabilizing fly ash, but also effectively sequesters CO2. 
Given these findings, a thorough examination of the microstructure of the carbonated 
monoliths is crucial to understanding the fundamental mechanisms of the carbonation 
reaction and to further optimize the process parameters, enhancing the performance of 
the carbonated products. 

Based on the preliminary analysis results of accelerated carbonation in cement-free 
fly ash monoliths, it became evident that a deeper understanding of the carbonation 
reaction mechanism is essential. The behaviour of the products is influenced by a variety 
of factors, as will be demonstrated in the following sections. In light of this, section 3.3 
goes into great detail on the observation of the various process variables that may have 
an impact on these phases. 

3.3 Carbonation of fly ash monoliths  

3.3.1 Variables affecting CO2 uptake and compressive strength 

Effect of compaction pressure  
The green density that can be attained at a specific compaction pressure depends on the 
compressibility of fly ash and similar powdered alkaline residues (Singh et al., 2021). 
Particle size, chemical composition as well as density, hardness, and shape of the 
particles all play a role in compressibility (Koley et al., 2011). Because the pores formed 
during the compaction are virtually between the particles, a powder with a smooth glassy 
surface has a higher compressibility compared to a particle with a less regular shape 
(Shee-Ween et al., 2021). Due to the increased probability of irregular particle’s tendency 
to fold on itself, lower green density can develop with powders consisting less regular 
shaped particles. This porosity cannot be remedied by further compaction (Sudha et al., 
2020). 

The physical characteristics of the compacted bodies and the mechanical performance 
of the resulting monoliths are influenced by the compaction force during the preparation 
of the monoliths. When the compaction pressure is increased, the porosity and 
permeability of the solid compact diminish (Hills & Pollard, 1997), which results in a 
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stronger structure and greater strength since internal gaps are closed. Additionally,  
it should be emphasized that adequate amount of water is required for optimum  
particle compaction and interconnectivity in the monoliths(Liu et al., 2023). In contrast, 
the decreased gas permeability caused by refined porosity prevents CO2 from penetrating 
the inner surfaces of compressed substances (Siddique et al., 2020). As a result, the physical 
restrictions on CO2 permeability, diffusivity, and solubility can have a negative impact on 
the effectiveness of the carbonation sourced strength development process by causing 
less amount of CaCO3 to crystallize.  

According to the compressive strength and CO2 uptake values of carbonated OSA and 
WA monoliths, the above-mentioned phenomenon is present to a certain extent (Paper II, 
figure 5–6).  

At the applied compaction pressure ranges, the potential detrimental effect of higher 
compaction pressure on CO2 uptake ability of both fly ash monoliths is less than 2 wt. % 
which is thought to be primarily related to refined porous structure. Higher compaction 
pressure (between 150 kg/cm2 and 300 kg/cm2) is seen to increase compressive strength 
in all prepared samples. Average compressive strength increases by 63% in OSA monoliths 
and 71 % in WA monoliths as a result of increased compaction pressure. The average 
density of OSA monoliths increased from 1595 kg/m3 to 1720 kg/m3, while WA monoliths 
increased in density from 1830 kg/m3 to 1970 kg/m3. 

Additionally, two distinct kinds of mixed design monoliths were created, one with a 
composition of 50% OSA and 50% LFA (designated by M1) and the other with a composition 
of 50% WA and 50% LFA (designated by M2) (Paper III, Fig. 7). M1 monoliths have a CO2 
uptake level of 13.1% and an average compressive strength of 9.2 MPa. This suggests 
that, in comparison to 100% OSA monoliths, LFA is marginally enhancing CO2 uptake 
while decreasing the compressive strength of the samples. M2 monoliths have a CO2 
uptake level of 12.3%t and an average compressive strength of 10.4 MPa. Similar trends 
are seen between M2 monoliths and 100% WA monoliths when it comes to strength  
and CO2 uptake levels. Compressive strength and CO2 uptake levels are comparable for 
both kinds of mixed designs. Comparing LFA monoliths to OSA (1595 kg/m3) and WA 
(1830 kg/m3) monoliths, LFA monoliths have a lower total density (1340 kg/m3). 
Increased density of 1470 kg/m3 due to higher compaction pressure of 300 kgf/cm2, 
which may indicate potential use of LFA for low density construction material applications. 
Based on the constituents, mixed designs show a median density. The average density of 
the M1 is 1380 kg/m3, while that of the M2 monoliths is 1420 kg/m3 (Paper II, Table 4). 
An overview of the average results for compressive strengths and CO2 uptakes is 
concisely illustrated in Figure 13, located in Appendix 4, providing a snapshot of the 
detailed graphical representations and data to guide the ensuing discussion. 

As can be seen, characteristics vary along with the compaction pressure applied during 
monolith preparation, which play a pivotal role in determining the physical properties 
and mechanical performance of the resulting monoliths. Higher compaction pressures 
generally lead to increased strength and density in the samples, but which can also 
reduce CO2 uptake due to refined porosity. 

Effect of gas pressure and CO2 concentration  
Carbon dioxide gas pressure and concentration are some of the variables influencing the 
rate of CO2 absorption as well as relevant strength gain because of their effect on the 
physisorption process at the interface between the solid and the gas reactant (Jamil et al., 
2023; Nielsen et al., 2020). Upon analysis of the CO2 uptake rates and compressive 
strengths of OSA and WA monoliths, the influences of both CO2 gas pressure and CO2 
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concentration on these parameters were discerned. The final levels of CO2 uptake as well 
as a rise in compressive strength in both OSA and WA monoliths coincide with the increase 
in gas pressure from 5 to 15 bar (Paper II, figure 8–9). Increase in carbonation rate could 
be explained by the increased gas penetration of CO2 into the compact at high pressures, 
which supports the magnitude of carbonation reaction. As the pressure increases,  
the number of gas molecules (in this case, CO2) in the system also increases. This leads 
to a higher probability of these molecules interacting with the pore surface of the fly ash 
monoliths, thereby increasing the amount of CO2 adsorbed. This phenomenon is 
particularly relevant if the fly ash monoliths have a porous structure with micro and 
mesopores, which are known to enhance gas adsorption. Due to pore refinement and 
porosity reduction brought on by the carbonate precipitation, the compressive strength 
of the monoliths increases as the partial pressure of CO2 gas increases (Humbert & 
Castro-Gomes, 2019). For OSA, the CO2 uptake shows a 7.5% increase from 5 bar to  
10 bar and a 6.1% increase from 10 bar to 15 bar. The compressive strength for OSA 
increases by 7.9% from 5 bar to 10 bar and by 15.5% from 10 bar to 15 bar. 

For WA, the CO2 uptake increases by 14.6% from 5 bar to 10 bar and by 8.5% from 
10 bar to 15 bar. The compressive strength for WA shows a more significant increase of 
31.7% from 5 bar to 10 bar and 25.6% from 10 bar to 15 bar. Although increasing CO2 
pressure was advantageous for CO2 diffusion and solubility, high pressure can cause 
significant CaCO3 precipitations on the sample’s surface, generating a passivated layer 
that clogs the pores and reduces CO2 diffusion (Zhong et al., 2021). There will also be a 
point at which pressure increase does not significantly boost uptake any further. This is 
because the fly ash monoliths only have a limited number of adsorption sites depending 
on porous structure, which will eventually be saturated, and the system will reach 
equilibrium. 

It is also recognized that the amounts of total CO2 uptake will differ depending on  
the degree to which CO2 gas permeates cementitious materials under high and low  
CO2 concentration levels. When curing with a 100% CO2 concentration, the CO2 uptake 
values for OSA and WA are respectively 10.8% and 9.4%. At the FG curing (16% CO2),  
the CO2 uptake values for OSA and WA are reduced to 7.6 % and 7.9 %, respectively 
(Paper II, figure 10). Samples cured in 100% CO2 have higher compressive strengths  
than samples cured in FG, which is consistent with lower CO2 uptakes. OSA monoliths 
have better compressive strength values than WA monoliths because they include more 
Ca-Mg silicates, which participate in hydraulic or pozzolanic processes. Longer curing 
times allow FG curing to achieve CO2 uptake values that are on par with 100% CO2  
curing. 

When cured in various CO2 concentrations, the CO2 absorption and compressive 
strength of fly ash monoliths, both OSA and WA, exhibit comparable changes. For OSA, 
when cured in 100% CO2, the CO2 uptake is 10.8%, which decreases by 29.6% to 7.6% 
when cured in model FG with 16% CO2. The compressive strength also decreases from 
22.1 MPa in 100% CO2 to 16.1 MPa in FG, a decrease of 27.1%. 

Similarly, for WA, the CO2 uptake decreases from 9.4% in 100% CO2 to 7.9% in FG,  
a decrease of 16%. The compressive strength also decreases from 13.5 MPa in 100% CO2 
to 10.2 MPa in FG, a decrease of 24.4%. 

These changes indicate that both CO2 uptake and compressive strength of fly ash 
monoliths decrease when the concentration of CO2 in the curing environment is reduced 
from 100% to 16%. This suggests that higher CO2 concentrations may enhance the initial 
reaction rates for carbonation process, leading to higher CO2 uptake and related 
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compressive strength. However, at lower CO2 concentrations, the carbonate conversion 
rate may be reached over longer times, and eventually, it may even exceed the carbonate 
conversion rate at greater CO2 concentrations (Nielsen et al., 2020). 

Effect of temperature  
The accelerated carbonation process is influenced by temperature elevations through 
various intricate mechanisms including reaction kinetics, diffusion rates, solubility of CO2, 
moisture evaporation and microstructure evolution (von Greve-Dierfeld et al., 2020;  
Wu et al., 2022; Yadav & Mehra, 2021). Previous investigations have reported that the 
temperature increase during carbonation directly affects the solubility of CO2, the rate 
at which components dissolve, and the structure and mineralogy of the carbonates  
(Liu et al., 2016; Luo et al., 2021; Nielsen et al., 2020). At higher temperatures, calcium is 
more quickly released from the matrix, CO2 diffusion is enhanced but the water 
evaporation is hastened, and the aqueous solubility of CO2 is reduced (Zhong et al., 
2021). For the carbonation of portlandite, while higher temperatures might accelerate 
the rate of reaction (kinetic control), the extent of carbonation might be less favourable 
compared to lower temperatures (thermodynamic control) (von Greve-Dierfeld et al., 
2020). Temperature plays a crucial role in determining the thermodynamic stability of 
calcium carbonate polymorphs that form during the carbonation process, with calcite 
being the most stable among them. (Liendo et al., 2022). 

Through an examination of the correlation between temperature and both CO2 uptake 
levels and compressive strength, the influence of temperature was systematically 
assessed (Paper II, Fig. 11–12). For OSA, the CO2 uptake increases from 9.1% at 25 °C to 
11.2% at 50 °C, an increase of 23.1%. However, the increase in CO2 uptake from 50 °C to 
75 °C is smaller, at 5.4%. Whereas, the compressive strength increases from 22.1 MPa at 
25 °C to 24.8 MPa at 50 °C, an increase of 12.2%, but then decreases to 21.6 MPa at 75 °C, 
a decrease of 12.9% from the peak at 50 °C. While higher temperatures elevate CO2 uptake 
levels for OSA monoliths, they do not correspondingly enhance strength development, 
indicating that higher CO2 uptake does not necessarily guarantee increased strength.  
The secondary reaction between CSH, Ca(OH)2, and CO2, which results in high-intensity 
calcium carbonate crystal and lowers the calcium-silicon ratio (c/s) of CSH, can favourably 
affect the strength development monolith up to 50°C (Duan et al., 2020). CSH with a 
lower ratio of C/S has better mechanical properties, and the accumulation of calcium 
carbonate particles reduces the porosity and increases the density of the monolith  
(Duan et al., 2020; Lodeiro et al., 2010; Qian et al., 2018; Shaikh & Supit, 2014). Therefore, 
the compressive strength of the monolith will improve. Between 50 °C to 7 5°C, a decrease 
in the compressive strength can be attributed to disintegration of CSH as well as increased 
lack of water availability at higher temperatures affecting homogeneity of hydration and 
carbonation reactions. High temperatures can cause the double-chain silicate anion 
structure of CSH to break, which will inhibit the growth of combined strength  
(Fang & Chang, 2015). It is well known that excessive carbonation can degrade the  
micro-mechanical property of CSH (Liu et al., 2022). 

Similarly, for WA, the CO2 uptake shows a significant increase from 8.5% at 25 °C to 
13% at 75 °C, an overall increase of 52.9%. However, the compressive strength decreases 
from 14.7 MPa at 25 °C to 13.2 MPa at 75 °C, a decrease of 10.2%. The experiment 
conducted at the lowest temperature (25 °C) registered the highest compressive strength, 
even though it had less CO2 bound to the monoliths. This implies that for WA, the impact 
of temperature on carbonation strengthening is more pronounced. Considering that WA 
possesses a lower concentration of active silicates relative to OSA, it can be deduced that 
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carbonates exert a more pronounced impact on strength development than hydration 
products when compared with OSA. Despite higher temperatures prompting a faster 
initial reaction rate for both WA and OSA, this accelerated carbonation could  
potentially lead to the formation of weaker carbonate structures. These less robust 
structures contribute less effectively to strength development, suggesting that a  
balance between reaction speed and structural integrity is crucial for optimal strength.  
The influence of temperature on the stability of carbonates is further elaborated in the 
section dedicated to thermal analysis. In line with findings from similar studies,  
the uptake of CO2 tends to increase with temperature, peaking at around 60 °C, 
particularly at lower pressures (Bertos et al., 2004). Given that the carbonation reaction 
is exothermic, it is advisable to cap the temperature at 333 K to maintain optimal 
conditions (Mazzella et al., 2016). 

3.3.2 Thermal analysis 
TGA was employed to investigate the thermal decomposition and mass reduction 
behaviour of both uncarbonated and carbonated samples meanwhile CO2 uptake levels 
were also evaluated. This analytical technique provided insights into the various phases 
of mass reduction associated with the evaporation of water, dehydration of components 
(Ca(OH)2, ettringite, CSH etc.),  and release of CO2 from CaCO3. 

The TGA and DTG curves of uncarbonated samples reveal three main phases of  
mass reduction with smaller steps in between (Paper II, Figure 13-14; Paper III, Figure 3). 
The initial mass loss step can be linked to the evaporation of water and the ensuing 
dehydration of both crystalline and amorphous components, including ettringite, which 
can continue up to 140 °C, as well as CSH or calcium-aluminate-(silicate) hydrate (CA(S)H) 
(Juenger et al., 2019; Scrivener et al., 2018). In the uncarbonated OSA, a slightly more 
pronounced peak of ettringite decomposition is observed between 100–130 °C compared 
to carbonated and NS-added samples. Similarly, in the WA, decomposition around 80 °C 
was less in NS added samples compared to carbonated and uncarbonated samples 
(Paper III, Figure 3). This suggests that CO2 curing either slowed the formation of AFt, 
CSH, and CAH or induced their phase change. In both samples, the mass loss between 
200–370 °C can be attributed to CSH decomposition as well as the ongoing decomposition 
of monosulphate which is formed after ettringite decomposes (Kurdowski, 2014).  
The subsequent phase is marked by the dehydration of Ca(OH)2, which occurs up to  
500 °C, as illustrated by Eq. (14). The final mass loss step is defined by the release of CO2 
resulting from the decomposition of CaCO3, a process that unfolds between 550–900 °C, 
(Paper II, III). 

Ca(OH)2 ↔ CaO(s) + H2O(g)   ΔH 298K = −104 kJ/mol             (14) 

CaCO3(s) ↔ CaO(s) + CO2(g)    ΔH 298K = +178 kJ/mol            (15) 

In carbonated samples, primarily two stages of mass reduction are observed –  
the evaporation of water and the release of CO2 from CaCO3. The loss of water from 
Ca(OH)2 is not substantial due to its carbonation, as shown in Eq. (16), (Paper II, III),  
with the exception of OSA carbonated at 25 °C. The Mass Spectrometry (MS) curves of 
OSA monoliths that were cured at 75 °C corroborate the findings from the TGA curves. 

Ca(OH)2(s) + CO2(g) → CaCO3(s) + H2O(g)  ΔH 298K = −113 kJ/mol           (16) 
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The third stage of mass loss in uncarbonated samples reveals that both types of ash 
already contain CaCO3 in their initial states, prior to hydration and carbonation. 
Consequently, the net absorption of CO2 is determined by deducting the CO2-related 
mass loss from the uncarbonated minerals from the total CO2-related mass loss in 
carbonated samples. 

The samples demonstrated a CO2 uptake of 9.1% for OSA and 8.5% for WA (Paper II, 
figure 11) when cured at a temperature of 25 °C.  

The net CO2 uptake of the 100% OSA sample is 12.2% and NS added OSA sample is 
11.7%. 100% WA sample and NS added WA samples are 7.8% and 5.4% respectively 
(Paper III, figure 2). The lower CO2 uptake of NS-added samples can be explained by the 
rapid hydration of calcium aluminates altering pore structures, resulting in less available 
surface area and a lower percentage of portlandite, which is the main phase contributing 
to carbonation, due to the replacement of ash with NS. Yet, these findings indicate that 
there is a minor negative impact of NS on the carbonation of selected ashes.  

The influence of the curing temperature is evident in both the TGA/DTG curves, which 
clearly demonstrate an increase in CO2 uptake with rising curing temperatures of 25, 50, 
and 75 °C.  

The thermal stability of the newly formed CaCO3 can be assessed by examining the 
TG/DTG curves. 

The onset temperatures, which represent the beginning of CaCO3 decomposition in 
carbonated samples, are slightly lower compared to uncarbonated ones. For OSA,  
these temperatures are 520 °C for curing temperatures of 25, 50, and 75 °C, and 580 °C 
for the initial sample (Paper II, figure 13). For WA, the temperatures are 510 °C for  
curing temperatures of 25, 50, and 75 °C, and 580 °C for the initial sample (Paper II,  
figure 14). 

These findings align with those of several other researchers who have reported lower 
thermal decomposition temperatures for CaCO3 when it occurs in a less crystalline form 
of calcite (Karunadasa et al., 2019). This could indicate a variation in the thermal stability 
of the newly formed crystalline and amorphous CaCO3 phases at temperatures above 
room temperature under the given curing conditions (Du et al., 2018). This could also be 
due to the inefficient transformation of amorphous CaCO3 into calcite, which typically 
forms more stable structures at room temperature (Ihli et al., 2014). However, it’s also 
known that the thermal stability of amorphous calcium carbonate can eventually 
increase and spontaneously crystallize. 

3.3.3 Kinetic analysis 
The properties of the initial ash, along with the conditions to which they are exposed 
during the sample preparation processes, profoundly influence the reaction kinetics and 
overall CO2 uptake in the accelerated carbonation of OSA and WA monoliths. Formerly 
mentioned initial characteristics include SSA, composition of the mix, porosity, and free 
water content of the compacted monoliths. Surface area, porosity and to an extent free 
water content are also dependent on the compaction pressure. In general, carbonation 
process parameters include CO2 gas pressure/concentration, curing temperature, and 
relative humidity. The curing temperature as a main process parameter has been taken 
into account within the section in order to obtain relevant kinetic curves of the 
carbonation stages of OSA and WA.  

Methodology of preparation of the monoliths has been explained in 2.3 (Sample 
preparation and experimental setup chapter). Based on the above-mentioned 
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experimental equipment simultaneous gas monitoring was conducted at different curing 
temperatures (25–50–75 °C), capturing data every 5 seconds over a 2-hour carbonation 
period for the monoliths. The collected experimental data is illustrated in figure 5–6 
(reproduced from Paper II, Figures 15–16). These figures depict the kinetic curves of CO2 
consumption at varying temperatures.  

The carbonation reaction in both OSA and WA monoliths is initially rapid, a phenomenon 
attributable to the open porous surfaces and ample physically bound water in the open 
pore structures of the samples, which facilitates a swift onset of carbonation. Following 
this phase, the reaction rate slows due to diffusion constraints through the product layer 
as carbonation advances from the exterior surface into the internal spaces. 

Figure 5. Simultaneous CO2 uptake profiles of OSA compacts subjected to curing at temperatures 
of 25°C, 50°C, and 75°C. 
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Moreover, the initial rapid carbonation reaction can also impact particle temperatures 
due to exothermic nature of the reaction, potentially speeding up the evaporation of 
physically bound water. This could impose a limit on the diffusion of CO2 and the 
formation of carbonic acid. While the initial phase of the carbonation reaction does not 
exhibit a clear temperature dependency, an increase in temperature does have a 
positive/or visible effect on CO2 absorption, particularly during the diffusion-controlled 
phase of OSA. 

The trend of CO2 consumption in terms of carbonation rate differs slightly in WA 
compared to OSA and varies with temperature. The beneficial effect of rising temperature 
on the rate of WA carbonation is more noticeable, indicating a more kinetic-controlled 
reaction, even in the initial stages of carbonation. A temperature increase extends the 
duration of the rapid carbonation phase, allowing WA to react for a longer period before 
transitioning to a more diffusion-controlled stage. 

The CO2 absorption values derived from gas monitoring results corroborate the total 
CO2 absorption values identified in thermal analysis. After two hours of curing, the final 
conversion values range from 0.58 to 0.64 for OSA and 0.43 to 0.62 for WA. CO2 binding 
efficiency calculated based on theoretical maximal CO2 uptake capacity which is shown 
in Eq. (4) in Paper II. Graph extrapolation suggests that full conversion can be achieved 
after 11 hours for OSA and 13 hours for WA.  

Well-known reaction-order models were assessed as described by Li et al., (2020) and 
Khawam et al. (2006). It’s established that the carbonation of Ca-Mg silicates exhibits 
reduced reactivity under alkaline conditions in comparison to Ca(OH)2, with potential pH 
drops to around 10, based on equilibrium calculations (Nam et al., 2012). Consequently, 
the total CO2 sequestration during carbonation is determined based on the most reactive 
ash phases, namely CaO and Ca(OH)2, excluding Ca-Mg silicates (Eq. 4, Paper II). 

 

Figure 6. Simultaneous CO2 uptake profiles of WA compacts subjected to curing at temperatures of 
25°C, 50°C, and 75°C. 
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Carbonation reaction in the monolith can be summarized by following order of 
intermediate reactions (Eq. 17-23): 

Hydration of calcium oxide (lime) to produce calcium hydroxide (slaked lime): 

CaO(s) + H₂O(l) → Ca(OH)₂(s)   ΔH =-65.27                             (17) 

Dissolution of carbon dioxide in water to form carbonic acid: 

CO₂(g) + H₂O(l) → H₂CO₃(aq) ΔH = 66.55 kJ/mol            (18) 

Dissociation of carbonic acid into bicarbonate ions: 

H₂CO₃(aq) → H⁺(aq) + HCO₃⁻(aq) ΔH =1412.7 kJ/mol.            (19) 

Further dissociation of bicarbonate ions into carbonate ions: 

HCO₃⁻(aq) → H⁺(aq) + CO₃²⁻(aq) ΔH =15.48 kJ/mol                            (20) 

Dissolution of calcium hydroxide: 

Ca(OH)₂(s) → Ca²⁺(aq) + 2OH⁻(aq) ΔH = -980.83 kJ/mol            (21) 

Reaction of calcium ions and carbonate ions to form calcium carbonate (limestone): 

Ca²⁺(aq) + CO₃²⁻(aq) → CaCO₃(s) ΔH = 12.13 kJ/mol                            (22) 

The overall reaction can be simplified as: 

CaO(s) + CO₂(g) → CaCO₃(s) ΔH = -178.39 kJ/mol             (23) 

While the solids are dissolving and hydrating, CO2 in the vapor phase will also dissolve 
in water, based on its equilibrium solubility at the given pH and temperature (Pan et al., 
2012). The metal ions frequently begin by leaching out quickly, then gradually slow down 
and increase until they reach their peak concentration in the pore solution (Wei et al., 
2018). As the reactants and dissolved CO2 create ionized species in the liquid phase, they 
reach a state of supersaturation. This state is often defined by the ratio of the ion activity 
product to the solubility product for a specific compound, such as calcite (Lothenbach & 
Zajac, 2019). Once this state is reached, precipitation happens, which lowers the level of 
supersaturation. Compounds in the fly ash that contain Ca2+ (mainly CaO and Ca(OH)2) 
will continue to dissolve as long as the solution remains undersaturated with respect to 
these phases due to the precipitation of carbonates. The kinetics of precipitation 
reactions, as demonstrated in other studies on the carbonation of lime pastes, are 
significantly influenced by the initial chemical control at the exposed surface, which 
exhibits a high resistance to CO2 diffusion (Cizer et al., 2012). This indicates that the 
process is subsequently succeeded by a shift to a phase where the reaction is governed 
by the diffusion of CO2 through the layer of the carbonate product. This ensures the 
formation of Ca (and Mg) carbonates until the supply of these reactant compounds is 
depleted and the system achieves equilibrium. It is important to note that the pore 
solution is likely to maintain a high pH due to the plentiful alkaline compounds in the fly 
ash mixture (Wei et al., 2018). Certain previous investigations have examined the 
carbonation reaction mechanism in alkaline wastes and found that the rate of 
accelerated carbonation is primarily limited by the diffusion process within the ash layer 
(Chang et al., 2011; Lekakh et al., 2008; Pan et al., 2018). 

A strategy employed to understand the kinetics and mechanisms of the reaction is the 
solid-state reaction approach, particularly relevant for the carbonation process. This 
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method proves to be particularly beneficial when the reaction involves solid reactants 
and products, such as the carbonation of CaO to produce CaCO₃. 

Various kinetic functions correspond to distinct mechanisms for solid-state reactions, 
with a particular emphasis on the carbonation conversion of alkaline solid wastes (Miao 
et al., 2023). The functions f(α) and g(α) = kt are derived from the general kinetic equation 
dx/dt = k * f(x). The mechanisms are categorized based on the controlling step of the 
reaction, including nucleation, phase boundary reactions, and diffusion. 

The kinetics of a typical solid-state reaction can be represented by the law of mass 
action, as depicted in Eq. (24), in conjunction with the Arrhenius theory. The equation is 
expressed as  

dx/dt = k . f(x)                            (24) 

In this equation, x signifies the proportion of reactants within the monolith that have 
transformed into carbonates, t stands for the reaction time (in seconds), k is the reaction 
rate constant, and f(X) is an algebraic function that is defined by the reaction mechanisms 
(Zhu et al., 2023).  

