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Abstract

Accelerated carbonation technology (ACT) is a promising technology for mitigating climate
change in the short- to medium-term—offering sustainable ways to both harness yet minimize
carbon dioxide (CO) emissions into the atmosphere. This technology also poses enormous
opportunities to exploit billions of metric tons of industrial alkaline residues from the energy
sector worldwide that hitherto have been landfilled as hazardous wastes because of harmful
leachates including salts, chlorinated and alkaline chemicals, and heavy metals. This study
explores the utilization of such alkaline materials, rich in calcium and magnesium, for CO>
sequestration via ACT. As a controlled and accelerated process that mimics natural weathering
processes taking centuries, ACT subjects metal oxides, e.g., from combustion/fly ash residues,
to a controlled gas stream of moist CO., promoting rapid mineralization to (Ca,Mg)COz—often
within minutes. Foremost, this study aims to improve the feasibility of ACT for industrial
applications, focusing on operating time, CO> sequestration efficiency, and stabilization of
leachable compounds. Mixtures of various industrial alkaline residues—municipal solid waste
incineration fly ash (MSWI FA) and bottom ash, coal fly ash (CFA), flue gas desulfurization
residues (FGD), and cork fly ash (CkFA)—were reacted with CO» under varying conditions of
pressure (5-45 bar), temperature (35-75 °C), and water content (0.7-1.2 L/kg). CkFA was
included as a potential alternative to CFA and FGD. Carbonation efficiency and heavy metal
stabilization were assessed using XRD-Rietveld, SEM-EDS, and ICP-OES techniques.
The results demonstrated that mixtures of different residues exhibit superior carbonation
performance compared to individual residues, achieving CO; uptake from 199-
248 kg CO2/mt MSWI FA under 90 minutes. The presence of water was critical for efficient
carbonation, with reaction kinetics being highly dependent on the pH-value of the mixture, and
high CO, pressures. In addition, heavy metals, such as lead and zinc, were effectively
immobilized within agglomerates of calcium carbonates and aluminosilicates. Accelerated
carbonation of industrial alkaline residues not only effectively captures CO> but also stabilizes
harmful leachable elements. This technology represents a versatile approach to complement
industrial carbon capture utilization and storage (CCUS) applications. It will foster cross-
industry collaboration and mutual synergies, particularly in the context of anticipated carbon
pricing. Finally, the resulting carbonated materials have potential applications in the

construction sector, in line with circular economy principles.







Sommario

La tecnologia di carbonatazione accelerata (ACT) ¢ una tecnologia promettente per la
mitigazione dei cambiamenti climatici nel breve e medio termine, in quanto offre modi
sostenibili per sfruttare e ridurre al minimo le emissioni di anidride carbonica (CO2)
nell'atmosfera. Questa tecnologia offre anche enormi opportunita di sfruttare miliardi di
tonnellate di residui alcalini industriali provenienti dal settore energetico da tutto il mondo, che
finora sono stati smaltiti in discarica come rifiuti pericolosi a causa di percolati nocivi, tra cui
sali, sostanze chimiche clorurate e alcaline e metalli pesanti. Questo studio esplora l'utilizzo di
questi materiali alcalini, ricchi di calcio e magnesio, per il sequestro di CO; tramite ACT.
Come processo controllato e accelerato che imita 1 processi naturali di erosione che durano
secoli, I'ACT sottopone gli ossidi metallici, ad esempio provenienti da residui di
combustione/cenere, ad un flusso controllato di CO; umida, promuovendo una rapida
mineralizzazione in (Ca,Mg)COs—spesso in pochi minuti. Questo studio mira soprattutto a
migliorare la fattibilita dell' ACT per le applicazioni industriali, concentrandosi sul tempo di
processo, sull'efficienza di sequestro della CO> e sulla stabilizzazione dei composti lisciviabili.
Miscele di vari residui alcalini industriali—ceneri volanti (MSWI FA) e ceneri pesanti
dell'incenerimento dei rifiuti solidi urbani, ceneri volanti di carbone (CFA), residui della
desolforazione dei gas di scarico (FGD) e ceneri volanti di sughero (CkFA)—sono state fatte
reagire con CO; in condizioni variabili di pressione (5-45 bar), temperatura (35-75 °C) e
contenuto d'acqua (0.7-1.2 L/kg). Le CkFA sono state incluse come potenziale alternativa alle
CFA e alle FGD. L'efficienza della carbonatazione e I'immobilizzazione dei metalli pesanti
sono state valutate con tecniche XRD-Rietveld, SEM-EDS e ICP-OES. I risultati hanno
dimostrato che le miscele di diversi residui mostrano prestazioni di carbonatazione superiori
rispetto ai singoli residui, raggiungendo un sequestro di 199-248 kg CO»/mt di MSWI FA in
meno di 90 minuti. La presenza di acqua ¢ fondamentale per una carbonatazione efficiente, con
una cinetica di reazione fortemente dipendente dal valore del pH della miscela e da alte
pressioni di CO;. Inoltre, metalli pesanti come piombo e zinco sono stati efficacemente
immobilizzati all'interno di agglomerati di carbonati di calcio e alluminosilicati.
La carbonatazione accelerata dei residui alcalini industriali non solo cattura efficacemente la
COz, ma stabilizza anche gli elementi nocivi lisciviabili. Questa tecnologia rappresenta un
approccio versatile per integrare le applicazioni industriali di cattura, utilizzo e stoccaggio del

carbonio (CCUS). Favorira la collaborazione tra industrie e le sinergie reciproche, in particolare
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nel contesto della prevista tariffazione del carbonio. Infine, i materiali carbonati che ne derivano
hanno potenziali applicazioni nel settore delle costruzioni, in linea con i principi dell'economia

circolare.
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Introduction of the Dissertation

“Carbon Capture through Accelerated Carbonation and
Enhanced Stabilization of Industrial Alkaline Residues”

Modern society’s reliance on fossil fuels and overexploitation of resources has come at a huge
environmental and socioeconomic price, particularly, stemming from greenhouse gas (GHG)
emissions into the atmosphere. Over the past two centuries, atmospheric carbon dioxide (CO>)
concentrations have surged from 280 ppm to 420 ppm, with projections indicating a potential
rise to 550 ppm by 2050 [1]. The Intergovernmental Panel on Climate Change (IPCC) identifies
anthropogenic CO; emissions as the primary driver of climate change [1]. Without decisive
mitigation by 2030, the global average temperature could increase by 1.8-4 °C by 2100 [1].
Such an increase, in turn, could trigger severe climate effects, including extreme weather
events, rising sea levels, and food scarcity [2]—ultimately, leading to forced migration of
people, so-called “climate refugees” [3,4].

Given the dire urgency, a multifaceted approach is crucial to address these problems [5],
including the use of alternative fuels, renewable energy sources, improved energy efficiency,
and zero-emission technologies [6]. Nevertheless, with the global population expected to
exceed 9.9 billion in the next 25 years, leading to an 80 % increase in energy consumption [7],
short- to medium-term solutions remain paramount [1]. Thus, carbon capture utilization and
storage (CCUS) technologies have emerged as key interim solutions which could reduce CO2
emissions by 9-50 % in the industrial sector by 2050, thereby mitigating cumulative climate
change by 15-55 % by 2100 [8].

Among CCUS technologies, so-called ‘accelerated carbonation’ strategies, have gained
attention as potentially long-term and viable methods of COz sequestration. Inspired by natural
weathering processes, these methods help to convert CO; into insoluble, chemically- and
thermodynamically stable carbonate minerals by carbonation reactions [9]. Alkaline earth
metal-rich ores, particularly those containing calcium (Ca) and magnesium (Mg), are central to
this process due to their reactivity and abundance [10]. Nevertheless, large-scale mining, itself,
poses substantial economic and environmental hurdles [11], and optimizing reaction efficiency

often requires physical and/or chemical pretreatments of the minerals [12].
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An attractive alternative to conventional mining is utilizing industrial alkaline residues
[13,14]. These by-products, readily available in billions of metric tons [15], are cost-effective
and highly reactive due to their significant Ca and Mg content [9,13]. Often not requiring any
pretreatment, these residues enable less energy-intensive operating conditions, thus overcoming
the environmental and economic challenges of CCUS technologies [10,16].

Municipal solid waste incineration (MSWI) fly ash (FA), an alkaline residue from waste-to-
energy (WtE) plants, is particularly promising for CO2 sequestration, containing up to 55 wt.%
free calcium oxide (CaO) [9]. Even so, MSWI FA, classified as hazardous waste, is typically
dumped in hazardous waste landfills because of its elevated content of harmful leachates
including salts, chlorinated and alkaline chemicals, and heavy metals [17,18]. With increasing
production of MSWI FA in Europe and because of restrictions on landfilling [19], accelerated
carbonation could be a potential way to stabilize these industrial residues, reducing the mobility
of leachable elements, and ensuring their safe disposal or reuse [20,21].

While the use of industrial alkaline residues for CO» sequestration and stabilization is
gaining interest, the combined use of different residues to enhance both processes remains
underexplored. Generally, CO2 sequestration and waste management are considered separate
processes. Recent research has shown that a mixture of industrial alkaline residues—
MSWI bottom ash (MSWI BA), coal fly ash (CFA), and flue gas desulfurization residues
(FGD)—can simultaneously stabilize heavy metals in MSWI FA and capture CO; through
natural carbonation in at least 1 month [22]. The resulting material is resistant to acidic
environments, such as acid rain [23]. Despite its potential, this process is time-consuming
because of slow reaction kinetics.

Thus, this current study explores the use of such a mixture of alkaline materials for CO2
sequestration via accelerated carbonation technology (ACT). The hypothesis involves
subjecting metal oxides, found in industrial alkaline residues, to a controlled gas stream of moist
COao, thereby promoting rapid carbonation within minutes. Foremost, this study aims to enhance
the feasibility of ACT for large-scale industrial applications, focusing on substantially reducing
operating time, improving CO> sequestration efficiency, and stabilizing leachable compounds.
It also investigates the potential use of alternative residues, such as cork fly ash (CkFA), as
substitutes for CFA and FGD, considering that biomass combustion residues are reputed as

carbon-neutral.
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Aim of the Dissertation and Paper Contributions

The primary aim of this study is to bolster ACT by using the patented' technology developed

by the Chem4Tech research group (RENDERING project) as a starting point. The specific

objectives are:

1.

Assess the suitability of industrial alkaline residues for ACT:

Conduct a comprehensive characterization of residues, including particle-size distribution,
immediately soluble content, magnetic and paramagnetic separation, BET analyses, ICP-
OES analyses on digested and leaching solutions, IC and XRF analyses, XRD-Rietveld,
SEM-EDS analyses, LOI, and Total C determination.

Study the feasibility of ACT using the original patented recipe:

Perform trials at an initial CO> pressure of 15 bar and room temperature, comparing the
carbonation and stabilization results with natural carbonation trials performed according to
the RENDERING project.

Evaluate the versatility of the technology:

Explore the substitution of CFA and FGD with alternative residues such as cork fly ash
(CkFA), considering that biomass combustion residues are reputed as carbon-neutral, and
compare the results with those obtained using the original recipe.

Investigate the effects of key factors on CO: diffusivity:

Study the influence of variables such as liquid-to-solid ratio, CO; pressure, and agitation,
comparing the results with natural carbonation trials.

Improve CO: uptake and stabilization performance:

Enhance the overall performance of the AC process, focusing on the efficiency of CO>
sequestration and the stabilization of leachable compounds, thereby improving

environmental and operational outcomes.

The effectiveness of the carbonation was evaluated using XRD-Rietveld, LOI, and

Total C determination, while the stabilization was assessed using leaching experiments coupled

with TXRF, and ICP-OES analyses, supported by SEM-EDS analyses.

I Patent number 102019000006651
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This dissertation is structured around four papers referred to using Roman numerals
(cf. List of Papers), each contributing to different stages of the research. Figure 1 provides an

overview of the dissertation, linking each paper to its respective focus area.

______________________________________________

Alkaline Residues Parent Material
Selection Characterization

Figure 1: Focus areas of the papers (I to 1V) contributing to this dissertation.
Dissertation Outline

Chapter 1: A brief overview of the global challenge posed by CO2 emissions and the

strategies developed to mitigate climate change, with a focus on CCUS technologies.

Chapter 2:  Introduction to the theoretical foundation of ACT, focusing on ex situ methods,
by discussing both direct and indirect carbonation processes, emphasizing the use of

industrial alkaline residues in ACT.

Chapter 3: A detailed overview of the nature and properties of the industrial alkaline

residues used in this study, i.e., MSWI FA, MSWI BA, CFA, FGD, and CkFA.

Chapter 4: A description of the experimental activities, including sample preparation,

carbonation test setups, and analytical techniques employed.

Chapter 5:  Presentation of the comprehensive characterization results of the industrial

alkaline residues by discussing their suitability for ACT.

Chapter 6:  Report on the results from AC feasibility tests, including the use of CkFA as an
alternative residue. It also examines the impact of water content, CO; pressure, and agitation
on CO, diffusivity, and presents the results from optimizing AC experiments with a focus

on CO; uptake and leachable compound mobility.

Chapter 7: A summary of the results, conclusions drawn on the efficacy of carbonation in

the context of CCUS technologies, and an outlook on future development possibilities.




Chapter 1: Carbon Capture Utilization and
Storage: Methods and Technologies

This chapter provides a brief overview of the global challenges posed by carbon dioxide (CO»)
emissions and various strategies to mitigate their impact on climate change. The central role of
COz in driving the climate crisis is discussed, highlighting the urgent need for emission
reductions to mitigate further environmental impacts. Attention is given to international efforts
to limit the rise in global average temperature, focusing on key agreements such as the
Paris Agreement, and the technological innovations needed to meet these ambitious targets.
Regarding technological innovations, carbon capture utilization and storage (CCUS) is
introduced as a suite of technologies designed to capture CO2 emissions from industrial and
energy sources, transport them to storage sites, and either permanently sequester or convert the
CO: into useful products. The aim is to assess the potential of CCUS as a short- to medium-
term solution for reducing atmospheric CO; emissions while exploring the challenges
associated with its deployment, including high energy requirements and economic barriers.
The chapter is structured as follows:
e Section 1.1: The role of CO; in climate change, focusing on the environmental
crisis and the global effort to reduce emissions.
e Section 1.2: An overview of CCUS technologies, including the capture,

transportation, storage, utilization, and conversion of COx.
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1.1 Carbon Dioxide and its Role in the Climate Crisis

Anthropogenic CO> emissions are the primary driver of climate change [1]. Over the last 250
years, their rise is largely caused by industrial processes, consumption of fossil fuels (i.e., coal,
oil, and natural gas), and land-use changes such as deforestation, soil erosion, and animal farms
[2,24]. The ongoing economic growth in emerging countries continues to spur global energy
consumption which, combined with the slow transition to renewable energy, implies that fossil
fuels will dominate the energy mix until at least 2030 [25,26].

The yearly global greenhouse gas (GHG) emissions are estimated in billions of metric tons
of CO; equivalent (Gt COz-c¢/year). In 2019, GHG emissions reached 59 + 6.6 Gt CO2.¢q [1],

making amounting to a 54 % increase since 1990 (Figure 2).
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Data source: Jones et al. (2023) OurWorldInData.org/co2-and-greenhouse-gas-emissions | CC BY

Figure 2: Greenhouse gas emissions from all sources from 1850 to 2021, including agriculture and
land-use change, measured in mt COs..q over a 100-year timescale.

This has prompted significant concern from governments, industry, and academia and calls
to act. Various measures have been proposed and implemented to address this stark increase in
GHG, such as the Kyoto Protocol of 1997, which aimed to reduce emissions by 5 % from 1990
levels in industrialized countries. Nonetheless, the agreement’s effectiveness was limited due
to non-compliance and withdrawals. Substantial progress was made at the 2015 Paris Climate

Change Conference (COP21), where 196 countries committed to limit the annual increase in

2 [249] — with major processing by Our World in Data
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global average temperature to no greater than 1.5 °C above pre-industrial levels by 2050 [27].
This commitment included a 45 % emissions reduction by 2030 [27].

To achieve these goals, countries are also collaborating under the 17 Sustainable
Development Goals (SDGs), introduced with the “2030 Agenda for Sustainable Development”,
focusing on advancing renewable energy and supporting economically disadvantaged countries
[28]. In addition to international agreements, several economic and technological measures
have been explored to mitigate CO; emissions. Carbon pricing mechanisms play a key role in
incentivizing emission reductions. Two main types are [29]:

1. Emissions Trading Systems (ETS), which allow low-emission sectors to trade excess

allowances with higher-emission sectors, creating a marketplace for emission permits.

2. Carbon taxes, which place a direct tax on the carbon content of fossil fuels or GHG

emissions.

These systems encourage industries to adopt cleaner technologies, enhance energy

efficiency, and shift toward renewable energy sources [30,31].

1.2 Carbon Capture Utilization and Storage (CCUS) Technologies

Addressing climate change requires multifaceted strategies to reduce CO emissions, including
preventive measures and direct extraction from flue gases [5]. Preventive approaches focus on
improving energy efficiency by enhancing energy conversion technologies, utilizing alternative
fuels such as biomass or renewable energy sources, and adopting zero-emission methods [6].
By contrast, direct CO> extraction refers to carbon capture utilization and storage (CCUS)
technologies [1]. It is essential to interweave these strategies as a whole to accomplish the goal
of reducing emissions.

The development of CCUS typically involves three separate stages [32] (Figure 3°):
(1) separating CO> from industrial flue gas; (ii) transporting it to a storage location, and
(ii1) either storing or utilizing the CO».

Separation remains one of the most challenging stages, as current technologies are energy-
intensive, and only a few are widely adopted due to their high cost and the large volume of flue
gas to be treated [33].

Transporting CO: to storage sites usually relies on pipelines or ships [1]. Recent research

suggests reusing existing transportation methods to reduce costs [34,35]. Nevertheless, road

3 made as an adaptation from [250]
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and rail transport of CO; is only feasible for small-scale operations due to technical
requirements, such as maintaining a temperature of -35 °C and a pressure of 22 bar [36], making

this option economically unfavorable.
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Figure 3: Schematic diagram of CCUS systems applied to different emission sources.

After capture, CO> can be either stored (CCS) or used and/or converted (CCU). In CCS,
supercritical or liquid CO3 is injected into subsurface geological formations [37]. The estimated
storage capacity is about 1 Tt CO», far exceeding the amount required through 2100 to limit
average global warming to 1.5 °C [1]. Nevertheless, successful long-term storage requires
careful monitoring of site characteristics to avoid risks such as leakages or seismic activities
[38]. Ocean storage is another potential solution, where CO; is injected into deep oceans,
forming carbonic acid (H2CO3). Although this method has vast potential, it is still in the nascent
development stage, and there are concerns about its environmental impact such as ocean
acidification [39,40]. No pilot plants have been developed yet, and the long-term effects remain
largely unexplored [1].

Emerging post-combustion methods directly utilize and/or convert CO, during the capture
process, avoiding the need for separate storage sites. These methods include:

e Biological methods, such as using microalgae and enzyme-based processes [41].
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e Accelerated carbonation methods, which use natural ores or industrial alkaline residues
to convert CO; through exothermic reactions that form stable carbonate minerals [42].

These methods require low energy consumption, making them potentially cost-effective and
durable solutions [9,43]. CCUS approaches can be summarized as carbon separation (capture),
direct usage (utilization), conversion into chemicals and/or fuels, and sequestration (storage)
(Figure 4%).

On this basis, this research will concentrate on accelerated carbonation technologies using
combinations of industrial alkaline residues. This method is considered a promising approach
for addressing CO: sequestration and waste management. More specific details will be

discussed in the upcoming sections.
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Figure 4: Concepts of CCUS methods post-combustion.
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Chapter 2: Theoretical Foundation of
Accelerated Carbonation Technology

This chapter provides an in-depth overview of the theoretical foundation of accelerated
carbonation technology (ACT), a promising technology for mitigating climate change in the
short- to medium-term. ACT is inspired by natural weathering processes, where carbonation
reactions occur slowly over millions of years due to low carbon dioxide (CO») concentrations
in the atmosphere (approx. 0.03-0.06 %) [32,44]. Mimicking these natural weathering reactions,
ACT aims to significantly accelerate these reactions under controlled conditions.

This chapter first introduces carbonation mechanisms, followed by a brief description of
in situ and ex situ methods, highlighting their respective advantages and limitations. Different
pathways for ex situ ACT are discussed, emphasizing the role of direct and indirect carbonation,
as well as the key operational parameters—temperature, pressure, particle size, and pH-value—
that influence reaction efficiency.

The concept of exploiting industrial alkaline residues, rich in reactive oxides, is introduced
as an alternative to natural ores. These residues offer a more sustainable solution by reducing
the need for large-scale mining and providing an effective means of CCUS [11]. Additionally,
ACT offers the potential to stabilize hazardous residues, further enhancing its environmental
benefits [45,46]. The chapter also explores the potential of combining different industrial
residues to improve the properties of carbonated materials, facilitating their reuse.

The chapter is structured as follows:

e Section 2.1: An exploration of carbonation mechanisms, focusing on the chemical
and physical properties that make materials suitable for ACT.

e Section 2.2: A comparison of the pros and cons of in situ and ex situ ACT
methods.

e Section 2.3: A detailed overview of ex situ ACT, differentiating between direct
and indirect carbonation processes, key process parameters, and the potential of

using industrial alkaline residues instead of natural ores.

11
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2.1 Introduction to Carbonation Mechanisms

The carbonation process can be summarized by the following general chemical reaction [1]:

MO + CO, - MCO; + heat (1)

where a metal (M) reacts exothermically with atmospheric COz, to form insoluble, chemically-
and thermodynamically stable carbonate minerals [9]. The amount of thermal energy released
depends on the specific metal and its host ore. The divalent metals hypothetically suitable for
carbonation include alkali metals (Na, K), alkaline earth metals (Ca, Mg), as well as elements
such as manganese (Mn), zinc (Zn), and lead (Pb) [6]. Nevertheless, the corresponding oxides
exhibit varying affinities for carbonation, ranked as follows: alkaline oxides (CaO, MgO) are
the most reactive, followed by amphoteric oxides (Al2O3, MnO, and Fe-oxides), and lastly
acidic oxides (Si0O2). Although alkali metals (K, Na) can form (bi)carbonates, their solubility in
water makes them unsuitable for long-term CO> mineralization, because they would eventually
release it back into the atmosphere [47].

The capacity of these materials to sequester COz is directly influenced by the concentration
of the metals, especially alkaline earth (hydr)oxides in the matrix. Indeed, other metals,
including Fe, Zn, Ni, Co, Cu, and Mn, are also not ideal for carbonation because of their distinct
and valuable properties and difficulties in collection and utilization [48]. Instead, Ca\Mg-rich
silicates are ideal for this process due to their abundance in the Earth's crust [20]. Silicates and
carbonates are particularly stable and suitable for long-term storage, due to their lowest free
energy-formation [32]. They can remain stable over geological timescales or be repurposed as
filler materials in construction or mining [32]. Mineral sequestration offers a viable long-term
solution without the risks of leakage or the need for continuous monitoring [1], unless the
carbonates are exposed to strong acidic environments [48].

Since natural carbonation reactions occur slowly, this current research focuses on
accelerating the carbonation process to bolster efficiency for industrial applications [1].
This involves optimizing key operation parameters such as particle size, CO2 pressure, pH-
value, temperature, and liquid-to-solid (L/S) ratio [44,49]. Selfritz (1990) conducted early
investigations, exposing Ca-silicates to highly pure CO> and moisture, speeding up carbonation
reactions that ranged from minutes to hours [50]. Consequently, carbonation is an appealing
option, particularly in regions lacking underground reserves or marine storage capacity, being
an effective alternative to traditional CCS. On this basis, the next section delves into the

theoretical basis behind the ACT approaches.

12
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2.2 In situ and Ex situ Carbonation: Pros and Cons

Accelerated carbonation can be carried out through in situ or ex situ methods [9].

In situ carbonation involves injecting CO» into silicate rocks beneath the surface, where it
reacts to form carbonates [51]. This method, similar to CCS, can potentially sequester large
amounts of CO,. Despite its potential, in situ carbonation faces several challenges [52]
including:

e Identifying suitable locations with favorable geothermal gradients

e Simulating temperature and pressure effects on CO; and Ca\Mg solubility
e Optimizing reaction kinetics, and

e Reducing energy consumption.