Arrhenius equation is presented below. 

                                                                      𝑘𝑘 = 𝐴𝐴𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅                                               (25) 

where, k is rate constant, A is the pre-exponential (frequency) factor, e is Euler’s number, 
Ea is the activation energy, T is absolute temperature, R is the gas constant. 

Previous research has shown that two solid-state kinetic models that were integrated 
into Eq. (26) may sufficiently demonstrate the carbonation kinetics of industrial alkaline 
solid wastes. (Nam et al., 2012; Pan et al., 2018; Um & Ahn, 2017): 

1 – (1 – α)1/3)n  = kt            (26) 

Using k as the rate constant, t representing the duration of the reaction, n as an 
adjustable index for the rate-controlling step, and α symbolizing the degree of conversion 
(with α = 1 indicating complete carbonation) as per Eq. (27). 

α=m0-mt/m0-mf             (27) 

α represents the ratio of the difference between the initial weight (m0) and the weight 
at time t (mt) to the difference between the initial and final weight (mf), as described by 
Eq. (27). 

When adjusting the exponent n in Eq. (26), two distinct kinetic models emerge. For  
n = 1, Eq. (26) characterizes a strictly phase-boundary controlled reaction, pertinent to 
the early phases of carbonation. Here, the rate-determining factor is the chemical 
interaction at the phase boundary, such as the exterior of the untouched core. 
Conversely, for n = 2, Equation 26 is indicative of a diffusion-constrained reaction (as per 
the Jander equation). In this scenario, the rate is constrained by the diffusion through 
the accumulating layer of precipitated CaCO3. The alignment between the experimental 
findings and the kinetic model is denoted by the correlation coefficients (R2).  

The activation energy can be deduced from the slope of the ensuing adjusted 
equation, given by:  

ln(k) = ln(A)− Ea/RT             (28)  

with the linear fitting of ln(k) and 1/T (See Paper II, Appendix). The activation energy (Ea) 
for OSA and WA have been determined to be 3.55 kJ/mol and 17.06 kJ/mol, respectively. 
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The calculated values in this work are consistent with the activation energy estimates for 
CaO and Ca(OH)2 carbonation processes given in literature (Nikulshina et al., 2007). 

The translated experimental data from the carbonation experiments are shown in 
figure 7 (reproduced from Paper II, figure 17). A relatively high R2 value suggests that  
the model accurately captures the carbonation dynamics. For OSA (ln(t) < 2.5) and  
WA (ln(t) < 2.9) samples, values of Eq. (26) to the transformed data imply that the 
reaction is phase-boundary regulated during the initial stages of accelerated carbonation. 
Following the alteration in reaction rate, diffusion through the product layer now 
regulates carbonation. The change in slope for the plot of ln(1 - (1 - )1/3)n vs. ln (t) serves 
as an example of the transition between the two kinetic models (t). For WA reaction 
circumstances, the shift in slope appears to be less pronounced and occurs later than for 
OSA, which is consistent with the CO2 monitoring graphs and can be attributed to the 
higher SSA of WA delaying the onset of the diffusion phase (Paper II, figure 14–15).  
This supports the greater CO2-uptake by showing that rate restrictions caused by 
diffusion through a developing layer of precipitated CaCO3 are less significant when the 
solid is moving (exposing interior surfaces). 

3.3.4 Microstructural and mineralogical changes 
This section delves into the detailed investigations conducted to discern the nuanced 
changes at the microscopic level. Advanced analytical techniques, including XRD for 
mineralogical characterization, MIP for pore size distribution and porosity, SEM for 
detailed microstructural visualization, and EDS for elemental composition, were 
employed. The integration of these techniques provides a comprehensive understanding 
of the transformations that take place, bridging the knowledge gap between the 
macroscopic properties and the underlying microstructural causes. 

Figure 7. Assessment of the carbonation kinetics is presented through the relationship ln(1- (1 - α)1/3) 
versus ln(t) for the carbonation of OSA monoliths, where R2 denotes the correlation coefficient. 
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Effect of carbonation on mineralogical properties 
The mineralogical composition of the monoliths, as determined by XRD analysis,  
is explored for both OSA and WA samples. This investigation seeks to discern phase 
transformations resulting from carbonation as well as NS addition. 

In uncarbonated OSA monoliths, the primary constituents are portlandite, calcite, and 
quartz, ettringite, anhydrite, orthoclase, and hematite also present in minor quantities 
(Paper III, figures 4–5). The XRD spectra of the hydrated specimens distinctly exhibited 
portlandite peaks, evident for both OSA and WA substrates (Paper II, Figure 18–19). 
Calcite predominantly emerges as the principal byproduct, whereas portlandite 
undergoes near-complete consumption. This suggests that the carbonation of 
portlandite is not strongly impeded by NS addition. The detection of the CSH phases in 
XRD analysis is challenging due to its amorphous nature and complex structure resulting 
weak diffraction patterns (Yang et al., 2018). Therefore, hydrated products (CH, CSH, 
CAH, CASH) are visible in small diffraction peaks and further existence of these phases 
are verified in SEM images with EDS analysis. 

It is crucial to note that the development of strength cannot be simply attributed to 
the creation of calcite during carbonation; rather, the generation of hydrated 
compounds like CSH continues and plays a significant role in the increase in total strength 
(Zhan et al., 2016). This may explain why, in some cases, WA monoliths exhibit a stronger 
overall gain in strength than OSA monoliths after carbonation, despite absorbing less CO2 
(See Figure 12, Appendix 4).  

The emergence of ettringite during the hydration/curing phase of monoliths is 
substantiated by the XRD pattern and the TGA of the uncarbonated OSA samples. 
Ettringite results from the reaction between calcium and alumina, elements typically 
found in cementitious matrices and supplementary cementitious materials, with 
sulphate (Wolf et al., 2019). The sulphates can either be naturally present in the cement 
paste or introduced externally.  

Considering the NS added monoliths, it is known that calcium aluminates are often 
employed in ternary blend studies alongside other supplementary cementitious materials 
(Fernández-Carrasco & Vázquez, 2009). In this context, NS serves as a source of amorphous 
calcium aluminate. 

In NS-added monoliths, peaks of CAH, CA(S)H and partial conversion of ettringite to 
amorphous phases are noted. When aluminosilicate materials are alkaline activated, NS 
introduces calcium aluminates as a source of aluminium that reacts, resulting in the 
formation of gels of binding CASH that hasten the development of strength (Zhang et al., 
2021). Post-carbonation, partial ettringite decomposition is observed, see Eq. (29), 
potentially leading to the formation of calcium carbonate, gypsum, and alumina gel 
(Chen et al., 2020). Gypsum, being more soluble than anhydrite and ettringite, releases 
more sulphates into the leachate of the carbonated OSA monolith. While delayed 
ettringite formation can be detrimental to regular cement systems, in calcium aluminate 
cement systems, ettringite formed during hydration is typically the most significant 
hydrate. It largely contributes to these systems' unique properties, including rapid 
setting, hardening, drying, and shrinkage compensation (Amathieu & Touzo, 2007). 

3CaO•AI2O3•3CaSO4•32H2O + 3CO2→3CaCO3 + 3(CaSO4•2H2O) + Al2O3•xH2O + (26-x) H2O 
       (29) 

It is known that the phase and content of sulphates in fly ashes are important with  
the respect to problems occurring in fly ash blended PC concrete. The primary alkali  
sulphate-bearing phase in WA is arcanite with different chemical composition (K2SO4) 
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and different hydration reactivity (with C3A) than gypsum or anhydrite. As a result of this, 
ettringite formation during the hydration/curing period is observed to be lower 
compared to OSA, which can be attributed to the lower Al content and lower hydration 
reactivity of K2SO4 in WA (Ma & Qian, 2022). In NS-added monoliths of WA, the intensity 
of arcanite peaks is lower compared to uncarbonated and carbonated monoliths, which 
could indicate the binding of sulphates in amorphous calcium aluminate phases observed 
by SEM-EDS analysis (Paper III, figure 8–9). Changes in the CAS phases are discussed in 
subsection 3.4.1, which are explained in greater detail with the aid of additional figures, 
in conjunction with the sulphate leaching process. However, it can be challenging to 
determine exact phases due to the amorphous nature and complex structure of the 
material. Hydroxyapatite, also observed in WA monoliths (Paper III, figure 5), could be 
partially responsible for high compressive strength values (Paper III, figure 2) (Wang  
et al., 2023; Tang et al., 2023). Figure 14 in Appendix 4 displays a schematic illustration 
of a representative segment “X” of a carbonated monolith produced under this research. 
One can see that the monolith in the figure is composed of tightly packed fly ash particles 
connected by a recently created carbonate network. 

Effect of carbonation on microstructural properties 
Another crucial factor that determines the physical strength of solidified formations is 
the porous structure and porosity. The precipitation of carbonate minerals, primarily 
calcite, which fills the porous spaces between the particles and fuses the various glassy 
fly ash particles together, contributes to the strength of the monoliths (Zajac et al., 2021; 
Monrose et al., 2020). MIP was utilized to calculate the pore size distribution of the OSA 
and WA monoliths in order to explore the effects of carbonation on the microstructure 
of the hardened monoliths. The MIP theory states that a non-wetting liquid (one with a 
contact angle greater than 90°) will only enter capillaries under pressure. The following 
is how Washburn (Diamond, 2000) discusses the connection between pressure and 
capillary diameter (Eq. (30)): 

                                                                   𝑃𝑃 = 4𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾
𝑑𝑑

       (30) 

where P = pressure, = liquid surface tension, = liquid contact angle (140° is chosen), and 
d = capillary diameter. The pore size distribution is computed using the volume intruded 
at each pressure increase. Total porosity is ascertained by dividing the cumulative 
volume of mercury intruded at the peak experimental pressure by the sample’s bulk 
volume. Effective porosity is characterized by the volume of mercury extricated during 
the extrusion process. It should be noted that the MIP approach only determines the 
open porosity and does not measure pore size. Instead, it measures pore entry size. Big 
pores are overstated while small pores are underestimated as a result of the “ink-bottle 
effect”. The water-to-solid ratio, mixing technique, and fineness of the particles are the 
key factors that determine how porous hydrated cementitious materials are. 

After carbonation, OSA monoliths show a decrease in macropores with total porosity 
decreasing from 32% to 27% (see figure 8 reproduced from Paper III, figure 6), according 
to the MIP evaluation, which raises the corresponding compressive strength from  
11.8 MPa to 41.5 MPa. With increasing calcite deposition and the filling impact of 
hydrated phases, total porosity decreases, and the drop becomes more pronounced. 
During carbonation, calcite is deposited on the inside of pores as well as at their entry, 
closing part of these pores and preventing mercury ingress. NS-added carbonated 
monoliths demonstrated fewer macropores than their carbonated OSA counterparts, 
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with a reduction in total porosity from 27% to 24%. Ettringite has a high molecular 
volume and low density, which might result in a partial reduction in it after carbonation 
leading to an overall increase in porosity (Justnes et al., 2020; Chen et al., 2022). This 
effect is lessened in the case of OSA by the later development of calcite polymorphs on 
the pore mouths. The space vacated by diminishing ettringite is in part reclaimed by the 
growth of denser calcite polymorphs, leading to fewer macropores in the NS-added 
carbonated monoliths. In the WA specimen, a discernible reduction in macroporosity 
from 20% to 15% underscores the pronounced influence of carbonation (See figure 9 
reproduced from Paper III, figure 7). In the case of WA monoliths augmented with NS, 
there was a slight increase in macroporosity (from 20% to 21%) compared to the 
monoliths composed solely of WA. This observation can be attributed to the significant 
particle size disparity, with NS exhibiting coarser particles (Paper III, figure 1). 
Furthermore, the variance in macroporosity between monoliths derived from WA and 
those from OSA can be ascribed to the inherent compaction characteristics of the 
respective ashes. Specifically, WA tends to yield a denser structure upon compaction. 

 

Figure 8. Differential pore volume distribution with total porosity values of uncarbonated (UC) and 
carbonated (C) OSA samples. 

Figure 9. Differential pore volume distribution with total porosity values of uncarbonated (UC) and 
carbonated (C) WA samples. 
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SEM pictures (1000–5000 times magnified) and EDS examination of monoliths with 
uncarbonated, carbonated, and NS additions allowed for the identification of the 
morphological alterations and chemical composition. For the comparative microstructural 
analysis of hydrated and carbonated monoliths, samples are extracted proximal to the 
cylinder’s surface (Paper II, figures 21–23; Paper III, figures 8–9). This selection criterion 
is based on the observation that the depth of the carbonation front progresses more 
slowly towards the inner sections of the monolith. This retardation is attributed to a 
reduced permeability of CO2 stemming from the pore-clogging effects and the denser 
microstructure resulting from the precipitation of CaCO₃. Figure 10 (reproduced from 
Figure 8 in Paper III and figure 20-a in Paper II) depicts the OSA uncarbonated monolith 
with hexagonal lamellar portlandite crystals. The particles seem to merge, and the 
hydrated components appear intertwined, the hexagonal lamellae of portlandite seem 
enveloped by irregular, grainy products with approximate diameters around 1 m.  
The particles have a gritty look, along with some obvious large pores in hydrated samples 
and stubby laths. The elemental ratio for Ca(OH)2 crystals is supported by the EDS of 
uncarbonated monoliths, which demonstrates that the end products are an amalgam of 
calcium and oxygen. Glassy fly ash particles that are spherical and surrounded by 
hydrated products can be seen in the uncarbonated WA image (Paper III, figure 9).  
In the carbonated OSA monolith, decalcified CSH or silica gel were combined with 
polymorphs of calcium carbonate that precipitated during carbonation into acicular and 
globular forms. The porous morphology of the hydrated monoliths undergoes a 
transformation, becoming denser upon carbonation. The non-presence of portlandite 
crystals within the carbonated samples aligns with the near-complete conversion 
anticipated from the XRD findings (Paper III, figures 18–19). While carbonated WA 
monoliths had calcite formations resembling those in OSA monoliths, they also had more 
of the smother gel-like surfaces with less porous structures (Paper III, figure 9). EDS has 
demonstrated that some of these locations include a combination of several elements in 
amorphous matrixes. The accelerated carbonation kinetics observed at elevated 
temperatures, as delineated in the section on the temperature's effect on carbonation, 
is manifested through the evolution of microcracks at these heightened temperatures. 
This phenomenon offers a plausible explanation for the diminished strength values 
recorded at the peak temperature of 75 °C, as depicted in Figure 21 of Paper II. 

Along with calcite polymorphs, NS-added monoliths have shown needle-like CAS 
crystal growths (Paper III, figure 8–9). In general, WA monoliths were found to be denser 
and less porous than OSA monoliths, which is consistent with the findings of the MIP 
study (Paper III, figure 6–7).  

Clusters of portlandite crystals are only found in the inner portion of the cylindrical 
specimens where carbonation front has not reached yet, according to SEM analyses 
along the sample depth. There are two plausible hypotheses that can coexist to account 
for this unsatisfactory conversion. The initial carbonated layer offers a macroscopic layer 
that prevents CO2 gas from diffusing to the portlandite crystals, which is the first factor. 
This carbonated layer is expected to be less permeable because of the pore closure 
caused by the precipitation of larger CaCO3 crystals (36.9 cm3/mol) than Ca(OH)2 crystals 
(33.6 cm3/mol) on the pore throats. The second explanation might be that not enough 
water is present for the reaction to occur because of the increased carbonation reaction’s 
exothermic nature and the hydrophilicity of CaCO3 crystals is lower than that of Ca(OH)2 
crystals (Costa et al., 2021; Gluth et al., 2022). 
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3.3.5 Leaching properties of monoliths 
One of the most important aspects of waste disposal in landfills or reuse is the release of 
dangerous compounds into the environment. In accordance with the criteria and 
procedures for waste acceptance at landfills set forth in Council Directive 1999/31/EC of 
April 26, 1999, wastes transferred to landfills are divided into three categories: “inert”, 
“non-hazardous”, and “hazardous” based on their leachability and stability. Sulphate 
leaching limitations are 1000, 20000, and 50000 mg/kg of waste, respectively, for these 
landfills. 

OSA and WA often contain elevated concentrations of heavy metals such as cadmium, 
lead, and arsenic, which are known to be toxic to both aquatic and terrestrial ecosystems. 
Additionally, the presence of sulphates in these ashes can lead to the formation of acid 
when they come into contact with water, potentially resulting in acid mine drainage-like 
conditions. When these ashes are disposed of in landfills without proper containment 

Figure 10. SEM images and numbered positions for quantitative EDS analysis of OSA uncarbonated 
(top) and, carbonated (bottom) samples. 
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measures, there is a risk of leachate generation, which can contaminate surrounding soil 
and groundwater. This contamination can disrupt local ecosystems, pose health risks to 
communities relying on affected water sources, and result in long-term environmental 
degradation. The complex mineralogy and potential reactivity of OSA and WA necessitate 
a comprehensive understanding of their environmental behaviour and the development 
of strategies to mitigate their impact. 

The pH measurements of the successive leachates indicate a steady decrease from 
around 12.8 at the beginning stage to around 11.4 when Ca(OH)2 is depleted in the 
monoliths of OSA (Paper III, Figure 10). The pH levels for WA also dropped from an initial 
value of 13.1 to approximately 11.8. 

OSA and WA uncarbonated monoliths have pH levels between 12.3 and 12.7, which 
fall to 11.4 to 11.9 after carbonation. At the various pH ranges mentioned in the 
literature, the stability domain of sulphate ettringite typically ranges between 10.5 and 
13. 

According to sulphate leaching results, after carbonation, the sulphate content in 
100% OSA increases from 2260 mg/kg to 6510 mg/kg (Paper III, Figure 11). Carbonation 
leads to the creation of carbonates in the pore water contending with anions such as 
hydroxides and sulphates for combining with positively charged ions [Schnabel, 2021]. 
Furthermore, in standard cement-based structures, sulphate formation occurs as a result 
of ettringite breaking down during carbonation (Paper III, Section 3.2). OSA monoliths 
that have been carbonated have more sulphates seeping out of them than monoliths 
that have not been carbonated. Due to the greater starting concentration in WA and the 
higher solubility of arcanite compared to anhydrite, WA showed significantly higher 
sulphate leaching levels than OSA. When compared to OSA monoliths, ettringite and 
other CAS production during the hydration period is seen to be significantly reduced in 
WA monoliths. The diminished ettringite crystallization observed in WA pre-carbonation, 
a principal determinant for augmented sulphate solubilization in OSA, provides a 
rationale for the differential sulphate leaching behaviour exhibited by WA upon 
carbonation. Compared to OSA, a modest decrease following carbonation is seen in WA 
monoliths. This could be because sulphates are physically encapsulated when calcite is 
formed.  

The highly soluble minerals halite and sylvite contain chloride ions, according to the 
mineralogical study. Thus, as shown in Paper III, figure 14, the chloride leaching values 
from monoliths are below the non-hazardous waste landfill limitations. For both OSA and 
WA monoliths, carbonation has marginally reduced the concentrations of Cl- leaching. 
The landfill limit for non-hazardous wastes, which is 15000 mg/kg of waste, is not 
reached for any Cl- leaching levels.  

According to leaching data, the levels of Cr, Cu, and Zn for OSA increased after 
carbonation curing, while the levels of Ba for WA barely increased (Paper III, Table 6). All 
the leaching values for heavy metals are below the permissible level for non-hazardous 
waste landfills. While Zn, Cu and Ba were below the inert limit for uncarbonated samples, 
Cr was the sole element that remained above the inert landfill limit. The leaching 
characteristics of several types of OSA as well as OSA-based mortars have been discussed 
by Irha et al. (2014) and Uibu et al. (2016). Their research demonstrates that during the 
curing process, the fraction of readily soluble inorganic components decreased while the 
mobility of potentially hazardous Cd and Zn did not change, despite the fact that  
the leachates under study were highly alkaline and saturated with various ions  
(the predominant ions were Ca2+, K+, Na+, and SO42-). Due to the carbonated layer 
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reducing the amount of free ions in the material, which are responsible for conducting 
electricity, EC values show a reduction with carbonation (Paper III, figure 15). The loss in 
porosity caused by the creation of the carbonated layer can further restrict ion mobility 
and help explain the decline in EC.  

In general, carbonation significantly influences the leaching behaviours of OSA and 
WA monoliths, with OSA showing an increased sulphate content post-carbonation, while 
WA exhibited subdued sulphate leaching due to limited ettringite formation. 
Concurrently, heavy metal leaching, including elements like Cr, Cu, and Zn, varied after 
carbonation yet remained within acceptable limits for non-hazardous waste landfills. 

Effect of NS addition on sulphate control and leaching properties 
The noted reduction in pH after introducing NS, when contrasted with the uncarbonated 
NS-integrated monolith, offers evidence in favour of the carbonation reaction 
hypothesis. As the pH of the system decreases due to carbonation, the solubility of 
sulphate compounds can increase. Specifically, calcium sulphoaluminate phases, which 
are present in cementitious systems, can become more soluble in less alkaline conditions. 
When these phases dissolve, they release sulphate ions into the solution (Hou et al., 
2022). Notably, in this context, the pH remains above 11, a stability threshold for ettringite 
formation (Paper III, figure 10).  

In the context of OSA monoliths, both the uncarbonated and carbonated forms, after 
NS addition, exhibited no significant sulphate leaching. Following NS incorporation, a 
residual sulphate concentration below 2 mg SO42-/kg of ash was discerned, which 
persisted post-carbonation. This demonstrates the efficacy of NS in mitigating the 
adverse consequences of carbonation-induced sulphate leaching in OSA matrices. 

For WA samples, the introduction of NS substantially curtailed the sulphate leaching 
concentration prior to carbonation, with an additional reduction observed post-
carbonation. Relative to a pure WA sample, the post-carbonation and NS addition led to 
a significant reduction, approximating 14,000 mg SO42-/kg of ash. 

Rapid hydration of calcium aluminates yields calcium ions, which can foster the 
carbonation of fly ash by providing carbon dioxide a reactive surface. Such a phenomenon 
potentially augments the carbonation propensity of fly ashes, thereby enhancing carbon 
dioxide sequestration within cementitious systems. This rapid hydration might also 
precipitate the formation of CAS phases, scavenging sulphate ions and consequently 
reducing their mobility — a pivotal consideration. 

Considering sulphate leaching, SEM images of NS-added monoliths and associated 
mineralogical analyses have been scrutinized. The chemical composition of hydrated 
phases and the overarching mineralogical configuration undergo transformations upon 
niobium slag introduction, profoundly influencing bound sulphate (See figures 11–12 
reproduced from Paper III, figures 12–13). Broadly, alterations in monolith microstructure 
induced by both chemical and physical processes, notably carbonation and NS 
introduction, modulate sulphate mobility in OSA and WA. This modulation mechanism is 
underpinned by complex mechanical, chemical, and microstructural dynamics. 
Predicated on clinker mineralogy, the hydrated phases manifest as CSH, AFt, and AFm. 
The SO42- is stabilized by ettringite crystal formations and within C(A)SH gels, with matrix 
heavy metals additionally sequestered by AFm and CSH phases (Zajac et al., 2023; Keulen 
et al., 2018). Figure 11 delineates a SEM representation of the NS-added OSA monolith 
juxtaposed with XRD patterns highlighting recognized CAS peak locations. Notably, 
ettringite peaks remain robust post-carbonation, albeit with diminished intensity in  
NS-added monoliths. Concurrent with NS incorporation, the emergence of divergent CAS 
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phase peaks becomes pronounced. Within the OSA context, it’s inferred that specific CAS 
phases, alongside a more stable anhydrite, are observable in NS-added monoliths.  
Xu et al. (2018) have mentioned that anhydrite’s presence enhances ettringite’s stability 
over alternative calcium sulphate sources. Analogously, for WA, a SEM portrayal of an 
NS-added monolith, depicting the enhanced precision of needle-like formations,  
was coupled with XRD patterns highlighting arcanite and CAS phases (figure 12).  
The intensity and distinction of sulphate-rich arcanite in NS-added WA monoliths 
appeared diminished. 

 
 
 

 

 
 

 

 
 
 
 
 

 

 
 
The mobility of Cl- in WA manifests a marked reduction with NS addition, with a 

subsequent decline post-carbonation. Post procedural NS addition and carbonation, a 
congruent trend in SO42- and Cl- mobility was observed in WA monoliths. Notably, either 
NS incorporation or the carbonation process exerted negligible influence on Cl- leaching 
metrics within OSA. Conversely, NS integration consistently lowered heavy metal 
leaching readings. Both carbonation and NS addition led to pronounced reductions in Sr 

Figure 11. SEM imagery of carbonated OSA with added NS, accompanied by segmented XRD 
patterns highlighting the CAS peaks of uncarbonated (UC) and carbonated (C), and added NS. 

CAS 

1  

Figure 12. SEM imagery of WA with added NS, accompanied by segmented XRD patterns 
highlighting the K2SO4 and CAS peaks 

1  

CAS 
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and Rb mobility across WA and OSA monoliths. Barring Cr, Cu, and Zn, which remained 
below thresholds in NS-added monoliths, landfilling regulatory limits for inert waste 
pertaining to OSA were adhered to. Subsequent to chemical and structural modifications 
induced by carbonation and NS addition in fly ash monoliths, both ions and heavy metals 
are immobilized, thereby curtailing their availability for EC. 
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4 CONCLUSIONS 
This study primarily investigates the accelerated carbonation process to repurpose fly 
ashes into compacted monoliths for potential use in construction sector, addressing the 
challenges of CO2 emissions and ash accumulation in Estonia. Owing to the abundant 
presence of free lime (14–23 %) conducive to CO2 uptake and the existence of active  
Ca-silicates that impart self-cementitious properties, the compaction and carbonation 
process is acknowledged as a sustainable approach for waste utilization, serving dual 
purposes: CO2 sequestration and the possible application of cement-free construction 
materials.  

Through the accelerated carbonation process, the monoliths demonstrated a 
compressive strength ranging from 10–45 MPa, contingent upon diverse curing 
parameters and the specific ash types utilized and an average of 10 to 15 wt.% of CO2 
uptake was achieved. The study further examined the leaching properties of carbonated 
monoliths to ensure compliance with environmental and safety standards. The results 
highlighted that the accelerated carbonation process, combined with the addition of 
calcium aluminate-enriched NS (10 wt.%), enhanced the compressive strength of high 
sulphur fly ash (4 to 8 wt.% S) -based monoliths, reduced heavy metal leaching, and 
effectively immobilized sulphates without compromising the monoliths’ structural 
integrity. 

The primary findings of this research can be summarized as: 
• Based on TGA and XRD analyses, approximately 90% of the portlandite 

undergoes carbonation, resulting in the formation of calcite. MIP results indicate that 
this calcite fills the pores, while SEM and EDS analyses suggest that it acts as a bridging 
between gaps around the particles. Primarily accelerated carbonation process and 
together with hydraulic and limited pozzolanic reactions contribute to a strength 
development, amplifying it up to fourfold within short curing durations of 2–4 hours. 

• The kinetics of the carbonation conversion reaction were assessed using various 
reaction-order models, leveraging real-time gas monitoring data at specific 
temperatures. In the initial phases of accelerated carbonation of the samples, the 
reaction predominantly aligns with phase-boundary control. Yet, as the reaction rate 
conversion degree evolves, carbonation becomes predominantly governed by diffusion 
through the product layer. 

• Carbonation curing marginally reduces leachate pH, influenced by extended 
hydration reactions and the distinct chemical and mineralogical profiles of various fly 
ashes. As a result of this pH alteration is not solely attributed to portlandite consumption.  

• Sulphate leaching is effectively curtailed through a bifurcated mechanism: the 
chemical association with calcium aluminate sulphate (CAS) phases and the physical 
encapsulation within the matrix of calcium aluminate hydrate (CAH). 

• Sulphate leaching tests in case of OSA indicated that after carbonation curing 
concentrations escalated to roughly 2.88 times the initial concentration (from 2260 mg 
SO₄²⁻/kg to 6510 mg SO₄²⁻/kg) due to ettringite carbonation. However, with a 10% NS 
addition, sulphate leaching was reduced to below 2 mg SO₄²⁻/kg of ash which is less than 
0.1% of the initial concentration, indicating a substantial mitigation in sulphate presence.  

• In WA, the similar increase in sulphate leaching was not observed upon 
carbonation, due to the absence of stable sulphate-bearing compounds (such as 
ettringite, monosulphoaluminate, thaumasite). Conversely, a slight decrease in leaching 
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was noted, attributable to the physical entrapment of sulphates by calcite formation and 
calcium aluminate hydrate.  

• In WA, the incorporation of NS markedly reduces the sulphate leaching 
concentration prior to carbonation, with a subsequent decline observed after 
carbonation curing, culminating in a 30% reduction from the initial concentration of 
48,000 mg SO₄²⁻/kg.  

The originality and the novelty of this research are three-fold relating to waste 
utilization, atmospheric carbon reduction and environmental safeguarding. Firstly,  
the study utilizes 100% waste to produce construction materials, underscoring a 
significant advancement in resource recovery. Secondly, the CO2 sequestration in the 
repurposed waste contributes to environmental sustainability by reducing carbon 
emissions. Lastly, despite the deliberate choice of high sulphur ashes, a notable 
characteristic of the end product is its low-leaching behaviour concerning sulphur and 
heavy metals at the studied conditions. This attribute establishes the material's 
thermodynamic stability, mitigating the environmental impact of potentially hazardous 
wastes.  

The methodology of accelerated carbonation of fly ashes presents potential 
applicability in the synthesis of structural building materials which may pave the way of 
new ash utilization and carbonation routes. Future research endeavours should 
emphasize enhancing the augmentation of both mechanical and surface attributes of 
targeted products. A thorough market assessment and cost-benefit analysis are 
recommended to ascertain the feasibility of targeted applications.  
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ABSTRACT 

Accelerated carbonation of Ca-rich fly ashes in non-cement 
applications  
The prolific utilization of low-grade solid fuels in global heat and power production gives 
rise to salient challenges, notably the emissions of CO2 and the meticulous handling or 
valorisation of solid waste by-products. Accelerated carbonation can be employed as a 
method to stabilize potentially harmful waste streams, transforming them into viable 
alternative building materials.  

In Estonia, the energy sector is principally anchored to indigenous oil shale extraction, 
supplemented by biofuels – predominantly wood chips and forestry derivatives – and 
stands as a paramount CO2 emitter, concurrently generating substantial quantities of 
waste ash. The presence of free Ca-Mg oxides, constituting nearly a quarter of the ash 
composition coupled with the intrinsic cementitious attributes derived from portlandite, 
active calcium silicates, and aluminates, positions it as a prime candidate for upcycling 
into a building material, augmented by carbonation curing. 

The objective of this research is to explore potential construction applications that can 
effectively utilize alkaline solid wastes in tandem with CO2 emissions. In pursuit of this 
goal, various waste streams from Estonia, including oil shale fly ash (OSA), wood fly ash 
(WA), and landfilled ash (LFA), were evaluated for their capacity as CO2 binders and 
assessed for cementitious properties.  

The finding suggests that the self-cementing ability of OSA is of ashes comprising  
15–22% of the material, calcium, magnesium silicates, and aluminates, in conjunction 
with lime and portlandite (14–23%), partake in pozzolanic processes. This results in an 
average of 10 MPa compressive strength and swift setting durations (0.3–1 h), suggesting 
a constrained scope for self-cementing uses. Additionally, using fly ash in clay brick 
production boosts thermal properties, offering about 50% better insulation and reduced 
shrinkage. However, fly ash components introduce additional chemical reactions during 
firing, which release gases that can reduce brick density by 21% and strength by 33%. 
Without careful management, this can lead to warping or cracking. 

The data underscores that both OSA and WA effectively act as sorbents for CO2 
mineralization when used in compacted, cement-free monoliths. Experiments highlighted 
that free CaO predominantly serves as the principal CO2-sequestering constituent in the 
ash. Under alkaline conditions, Ca-Mg silicates exhibit diminished reactivity. Given that 
the observed pH values approximate 11–12, the involvement of Ca-Mg silicates in the 
carbonation reaction is negligible. In the initial phase of processing, compaction serves 
as a pivotal parameter, predominantly modulating the compressive strength through 
pore minimization. An increase in compaction intensity bolsters strength, yet 
concurrently impedes the diffusion of CO2, culminating in diminished CO2 sequestration. 
Modifications in curing parameters, such as elevated temperature, gas pressure, and 
concentration, generally enhance the carbonation reaction rate. However, while an 
increase in curing temperatures might intensify carbonation, it doesn’t correspondingly 
boost compressive strength. This discrepancy could arise from the formation of  
micro-cracks and alterations in the micro-mechanical properties of CSH. At higher 
temperatures, the diminished availability of liquid water in monoliths can lead to rapid 
and uneven particulate deposition on Ca(OH)₂ surfaces.  
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The carbonation reaction in OSA and WA monoliths is initially rapid due to the open 
porous surfaces and the presence of physically bound water in the pore structures. 
However, as carbonation progresses from the outer surface inwards, the rate slows due 
to diffusion limitations through the product layer. The initial exothermic reaction can 
elevate particle temperatures, potentially accelerating water evaporation and thus 
hindering CO2 diffusion and carbonic acid formation. While the early stages of 
carbonation show no distinct temperature dependency, increasing temperatures 
positively influence CO2 uptake, especially during the diffusion-controlled stage in OSA. 
In contrast, WA displays a more pronounced temperature effect, suggesting a more 
kinetically controlled reaction from the outset. Thermal analysis corroborates the CO2 
uptake values obtained from gas monitoring. 

The results suggest that, following niobium slag (NS) addition and carbonation, 
sulphate leaching is proficiently curtailed through a synergistic mechanism: chemical 
interactions with calcium aluminate sulphate (CAS) phases and physical encapsulation by 
calcium aluminate hydrate (CAH) gels. In monoliths enriched with NS, heavy-metal 
concentrations diminish due to the ion-stabilizing attributes of the CAH gel. 

The notion of CO2 mineral sequestration in cement-free ash monoliths, derived from 
ash produced by Estonian power and heat generation, has been advanced as a strategy 
to counteract the atmospheric accumulation of CO2 emanating from the combustion of 
the fossil fuel, oil shale. CO2 emissions from Estonian power generation, which 
predominantly relies on oil shale, could be substantially mitigated by utilizing waste ash 
as a CO2 sorbent and subsequently valorising the resultant product for building material 
applications. Through the carbonation curing process, the sequestration of CO2 averaged 
between 10–15% by weight, and the monoliths exhibited a compressive strength 
reaching up to 47 MPa. 
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LÜHIKOKKUVÕTE 

Kaltsiumirikka lendtuha kiirendatud karboniseerimine 
tsemendivabades rakendustes  
Madalakvaliteediliste tahkekütuste ulatuslik kasutamine soojuse ja elektri tootmiseks on 
globaalseks väljakutseks, seda nii CO2 heitkoguste kui ka tahkete jäätmete vastutustundliku 
käitlemise ning väärindamise osas. Kiirendatud karboniseerimine on meetod 
potentsiaalselt kahjulike jäätmevoogude stabiliseerimiseks, muutes need ühtlasi 
alternatiivsete ehitusmaterjalidena kasutatavaks.  

Eesti põlevkivil baseeruvat energiasektorit täiendavad järjest enam biokütused, 
valdavalt hakkpuit ja teised metsandussaadused, mis on oluliseks CO2 emissioonide ja 
tahkjäätmete allikaks. Tuha koostisest (vabade Ca-Mg-oksiidide olemasolu koos 
portlandiidist tulenevate sideaineliste omadustega ning aktiivsed kaltsiumsilikaadid ja 
aluminaadid) tingitud väärindamispotentsiaali ehitusmaterjalina saaks võimendada läbi 
karboniseerimispõhise kõvenemise.  

Antud uuringu eesmärgiks oli leeliseliste tahkete jäätmete ja CO2 heitmete põhiste 
meetodite arendamine kasutamaks neid sobivates ehitusrakendustes. Lähtuvalt nii 
karboniseeritavusest kui ka tsemendiomadustest uuriti Eestis tekkivaid jäätmevooge, 
nagu põlevkivituhk (OSA), puidutuhk (WA) ja ladestatud põlevkivituhk (LFA), kui 
potentsiaalseid sideaineid.  

Katsetulemuste kohaselt on OSA isetsementeeruvate tuhkade hulgas, mis koosnevad 
15–22% ulatuses Ca-Mg-silikaatidest ja aluminaatidest, mis koos lubja ja portlandiidiga 
(14–23%) osalevad putsolaansetes protsessides. Selle tulemusena saavutatakse 
katsekehadel keskmiselt 10 MPa-ne survetugevus ja lühike tardumisaeg (0,3–1 h), mis 
viitavad piiratud võimalustele isetsementeeruvates rakendustes. Lendtuha kasutamine 
savitelliste tootmises parandab nende termilisi omadusi, andes umbes 50% parema 
soojusisolatsiooni ja vähendab kokku tõmbumist. Siiski toovad lendtuhakomponendid 
põletamise ajal sisse täiendavaid keemilisi reaktsioone, mille käigus vabanevad gaasid 
võivad vähendada tellise tihedust ja tugevust, vastavalt 21% ja 33%. Paagutusprotsessi 
hoolika juhtimiseta võib see põhjustada väändumist või pragunemist.  

Teisalt aga saab nii põlevkivituhka kui ka puidutuhka kasutada tihendatud 
tsemendivabades monoliitides, kus nad toimivad CO2 sorbentidena. Vaba CaO toimib 
tuhas peamise CO2 siduva komponendina, samas kui Ca-Mg silikaadid näitavad 
leeliselistes tingimustes vähenenud reaktiivsust. Kuna täheldatud pH väärtused on 
ligikaudu 11–12, on Ca-Mg silikaatide osalemine karboniseerimisreaktsioonis marginaalne. 
Töötlemise algfaasis on tihendamine oluline parameeter, mis mõjutab survetugevust 
peamiselt pooride vähendamise kaudu. Tihendusintensiivsuse tõstmine annab katsekehale 
suurema tugevuse, kuid samas takistab CO2 difusiooni, mis omakorda vähendab CO2 
sidumist. Karboniseerimisprotsessi parameetrite, näiteks temperatuuri, gaasirõhu ja 
kontsentratsiooni tõstmine, suurendab üldiselt ka karboniseerimisreaktsiooni kiirust. 
Samas ei pruugi intensiivsem karboniseerimisprotsess tagada vastavalt suuremat 
survetugevust, seda peamiselt mikropragude tekkimise ja CSH mikromehaaniliste 
omaduste muutumise tõttu. Kõrgematel temperatuuridel võib katsekehade vedelfaasis 
oleva vee kättesaadavuse vähenemine põhjustada kiiret ja ebaühtlast osakeste 
ladestumist Ca(OH)₂ pinnale.  

OSA ja WA põhistes katsekehades on karboniseerimisreaktsioon avatud poorsete 
pindade ja poorstruktuurides oleva füüsiliselt seotud vee olemasolu tõttu alguses kiire. 
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Kuna aga karboniseerimine edeneb välispinnalt sissepoole, siis aeglustub protsess 
materjalikihi difusioonipiirangute tõttu. Algse eksotermilise reaktsiooni korral võivad 
osakeste temperatuurid tõusta, kiirendades potentsiaalselt vee aurustumist ja takistades 
seeläbi CO2 difusiooni ja süsihappe teket. Kuigi karboniseerimise varajased etapid ei viita 
erilisele temperatuursõltuvusele, mõjutab temperatuuri tõstmine positiivselt CO2 
omastamist, OSA puhul just difusioonkontrollitud faasis. WA puhul, vastupidi, on 
temperatuuriefekt selgemalt väljendunud, viidates pigem kineetiliselt kontrollitud 
reaktsioonile algusest peale. Termiline analüüs kinnitab gaasianalüüsi abil saadud CO2 
sidumise väärtusi. 

Niobiumi räbu (NS) lisamine koos karboniseerimisega vähendavad sulfaatioonide 
leostumist keemiliste interaktsioonide ja kaltsium-aluminaat-sulfaadi (CAS) faaside ning 
kaltsium-aluminaat-hüdraadi (CAH) geelide tekkest tingitud füüsilise kapseldamise 
kaudu. Samuti vähenevad NS-iga rikastatud monoliitide puhul raskmetallide 
kontsentratsioonid moodustuva CAH geeli ioone stabiliseerivate omaduste tõttu.  

Käesolevaga näidati CO2 mineraalse sidumise kontseptsiooni rakendatavust 
tsemendivabades elektri- ja soojusenergia tootmisjäätmetel põhinevates 
tuhamonoliitides, mida saaks arendada strateegiana CO2 emissioonide vähendamiseks. 
Eesti põlevkivipõhise elektrienergia tootmise ökoloogilist jalajälge saaks oluliselt 
väheneda kasutades jäätmetuhka CO2 sorbendina ja väärindades seejärel saadud toodet 
ehitusmaterjalina. Karboniseerimispõhise kõvenemisprotsessi rakendamisel ulatus CO2 
sidumine keskmiselt 10–15%-ni kaalust ja tuhamonoliitide survetugevus kuni 47 MPa. 
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Ş�
��
�¦�¹��6U-6�+V3º�¬°¶»�¼­³uqrypt{̄ y�·�z��nsntr½�snt{sntr�¾«���
	�	&��
�����(���������
S��7���«���
�6UUZ�+,3¦����/�5��¿À��Á7�5�>��%��
����0��#	��0��&
	

�
���>��>���#�;��¦����/��	��
�;#�
�����
��)	�(��
������
���1�
&��
	(��	��
?��
��
�/��	���
��wxtnqpyzÂÃÂÃ����ÄX.�+.3¦����/�5��¿À��Á7�5�>��¦����/��%��
����©�	����(�����77	
�(�5165���
���5�$>���'
�(��	���0�����	5	�	
�$'�		?��
��
�/��	���
��wxtnqpyzÂÃÂÂ��»�.-V�+X3&���Å�(��<������'��/�
	��	�¿��)	¥��/��0	��
	��'�&���
����
��4
�	�
�
�
�;9�	�
�
&�
���	(����7���5�
��	�	�����©	
	���>	����#	���
�����$�����	���
���
/��	
�|�qÆºÆ|t}xqutÆ�x}Æ|t�ÆÂÃÂÂ�-l6W�+Ä3)	���«�&�(��(
�	
	��©��¹�����	���(�0�;��	�����&�
���	��
��	%�������
��0���
�
�5	�	
�l(>	#�	���utzrqÆÇ�xy{ÆwprnqÆÂÃÂÈ�»É��)��-66,6W�+W3¹�
������
�©��>�¥��������'�;#�
�����
�
�?	
	��������
��%���&�
����
�%���(
7�
�'
�(��	����¦�	��&���
	�	
����

A�!�Q_OR aLLIÊËËIHÌF�RÍF�JKOËÎJHKNRÏËRÍFJ̀P ÐÑÒÓÔÕÖ

×ÒÒØÙÚÛÛÜÝÓÞÝÑßÛàáÞàáâàÛãÔÙÝäÖßãÞåÔáåâæçèéêëìíîïâáâåðæðâñòóålâñòòôõö��÷



�����������	
������
	������������������������������� ��!""#!$��%&'('&�)*+,�-�.�/�	!0�1�23	���	!4�4�--
�������5��������6
������
	����������7,���879::������5��.;�	�6����<����=��>����  �!"?!%@&@A%@B&�)%C+D��!,�E�2F���!G�4�2H��6!I�2;��6!��,��.�������:F��	�J	�
:��
������������������	
������
	K��L9
�����
5���
��J6���	�M�	�.�����<����=����<N���� O�!"P!&QRA&@Q�)%%+IL��6!S�2H��6!G�2IL��6!T�2T�!��2G���6!D�2U�!V�2D��!;�4��.5���L�,��-���������.,��-�����	�:D�6LJW�
��������������	
������
	:���4L��
.4
�6��.��
�������W�.�4
�6��������������������� ��!"XX!$��%&*CR&�)%&+9���-���Y�����M�6�
�����)9Y+$�BC@Z&C%%�:�L�9���-���,��
��������.�:�L�������
�:*
���L&C%%�T�5��6;�K�D������	�.���.�����	:���L�
��/����6�:���	��������,��.���	��.M�-��
��6������
;������[�R*Z%C(Z99�!&C%%�L��-7ZZ.��������-����Z�
�Z��6Z&C%%ZBC@Z�\�)%B+M�6�-���!M�29	��W��!9�2,�������!;�2U�	��

�	!4�24��������!;�24���!1�2H��6!U�4�
����[�	�
:������[�
:���	���J.�5:
��6�	.�	�
:���]��������
:
5�	L:������������.���W��.��̂�.���-�����--
�������	�_��������̀��� �O!a?a!%%'A%&(�)%Q+H��6!H�2T��!I�24L�!I�2���!E�3L����.5��������
5	�	�:�	L������
-L�	�	�����W�	�����:L�6LJ	�
:�����
K��L
����b���c�̀��d�<�>���� OO!Xe!BC(QABC'C�)%@+;��!$�0�9̂-��������
H����F��
��5f��
5	�	:����L�Y	��:D�6L4�
:����g
5f	L�	U�	�����	�
������
:��M��.U��
.��6�c�̀�h�=d����iNN��j=��>���� Ok!#!Q(&'AQ(BC�)%(+4L��!G�D�2,��/!G�D�g�����������L���	��:�̂�.�J	�
:�.����-
�̂���
�	���	��L�6LJ	�
:��J���������6	���
��
�	��������������h������� Ol!P#!B%%AB&Q�)%'+4��6L!f�E�2�L��.��!M�,�

�����	��
��	�.:����L�-�
--�-����.�	��57fm�������̂����5��.�L���L��
�LL�]��.	�in����h�o�=���� Ok!?aa!&C&A&%(�)%R+T���6!T�;�2$6�5��!;�0�2T��!D�3�2T�!D�0�2$6�5��!3�
�4��.5��:
��.�]�.W�.���W�	����:
5�	LK��LL�6L	�
:��:������$6�����
J:���.�L����
-�K��-
���:��-��.�������:���	���������������
	�p�����<���q�j=��h�=d����� O !aA?!RA%(�)%*+4L��!��4�24�5
�/!;�2
�	L��!4�8�cr���������s����s�=�����t�����u�������<v������i�dì �̀�̀�����>���������������������!H��
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Appendix 4 
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Figure 14. Schematic representation of mechanism during accelerated carbonation process of prepared 
monoliths. 

Figure 13. Compressive strength and CO2 uptake values for monoliths that are uncarbonated (UC) 
and carbonated (C), incorporating OSA, WA, and added NS as well as LFA. 
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[bookmark: _Toc147908184]INTRODUCTION

One of the main greenhouse gases (GHG) released into the atmosphere by human activities, such as the burning of fossil fuels, is carbon dioxide (CO2). In the last 170 years, highly concentrated anthropogenic activities have led to an atmospheric CO2 concentration increase of over 47% since the pre-industrial levels of the 1850s (IPCC, 2019). Although the international community has already made significant efforts to mitigate the effects and reduce GHG emissions (Bodansky et al., 2015; Vicedo-Cabrera 
et al., 2018), the financial market continues to invest in fossil fuels. The continuous use of fossil fuels is predicted to increase by 2% annually until 2030, which would significantly increase the mitigating effort needed to keep global warming to 1.5 °C or below 2 °C (UNEP, 2020). One of the most important sectors in terms of CO2 emissions is construction and cement industry. Cement companies are seeking for ways to employ more alternative cementitious substances without sacrificing performance and durability to meet the rising demand for cement and concrete and, at the same time, minimize CO2 emissions and the depletion of primary resources. By 2050, if no measures are implemented, contribution of cement sector to world CO2 emissions is anticipated to rise significantly from 6–7% to 25% or more (Provis et al., 2014).

In this context of today’s scenario, it is critically important to develop not only alternative energy technologies but also technologies that will reduce existing and future anthropogenic CO2 emissions. One such measure, advocated by the Intergovernmental Panel on Climate Change (IPCC, 2019) is the development of carbon capture and storage technologies (CCS). CCS technologies can be classified based on the capture processes which include pre-combustion, post-combustion, oxy-fuel combustion, and chemical looping. Post-combustion capture integrated with CO2 utilization and storage include in-situ and ex-situ mineral carbonation technologies. In-situ mineral carbonation refers to geological CO2 storage which is considered to be the most widely accepted large scale storage method (Garcia et al., 2010). In which, CO2 can be stored in deep coal beds, saline aquifers as well as oil and gas reservoirs (Chiaramonte et al., 2011). However, In-situ storage has certain drawbacks and risks which include possibility of leakage and therefore requirement of accurate assessment of the capacity of the geological formation to store CO2 and constant monitoring of injected CO2. Moreover, finding suitable geological storage sites in every country can be very challenging (Zhang et al., 2017). Comparatively, ex-situ carbonation utilizing industrial alkaline solid wastes (IASW), incorporates CO2 storage through chemical processes above ground between CO2 and alkaline earth metals such as calcium and magnesium that exist in solid industrial residues (coal ash, oil shale ash, steel slags, cement kiln dust, wood ash). An important advantage of ex-situ IASW carbonation is that it tackles the problem of proper disposal and/or recycling of these potentially harmful industrial byproducts while providing avenues for value-added carbonate products which can be utilized in diverse industrial applications such as polymers, plastics, construction materials, adhesives (Eloneva et al., 2008). 

The above-mentioned ex-situ mineral carbonation technology is particularly important in the context of Estonia. Energy sector in Estonia is primarily dependent on domestically extracted oil shale, followed by biofuels -primarily wood chips and marginal renewable resources and other fossil fuels. This heavy use of oil shale together with biomass as combustion fuel results in a considerable amount of CO2 emission and the generation of potentially harmful ashes which requires safe disposal and taxation. Latest reports show that power generation using circulating fluidized bed (CFB) combustion creates a waste ash stream changing between 3.5 to 7.2 million tons per year (Eesti Energia, 2021). It is known that these ashes having pozzolanic and latent hydraulic binding properties can be stabilized through accelerated carbonation (Kirsimäe et al, 2021; Uibu et al, 2016). 

This study is of significant academic importance as it aligns directly with contemporary policy objectives regarding the utilization of industrial alkaline waste and global initiatives aimed at sequestering CO2. It contributes to the reduction of harmful waste disposal, which is a key goal of the updated Estonian Environmental Strategy 2040. Additionally, the research supports mitigation efforts in the face of escalating climate change concerns. These efforts are a major component of recent global and regional commitments, including the Glasgow Climate Pact and the enhanced Paris Agreement from 2021, as well as the European Green Deal rolled out by the European Commission in 2021. Moreover, this study reinforces the EU’s ambition to lead the transition towards a Circular Economy, as outlined in the New Circular Economy Action Plan from 2023.

In conclusion, the innovation of this doctoral research lies in its successful demonstration of the potential to upcycle oil shale fly ash, wood fly ash, and landfilled ash to produce fly ash based monoliths solidified via accelerated carbonation method. This study not only offers a feasible route for the utilization of fly ashes, but it also provides crucial insights into carbonation and leaching behaviours of ashes with encouraging results on immobilization of sulphates and heavy metals. This research therefore contributes significantly to the field, highlighting innovative waste management practices, while addressing pertinent environmental challenges.
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Fossil fuels remain the primary global energy source, comprising over 80% of energy consumption (Hassan et al., 2021). Despite the growth in renewable energy, fossil fuel consumption has also risen, with energy from these sources increasing from 116,214 to 136,761 TWh in a decade. This reliance has escalated environmental concerns, notably CO2 emissions from combustion of fossil fuels. In 2022, CO2 emissions reached a record 36.8 Gt, a 0.9% increase (International Energy Agency [IEA], 2023), with over half from power and industrial sectors. Atmospheric CO2 levels have surged from 280 ppm in 1750 to 420 ppm in 2022, largely due to increased fossil fuel use (National Oceanic and Atmospheric Administration, 2023). As a significant GHG, CO2 intensifies climate change challenges, with potential impacts like melting ice caps, extreme weather events, and rising sea levels. The IPCC underscores the need to limit global warming to 2°C to prevent catastrophic outcomes (IPCC, 2021). With expected growth in global energy demand, relying solely on energy efficiency, renewable and nuclear sources, and afforestation will not sufficiently address GHG emission challenges. 