Due to these challenges, in situ methods may be merely a feasible solution for large-scale
applications [51].

By contrast, ex situ carbonation involves reacting CO> with metal oxide-rich materials in a
controlled environment (e.g., reactors). While ex situ carbonation sequesters a smaller amount
of CO; compared to in situ carbonation, it is more practical for small- to medium-sized sources
of CO; emission [51]. Moreover, ex situ processes offer greater flexibility in the choice of
materials: not only do they use natural ores, but they also employ industrial alkaline residues

(Figure 5°).

Accelerated (Ca,Mg)CO,
Carbonation Storage
Plant

Figure 5: Scheme of ex situ ACT using industrial residues.

5> made as an adaptation from [251]
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These materials can be repurposed in sectors such as construction, supporting a circular
economy approach. Given these advantages, ex situ ACT was chosen as the focus of this study.
The next sections will explore two commonly used ex situ approaches: direct and indirect

accelerated carbonation.

2.3 Exsitu Accelerated Carbonation: Direct and Indirect Approaches

The first step in implementing ACT is selecting appropriate materials. As previously outlined,
minerals containing metal oxides, such as Ca and Mg, are ideal for CO> sequestration.
An example is wollastonite (CaSiO3), which is a readily extractable Ca-rich mineral commonly
found in metamorphic limestones, making it particularly suitable for carbonation [6].

To enhance the reaction efficiency, natural ores generally require mineral surface activation
[51]. This can be achieved through physical (e.g., reducing particle size, vapor activation, or
magnetic separation) and/or chemical pretreatments (e.g., using acids) [9,12]. The particle size
is crucial for carbonation kinetics—it was demonstrated that reducing the size of olivine
particles from 250 um to 40 um increased carbonation efficiency [53]. Once activated, minerals

can be carbonated via two primary methods: direct and indirect carbonation [9,54].

2.3.1 Direct Carbonation: Gas-solid and Aqueous Carbonation
Direct mineral carbonation is a one-step process that can be performed either through gas-solid
(dry) or aqueous (wet) carbonation, depending on the L/S ratio. The capability of oxides to form
carbonates is affected by the following factors [55]:

e Total reactant content.

e Solubility (in aqueous carbonation).

e Number of surface alkaline sites on the gas-solid interface.

e Chemisorption capacity for CO,.

2.3.1.1 Gas-solid Carbonation
This method, typically performed with a low L/S ratio (< 0.2), was first explored using gaseous

or supercritical CO; [55,56]. The reaction occurs as follows [55]:

(Ca, Mg) — silicate(s) + COZ(g) = (Ca: Mg)COB(S) + SIOZ(S) (2)

While gas-solid carbonation has the advantage of simplicity and low water consumption, the
reaction tends to be slow, especially in ambient conditions [56]. For instance, serpentine

(100 pm) exposed to CO2 at 340 bar and 500 °C for 2 h, achieved only about 25 % conversion

14
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[56]. Pretreatments to increase the surface area can improve the process [9], but the energy-
intensive conditions required make this method impractical for large-scale industrial
applications. Because of the limitations of gas-solid carbonation, research has focused more on

aqueous carbonation performance, which enhances reaction kinetics by introducing water [48].

2.3.1.2 Aqueous Carbonation
By adding water to the process, ions can be mobilized by dissolution, favoring the reactivity of
alkaline metals with carbonic acids in the liquid phase [48]. The theoretical basis beyond this

technique occurs mainly in three phases as shown in Figure 6°.

Alkaline Earth Metal lons
Extraction from the Mineral Matrix

CO, Solubilization in Water and
its Conversion into Bi(Carbonates)

Nucleation and Precipitation
of Carbonate Minerals

Figure 6. Synthesis of the macro-phases of direct aqueous carbonation.

Since most alkaline minerals are seldom found in their pure state, the chemistry of the
reaction may be complex. These materials are often combined with other oxide phases, such as
silicates, aluminates, and ferrites [48]. Therefore, many other compounds may also participate
in the carbonation process, such as calcium silicate hydrates (CSH), forming various co-
precipitates, including calcite, vaterite, and aragonite [57]. The mechanisms related to the

process of aqueous carbonation are elucidated as follows:

Extraction of Alkaline Earth Metal Ions from the Matrix

During the leaching process, the dissolution of Ca\Mg-containing compounds such as burnt
lime (CaO) and larnite (Ca>Si10s), leads to hydroxide ions (OH"), thereby increasing the pH
above 11-12, as shown by the following equations [48]:

(Ca,Mg)O(s) + H,0() — (Ca,Mg)?,y + 20H (3)

(Ca,Mg),Si0s4,, + 2H,00y - 2(Ca, Mgy + H28i04(s)l +20Hq @)

°[52]
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Once the solubility threshold of the solute-solvent system is reached, the pH-value remains
constant. In general, higher temperatures and lower pH-values enhance metal ion dissolution
[55]. The characteristics of solid materials change significantly during this step. Coarse or
granular materials could contain an internal soluble component potentially exploitable for the
carbonation process [48]. Indeed, key factors influencing dissolution kinetics include particle
size and specific surface area [55]. Studies show that smaller particles (45-75 pm) can dissolve
over 90 % of Ca-species within 24 h, while larger particles (150-250 um) show less than 40 %
dissolution [58]. Since grinding solids can be energy-intensive, determining the optimal particle
size for carbonation is crucial.

The L/S ratio also affects metal ion leaching, as it controls how much of the metal ions can
dissolve and migrate into the solution [48]. Leaching is primarily solubility-controlled, meaning
that once equilibrium with certain mineral phases is reached, the concentration remains constant

regardless of the L/S ratio [59].

Solubilization and Dissolution of CO: into the Solution

CO: solubilizes in water (solvent) according to Henry’s law, which states that the solubility of

a gas is directly proportional to its partial pressure (pco,), as described in Eq. (5) [60]:
[CO2](aq) = Hco,,T * Pco, &)

The concentration of CO> dissolved in water ([COz]q)) 1s governed by Henry’s constant
(Hco,,1), which decreases as temperature (T) increases, reducing the gas’s solubility as follows
[61]:

1 1 >] (6)

HCOz,T = HC02,298 K * eXp [C * (T _ m

where C is a gas-constant depending, for example, 2400 K for CO2; Hcoy208k is Henry’s
constant at 298 K, which is 10714® M atm™' for CO, [61].
As shown below, CO; dissolves resulting in the carbonic acid (H2CO3) formation:

COz(g) + HZO(I) - H2C03(aq) (7)

which dissociates into bicarbonate (HCO3) and carbonate (CO%™) ions, as shown in Egs. (8)
and (9), depending on the pH-value, respectively:
+ —
H2C03(aq) - Hq) + HCO3 (aq) )

— + 2—
HCO3 @ Hiq) + CO3 Q) 9)
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Figure 7 shows the fraction of each carbon species presented as a function of the pH-value
[62]. At lower pH (< 6) the generation of HoCOs prevails, while HCO3 predominates at mid-
pH (~ 8); and CO3~ predominates at high pH (> 10) [63].

1.0

0.8

Fraction [-]

0.2

4 5 6 7 8 9 10 11 12
pH-value

Figure 7: Mole fractions of CO, (H,CO3), HCO3 and C0§_ at different pH-values.

Nucleation and Precipitation of Carbonate Minerals

As described in Eq. (10), (Ca,Mg)*" ions interact with CO3~ ions, producing carbonate
precipitates, which are highly insoluble in alkaline conditions [64]:

(Car Mg)?;q) + Cog_(aq) - (Ca' Mg)co3(nuclei) - (Ca' Mg)CO3(S)l (10)

Consequently, carbonation is more likely to occur in alkaline environments, where carbonate
ions are abundant. As CO%~ forms, H' ions are released as well, lowering the pH by reacting
with OH™ ions to produce water, as shown below:

H{aq) + OHaq) = H20q) (11)

On the other hand, if the concentration of alkaline compounds exceeds the solubility
threshold, the pH remains constant due to the undissolved deposits that continue generating
OH ™ and (Ca,Mg)*" ions, readily reacting as just outlined. After consuming the undissolved
deposit, the continual solubilization of CO> into the solution during carbonation causes a
gradual drop in pH to around 8-9, where bicarbonate ions (HCO3) become prominent [48].
In this case, (Ca,Mg)** ions could combine with the HCO3 ions, resulting in the formation of
(Ca,Mg)CO3, as described by Eq. (12):

(Ca,Mg)(;q) + 2HCO3 ) — (Ca,Mg)CO5 ), + CO, ) + Hz0( (12)
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This process continues until the pH-level reaches acidic-neutral values between 5 and 6, at
which point most cations from the alkaline minerals should be fully depleted. Common
precipitates include common carbonates found in the Earth’s crust, such as dolomite

(CaMg(CO3)2), magnesite (MgCO3), and calcite (CaCO3) [48].

Main Parameters Influencing the Accelerated Carbonation

The aqueous carbonation process is essentially an acid-base reaction, where an alkaline solution
is neutralized by carbonic acids. It can be summarized in eight steps, as shown in Figure 8’.

Gas phase \ Liquid phase

CO, Dissolution

/7

CO, Permeation

f

CO, Diffusion

CO, Hydrationto H,CO4

\

lonization of H,CO4

/

Nucleation of (Ca,Mg)CO,
Precipitation of

CaMgco, r\

Solidphase  Decomposition of solid

Figure 8: Generic aqueous carbonation mechanisms.

Initially, (Ca,Mg)** and OH™ from alkaline materials dissolve in the water, raising the pH-value
above 11-12. As COz solubilizes and dissolves into the alkaline solution, the high pH (~ 12)
favors the formation of carbonate ions (CO3™), which react with (Ca,Mg)** to form nucleation
points for (Ca,Mg)COs, followed by their precipitation. For instance, the nucleation and
precipitation of CaCO3; occur when the pH exceeds 9. CO3~ is accompanied by H* ions
generation, decreasing the pH solution by interacting with OH™ ions. Table 1® summarizes the
key factors affecting gas, liquid, and solid phases during carbonation. Their effect on (Ca,Mg)**
leaching, CO: solubilization\dissolution, and (Ca,Mg)CO3 nucleation\precipitation can be

summarized as follows:

7 made as an adaptation from [65]
8 made as an adaptation from [65]
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e High temperatures and low pH-values promote metal ions leaching but reduce CO>
solubilization\dissolution and carbonate nucleation\precipitation. Temperatures between
60-80 °C and a pH-value of around 10 are considered optimal for efficient carbonation [65].

e Lower CO: concentrations in the gas phase prolong the carbonation time but do not
significantly affect the total amount of carbonates precipitated [66].

e The L/S ratio influences the extent of metal and non-metal ions leaching from solids, though
the solubility equilibrium primarily governs their concentration [48].

e Particle size and BET surface area play a crucial role in dissolution kinetics—larger
particles may contain valuable reactants, while a higher BET surface area increases
reactivity. Therefore, finding the optimal particle size is essential for efficient carbonation,
particularly given the energy demands of pretreatments [65].

In summary, the carbonation process is controlled by the balance between CO>
solubilization\dissolution and carbonate nucleation\precipitation, which depends on the

solubility and kinetic reactions of the raw material and resulting products [9].

Table 1: Essential operational parameters necessary for efficient carbonation.

Phases
Gas Liquid Solid
= CO; concentration = Organic/Inorganic .
. . . . = Compositions
= Organic/Inorganic =  Anions/Cations
Chemical . . =  Heavy metals
. =  Particulate matter concentration
properties =  Free water content
contents = pH -
. . =  Permeability
= QOther air pollutants =  Permeability
= Particle size
= CO; pressure =  Mineralogy
Physical * Flow rate * Temperature * BET surface area
properties = Relative humidity = Liquid-to-solid ratio = Porosity/Permeability
=  Temperature =  Surface activities

=  Microstructure
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2.3.2 Indirect Carbonation

Indirect mineral carbonation is a multi-phase pathway, performed via aqueous carbonation. The

theoretical foundation of this technique is distinguished by three phases as shown in Figure 9°:

Alkaline Earth Metal lons
Extraction from the Mineral Matrix

Metal-rich Solution Separation
from the Solid Particles

Carbonation of the Filtered
Metal-rich solution

Figure 9: Synthesis of the macro-phases of indirect aqueous carbonation.

Metal ions can be extracted using either acidic or alkaline methods. Early developments in
indirect carbonation used acetic vinegar to extract Ca®" from silicates, as shown in Eq. (13)
[67]. The Ca®'-rich solution is then separated from the tailings, primarily SiO,, and CO; is
added to the solution, resulting in a nearly pure CaCOs3 product, suitable for commercial use,

and a total acetic acid recovery, as shown in Eq. (14) [67]:

CaSiO3 ) + 2CH3COOH aq) = Cagiy) + 2CH3C00Gq) +SiOz ) + H20q) (13)
Cay + 2CH3CO0q) + CO; ) + Hz0() = CaC03) + 2CH;CO0H g (14)

A different approach involves extracting Mg>" from serpentine (Mg3SioO4(OH)4), using
acids such as hydrochloric acid (HCI), acetic acid (CH3COOH), ethylenediaminetetraacetic
acid (EDTA), orthophosphoric acid (H3POs), or oxalic acid (C2H204) [68]. The best extraction
efficiency was achieved using a combination of H3PO4, C2H204, and EDTA [68]. Nevertheless,
the limited dissolution of CO; in acidic solvents reduces the sequestration output [68].

The pH-swing technique was introduced to address this challenge, where metal extraction
occurs in an acidic phase, followed by carbonation in an alkaline phase [69]. A modified version
uses a weak base/strong acid solution of ammonium chloride (NH4Cl) for basic extraction,
allowing rapid pH adjustment causing effective metal-ion separation of earth metals (Eq. (15))

and precipitation of the carbonate (Eq. (16)) [70]:

? [48]
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CaSiO3 ) + 2NH,Cliag) = CaCly g + SiOz,) + 2NHs g + H0() (15)

2NHg ) + CO2g) + CaCly g +Hz0q) = CaC0s ) + 2NH,Cliag) (16)

As the reaction progresses, the alkalinity increases due to the production of ammonia, which
is advantageous for the subsequent absorption of COx.

The main drawback of indirect carbonation is the high energy requirement for evaporating
the solution, which, along with fluctuations in free energy from intermediate product

generation, limit its economic viability without chemical recycling [67].

2.3.3 The Advantages of using Industrial Alkaline Residues in Accelerated Carbonation

While ex situ ACT with natural ores can sequester substantial amounts of CO», it poses
important economic and environmental hurdles by requiring disruptive and energy-intensive
large-scale mining [11]. A more sustainable alternative is the use of industrial alkaline
residues—by-products from thermal operations, construction, and demolition activities, such
as fly ashes (FA), steel slags, and construction\demolition wastes (CDW). These residues are
abundant, inexpensive, and highly reactive, making them ideal candidates for ACT [13,71],
offering several engineering, environmental, and economic benefits (Figure 10'°).

These alkaline residues can sequester significant amounts of COz, up to 311-
373 kg CO2/mt alkaline residue [72,73], because of their substantial concentrations of highly
reactive metal oxides, such as CaO and MgO [9]. Moreover, their availability at industrial sites
makes them ideal for on-site carbon capture applications, supporting industrial circularity and
synergies, avoiding large-scale mining, thus reducing associated environmental impacts [13].

Additionally, the carbonation process facilitates waste disposal, reduces landfill usage, and
helps develop alternative construction materials, decreasing the demand for natural resources
[54]. Inter alia, it also stabilizes leachable alkaline compounds and heavy metals (e.g., Cu, Zn,
Cd, Cr, Pb) present in alkaline residues, and neutralizes alkaline\acid wastewater, improving
environmental safety [45,46], and minimizing transportation costs [10,74]. Finally, many
residues, such as FA, do not require mechanical pretreatments, because they already have
suitable grain sizes for the carbonation process [16], which along with the exothermic nature of

the carbonation reaction, can reduce energy consumption [9], making the process cost-effective.

19 made as an adaptation from [51]
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Figure 10: Novel method for combining CO; mineralization and industrial alkaline residue utilization
via ACT.

For the alkaline residues, the ACT was mainly investigated through direct aqueous
carbonation [75,76], and subdivided into:

e Wet process, with a L/S ratio lower than 1.5 [77,78].

e Slurry process, with a L/S ratio higher than 5 L/kg useful when Ca or Mg are bonded to

silicates in low-soluble residues [79].

Several materials such as steel slags, CDW, FA, and bottom ash (BA) have been
continuously studied. As a result, assessing the efficiency of various residues in the carbonation
process is challenging due to their variable qualities. Some residues may offer lower
sequestration potential but are produced in large quantities, making them economically viable
[6]. Others, with higher reactivity, may be available in smaller amounts but still valuable in
industrial applications [6].

Different models have been proposed to better understand the carbonation mechanisms for
industrial alkaline residues, such as the surface coverage model [80,81], which can be
summarized by four primary mechanisms (Figure 11'") [9]:

1. Conversion of carbonate ions (CO3™) within solid particles,

"' made as an adaptation from [9]
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2. Crystallization of new mineral phases on grain surfaces,
3. Leaching of Ca?" ions and their precipitation as CaCO3,

4. Deposition of carbonates on grain surfaces.

2—
- .
1@ Crystallizatio? ~
s rface (3) Precipitation

2— on su
CO 7 in bulk solution

\
\
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\
I Totally \
reacted
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Figure 11: Mineral carbonation mechanisms for alkaline mineral particles according to the surface
coverage model.

As highlighted by the model, the suitability of alkaline residues for carbonation depends on
their alkaline earth metals concentration and accessibility. Thus, analogous to natural ores, the
carbonation efficiency for alkaline residues varies strongly depending on the mineralogical
composition and particle size. Residues with small particles (< 106 um) show more efficient
carbonation than larger ones, such as FA (27-139 kg CO>/mt FA) [9], while those richer in free
CaO exhibit high carbonation potential but might require mechanical pretreatments [82,83],
such as steel slag and cement kiln dust (CKD) (129-311 kg CO2/mt residue) [9]. As expected,
residues with high Ca and Mg content, particularly those with no pretreatment requirement and
produced near the emission sources are optimal [16]. A wider overview is provided in the
ternary diagram, depicted in Figure 12'2, which is based on major oxides and classifies many
industrial alkaline residues based on three key properties [16]:

e CO: capture capability: Measured by the ability of the material to absorb and/or adsorb

CO> per unit of mass or volume [9]. Many alkaline residues, such as municipal solid

12 made as an adaptation from [48]
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waste incineration fly ash (MSWI FA), CKD, and ordinary Portland cement (OPC), show

high CO; capture capability.

e Hardness properties: Indicates the resistance of the material to mechanical deformation

or abrasion [84]. It relates to grindability, meaning the ease with which the material may

be finely ground [85]. Materials originating from blast oxygen furnaces (BOF), for

example, are found in this category.

e Pozzolanic properties: Refers to siliceous and/or aluminous materials, that, when finely

ground (< 150 pm), can chemically react with Ca®*" to form compounds with

cementitious properties, contributing to the compressive strength of the material [86].

Examples include municipal solid waste incineration bottom ash (MSWI BA) and

coal fly ash (CFA).

The diagram highlights that some residues exhibit a balance of these properties, suggesting

that combining different alkaline residues could produce final materials with enhanced

performance through synergistic effects not only in CO2 sequestration but also in pozzolanic

activities and mechanical properties, which are paramount for potential reuse.

Red Mud

o | 20 40 60 80 100
Fe,0;+Al, 05 [%]
Hardness

Figure 12: Normalized phase ternary diagram (CO; Capture Capability — Hardness — Pozzolanic
Properties) of several industrial alkaline residues.
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In light of this, the ACT using industrial alkaline residues presents a sustainable alternative to
using natural ores. These residues offer significant engineering, environmental, and economic
benefits, especially when produced and carbonated on-site. Their flexibility, given by the wide
range of selections, combined with their ability to sequester CO> and stabilize heavy metals,
makes them ideal candidates for ACT. This current research work focuses on the potential of
these residues for both carbonation and stabilization mechanisms, particularly in applications
where multiple residues are combined to optimize performance. The industrial alkaline residues
selected in this study are MSWI FA, MSWI BA, CFA, flue gas desulfurization residues (FGD),
and cork fly ash (CkFA), which will be further discussed in the next chapter.

This approach aligns with the EU circular economy policies, which advocate for the use of
waste in sustainable applications to close the material loop, orienting towards the Zero Waste

strategy, defined by the Zero Waste International Alliance (ZWIA), as [87]:

“Designing and managing products and processes systematically to eliminate the waste and
materials, conserve and recover all resources, without burning or burying them”.
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Chapter 3: Overview of the Selected Industrial
Alkaline Residues

This chapter examines the state of the art regarding the industrial alkaline residues selected for
this study: municipal solid waste incineration fly ash (MSWI FA) and bottom ash (MSWI BA),
coal fly ash (CFA), flue gas desulfurization residues (FGD), and cork fly ash (CkFA). The aim
is to evaluate their role in accelerated carbonation technology (ACT) and their potential
synergistic effects when blended, particularly in enhancing properties of the final material post-
carbonation, which is critical for reuse in a circular sustainable economy.

An overview highlights the energy-sector plants responsible for generating these residues as

well as their environmental and socioeconomic significance. Each residue is described in terms
of its collection process, macroscopic and microscopic characteristics, and potential reuse, with
attention to the challenges posed by their inherent properties.
Given the ongoing decline in coal usage for energy production, cork fly ash (CkFA) is included
as a potential substitute for CFA and FGD, allowing for an assessment of the versatility of the
recipe to the accelerated carbonation process. To the best of the author's knowledge, no previous
studies have explored the carbonation of CkFA using ACT.

The chapter is structured as follows:

e Section 3.1: An overview of waste incineration, focusing on its by-products,
MSWI FA and MSWI BA.

e Section 3.2: An overview of coal combustion, focusing on its by-products, CFA
and FGD.

e Section 3.3: An overview of biomass incineration, especially cork powder

incineration, with a focus on its by-product, CkFA.
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3.1 Waste-to-Energy Plant Ashes

When recycling is unfeasible, waste-to-energy (WtE) is a widely recognized strategy for waste
management, reducing waste mass and volume by approx. 90 % [88]. This process alleviates
landfill pressure and is promoted within the circular economy framework. The rise in WtE
plants (Figure 13'%) has been largely driven by the growth of the world population and stricter
landfill regulations, resulting in a surge in waste incineration from 32-70 Mt (117 %) in Europe
between 1995 and 2018 [19]. Despite global waste management regulations, waste generation
per capita is expected to increase, leading to more waste incineration, especially in regions such
as sub-Saharan Africa and South and East Asia because of improvements in living standards
[89]. Prior to Brexit, Germany, France, the Netherlands, Sweden, Italy, and the UK accounted
for 75 % of the EU's incineration plant capacity [90]. These plants recover energy in the form
of electricity and heat (district heating), contributing approx. 2.4 % of total energy output in
Europe in 2018, equivalent to 40 Mt of oil [19].

SOUTH KOREA
35 WtE plants

121 WiE plants P ) 3

W 26Mt i
. SWEDEN

UNITED KINGDOM ‘“f 34 WHE plants g

46 WtE plants’; | 6 Mt

10 Mt
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126 WtE plants __, \ 4mt
14 Mt JAPAN

754 WE plants
i 30 Mt
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286 plants
5Mt

*Data for China includes incinerators and WtE plants, with
waste incineration data specifically referring toWtE plants.

Figure 13: First 11 countries with the highest number of WtE plants with the respective amount of
waste incinerated in 2019, aimed at energy recovery.

Waste incineration typically occurs between 850-1400 °C, depending on the waste type,
pretreatments, and combustion chamber technology [91]. Despite its benefits, waste
incineration also presents environmental challenges; for instance, 52 Mt of CO> were emitted

in 2019, exceeding the annual GHG emissions of Portugal [90]. Additionally, waste

13 Data from [252]
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incineration produces municipal solid waste incineration (MSWI) ashes, which are classified
into two main types: fly ash (MSWI FA) and bottom ash (MSWI BA). The characteristics of
these ashes are influenced by the waste type, temperature, and combustion system used [92].