Carbon capture utilization and storage (CCUS) is pivotal for reducing CO2 emissions, but its energy demands can decrease power plant efficiency and increase fuel use. 
A study estimates capture costs at US$50-US$65 per ton CO2 for specific coal power plants (Economic Research Institute for ASEAN, 2022). While CCUS is prevalent in industries like fertilizer production and natural gas processing, its adoption in sectors like steel and construction is nascent. Given limited alternatives, CCUS is vital for these sectors to curb emissions. Effective CO2 reduction via CCUS requires long-term storage post-capture. One promising method is mineral carbonation of industrial solid residues. The annual production of alkaline solid waste from industries like coal power, cement, and steel is rising, often with environmental risks and CO2 emissions. Yet, these residues can chemically bind CO2, enabling ex-situ CO2 mineralization, stabilizing waste, and repurposing them in construction, reducing raw material extraction. Despite proposed regulations and technologies, a significant CO2 reduction breakthrough remains elusive. Challenges like energy use, transport costs, and environmental impacts must be tackled for CCUS to be a sustainable climate change solution.

This literature review delves specifically into the intersection of mineral carbonation and waste utilization, with a primary focus on their potential applications in building materials. While the broader realm of CCS encompasses a myriad of concepts and mineralization processes, this review narrows its scope to the utilization of industrial alkaline solid residues (mainly fly ash) in mineral carbonation. The aim is to understand how these residues, often viewed as waste, can be repurposed through mineral carbonation to create sustainable building materials. This targeted exploration is central to the thesis work, ensuring a comprehensive understanding of this niche within the larger CCS landscape.
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Mineral carbonation, also known as mineral CO2 sequestration, is a method that aims to reduce CO2 emissions by chemically transforming CO2 into a thermodynamically stable product. This technique relies on the natural reaction between CO2 and minerals containing metal oxides, forming insoluble carbonates (Aresta et al., 2019). Magnesium, iron, and calcium are the most commonly used elements in mineral carbonation processes due to their abundance in the Earth’s crust and easy extraction from industrial waste (Thonemann et al., 2022). The products generated through mineral carbonation can be commercialized, which helps reduce process costs. Since the 1990s, when mineral carbonation for CO2 disposal was first proposed, various efforts have been made towards commercialization in relation to CCS schemes (Board, 2019).

Carbonation reactions (Eq. (1)) can occur either underground (in-situ) or above ground (ex-situ): 

MO + CO2 → MCO3 + ΔH   (M: alkaline earth metal)			                           (1)

Because a carbon atom in a carbonate is in its lowest energy state, the carbonate reaction product is stable throughout geological timeframes. As a result, the carbonation reaction is exothermic, with the surplus energy (60–180 kJ/mol depending on the mineral reactant) being emitted as heat (Ellis et al., 2023).

In-situ mineral carbonation, also known as managed weathering or mineral trapping, is an accelerated weathering process (Hills et al., 2020). Natural rock formations containing silicates are considered the most suitable for in-situ mineral carbonation. In-situ reactions with silicate rocks can be represented as follows (Eq. (2)): 

(Ca,Mg)SiO3 (s) + CO2 (g) → (Ca,Mg)CO3 (s) + SiO2 (s)			                           (2)

Solid carbonates in nature can form through the weathering of serpentine (Mg3Si2O5(OH)) or olivine (Mg2SiO4). This process involves the formation of carbonic acid via the dissolution and ionization of CO2 in groundwater or rain, which subsequently breaks down into bicarbonate and hydrogen ions. Magnesium and calcium-bearing minerals can be broken down by bicarbonate, which acts as an acid buffer and forms magnesium or calcium carbonates. Weathering-induced carbonate formation binds around 300 million tons of CO2 gas from the atmosphere (Baciocchi et al., 2022).

Ex-situ mineral carbonation is an above-ground process that uses mined alkaline minerals containing calcium or magnesium, such as olivine, serpentine, and wollastonite, or alkaline industrial residues like cement production residues, coal fly ash, wood (biomass) ash, steel slags, and construction waste (Rahmanihanzaki et al., 2022; Gerdemann et al., 2007). Although ex-situ carbonation processes may have high energy demands due to the solid reactant pre-treatment or activation, transport, mining, and usage of catalysts, the cost-effective techniques are always necessary (IPCC, 2021). Besides ex situ mineral carbonation is particularly important for closing the material loop in industrial production by chemically stabilizing industrial alkaline residues, which are typically disposed of in landfills (Wang et al., 2018). This method creates new opportunities for valorising industrial by-products while mitigating some of the environmental damage caused by industrial production. It is also a feasible option specifically for small and medium CO2 emission sources where other CCS options are not available (Azdarpour et al., 2015). 

The main routes through which the accelerated carbonation process occurs are as follows: first, dissolution of calcium hydroxide on the particle’s surface; second, boundary layer influences, which involve the diffusion of particles across precipitation layers; third, transport mechanisms, which involve the movement of CO2 and Ca2+ to and from the reaction sites; and fourth, pore-clogging and precipitation layers (Li et al., 2022). 
The slower conversion rate resulting from the waste’s complex chemical composition is a key barrier to using industrial waste for extensive carbonation as well as utilization 
(Lu et al., 2022).

Currently, no comprehensive inventory of industrial alkaline streams exists that can serve as feedstock for ex-situ mineral carbonation as the technology is not widely utilized around the world yet (Yadav et al., 2021) While there are abundant natural silicate minerals worldwide that could be used for mineral carbonation, utilizing them for energy-intensive mineral carbonation processes is not yet feasible (Sanna et al., 2016).
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Direct mineral carbonation can be classified into two categories based on different application methods: gas-solid carbonation and aqueous carbonation. Exemplary summary of ex-situ carbonation routes is shown as a diagram in figure 1 adapted from Azdarpour et al. (2015). Direct gas-solid carbonation, one of the least energy-intensive forms of mineral carbonation, has been studied with both natural minerals and industrial residues (Winnefeld et al., 2022; Song et al., 2019; Mazzella et al.,2016).Figure 1. Diagram of ex-situ mineral carbonation routes.



Gas solid carbonation

Direct gas-solid carbonation is one of the most fundamental applications of mineral carbonation (Kusin et al., 2023; Saran et al., 2018). In theory, the formation of stable carbonates through the direct interaction between CO2 gas and Ca and Mg-bearing minerals takes advantage of the energy released from the exothermic reaction (Woodall et al., 2019). Various reactions can occur depending on the available feedstock. Although some researchers have suggested that research in this area has not been as fruitful as they imagined due to costs and slow reaction kinetics (Moon et al., 2019; Monkman 
et al., 2006), modified applications continue to be developed. The direct gas-solid carbonation route using municipal solid waste fly ash is described by Eq. (3) and (4), which shows the overall carbonation chemistry (Gu et al., 2021).

Ca(OH)2 (s) + CO2(g) → CaCO3(s) + H2O(g) 					            (3)

CaO(s) + CO2(g) → CaCO3(s)						            (4)

Under normal atmospheric pressure, Du and his team (2021) looked at the instantaneous carbonation of semi-dry desulphurization waste. They found that the effectiveness of CO2 absorption and carbonation led to the discovery of three distinct stages in the process. They proposed that the carbonation reaction was primarily constrained by three factors: CO2 film diffusion, the carbonation reaction itself, and finally, the diffusion inside the product layer, using kinetic models of heterogeneous reactions to better understand the process. By adjusting a few key variables, the researchers were able to optimize the procedure: a gas flow rate of 300 mL/min with 15% CO2, a temperature of 60 °C, a concentration of 100 g/L, a stirring speed of 400 rpm, and a concentration of 100 g/L. With these conditions, they managed an impressive 
90 percent CO2 storage in a rather small time (four hours) (Du et al., 2021). 
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Industrial alkaline solid wastes have the potential to sequester CO2 due to a significant amount of calcium and/or magnesium content. Accelerated carbonation is an emerging technology gaining traction for its ability to utilize CO2 in tandem with the valorisation of alkaline solid residues in the production of construction materials (Cizer et al., 2012). Early research into accelerated carbonation of industrial alkaline wastes started with the purpose of producing coherent structures (which they are further utilized in road construction) bonded by calcite crystals stabilizing harmful components in coal refuse piles (LaRosa, 1971).  

Industrial by-products are often co-generated with CO2 which makes the accelerated carbonation treatments easily accessible and cost-efficient, as a result this carbonation process may pose minimal environmental drawbacks (Bobicki et al., 2012). By-products of various industrial activities like metal processing, mining, coal combustion, PC production, and waste incineration include steel slag, mine tailings, fly ash, cement kiln dust, and air pollution control residues (Baena-Moreno et al., 2023). Different alkaline waste materials have been studied for their potential in carbonation, as documented by Teir et al. (2007, 2008), Huijgen et al. (2005), Lekakh et al. (2008), Schnabel et al. (2021), Rusanowska et al. (2023), Zhang et al. (2022), and Gu et al. (2021). Specifically, alkaline waste products like cement dust (Huntzinger et al., 2009; Pedraza et al., 2021), fly ashes (Back et al. 2008; Uibu et al., 2008; Senadeera et al., 2020; Miao et al., 2023), and concrete waste (Ghacham 2017; Nedunuri 2021; Kaliyavaradhan 2022) have been investigated for mineral carbonation. Utilization of these alkaline residues in building material applications is somewhat widely researched (Bernal et al., 2016). However, fewer studies focus on the role of accelerated carbonation in non-cement applications (Nielsen et al., 2017). This gap in the research landscape becomes especially pertinent when considering the widespread practice and potential in other sectors where the industrial alkaline wastes can be upcycled without the incorporation of traditional or alternative binders. 

Diving deeper into the practical applications and implications of carbonation in these waste materials, Nielsen et al. (2020) embarked on an investigation exploring the parameters influencing strength development in monoliths crafted from steel slag, subjected to accelerated carbonation under mild operating conditions, such as 10–60 °C and 1.5 bar, and variable CO2 concentrations (5–100%) within an autoclave. Their findings unveiled that the temperature plays a pivotal role in governing the solubility of CO2 in the pore solution, revealing that elevated temperatures (60 °C) induced a less dense microstructure and curtailed strength development relative to their lower-temperature counterparts. Moreover, a swift initial carbonation, spurred by high CO2 concentration, was identified as being counterproductive to strength development, illuminating the delicate balancing act intrinsic to optimizing carbonation processes.

The monolith is mainly carbonation-strengthened, which refers to the fact that the particles of the powdered fly ash are mainly bonded to one another by means of the carbonate phases formed. Thus, the major binding phases are composed of the carbonates (CaCO3) that are produced by accelerated carbonation process in the given method. In the current specification, “carbonation-strengthened” means that the carbonate phase or phases, generated by the relatively quick carbonation step, advantageously contribute to more than 60% of the monolith's final compressive strength. Additionally, hydration products undoubtedly affect strength development and continue to solidify the monoliths over a longer time as well.

The carbonation of supplementary cementitious materials has been under scientific scrutiny and reveals noteworthy potentials in reducing permeability of concrete and leaching possibilities when mixed with alkaline waste materials (Pu et al. 2023). 
A practical illustration of this can be seen in the stabilization of municipal solid waste incineration fly ash, especially those containing heavy metals, through accelerated carbonation (Liu et al., 2023). Several contradictory findings are often presented, 
for instance Moon and colleagues (2019) explored CO2 uptake potential of steel slags and fly ash samples focusing on microstructural and mineralogical changes affecting their use in cement-based applications. It was found that for Ca-rich residues and cement mixes, initial hydration of the paste impedes CO2 penetration. As a result, the hydration process dominates, significantly limiting the quantity of Ca components available for direct reaction with CO2 in the early stages. The effect of precipitated CaCO3 in pores of paste matrix on strength development was lower compared to the effect of silica gel formations. 

Several studies have indicated that carbonation enhances the physical and chemical immobilization of various heavy metals within cementitious materials, including zinc, nickel, and arsenic (Grünhäuser Soares et al., 2021) and chromium (Wang et al., 2021). In terms of physical immobilization, the formation of CaCO3 crystals during carbonation creates a denser concrete matrix, reducing its permeability and thereby physically entrapping and containing waste materials, preventing them from leaching into the surrounding environment. Solidification, defined as a chemical binding process, secures toxic waste material into solid forms by binding of waste at the molecular or ionic level, or restricts them from external exposure by encapsulating them. This process transforms potentially hazardous waste materials into comparatively safer solid materials prior to landfilling (Chen et al., 2021). Choosing an appropriate binder navigates a balance between economic and environmental aspects, with a higher content of calcium in the binder indicating a heightened potential for producing a carbonated product. Conversely, Kaja et al. (2021) highlight a challenge with this approach, noting that carbonation can increase leaching of certain metals such as vanadium and molybdenum. This occurs because the reaction of CSH gel (which hosts heavy metals in the hydrated steel slag) with CO2 leads to the formation of calcite and amorphous silica, which can, in turn, lead to the increased release of heavy metals. Moreover, Librandi et al. (2019) present results that contradict previous findings concerning carbonation; they report a significant decrease in sulphate release from steel slags. This outcome diverges from a trend identified in an earlier study, wherein carbonation treatment applied to steel slag, derived from an Italian steelmaking plant, instigated an increase in sulphate concentrations (Librandi et al., 2017). In light of these conflicting findings, it becomes imperative to comprehend the impacts of carbonation on sulphate containing industrial alkaline wastes and to discern their potential utility in the construction sector, ensuring the procedural and environmental efficacy of incorporating such materials into building practices.

While the scientific community explores these reactions in various waste materials, particular emphasis has been placed on two predominant industrial wastes: steel slags and fly ash (Liu, 2021). These materials not only present suitable matrices for carbonation studies but also represent significant waste streams on a global scale, with production volumes reaching approximately 750 and 420 Mt per annum for coal fly ash and steel slags respectively, and projections anticipating continued growth (World Steel Association, 2022; Yao et al., 2015). It is crucial to underscore that existing studies may harbour extensive variations and predominantly direct their focus towards steel slags, thereby not extensively exploring Class C fly ashes in a commensurate manner.
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Fly ash generation is inversely correlated with energy usage and dependency on combustible solid fuel. As a result, China, the USA, and India are the three countries that create the most fly ash (Kanhar et al., 2020). A growth in energy consumption caused by China’s rapidly developing industrial and construction sectors has resulted in an annual production of fly ash that surpassed 560 million tons in 2020 (Luo et al., 2021). Indian coal produces more ash per unit of coal burned because it is of poorer grade and has a greater ash concentration (30–45%) compared to imported coal (10–15%) (Yadav et al., 2022). India produced 230 million tons of fly ash in 2019–20, with a 41 percent usage rate (Vig et al., 2023). By 2025, this amount is anticipated to exceed 250 million tons (Ohja et al., 2022). According to the annual report of American Coal Ash Association (ACAA), the USA produced 26 million tons of fly ash in 2020, with a utilization rate of 60% (ACAA 2020). Future projections suggest a decrease in production and a yearly increase in utilization rate (Deonarine et al., 2023). Amid the COVID-19 pandemic, the global fly ash market was valued at US$5.482 billion in 2020 and is expected to have compound annual growth rate of 5.93% over the forecast period to reach a total market size of US$8.204 billion by 2027 (RAM, 2022).  

The global energy landscape has been witnessing a shift towards unconventional resources, with oil shale and wood (forestry products) emerging as significant contributors (Kanger et al., 2022; Burger et al., 2017). Oil shale, a sedimentary rock abundant in organic content, and wood, a renewable resource, are both combusted to generate energy. Biomass, categorized as a renewable energy resource, plays a pivotal role in energy generation within the European Union. This shift is evident in the rising production of oil shale fly ash and wood fly ash. These ashes, while often perceived as waste, have unique properties that have sparked significant research interest and potential applications (Chai et al., 2022; Berber, 2020; Gunning et al., 2010).

Over 600 oil shale deposits have been identified in over 30 countries worldwide, and these are projected to produce a substantial amount of energy as the energy sector seeks diversification. (Alaloul et al., 2021). While exact figures on global production of energy from oil shale and wood are difficult to pinpoint due to the varied nature of deposits and diverse combustion technologies, it’s evident that their contribution is growing steadily. This trend is in line with the global push towards diversifying energy sources and reducing carbon footprints.

Biomass accounted for about 60% of the EU’s total renewable energy consumption (IEA, 2020). This makes it the largest source of renewable energy in the region. Resulting from the combustion process, wood fly ash is a by-product that contains valuable minerals and unburned carbon. Typically, for every tonne of wood combusted, about 1% to 1.5%, or 10 to 15 kg, results in wood fly ash (Ates et al., 2023). Its pozzolanic properties, similar to those of oil shale fly ash, make it a suitable supplementary cementitious material (SCM) in concrete mixtures. Beyond concrete, wood fly ash has been explored as a filler in the production of composite materials, bricks, and ceramics (Martínez-García et al., 2022). However, it’s essential to ensure the ash is free from contaminants (particularly heavy metals) and to understand its chemical composition thoroughly, 
as these factors can influence its behaviour and compatibility in various building applications (Fořt et al., 2020). 

In contrast, coal, once a dominant energy source, now accounts for 26.8% of the global energy supply, as reported by the International Energy Agency (IEA, 2021). Its by-product, coal fly ash, constitutes between 60 and 88% of the waste from coal and lignite combustion in power plants (Panda et al., 2020). Municipal solid waste, another contributor to the energy mix, also produces ash residues, but its share is comparatively smaller (Bhagat et al., 2023). As the world continues to explore sustainable energy solutions, the focus on oil shale and wood as viable alternatives is poised to grow.

A steady rise is anticipated each year in the production of fly ash, the predicted yearly global production is close to 1 billion tons (Sultana et al., 2021). Despite efforts to reuse fly ash in several sectors, including agriculture (in soil amelioration) (Banaszkiewicz et al., 2022; Chen et al., 2022; Turkane et al., 2022), construction (as supplementary cementitious material in cement composites, brick production, and the construction of roads and dams) (Zdeb et al., 2023; Da silva et al., 2022; Patil et al., 2022), the 3/4th of global production is still dumped in landfills (Kelechi et al., 2022). Fly ash disposal poses environmental risks due to the dispersion of airborne particles and the leaching of harmful substances into the soil and waterways (Mathapati et al., 2022). These dangers are well known and are shown by Dindi et al. (2019) in Figure 2 as well.
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[bookmark: _Hlk144562734]Figure 2. Pathways of Fly Ash Contamination (Dindi 2019)
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Fly ash’s distinct physical and chemical properties determine the applications. While these properties can vary based on the solid fuel type (e.g., oil shale, wood) and production conditions, certain traits are consistent across all fly ashes, enabling their use in the construction sector (Das et al., 2023). Comprising a blend of organic (1–9%) and inorganic (90–99%) components, fly ash’s composition includes both amorphous 
(30–84%) and crystalline (17–63%) elements (Mudasir et al., 2022). These particles, predominantly below 75 m in size (Li et al., 2022), vary in composition, with unburned carbon found in coarser particles and finer particles primarily consisting of alumino-silicate glass.

Particle size can be influenced by the dust collection system. For instance, older plants using only mechanical collectors produce coarser fly ash than those with electrostatic precipitators (Rafieizonooz et al., 2022). Fly ash’s colour varies based on the content of unburned carbon and iron, ranging from reddish-brown to black (Becerra-Duitama et al., 2022). Factors like the parent coal or burner type can influence the unburned carbon content, with bituminous coals and low-NOx burners often resulting in higher percentages due to inefficient combustion (Rafieizonooz et al., 2022).

The chemical makeup of fly ash supports a wide range of recycling prospects. With components like silica, alumina, and unburned carbon, fly ash can serve as a precursor for materials like silica, zeolite, or activated carbon, which can act as cost-effective CO2 adsorbents (Dindi et al., 2019). Fly ashes produced by varied source fuels exhibit varied chemical compositions, suggesting that not all have identical reactive characteristics. Alkaline earth metals in oxide forms, such as magnesium, aluminium, iron, calcium, sulphur, and silicon dominate fly ash compositions (Zahedi et al., 2019). The chemical composition’s variation is attributed to the combustion process and the fuel source (Yadav et al., 2021), with differences observed in fly ashes from sources like coal, petroleum coke, lignite, and peat-wood. Trace elements in fly ash vary based on the fuel used (Ohenoja et al., 2020). Despite the US Environmental Protection Agency’s (EPA) 2014 ruling that fly ash isn’t classified as hazardous waste, certain elements, and ionic salts in fly ash, such as mercury, sulphate, etc. can pose environmental risks (EPA 2015).

The pozzolanic behaviour of oil shale and wood fly ashes are explained by the content of lime, silicate, and aluminate phases as well as iron oxide and amorphous silica (Kalpokaitė-Dičkuvienė et al., 2023; Berra et al., 2019). When these phases come into contact with calcium hydroxide (lime) in the presence of water, they undergo pozzolanic reactions to form cementitious compounds like calcium silicate hydrate (CSH) (Carević 
et al., 2019). On the other hand, the hydraulic property of certain ashes arises from the presence of calcium-rich phases (lime and portlandite), which can directly react with water to form cementitious compounds without the need for an external source of calcium hydroxide (Uibu et al., 2021; Risannen et al., 2019). In essence, while the pozzolanic nature of ashes is driven by their silica and alumina content, their hydraulic behaviour is influenced by calcium-rich phases. Fly ashes with high calcium content can also aid in CO2 capture by producing CaCO3 (Yousuf et al., 2020). The carbonation of free lime happens faster compared to calcium silicates (Liendo et al., 2022). The reason for the faster carbonation rate of free lime is its inherent chemical reactivity with carbon dioxide to form calcium carbonate (Eq. (4)). It is the main process responsible for strength development of aerial lime binders (Rodriguez-Navarro et al., 2023). 

Calcium silicates, on the other hand, such as dicalcium silicate (C2S) and tricalcium silicate (C3S), have distinct carbonation pathways necessitate the presence of moisture, which plays a crucial role in the reaction. The reaction of hydrated calcium silicate with CO2 results in the decalcification of the CSH phases, resulting in silicate polymerization and, ultimately the formation of a calcium-modified amorphous SiO2 gel and calcium carbonate (Steiner et al., 2020). Fly ash is also beneficial as catalyst support in CO2 utilization reactions (Popova et al., 2020). 
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Fly ash in concrete

Construction projects are paying close attention to fly ash, also a by-product of circulating fluidized bed combustion (CFBC), as a potential partial replacement for ordinary Portland cement (OPC) in concrete applications. Research has shown that fly ash can be successfully used as a cementitious component in blended cement applications for different purposes in different concentrations, exhibiting promising outcomes (Afroz et al., 2023; Liu et al., 2021; Carro-López et al., 2019; Zhao et al., 2018; Chen et al., 2017). For concrete used in buildings such as walls, parking lots, and pavements, the range is 15 to 35 wt. % and can even exceed 70 wt. %; for autoclaved aerated concrete it can reach up to 80 wt. % (Alterary et al., 2021). To ensure optimal performance, the recommended limit for OPC replacement by fly ash is generally suggested to be below 20% (Chi et al., 2016). However, studies have shown that fly ash acts as an excellent cement substitute when used as a 25% or even 30% cement replacement, maintaining compressive strengths comparable to reference samples 
(De Maeijer et al., 2020; Herath et al., 2020). Remarkably, even with a 40% cement replacement ratio, the compressive strengths of mortar samples using fly ash were as high as 88% of the control sample's strength (Risannen et al., 2017).

CFBC fly ash generally has self-cementing properties because it contains reactive phases like active aluminosilicate, anhydrite, and lime in the presence of water. These active phases could produce hydration products like ettringite (AFt) and CSH whether it is being added to cement or used as a raw ingredient (Wu et al., 2022; Xun et al., 2020). 20–30 weight percent of cement replacement was explored by Glinicki et al. (2019), with the primary hydration products being CSH and crystalline ettringite. Due to the cementitious property attained by these products, after 28 days of curing, flexural strengths of 5.2–6.4 MPa and compressive strengths of 35.9–53.3 MPa were attained.

Additionally, instead of using gypsum as a sulphate donor in Portland clinker, CFBC fly ash has been used as a cheap alternative because of its high anhydrite content (Hanisková et al., 2016; Shen et al., 2013). Portland cement and CFBC fly ash can be combined in different ways, depending on whether they are mixed directly (Lin et al., 2017), mixed after mechanical activation (Carro-López et al., 2019), or in conjunction with other substances (Zhang et al., 2022).

For industrial applications, particularly in the cement industry, fly ashes are generally categorized into two chemical types: Class C and Class F. As per the American Society for Testing Materials standard ASTM C618 [ASTM 2013], Class F is defined as ash containing more than 70 wt.% SiO2+Al2O3+Fe2O3, while Class C contains between 50 and 70 wt.% of these compounds. Other chemical and physical requirements for Classes C and F include SO3 (5%), moisture (3%), Na2O (1.5% optional), particle size (34%, 5% on average value retained on 45 mm), and loss on ignition (LOI) (6% and up to 12% for Class F based on performance). However, the classification systems for fly ash in Canada, Russia, and the European Union differ from the US, and there is currently no international classification system (Vassilev et al., 2007). Furthermore, the American standard ASTM C618 and the European standard EN 450-1 (European Committee for Standardization, 2012), which govern the use of fly ashes in the building industry, forbid the use of FBC or biomass fly ashes as a partial cement replacement material. The EN 450-1 standard is applicable to ashes produced by pulverized combustion, but only if the coal concentration is greater than 60%. When coal and pure wood are combusted together, this barrier is lowered to more than 50%. Future modifications to the laws governing the use of fly ash in concrete may limit its usage to fly ashes that satisfy the physical and chemical requirements specified in the ASTM C 618 or EN 450-1 standards (see Table 1). Therefore, the use of fly ash as cement replacement can currently be measured against these limit values.



Table 1. Fly ash classification according to European and American standards.

		Property

		EN 450-1 Limit Value (%)

		ASTM C 618 Limit Value (%)



		LOI at 950 °C

		A < 5, B < 7, C < 9

		< 6



		Sum of SiO2, Al2O3, Fe2O3

		> 70

		F > 70, C > 50



		Chloride

		< 0.1

		-



		Sulphate as SO3

		< 3

		< 5



		Free CaO

		< 1.5

		-



		Total alkalis (Na2O + K2O)

		< 5

		-



		MgO

		< 4

		-



		P2O5

		< 5

		-



		Fineness (45 μm)

		S < 12, N < 40

		< 34



		Activity index 28 days

		> 75

		-







While the initial setting time of mortars increases and the compressive strength decreases with an increasing amount of cement replacement by fly ash, various studies have reported higher strength, faster hydration, and higher temperatures due to heat release during the initial hours of hydration (He et al., 2021; du Toit et al., 2022; Jianming et al., 2019). The pozzolanic reaction, where (mainly Class F) fly ash reacts with calcium hydroxide to form CSH, is slower than the hydration of Portland cement (Vanoutrive 
et al., 2022). By replacing a portion of the cement with fly ash, the amount of clinker reacting with water is reduced, which can lead to a decrease in the rate of the hydration reactions and thus extend the setting time. This can reduce the water demand for achieving a particular slump (workability), which can lead to a reduction in water-to-cement ratio. A lower water-to-cement ratio generally results in stronger and more durable concrete. Additionally, the filler effect of finer fly ash can reduce water requirement, and subsequently, limestone particle surfaces serve as heterogeneous nucleation sites, lowering the energy barrier and speeding up the precipitation of hydration products from the pore solution (Dai et al., 2021). This effect is more pronounced with finer fly ash because of its greater surface area, leading to faster cement hydration in the initial stages. Moreover, alkaline components (mainly Class C fly ashes with higher alkali content) can accelerate the hydration of cement, potentially reducing the setting time (Snellings et al., 2016). Alkali ions in cement can function as catalysts for hydration reactions by increasing the solubility of cementitious phases. Elevation of the pH of the pore solution also promotes silicate phase dissolution, accelerating CSH formation. Enhanced dispersion of cement and fly ash particles by alkali ions, reducing agglomeration and enhancing available surface area for hydration can result in acceleration of the overall hydration process. The water requirement of cement tends to increase when fly ash is added; however, this can be mitigated through grinding (Dave et al., 2014; Turgut et al., 2019). The free lime (f-CaO) content of fly ash has been found to contribute to the increased water requirement (Nayak et al., 2022). 

Compared to conventional pulverized firing (PF), fly ash derived from CFBC processes has a finer particle size with a higher irregular shape and surface area, resulting in higher porosity and air permeability in fly ash-containing pastes (Wang et al., 2016). Finer particles have typically lower activation energy, which can lead to faster initial pozzolanic and hydraulic reactions and potentially a quicker contribution to strength development. 

Apart from partial OPC replacement, fly ash has been explored in various concrete applications. Studies have investigated the utilization of fly ash in concrete, producing aggregates suitable for lightweight concrete (Nadesan et al., 2017; Majhi et al., 2021). Furthermore, fly ash has been successfully used in the preparation of aerated concrete and roller-compacted concrete (RCC). Aerated concrete, characterized by its porous structure, lightweight properties, lower thermal conductivity (Chaipanich et al., 2015), and sound absorption properties (Shi et al., 2019) can be produced using fly ash (Song 
et al., 2015; Wu et al., 2020). Wu et al. (2020) investigated the addition of 18% fly ash to autoclaved aerated concrete. CSH gel and tobermerite were the main hydration products, and the blocks had compressive strengths of 7.3-12.8 MPa with bulk densities of 
824.0–910.2 kg/m3 after 36 h of curing in climate-controlled autoclaves. The use of fly ash in roller-compacted concrete has shown enhanced long-term flexural strength and reduced setting time (Aghaeipour et al., 2020).

The research focusing on aerated concrete and alkali-activated composites, which are typically composed of lime, cement, gypsum, and sand, with aluminium powder added as a pore-forming agent (Pozniak et al., 2021). The inclusion of fly ash in this mix has been proven successful, enhancing the material’s overall performance (Qu et al., 2022; Šebestová et al., 2020). The aluminium in the mixture reacts with portlandite to release hydrogen gas, resulting in the formation of numerous tiny bubbles uniformly distributed throughout the matrix (Kumar et al., 2022). This process contributes to the unique properties of aerated concrete, making it an ideal choice for wall materials.

On the other hand, the alkali-activation of fly ashes, particularly CFBC fly ashes, has been less extensively studied compared to PF fly ashes. Despite this, existing research suggests that CFBC fly ashes could serve as suitable precursors for alkali-activated materials, although this often requires the use of co-binders or pre-treatment of the fly ash (Hao et al., 2022, Chindaprasirt et al., 2019; Hui-Teng et al., 2021; Nath et al., 2020; Zhuang et al., 2016; Chen et al., 2022; Gökçe et al., 2020; Farhan et al., 2019).

The crystalline nature of CFBC fly ashes tends to lower their reactivity in alkali-activation (Pour et al., 2022). However, studies have shown that it is possible to achieve compressive strengths of 10–30 MPa (Han et al., 2022; Lete et al., 2015), which is sufficient for most mortar- and paste-type applications. Studies even achieved 50 MPa when the fly ash content was 10–20 wt.% and high percentage of the binder was slag-based (Kim et al., 2019). This indicates the potential of fly ash in the production of cement-free, 
alkali-activated composites, contributing to more sustainable construction practices. 
Wu et al. (2015) presented the feasibility of fly ash as an alkali-activator for steel slags; they concluded that the optimum mixing ratio of fly ash and steel slag was 30%:70%, respectively, reaching up to 31 MPa compressive strength. 

Furthermore, the addition of fly ash as a cement replacement has shown a significant reduction in chloride ion penetration in concrete, indicating its potential for corrosion mitigation (Hosan et al., 2022; Wongkeo et al., 2014; Hussain et al., 1994). Similarly fly ashes in concrete mixes are known to have lower expansion due to external sulphate attack compared to OPC. Sulphate attack resistance in sodium sulphate is increased with an increase in cement substitution with low-calcium fly ash (more than 10%), a pattern not seen with high-calcium fly ash (Elahi et al., 2021). The accessible alumina sulphate ratio in the hydrating fly ash cement paste is a better indicator of sulphate attack performance than oxide content alone (Elahi et al., 2021, Zhang et al., 2022).

Additionally, fly ash-containing pastes tend to expand due to the presence of ettringite (Aft), with grinding processes preferred for achieving higher strength and sharp expansion development (Chen et al., 2017). Autoclave curing or limiting the content of total SO3 to below 3.5% has been suggested to control the volume stability of fly ash cementitious systems (Chen et al., 2017; Wang et al., 2013). It has also been observed that fly 
ash-containing pastes have a higher polycarboxylate superplasticizer adsorption capacity, leading to lower fluidity in the cementitious system (Özen et al., 2022). 

The utilization of fly ash, whether as a cement replacement or in various concrete applications, offers the potential to reduce cement usage, decrease costs, and minimize CO2 emissions in concrete production. By exploring methods such as aerated concrete or roller-compacted concrete using fly ash, efficient recycling of fly ash and sustainable concrete production can be achieved.

Non-cement applications of fly ash

CFBC fly ash, has garnered attention in the construction industry due to its innate capacity to harden upon contact with water, functioning similarly to cement (Wu et al., 2022). This unique property, combined with its low carbon footprint and favourable engineering characteristics, has spurred interest in its use in alkali-activated non-clinker binders or geopolymers (Gartner et al., 2018; Maddalena et al., 2018; Mehta et al., 2016; Li et al., 2020; Sun et al., 2022).

Research by Telesca et al. (2015) displayed the potential of CFBC fly ash in the production of construction components based on ettringite. After a curing period of 
15 hours, a commendable compressive strength of around 5.5 MPa was achieved. Optimal outcomes were achieved when the hydration was conducted between 55–70 °C. Outside this range, notably below 55 °C or above 70 °C, there was a distinguished reduction in ettringite formation. This was attributed to a slower reaction rate at lower temperatures and ettringite breakdown at higher temperatures. Chen et al. (2022) further delved into the optimal CaO and SO3 content for fly ash-based geopolymers prepared at room temperature, highlighting the influence of these components on the reaction products. Relative to the original fly ash-based geopolymer, there is an increment in reaction products when the CaO and SO3 levels are raised. This leads to the formation of a minor quantity of calcium silicate hydrate gel and coinciding ettringite. As a result, the geopolymer’s microstructure is enhanced, producing a minor swelling effect that boosts its mechanical properties and offsets its drying shrinkage.

The reactivity of fly ash systems can be enhanced with the introduction of chemical activators. Pacewska et al. (2013) observed that high-calcium fly ash exhibited its activity earlier than its low-calcium counterpart. The addition of sodium hydroxide (NaOH) further boosted this reactivity, promoting the dissolution of silicate and aluminate phases in the fly ash. This dissolution facilitates the formation of an aluminosilicate gel, which can react with calcium ions to produce the primary binder in alkali-activated fly ash systems, the calcium-aluminosilicate hydrate (C-A-S-H) gel.

Li et al. (2012) confirmed the self-cementing properties of CFBC ash, achieving a compressive strength of 11.4 MPa after 28 days without chemical modifiers. With modifications, this strength was nearly doubled to 22.4 MPa. Kledyński et al. (2017) emphasized the role of sulphate ion availability in water binding in fly ash-slag based pastes, noting the contribution of fly ash to the early hydration stages. The primary hydration products include the CSH phases and ettringite, with smaller quantities of aluminates (CAH) and aluminosilicates (CASH). The findings indicate that the examined combinations of fly ash and slag can be viewed as clinker-free binders.

Several studies, including those by Illikainen et al. (2014) and Ohenoja et al. (2016-a), have highlighted the importance of soluble calcium, aluminium, and sulphate in the ashes, emphasizing their impact on the self-cementing compressive strength of fly ash. The latter study particularly underscored the significance of the Ca/Al ratio in the fly ash, with an optimal ratio yielding strengths exceeding 9 MPa.

In conclusion, the unique properties of fly ash, combined with ongoing research, present promising avenues for its application in sustainable construction practices.

[bookmark: _Toc147908193]Utilization potential of fly ashes from Estonia through accelerated carbonation

Oil shale is a low-quality fossil resource that can be combusted in thermal power plants to generate heat and electricity or pyrolyzed to recover shale oil (Yang et al., 2020). Several European countries are still heavily dependent on fossil fuels to produce electricity, with Estonia leading the way with a total mining volume of 12.1 million tons in 2019 (Paiste et al., 2019). 

Kukersite oil shale with varying concentrations of organic, carbonate, and terrigenous material has been extracted in Estonia for almost a century (Bauert et al., 1997). 
The content of organic matter varies between 10% and 60% and is mostly composed of kerogen, but also contains a few percent of bitumen. Processing oil shale leaves more than 50% of solid waste (ash), which has a limited secondary usage. The annual oil shale mining output in the past five years has been at the level of 12–15 Mt and about 80% of mined oil shale is burned in thermal power plants for electricity and heat generation using PF or CFBC technologies with temperatures reaching about 1300 °C and 700–850 °C, respectively (Leben et al., 2021). As a result of high dependence on oil shale, significant amounts of ash (7 to 8 Mt) are produced in Estonia (Lees et al. 2022).

In Estonia, the utilization of oil shale ash and wood ash is not only an economically viable solution due to potential savings from reduced landfill fees and waste-related taxes but also offers significant environmental and health benefits by mitigating the adverse effects of waste accumulation and promoting sustainable construction practices. The products derived from oil shale ash can be used in ash-based cement, binding agents, autoclave-strengthened ash bricks, glass ceramics, heat-insulating materials, road construction, and substitutes for chalk in rubber fillings (Kaljuvee et al., 2021; Paiste et al., 2016; Trikkel et al., 2008). Similarly, there has been a growing interest in studying wood ash due to the rise in wood combustion in Europe (Martinez-Garcia et al., 2022). Wood ash offers a viable alternative for partially substituting binders and kaolin in geopolymer formation (Ohenoja et al., 2016-b). Wood ash incorporation enhances workability, porosity, and drying shrinkage while providing an eco-friendly use for these wastes, thereby mitigating potential environmental pollution, and promoting circularity (Danraka et al., 2019; Sigvardsen et al., 2021; Tamanna et al., 2020).

The Solidification/cementation of fly ash-based non-clinker concretes is controlled by complex concurrent systems involving hydration, pozzolanic, and carbonation reactions (Pihu et al., 2012; Pihu et al., 2019; Zhao et al., 2022). Hydration, setting, and hardening processes of fly ash-based binders have specific characteristics that are influenced by the firing temperature (about 800 °C in CFB boilers and 1400 °C in PF boilers which is not used under this study) and dust cooler type and filter type (Raado et al., 2014). Setting times were assessed to evaluate how long the samples remained in a plastic state to find out both the workability of the ashes as well as binding properties related to hydration without accelerated carbonation. 

Burnt oil shale was researched previously to determine the composition, specifications, and conformance criteria for ash-based mineral binders (Raado et al., 2011; Uibu et al., 2016). These tests were conducted in accordance with the standards EVS-EN 196, 
EVS-EN 459-2:2010, and EVS 636:2002 for the production of composite cement (Raado et al., 2014; Uibu et al., 2016). It was found that the composition of residual material can vary based on the thermal treatment process (direct combustion, retorting etc.) and the nature of the fuel used. Owing to the decomposition of carbonate during the thermal treatment the ash produced in power plants can be rich in reactive free CaO (15–20%) (Leben et al., 2020). Typically the content of Al2O3 ranges between 2–10.5%, which is an increasing trend in finer fractions (Pihu et al., 2012). Fe2O3 content could be notably high, averaging 4.3%, with a gradual increase from the bottom ash to more than 5% in ash collected from electrostatic precipitators (Paiste et al., 2016). The sulphur content can vary between 1–5% and is highest in the INTREX ash of CFB boilers, where almost complete SO2 removal from flue gases occurs (Konist et al., 2020).

Studies on oil shale ash conducted in the past (Kuusik et al., 2012; Liira et al., 2009; Pihu et al., 2012) have demonstrated that the solidification/cementation of oil shale ash mainly governed via the formation of secondary Ca-rich hydrate phases as well as hydration of free lime (CaO), secondary Ca(Mg)-silicate minerals, non-crystalline Al–Si phases and, anhydrite (CaSO4). Portlandite, which is crucial for both cementitious reactions and carbonation, is created during hydration of free lime (Eq. (5).

CaO(s) + H2O(l) → Ca(OH)2(s) 						            (5)

Portlandite and 3CaO.2SiO2.3H2O are created by the hydration of secondary calcium silicates (C2S) (Eq. (6)). In turn, Ca(OH)2 can react with hydrated active silicates to form CSH (Eq. (7) (Samadi et al., 2015)).

2Ca2SiO4+ 4H2O → 3CaO.2SiO2.3H2O+ Ca(OH)2 				            (6)

Ca(OH)2 + H4SiO4 → Ca2+ + H2SiO42− + 2H2O → CaH2SiO4 · 2H2O		            (7)

Historically, the hydraulic transport and landfilling of oil shale ash have been identified as the most feasible methods in terms of economic and technical considerations (Pihu et al., 2019). However, this approach raises several environmental challenges that are complex to address. Currently, nearly 300 Mt of landfilled ash is stored in such deposits (Leben et al., 2021). In oil shale-fuelled power plants, a hydraulic ash handling system is employed. Ash from CFBC and PF boilers is combined with water at a 1:20 ratio and pumped to an ash field for settling (Kuusik et al., 2012). The ash fields are constructed from hydrated ash layers, which vary in density, strength, and size. Calcium oxide, while highly reactive with other minerals and gases at elevated temperatures, does not fully react during combustion due to limited residence time, leaving a notable portion unreacted in the ash (Pihu, 2012). In a system dominated by Ca(OH)2, minerals like 3CaO·Al2O3 and anhydrite engage in reactions with water and Ca(OH)2 over days or weeks (Paiste, 2017). Another significant reaction that takes place within the initial weeks or months is the creation of ettringite (Paaver et al., 2021). This formation aids in the crystallization of ash sediments and helps utilize pore water. When there is an abundance of water, the determining factor for ettringite formation is the available quantity of CaSO4 (Leben et al., 2021). However, the influence of belite, K-feldspar, 
K-mica/clay minerals, and the glass phase in forming new minerals and altering pore water chemistry becomes apparent over longer durations, spanning months to years (Pihu et al., 2019). Long-term chemical reactions in the ash plateau, especially the crystallization of the K-containing glass phase and interactions between Ca(OH)2 and 
K-rich minerals, lead to the formation of new Ca-silicates and Ca-aluminosilicates (Paaver et al., 2019). Additionally, belite undergoes hydration in these prolonged reactions. 
The process of CO2 diffusion-controlled carbonation of sedimentary deposits is known to be slow. In addition, this process is further impeded in the upper strata of ash deposits due to the effective precipitation of calcite and other secondary minerals (Leben et al., 2021). These minerals progressively occupy the pore spaces, thereby causing a reduction in the porosity of the deposits. This demonstrates that the majority of ash deposits in landfills maintain their CO2 binding capacity, making them a promising feedstock for accelerated carbonation.

[bookmark: _Toc147908194]Motivation and aim of the study

Amidst the pressing global challenge of climate change, largely driven by escalating CO2 emissions, industrial activities, especially fossil fuel-based energy production, stand as significant contributors. Concurrently, these sectors generate substantial solid waste. Similarly in Estonia’s energy sector, predominantly dependent on indigenous carbonaceous fossil fuels like oil shale, presents a context for research on circularity. 
The co-combustion (oil shale – biomass) and retorting activities yield substantial quantities of alkaline solid residues, encompassing oil shale fly ash (OSA), wood fly ash (WA), and landfilled oil shale ash (LFA). The advent of novel combustion regimes and technologies, notably CFBC, has engendered shifts in the phase composition of ashes. Such compositional shifts may pose challenges to the optimal utilization of fly ash in building materials. As a result of this conventional utilization applications have been progressively sidelined, emphasizing the pressing need to identify and investigate alternative strategies for fly ash utilization, both at the national and global scales.

Notwithstanding, scholarly discourse suggests that harnessing this potential necessitates a nuanced comprehension of their chemical composition, CO2 mineralization potential, and viable building material applications. A particular area of ambiguity lies in the mechanisms underpinning the self-cementing processes of fly ash, especially the behaviour of various phases under diverse conditions. The scientific literature reveals discernible gaps concerning the operational parameters for CO2 mineralization of C-class fly ash and which can be recycled in building materials. 

This thesis centrally explores the characteristics of monoliths constructed from fresh and land filled OSA as well as WA through accelerated carbonation processes and aligns its findings with the most recent advancements in the field of carbonated materials. Initially, the study delves into the self-cementing properties of contemporary oil shale ashes, to characterize the chemical and physical properties of ashes while evaluating the reactions contributing on the strength development of mortars containing ash alone. Subsequent evaluations focus on the carbonation behaviour of compacted ashes to study the mechanism of carbonation reaction, extent of carbonation and reaction stages.  
The impact of various process parameters (temperature, gas pressure, CO2 concentration) is investigated emphasizing the CO2 uptake and compressive strength of monoliths. Additionally, the study aims to elucidate the carbonation caused microstructural and mineralogical changes and evaluate environmental properties, emphasizing sulphate leaching, through the incorporation of high sulphur fly ashes.

The overarching objective of this research is to provide scientific basis for the effective and sustainable use of ash materials in non-cement construction and building practices while concurrently achieving the mitigation of CO2 emissions.

[bookmark: _Toc147908195]EXPERIMENTAL

[bookmark: _Toc147908196]Materials

The ash samples collected for this study include distinct types of OSA, WA and LFA. These are common by-products from Estonia's power and heat generation sectors, representing the abundant residues from circulating fluidized bed (CFB) combustion operations and biomass co-firing applications.

Initially, six different ash streams from Estonian power plants were selected for the performance testing of self-cementitious properties. A single stream of ash from Eesti power plant was selected in the formulation of clay bricks. 

For carbonated monoliths initially single stream of Auvere power plant electrostatic precipitator ash was selected (See Paper I, Chapter 2).

For further elaborate study on the substantive topic of cement-free monoliths through accelerated carbonation OSA from Auvere power plant and WA from Utilitas district heating plant as well as LFA from accumulated ash plateau were selected (See Paper II, Section 2.1). 

For the incorporation of high sulphur fly ash in carbonated monoliths high sulphur containing streams of OSA and WA is selected similarly from streams of Auvere power plant and Utilitas district heating plant. Additionally, calcium aluminate-bearing niobium slag (NS, as ground sample) is obtained from NPM Silmet niobium process plant. (See Paper III, Section 2.1)

[bookmark: _Toc147908197]Methods

This scientific study utilizes a range of methods for the thorough examination and characterization of selected waste streams. These methods focus on the determination of key characteristics of the samples, including their physical properties, chemical and mineralogical composition, thermal decomposition behaviour, and leaching characteristics. A summary of these methods, along with the instruments used in each study, has been presented in table 2 below. The table is organized to outline the specific methods with a brief description of the procedure or analysis, and the instrument(s) used to conduct each respective method. The objective of employing these diverse techniques is to gain a comprehensive understanding of the samples, providing a foundation for further research and applications. Further description of the characterization methods and specific instruments can be found in the methods sections of Paper I–III. 




Table 2. List of methods and corresponding equipment.

		Method

		Instrument(s) Used



		Mean Sampling and Size Fractioning

		Sieves



		Particle Size Distribution (PSD) Measurement

		Horiba Laser Scattering instrument (LA-950V2)



		Specific Surface Area (SSA) Measurement

		Kelvin 1042 sorptometer (Costech Microanalytical SC)



		Free Lime and Carbon Content Determination

		ELTRA CS 580 Carbon Sulphur Determinator

Ethylene glycol method of free CaO (Reispere, 1966)



		Pore Size Distribution and Porosity Measurement

		POREMASTER-60-17 porosimeter (Quantachrome Instruments)



		Chemical and Mineralogical Characterization

		X-ray fluorescence (XRF) (Bruker S4 Pioneer), X-ray diffraction (XRD) with Rigaku, SmartLab SE



		Thermogravimetric Analysis (TGA)

		Setaram Labsys 2000 thermoanalyser



		Microstructural Analysis

		Scanning Electron Microscope (SEM) ZEISS Evo MA 15 with an EDX analyser



		Compressive Strength Measurement

		Toni TechnikD-13355



		Leaching Test

		GFL 3025 overhead shaker



		Conductivity and pH Measurement

		Mettler Toledo SevenGo Duo Pro pH/Cond meter SG23



		Ion Determination

		Lovibond Spectro direct spectrometer



		Heavy Metal Determination

		Agilent 4210 Microwave Plasma Atomic Emission Spectrometer (MP-AES)





[bookmark: _Toc147908198]Sample preparation and experimental setup

For the evaluation of cementitious properties, pastes (ash, sand, and water) were formulated with a water-to-ash ratio of 0.7 and an ash-to-sand ratio of 0.33 (Paper I, Section 2.1.3). These pastes were subsequently cast into prismatic moulds and underwent a curing process in a climate chamber (at >95% RH and 20±2 °C) for a duration of 28 days. Following this, their flexural and compressive strengths were evaluated in accordance with EN 196-1:2016. In a parallel study focused on sintered clay bricks aiming for optimum sand to OSA replacement, clay bricks were meticulously prepared with press moulding (Paper I, Section 2.2.2). Various tests were executed including measurements of density, water absorption, flexural and compressive strength, and thermal conductivity tests while assessing quality and durability. 

For the completion of the thesis work, over two hundred distinct samples were formulated, encompassing 100% OSA, 100% WA as well as mixed designs (Paper II, Section 2.3), and the incorporation of NS into both OSA and WA (elaborated in Paper III, Section 2.2.1). LFA was exclusively integrated for an initial assessment, evaluating its potential for a mix design in conjunction with OSA and WA at a 50/50 ratio (Paper II, section 2.3). For each sample group, a minimum of four cylindrical specimens were prepared, and the mean strength values, derived from these specimens, were presented in the results corresponding to each tested parameter.

In the preliminary preparation step, ash samples were mesh sieved (≤200μm) then hydrated with specific liquid-to-solid ratios (0.15–0.25) w/v for different ashes. This ensured a necessary moisture content for all samples prior to curing, measured using an MB23 moisture analyser.

The samples were uniformly blended with deionized water, using a semi-batch Eirich EL1 type intensive mixer at a consistent rotation speed of (600 rpm) for a duration of 
20–30 minutes. After mixing and preliminary wetting, all ashes (powder) were allowed to hydrate and cure, in sealed and vacuumed containers at room temperature between 12–24 hours.

Following this phase, the samples were compacted using a hydraulic press and stainless-steel mould into cylindrical monoliths of 20 mm diameter and 20±1 mm height. Special attention was given to the uniform preparation in terms of compaction pressure of samples as compaction was performed manually.

[image: ]NS powder, in its dry form, was incorporated into the ash powders after the first hydration period. The NS powder together with the hydrated ash powders were mixed for 10 minutes considering the given rapid hydration and hardening characteristics of NS as typical calcium aluminate-bearing slags.Figure 3 Scheme of the experimental set-up for the accelerated carbonation system (comprising CO2 gas cylinder, computer, temperature regulator, gas flow controller and curing chamber).



It’s noteworthy that the NS powder exhibits lower workability and compressibility compared to the ash samples, influencing the compaction ability of the final blend. 
The impact of compaction pressure on the final product performance was evaluated by applying two different pressures (150±10 and 300±10 kg/cm2). Accelerated carbonation curing was conducted in an automated carbonation system (Fig. 3), which includes a 
400 mL stainless-steel jacketed pressure vessel, a temperature controlling apparatus (Circulator C-400) and gas flow controller (Buchi press-flow gas controller-bpc) for monitoring CO2 gas usage (Fig. 4).