On the one hand, stricter waste management regulations, coupled with enhanced recycling
and composting initiatives, have the potential to reduce ash generation in Europe and other
industrialized countries. On the other hand, the rising energy demand and more lenient waste
disposal regulations in developing countries have led to a proliferation of MSWI plants and a
corresponding increase in ash production [93]. In 2021, China incinerated 210 Mt of MSW
producing 6.3 Mt of MSWI FA [94].

3.1.1 MSWI Fly Ash from Co-incineration

MSWI FA accounts for 1-3 wt.% of the incinerated waste. It is a fine, hazardous residue
collected in silos downstream of the WtE plant until disposal [95]. An air pollution control
(APC) system downstream of the combustion chamber, helps to remove pollutants through
chemical and/or physical processes. Indeed, during the co-incineration of municipal solid waste
(MSW) and sewage sludge (SS), the generated flue gas generally contains heavy metals, ash,
particulate matter (PM), organic and inorganic chemicals, residues from incomplete
combustion, acid gases, and other harmful contaminants [18,95]. The WtE plant in Brescia,
Italy, exemplifies such an approach, consisting of four distinct sequential stages [95]:

e Post-combustion at temperatures exceeding 850 °C to decompose dioxins and

volatile organic compounds (VOCs).

e Reduction of nitrogen oxides (NOx) by injecting urea.

e Scrubbing of acid gases with slaked lime and activated carbon.

e Filtration using baghouse filters.

Baghouse filters, widely adopted in many facilities, are made of permeable material,
allowing flue gas to pass through while capturing ash particles. As ash accumulates on the
filters, it forms a progressively thicker layer known as 'cake', allowing the remaining slaked
lime to react with acidic chemicals, activated carbon to adsorb residual dioxins and VOCs, and
PM to accumulate on the cake. The ash layer, MSWI FA, is periodically removed, collected by
a hopper, and stored in silos for disposal [95].

MSWI FA contains various leachable pollutants and hazardous substances, such as salts,
chlorinated and alkaline chemicals, and heavy metals [95]. Consequently, the EU Incineration

Directive (2000/76/EC) mandates proper handling and disposal in special, hazardous waste
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landfills, with guidelines set by regulatory bodies, such as the Environmental Protection Agency
(EPA). Various treatment methods have been proposed, such as washing, chelating,
vitrification, and cement solidification [96]. Even so, these methods often face limitations,
including the complexity of chemical treatments and high costs [97]. Moreover, while some of
these technologies are labeled as “zero-waste” treatments [98], many of them require additional
pretreatments, limiting their widespread adoption [18].

MSWI FA disposal not only results in an irreversible loss of materials, contradicting circular
economy principles but also incurs significant costs due to stringent regulations and long-term
environmental impacts [99]. Recent research has explored innovative uses for MSWI FA,
particularly in the construction industry, to enhance the strength and durability of concrete, thus
reducing the ecological footprint of cement production [100]. Nevertheless, MSWI FA must be
washed to remove salt and soluble compounds, that negatively affect cement quality [101].
Additionally, MSWI FA holds the potential for recovering valuable minerals and metals, such
as copper, zinc, and aluminum [102]. These evolving methods underscore the importance of
innovative and environmentally friendly waste management approaches in the contest of
MSWI, particularly for those countries (e.g., Taiwan) where waste incineration is massively
adopted because of the lack of space [103].

Because of its high calcium content and alkalinity, MSWI FA could potentially be utilized
for ACT. According to the literature, MSWI FA can sequestrate up to 110-
139 kg CO2/mt MSWI FA [9]. Moreover, accelerated carbonation can stabilize these ashes,
thus reducing heavy metal mobility and improving environmental compatibility, to ensure safe
disposal in landfills or potential reuse [104]. Nevertheless, these processes are not thoroughly
understood, particularly regarding the kinetics of carbonation and the formation of mineral

phases that can immobilize pollutants.

3.1.2 MSWI Bottom Ash from Co-incineration

MSWI BA accounts for 25-30 wt.% of the incinerated waste, although it represents only 5-
10 % of the total volume. It is a coarse, non-hazardous residue collected at the bottom of the
combustion chamber [105]. MSWI BA is extracted using a water-sealed hopper mechanism,
which controls combustion, reduces ash particle release, lowers ash temperature, and
extinguishes any remaining combustion [95].

MSWI BA is composed of non-combustible components and incompletely burned organic

waste [106,107]. Among others, it is composed of permeable, silty, and grey sand along with
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pebbles, unburned organic material, silicon and aluminum minerals, glass, ceramics, and metal
fragments [108]. It may also contain trace contaminants such as heavy metals and persistent
organic pollutants [106,107]. Although MSWI BA is typically considered non-hazardous,
the possible presence of leachable heavy metals in the finer fraction [109], requires careful
handling to prevent environmental and public health risks. MSWI BA is also characterized by
a high concentration of amorphous material formed during combustion and rapid water-cooling
[110]. This amorphous phase is typically metastable and may change over time due to variations
in its mineralogical and chemical composition [111,112]. Despite extensive research, the
behavior of this amorphous phase is not yet fully understood.

Recycling MSWI BA is regularly conducted in several countries, including Spain, Italy,
Germany, the Netherlands, China, the USA, and Taiwan [113]. Historically, MSWI BA has
been used as filler material in construction applications, such as road building, concrete, bricks,
and tiles production [ 114]. Substituting natural resources, such as clay and sand with MSWI BA
in these applications can reduce the environmental impact of the building industry [115,116].
Additionally, MSWI BA is increasingly used in metal recovery adhering to the principle of
urban mining [22,107]. Ongoing research has focused on maximizing the recycling potential of
MSWI BA, particularly for recovering valuable metals such as copper, zinc, and aluminum
[117]. Nonetheless, the lack of standardized testing procedures has resulted in varying
restrictions across different countries. For instance, European regulations permit the reuse of
MSWI BA, provided that the concentrations of leachable hazardous components remain below
specified limits [118].

Thus, accurate characterization of MSWI BA by size fraction is essential to maximize its
recycling potential and develop sustainable applications within the circular economy.
Pretreatment processes, including screening, separation, and grinding, are typically required to
prepare MSWI BA for specific applications [117,119]. The fraction below a diameter of 4 mm
is often separated due to the presence of inorganic salts, such as chlorides, sulfates, and
leachable heavy metals such as copper, chromium, molybdenum, lead, zinc, and antimony
[88,120]. The increasing emphasis on integrating MSWI BA into the circular economy
framework is reflected in the growing trend toward sustainable and diverse applications
[121,122]. For this reason, MSWI BA has been also studied for the ACT. According to the
literature, it can sequestrate up to 32-102 kg CO2/mt MSWI BA [123,124].
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3.2 Coal-Power Plant Residues

Coal-power plants have long been a bulwark of global energy production. These plants generate
thermal energy, which is converted into electricity. In 2020, coal accounted for approx. 36 %
of the world's electricity generation, with major contributions from China, India, and the USA
[125]. Despite increasing emphasis on renewable energy sources, coal remains a significant part
of the energy mix, particularly in regions with abundant coal reserves [126]. The widespread
use of coal-fired power plants is primarily driven by the availability of coal as a cheap and
abundant resource, especially in developing countries with rapidly growing energy
demand [127].

Coal combustion typically occurs between 1000-1600 °C, depending on the coal type,
pretreatments, and combustion chamber technology [128]. Coal-power plants have a significant
environmental impact, responsible for about 28 % of global CO> emissions from the energy
sector in 2022 [129]. Additionally, coal combustion generates significant amounts of residues,
which are classified into three main types: fly ashes, bottom ashes, and flue gas desulfurization
residues (FGD). The characteristics of these residues are influenced by the coal type,
temperature, and combustion system used [130].

In recent years, stringent environmental regulations and efforts to reduce GHG emissions
have led to a decline in coal-power plants in Europe and other industrialized countries [131].
Between 1990 and 2021, coal-fired power capacity in the EU decreased by 79%, propelled by
policies aimed at reducing carbon emissions and transitioning to cleaner energy sources [132].
Nevertheless, in countries such as China and India, coal-power capacity continues to grow,
fostered by rapid industrialization and economic expansion [133]. As the world shifts towards
a more sustainable energy future, the role of coal-power is increasingly being questioned, with
many advocating for a transition to low-carbon alternatives such as renewables and natural gas

[134].

3.2.1 Coal Fly Ash
Coal Fly Ash (CFA) accounts for 25-30 wt.% of the combusted pulverized coal [135]. It is a

fine, residual material collected from the APC system, typically using -electrostatic
precipitators, cyclone separators, or baghouses [136]. CFA is composed of inorganic crystalline
minerals, such as quartz and aluminosilicates, along with small amounts of unburned carbon
[137], amorphous aluminosilicates, and magnetic phases of iron oxide [138,139]. CFA may

also contain trace elements that could pose environmental and health risks over time [140].
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Morphologically, CFA particles range from uneven, rough surfaces to smooth, spherical shapes
[141]. The particle size of CFA plays a crucial role in its toxicity, influencing both the chemical
and biological reactivity [142].

Several countries, including Italy, France, and Japan, extensively utilize CFA as a raw
material, with its use also rising in developing countries such as India. CFA has been employed
in various industrial processes, such as cement, bricks, and asphalt filler production [143].
Due to its pozzolanic reactivity, CFA can substitute Portland cement, enhancing the strength
and durability of concrete [144,145]. Indeed, growing environmental awareness and the need
for sustainable building materials have increased interest in using CFA as a substitute for natural
resources, addressing both resource depletion and fly ashes disposal [146]. According to the
American Society for Testing and Materials (ASTM), CFA is classified into two groups based
on chemical and physical properties [111,140]: Class F, typically derived from anthracite or
bituminous coal, has a high calcium content and low loss on ignition, making it suitable for
concrete production to improve strength and durability [146]. Class C, usually produced from
lignite or sub-bituminous coal, has lower calcium content and higher loss on ignition, and it is
used for applications such as flowable fill and soil stabilization [147]. Additionally, CFA is a
potential resource for rare earth elements [147,148] and can be employed for water remediation
[137,149]. CFA has been also considered for ACT, reporting a relatively low CO» sequestration
capacity of up to 27-70 kg CO2/mt CFA (see Figure 12) [9], even though a higher performance
(132 kg CO2/mt CFA) has been reported in the literature [13].

Global CFA production exceeds 800 Mt/year [150]. In 2018, China, the largest coal
consumer globally, produced over 500 Mt of CFA with a utilization rate of 70-80 % [151],
driven by the high electricity demand met by numerous coal-power plants across the country
[151]. India produces over 200 Mt, with utilization rates increasing from 10 % to 92 % between
1997 and 2022 [152]. Despite its potential, future CFA production is expected to decline as
countries adopt cleaner energy sources and enforce stricter regulations on coal-power plants

[153].

3.2.2 Flue Gas Desulfurization Residues

FGD is a fine residual material collected downstream of the APC system, using wet or dry
scrubbing systems that inject burnt/slaked lime or limestone to reduce sulfur dioxide (SO.)
emissions from flue gases [154]. SO; is a significant contributor to acid rain and poses both

environmental and health risks [155]. Consequently, FGD is composed of inorganic minerals,
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primarily burnt/slaked lime, calcium sulfates, and sulfites [155]. Additionally, traces of silicon,
aluminum, iron oxides, and unburned carbon—possibly originating from CFA—may be present
[155,156].

FGD residues exhibit long-term stability in the environment. The solid material is collected
and used in various industrial applications, including cement production and agricultural soil
enhancement [157,158]. For instance, FGD can be used to produce cement, plaster, and natural
gypsum for wallboard manufacturing [159]. Moreover, FGD is widely utilized in agriculture as
a soil amendment to improve soil quality and as a source of calcium, an essential plant nutrient
[160]. As expected, FGD has been considered for ACT as well (see Figure 12), reporting
among the highest CO» sequestration capacity, up to 373 kg CO2/mt FGD [72], reaching an
efficiency of 96-98 % [72,73].

As elucidated for CFA, FGD utilization is facing a cross-behaved trend. Indeed, in well-
established industrialized countries, such as the USA, the utilization rate decreased from 79 %
to 57 % in the period 2006-2016 [73], while in China it increased from 5 % to 72 % in the
period 2005-2013 [161]. Nevertheless, analogous to CFA, FGD usage is expected to decrease

due to the ongoing reduction in coal-based energy production [153].

3.3 Biomass-to-Energy Plant Ashes

Biomass combustion, a well-established method of obtaining energy from organic materials
(e.g., wood, agricultural residues, and dedicated energy crops), plays a crucial role in the global
transition to sustainable energy [162]. Within this broad field, cork powder combustion
represents a unique segment of renewable energy. The cork industry is primarily located in the
Mediterranean region, with the Iberian Peninsula accounting for approx. 147 kt/year (79 %) of
the cork produced worldwide [163]. Portugal, alone, accounts for almost 85 kt/year, which
represents 46 % of the total global cork production [163]. During cork production, over 20-
30 % of the material is discarded as waste, primarily as cork powder and other residual
substances [164].

Cork powder represents a good source of energy production due to its predominant
composition of suberin (45 %), lignin (27 %), polysaccharides (12 %), tannins (6 %), ceroids
(5 %), and ash (5 %) [165,166]. The use of cork powder to generate energy not only offers a
sustainable solution to managing cork waste but also contributes to local energy security in
cork-producing regions. This process involves burning cork powder to produce heat and

electricity, whereby the temperature conditions depend on the composition of this biomass and
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its moisture content [167]. Additionally, the burning yields cork ashes, which are classified into
two main types: cork fly ashes (CkFA) and cork bottom ashes [168].

The advantages of cork powder include its high energy density and the economic and
environmental benefits of utilizing waste material from an industry already integral to the
region [169]. Even so, like other biomass sources, challenges remain, such as the seasonal
availability of cork biomass and the need for efficient combustion technologies to minimize
emissions and enhance energy recovery [170,171]. Cork power plants, while niche power
sources, are part of the broader push towards biomass energy as a key component of the circular
economy and renewable energy frameworks [168]. As the world seeks to reduce its reliance on
fossil fuels and cut greenhouse gas emissions, cork combustion offers a promising, albeit

specialized, solution within the diverse field of biomass energy.

3.3.1 Cork Fly Ash

CKkFA is a fine residual material collected from the APC system downstream of the combustion
chamber, typically using electrostatic precipitators, cyclone separators, or baghouses [168].
It is composed of aluminosilicate glassy materials, titanospheres, quartz relics, carbonates,
phosphates, and small amounts of unburned carbon [172]. Additionally, CKFA contains various
salts, alkaline and chlorinated chemicals, as well as trace amounts of toxic elements, particularly
in the smaller fractions [172].

CkFA is commonly disposed of in landfills rather than being repurposed [173]. Although
limited literature exists on reusing CkFA, conventional methods for ash reuse are not always
suitable for this material. For instance, studies have shown that cork ash does not meet the
chemical requirements for use as a pozzolan or filler in cementitious materials [174].
Furthermore, its use as a fertilizer is discouraged for crops intended for human and animal
consumption due to the potential presence of heavy metals [172].

Despite these limitations, CkFA remains a viable candidate for recycling. It can be
transformed into biochar, which has shown promise as an adsorbent for heavy metals [175].
Additionally, it can be incorporated into lightweight aggregates for sustainable building
materials, contributing to reduced density and enhanced thermal properties [176]. Another
promising recent approach involves the carbonation of biomass ash [177]. With its significant
amounts of alkaline substances, it has a high potential for CO> capture [178,179]. Further

research is required to explore the CO2 sequestration capacity of various types of biomass ash
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and the carbonation mechanisms of both fresh and stored ash [31]. To the best of the author's
knowledge, no previous studies have explored the carbonation of CkFA using ACT.
The increasing emphasis on integrating CkFA into the circular economy aligns with a

growing trend toward diverse, sustainable applications [168].
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This chapter elucidates the experimental activities and analytical techniques used to thoroughly

characterize the industrial alkaline residues studied—municipal solid waste incineration fly ash

(MSWI FA) and bottom ash (MSWI BA), coal fly ash (CFA), flue gas desulfurization residues

(FGD), and cork fly ash (CkFA). It also describes the sample preparation and experimental

setups for performing the accelerated carbonation (AC) and natural carbonation (NC) processes,

as well as the analytical techniques used to characterize the carbonated samples.

The chapter is structured as follows:

Section 4.1: The preparation of the bulk residues to obtain representative
subsamples is described.

Section 4.2: The procedure for digesting bulk samples to analyze their elemental
composition is outlined.

Section 4.3: The leaching tests conducted on each bulk sample to determine the
elemental composition of the leachates are detailed.

Section 4.4: The preparation of the polished block for the SEM-EDS analyses is
explained.

Section 4.5: The carbonation trials are outlined, including specific sample
preparation for various experiments (feasibility studies, liquid-to-solid (L/S) ratio
and CO> pressure effects evaluation, alternative residues studies with CkFA, and
optimization studies) and the experimental setups used.

Section 4.6: The analytical techniques employed are described, including:

o Physical characterization: particle-size distribution, immediate soluble
content, Brunauer-Emmett-Teller (BET) analyses, and magnetic and
paramagnetic separation.

o Chemical characterization: Inductively coupled plasma optical emission
spectroscopy (ICP-OES), Ion chromatography (IC), Total X-ray
fluorescence (TXRF), X-ray fluorescence (XRF), X-ray diffraction (XRD-
Rietveld), Scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS), moisture content, Loss on ignition (LOI), and

Total carbon (C) determination.

37



Scientific contribution

This chapter is partially based on the following publications, although the format has been
adapted to align with the structure of this dissertation. The content reflects my independent
work, including data curation, literature review, formal analysis, investigation, methodology,
visualization, and writing. This chapter duly credits the original author of any work not authored
by me, and cited parts are reproduced by permission from Elsevier BV and MDPI:
I. G. P. Sorrentino; A. Zanoletti; S. Ducoli; A. Zacco; P. lora; C. M. Invernizzi;
G. Di Marcoberardino; L. E. Depero; E. Bontempi.
Accelerated and Natural Carbonation of a Municipal Solid Waste Incineration (MSWI)
Fly Ash Mixture: Basic Strategies for Higher Carbon Dioxide Sequestration and Reliable
Mass Quantification
Environ Res 2022, 217, 114805, https://doi.org/10.1016/j.envres.2022.114805

II. G. P. Sorrentino; R. Guimaraes; B. Valentim; E. Bontempi.
The Influence of Liquid/Solid Ratio and Pressure on the Natural and Accelerated
Carbonation of Alkaline Wastes
Minerals 2023, 13(8), 1060, https://doi.org/10.3390/min13081060

III. G. P. Sorrentino; R. Guimaraes; A. Cornelio; A. Zanoletti; B. Valentim; E. Bontempi.

Mitigating CO> Emissions through an Industrial Symbiosis Approach: Leveraging Cork
Ash Carbonation
Heliyon 2024, 10(12), 32893, https://doi.org/10.1016/].heliyon.2024.e32893

IV. G. P. Sorrentino; T. E. Miiller; A. Cornelio; E. Bontempi.

Long-term Carbon Capture through Carbonation and Enhanced Stabilization of Alkaline

Incineration Residues, -Manuscript in Preparation

38


https://doi.org/10.1016/j.envres.2022.114805
https://doi.org/10.3390/min13081060
https://doi.org/10.1016/j.heliyon.2024.e32893

Chapter 4: Experimental Activities

4.1 Bulk Sample Preparation

The industrial alkaline residues used in this study were provided by the waste-to-energy plant
and the coal-power plant located in Brescia (Italy), operated by A2A, and the champagne
stopper production plant located in Mozelos (Portugal), operated by RELVAS II.

Due to the inhomogeneity of the residues, a process to obtain representative samples was
conducted. All the samples were divided into four equal sections using the cone method.
The macroscopically coarse samples (> 150 um) were cut off at a diameter of 2 mm, and the
fraction below a particle diameter of 2 mm was then ground by a Retsch RM 200 mechanical
mill (Hann, Germany) until the whole sample passed through a 100 mesh (150 pm) screen.
Eventually, a rotating sample divider equipped with a vibrating feeder Retsch PT 100 + DR 100

(Hann, Germany) was used to obtain smaller sub-samples, each weighing approx. 10 g.

4.2 Bulk Sample Digestion

Digestion vessels were charged with approximately 250 mg of bulk sample and 10 mL of
concentrated HNO3, sealed, and left overnight under a hood. The vessels were subjected to
microwave irradiation using the Microwave MARSXpress from CEM Corporation (USA).
After cooling, the samples were combined with 10 mL of deionized water, mixed, and filtered
through a glass microfiber filter. The solutions were transferred to 50 mL polyethylene (PE)
bottles. This procedure was performed by the Geographical Institute, Ruhr-Universitit Bochum

(Bochum, Germany).

4.3 Leaching Tests

Leaching tests were conducted according to the CEN EN 12457-2 guidelines [180], adapted as
described by Bontempi et al. (2010) [181]. For each sample, 20 g were mixed with 200 mL of
ultrapure water at a 1:10 ratio and stirred at room temperature for 2 h using a magnetic stirrer.
The solutions were filtered through 0.45 pm pore size membranes and transferred to
polyethylene (PE) bottles. The respective pH-value of the leachates was measured using an
inoLab pH 730 (WTW). This procedure was carried out at the Chem4Tech Lab, University of
Brescia (Brescia, Italy) and at the Geographical Institute, Ruhr-Universitdt Bochum (Bochum,

Germany).
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4.4 Polished Blocks

Polished blocks were prepared according to the ISO-7404-2 standard [182]. For each sample,
5 g were mixed with resin and hardener at a 25:3 ratio, poured into molds, and cured for 24 h
at room temperature. Once solidified, the blocks were sectioned perpendicular to their top and
bottom faces to avoid any potential bias from particle segregation within the epoxy. Polishing
was performed according to the ISO 7404-2 standard [182], using an Ecomet 3 machine from
Buehler (Leinfelden-Echterdingen, Germany). Sandpapers with grit sizes of 240, 360, 600,
1200, and 4000 were used sequentially, each for 5 min, to achieve a smooth and even surface.
This procedure was carried out at the Faculty of Sciences-DGAOT, University of Porto
(Porto, Portugal).

4.5 Carbonation trials

4.5.1 Sample Preparation for Carbonation Processes

In this study, the patented recipe proposed by the Chem4Tech research group
(RENDERING project) [22] was adapted for the experimental activities as follows:

MSWI BA was dried at 105 °C for 2 h. Following this, as part of the mechanical
pretreatment, magnetic components were removed using a magnet. The sample was then sieved
to retain particles smaller than 2 mm in diameter and subsequently ground using a
Retsch RM 200 mechanical mill (Hann, Germany) to pass through a 100 mesh (150 pm) screen.
This ground fraction will be referred to as “MSWI BA <2 mm ground”. Then, for each residue,
subsamples of approx. 50 g were obtained using a rotating sample divider equipped with a
vibrating feeder Retsch PT 100 + DR 100 (Hann, Germany).

Two mixtures were prepared for carbonation testing:

e MIX1: MSWI FA (59 wt.%), MSWI BA < 2 mm ground (9 wt.%), CFA (14 wt.%), and
FGD (18 wt.%) mixed with ultrapure water at liquid-to-solid (L/S) ratios of 0.7, 0.9, and
1.2 L/kg and stirred for 10 minutes to ensure homogeneity.

e MIX2: MSWI FA (59 wt.%), MSWI BA < 2 mm ground (9 wt.%), and CKFA (32 wt.%)
mixed with ultrapure water at L/S ratio of 0.9 L/kg and stirred for 10 minutes to ensure

homogeneity.
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4.5.1.1 Carbonation Conditions and Experimental Setup for Feasibility Studies:
Assessing CkFA as an Alternative Residue, L/S Ratio, and CO: Pressure Effects

MIX1 and MIX2 samples (solid component), weighing 33.5 g each, were mixed with ultrapure
water as detailed above, and then subjected to two carbonation conditions:
e Accelerated Carbonation (AC):

o MIX1 and MIX2 (L/S ratio 0.9) were exposed to 1 g of 99.99 % CO; gas at 15 bar
in a 75 mL reactor at room temperature for 5, 17, 24, 48, and 72 h.

o Additional AC trials were performed on MIX1 with L/S ratios of 0.7, 0.9, and 1.2
in a 150 mL reactor. For the L/S ratio of 0.9, one trial had CO, pressure kept
constant. Trials ran until a pressure plateau was reached.

e Natural Carbonation (NC):

o MIX1 and MIX2 were stored at room conditions for 1 month, with weekly mild
remixing. MIX1 with an L/S ratio of 0.9 was extended to 2 months.

After carbonation, all samples were dried at 105 °C to a constant weight, manually ground,
and characterized. Carbonation trials were conducted at the Chem4Tech Lab, University of

Brescia (Brescia, Italy). An overview of the AC and NC trials is provided in Table 2.

Table 2: Overview of accelerated (AC) and natural Carbonation (NC) trials for MIX1 and MIX2 with
varying time, L/S ratios, reactor volumes, and CO; pressures.

Samples ID Composition Carbonation ime L/S Reactor Initial Total
Type Ratio Volume Pressure
MIX1_ACS 5h 0.9 75 mL 15 bar
MIX1_AC17 17h 0.9 75 mL 15 bar
MIX1_AC24 24 h 0.9 75 mL 15 bar
MIX1_AC48 48 h 0.9 75 mL 15 bar
MIX1 _AC72 MSWI FA, Accelerated 72 h 0.9 75 mL 15 bar
MIX1_AC_0.7 MSWI BA 17h 0.7 150mL 15 bar
MIX1_AC_0.9 <2 mm 72 h 09 150mL 15 bar
MIX1_AC_0.9bis ground, 12d 09 150mL 15 bar (const.)
MIX1_AC_1.2 CFA, FGD 51h 1.2 150mL 15 bar
MIX1_NC1_0.7 lmth 0.7 -
MIX1_NC1_0.9 Natural Imth 0.9 - Room
MIX1_NC2 0.9 2mths 0.9 - Condition
MIX1_NC1_1.2 1 mth 1.2 -
MIX2_AC5 MSWI FA, 5h 0.9 75 mL 15 bar
MIX2_AC17 MSWI BA 17h 0.9 75 mL 15 bar
MIX2_AC24 <2 mm Accelerated 24 h 0.9 75 mL 15 bar
MIX2_AC48 48 h 0.9 75 mL 15 bar
MIX2_AC72 ground, 72h 09  75mL 15 bar
MIX2 _NC1_0.9 CkFA Natural Imth 0.9 - Room Condition
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Experimental Setup for Feasibility Studies
The experimental setup for the AC trials involved two sample cylinders (SC) with volumes of
75 mL and 150 mL, made of stainless-steel (AISI 304 or 316L) from Swagelok. Each SC was
equipped with two Swagelok needle valves (V-1 and V-2) for gas supply, venting, and pressure
regulation. A pressure transducer (PT) with 0.125 % accuracy and an externally placed
thermocouple (TC) with 1.5 °C accuracy were used for data acquisition. A vacuum pump (VP)
was used to evacuate air from the SC. CO2 gas (99.99 % pure) was supplied by SOL Group
(Monza, Italy). Data was recorded at 5s intervals using a data acquisition system (DAQ/PC)

and processed in a LabVIEW® environment. The setup scheme is shown in Figure 14.
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Figure 14: Schematic layout of the experimental apparatus:
Sample Cylinder (SC); Thermocouple (TC); Pressure Transmitter (PT),; Needle Valves (V-1 and V-2);
Vacuum Pump (VP); 99.99 % COy,; Data Acquisition System (DAQ/PC).

4.5.1.2 Carbonation Conditions and Experimental Setup for Optimization Studies

MIX1 samples (solid component), weighing 51.6 g each, were mixed with ultrapure water as

detailed above, then placed in a 160 mL reactor and exposed to 99.9995 % CO- gas.

Two sets of experiments were conducted:

e Pressure-variation Trials: MIX1 samples (L/S ratio 1.2) were exposed to a CO; pressure
of 5, 15, 25, 35, and 45 bar at a constant temperature of 55 °C.

e Temperature-variation Trials: MIX1 samples (L/S ratio 1.2) were exposed to a constant
CO; pressure of 25 bar at 35, 45, 55, 65, and 75 °C.

Each trial was conducted with stirring at 500 rpm for 90 min. Afterward, all the samples
were dried overnight at 105 °C, manually ground, and characterized. An additional sample, not
subjected to carbonation and labeled as OS, was directly dried, manually ground, and
characterized. The respective pH values of the samples were measured before and after the trials

using an inoLab pH 730 (WTW). Carbonation trials were conducted in collaboration with the
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Carbon Source and Conversion chair, Ruhr-Universitit Bochum (Bochum, Germany).

A summary of the trials is provided in Table 3.

Table 3: Overview of pressure and temperature-variation trials for optimization of AC process.

Samples ID L/S ratio Total Pressure Temperature Time
MIX1_AC p5 1.2 5 bar 55°C 90 min
MIX1_AC_pi15 1.2 15 bar 55°C 90 min
MIX1_AC p25 1.2 25 bar 55°C 90 min
MIX1_AC p35 1.2 35 bar 55°C 90 min
MIX1_AC_p45 1.2 45 bar 55°C 90 min
MIX1_AC T35 1.2 25 bar 35°C 90 min
MIX1_AC_T45 1.2 25 bar 45 °C 90 min
MIX1_AC_T55 1.2 25 bar 55°C 90 min
MIX1_AC_T65 1.2 25 bar 65 °C 90 min
MIX1_AC_T75 1.2 25 bar 75 °C 90 min
MIX1_OS 1.2 Room Condition 105 °C Overnight

Experimental Setup for Optimization Studies
The experimental setup for the AC process was provided by Parr Instrument GmbH (Frankfurt,
Germany). It consisted of a cylindrical batch reactor (160 mL) and a cylindrical burette
(175 mL), both made of stainless-steel. Each was equipped with four Swagelok needle valves
for gas supply, venting, pressure regulation, and safety. Pressure gauges (PG), pressure
transducers (PT), and thermocouples (TC) were installed for data acquisition. A pressure
regulator connected the burette and reactor, and gas management was handled by a Swagelok
gas panel. COz gas (99.9995% pure) was supplied by Alphagaz™ (Birmingham, UK). A gas
entrainment impeller with holes for suction was used to blow gas into the sample. Temperature
control was achieved using a heating mantle, with monitoring provided by internal and external
thermocouples. During trials, the burette was used as a control volume to maintain a constant
reaction pressure in the batch reactor. Data were recorded at 1s intervals using a data acquisition
system (DAQ/PC) and processed in a SpecVIEW® environment. The setup scheme is shown in

Figure 15.
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Figure 15: Schematic layout of the experimental apparatus: Batch Reactor,; Burette; Thermocouples
(TC), Pressure Transducers (PT) and Pressure Gauges (PG),; Needle Valves, Heating Mantle.

4.6 Analytical Techniques

4.6.1 Particle-Size Distribution

The particle-size distribution was determined using dry and wet sieving trials. For each bulk
sample, 50 g were dried at 50 °C until constant weight. Dry sieving (DS) was performed for
20 min using a Retsch AS200 sieve agitator (Hann, Germany), with a vibration amplitude set
at 60 %, as adapted from the EN 15149-2 guidelines [183]. For macroscopically fine samples
sieves with a mesh size of 150, 75, 45, and 25 pm were used, while for macroscopically coarse
samples sieves with a mesh size of 4, 2, 1, 0.50, 0.25, and 0.15 mm were used.

Wet sieving (WS) was performed using a Fritsch Analysette 3 Spartan sieve agitator (Idar-
Oberstein, Germany) equipped with the same set of sieves and a water jet on the top of the sieve
column. The sieving continued until the water exiting from the bottom of the column was clear.
Each fraction was then filtered and dried at 50 °C until constant weight. DS and WS trials were

carried out at the Faculty of Sciences-DGAQOT, University of Porto (Porto, Portugal).
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4.6.2 Immediate Soluble Content

The immediate soluble content was determined by mixing 10 g of each sample with 300 mL of
deionized water at a 1:30 ratio and stirring at room temperature for 15 min using an
IKA Microstar 7.5 control (Staufen, Germany), operating at 900 rpm. The solutions were then
filtered, and both the water-soluble fractions and non-soluble residues were dried at 50 °C until
constant weight. This procedure was carried out at the Faculty of Sciences-DGAOT, University

of Porto (Porto, Portugal).

4.6.3 BET Analyses

BET analyses were performed using a Quantachrome instrument (USA). The static volumetric
measurement technique was applied, using helium (He) gas 99.9999 % pure for calibrating void
volume. Samples were degassed under dynamic high vacuum conditions at 150 °C.
Measurements and calculations followed the BET method as outlined in the ISO 9277 standard
[184]. Nitrogen (N2) gas 99.9999 % pure was used for the measurements, with at least 11 data
points measured in the range of 0.01 to 0.35 (p/po) to estimate the BET surface area (BET-SA).
These analyses were carried out by Rubokat GmbH (Bochum, Germany).

4.6.4 Magnetic and Paramagnetic Separation

Magnetic and paramagnetic separation was performed using dry and wet methods.
The magnetic fraction was separated using a ferrite magnet, while the paramagnetic fraction
was collected with a neodymium magnet. Dry separation was performed by placing the bulk
samples in a basin and manually collecting the fraction with the respective magnets.
Wet separation was applied by placing the bulk samples in a basin filled with water and
continuously agitating using an IKA Microstar 7.5 control system (Staufen, Germany).
These procedures were carried out at the Faculty of Sciences-DGAOT, University of Porto

(Porto, Portugal).

4.6.5 ICP-OES Analyses

ICP-OES analyses were performed using Spectroblue from Spectro-Ametek (Kleve, Germany)
to analyze the elemental composition of the digested and leachate solutions (Sections 4.2 and
4.3). ICP-OES analyses were performed by the Geographical Institute, Ruhr-Universitit

Bochum (Bochum, Germany).
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4.6.6 1C Analysis

IC analyses were performed using IC 881 Compact IC pro from Methrom (Stuttgart, Germany)
with conductivity detection and suppressor technique as outlined in the DIN EN ISO 10304-1
standard [185] to analyze the chloride concentration of the leachate solutions (Sections 4.3).
IC analyses were performed by the Geographical Institute, Ruhr-Universitdt Bochum (Bochum,

Germany).

4.6.7 TXRF Analyses

TXRF analyses were performed using S2 Picofox from Bruker (Berlin, Germany) to analyze
the elemental composition of the leachate solutions (Section 4.3). A Ga-ICP Standard Solution
(100 mg/L) from Fluka Sigma Aldrich (Saint Louis, USA) was used as an internal standard.
Solutions with a final Ga concentration of 1 mg/L were prepared by mixing 10 mg of Ga-ICP
Standard Solution, 100 mg of leachate, and 890 mg of ultrapure water. The solutions were
homogenized using a vortex shaker for 1 minute at 2500 rpm. A 10 pL droplet of each solution
was placed on a plexiglass slide and dehydrated at 50 °C in a controlled airflow environment.
The TXRF instrument, equipped with a molybdenum (Mo) tube and a silicon drift detector,
operated at 50 kV and 750 pA. The X-ray exposition time was 600 seconds. Spectra were
analyzed using PICOFOX software (version 2.3.14.0), with routine deconvolution based on
mono-element profiles to identify the peak regions. Elements with atomic numbers below 19,
such as carbon (C), oxygen (O), and sodium (Na), could not be analyzed due to their low
fluorescence yield [186]. The calculation of errors was performed in agreement with
Bontempi et al. (2010) [181]. TXRF analyses were carried out at the Chem4Tech Lab,

University of Brescia (Brescia, Italy).

4.6.8 XRF Analyses

XRF analyses were performed using RIGAKU Primus IV (Tokyo, Japan), to analyze the major
oxide content. The XRF instrument, equipped with a Rh tube, operated at 3 kW. The calibration
was conducted using 94 geological standard samples. XRF data for major oxides were obtained
and normalized so that the total oxide content sums to 100 %. XRF analyses were performed
by the Institute for Geology, Mineralogy and Geophysics, Ruhr-Universitit Bochum (Bochum,

Germany).
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4.6.9 XRD-Rietveld Analyses

XRD analyses were performed using a PANalytical X'Pert PRO diffractometer from Philips
(Netherlands). Corundum from Carlo Erba Reagents GmbH (Emmendingen, Germany) was
added to the dried samples (25 wt.%) as an internal standard for the Rietveld method [187].
The XRD instrument, equipped with a Cu-K anode, operated at 40 kV and 40 mA. The scan
step width (20) was 0.017°, and the angle range covered was 10° — 80°. The phases were
identified using PANalytical X'Pert HighScore Plus software (version 2.1.0) and the ICDD
PDF-2 database 1998. PROFEX software (version 4.3.6) was used to quantify the different
crystalline species and the amorphous content by the Rietveld refinement [ 188] employing the
BGMN and the Crystallography Open Databases (COD). XRD-Rietveld analyses were carried
out at the Chem4Tech Lab, University of Brescia (Brescia, Italy).

4.6.10 SEM-EDS

Two different SEM-EDS instruments have been employed during this study:

a) SEM-EDS analyses carried out at the Centro de Materiais da Universidade do Porto
(CEMUP): A FEI Quanta 400 FEG ESEM/EDAX Genesis X4M was used, operating at 15 kV
and in high vacuum mode. Powder and polished block (Section 4.4) samples were carbon
sputtered. The backscattered electron detection (BSED) method was used to identify the various
phases and provide a detailed structural representation of the particles.

b) SEM-EDS analyses carried out at the Chem4Tech Lab, University of Brescia (Brescia,
Italy): A SNE-4500M Plus apparatus from SEC e-beam pioneer (Korea) equipped with EDS
detector Xflash® 610 / 630 Mini from Bruker was provided by ABCS srl. The measurements
were performed using an acceleration voltage ranging from 1 to 30 kV, and 120 A, under high
vacuum conditions. The elemental analysis maps and X-ray spectra were acquired at 20 kV.

A secondary electron detector (SED) method was used for the morphological characterization.

4.6.11 Moisture Content

The moisture content was determined according to the ISO 11722 standard [189]. For each
sample, 1 g + 0.1 was placed in Petri dishes and heated at 105 °C for 3 h using a Carbolite
Furnace (Sheffield, UK) equipped with N> flow. The samples were then cooled at room
temperature using a desiccator and re-weighed. This procedure was carried out at the Faculty

of Sciences-DGAQT, University of Porto (Porto, Portugal).
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4.6.12 LOI Measurements

The LOI was performed according to the ASTM C25-19 standard [190]. For each sample,
1 g+ 0.1 was placed in ceramic crucibles and heated at 1000 °C for 2 h using a 47900-
thermolyne muffle from Fisher Scientific GmbH (Schwerte, Germany). The samples were then
cooled at room temperature using a desiccator and re-weighed. This procedure was carried out

at the Faculty of Sciences-DGAOT, University of Porto (Porto, Portugal).

4.6.13 Total Carbon Content

The total C content was determined using a Vario Max cube from Elementar (Langenselbold,
Germany). For each sample, 1 g + 0.1 was placed into stainless steel crucibles and then
incinerated in an oxygen-enriched environment at 900 °C, with He as a carrier gas.
The produced gases passed over copper chips at 830 °C, to convert nitrogen oxides to N> then
through a phosphorus pentoxide absorption tube to remove water. CO> and N> were separated
using an adsorption column and detected. Pure He was used as a reference, while approx. 1.25-
2.50 g of the aspartic acid standard was measured as a reference for calibration. The thermal
conductivity of the gases and the voltage difference were quantified, and the signal was
converted and sent to a PC. The total C determination was performed by the Geographical

Institute, Ruhr-Universitdt Bochum (Bochum, Germany).
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This chapter explores the different composition of the selected industrial alkaline residues for
this study—municipal solid waste incineration fly ash (MSWI FA) and bottom ash
(MSWI BA), coal fly ash (CFA), and flue gas desulfurization residues (FGD). These residues
were characterized comprehensively to evaluate their role in accelerated carbonation
technology (ACT) and their possible synergistic effects when blended, particularly in
enhancing CO> sequestration, pozzolanic activity, and mechanical properties of the final
material post-carbonation, which is crucial for the reuse in construction applications.

Additionally, cork fly ash (CkFA) is also characterized as a potential substitute for CFA and
FGD to assess the versatility of this technology, considering that biomass combustion is reputed
as carbon-neutral.

The chapter is structured as follows:

e Section 5.1: The origin of the industrial residues is presented, with a brief
description of their macroscopic characteristics.

e Section 5.2: The results of the physical characterization are presented, including
particle-size distribution, immediate soluble content, Brunauer-Emmett-Teller
(BET) analyses, and magnetic and paramagnetic separation.

e Section 5.3: The results of the chemical characterization are presented, including
Inductively coupled plasma optical emission spectroscopy (ICP-OES), Ion
chromatography (IC), X-ray fluorescence (XRF), X-ray diffraction (XRD-
Rietveld), Scanning electron microscopy and energy dispersive X-ray
spectroscopy (SEM-EDS), moisture content, Loss on ignition (LOI), and

Total carbon (C) determination.
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Chapter 5: Characterization of the Industrial Alkaline Residues

5.1 Origin of the Industrial Alkaline Residues

Five industrial alkaline residues from combustion plants—MSWI FA, MSWI BA, CFA, FGD,
and CkFA—were selected as representative residues available worldwide on a billion metric-
ton scale [15]. The residues were provided by the waste-to-energy plant and the coal-power
plant located in Brescia (Italy), operated by A2A S.p.A., and the stopper-production plant
located in Mozelos (Portugal), operated by RELVAS II S.A. Representative images and

macroscopic characteristics of the industrial residues are shown in Table 4.

Table 4: Description of the MSWI FA, MSWI BA, CFA, FGD, and CkFA samples.

Collection

Aspect
Sample Code Plant Type Fuel Source Process Units p
Municipal
MSWI FA Waste-to-Energy Solid Waste Bag Filter
Plant and
Sewage Sludge
Municipal
Waste-to-Energy Solid Waste
MSWI BA Plant and Wet Hopper
Sewage Sludge
CFA Coal-Power Plant Hard Coal Elect'r qstatlc
Precipitator
FGD Coal-Power Plant Hard Coal Scrubbing
System
CKFA* Stopper- Cork Powder Cyclone

Production Plant

*[168] picture included

The waste-to-energy (WtE) plant utilizes municipal solid waste (MSW) and sewage sludge
(SS) as its energy source in a co-combustion procedure, producing MSWI FA and MSWI BA
as a by-product. In the plant, the MSWI FA is collected through an APC system equipped with
NOx abatement using ammonia solution, followed by scrubbing with slaked lime to neutralize

hydrochloric acid (HCI) and sulfur oxide (SO2). The MSWI FA is finally collected with bag
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filters and stored. MSWI BA is gathered in wet hoppers beneath the combustion chamber
grates, and then passed through a metal recovery before the storage phase.

The coal-power plant employs pulverized hard coal as its energy source, producing CFA and
FGD as by-products. In this plant, the APC system downstream of the combustion chamber
consists of an electrostatic precipitator responsible for the CFA, followed by a scrubbing phase
with slaked lime for the removal of SO, responsible for the FGD residues.

The stopper-production plant utilizes cork powder, produced by the plant itself, as its energy
source, producing cork fly ash (CkFA) as a by-product. In this plant, the APC system
downstream of the combustion chamber consists of a cyclone responsible for the CkFA.

The different origins influence the characteristics of these materials. Indeed, MSWI FA is a
fine, grey residue with highly soluble compounds, while MSWI BA is a coarse residue
characterized by larger irregular particles of quartz and aggregates. CFA is a fine, black residue
composed of aluminosilicates and unburned carbon, while FGD 1is a fine, white residue
consisting mostly of slaked lime, sulfates, and sulfites. CkFA is a fine, dark-white residue

composed of burnt and slaked lime and aluminosilicates.

5.2 Physical Characterization

5.2.1 Particle-size Distribution and Immediate Soluble Content

Pretreatment requirements for the selected industrial residues were assessed by particle-size
distribution analysis, using dry sieving (DS) and wet sieving (WS) techniques as outlined in
Section 4.6.1 (Table 5). The results were further correlated with the immediate soluble content,

determined as described in Section 4.6.2. For the CkFA sample, only DS data were considered.

Table 5: Particle-size distribution of the MSWI FA, MSWI BA, CFA, FGD, and CkFA samples.

Samples Process Size Fractions [um]
>150 75-150 45-75 25-45 <25
Dry sieving (DS) [wt.%]
MSWI FA 8.0 9.2 11.8 22.1 48.9
CFA 4.3 8.9 12.6 34.7 39.6
FGD 2.5 8.6 27.2 57.1 4.6
CkFA* 2.9 8.9 21.3 49.5 17.4
Wet sieving (WS) [wt. %]
MSWI FA 6.9 5.7 4.4 4.5 315
CFA 3.2 7.3 11.0 16.3 54.4
FGD 0.3 5.1 4.2 4.7 57.2
CkFA - - - - -
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>4000 2000-4000 1000-2000 500-1000 250-500 150-250 <150
Dry sieving (DS) [wt.%]
MSWI BA 41.1 17.8 17.6 9.5 5.1 2.6 6.3
*[168]
Although the MSWI FA and MSWI BA originate from the same combustion plant,

significant differences in size were observed. DS experiments revealed that MSWI FA was
predominantly composed of fine particles, with over 70 wt.% of the sample passing through a
45 pum sieve. In contrast, MSWI BA consisted mostly of coarse particles, with 58 wt.%
exceeding 2 mm in size, though only 6.3 wt.% was smaller than 150 pm. The CFA sample
showed a similar profile to MSWI FA, with 74 wt.% passing through a 45 um sieve, while FGD
exhibited slightly coarser particles, with 84 wt.% falling within the 25-75 pum size range.
By contrast, the CkFA sample showed a similar profile to FGD, with 71 wt.% in the 25-75 pm
size range, and around 17 wt.% passing through a 25 pm sieve [168].

To evaluate the agglomeration influence on DS experiments, WS experiments were also
conducted. Due to the coarse nature of MSWI BA, WS was not performed on this sample.
WS experiments revealed significant mass reductions, particularly in the MSWI FA, where the
mass decreased by up to 47 wt.%. Following WS, the MSWI FA, CFA, and FGD samples were
dominated by particles smaller than 25 um. This reduction suggests the dissolution of salts and
sulfates, which may have acted as binding agents. Notably, in the FGD sample, particles smaller
than 25 pm increased to 57 wt.%, while those larger than 150 pm were reduced to negligible
amounts.

The particle-size distribution analysis indicates that MSWI BA, with its coarser particles,
requires mechanical pretreatment to enhance its role in carbonation reactions. Indeed, the
smaller particle sizes of the other residues suggest a higher specific surface area, which
promotes reactivity and mechanical strength [191]. For this reason, since for MSWI BA the
fraction larger than 2 mm is usually employed for metal recovery and building construction,
only the fraction with a particle size of < 2 mm was retained and ground as described in
Section 4.1. This ground fraction will be referred to as “MSWI BA < 2 mm ground”. It is
noteworthy that fine particles may also negatively affect the viscosity and permeability of the
slurries used in ACT, which may hinder the mobility of CO»-rich water, which, in turn, affects
the water demand [191]. The WS experiments not only highlighted the strong agglomeration
phenomenon affecting the DS experiments, which shifted the particle-size distribution toward
smaller dimensions, but also underscored the high solubility of certain residues, particularly

MSWI FA and FGD.
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On this basis, the determination of the immediate soluble content provides valuable insights
into the potential release of compounds relevant to CO> sequestration. The MSWI FA sample
exhibited the highest soluble content at 45 wt.%, accounting for nearly half of the sample,
closely matching the 47 wt% mass loss observed in the WS experiments.
The MSWI BA <2 mm ground contained 11.5 wt.% of soluble compounds, while CFA had an
immediate soluble content of 10 wt.%, consistent with its 8 wt.% WS mass loss. The FGD
samples showed a soluble content of 15 wt.% and a WS mass loss of 28 wt.%, likely due to the
harsher conditions during WS experiments. CkFA exhibited a soluble content of 11 wt.% [168].
These findings suggest a likely strong contribution in the release of compounds interesting for

CO; sequestration, such as calcium (Ca) and magnesium (Mg), particularly for MSWI FA.

5.2.2 BET analyses

The reactivity propensity of the selected industrial residues was evaluated through BET

analyses to determine the BET surface area (BET-SA) as detailed in Section 4.6.3 (Table 6).

Table 6: BET surface area of the MSWI FA, MSWI BA < 2 mm ground, CFA, and FGD samples.