Varied experimental conditions were carried out, and simultaneous comparative tests were undertaken in periods of 2 hours of carbonation curing conditions, to study the impacts of differing curing temperatures (25, 50, 75 °C), typical flue gas (FG) CO2 concentration (15%CO2/6%O2/N2) versus 100% CO2, and varying gas pressures (5, 10, and 15 bar). A consistent CO2 concentration during (FG) curing was ensured by implementing a sequence of flushing and refilling every 20 minutes. Additionally, to control humidity throughout all tests, a potassium iodide saturated solution was utilized, which helped to [image: A machine on a table

Description automatically generated]maintain relative humidity (RH) between 61–68% at different curing temperatures. Figure 4 Experimental setup comprising gas monitoring device, computer, CO2 gas cylinder and climate-regulated autoclave.
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[bookmark: _Toc138675182][bookmark: _Toc138686306][bookmark: _Toc147908201]Chemical characterization

X-ray fluorescence analysis has shown that calcium and silicon are the primary components of all ash samples (OSA, WA, and LFA), collectively making up 59–64% of the total composition (for detailed chemical composition please see Paper I and II). Further insights into the mineralogical composition of these ashes were provided by X-ray diffraction analysis (Paper I and II). It was found that both OSA and WA contain a significant amount of free lime (17–20%) and a smaller proportion of portlandite 
(1.4–3%), both of which are key reactants in accelerated carbonation and hydration processes. The NS, used as an additive, contains calcium aluminates with a small amount of NbO5 remaining in the slag (Gorkunov & Munter, 2007).

In the context of cement production, the presence of C3S (alite), C2S (belite), C3A (aluminate), C4AF (ferrite) in clinkers is essential for the development of concrete strength. These materials react vigorously with water, forming a cement paste in the final product. The term “pozzolan” in the building industry refers to all materials that react with lime and water to produce calcium silicate and aluminate hydrates. These pozzolans, which constitute 22–45% of the samples, are rich in reactive silica or alumina plus silica. C2S is found in 13.9% of OSA and 4.1% of WA, respectively. 

However, LFA exhibits a different mineralogical profile. The hydration of CaO in the presence of natural water in LFA leads to the formation of Ca(OH)2, accounting for 18% of the total composition. Additionally, the C2S in LFA undergo hydration, resulting in the formation of CSH (tobermerite, thaumasite, afwillite), which makes up 45% of the phase composition. This transformation occurs due to the reaction of atmospheric water with the ash constituents in the disposal area.

High percentages of sulphate in cement can lead to internal sulphate attack, 
a deterioration mechanism that can significantly compromise the structural integrity of concrete. As such, ASTM C618 stipulates that the sulphate content of fly ash used in concrete should not exceed 5% SO4-2. However, the selected fly ashes have an elevated sulphate content, In OSA, anhydrite is the main sulphate-containing phase, while in WA, arcanite is the predominant sulphate phase. This was a deliberate investigation in the under-researched area of high-sulfur fly ash utilization to determine how accelerated carbonation affects leaching properties.

A common standard for the unburned carbon content in fly ash used in concrete is less than 3%. The restriction on unburned carbon content for fly ash to be used in construction is a critical issue and allowed values can vary based on the intended use and local building codes. The predominant form of carbon present in the ashes used under this research is mineral CO2. In OSA, the total inorganic carbon content amounts to 1.25%, whereas in WA, it constitutes 2.65% (Paper III, Section 2.2.3). 

In terms of heavy metal content of studied C-class fly ashes, WA typically exhibited higher levels compared to OSA. Specifically, elements such as zinc, manganese, copper, and barium are present in WA. In contrast, NS is deficient in these trace elements. While OSA contains heavy metals like zinc, lead, nickel, chromium, and barium, their concentrations are notably lower than those found in WA (Paper III, Table 4).

[bookmark: _Toc147908202][bookmark: _Toc138675183][bookmark: _Toc138686307]Physical characterization

Particle size distribution and specific surface area

The efficiency and capacity of carbonation tend to increase with decreasing particle size of fly ash (Li et al., 2022). This is primarily due to two factors: firstly, smaller particles have a larger specific surface area (SSA), which promotes carbonation reactions, and secondly, a smaller particle size facilitates the release of metal ions such as Ca2+ and Mg2+.

PSD analysis of the samples indicated that the OSA samples, with mean particle sizes ranging from 17.97 μm to 21.96 μm, have slightly smaller particle sizes compared to the WA sample, which has a mean particle size range of 26.8–54.6 μm (Table 3). Despite this, the surface area of WA can be higher than that of the OSA samples. This is likely due to the presence of unburned carbon in the WA sample, which can increase the specific surface area by providing more active sites for chemical reactions and adsorption.

In contrast, the LFA sample has a significantly larger mean particle size of 79.25 μm, and the NS sample has an even larger mean particle size of 99.87 μm. The larger particle size of NS sample is likely due to its high-temperature production processes, which can cause melting and pore blocking, resulting in lower specific surface areas. The specific surface area of the NS sample, as measured by the BET method, is notably lower than that of the fly ash samples.



Table 3. Mean particle size (d50) and BET surface areas of the samples (For more details please see Paper I and II).

		

		d50 (μm)

		BET SSA (m2/g)



		OSA 

		17.9-25.3

		3.1-6.2



		WA

		26.8-54.6

		3.2-9.8



		LFA

		79.25

		1.8



		NS

		99.87

		0.34





[bookmark: _Toc147908203][bookmark: _Toc138675184][bookmark: _Toc138686308]Evaluation of ash suitability for targeted applications 

[bookmark: _Toc138675185][bookmark: _Toc138686309][bookmark: _Toc147908204]Self-cementing properties of OSA

The binding capability is influenced by the chemical makeup and granularity of the ashes, especially the presence of unbound CaO, portlandite, Ca/Mg silicates, and SO3 
(De Maeijer et al., 2020). The self-cementing capability of ashes, characterized by coarser particle sizes tends to be suboptimal. An evaluation of the self-cementing attributes of all the examined ashes is presented in Paper I. It is evident that samples with an elevated SSA and higher contents of lime and portlandite (approximately 14–23%) as well as, 
Ca-Mg silicates (C2S), and C4AF (approximately 15–22%) that engage in hydraulic or pozzolanic reactions yield superior self-cementing properties. Well-known hydration reactions of the major compounds which are commonly found in cement clinker as well as in the fly ash samples are given below (Eq. 8–13). 

2(3CaO·SiO2) + 6H2O → → 3CaO·2SiO2 ·3H2O + 3Ca(OH)2			            (8)

This reaction produces CSH and CH. The CSH produced exhibits a Ca/Si ratio approximately 1.5 with a water content of 3 mol (Hoskova et al., 2009). However, during C3S hydration, both the Ca/Si ratio and water content can undergo variations (Naber et al., 2019). The reaction is exothermic and is responsible for the initial set and early strength of the cement paste.

When tricalcium aluminate (C3A) interacts with water and is accompanied by gypsum, it leads to the formation of ettringite (Eq. (9)) with a hexagonal-prism shape which can encapsulate certain heavy metals (Cr) and/or sulphates. This subsequently transforms into monosulphate (Eq. (10)) with a pseudo-hexagonal plate structure (Hoskova et al., 2009).

3CaO·Al2O3 + 3CaSO4 ·2H2 O + 26H2O → → 3CaO·Al2O3 ·3CaSO4 ·32H2O 	            (9)

3CaO·Al2O3 ·3CaSO4 ·32H2O + 2(3CaO·Al2O3) + 4H2O → 3(3CaO·Al2O3 ·CaSO4 ·12H2O)    (10)

Ettringite formation during hydration of cementitious systems plays a dual role in cementitious structures. On the positive side, ettringite contributes to initial set and strength development, densifies the microstructure by filling void spaces, and can immobilize potentially harmful ions, enhancing concrete durability (Wolf et al., 2019). However, its formation isn’t without challenges. Delayed ettringite formation can lead to internal cracking, especially if concrete is exposed to high curing temperatures (Kothari et al., 2022). External sulphate sources can instigate sulphate attack, causing deterioration. Additionally, excessive ettringite formation can induce expansion and cracking, and in some cases, increase the porosity of the cement paste, compromising strength and durability. Proper understanding and management of these aspects are crucial for optimal concrete performance (Colman et al., 2023).

Based on the findings of Xue et al. (2022), C4AF undergoes full hydration to form C3(A,F)H6 [35], as depicted in Eq. (12). The hydration of C4AF can lead to the formation of a hydrated garnet, and the observation that iron can interchangeably take the place of aluminium aligns with the conclusions drawn by Rose et al. (2006).

2(2CaO•SiO2) +4H2O=3CaO•2SiO2•3H2O+Ca(OH)2				         (11)

The reaction for C2S (Eq. (11)) is slower than that of C3S and contributes to the later strength of the cement paste (Hoskova et al., 2009).

Hydration of C4AF in the presence of water: 

3(4CaO⋅Al2O3⋅Fe2O3)+30H2O→2(3CaO⋅Al2O3⋅6H2O)+2(3CaO⋅Fe2O3⋅6H2O)+Fe(OH)3 +Al(OH)3 										         (12)

Hydration of C4AF in the presence of gypsum:

4CaO⋅Al2O3⋅Fe2O3+CaSO4⋅2H2O+11H2O→3CaO⋅(Al2O3,Fe2O3)⋅CaSO4⋅12H2O+Ca(OH)2        (13)

When gypsum levels surpass 20%, the diffraction peak of C3(A,F)H6 is no longer observed, suggesting that C3(A,F)H6 interacts with gypsum to produce AFm (monosulphate) (Eq. (13)) (Xue et al., 2022). In a different study Matschei et al (2007), the same AFm phase is also identified as one of the components that can encapsulate SO₄²⁻ at ambient temperatures.

Anhydrite, one of the principal sulphur-bearing components of OSA, is significant because, in the presence of Al(OH)3, it serves as a major precursor to ettringite which provides additional self-cementation (Freidin et al., 1998; Leben et al., 2019; Uibu et al., 2016). The Aft phase (ettringite) is known to form rapidly in cement composites containing fly ash (Hewlett & Liska, 2019). 

Ettringite and CSH gels, which will be examined in greater detail in section 3.3.4 in relation to triadic utilization of fly ash, niobium slag, and CO2, are likely to be responsible for the strength development.

Compared to the 2015 (Uibu, 2016) data on the ashes of the same energy block presented in Appendix 1, 2018-2019 is the contents of free lime and Ca-Mg-silicates in the ashes are higher and the calcite content is lower. Most of the studied mixes demonstrated noticeably short setting times. This is tentatively related to the quick hydration of free CaO. The setting time and compressive strength values observed in most of the ash samples are suboptimal, potentially constraining the integration of ash with cement in contemporary applications – a prevalent methodology. While commercially available cement mixed designs incorporate approximately 10–15% of OSA, this proportion is notably diminutive when compared with the annual ash production volume. The setting times of certain ash specimens (APP-EPA) are close to the recommended ranges, and 
the 28-day compressive strength of the mortar is up to 14.1 MPa (Paper I, Figure 5,6). In general, the variation in both composition and binder properties is quite large from year to year: the 28-day compressive strength varies between 6.9–14.1 MPa. It is understood that APP-EPA stands as an ash variety which can be recognized as an independent potential binder. Conversely, the other examined ashes necessitate supplementary physical or thermal pretreatments to render them suitable for incorporation into similar applications. Such waste classifications, for example, might be reassessed as integral components for compound binders comprising diverse constituents.

[bookmark: _Toc147908205]Integrating OSA into clay bricks

This investigation presented a case analysis, endeavouring to evaluate the prospective incorporation of ashes within the ceramic sector. The principal research objective centred on the systematic exploration of ash integration; however, the empirical outcomes yielded were not particularly promising.

The inclusion of distinct compounds within the ash partially replacing the sand, including Ca(OH)2, Ca and Mg carbonates, and to a certain extent, Ca-sulphate, exerts 
a significant impact on the brick’s microstructural characteristics. This effect is evidenced by the emission of H2O, CO2, and SO2, stemming from decomposition reactions intrinsic to ash. These reactions are in addition to the typical processes observed, such as clay mineral dehydroxylation, quartz inversion, crystallization, and the vitreous phase reactions.

The inclusion of ash in bricks increased porosity, affecting their mechanical properties negatively and resulting in a decreased compressive strength (~20 MPa compared to the reference’s ~30 MPa). Besides the inclusion of ash in bricks increased the water absorption, ash-included bricks absorbed 2.5 times more water than the reference bricks (Paper I, Table 7 and Figure 9).

Nevertheless, thermal conductivity in clay bricks, influenced by porosity and solid constituent properties, is crucial for building insulation and energy performance; notably, ash-included bricks displayed 50% enhanced insulation compared to reference bricks (Paper I, Table 7 and Figure 9).

The SEM images show enhanced particle interlocking and uniformity in the reference brick microstructure, while the presence of carbonate and sulphates in ash reduces the interlocking, influenced by CaCO3 and CaSO4 decomposition, and confirms findings on waste additives as pore-formers in literature (Dos Reis et al, 2020) (Paper I, Figure 10). The Phase composition highlights the significant presence of plagioclase (Ca-feldspar) in ash included bricks, resulting from the reaction of CaO with clay aluminosilicates, and notes partial anhydrite persistence post-sintering (Paper I, Table 8).

[bookmark: _Toc147908206][bookmark: _Hlk147134516]Preliminary tests for accelerated carbonation 

C-class fly ash, characterized by its higher lime and portlandite content, exhibits exceptional suitability for accelerated carbonation processes. This distinction becomes even more pronounced when contrasted with its limited utilization potential compared to class F fly ash in conventional applications such as blending with cement, clay brick manufacturing, self-cementing applications, and geo-polymer formulations [Mishra et al., 2023]. Prior research on ash utilization under this thesis revealed limited potential, emphasizing the need for alternative binder-free methodologies. The ash chosen for initial testing, due to its high lime and portlandite content coupled with its fine particle size from electrostatic precipitation filters, seems better suited for the intended carbonation process.

The formation of carbonates leads to an increase in the solid volume and a decrease in porosity within the monoliths. These carbonates function as main binding phases, creating robust links between reactive particles and aiding in pore occlusion. 

Compressive strength tests on the compacted monoliths have yielded promising results, with strengths reaching up to 40 MPa (Paper I, Table 9). Accelerated carbonation studies of these compacted monoliths indicate that the synergy of compaction and carbonation presents a valuable method for waste repurposing. This method not only strengthens cement-free monoliths stabilizing fly ash, but also effectively sequesters CO2. Given these findings, a thorough examination of the microstructure of the carbonated monoliths is crucial to understanding the fundamental mechanisms of the carbonation reaction and to further optimize the process parameters, enhancing the performance of the carbonated products.

[bookmark: _Hlk138085074]Based on the preliminary analysis results of accelerated carbonation in cement-free fly ash monoliths, it became evident that a deeper understanding of the carbonation reaction mechanism is essential. The behaviour of the products is influenced by a variety of factors, as will be demonstrated in the following sections. In light of this, section 3.3 goes into great detail on the observation of the various process variables that may have an impact on these phases.

[bookmark: _Toc147908207]Carbonation of fly ash monoliths 

[bookmark: _Toc138675189][bookmark: _Toc138686313][bookmark: _Toc147908208]Variables affecting CO2 uptake and compressive strength

Effect of compaction pressure 

The green density that can be attained at a specific compaction pressure depends on the compressibility of fly ash and similar powdered alkaline residues (Singh et al., 2021). Particle size, chemical composition as well as density, hardness, and shape of the particles all play a role in compressibility (Koley et al., 2011). Because the pores formed during the compaction are virtually between the particles, a powder with a smooth glassy surface has a higher compressibility compared to a particle with a less regular shape (Shee-Ween et al., 2021). Due to the increased probability of irregular particle’s tendency to fold on itself, lower green density can develop with powders consisting less regular shaped particles. This porosity cannot be remedied by further compaction (Sudha et al., 2020).

The physical characteristics of the compacted bodies and the mechanical performance of the resulting monoliths are influenced by the compaction force during the preparation of the monoliths. When the compaction pressure is increased, the porosity and permeability of the solid compact diminish (Hills & Pollard, 1997), which results in a stronger structure and greater strength since internal gaps are closed. Additionally, 
it should be emphasized that adequate amount of water is required for optimum 
particle compaction and interconnectivity in the monoliths(Liu et al., 2023). In contrast, the decreased gas permeability caused by refined porosity prevents CO2 from penetrating the inner surfaces of compressed substances (Siddique et al., 2020). As a result, the physical restrictions on CO2 permeability, diffusivity, and solubility can have a negative impact on the effectiveness of the carbonation sourced strength development process by causing less amount of CaCO3 to crystallize. 

According to the compressive strength and CO2 uptake values of carbonated OSA and WA monoliths, the above-mentioned phenomenon is present to a certain extent (Paper II, figure 5–6). 

At the applied compaction pressure ranges, the potential detrimental effect of higher compaction pressure on CO2 uptake ability of both fly ash monoliths is less than 2 wt. % which is thought to be primarily related to refined porous structure. Higher compaction pressure (between 150 kg/cm2 and 300 kg/cm2) is seen to increase compressive strength in all prepared samples. Average compressive strength increases by 63% in OSA monoliths and 71 % in WA monoliths as a result of increased compaction pressure. The average density of OSA monoliths increased from 1595 kg/m3 to 1720 kg/m3, while WA monoliths increased in density from 1830 kg/m3 to 1970 kg/m3.

Additionally, two distinct kinds of mixed design monoliths were created, one with a composition of 50% OSA and 50% LFA (designated by M1) and the other with a composition of 50% WA and 50% LFA (designated by M2) (Paper III, Fig. 7). M1 monoliths have a CO2 uptake level of 13.1% and an average compressive strength of 9.2 MPa. This suggests that, in comparison to 100% OSA monoliths, LFA is marginally enhancing CO2 uptake while decreasing the compressive strength of the samples. M2 monoliths have a CO2 uptake level of 12.3%t and an average compressive strength of 10.4 MPa. Similar trends are seen between M2 monoliths and 100% WA monoliths when it comes to strength 
and CO2 uptake levels. Compressive strength and CO2 uptake levels are comparable for both kinds of mixed designs. Comparing LFA monoliths to OSA (1595 kg/m3) and WA (1830 kg/m3) monoliths, LFA monoliths have a lower total density (1340 kg/m3). Increased density of 1470 kg/m3 due to higher compaction pressure of 300 kgf/cm2, which may indicate potential use of LFA for low density construction material applications. Based on the constituents, mixed designs show a median density. The average density of the M1 is 1380 kg/m3, while that of the M2 monoliths is 1420 kg/m3 (Paper II, Table 4). An overview of the average results for compressive strengths and CO2 uptakes is concisely illustrated in Figure 13, located in Appendix 4, providing a snapshot of the detailed graphical representations and data to guide the ensuing discussion.

As can be seen, characteristics vary along with the compaction pressure applied during monolith preparation, which play a pivotal role in determining the physical properties and mechanical performance of the resulting monoliths. Higher compaction pressures generally lead to increased strength and density in the samples, but which can also reduce CO2 uptake due to refined porosity.

Effect of gas pressure and CO2 concentration 

Carbon dioxide gas pressure and concentration are some of the variables influencing the rate of CO2 absorption as well as relevant strength gain because of their effect on the physisorption process at the interface between the solid and the gas reactant (Jamil et al., 2023; Nielsen et al., 2020). Upon analysis of the CO2 uptake rates and compressive strengths of OSA and WA monoliths, the influences of both CO2 gas pressure and CO2 concentration on these parameters were discerned. The final levels of CO2 uptake as well as a rise in compressive strength in both OSA and WA monoliths coincide with the increase in gas pressure from 5 to 15 bar (Paper II, figure 8–9). Increase in carbonation rate could be explained by the increased gas penetration of CO2 into the compact at high pressures, which supports the magnitude of carbonation reaction. As the pressure increases, 
the number of gas molecules (in this case, CO2) in the system also increases. This leads to a higher probability of these molecules interacting with the pore surface of the fly ash monoliths, thereby increasing the amount of CO2 adsorbed. This phenomenon is particularly relevant if the fly ash monoliths have a porous structure with micro and mesopores, which are known to enhance gas adsorption. Due to pore refinement and porosity reduction brought on by the carbonate precipitation, the compressive strength of the monoliths increases as the partial pressure of CO2 gas increases (Humbert & Castro-Gomes, 2019). For OSA, the CO2 uptake shows a 7.5% increase from 5 bar to 
10 bar and a 6.1% increase from 10 bar to 15 bar. The compressive strength for OSA increases by 7.9% from 5 bar to 10 bar and by 15.5% from 10 bar to 15 bar.

For WA, the CO2 uptake increases by 14.6% from 5 bar to 10 bar and by 8.5% from 10 bar to 15 bar. The compressive strength for WA shows a more significant increase of 31.7% from 5 bar to 10 bar and 25.6% from 10 bar to 15 bar. Although increasing CO2 pressure was advantageous for CO2 diffusion and solubility, high pressure can cause significant CaCO3 precipitations on the sample’s surface, generating a passivated layer that clogs the pores and reduces CO2 diffusion (Zhong et al., 2021). There will also be a point at which pressure increase does not significantly boost uptake any further. This is because the fly ash monoliths only have a limited number of adsorption sites depending on porous structure, which will eventually be saturated, and the system will reach equilibrium.

It is also recognized that the amounts of total CO2 uptake will differ depending on 
the degree to which CO2 gas permeates cementitious materials under high and low 
CO2 concentration levels. When curing with a 100% CO2 concentration, the CO2 uptake values for OSA and WA are respectively 10.8% and 9.4%. At the FG curing (16% CO2), 
the CO2 uptake values for OSA and WA are reduced to 7.6 % and 7.9 %, respectively (Paper II, figure 10). Samples cured in 100% CO2 have higher compressive strengths 
than samples cured in FG, which is consistent with lower CO2 uptakes. OSA monoliths have better compressive strength values than WA monoliths because they include more Ca-Mg silicates, which participate in hydraulic or pozzolanic processes. Longer curing times allow FG curing to achieve CO2 uptake values that are on par with 100% CO2 
curing.

When cured in various CO2 concentrations, the CO2 absorption and compressive strength of fly ash monoliths, both OSA and WA, exhibit comparable changes. For OSA, when cured in 100% CO2, the CO2 uptake is 10.8%, which decreases by 29.6% to 7.6% when cured in model FG with 16% CO2. The compressive strength also decreases from 22.1 MPa in 100% CO2 to 16.1 MPa in FG, a decrease of 27.1%.

Similarly, for WA, the CO2 uptake decreases from 9.4% in 100% CO2 to 7.9% in FG, 
a decrease of 16%. The compressive strength also decreases from 13.5 MPa in 100% CO2 to 10.2 MPa in FG, a decrease of 24.4%.

These changes indicate that both CO2 uptake and compressive strength of fly ash monoliths decrease when the concentration of CO2 in the curing environment is reduced from 100% to 16%. This suggests that higher CO2 concentrations may enhance the initial reaction rates for carbonation process, leading to higher CO2 uptake and related compressive strength. However, at lower CO2 concentrations, the carbonate conversion rate may be reached over longer times, and eventually, it may even exceed the carbonate conversion rate at greater CO2 concentrations (Nielsen et al., 2020).

Effect of temperature 

The accelerated carbonation process is influenced by temperature elevations through various intricate mechanisms including reaction kinetics, diffusion rates, solubility of CO2, moisture evaporation and microstructure evolution (von Greve-Dierfeld et al., 2020; 
Wu et al., 2022; Yadav & Mehra, 2021). Previous investigations have reported that the temperature increase during carbonation directly affects the solubility of CO2, the rate at which components dissolve, and the structure and mineralogy of the carbonates 
(Liu et al., 2016; Luo et al., 2021; Nielsen et al., 2020). At higher temperatures, calcium is more quickly released from the matrix, CO2 diffusion is enhanced but the water evaporation is hastened, and the aqueous solubility of CO2 is reduced (Zhong et al., 2021). For the carbonation of portlandite, while higher temperatures might accelerate the rate of reaction (kinetic control), the extent of carbonation might be less favourable compared to lower temperatures (thermodynamic control) (von Greve-Dierfeld et al., 2020). Temperature plays a crucial role in determining the thermodynamic stability of calcium carbonate polymorphs that form during the carbonation process, with calcite being the most stable among them. (Liendo et al., 2022).

Through an examination of the correlation between temperature and both CO2 uptake levels and compressive strength, the influence of temperature was systematically assessed (Paper II, Fig. 11–12). For OSA, the CO2 uptake increases from 9.1% at 25 °C to 11.2% at 50 °C, an increase of 23.1%. However, the increase in CO2 uptake from 50 °C to 75 °C is smaller, at 5.4%. Whereas, the compressive strength increases from 22.1 MPa at 25 °C to 24.8 MPa at 50 °C, an increase of 12.2%, but then decreases to 21.6 MPa at 75 °C, a decrease of 12.9% from the peak at 50 °C. While higher temperatures elevate CO2 uptake levels for OSA monoliths, they do not correspondingly enhance strength development, indicating that higher CO2 uptake does not necessarily guarantee increased strength. 
The secondary reaction between CSH, Ca(OH)2, and CO2, which results in high-intensity calcium carbonate crystal and lowers the calcium-silicon ratio (c/s) of CSH, can favourably affect the strength development monolith up to 50°C (Duan et al., 2020). CSH with a lower ratio of C/S has better mechanical properties, and the accumulation of calcium carbonate particles reduces the porosity and increases the density of the monolith 
(Duan et al., 2020; Lodeiro et al., 2010; Qian et al., 2018; Shaikh & Supit, 2014). Therefore, the compressive strength of the monolith will improve. Between 50 °C to 7 5°C, a decrease in the compressive strength can be attributed to disintegration of CSH as well as increased lack of water availability at higher temperatures affecting homogeneity of hydration and carbonation reactions. High temperatures can cause the double-chain silicate anion structure of CSH to break, which will inhibit the growth of combined strength 
(Fang & Chang, 2015). It is well known that excessive carbonation can degrade the 
micro-mechanical property of CSH (Liu et al., 2022).