MSWI BA

MSWI FA CFA FGD CkFA
< 2 mm ground
[m?/g]
BET-SA 7.46 14.29 5.67 7.58 N.A.

N.A.: not analyzed

The results revealed that MSWI FA and FGD exhibited similar BET-SA values, both around
7.5 m?/g. On the other hand, MSWI BA < 2 mm ground showed a BET-SA value that was twice
as high as that of MSWI FA and FGD, while CFA recorded the lowest value, approx. 5.7 m%/g.
Notably, the MSWI FA, CFA, and FGD samples predominantly consist of particles smaller
than 75 pm, which typically correlates with higher BET-SA values [191]. Nevertheless, the
higher BET-SA of MSWI BA < 2 mm ground suggests that the milling process significantly
increased its BET-SA, which is crucial for enhancing both reactivity and mechanical strength.

The BET-SA is influenced by factors such as particle size, structural composition, and
material porosity [192]. Based on the BET-SA values, these residues can be classified as small
particles with low or non-porosity [192]. As mentioned for the particle-size distribution, BET-
SA may also negatively impact the CO; diffusivity in the aqueous medium influencing the

amount of water required for reactions.
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5.2.3 Magnetic and Paramagnetic Separation

The need for magnetic pretreatment for the selected industrial residues was evaluated through
magnetic and paramagnetic separation processes as described in Section 4.6.4. This procedure
was applied to the bulk MSWI FA and CFA samples, while for MSWI BA, it was conducted
on each size faction below 2 mm. Given the origin of FGD, this procedure was not performed

on this sample. For the CkFA sample, only magnetic separation data was considered [168].
The magnetic separation of MSWI FA indicated that it predominantly consists of non-
magnetic matter, with magnetic and paramagnetic components each accounting for approx.
1.5 wt.% of the total mass. This suggests a minimal presence of magnetically responsive
particles in MSWI FA. In contrast, the magnetic separation MSWI BA revealed a distinct
correlation between particle size and magnetic content. The results demonstrated that as particle
size decreases, the concentration of magnetic material significantly increases, ranging from
8 wt.% to 51 wt.%. The paramagnetic and non-magnetic fractions of MSWI BA exhibited
asymmetrical distributions, suggesting a complex mixture of materials within this residue

(Figure 16).
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Figure 16: Magnetic and Paramagnetic separation for MSWI BA.
For CFA, the separation results indicated a composition of 45 wt.% of non-magnetic
particles, 45 wt.% of paramagnetic particles, and 5 wt.% of magnetic particles. In the case of
CkFA, magnetic separation indicated a composition of 97 wt.% non-magnetic particles and

3 wt.% magnetic particles [168].
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These findings underscore the distinct characteristics of MSWI BA < 2 mm, particularly its
high magnetic content (12 wt.%), which suggests the need for magnetic pretreatment to
optimize its role in carbonation reactions. The presence of magnetic material, particularly iron
oxides, can adversely affect mineral carbonation processes. Indeed, these magnetic materials
can form a passive layer of hematite when exposed to an oxidizing environment, which inhibits
the carbonation reaction [193]. Moreover, the observed trend in magnetic content further
indicates the importance of considering particle size during magnetic pretreatment. In the case
of CFA, the results suggest that selective pretreatment might be necessary, depending on

specific process requirements.

5.3 Chemical Characterization

5.3.1 Leaching tests, ICP-OES, and XRF analysis

The potential for CO» sequestration and mechanical properties enhancement was evaluated
using ICP-OES to analyze the elemental composition of the selected industrial residues, as
detailed in Section 4.6.5 (Table 7). XRF analyses, outlined in Section 4.6.8 (Table 8), were
employed to assess the silicon content due to its poor solubility in the digestion acid.
Additionally, the leaching propensity of these materials was evaluated by analyzing the
elemental composition of the leachates (Table 7), complemented with IC analyses to measure

the chloride content, as described in Section 4.6.6. For the CKFA sample, ICP-MS and XRF

data were considered.

Table 7: Key data of digested and leachate solutions for the MSWI FA, MSWI BA < 2 mm ground,
CFA, FGD, and CkFA samples.

MSWI FA MSWI BA CFA FGD CkFA*
<2 mm ground

Digestion Leaching Digestion Leaching Digestion Leaching Digestion Leaching Digestion Leaching

Elements pH=125 pH=12.1 pH=12.0 pH=12.7 pH=12.9
[mg/ke] [mg/L] [mg/ke] [mg/L] [mg/ke] [mg/L] [mg/ke] [mg/L] [mg/ke] [mg/L]

Ca 306182.3 7761.9 139719.0 357.7 10752.6 220.5 392350.2 1402.0 225000.0 N.A.
Mg 11479.1 <0.003 14086.9 <0.003 1643.6 <0.003 2918.5 <0.003 26000.0 N.A.
Pb 1770.9 36.4 1018.3 <0.009 <0.009 <0.009 8.7 <0.009 29.9 <0.1
Zn 8818.1 4.6 8852.4 0.003 62.6 <0.001 32.8 <0.001 187.4 0.3
Mn 263.1 <0.001 2825.4 <0.0001 173.9 <0.001 32.6 <0.001 2550.0 N.A.
As 12.2 <0.007 6.2 <0.007 33.7 <0.007 <0.007 0.04 4.2 N.A.
Be 0.5 <0.001 1.4 <0.001 3.0 <0.001 0.2 <0.001 1.0 N.A.
Cd 93.4 <0.001 17.3 <0.001 1.1 <0.001 <0.0001 <0.001 1.3 <0.032
Co 12.2 <0.001 66.6 0.002 8.6 <0.001 0.3 <0.001 8.1 N.A.
Cr 102.7 0.1 238.6 0.008 36.8 0.2 5.0 0.02 49.0 0.3
Cu 653.8 0.1 3598.3 1.5 42.7 <0.004 11.0 0.005 224.0 0.04
Mo 9.2 0.1 <0.002 0.2 295 2.1 <0.002 0.01 1.0 N.A.
Ni 72.4 <0.002 171.2 0.004 29.6 <0.002 2.2 <0.002 27.1 <0.063
Sb 2339 <0.009 <0.009 0.08 2.7 <0.009 <0.009 <0.009 4000.0 N.A.
Se <0.015 0.01 <0.015 0.01 30.2 1.0 55.7 0.1 N.A. N.A.
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Ti 2168.7 <0.001 1983.0 <0.001 4443 <0.001 376.5 <0.001 1000.0 N.A.

\' 30.2 <0.003 42.0 <0.003 96.4 0.1 4.5 <0.003 27.0 N.A.
K 21684.6 2214.2 4680.6 111.0 813.8 17.1 172.4 9.8 35000.0 N.A.
Na 23942.1 2361.6 9748.9 383.5 716.5 26.0 419.8 43 4000.0 N.A.
Fe 5262.8 <0.002 44711.3 <0.002 11276.0 <0.002 310.7 <0.002 12000.0 N.A.
Al 13344.1 <0.001 40372.4 63.5 5984.7 18.9 <0.001 <0.001 27000.0 N.A.
P 2880.4 0.3 11327.9 0.2 625.3 0.06 <0.002 0.05 8000.0 N.A.
Cl N.A. 16069.6 N.A. 815.1 N.A. 0.3 N.A. 55.0 N.A. 1810.5

N.A.: not analyzed; *[168]

Table 8: XRF normalized major oxides data of the MSWI FA, MSWI BA < 2 mm ground, CFA, FGD,
and CkFA samples.

Main Oxides MSWI FA MSWI BA CFA FGD CkFA*
< 2 mm ground
[%]
Ca0 57.68 27.58 2.53 55.27 37.15
MgO 2.11 4.08 0.96 0.46 5.84
MnO 0.04 0.48 0.05 0.01 0.39
TiO, 0.51 1.44 1.27 0.05 1.70
KO 3.35 1.38 1.40 <LOD 5.85
Na;O 4.95 291 0.56 0.04 0.75
SiO; <LOD 32.14 60.05 <LOD 32.97
Fe;03 0.77 8.53 7.30 0.03 2.44
Al,O; 0.65 13.57 24.26 <LOD 7.05
P,0s 0.37 3.12 0.25 0.02 3.00
SO; 11.79 3.53 1.36 44.06 2.85
Cl,0 17.76 1.24 <LOD 0.06 N.A.

LOD: limit of detection; N.A.: not analyzed; *[168]

Despite originating from the same combustion plant, MSWI FA and MSWI BA exhibited
significant compositional differences.

In MSWI FA, Ca and Mg, key elements for carbonation, were detected. ICP-OES analysis
revealed a particularly high Ca content, confirmed by XRF to constitute nearly half of the
residue. This high Ca concentration is consistent with the use of slaked lime in the APC system
of the WtE plant used to remove acids (e.g., HCI and HF) and sulfur dioxide (SO7). Mg was
present in much lower concentrations, as corroborated by XRF results. Among heavy metals,
lead (Pb), zinc (Zn), and titanium (Ti) were most abundant, likely originating from various
municipal waste components such as paints, cosmetics, crystal glass, brass alloy for clothing
accessories, batteries, and electronics [194—196]. Elevated concentrations of potassium (K) and
sodium (Na) suggest the presence of salts. Iron (Fe) and aluminum (Al), which contribute to
material hardness, were found in much lower concentrations compared to Ca. Phosphorous (P)
was also detected, consistent with the co-combustion of MSW and SS, which often contain P
compounds from sources such as flame retardants, food waste, bones, paper, wood, and textiles

[197-199]. SS typically contains 1-3 wt.% of P as well [200,201]. XRF analysis also showed a
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consistent presence of chlorine (Cl), likely due to the incineration of plastic materials in MSW
[202]. A notable presence of sulfur (S), detected by XRF, can be attributed to the lower boiling
temperatures and higher volatility of sulfate phases [203]. The composition of MSWI FA, as
plotted in the left corner of the ternary diagram'* (Figure 17), indicates its high potential
suitability for CO> sequestration.

@ MSWIFA
A MSWIBA

0 20 a0 ' 60 80 100
Fe,0,+Al,0; [%]
Hardness

Figure 17: Normalized phase ternary diagram (CO; Capture Capability — Hardness — Pozzolanic
Properties) of the selected industrial alkaline residues contextualized to the residue’s areas.

For MSWI BA, Ca was detected, though at approx. half of the concentration found in
MSWI FA, as corroborated by XRF results. The Ca in MSWI BA likely originates from
construction debris, certain types of plastics, and biological materials such as paper, waste
shells, and bones [204-206]. Mg concentrations were analogous to those in MSWI FA. Heavy
metals such as Pb, Zn, manganese (Mn), copper (Cu), and Ti, were prominent in MSWI BA,
likely originating from various MSW components, as described for MSWI FA. The similar Pb
and Zn concentrations in both MSWI FA and MSWI BA may be attributed to the moderately

!4 The ternary diagram is an adaptation of Figure 12 according to the literature.
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volatile nature of these metals [23]. XRF analyses revealed a high Si content, mainly from glass,
amorphous silica, and alumina-silica, consistent with the literature [207,208]. K and Na were
found in much lower concentrations than in MSWI FA. In contrast, Fe and Al were found in
much higher concentrations in MSWI BA, contributing to the pozzolanic and hardness
properties [48], which are important for stabilizing MSWI FA. P was detected at concentrations
one order of magnitude higher than in MSWI FA, which is again consistent with the co-
combustion of MSW and SS. MSWI BA composition, as plotted near the center of the ternary
diagram (Figure 17), indicates its potential suitability for CO> sequestration while also offering
the possibility of obtaining pozzolanic and hardness properties for the final material.

CFA exhibited Ca and Mg concentrations one order of magnitude lower than those in MSWI
ashes, making it less suitable for carbonation. Heavy metals were not present in significant
concentrations compared to MSWI ashes. XRF analysis indicated the highest silicon content
among the residues analyzed, consistent with the literature [139], and lower levels of K and Na
compared to MSWI ashes. While Fe and Al were present, their concentrations were lower than
in MSWI BA, although XRF showed similar Fe and higher Al content. The composition of
CFA, as plotted near the top of the ternary diagram (Figure 17), suggests its potential suitability
for achieving pozzolanic and hardness properties in the final material. According to the
literature, the use of CFA can enhance mechanical properties [209,210].

FGD showed the highest Ca concentration among the residues, consistent with the use of
slaked lime in the scrubbing process of the APC system employed in the coal-power plant.
Mg concentrations were one order of magnitude lower than those in MSWI ashes. Heavy metals
were not detected at significant concentrations. K, Na, and Fe were present in low
concentrations, while Al was undetectable by ICP-OES. XRF analyses showed a consistent
presence of sulfur, aligning with the purpose of the scrubbing technology. The composition of
FGD, as plotted in the left corner of the ternary diagram (Figure 17), highlights its high
potential suitability for CO» sequestration.

For CkFA, Ca was detected in high concentrations, positioning itself between MSWI FA
and MSWI BA, as corroborated by XRF results. In contrast, Mg concentrations were the highest
among the residues. Heavy metals were not present in significant concentrations except for Ti.
XRF analyses revealed a high Si content comparable to that of MSWI BA. K was observed to
be the highest among the residues analyzed, while Na was found in low concentrations,
comparable to CFA. In contrast, Fe and Al were found in lower concentrations compared to

CFA. P was detected in concentrations analogous to those of MSWI BA. The composition of
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CkFA, as plotted near the left center of the ternary diagram (Figure 17), indicates its potential
suitability for CO sequestration while also offering the possibility of obtaining pozzolanic and
hardness properties for the final material.

The chemical composition analysis suggests that MSWI FA, MSWI BA, FGD, and CkFA,
with their high calcium content, are particularly suitable for CO> sequestration. Nevertheless,
MSWI FA and BA were also characterized by a high content of heavy metals. By mixing these
industrial residues, a final blend (MIX1) with high CO» sequestration capability and sufficient
pozzolanic and hardness properties can be achieved (Figure 17). A similar finding is depicted
in Figure 17 for the blend (MIX2) made by substituting the CFA and FGD with CkFA
following the recipe described in Section 4.5.1. Not only could these blends stabilize heavy
metals but also render the carbonated material more suitable for various applications,

particularly in the construction sector.

To explore the propensity to CO> sequestration while minimizing heavy metal leaching,
the extent of Ca and heavy metals leaching from the residues was assessed.

Leaching tests, performed at room temperature with ultrapure water, confirmed the high
alkalinity of the materials, with leachate pH-values of between 12 and 13. High Ca
concentrations in leachates from MSWI FA and FGD were also confirmed, consistent with their
bulk compositions. Ca leaching was particularly pronounced in MSWI FA, nearly six times
higher than in FGD, reflecting the WS and immediate soluble content results. No data regarding
the Ca concentration in the leachates for CkFA were analyzed. Although MSWI BA contained
Ca, it did not leach significantly, suggesting it may not contribute substantially to CO;
sequestration. CFA had a very low calcium content, underscoring its poor suitability for CO2
sequestration.

Regarding heavy metals, the leachate from MSWI FA contained Pb and Zn at concentrations
of 36.4 mg/L and 4.6 mg/L, respectively, which exceed legal limits [211,212]. In MSWI BA,
most of the Pb, Zn, and Cu were present in forms not easily dissolved, likely existing in non-
silicate minerals such as metallic and spinel inclusions [196]. For CFA, FGD, and CkFA,
no detectable amounts of Pb and Zn were present in the leachates.

Additionally, MSWI FA exhibited higher K and Na contents, with the leachate containing a
significantly high concentration of Cl, two orders of magnitude higher than the other residues.
CkFA also showed a high concentration of CI, even though it is one order of magnitude lower

than MSWI FA.
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Overall, MSWI FA and FGD are identified as the most suitable residues for CO»

sequestration. Nevertheless, the elevated concentrations of Pb and Zn leaching from MSWI FA

necessitate a stabilization process to mitigate environmental risks. Regarding CkFA, due to the

lack of data on Ca leaching, the verification of its suitability for CO» sequestration will be

handled in the next section.

5.3.2 Bulk Residues Mineralogy

The carbonation reaction mechanisms and the role of the industrial residues in enhancing the

mechanical properties were evaluated through a detailed mineralogical analysis. XRD-Rietveld

(Figure 18; Table 9) and SEM-EDS (Figure 19, Figure 20, Figure 21 and Figure 22)

techniques were employed to identify the mineral phases, as outlined in Section 4.6.9 and

4.6.10a, respectively. Due to the high immediate soluble content in MSWI FA, XRD analysis

was also conducted on the washed MSWI FA sample to complement its characterization.
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Figure 18: XRD patterns of MSWI FA, MSWI FA washed, MSWI BA < 2 mm ground, CFA, FGD,

and CkFA.
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Table 9: XRD-Rietveld analysis of MSWI FA, MSWI BA < 2 mm ground, CFA, FGD, and CkFA
samples.

MSWI FA MSWI BA CFA FGD CKFA*
<2 mm ground
[wt.%]
Lime (CaO) - - - - 1
Portlandite (Ca(OH)2) 3 - - 20 10
Calcium hydroxy chloride (CaCIOH) 26 - - - -
Calcite (CaCOs) 11 7 - 11 17
Dolomite (CaMg(COs)2) 1 1 - - 1
Magnesite (MgCOs) - - - - 3
Perovskite (CaTiO3) - - - - 3
Sylvite (KCI) 3 - - - 3
Tripotassium phosphate (K3POa) 2 7 - - 3
Halite (NaCl) 5 - - - 1
Quartz (Si0z) - 8 21 - 12
Hematite (Fe203) 1 <1 1 - 2
Mullite (AlsSi2013) - - 17 - -
Anhydrite (CaS0a4) 4 - - - 2
Bassanite (CaSO4*0.5H20) - - - 5 -
Gypsum (CaS0O4*2H20) - - - 3 -
Hannebachite (CaS0:*0.5H20) - - - 37 -
Amorphous 44 77 60 24 44

#[213]; The mineral composition of the materials refers to the dry samples.

For MSWI FA, the analyses revealed a variety of Ca-bearing phases, including portlandite,
calcium hydroxy chloride (in major amounts), calcite, dolomite, and anhydrite (Figure 18,
Table 9, Figure 19A-D), which is consistent with the use of slaked lime in the APC system.
Calcium hydroxy chloride and anhydrite likely formed due to reactions of slaked lime with HC1
and SO, respectively [155,214], while calcite suggests natural carbonation with CO> during
storage [22]. The high Ca content suggests that it is also present in the amorphous fraction.
Apart from dolomite, no crystalline Mg phases were detected, indicating that Mg is
predominantly present in the amorphous phase. Heavy metals were not detected in crystalline
form, likely due to their relatively low concentration or presence in the amorphous fraction.
The sample also contained salts such as sylvite and halite, along with tripotassium phosphate
likely derived from biomass and SS combustion condensates. Fe was present as minor amounts
of hematite, while Al appeared mainly as amorphous alumina spheres, as revealed by SEM-
EDS (Figure 19A-B).

The amorphous fraction included partially degraded calcite, amorphous mineral
counterparts, either as discrete particles or condensed on the particles’ surface, and unburned

carbon (Figure 19A-D). XRD analysis of the washed MSWI FA confirmed substantial amounts
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of soluble crystalline phases, particularly chlorides (Figure 18, Table 9, Figure 19A-D),
correlating with the immediate soluble content and the high Cl leaching observed in IC
analyses. Salts, particularly chlorides, pose hurdles for reusing these residues, especially in

construction, due to their contribution to the rapid corrosion of reinforced concrete [215].
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Figure 19: SEM Micrographs with EDS spectra of the powder (4, B) and the polished block (C, D) of
MSWI FA (Intensity [Arb. Units]).

In MSWI BA, mineralogical analysis revealed the presence of less reactive Ca phases,
mainly carbonates, and silicates such as calcite, and dolomite (Figure 18, Table 9, Figure 20A-
D). Minor amounts of calcite relics were also identified. The high Ca content, revealed by the
ICP-OES measurements, suggests a substantial portion is present in the amorphous fraction, as
observed with SEM-EDS analyses (Figure 20A-D). Analogous to MSWI FA, Mg was

identified only as dolomite, implying its main presence in the amorphous phase. Heavy metals
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were embedded in agglomerates of aluminosilicate glassy spheres, fragments, and other relics
(Figure 20A-D). The crystalline phases of MSWI BA also included tripotassium phosphate,
resulting from SS incineration, and a substantial amount of quartz.

SEM-EDS analysis further revealed that MSWI BA commonly consists of silicates of Fe
and Al. The residue is highly heterogeneous, comprising amorphous silica, aluminosilicate slag,
amorphous metallic grains of iron, zinc, and various condensed chlorides, phosphates, and
sulfates (Figure 20A-D). The heterogeneity is attributed to the co-incineration of various

wastes, resulting in particles of different sizes and compositions.
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Figure 20: SEM Micrographs with EDS
MSWI BA (Intensity [Arb. Units]).
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spectra of the powder (A, B) and the polished block (C, D) of
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The analysis of CFA primarily identified quartz, mullite, and an amorphous aluminosilicate
fraction, often in the form of spheres, (Figure 18, Table 9, Figure 21A-D). Unburned carbon
was also present as char (Figure 21A). No crystalline Ca and Mg compounds were identified,

underscoring the different composition compared to MSWI resides.
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Figure 21: SEM Micrographs with EDS spectra of the powder (A, B) and the polished block (C, D) of
CFA (Intensity [Arb. Units]).

FGD residues were predominantly composed of Ca phases, such as hexagonal portlandite'’,
calcite, bassanite, gypsum, and hannebachite (Figure 18, Table 9, Figure 22A-D). The high Ca
content indicates a significant presence in the amorphous fraction, with no crystalline Mg

compounds identified. The high amounts of sulfur-bearing phases (i.e., bassanite, gypsum, and

15 Based on the literature references [253,254]
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hannebachite) reflect the use of slaked lime as a scrubbing agent for sulfur removal from flue

gases. The calcite detected might be a result of natural carbonation with CO> during storage
[22].

Ca
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Figure 22: SEM Micrographs with EDS spectra of the powder (A, B) and the polished block (C, D) of
FGD (Intensity [Arb. Units]).

For CkFA, the analysis identified a variety of Ca phases, including lime, portlandite, calcite,
dolomite, perovskite, and anhydrite (Figure 18, Table 9). The high abundance of Ca suggests
its presence in the amorphous fraction as well. Mg was found as carbonate phases, specifically
dolomite and magnesite. Perovskite was the only detected phase containing heavy metals.
The sample also included salts such as sylvite, halite, and tripotassium phosphate derived from
biomass combustion. Quartz was detected in high concentrations, corroborated by SEM-EDS

analyses [168]. Fe was detected in low amounts as hematite, while Al was found as an
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amorphous aluminosilicate fraction, also in spherical forms [168]. The amorphous fraction of
the CkFA included partially degraded calcite, amorphous discrete particles, and biochar [168].

The mineralogical analysis confirmed that MSWI FA, MSWI BA, FGD, and CkFA contain
substantial Ca compounds, corroborating the previous analyses. Nevertheless, only MSWI FA,
FGD, and CkFA are particularly rich in reactive crystalline compounds, specifically, lime,
portlandite, and calcium hydroxy chloride, making them highly suitable for CO» sequestration.
In contrast, MSWI BA and CFA are more abundant in silicate and aluminosilicate phases,
which contribute towards stabilizing the heavy metals and enhancing the mechanical properties
of the final material. Since CkFa also contains substantial quantities of silicates and
aluminosilicates, these constituents may also contribute towards such stabilization and
enhancement properties. Consequently, these findings highlight the relevance of understanding
the mineralogical composition when assessing the potential reuse of industrial residues,

particularly in AC technologies and in the development of sustainable construction materials.

5.3.3 Loss on Ignition and Total Carbon Determination

To gain insight into the composition of industrial residues, thermally decomposable compounds
and carbon content were assessed through LOI coupled with the total C determination,
as elucidated in Section 4.6.12 and 4.6.13, respectively (Table 10). The moisture content,
measured as per Section 4.6.11, was accounted for in the LOI calculation to ensure accurate

results.

Table 10: Moisture, LOI, and total C content of MSWI FA, MSWI BA < 2 mm ground, CFA, FGD,
and CkFA samples.