Similarly, for WA, the CO2 uptake shows a significant increase from 8.5% at 25 °C to 13% at 75 °C, an overall increase of 52.9%. However, the compressive strength decreases from 14.7 MPa at 25 °C to 13.2 MPa at 75 °C, a decrease of 10.2%. The experiment conducted at the lowest temperature (25 °C) registered the highest compressive strength, even though it had less CO2 bound to the monoliths. This implies that for WA, the impact of temperature on carbonation strengthening is more pronounced. Considering that WA possesses a lower concentration of active silicates relative to OSA, it can be deduced that carbonates exert a more pronounced impact on strength development than hydration products when compared with OSA. Despite higher temperatures prompting a faster initial reaction rate for both WA and OSA, this accelerated carbonation could 
potentially lead to the formation of weaker carbonate structures. These less robust structures contribute less effectively to strength development, suggesting that a 
balance between reaction speed and structural integrity is crucial for optimal strength. 
The influence of temperature on the stability of carbonates is further elaborated in the section dedicated to thermal analysis. In line with findings from similar studies, 
the uptake of CO2 tends to increase with temperature, peaking at around 60 °C, particularly at lower pressures (Bertos et al., 2004). Given that the carbonation reaction is exothermic, it is advisable to cap the temperature at 333 K to maintain optimal conditions (Mazzella et al., 2016).

[bookmark: _Toc147908209]Thermal analysis

TGA was employed to investigate the thermal decomposition and mass reduction behaviour of both uncarbonated and carbonated samples meanwhile CO2 uptake levels were also evaluated. This analytical technique provided insights into the various phases of mass reduction associated with the evaporation of water, dehydration of components (Ca(OH)2, ettringite, CSH etc.),  and release of CO2 from CaCO3.

The TGA and DTG curves of uncarbonated samples reveal three main phases of 
mass reduction with smaller steps in between (Paper II, Figure 13-14; Paper III, Figure 3). The initial mass loss step can be linked to the evaporation of water and the ensuing dehydration of both crystalline and amorphous components, including ettringite, which can continue up to 140 °C, as well as CSH or calcium-aluminate-(silicate) hydrate (CA(S)H) (Juenger et al., 2019; Scrivener et al., 2018). In the uncarbonated OSA, a slightly more pronounced peak of ettringite decomposition is observed between 100–130 °C compared to carbonated and NS-added samples. Similarly, in the WA, decomposition around 80 °C was less in NS added samples compared to carbonated and uncarbonated samples (Paper III, Figure 3). This suggests that CO2 curing either slowed the formation of AFt, CSH, and CAH or induced their phase change. In both samples, the mass loss between 200–370 °C can be attributed to CSH decomposition as well as the ongoing decomposition of monosulphate which is formed after ettringite decomposes (Kurdowski, 2014). 
The subsequent phase is marked by the dehydration of Ca(OH)2, which occurs up to 
500 °C, as illustrated by Eq. (14). The final mass loss step is defined by the release of CO2 resulting from the decomposition of CaCO3, a process that unfolds between 550–900 °C, (Paper II, III).

Ca(OH)2 ↔ CaO(s) + H2O(g)   ΔH 298K = −104 kJ/mol 			         (14)

CaCO3(s) ↔ CaO(s) + CO2(g)    ΔH 298K = +178 kJ/mol			         (15)

In carbonated samples, primarily two stages of mass reduction are observed – 
the evaporation of water and the release of CO2 from CaCO3. The loss of water from Ca(OH)2 is not substantial due to its carbonation, as shown in Eq. (16), (Paper II, III), 
with the exception of OSA carbonated at 25 °C. The Mass Spectrometry (MS) curves of OSA monoliths that were cured at 75 °C corroborate the findings from the TGA curves.

Ca(OH)2(s) + CO2(g) → CaCO3(s) + H2O(g)  ΔH 298K = −113 kJ/mol		         (16)



The third stage of mass loss in uncarbonated samples reveals that both types of ash already contain CaCO3 in their initial states, prior to hydration and carbonation. Consequently, the net absorption of CO2 is determined by deducting the CO2-related mass loss from the uncarbonated minerals from the total CO2-related mass loss in carbonated samples.

The samples demonstrated a CO2 uptake of 9.1% for OSA and 8.5% for WA (Paper II, figure 11) when cured at a temperature of 25 °C. 

The net CO2 uptake of the 100% OSA sample is 12.2% and NS added OSA sample is 11.7%. 100% WA sample and NS added WA samples are 7.8% and 5.4% respectively (Paper III, figure 2). The lower CO2 uptake of NS-added samples can be explained by the rapid hydration of calcium aluminates altering pore structures, resulting in less available surface area and a lower percentage of portlandite, which is the main phase contributing to carbonation, due to the replacement of ash with NS. Yet, these findings indicate that there is a minor negative impact of NS on the carbonation of selected ashes. 

The influence of the curing temperature is evident in both the TGA/DTG curves, which clearly demonstrate an increase in CO2 uptake with rising curing temperatures of 25, 50, and 75 °C. 

The thermal stability of the newly formed CaCO3 can be assessed by examining the TG/DTG curves.

The onset temperatures, which represent the beginning of CaCO3 decomposition in carbonated samples, are slightly lower compared to uncarbonated ones. For OSA, 
these temperatures are 520 °C for curing temperatures of 25, 50, and 75 °C, and 580 °C for the initial sample (Paper II, figure 13). For WA, the temperatures are 510 °C for 
curing temperatures of 25, 50, and 75 °C, and 580 °C for the initial sample (Paper II, 
figure 14).

These findings align with those of several other researchers who have reported lower thermal decomposition temperatures for CaCO3 when it occurs in a less crystalline form of calcite (Karunadasa et al., 2019). This could indicate a variation in the thermal stability of the newly formed crystalline and amorphous CaCO3 phases at temperatures above room temperature under the given curing conditions (Du et al., 2018). This could also be due to the inefficient transformation of amorphous CaCO3 into calcite, which typically forms more stable structures at room temperature (Ihli et al., 2014). However, it’s also known that the thermal stability of amorphous calcium carbonate can eventually increase and spontaneously crystallize.

[bookmark: _Toc147908210]Kinetic analysis

The properties of the initial ash, along with the conditions to which they are exposed during the sample preparation processes, profoundly influence the reaction kinetics and overall CO2 uptake in the accelerated carbonation of OSA and WA monoliths. Formerly mentioned initial characteristics include SSA, composition of the mix, porosity, and free water content of the compacted monoliths. Surface area, porosity and to an extent free water content are also dependent on the compaction pressure. In general, carbonation process parameters include CO2 gas pressure/concentration, curing temperature, and relative humidity. The curing temperature as a main process parameter has been taken into account within the section in order to obtain relevant kinetic curves of the carbonation stages of OSA and WA. 

Methodology of preparation of the monoliths has been explained in 2.3 (Sample preparation and experimental setup chapter). Based on the above-mentioned experimental equipment simultaneous gas monitoring was conducted at different curing temperatures (25–50–75 °C), capturing data every 5 seconds over a 2-hour carbonation period for the monoliths. The collected experimental data is illustrated in figure 5–6 (reproduced from Paper II, Figures 15–16). These figures depict the kinetic curves of CO2 consumption at varying temperatures. 

Figure 5. Simultaneous CO2 uptake profiles of OSA compacts subjected to curing at temperatures of 25°C, 50°C, and 75°C.



The carbonation reaction in both OSA and WA monoliths is initially rapid, a phenomenon attributable to the open porous surfaces and ample physically bound water in the open pore structures of the samples, which facilitates a swift onset of carbonation. Following this phase, the reaction rate slows due to diffusion constraints through the product layer as carbonation advances from the exterior surface into the internal spaces.







Moreover, the initial rapid carbonation reaction can also impact particle temperatures due to exothermic nature of the reaction, potentially speeding up the evaporation of physically bound water. This could impose a limit on the diffusion of CO2 and the formation of carbonic acid. While the initial phase of the carbonation reaction does not exhibit a clear temperature dependency, an increase in temperature does have a positive/or visible effect on CO2 absorption, particularly during the diffusion-controlled phase of OSA.Figure 6. Simultaneous CO2 uptake profiles of WA compacts subjected to curing at temperatures of 25°C, 50°C, and 75°C.



The trend of CO2 consumption in terms of carbonation rate differs slightly in WA compared to OSA and varies with temperature. The beneficial effect of rising temperature on the rate of WA carbonation is more noticeable, indicating a more kinetic-controlled reaction, even in the initial stages of carbonation. A temperature increase extends the duration of the rapid carbonation phase, allowing WA to react for a longer period before transitioning to a more diffusion-controlled stage.

The CO2 absorption values derived from gas monitoring results corroborate the total CO2 absorption values identified in thermal analysis. After two hours of curing, the final conversion values range from 0.58 to 0.64 for OSA and 0.43 to 0.62 for WA. CO2 binding efficiency calculated based on theoretical maximal CO2 uptake capacity which is shown in Eq. (4) in Paper II. Graph extrapolation suggests that full conversion can be achieved after 11 hours for OSA and 13 hours for WA. 

Well-known reaction-order models were assessed as described by Li et al., (2020) and Khawam et al. (2006). It’s established that the carbonation of Ca-Mg silicates exhibits reduced reactivity under alkaline conditions in comparison to Ca(OH)2, with potential pH drops to around 10, based on equilibrium calculations (Nam et al., 2012). Consequently, the total CO2 sequestration during carbonation is determined based on the most reactive ash phases, namely CaO and Ca(OH)2, excluding Ca-Mg silicates (Eq. 4, Paper II).



Carbonation reaction in the monolith can be summarized by following order of intermediate reactions (Eq. 17-23):

Hydration of calcium oxide (lime) to produce calcium hydroxide (slaked lime):

CaO(s) + H₂O(l) → Ca(OH)₂(s)   ΔH =-65.27				                         (17)

Dissolution of carbon dioxide in water to form carbonic acid:

CO₂(g) + H₂O(l) → H₂CO₃(aq)	ΔH = 66.55 kJ/mol			         (18)

Dissociation of carbonic acid into bicarbonate ions:

H₂CO₃(aq) → H⁺(aq) + HCO₃⁻(aq) ΔH =1412.7 kJ/mol.			         (19)

Further dissociation of bicarbonate ions into carbonate ions:

HCO₃⁻(aq) → H⁺(aq) + CO₃²⁻(aq) ΔH =15.48 kJ/mol			                         (20)

Dissolution of calcium hydroxide:

Ca(OH)₂(s) → Ca²⁺(aq) + 2OH⁻(aq) ΔH = -980.83 kJ/mol			         (21)

Reaction of calcium ions and carbonate ions to form calcium carbonate (limestone):

Ca²⁺(aq) + CO₃²⁻(aq) → CaCO₃(s) ΔH = 12.13 kJ/mol			                         (22)

The overall reaction can be simplified as:

CaO(s) + CO₂(g) → CaCO₃(s) ΔH = -178.39 kJ/mol				         (23)

While the solids are dissolving and hydrating, CO2 in the vapor phase will also dissolve in water, based on its equilibrium solubility at the given pH and temperature (Pan et al., 2012). The metal ions frequently begin by leaching out quickly, then gradually slow down and increase until they reach their peak concentration in the pore solution (Wei et al., 2018). As the reactants and dissolved CO2 create ionized species in the liquid phase, they reach a state of supersaturation. This state is often defined by the ratio of the ion activity product to the solubility product for a specific compound, such as calcite (Lothenbach & Zajac, 2019). Once this state is reached, precipitation happens, which lowers the level of supersaturation. Compounds in the fly ash that contain Ca2+ (mainly CaO and Ca(OH)2) will continue to dissolve as long as the solution remains undersaturated with respect to these phases due to the precipitation of carbonates. The kinetics of precipitation reactions, as demonstrated in other studies on the carbonation of lime pastes, are significantly influenced by the initial chemical control at the exposed surface, which exhibits a high resistance to CO2 diffusion (Cizer et al., 2012). This indicates that the process is subsequently succeeded by a shift to a phase where the reaction is governed by the diffusion of CO2 through the layer of the carbonate product. This ensures the formation of Ca (and Mg) carbonates until the supply of these reactant compounds is depleted and the system achieves equilibrium. It is important to note that the pore solution is likely to maintain a high pH due to the plentiful alkaline compounds in the fly ash mixture (Wei et al., 2018). Certain previous investigations have examined the carbonation reaction mechanism in alkaline wastes and found that the rate of accelerated carbonation is primarily limited by the diffusion process within the ash layer (Chang et al., 2011; Lekakh et al., 2008; Pan et al., 2018).

A strategy employed to understand the kinetics and mechanisms of the reaction is the solid-state reaction approach, particularly relevant for the carbonation process. This method proves to be particularly beneficial when the reaction involves solid reactants and products, such as the carbonation of CaO to produce CaCO₃.

Various kinetic functions correspond to distinct mechanisms for solid-state reactions, with a particular emphasis on the carbonation conversion of alkaline solid wastes (Miao et al., 2023). The functions f(α) and g(α) = kt are derived from the general kinetic equation dx/dt = k * f(x). The mechanisms are categorized based on the controlling step of the reaction, including nucleation, phase boundary reactions, and diffusion.

The kinetics of a typical solid-state reaction can be represented by the law of mass action, as depicted in Eq. (24), in conjunction with the Arrhenius theory. The equation is expressed as 

dx/dt = k . f(x)			                         (24)

In this equation, x signifies the proportion of reactants within the monolith that have transformed into carbonates, t stands for the reaction time (in seconds), k is the reaction rate constant, and f(X) is an algebraic function that is defined by the reaction mechanisms (Zhu et al., 2023). 

Arrhenius equation is presented below.

                                                                      	                    	                        (25)

where, k is rate constant, A is the pre-exponential (frequency) factor, e is Euler’s number, Ea is the activation energy, T is absolute temperature, R is the gas constant.

Previous research has shown that two solid-state kinetic models that were integrated into Eq. (26) may sufficiently demonstrate the carbonation kinetics of industrial alkaline solid wastes. (Nam et al., 2012; Pan et al., 2018; Um & Ahn, 2017):

1 – (1 – α)1/3)n  = kt			         (26)

Using k as the rate constant, t representing the duration of the reaction, n as an adjustable index for the rate-controlling step, and α symbolizing the degree of conversion (with α = 1 indicating complete carbonation) as per Eq. (27).

α=m0-mt/m0-mf				         (27)

α represents the ratio of the difference between the initial weight (m0) and the weight at time t (mt) to the difference between the initial and final weight (mf), as described by Eq. (27).

When adjusting the exponent n in Eq. (26), two distinct kinetic models emerge. For 
n = 1, Eq. (26) characterizes a strictly phase-boundary controlled reaction, pertinent to the early phases of carbonation. Here, the rate-determining factor is the chemical interaction at the phase boundary, such as the exterior of the untouched core. Conversely, for n = 2, Equation 26 is indicative of a diffusion-constrained reaction (as per the Jander equation). In this scenario, the rate is constrained by the diffusion through the accumulating layer of precipitated CaCO3. The alignment between the experimental findings and the kinetic model is denoted by the correlation coefficients (R2). 

The activation energy can be deduced from the slope of the ensuing adjusted equation, given by: 

ln(k) = ln(A)− Ea/RT 			         (28) 

with the linear fitting of ln(k) and 1/T (See Paper II, Appendix). The activation energy (Ea) for OSA and WA have been determined to be 3.55 kJ/mol and 17.06 kJ/mol, respectively. The calculated values in this work are consistent with the activation energy estimates for CaO and Ca(OH)2 carbonation processes given in literature (Nikulshina et al., 2007).

The translated experimental data from the carbonation experiments are shown in figure 7 (reproduced from Paper II, figure 17). A relatively high R2 value suggests that 
the model accurately captures the carbonation dynamics. For OSA (ln(t) < 2.5) and 
WA (ln(t) < 2.9) samples, values of Eq. (26) to the transformed data imply that the reaction is phase-boundary regulated during the initial stages of accelerated carbonation. Following the alteration in reaction rate, diffusion through the product layer now regulates carbonation. The change in slope for the plot of ln(1 - (1 - )1/3)n vs. ln (t) serves as an example of the transition between the two kinetic models (t). For WA reaction circumstances, the shift in slope appears to be less pronounced and occurs later than for OSA, which is consistent with the CO2 monitoring graphs and can be attributed to the higher SSA of WA delaying the onset of the diffusion phase (Paper II, figure 14–15). 
This supports the greater CO2-uptake by showing that rate restrictions caused by diffusion through a developing layer of precipitated CaCO3 are less significant when the solid is moving (exposing interior surfaces).Figure 7. Assessment of the carbonation kinetics is presented through the relationship ln(1- (1 - α)1/3) versus ln(t) for the carbonation of OSA monoliths, where R2 denotes the correlation coefficient.
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This section delves into the detailed investigations conducted to discern the nuanced changes at the microscopic level. Advanced analytical techniques, including XRD for mineralogical characterization, MIP for pore size distribution and porosity, SEM for detailed microstructural visualization, and EDS for elemental composition, were employed. The integration of these techniques provides a comprehensive understanding of the transformations that take place, bridging the knowledge gap between the macroscopic properties and the underlying microstructural causes.
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The mineralogical composition of the monoliths, as determined by XRD analysis, 
is explored for both OSA and WA samples. This investigation seeks to discern phase transformations resulting from carbonation as well as NS addition.

In uncarbonated OSA monoliths, the primary constituents are portlandite, calcite, and quartz, ettringite, anhydrite, orthoclase, and hematite also present in minor quantities (Paper III, figures 4–5). The XRD spectra of the hydrated specimens distinctly exhibited portlandite peaks, evident for both OSA and WA substrates (Paper II, Figure 18–19). Calcite predominantly emerges as the principal byproduct, whereas portlandite undergoes near-complete consumption. This suggests that the carbonation of portlandite is not strongly impeded by NS addition. The detection of the CSH phases in XRD analysis is challenging due to its amorphous nature and complex structure resulting weak diffraction patterns (Yang et al., 2018). Therefore, hydrated products (CH, CSH, CAH, CASH) are visible in small diffraction peaks and further existence of these phases are verified in SEM images with EDS analysis.

It is crucial to note that the development of strength cannot be simply attributed to the creation of calcite during carbonation; rather, the generation of hydrated compounds like CSH continues and plays a significant role in the increase in total strength (Zhan et al., 2016). This may explain why, in some cases, WA monoliths exhibit a stronger overall gain in strength than OSA monoliths after carbonation, despite absorbing less CO2 (See Figure 12, Appendix 4). 

The emergence of ettringite during the hydration/curing phase of monoliths is substantiated by the XRD pattern and the TGA of the uncarbonated OSA samples. Ettringite results from the reaction between calcium and alumina, elements typically found in cementitious matrices and supplementary cementitious materials, with sulphate (Wolf et al., 2019). The sulphates can either be naturally present in the cement paste or introduced externally. 

Considering the NS added monoliths, it is known that calcium aluminates are often employed in ternary blend studies alongside other supplementary cementitious materials (Fernández-Carrasco & Vázquez, 2009). In this context, NS serves as a source of amorphous calcium aluminate.

In NS-added monoliths, peaks of CAH, CA(S)H and partial conversion of ettringite to amorphous phases are noted. When aluminosilicate materials are alkaline activated, NS introduces calcium aluminates as a source of aluminium that reacts, resulting in the formation of gels of binding CASH that hasten the development of strength (Zhang et al., 2021). Post-carbonation, partial ettringite decomposition is observed, see Eq. (29), potentially leading to the formation of calcium carbonate, gypsum, and alumina gel (Chen et al., 2020). Gypsum, being more soluble than anhydrite and ettringite, releases more sulphates into the leachate of the carbonated OSA monolith. While delayed ettringite formation can be detrimental to regular cement systems, in calcium aluminate cement systems, ettringite formed during hydration is typically the most significant hydrate. It largely contributes to these systems' unique properties, including rapid setting, hardening, drying, and shrinkage compensation (Amathieu & Touzo, 2007).

3CaO•AI2O3•3CaSO4•32H2O + 3CO2→3CaCO3 + 3(CaSO4•2H2O) + Al2O3•xH2O + (26-x) H2O 	      (29)

It is known that the phase and content of sulphates in fly ashes are important with 
the respect to problems occurring in fly ash blended PC concrete. The primary alkali 
sulphate-bearing phase in WA is arcanite with different chemical composition (K2SO4) and different hydration reactivity (with C3A) than gypsum or anhydrite. As a result of this, ettringite formation during the hydration/curing period is observed to be lower compared to OSA, which can be attributed to the lower Al content and lower hydration reactivity of K2SO4 in WA (Ma & Qian, 2022). In NS-added monoliths of WA, the intensity of arcanite peaks is lower compared to uncarbonated and carbonated monoliths, which could indicate the binding of sulphates in amorphous calcium aluminate phases observed by SEM-EDS analysis (Paper III, figure 8–9). Changes in the CAS phases are discussed in subsection 3.4.1, which are explained in greater detail with the aid of additional figures, in conjunction with the sulphate leaching process. However, it can be challenging to determine exact phases due to the amorphous nature and complex structure of the material. Hydroxyapatite, also observed in WA monoliths (Paper III, figure 5), could be partially responsible for high compressive strength values (Paper III, figure 2) (Wang 
et al., 2023; Tang et al., 2023). Figure 14 in Appendix 4 displays a schematic illustration of a representative segment “X” of a carbonated monolith produced under this research. One can see that the monolith in the figure is composed of tightly packed fly ash particles connected by a recently created carbonate network.

[bookmark: _Toc138675194][bookmark: _Toc138686318]Effect of carbonation on microstructural properties

Another crucial factor that determines the physical strength of solidified formations is the porous structure and porosity. The precipitation of carbonate minerals, primarily calcite, which fills the porous spaces between the particles and fuses the various glassy fly ash particles together, contributes to the strength of the monoliths (Zajac et al., 2021; Monrose et al., 2020). MIP was utilized to calculate the pore size distribution of the OSA and WA monoliths in order to explore the effects of carbonation on the microstructure of the hardened monoliths. The MIP theory states that a non-wetting liquid (one with a contact angle greater than 90°) will only enter capillaries under pressure. The following is how Washburn (Diamond, 2000) discusses the connection between pressure and capillary diameter (Eq. (30)):

	      (30)

where P = pressure, = liquid surface tension, = liquid contact angle (140° is chosen), and d = capillary diameter. The pore size distribution is computed using the volume intruded at each pressure increase. Total porosity is ascertained by dividing the cumulative volume of mercury intruded at the peak experimental pressure by the sample’s bulk volume. Effective porosity is characterized by the volume of mercury extricated during the extrusion process. It should be noted that the MIP approach only determines the open porosity and does not measure pore size. Instead, it measures pore entry size. Big pores are overstated while small pores are underestimated as a result of the “ink-bottle effect”. The water-to-solid ratio, mixing technique, and fineness of the particles are the key factors that determine how porous hydrated cementitious materials are.

After carbonation, OSA monoliths show a decrease in macropores with total porosity decreasing from 32% to 27% (see figure 8 reproduced from Paper III, figure 6), according to the MIP evaluation, which raises the corresponding compressive strength from 
11.8 MPa to 41.5 MPa. With increasing calcite deposition and the filling impact of hydrated phases, total porosity decreases, and the drop becomes more pronounced. During carbonation, calcite is deposited on the inside of pores as well as at their entry, closing part of these pores and preventing mercury ingress. NS-added carbonated monoliths demonstrated fewer macropores than their carbonated OSA counterparts, with a reduction in total porosity from 27% to 24%. Ettringite has a high molecular volume and low density, which might result in a partial reduction in it after carbonation leading to an overall increase in porosity (Justnes et al., 2020; Chen et al., 2022). This effect is lessened in the case of OSA by the later development of calcite polymorphs on the pore mouths. The space vacated by diminishing ettringite is in part reclaimed by the growth of denser calcite polymorphs, leading to fewer macropores in the NS-added carbonated monoliths. In the WA specimen, a discernible reduction in macroporosity from 20% to 15% underscores the pronounced influence of carbonation (See figure 9 reproduced from Paper III, figure 7). In the case of WA monoliths augmented with NS, there was a slight increase in macroporosity (from 20% to 21%) compared to the monoliths composed solely of WA. This observation can be attributed to the significant particle size disparity, with NS exhibiting coarser particles (Paper III, figure 1). Furthermore, the variance in macroporosity between monoliths derived from WA and those from OSA can be ascribed to the inherent compaction characteristics of the respective ashes. Specifically, WA tends to yield a denser structure upon compaction.
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[image: ]Figure 8. Differential pore volume distribution with total porosity values of uncarbonated (UC) and carbonated (C) OSA samples.

Figure 9. Differential pore volume distribution with total porosity values of uncarbonated (UC) and carbonated (C) WA samples.

SEM pictures (1000–5000 times magnified) and EDS examination of monoliths with uncarbonated, carbonated, and NS additions allowed for the identification of the morphological alterations and chemical composition. For the comparative microstructural analysis of hydrated and carbonated monoliths, samples are extracted proximal to the cylinder’s surface (Paper II, figures 21–23; Paper III, figures 8–9). This selection criterion is based on the observation that the depth of the carbonation front progresses more slowly towards the inner sections of the monolith. This retardation is attributed to a reduced permeability of CO2 stemming from the pore-clogging effects and the denser microstructure resulting from the precipitation of CaCO₃. Figure 10 (reproduced from Figure 8 in Paper III and figure 20-a in Paper II) depicts the OSA uncarbonated monolith with hexagonal lamellar portlandite crystals. The particles seem to merge, and the hydrated components appear intertwined, the hexagonal lamellae of portlandite seem enveloped by irregular, grainy products with approximate diameters around 1 m. 
The particles have a gritty look, along with some obvious large pores in hydrated samples and stubby laths. The elemental ratio for Ca(OH)2 crystals is supported by the EDS of uncarbonated monoliths, which demonstrates that the end products are an amalgam of calcium and oxygen. Glassy fly ash particles that are spherical and surrounded by hydrated products can be seen in the uncarbonated WA image (Paper III, figure 9). 
In the carbonated OSA monolith, decalcified CSH or silica gel were combined with polymorphs of calcium carbonate that precipitated during carbonation into acicular and globular forms. The porous morphology of the hydrated monoliths undergoes a transformation, becoming denser upon carbonation. The non-presence of portlandite crystals within the carbonated samples aligns with the near-complete conversion anticipated from the XRD findings (Paper III, figures 18–19). While carbonated WA monoliths had calcite formations resembling those in OSA monoliths, they also had more of the smother gel-like surfaces with less porous structures (Paper III, figure 9). EDS has demonstrated that some of these locations include a combination of several elements in amorphous matrixes. The accelerated carbonation kinetics observed at elevated temperatures, as delineated in the section on the temperature's effect on carbonation, is manifested through the evolution of microcracks at these heightened temperatures. This phenomenon offers a plausible explanation for the diminished strength values recorded at the peak temperature of 75 °C, as depicted in Figure 21 of Paper II.