MSWI BA

MSWI FA CFA FGD CkFA*
<2 mm ground
[wt.%]
Moisture 1.9 2.9 0.8 1.6 -
LOI (1000 °C) 20.0 10.0 12.1 16.2 15.1
Total C 3.3 34 11.0 2.7 3.7

*[168]
The total C analysis for MSWI FA, FGD, and CkFA revealed significantly lower values than

the corresponding LOI. This discrepancy suggests that other thermally decomposable
compounds are present in addition to unburned carbon. Literature indicates that portlandite
decomposes from 400-600 °C [216], while calcium carbonate decomposes from 600-840 °C
[217]. The decomposition processes explain the higher LOI observed in these residues.
Moreover, calcium hydroxy chloride in MSWI FA, which thermally decomposes within a

similar temperature range as portlandite, further contributes to the higher LOI value [216].
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Despite having a similar total C-content to MSWI FA and FGD, MSWI BA exhibited a lower
LOL This is likely due to its lower quantity of Ca-based compounds in MSWI BA, as supported
by the XRD-Rietveld analyses (Section 5.3.2).

The total C-content of CFA was the highest among the residues and closely matched the LOI
value. This high C-content is likely attributed to the presence of unburned carbon, as supported
by SEM-EDS analyses (Section 5.3.2). The high temperature of coal combustion leads to the
breakdown of carbonates and sulfates, leaving behind a coarse carbonaceous solid residue,
known as char (usually > 75 um). Consequently, CFA size fractions greater than > 75 um could
exhibit high LOI values due to the presence of this unburned carbon.

The comparison of LOI and total C content reveals key insights into the composition of the
residues. For MSWI FA, FGD, and CkFA, the higher LOI relative to total C content indicates
the presence of thermally decomposable Ca compounds (i.e., lime, portlandite, calcium
hydroxy chloride, and calcium carbonate). This presence highlights the potential reactivity of
these residues, which is relevant for CO; sequestration. In contrast, the findings for MSWI BA,
with its lower Ca content, corroborate previous findings and appear unsuitable for CO>

sequestration.
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54 Summary and Conclusions

Understanding the composition of industrial alkaline residues is crucial for assessing their
potential for CO; sequestration, stabilization, and reuse. The residues studied—MSWI FA,
MSWI BA, CFA, FGD, and CkFA—show significant variability in their physical and chemical
characteristics. A comprehensive characterization, including particle-size distribution,
immediate soluble content, BET analysis, magnetic separation, and chemical and mineralogical
analyses using ICP-OES, ICP-MS, XRF, IC, XRD-Rietveld, and SEM-EDS, was conducted to
assess their suitability for these applications. The LOI and total C content were also determined.

The findings support the selection of these materials for CO> sequestration and potential
reuse in construction. MSWI FA, CFA, FGD, and CkFA demonstrate particle sizes and BET-
SA conducive to high reactivity. In contrast, MSWI BA requires milling to achieve sufficient
reactivity by reducing particle size below 150 um and removing magnetic materials, which
could otherwise hinder carbonation efficiency. Although small particle sizes and high BET-SA
enhance reactivity, they may limit CO. diffusivity by increasing viscosity and lowering
permeability in aqueous media. Thus, balancing these parameters with CO2 mobility and water
demand is crucial during the carbonation process.

The high pH-values (12-13) of the leachates confirm the strong alkalinity of these residues,
essential for effective carbonation. The presence of soluble Ca compounds in MSWI FA, FGD,
and CkFA, was further corroborated by XRD-Rietveld and SEM-EDS analyses, which
identified highly reactive compounds such as CaO, Ca(OH),, and CaCIOH. Nevertheless, the
presence of leachable Pb and Zn in MSWI FA, exceeding legal limits, accentuates its hazardous
nature and thus the need for stabilization.

MSWI BA and CFA, rich in amorphous aluminosilicates and Fe, are likely to enhance the
pozzolanic and mechanical properties of the final material post-carbonation. Their role in CO2
sequestration may be indirect, helping maintain an alkaline environment conducive to CaCOs3
precipitation, while stabilizing heavy metals in MSWI FA.

CkFA, with characteristics intermediate to CFA and FGD, may be a potential substitute for
both CFA and FGD in ACT.

These findings highlight the potential synergistic benefits of combining these industrial
alkaline residues in the proportion proposed in Section 4.5. The resulting material offers better
characteristics than the individual residues, balancing CO: capture capability, pozzolanic
activity, and mechanical properties, thereby enhancing its potential use in ACT and reuse in a

circular, environmentally sustainable economy.
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Chapter 6: Accelerated Carbonation for
Advancing Sustainable Waste
Management

This chapter delves into the accelerated carbonation technology (ACT) applied to the selected
mixture (MIX1) of industrial alkaline residues—municipal solid waste incineration fly ash
(MSWI FA) and bottom ash (MSWI BA), coal fly ash (CFA), and flue gas desulfurization
residues (FGD). The study explores the potential for carbon dioxide (COz) sequestration and
the role of carbonation in stabilizing MSWI FA. Additionally, an alternative mixture (MIX2),
where cork fly ash (CkFA) replaces CFA and FGD, was tested to evaluate the versatility of
ACT. The main goal here is to substantially reduce the operating time to minutes, as opposed
to the months required for natural carbonation (NC). X-ray diffraction (XRD-Rietveld), loss on
ignition (LOI), total carbon (C), scanning electron microscopy and energy dispersive x-ray
spectroscopy (SEM-EDS), and inductively coupled plasma optical emission spectroscopy (ICP-
OES) were used to analyze the carbonated samples.
The chapter is structured as follows:

e Section 6.1: An overview of carbonation reactions, focusing on the reactive
crystalline compounds in the selected residues.

e Section 6.2: Feasibility studies of ACT on MIX1 and MIX2 at an initial CO>
pressure of 15 bar, comparing these results with NC. The samples were
characterized using XRD-Rietveld, SEM-EDS, and TXRF analyses.

e Section 6.3: Examination of how variables such as liquid-to-solid (L/S) ratio, CO>
pressure, and agitation affect CO; uptake and operating time. The samples were
analyzed using XRD-Rietveld, LOI, and SEM-EDS.

e Section 6.4: Optimization results of ACT, demonstrating high CO: sequestration
in under 60 min, as well as its effectiveness in stabilizing alkaline compounds and
heavy metals such as lead (Pb) and (Zn). The study includes pressure- and
temperature-variation trials in a batch reactor. The carbonated materials were
analyzed via XRD-Rietveld, Total C, SEM-EDS, and ICP-OES, followed by a

brief discussion on potential reuse.
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Chapter 6: Accelerated Carbonation for Advancing Sustainable Waste Management

6.1 Carbonation Reaction Mechanisms

Before the results of carbonation trials are presented, it is important to outline the key reactions
that govern the carbonation process for the industrial alkaline residues selected in this study,
based on the theoretical framework established in Section 2.3.1.2. Specifically, according to the
characterization presented in Section 5.3, the residues contained portlandite (Ca(OH),) from
MSWI FA, FGD, and CkFA, lime (CaO) from CkFA, and calcium hydroxy chloride (CaCIOH)
from MSWI FA. Considering the aqueous carbonation, the reactions can be summarized as

follows [22,52]:

Ca0(s) + H,0q) — Ca(OH), (17)
Ca(OH)Z(S) + COZ(g) - CaCO3(s)J, + HZO(D (18)
2CaClOH sy + €O, ) = CaCOy ), + CaClyy, + H,0q) (19)

These equations encapsulate the essential chemical transformations that occur during the

carbonation process.

6.2 Feasibility of Accelerated Carbonation using Industrial Alkaline
Residues: Evaluating Original and CkFA-Substituted Mixtures

This section investigates the feasibility of the proposed recipe (MIX1) for accelerated CO»

sequestration and evaluates the performance of MIX2, where CkFA was used as an alternative

to CFA and FGD. The trials were conducted following the sample configuration outlined in

Table 2 and the experimental setup described in Figure 14 (Section 4.5.1.1).

Five AC trials were performed at 5, 17, 24, 48, and 72 h, along with a blank trial using
ultrapure water to monitor the CO- sequestration kinetics. The sample IDs for the trials were:
MIX1 ACS5, MIX1 AC17, MIX1 AC24, MIX1 AC48, MIX1 AC72, MIX2 ACS,
MIX2 AC17, MIX2 AC24, MIX2 ACA48, and MIX2 AC72. Additionally, NC trials were
conducted with MIX1 NC1 0.9 and MIX2 NC1 0.9 over 1 month and compared to AC trials.

6.2.1 CO: Pressure Trends during Accelerated Carbonation Trials

The pressure trends (Figure 23) showed a rapid logarithmic decrease in CO; pressure from
15 bar to approx.—5.8 bar within the first 5 h for both mixtures. Thereafter, the trend declined
gradually at different rates: MIX1 reached a plateau at around 2 bar after 24-48 h, while MIX2
stabilized at around 1.9 bar within 17-24 h. In the blank trial, CO: solubilization reached only
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7.7 bar, indicating that carbonation reactions contributed significantly to pressure reduction in
both mixtures already in the first hours. The observed pressure trends approximate first-order
reaction kinetics (cf. Eq (10)) [218]. Therefore, it is reasonable to assume a fast reaction-
activation to produce calcium carbonate (CaCOs) and subsequent nucleation of CaCOs.
These results suggest that both MIX1 and MIX2 are effective in CO; sequestration, with MIX2

demonstrating an apparently faster carbonation rate.

15 mMIX1
14 AMIX2
13 + Pure water
12
-:-11
S10 %
oy [ ]
Q 9 : ° .,
S 8 o ..."0.
o, ®e
" o ¢ Weeeoposasas *
gg ..n-. — ..."....ll...‘...l...!'..l."...!.
o .o ‘-
. MIX2_AC5
ON 5 o.‘ ...
O 4 ®e, "%, MIXI_AC1?
Cee " MIX1_AC24
. _
3 -..::0-,-_:......""‘ Lix1 Acks MIX2_AC72
2 A A B AL L LY PRy
0 “"Wﬁ*&kh-uﬁ--n.u.-.
1 MIX2_AC17  mix2_Ac24 MIX2_AC48 MIX1_AC72
0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Time [h]

Figure 23: CO; pressure trends for MIX1 and MIX2 AC trials.

6.2.2 Characterization of the Carbonated Samples

Mineralogical changes in the carbonated samples were analyzed using XRD-Rietveld
(Figure 24; Table 11), and SEM-EDS analyses (Figure 25; Table 12), as elucidated in
Sections 4.6.9 and 4.6.10b.

The XRD-Rietveld analyses revealed a substantial reduction in Ca(OH), and CaCIOH
content during AC trials, from 5 wt.% and 15 wt.% to 1 wt.% and 10 wt.% for MIX1, and to
<1 wt% and 7 wt.% for MIX2, respectively. The CaCO; (specifically, calcite) content
increased in both mixtures by 78 % for MIX1 and 46 % for MIX2 after 72 h, indicating effective
carbonation. In NC trials, Ca(OH), and CaCIOH were fully depleted in MIX1, while MIX2
retained 3 wt.% of CaCIOH. The total CaCOs3 content increased to 28 wt.% and 33 wt.%, for
MIX1 and MIX2, respectively. Both NC samples contained calcite and vaterite, with MIX1

having higher vaterite content (5 wt.%).
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The formation of calcite and vaterite along with the consumption of the Ca-bearing reactant,
confirms successful CO; sequestration as described in Egs. (18) and (19). Calcite is the most
stable polymorph of CaCOs3, while vaterite, being metastable, converts into calcite over time
[22,219]. Its presence may be related to the carbonation of amorphous calcium silicate hydrates
(CSH) when the Ca/Si ratio exceeds 0.75 [219] and is favored by lower [Ca®"]/[CO3] ratios
[220].
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Figure 24: XRD patterns of MIX1 and MIX2 with their corresponding AC samples (AC72) and NC
samples (NCI_0.9).

Calcium chloride (CaCl), a reaction product in Eq. (19), was not detected by XRD-Rietveld
refinement, likely due to its possible reaction with CO2 as shown in Eq. (16), which could
produce an acidic environment [221]. Nevertheless, the alkaline environment provided by all
the industrial alkaline residues selected, including MSWI BA and CFA, likely buffered this
acidic environment, supporting ongoing carbonation reactions [222,223]. Therefore, MSWIBA
and CFA indirectly contribute to the carbonation reaction. A slight decrease in KCl for MIX1,
after 72 h and during the NC trial, suggests a possible recombination into the amorphous phase.
In a prior study involving comparable samples that underwent NC for 3 months, a link between
carbonation and a decrease in the amorphous content was observed [22]. Nevertheless, this

behavior was not systematically observed, showing no clear trend of the amorphous content.
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Table 11: XRD-Rietveld analyses of MIX1 and MIX2 with their corresponding AC samples (ACS to
AC72) and NC samples (NC1_0.9).

Sample MIX1
MIX1 AC5 ACl7 AC24 AC48 AC72 DNC1_0.9
[wt.%]
Portlandite (Ca(OH),) 5 1 1 1 1 1 <1
Calcium hydroxy chloride (CaCIOH) 15 10 13 9 10 10 <1
Calcite (CaCO:s) 9 14 15 15 15 16 23
Vaterite (CaCOs) - <1 <1 <1 <1 <1 5
Dolomite (CaMg(CO:s),) 1 2 2 2 2 2 <1
Sylvite (KCI) 2 2 2 2 2 1 1
Tripotassium phosphate (K3PO,) 2 2 3 3 3 3 1
Halite (NaCl) 3 3 3 3 2 3 3
Quartz (Si03) 4 4 4 5 4 5 4
Hematite (Fe;0s) 1 1 1 1 1 1 <1
Mullite (AlgSi>013) 2 2 2 2 2 2 1
Anhydrite (CaSO0,) 2 3 2 3 3 3 2
Bassanite (CaS0,*0.5H,0) 1 4 6 4 4 4 7
Gypsum (CaS0,*2H0) 1 1 2 1 2 2 2
Hannebachite (CaSOs*0.5H,0) 7 8 7 4 6 6 4
Amorphous 45 43 38 45 45 43 46
Sample MIX2
MIX2 AC5 AC17 AC24 AC48 AC72 DNC1_0.9
Lime (CaO) <1 <1 <1 <1 <1 <1 <1
Portlandite (Ca(OH),) 5 <1 3 <1 <1 <1 <1
Calcium hydroxy chloride (CaCIOH) 15 9 10 7 9 7 3
Calcite (CaCOs) 13 17 18 19 19 19 31
Vaterite (CaCOs) - <1 <1 <1 <1 <1 2
Dolomite (CaMg(COs),) 1 2 1 2 2 3 <1
Magnesite (MgCO0s) 1 3 3 3 3 3 1
Perovskite (CaTiOs) 1 2 2 2 2 2 1
Sylvite (KCI) 3 3 3 3 3 3 2
Tripotassium phosphate (KsPO,) 3 4 4 5 4 4 3
Halite (NaCl) 3 4 3 4 3 4 3
Quartz (Si0y) 5 3 5 7 4 4 5
Hematite (Fe,0s) 1 1 1 1 1 <1 1
Anhydrite (CaS0O,) 3 5 4 4 4 3 2
Amorphous 47 48 43 45 48 48 48

The mineral composition of the materials refers to dry samples.
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SEM-EDS analyses of MIX1 ACS5 and MIX1 NCI1 0.9 (Figure 25, Table 12) showed
aggregated particles with heterogeneous elemental distribution, consistent with documented
carbonated sample morphologies [224]. For instance, MIX1 ACS5 showed regions rich in Ca,
Na, and Cl (likely CaCIOH and NaCl), as well as areas containing Ca, Si, and Al (likely calcium
silicate hydrates and calcium aluminate hydrates). Hexagonal Ca(OH)> crystals were also

observed, suggesting incomplete carbonation in MIX1 ACS5, corroborated by XRD results.

Figure 25: SEM Micrographs of samples MIXI NC1 0.9 (a, b) and MIX1 _AC5 (c, d).

Table 12: EDS analysis of samples MIX1 _NCI1_0.9 (Areas 1, 2, and 3) and MIX1 _ACS5 (Areas 4, 5, and 6).

Samples Areas Elements

Ca Mg Zn Na K Si Fe Al P S Cl C 0]

[%]

1 133 02 - 01 01 01 - 0.1 - 06 25 515 316
MIX1_ 2 20.2 0.2 69 03 1.0 09 01 35 134 243 293
Nc1_0.9 . . = . . . = . . . . . .

3 154 14 17 06 02 19 86 1.9 - 33 35 250 366

4 226 27 - 45 53 15 05 13 - 34 142 - 441
Z/Icl:)s(l‘ 5 100 04 - 42 02 235 - 115 - 11 1.8 16.8 30.6

6 389 - - - - - - - - 05 09 290 308
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6.2.3 CO2 Uptake Quantification

The amount of CO; sequestered during the AC trials was quantified using three methods:
(1) mass change before and after the trials (Lavoisier’s law), (ii) pressure difference (ideal gas
model), and (iii)) XRD-Rietveld refinement using the total CaCO3 content. For NC trials, only
XRD-Rietveld was applied. The results are shown in Figure 26.
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Figure 26: Amount of CO:sequestrated for MIX1 and MIX2, with their corresponding AC samples
(AC5 to AC72) and NC samples (NC1_0.9), evaluated by mass variation, ideal gas law, and XRD-

Rietveld refinement methods. AC CO: inserted represents the amount of CO; inserted in the sample
cylinder for AC trials.

The results from all three methods were consistent, confirming the reliability of these
methods for quantifying CO; sequestered during AC.

XRD-Rietveld refinement showed that CO» uptake increased over time, reaching a yield of
95 wt.% for MIX1 and MIX2 already after 24 h, reflecting fast initial reaction kinetics.
Stoichiometric calculations, assuming that the reactions were entirely reliant on crystalline
reagents (Table 11), indicated a maximum possible CO> uptake of 3.5 g for both mixtures
(red dashed line in Figure 26), confirming that CO; was the limiting reactant in AC trials, as
shown by residual Ca(OH); and CaCIOH after 72 h.

In NC trials, MIX1 sequestered 2.9 g of CO; and MIX2 sequestered 3.1 g after 1 month,
neither in this case reaching the stoichiometric limit that would suggest a potential higher CO»
sequestration. This points to possible effects, such as temperature, air moisture, or CaCOs
coating layer, which can inhibit the NC process.

Normalized to MSWI FA content, CO> uptake in the AC process was
51 kg CO2/mt MSWI FA for MIX1 and 48 kg CO2/mt MSWI FA for MIX2. In NC trials, it
reached 146 kg CO2/mt MSWI FA for MIX1 and 155 kg CO2/mt MSWI FA for MIX2.
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These values do not include CO: naturally sequestered during storage at incineration plants
before the residue sampling. These results demonstrate the feasibility of using industrial
alkaline residues for CO» sequestration via ACT. The process could sequestrate more CO> by
optimizing conditions, such as CO> pressure or L/S ratios. The substitution of CFA and FGD
with CkFA further highlights the versatility of this technology, as CO> uptake was similar in

both AC and NC trials across mixtures.

6.2.4 Stabilization Results

The role of carbonation in stabilizing MSWI FA, alongside pozzolanic reactions [22], was
evaluated using TXRF analyses of the leachates from carbonated samples (Section 4.6.7).
To ensure data comparability, leachates from MSWI FA were also analyzed using TXRF
(Section 4.6.7). The results are shown in Table 13 and Figure 27.

Table 13: TXRF analyses of MIX1 and MIX2 with their corresponding AC samples (ACS5 to AC72)
and NC samples (NC1_0.9). Data for MSWI FA is also reported.

pH Pb Zn
[mg/L] [mg/L]

MSWI FA 12.3 42.17 + 2.09 9.72 + 1.53
MIX1 AC5 12.3 10.69 + 0.66 1.98 + 0.21

AC17 12.4 8.94 + 1.43 1.33 + 0.73

AC24 12.2 9.83 + 2.95 1.42 + 0.49

AC4s8 12.3 7.31 + 1.22 1.19 + 0.04

AC72 12.3 7.33 + 2.40 1.50 + 0.47

NC1_0.9 9.8 <LOD 0.44 + 0.11
MIX2 AC5 12.2 5.74 + 0.30 1.31 + 0.27

AC17 12.3 6.79 + 2.09 1.49 + 0.76

AC24 12.2 N.A. N.A.

AC48 12.5 N.A. N.A.

AC72 12.2 6.19 + 1.63 1.44 + 0.27

NC1_0.9 12.2 0.28 + 0.03 0.18 + 0.08

LOD: limit of detection; N.A - not analyzed

The AC tests maintained a high pH-level (average 12.2), indicating ongoing OH™ and Ca**
ions generation from residual undissolved deposits (e.g., Ca(OH), and CaCIOH). In contrast,
MIX1 NC1 0.9 showed a reduced pH of 9.8 and complete consumption of Ca-reactants, while
MIX2 NCI1_0.9 retained 3 wt.% of CaCIOH, resulting in unchanged pH-values.

Initial Pb and Zn concentrations in MSWI FA leachates were approx. 42 mg/L and 10 mg/L,
respectively. The dilution of MSWI FA, caused by the addition of the other industrial residues,
reduced these concentrations by roughly 41 %. In AC trials, Pb and Zn concentrations in

leachates dropped significantly by 83-85% for both mixtures, potentially due to the stabilizing
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effect of drying at 105 °C before characterization, as noted in the literature [17,23].
Nevertheless, Pb and Zn concentrations in MIX1 showed a slight decrease trend over time,
likely due to a stabilization effect of the carbonation reactions.

In contrast, NC trials showed Pb concentrations below detection limits for MIX1
(0.0011 mg/L) and 0.28 mg/L for MIX2, while Zn concentrations dropped by an order of
magnitude to 0.44 mg/L and 0.18 mg/L for MIX1 and MIX2, respectively. This stabilization is
attributed to both pozzolanic and carbonation reactions, forming carbonaceous agglomerates
and calcium silicate hydrates (CSH) and calcium (alumino)silicate hydrates (C-(A-)S-H) [22].

These results highlight the potential role of carbonation in enhancing the stabilization of
heavy metals, complementing the pozzolanic effect. The use of CkFA as an alternative to CFA
and FGD further highlights the versatility of the process, as both mixtures showed comparable

performance in stabilizing heavy metals.
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Figure 27: Pb and Zn concentrations and pH values of the leachates for MIXI and MIX2, with their
corresponding AC samples (ACS5 to AC72) and NC samples (NC1_0.9). Data for MSWI FA is also reported.
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6.2.5 Summary and Conclusions

This study investigated the CO> sequestration potential of a mixture of industrial alkaline
residues (i.e., MSWI FA, MSWI BA, CFA, and FGD) while also focusing on stabilizing
leachable heavy metals. To assess its versatility, CkFA was evaluated as an alternative to CFA
and FGD under the same conditions, considering that biomass combustion is reputed as carbon-
neutral. The technology was tested using AC with 1 g of CO> gas at 15 bar and compared with
NC conditions, via sample characterization using XRD-Rietveld, SEM-EDS, and TXRF
analyses.

Both mixtures performed similarly. During AC trials, rapid CaCOs3 formation occurred, with
both MIX1 (with CFA and FGD) and MIX2 (with CkFA) sequestering 95 wt.% CO2 in 24 h.
CO> uptake was 51 and 48 kg CO2/mt MSWI FA, respectively. In NC trials, CO; sequestration
reached approx. 146 and 155 kg CO2/mt MSWI FA, due to reactions with both crystalline and
amorphous Ca-phases. These results suggest that AC could potentially offer higher CO»
sequestration, as CO; was the limiting reactant in the AC trials.

Regarding heavy metal stabilization, AC trials showed significant reductions in Pb and Zn
leaching, likely enhanced by sample drying. NC trials also achieved substantial decreases in Pb
and Zn leaching, meeting or nearly meeting regulatory standards for reuse or landfilling. This
stabilization is attributed to pozzolanic reactions, which formed C—S—H and C—A(-S)—H phases
that can also react with CO; to produce CaCOj phases.

These findings highlight the potential of combining industrial residues for accelerated CO:
sequestration. The versatility of using alternative residues such as CkFA further supports the
potential of this approach. Future investigations, shown in the next section, will explore varying
water content, exposure time, and pressure to optimize ACT for MIX1. Potentially expanding
the use of similar residues.