Along with calcite polymorphs, NS-added monoliths have shown needle-like CAS crystal growths (Paper III, figure 8–9). In general, WA monoliths were found to be denser and less porous than OSA monoliths, which is consistent with the findings of the MIP study (Paper III, figure 6–7). 

Clusters of portlandite crystals are only found in the inner portion of the cylindrical specimens where carbonation front has not reached yet, according to SEM analyses along the sample depth. There are two plausible hypotheses that can coexist to account for this unsatisfactory conversion. The initial carbonated layer offers a macroscopic layer that prevents CO2 gas from diffusing to the portlandite crystals, which is the first factor. This carbonated layer is expected to be less permeable because of the pore closure caused by the precipitation of larger CaCO3 crystals (36.9 cm3/mol) than Ca(OH)2 crystals (33.6 cm3/mol) on the pore throats. The second explanation might be that not enough water is present for the reaction to occur because of the increased carbonation reaction’s exothermic nature and the hydrophilicity of CaCO3 crystals is lower than that of Ca(OH)2 crystals (Costa et al., 2021; Gluth et al., 2022).

[bookmark: _Toc138675195][bookmark: _Toc138686319][bookmark: _Toc147908212]Leaching properties of monolithsFigure 10. SEM images and numbered positions for quantitative EDS analysis of OSA uncarbonated (top) and, carbonated (bottom) samples.



One of the most important aspects of waste disposal in landfills or reuse is the release of dangerous compounds into the environment. In accordance with the criteria and procedures for waste acceptance at landfills set forth in Council Directive 1999/31/EC of April 26, 1999, wastes transferred to landfills are divided into three categories: “inert”, “non-hazardous”, and “hazardous” based on their leachability and stability. Sulphate leaching limitations are 1000, 20000, and 50000 mg/kg of waste, respectively, for these landfills.

OSA and WA often contain elevated concentrations of heavy metals such as cadmium, lead, and arsenic, which are known to be toxic to both aquatic and terrestrial ecosystems. Additionally, the presence of sulphates in these ashes can lead to the formation of acid when they come into contact with water, potentially resulting in acid mine drainage-like conditions. When these ashes are disposed of in landfills without proper containment measures, there is a risk of leachate generation, which can contaminate surrounding soil and groundwater. This contamination can disrupt local ecosystems, pose health risks to communities relying on affected water sources, and result in long-term environmental degradation. The complex mineralogy and potential reactivity of OSA and WA necessitate a comprehensive understanding of their environmental behaviour and the development of strategies to mitigate their impact.

The pH measurements of the successive leachates indicate a steady decrease from around 12.8 at the beginning stage to around 11.4 when Ca(OH)2 is depleted in the monoliths of OSA (Paper III, Figure 10). The pH levels for WA also dropped from an initial value of 13.1 to approximately 11.8.

OSA and WA uncarbonated monoliths have pH levels between 12.3 and 12.7, which fall to 11.4 to 11.9 after carbonation. At the various pH ranges mentioned in the literature, the stability domain of sulphate ettringite typically ranges between 10.5 and 13.

According to sulphate leaching results, after carbonation, the sulphate content in 100% OSA increases from 2260 mg/kg to 6510 mg/kg (Paper III, Figure 11). Carbonation leads to the creation of carbonates in the pore water contending with anions such as hydroxides and sulphates for combining with positively charged ions [Schnabel, 2021]. Furthermore, in standard cement-based structures, sulphate formation occurs as a result of ettringite breaking down during carbonation (Paper III, Section 3.2). OSA monoliths that have been carbonated have more sulphates seeping out of them than monoliths that have not been carbonated. Due to the greater starting concentration in WA and the higher solubility of arcanite compared to anhydrite, WA showed significantly higher sulphate leaching levels than OSA. When compared to OSA monoliths, ettringite and other CAS production during the hydration period is seen to be significantly reduced in WA monoliths. The diminished ettringite crystallization observed in WA pre-carbonation, a principal determinant for augmented sulphate solubilization in OSA, provides a rationale for the differential sulphate leaching behaviour exhibited by WA upon carbonation. Compared to OSA, a modest decrease following carbonation is seen in WA monoliths. This could be because sulphates are physically encapsulated when calcite is formed. 

The highly soluble minerals halite and sylvite contain chloride ions, according to the mineralogical study. Thus, as shown in Paper III, figure 14, the chloride leaching values from monoliths are below the non-hazardous waste landfill limitations. For both OSA and WA monoliths, carbonation has marginally reduced the concentrations of Cl- leaching. The landfill limit for non-hazardous wastes, which is 15000 mg/kg of waste, is not reached for any Cl- leaching levels. 

According to leaching data, the levels of Cr, Cu, and Zn for OSA increased after carbonation curing, while the levels of Ba for WA barely increased (Paper III, Table 6). All the leaching values for heavy metals are below the permissible level for non-hazardous waste landfills. While Zn, Cu and Ba were below the inert limit for uncarbonated samples, Cr was the sole element that remained above the inert landfill limit. The leaching characteristics of several types of OSA as well as OSA-based mortars have been discussed by Irha et al. (2014) and Uibu et al. (2016). Their research demonstrates that during the curing process, the fraction of readily soluble inorganic components decreased while the mobility of potentially hazardous Cd and Zn did not change, despite the fact that 
the leachates under study were highly alkaline and saturated with various ions 
(the predominant ions were Ca2+, K+, Na+, and SO42-). Due to the carbonated layer reducing the amount of free ions in the material, which are responsible for conducting electricity, EC values show a reduction with carbonation (Paper III, figure 15). The loss in porosity caused by the creation of the carbonated layer can further restrict ion mobility and help explain the decline in EC. 

In general, carbonation significantly influences the leaching behaviours of OSA and WA monoliths, with OSA showing an increased sulphate content post-carbonation, while WA exhibited subdued sulphate leaching due to limited ettringite formation. Concurrently, heavy metal leaching, including elements like Cr, Cu, and Zn, varied after carbonation yet remained within acceptable limits for non-hazardous waste landfills.

Effect of NS addition on sulphate control and leaching properties

The noted reduction in pH after introducing NS, when contrasted with the uncarbonated NS-integrated monolith, offers evidence in favour of the carbonation reaction hypothesis. As the pH of the system decreases due to carbonation, the solubility of sulphate compounds can increase. Specifically, calcium sulphoaluminate phases, which are present in cementitious systems, can become more soluble in less alkaline conditions. When these phases dissolve, they release sulphate ions into the solution (Hou et al., 2022). Notably, in this context, the pH remains above 11, a stability threshold for ettringite formation (Paper III, figure 10). 

In the context of OSA monoliths, both the uncarbonated and carbonated forms, after NS addition, exhibited no significant sulphate leaching. Following NS incorporation, a residual sulphate concentration below 2 mg SO42-/kg of ash was discerned, which persisted post-carbonation. This demonstrates the efficacy of NS in mitigating the adverse consequences of carbonation-induced sulphate leaching in OSA matrices.

For WA samples, the introduction of NS substantially curtailed the sulphate leaching concentration prior to carbonation, with an additional reduction observed post-carbonation. Relative to a pure WA sample, the post-carbonation and NS addition led to a significant reduction, approximating 14,000 mg SO42-/kg of ash.

Rapid hydration of calcium aluminates yields calcium ions, which can foster the carbonation of fly ash by providing carbon dioxide a reactive surface. Such a phenomenon potentially augments the carbonation propensity of fly ashes, thereby enhancing carbon dioxide sequestration within cementitious systems. This rapid hydration might also precipitate the formation of CAS phases, scavenging sulphate ions and consequently reducing their mobility — a pivotal consideration.

Considering sulphate leaching, SEM images of NS-added monoliths and associated mineralogical analyses have been scrutinized. The chemical composition of hydrated phases and the overarching mineralogical configuration undergo transformations upon niobium slag introduction, profoundly influencing bound sulphate (See figures 11–12 reproduced from Paper III, figures 12–13). Broadly, alterations in monolith microstructure induced by both chemical and physical processes, notably carbonation and NS introduction, modulate sulphate mobility in OSA and WA. This modulation mechanism is underpinned by complex mechanical, chemical, and microstructural dynamics. Predicated on clinker mineralogy, the hydrated phases manifest as CSH, AFt, and AFm. The SO42- is stabilized by ettringite crystal formations and within C(A)SH gels, with matrix heavy metals additionally sequestered by AFm and CSH phases (Zajac et al., 2023; Keulen et al., 2018). Figure 11 delineates a SEM representation of the NS-added OSA monolith juxtaposed with XRD patterns highlighting recognized CAS peak locations. Notably, ettringite peaks remain robust post-carbonation, albeit with diminished intensity in 
NS-added monoliths. Concurrent with NS incorporation, the emergence of divergent CAS phase peaks becomes pronounced. Within the OSA context, it’s inferred that specific CAS phases, alongside a more stable anhydrite, are observable in NS-added monoliths. 
Xu et al. (2018) have mentioned that anhydrite’s presence enhances ettringite’s stability over alternative calcium sulphate sources. Analogously, for WA, a SEM portrayal of an NS-added monolith, depicting the enhanced precision of needle-like formations, 
was coupled with XRD patterns highlighting arcanite and CAS phases (figure 12). 
The intensity and distinction of sulphate-rich arcanite in NS-added WA monoliths appeared diminished.

Figure 11. SEM imagery of carbonated OSA with added NS, accompanied by segmented XRD patterns highlighting the CAS peaks of uncarbonated (UC) and carbonated (C), and added NS.
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Figure 12. SEM imagery of WA with added NS, accompanied by segmented XRD patterns highlighting the K2SO4 and CAS peaks
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The mobility of Cl- in WA manifests a marked reduction with NS addition, with a subsequent decline post-carbonation. Post procedural NS addition and carbonation, a congruent trend in SO42- and Cl- mobility was observed in WA monoliths. Notably, either NS incorporation or the carbonation process exerted negligible influence on Cl- leaching metrics within OSA. Conversely, NS integration consistently lowered heavy metal leaching readings. Both carbonation and NS addition led to pronounced reductions in Sr and Rb mobility across WA and OSA monoliths. Barring Cr, Cu, and Zn, which remained below thresholds in NS-added monoliths, landfilling regulatory limits for inert waste pertaining to OSA were adhered to. Subsequent to chemical and structural modifications induced by carbonation and NS addition in fly ash monoliths, both ions and heavy metals are immobilized, thereby curtailing their availability for EC.
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This study primarily investigates the accelerated carbonation process to repurpose fly ashes into compacted monoliths for potential use in construction sector, addressing the challenges of CO2 emissions and ash accumulation in Estonia. Owing to the abundant presence of free lime (14–23 %) conducive to CO2 uptake and the existence of active 
Ca-silicates that impart self-cementitious properties, the compaction and carbonation process is acknowledged as a sustainable approach for waste utilization, serving dual purposes: CO2 sequestration and the possible application of cement-free construction materials. 

Through the accelerated carbonation process, the monoliths demonstrated a compressive strength ranging from 10–45 MPa, contingent upon diverse curing parameters and the specific ash types utilized and an average of 10 to 15 wt.% of CO2 uptake was achieved. The study further examined the leaching properties of carbonated monoliths to ensure compliance with environmental and safety standards. The results highlighted that the accelerated carbonation process, combined with the addition of calcium aluminate-enriched NS (10 wt.%), enhanced the compressive strength of high sulphur fly ash (4 to 8 wt.% S) -based monoliths, reduced heavy metal leaching, and effectively immobilized sulphates without compromising the monoliths’ structural integrity.

The primary findings of this research can be summarized as:

•	Based on TGA and XRD analyses, approximately 90% of the portlandite undergoes carbonation, resulting in the formation of calcite. MIP results indicate that this calcite fills the pores, while SEM and EDS analyses suggest that it acts as a bridging between gaps around the particles. Primarily accelerated carbonation process and together with hydraulic and limited pozzolanic reactions contribute to a strength development, amplifying it up to fourfold within short curing durations of 2–4 hours.

•	The kinetics of the carbonation conversion reaction were assessed using various reaction-order models, leveraging real-time gas monitoring data at specific temperatures. In the initial phases of accelerated carbonation of the samples, the reaction predominantly aligns with phase-boundary control. Yet, as the reaction rate conversion degree evolves, carbonation becomes predominantly governed by diffusion through the product layer.

•	Carbonation curing marginally reduces leachate pH, influenced by extended hydration reactions and the distinct chemical and mineralogical profiles of various fly ashes. As a result of this pH alteration is not solely attributed to portlandite consumption. 

•	Sulphate leaching is effectively curtailed through a bifurcated mechanism: the chemical association with calcium aluminate sulphate (CAS) phases and the physical encapsulation within the matrix of calcium aluminate hydrate (CAH).

•	Sulphate leaching tests in case of OSA indicated that after carbonation curing concentrations escalated to roughly 2.88 times the initial concentration (from 2260 mg SO₄²⁻/kg to 6510 mg SO₄²⁻/kg) due to ettringite carbonation. However, with a 10% NS addition, sulphate leaching was reduced to below 2 mg SO₄²⁻/kg of ash which is less than 0.1% of the initial concentration, indicating a substantial mitigation in sulphate presence. 

•	In WA, the similar increase in sulphate leaching was not observed upon carbonation, due to the absence of stable sulphate-bearing compounds (such as ettringite, monosulphoaluminate, thaumasite). Conversely, a slight decrease in leaching was noted, attributable to the physical entrapment of sulphates by calcite formation and calcium aluminate hydrate. 

•	In WA, the incorporation of NS markedly reduces the sulphate leaching concentration prior to carbonation, with a subsequent decline observed after carbonation curing, culminating in a 30% reduction from the initial concentration of 48,000 mg SO₄²⁻/kg. 

The originality and the novelty of this research are three-fold relating to waste utilization, atmospheric carbon reduction and environmental safeguarding. Firstly, 
the study utilizes 100% waste to produce construction materials, underscoring a significant advancement in resource recovery. Secondly, the CO2 sequestration in the repurposed waste contributes to environmental sustainability by reducing carbon emissions. Lastly, despite the deliberate choice of high sulphur ashes, a notable characteristic of the end product is its low-leaching behaviour concerning sulphur and heavy metals at the studied conditions. This attribute establishes the material's thermodynamic stability, mitigating the environmental impact of potentially hazardous wastes. 

The methodology of accelerated carbonation of fly ashes presents potential applicability in the synthesis of structural building materials which may pave the way of new ash utilization and carbonation routes. Future research endeavours should emphasize enhancing the augmentation of both mechanical and surface attributes of targeted products. A thorough market assessment and cost-benefit analysis are recommended to ascertain the feasibility of targeted applications. 
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Accelerated carbonation of Ca-rich fly ashes in non-cement applications 

The prolific utilization of low-grade solid fuels in global heat and power production gives rise to salient challenges, notably the emissions of CO2 and the meticulous handling or valorisation of solid waste by-products. Accelerated carbonation can be employed as a method to stabilize potentially harmful waste streams, transforming them into viable alternative building materials. 

In Estonia, the energy sector is principally anchored to indigenous oil shale extraction, supplemented by biofuels – predominantly wood chips and forestry derivatives – and stands as a paramount CO2 emitter, concurrently generating substantial quantities of waste ash. The presence of free Ca-Mg oxides, constituting nearly a quarter of the ash composition coupled with the intrinsic cementitious attributes derived from portlandite, active calcium silicates, and aluminates, positions it as a prime candidate for upcycling into a building material, augmented by carbonation curing.

The objective of this research is to explore potential construction applications that can effectively utilize alkaline solid wastes in tandem with CO2 emissions. In pursuit of this goal, various waste streams from Estonia, including oil shale fly ash (OSA), wood fly ash (WA), and landfilled ash (LFA), were evaluated for their capacity as CO2 binders and assessed for cementitious properties. 

The finding suggests that the self-cementing ability of OSA is of ashes comprising 
15–22% of the material, calcium, magnesium silicates, and aluminates, in conjunction with lime and portlandite (14–23%), partake in pozzolanic processes. This results in an average of 10 MPa compressive strength and swift setting durations (0.3–1 h), suggesting a constrained scope for self-cementing uses. Additionally, using fly ash in clay brick production boosts thermal properties, offering about 50% better insulation and reduced shrinkage. However, fly ash components introduce additional chemical reactions during firing, which release gases that can reduce brick density by 21% and strength by 33%. Without careful management, this can lead to warping or cracking.

The data underscores that both OSA and WA effectively act as sorbents for CO2 mineralization when used in compacted, cement-free monoliths. Experiments highlighted that free CaO predominantly serves as the principal CO2-sequestering constituent in the ash. Under alkaline conditions, Ca-Mg silicates exhibit diminished reactivity. Given that the observed pH values approximate 11–12, the involvement of Ca-Mg silicates in the carbonation reaction is negligible. In the initial phase of processing, compaction serves as a pivotal parameter, predominantly modulating the compressive strength through pore minimization. An increase in compaction intensity bolsters strength, yet concurrently impedes the diffusion of CO2, culminating in diminished CO2 sequestration. Modifications in curing parameters, such as elevated temperature, gas pressure, and concentration, generally enhance the carbonation reaction rate. However, while an increase in curing temperatures might intensify carbonation, it doesn’t correspondingly boost compressive strength. This discrepancy could arise from the formation of 
micro-cracks and alterations in the micro-mechanical properties of CSH. At higher temperatures, the diminished availability of liquid water in monoliths can lead to rapid and uneven particulate deposition on Ca(OH)₂ surfaces. 

The carbonation reaction in OSA and WA monoliths is initially rapid due to the open porous surfaces and the presence of physically bound water in the pore structures. However, as carbonation progresses from the outer surface inwards, the rate slows due to diffusion limitations through the product layer. The initial exothermic reaction can elevate particle temperatures, potentially accelerating water evaporation and thus hindering CO2 diffusion and carbonic acid formation. While the early stages of carbonation show no distinct temperature dependency, increasing temperatures positively influence CO2 uptake, especially during the diffusion-controlled stage in OSA. In contrast, WA displays a more pronounced temperature effect, suggesting a more kinetically controlled reaction from the outset. Thermal analysis corroborates the CO2 uptake values obtained from gas monitoring.

The results suggest that, following niobium slag (NS) addition and carbonation, sulphate leaching is proficiently curtailed through a synergistic mechanism: chemical interactions with calcium aluminate sulphate (CAS) phases and physical encapsulation by calcium aluminate hydrate (CAH) gels. In monoliths enriched with NS, heavy-metal concentrations diminish due to the ion-stabilizing attributes of the CAH gel.

The notion of CO2 mineral sequestration in cement-free ash monoliths, derived from ash produced by Estonian power and heat generation, has been advanced as a strategy to counteract the atmospheric accumulation of CO2 emanating from the combustion of the fossil fuel, oil shale. CO2 emissions from Estonian power generation, which predominantly relies on oil shale, could be substantially mitigated by utilizing waste ash as a CO2 sorbent and subsequently valorising the resultant product for building material applications. Through the carbonation curing process, the sequestration of CO2 averaged between 10–15% by weight, and the monoliths exhibited a compressive strength reaching up to 47 MPa.
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Kaltsiumirikka lendtuha kiirendatud karboniseerimine tsemendivabades rakendustes 

Madalakvaliteediliste tahkekütuste ulatuslik kasutamine soojuse ja elektri tootmiseks on globaalseks väljakutseks, seda nii CO2 heitkoguste kui ka tahkete jäätmete vastutustundliku käitlemise ning väärindamise osas. Kiirendatud karboniseerimine on meetod potentsiaalselt kahjulike jäätmevoogude stabiliseerimiseks, muutes need ühtlasi alternatiivsete ehitusmaterjalidena kasutatavaks. 

Eesti põlevkivil baseeruvat energiasektorit täiendavad järjest enam biokütused, valdavalt hakkpuit ja teised metsandussaadused, mis on oluliseks CO2 emissioonide ja tahkjäätmete allikaks. Tuha koostisest (vabade Ca-Mg-oksiidide olemasolu koos portlandiidist tulenevate sideaineliste omadustega ning aktiivsed kaltsiumsilikaadid ja aluminaadid) tingitud väärindamispotentsiaali ehitusmaterjalina saaks võimendada läbi karboniseerimispõhise kõvenemise. 

Antud uuringu eesmärgiks oli leeliseliste tahkete jäätmete ja CO2 heitmete põhiste meetodite arendamine kasutamaks neid sobivates ehitusrakendustes. Lähtuvalt nii karboniseeritavusest kui ka tsemendiomadustest uuriti Eestis tekkivaid jäätmevooge, nagu põlevkivituhk (OSA), puidutuhk (WA) ja ladestatud põlevkivituhk (LFA), kui potentsiaalseid sideaineid. 

Katsetulemuste kohaselt on OSA isetsementeeruvate tuhkade hulgas, mis koosnevad 15–22% ulatuses Ca-Mg-silikaatidest ja aluminaatidest, mis koos lubja ja portlandiidiga (14–23%) osalevad putsolaansetes protsessides. Selle tulemusena saavutatakse katsekehadel keskmiselt 10 MPa-ne survetugevus ja lühike tardumisaeg (0,3–1 h), mis viitavad piiratud võimalustele isetsementeeruvates rakendustes. Lendtuha kasutamine savitelliste tootmises parandab nende termilisi omadusi, andes umbes 50% parema soojusisolatsiooni ja vähendab kokku tõmbumist. Siiski toovad lendtuhakomponendid põletamise ajal sisse täiendavaid keemilisi reaktsioone, mille käigus vabanevad gaasid võivad vähendada tellise tihedust ja tugevust, vastavalt 21% ja 33%. Paagutusprotsessi hoolika juhtimiseta võib see põhjustada väändumist või pragunemist. 

Teisalt aga saab nii põlevkivituhka kui ka puidutuhka kasutada tihendatud tsemendivabades monoliitides, kus nad toimivad CO2 sorbentidena. Vaba CaO toimib tuhas peamise CO2 siduva komponendina, samas kui Ca-Mg silikaadid näitavad leeliselistes tingimustes vähenenud reaktiivsust. Kuna täheldatud pH väärtused on ligikaudu 11–12, on Ca-Mg silikaatide osalemine karboniseerimisreaktsioonis marginaalne. Töötlemise algfaasis on tihendamine oluline parameeter, mis mõjutab survetugevust peamiselt pooride vähendamise kaudu. Tihendusintensiivsuse tõstmine annab katsekehale suurema tugevuse, kuid samas takistab CO2 difusiooni, mis omakorda vähendab CO2 sidumist. Karboniseerimisprotsessi parameetrite, näiteks temperatuuri, gaasirõhu ja kontsentratsiooni tõstmine, suurendab üldiselt ka karboniseerimisreaktsiooni kiirust. Samas ei pruugi intensiivsem karboniseerimisprotsess tagada vastavalt suuremat survetugevust, seda peamiselt mikropragude tekkimise ja CSH mikromehaaniliste omaduste muutumise tõttu. Kõrgematel temperatuuridel võib katsekehade vedelfaasis oleva vee kättesaadavuse vähenemine põhjustada kiiret ja ebaühtlast osakeste ladestumist Ca(OH)₂ pinnale. 

OSA ja WA põhistes katsekehades on karboniseerimisreaktsioon avatud poorsete pindade ja poorstruktuurides oleva füüsiliselt seotud vee olemasolu tõttu alguses kiire. Kuna aga karboniseerimine edeneb välispinnalt sissepoole, siis aeglustub protsess materjalikihi difusioonipiirangute tõttu. Algse eksotermilise reaktsiooni korral võivad osakeste temperatuurid tõusta, kiirendades potentsiaalselt vee aurustumist ja takistades seeläbi CO2 difusiooni ja süsihappe teket. Kuigi karboniseerimise varajased etapid ei viita erilisele temperatuursõltuvusele, mõjutab temperatuuri tõstmine positiivselt CO2 omastamist, OSA puhul just difusioonkontrollitud faasis. WA puhul, vastupidi, on temperatuuriefekt selgemalt väljendunud, viidates pigem kineetiliselt kontrollitud reaktsioonile algusest peale. Termiline analüüs kinnitab gaasianalüüsi abil saadud CO2 sidumise väärtusi.

Niobiumi räbu (NS) lisamine koos karboniseerimisega vähendavad sulfaatioonide leostumist keemiliste interaktsioonide ja kaltsium-aluminaat-sulfaadi (CAS) faaside ning kaltsium-aluminaat-hüdraadi (CAH) geelide tekkest tingitud füüsilise kapseldamise kaudu. Samuti vähenevad NS-iga rikastatud monoliitide puhul raskmetallide kontsentratsioonid moodustuva CAH geeli ioone stabiliseerivate omaduste tõttu. 

Käesolevaga näidati CO2 mineraalse sidumise kontseptsiooni rakendatavust tsemendivabades elektri- ja soojusenergia tootmisjäätmetel põhinevates tuhamonoliitides, mida saaks arendada strateegiana CO2 emissioonide vähendamiseks. Eesti põlevkivipõhise elektrienergia tootmise ökoloogilist jalajälge saaks oluliselt väheneda kasutades jäätmetuhka CO2 sorbendina ja väärindades seejärel saadud toodet ehitusmaterjalina. Karboniseerimispõhise kõvenemisprotsessi rakendamisel ulatus CO2 sidumine keskmiselt 10–15%-ni kaalust ja tuhamonoliitide survetugevus kuni 47 MPa.
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Figure 14. Schematic representation of mechanism during accelerated carbonation process of prepared monoliths.

[bookmark: _Hlk147575965]Figure 13. Compressive strength and CO2 uptake values for monoliths that are uncarbonated (UC) and carbonated (C), incorporating OSA, WA, and added NS as well as LFA.
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