This study demonstrates the potential synergistic benefits of these mixtures, offering
enhanced CO; sequestration, pozzolanic activity, and mechanical properties, contributing to a

circular economy, while helping to mitigate harmful environmental effects.
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6.3 Enhanced Mass Transfer in Accelerated Carbonation:

Influence of Liquid/Solid Ratio and Pressure Adjustments
This section examines the effect of the liquid-to-solid (L/S) ratio and CO> pressure on the
accelerated CO» sequestration process applied to the previously studied MIXI1 recipe.
Here, only CO» uptake was evaluated, which followed the sample configuration outlined in
Table 2 and the experimental setup shown in Figure 14 (Section 4.5.1.1).

Three AC trials were conducted with L/S ratios of 0.7, 0.9, and 1.2 using a larger sample
cylinder (150 mL). For the L/S ratio of 0.9, an additional AC trial was carried out at a constant
CO; pressure of 15 bar. The sample IDs for the trials were: MIX1 AC 0.7, MIX1_AC 0.9,
MIX1_AC 0.9bis, and MIX1_ AC 1.2. Additionally, NC trials were conducted over 1 month
and compared to AC trials: MIX1 NC1 0.7, MIX1 NCI 0.9, and MIX1 NCI1 1.2.
A further NC trial for the L/S ratio of 0.9 was extended to 2 months (MIX1 NC2 0.9) only for
SEM-EDS analyses.

6.3.1 CO2 Pressure Trends during Accelerated Carbonation Trials
As in the previous section, the pressure trends (Figure 28) showed a rapid logarithmic decrease
within the first 2 h, indicating a strong initial carbonation reaction.
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Figure 28: CO; pressure trends for MIX1 AC trials at different L/S ratios (0.7, 0.9, and 1.2).
Beyond this initial behavior, the trends showed varying rates of decline based on the L/S

ratio. In the MIX1 AC 0.7 trial, the CO; pressure decreased within 4 h, stabilizing at around
11 bar until the end of the trial (17 h). The MIX1 AC 0.9 trial, in contrast, experienced a
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continuous, gradual pressure decrease after the first 5 h, nearly plateauing at around 6 bar over
72 h. Similarly, the MIX1 AC 1.2 trial showed a smooth pressure decline between 5-26 h, also
stabilizing at around 6 bar, comparable to MIX1 AC 0.9. The asymptotic pressure drop
suggests a possible conclusion of the carbonation reaction. Afterward, the mixture/CO, system
was agitated by rotating the sample cylinder, thus reactivating the pressure decrease, which
plateaued at around 2 bar after 52 h.

These varying pressure trends highlight the significant role of the L/S ratio in CO» diffusivity
in the mixture. The behavior observed in MIX1 AC 1.2 implies a reduced mixture
permeability, limiting the carbonation reactions. As discussed in Section 5.2.1, all residues
except for MSWI BA have an average particle size < 150 um, with MSWI BA reaching this
size post-grinding. Particle-size distribution and specific surface area play an essential role in
carbonation efficiency (as mentioned in Section 2.3.1.2), but can also negatively influence
viscosity and permeability, thus hindering CO. diffusion in the aqueous phase.
Consequently, mild agitation of the sample exposed fresh surfaces, reviving the carbonation
process. If a different CO2 supply method had been employed during the test, the reaction could
have continued, further emphasizing the importance of mass transfer in enhancing CO:
sequestration [225]. Potential improvements include the use of an insufflation system or a
mechanical stirring system, such as a rotating drum. The positive impact of simply adjusting
the setup’s position in the MIX1 AC 1.2 test underscores the potential for optimizing

carbonation efficiency through enhanced gas-liquid-solid mass transfer.

6.3.2 Characterization of the Carbonated Samples

Mineralogical changes in the carbonated samples were analyzed using XRD-Rietveld and LOI
analyses (Table 14), as detailed in Sections 4.6.9 and 4.6.12. The samples MIX1 AC_0.9bis
and MIX1 NC2 0.9, selected for their expected higher carbonation content, were further
studied using SEM-EDS analyses (Section 4.6.10a).

In the AC trials, XRD-Rietveld analyses revealed a substantial reduction in Ca(OH)> and
CaCIOH content, which decreased from 5 wt.% and 15 wt.% (MIX1), to < 1-1 wt.% and 7-
9 wt.%. Meanwhile, CaCOs content, specifically calcite and vaterite, increased from 9 wt.%
(MIX1) to a maximum of 29 wt.% (MIX1 AC 1.2), indicating effective carbonation.
The results also suggest that the L/S ratio influenced the AC reaction, indeed, a lower vaterite
content was observed with an increase in the L/S ratio. LOI values increased from 24.2 wt.%

(MIXT1) to a maximum of 29.5 wt.% (MIX1_AC 1.2), suggesting the presence of carbon-based
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substances (carbonates) thus corroborating the XRD-Rietveld results. These findings indicate a
direct correlation between L/S ratios and the formation of various carbonates, demonstrating
that vaterite formation is also possible under AC conditions. which differs from Section 6.2.2,

where CO» was the limiting reagent.

Table 14: XRD-Rietveld and LOI analyses of MIX1 with the corresponding AC samples
(AC 0.7 to AC 1.2, and AC 0.9bis) and NC samples (NC1_0.7 to NCI1 _1.2).

AC \ NC1
Mix1 0.7 0.9 0.9bis 1.2 0.7 09 1.2
[wt.%]

Portlandite (Ca(OH)z) 5 1 <1 <1 <1 1 <1 <1
Calcium hydroxy chloride (CaCIOH) 15 9 9 4 7 <1 <1 <1
Calcite (CaCO:s) 9 12 20 24 27 28 32 28
Vaterite (CaCOs) - 5 4 6 2 5 3 3
Dolomite (CaMg(CO:s),) 1 1 1 <1 <1 <1 <1 <1
Sylvite (KCl) 2 2 2 2 2 1 2 1
Tripotassium phosphate (KsPO,) 2 3 2 2 2 2 2 1
Halite (NaCl) 3 2 2 2 3 3 3 2
Quartz (Si0>) 4 3 5 3 4 5 3 4
Hematite (Fe,0;) 1 1 1 1 1 1 1 1
Mullite (AlgSi2013) 2 2 2 1 1 1 1 2
Anhydrite (CaS0,) 2 5 2 1 2 2 2 2
Bassanite (CaS0,*0.5H,0) 1 2 2 4 4 5 2 5
Gypsum (CaS0,*2H,0) 1 1 2 1 <1 1 1 1
Hannebachite (CaSOs*0.5H,0) 7 6 4 4 4 3 3 4
Amorphous 45 46 42 45 40 43 44 46
LOI (1000 °C) 242 269 27.8 29.0 295 305 29.2 310

The mineral composition of the materials refers to dry samples.

In the MIX1 AC 0.9bis trial, despite having the same L/S ratio as MIX1 AC 0.9, the
Ca(OH)2 and CaClOH content dropped to < 1 wt.% and 4 wt.%, respectively. Meanwhile, total
CaCO;s content increased to 30 wt.%, with a LOI value of 29 wt.% and a higher vaterite content
(6 wt.%). These results indicate that CO» pressure also plays an essential role in the carbonation
process, as maintaining constant pressure improved COz dissolution and enhanced carbonation
efficiency.

For the NC trials, Ca(OH), and CaCIOH were either fully or nearly depleted. At the same
time, total CaCOs3 content (sum of calcite and vaterite content) reached a maximum of 35 wt.%
in MIX1 NC1 0.9, which is higher than the content obtained under the same conditions in
Section 6.2.2. This suggests that the uncontrolled room conditions of the NC trials influenced
the results. In contrast to the AC trials, the L/S ratio had a minimal effect on the NC reaction.

LOI values in the NC trials increased to a maximum of 31 wt.% (MIX1 NC 1.2),
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further supporting the correlation between CO> sequestration and the formation of various
carbonates, such as calcite, vaterite, or amorphous carbonates, which thermally decompose in
a range of 415-990 °C [226] as shown in Section 5.3.3. Eventually, these results apparently do
not reveal a direct correlation between L/S ratios and the formation of various carbonates.

Moreover, also for these trials, CaCl> was not detected by XRD-Rietveld, and KCI showed
a slight decrease in concentration. The amorphous content generally increased across all the
samples, though it decreased with higher L/S ratios in the AC trials and increased in the NC
trials. Moreover, in the NC trials, as the L/S ratio decreased, manual milling of the samples for
analysis became more difficult. This could be related to the occurrence of pozzolanic and
cementitious reactions because higher L/S ratios in cement are typically associated with lower
strength [227].

Figure 29 depicts the internal composition of particles from MIX1 AC 0.9bis and
MIX NC2 0.9 obtained via SEM-EDS analyses.
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Figure 29: SEM Micrographs (polished blocks) and EDS spectra (Intensity [Arb. Units]) of
MIX1 _AC 0.9bis (4, B), and MIX2 NC2 0.9 (C, D).
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Both samples contain newly formed agglomerations composed of aluminosilicate glassy
spheres, fragments, and other relics, all bound together by crystalline and amorphous CaCOs.
Additionally, iron-rich particles (Figure 29A Z2) are surrounded by carbonaceous
agglomerations resulting from the carbonation process. This discovery offers promising
opportunities for further research on the role of carbonation in stabilizing heavy metals using

fine industrial alkaline residues, aligning with the outcomes discussed in Section 6.2.4.

6.3.3 CO2 Uptake Quantification

CO; uptake during the AC and NC trials was quantified using the XRD-Rietveld refinement
method as explained in Section 6.2.3 and normalized to MSWI FA content. These values
exclude CO» naturally sequestered during storage at incineration plants prior to residue

sampling. The results are presented in Figure 30.
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Figure 30: CO; uptake of AC samples (AC 0.7 to AC 1.2, and AC 0.9bis) and NC samples (NC1_0.7
to NC1 _1.2).

The reduction in the concentrations of the two main reactive species, Ca(OH), and CaCIOH,
and the corresponding increase in CaCOj3 confirm that the carbonation occurred in both AC and
NC trials as outlined in Egs. (18) and (19). In particular, XRD-Rietveld analyses showed that
CO> uptake increased in the AC trials across varying L/S ratios, underscoring the critical role
of'the L/S ratio. Specifically, CO» uptake reached 166 kg CO>/mt MSWI FA for MIX1 AC 1.2,
reflecting the CO; pressure trend. For MIX1 AC 0.9bis, where pressure remained constant
over time, CO; uptake reached 170 kg CO/mt MSWI FA, surpassing the uptake in
MIX1 AC 0.9, highlighting the significant impact of pressure.
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Overall, the NC trials demonstrated a higher CO; sequestration in comparison to the AC
trials, achieving between 181-208 kg CO2/mt MSWI FA, as shown in Figure 30. As previously
noted, the NC trials showed minimal variation, aside from a peak trend observed in
MIX1 NC 09. Nevertheless, the L/S ratios might have influenced the rate of CO» sequestered
within the test period.

In Figure 30, The dashed red line represents the stoichiometric amount of CO; that would
be sequestered on the proviso that the reaction depended solely on crystalline reagents, as
explained in Section 6.2.3. The maximum attainable CO> uptake in this case would be
177 kg CO2/mt MSWI FA. Although the AC trials demonstrated higher CO; uptakes, showing
the influence of L/S ratios and CO; pressure, none reached the stoichiometric maximum.
Even in MIX1 AC 0.9bis, where CO2 was not a limiting reactant, the maximum potential
uptake was not achieved. This could be attributed to residual Ca(OH), and CaCIOH in all the
AC trials, as well as the absence of an agitation system, which may have limited CO> diffusivity,
as highlighted in Section 6.3.1.

In contrast, all NC trials surpassed the theoretical limit suggesting an involvement of the
amorphous phase in the carbonation process. This phase likely contains Ca bound with silicates
or other compounds, such as CSH and C-(A-)S-H, which can react with CO> to form crystalline
and amorphous carbonates [228,229]. This points to a complex aqueous carbonation nature,
involving both crystalline and amorphous phases. Therefore, the XRD-Rietveld analysis does
not account for the amorphous phases, thereby possibly underestimating the maximum amount
of total CO uptake. This implies that alternative methods could yield different results.

These findings reveal a clear correlation between the total amount of CaCOs3 and the L/S
ratio. This emphasizes the crucial role of the different L/S ratios in the AC process, as higher
L/S ratios can increase the amount of CO; dissolved, while also affecting the mixture's
permeability. Thus, a lower L/S ratio resulted in a more viscous mixture, reducing both CO;
solubility and diffusivity within the mixture. Moreover, the results showed also higher CO>
uptake than the yield reported in the literature by using only MSWI FA [9] (see Section 3.1.1),
highlighting the effect of the mixture used.
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6.3.4 Summary and Conclusions

This study examined the effect of the L/S ratio and pressure on CO; sequestration in the MIX1
(Section 4.5.1), using both AC and NC conditions with L/S ratios 0f 0.7, 0.9, and 1.2. A separate
AC trial with constant CO» pressure was also conducted to understand the influence of the
pressure. The samples were characterized using XRD-Rietveld, LOI, and SEM-EDS analyses.

A direct correlation was observed between CO» uptake and both the L/S ratio and CO>
pressure in the AC trials. As the L/S ratio increases, the uptake also increases, with
MIX1 AC 1.2 reaching 166 kg CO>/mt MSWI FA. In contrast, NC trials did not follow this
trend, sequestering 193, 208, and 181 kg CO2/mt MSWI FA for L/S ratios of 0.7, 0.9, and 1.2,
respectively. These results underscore the importance of the water content in AC processes,
where higher ratios enhance CO» dissolution by affecting the mixture's permeability.
Implementing a stirring system could further improve CO; sequestration by enhancing gas-
liquid-solid mass transfer. The constant pressure trial demonstrated that maintaining a steady
pressure of 15 bar led to the highest CO; uptake in the AC trials, with 170 kg CO2/mt MSWI FA.
These results also highlight the positive effect of mixing different alkaline residues,
sequestrating higher quantities of CO> than the data reported in the literature by using only
MSWI FA.

SEM-EDS analysis of the carbonated samples revealed newly formed agglomerates of
calcium carbonates and calcium aluminosilicate incorporating other particles, suggesting
potential stabilization of heavy metals, supporting the findings in Section 6.2.

In conclusion, the AC process shows promise for increased CO; sequestration with
optimization. Future studies on MIX1 with an L/S ratio of 1.2 under AC conditions, shown in
the next section, will explore the use of stirring mechanisms, varied pressures, and temperatures

to enhance CO- uptake and further investigate the effects on MSWI FA stabilization.
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6.4 Optimizing CO: Sequestration and Heavy Metals Stabilization

through Accelerated Carbonation
This section focuses on optimizing the accelerated CO> sequestration applied to MIX1 by
analyzing the effects of pressure and temperature variations. The impact of carbonation on
heavy metal stabilization was evaluated, excluding pozzolanic and cement reactions. The trials
followed the configuration outlined in Table 3 and the experimental setup shown in Figure 15
(Section 4.5.1.2).

Ten AC trials'® were conducted at a L/S ratio of 1.2 with mechanical agitation, varying
pressure (5-45 bar with 10 bar increments), and temperature (35-75 °C with 10 °C increments).
The sample IDs!’ for the pressure-variation trials are AC p5, AC pl5, AC p25, AC p35,
AC p45, while for the temperature-variation trials are AC T35, AC T45, AC_T55, AC T65,
AC T75. A control sample, labeled OS, not subjected to carbonation was directly dried and

characterized.

6.4.1 CO: Pressure Trends during Accelerated Carbonation Trials

The pressure trends for the pressure-variation and temperature-variation trials are shown in
Figure 31.

For the pressure-variation trials, the carbonation process exhibited three distinct phases:
(1) an initial linear pressure decrease, (ii) a rapid non-linear pressure decrease, and (iii) a final
plateau. The duration of the first phase decreased with increasing pressure, lasting approx. 20,
15, 14, and 11 min for AC pl15, AC p25, AC p35, and AC _p45, respectively. AC p45 also
showed a small rapid drop within the first minute. The slope of the trend steepened with
increasing pressure. An exponential drop was observed in the second phase, likely due to the
carbonation reaction and subsequent nucleation of CaCO3, which involves CO> solubilization
and CaCOs3 formation. The final phase, resulting in a plateau, was reached after 40, 32, 30, and
25 min for AC pl5, AC p25, AC p35, and AC p45, respectively, indicating a direct
correlation between an increase in pressure and an accelerated reaction rate. During this phase,
most trials exhibited a plateau, except for AC_p45, which continued to decrease linearly at a
much lower rate than the first phase. Interestingly, the AC_p5 trial deviated from this pattern,

with a prolonged linear trend of 71 min before shifting to a slower rate and eventually

16 When extracted, the mixture was separated into a liquid phase and an inert/carbonated sedimented solid phase.
17 In this section, the code “MIX1” in front of the respective sample IDs will often be omitted and understated.
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stabilizing. According to the literature, the crystallization or dissolution of precipitates does not
occur immediately, and a characteristic time, often longer than the overall reaction time, is
needed to reach equilibrium [230].

In the temperature-variation trials (Figure 31 bottom), the behavior was generally
analogous to the pressure-variation trials. Identifying a consistent trend was more challenging,
however, because of the complex interplay of temperature effects. Higher temperatures can
enhance the carbonation reactions [9] but also reduce CO: solubility, as described by
Henry's law (Egs. (5) and (6)). The behavior of solid reactants adds another layer of complexity.
For instance, Table 9 shows the presence of CaCIOH, which should increase solubility with
rising temperatures [231]. On the other hand, Ca(OH); is slightly soluble in water (1.85 g/L
at 0 °C), and its solubility decreases as the temperature increases [232]. This is counter to the

usual trend of increasing solid solubility with temperature [65].
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Figure 31: CO; pressure trend of the pressure-variation (top) and temperature-variation trials (bottom).
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Overall, pressure exerts a strong influence on the reaction rate, while temperature has both
positive and negative effects on the carbonation process. Moreover, the pressure dynamics
observed in Figure 31 differ significantly from those discussed in Sections 6.2.1 and 6.3.1.
Literature suggests that at 25 °C, calcite growth rates can vary from first- to higher-order
reactions (n = 3-3.9), which can be attributed to a combination of adsorption, surface diffusion,
and polynucleation [233]. Furthermore, the occlusion of pore structures in industrial alkaline
residues by CaCOs during carbonation has been reported to reduce porosity, tortuosity, and
pore area [75]. Nevertheless, since the residues used in this study consist of small, low or

nonporous particles (Section 5.2.2), this last phenomenon can likely be ruled out.

6.4.2 Characterization of the Carbonated Samples

Mineralogical changes in the carbonated samples were analyzed using XRD-Rietveld
(Figure 32, Table 15), as outlined in Sections 4.6.9. Additionally, pH-values and total C
(Table 15) were measured before and after carbonation, as outlined in Sections 4.5.1.2 and

4.6.13.
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Figure 32: XRD patterns of MIXI and corresponding AC samples from pressure-variation (AC pl5)

and temperature variation trials (AC T75).
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Table 15: pH-values of the slurries, XRD-Rietveld, and Total C analyses of MIXI with the
corresponding AC samples for the pressure-variation (AC p5 to AC p45) and temperature variation

trials (AC T35 to AC T75).

Pressure-variation Trials

MIX1  AC_p5 AC_pl5 AC_p25 AC_p35 AC_p45
pH=12.1 pH=5.8 pH=5.7 pH=5.7 pH=5.6 pH=5.6
[wt.%]
Portlandite (Ca(OH),) 5 1 1 1 1 1
Calcium hydroxy chloride (CaCIOH) 15 <1 1 <1 <1 <1
Calcite (CaCO:s) 9 37 35 37 33 32
Vaterite (CaCOs) - 2 3 4 5 6
Dolomite (CaMg(CO:s),) 1 <1 <1 <1 <1 <1
Sylvite (KCI) 2 1 1 <1 <1 <1
Tripotassium phosphate (KsPO,) 2 1 1 2 1
Halite (NaCl) 3 2 3 2 2 2
Hematite (Fe;0s) 4 <1 <1 1 <1 <1
Mullite (A|55i2013) 1 1 1 1 1 <1
Quartz (Si03) 2 4 4 5 4 4
Anhydrite (CaS0,) 2 3 3 2 3 3
Bassanite (CaS0,*0.5H,0) 1 2 5 5 8 6
Gypsum (CaS0,*2H,0) 1 1 1 <1 1 1
Hannebachite (CaSO;*0.5H,0) 7 5 5 3 3 4
Amorphous 45 40 37 37 39 37
Total C 3.8 6.8 6.7 7.2 6.8 7.0
Temperature-variation Trials
MIX1 AC_T35 AC_T45 AC_T55 AC_T65 AC_T75
pH=12.1 pH=5.7 pH=5.7 pH=5.7 pH=5.7 pH=5.8
[wt.%]
Portlandite (Ca(OH),) 5 1 <1 1 1 1
Calcium hydroxy chloride (CaCIOH) 15 <1 <1 <1 <1 <1
Calcite (CaCO:s) 9 33 33 37 32 34
Vaterite (CaCOs) <1 3 3 4 5 5
Dolomite (CaMg(COs),) 1 <1 <1 <1 <1 <1
Sylvite (KCI) 2 <1 1 <1 <1 <1
Tripotassium phosphate (K3PO,) 2 2 1 2 1 1
Halite (NaCl) 3 2 3 2 2 2
Hematite (Fe,0;) 4 <1 1 1 <1 <1
Mullite (A|65i2013) 1 1 1 1 1 1
Quartz (Si0>) 2 4 5 5 4 3
Anhydrite (CaS0,) 2 2 3 2 2 3
Bassanite (CaS0,*0.5H,0) 1 8 7 5 7 5
Gypsum (CaS0,*2H,0) 1 <1 1 <1 1 <1
Hannebachite (CaSOs*0.5H,0) 7 4 3 3 4 4
Amorphous 45 40 40 37 39 39
Total C 3.8 6.9 6.8 7.2 6.7 6.9

The mineral composition of the materials refers to dry samples.
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Across all trials, both Ca(OH), and CaCIOH were either fully depleted or significantly
reduced, while the total CaCOs3 content (sum of calcite and vaterite) increased substantially
from an initial 9 wt.% to a range of 36-41 wt.%. The highest increases were observed in the
AC p25/AC_T55 samples, which showed about 355 % increase.

In the pressure-variation trials, a crossbreeding behavior was observed: with increasing
pressure, the calcite content decreased except for AC p25, whereas the vaterite content
increased. In contrast, during the temperature-variation trials, the calcite content remained
stable (32-34 wt.%) across all temperatures except for AC_T55, with the vaterite content
increasing at temperatures of > 55 °C. This trend is in concurrence with the literature which
suggests vaterite forms at around 60 °C, while aragonite appears above 85 °C [234].
This explains the presence of vaterite and the absence of aragonite (another CaCO3 polymorph)
in these trials.

Furthermore, CaCl, was not detected by XRD-Rietveld analyses, indicating its reaction with
COa, as previously discussed (Section 6.2.2 and 6.3.2) and highlighted by Eq. (16). The KCl
content also decreased, likely recombining into the amorphous phase. Interestingly, the
amorphous content showed a reduction of 11-18 % across all trials, suggesting a potential
contribution of this phase under the conditions studied.

Total C values doubled, reaching values between 6.7-7.2 wt.%, without a clear trend relative
to pressure and temperature variations. Similar trends have been reported in the literature for
AC applied to MSWI FA [104]. According to the SEM and LOI data (Section 5.3.2 and 5.3.3),
the initial total C content in the mixture stems from unburned carbon from the combustion
processes and pre-existing carbonates, in both crystalline and amorphous forms, due to natural
weathering during the storage process in the respective plants. Since CO was the only reagent
used, the increase in CaCQOs and total C content can be attributed to the carbonation reaction.

The pH-value dropped significantly from an initial value of 12.1 to 5.6-5.8 (Figure 33),
indicating complete acidification of the slurries. A slight decrease in pH-values was observed
as the pressure increased from 5 bar to 45 bar. Meanwhile, a slight peak trend was noted during
the temperature-variation trials, with the lowest pH-value recorded at AC_T45. Given the
consumption of most reactive crystalline phases, the initial carbonation phase appears governed
by compounds providing OH™ ions, which influence the presence of carbonate ions (CO%7),
predominant at pH > 12, as described in Section 2.3.1.2. The literature also highlights an initial

buffering capacity, possibly due to an undissolved deposit [104], which could continuously
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generate OH™ and Ca?’ ions. This was also demonstrated in Section 6.2, where CO, was the
limiting reagent and pH-values remained stable at around 12 despite CaCO3 formation.

As the reaction progresses and OH™ ions are consumed, bicarbonate ions (HCO3) which are
predominant at pH 8, could be involved, with Ca®" ions likely supplied by the amorphous phase.
This would support the continued carbonation reaction, initially via Eq (10), so long as an
undissolved deposit persists, and then via Eq. (12). The complex interaction between pH-level
and ion availability may explain the variable rates of the pressure drop observed in
Figure 31 (above). According to the literature, an optimal pH of around 10 balances the rapid
leaching of Ca" ions with the formation of carbonate ions [48]. Thus, the decrease in pH-value

may have accelerated the remaining Ca>" ions leaching while simultaneously slowing CO»

solubilization.
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Figure 33: pH-values of the slurries before (MIX1) and after the AC trials (AC p5 to AC p45 and
AC T35 to AC T75).

6.4.3 CO2 Uptake Quantification

CO» uptake during the AC trials was quantified using both the XRD-Rietveld refinement
method (Section 6.2.3) and total C measurements, normalized to the MSWI FA content. These
values exclude any CO: naturally sequestered during storage at incineration plants prior to
residue sampling. The results are presented in Figure 34.

Both methods yielded similar sequestration capacities, ranging from 199-
248 kg CO2/mt MSWI FA, which is comparable to, or higher than previously reported values
for NC trials (Section 6.3.3) and higher than literature data (110-139 kg CO2/mt MSWIFA) [9].
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According to the XRD-Rietveld data, both the pressure-variation and temperature-variation
trails exhibited a peak CO; uptake of 248 kg CO2/mt MSWI FA at 25 bar and 55 °C (AC_p25
and AC T55). In the pressure-variation trials, CO> sequestration was highest at moderate
pressures, particularly in the 5-25 bar range. In the temperature-variation trials (conducted at a
constant pressure of 25 bar), CO» sequestration increased progressively with rising temperature.
The higher uptakes were sustained within the temperature range of 55-75 °C, consistent with
literature reports suggesting 60-80 °C as the optimal range for carbonation processes [9].
Conversely, the total C estimates did not exhibit a consistent trend across the tested conditions,
although they did reflect the same peak behavior at 25 bar and 55 °C.

The formation of CaCO3 phases exceeds what could be attributed solely to the carbonation
of reactive crystalline phases. As discussed previously (Section 6.3.3), stoichiometric
calculations indicate that up to 177 kg CO2/mt MSWI FA could be sequestered by the
carbonation of Ca(OH), and CaCIOH. Nevertheless, the observed sequestration surpassed this
value, suggesting that CaCO3 formation is not limited to these crystalline phases. This supports
the hypothesis that the amorphous phase contributes to carbonation under the AC conditions
studied, albeit through slower kinetics. The pressure data further suggests that crystalline Ca-

bearing species may be responsible for the initial pressure drop before the plateau is reached,
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as shown in Figure 31.
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The carbonation process, optimized with mechanical agitation, reached completion within
25—71 min. The best results were obtained at a constant pressure of 25 bar and a temperature of
55 °C, consistent with literature values of 130-280 kg CO»/mt residue [9]. As elucidated in
Section 2.3.1.2, these conditions are well-suited for industrial applications, particularly because
carbonation reactions are exothermic. The generated heat can be harnessed to reduce energy
consumption, enhancing the overall cost-effectiveness of ACT.

For context, the WtE plant in Brescia (Italy), operated by A2A S.p.A, produced around
34.8 kt MSWI FA in 2023 [95]. Implementing this ACT could prevent the release of approx.
6.8-8.2 kt CO»/yr. On a larger scale, in China, where MSWI FA production is projected to reach
13 Mt by 2025 [235], the averted CO; release could possibly exceed 2.4-3.1 Mt COy/yr.

6.4.4 Stabilization Results

The role of carbonation in stabilizing MSWI FA was assessed using ICP-OES to analyze the
elemental composition of the leachates from the carbonated samples, complemented with IC
analyses to measure the chloride content, as detailed in Section 4.6.5 and 4.6.6, respectively.
The primary goal was to determine whether carbonation could reliably help stabilize Pb and
Zn, in addition to the pozzolanic and cementitious reactions. The results are summarized in
Table 16 and Figure 35. The initial leachate concentrations of Pb and Zn from MSWI FA were
approx. 36.45 mg/L and 4.65 mg/L, respectively (see Section 5.3.1).

Table 16: pH-values and elemental concentrations of the leachates from MSWI FA, MIX1, MIX1 OS,

and MIX1 AC samples from pressure-variation (AC p5, AC 15p, and AC p45) and temperature-
variation trials (AC_T45, AC _T55, and AC T73).

MIXL_ | MIXI_ | MIXI_ | MIXI_ | MIXI_ | MIX1

Elements VoW FA ’ MiX1 ‘ MIX1_0S ‘ AC_p5 ‘ AC_p15 ‘ AC_p4s ‘ AC_T45 ‘ AC_T55 ‘ AC_T75

pH=125 pH=120 pH=124 pH=80 pH=7.9 pH=7.9 pH=8.0 pH=7.8 pH=8.0

[mg/L]

ca 776194  5142.61  4709.40 410929 395373 3777.31 359893 405475 4070.85
Mg <0003 <0002 <0002 20017 28921 31262 37485 35467  313.64
Pb 36.45 11.41 8.85 0.06 0.07 0.08 0.15 0.10 0.15
Zn 465 2.62 1.62 0.28 0.34 0.32 0.52 0.55 0.21
Mn <0001 <0001  <0.001 0.82 0.98 0.73 0.75 0.99 1.07
As <0.007 0.15 0.15 0.18 0.19 0.16 0.13 0.16 0.14
Be <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0.001
cd <0001 <0001  <0.001 0.32 0.28 0.20 0.19 0.30 0.30
Co <0.001 0.02 0.02 0.03 0.04 0.04 0.03 0.04 0.02
cr 0.12 0.11 003 <0001 <0001 <0001 <0001 <0001 <0.001
cu 0.13 0.08 0.09 0.08 0.10 0.07 0.04 0.07 0.05
Mo 0.14 0.25 0.26 0.44 0.67 0.20 0.98 0.74 0.95
Ni <0002 <0002  <0.002 0.03 0.04 0.04 0.03 0.03 0.01
sb <0.009 0.10 0.10 0.44 0.45 0.32 0.39 0.41 0.29
Se 0.01 0.14 0.13 0.22 0.29 0.27 0.20 0.22 0.21

96



Chapter 6: Accelerated Carbonation for Advancing Sustainable Waste Management

Ti <0.001 0.01 0.01 0.03 0.03 0.02 0.004 0.01 0.01
Vv <0.003 <0.003 <0.003 <0.003 0.01 <0.003 <0.003 <0.003 <0.003
K 2214.24 1027.49 1024.15 1256.90 1043.68 1127.67 1094.24  1209.65 885.33
Na 2361.61 941.43 944.26  1334.11 1103.73  1185.20 1145.30 1297.71 912.99
Fe <0.002 0.02 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
Al <0.001 <0.001 <0.001 <0.001 <0.001 0.01 <0.001 <0.001 <0.001
P 0.28 0.40 0.54 0.41 0.46 0.44 0.52 0.40 0.46
cl 16069.61 9090.79 8870.94 8753.67 8274.88 8145.85 8096.59 8791.05 8383.65

As discussed in Section 6.2.4, the concentrations of the elements were reduced due to the
dilution of MSWI FA through adding other industrial residues. Moreover, previous studies have
shown that drying alone can have a mild stabilizing effect on heavy metals, making it necessary
to distinguish drying from carbonation effects [17,23]. To account for this, a control trial (OS)
was conducted, whereby the sample was dried at 105 °C overnight, immediately after water
addition without undergoing AC. In this trial, Pb and Zn concentrations in the leachates dropped

to 8.85 and 1.62 mg/L, respectively.
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Figure 35: Pb and Zn concentrations and pH-values MSWI FA, MIX1, MIX1 _OS, and MIXI AC

samples from pressure-variation (AC_p5 to AC_p45) and temperature variation trials (AC_T35 to
AC T75).

By contrast, AC trials showed a significant reduction, with Pb concentrations decreasing by
approx. two orders of magnitude (<0.15 mg/L) and Zn by one order of magnitude
(< 0.55 mg/L). These results are consistent with those performed in NC trials (Section 6.2.4),

indicating that carbonation significantly enhances heavy metals stabilization, as supported by
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SEM-EDS analyses (Section 6.3.2). No clear trend was observed with varying pressure or
temperature, as all trials yielded comparable results.

A notable decrease in pH-levels to 7.8-8.0 was observed in the leachates, indicating titration
due to CO> insertion. The positive impact of carbonation on heavy metals leaching can be
attributed to chemical and mineralogical changes induced by the process [9,104].
Three mechanisms likely contribute to the stabilization of Pb and Zn: (i) the shift towards a
near-neutral pH-value, where many heavy metals generally exhibit lower solubility [236];
(i1) the formation and precipitation of less soluble compounds such as heavy metal carbonates
[75,104]; and (iii) the potential physical incorporation of these metals into carbonaceous
agglomerates, as reported in the literature [237] and supported by prior SEM-EDS findings
discussed in Section 6.3.2. Additionally, the affinity of Pb for calcite suggests possible sorption
onto CaCOs and/or coprecipitation with newly formed minerals such as complexes with Fe and
Al (hydr)oxides [104,238]. Moreover, decreased Pb leaching may be attributed to the reduction
in its amphoteric behavior caused by the formation of sparingly soluble PbCO3 [239,240].
The absence of these carbonates in XRD-Rietveld data is likely due to their quantity being
below the detection limit of the instrument. These observations underscore the critical role of
pH control in enhancing both carbonation efficiency and heavy metal stabilization.

It should be noted that these trials specifically focused on the stabilizing effect of AC,
without considering pozzolanic reactions, which typically require several days to manifest.
The reaction time can vary depending on the type of residue, from 3 days for silica fume to
28 days for cement, waste bricks, and similar materials [22,241].

Moreover, carbonation reactions could also affect the mobility of other heavy metals. Indeed,
a slight increase in antimony, selenium, and molybdenum concentrations was recorded after
carbonation, albeit in much lower values than what has been studied in the literature [104].
Additionally, it was observed that carbonation did not affect chloride solubility. This is
consistent with other studies that report no impact on the retention of chlorides and sulfates-
critical species in MSWI FA, particularly concerning landfilling or reuse [104,242].
Nevertheless, this finding contrasts with a study on MSWI BA [237]. Lastly, the presence of
Ca in the leachates indicates that the carbonation reaction may have continued, potentially
sequestering more CO». Indeed, according to Table 15, the post-carbonated mixtures reached
slightly acidic pH-values (i.e., 5.6-5.8), which is far from the optimal conditions for carbonation
(see Section 2.3.1.2, Figure 7). This highlights the paramount importance of pH-control during

the process.

98



Chapter 6: Accelerated Carbonation for Advancing Sustainable Waste Management

6.4.5 Potential Reuse of the Carbonated Industrial Alkaline Residues

The potential for reusing the carbonated mixture was evaluated using XRF analysis
(Section 4.6.8), and the ternary diagram (Figure 36) proposed by the literature [243].
For this purpose, the major oxide composition of the industrial alkaline residues (Table 8) used
in this study and the carbonated sample MIX1 AC p25 (Table 17) were considered and
compared. No data is available for carbonated MIX2 samples. According to the diagram,
materials are classified into four categories—K, S, C, and CK—based on their composition,
with each category further divided by levels of acidity based on the silicon content [244]: high,
medium, and low.

MSWI FA and FGD fall into the CK area, characterized by material with high water
solubility, alkaline pH, and reactive compounds with a low melting point [243]. This area
represents an intermediate composition between area K and area C. Specifically, area K is
defined by the dominance of phosphates, sulfates, and chlorides, with smaller amounts of
carbonates, silicates, and glass, whereas area C is characterized by the presence of carbonates,
oxides-hydroxides, glass, and silicates, with fewer phosphates and sulfates [243].
MSWI BA and CKFA'® are located in the C area. CFA falls within the S area, which is mainly
composed of glass, silicates, and (Fe, Al, and Mn) oxides-hydroxides [243].

Table 17: XRF normalized major oxides data of carbonated sample MIX1 AC p25.

Main Oxides
CaOo MgO MnO TiOz Kzo NazO SiOz FeZO A|203 PzOs 503 Clzo
[%]

51.1 14 0.1 07 24 0.8 101 25 4.0 05 168 95

MIX1_
AC_p25

When analyzing the initial mixture (MIX1), it falls within the CK area, which aligns with
the high content of MSWI FA (59 wt.%) and FGD (8 wt.%). MIX2 would likely fall into the C
area. Upon carbonation, MIX1 shifts into the C area, consistent with the definition of that
region. Although data for carbonated MIX2 is not available, it is reasonable to assume that it
would also fall within the C area.

Based on Figure 36, several potential uses for carbonated mixtures can be proposed.
Among the options suggested [243], construction-related applications, such as concrete,
construction blocks, bricks, and cement (due to their pozzolanic minerals) are the most evident

[245]. These applications could reduce land-use pressures, especially given that concrete is one

18 [168]
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of the most consumed resources globally, second only to water [246]. These materials could
also have applications in fire resistance or as substitutes for activated carbons in pollutant
adsorption [247,248]. Further exploration of these possibilities could enhance ACT using
industrial alkaline residues and open up more opportunities for utilizing these recovered

materials.
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Figure 36: Normalized phase ternary diagram (CaO+MgO+MnO — K,O+P,05+SO;+CLO —
Si0O>+AL,03+Fe:03+NaO+TiO3) of the selected industrial alkaline residues and the carbonated
sample (AC p25) contextualized to the inorganic chemical group classification.
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6.4.6 Summary and Conclusions

This study explored the impact of pressure and temperature during the AC process for MIX1
(Section 4.5.1). The reaction mixture, with a water content of 1.2 L/kg, was agitated while
varying CO; pressure from 5 bar to 45 bar with 10 bar increments, and temperature from 35 °C
to 75 °C with 10 °C increments, for an experimental period of 90 min. A separate non-
carbonation trial was conducted to better understand the role of carbonation in stabilizing heavy
metals. The samples were characterized using XRD-Rietveld, Total C, and SEM-EDS analyses.
The leachates were analyzed using ICP-OES, while XRF analysis was used to understand the
potential reuse of the carbonated material.

The results showed that higher CO; pressures significantly increased CO uptake and
reaction rates, reducing reaction time to between 25-40 min, except at 5 bar, where the process
took 71 min. The effect of the temperature on the reaction rate was complex, with higher
temperatures reducing CO: solubility and Ca(OH), dissolution but increasing other Ca-salts
dissolution and potentially accelerating the carbonation reaction rate. The AC process caused a
significant decrease in pH-values, dropping from 12.5 to 5.6-5.8, thereby indicating a strong
neutralizing effect.

Post-carbonation trials showed a substantial increase in CaCO3 content, from an initial
9 wt.% to 36-41 wt.%. The highest CO; uptake was recorded at 25 bar and 55 °C, representing
a 355 % increase. The achieved CO; sequestration ranged from 199-248 kg CO»/mt MSWI FA.
Carbonation also effectively stabilized heavy metals, such as Pb and Zn, reducing their
concentrations close to or within regulatory limits for safe landfill or recovery. This stabilization
is attributed to the formation of heavy metal carbonates, carbonaceous agglomeration, and the
reduced solubility of these compounds at lower pH-values.

The AC treatment demonstrated significant improvements in CO> sequestration, addressing
calcium and heavy metal leaching while drastically shortening the operating time from months
to less than 90 min. This technology can potentially avert the release of more than 2.4-
3.1 Mt CO2/yr. Moreover, utilizing industrial alkaline residues leverages cross-industry
synergies; it reduces both transport and disposal costs and minimizes the need for additional
chemical reactants. Additionally, the exothermic nature of the carbonation reaction could
further diminish external energy requirements. The resulting carbonated material holds promise
for various applications, including construction, fire resistance, and pollutant adsorption, in line

with environmentally sustainable, circular economic principles.
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Chapter 7: Conclusions and Future Outlook

Mitigating climate change requires effective short- to medium-term solutions, with accelerated
carbonation technology (ACT) emerging as a promising technology, offering sustainable ways
to both harness and minimize carbon dioxide (CO2) emissions into the atmosphere.
This cutting-edge technology also poses enormous opportunities to exploit the vast quantities
of industrial alkaline residues incurred each year from the energy sector which hitherto have
been landfilled due to their leachable elements such as salts, chlorinated and alkaline chemicals,
and heavy metals. This study explores the utilization of such alkaline materials, rich in calcium
(Ca) and magnesium (Mg), for CO> sequestration via ACT. Foremost, the primary goal is to
advance ACT for industrial applications by better understanding and exploiting the varying

conditions of pressure, temperature, agitation, and water content.

7.1 Selection of Industrial Alkaline Residues and their Characterization

The study primarily focused on a primary mixture of municipal solid waste incineration fly ash
(MSWI FA), municipal solid waste incineration bottom ash (MSWI BA), coal fly ash (CFA),
and flue gas desulfurization residues (FGD). These residues were selected based on their high
alkalinity, Ca and Mg potential release, particle size, and specific surface area, all of which are
paramount factors for effective carbonation. In this study, to further explore the potential
versatility of ACT, an alternative mixture, formulated as MSWI FA, MSWI BA, and
cork fly ash (CkFA), was also designed. This alternative was included as part of a feasibility
study to investigate the potential of CkFA as a substitute for CFA and FGD, in light of the
continuous decline in coal use for energy production.

A comprehensive characterization of each residue was conducted, including particle-size
distribution, immediate soluble content, BET surface area measurements, magnetic and
paramagnetic separation, chemical composition (ICP-OES, IC, and XRF), mineralogical
studies (XRD-Rietveld and SEM-EDS), LOI and Total Carbon.

The investigated residues showed a low particle size, medium BET-SA, and low magnetic
content, except for MSWI BA, which is identified as a coarse residue, thus requiring mechanical
grinding and magnetic separation pretreatments. MSWI FA, FGD and CkFA are particularly
notable for their alkalinity (pH-value 12-13) and high leachable Ca content—identified as
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lime (CaO), calcium hydroxide (Ca(OH)2), and calcium hydroxy chloride (CaCIOH)—which
are critical for the formation of carbonate ions (CO37) and subsequent precipitation as stable
carbonates.

MSWI BA and CFA, being poor in leachable Ca content but alkaline at the same time (pH-
value 12-13), were included to maintain an alkaline pH-level and improve reaction kinetics,
indirectly contributing to carbonation. Moreover, by considering their pozzolanic properties,
these residues could possibly facilitate reuse in construction applications, thus adding value to
the carbonated materials.

The study also identified high levels of leachable heavy metals (e.g., Pb and Zn) and
chlorides in MSWI FA, which require environmental safety considerations. Finally, CkFA
emerged as a viable alternative to CFA and FGD due to their similar physical and chemical

composition.

7.2 Accelerated Carbonation and Enhanced Stabilization of Leachable
Alkaline Chemicals and Heavy Metals in Industrial Residues

After preliminary studies to assess the feasibility of ACT applied to both mixtures, further
experiments were conducted to assess the influence of the water content and CO; pressure on
carbonation reactions. ACT trials demonstrated significant improvements in CO> uptake under
various conditions, with higher water content and stirring systems being critical for optimal
CO2 diffusion. Aiming to optimize the process, further experiments were carried out by stirring
the primary reactive mixture with a water content of 1.2 L/kg, varying the CO> pressure from
5 bar to 45 bar with 10 bar increments, and temperatures from 35 °C to 75 °C with 10 °C
increments, for an experimental period of 90 min.

Higher CO; pressures significantly increase uptake and reaction rates, reducing the required
carbonation time to 25-40 min, except at 5 bar, which took 71 min. The effect of the temperature
is not straightforward due to competing factors; higher temperatures reduce CO> solubility and
Ca(OH): dissolution but increase the dissolution of other Ca-salts and potentially increase the
kinetics of carbonation reactions. The ACT also causes a significant reduction in pH-levels
from 12.5 to 5.6-5.8, indicating effective neutralization. Post-carbonation analyses using XRD-
Rietveld and Total C methods showed a significant increase in total CaCO3 content (calcite and
vaterite), from an initial 9 wt.% to 36-41 wt.%, with the highest CO; uptake observed at 25 bar
and 55 °C, representing a 355% increase. The CO2 sequestration achieved ranges from 199-

248 kg CO2/mt of MSWI FA, comparable to, or higher than the uptake obtained by a 1-month
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natural carbonation period (182-211 kg CO2/mt MSWI FA) applied on the same mixture, and
higher than the data reported in the literature by using only MSWI FA. Applying ACT at the
WHE plant operated by A2A S.p.A, which provided the MSWI FA, MSWI BA, CFA, and FGD
for this study, could prevent the release of approx. 6.8-8.2 kt CO,/yr. On a larger scale, in
countries like China, this technology could possibly avert the release of more than 2.4-
3.1 Mt COq/yr.

In addition, the ACT effectively stabilizes heavy metals, such as Pb and Zn, bringing their
levels close to or within regulatory limits for safe disposal or recovery. SEM-EDS analysis
revealed newly formed agglomerates of calcium carbonates and calcium aluminosilicate
incorporating other particles. This suggests that carbonation contributes to heavy metal
stabilization through mechanisms such as the trapping effect of carbonate agglomerates,
the formation of heavy metal carbonates, and reduced solubility of heavy metals at slightly
acidic to neutral pH-values. Notably, the rapid stabilization achieved through carbonation
complements the slower, long-term stabilizing effects of pozzolanic and cementitious activities,

which the mixture develops through natural curing over extended periods.

7.3 Utilization of Alternative Industrial Alkaline Residues

CKkFA has emerged as a viable alternative to CFA and FGD in the residue mixture, offering
similar carbonation and stabilization behaviors in both AC and NC processes, due to its high
Ca content and additional benefits from higher Al and Si contents. These results point to
promising opportunities to optimize the ACT process by mixing CkFA with other alkaline
residues. As a by-product of biomass combustion, often considered carbon-neutral, CkFA is an
attractive resource for reducing greenhouse gas emissions. The successful incorporation of
CkFA in this study has demonstrated the versatility of ACT in using various industrial alkaline

residues, highlighting its potential for resource-efficient and region-specific solutions.

7.4 Future Outlook

ACT applied to mixtures of industrial alkaline residues offers promising benefits:
effective long-term CO» capture, rapid carbonation within minutes, and the stabilization of
harmful leachable elements, such as alkaline chemicals and heavy metals. The exothermic
nature of the carbonation process further enhances its economic viability by reducing energy
requirements. Moreover, the proximity of residues to CO: emission sources lowers

transportation costs. Using different alkaline residues will foster cross-industry collaborations
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and mutual synergies, thereby reducing the need for additional commercial chemical reactants

and lowering costs even further. Finally, the resulting carbonated materials have potential

applications in several fields, such as the construction sector, in line with circular

economic principles.

Built on established technologies, ACT represents a versatile approach to complement

industrial carbon capture utilization and storage (CCUS) applications, offering a scalable and

valuable solution for reducing industrial environmental impacts. The future of ACT lies in its

continued refinement and broader application. Key areas for further research should include:

Optimization for diverse residues: Continued exploration of new residues, such as
other types of biomass ashes, could further enhance ACT’s versatility. Tailoring the
process to local industrial residue and wastewater streams may unlock even greater CO»
sequestration potential.

Scaling and integration with existing infrastructure: ACT could be integrated into
industrial facilities, especially where CO, emissions are directly generated, reducing
transportation costs and maximizing synergies.

Long-term stability and regulatory compliance: Ensuring the long-term stability of
carbonated materials, especially concerning leachable alkaline chemicals and heavy
metals, will be crucial for regulatory approval and commercial application.

Economic feasibility and carbon pricing: As carbon pricing schemes become more
prevalent, ACT’s economic viability will improve. Additional research into reducing
costs and improving energy efficiency will be fundamental to maintaining its
competitiveness.

Circular economy and material reuse: Further investigation into the reuse of
carbonated materials in construction and other industries could expand ACT’s

contribution to the circular economic objectives.

With these advancements, ACT will play a paramount role in mitigating climate change by

reducing CO> emissions in the short- to medium-term and promoting farsighted and

environmentally sustainable, industrial waste management.
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